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ABSTRACT:
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The geodynamic evolution of the Pieniny Klippen Belt (PKB) and the Tatra Mts. assumes that: The Oravic-Vahic Basin
developed due to Jurassic rifting processes with thinned continental crust. The oblique rift without rift-related volcanism
had probably a WSW-ENE course. Late Cretaceous thrust-folding of the Cho¢, Krizna and High-Tatric nappes took
place underwater and at considerable overburden pressure (~6-7 km). The geometry of the structures was strongly dis-
turbed by pressure solution processes leading to considerable mass loss. Nappe-folding in the PKB was connected with
the slow and flat subduction of thinned continental crust of the Vahicum-Oravicum under the northern margin of the
Central Carpathians Block. In the terminal phase, the northernmost units of the PKB were transported through gravita-
tional sliding, forming numerous olistolites. In the Tatra Mts. and the PKB, the nappe thrust-folding was influenced by a
strike-slip shear zone between the edge of the Central Carpathians and the PKB and caused e.g. the counter-clockwise
rotation of the Tatra block and relative changing directions of thrusting. The consequence of Miocene oblique subduc-
tion and subsequent collision of the North-European continental crust with the Central Carpathian Block was the acti-
vation of NNW-SSE deep fault zones. With one of these — the Dunajec Fault — were connected en echelon shears trad-
ing on the andesite dykes swarm. Miocene collision caused the disintegration of the Central Carpathian Block into indi-
vidual massifs and their rotational uplift. The value of rotation around the horizontal axis for the Tatra Massif is estimated
at ~40°.

Key words: Rifting, Subduction, Folding, Thrust, Nappe, Tatra Mts., Pieniny Klippen Belt
(PKB), Central Western Carpathians (CWC).

INTRODUCTION

The Tatra Mts. are the northernmost part of the
Central Western Carpathians (CWC) and belong to the
Alpine-Carpathian orogenic belt (Text-figs 1-3). They
are part of the Tatric-Fatric-Veporic nappe system
(ANDRUSOV 1968; MAHEL 1986; PLASIENKA & al. 1997).
The Tatra Mts. belong to the so-called Tatricum, or
Tatric superunit (PLASIENKA 2003a), situated between

the Pieniny Klippen Belt and separated from the
Veporicum to the south by the Certovica Line
(ANDRUSOV 1968; ANDRUSOV & al. 1973; Kozur &
Mock 1996).They are composed of a pre-Alpine crys-
talline basement and its sedimentary cover complexes.

The Pieniny Klippen Belt (PKB) represents a ca.
600-700 km long trace of a major suture located
between the Central (in the south) and Outer
Carpathians (in the north) (e.g. ANDRUSOV 1965;
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SCHEIBNER 1968; MAHEL 1981; BIRKENMAJER 19764,
1986; NEMCOK & al. 1998). The PKB (Text-figs 1-3) has
a transitional position with respect to the Outer and
Central Carpathians and forms a narrow zone with an
intricate structure (PLASIENKA & al. 1997). In Poland,
the PKB and the Tatra Mts. are separated by the
Podhale Trough which belongs to a much larger struc-
ture called the Central Carpathian Palacogene Basin —
CCPB (MARSCHALKO 1968).

The Tatra Mts., as well as the PKB and the Outer
Carpathians, were formed due to Cretaceous —
Palaeogene orogenic processes, migrating from south
to north. The main aim of this paper is the reconstruc-
tion of the geodynamic evolution of this area, not only
from the point of view of plate tectonics theory, but
additionally taking into account the most recent field-
work, undertaken by me and many other workers. The
second aim is the presentation of many important
issues that are still controversial, and in need of revi-
sion.

GEOLOGICAL SETTING

After PLASIENKA (2003a), the so-called Tatric super-
unit is the lowermost basement/cover sheet of a tabular
crustal scale body that probably overrides the South
Penninic oceanic suture (TOMEK 1993), designated as
the Vahic superunit (PLASIENKA 1995a,b, 2003a).
Belonging to the Tatra Mts. a crystalline core is com-
posed of two older structural elements forming its
Variscan basement: 1) the metamorphic sequences of
the Western Tatra Mts., and 2) the granitoid rocks of the
High-Tatra Mts. (e.g. PUTIS 1992, JANAK 1994). The crys-
talline core of the Tatra Mts. is overlain by Meso- and
Cenozoic sedimentary rocks corresponding to the
Austroalpine sedimentary basin (HAUSLER & al. 1993;
PLASIENKA & al. 1997). The Mesozoic sedimentary stra-
ta are composed of three groups of structural elements
(Kotanski 1963a): 1) the High-Tatric autochthonous
sedimentary cover; 2) two High-Tatric nappes: the
Czerwone Wierchy Nappe (composed of two minor
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Fig. 2. Schematic geological map of the Tatra Mts. and PKB; compiled after FUSAN & al. (1967), BAC-M0szAszwILI & al. (1979), BIRKENMAJER (1979) and

this study. Note that the northern boundary of the PKB is marked along the contact of the Klippen units and the Magura Nappe (Grajcarek Unit is not

distinguished); to the east of Szczawnica the large-sized olistolite (Homole-Biata Woda block) is visible (see JUREWICZ 1997)

units: Zdziary and Organy) and the Giewont Nappe
(which also comprises crystalline rocks); 3) Sub-Tatric
nappes (Krizna and Choc). The Tatra Massif is over-
lapped by carbonate deposits of the so-called
Nummulitic Eocene and a post-orogenic Palacogene
flysch sequence (i.e. BIEDA 1959, 1963). In morphology,
the Tatra Massif appeared after the Miocene uplift and
connected with it rotation around the W-E horizontal
axis (SOKOrowskl 1959; PIroTrROwSKI 1978; BAc-
MoszaszwiLl & al. 1984; Jurewicz 2000a). The
youngest sediments in the area of the Tatra Mts. are
related to Pleistocene glaciations and Holocene ero-
sion-accumulation processes.

The PKB, structurally and genetically, is a particular
tectonotype linking two nappe-systems: the Palacoalpine
Central Carpathians and the Neoalpine Flysch Belt
(MAHEL’ 1989). Geometrically, the presumed basement
of the PKB corresponds to the Brianconnais domain
(ToMmEK 1993; StamprLI 1993), which separates the
northern and southern Penninic zones in the Western
Alps. The subdivision of the CWC into tectonic units,
their correlation and position has been changed several
times (cf. MAHEL 1981; PLASIENKA & al 1997;
PLASIENKA 1999; Kozur & Mock 1996). Kozur &
Mock (1996) considered the Pieniny Basin to be a north-
ern branch of the (southern) Penninic Ocean, opened
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Fig. 3. Sedimentary zones at the boundary of the Central Carpathians, Pieniny Klippen Belt and Outer Carpathians during the Late Jurassic-Early

Cretaceous. Right insert — schematic cross-section through the stretching and thinning lithospheric crust (see Text-fig. SA for details); not to scale

already in Early Triassic times. PLASIENKA (1999) divided
the Penninic basins into the Vahicum and Magura sub-
basins, separated by the Oravicum (Czorsztyn) Ridge.
BIRKENMAJER (1977, 1979, 1986) distinguished three
main sedimentary zones within the PKB, which was at
least 120-150 km wide: the northern (Czorsztyn) Ridge,
the central furrow and the southern (Exotic=Andrusov)
Ridge. According to the this author, the following struc-
tural units may be distinguished within the PKB: A) the
Klippen successions (in the investigated part of the PKB:
Czorsztyn, Czertezik, Niedzica, Branisko, Pieniny and
Haligovce), B) the Central Carpathian successions
(Manin and High-Tatric), C) the Myjava successions, D)
the Jarmuta cover, E) the Outer Carpathian succession

(Grajcarek Unit), and F) the Palacogene cover.
BIRKENMAJER (1986) assumed that after the basin for-
mation stage connected with the defragmentation of the
Triassic carbonate platform and expansion related to
oceanic spreading in mid-Late Jurassic times (cf.
PLASIENKA 2003b; GOLONKA & KROBICKI 2004), a pelag-
ic state lasted till the Barremian-Aptian. The beginning
of the compression stage was marked by the formation of
pre-orogenic flysch about the Aptian-Albian boundary.
During the late Sub-Hercynian stage, north-verging
nappe-thrusting took place. After the sedimentation of
Maastrichtian-Palaeocene molasse and flysch (Laramide
stage), the retro-arc thrusted Grajcarek Unit was formed
(BIRKENMAJER 1970, 1986). During the Palacogene,
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transgression took place in the PKB and flysch deposits
appeared. Later, the Saavian phase produced the horst
structure of the PKB, with deformations of fore-arc and
back-arc vergencies. As a result of the Styrian phase, a
transverse fault system had formed. Andesite intrusions
are linked with the Saavian and Styrian faults
(BIRKENMAJER & PESCKAY 1999, 2000a). Appearing in
the western segment of the Polish part of the PKB, the
strongly folded marine Miocene deposits are connected
with the Orawa-Nowy Targ intra-mountain basin
(CiEszKOWSKI 1992).

The Palacogene of the Podhale Trough, located
between the PKB and the Tatra Mts., belongs to the
Central Carpathian Palacogene Basin which, after TARI
& al. (1993) and KAzMER & al. (2003), is considered to
be a fore-arc basin associated with B-type subduction of
the European plate. The northern contact of the Podhale
Trough with the PKB is tectonic in character (Text-fig. 2),
although transgressive sediments of the Nummulitic

Eocene can be observed on the northern slopes of the
Tatra Mts. In the south, the Tatra Massif contacts the
Palacogene flysch of the Liptov Trough along the so-
called “Sub-Tatra Fault”, a polygenetic and multiply acti-
vated tectonic fault system, consisting of several seg-
ments (UHLIG 1899; MAHEL 1986; SPERNER 1996;
HRUSECKY & al. 2002; SPERNER & al. 2002).

CRYSTALLINE CORE OF THE TATRA MTS.

The crystalline massif of the Western Tatra Mts. is
composed of metamorphic rocks, mainly metagneisses,
migmatites and mica-schists (metasedimentary rocks), as
well as orthoamphibolites and orthogneisses. Two tec-
tonic units can be distinguished within the crystalline
core (JANAK 1994; POLLER & al. 2000). The lower unit,
composed of medium-grade metasedimentary rocks
(mica-schists), is exposed in the Western Tatra Mts. only
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Fig. 4. Changes in the burial depth of the crystalline basement during the tectonic evolution of the Tatra Mts: 1 — age of intrusion and p-t condition: 310-290
Ma after Rb-Sr isochron data (BURCHART 1968); 3303 Ma Ar/Ar dating in muscovite (MALUSKI & al. 1993); 500 MPa, 600-630°C after xenoliths in calc-
silicate metamorphic rocks of the High-Tatra (JANAK 1993); 341+5 Ma and 700-750°C — High-Tatra diorites and 314+4 Ma — High-Tatra granites after sin-

gle zircon data (POLLER & ToDT 2000). 2 — subaerial erosion. 3, 4, 5 — extension and normal faulting. 6 — Late Cretaceous thrusting and napping processes:
75+1 Ma - age related to the main period of shearing; 66.6+1.5 Ma — intense mylonitic events (MALUSKI & al. 1993); p ~145-170 MPa, t ~212-254°C
(JUREWICZ & Kozrowskr 2003); 7-8 km burial depth during the Late Senonian (KOVAC & al. 1994). 7 — plunging during the Palacogene extension stage.

8 — rotational uplifting (in total ~40° northwards — JUREwICZ 2000a), exhumation and erosion; start of uplift: 36-10 Ma after fission track ages (BURCHART
1972); 70-50 Ma from the depths of 10-11 km (225°C) and 30-15 Ma from depths of 5 km (100°) (KOVAC & al. 1994); 11 Ma for the granitoids of the High-
Tatra Mts. and 20-12 Ma for the crystalline core of the Western Tatra Mts. after apatite fission-track analysis (STRUZIK & al. 2003); a) granitoids, b) meta-

morphic rocks, ¢) Carboniferous (?), d) Triassic sandstone, shale and carbonate, e) Jurassic carbonate and radiolarite, f) Cretaceous reef limestone and

flysch, g) High-Tatric autochthonous cover, h) High-Tatric nappe, i) Krizna nappe, k) ChoC nappe, 1) Central Carpathian Palacogene
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(JANAK 1994). The upper unit is divided into two parts.
The lower comprises older granites (orthogneisses),
paragneisses and amphibolites (JANAK & al. 1996). The
higher part of the upper unit contains migmatites (JANAK
& al. 1999). The upper unit was intruded by a granitoid
plutonic body composed of leucogranite, tonalite and
diorite (KOHUT & JANAK 1994).

The data referred to by POLLER & al. (1999, 2000)
suggest multistage granitoid magmatism in the Western
Carpathian Mts. At the beginning of Variscan continent
collision (Laurussia and Gondwana), the High-Tatra
diorites appeared. The age of the intrusion at 341 +5 Ma
is documented by U-Pb single zircon data of POLLER &
Tobrt (2000). During the final stage of Variscan conti-
nent collision, the High-Tatra granites intruded (Text-fig.
4.1). These granites have an intrusion age of 314+4 Ma
(POLLER & TopT 2000; cf. BURCHART 1968; MALUSKI &
al. 1993; JANAK 1994; GAWEDA 1995).

In the geodynamic evolution of the Tatra Mts. during
the Variscan stage the first tectonic deformation of the
crystalline basement was connected with NW-SE thrust-
ing of the upper unit onto the lower unit (FrITZ & al.
1992; JANAK 1994). The second Variscan stage of tecton-
ic deformation is connected with W-E extension. Both
stages of deformation were achieved in ductile behavior
(KoHUT & JANAK 1994). In the Late Permian, the
Variscan orogenic belt collapsed (PLASIENKA & al. 1997).

BEGINNING OF BASIN FORMATION

In the Permian and Early Triassic, the area of the
future Tatra Mts. was land (Text-fig 4.2) and, similarly to
the platform area (German Basin), fluvial deposits were
formed, both in the High-Tatra area and in the Krizna
Basin (FucLEwICZ 1980; cf. RoNIEWICZ 1966). The old-
est documented sedimentary rocks from the Tatra Mts.
are the Verrucano-type conglomerates and shales from
beneath the Jahraci Mt. (the so-called Koper$ady
Conglomerate), preserved only locally below Triassic
deposits (PASSENDORFER 1949). After DzZULYNsKI &
GRADZINSKI (1960) and RoONIEWICZ (1966), the Lower
Triassic sandstones show radial transport directions of
their clasts, to SW in the western part and to SE in the
eastern part (see MISIiK & JABLONSKY 2000).

The Middle Triassic is the period of Tethys expansion
and a transgressive event in the platform area (German
Basin), where the land area of the Vindelico-Bohemian
Massif was located (Szurc 2000). In turn, the Late
Triassic was the interval when intense tectonic move-
ments (linked with the old-Cimmerian phase) took place
(Text-fig. 4.3). This resulted in the uplift of vast areas of
present-day Europe. By the end of the Triassic, during

sedimentation of the Keuper (TURNAU-MORAWSKA
1953) and in the Rhaetian, continental conditions
returned to the High-Tatric Basin, with the formation of
fresh-water black shales with flora detritus (RACIBORSKI
1890), foot imprints of reptiles (MICHALIK & al. 1976;
NiepzwIEDZKI 2005) and sphaerolitic iron-ore nodules
(RADWANSKI 1968; NEJBERT & JUREWICZ 2004).

A very important problem from the point of view of
the course of sedimentation, tectonic movement, and
rheological behavior is the origin and lithology of the so-
called “brecciated Campilian” (Late Scythian) and the
basal conglomerate at the base of the Anisian. After
KOTANSKI (19594, b, 1965), the Lower Anisian starts with
breccias connected with Labine tectonic movements.
During this time, periodical emersions of the basin floor
took place, with the erosion locally reaching to the
Seisian. Both the breccias and erosion could have result-
ed from extension and normal faulting linked with it,
together with the rotation of blocks — Text-fig. 5Ba —
(domino-like structures; cf. STEWART & ARGENT 2000;
PLASIENKA 2003a), which can be observed on the
Kominy Tylkowe Mt., where KOTANsk1 (1959) ascer-
tained the reduction in thickness of the Middle Triassic
deposits (see below).

