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Abstract: This paper presents an insight into the geology of the area surrounding the ODDP proposed drilling site,
and the structural development of the Carpathians in post-Palaecogene times. Since the deep drilling is proposed to
be located in the Orava region of the Northern Carpathians, on the Polish-Slovak border, the structure and origin of
the Neogene Orava Basin is also addressed in the paper.

The outline of geology of the Carpathian Mountains in Slovakia and Poland is presented. This outline includes
the Inner Carpathian Tatra Mountains, the Inner Carpathian Palacogene Basin, the Pieniny Klippen Belt, the Outer
Carpathians, the deep structure below the Carpathian overthrust, the Orava Basin Neogene cover, the Neogene
magmatism, faults and block rotations within the Inner and Outer Carpathians, and the Carpathian contemporary
stress field.

The outline of geology is accompanied by the results of the most recent magnetotelluric survey and the detailed
description of the post-Palacogene plate tectonics of the circum-Carpathian region. The oblique collision of the
Alcapa terrane with the North European plate led to the development of the accretionary wedge of the Outer
Carpathians and foreland basin. The northward movement of the Alpine segment of the Carpathian-Alpine orogen
had been stopped due to its collision with the Bohemian Massif. At the same time, the extruded Carpatho/
Pannonian units were pushed to the open space, towards a bay of weak crust filled up by the Outer Carpathian
flysch sediments. The separation of the Carpatho/Pannonian segment from the Alpine one and its propagation to
the north was related to the development of the N-S dextral strike-slip faults. The formation of the West
Carpathian thrusts was completed by the Miocene time. The thrust front was still progressing eastwards in the
Eastern Carpathians. The Carpathian loop including the Pieniny Klippen Belt structure was formed. The Neogene
evolution of the Carpathians resulted also in the formation of genetically different sedimentary basins. These
basins were opened due to lithospheric extension, flexure, and strike-slip related processes. A possible asteno-
sphere upwelling may have contributed to the origin of the Orava Basin, which represents a kind of a rift modified
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by strike-slip/pull-apart processes. In this way, a local extensional regime must have operated on a local scale in

the Orava region, within the frame of an overall compressional stress field affecting the entire West Carpathians.
Nevertheless, many questions remain open. Without additional direct geological data, which can be achieved

only by deep drilling under the Orava Deep Drilling Project, these questions cannot be fully and properly

answered.

Key words: plate tectonics, neotectonics, Carpathians, Palacogene, Neogene, continental deep drilling.
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INTRODUCTION

In December 1999 Poland was admitted to the Interna-
tional Continental Scientific Drilling Program (ICDP). In
January 2003 the proposal to organize a workshop in Poland
was submitted to ICDP. The aim of the workshop was to
discuss the scientific value and strategy of the proposed
deep drilling located in the Carpathian Mountains, on the
Polish-Slovak border in Central Europe. This project was
approved and the ICDP international workshop “Orava
Deep Drilling Project: Anatomy and evolution of the
Europe/Africa collisional suture in a mantle plume-modi-
fied orogen* was held on August 31- September 4, 2003 in
Zakopane, Poland. The workshop was financed by ICDP
and by the European Commission through the Polish Com-
mittee for Scientific Research and the Institute of Geophy-
sics of the Polish Academy of Sciences. Sixty-six scientists
from thirteen countries participated in this workshop. The
discussion focused on identifying key knowledge gaps and
project research goals in the following areas:

1. Structural position of the Carpathian - North Euro-
pean suture and its significance for the reconstruction of the
Cenozoic Alpine system of Europe.

2. Relationship between the tectonic and geodynamic
settings and magmatogenesis.

3. The nature of geophysical anomalies.

4. Geothermal issues.

5. Geodynamic reconstruction of the Mesozoic—Ceno-
zoic basins.

6. Oil generation, migration and timing.

7. Regional heat-flow evolution.

8. Detection and studying of the Cadomian-Variscan
basement.

9. Palaceostress evolution and its changes in horizontal
and vertical sections.

The discussion highlighted, i.a. the question of the ori-
gin of the Orava Basin and the related issues of Cenozoic to
Recent tectonic movements in the Carpathians. A special
oral presentation of the planned goals of the ODDP was
made during the 5th Conference “Neotectonics of Poland”’
in September 2003. This paper presents an insight into the
geology of the area surrounding the ODDP proposed drill-
ing site, and the structural development of the Carpathians
in the post-Palaecogene time. Since the deep drilling is pro-
posed to be located in the Orava region of the Carpathians,
on the Polish-Slovak border, the structure and origin of the
Neogene Orava Basin is also addressed in the paper.

OUTLINE OF GEOLOGY
OF THE CARPATHIANS

The Carpathians define an extensive mountain arc,
which stretches at a distance of more than 1,300 km, from
Vienna area in Austria, to the Iron Gate on the Danube in
Romania (Fig. 1). To the west, the Carpathians are linked
with the Eastern Alps, whereas to the east they continue into
the Balkan mountain chain. Traditionally, the Carpathians
are subdivided into their western and eastern parts (e.g. Ma-
hel’, 1974). The West Carpathians consist of an older, inter-
nal orogenic zone known as the Inner or Central Carpa-
thians, and the external, younger one, known as the Outer or
Flysch Carpathians (e.g. Mahel’, 1974; Ksiazkiewicz, 1977;
Slaczka & Kaminski, 1998; Slaczka ez al., 2005). The Inner
Carpathians were folded during the Late Cretaceous and
now are in a tectonic contact with the Outer Carpathian
units across a transform fault zone represented by the Pie-
niny Klippen Belt (PKB) (Figs 2, 3, 4). An arcuate shape of
the Carpathians is believed to be due to oroclinal bending,
as indicated by palacomagnetic data (cf. Kruczyk et al.,
1992)

Inner Carpathians close to the ODDP site

In the immediate vicinity of the Orava Basin, the Inner
Carpathian Palaeozoic and Mesozoic rocks crop out in the
Tatra Mountains. North of the Tatras, they are covered by
the Central Carpathian Palaecogene (Figs 5, 6, 7) and known
only from boreholes and geophysical data (Golonka & Le-
wandowski, eds., 2003)

Tatra Mountains

The Tatra Mts are the highest mountain range of the
Carpathians, located in their western part. The Tatra Mts
form an elevated asymmetric horst tilted northward, cut off
from the south by a major Neogene—Quaternary normal
fault (Gross et al., 1993), and surrounded by sediments the
Central Carpathian Palacogene (Figs 5, 6). The uplift of the
Tatras, dated using apatite fission tracks, took part probably
during the Miocene (15-10 Ma) (Burchart, 1970; Kovac et
al., 1993).

The Tatra Mts consist of a crystalline core with an auto-
chthonous Mesozoic sedimentary cover which are overlain
by several thrust sheets and small nappes (Fig. 7). In the
pre-thrusting depressions of the basement, the allochtho-
nous units are imbricated, distinctly thicker, and more nu-



THE ORAVA DEEP DRILLING PROJECT

213

") L Inn r Caralhlan

A, w
N e
EASTERN th-
ALPS AR budgpast s
: 0
PANNONIAN

T
N .‘1.093' C’ Bk P AT 9 100 km
y. "v---ﬂ SN
-7 OUrE;
Brnog «%. - 5 -
Ay
f ’x:',:.‘ A

Terﬂary Molasse Zone

Pre - Neogene of inner
orogenic zones

Fig. 1.

Tectonic sketch map of the Alpine-Carpathian-Pannonian-Dinaride basin system (after Kovac et al., 1998): A-A’, B-B’, C-C’

— localization of cross-sections (Figs 3, 4, 14), ODDP — planned Orava Deep Drilling Project Well (International Continental Deep Drilling

Program)

merous than those on relevant elevations. All these units are
discordantly covered with a post-nappe transgressive suc-
cession of the Central Carpathian Palacogene Basin. The
crystalline basement consists of the Variscan polygenetic
granitoid intrusion and the pre-Variscan to Variscan meta-
morphic envelope. The metamorphic complex experienced
several tectono-metamorphic events, different on the south-
ern and northern parts of the Tatra massif. The pre-Alpine
crystalline basement exposed in the Tatra Mts is present
also in several other units of the Carpathians. Rocks of the
Tatra Mts were affected by successive Early Variscan to Al-
pine tectono-metamorphic events.

The northern part of the metamorphic envelope is com-
posed of two units: the Upper Structural Unit and the under-
lying Lower Structural Unit, divided by a zone of ductile
thrusting. Rocks of the Upper Structural Unit are generally
migmatized; there occur both metapelitic gneisses and am-
phibolites (Burda & Gaweda, 1997; Burda & Gaweda,
1999; Gaweda et al., 2000, 2001), metamorphosed in the
upper amphibolite facies conditions. In turn, rocks of the
Lower Structural Unit are metamorphosed in upper green-
schist to lower amphibolite facies conditions (Gaweda et
al., 1998; Koztowski & Gaweda, 1999). They all together
form an inverted metamorphic zonation. The differences be-
tween both units are visible in mineral parageneses and
chemistry as well as in the tectonic trends (Kozlowski &
Gaweda, 1999).

The southern part of the metamorphic envelope shows
also the inverted metamorphic zonation, but represents

deeper portions of the crust. The Upper Structural Unit con-
sists of migmatized paragneisses, orthogneisses and amphi-
bolitized eclogites. Rocks of this unit were metamorphosed
in the granulite facies, then subjected to regional hydrata-
tion and biotite blasthesis producing the tonalitic leuco-
somes, and then nearly isothermal decompression which
caused cordierite formation and biotite dehydration-melting
(Janak et al., 1999). The intrusion of the Variscan Rohace
granite led to migmatization in the surrounding metamor-
phic rocks in the southern envelope. The earliest granitoid
body, at present orthogneiss, crops out in the westernmost
part of the Tatra Mts, and the zircon dating suggest the 405
Ma age of intrusion with the superimposed metamorphism
and gneisssification at 360 Ma (Poller ef al., 2001).
Granitoids of the Tatra Mts are represented by tonalities
and granodiorites with subordinate amount of granites. Nu-
merous secondary alterations (chloritization, albitization,
sericitization, carbonatization, crystallization of epidote
group minerals, breakdown of monazite) affected the grani-
toids (Michalik & Skublicki, 1999). Janak et al. (2001) con-
sider amphibolitic lower crust as a source of granitic magma
mixed with crustal melt generated in other sources. Struc-
tural data and interpretation of metamorphic processes indi-
cate that the magma originated in a continental collision en-
vironment between 360 and 314 Ma (Poller ef al., 2001).
The Mesozoic sedimentary rocks (e.g., Kotanski, 1979;
Lefeld, 1985; Wieczorek, 2000) of the Tatra Mts belong to
four main facies/palacogeographic zones, i.e. to the High-
Tatric and the Lower, Middle, and Upper Sub-Tatric zones
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(Fig. 8). The High-Tatric zone (Kotanski, 1961) includes
the sedimentary cover of the crystalline core and the lower
units of the overlying allochthon. Some of the allochtho-
nous units contain also fragments of their crystalline (Lower
Palacozoic) basement overthrust together with sedimentary
rocks. The High-Tatric zone and its basement form the low-

Generalised cross-section A—A’ across Carpathian-Pannonian region (after Picha, 1996). Cross-section location on Fig. 1

ermost structural element, i.e. the so-called Tatricum. The
oldest rocks of the sedimentary cover are conglomerates,
which crop out in a single locality (Kopersady), and are be-
lieved to be Permian in age. The High-Tatric zone is charac-
terised by transitional Germanic-Alpine Triassic facies. The
Lower Triassic is characterised by red bed sandstones, fol-
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lowed by mudstones (Dzulynski & Gradzinski, 1960; Ro-
niewicz, 1966; Fejdiova, 1971; Mader, 1982), which are
overlain by the Middle Triassic platform limestones and
dolomites. The Upper Triassic is preserved only in the auto-
chthonous cover and is very differentiated. It contains red
beds of the Keuper type and coeval intertidal laminated
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g

— Tertiary, Cr — Cretaceous; J — Jurassic; T — Triassic

dolomites, Rhaetian clastics, and shallow-marine fossilifer-
ous limestones (Kotanski, 1959, 1979). Lower Jurassic clas-
tics and limestones occur in local troughs formed by block
tectonics related to the rifting in the Western Tethys. The
Middle Jurassic contains local crinoidal limestones, nodular
limestones, commonly with stratigraphic gaps and conden-
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sations, stromatolites, and iron crusts. The allochthonous
High-Tatric units are typified by common stratigraphic gaps
embracing the Upper Triassic-Lower Jurassic. The Upper
Jurassic pelagic limestones display locally nodular struc-
tures. Locally (Osobita Mt), shallow-marine crinoidal lime-
stones with volcanic rocks (limburgite) occur. Shallow-
marine platform limestones of the Urgonian-type (Schrat-
tenkalk) facies typify the Lower Cretaceous. The Lower-
Middle Albian occurs only locally as condensed deposits
with glauconite and phosphates, indicating drowning of car-
bonate platform. During the terminal basin development
(Middle Albian—Cenomanian), marls with turbidites indi-
cate a deepening of facies (Lefeld, 1985).

Rocks of the Lower Sub-Tatric (Krizna), Middle Sub-
Tatric (Cho¢), and the Upper Sub-Tatric (Strazov) units oc-
cur exclusively in thrust sheets, which overlie the High-
Tatric units (Lefeld, 1999). The Lower Sub-Tatric units
(part of the Fatricum structural elements) are characterised
by transitional Germanic-Alpine Triassic facies, with the
Lower Triassic red bed clastics, Middle Triassic platform
dolomites, and the Carpathian Keuper and Rhaetian fossilif-
erous limestones in the Upper Triassic (Kotanski, 1959,
1979). The Jurassic facies are characterised by gradual
deepening from shallow marine-clastics, through spotty
limestones and marlstones (Fleckenmergel facies), spicu-
lites and radiolarites, to nodular and Maiolica limestones.
Local shallowing is recorded in encrinites with manganese
mineralisation (Toarcian) in the Western Tatra Mts. A con-
densation with large oncoids, iron crusts and stromatolites is
present in the lower part of the Middle Jurassic sediments.
Basinal marlstones and limestones dominated in the Lower
Cretaceous sediments in the western part of the Tatra Mts,
while in the eastern part (Belanské Tatry) massive carbon-
ates occurred. The latter pinch out to the west (Lefeld, 1985;
Bac-Moszaszwili, 1993; Wieczorek, 2000).

LOWER SUBTATRIC

(KRIZNA) UNIT
———
—

[[HI[]]]]]]] HIGHTATRIC ALLOCHTHON

POST-TECTONIC TERTIARY
SEDIMENTARY COVER

OVERTHRUSTS
AND FAULTS

The Middle Sub-Tatric units (part of the Hronicum
structural elements) comprise typical Alpine Triassic facies,
including the Hauptdolomit, the Rhaetian Kdossen facies,
and the Lower Jurassic encrinites, spiculites, and Hierlatz-
type limestones (Grabowski, 1967; Kotanski, 1973; Iwanow
& Wieczorek, 1987; Uchman, 1993). The Upper Sub-Tatric
units (included also to the Hronicum), represented only by
two small thrust sheets, are typified by the basinal Middle
Triassic Reifling Limestone, Partnach Marl, and the shal-
low-marine Upper Triassic Wetterstein facies. All of the
allochthonous units were thrust northward in the Late Creta-
ceous (Kotanski, 1986a, b; Iwanow & Wieczorek, 1987;
Jurewicz, 2002).

