
Annales Societatis Geologorum Poloniae (2015), vol. 85: 43–76.

EVO LU TION OF LATE CRE TA CEOUS–PALAEOGENE
SYNOROGENIC BAS INS IN THE PIENINY KLIPPEN BELT

AND AD JA CENT ZONES (WEST ERN CARPATHIANS, SLOVAKIA):
TEC TONIC CON TROLS OVER A GROW ING OROGENIC WEDGE

Dušan PLAŠIENKA1 & Ján SOTÁK1,2

1 De part ment of Ge ol ogy and Palae on tol ogy, Fac ulty of Nat u ral Sci ences, Comenius Uni ver sity, Mlynská dol ina,
842 15 Bratislava, Slovakia; plasienka@fns.uniba.sk 

2 Geo log i cal In sti tute, Slo vak Acad emy of Sci ences, Ïumbierska 1, 974 01 Banská Bystrica, Slovakia; sotak@savbb.sk

Plašienka, D. & Soták, J., 2015. Evo lu tion of Late Cre ta ceous–Palaeo gene synorogenic bas ins in the Pieniny
Klippen Belt and ad ja cent zones (West ern Carpathians, Slovakia): tec tonic con trols over a grow ing orogenic wedge. 
Annales Societatis Geologorum Poloniae, 85: 43–76.

Ab stract: The Pieniny Klippen Belt and neigh bour ing zones of the West ern Carpathians rep re sent an an cient
accretionary wedge that de vel oped dur ing the meso-Alpidic (Coniacian–Eocene) tec tonic ep och. Af ter an over -
view of the ex ten sive lit er a ture data, the au thors pres ent an in ter pre ta tion of the synorogenic sed i men tary re cord of 
these zones as be ing re lated to var i ous en vi ron ments of the fore land ba sin sys tem con sist ing of the trench-foredeep 
and wedge-top depositional ar eas. The pe riph eral trench-foredeep depozones mi grated from the South Penninic-
Vahic oce anic realm to wards the Oravic con ti nen tal frag ment in an intra-Penninic po si tion, where the synorogenic 
de pos its were laid down with coars en ing- and thick en ing-up ward trends be fore be ing overthrust by the prop a -
gat ing orogenic wedge tip. The de vel op ment of wedge-top, pig gy back bas ins (Gosau Supergroup) was con trolled
by the dy nam ics of the un der ly ing wedge, com posed of fron tal el e ments of the Fatric and Hronic cover nappe
sys tems of the Cen tral West ern Carpathians (Austroalpine units). Sev eral compressional and extensional events
are doc u mented in the com plex sed i men tary and struc tural rock re cords within the wedge and re lated bas ins. The
suc ces sive transgressive-regressive depositional cy cles and cor re spond ing de for ma tion stages are in ter preted in
terms of a dy namic accretionary wedge that main tained the crit i cal taper only tran siently. The super criti cal taper
states are re flected in re gres sion, shallowing and ero sion in the wedge-top area, while the trench was sup plied with
large amounts of clastics by var i ous grav ity-flow types. On the other hand, the col lapse stages tend ing to
subcritical wedge taper are in di cated by wide spread ma rine trans gres sions or in gres sions in the wedge-top area
and a gen eral deep en ing of all bas ins to bathyal con di tions. Ac cord ingly, the evo lu tion of the en tire trench-fore-
deep and wedge-top ba sin sys tems was prin ci pally con trolled by the com plex in ter play of the re gional tec tonic
evo lu tion of the Al pine-Carpathian orogenic sys tem, lo cal wedge dy nam ics and eustatic sea-level fluc tu a tions.

Key words: West ern Carpathians, Oravic units, Gosau Supergroup, synorogenic sed i ments, palaeotectonic
in ter pre ta tion, geodynamic evo lu tion.
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IN TRO DUC TION

The West ern Carpathians evolved as a com plex colli-
sional orogenic sys tem, re lated to two su ture-like zones that
ex pe ri enced a long-term polystage struc tural his tory and ex -
ten sive short en ing, re sult ing in the su per po si tion and jux ta -
po si tion of units de rived from some times dis tant palaeo geo -
graphi cal set tings (e.g., Plašienka et al., 1997; Putiš et al.,
2009). Rem nants of ophiolite-bear ing mélanges and high-
pres sure units (Meliata-Bôrka nappes) that are thought to
rep re sent Up per Ju ras sic (Neo-Cim mer ian) subduction
com plexes re lated to the clo sure of the Neotethyan oce anic
branch oc cur in the south ern West ern Carpathian zones.
South of these oc cur rences, units with a South Al pine-Di-
naridic af fin ity, cur rently af fil i ated with the In ter nal West -

ern Carpathians (e.g., Froitzheim et al., 2008) ap pear.
North wards, the Cen tral West ern Carpathians are com posed 
of a Palaeo-Alpidic (Cre ta ceous) nappe stack of thick- and
thin-skinned thrust sheets that rep re sent an east ward con tin -
u a tion of the Austroalpine units of the East ern Alps (e.g.,
Schmid et al., 2008).

The Cen tral and Ex ter nal West ern Carpathians are sep -
a rated by a nar row, struc tur ally com plex zone as so ci ated
with the Pieniny Klippen Belt. North of it, the Ex ter nal Car-
pathians (Flysch Belt) rep re sent the “Ter tiary” (Eocene to
Lower Mio cene) accretionary com plex, com posed of nu -
mer ous thrust sheets of Cre ta ceous to Mio cene sed i men tary
com plexes, scraped off their orig i nal, mostly oce anic base -
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ment un der-rid den be low the Cen tral Carpathian thrust
stack (e.g., Oszczypko, 2006).