Intraformational breccias can be observed in many places.
They are particularly clearly seen on weathered surfaces. The
sedimentary character of some breccias does not raise any
uncertainties. JAGLARZ & SzuLc (2003; cf. MICHALIK 1997)
described numerous tsunamites in the High-Tatric Anisian
dolomites indicating tectonic activity during sedimentation
within the High-Tatric area, but they questioned the presence of
the transgressional breccia of KOTANSKI (1959a, b) at the begin-
ning of the Anisian. Most of the Anisian breccias comprise
clasts of variable lithology. Field observations indicate the tec-
tonic character of most breccias. Their correlation with certain
lithostratigraphic unit by KoTaNski (1959a, b) resulted from
their predispositions conditioned by the specific rheological
properties of the source rocks. They occur commonly in the so-
called “brecciated Campilian” (Late Scythian) and at the base
of the Anisian (KOTANskI 1956, 1959a, b, 1961, 1965), which is
composed of saline deposits and the “rauwacke” facies
(PLASIENKA & SOTAK 1996; MILOVSKY 1997; MILOVSKY & al.
2003). At present, it is considered that the evaporite-lubricated
protoliths of rauwacke acted as a detachment horizon during
thrusting and folding (WARREN 1999). Such breccias, compris-
ing evaporitic rocks, form a tectonic mélange commonly occur-
ring in the Northern Calcareous Alps (Haselgebirge — SPOTL &
HASENHUTTL 1998) and Central Carpathians (PLASIENKA &
SOTAK 1996; MILOVSKY & al. 2003). In the Tatra Mts. area they
typically occur along the thrust surfaces of the High-Tatric
nappes (KOTANSKI 1959a; JUREwICZ 2003). Presumably cliff
breccia and deposits interpreted as an Anisian basal conglomer-
ate may be in many cases tectonic in character, and their for-
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mation could be linked with processes resulting from changes of
pore fluid pressure leading to hydraulic fracturing and pressure
solution (JUREwICz 2003; JUREwICZ & StaBY 2004), and
referred to as hydrotectonic phenomena (JAROSZEWSKI 1982;
MILOVSKY & al. 2003; cf. Kopr 1982, 2003). In my opinion the
main problem is the lack of macroscopic differences between
sedimentary and tectonic breccias and, moreover, the possibili-
ty of interference of the tectonic breccia on the sedimentary
one.

Triassic deposits in the PKB area are preserved frag-
mentarily. In the vicinity of the Haligovce Klippe crop
out Scythian and Anisian limestones and dolomites
showing lithofacies analogies with the High-Tatric and
Sub-Tatric Triassic of the Tatra Mts. (BIRKENMAJER
1959¢; Kotanskr 1963c). Although in the High-Tatric
Basin the Anisian developed as saccharoid dolomites
begins with a basal breccia, in the PKB Basin (Haligovce
series) the Anisian lies in sedimentary continuity on the
Scythian (Campilian — KOTANskI 1963c). According to
BIRKENMAJER (1986, 1988), these deposits were formed
on the northern slopes of the Exotic Cordilliera, which
separated the PKB from the High-Tatric domain (Klape-
Manin-Kostelec units), whereas Slovak authors (e.g.
RAKUS & MARSCHALKO 1997) point to their location in
the most external part of the Tatricum. No Tiiassic
deposits belonging to the Czorsztyn series are preserved
in the area studied but clasts of Triassic rocks occur in the
Bajocian-Bathonian crinoidal limestone. Here, pelagic
sedimentation began with the end of the Early Jurassic,
and changed into carbonate facies by the Middle
Bajocian (BIRKENMAJER 1963, 1977; AUBRECHT & al.
1997).

OCEANIC OR THINNED CONTINENTAL CRUST?

The first stage of sea expansion and transgression
within the PKB Basin took place in Anisian-Norian times
(BIRKENMAJER 1986, 1988; BIRKENMAJER & al. 1990)
and was linked with the subsequent eastward lateral
propagation of the Alpine Tethys rift (DUMONT & al.
1996). According to PLASIENKA (2003b), four principal
rifting phases can be discerned within the Western
Carpathians based on bathymetric evolution. The two
Early Jurassic rifting phases, due to lithospheric stretch-
ing and breakdown of the epi-Variscan Triassic platform,
were accompanied by crustal heating documented by a
radiometrically dated thermal event in the Tatric base-
ment around 200 Ma (MALUSKI & al. 1993; KRAL’ & al.
1997); however, no volcanic activity from that time can
be observed in the sediments. The next two rifting phas-
es resulted from the break-up of the South Penninic —
Vahic Ocean in the Late Dogger and the North Penninic

— Magura Ocean in the Early Cretaceous (PLASIENKA
2003b) (Text-fig. SA).

At the Triassic/Jurassic boundary, old-Cimmerian tec-
tonic movements took place, which resulted in changes in
the character of sedimentation, caused the unconformity
between the Triassic and Jurassic, as well as the subdivi-
sion of the PKB Basin into particular sedimentary zones
(BIRKENMAJER 1959b, c, 1979, 1986). During the Early
Jurassic, the High-Tatric series of the Tatra Basin were
subject to the greatest variability: the entire succession is
preserved in the Kominy Tylkowe sedimentary zone,
whereas in other High-Tatric sections there is a large
number of stratigraphic gaps (KOTANsKI 1959a, b). The
Kominy Tylkowe succession shows indirect evidence of
synsedimentary normal faulting and blocks rotation.
Listric normal faulting caused rotation of the hanging
wall from horizontal to steeper inclinations and propaga-
tion of fault-related synclines (see STEWART & ARGENT
2000; KHALIL & McCrLAY 2002; IMBER & al. 2003). A simi-
lar situation, widespread in the Red Sea area (KHALIL &
McCrAy 2002), could be observed on the above-men-
tioned Kominy Tylkowe Mt., where KOTANsKI (1959a)
discovered that the thickness of the Middle Triassic
deposits in the Rzedy ridge is ca. 700 m, whereas in the
Panienki ridge (within the same block but originally situ-
ated ca. 600 m to the NE) it is reduced to 350 m (Text-fig.
5Ba). The change of thickness of the Seisian deposits due
to normal faulting within the Kominy Tylkowe area was
also commented on by RUBINKIEWICZ & LUDWINIAK
(2005); the value of the thickness reduction was estimat-
ed as from 250 m to 185 m.

During the Middle Jurassic, the High-Tatric sedimen-
tation zone formed an isolated elevation surrounded by
the Vahic Basin in the north and Fatric Basin in the
south. The submersion of part of the High-Tatric area
during the Bathonian may have been caused by tectonic
block movements and accompanied by neptunian dykes
(Text-fig. 5Bc; LuczyNski 2001a) and possibly by normal
faulting within the granitoid core (Text-fig. 4.4, 5Bb;
Jurewicz 2002). The tectonic activity during the Early
Berriasian may be evidenced by carbonate scarp breccias
and basic volcanics (limburgite and tuffite interbeds at
Osobita Mt.) (LEFELD & al. 1985; STANISZEWSKA &
CIBOROWSKI 2000).

In the Krizna Basin, the maximum deepening took
place in the Late Jurassic, which could be a reflection of
regional depth changes in the ocean as supposed by
LEFELD (1981) or postrift thermal subsidence giving rise
to eupelagic sediments (PLASIENKA 2003). A similar situ-
ation occurred in the PKB Basin: the Pieniny zone
attained its maximum depth during the Oxfordian
(BIRKENMAJER & GASIOROWSKI 1961). It is not clear
whether or not sedimentation took place on oceanic
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crust in this interval. MISIK & al. (1981) suggest that the
fragments of serpentinite, chromic and ferric spinels in
the Cretaceous (Aptian) deposits were derived from
eroded oceanic crust. The problem is where the oceanic
crust was located. The presence of oceanic crust some-
where in the Vahic Basin may be indicated by an exotic
block of basaltic rock, several metres in diameter, from
the Upper Cretaceous-Palacocene Jarmuta Formation
(Biala Woda Valley), and dated as Aptian-Albian
(BIRKENMAJER & PECSKAY 2000b; cf. BIRKENMAJER &
WIESER 1990; BIRKENMAJER 1996). However, the pres-
ence of redeposited basalts testifies neither to sedimen-
tation of the studied part of the PKB Basin taking place
on oceanic crust, nor to active rifting processes.

According to PLASIENKA (2003b), the absence of rift-
related volcanism and the persistence of an extensional
tectonic regime for many tens of Ma indicate a passive
rifting mode which generated lithospheric stretching and
crustal thinning; the rifting-related horizontal tensile
stresses were generated by the subducting slab in the
Meliata oceanic crust. Thinning of the lithosphere could
be possibly due to mechanical and thermal processes
connected with an extensional regime and the presence
of hot (possibly asthenospheric) upper mantle beneath
the rift (see GOLONKA & BOCHAROVA 2000; ZIEGLER &
CLOETINGH 2004). PLASIENKA (1991) assumed that
crustal thinning could be explained by lateral material
inhomogeneities in the lower crust. Crustal heating in
the Tatric basement was radiometrically documented at
about 200 Ma (MALUSKI & al. 1993; KRAL & al. 1997).
According to GHEBREAB (1998), thinning and breaching
of the lithosphere are caused by a combination of normal
faulting with plastic extension, facilitated by thermal and
chemical reactions at the base of the lithosphere.

The lithostratigraphic columns of the Pieniny and
Krizna successions are not typical of oceanic crust,
although they might suggest its close vicinity. Middle and
Upper Jurassic radiolarites (Sokolica and Czajakowa
Radiolarite formations), up to 60 m thick, in the Pieniny
Unit overlie carbonate deposits (Podzamcze Limestone
Formation — BIRKENMAJER 1977). A similar situation is
found in the Krizna Basin, where the total thickness of
radiolarites reaches ca. 50 m. The total thickness of
deposits formed during the Mesozoic within the Krizna

Basin is about 2000 m and does not exceed 800 m in the
Pieniny-Kysuca Basin. Neither the lithological succession
nor its thickness evidence the presence of oceanic crust,
as was already pointed out many years ago by KOTANSKI
(1963a), who suggested the lack of well-developed initial
volcanism. The presence of exotic Triassic pelagic lime-
stone pebbles indicated by BIRKENMAJER & al. (1990) is
not necessarily evidence for Early Mesozoic oceanic-type
rifting but only for the pelagic character of sedimenta-
tion and basin propagation (possibly due to thinning of
continental crust). No basaltic dykes were noted, which
in the rather narrow PKB (120-150 km — BIRKENMAJER
1979) would be registered at least by the presence of
tuffites. At Poiana Botizei in the Romanian part of the
PKB, fragments of ophiolites connected with pre-
Callovian spreading of oceanic crust and autochthonous
porphyric tuffites connected with island-arc volcanism
were noted (BOMBITA & SAvU 1986). Basaltic rocks with
pillow lavas covering a Middle Jurassic-lowermost
Cretaceous carbonate sequence are exposed within the
Ukrainian part of the PKB (KROBICKI & al. 2004). In the
Polish part of the PKB similar evidence of volcanic
activity was not noted; in turn, manifestations of exten-
sion and crustal thinning indicated by normal faulting
could be observed, both in the Czorsztyn Basin of the
PKB (BIRKENMAJER 1963; KUTEK & WIERZBOWSKI
1986; WIERZBOWSKI & al. 1999) as well as in the crys-
talline rocks of the Tatra Massif (JUREwICZ 2002;
JUrREwICZ & BAGINSKI 2005), and in its sedimentary
cover (LuczyNski 2001a).

According to BIRKENMAJER (1986), the Czorsztyn
Ridge was an “aseismic-type ridge” separated from the
North European platform by normal faulting. Large-scale
tectonic activity in the Czorsztyn Basin is testified by the
presence of scarp breccias (BIRKENMAJER 1963; MISIK &
al. 1994), exotic material (MISIK & AUBRECHT 1994), nep-
tunian dykes (WIERZBOWSKI & al. 1994; AUBRECHT & al.
1997; AUBRECHT & TUNYI 2001), sedimentary hiatuses
(e.g. in the vicinity of Szlachtowa — from the Bajocian to
the Albian — JUREWICZ 1997), as well as the character of
the sedimentation. For instance, the Bajocian crinoid
limestones were most probably formed not as beds but as
heaps deposited below scarps and morphological margins
(WIERZBOWSKI & al. 1999). It seems that extensional

Fig. 5. Stages of tectonic evolution of the Tatra Mts. and Pieniny Klippen Belt. A — Thinning of the crust due to extension and rifting processes causing lat-

eral anisotropy (horizontal lines). Note the oblique boundary between the Vahic rifting basin and the Central Carpathian Block causing its further rotation

and activation of the shear zone (see Text-fig. 4A). B — Sedimentation basins within the area near the boundary of the Central (northern part) and Outer

Carpathians during the Late Jurassic and Early Cretaceous. Diagrams (lower hemisphere): a) scheme of listric normal faulting causing rotation of hanging

wall from horizontal to steeper dip, creation of small depositional domains and propagation of fault-related synclines; b) stereoplot of shearing zones with-

in the granitoid core of the Polish High-Tatra Mts. (see JUREWICZ 2002); ¢) poles to neptunian dykes within the High-Tatric nappe and autochthonous cover

(after LuczyNski 2001a); b, ¢ - position prior to ~45° westward horizontal and ~40° northward vertical rotation around horizontal axis (~90/0) of the Tatra

block (JUREWICZ 2000a, b). Note deepening and unification of facies within the Vahic-Oravic basin. Not to scale
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thinning of the continental crust took place in the base-
ment of the Czorsztyn succession. Identical opinions were
presented by GOLONKA & KROBICKI (2001), who indicat-
ed from palaeoclimatic data that the uplift of the
Czorsztyn Ridge could have been a result of extension
during the Jurassic supercontinental break-up. During
the Late Cretaceous there was no expression of the
Czorsztyn Ridge in the morphology of the basin floor:
conditions of sedimentation and facies were more unified
in the whole Vahic-Oravic basin (BIRKENMAJER 1977,
1986). This may have been the result of continuing strong
crustal thinning at the basement of the Czorsztyn basin.

During extensional processes, normal faulting was
responsible for graben-horst formation and morpholog-
ical escarpments connected with them (see WEISSERT &
BERNOULLI 1985), as well as low-angle detachments and
horizontal anisotropy in the basin basement rocks that
were utilized as décollement surfaces during later nappe-
folding stages (see GHEBREAB 1998; GHEBREAB &
TaLBOT 2000). Normal faults near the axial part of the
central rift could evolve from extension fractures and,
having reached a critical depth, turned into normal faults
(like in Ethiopia — see ACOCELLA & al. 2003). Morpho-
logical escarpments, which formed along the margins of
these faults, could be the source of detrital material.
Listric normal faults could sole out at the base of the sed-
imentary rocks, resulting in a mechanical discontinuity
along the rheological boundary that would facilitate
future thrust-faulting.

During the Jurassic, two episodes of basin deepening
(down to several thousands of metres) took place in the
Krizna Basin: one in the Bajocian and Bathonian, and
the second in the Oxfordian (PASSENDORFER 1983). The
expansion of the basin could have been accompanied by
extension and normal faulting and domino-like struc-
tures (PROKESOVA 1994; PLASIENKA 2003a). The system
of mylonitic and cataclastic zones in the granitoid core of
the High-Tatra Mts. can most probably be linked with this
stage (Text-fig. SBb). Simultaneously, neptunian dykes
could develop (Text-fig. 5Bc) within the sedimentary
rocks of the High-Tatric series (LuczyNsk1 2001a). Most
of these dykes have an orientation similar to that of the
normal faults within the granitoid core (Text-fig. 5Ba, b).
Examples of synsedimentary activity have also been
described from the Krizna Nappe: extensional faults
enabling fluid migration and resulting in manganese-
bearing sedimentation during the Early Toarcian (Siodfo
Fault — BAC-M0OszASZWILI 1998A; JACH & al. 2003).