Central Carpathian Palaeogene Basin

The Podhale region is the northern part of the Inner Car-
pathian Palacogene Basin, which includes Liptov, Orava
and Spi§ depressions (Figs 2, 5). It is built up of Palacogene
strata underlain by mostly calcareous Mesozoic rocks. The
lithostratigraphic section of these deposits has been recog-
nised by several deep boreholes (Figs 4, 5).

In subsequent years, the boreholes which were located
as shown on Figure 5 provided very advantageous informa-
tion. The results of investigations showed that the sub-
Palacogene substratum is an extension of geological-struc-
tural elements of the Tatra massif, to which the Sub-Tatric
(Krizna, Cho¢) and High-Tatric nappes belong. Moreover,
in logs of some deep drillings (Sokotowski, 1973; Cho-
waniec, 1989) the facies elements similar to certain rock
types of the Pieniny series and deposits of uncertain affinity
were found. After the retreat of the Late Cretaceous sea, a
subsequent transgression took place in the Middle Eocene
that resulted in the formation of conglomerates and lime-
stones in the initial phase. These deposits form the basal
member of the Podhale Palacogene. Then, typical flysch de-
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posits were formed. Sediments of the calcareous Eocene are
known from numerous natural exposures situated at the out-
lets of valleys draining the Tatra massif and from drillings
made in the Podhale Basin. Directly on the transgressive de-
posits of the calcareous Eocene there occur stratigraphically
younger strata of the Palacogene, i.e. the Podhale flysch.
The largest thickness of the latter, ca. 3,000 m, was recorded
in borehole Chochotéw PIG-1. In the Slovak Orava, the Eo-
cene sequence is known as the Podtatranska Group (Gross
et al., 1984, 1993), which is an equivalent of the Podhale
flysch in Poland. The basal Borové Formation lies trans-
gressively on the Mesozoic cover of the Mala Fatra, Tatra,
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Stratigraphic scheme of the Mesozoic sedimentary rocks of the Tatra Mountains

and Cho¢ Mts. The lithology of this formation is variable,
being strongly dependent on the character of the substratum
upon which it was deposited. It is composed of breccias,
sandstones, and carbonates, sporadically with large fora-
minifers. The thickness of the entire formation varies from
few centimetres to several tens of metres.

The Szaflary beds, occurring in the northern part of the
basin, are generally assigned to the oldest flysch members
(Kepinska, 1997; Chowaniec & Kepinska, 2003). Shaly
flysch strata of the Zakopane beds, in turn, belong to the
younger members. The Slovak equivalent of the Zakopane
beds is the Huty Formation, which comprises mainly pelitic,
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sandstone (also some breccias) strata, only few centimetres
thick, in contrast to several tens of centimetres to metres
thick clayey beds. Localities exposing dark-brownish
Menilite-like silty claystones occur at several places within
the Huty Formation.

The Zuberec or Chochotéw Formation, overlying the
Zakopane beds, is of typical flysch facies, with variable
sandstone/shale ratio. Fine-grained breccias and even
slumped conglomerates are common. Submarine slumps are
of sandy matrix with dispersed clasts of sandstones, silt-
stones, claystones, and limestones. The total thickness of
this formation is about 500-900 m, and its age was deter-
mined as the Late Eocene to Early Oligocene (Gross et al.,
1993).

The uppermost formation in the Podtatranska Group in
Slovakia is the Biely Potok Formation. Its equivalent in Po-
land is known as the Ostrysz beds, forming the culmination
of Ostrysz Mt in the western Podhale. This formation con-
sists of coarse-grained sandstones and subordinate clay-
stone strata. The sandstones are mainly siliciclastic with
clayey matrix, bearing only small percentage of carbonates.
The thickness of the Biely Potok Formation is up to 700 m,
and its age is Late Oligocene. At few places, the Pucov Con-
glomerates occur (e.g. south of the Oravsky Podzamok).
This member consists of blocky conglomerates bearing
various Mesozoic carbonate clasts cemented with reddish
sandy-pelitic matrix. Longitudinal, narrow bodies of con-
glomerates are incised into the Zuberec and Huty forma-
tions, and also to the Mesozoic substratum. The Pucov Con-
glomerate is interpreted as a channel fill supplied from the
nearby southern source. The thickness of 170 m was docu-
mented by a borehole log (Gross ef al., 1993).

Janocko and Kovac (2003; see also references therein)
suggested that the initial evolutionary stage of the basin was
due to oblique convergence during the retreat of subduction
boundary, which resulted in compressional regime in front
of the advancing upper plate and extension in the plate’s in-
ner part. The opening of the Central Palacogene Basin was
related to this extension. The front of the Inner Carpathian
plate served as a source areca for sedimentation of the
Szaflary beds. In the presently narrow zone along the Pien-
iny Klippen Belt, the Palacogene strata were deformed into
slices and folds. According to Marschalko (1968), the wide
area (15-20 km?) of the northern rim of the Inner Carpa-
thian Palacogene is missing. It is that part, where the lateral
input of the material from the source had produced proximal
sediments. One has to bear in mind, however, that palaco-
magnetic data point to significant (70—110°) counterclock-
wise rotations within the Carpathian Palacogene Basin (see,
e.g. Grabowski & Nemcok, 1999; Marton, 2003; Csontos &
Voros, 2004; Golonka, 2005). According to Golonka et al.
(2005), an analysis of exotic clasts supports this rotation, in-
dicating that neither the present-day Tatricum nor the Sub-
Tatric (Krizna and Choc¢) nappes were source areas for the
Pieniny and Magura flysch during Palaeogene time. This
question requires new independent research, but neverthe-
less it calls for a substantial correction in estimations of the
genuine palacogeographic location of alimentary areas. Per-
haps the missing part of the Central Palacogene Basin is lo-
cated somewhere within the Tisza plate. The Transylvanian
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Palacogene (e.g., Sandulescu ef al., 1981; Ciulavu & Ber-
totti; 1994; Meszaros, 1996) and certain parts of the Szolnok
flysch Palacogene sequences, situated in the marginal part
of the Tisza unit (e.g. Nagymarosi & Baldi-Beke, 1993),
display similarities with the Central Carpathian Palacogene.
This problem requires further investigations. In the Neo-
gene, the Inner Carpathian plate rotation wiper effect led to
significant deformation along the plate boundary, which re-
sulted in a complex tectonic pattern along the present-day
boundary between the Central Carpathian Palacogene and
the Pieniny Klippen Belt. At the same time, the Tatric horst
was formed leading to tilting of Palacogene strata from their
initial position. An uplift of the Tatric massif brought about
formation of fissures and cracks, as well as local folds and
faults (sometimes of a regional extent) which are rooted in
the Mesozoic rocks. The most important are the Jurgdw-
Trybsz, Bialy and Czarny Dunajec, and Krowiarki
(Prosecno) faults (Fig. 5). The present-day Podhale Basin is
an asymmetric basin, delimited by the Tatras in the south,
and by a steep fault along the Pieniny Klippen Belt in the
north. According to Sotdk and Janocko (2001), the struc-
tural pattern of the Central Carpathian Palacogene Basin in-
cludes basement-involving fault zones, like the Margecany
and Muran faults. Extensional features, like half-grabens
and listric and antitethic faults are to be found in the Hor-
nad, Periklippen and Poprad Depressions, while structures
related to retro-wedge thrusting, transform faulting, and
strike-slip tectonics occur in the Sambron Zone (Mastella et
al., 1988; Kova¢ & HOk, 1993; Ratschbacher et al., 1993;
Nemcok & Nemcok, 1994; Marko, 1996; Sperner, 1996,
2002; Plasienka et al., 1997; Sotdk & Janocko, 2001;
Janoc¢ko & Kovac, 2003). Sotak and Janocko (2001) as-
sumed the following stages of basin development:

— initial faulting and alluvial fan deposition in an half-
graben basin;

— carbonate factory on a shelf-margin basin;

— glacio-eustatic regression and semi-isolation in a re-
stricted basin;

— progressive faulting and fault-controlled accumula-
tion of radial fans in a tilted basin;

— highstand aggradation in a starved basin;

— Mid-Oligocene sea level lowering and retroarc back-
stepping of depocenters in a relic basin; and

— wedging of fans in an over-supplied basin.

The above-mentioned counterclockwise rotation of the
Alcapa plate was compensated by dextral shearing in a tran-
spressional zone between the Alcapa and North European
plates (Ratschbacher et al., 1993; Sotak & Janocko, 2001).
The present-day northern boundary was caused by amputa-
tion by a transform fault related to this rotation.

Pieniny Klippen Belt

The Pieniny Klippen Belt (PKB) is composed of several
successions of mainly deep and shallow-water limestones,
covering a time span from the Early Jurassic to Late Creta-
ceous (Andrusov, 1938, 1959; Andrusov et al., 1973; Birk-
enmajer, 1958, 1977, 1986, 1988; Misik, 1994; Golonka &
Krobicki, 2001, 2004). This strongly tectonized structure is
a terrain about 600 km long and 1-20 km wide, which
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stretches from Vienna in the west, to Romania in the east
(Figs 1-4). The PKB is separated from the present-day
Outer Carpathians by a Miocene subvertical strike-slip
fault.

During the Jurassic and Cretaceous, the submarine
Czorsztyn Ridge and surrounding zones within the Pieniny
Klippen Belt Basin (PKBB) formed an elongated structure
with domination of pelagic type of sedimentation (Birken-
majer, 1977, 1986; Misik, 1994; Aubrecht et al., 1997;
Plasienka, 1999; Wierzbowski et al., 1999; Golonka & Kro-
bicki, 2001, 2004). The orientation of the PKBB was
SW-NE (see, for instance, Aubrecht & Tunyi, 2001;
Golonka & Krobicki, 2001, 2004). Its deepest part is docu-
mented by extremely deep-water Jurassic—Early Cretaceous
pelagic limestones and radiolarites (Golonka & Sikora,
1981). Somewhat shallower sedimentary zones known as
the Pieniny and Branisko (Kysuca) successions were lo-
cated close to the central furrow. Transitional slope se-
quences between the deepest basinal units and ridge units
are known as the Niedzica and Czertezik successions (Pod-
biel and Pruské successions), near the northern Czorsztyn
Ridge, and the Haligovce-Nizna successions near the south-
ern Exotic Andrusov Ridge (Birkenmajer, 1977, 1986,
1988; Aubrecht et al., 1997). The strongly condensed Juras-
sic—Early Cretaceous pelagic cherty limestones (Maiolica-
type facies) and radiolarites were also deposited in the
northwestern (Magura) basin.

Generally, the Pieniny Klippen Belt Basin sedimentary
history is tripartite (1-3): from (1) oxygen-reduced
dark/black terrigenous deposits of the Early-early Middle
Jurassic age (Fleckenkalk/Fleckenmergel facies), through
(2) Middle Jurassic—earliest Cretaceous crinoidal, nodular
(of the Ammonitico Rosso type) or cherty (of the Maiolica=
Biancone type) limestones and radiolarites, up to (3) the
Late Cretaceous pelagic marls (i.e. Scaglia Rossa = Couches
Rouge = Capas Rojas) facies and/or flysch/flyschoidal se-
ries (Birkenmajer, 1986, 1988; Bak, 2000; Golonka & Kro-
bicki, 2004).

The oldest Jurassic rocks, known only from the Ukrai-
nian and Slovak part of the PKB (e.g., Andrusov, 1938,
1959; Smirnov, 1973; Birkenmajer, 1977; Aubrecht et al.,
1997; Krobicki et al., 2003; Golonka & Krobicki, 2004; and
references therein), consist of different types of Gresten-like
clastic sediments with intercalations of black fossiliferous
limestones bearing brachiopods and grypheoids (Hettan-
gian—Sinemurian). Spotty limestones and marls of oxygen-
depleted, widespread Tethyan Fleckenkalk/ Flecken-
mergel-type facies, and Bositra (“Posidonia”) black shales
with spherosiderites represent the Pliensbachian—Lower Ba-
jocian (Birkenmajer, 1986; Golonka & Krobicki, 2004; and
references therein). One of the most rapid changes of sedi-
mentation/palacoenvironments within this basin took place
from the late Early Bajocian, when well-oxygenated multi-
coloured crinoidal limestones replaced in some zones dark
and black sediments of the Early-early Middle Jurassic age
(Birkenmajer, 1986; Aubrecht et al., 1997; Wierzbowski et
al., 1999; Golonka & Krobicki, 2004). Sedimentation of
younger (since the latest Bajocian), red, nodular Am-
monitico Rosso-type limestones was an effect of the Meso-
Cimmerian vertical movements which subsided the Czorsz-
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tyn Ridge (Golonka et al., 2003). The Late Jurassic (Oxfor-
dian—Kimmeridgian) history of the PKB reflects the strong-
est facies differentiation within sedimentary basin where
mixed siliceous (radiolarites)-carbonate sedimentation took
place. This may be at least partly attributed to radical and
fast palacogeographic evolution of the eastern segment of
the Pieniny Basin, as indicated by recent palacomagnetic re-
sults (Lewandowski ef al., 2003). The Upper Cretaceous pe-
lagic deposits were dominated by Scaglia Rossa-type marls
deposited during the latest, third episode of evolution of the
Pieniny Klippen Belt Basin, when unification of sedimen-
tary facies took place within all successions (Birkenmajer,
1977, 1986). Later flysch and/or flyschoidal deposition with
several episodes of debris flows involving numerous exotic
pebbles took place. The main “exotic source area” in the
PKB was the so-called Exotic Andrusov Ridge — part of the
Inner Carpathian plate uplifted during Albian—Late Creta-
ceous time (Birkenmajer, 1988; Golonka et al., 2003).

The Pieniny Klippen Belt Basin was closed at the Cre-
taceous/Palacogene transition as an effect of strong Late
Cretaceous (Subhercynian and Laramian) thrust-folding
(Birkenmajer, 1977, 1986). Simultaneously with this La-
ramian nappe folding, the uppermost Cretaceous (Maas-
trichtian) and Palacogene flysch and molasse-type rocks
with exotic material were deposited. These rocks covered,
frequently with unconformity, several earlier folded klippen
nappes. The second tectonic episode was connected with the
strong Savian and Styrian (Early and Middle Miocene, re-
spectively) compression, when the Cretaceous nappes, new
Paleocene deposits of the PKB, and part of the Magura ba-
sin were refolded together (Birkenmajer, 1986). The PKB
was formed as a melange in the suture zone between the In-
ner Carpathian-Alpine (Alcapa) terrane and the North Euro-
pean plate (Fig. 4). Part of allochthonous Outer Carpathian
units and, perhaps, fragments of the basement were also lo-
cated in this suture zone. Finally, with the eastward move-
ment of the Alcapa plate, a system of strike-slip faults origi-
nated (Birkenmajer, 1983). The Middle Miocene (Sarma-
tian) post-orogenic volcanism represented by calc-alkaline
andesite dykes and sills which cut mainly Paleocene flysch
rocks of the Outer Carpathians (Magura Nappe), formed the
so-called Pieniny Andesitic Line (Birkenmajer, 2003).