The formation of the Klippen Belt was ac com pa nied by
a va ri ety of com plex tec tonic pro cesses, which com menced
with the Late Cre ta ceous subduction of the Ligurian-Vahic
oce anic do main. Sub se quently to its clo sure, col li sion of the 
Cen tral Carpathian orogenic wedge with the Oravic rib bon
con ti nent, from which the typ i cal Klippen Belt sed i men tary
nappes were de tached and stacked, took place dur ing the
Early Palaeogene. This Meso-Alpidic ep och (Coniacian–
Lutetian), last ing about 50 Ma, was de ci sive for the shap ing
of not only the Klippen and Flysch belts, but also the ul ti -
mate tec tonic ed i fice of the en tire West ern Carpathians and
their cur rent po si tion in the Eu ro pean Alpidic moun tain sys -
tem. Fi nally, dur ing the Late Palaeogene and Early Mio -
cene, the Klippen Belt and re lated zones were ad di tion ally
nar rowed and transpressionally length ened up to their pres -
ent com plex form, while the Cen tral West ern Carpathians
ex pe ri enced ex ten sion and the for ma tion of new sed i men -
tary bas ins in a fore-arc po si tion.

In this pa per, the au thors mainly con sider the “Seno-
nian” (i.e., Up per Cre ta ceous from the Coniacian on ward)
and “Lower Palaeogene” (i.e., Paleocene to Mid dle Eocene) 
synorogenic sed i men tary com plexes of the Pieniny Klippen
belt and neigh bour ing units. The aim is to give an over view
of the pres ent geo log i cal knowl edge about these zones and
to for mu late an up dated evo lu tion ary tec tonic model for the
Meso-Alpidic ep och. In par tic u lar, the au thors show that
sed i ments of this age, pres ently jux ta posed in mu tu ally
com plex struc tural re la tion ships, were orig i nally dif fer ent
parts of the evolv ing syntectonic ba sin sys tem. The Oravic
and Vahic units were lo cated in a lower-plate po si tion and
their synorogenic sed i ments, typ i cally with coars en ing- and
thick en ing-up ward trends and with terrigenous clastic ma te -
rial de rived pre dom i nantly from the over rid ing thrust
sheets, were de pos ited in the pe riph eral trench-foredeep
type fur rows. On the other hand, the co eval wedge-top pig -
gy back bas ins, de vel oped on top of the accretionary wedge
of the up per plate tip, are rep re sented by Gosau-type bas ins
and ex hibit strong in flu ences im posed by the struc tural de -
vel op ment of the un der ly ing wedge.

GEO LOG I CAL SET TING

The Pieniny Klippen Belt (PKB1) is a struc tural zone,
only sev eral km wide, but up to 600 km long, shaped mainly
by Paleocene to Eocene thrust ing and by su per im posed Late 
Eocene–Early Mio cene wrench tec ton ics (Fig. 1). It sep a -
rates the Ce no zoic accretionary com plex of the Ex ter nal
West ern Carpathians (EWC – Flysch Belt) from the Cre ta -
ceous base ment/cover thrust stack of the Cen tral West ern
Carpathians (CWC – Austroalpine units). The PKB inclu-
des only Ju ras sic to Palaeogene sed i ments de tached from an 
un known, com pletely subducted sub stra tum. The PKB sed i -
men tary suc ces sions ex hibit very vari able li thol ogy and
com plex in ter nal struc ture. Dur ing long-term de tailed re -
search, nu mer ous lithostratigraphic and tec tonic units rep re -

sent ing dif fer ent and par tially un re lated palaeogeographic
set tings were dis tin guished. Jux ta po si tion of rock comple-
xes of orig i nally dis tant prov e nances, ex treme short en ing
and lat eral dis per sion within a very nar row zone in vokes to
con sider the PKB as a su ture, even though the ophiolite
complexes do not con trib ute to its pres ent sur face struc ture.
In gen eral, the PKB is of ten char ac ter ized as a block-in-ma -
trix struc ture, or megabreccia formed by iso lated blocks of
“klippen” com posed of com pe tent Mid dle Ju ras sic to Lower 
Cre ta ceous lime stones sur rounded in a soft ma trix of the
“klippen man tle”, con sist ing of Lower Ju ras sic and Up per
Cre ta ceous to Palaeogene shales, marls and flysch for ma -
tions. How ever, the orig i nal fold-and-thrust struc ture with
three su per im posed nappe units (see be low) are still readily
recognized lo cally, e.g. in the Pieniny Mts. (Birkenmajer,
1986; Plašienka and Mikuš, 2010). The most com pre hen -
sive over views of the PKB ge ol ogy of their times were com -
piled by Uhlig (1890, 1904, 1907), Andrusov (1938, 1968,
1974), Scheibner (1967), Ksi¹¿kiewicz (1977), Birkenma-
jer (1977, 1986) and Mišík (1997); re cently by Plašienka in
Froitzheim et al. (2008), Schlögl et al. (2008) and Plašienka 
(2010, 2012a).