The initial rifting took place in the axial deepest part
of the basin (“ultra-Pieniny”) during the mid-Late
Jurassic; its rate rapidly decreased due to sea floor
spreading within the Magura Basin (BIRKENMAJER 1986;
WINKLER & SLACZKA 1994; GOLONKA & al. 2000). The

PKB Basin could have developed as a narrow rift zone,
~100 km wide, with intense normal faulting under
increased heat flow condition (see COrtI & al. 2003).
The lack of volcanic activity indicates “passive” rifting of
ZIEGLER & CLOETINGH (2004). A comparison can be
made with the Red Sea Basin, which started opening
about 25 Ma ago, and in which basaltic rocks indicate
that sea floor spreading began at only about 4-5 Ma ago
(GHEBREAB 1998). In the considerably narrower PKB
Basin, oceanic crust probably did not develop within its
Polish part. On the other hand, oceanic crust could have
existed in the more westerly part of the PKB Basin, as is
directly testified by the eastward lateral propagation of
the Alpine Tethys rift (DUMONT & al. 1996) and the
wedge-like opening of the PKB Basin (from the west).
The closest area with documented slices of amygdaloidal
basalts is the Belice Unit in the Povazsky Inovec Mts.
(SoTAK & al. 1993). Indirect evidence of the lack of
oceanic crust at the base of the PKB basin could be the
long duration of thrust-folding and slow speed of sub-
duction in comparison to the Outer Carpathians area
(see below).

The passive rift could have been orientated oblique-
ly to the southern margin of the PKB Basin. The rift
orientation was ~SW-NE or ~WSW-ENE; the WSW-
ENE orientation was documented after MARCHANT &
STAMPFLI (1997), STAMPFLI & al. (1998), DUMONT & al.
(1996) within the Ligurian-Piemont and Vahic oceans,
and the SW-NE orientation was promoted after
GOLONKA & KRrOBICKI (2001) and AUBRECHT & TUNYI
(2001) in the Pieniny-Magura ocean. According to
SzuLc (2000), crustal motion during the Triassic Tethys
rift formation, was transmitted onto its northern
periphery by reactivated Hercynian master faults. The
NW-SE orientation of Hercynian deep fault zones was
pointed out by ARTHAUD & MATTE (1977); faults of
such orientation could have evolved as transfer faults
within the Vahic-Oravic.

The presence of a counter-clockwise strike-slip zone
along the southern margin of the Vahic Basin near the
contact with the Central Carpathian Block was an effect
of oblique subduction (TOMEK & HALL 1993; ZEYEN &
al. 2002) in consequence of oblique extension. Similar
pattern is observed within the Gulf of Aden (GHEBRAB
1998, Cortl & al. 2003) and in the Gulf of California
(UMHOEFER  2000). According to WEISSERT &
BERNOULLI (1985) the latter presents an actualistic
example for the tectonic pattern of the Ligurian-Piemont
Ocean. The result of polyphase activity of this shear zone
was the existence of diachronous basins of pull-apart
character, for example Manin or Kostelec (RAKUS &
MARSCHALKO 1997). This model explains the formation
of the Myjava Basin of BIRKENMAJER (1986), DuDZIAK
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(1990) and KosTkA (1993), and of the Ztatne Basin of
SIKORA (1971) and GOLONKA & al. (2000). These basins
could have been formed through the same mechanism as
that of the Gosau basins described by WAGREICH (1995).

ANDRUSOV RIDGE AND MANIN BASIN

In the opinion of BIRKENMAJER (1986, 1988), the
Andrusov Ridge (earlier referred to as the Exotic Ridge
or Exotic Cordillera) separated the PKB Basin and the
High-Tatric domain sensu lato (Klape-Manin-Kostelec
units) during the Cretaceous. At that time, the Andrusov
Ridge was a source of clastic material and showed vol-
canic activity connected with the subduction of oceanic
crust under the Central Carpathians (op. cit.). Initially,
this structure was the passive northern margin of conti-
nental crust detached from the southern edge of the
North European Plate (BIRKENMAJER 1988). The north-
ern slope of this ridge was probably occupied by the
Haligovce succession, and the southern slope by the
Klape-Manin-Kostelec succession, transitional to the
High-Tatric sedimentation zone (op. cit.). A detailed
reconstruction of the Andrusov Ridge was made after
BIRKENMAJER (1986, 1988) and BIRKENMAJER & al.
(1990), based on the composition of exotic material. The
ultramafic rocks (see MISIK & al. 1980) occurring within
the Klippen units (Klape and Manin successions) were
linked by BIRKENMAJER (1988) with obducted oceanic
crust that was probably associated with the Andrusov
Ridge. As an alternative possibility, the uplift of some
segments of oceanic crust along some transform faults
cutting into the northern slope of the Andrusov
Cordillera was suggested.

Borza (1966), MARSCHALKO (1975), MBIk &
SYKORA (1981), and MISIK & al. (1991) noted the differ-
entiated composition of the Exotic Cordillera, varying in
its particular parts. POTEAJ (1997) also pointed out the
inhomogeneities of the clastic material source area,
linked the individual stages of the cordillera and joined
the evolutionary sequence of the Pieniny-Exotic-South-
Magura cordilleras in one heritage chain.

The Manin Unit was initially included by MAHEL’
(1950) in the Manin-Inovec series. According to KYSELA
& al. (1982), the Manin Unit was located north of the
Tatric and south of the PKB. MAHEL’ (1978) included the
Manin “Series” in the Vysoka Nappe, which implied its
position within the Fatricum. PLASIENKA (1995a)
assigned the Manin Unit to the Fatricum, in a position
lateral to the root zone of the Vysoka Nappe (northern-
most Fatricum). Furthermore, he considered it a rather
local succession without lateral continuation. PLASIENKA
(1995b) linked the provenance of the exotic material

(e.g. the Jurassic blueschists in the Klape Unit noted by
DAL P1Az & al. 1995) with the interior of the Carpathians
and with the closing of the Meliata oceanic domain.
During the mid-Cretaceous stage, compressional uplift
of the Veporic-Gemeric-Meliatic pile took place, the top
of which came to be exposed to intensive erosion and
could be a source of exotic material (PLASIENKA 1997).
MISIK (1996) questioned both the position of the Exotic
Cordillera of PLASIENKA (1995a, b), and his concept of
the palaeogeographic intra-Veporic position of the Klape
and Manin basins. RAKUS & MARSCHALKO (1997) also
did not accept MAHELs (1978) and PLASIENKA's (1995a)
idea of the infra-Veporic placement of the Manin nappe.
They discussed the palacogeographic position of the
Manin, Klape and other basins at the boundary of the
Central and Outer Carpathians and considered that the
Manin area must have been situated externally from the
Tatric block. RAKUS & MARSCHALKO (1997) considered
the Andrusov Ridge controversial, and linked the prob-
lems with the arrangement of the Western Carpathians
region with the existence of a large strike-slip shear zone
between the edge of the Central Carpathians and the
Klippen Belt, which functioned from the Albian to the
Palaeogene and caused the rotation of the CWC.

The reconstruction in Text-figs 5B and 6A has been
based on the assumption that the source of exotic mate-
rial could be linked with a deep fault zone along the
northern margin of the Central Carpathian Block, which
was activated repeatedly as a shear zone and a plate edge
as well. Other sources of exotic material, ephemeral in
character, could be connected with local and periodical
emersions along listric normal faults causing blocks rota-
tion. The appearance of exotic fragments could be linked
with rotated blocks and local emersion of the basement,
e.g. in the Bathonian pelagic deposits within the Niedzica
series (BIRKENMAJER & al. 1960). Part of the exotic
material could also have originated southwards, perhaps
in the Meliata area.

“BLACK FLYSCH” — JURASSIC OR CRETACEOUS?

One of the greatest controversies in the investiga-
tions within the PKB was linked with the so-called
“Sztolnia beds”, also referred to as “black flysch”, “black
Cretaceous” or “Aalenian flysch”. According to
BIRKENMAJER & PAzZDRO (1968), Braszyk (1968),
BIRKENMAJER & MYCZYNsKI (1977), and KRAWCZYK &
StoMKA (1981, 1986), the black flysch is considered to be
Aalenian in age, whereas BLAICHER & SIKORA (1969),
SIKORA (1971) and Ksiazkiewicz (1972) included it in
the Cretaceous. Neither of the opposing sides, however,
considered a third possibility, namely that of similar
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lithologies of flysch deposits in both the Jurassic and
Cretaceous. One important piece of evidence may be the
occurrence of the Bryjarka Formation in a borehole in
Szczawnica (BIRKENMAJER & al. 1979). This formation
does not crop out, has a similar lithology to the beds in
dispute, and is of Cretaceous age. In my opinion, inclu-
sion of the so-called “black flysch” in the Cretaceous
would simplify the mapping, because in many places, i.e.
in the vicinity of Jaworki in the Magura Unit close to the
PKB (distinguished by BIRKENMAJER 1970, 1977, 1979,
1986 as the Grajcarek Unit, and by GOLONKA & al. 2000
as the Hulina Unit), or in the Szczawnica borehole suc-
cession (BIRKENMAJER & al. 1979) it contacts directly
with the flysch of the Jarmuta Formation and other
Cretaceous units. Controversies regarding the age of the
“black flysch” still persist. OszczYPKO & al. (2004) deter-
mined the age of the “black flysch” as Albian-
Cenomanian; on the other hand, BIRKENMAJER & GEDL
(2004) suggested an Aalenian-Bajocian age for this
deposit based on dinocyst data.

In my opinion, the problem with the “black flysch”
lies most probably not in the issue of which age it is, but
rather which flysch is Jurassic and which Cretaceous.

GEOTECTONIC SETTING AND AGE OF THE
NAPPE-FOLDING

During the Late Cretaceous-Eocene, the Carpathian
area was a part of a larger Alpine-Carpathian orogen
formed by the south-eastward subduction of the Penninic
Ocean (135-55 Ma) and later collision of the European
and Adriatic continents (55-40 Ma; NEMCOK & NEMCOK
1994; NEMCOK & al. 1998).

The northwards migration of nappe movement from
the Meliata-Hallstatt to the Penninic-Vahic oceanic
zones (PLASIENKA 1996) is well documented by the
diachronous position of the pre-orogenic flysch: in the
Krizna Basin in the Early Aptian; in the High-Tatric
Basin (Text-fig. 4.5f) in the Early Albian (KRAJEWSKI
1980, 2003; LEFELD & al. 1985); in the Klippen Basin in
the Coniacian (BIRKENMAJER 1977). Progressively
younger ages of sediments were involved in the cover
nappes towards the foreland: Tithonian in the Silicum,

Neocomian in the Hronicum, Albian in the south-cast-
ern Fatricum, Cenomanian in the north-western
Fatricum and south-eastern Tatricum, Early Turonian in
the north-western Tatricum (e.g. NEMCOK & NEMCOK
1994), Early Santonian — in the Klape unit, Campanian
in the Pieniny and Kysuca units (SCHEIBNER 1968),
Maastrichtian in the Czorsztyn unit (BIRKENMAJER 1977;
BIRKENMAJER & al. 1987). Compressional deformation
progressed from the hinterland to the foreland lower
plate (PLASIENKA 2003a). The age of thrusting and fold-
ing was progressively younger from south to north (Text-
figs 3, 6). BEZAK (1991) suggested a NW direction of
thrusting of the Veporic Mesozoic cover and Gemericum
over the north-western parts of the Veporicum during
the Late Cretaceous. In the area more to the north-cast,
K-Ar dating indicates an Albian age for NW-SE thrust-
fold shortening in the Krizna Nappe (NEMCOK &
KANTOR 1990).

According to SCHEIBNER (1968) and BIRKENMAJER
(1970, 1974), Late Cretaceous folding took place within
the PKB in the Klape Unit in the Coniacian-Early
Santonian; in the Pieniny and Branisko-Kysuca units in
the Santonian-Campanian; in the Niedzica Unit in the
Campanian-Maastrichtian (Text-figs 7-8). The folding
continued within the peri-Magura Basin (i.e. in the
Grajcarek Unit of BIRKENMAJER 1986) up to the Late
Palacocene (Text-fig. 8B), which is testified by deposits
of the synorogenic Jarmuta Formation (BIRKENMAJER &
al. 1987; BIRKENMAJER & DUDZIAK 1991).

During the Aptian-Cenomanian, thrust-napping
processes occurred within the northern Veporicum and
Fatricum (PLASIENKA & al. 1997). According to
PLASIENKA & PROKESOVA (1996) and PLASIENKA & al.
(1997), thinned continental crust of the Krizna Basin
(Fatric) was underthrust along the north Veporic zone,
and the Mesozoic deposits of the Krizna sedimentation
zone were detached and glided gravitationally north-
wards to overlie the Tatric in the Late Turonian. The con-
cept of gravitational slumps reaching back to the 1960s
(Kotaxskr 1961, 1963a) was later questioned by BAcC-
MoszaszwiLl & al. (1984). The most important argu-
ment against this idea is clearly visible after reversing the
Tatra block to a position prior to the Miocene rotational
uplifting (GREcuLA & RoTH 1978; PioTROWSKI 1978;

Fig. 6. A — Beginning of thrusting and napping processes started from the ChoC basin in the Albian. The oblique boundary between the Central Carpathian

Block and the Vahic rifting basin caused activation of the shearing zone and rotation of the Central Carpathian Block. B — Scheme of geometry of the Late

Cretaceous (Turonian) thrust-napping within the Tatra Mts. Changes of the direction of thrusting and rotation of the Central Carpathian Block (a-c) dur-

ing Late Cretaceous nappe-thrusting documented on stereoplots of bedding within the High-Tatric autochthonous cover (d), High-Tatric Nappe (e) and

Krizna Nappe (f); stereoplot of slickenside fault planes within the granitoid core of the High-Tatra Mts. (g); (d-g) after southward 40° rotation around 90/0

axis, Polish part of the Tatra Mts.; (h) reconstruction of palacostress based on faults striation documenting the same process of rotation (TectonicsFP

Programme, P-B-T method, dip-slip faults rotated about 40° southward to the position before Neogene uplifting; (a-f — after JUREWICZ 2000b; g, h — after

JUrREwICZ 2000a). Not to scale
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Bac-MoszaszwiLl & al. 1984; JuREwICz 2000a). Both
the surfaces of the nappe thrusts and the thrust fault
planes within the granitoid core of the Tatra Mts that are
geometrically linked with them (JurRewicz 2000a) then
attain southerly dips (average 25-30° — Text-fig. 6Bg),
which, according to BAc-MoszaszwiLl & al. (1984),
points to their origin as shears. The next argument is the
fact that the deformation structures of the High-Tatric
and Krizna nappes originated in a compressional regime,
in contrast to the structures observed in the PKB, where
gravitational sliding was documented in Male Pieniny,
manifested by normal faulting and folding caused by
morphological barriers, e.g. Czajakowa Skata fold —
JUREWICZ 1994, 1997). The processes taking place along
the thrust surfaces in the Tatra Mts. also point rather to
a compressional type of deformation (JAROSZEWSKI
1982; PLASIENKA & SOTAK 1996; JUREwICz 2003;
MILOVSKY & al. 2003; JUREWICZ & StABY 2004).
BIRKENMAIJER (1986) accepted the presence of a sepa-
rate subduction zone under the Andrusov Cordilliera
and another one under the Czorsztyn Ridge: during the
Campanian - Early Palacocene the subduction zone
jumped from the southern margin of the PKB Ocean to
the northern margin of the Czorsztyn Ridge and began
to consume the Magura Basin. The present day distance
between the supposed suture zones, which were to origi-
nate in place of the former subduction zones, is ca. 20
km, which is less than the thickness of lithospheric plate.
It should also be noted that when the existence of the
Andrusov Ridge and ocean-type rift in the PKB Basin is
rejected, the width of the sedimentary zone of the PKB,
evaluated at 120-150 km by BIRKENMAJER (1979, 1986),
becomes much smaller. It is difficult to find arguments
confirming the presence of a subduction zone under the
hypothetical and controversial Andrusov Ridge of
BIRKENMAJER (1986). According to e.g. SOTAK (1992)
and OszczyPKO (1999), a subduction zone was located
under the Czorsztyn Ridge and connected with the so-
called Mesoalpine suture zone. This is testified by geo-
physical sections, e.g. worked out by UCHMAN (1973),
LEFELD & JANKOWSKI (1985) and NEMCOK & al. (1998):
the PKB is linked to a high conductivity zone and an ele-
vated lithosphere/asthenosphere boundary south of the
Klippen belt. Therefore, the problematic issue remains
whether or not continental crust was present in the base-
ment of the Czorsztyn Basin, and did subduction take
place under the Czorsztyn Ridge. It is more probable
that the northern margin of the Central Carpathian
Block (as yet not divided into separate massifs) could
have been a continental margin, under which subducted
thinned crust layed at the base of the Vahic-Oravic Basin.
In a structural sense, the boundary between the Central
Carpathians and the PKB could have been manifested at

this stage in sedimentation as a deep fault zone and a
fault scarp providing a source of detrital material, and as
a large shear zone (Text-figs 6-8), the sinistral activity of
which was noted from the Albian by RAKUS &
MARSCHALKO (1997). Structural analysis conducted by
me indicated counter-clockwise rotation of the
Carpathian Block and dextral shearing during Late
Cretaceous - Palacogene nappe-thrusting — Text-fig. 6B
(JUurewicz 2000a, b).