In the Orava segment (Fig. 11) of the PKB, all the main
klippen sequences are preserved, including the Kysuce,
Orava, Nizna, and Czorsztyn sequences (often categorized
also as units) (Potfaj, 2003). The reduced Klape sequence is
present as well, but it is not unambiguously recognised in
the geological maps. The youngest sediments related di-
rectly to the classical klippen sequences are the Puchov
marls and Jarmuta Formation, of Campanian—Maastrichtian
age. In the Orava segment, we miss such strata as the Pro¢
or zilina formations (Paleocene—Middle Eocene), though
lately somewhat similar rocks were encountered at some lo-
calities (Nizna, Knazia) (Potfaj, 2003). However, there are
Malcov and Racibor formations that are incorporated to the
klippen structure in the Oravska Magura Mts. Under certain
conditions of the wider definition of the k/ippe phenome-
non, we may consider also the entire crest of the Oravska
Magura Mts as a large klippe, which was formed together
with other parts of the PKB.
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The relationship between the PKB and Magura Nappe
changes along the strike of the klippen belt. In the Vah and
Orava River valleys, these two units are divided by a Mio-
cene subvertical strike-slip fault, and both units are involved
in a complex flower structure. The present-day confines of
the PKB are strictly tectonic. They may be characterised as
(sub)vertical faults and shear zones, along which strong re-
duction in space of the original sedimentary basins oc-
curred. The NE-SW orientated faults accompanying the
PKB (Figs 2—4) are of strike-slip character, as indicated by
the presence of flower structures on the contact zone be-
tween the Magura Nappe and the PKB, and by structural
asymmetry of the Inner Carpathian Palacogene Basin.

The tectonic character of the Polish segment of PKB is
differentiated, showing both strike-slip and thrust compo-
nents (e.g., Ksiazkiewicz, 1977; Golonka & Raczkowski,
1984; Birkenmajer, 1986; Ratschbacher er al., 1993;
Nemcok & Nemcok, 1994; Jurewicz, 1994, 1997). In gen-
eral, the subvertically arranged Jurassic-Lower Cretaceous
basinal facies display the tectonics of a diapir originated in a
strike-slip zone between two plates. The ridge facies are of-
ten uprooted and show thrust or even nappe character. The
Niedzica Succession is thrust over the Czorsztyn Succes-
sion, while the Czorsztyn Succession is displaced and thrust
over the Grajcarek Unit (e.g., Ksiazkiewicz, 1977; Golonka
& Raczkowski, 1984; Jurewicz, 1994, 1997). The Grajcarek

Unit is often thrust over the Krynica Subunit of the Magura
Nappe. The Upper Cretaceous—Palacogene flysch se-
quences of the Ztatne furrow (Golonka & Sikora, 1981) are
frequently thrust over various slope and ridge sequences. In
the East Slovak sector, the back-thrusts of the Magura
Nappe onto PKB, as well as the PKB onto the Central Car-
pathian Palacogene are commonly accepted (e.g., Lexa et
al., 2000). Like in the Polish sector, a mixture of thrust and
strike-slip components is present, but the degree of disper-
sion of the Mesozoic klippen inside the Jaworki-Pro¢ For-
mation is higher in the eastern, Slovak sector of the PKB.
The PKB tectonic components of different age, strike-slip,
thrust, as well as toe-thrusts and olistostromes are mixed to-
gether and contribute to the present-day melange character
of the PKB, where individual tectonic units are difficult to
distinguish.

Outer Carpathians

The Outer Carpathians (Figs 1-4, 9) are composed of a
stack of nappes and thrust sheets spreading along the Carpa-
thian arc, which are mainly built up of up to six kilometres
thick continuous flysch sequences, representing the Jurassic
through Early Miocene time span. All the Outer Carpathian
nappes are overthrust by at least 70 km onto the southern
part of the North European plate, covered by autochthonous
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Miocene deposits of the Carpathian Foredeep (Ksiazkie-
wicz, 1977; Pescatore & Slaczka, 1984, Picha ez al., 2005;
Slaczka et al., 2005) (Figs 10, 11). Well-log and seismic
data indicate that the size of the Carpathian overthrust was
at least 60 km. During overthrusting, the northern Carpa-
thian nappes became uprooted from the basement and only
their basinal parts were preserved (Figs 3, 4). According to
Picha et al. (2005), the extent of shortening and the charac-
ter of original depositional sites of various thrust sheets are
little known and remain subjects of alternative geodynamic
reconstructions (see, e.g. Ksiazkiewicz, 1977; Pescatore &
Slaczka, 1984; Cieszkowski er al., 1985; Kruglov, 1989;
Roure et al., 1993; Ellouz & Roca, 1994; Matenco et al.,
1997; Plasienka ef al., 1997; Zuchiewicz 1998; Oszczypko,
1999; Plasienka, 1999; Matenco & Bertotti, 2000; Behr-
mann et al., 2000; Golonka et al., 2000, 2003, 2005;
Golonka, 2004; Picha et al., 2005; Slaczka et al., 2005).
According to Zuchiewicz (1998), the rates of thrusting in
the Polish Outer West Carpathians were 19—23 mm/yr in the
late Burdigalian, 21-23 mm/yr in the Langhian, 17-18
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(Svabenicka et al., 1997). The Upper Cretaceous—Palaco-
gene deposits of the Magura Nappe may be subdivided into
the Campanian/Maastrichtian—Paleocene, and Lower-
Upper Eocene turbiditic complexes. Each of them begins
with pelitic basinal deposits (variegated shales) which pass
into thin-and medium-bedded turbidites with intercalations
of allodapic limestones/marls, and then into thick-bedded
ones. Finally, there come thin-bedded turbidites (Osz-
czypko, 1992).

The Magura Nappe is flatly thrust over its foreland,
built up of the Fore-Magura group of nappes, and over the
Silesian Nappe. The amplitude of the overthrust is at least
50 km, and the post-Middle Badenian thrust displacement
exceeds 12 km (Oszczypko, 1999; Oszczypko &
Zuchiewicz, 2000). The northern limit of the nappe has an
erosional character, whereas the southern one coincides
with a more or less vertical strike-slip fault along the north-
ern boundary of the PKB. The thrust developed mainly
within the ductile Upper Cretaceous variegated shales. The
sub-thrust morphology of the Magura foreland is very dis-
tinctive. The shape of the northern limit of the Magura
Nappe and the distribution of tectonic windows inside the
nappe are connected with denivelations of the Magura base-
ment. As a rule, the “embayments” of the marginal thrust
are related to transversal bulges in the Magura basement,
whereas the “peninsulas” are located upon basement de-
pressions (Oszczypko, 2001). At a distance of 10-15 km
south of the northern limit of the nappe, a zone of tectonic
windows connected with the uplifted Fore-Magura base-

Depth of the autochthonous platform under the flysch nappes in the Orava region

ment is located (e.g. SOl, Sopotnia Mata, Mszana Dolna,
Szczawa, Kleczany-Limanowa, Ropa, Ujscie Gorlickie, and
Swiatkowa tectonic windows). The biggest one is the
Mszana Dolna tectonic window, situated in the middle part
of the Polish Carpathians. This window developed as a du-
plex structure during the Middle Miocene thrusting of the
Magura Nappe (Oszczypko, 2001). South of the zone of tec-
tonic windows, inclination of the Magura thrust surface
increases, and at the northern boundary of the PKB the
thickness of the nappe exceeds 5 km.

The Magura Nappe has been subdivided into four struc-
tural subunits (thrust sheets): Oravska Magura-Krynica,
Bystrica (Nowy Sacz), Raca, and Siary. These subunits co-
incide, to a large extent, with the corresponding facies zones
(Matéjka & Roth, 1950; Koszarski et al., 1974; Golonka,
1981; Cieszkowski et al., 1985; Slaczka et al., 2005). In the
area surrounding the Mszana Dolna and Szczawa tectonic
windows, the basal part of the nappe built up of Upper Cre-
taceous—Paleocene flysch rocks is strongly deformed. In the
Lower to Upper Eocene flysch of the Raca and Krynica
subunits, broad, W—E trending synclines and narrow anti-
clines dominate. The southern limbs of synclines are often
reduced. In the Bystrica (Nowy Sacz) Subunit, subvertical
thrust sheets are common. Both the northern limbs of anti-
clines and southern limbs of synclines are tectonically re-
duced and usually overturned. The Magura flysch in the
Orava region (Fig. 4) is folded into several major folds of
WSW-ENE to W-E trend, i.c. parallel to the trace of the
Magura frontal thrust some 20-30 km ahead. These folds
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are, therefore, termed here longitudinal folds Fr. These are
north-vergent, overturned fault-propagation folds, exposing
local imbricated thrust planes along their inverted limbs. On
a regional scale, upon the Fr folds superimposed are
younger and smaller “diagonal” folds Fp, of the East-
Carpathian, NW-SE trend, and local “transverse” folds par-
allel and related to major transverse faults (Aleksandrowski,
1985, 1989). The buckle fold interference pattern closely re-
sembles that produced experimentally by, for instance,
Ghosh and Ramberg (1968) and Skjernaa (1975). The folds
of all generations are accompanied by regionally persistent
joint sets, which are symmetrically orientated and geneti-
cally related to folding. Most minor to major high-angle
normal faults cross-cutting the fold structure of the Magura
Nappe (Fig. 2) seem to have initiated on earlier joint sur-
faces. The sequential development of minor tectonic struc-
tures over the Polish segment of Orava reflects successive
stages of thrusting of the Outer Carpathian nappe pile onto
its foredeep, accompanied by a gradual dextral rotation of
regional tectonic compression trajectories during Miocene
to Pliocene times (Aleksandrowski, 1989).

Fore-Magura Zone

The Fore-Magura Zone (Ksiazkiewicz, 1956) includes
a group of tectonic units which are folded and thrust one
upon another. The Dukla Nappe (Slaczka, 1970) is the larg-
est and most important unit of the Fore-Magura Zone. It
crops out on the surface in the eastern sector of the Polish
and Slovak Outer Carpathians and in Ukraine. The Dukla
Nappe is stretching from the Polish to Ukrainian Carpa-
thians. In its SE part, the nappe consists of several imbri-
cated, thrust-faulted folds showing NW—SE orientation and
maximum elevation in the eastern part of the nappe. The
fold axes plunge gradually towards the northwest, and even-
tually the entire nappe disappears below the Magura Nappe.
Well-bore data (Zboj 1, Smilno 1) show that the Dukla
Nappe extends under the Magura Nappe far to the south.
South-east of the Slovak-Ukraine border, where Magura
Nappe disappears, the inner part of the Dukla Nappe is hid-
den below the Porkulec Nappe. From the more external
Silesian Nappe and/or Zboj Unit, the Dukla Nappe is sepa-
rated by a thrust plane which is more distinct in the eastern
part than in the western one. Data from deep boreholes Jasl-
iska 2 and Wetlina 3 indicate that the thrust plane in the Pol-
ish part of the nappe is very steep. However, data from deep
borehole Zboj 1 show that the thrust exceeds 15 km and that
the thrust plane beneath the more internal part of the Dukla
Nappe becomes more flat. Both in the Polish and Slovak
parts, the two subunits can be distinguished in the Dukla
Nappe, namely the internal and external ones. Folds within
the internal subunit are generally gently dipping towards the
southwest and are characterised by low-dipping overthrusts,
whereas within the external subunit the folds are steep and
often with a reversed (southwestern) vergence. The internal
subunit disappears on the border between Slovakia and
Ukraine; however, it cannot be excluded that this subunit
continues into the Porkulec Nappe.

Beneath the Dukla Nappe, a separate tectonic unit, the
Zboj Unit, was described from borehole Zboj 1 situated in
eastern Slovakia. Only a fragment of a limb of an anticline
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does represent this unit. Its internal structures and relation to
the more outer tectonic units, especially the Silesian Nappe,
are unknown.

Towards the west, following the facies changes, the
Dukla Nappe possibly passes into the Obidowa-Stopnice
(Cieszkowski et al., 1981a,b; Cieszkowski, 1985, 2001) and
Grybow nappes. Both have been encountered in several
deep wells below the Magura Nappe; for instance, in the
Rabka - Nowy Targ (Obidowa IG-1, Chabowka 1) and
Limanowa - Stopnice areas (Stopnice 1, Stopnice 20, Les-
niéwka 1, and others). The sedimentary sequences of these
nappes are represented by the Upper Cretaceous—Paleocene
deposits developed as thin- and medium-bedded shale-
sandstone flysch (Inoceramian, Lupkow, and Majdan beds),
replaced in part by thick-bedded turbidites (Cisna and Bu-
kowiec Wielki beds). These are covered by the Eocene
thin-bedded flysch (Hieroglyphic beds) with local fans of
the thick-bedded Przybyszow Sandstones. Upper Palaeo-
gene strata are represented by the Menilite (Mszanka Sand-
stones, Jawornik Marls, Cergowa Sandstones, Menilite
Shales) and Krosno beds. In the Obidowa-Stopnice facies
zone, the uppermost Eocene and Lower Oligocene deposits
are developed as very special facies with coarse sandstones
and fine conglomerates (Zboj Sandstones), and silicified
sandstones with intercalations of black mudstones
(Rdzawka beds). The Grybow Nappe is exposed in several
tectonic windows within the Magura Nappe, starting from
the Mszana Dolna tectonic window in Poland to the Smilno
tectonic window in Slovakia. The latter was also encoun-
tered in several boreholes below the Magura Nappe. This
unit is strongly folded, with several disharmonic thrust-
faulted folds. The Gryboéw Nappe is thrust over the Obi-
dowa-Stopnice Nappe or the Silesian Nappe. The Obidowa-
Stopnice Nappe is present in several boreholes between
Obidowa and Stopnice (e.g. Obidowa IG 1, Chabowka 1).
The strata of this unit are gently dipping towards the south,
usually without any intense tectonic deformations, except in
the higher part.

The innermost unit of the Fore-Magura Zone, called the
Jasto Nappe (Koszarski, 1999), has been distinguished close
to the cities of Gorlice and Jasto. It was separated in the
Harklowa and Luzna “peninsulas” from the Magura Nappe.
The Jasto Nappe is flatly thrust over the Silesian Nappe with
complicated internal structures. However, there is an opin-
ion (Jankowski, pers. comm.) that strata regarded as belong-
ing to the Jasto Nappe represent olistostromes within the
youngest deposits of the Silesian Unit.