At pres ent, two types of pre-Up per Eocene unit are dis -
tin guished within the PKB in a broader sense (PKB s.l.).
The nar row, com plex and in places dis con tin u ous north ern
strip is com posed of the PKB units in its strict sense (PKB
s.s. – Fig. 1). These were de rived from an in de pend ent pala-
eogeographic do main, known as the Pienidic or Pieninic
units in the older lit er a ture, but re named as the Oravic do -
main (Oravicum) by Mahe¾ (1986). The Oravic do main rep -
re sents an intra-oce anic (“intra-Penninic”), rifted con ti nen -
tal crustal frag ment, sep a rated by two branches of the Al -
pine At lan tic Ocean from the North Eu ro pean Plat form to
the north and the Austroalpine-Cen tral Carpathian realm to
the south. In the south, it was bounded by the Mid dle Ju ras -
sic–Cre ta ceous, South Penninic oce anic do main (Ligurian-
Piemont-Vahic-Iòaèovce, see be low), and from the north by 
the Ju ras sic? – Cre ta ceous – Palaeogene, North Penninic
oceanic zone (Valais-Rhenodanubian-Magura) – see e.g.,
Schmid et al. (2008, p. 12–13). The Oravic suc ces sions
were de pos ited in var i ous ma rine en vi ron ments on and in
the vi cin ity of an intra-oce anic con ti nen tal frag ment, known 
as the Czorsztyn Ridge. In mid-Cre ta ceous time, the Oravic
do main was partly over rid den from the south by the fron tal
el e ments of the CWC cover nappes, par tic u larly of suppo-
sed Fatric af fil i a tion (Drietoma, Manín, Klape units in the
west ern and the Haligovce Unit in the east ern PKB part; cf.
dis cus sion in Plašienka, 1995a, 2012a). The Fatric Super-
unit is a large-scale cover nappe sys tem, chiefly rep re sented 
by the Krížna Nappe in the CWC. This was de tached from a
wide basinal area, which was cre ated by Early Ju ras sic rift -
ing be tween the cur rent Tatric and Veporic thick-skinned
thrust sheets (cf. Prokešová et al., 2012 and ref er ences
therein). Pres ently, the fron tal Fatric units are ad ja cent to
the PKB s.s. and largely share its struc ture and de for ma tion
his tory. In for mally, they are also named the “non-Oravic
PKB units” to stress their pre-em place ment dif fer ences in
com po si tion and evo lu tion, com pared to the “true” Oravic,
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i.e., PKB s.s. units. The zone in the Mid dle Váh Val ley in
west ern Slovakia, where the “non-Oravic” units predomi-
nate, was dis tin guished as the “peri-Klippen zone” by Ma-
he¾ (1980). Both the proper (Oravic) PKB s.s. and the peri-
Klippen zone con sti tute the PKB s.l. (or Považie-Pieniny
Belt; Plašienka in Froitzheim et al., 2008), which is up to 20 
km wide in the Mid dle Váh Val ley (Figs 1A, 4).

Dur ing the lat est Cre ta ceous to Early–Middle Eocene
stack ing pe riod of the Oravic units, only the Ju ras sic and
younger for ma tions were de tached from their sub stra tum
that was underthrust be low the outer edge of the mid-Cre ta -
ceous stack of the CWC base ment and cover nappes. The
de coup led suc ces sions were then se quen tially thrust out -
wards in a piggy-back man ner and cre ated the orig i nal
Lower Palaeogene fold-and-thrust belt that was later thrust
over the rear parts of the de vel op ing EWC accretionary
wedge (Biele Karpaty and Magura units). In this back stop
po si tion, the PKB s.l. ex pe ri enced fur ther strong de for ma -
tion, in clud ing out-of-se quence thrust ing, transpression-
transtension, backthrusting and com plex block ro ta tions. As 
a re sult, the lo cally very com pli cated, tec toni cally in duced
block-in-ma trix struc ture orig i nated, which in places largely 
oblit er ated the orig i nal fold-thrust struc tures.

Within the PKB s.l., the Up per Cre ta ceous (“Seno-
nian”) and Palaeogene sed i ments oc cur in three con sid er -
ably dif fer ing de vel op ments and tec tonic po si tions: 1) Co-
niacian to Lower–Middle Eocene hemipelagites and syn-
orogenic clastics in the Oravic units of the PKB s.s. (Pú-
chov-Jarmuta Group in the sense of Mello, 2011) that com -
pose con tin u ous sed i men tary suc ces sions with un der ly ing
Ju ras sic through Cre ta ceous strata; 2) Coniacian to Mid dle

Eocene sed i ments, which cre ate a post-nappe cover, su per -
im posed on the fron tal el e ments of the Cen tral Carpathian
thin-skinned thrust sheets (Fatric and Hronic nappe sys -
tems) and are in cluded in the Gosau Supergroup; 3)
Bartonian to Oligocene strata rang ing up to Lower Mio cene
in places that mostly seal, or are par tially still in volved in
the com plex PKB struc tures.

Other Up per Cre ta ceous and Palaeogene sed i ments also
oc cur within bound ary zones ad ja cent to the PKB s.l on both
sides. From the outer side, these are de pos its of the Biele Kar- 
paty and Magura superunits of the EWC Flysch Belt (e.g.,
Potfaj, 1993; Stráník et al., 1997; Picha et al., 2006; Osz-
czypko and Oszczypko-Clowes, 2009). The EWC units are
not dealt with in de tail in the pres ent pa per, how ever. On the
in ner side in west ern Slovakia, Up per Cre ta ceous syn-oro-
genic de pos its oc cur in the Vahic Belice Unit as an in ter nal,
struc tur ally in de pend ent part of the South Penninic accretio-
nary com plex. In east ern Slovakia, a some what sim i lar struc -
tural po si tion is oc cu pied by the Iòaèovce-Krièevo Unit (Fig.
1B). These units are treated in more de tail be low. In all ar eas,
the Cen tral Carpathian Palaeogene Ba sin (CCPB, known also
as the Podhale Ba sin in Po land) rep re sents an over step ping
com plex that seals all the pre-Bartonian struc tures in the CWC.

UP PER CRE TA CEOUS AND LOWER
PALAEOGENE DE POS ITS OF THE VAHIC 

AND ORAVIC UNITS

The Vahic and Oravic units rep re sent the West ern Car-
pathian coun ter parts of the Al pine Up per and Mid dle Pen-
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Fig. 2. In te grated Up per Cre ta ceous to Lower Mio cene lithostratigraphy of the trench-foredeep bas ins of the West ern Carpathian
Penninic units and over step ping for ma tions.