“RUSINOWA CONGLOMERATE” - SENONIAN
OR EOCENE?

In older literature, the thrust-folding in the Tatra
Mts. was estimated to have taken place after the
Turonian and before the Eocene (ANDRUSOV 1965). By
analogy with the Gosau Group, synorogenic sediments
of the Malé Karpaty Mts. and from the vicinity of Sumiac
in the Nizke Tatry Mts. (ANDRUSOV & al. 1973) were
related to the Turonian/Senonian boundary (WAGREICH
1995; PLASIENKA 1995a, b, 1997; LINZER & al. 2002).
BIRKENMAJER (2000) stated that the Rusinowa Polana
conglomerates related to the basal unit of the
“Palacogene Podhale Succession” by Sokorowski &
JACZYNOWSKA (1979) and to the “Nummulitic Eocene”
by BIEDA (1963) and BAc-MoszaszwiLl & al. (1979),
should be linked with the Upper Cretaceous Gosau
Group of the Northern Calcareous Alps. According to
BIRKENMAJER (2000), the Rusinowa Conglomerate
Formation could be the equivalent of the Senonian
Gosau Group conglomerate (SAMUEL 1977) resting on
the Gemericum near the Dobsinska Ice Cave in Central
Slovakia. Conclusions drawn from BIRKENMAJER (2000)
are of crucial importance for the tectogenesis of the
Tatra Mts., although they are based on selectively chosen
prerequisites and not new facts. Not wanting to discuss
the age of the so-called Rusinowa Polana Conglomerate,
which at present should be regarded as undetermined, I
would like to draw attention to the following aspects:

1) Assuming after BIRKENMAJER (2000) a dip of only 20°
for the Zakopane beds in the Podhale Trough, it
should be noted that the Rusinowa Polana conglom-
erate at present occurs ca. 250 m below the theoreti-
cal base of these beds. The present area of the Tatra
Mts. would therefore have been a morphological
depression already in the Late Cretaceous. If a larger
dip is assumed (i.e. PASSENDORFER 1983 — 30-60°
JUrREwICZ 2000 - 40°), the depth of the Late
Cretaceous erosional incision in relation to the
Zakopane beds would increase by ca. 600-800 m.

2) The Rusinowa Polana conglomerate occurs in the
western margin of the so-called Szeroka Jaworzynska
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Depression. Thus, if the Late Cretaceous erosion

within the tectonic depression reached down to the

Middle Triassic of the Krizna Nappe, then in the

neighbouring — potentially more exposed to erosion —

Koszysta elevation, granitoids would have appeared at

the surface already in the Late Cretaceous. KOTANSKI

(1961) and GrAzek (1963) assumed the possibility of

deep erosion on the Koszysta elevation; however fis-

sion-track analysis of the Tatra Massif uplift age point-
ing to Late Miocene times (BURCHART 1972; KRAL

1977) excludes this possibility. According to

PASSENDORFER (1983), granite boulders are not

observed even in Palacogene sediments; only the

Krizna and Cho¢ Nappes were subject to erosion at

that time. The argument that nappe-thrusting of the

Krizna Nappe on the High-Tatric tectonic units (BAc-

MoszaszwiLl & al. 1981) was preceded by erosion

accompanied with karst-weathering or that the High-

Tatric autochthonous cover was partly eroded during

the Late Cretaceous (GLAZEK 1963), should be reject-

ed in the light of the documented processes of pres-
sure solution accompanied by hydrothermal solutions

taking place along thrust planes (JUREwICZ 2003;

MILOVSKY & al. 2003; JUREWICZ & StABY 2004).

3) The thickness of the conglomerate estimated at 25 m
and the small morphological differentiation (several
tens of metres) observed in the field, allowed
BIRKENMAJER (2000) to state that the Rusinowa
Polana conglomerate lies at 100-150 m below the pre-
sent-day surface level and to accept a retro-arc thrust-
ing with a range of several hundreds of metres as well
as to insert the thrust planes at ca. 500 m below the
surface level. It was not the actual field exposures but
their interpretations that were used by him as the basis
of distinguishing a precisely timed separate tectonic
stage (Laramide phase: Late Senonian - Early
Palaeocene).

4) Determining the age of the Rusinowa Polana con-
glomerate as Late Cretaceous does not imply the
acceptance of a separate folding phase in the PKB of
retro-arc character, and linked to the Laramide phase,
for several reasons:

a) the retro-arc thrusting in the PKB during the
Laramide phase is questionable (JUREwWICZ 1994,
1997);

b) accepting the assumed dip of the thrust planes at
70°N (BIRKENMAJER 2000), the gravitational mech-
anism of the southwards thrust of the nappe units
on postorogenic sediments would require enor-
mous structural reworking, regardlessof the extent
of the Miocene rotation (20° - PIOTROWSKI 1978;
25° - BAc-MoszaszwiLl & al. 1984; or 40° -
JUurewicz 2000a).

c) it is much simpler to link the presence of reverse
faults documented by SocHACZEWSKI (1997) with
the Miocene stage of the Podhale Trough formation
and the resulting local compression in the internal
bend of the “synclinorium”.

The concept presented by BIRKENMAJER (2000)
requires the following scenario of events. The Tatra Mts.,
folded underwater in the Turonian, must have been ele-
vated enough to allow erosion preceding the sedimenta-
tion of the Rusinowa Conglomerate Formation to reach
the Carpathian Keuper sediments of the Krizna Nappe
in the Late Cretaceous, in consequence of which the
granitoids on the Koszysta elevation would have been
exposed to the surface. By the end of the Early
Palaeocene the northern part of the Tatra Mts. must have
been elevated enough to cause southward gravitational
slumps. This scenario does not find confirmation in the
fission-track analyses of the age of the Tatra Mts. uplift,
which point to Late Miocene times (BURCHART 1972;
KRAL 1977), and not the Late Cretaceous. Accepting
such a course of events in which nappe-thrusting would
have taken place in one extremely fast event does not
find confirmation in the character of deformations
occurring along the thrust planes, which require long,
repeatedly reactivated processes (JUREWICZ 2003).

The age of the Rusinowa Polana conglomerate
remains undocumented. However, its Eocene age
becomes more plausible through the discovery of tuff
horizon within the conglomerates (A. SOCHACZEWSKI —
personal communication) and its presumed equivalence
with Eocene tuffite documented in the northern margin of
the Tatra Mts. and in boreholes (GrAzek & al. 1998;
KEPINSKA & al. 2000). The tuffite in conglomerate of the
Rusinowa Polana was indirectly evidenced earlier by
Sokorowskl (1978), reported as a clay interbed, and inter-
preted subsequently as tuffite by GLAZEK & al. (1998).

CONDITIONS OF DEFORMATION AND GEOME-
TRY OF NAPPE-THRUSTING IN THE TATRA MTS.

It can be assumed that the thinned continental crust
at the basement of the Fatric-Tatric Basin has a lateral
rheological heterogeneity (Text-fig. SA) connected with
lithosphere extension and rifting (cf. VAUCHEZ & al.
1998). This kind of inherited low-angle anisotropy
favoured the formation of a detachment and major flat-
lying thrust (see GHEBREAB 1998). Above the roof thrust,
flat-lying, slightly disturbed strata could be present, and
imbricate structures or a hinterland dipping duplex could
be formed below (see BOYER & ELLIOT 1982). Such a
simple pattern of folding, thrusting and formation of
duplex was most probably disturbed initially by great —
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both horizontal and vertical — lithological variability.
Normal faults already generated during lithosphere
extension and rifting of the sedimentary basin
(PLASIENKA & al. 1997), could undergo activation as
reverse faults due to later compression related to Alpine
folding (PLASIENKA 2003a). When subduction complete-
ly consumed the basement of the southernmost sedi-
mentary zones, the crystalline basement of the High-
Tatric series also underwent compression and shearing
processes (Text-figs 4.6, 6Bd, e). The fact that crystalline
rocks also compose the nappes and that they were
detached at depths of at least several or more kilometres,
suggests that the detachment was preceded by compres-
sion, which resulted in reverse faults (e.g. BAC-
MoszaszwiLl & al. 1984). Reverse faults could originate
due to the change of the sense of movement of initially
normal faults, which is evidenced e.g. by the angle of 60°
between the surface of sedimentary contact of Seisian
sandstones with the crystalline rocks and the Giewont
Unit thrust (BAC-MoszAszwILI & al. 1979). Most thrust
surfaces and faults linked with Alpine folding are, how-
ever, characterised by flat and — befor rotational uplift —
southern dip (Text-fig. 6Bg). Analysis of tectonic trans-
port directions based on striae on such slickensides
occurring within caps of crystalline rocks (so-called
“Goryczkowa Island”) was made by BURCHART (1963).
Flat-dipping slickensides, geometrically linked with
Alpine thrust folding from the granitoid core of the
High-Tatra Mts. enabled the reconstruction of the Late
Cretaceous stress field (Text-fig. 6Bh; JUREWICZ 2000a).
The structural analysis of the crystalline core and the
nappe units was preceded by reversal of the Tatra block
to a position prior to the Miocene rotation linked with
the uplift process (BURCHART 1972, KRAL 1977, KOVAC
& al. 1994). The rotation angle comprises the dip of the
Eocene strata and the dip of the para-autochthonous
sedimentary cover (PIOTROWSKI 1978; BAC-MoOSszAsz-
WILI & al. 1984), displacement on the sub-Tatric fault
(see SPERNER 1996; KOHUT & SHERLOCK 2003) as well as
the gradient of erosion of the granitoid core (BURCHART
1972). The vertical rotation angle of 40° assumed herein
was evaluated mainly on the basis of dips in the sedi-
mentary cover of the granitoid core. The northern
boundary between the Tatra Mts. and the Podhale
Trough, with a parallel orientation 90/0 is taken as as the
rotation axis (JUREWICZ 2000a, b). The reconstruction
suggests that, at the assumed rotation angle in the stress
field reconstructed by four methods in TectonicsFP soft-

ware, the main compression axis orientation is ca.
~355/10, axis b ~265/15, and axis ¢ ~100/75 (JUREWICZ
2000a). The PTB method (Text-fig. 6Bh), calculating the
orientation of the stress field for each fault plane/striac
system, indicates that during nappe-thrusting either a
relative change of the largest stress orientation (o) from
NW to N took place, or at a stable stress field counter-
clockwise rotation of the basement occurred (Text-fig.
6Ba-c). Such rotations were indicated in different units
of the Outer Carpathians (Kruczyk & al. 1992;
GRABOWSKI 1995a, b, 1997b; GRABOWSKI & NEMCOK
1999), along the boundary of Central and Outer
Carpathians (BIRKENMAJER 1976, 1985) as well as in
younger lithological complexes, i.e. in the Nummulitic
Eocene (GRABOWSKI 1997a).

As for the relative direction of tectonic transport,
and the resulting rotation direction, there is no doubt
that the NW orientation is older than the N orientation
(Jurewicz 2000a, b). This can be inferred both from
field observations of striae on slickensides within the
granitoid core, as well as from diagram analysis (Text-fig.
6Bg). Older NW striae destroyed by younger, more
northward directed striae can be observed on single
slickenside planes. On the PTB diagram (Text-fig. 6Bh)
the maximum is located at N, which probably directly
results from the younger ages of the striae.

Other evidence of the counter-clockwise rotation of
the basement during Alpine folding (Text-fig. 6Ba-c)
comes from an analysis of the bedding, which points to
the fact that higher, older units indicate at present a NW
compression (Krizna and High-Tatric nappes — Text-fig.
6Be, f), whereas the autochthonous sedimentary cover
shows a N orientation (Text-fig. 6Bd; JUREWICZ 2000b).
Similarly, BURCHART (1963), based on analysis of striae
in crystalline rocks of the so-called “Goryczkowa Island”,
indicated 340°-orientated tectonic transport of the
Giewont Unit (High-Tatric Nappe).

The possibility of later block rotations in the base-
ment of the Krizna Nappe has already been pointed out
by BAC-MoszaszwiL1 (1998a) and MARKO & al. (1995).
In the opinion of the latter authors, this clockwise ten-
dency of stress rotation or counter-clockwise rotation of
the basement probably also persisted in the Western
Carpathians during the Palacogene-Neogene tectonic
evolution (cf. JAROSINSKI 1998). These authors reveal the
importance of rotation and translation movement of the
rigid crustal blocks inside the wrench zone between the
North-European and African plates. My own structural

Fig. 7. Coniacian-Santonian. Beginning of thrust napping processes within the Vahic area connected with activation of the subduction zone of Vahic thinned

lithosphere under the Central Carpathian Block (A). Note that the shortening at the base of the Vahic basin caused the continuation of thrust and nappe-

folding within the Tatra Mts. area. In some cases part of the Cho¢ Nappe could be thrusted onto units of the Pieniny Klippen Belt (B). Well marked is the

convergence of the subduction zone and oblique motion of the Vahic lithospheric plate under the Central Carpathian Block. Not to scale
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investigations within the crystalline massif and sedimen-
tary cover (JUREWICZ 2000a, b) have enabled me to eval-
uate the range of the counter-clockwise basement rota-
tion during post-Turonian and pre-Eocene nappe-folding
processes at ca. 45°.

Investigation of fluid inclusions in syn-kinematically
grown quartz on slickensided faults within the granitoid
core of the High-Tatra Mts. proved that syn-kinematic
quartz slickenfibres crystallised at a pressure of about
1.45-1.7 kbar (145-170 MPa) and at a temperature of
~212-254°C (Jurewicz & Kozrowski 2003). These val-
ues of pressure and temperature enable estimation of the
depth of the deformation processes linked with Alpine
thrusting at 6-7 km (Text-fig. 4.6) and the geothermal
gradient for the Late Cretaceous at ca. 30°C/km
(JUREwICZ & BAGINSKI 2004). Such high values of the
geothermal gradient could result from the upwelling of
the asthenosphere indicated e.g. by PLASIENKA (2003D),
which could cause the crust to become elastic in the low-
ermost part and ensure that detachment could not take
place deeper (cf. OrRD & HoBBs 1989).

Geometric analysis of tectonic transport orientation
and reconstruction of the stress field cannot be applied in
relation to the nappe units and the autochthonous sedi-
mentary cover because of the ductile type of deformation
(Jurewicz 2003). In the para-autochthonous sedimenta-
ry cover and in the nappe units, there are — contrary to in
the PKB - only a few slickensides linked with the nappe-
folding: these are generally on bedding surfaces, com-
monly of Seisian sandstones. In many cases, the contact
between the nappes resembles a stylolite seam rather
than a thrust zone, and is not a measure of the extent of
displacement.

Nappe thrusts in the Tatra Mts. (Text-figs 4.6, 6)
probably took place underwater at full saturation of the
rocks with seawater, which greatly influenced lithostatic,
hydrostatic and pore pressures values (see SIBSON 1996,
2000) and was responsible for the decrease in weight and
internal friction angle at the soles of the thrusts.
Processes taking place along the thrust planes (e.g. cata-
clasis, mylonitization and pressure solution) lead to con-
siderable mass reduction and crucially disturbed the
geometry of the thrusted and folded units, which had
already lost their classic duplex character (JUREWICZ
2003; JUREwWICZ & StABY 2004; cf. RING & al. 2001).
According to LuczyNski (2001b), mass reduction caused
by pressure solution and chemical compaction of the
condensed Middle Jurassic deposits of the High-Tatric

series could reach up to 50-70%. Along some tectonic
surfaces, mass reduction could even be the main factor
responsible for stress release (“ravenous” fault —
JUREWICZ & StABY 2004).