In front of the Magura Nappe, two more outer units are
located. These are the Fore-Magura Nappe s.s. (e.g., Ksiaz-
kiewicz, 1977) and Michalczowa Unit (Cieszkowski, 1992).
The Fore-Magura Nappe s.s. occupies the most western po-
sition, near the town of Zywiec. It consists of two narrow,
asymmetrical anticlines accompanied by thrust faults, the
inner anticline being strongly deformed and disharmonic.
Towards the east, this unit disappears completely. The Up-
per Cretaceous, Paleocene and Eocene rocks include strata
analogous to those of the Magura or Dukla nappes, i.e. the
Inoceramian beds, Variegated Shales, and Hieroglyphic
beds. The Uppermost Eocene—Oligocene deposits are repre-
sented by typical facies of the Menilite and Krosno beds, as
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well as by other rocks, like Dulabka beds, Grybow Marls,
Cergowa beds, and Michalczowa beds. Within the Fore-
Magura Unit s.s., the Upper Cretaceous, Paleocene, and Eo-
cene deposits are represented by grey and variegated marls.
Up to the Late Cretaceous, strata of the Fore-Magura Zone
had been deposited in an area connected with the Magura
Basin. According to Golonka (2005), the new Fore-Magura
pull-apart basin was formed in the Late Cretaceous during
strike-slip reorganization of the Outer Carpathian sedimen-
tary realm, caused by important strike-slip movements. It
was separated from the Magura basin by the Fore-Magura
Ridge, and from the Silesian basin by the newly re-organi-
sed Silesian Ridge. The Dukla, Grybdw-Obidowa-Stopnice,
and Fore-Magura s.s. sub-basins were arranged in en eche-
lon pattern. The Silesian Ridge (Cordillera) had separated
the Dukla and Silesian basins until Oligocene time, when a
wide connection between these basins was opened. This
connection is indicated by the presence of facies typical for
the Dukla succession in the innermost part of the Silesian
Nappe (cf. Cieszkowski, 1992, 2001; Slaczka et al., 2005).
Today, units of the Fore-Magura Zone are tectonically cov-
ered by the Magura Nappe which was shifted from south,
and all together are thrust over the Silesian Nappe. Some of
these units, i.e. the Grybéw and Stopnice-Obidowa ones,
display a general affinity and probably belonged to a bigger
nappe, which became divided into separate units during the
Neogene folding.

Silesian Nappe

The Silesian Nappe occupies the central part of the
Outer Carpathians, pinching out below the most internal
nappes. Sedimentary facies of the Silesian Nappe represent
a continuous succession of deposits of the Late Jurassic
through Early Miocene age. The Late Jurassic and Early
Cretaceous sedimentation is represented by carbonate de-
posits of the Cieszyn beds (marls, calciturbidites), passing
up into sandstones and conglomerates of the Grodziszcze
beds. Up the section, these strata are covered by black
shales of the Vefovice beds and quartzitic sandstone-
dominated flysch of the Lgota beds. During the Late Creta-
ceous and Paleocene, sedimentation of sandy, often thick-
bedded turbidites that represent the Godula and Istebna beds
took place in the Silesian Basin. Their complete thickness is
estimated in the western sector of the Polish Carpathians at
about 4,500 m. The sedimentation of thick-bedded sand-
stones (Cigzkowice Sandstones) or variegated shales lasted
until the Middle Eocene, and was later replaced by thin-
bedded, shale-sandstone flysch of the Hieroglyphic beds.
During the Oligocene, the Menilite and Krosno beds were
deposited. Then, in the southern part of the Silesian Basin
numerous olistostromes were formed at certain levels
(Cieszkowski et al., 2003). Deposition of the Krosno beds
was completed in the Early Miocene.

The Silesian Nappe stretches from Moravia (Czech Re-
public) to Ukraine where it looses its individuality. In the
western segment of the Polish Carpathians, the Silesian
Nappe is flatly overthrust onto the substratum. Within the
Silesian Nappe there are several tectonic windows, where
the Subsilesian Nappe is exposed. Towards the east, the
thrust plane gradually plunges and the character of tectonic
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structures within the Silesian Nappe changes. In the western
part, the structures are generally shallow and gently folded,
whereas towards the east they pass into long, narrow,
steeply dipping, imbricated folds. The southern part of the
Silesian Nappe is hidden beneath the Magura and Dukla -
Fore-Magura nappes.

West of the Sofa River, the Silesian Nappe near the
western border of Poland, is composed of two subunits: the
Cieszyn Subunit, built up of strongly folded Lower Creta-
ceous strata, and the Godula Subunit, built up of Upper Cre-
taceous and Palacogene deposits which dip monoclinally
southwards. This part of the Silesian Nappe is cut by several
transverse faults. According to Picha et al. (2005), the Sile-
sian Nappe comprises both massive, several-kilometres-
thick, competent strata of the Upper Cretaceous Godula and
Istebna flysch formations, and the predominantly incompe-
tent Upper Jurassic and Lower Cretaceous strata. During de-
formation and tectonic transport, these two lithologically
different sets of strata were locally decoupled, deformed,
and thrust disharmonically. The competent younger strata of
the Silesian Nappe were locally thrust over the older incom-
petent members of the unit, thus invoking the idea of an ex-
istence of separate nappes formed during the subsequent
stages of deformation. Between the Olza and Wisla Rivers
(Ksiagzkiewicz, 1977), the Cieszyn Subunit consists of five
thrust-sheets (partial nappes) thrust one upon another. East
of Bielsko, near the Sofa River, the Cieszyn Subunit be-
comes narrower and folded into several small anticlines.
The tectonic unconformity between the complex of the
Cieszyn beds and that of higher-situated beds is less evident
here. Between the Sota and Skawa rivers, the Cieszyn beds
occur only in small shreds at the bottom of the Godula Sub-
unit. Farther to the east, the Cieszyn and Godula subunits
merge together, and the Silesian Nappe is built up of several
gently folded structures. According to Ksiazkiewicz (1977),
the imbricated folds gradually become more and more
marked eastwards, and east of the Dunajec River, the Sile-
sian Nappe consists of numerous folds. The Stréze, Jan-
kowa and Cigzkowice folds are most important ones, with
which small oil fields are associated. Towards the east, the
Stréze Fold passes into the broad Gorlice Fold where one of
the oldest oil fields in the Carpathians exists. Within the cul-
mination of the next fold to the north, the Cigzkowice-Biecz
Fold, small oil fields were found. The eastern part of the
Silesian Nappe, cast of the Wistok River, is plunging to-
wards the south-east and is represented by a synclinorium
(Central Carpathian Synclinorium) which is mainly built up
of Oligocene strata (Wdowiarz, 1985). The Central Carpa-
thian Synclinorium is composed of several long, narrow,
imbricated, thrust-faulted folds, which are often dishar-
monic. These folds are cut by several transverse faults that
divide them into separate blocks. The folds display several
along-strike axial culminations, where along the northern
and southern margins of the synclinorium Cretaceous and
Eocene strata are exposed. Several folds and thrust folds
were distinguished within the Central Carpathian Synclino-
rium, including the Folusz - Bukowica - Fore-Dukla Zone,
Zboiska, Lubatéwka - Iwonicz Spa - Tokarnia, Osobnica -
Bobrka Rogi -Suche Rzeki, Lubienka - Mokre - Zatwarnica,
Roztoki - Potok - Turaszéwka - Kroscienko - Tarnawa -
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Wielopole - Czarna, Sanok - Zmiennica -Strachocina -
Czarnorzeki, and Ustianowa - Migdzybrodzie - Grabownica
folds.

Subsilesian Nappe

The Subsilesian Nappe underlies tectonically the Sile-
sian Nappe. In the western sector of the West Carpathians,
both nappes are thrust over Miocene molasses of the Carpa-
thian Foredeep, and in the eastern sector they are thrust over
the Skole Nappe. The Silesian Basin and Subsilesian sedi-
mentary area have been connected during their sedimenta-
tion period. Toward the north and northeast, the Cretaceous
and Palaeogene clastic deposits, typical for the Silesian Ba-
sin, were gradually replaced in the Subsilesian sedimentary
area first by variegated shales, and eventually by marls of
the Subsilesian emerged ridge. In Palaeogene time, sedi-
mentation of variegated deposits continued up to the end of
the Middle Eocene. Younger deposits represent those facies
which are common for the Silesian Basin. Deposits of the
Subsilesian Nappe crop out on the surface in a narrow zone
in front of the Silesian thrust and are exposed in several tec-
tonic windows. Between the Sota and Wista rivers, the Sub-
silesian Nappe occurs in the form of tiny fragments of varie-
gated shales and Upper Cretaceous and Eocene marls,
sometimes with the Menilite and Krosno beds (Ksiazkie-
wicz, 1977). The Subsilesian Nappe has also been drilled in
many boreholes between Bielsko, Cieszyn and Ustron, be-
neath the Silesian Nappe. This unit also appears in the
Zywiec window (Ksiazkiewicz, 1977). The strata of the
Subsilesian Nappe are intensely folded and arranged in
mostly N—S-orientated slices, steeply dipping to the west,
and form a diapiric anticlinal uplift. Farther eastwards, sev-
eral tectonic windows occur under the Silesian and Skole
nappes. These windows comprise rocks of the Subsilesian
Nappe. In the frontal part of the Silesian Nappe, north of
Krosno, the Subsilesian Nappe is exposed in the Wegldwka
tectonic half-window. Deep wells connected with the
Weglowka oil field show that this window is built up of a re-
folded thrust-faulted anticline. The Subsilesian Nappe is
steeply overthrust onto the Skole Nappe. Farther to the east,
the Subsilesian Nappe forms once more a narrow zone in
front of the Silesian Nappe. Near the town of Ustrzyki
Dolne, the Subsilesian Nappe disappears from the surface,
and the frontal part of the Silesian Nappe becomes a thrust-
faulted fold and eventually joins with the Skole Nappe.
There is also a possibility that tectonic continuation of the
Subsilesian Nappe is the Rosluch slice in Ukraine.

In the western part of the Outer Carpathians, near the
town of Andrychow, several huge blocks composed mainly
of Jurassic limestones occur along the Silesian Nappe.
These were regarded as tectonic klippen that were sheared
off during the movements of the Silesian Nappe (Ksiazkie-
wicz, 1977). However, new pieces of evidence suggest that
these are olistoliths embedded in the uppermost part of the
Krosno beds of the Subsilesian Nappe (Slaczka et al., 2005).
It is possible that the Andrychow and Subsilesian Upper
Cretaceous and Palaecogene rocks were deposited within the
same ridge area. The Andrychow facies represent the cen-
tral, partially emerged part of the ridge, while the Subsile-
sian ones — a much broader slope area.

J. GOLONKA ET AL.

The Skole Nappe

The Skole Nappe (cf. Kotlarczyk, 1985) occupies a
large area in the northeastern part of the Polish Outer Carpa-
thians. Towards the east, in Ukraine, it is wider but towards
the west its width diminishes until it eventually disappears
from the surface, plunging beneath the Silesian and Subsile-
sian nappes. The Skole Nappe consists of several narrow
elongated thrust folds. There is predominance of the Oligo-
cene Menilite and Krosno beds cropping out on the surface
in the inner zone of this unit, while the outer zone is mainly
built up of Cretaceous strata. In the Skole Basin, sedimenta-
tion started not later than in the Hauterivian. The Early Cre-
taceous is represented by shales and marls (the Belwin
Marls) and black shales (the Spas beds). At the beginning of
the Late Cretaceous, Cenomanian radiolarites followed by
red shales were deposited. Higher up, in the Upper Creta-
ceous—Paleocene section there arrive Siliceous Marls,
Inoceramian beds, and other episodic deposits (Wegierka
Marls, Babica Clays). The Eocene is represented by the
variegated shales, Hieroglyphic beds, Green Shales, and lo-
cally widespread Popiele beds. The Oligocene Menilite
beds include intercalations of very characteristic Kliwa
sandstones. The Menilite beds pass upward into the Krosno
beds that terminated flysch sedimentation in the Early Mio-
cene.

In the Polish part of the Outer Carpathians there are no
traces of the most external unit, known from the Ukrainian
Carpathians as the Borislav-Pokuty Nappe. Its occurrence
beneath the Skole Nappe in the Polish Outer Carpathians
has been inferred, but evidence from deep boreholes (e.g.
Paszowa 1, Cisowa IG-1) suggest that the Borislav-Pokuty
Nappe does not continue to the west of the Polish-Ukrainian
border (Zytko, 1997, 1999).

Deep structure below the Carpathian overthrust

The deep structure of the Polish Outer Carpathians and
their basement, that is the southern continuation of the
North European Platform, has been recognised by deep
boreholes as well as by magnetotelluric, gravimetric, mag-
netic, geomagnetic, and deep seismic sounding profiles
(Slaczka, 1976, 1996a, b; Oszczypko et al., 1989, 2005; Pi-
cha, 1996; Guterch & Grad, 2001, Picha et al., 2005;
Slaczka et al., 2005; and references therein). Tens of deep
(up to 9,000 m) boreholes, which reached the Carpathian
substratum, were drilled along the Outer Carpathians. They
allowed for the recognition of the deep structures of the Car-
pathians, the depth of the Carpathian thrust plane, its mini-
mum range, as well as character of the substratum. First of
all, they proved the thin-skin character of the Outer Carpa-
thians orogen, which is thrust over autochthonous Miocene
deposits covering the eastern and western parts of the North
European Platform. They also documented the occurrence
of several uprooted nappes thrust upon each other and the
existence of new tectonic and lithostratigraphic units that
had not been known from the surface data (Figs 12—14).

Generally, the thrust plane of the Carpathians dips gen-
tly to the south in the western part (see Oszczypko & To-
mas, 1985; Oszczypko et al., 1989, 2005). Bystra IG 1 bore-
hole, located 30 km southward of the northern margin of the
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Carpathians, crossed this plane at a depth of —3,131 m be-
low the sea level. Towards the east, this plane plunges
gradually. West of Krakow, borehole Zawoja 1, also situ-
ated 30 km south of the Carpathian margin, crossed the
plane at a depth of —3,225 m b.s.l. In the eastern part of the
Polish Carpathians (Oszczypko & Tomas, 1985), borehole
Brzozowa 1, situated 10 km south of the margin, reached
the substratum at a depth of —2,575 m b.s.l. Borehole Szuf-
narowa 1, 15 km away from the margin, penetrated the
plane at a depth of —3,455 m b.s.1., and borehole Kuzmina 1,
25 km south of the margin, reached the plane at a depth of
—6,885 m b.s.l. Seismic data provided comparable values of
the depth to the thrust plane. These data were obtained from
hundreds of reflection and refraction profiles crossing the
Outer Carpathians, especially in their outer part.

The surface of the Outer Carpathian overthrust is of
regular shape and rather gently inclined. Faults older than
the Carpathian overthrust were recognised in the platform
basement beneath the Outer Carpathians (Oszczypko & To-
mas, 1985). Beneath the western part of the Outer Carpathi-
ans, a system of NE-SW trending normal faults progres-
sively lowered the platform basement from a depth of 2 km
down to 10 km. All these faults are blind and do not cut the
Carpathian sole thrust. West of Tarnéw, the NW-SE trend-
ing normal faults dominate beneath the Carpathians and
folded Miocene units. The same applies to the well docu-
mented Przemysl gas area, where fault amplitudes tend to
increase eastward to 4 km.