ninic units, re spec tively (sensu Schmid et al., 2004). Al ter -
na tively, the Oravic units might be cor re lated with the Mar-
gna-Sesia alias Cervinia con ti nen tal frag ment lo cated
within the Ligurian-Piemont Ocean, which was rifted off
the Austroalpine mar gin (cf. Froitzheim et al., 2008; pp.
1157–1158) and is still a part of the Up per Penninic nappe
sys tem. The com mon char ac ter is tics of all these zones are:
1) Early Ju ras sic widespread rift ing and Mid dle Ju ras sic
breakup of the south ern branch of the Al pine At lan tic (Li-
gurian-Piemont-Tauern-Ybbsitz-Vahic oce anic tract), fol -
lowed by dis tinc tive Up per Ju ras sic pe lagic fa cies, such as
radiolarites and Maiolica-type lime stones; 2) con tin u ous
ma rine, deep-wa ter sed i men ta tion through out the Cretace-
ous; 3) com mence ment of the synorogenic clastic sed i men -
ta tion in the Late Cre ta ceous times – dur ing the Cenoma-
nian–Turonian–Coniacian in the in ner oce anic zones, and
dur ing the lat est Cre ta ceous–ear li est Palaeogene in the outer 
zones partly un der lain by at ten u ated con ti nen tal crust (the
Czorsztyn Ridge and its slopes); 4) Late Cre ta ceous to early
Palaeogene de vel op ment of the subduction-re lated accretio- 
nary wedge, com posed of sed i men tary units and in places
peels of ophiolites that had been de tached from the oce anic
crust and/or frag ments of con ti nen tal crust dur ing their
underthrusting be low the Cen tral Carpathian (Austroalpine) 
nappe stack.

Vahic (South Penninic) do mains

Dur ing the Late Ju ras sic and Cre ta ceous, the outer CWC
Tatric mar gin faced the east ern branch of the Ligurian-Pie-
mont oce anic realm named the Váh Ocean in the Carpathians
(Mahe¾, 1981). As was in ferred by Plašienka (Plašienka et
al., 1994, 1995; Plašienka, 1995a, b, c, 2012a), the Vahic
oce anic do main is rep re sented by the Belice Unit oc cur ring
in the Považský Inovec Mts. in west ern Slovakia, some 10
km SE of the sur face ex po sures of the PKB (Fig. 1A). The
onset of short en ing in the Belice trench ba sin and subduc-
tion of the Vahic litho sphere is re corded in the synorogenic
clastic sed i men ta tion that started dur ing the Coniacian–San- 
tonian (Kullmanová and Gašpariková, 1982). Up per Cre ta -
ceous clastics were de pos ited in front of the con ver gent
Tatric mar gin and were later scraped off their underthrust
sub stra tum, piled up in an accretionary com plex and over -
rid den by the Tatric (Infratatric) Inovec base ment nappe.

The Belice Unit is com posed of two for ma tions. The
Oxfordian–Lower Cre ta ceous eupelagic Lazy Fm (radiola-
rites, Maiolica lime stones and Palombini-type shales) is
over lain by the Horné Belice Fm (Fig. 2), which is hun dreds 
of metres thick Coniacian–Campanian se quence of deep-
ma rine clastics (Plašienka et al., 1994; Plašienka, 1995c).
The lower, Coniacian–Santonian part con sists of thin-bed -
ded dis tal cal car e ous turbidites and thick-bed ded sand -
stones with lenses of polymictic con glom er ates, de pos ited
in the mid dle and outer parts of a sub ma rine turbidite fan
fed from sources on its in ner – CWC mar gin (Plašienka et
al., 1994). The up per, Campanian to pos si bly Lower Maas-
trichtian se quence com prises pur ple-red marly shales,
green ish-grey cal car e ous sand stones, peb bly mudflows and
olistolith-bear ing cha otic brec cia bod ies, com posed dom i -
nantly of ma te rial de rived from the over ly ing Infratatric

Inovec Nappe. These sed i ments rep re sent typ i cal prox i mal
turbidites with brec cia de bris flows de pos ited along a
trench-slope hinge (Marschalko in Plašienka et al., 1994).
Sed i ments of the Belice Unit were af fected by very low- to
low-grade meta mor phism and by sev eral pen e tra tive de for -
ma tion stages re cord ing pro cesses of thrust ing-re lated bu-
rial and sub se quent ex hu ma tion, sup pos edly within a grow -
ing accretionary wedge (Plašienka, 1995c; Korikovsky et
al., 1997; Putiš et al., 2008, 2009).

One of the pos si ble subsurface ex ten sions of the Vahic
units in west ern Slovakia was en coun tered by the SBM-1
Soblahov bore hole, which pen e trated a sed i men tary com -
plex of un known prov e nance be low the Manín (or Belá-Vy- 
soká) Nappe near the town of Trenèín (see Kullmanová,
1978; Mahe¾, 1985). This un spec i fied unit is sev eral hun -
dred metres thick and in cludes a strongly imbricated com -
plex of dark, slightly meta mor phosed shales of Ju ras sic to
Lower Cre ta ceous age, with lay ers of brec cias, con glom er -
ates, sand stones and lime stones, which are in ter ca lated with
slices of Up per Cre ta ceous globotruncanid-bear ing var ie -
gated marls. The bore hole was lo cated about 10 km NE of
the sur face ex po sures of the Belice Unit. The strata pen e -
trated by it can be partly cor re lated with the unit with re gard
to age and li thol ogy. This in di cates that the fron tal Fatric el -
e ments moved far north ward, prob a bly out-of-se quence in
part, be yond the north ern Tatric edge in that area (Plašien-
ka, 1995a, b).

The east ern Slovakian an a logue of the South Penninic-
Vahic com plexes is the Iòaèovce-(Krièevo) Unit (Soták et
al., 1993, 1994; Plašienka et al., 1995), which was pen e -
trated by sev eral deep bore holes in the pre-Mio cene base -
ment of the East Slovakian Neo gene Ba sin. The Iòaèovce
Unit was most com pre hen sively char ac ter ized in the pa per
by Soták et al. (2005). In ear lier pub li ca tions, it was var i -
ously named as the Pozdišovce-Iòaèovce, Iòaèovce-Kri-
chevo, or only Krichevo (Krièevo, de fined from the Ukrai -
nian ter ri tory) Unit (e.g., Kruglov, 1971; Slávik, 1976; Svi-
ridenko, 1976; Leško and Varga, 1980; Grecula et al., 1981; 
Ïurica, 1982; Soták et al., 1993, 1994, 2000), com bin ing
var i ous com plexes oc cur ring only in the subsurface base -
ment of the Transcarpathian De pres sion at the bound ary of
the West ern and East ern Carpathians. Since these com -
plexes are known only from lim ited bore hole data, there are
still great un cer tain ties about their com po si tion and mu tual
re la tion ships. At pres ent, only the Iòaèovce Unit ap pears to
be sat is fac to rily de fined in terms of its lithostratigraphy,
metamorphism and de for ma tion struc tures.