In the process of tectonic transport, the key role was
played by pulsate changes of pore pressure in the shear
zones (JUREWICZ 2003). Increasing compression lead to
an increase in pore pressure, which resulted in a reduc-
tion in effective stress, the formation of a shear surface
(and, in the succeeding stages, its rejuvenation), and
stress release by displacement. The newly opened shear
zone thus became the pathway for migration of solutions
transported according to the hydraulic gradient (see
KnipE 1989; SiBSON 1996), additionally supplied by
released pore water. This zone acted as a channel carry-
ing mechanically broken up and chemically dissolved
rock material, which lead to a gradual but considerable
mass reduction. With the destruction of rocks, solutions
and suspensions appeared within the shear zone. Due to
the rapid pressure fall caused by a displacement release
of stress, gases were liberated and the angle of internal
friction also decreased (JUREWICZ 2003). Pressures with-
in the nappe thrusts evaluated by MILOVSKY & al. (2003)
based on fluid inclusion investigations could vary
between 0.2-5.4 kbar (20-540 MPa) and interpreted as a
result of of hydrotectonic processes (see JAROSZEWSKI
1982; Kopr 1982, 2003). The presence of fluids in the
sole of the nappe, and the consequent almost complete
absence of friction, resulted in the displacement of the
nappe over a “water pillow” like a hovercraft.

CONDITIONS OF DEFORMATION AND GEOME-
TRY OF THRUST-NAPPING IN THE PKB.

Folding in the PKB began later than in the Tatra Mts.,
i.e. inits southern part in the Coniacian (SCHEIBNER 1968;
BIRKENMAJER 1970, 1974). It continued until the Late
Palacocene, i.e. until the end of Jarmuta Formation sedi-
mentation in the Magura Basin (BIRKENMAJER & al
1987; BIRKENMAJER & DuUDZzIAK 1991), gradually involv-
ing the succeeding marginal sedimentary zones to the
north. The long duration of folding is connected with the
slow-motion of subduction of the thinned continental
crust from the base of the Vahic-Oravic Basin (Text-figs 7-
8). In the last phase, due to gravitational sliding, the
Klippen units were thrust onto the Magura foreland
(Text-fig. 8B; see JUREWICZ 1994, 1997).

Fig. 8. A — Campanian — continuation of subduction under the Central Carpathian Block and thrust napping processes within the Vahic-Oravic zone.

B - Palacocene — thrusting and folding originated near the sea level. Due to favourable palacomorphology, gravitational sliding and formation of olisto-

lites took place (see JUREWICZ 1997). Shearing along the northern boundary of the Central Carpathian Block caused opening of pull-apart basins and

sedimentation of Gosau-type conglomerates (cf. WAGREICH 1995). Not to scale
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The character of the nappe thrusts in the Pieniny
Mts. was completely different from that in the Tatra Mts.
In the nappe units of the PKB more brittle deformations
can be observed. The detachment of the nappe units in
the PKB typically took place in rather susceptible shale-
marly sediments (Krempachy Marl or Skrzypny Shale
formations) underlying the limestone and limestone-
radiolarian members of the Jurassic and Lower
Cretaceous, and covered by marly-shale-sandstone
deposits of the Upper Cretaceous. Shales and marls
occurring at the bottom of the nappes are typically
intensely tectonically disturbed and strongly slicken-
sided. As a result of multiple tectonic activations, the
older slickensides are crushed or folded (JUREWICZ
1994). The PKB nappes had a small thickness and mass,
and, during transport underwent internal folding, strong
faulting and brittle fracturing, which caused that a mass
of calcite veins, and calcite coating numerous fault sur-
faces, prevail over the host rock. The conditions, under
which such deformations are formed, have been
described by KENNEDY & LOGAN (1998) from the south-
ern Appalachians. Similarly, WOITAL & MITRA (1986)
and WoJTAL & PERSHING (1991) demonstrated that
sheets were deformed primarily by sliding along discrete
surfaces, resulting in numerous mesoscopic fault and
fracture arrays within approximately 100 m of the thrust
surface. These authors described the fault zone core as
consisting of both hanging wall limestone and footwall
shale cataclasites, and a neighbouring zone of fracture
and fault arrays and folds in both the hanging wall and
the footwall.

The thrusting of the nappe units was at least locally
preceded by erosion, because in many cases (particularly
in the eastern part of the PKB) the highest lithological
units are absent (BIRKENMAJER 1979). In the more west-
ern part of the Polish section of the PKB, erosion pre-
ceding thrusting is evidenced by the synorogenic, partly
fresh-water character of the Jarmuta Formation
(BIRKENMAJER 1977, 1979) in the thrust foot, which
encompasses numerous variably rounded grains both
from the Klippen units and of exotic origin (KuTyBA
1986; BIRKENMAJER & WIESER 1990; BIRKENMAJER &
SKUPINSKI 1990). KuTyBA (1986) stated that ca. 10-20%
of the exotic rocks were composed of magmatic and
metamorphic clasts. Particular attention is drawn to a
block of basalt, several metres in diameter, from the
vicinity of Biala Woda, and dated by K-Ar radiometry at
ca. 140 Ma, indicating the Jurassic/Cretaceous boundary
(BIRKENMAJER & WIESER 1990; BIRKENMAJER 1996), but
according to recent investigations, Aptian-Albian
(BIRKENMAJER & PECSKAY 2000b).

Differences in height favouring the formation of
gravitational slumps are testified also by the olistolites

that occur commonly in the Jarmuta Formation (e.g. in
the vicinity of Szaflary — BIRKENMAJER 1979; NEMCOK &
NEMCOK 1994; BAKOVA & SotAk 2000). Gravitational
slumps have also been documented to the east of
Szczawnica, where the so-called Homole block built of
the plate-like Czorsztyn Unit and the thrusted and fold-
ed Niedzica Unit (BIRKENMAJER 1970), according to
JURewICZ (1994, 1997) slid to the Magura Basin, in
which the sedimentation of the Jarmuta beds took place
(Text-figs 2, 8B). The nappes bear traces of intense N-S
stretching, manifested by the large number of normal
faults (JUREWICZ 1994). There is also a distinct influence
of morphology on the type of structures, e.g. the
Czajakowa fold belonging to the Niedzica Nappe was
formed due to the existence of a morphological ridge
linked with the formation of a normal fault in the base-
ment. Compartmental faults (see BROWN 1975) — parti-
tions between domains of rocks in which a common mag-
nitude of shortening was achieved in different ways — can
also be observed (JUREWICZ 1994). The structural analy-
sis of this part of the PKB throws light on the relation of
its units to the northern Magura Basin with flysch sedi-
mentation during the thrust folding. This does not mean,
however, that the mechanism of gravitational slumping is
responsible for the formation of the nappe structure of
the PKB. Gravitational slumping of the nappes is plausi-
ble in the last phase of folding within the PKB, when the
nappe front reached the northern Magura Basin and the
differences in relative height enabled slumping.

Small exposures of the Klippen units within the
Outer Carpathian flysch are known from Slovakia. In the
opinion of PoTrAJ (1997), the Klippen units have been
dragged-out from the Klippen Belt and placed in their
present position through sinistral strike-slip movement
of the Carpathian block. It is obvious that during the
folding stage the Czorsztyn Unit was detached from its
basement, regardless of whether the basement was crys-
talline or sedimentary in character.

The specific character of the nappes in the PKB lies
in the fact that they are rather thin, with thicknesses of
400-800 m, in comparison to 1100 m of the Czerwone
Wierchy Unit in the Tatra Mts. (PASSENDORFER 1983) or
several thousand metres in the Alps, and that lithologi-
cally they are generally bipartite. The nappes in the PKB
comprise rather thin limestone complexes (e.g. in the
Czorsztyn Unit limestones comprise 150-300 m as
against 400-450 m of total thickness) which resulted in
their low rigidity and ready break-up into blocks. The
mosaic character of the geological map distinguishing
the PKB from the surrounding structures is generally
(besides the rheological conditions) a result of the small
total thicknesses of the nappes and their lithological vari-
ability, favouring both folding and dismembering into
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blocks. The Polish part of the PKB displays strong defor-
mations, as a result of which it is difficult to find a single
cubic metre of rock not cut by at least one fault. The bed-
ding surfaces are also slickensided. Faults in the PKB
units have a rather small extent (in the order of several
metres) and small displacement (in the order of several
or several tens of centimetres), what causes that despite
their large number, in many places stratigraphic sections
are only slightly disturbed.

POSITION OF THE SO-CALLED GRAJCAREK
UNIT AND LARAMIDE RETRO-ARC THRUSTING

BIRKENMAJER (1986) assumed that after the stage of
nappe-folding related with the late Subhercynian phase
(Late Cretaceous-Early Palacocene), and after the sedi-
mentation of the Jarmuta Formation in the Early
Palaeocene, retro-arc thrusting of the deposits from the
peri-Klippen part of the Magura Basin onto the PKB
took place. Deposits from the peri-Klippen part of the
Magura Unit, incorporated into the PKB structure, are
referred to the Grajcarek Unit (BIRKENMAJER 1970,
1979, 1986). This concept of BIRKENMAJER (1986) was a
consequence of the assumption that, during the folding
stage, the Czorsztyn Unit was autochthonous, as in the
case of the High-Tatric Unit in the Tatra Mts. As a result,
the boundary between the Pieniny Klippen Belt and the
the Outer West Carpthians (OWC) lies at the strati-
graphic boundary between the Jarmuta and Szczawnica
formations within the Magura Unit. The idea of retro-
arc thrusting of the Grajcarek Unit was contradicted by
the results of deep borehole data in HanuSovce (East
Slovakia), where units of the PKB were found thrust
onto Magura flysch over a distance of some kilometres
(LESKO & al. 1984). The present author (JUREWICZ 1994,
1997) also questioned the possibility of retro-arc thrust-
ing because of the present topographic position of the
Grajcarek Unit within the PKB (typically in deeply
incised stream valleys, below the base of the Klippen
units), the very short period of time available for struc-
tural transformation responsible for morphological
inversion, and unfavourable morphologic conditions
(deep Magura Basin in the north and eroded, gravita-
tionally slumping Klippen units in the south). According
to the present author, nappe-folding was progressive; it
began in the south in the Coniacian (SCHEIBNER 1968)
and persisted at least until the earliest Middle
Palaeocene, i.e. until the beginning of sedimentation of
the Szczawnica Formation (BIRKENMAJER & al. 1987).
According to BIRKENMAJER & Dubziak (1991), the
upper part of the Jarmuta Formation and the lower part
of the Szczawnica Formation overlap in age (NP 7-9),

thus the nappe-folding processes could have continued
until the Late Palacocene. The two folding phases with
different tectonic transport directions - late
Subhercynian (progressive) and Laramide (retroarc) —
are not marked here. There is also no evidence for dis-
tinguishing a separate Grajcarek Unit from deposits of
the Magura Unit, because the northern margin of the
former is of stratigraphic character (between the
Jarmuta and Szczawnica formations) and is therefore
difficult to recognise in the field and to accept as a
boundary between two main structural units (PKB and
OWC). The model presented by JUREWICZ (1997) dis-
tinctly simplifies the concept of the evolution and struc-
ture of the PKB, rejects one unit and one folding phase,
and shifts the PKB boundary to the south, to the bound-
ary recognisable in the field between the Klippen units
and the Magura Unit. The Grajcarek Unit thus looses its
autonomy and is incorporated within the Magura Unit,
in which only the peri-Klippen deformation zone linked
with nappe-folding in the PKB can be distinguished.
Andesite dykes occur only to the north of the PKB, in the
Magura Unit. Exposures, in which deposits of the
Magura Unit appear within the PKB, should be inter-
preted as tectonic windows, whereas the Pieniny rocks
within the Magura Unit should be treated as olistolites
and olistostromes (Text-figs 2, 8B). The southernmost
part of the Magura Basin has a longer sedimentary his-
tory, beginning in the Early Jurassic, and a facies charac-
ter similar to that of the Klippen Basin (Branisko zone —
BIRKENMAJER 1970, 1979, 1986). For this southernmost,
peri-Klippen part of the Magura Basin, the term “Hulina
Basin” sensu SIKORA (1971), recognised also by
GOLONKA & al. (2000), and the term “Grajcarek Group”
for the Lower and Upper Cretaceous lithostratigraphic
units of formation rank in this area of the Magura
Nappe, could be retained (BIRKENMAJER 1977; BIRKEN-
MAJER & OszczypkO 1989). GOLONKA & al. (2000)
incorporated the southernmost part of the Magura basin
(Hulina basin) into the PKB on the basis of sedimento-
logical similarity. This view is controversial because, in a
structural sense, the Magura and the PKB basins were
two different areas during sedimentation, and they are
also two different units at present (Text-figs 2-3). It is
problematic whether the PKB is related only to the
Central Carpathians. From the facies point of view, and
in a sedimentological sense, the PKB is connected with
the Central Carpathians; however, it is separated from
them by a deep fault that became a shearing zone in the
Albian (RAKUS & MARSCHALKO 1997). Taking into
account their structural evolution, the PKB are more
related to the Outer Carpathians. The difference is the
presence of the thinned continental crust at the base of
the PKB instead of the oceanic floor of the Magura
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Ocean. After MAHEL (1989), the PKB linked two areas
of sedimentation and two systems of nappes (the
Palaeoalpine Central Carpathian and Neoalpine Flysch
Belt) into a uniform orogenic system. In the opinion of
CsonNTOS & VOROS (2004), the Penninic-Vahic and
Magura were two oceans separated by one or several
minor continental fragments, like the Czorsztyn Ridge of
the PKB, but where no such continental fragment were
present, they formed one ocean. According to
PLASIENKA (2003a, b), and in the geotectonic reconstruc-
tion of the present author, the PKB is an isolated basin
with a different structure from that of the Outer and
Central Carpathians (Text-fig. 3).

The PKB again underwent disintegration into blocks
during nappe formation in the Outer Carpathians. The
fragmentation of older nappes is responsible for the
presence of characteristic klippes within the PKB and
diapiric tectonics (BIRKENMAJER 1959). It had crucial
structural consequences, because the nappe structure
underwent destruction due to disturbance of the initial
thrust planes, along which further tectonic transport was
not possible, and the PKB behaved like a megabreccia
zone (ANDRUSOV 1938).

MYJAVA BASIN PROBLEM

The Myjava succession is a strongly folded zone
located along the southern border of the Pieniny Klippen
Belt. This furrow-like zone, adjacent from the south to
the Andrusov Ridge, is characterized by uninterrupted
sedimentation during Coniacian-Oligocene times
(SALAY 1987), i.e. during thrust- and nappe-folding with-
in the PKB. In the Polish part of the PKB it is named the
Maruszyna Slice, within which sedimentation continued
from the Late Cretaceous to the Early Palacogene
(BIRKENMAJER & JEDNOROWSKA 1983; BIRKENMAJER
1986; DupzIAK 1990; Kostka 1993). If the concept of
RAKUS & MARSCHALKO (1997), assuming the presence
of local, laterally overlapping basins, located along a
large strike-slip shear zone between the edge of the
Central Carpathians and the PKB, and active from the
Albian to Palaeogene, is to be accepted, then one such
basin could be the pull-apart Myjava Basin (Text-figs 3,
8). A similar origin is suggested for sediments of the
Gosau Group deposited within small basins, which origi-
nated along the northern margin of the Austroalpine
units during the phase of strike-slip faulting (WAGREICH

1995; LINZER & al. 2002). This similarity of the Myjava
and Gosau basins was pointed out earlier by
BIRKENMAJER (1979).

LATE PALAEOGENE TECTONIC STAGE

During the Late Cretaceous-Eocene, the future
Carpathian orogen was part of the larger Alpine-
Carpathian orogen formed by south-eastward subduc-
tion (135-55 Ma) of the Penninic Ocean and the ultimate
collision (55-40 Ma) of the European and Adriatic conti-
nents (NEMCOK & al. 1998). SZAFIAN & al. (1997) sug-
gest that the Western Carpathians are at a different stage
of evolution from that of the Southern Carpathians. The
subducted oceanic slab under the Western Carpathians
has already been assimilated with the asthenosphere,
whereas a lithospheric slab is still present under the
Southern Carpathians. This concept is compatible with
the observation that the last major phase of crustal short-
ening terminated at the early Middle Miocene in the
Western Carpathians, but continued throughout the
Pliocene in the Southern Carpathians (SANDULESCU
1988).