The deep seismic reflection profile 2T is located south-
west of the Polish frontier (Tomek & Hall, 1993; Bielik et
al., 2004). North of the Pieniny Klippen Belt, this profile
demonstrates two groups of south-dipping reflectors which
are probably related to the Middle Miocene subduction of
the Moldavides (Tomek & Hall, 1993; Bielik ef al., 2004).
The upper reflection between 1-3 s (ca. 4.5-8 km) belongs
to a plate boundary between the upper nappe (the Magura-
PKB terrain), and the lower accretionary wedge complex
(Dukla-Silesian-Subsilesian group of units). The lower re-
flectors represent the crystalline basement of the lower plate
(North European plate) and its sedimentary cover.

Two basement blocks occur within the Precambrian
basement of the Carpathians: the Upper Silesian Block on
the west and the Matopolska Block on the east, separated by
the Krakéw-Lubliniec Fault, taken as a terrane boundary.
Refraction seismic data (Guterch & Grad, 2001; Bielik et
al., 2004) have proved that the crustal structure of both
blocks is different. In the Upper Silesian Block, the Precam-
brian basement is entirely concealed not only by the Carpa-
thian thrust-belt, but also by the Palacozoic platform strata
and foreland deposits of the Variscan orogen. In the
Matopolska Block, no high-grade crystalline basement was
found in the area penetrated by boreholes. Precambrian
rocks are mostly represented by siltstones with mudstone,
sandstone and conglomerate interbeds which are typical of
flysch strata supplied from a recycled orogen, probably lo-
cated to the south (Jachowicz ef al., 2002). The distal turbi-
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dite sequence was metamorphosed up to the lower green-
schist facies in a WNW-trending, ca. 50 km wide belt,
which is flanked on either side by unmetamorphosed rocks
yielding Vendian to early Cambrian acritarchs (Moryc &
Jachowicz, 2000; M. Jachowicz, pers. comm.). Strongly
folded metamorphic rocks of the Upper Silesian Block
(Bruno-Vistulicum) are discordantly covered by generally
flat-laying Palaeozoic rocks. The lower part of Cambrian
strata was drilled by several boreholes north-east and east of
the Lachowice-Goczatkowice line, up to the Rzeszotary
horst. East of that horst, the Cambrian rocks occur only lo-
cally. The Silurian and Ordovician rocks were not yet en-
countered on the platform below the Western Carpathians,
and Devonian strata rest directly on either eroded Cambrian
rocks or the crystalline basement. These Devonian rocks
were encountered north of Szczyrk and north of Babia Gdra
Mt. Their southeastern extent is not known. The Late Devo-
nian limestones pass upwards into those of the Lower Car-
boniferous. The Carboniferous strata, representing the SE
continuation of the Upper Silesian Coal Basin, were found
as far SE as Sucha Beskidzka, and their farther continuation
is unknown. However, the occurrence of Carboniferous
clasts in the Carpathian flysch as exotics suggests that these
rocks continue up to the northern margin of the Carpathian
basin. Remnants of the Lower Triassic deposits are pre-
served only in a local syncline near the town of Sucha Be-
skidzka, but their extent widens towards the east. The Juras-
sic strata below the Carpathian overthrust are only known
from boreholes situated east of the Zator-Jordanow line.
However, the presence of Jurassic blocks in the Carpathian
flysch derived from the northern margin of the Carpathian
basin implies that farther towards the south remnants of Ju-
rassic strata may be preserved. Data from borehole
Zawoja 1 suggest that in the southern part of the platform
Palacogene deposits occur (Oszczypko, 1998) and that their
thickness can increase towards the south.

The position of the crust-mantle boundary (Moho) has
been recognised along several seismic profiles (Guterch &
Grad, 2001; Bielik et al., 2004). The depth to the Moho dis-
continuity ranges from 30—40 km at the front of the central
part of the Polish Outer Carpathians and increases to 50 km
south of Nowy Sacz. South of the Pieniny Klippen Belt,
these values decrease to 36-37 km. The consolidated base-
ment beneath the Inner Carpathians is situated at depths of
10-18 km. The depth to the cratonic basement in the south-
ern part of the North European plate below the Outer Carpa-
thian allochthonous nappes, according to the results of deep
seismic (CELEBRATION Profile 9), magnetotelluric, and
magnetic soundings (e.g. Zytko, 1997; see also chapter
“Magnetotelluric survey”), is below 6-8 km (Figs 4, 10,
15), while the basement depth calculated from the platform
bending model is 10 km. The axis of the basement depres-
sion is situated along the Namestovo-Nowy Targ-Krynica
line. The results of gravimetric studies show a distinct gra-
vity minimum (up to 60 mGal) along the Flysch Carpathi-
ans. The axis of this anomaly runs in the west approximately
along the northern boundary of the PKB, and east of the
town of Nowy Targ it is shifted towards the NW. Geomag-
netic soundings revealed the presence of the zone of zero
values of the Wiese’s vectors (see Jankowski e al., 1985;
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Slaczka et al., 2005), which in the west runs south of the
Pieniny Klippen Belt. This zone is connected with a high
conductivity body, 2.5-6 km thick and situated at a depth of
15-30 km, and probably indicates the position of the south-
ern extent of the North European Platform and its contact
with the Inner Carpathian basement (Cieszkowski et al.,
1981a; Oszczypko et al., 1989, 2005). According to Picha et
al. (2005), geological interpretation of regional seismic
lines across the Outer Carpathians in Moravia and Slovakia
shows that the European platform continues uninterrupted
to the vicinity of the Pieniny Klippen Belt, where it is inter-
sected by normal and reverse faults, which do not continue
into the thrust belt. These faults mark the break between the
thick platform-type crust and lithosphere of the European
plate, and the rifted attenuated crust and lithosphere of the
European continental margins. During the compressional
orogeny, the edges of the thick European platform acted as a
buttress, causing the piling of the rootless slices of the
flysch belt and the Pieniny Klippen Belt in a low-gravity
zone. Given the significant component of strike-slip motion
in the Pieniny Klippen Belt, it is likely that the pieces of the
European lithosphere juxtaposed on both sides of the klip-
pen belt had moved laterally. Their present fit may thus dif-
fer from the original one, especially prior to the late oro-
genic northeastward translation of the Western Carpathians.
Nemcok ef al. (1998, 2000) excluded the existence of a
crustal root along the western part of the Carpathian arc
(Picha et al., 2005) and proposed that the end of the subduc-
tion of the remnant oceanic flysch basin and the beginning
of the collision were accompanied by the detachment of the
subducting plate and by the occurrence of the break-off-
related volcanism. Such an interpretation assumes the exis-
tence of a large oceanic domain in the Outer Carpathian
Flysch Basin. The extent of the oceanic crust and litho-
sphere is limited to the Pieniny/Magura Basin and not nec-
essarily under the other (Silesian, Subsilesian and Skole)
basins. The subduction of the Pieniny/Magura Basin would
thus have not compensated for the large shortening in the
Outer Carpathian belt. Neither would the interpretation pro-
posed by Nemcok et al. (1998) satisfactorily explain the fate
of the large portions of the continental lithosphere, which
originally underlined the Outer Carpathian depositional sys-
tem. It looks like the geodynamic reconstruction of the Car-
pathian region remains a challenging task, whose satisfac-
tory solution will require additional geological and geo-
physical studies, as well as deep drilling tackling both the
specific local problems and the wider regional solutions in-
volving the entire Alpine Carpathian system of Europe.
During the Miocene, on the southern part of the North
European Plate, the Carpathian Foredeep basin filled up by
the Lower Miocene molasse developed. The Middle Mio-
cene strata were developed mainly farther to the north. The
overthrust of the Outer Carpathian accretionary wedge onto
the Miocene molasse deposits has been very well docu-
mented in the Outer Carpathians by deep boreholes, located
as far as 3040 km south of the present-day Carpathian fron-
tal thrust (Wdowiarz, 1976; Oszczypko & Tomas, 1985).
According to Oszczyko et al. (2005; and references therein),
the flexure of the foreland lithospheric plate beneath the
orogenic belt contributed to the formation of the Carpathian
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Magnetotelluric soundings profile along line 7 (location on Fig. 12)

Fig 15.

Foredeep Basin (see also Royden & Karner, 1984;
Royden, 1988; Krzywiec & Jochym, 1997; Zoete-
meijer ef al., 1999).

Andesitic Magmatism

The Neogene andesites, both in the Pieniny Mts
and in flysch rocks of the Outer Carpathians close to
the Pieniny Klippen Belt (Fig. 16), are relatively nu-
merous but their volume is low. According to
Matkowski (1958), total aerial extent of andesite
outcrops is ca. 1 km?. The Neogene volcanic activ-
ity in Carpathian—Pannonian region is widespread.
Spatial distribution, temporal relationships, and
geochemical evolution of magmas contribute to in-
terpretation of the geodynamic development of this
area (e.g. Kovac et al., 1997). According to Lexa et
al. (1993), Neogene volcanic rocks in the Western
Carpathians can be divided into four groups: (1)
dacite and rhyolite areal-type volcanism, (2) areal-
type of andesitic volcanism, (3) basalt-andesitic to
andesitic volcanism, and (4) alkali-basaltic to
basanitic volcanism.

According to Lexa ef al. (1993) and Kovac et
al. (1997), the dacite and rhyolite areal-type volcan-
ism is related to initial stage of back-arc extension;
the areal-type of andesitic volcanism is comparable
to that of continental island arc (continental mar-
gin); the basalt-andesitic to andesitic volcanism rep-
resent mature island arc environment; and the
alkali-basaltic to basanitic volcanism can be consid-
ered as an effect of partial melting in the uprising
diapirs in the mantle in extensional conditions, and
of emplacement of relatively primitive magmas
(without crustal contamination) in the upper crust.
The origin of most of andesites is related to pro-
cesses operating in subduction zones.

According to Birkenmajer and Pécskay (1999),
andesitic rocks in the Pieniny region are products of
hybridization of primary mantle-derived magma
over subducted slab of the North European plate.
These authors pointed out that andesitic intrusions
in the Pieniny Mts mark the so-called Pieniny An-
desite Line, the continuation of which matches the
Odra Fault Zone in Lower Silesia, where numerous
Neogene alkaline silica-undersaturated mafic rock
(included into Central European Volcanic Province)
are present. Andesites occur in the form of dykes
and sills. Numerous petrographical varieties were
distinguished, based mainly on the composition of
phenocryst assemblage. The age of andesites is
within the range of 22.6 to 10.9 Ma (K-Ar determi-
nations by Birkenmajer & Pécskay, 1999, 2000).
Baumgart-Kotarba (2001) argued for a relationship
among the andesitic subvolcanic activity, uplift of
the Tatra Mountains, and the opening of the Orava
Basin.
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Fig. 16. Distribution of the Neogene andesite intrusions in the Pieniny Klippen Belt and Magura Nappe in the vicinity of Czorsztyn,
Kro$cienko and Szczawnica (after Birkenmajer & Pécskay, 2000; modified). The depicted faults are perpendicular to the suture zones and
general Outer Carpathian thrusts trends. These faults display strike-slip, extensional or mixed character

Orava Neogene cover

All the above-mentioned structures were covered dur-
ing the Neogene by at least 600-900 m of sand-silt and
clay, which were deposited in the Orava-Nowy Targ Basin.
Some thin layers of coal intercalate faintly cemented silty
clays. The age of the oldest sediments was established to the
Karpatian—Badenian. These occur only in a sunken block in
the central part of the Orava-Nowy Targ Basin, close to the
Sucha Hora area, where the OH-1 borehole was drilled
(Gross et al., 1993) without reaching the base of the Neo-
gene sequence. The Karpatian-Badenian deposits have
been also found in the Polish sector by Cieszkowski (1995).
According to palynological analysis by Oszast and Stuchlik
(1977), the fresh-water sedimentation started in Late Bade-
nian (Serravallian) time. The dip of the sedimentary pile is
subhorizontal (10-15°), only at the edge of the basin rising
to 20-25°. A borehole in the vicinity of Czarny Dunajec
(Watycha, 1977) revealed 920 m of Miocene and Pliocene
deposits.

The origin of the Orava-Nowy Targ Basin was inter-
preted as a result of flexural warping caused by the reverse
overthrust of the Magura Nappe onto the Pieniny Klippen
Belt (Roth et al., 1963) and as such it could be classified as a
retroarc-type basin. Modern interpretations, however, prefer

to explain it as a reaction to strike-slip movements in the
basement (pull-apart basin) (Royden, 1985, Baumgart-
Kotarba, 1996, 2001; Pomianowski, 2003). This idea is also
supported by relative steepness of the basin burial curves
(Nagy et al., 1996). The present-day elevation of the Babia
Gora and Pilsko mountain blocks and the morphotectonic
depression between these two are most probably related to
the extensional regime enhanced by erosion. Recent vertical
movements in the depression area are up to + 0.5 mm per
year (Vanko, 1988; Vass, 1998). According to Vass (1998),
the most recent geomorphological depression is a conse-
quence of lithological contrast between the soft sedimentary
infill and harder rocks surrounding the depression. This is
only partially true because the hard sandstones exist also in
the morphotectonic depressions in the northwestern Orava
in Slovakia and in the area between Jabtonka and Rabka,
north of the Orava Basin (Lexa ef al., 2000). According to
Zuchiewicz et al. (2002), the Orava Basin is bordered by
sets of normal faults (see also Pomianowski, 2003; and ref-
erences therein). At least some of the faults were still active
during Quaternary time (Baumgart-Kotarba, 1996, 2001;
Zuchiewicz et al., 2002). The studies of the 1995 earthquake
(Baumgart-Kotarba, 2001; and references therein) show
good agreement of the focal model with the tendencies of
vertical crustal movements. The faults bordering the depres-
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sion are steep to vertical (Baumgart-Kotarba, 2001; Po-
mianowski, 2003), indicating the mixed origin — strike slip
changed into extensional. The thickness of Neogene depo-
sits near the boundary fault in the Czarny Dunajec well
(Watycha, 1977) indicates a synsedimentary character of
this fault. The Domanski Wierch Conglomerates (Tokarski
& Zuchiewicz, 1998; Zuchiewicz et al., 2002; and refer-
ences therein) of Sarmatian to Pliocene age (Oszast &
Stuchlik, 1977) display fractures formed in a strike-slip re-
gime. Probably, the oblique faults described by Pomia-
nowski (2003) are entering the periphery of the Orava Ba-
sin. Preliminary results of an analysis of both digital eleva-
tion model and shaded relief map (Chrustek, 2005) have
shown abrupt depressions and steeply dipping slopes of lin-
ear arrangement. These are clearly visible in the southern
part of the Orava Basin. The steep slopes of the Oravska
Magura and Skorusina Mountains point to displacement in
the southern fringe of the Orava Basin. The region situated
in front of the Oravska Magura and Skorusina Mountains is
strongly depressed and resembles a downfaulted block. The
rectilinear contour pattern allows one to distinguish several
linear structures on a topographic map. Lineaments distin-
guished on the basis of digital elevation model tend to clus-
ter along W-E, SW-NE, NNW-SSE, and SSW-NNE
orientations. Morpholineamets detected on contour and
shaded relief maps, as well as on the 3D model coincide
with faults which are buried under sedimentary infill of the
Orava Basin.

The relationship between andesitic volcanism and
opening of the Orava Basin indicates a possibility of the rift-
ing thermal regime. Possible occurrence of volcanic bodies
under the basin infill has been indicated by magnetotelluric
surveys (Fig. 14).