Ac cord ing to Soták et al. (2005), the Iòaèovce metase-
dimentary com plexes con sist of sev eral lithostratigraphic
units late Palaeozoic (?) to Eocene in age (Fig. 2). Dark grey 
phyllitic slates, arcosic sand stones and oc ca sional car bon -
ates are pos si bly of Perm ian age (Planderová and Slávik,
1977; Pozdišovce Fm – Soták et al., 2005), while light crys -
tal line lime stones with foraminifers and var ie gated phyllites 
of the “Quartenschiefer” type rep re sent the Tri as sic (Soták
et al., 1994; Bunkovce Fm – Soták et al., 2005). This lower
com plex might rep re sent an an a logue of the de tached Mid -
dle Penninic nappes of the Alps (Schmid et al., 2004). The
up per com plex, prob a bly Ju ras sic to Cre ta ceous, in cludes
dark metapelites, greenschists, cal car e ous and gra phitic
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phyllites of the “Bündnerschiefer” af fin ity (Iòaèovce and
Rebrín fms – Soták et al., 2005). Metapelites and sandsto-
nes with Mid dle Eocene num mu lites are the youn gest strati- 
graph i cally de ter mined rocks (Soták et al., 1993, 1994;
Nacina Ves and Lesné fms – Soták et al., 2005). Bod ies of
serpentinites oc cur in the up per parts of sev eral bore holes,
oc ca sion ally amyg da loid al metabasalts and hyaloclastites
also were drilled.

All rock com plexes of the Iòaèovce Unit were af fected
by low-grade meta mor phic over print and pen e tra tive duc -
tile de for ma tion. The peak meta mor phic con di tions of
500–700 MPa and 350–400°C were reached ap prox i mately
30 Ma ago, as in di cated by K-Ar dat ing of illite con cen -
trates (Biroò et al., 2000b; Soták et al., 2000, 2005). The
cool ing and ex hu ma tion-re lated zir con fis sion-track dat ing
pro vided ages of around 20 Ma. The struc tural evo lu tion
pro gressed from underthrusting and tec tonic burial re corded 
by pen e tra tive, bed ding-par al lel meta mor phic fo li a tion and
min ute intrafolial iso cli nal folds, superposed by layer-par al -
lel short en ing with de vel op ment of crenulation up to trans -
po si tion cleav age and high-strain, non-co ax ial shear zones.
The ex hu ma tion pro cess is doc u mented as pro gres sively
more brit tle struc tures, such as kink folds, extensional shear
bands, nor mal faults, min er al ized veins, frac tures and cata-
clastic zones (Soták et al., 2000, 2005). This tectono-meta -
mor phic evo lu tion was in ter preted in terms of subduction-
re lated underplating of the Iòaèovce Unit be low the outer
mar gin of the CWC block dur ing the Late Eocene and its
ex hu ma tion from depths of be low 15 km by the core-com -
plex-style extensional unroofing dur ing the Early–Middle
Miocene, si mul ta neously with the open ing and sub si dence
of the east ern Slovakian part of the Neo gene Transcarpa-
thian Ba sin (Soták et al., 2000, 2005).

The Krièevo (Krichevo) Unit, which is known from deep 
bore holes that reached the pre-Neo gene sub stra tum of the
Ukrai nian part of the Transcarpathian Ba sin, shows some dif -
fer ent char ac ter is tics com pared to the Iòaèovce Unit, par tic u -
larly the miss ing meta mor phic over print and ultra mafic bod -
ies, and pres ence of macrofossils (e.g., Ju ras sic ammonites).
For this rea son, Soták et al. (2005) pro posed to dif fer en ti ate
be tween the Iòaèovce and Krièevo units. Both might rep re -
sent the same depositional realm, but their sub se quent tec-
tono-meta mor phic his tory was di verse. Ac cord ing to Sviri-
denko (1976), the Krièevo zone com prises (Fig. 2): 1) Tri as -
sic car bon ates, var ie gated shales, sand stones and mafic
volcanites; 2) Ju ras sic fossiliferous marlstones and crinoidal
lime stones; 3) Cre ta ceous, up to 1,000 metres thick com plex
of dark shales, marls and lime stones with sub or di nate in ter -
ca la tions of sand stones and siltstones and also with pas -
sages of var ie gates shales and marls (Krièevo and Romano
fms); 4) cal car e ous shales, siltstones, sand stones and gra-
velites with Mid dle Eocene num mu lites (Dulovo Fm); 5)
var ie gated claystones, siltstones, sand stones and tuffite in -
ter ca la tions (Mid dle–Up per Eocene Bajlovo Fm); and 6)
Lower Oligocene menilite-type black shales and sand stones 
(Lazovo Fm). How ever, af fil i a tion of the Tri as sic and Ju ras -
sic rocks to the same unit as the Cre ta ceous and Palaeogene
strata is ques tion able in this strongly imbricated zone that is
prob a bly com posed of sev eral units with dif fer ent palaeo-
geo graphic and tec tonic af fil i a tions.

It was in ferred that the Iòaèovce, Krièevo and re lated
units con tinue from the subsurface of the Transcarpathian
Depression to the Pannonian Ba sin base ment along the
Mid-Hun gar ian (Zagreb-Zemplín) fault zone via the Szolnok
Unit up to the Dinaridic Sava Zone (Schmid et al., 2008).