As well as the Tatra Massif, the PKB and other struc-
tures developed in the course of Alpine nappe-folding
underwent burial, which resulted in the formation of the
Central Carpathian Palacogene Basin (CCPB) (e.g.
MARSCHALKO 1968). According to SOTAK & al. (2001),
the CCPB was formed as a marginal sea of the Peri-
Tethyan basin and shows a fore-arc position developed in
the proximal zone of the Outer Carpathian accretionary
prism. It is not clear whether the Tatra Mts. were
expressed in the morphology of the basin bottom or
formed an island in the period preceding transgression
and sedimentation. According to PASSENDORFER (1949,
1958) and PASSENDORFER & RONIEwWICZ (1963), the
Tatra Mts. could have been an island at least during the
sedimentation of the Zakopane beds, whereas
MARSCHALKO & RADOMSKI (1960) suggested that the
axis of the CCPB passed through the Tatra Mts.
WESTWALEWICZ-MOGILSKA (1986) postulated the pres-
ence of three independent sedimentary fans, in which the
material came from the north and overpassed the PKB.
WIECZOREK (1989) noted analogies of the Podhale
Trough, belonging to the CCPB, with the Pyrenean
Hecho Basin. He suggested that the clastic material was
transported from the west to the east, and that its source

Fig. 9. Eocene-Oligocene — Central Carpathian Palacogene sedimentation. In the beginning (A) — some parts of the bottom of the Podhale through and

PKB (so-called “Poronin Island” — see OLSZEWSKA & WIECZOREK 1998) were the source of detrital material. During the Oligocene (B) continuation of

plunging and unification of sedimentation took place. The southern boundary of the PKB and Tatra area is manifested as a synsedimentary fault (see KoHUT

& SHERLOCK 2003). Not to scale



317

GEODYNAMIC EVOLUTION OF THE TATRA MTS. AND THE PIENINY KLIPPEN BELT

Y EEED

|ong| eas

auv®203



318 EDYTA JUREWICZ

was a canyon in the vicinity of Kubin (GRoss & al. 1984).
MARSCHALKO (1968) pointed out the differences
between the western and eastern part of the Central
Carpathian Basin. JANOCKO & JACKO (1998) considered
that the main factor governing deposition (Bartonian —
Early Rupelian) in the Spi§skd Magura region was tec-
tonics, which determined the shelf width, slope gradient
and sediment input. According to BUCEK (2001), the dif-
ferent ages of the Borové Formation south of the Tatra
Mts. are either a result of gradual flooding of the mor-
phologically much dissected territory south of the Tatra
Mts. or of distinct tectonic unrest. Larger foraminiferids
of the Borové Formation (Bartonian) were repeatedly
redeposited during sedimentation of the Sambron
Member (BuCek 2001). On the basis of palacogeo-
graphic analysis, SOTAK & al. (2001) postulated two sys-
tems of submarine fans with counter-directional
palaecocurrent orientation. The large tectonic activity
during sedimentation processes within the Liptov
depression was pointed out by KOHUT & SHERLOCK
(2003), who determined the youngest ages of fault-relat-
ed pseudotachylites on the base of laser microprobe
OAr/PAr analysis.

According to KOTANskI (1963a), the transgression
proceeded probably from the north (from the Magura
Basin), leading to the formation of the so-called Tatra
Eocene which, from the times of Uhlig and Limanowski
has been referred to as the Nummulitic Eocene. In some
exposures (e.g. the Pod Capkami Quarry), Eocene
deposits display features of cliff breccia or (e.g. Hruby
Regiel) deltaic deposits (PASSENDORFER 1958, 1983),
which pass upwards into organodetrital carbonates with
nummulites. Their age was estimated by foraminiferal
analysis as Middle and Late Eocene (e.g. BIEDA 1959,
1963; ALEXANDROWICZ & GEROCH 1963; OLSZEWSKA &
WIECZOREK 1998). The deposition of the Tatra Eocene
(Borové Formation — GROSS & al. 1984) took place prob-
ably within an isolated carbonate platform (RONIEWICZ
1969). On the southern side of the Tatra Mts., in the
Liptov Basin, carbonates of Cho¢ type from the highest
Mesozoic nappe of the Tatra Mts. play an important role
in the Eocene conglomerates (JANOCKO & JACKO 1998;
Bucek 2001). According to GEDL (1998), the dinocyst
and nummulitic assemblages indicate that oligotrophic
conditions prevailed in the area of Nummulitic Eocene
sedimentation. The flysch sequence occurring above the
Nummulitic Eocene comprises (Polish and Slovak names
- after Gross & al. 1984): Szaflary beds — Borové
Formation, Zakopane beds — Huty Formation, Chocho-
téw beds — Zuberec Formation and Ostrysz beds — Biely
Potok Formation, with a total thickness of ca. 4000 m
(JANOCKO & Jacko 1998). Oligotrophic conditions pre-
vailed during the sedimentation of the Zakopane beds.

There is, however, no evidence of a land area in the
south, whereas the palynofacies of the Szaflary beds
determined by GEDL (1998, 1999, 2000) point to a land
area in the north. This was probably the PKB which,
according to GEDL (2000), was the source area of clastic
material during the sedimentation of the Szaflary and
Zakopane beds.

In the vicinity of Sucha Woda the basal conglomerate
in the Tatra Eocene contains tuffites, which were corre-
lated with Carpathian tuffites and dated by GrAZEK & al.
(1998) at ca. 40 =2 Ma (Priabonian). The Priabonian age
of the pyroclastic series from the lowermost part of the
Podhale Palacogene was determined by KEPINSKA & al.
(2000) in the Bialy Dunajec borehole. Six horizons with
tuffites were situated at 2056-2089 m borehole depths,
below typical flysch Lower Szaflary Beds and above the
Middle Eocene carbonate conglomerates. Tuffites were
deposited as a result of the activity of one magmatic cen-
tre located in the vicinity. The pyroclastic material found
in the tuffites is similar to dacite or andesite, and corre-
sponds to the tuffitic level of the so-called biotite sand-
stone connected with Early Priabonian stratovolcanic
activity in the Little Hungarian Lowland (GrAZEK & al.
1998; KePINSKA & al. 2000).

During the Eocene-Oligocene, the PKB collapsed
and was buried under a blanket of flysch deposits
(BIRKENMAJER 1986). It could represent an island arc or
at least a system of submarine highs (Text-fig. 9). On the
earlier napped and folded units of the PKB basal con-
glomerates and flysch deposits of transitional character
appeared between the Magura Basins and the Central
Carpathian Palacogene (locally Late Palacocene in ages
— SAMUEL 1997).

EARLY NEOGENE TECTONIC EVENTS

The PKB Basin closed at the Cretaceous/Palacocene
boundary. During the Eocene and Early Miocene the
Adria-ALCAPA microplates continued their northward
movement, and their oblique collision with the North
European plate (NEMCOK & al. 1998). During the
Eocene the western part of the Alpine-Carpathian con-
vergence underwent a change from subduction to colli-
sion. Towards the end of subduction, detachment of the
subducting slab took place. The detachment propagated
eastwards, accompanied by the break-off-related volcan-
ism of Eocene-Eggenburgian age (NEMCOK & al. 1998).
After SEGHEDI & al. (2004) subduction-related calc-alka-
line magmatism (Text-fig. 1) was widespread in the
Carpathian-Pannonian region between 11 and 0.2 Ma
(see EMBEY-IszZTIN & al 1993). The movement of
microplates led to the development of the outer accrec-
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tionary wedge, the formation of many flysch nappes and
of a foredeep (NEMCOK & al. 1998; Oszczypko 1998,
1999; GOLONKA & al. 2000; OszczYPKO & OSZCZYPKO-
CLOWES 2003). The evolution of the foredeep basins of
the Carpathian arc was marked by pronounced internal
to external and lateral depocentre migration
(MEULENKAMP & al. 1996). Orogenic shortening in the
NE Outer Carpathians was about 260 km, at the rate of

~2.2 cm/year (BEHRMAN & al. 2000) and the speed of
subduction was very high in comparison to the speed of
subduction of the thinned continental crust of the Vahic-
Oravic basin under the Central Carpathian Block. The
last stage of nappe-thrusting in the Flysch Carpathians in
the Polish part of the Western Carpathians took place in
Badenian - Sarmatian times (Oszczypko 1998;
OszczypkO & OszczyPKO-CLOWES 2003), whereas in

Late Miocene

“Dunajec Fault”
andesites

NorthzEuronean
Rlatforim

Holocene

OUTER CARPATHIANS

INNER CARPATHIANS
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ot
og? h

North-Euronean Platiorm

Fig. 10. A — Late Miocene collision of the Central Carpathian Block and North-European Platform after subduction of oceanic-type crust from the bottom

of the Outer Carpathian flysch basin. B — present-day structural units of the northernmost Central Carpathians, near the boundary of the Outer Carpathians.

Not to scale
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the Eastern Carpathians the thrust movements persisted
till the Pliocene (OszczyPko & SLAczka 1985;
GOLONKA & al. 2000).

In the analysed area marine sedimentation (probably
partly connected with the Central Carpathian
Palacogene of the Podhale Trough) still continued in a
piggy-back basin in the vicinity of Nowy Targ in the Early
and Middle Miocene (CIESZKOWSKI 1992). This was a
result of modification of the southernmost part of the
Magura Basin. Within the PKB area, these sediments are
strongly folded. Lower Miocene deposits were also
described from the Raca Subunit of the Magura Nappe
(OszczypkO & al. 1999; Oszczypko-CLOWES 2001;
0OszczYpPKO & OszczyPKO-CLOWES 2002). These facts
indicate that within the Magura basin, partly folded in
the Early Burdigalian, sedimentation processes contin-
ued during the Early Miocene.

Thrust movements were linked with the subduction
of the Carpathian foreland plate i.e. the North European
Platform (Text-fig. 10A). Based on the models of conti-
nental collision zones of ROYDEN (1993), KrRzZYWIEC &
JocHYM (1997) applied flexural modelling techniques to
characterise the Miocene subduction zone of the Polish
Carpathians. This implies that the Neogene subduction
zone had retreating subduction boundaries. The main
subduction-driving mechanism was postulated as a slab-
pull mechanism, linked with the loading of oceanic crust
or, less probably, with strongly thinned continental crust
disappearing in the subduction zone. On the basis of
gravity modelling in the SE Carpathians, SPERNER & al.
(2004) presumed that the lack of ophiolites did not elimi-
nate the presence of oceanic crust at the base of the
Carpathians; the slab retreat produced a low-stress sub-
duction zone, so that the entire oceanic lithosphere dis-
appeared into the mantle.

The results of the magnetotelluric and gravity mod-
elling of KrROLIKOWSKI & PETECKI (2001) suggest that
crustal structures in the western and eastern segments of
the Polish Carpathians are different. The PKB in the
Zakopane-Krakéw section displays intensive resistivity
variation in depth and horizontally (KLITYNSKI &
Woscicki 2001). According to the magnetotelluric inves-
tigation of CZERWINSKI & STEFANIUK (2001) along the
Zakopane-Krakow line, there is a high-resistivity block
north of the PKB, which is probably overthrust onto a
low-resistivity complex to the north. This is most proba-
bly the effect of the central overthrust within the North
European Platform which originated during the last
phase of its underthrusting, after subduction of oceanic
crust from the base of the Outer Carpathian Basin. On
the lithosphere thickness map of BIELIK & al. (2004), the
thickening of the lithosphere in the central segment of
the Carpathians arc, southward of the Tatra Mts., is very

clear. It is interpreted by the authors as the remnant of a
subducted slab.

In the section of CZERWINSKI & STEFANIUK (2001), an
elevation of high resistivity rock complexes can be
observed south of the PKB (at a depth of about 3 km)
and a depression of low resistivity rock formations fur-
ther to the south (at a depth of about 6 km). This eleva-
tion may be correlated with the so-called “Poronin
Island”, which could occured during sedimentation of
the Eocene conglomerate (OLSZEWSKA & WIECZOREK
1998). The nearby depression was connected with a pre-
or synsedimentary extensional dip-slip fault in the Tatra
Massif basement.

Geophysical sounding carried out during the
POLONAISE CELEBRATION 2000 seismic experi-
ment in relation to the Carpathian area is difficult to
interpret because of the oblique course of the seismic
profiles in relation to the structural orientation
(GUTERCH & al. 2003). The CELO1 seismic profile locat-
ed closest to the study area passes through the PKB in a
place where the belt changes its course from parallel to
NE-SW, which complicates the correlation of the deep
structure with structures observed on the surface. In the
vicinity of Chyzne, northwards of the PKB, the low-
velocity zone (5.62 km/s) passes in a wedge down to a
depth of ca. 10 km, whereas south of the klippen belt it is
at a depth of ca. 3 km.

The geophysical investigations of LEFELD &
JANKOWSKI (1985), based on the results of deep seismic
soundings of UCHMAN (1973) and investigation of heat-
flow data, Bouger reduced gravity anomalies and geo-
magnetic and geoelectrical anomalies, indicated the
presence of two zones of deep fractures termed the
“Peri-Carpathian fractures” zone sensu SIKORA (1976)
and the “Pieninian fractures zone” (Pieninian lineament
— NEY 1975). The Pieninian fracture zone crossed the
PKB in the vicinity of Szczawnica. BOJDYS & LEMBERGER
(1986), based on 3-D gravity modelling of the Earth’s
crust and upper mantle, consider that in the vicinity of
Szczawnica the Peri-Pieniny fracture zone (cf. MAHEL
1980) meets the so-called “G-G” line (cf. Peri-
Carpathian fracture zone of SIKORA 1976) which, accord-
ing to these authors, is the northern margin of the uncon-
sumed oceanic crust. According to this concept, west-
wards from the Szczawnica meridian, the entire con-
sumption of oceanic crust from the base of the OWC
took place, what resulted in continent/continent colli-
sion, the uplift of the Tatra Mts., and thickening of the
crust in their vicinity. Between the Peri-Pieniny fracture
zone and the “G-G” line the Moho lies at 54 km. A simi-
lar opinion was expressed by SZAFIAN & al. (1997): the
subducted oceanic slab under the Western Carpathians
has already been assimilated into the asthenosphere,
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whereas a crustal slab is still present under the Southern
Carpathians.

With this stage of tectonic evolution in the PKB and
Outer Carpathians are linked andesite dykes from the
Szczawnica region (MALKOWSKI 1921; WOJCIECHOWSKI
1955; Yousser 1978; BIRKENMAJER 1962, 1996;
BIRKENMAJER & PECSKAY 1999, 2000a; BIRKENMAJER
2003). In relation to the orientation of the PKB, the
dykes generally have a semi-parallel orientation, except
one younger dyke of Mt. Wzar. BIRKENMAJER & al.
(1987), BIRKENMAJER & PECskAY (1999, 2000a) and
BIRKENMAJER (2003) connect the occurrence of
andesites with the so-called Pieniny Andesite Line
(PAL), which runs WNW-ESE, obliquely traversing the
northern boundary fault zone of the PKB and then
extending north-westwards to the Odra Fault Line in
Lower Silesia. Assuming the PKB structure after
Jurewicz (1997), that is without distinguishing the
Grajcarek Unit of BIRKENMAJER (1979, 1986), the
andesite dykes do not lie in the structure of the PKB but
are entirely located northwards from it, within the
Magura Nappe.

Both on the 1 : 75 000 topographic map of UHLIG
(1905) published at the beginning of the last century in
the Atlas of Galicia, as well as on the satellite image,
the NW-SE (~150°) lineament is clearly visible, run-
ning along the Dunajec River valley (Text-fig. 2). A dex-
tral strike-slip fault, called the Dunajec Fault, can be
recognised in the field, displacing the northern margin
of the PKB on the eastern side by ca. 700 m south-east-
wards (BIRKENMAJER 1979). In the Liptov area, the pro-
longation of this fault forms the eastern boundary of
the Ruzbachy Slice and is linked with the the presence
of travertine. On the northern side of the PKB, along
the en echelon faults surrounding the Dunajec Fault,
occur andesites forming a swarm of dykes and sills
(Text-figs 2, 10A). Northward of the PKB this fault
could be responsible for the disturbance in the course
of the isobaths of the Magura Nappe overthrust and for
the appearance of the Szczawa tectonic window, which
is clearly visible on the map of OszczyPKO-CLOWES &
OszczyPKO (2004). Eastward of the Dunajec Fault, the
Magura Nappe is thicker (op. cit.), whereas to the west,
an elevation of some older structures can be observed
(Grybéw Unit from under the Magura Nappe — op.
cit.). A similar situation appears in the southern exten-
sion of the Dunajec Fault, where the Ruzbachy Slice
(Krizna) emerges from under the Central Carpathian
Palaeogene (Text-fig. 2).