Approximately 300 km SW of the Orava Basin, the
pull-apart Vienna Basin was opened during Badenian (Ser-
ravallian) time due to the activity of NE-SW-trending sinis-
tral, crustal faults (Royden e al., 1982). Structural setting of
the Orava Basin, however, is somewhat more complicated.
The Orava Neogene sediments cover all the major faults of
the Pieniny Klippen Belt and Magura Nappe, preventing
their direct recognition and study. The age of the oldest
sediments within the Orava Basin (Baumgart-Kotarba,
2001) is Late Badenian (Serravallian). The NNW-SSE
trending (at the present-day coordinates) strike-slip tear
faults in the Orava segment of the Outer Western Carpathi-
ans were reactivated during late Miocene times in an exten-
sional regime as normal faults. The depocenter of the Orava
Neogene is located in the Czarny Dunajec area, in the west-
ern part of the basin. It is hypothesized to have reflected sy-
norogenic sedimentation along an extensional border fault
of presumable N—S orientation. Later tectonic events seem
to have also reactivated the WSW-ENE to W-E trending
strike-slip and normal faults, producing the present-day
Orava-Nowy Targ Basin which is filled with Quaternary de-
posits resting on top of the Miocene—Pliocene strata.
Throughout the Late Miocene—Pleistocene time span, com-
plex tectonic processes occurred in the Orava Basin. The ex-
tensional period was followed by a compressional one. The
extensional regime led to subsidence in the Orava Basin. In
the western part of the basin, these processes were active in
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the Miocene, but the Pliocene compression caused uplift of
this area together with adjacent parts of the Magura Nappe
(Baumgart-Kotarba, 2001), while the zone of active subsi-
dence became shifted to the east. The most intensive subsi-
dence occurred during the late Pliocene and Pleistocene in
the northeastern part of the Orava Basin, where the
Wroblowka graben was formed. This graben is bordered by
normal faults (Pomianowski, 2003) and filled with thick
Quaternary sediments (Baumgart-Kotarba, 2001). The com-
pression hardly extended to this part of the Orava Basin
(Baumgart-Kotarba, 1992), while in the south the Domanski
Wierch, Podhale, and Pieniny Klippen Belt became up-
lifted, probably due to reactivation of the strike-slip fault
(Baumgart-Kotarba, 2001) which limits the southern part of
the Orava Basin and produces recent earthquakes.

According to Golonka (2003), a possible astenosphere
upwelling may have contributed to the origin of the Orava
Basin, which represents a kind of a rift modified by strike-
slip/pull-apart processes. In this way, a local extensional re-
gime must have operated on a local scale of the Orava re-
gion, within the frame of an overall compressional stress
field affecting the entire West Carpathians; a situation ap-
parently uncommon within the Alpine system of Europe, of
as yet not fully recognised impact on the orogen evolution
(Golonka & Lewandowski, eds., 2003).

As was mentioned above, many questions remain open.
We think that without additional direct geological data,
which can be achieved only by deep drilling under the
Orava Deep Drilling Project (International Continental
Deep Dirilling Program), these questions cannot be fully and
properly answered.

PODHALE THERMAL CONDITIONS

The terrestrial heat flow values amount to 55-60
mW/m?. In particular, these values have been determined at
55.6 mW/m> and 60.2 mW/m?® in Zakopane 1G-1 and
Banska IG-1 boreholes, respectively (Chowaniec & Kepin-
ska, 2003). The average geothermal gradient varies between
1.9 and 2.3°C/100 m. In some parts of the main geothermal
aquifer, positive thermal anomalies were detected: the tem-
peratures at depths of 2—-3 km amount to over 80-90°C, i.e.
markedly higher than those resulting from the geothermal
gradient (Fig. 6). Apart from heat convection within the aq-
uifer, this fact can be explained by an increased upflow of
heat and/or hotter fluids from the deeper part of the system
along discontinuity planes (Kepinska, 1997). In particular,
it refers to the northern part of the system which borders the
Pieniny Klippen Belt. The role of this zone in creating ther-
mal conditions of the Podhale system is certainly very im-
portant, but so far, insufficiently understood. The up-to-date
results of geophysical exploration have shown that the zero
induction anomaly is ascribed to it. This suggests the occur-
rence of geothermal fluids at great depths (6—16 km) and in-
creased upflow of heat and hot fluids (Jankowski et al.,
1982), as well as their inflow into the geothermal aquifers.
This supposition has been supported by the surface thermal
anomalies recorded on the tectonic contact between the
Podhale Basin and the Pieniny Klippen Belt, 2-3°C above
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the average background values (Pomianowski, 1988) (Fig.
6). Moreover, other surface studies of regional dislocation
zones in the Podhale area have shown them as a privileged
paths of increased heat transport (Kepinska, 1997). Since
some of them are still tectonically active, they can play im-
portant role in the discussed heat transport, too (Chowaniec
& Kepinska, 2003).

MAGNETOTELLURIC SURVEY

In the early 1960s, a first-order magnetotelluric (MT)
anomaly north of the Tatra Mts, running parallel to the Car-
pathian axis, was recognised (Jankowski, 1967). However,
the nature of this anomaly still remains a puzzle. Essen-
tially, two competing hypothesis do exist: the origin of MT
anomaly in the Carpathians has been related to the presence
of either graphite or mineralized waters at depth (Jankowski
et al., 1982, 1985, 1991; Zytko, 1997). Moreover, the con-
cept of a thick complex of silty-clayey sediments is consid-
ered as the source of the conductivity anomaly (Stanley,
1988; Czerwinski & Stefaniuk, 2001, Czerwinski et al.,
2002).

As a result of previous studies and an international MT
survey across the Tatra Mts employing combined magneto-
telluric and geomagnetic methods, the models of resistivity
distribution and deep lithosphere structure were obtained
(Lefeld & Jankowski, 1985; Ernst ef al., 1997; Bielik et al.,
2004). Due to strong man-made electromagnetic noise as
well as complex near-surface geology of the area, resulting
in strong disturbances of the telluric field, the western part
of the Polish Carpathians is not a favourable site for magne-
totelluric survey. Therefore, the available previous MT data
may be erroneous. Since 1997, the Geophysical Exploration
Company has been applying the MT-1 system, which en-
ables such problems to be avoided. The MT soundings were
conducted along a number of profiles in the western part of
the Polish Carpathians under The Project of Magnetotellu-
ric Survey in the Carpathians (Figs 12—15). Two profiles
(Figs 13, 15) crossed the Pieniny Klippen Belt and ended
near the northern margin of the Tatra Mts. Two other pro-
files reached the Pieniny Klippen Belt. Profile 6 (Fig. 14)
runs from the planned Orava Deep Drilling Project well site
near the Polish-Slovak border to Niepolomice east of
Krakow. Results of the interpretation of new MT sounding
data allowed the structural model of the Carpathian base-
ment in the deep front of the Pieniny Klippen Belt to be ob-
tained, as well as the relation between the Inner Carpathians
and Outer Carpathians to be recognised (Czerwinski & Ste-
faniuk, 2001; Czerwinski et al., 2002). The presence of a
low-resistivity complex beneath the Tatra Mts confirms an
allochthonous character of the Tatra massif (Ernst et al.,
1997). A block of high-resistivity rocks occurs in front of
the Pieniny Klippen Belt, probably representing an uplifted
part of the basement. However, it cannot be excluded that
the high resistivity of the medium is connected with mag-
matic intrusions.

The Carpathian conductivity distribution anomaly is
one of the best recognised conductivity anomalies in the
world (Jankowski & Praus, 2003). It was discovered as a
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second in Europe, after the North German-Polish anomaly.
Its discovery was based on the results of the so-called geo-
magnetic sounding, and later confirmed by magnetotelluric
sounding. The length of the anomaly is of the order of thou-
sands of kilometres. The distribution of magnetic induction
vectors for one-hour periods is very regular and can be ap-
proximated by a two-dimensional structure. The axis of the
anomaly, i.e., the line separating regions in which the vec-
tors have opposite directions, is very distinctly marked. This
line runs nearby the Pieniny Klippen Belt. In some places
the two lines overlap, but usually they are some tens of kilo-
metres apart. In practice, the geomagnetic measurements in
the Carpathians were carried out by geophysicists from the
countries in which the Carpathians are situated. Interpreta-
tions of various research groups exhibited considerable dif-
ferences. The models can be divided into two groups. The
first includes those models which assume the existence of a
few kilometres thick, near-surface layer of sedimentary
rocks, underlain by a highly-resistive rock complex bearing
very well-conducting rocks at a depth of some 30 km. The
other group contains models that explain the observed fea-
tures exclusively by the induction in that sedimentary rock
complex, in which the conductivity near the surface is
lower, and the highly-conductive rocks are situated at a
depth of the order of 7-17 km.

The well-conducting rock complex is composed of
graphitized or porous rocks filled-in with mineralized water.
Alternatively, shale complexes are regarded as a source of
the conductivity anomaly. In most cases, the resistivity of
clayey sediments is several Q2 m. Downhole data from a few
boreholes drilled in the eastern part of the Polish Carpathi-
ans have proven that resistivity of Lower Palaeozoic shales
falls in the same range (Czerwinski & Stefaniuk, 2001;
Czerwinski et al., 2002). It is likely that due to relatively
low heat flow in the northern Carpathians, the rocks have
not been metamorphosed (Stanley, 1989) and preserved
their high conductivity. In our opinion, the question which
of these hypotheses is more likely, remains open. We think
that without additional direct geological data, which can be
achieved only by deep drilling, this controversy cannot be
solved.

FAULTS AND BLOCK ROTATIONS

The Carpathian nappes are cut by several major faults
of different origin. Some of these faults are local, some form
huge systems more than one hundred kilometres long.
These systems affected all of the Outer Carpathian nappes,
the Pieniny Klippen Belt, and the Inner Carpathians (Figs 2,
16). According to Marko (2003), the WSW—ENE meso-
scale dextral strike-slip faults exist along the boundaries and
within the Pieniny Klippen Belt in Slovakia, documenting
the presence of dextral shearing between the Alcapa and
North European plate during the Early Miocene.

During the Early-Middle Miocene, the Outer Carpa-
thian nappes became fully detached from the basement and
thrust northwestward in the west and northward onto the
North European plate in the western part of the Polish Car-
pathians (Cieszkowski, 2003). The bearing of nappes and
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major structures is SW-NE in the western part (Moravia
and Slovakia), turning gradually eastwards into W—E (Go-
lonka, 1981). The major faults dissect nappes perpendicu-
larly and/or obliquely. The main faults are orientated N—S
and NNW-SSE, and originated mostly as strike-slip faults.
The age of some of these faults is younger than the forma-
tion of the Pieniny Klippen Belt. The major right-lateral
strike-slip faults displaced the PKB in the Zazriva area (Pot-
faj, 2003). This fault system extends northwards toward the
Zywiec tectonic window and the Carpathian border near
Bielsko-Biata, and divides the Silesian Nappe into the
present-day morphotectonic units — Beskid Slaski and Be-
skid Maty ranges (Golonka, 1981). Another major fault sys-
tem runs along the Skawa River. It displaces the Silesian
and Subsilesian Nappes as well as the Carpathian front in
the Wadowice area. Several faults are orientated NNW—
SSE, while others strike N—S and NW-SE in the Beskid
Zywiecki Mts, south of the Magura Nappe’s front. These
faults displace the thrust front of the Bystrica Unit. These
nappe and thrust displacements indicate that the age of the
faults is younger or contemporaneous to the main Badenian
(Serravallian) phase of formation of the Outer Carpathian
fold-and-thrust system.

Strike-slip motions led to rotation of blocks along the
faults planes. These rotations are especially well visible in
the Beskid Wysoki Mts, where the huge rigid bodies of
sandstones exist (Golonka, 1981). The Upper Eocene Ma-
gura (or Poprad, Kycera, Babia Gora in Slovakia) thick-
bedded sandstones are up to 1,500 m thick in the Babia Géra
and Pilsko mountains. The sandstones cap less competent
flysch rocks of the Late Cretaceous to Eocene age. These
rocks often form diapirs between the Magura (or Poprad,
Kycera, Babia Gora in Slovakia) sandstones that build the
rotated blocks. The Upper Cretaceous red Cebula shales
reach the surface in one of such diapiric slices which is situ-
ated southwest of the rotated sandstone block of the Pilsko
Mt. The so-called Sopotnia Mata Window also represents
part of the diapir related to a rotated block. The centre of the
diapir is built up of the Upper Cretaceous Cieszyn beds and
Palacogene Krosno beds representing the Silesian or Fore-
Magura units, originally situated below the Magura Nappe.
Strike-slip related block rotations are responsible for pa-
lacomagnetically detected changes in the Outer Carpathian
flysch. Marton (2003) recognised two phases with a total of
90° rotation in the western part of the Carpathians. The rota-
tions are also visible at the contact between the Inner and
Outer West Carpathians, both within the andesites (Marton
et al., 2004) and along faults that border the Orava Basin
(Baumgart-Kotarba et al., 2004).

CONTEMPORARY STRESS FIELD
OF THE WESTERN OUTER
CARPATHIANS AND THEIR BASEMENT
FROM BOREHOLE BREAKOUTS

The present-day stress has been investigated in the Pol-
ish part of the Outer Carpathians by means of borehole
breakout analysis. The main structural elements that play
dominant role in recent geodynamics of the Outer Carpathi-
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ans are the Alcapa tectonic block (Central Carpathians) and
the North European plate, which is covered in part by the
Carpathian accretionary wedge. The autochthonous base-
ment of the Outer Carpathians and the foreland plate is di-
vided into the Upper Silesian Massif and the Matopolska
Massif. Remnants of these massifs are believed to continue
southwards as far as the PKB suture. Considerable differ-
ences in stress distribution between the domains of the Up-
per Silesian and Matopolska massifs have been detected in
the Outer Carpathians.

The most prominent feature of the stress field in the Up-
per Silesian Massif domain is systematic, counterclockwise
SHmax rotation with increasing depth. Moderate and poor
quality data for the flysch nappes indicate the NNE-SSW
mean direction of Symax. Good quality data for the auto-
chthonous basement show remarkably different stress orien-
tation. Herein, Symax rotates from NNW-SSE to NW-SE in
the deepest well sections. A shift of stress direction across
the Carpathian floor thrust was directly documented only in
one borehole (Lachowice-7), where maximum range of
SHmax rotation from the nappes to the metamorphic base-
ment reaches 60°. Nevertheless, consistent stress rotation is
observed in most of the wells in the Upper Silesian Massif
domain. In the Matopolska Massif domain of the Outer Car-
pathians, stress direction is more stable. In the autochtho-
nous basement below the front of the orogen, Symax is lim-
ited to a narrow range of azimuths N0-20°E. Within the
flysch nappes, data of lower quality indicate SHmax distor-
tion from NNE-SSW in the central segment, to ENE-WSW
in the easternmost segment of the Outer Carpathians.