Oravic (intra-Penninic) do main

At pres ent, three large-scale thrust units are dis tin -
guished within the PKB s.s. (Oravicum) from bot tom to top:
the Šariš, Subpieniny and Pieniny nappes. They in clude sev -
eral lo cal sub units and/or suc ces sions (e.g., Plašienka,
2012a). The in ner most Pieniny Nappe (the terms Pieniny and 
Subpieniny are used in sense of Uhlig, 1907) was de rived
from a basinal area to the south of the Czorsztyn Ridge. It
con tains sev eral Ju ras sic–Cre ta ceous, slightly dif fer ing suc -
ces sions (Pieniny s.s., Kysuca, Branisko, pos si bly also Nižná
– e.g., Andrusov, 1938, 1974; Birkenmajer, 1977, 1986;
Józsa and Aubrecht, 2008), dom i nated by deep-wa ter pela-
gic strata and ter mi nated by Turonian–Santonian sandy tur-
bidites and con glom er ates com posed of partly “ex otic” ma te -
rial (Snežnica and Sromowce for ma tions; Figs 2, 6A). This
coars en ing-up ward synorogenic se quence de vel oped in the
fore ground of the Fatric Klape Nappe, which pro vided the
ma jor ity of the clastic ma te rial, in clud ing the “ex otic” com -
po nents. As in ferred by Plašienka (1995a, 2012a), the ex otic
ma te rial was most prob a bly resedimented from the mid-Cre -
ta ceous, Upohlav-type con glom er ates of the Klape Unit.

The Pieniny Nappe overthrusts the Subpieniny Unit,
which was de rived from the Czorsztyn Ridge and its south -
ern slopes and in cludes sev eral suc ces sions. In ad di tion to
the most typ i cal Czorsztyn suc ces sion, char ac ter ized by
com par a tively shal low-ma rine Mid dle Ju ras sic to Lower
Cretaceous strata in ter rupted by sev eral gaps, it in cludes
also some slope-de rived, “tran si tional” suc ces sions with
mixed fea tures of the Czorsztyn and Pieniny-type suc ces -
sions (Niedzica, Pruské, Czertezik). The Up per Cre ta ceous
strata are mainly com posed of red pe lagic Globotruncana
marlstones of the couches rouges fa cies, known un der the
in for mal term “Púchov marls” in the PKB (Stur, 1860).
Synsedimentary sub ma rine lava flows of within-plate al ka -
line bas alts doc u ment the pro tracted extensional tec tonic re -
gime in the Czorsztyn swell area dur ing the Late Cre ta ceous 
(Buèová et al., 2010; Spišiak et al., 2011), while the on set
of con ver gence is her alded by the Jarmuta Fm, the Maas-
trichtian (up to Danian?) se quence of cal car e ous turbidites
(Fig. 2). The up per part of the Jarmuta Fm in cludes bod ies
of cha otic brec cias, the Gregorianka Brec cia Mem ber
(Nemèok et al., 1989; re de fined by Plašienka and Mikuš,
2010) in the east ern PKB and the Záskalie Brec cia (Mar-
schalko et al., 1979) in the Orava re gion. The brec cias are
com posed of ma te rial de rived ex clu sively from the over rid -
ing Pieniny Nappe (Fig. 6C). 

The outer- and low er most Oravic el e ment of the PKB is 
the Šariš Unit. It was dif fer en ti ated only re cently (Plašienka
and Mikuš, 2010; Plašienka et al., 2012; Plašienka, 2012a)
as strongly dis mem bered Lower Ju ras sic to Mid dle Eocene
sed i men tary com plexes that for merly were col lec tively as -
signed ei ther to the “klippen man tle”, or to the in ner most el -
e ments of the Magura Superunit in east ern Slovakia. The
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term Šariš Unit uni fies sev eral lo cally de fined el e ments of
hith erto un clear af fil i a tion: the “Kopanice fa cies” (Picha et
al., 2006) and Fodorka Unit (Salaj, 1995) in west ern
Slovakia, the Grajcarek (Birkenmajer, 1970, 1977, 1986)
and/or Hulina Unit (Sikora, 1974) in the Pol ish PKB and the 
Fak¾ovka Unit in the Slovakian Pieniny Mts. (Oszczypko et 
al., 2010). Fur ther east (the Šariš sec tor of the PKB), the
north ern strip of the PKB is built of Paleocene to Lower
Eocene cal car e ous turbiditic sand stones, which were in the
past re ferred to as the “cal car e ous Magura fa cies” (Matìjka, 
1959), or the Kyjov and Lackovec “se ries” with close re la -
tion ships to the Magura Unit (Pesl and Menèík, 1959;
Stráník, 1965, 1967), united as the “Zemplín Belt” by An-
drusov (1965) and as signed by him to the Magura Unit. On
the other hand, Leško (1960) con sid ered this unit as an in de -
pend ent el e ment of the PKB (“Inovce de vel op ment”), com -
posed mainly of cal car e ous sand stones of the Proè Fm
(Leško and Sam uel, 1968). Later Nemèok (1980; Nemèok
et al., 1989) uni fied the Palaeogene Proè Fm with the litho-
log i cally iden ti cal Maastrichtian Jarmuta Fm, both form ing
the klippen ma trix, and con sid ered the en tire PKB to rep re -
sent a gi gan tic olistostrome with all klippen as olistolites.
Re cently, Plašienka and Mikuš (2010) and Plašienka et al.
(2012) doc u mented the struc tural in de pend ence of the Proè
and as so ci ated for ma tions and de fined the en tire Ju ras sic to
Palaeogene suc ces sion as the Šariš Unit, which is the third
first-or der Oravic tec tonic unit of the PKB.