Both on the topographic map of UHLIG (1905), as
well as on the satellite image, there are arrays of NW-SE
lineaments (Text-fig. 2): Poprad, Dunajec, Rieka, Biatka,
Bialy Dunajec (Cicha Woda). The Cicha Woda Fault was

earlier described by BAC-MoszaszwiLl (1998b) and the
Biatka Fault by MASTELLA (1975) and MAHEL (1986).
This structural pattern (~155-165°) is clearly visible on
the radar images in the entire Polish Outer Carpathians
(DOKTOR & al. 2002) and marked on the West European
Platform as an array of faults sub-parallel to the
Teisseyre-Tornquist Zone (e.g. SWIDROWSKA &
HAKENBERG 2000). On Mt. Wzar, the swarm of dykes
longitudinal to the PKB is cut by an array of faults paral-
lel to the Dunajec Fault (one of these faults was occupied
by the youngest andesite dyke). Dykes in Kroscienko,
Szczawnica and on Jarmuta Mt. are strongly carbona-
tized/calcitized (BIRKENMAJER 2003) and sheared paral-
lel to the Dunajec Fault.

The course of the Dunajec Fault has some connec-
tion with the parallel polygenic Krakéw-Lubliniec
strike-slip zone separating the Upper Silesian Block
from the Matopolska Block, which could be a part of a
larger fault zone — the Szczecin-Krakdw-PreSov Zone
(ZaBA 1996; JAROSINSKI 1998). This zone continues
under the Flysch Carpathians and can be associated on
the surface with the Poprad River valley where, as in the
Szczawnica region, mineral waters as well as seismic epi-
centres occur (WIEIACZ 1994). The contact zone of the
two blocks is controlled by a strike-slip fault (ZABA
1996; JArOSINSkI 1998). According to JAROSINSKI
(1998), the stress field in the basement of the Polish part
of the Outer Carpathians could be induced by the north-
ward motion of the Carpatho-Pannonian plate and
regional European plate stresses. Earlier e.g. POSPISIL &
al. (1989) noted horizontal displacement along the SE
branch of the PKB (south of the Polish boundary) and
connected it with the dextral Mocarany-TrebiSov-Peri-
Panonnian fault system, which is one boundary of the
“leading wedge” of the microplate, the second margin of
which is the Muraii tectonic system. PospiSiL & FiLo
(1980) pointed out axes of regional gravity anomaly and
magnetic anomalies along the later distinguished
Mocarany-Trebi§ov-Peri-Panonian fault system.

The fact that the Dunajec Fault cuts across the struc-
ture of the PKB and is accompanied by andesite intru-
sions, the magmatic chamber of which could be located
at a depth of 10-12 km (BIRKENMAJER 2003), indicates
that it might be connected with a deep fault zone. Its ori-
entation is similar to that of the older transfer faults,
which results from the structural pattern of the North-
European Platform: the prevailing directions of the main
faults during basin origination were inherited and acti-
vated during later subduction processes and nappe for-
mation.

In the area where the mineral waters in the Polish
Outer Carpathians appear (i.e. in the vicinity of
Szczawnica), LESNIAK & al. (1997) ascertained mantle-
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derived helium. It accompanies CO, exhalations and
CO,-rich carbonate waters, which escape through the 40-
km thick continental crust (cf. OSzCzYPKO & ZUBER
2002). According to LESNIAK & al. (1997), the strong
mantle helium signal could be connected with dyke for-
mation episodes as a result of subduction and post-colli-
sional volcanism (see TOKARSKI 1978; BIRKENMAJER
2003). PIN & al. (2004) remarked that the Sr-Nd charac-
teristics of the andesites from the Szczawnica area were
not typical of andesites produced above actively subduct-
ing oceanic lithosphere. Taking into account the radio-
metric age of the andesites (12.5-10.8 Ma — BIRKEN-
MAJER & PECSKAY 1999, 2000a) and the en echelon posi-
tion of the dyke array in relation to dextral shearing, the
andesite dykes in my opinion are connected with a deep,
mantle-rooted fault zone rather than with subduction
processes. This zone could be the Dunajec Fault related
to the repeatedly activated Krakow-Lubliniec strike-slip
zone. Connecting the formation of the andesite dyke
swarm with the opening of fractures surrounding the
dextral slip zone separating the Matopolska and Upper
Silesian Blocks and primarily activated in the Late
Carboniferous (ZABA 1996), allows determination of the
absolute age of the displacement during the Neogene.

The array of NW-SE lineaments: Poprad, Dunajec,
Cicha Woda (Text-fig. 2) can also be explained by the
presence of dextral transtension along oblique faults due
to the propagation of the arc-thrust generated in a con-
vergent geodynamic setting. This type of extension was
described by DOGLIONI (1995), who gave examples from
Sicily and Barbados. A situation, in which rigid indentors
act as bulldozers during plate collision (similarly to the
Malopolska Block) is described by Keep (2000) based on
analogue models of continental collision, and a geologi-
cal example from the Precambrian part of the Tasman
orogenic belt and the contemporary collision at the lead-
ing edge of Australia.

Absolute age determinations of the andesites occur-
ring in the direct vicinity of the PKB according to
BIRKENMAJER (e.g. 1979, 1985, 1986, 2003) document
Miocene compression connected with the stage of conti-
nent-continent collision (between the European
Platform and the Central Carpathian-Pannonian
Microplate). The evolution of the PKB between Early
and Middle Miocene times was influenced by a trans-
pressional regime that was responsible for numerous sig-
moidal structures (KovA¢ & HOK 1996). According to
the palacomagnetic data of BAZENOV & al. (1981), a
clockwise rotation of the Central Carpathians in relation
to the Outer Carpathians of the order of 65 took place
during this interval, which these authors considered
should have caused a left-lateral (sinistral) displacement
by at least several tens of kilometres along the northern

margin of the PKB (BIRKENMAJER 1985). On the other
hand, evidence from palacomagnetic investigations from
the Podhale area indicates a counter-clockwise rotation
of the Central Palacogene Flysch by ca. 60" (MARTON &
al. 1999). Palacomagnetic study of the Pieniny andesites
also indicated their counter-clockwise rotation after the
emplacement of the second phase dykes (MARTON & al.
2004). More recent palacomagnetic papers are generally
rather unanimous with regard to the counter-clockwise
rotation of the basement in the Miocene, but with dif-
ferences in respect of the angle of rotation. KOvA¢ &
MARTON (1998) suggested a 40-50° sinistral rotation of
the ALCAPA Microplate in the Early Miocene
(Ottangian); FODOR (1995) accepted three rotation phas-
es for the West Carpathians.: 1) Oligocene-Eggenburgian
— 35°% 2) Ottangian-Carpathian — 20°; 3) Badenian — 25°
(80° in total); whereas MARTON & al. (1999), on the basis
of investigations from the Podhale flysch area, suggested
a rotation of ca. 60°. Greater discrepancies occur in the
older tectonic units and older time intervals (cf. KRuczYK
& al. 1992; GRABOWSKI & NEMCOK 1999; GRABOWSKI &
al. 1999). The crucial problem with palacomagnetic inves-
tigations lies in the correlation of the palacomagnetic
data with structural analysis and with explanation of a
space problem (see KOVAC & MARTON 1998).

MIOCENE UPLIFT OF THE TATRA MTS.

The uplift of the Tatra Massif and the appearance of
the mountain range as a morphological feature above
the surrounding Orawa-Nowy Targ depression are linked
with the Late Miocene uplift of the Central Carpathian
massifs (Text-figs 4.7-4.8, 10). Apatite fission-track data
(BURCHART 1972) indicate that the uplift of the Tatra
Mts. from a depth of 5 km (100°C) took place about 26-
10 Ma ago. According to KOVAC & al. (1994), the uplift
of the Tatric pre-Alpine complexes started from depths
of 10-11 km (225°C) about 70-50 Ma ago and reached
the 5 km depth level (100°) 30-15 Ma ago. Fission-track
data in relation to the stage of the Tatra uplift from 2 km
(60°C) indicate an interval between 7-2 Ma ago
(BAUMGART-KOTARBA & KRAL 2002). The most recent
apatite fission-track analysis of the uplift (STRUZIK & al.
2003) indicate dates of ca. 11 Ma for the granitoids of the
High-Tatra Mts., 20-12 Ma for the crystalline core of the
Western Tatra Mts. and 7.6 (£1.2) Ma for the flysch
sandstones from Podhale. The latter authors, similarly to
BAUMGART-KOTARBA & KRAL (2002), pointed out the
uneven uplift and the higher uplift of the High-Tatra Mts.
Structural analysis of granitoids from the High-Tatra Mts.
also indicates a western plunge of the B axis ~265/15
(Text-fig. 6Bh), obtained from stress field reconstruction
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based on striae on slickensided faults (JurREwICZ 2000,
2002), which might be related to the asymmetric uplift of
the Tatra Mts.

The uplift of the Tatra Block was rotational in char-
acter and accompanied by the formation of a Sub-Tatric
Fault in the south, recognized already by UHLIG (1899),
as well as by the folding of the Podhale flysch in the form
of a synclinorium (GotAB 1959; MASTELLA 1975). The
rotation axis was horizontal, W-E orientated, parallel to
the present-day northern margin of the Tatra Mts.
Estimates of the the rotation angle, comprising: the dip
of the Nummulitic Eocene and the Mesozoic sedimenta-
ry cover, the erosion gradient of the Tatra granitoid core
and the displacement along the Sub-Tatric Fault differ
depending on the author concerned: 20° (PIOTROWSKI
1978); 30-35° (Bac-MoszaszwiLl 1995); and 40°
(JUurewicz 2000a, b). According to JUREWICZ (2000a),
the rotation angle of 40° (Text-fig. 10) was evaluated on
the basis of reconstruction of the stress field obtained
from analysis of the striae on flat-dipping slickensides in
the granitoid core of the High-Tatra Mts. (Text-fig. 6Bh).

According to some authors, i.e. KOTaNski (1961),
BIRKENMAJER (1986, 2003), SPERNER (1996), and
SPERNER & al. (2002), the Sub-Tatric Fault is a reverse
fault; however, the concept of a normal dip-slip charac-
ter of this fault prevails (MAHELC 1986; BAc-
MoszaszwiLl 1993; HRUSECKY & al. 2002). The reverse
character of this fault — as calculated by SPERNER (1996)
—would be responsible for a displacement of the order of
29 km and should be associated with metamorphism.
Such feature of this fault was questioned e.g. by PETRIK
& al. (2003) and KOHUT & SHERLOCK (2003). SPERNER &
al. (2002) presented new thrust models for the High-
Tatra Mts.: kink and listric, in which slip along the Sub-
Tatric Fault was of the order of 18.6 km. The large-scale
detachment character of the Sub-Tatric Fault is clearly
visible in the reflection seismic profile of HRUSECKY &
al. (2002). The dating of movement on the Sub-Tatric
Fault is inseparably connected with the Tatra Mts. uplift
documented by fission-track data (see above). KOHUT &
SHERLOCK (2003) linked the commencement of its activ-
ity (36-28 Ma) with pseudotachylites, and showed its syn-
sedimentary character (during the sedimentation of the
Central Carpathian Palacogene flysch sequence).

Relaxation and normal faulting are linked with the
Tatra Mts. uplift; the existing discontinuities also under-
went reactivation (BAC-MoszAaszwiLl 1998a; BIRKEN-
MAJER 1999; JUREWICZ 2002). Based on correlation with
the PKB, their age was determined by BIRKENMAJER
(1999) as Middle Miocene (Sarmatian); their most com-
mon orientation (~35/60N) and the orientation of the
extension axis within the range 106-120° were deter-
mined from striae analysis and reconstruction of

palaeostress in the granitoid core of the High-Tatra Mts.
(Jurewicz 2002). Observations of striae as well as the
geometric effect of displacement show that the dip-slip
faults were sinistral faults (JUREWICZ & BAGINsKI 2005).
Bac-MoszaszwiLl (1998a) related this sense of move-
ment to the presence of W-E dextral shearing and block
rotation within the nappe of the Western Tatra Mts.
Similar processes were observed in the internal zones of
the south-western Alps, where widespread extension
forming a dense fault network overprints the compres-
sional structures. The strike-slip phase is connected with
this extension and is compatible with dextral shearing
along the longitudinal faults (SUE & TRICART 2003).

The extension phase and dextral shearing in the
granitoid core of High-Tatra Mts. was documented as
mineralisation (quartz, epidote, barite and carbonates)
within older, usually mylonitic zones, and as striation on
the wall rocks of the shear zones (JUREWICZ & BAGINSKI
2004). The age of this shearing can be concluded from
the fact that these faults occur in the nappe zones and
pass into Oligocene deposits (GEDL 1999) of the Podhale
Trough, e.g. in the region of Chocholowska (PASSEN-
DORFER 1974), Mata Faka (BAc-MoszaszwiLl 1971),
and Olczyska valleys (SOKOLOwsKI 1959). According to
MASTELLA & al. (1988), the faults should be linked with
the Mid-Miocene compression of the Styrian phase,
whereas BIRKENMAJER (1999) specified their age as Late
Miocene (Sarmatian), based on investigations in the
Biata Woda Valley and by analogy to the PKB.

In relation to the orientation of the dislocation zones cut-
ting the nappe units and flysch of the Podhale Trough, the over-
thrust of the Palacogene deposits on the Sub-Tatric units shown
on the Geological Map of the Tatra Mts. (BAC-MOSZASZWILI &
al. 1979) along the Mata Eaka Valley, should be revised.
Geometrically it is difficult to explain this cartographic image as
a thrust of younger deposits (Nummulitic Eocene) on older
ones (Mesozoic nappes). It is, however, possible to assume the
presence of a normal fault along the Malotacki Stream, moving
down the hanging-wall with the Hruby Regiel Mt. Palacogene
conglomerates (see SOKOLOWSKI 1959; MASTELLA & MIZERSKI
1977; Bac-MoszaszwiLl 1998a). This type of dislocation is tes-
tified by loose tectonic breccia occured in the stream, miner-
alised by several-centimetres-thick milk calcite. A local depres-
sion in this area was documented by Grazek (2000) who con-
nected red conglomerates lying on Jurassic limestone of the
Cho¢ Nappe described by CHOWANIEC & al. (1975) in the Hruby
Regiel borehole with pre-Eocene karstification processes.

In the PKB, the Miocene tectonic event was con-
nected by BIRKENMAJER (1986, 2003) with two phases,
dated from the andesite intrusions as Sarmatian
(Serravallian; BIRKENMAJER 1996; BIRKENMAJER &
PEcskay 1999, 2000a). According to BIRKENMAJER
(1979, 1986), the southern thrust of the PKB klippes is
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related to this stage. This might be the effect of crushing
the PKB between two lithological complexes charac-
terised by different rheological properties: to the north,
a ductile complex of Magura flysch; to the south, a duc-
tile thin complex of the Podhale flysch lying on rigid crys-
talline rocks of the Tatra Massif covered with folded and
napped sedimentary rocks. During compression accom-
panying the rotational uplift and formation of the
Podhale Trough, this rigid Tatra block caused the “under-
cutting” of the deeper parts of the PKB, which is mani-
fested closer to the surface by the presence of a Peri-
Klippen flexure zone (MASTELLA 1975) and the south-
vergence of the structure of the PKB.

“VIOLET VEINS” - PSEUDOTACHYLITES OR
HYDROTHERMAL MINERALISATION?