South of the PKB, scarce breakouts were found in one
borehole (PGP-2) only. These suggest the NNE-SSW direc-
tion of SHmax, Which is consistent with both the left-lateral
strike-slip motion along the Domanski Wierch fault (Baum-
gart-Kotarba, 2001), and recent direction of convergence
between the Central and Outer Carpathians (Hefty, 1998).

The hitherto collected data point to present-day com-
pressive reactivation of the Carpathians. The Alcapa block,
advancing towards the NNE, exerts thin-skinned compres-
sion in the flysch nappes of the Outer Carpathians. The Al-
capa push seems to involve also the autochthonous base-
ment of the Matopolska Massif domain, since analogous
SHmax orientations were documented under the front of ac-
cretionary wedge and in the foreland. Therefore, a resistive
contact between the Alcapa and Matopolska Massif can be
anticipated. On the contrary, the contact between overriding
and subducting plates in the Upper Silesian Massif segment
of the Outer Carpathians appears to be weak, as the Alcapa
push does not affect the basement. In this domain, Sgmax ro-
tations can be interpreted in terms of stress partitioning due
to interference of two stress generating factors, including:
the SE-orientated Mid-Atlantic ridge push that might propa-
gate from the Bohemian Massif to the basement of the Up-
per Silesian Massif, and the Alcapa push component that
governs stresses within the nappes. Accommodation of
left-lateral strike-slip along the SSW-NNE orientated fault
zones can also be taken into account.



THE ORAVA DEEP DRILLING PROJECT

NEOGENE TECTONIC EVOLUTION
OF THE NORTHERN CARPATHIANS

The dominant tectonic phase that affected the Outer
Carpathians took place in the Miocene. The Miocene tec-
tonic mobility occurred during the collision between the
overriding Alcapa block and the North European plate
(Cieszkowski, 2003). The boundary between these plates is
the Pieniny Klippen Belt. As a result of the intense Neogene
orogeny, the sedimentary infill of the Outer Carpathian ba-
sins became folded and detached from its substratum, and
several uprooted nappes were created reflecting the original
configuration of these basins. During folding and thrusting,
the main nappes were in part differentiated and subdivided
to smaller tectonic units. The Outer Carpathian nappes,
thrust one upon another, are all together overthrust onto the
North European plate. The Carpathian Foredeep was
formed in front of the steeply northward-advancing nappes
(Golonka & Lewandowski, eds., 2003).

Chattian—Burdigalian (Egerian—Early Karpatian)

This was the time of the major Alpine orogenic phase,
the formation of mountains in the Alpine-Carpathian area,
the Mediterranean, Central Asia and the Himalayas (Figs
17, 17a, 18). The morphostructural character of the Carpa-
thians is a product of Tertiary evolution, finished up by the
Neogene (Neoalpine) collisional events, which imprinted
the present-day shape to the Carpathian orogenic belt
(Golonka ef al., 2005; and references therein). Acceleration
of ocean floor spreading in the Atlantic Ocean was the en-
gine of the Alpine orogenesis and led to the convergence of
the Afro-Arabian lithospheric plate including its promon-
tory and the North European plate. The space between these
two megablocks where Apulia and Alcapa were located was
broken up into several translating and rotating microplates,
reflecting squeezing caused by northward propagation of
the African plate. Within the structure of the Carpathian tec-
togene, several typical distinct morphotectonic features can
be distinguished, such as: the arc-shaped orogenic belt, core
mountains alternating with intramontane basins, well-
developed Miocene volcanic arc, structures generated by
intra-orogen rotations, the Pieniny Klippen Belt (Andrusov,
1938) structure, fan-like structures and intra-orogen bend-
ing. All these phenomena are believed to be products of the
youngest, Neogene (Neoalpine) tectonic period. Faulting
played a tremendous role during the Neogene tectonic evo-
lution. The dense and regular fault network is one of the
characteristic features of the Carpathians. Brittle faults,
mainly strike-slip ones, in combination with other dynamic
tectonic boundaries allowed for propagation of individual
detached blocks to the realm of the future Carpathian region
(Fig. 18).

Convergence continued in the area between Africa and
Eurasia during the Chattian—Aquitanian time. The move-
ment of Corsica and Sardinia caused the plates to push east-
wards in the future, resulting in deformation of the Alpine-
Carpathian system. This deformation reached as far as the
Romanian Carpathians (Royden, 1988; Ellouz & Roca,
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1994) and continued throughout the Neogene. The Apulia
and the Alpine-Carpathian terranes were moving north-
wards, colliding with the European plate, until 17 Ma
(Decker & Peresson, 1996). The crust of the northward
propagating Apulia converged with that of the Bohemian
Massif. Terranes in-between Apulia and the stable Euro-
pean plate were extremely shortened and uplifted. For ex-
ample, the lowermost crystalline basement was exhumed in
the Tauern Window within the Eastern Alpine plate. The
eastward movement caused by the Sardinia-Corsica pushing
force was combined with the process of lateral extrusion
and gravitational spreading of the elastic Carpatho/Pan-
nonian crustal units to the east (Ratschbacher ef al., 1991,
1993). This so-called tectonic escape to the still free space
within the Carpatho/Pannonian realm was controlled by
strike-slip faults operating as border faults of crustal wedges
moving to the east (Fig. 1). The already consolidated
palaeo-mesoalpine structures were reworked during this
process. Within active strike-slip shear zones in the regime
of dextral transpression (Marko ef al., 1991; Golonka ef al.,
2005), Early Miocene wrench furrows were formed at the
western and eastern part of Slovakia (Vass, 1998). These
E-W trending narrow and long furrows led to the develop-
ment of basins filled up by poorly sorted and shortly trans-
ported sediments of the Eggenburgian—Early Karpatian age.
After basin formation, the dextral transpression within
strike-slip corridors was converted to a sinistral one, and the
basins rotated in the ENE-WSW direction. This rotation did
not exceed 15° in the counterclockwise direction.

The Apulia and Alpine-Carpathian terrane collision
with the European plate also caused the foreland to propa-
gate northward. The north to NNW-vergent thrust system of
the Eastern Alps was formed. Oblique collision between the
North European plate and the overriding Western Carpa-
thian terranes led to the development of the outer accretion-
ary wedge, as well as the formation of flysch nappes and the
foredeep (Kovac et al., 1993, 1998; Slqczka, 19964, b;
Oszczypko et al., 2005). These nappes were detached from
their original basement and thrust over the Palacozoic—Ter-
tiary deposits of the North European Platform (Figs 3, 4,
11). This process was completed in the Vienna Basin area
and then progressed northeastwards (Oszczypko, 1997,
Golonka et al., 2005; Oszczypko et al., 2005; Picha et al.,
2005). After the Late Oligocene folding, the Magura Nappe
was thrust northward in the direction of the terminal Krosno
flysch basin (Oszczypko, 1998). This synorogenic basin
with flysch sedimentation of the Krosno beds was formed
during the Oligocene as a continuation of the older Fore-
Magura (with the outer part of Magura), Dukla, Silesian-
Subsilesian, and Skole-Tarcau Outer Carpathian units. Ini-
tial folding in this zone also occurred.

During the Early Burdigalian, the front of the Magura
Nappe reached the southern part of the Silesian Basin (Fig.
17) (Oszczypko, 1998). This was followed by a progressive
northward migration of the axis of subsidence. During the
course of the Burdigalian transgression, part of the Magura
Basin was flooded and a narrow seaway connection with the
Vienna Basin via Orava was probably established (Poprawa
et al., 2002; Oszczypko et al., 2003). The thinned continen-
tal crust of the residual flysch basin was underthrust beneath
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Fig. 17. Palacoenvironment and lithofacies of the circum-Carpathian area during the Early Miocene (Chattian—Aquitanian); plates posi-
tion at 22 Ma (modified from Golonka ez al., 2000, 2003). Abbreviations: Bl — Balkan foldbelt, CF — Carpathian Foredeep, Du — Dukla Ba-
sin, EA — Eastern Alps, Hv — Helvetic shelf, IC — Inner Carpathians, In — Inacovce-Krichevo zone, MB — Molasse Basin, Mg — Magura
Basin, Mr — Marmarosh Massif, PB — Pannonian Basin, PKB — Pieniny Klippen Belt, Ps — Sub-Silesian Ridge and slope zone, RD —
Rheno-Danubian, SC — Silesian Ridge (Cordillera), Si — Silesian Basin, Sk — Skole Basin, Tc — Tarcau Basin, Ti — Tisa plate, Tl — Teleajen
Basin, Tr — Transylvanian Basin
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IDEALIZED MODEL OF DETACHED
CARPATHIAN BLOCKS KINEMATICS
DURING THE TERTIARY

v

VIIL

—» < direction of tectonic stresses
% direction of block movement

E normal fault BM - Bohemian massif
NEP - North European platform

F thrust fault OFC - Outer flysch Carpathians
PKB - Pieniny Klippen Belt

% strike - slip fault Al - Alpine VIIL
CA - Carpathian

,é roll - back thrust PA - Pannonian

Fig. 18. Idealized model of detached Carpathian blocks kinematics during the Palacogene and Neogene (after Golonka ez al., 2005)

the overriding Carpathian orogen. This underthrusting was  tinued overriding the Eurasian platform and caused flexural
connected with the intra-Burdigalian folding and uplift of  depression — a peripheral foreland basin related to the pro-
the Outer Carpathians. The formation of the West Carpa-  grading Carpathian front (Oszczypko, 1998). The thrust
thian thrusts was completed (Kova¢ et al, 1993, 1998;  front was still migrating eastwards in the Eastern Carpathi-
Slaczka, 1996a, b; Oszczypko, 1997). The Carpathians con-  ans.
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Fig. 19. Palacoenvironment and lithofacies of the circum-Carpathian area during the Middle Miocene (Burdigalian— Serravallian);
plates position at 14 Ma (modified from Golonka et al., 2000, 2005). Abbreviations: Ap — Apuseni, Bl — Balkan foldbelt, CF — Carpathian
Foredeep, EA — Eastern Alps, IC — Inner Carpathians, MB — Molasse Basin, Mr — Marmarosh Massif, PB — Pannonian Basin, Ti — Tisa
plate, T1 — Teleajen Basin, Tr — Transylvanian Basin, VB — Vienna Basin

Late Burdigalian—Langhian
(Late Karpatian—Early Badenian)

The northward movement of the Alpine segment of the
Carpathian-Alpine orogen was stopped due to a collision
with the Bohemian Massif (Figs 17-19). At the same time,
the extruded Carpatho/Pannonian units were pushed to the
open space, towards a bay of weak crust filled up by the
Outer Carpathian flysch sediments. The separation of the
Carpatho/Pannonian segment from the Alpine one and its
propagation to the north was related to the development of
N-S dextral strike-slip faults. These faults are known from
the Outer Carpathians and inferred for the basement of the
Vienna Basin below Neogene sediments (Krs & Roth, 1979;
Balla, 1987). The formation of a spectacular oroclinal loop
began at that time (Fig. 18). The loop has been traditionally
regarded as a ductile structure due to the bend shape of the
Alpine units. A gradual formation of the Carpathian loop
due to independent propagation of detached crustal seg-
ments to the Carpathian gulf, rimmed by the Bohemian Ma-
ssif, Tornquist-Teisseyre line and Moesia, is also possible.

The Carpathian segment of Alcapa moved to the north
during the Late Karpatian. The detached slab of the crust,

underneath the northward progressing continental Carpa-
tho/Pannonian blocks (Doglioni et al., 1991), was partially
melted and produced early volcanic activity of the Western
Carpathians. Distribution of sedimentation depocenters in
the Vienna Basin shows a dramatic change of the structural
plan during the Late Karpatian. Structural records indicate
the change of compression direction from N-S to
NNE-SSW, which resulted in a change of fault-controlled
sedimentation. The NE-SW-orientated basins overprinted
the older, E-W-trending ones. The NE-SW faults were ac-
tivated as dominant normal and sinistral strike-slip ones.
These faults controlled sedimentation in the Vienna Basin
and simultaneously allowed for northeastward escape of the
detached blocks after their collision with the platform to the
north. During the Late Karpatian, the first core mountains
with exhumed crystalline basement emerged, as indicated
by fission track ages (Kral, 1977; Kova¢ et al., 1994) and
the perifault debris sedimentation along the uplifted moun-
tains (Vass, 1998). The ENE-WSW orientated wrench cor-
ridor was active as a sinistral transtensional wrench zone.
The former Early Miocene wrench furrows were broken up,
and separated remnants were rotated approximately
30°—40° counterclockwise (Kova¢ & Tunyi, 1995). These
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rotations were coeval with those described in the area the
between the Carpathians and the Pannonian Basin (Pelso
unit; Marton & Fodor, 1995).

Serravallian (Badenian)-Recent

During the Badenian (Serravallian) time (Figs 18, 19),
the Vienna Basin was opened due to pull-apart activity of
major, NE-SW-orientated sinistral strike-slip faults (Roy-
den et al., 1982; Royden, 1985). The Badenian depocenters
showed a N-S trend due to normal faults which accommo-
dated large magnitudes of strike-slip translations. Neverthe-
less, the Badenian Vienna Basin had not all attributes of a
pull-apart basin. The western part of the basin lies over the
accretionary flysch wedge, somehow in a piggy-back posi-
tion, while the eastern part lies over the Alpine-Carpathian
units deformed during the Mesozoic time (internides). The
Vienna Basin displays some attributes of a fore-arc basin re-
lated to the Neogene volcanic arc.

The Carpathian foreland basin continued its develop-
ment partly on top of the thrust front, with mainly terrestrial
deposits forming the clastic wedge. This clastic wedge
along the Carpathians could be compared to the lower
fresh-water molasse of the Alpine Foreland Basin. During
the Serravallian, the marine transgression flooded the fore-
land basin and adjacent platform.

Crustal extension of the internal zone of the Alps
started in the Early Miocene, during the continued thrusting
(Decker & Peresson, 1996). While transtensional fore-arc
basins were formed at the northern edge of the Carpathian
internides, Early to Middle Miocene extension and back-arc
type rifting resulted in the formation of an intramontane
Pannonian Basin (Royden, 1988; Decker & Peresson,
1996). The formation of the Pannonian Basin is related to
thermal lithospheric stretching and volcanism provoked by
heat of the rising Pannonian astenolith, which was formed
in the Pannonian area.

According to palacomagnetic data, the last counter-
clockwise block rotations ceased in the western part of the
Western Carpathians in the Middle Badenian (Serravallian),
while the last rotations in the eastern part of the Western
Carpathians were recorded in the Tortonian (Sarmatian; Or-
licky, 1996). The NE-SW direction of compression and
movement of the Carpatho/Pannonian lithospheric blocks is
typical for the Serravallian time. During this period, a sub-
stantial part of volcanic activity had been accomplished and
the Carpatho-Pannonian volcanic arc was formed. A huge
bulk of volcanism was a result of the melting of subducted
oceanic/quasi-oceanic crustal slab, as well as further rising
of the astenolith in the Pannonian region (Pdoka, 1988; Lexa
et al., 1993). Crustal stretching due to astenospheric heat
was accommodated by extensional normal faulting (Tari et
al., 1992; Horvath & Cloething, 1996; Tari & Horvath,
2005), marking the advanced stage of development of
back-arc basins (Pannonian and Danube basins), under con-
ditions of thermal crustal extension.