All these units are char ac ter ized by their most typ i cal
el e ment, the Maastrichtian? – Paleocene – Lower/Mid dle
Eocene Proè Fm (Leško, 1960), which is united with the
Jarmuta Fm in Po land. The Proè Fm is com posed of cal car e -
ous turbidites, slide bod ies and mass-flow brec cias (Milpoš
Brec cia Mb – Plašienka & Mikuš, 2010), con tain ing ma te -
rial that prin ci pally orig i nated from the over rid ing Subpie-
niny Nappe (Fig. 6E). More over, nu mer ous klippen rest ing
within the brec cias and sand stones of the Proè Fm are sed i -
men tary olistoliths. Be sides these syn-orogenic clastics, the
Šariš Unit in cludes a more-or-less con tin u ous, but strongly
con densed and dis mem bered Ju ras sic to Cre ta ceous deep-
wa ter pe lagic suc ces sion (Fig. 2). These for ma tions were
fre quently de pos ited be low the CCD, for ex am ple, as were
the Ju ras sic radiolarites and Up per Cre ta ceous red pe lagic
shales (CORB) of the Malinowa Fm con tain ing, ex clu sively 
ag glu ti nated foraminifers (DWAF). Ac cord ing to Kruglov
(1971, 1974), the Vu¾chovèik (Vulkhovchik) Fm is an east -
ward an a logue of the Proè Fm in the Ukrai nian PKB.

In sum mary, the sed i men tary re cords of the ter mi nal
synorogenic for ma tions in the Oravic units in di cate their se -
quen tial thrust ing: first, around the Cre ta ceous/Palaeogene
bound ary, the Pieniny Unit over rode the Jarmuta ba sin of
the Subpieniny Unit that was in turn thrust over the Proè ba -
sin of the later Šariš Unit dur ing the Paleocene–Early Eo-
cene. Sub se quently the Šariš Unit overthrust the in ter nal
zones of the Magura Superunit, along with all over ly ing el e -
ments. In this per spec tive, the pro gres sively out ward
younging syn-orogenic clastic for ma tions rep re sent the mi -
grat ing pe riph eral foredeep bas ins, with coars en ing-up ward 
trends that were fed by ma te rial de rived from the ad vanc ing
fronts of the over rid ing nappes. There fore the ages of these
sed i ments are con sid ered as in dic a tive of the tim ing of the

thrust ing events and their prop a ga tion within the Oravic
Nappe stack of the PKB.

GOSAU-TYPE BAS INS IN THE WEST ERN
CARPATHIANS

The Gosau bas ins, filled with Up per Cre ta ceous to mid- 
Palaeogene de pos its (Gosau Group or Supergroup), were
de fined in the North ern Cal car e ous Alps (NCA) as a ba sin
sys tem de vel op ing on top of the “pre-Gosauian”, eo-Al pine
Bajuvaric-Tyrolic-Juvavic nappe sys tem, com posed mainly
of Me so zoic car bon ates (e.g., Faupl et al., 1987; Wagreich
and Faupl, 1994). At pres ent, the Gosau sed i ments oc cur in
synform struc tures, in ter preted ei ther as in verted extensio-
nal grabens con trolled by subcrustal ero sion due to the un -
derthrust ing of top o graphic el e va tions car ried by the sub-
duct ed Penninic oce anic litho sphere, possibly the mid-oce -
anic ridge (Wagreich, 1995), a Tauern con ti nen tal frag ment
(Kázmér et al., 2003), or in the west ern NCA as syn-thrust -
ing, pig gy back growth bas ins (Ortner, 2001). In gen eral, the 
sed i men tary fill of the Gosau bas ins was dif fer en ti ated into
the Lower Gosau Sub group (Late Turonian–ear li est Cam-
panian), com posed of ter res trial car bon ate con glom er ates
and nearshore sand stones and marlstones. Af ter an erosio-
nal intra-Gosauian un con formity, the Up per Gosau Sub -
group in cludes Campanian to Lutetian deep-sea, hemipela-
gic and cal car e ous turbiditic de pos its, lo cally in clud ing
reef-de rived debrites (Faupl et al., 1987; Wagreich, 2001).
In the east ern NCA part, these sed i ments oc cupy sev eral
syn clines, partly dif fer ing in evo lu tion (Giesshübl, Glinzen- 
dorf and Grünbach syn clines from N to S). To wards the
east, the NCA nappes and the Gosau syn clines con tinue into 
the subcrop of the Neo gene Vi enna Ba sin (e.g., Wessely,
1992) and re ap pear again on the sur face in the north ern part
of the Malé Karpaty Mts. (e.g., Salaj and Priechodská,
1987; Wagreich and Marschalko, 1995). Fur ther east ward,
scat tered oc cur rences of Coniacian–Eocene for ma tions can
be traced along the south ern bound ary of the PKB in the
Mid dle Váh Val ley in west ern Slovakia, in south ern Po land
and also in the east ern Slovakian PKB sec tor, in a belt that is 
of ten re ferred to as the “peri-Klippen zone”.

These Gosau com plexes, which are re lated to the Up per 
Austroalpine cover nappe sys tems of the NCA (Bajuvaric-
Tyrolic-Juvavic) and outer CWC zones (Fatric-Hronic), are
some times re ferred to as the ex ter nal Gosau bas ins (e.g.,
Willingshofer et al., 1999). In con trast, the in ter nal, or Cen -
tral Al pine Gosau bas ins (Wagreich and Faupl, 1994), oc cur 
in the in ner zones of the East ern Alps un der lain by crys tal -
line base ment units (Kainach and Krappfeld bas ins). These
bas ins ex hibit a short, but in tense sub si dence dur ing the
Campanian, which was co eval with the cool ing ages and ex -
hu ma tion of ad ja cent meta mor phic domes by orogen-par al -
lel ex ten sion in sinistral-wrench cor ri dors (Neubauer et al.,
1995; Willingshofer et al., 1999). Thus the or i gin of the
Cen tral Al pine Gosau bas ins was re lated to the extensional
col lapse of the Austroalpine litho sphere, overthickened as a
re sult of the mid-Cre ta ceous thrust ing.