The uplift of the Tatra Massif is associated with seis-
mic activity which brought about the formation of
pseudotachylites (PETRIK & REICHWALDER 1996;
GAWEDA & Prwkowski 2000; PETRIK & al. 2003; KOHUT
& SHERLOCK 2002, 2003). Pseudotachylites from the
Gerlach Mt. have been dated by direct “*Ar/*Ar laser-
probe analyses, and documented as Oligocene (36-28
Ma) seismic events (KOHUT & SHERLOCK 2002, 2003).
The seismic activity in this interval is further confirmed
by tuffite horizons appearing several times during sedi-
mentation in the Podhale Trough, from the Upper
Eocene conglomerates (GLAZEK & al. 1998; KEPINSKA &
al. 2000), through the Zakopane beds (VAN COUVERING
& al. 1981; WIESER 1973) and the Chocholéw beds
(HavLickr 1961). GAWEDA & Prwkowski (2000), who
investigated pseudotachylites from the Konczysta and
Pasternakowe Czuby also postulated that the so-called
“violet veins” from the Mieguszowiecki Cirque are of
similar origin. On earlier maps (JACZYNOWSKA 1980)
these veins were named “titanite veins”. My observa-
tions do not confirm the pseudotachylite origin of the
“violet veins™:

1. It is generally accepted that pseudotachylites devel-
oped as a result of Palacogene earthquakes (KoHUT
& SHERLOCK 2002, 2003). In this case, stress release
should have taken place along earlier discontinuity
zones, in which friction was lower than in the sur-
rounding rock and the chance of pseudotachylite for-
mation was smaller. Pseudotachylites commonly orig-
inate due to frictional melting (HIROSE & SHIMA-
MOTO 2003; PETRIK & al. 2003; KOHUT & SHERLOCK
2003). LiIN & al (2003) distinguish two types of
pseudotachylite veins in the shear zone: cataclasite-
related and mylonite-related pseudotachylites. Most
of the “violet veins” of the Tatra Mts. occur in the
axial parts of 0.5-1.5 m wide, repeatedly reactivated

shear zones (JUREWICZ & BAGINsKI 2005), where the
loose material of cataclastic zones dispersed rather
than accumulated the destruction energy. A large rhe-
ological contrast between the shear zone and the sur-
rounding rock should lead to displacement along the
wall-rocks. Besides, the mylonitic zones were textural-
ly predisposed to slip, and in loose cataclasite the
main role in stress release was played by intergranular
slips.

. There is direct evidence of the influence of high tem-

perature on the surrounding rock (biotite chloritisa-
tion, plagioclase sericitisation), as pointed out by
GAWEDA & Prwkowski (2000), which might indicate a
long period of high temperature influence (e.g.
hydrothermal solutions) rather than melting of the
rock through frictional heating.

. The grains were also subject to high temperatures —

their rounding can be observed with the naked eye.
This was also shown by GAWEDA & Prwkowsk1 (2000),
who determined a correlation coefficient of R=0.55.
This effect can be obtained as a result of the flow of
hydrothermal solutions through mylonitic gouge: part
of the grains undergoes complete dissolution or melt-
ing, part only at the margins. These fine grains derived
from mylonites could have been transported as a sus-
pension and could have penetrated the fractures
beyond the mylonitic zones.

. There is a lack of convincing glass: according to

GAWEDA & Prwkowski (2000) the cement is ultramy-
lonitic in character. Hydrothermal solution of the
gouge and cataclasite grains caused the chemical com-
position of the hydrothermal solutions to approach
that of the surrounding rocks, and fast cooling lead to
the formation of “glass” with incompletely dissolved
grains.

. There is no clear explanation why the pseudo-

tachylites, which should develop from melting of
granite, should be enriched in ferruginous oxides
(GAWEDA & Prwkowski 2000) and, in samples from
the Mieguszowiecki Cirque, also in titanite. Micro-
probe analysis showed the presence of: quartz, K-
feldspar, plagioclase, titanite, hematite, apatite, zir-
con, and uraninite. No micas were observed, which
might be attributable to their complete decomposi-
tion (KOISAR & ZAWIDZKI 1972).

. BSE microprobe images do not point to the detrital

origin of hematite (as suggested by GAWEDA &
Prwkowski 2000); they are rather euhedral microcrys-
tals, typically not exceeding 5 um. in size. KOIsSAR &
ZAWIDZKI (1972) considered that the earlier mylonite,
because of geochemical transformations caused by the
circulation of oxidising solutions, was enriched in Fe3*
after oxidising Fe?* from the decomposition of chlo-
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rites, and impoverished in Mn and Ti in relation to the
green mylonite surrounding the violet veins.

7. The violet veins contain large quantities of titanite,
which, if Ti is substituted by Fe** or AIP*, attains a
dark brown colour; this variety is called grothite (see
DEER & al. 1962). Titanite from the Migguszowiecki
Cirque contains ca. 1.5% by weight Fe and over 2% by
weight Al, and its presence might influence the colour
of the veins to a similar degree as does the hematite.
Possibly this unique combination of cherry-coloured
hematite and brown-coloured titanite in the variety
with aluminium and iron is responsible for the unusu-
al “violet” colour of the veins.

Summing up, the “violet veins” from the Mieguszo-
wiecki Cirque could represent hydrothermal mineralisa-
tion cementing mineral grains of different sizes, adopting,
as migration channels, the existing tectonic discontinu-
ities, mainly mylonitic and cataclastic zones as well as the
accompanying fractures. The violet colour of the veins is
a result of the different proportions of the titanite variety
grothite and hematite. During mineralisation the compo-
nents of the mylonitic matrix formed a suspension in
hydrothermal solutions and migrated in suspension
beyond the shear zones to the surrounding fractures. Part
of the grains could have undergone dissolution; however,
these processes could have resulted from the temperature
of the hydrothermal solutions, and not from frictional
heating.

NEOTECTONIC ACTIVITY OF THE TATRA MTS.,
PKB AND RELATED AREAS

A crucial role in the geomorphological evolution of
these areas during the Pleistocene-Holocene was played
by glaciations, after the retreat of which isostatic move-
ments was able to take place.

The neotectonic activity in the Tatra Mts., PKB and
related areas has been documented by different meth-
ods. OszAST (1973), BIRKENMAJER (1976b) and others
conducted sedimentary, stratigraphic and tectonic
research of the Neogene sediments. GRODZICKI (1979)
investigated the nature of neotectonic movements on
the basis of corrosional etching horizons in caves.
BAUMGART-KOTARBA (1981, 2001) carried out morpho-
metric analyses of river terraces in Podhale and Orawa.
RACZKOWSKI & al. (1984) and ZucHIEWICZ (e.g. 1995,
1998) analysed the variability of vertical movements on
the basis of indirect evidence provided by geomorpho-
logical mapping, the construction of various morpho-
metric maps based on mathematical transformation of
the present-day topography, and the use of some math-
ematical techniques to model theoretical longitudinal

river profiles and valley network and to statistically
process the drainage pattern parameters. HRADILEC &
al. (1981) presented methods for determining recent
movement and evaluated ca. 8 mm per year for the
Tatra Mts. TOKARSKI & SWIERCZEWSKA (2003) analysed
the fractured clasts in the Upper Badenian to Holocene
gravels from the paraconglomerates within the Magura
Nappe and concluded that the thrusts in the Outer
Carpathians had been active in Quaternary times.
BAUMGART-KOTARBA & KRAL (2002) conducted fis-
sion-track analysis for determining the date of uplift of
the Tatra Massif from a depth of ~2 km (60°C).
CZARNECKA (1986, 2004) and MAKOWSKA &
JAROSZEWSKI (1987) determined the neotectonic activi-
ty of the Tatra Mts. and PKB using precise levelling
data. These data point not only to the presence of ver-
tical movements, but also to their variability, i.e. uplift
movements are observed in the southern part of the
Podhale synclinorium and inwards in the Tatra Mts.,
which might suggest a continuing rotational uplift of
the Tatra Massif (MAKOWSKA & JAROSZEWSKI 1987).

Positive vertical movements are noted also in the
PKB, albeit to a variable extent (CZARNECKA 1986).
Subsidence of the order of ~7 mm/10 years was
observed in the region between Czorsztyn and Niedzica
(CZARNECKA 2004). Analysis of horizontal movements
by CZARNECKA (2004) between Wzar Mt. and Czorsztyn,
as well as between Niedzica and Kacwin, indicated
compression along the northern margin of the PKB at
the contact with the Magura Nappe, and extension
along the southern margin at the contact with the
Podhale flysch. This is confirmed by observation of the
seismic wave velocities, which fall from 3700 m/s to
2500 m/s at the southern margin of the PKB and rise
again along the northern margin, possibly indicating an
increase in stress (CZARNECKA 1986, 2004).

Possible evidence of neotectonic activity of the study
area is provided by the earthquake (4.7 on the Richter
scale) that took place at the end of December 2004. Its
epicentre was located near the village of Czarny Dunajec
and could perhaps be linked to movement on a NNW-
SSE strike-slip fault marked on the map and termed the
Czarny Dunajec Fault (Text-fig. 2).

CONCLUSIONS

1. As a result of Triassic basin expansion and Jurassic
break-up of the southern margin of the North
European plate and rifting processes, the develop-
ment of the Oravic-Vahic Basin with thinned conti-
nental crust without rift-related volcanism took
place. The oblique rift was probably orientated
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WSW-ENE. Non-volcanic rifting resulted in the lack
of oceanic crust in the sedimentary zone of the
analysed part of the PKB Basin. Due to extensional
tectonics, lithospheric stretching and crustal thinning
took place as a result of normal listric faulting. These
processes took place also within the previously conti-
nental crust of the Czorsztyn Ridge.

. The ramp of listric faults that originated due to

extension connected with passive rifting processes
could have been the margin of sedimentary sub-
basins within the Vahic-Oravic Basin (like the
Niedzica or Czertezik basins) and a source of detrital
material (also from the pre-Mesozoic basement).
Listric normal faulting requires rotation from a hori-
zontal to steeper dip of the hanging wall and propa-
gation of fault-related synclines. These faults were
responsible for the later rheological heterogeneity
and, during the formation of nappes, could initiate
the formation of thrusts and duplex ramps.

. In the tectonic evolution of the PKB and the Tatra

Mts. there is no need to assume the presence of the
Andrusov Ridge of BIRKENMAJER (1986, 1988)
between the Pieniny and Manin basins or in any
other locality. The source of exotic material could
have been the ramp of listric faults as well as the
repeatedly tectonically reactivated northern margin
of the Central Carpathians Block. Exotic blocks
pointing to a rifting source-area could lie southwards
of the Tatra Mts. and be related to the Meliata sub-
duction zone.

. Nappe-folding proceeded from the south, gradually

engaging the more northward sedimentary zones.
One of the last stages of Alpine folding and nappe
formation due to basement shortening within the
Central Carpathians was the underthrusting of the
crystalline massif of the Tatra Mts. together with its
sedimentary cover, under the previously arisen
Krizna and Cho¢ nappes, forming the High-Tatric
nappes and folding of the autochthonous cover.

. The Late Cretaceous (post-Turonian) thrust-folding

of the Cho¢, Krizna and High-Tatric nappes took
place underwater and at considerable overburden
pressure (~6-7 km) and with a geothermal gradient
of (—~30°C/km). This lead to the formation of imbri-
cate structures or a hinterland dipping duplex, the
geometry of which was already strongly disturbed
during its development by pressure solution process-
es leading to considerable mass loss. Due to the great
thickness of the overthrust nappes and the submarine
environment, there were no favourable conditions
for subaerial weathering and karstification, or for
gravitational sliding.

A very important role during the tectonic displace-

10.

11.

ment of the Cho¢, Krizna and High-Tatric nappes was
played by the cyclic changes of pore pressure and
hydrotectonic processes, leading to the formation of
a “water pillow” within the shear zone at the base of
the nappes, decreasing friction and facilitating move-
ment. These changes were associated with mechani-
cal fragmentation and disintegration, pressure solu-
tion and mass loss. Mass loss was one of the mecha-
nisms of stress relaxation (“ravenous faults” —
JUREWICZ & StABY 2004).

. Nappe-folding in the PKB was connected with the

subduction of thinned continental crust of the
Vahicum-Oravicum under the northern margin of
the Central Carpathian Block, rather than under the
Czorsztyn Ridge (cf. BIRKENMAJER 1986). It pro-
ceeded from the south to the north, involving the
marginal parts of the sedimentary basin and lasted
from the Coniacian to the Middle Palacocene (cf.
SCHEIBNER 1968; BIRKENMAJER 1986; JUREWICZ
1997).

. Nappe thrust-folding within the PKB originated at or

above sea level; these processes were accompanied
by erosion and the formation of the synorogenic,
locally shallow-marine or fresh-water Jarmuta
Formation, which can be correlated with the Gosau
Group sediments (cf. WAGREICH 1995; PLASIENKA &
al. 1997).

. In the Tatra Mts. and the PKB, nappe thrust-folding

was greatly influenced by the strike-slip shear zone
between the edge of the Central Carpathians and the
PKB (see RAKUS & MARSHALKO 1997). Effects of the
counter-clockwise rotation of the Tatra block during
thrusting processes were the changing directions
(from NW to N) of thrusting within the granitoid
core and of the nappe-thrusting in the sedimentary
cover ( ~45°). This shear zone may also be responsi-
ble for the origin of small pull-apart basins like the
Myjava basin (Maruszyna Slice) which could have
been formed through the same mechanism as the
Gosau basins (WAGREICH 1995).

The character of deformation in the PKB was influ-
enced by thin-skinned overthrusting (small thickness
of the nappe units and their internal lithological and
rheological variability). More brittle deformation
conditions than within the High-Tatric and Krizna
nappes lead to the formation of numerous slicken-
sides. During later stages of nappe-folding, dismem-
bering into blocks, diapiric tectonics and mélange
took place.

In the terminal phase of nappe thrust-folding (until the
Late Palaeocene), because of the favourable palaeo-
morphology, the northernmost units of the PKB
(Czorsztyn and Niedzica units) were transported
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through gravitational sliding, dismembered into slices
with compartmental faults and thrust onto the Magura
foreland, forming numerous olistolites and olistros-
tomes. The largest is observed in the Male Pieniny
(Homole-Biata Woda block — JUREWICZ 1997).

As a result of the Miocene subduction of the North-
European continental crust beneath the northern
margin of the Central Carpathian massifs, the PKB
suture zone was unrooted at a depth of about 6 km
and the granitoid massif of Tatra Mts. was unrooted
at a depth of about 10 km. Both were overthrusted
onto the sedimentary rocks of the North-European
Platform (LEFELD & JANKOWSKI 1987; BIELIK & al.
2005). The shearing was possibly due to the appear-
ance of more brittle behaviour resulting from crust
cooling and a decrease in the geothermal gradient
(which reached 30°C/km during Late Cretaceous
nappe-folding — JUREWICZ & BAGINsKI 2005), due to
subduction of cold continental crust.

A consequence of the oblique subduction of the
North-European continental crust beneath the
northern margin of the Central Carpathians was the
reactivation of old deep fault zones. With one of
these — the Dunajec Fault — were connected en eche-
lon shears trading on the andesite dyke swarm,
travertines and mineral waters.

Miocene continent/continent collision of the North-
European Platform and Central Carpathian Block
caused the disintegration of the marginal part of the
so-called Central Carpathian block into individual
massifs. The asymmetric character of these massifs
(their northern dip) may result from the presence of
horizontal shearing processes linked with the under-
thrusting of the North-European Platform, and con-
sequently with the rotational uplift. The extent of
rotation of the Tatra Massif, bounded to the south by
the Sub-Tatric Fault and to the north by the Peri-
Klippen flexure zone, is estimated at ~40°.

The Neogene uplift of the Tatra Massif was inhomo-
geneous (higher eastwards) and indicates a western
plunge of the B axis ~265/15 (JuREwICZ 2000a, b).
The apparent northern dip of the PKB and its south-
ern retro-arc thrust is a result of compression
between rock massifs with different rheological prop-
erties: the ductile flysch of the Magura nappe in the
north and the ductile flysch of the Podhale Trough,
with the rigid block of the Tatra Mts. at the base in
the south.

Rotational uplift of the Tatra Massif still continues.
This process and its influence on the geometry of the
PKB (e.g. the south-vergence of the PKB) is con-
firmed by precise levelling data of CZARNECKA (1986,
2004), and MAKOWSKA & JAROSZEWSKI (1987).
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