After the Serravallian, the sea retreated from the Carpa-
thian peripheral foreland basin. This was followed by the
last overthrust of the Carpathians toward their present-day
position (Oszczypko, 1998). The Carpathian lithospheric
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block propagated to the east until the collision with the
East-European Platform around 9 Ma ago. This collision
produced a E-W compressional event (Decker & Peresson,
1996), which even affected such distal terranes as the West-
ern Carpathians (Fig. 18). The E-W normal faults were re-
activated within this stress period and controlled formation
of the E-W trending horst and depression morphostructures.
During the Tortonian—Gelasian time, the Carpathian thrust-
ing progressed east and southeastwards, showing a strong
element of translation (Royden, 1988; Ellouz & Roca, 1994;
Linzer, 1996; Golonka et al., 2005). The thrusting was com-
pleted during the Pliocene—Quaternary in the Moldavides in
Romania. The eastward progression of the orogen was re-
lated to the opening of the Tyrrhenian Sea (Golonka ef al.,
2000). The extrusion caused by the collision of Apulian
plate with Europe could have also played a role in the east-
ward movement of the orogen (Decker & Peresson, 1996).

The SW-NE direction of the compression and the
movement of the Carpatho/Pannonian lithospheric blocks is
typical for the Tortonian time. An active front of the orogen
was removed far from the Western Carpathian area. The
NE-SW compression was gradually inverted to extension.
The E-W extension was induced in the Carpathian realm
due to the westward movement of the subducting plate
(Royden et al., 1982; Doglioni et al., 1991) and related roll-
back effect. Numerous new N-S-orientated faults devel-
oped and many old strike-slip faults were reactivated as nor-
mal faults within this youngest tensional event. Normal
faults played a dominant role as sedimentation controlling
structures. These faults are the most numerous and con-
spicuous brittle features within the recent architecture of the
Western Carpathians.

Lacustrine modest sedimentation is typical for the Plio-
cene time. An important regional tectonic stress, generated
by the subduction/collision of large lithospheric plates
ceased. The Carpathian loop, including the Pieniny Klippen
Belt, was formed. Structural records within the Western
Carpathians and Pannonian area indicate that approximately
N-S (NNW-SSE) orientated compression affected the oro-
gen during the last period of the Carpathian evolution
(Csontos et al., 1991; Becker, 1993; HOk et al., 1995) and
survived until recent time. An analysis of focal mechanisms
of earthquakes in seismogenic fault zones supports interpre-
tation of such a recent compression.

CONCLUSIONS: THE PROPOSED
LOCATION OF THE ODDP DRILLING

A significant progress in the investigations of geody-
namics and plate tectonics of the Carpathian orogen was
achieved in the last years. This progress that was summa-
rized in the present paper enabled us to formulate new scien-
tific ideas and highlight problems that could be solved by
the scientific drilling. These questions and problems can be
grouped into several disciplinary topics, which combine
both regional and continental-scale issues. As was men-
tioned in the Introduction chapter, many questions remain
open. We think that without additional direct geological
data, which can be achieved only by deep drilling under the
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Orava Deep Drilling Project Well (International Continen-
tal Deep Drilling Program), these questions cannot be fully
and properly answered. The summary of nine topics listed at
the beginning of this paper is as follows:

TOPIC 1. Structural position of the Pieniny Klippen
Belt (PKB) within the Carpathian Fold Belt (CFB) and its
meaning for a reconstruction of the Cenozoic Alpine system
of Europe. The PKB, which is one of the most complicated
and enigmatic structures within the CFB is bounded by
probably first-order strike-slip faults both from the North
and the South. In-depth structure and geometry of the PKB
is unknown. In order to solve fundamental obstacles in the
reconstruction of CFB evolution, the following points need
to be addressed:

(1) structural relations between the PKB and adjacent
formations;

(2) nature of the contact zones, magnitude and relative
displacement between contacting units;

(3) models’ verification, identification of the subduc-
tion type (A or B), and direction within the CFB;

(4) geometry of the PKB suture at depth;

(5) total thickness of the Lower Miocene deposits in the
context of the evolution of the foreland basin;

(6) identification of the tectonic units under the Magura
nappe’s overthrust;

(7) palacogeographic disposition of the PKB Basin.

TOPIC 2. Relationship between geotectonic and geody-
namic setting and magmatogenesis. The Flysch Belt, adja-
cent to the PKB from the North (Fig. 2), contains also an-
desitic Neogene (Sarmatian) volcanic rocks, whose origin is
interpreted as a combined effect of the mantle uplift and
subduction processes. In effect, extensional regime is exer-
ted within generally compressional stress field, a situation
unique within the Alpine system of Europe, with yet not
fully recognised impact for the orogenic evolution. A tem-
poral and spatial definition of the igneous activity, together
with a precise geochemical and petrological characteriza-
tion of whole rocks and mineral phases is of fundamental
importance for solving the relative contribution of the as-
tenosphere and lithosphere to the magmatic products em-
placed during the Alpine orogenesis. Worth to note is the
presence in the study area of OIB-like (OIB = Ocean Island
Basalt) mantle melts with extreme geochemical and isotopic
features (e.g., extremely unradiogenic 873r/36sr coupled
with radiogenic PNd/*Nd and 2%°Pb/2%pb, and
208Pb/204Pb) among the Cenozoic European Volcanic Prov-
ince (CEVP) products.

TOPIC 3. Nature of the geophysical anomalies. Since
the late 1960s, a first-order magnetotelluric (M-T) anomaly
north of the Tatra Mts, running parallel to the Carpathian
axis, has been recognised. However, the nature of this
anomaly still remains a puzzle. Essentially, two competing
hypothesis do exist: the origin of M-T anomaly in the Car-
pathians has been related to the presence of either graphite
or mineralized waters at depth. The origin of the Carpathian
negative gravity anomaly, the axis of which is oblique with
respect to the PKB, is also unclear.

TOPIC 4. Geothermal issues. This topic has a signifi-
cant socio-economic implication and is closely related to the
TOPIC 3. If MT anomaly is caused by low-resistivity
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brines, then ODDP may turn out very important for the dis-
covery of new renewal energy resources.

TOPIC 5. Geodynamic reconstruction of the Meso-
zoic—Cenozoic basins. Particularly important are time and
tectonic contexts of the development of the CFB basins, fol-
lowed by palinspastic restoration and palacogeographic re-
constructions showing a provenance of these basins with re-
spect to other crustal blocks, currently incorporated into the
European Alpine fold belt. A better correlation of the main
structural units of the Western and Eastern Carpathians is
one of the main goals. Verification requires the occurrence
and age of the supposed oceanic floor in these basins to be
recognised. Controversial stratigraphic-facies themes (espe-
cially correlation of several flysch successions of the Outer
Carpathians), as well as relation of subduction processes to
the transform strike-slip movements need to be clarified.

TOPIC 6. Oil generation, migration and timing. 1denti-
fication of petroleum systems of the Western Carpathians
and their basement, and formulation of a general model for
the other oil and gas reservoirs in the thrustbelt setting is
scheduled. Rock magnetic and palacomagnetic studies may
help in dating of the hydrocarbon migration.

TOPIC 7. Regional heat-flow evolution. The border of
the European hotspot field is getting through the Carpathian
area. This border, together with the entire Central and West-
ern Europe, is marked by Neogene volcanism and high heat
flow. Within the Carpathians, the heat flow peak is now lo-
cated in the Pannonian Basin. Notwithstanding, the Neo-
gene volcanic rocks of the Transcarpathian Ukraine are
placed on the Alcapa plate, while the PKB andesites and the
Silesian basalts are located entirely within the European
plate and cut obliquely the Outer Carpathian nappes. This
distribution may point to the ancient position of the centre
of the heat flow anomaly: the shift towards the Pannonian
Basin could be due to the northerly drift of the European
plate, overriding a thermal anomaly. Palacotemperature in-
dicators within the CFB may help in solving this topic.

TOPIC 8. Identification and definition of the Ca-
domian-Hercynian basement structure of the Carpathians.
Palacogeographic reconstructions of the basement terranes,
reconstruction of the Hercynides during the circum-
Carpathian geodynamic evolution, and mutual relations of
the fore-Alpine terranes will be addressed in detail.

TOPIC 9. Palaeostress evolution and its changes in the
horizontal and vertical sections. Reconstruction of pa-
lacostress fields associated with the Western Carpathian de-
velopment, geodynamic and palinspastic reconstruction of
the Outer Western Carpathians and the Pieniny Klippen
Belt during the Miocene should be considered. The present-
day stress field changes in a vertical section throughout the
Outer Western Carpathians, and differences between sur-
face measurements, measurements in the flysch zone nappe
pile, and in the slopes of the European Platform are evident.

Based on the current stage of knowledge, if the base-
ment of the Alpine orogen is to be reached and the rocks re-
sponsible for MT anomaly would also be recognised, the
main drilling should reach 8,000 m. Tentatively, we pre-
sume that the ODDP should be located in the vicinity of
Chyzne village, near the Polish-Slovak border, to serve both
Polish and Slovak scientists and to utilize the international
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cooperation. It would be also situated along the CELEBRA-
TION 2000 deep seismic profile in the near vicinity of the
deep geological cross-sections Krakéw-Zakopane and
Andrychow-Chyzne, utilizing a series of the Polish Geo-
logical Institute and Polish Oil Industry wells.
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Streszczenie

PROBLEMATYKA GLEBOKIEGO WIERCENIA
NA ORAWIE A POPALEOGENSKA TEKTONIKA
KARPAT POLNOCNYCH

Jan Golonka, Pawel Aleksandrowski, Roman Aubrecht,
Jozef Chowaniec, Monika Chrustek, Marek Cieszkowski,
Radosiaw Florek, Aleksandra Gaweda, Marek Jarosinski,

Beata Kepinska, Michal Krobicki, Jerzy Lefeld, Marek
Lewandowski, Frantisek Marko, Marek Michalik, Nestor

Oszczypko, Frank Picha, Michal Potfaj, Ewa Slaby,
Andrzej Slaczka, Michal Stefaniuk, Alfred Uchman
& Andrzej Zelazniewicz

W grudniu 1999 Polska dotaczyta do programu wiercen kon-
tynentalnych — International Continental Scientific Drilling Pro-
gram (ICDP). W ramach tego programu jest przygotowywany
projekt glebokiego wiercenia w strefie kontaktu teranu Karpat
wewnetrznych i plyty pdtnocnoeuropejskiej. Praca przedstawia
zarys geologii Karpat na terenie Polski i Stowacji, ze szczegdlnym
uwzglednieniem Tatr, paleogenu wewnatrzkarpackiego, pienin-
skiego pasa skatkowego, zachodnich Karpat zewnetrznych, podto-
7a nasunigcia karpackiego na potudnie od Krakowa, neogenskiego
wulkanizmu i budowy geologicznej niecki orawskiej.

Wiercenie “Orawa” byloby usytuowane w rejonie Jabtonki-
Chyznego na linii przekroju sejsmicznego CELEBRATION
CELO1, jak rowniez w niedalekim sasiedztwie glebokiego prze-
kroju geologicznego Krakdw-Zakopane i na linii przekroju An-
drychow-Chyzne. Przekroje Krakow-Zakopane i Andrychow-
Chyzne wykorzystuja szereg wiercen Panstwowego Instytutu Geo-
logicznego i PGNIiG, a takze badania sejsmiczne i magnetote-
luryczne. Usytuowanie wiercenia w rejonie przygranicznym
pozwoli na migdzynarodowa wspodlprace z geologami i geofi-
zykami stowackimi.

Wiercenie to ma na celu wyjasnienie szeregu problemow ba-
dawczych. Jednym z nich jest zagadnienie mtodych i wspodtczes-
nych ruchow tektonicznych w Karpatach. Przez obszar karpacki
przebiega granica europejskiego pola plam goraca, wyznaczona
neogenskim wulkanizmem oraz rozktadem strumienia cieplnego.
Na obszarze pomigdzy Gérng Orawa a Goérnym Slaskiem, linia
graniczna taczaca neogenskie wulkanity Zakarpacia z andezytami
rejonu przypieninskiego i bazaltami Dolnego Slaska przecina
skosnie nasunigcia jednostek fliszowych Karpat Zewngtrznych.
Roéwnoczesnie w rejonie Orawy do pieninskiego pasa skatkowego
skosnie dochodzi o$ karpackiej, ujemnej anomalii grawimetrycz-
nej, a podloze skonsolidowane wystgpuje na glebokosci nie
wigkszej niz 6-9 km, a wigc w zasiggu glebokiego wiercenia, co
sugeruja wyniki badan megnetotellurycznych (Zytko, 1999) i ma-
gnetycznych. Podniesienie to, przy generalnym zapadaniu podloza
platformy europejskiej pod Karpaty ku potudniowi, moze by¢ spo-
wodowane warunkami geotermicznymi, na skutek podnoszenia si¢
astenosfery 1 wystgpowania pidropuszy plaszcza. Pidropusze te
moga by¢ niezalezne od karpackiej kompresji i subdukcji. Z pioro-
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puszami tymi laczy si¢ lokalna i regionalna ekstensja w warunkach
megaregionalnej kompresji. Zjawiska tego rodzaju nie sa jeszcze
doktadnie poznane, aczkolwiek wystepuja w kilku miejscach na
$wiecie (np. Panteleria na Morzu Srédziemnym). Opracowanie za-
gadnienia roli pidropuszy plaszcza i okreslenie ich relacji do
kolizji i subdukcji maja zasi¢g globalny, a ich wyjasnienie w re-
jonie karpackim pozwoli na stworzenie uniwersalnego modelu
ewolucji orogendw. Nie jest wykluczone, ze mamy do czynienia z
orogeneza “‘modyfikowana” przez pidropusz plaszcza.

Powstanie niecki Orawy i Podhala mogtoby wigc mie¢ zwia-
zek z riftingiem spowodowanym wpltywem pidropuszy plaszcza
na pograniczu dwdch plyt. Ryft ten jest obrzezony mi¢dzy innymi
wyniesieniami Babiej Gory i Orawskiej Magury. Z ryftem moze
by¢ zwiazany wulkanizm ukryty pod neogenskimi utworami
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niecki orawskiej, a widoczny jako wysokooporowe ciala na
profilach megnetotellurycznych. Tektonike tego obszaru kompli-
kuje wystgpowanie uskokdéw przesuwczych o réznym przebiegu i
orientacji i zwiazane z nimi tworzenie si¢ basenow migdzyprze-
suwczych typu pull-apart.

Proponowane wiercenie przyczyniloby si¢ do uzyskania
odpowiedzi na postawione wyzej problemy. Dla okreslenia
doktadnej lokalizacji wiercenia i jego wlasciwej interpretacji
geologicznej konieczne bedzie wykonanie dodatkowych prac geo-
fizycznych. Plytka sejsmika wyjasnitaby zasigg utwordw neogen-
skich i pozycj¢ pieniniskiego pasa skatkowego pod utworami
neogenu, zas$ glgboka sejsmika, a zwlaszcza zdjecie 3-D, przy-
czynitaby si¢ do lepszego rozpoznania tektoniki wglebne;.