In the West ern Carpathians, rem nants of the in ter nal
Gosau sed i ments are re lated to the high est, Silicic cover
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nappe sys tem of the in ner CWC zones (Vepor-Gemer Belt
and the Slo vak Karst Mts. – cf. Fig. 1B). These are mostly
car bon ate con glom er ates and brec cias, fresh wa ter lime stones 
with coal seams, and terrigenous clastics fill ing the karst cav -
i ties. The larg est pre served ex po sure, near the Dobšiná Ice
Cave, in cludes also ma rine sed i ments, Campanian rudist-
bear ing bioherms and globotruncanids-bear ing var ie gated
marlstones (e.g., Havrila in Mello, 2000). How ever, some
other small rem nants of the Senonian de pos its, scat tered
within the CWC, are in di ca tions of the orig i nal greater ex tent
of the in ter nal Gosau bas ins (see Mišík, 1978). These oc cur -
rences were prob a bly con tin u ous with the Up per Cre ta ceous
Gosau-type de pos its in the Hun gar ian Transdanubian Range
and Uppony Mts. of the In ter nal West ern Carpathians (e.g.,
Wagreich and Siegl-Farkas, 1999; Haas, 2012), but these are
be yond the scope of the pres ent pa per.

Malé Karpaty Moun tains

The most com plete West ern Carpathian Gosau comple- 
xes are pre served in the north ern Malé Karpaty Mts. (Fig.
1A). On the ba sis of some dif fer ences in lithostratigraphy,
sev eral Up per Cre ta ceous and Palaeogene suc ces sions have
been dis tin guished there (Sam uel et al., 1980; Salaj and Be -
gan, 1983; Salaj, 1987; Salaj and Priechodská, 1987; Salaj
and Michalík, 2000). The gen eral di vi sion in cludes two
main lithostratigraphic units, the Coniacian–Maastrichtian
Brezová Group and the Paleocene–Eocene Myjava Group
(Fig. 3). In its south ern part, the Brezová Group rests tran-
gressively on the Tri as sic car bon ates of the Hronic super-
unit. Over lap ping some rem nants of pre-transgressive
freshwa ter lime stones and con glom er ates (Pustá Ves Fm),
the Coniacian transgressive cy cle be gins with ter res trial car -
bon ate con glom er ates and brec cias (Valchov Mb of the Os-

triež Fm), over lain by ma rine cal car e ous sand stones (Bara-
nec Mb) and neritic marls (Štverník Mb). The Santonian
marlstones, cal car e ous sand stones and mi nor con glom er ates
are fol lowed by a Lower Campanian se quence of var ie gated 
marlstones rich in plank tonic globotruncanids of the Koša-
riská Fm (“Púchov marls” of Stur, 1860), in dic a tive of dee-
pening con di tions. These cor re spond to the Nierental Fm of
the Al pine Up per Gosau Sub group (Wagreich et al., 2011).
The Púchov-type hemipelagic marlstones are over lain by
mixed siliciclastic-cal car e ous, mostly turbiditic sand stones
(Podbradlo Fm, Middle–Upper Campanian), at least 500 m
thick. This shallowing-up ward cy cle is ter mi nated by the
Maastrichtian shal low-ma rine, sandy-biodetritic limesto-
nes, pass ing into cal car e ous turbidites basinwards (N-ward
with re spect to pres ent co or di nates), where they interdigi-
tate with hemipelagic marls (Bradlo Fm, e.g., Salaj and
Michalík, 2000; Fig. 6D). This se quence crosses the Cre ta -
ceous/Palaeogene bound ary with out in ter rup tion in the nor-
thern basinal part of the area (Surovín suc ces sion – Salaj,
1987), whereas the ab sence of co eval sed i ments in the south 
is ev i dence of emer gence.

The next cy cle, dif fer en ti ated into sev eral for ma tions,
starts with Selandian–Thanetian con glom er ates and cal car e -
ous sand stones with in part resedimented al gal-coral reefs
(Mišík and Zelman, 1959; Scheibner, 1968; Köhler et al.,
1993 – Kambühel Lime stone, Kravárikovci Fm), in ter ca -
lated with and fol lowed by Lower–Mid dle Eocene basinal
hemipelagic marls and limy turbidites al to gether up to 1,000 
m thick (Priepastné Fm – Salaj, 1987).

In more north ern zones, ad ja cent to the PKB s.s., only
the youn gest Cre ta ceous and Palaeogene de pos its are expo-
sed. The formations are of deeper-wa ter or i gin and thicker,
by com par i son with the south ern de vel op ments. The Stará
Turá suc ces sion (Salaj, 1987) con tains only the Palaeogene
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Myjava Group, con sist ing of Thanetian–Ypresian Lubina
Fm, a com plex of basal con glom er ates, cal car e ous turbi-
dites and marlstones, peb bly mudstones and blocks of reef
lime stones, up to 1,000 m thick (Fig. 3). The ad ja cent Suro-
vín suc ces sion in cludes Campanian–Maastrichtian marlsto-
nes and dis tal cal car e ous turbidites (Košariská and Polianky 
fms), fol lowed by a shallowing-up ward se quence of bio-
detritic lime stones and sand stones with resedimented reef
blocks (Dedkov vrch Fm, Paleocene–Ypresian). Then, dur -
ing the Lutetian, the ba sin sub sided rap idly to bathyal depths, 
with the sed i men ta tion of var ie gated pe lagic claystones and
fine-grained sand stones (Jablonka Fm). Along the con tact
with the PKB, nar row slices with Bartonian Globigerina
marls and dark shales oc cur (Sam uel, 1975).

Mid dle Váh River Val ley

In the Manín zone of the peri-Klippen belt of the Mid -
dle Váh Val ley (Fig. 1A), the “Senonian” de pos its (the up -
per part of the Podmanín Group sensu Kysela et al., 1982;
adapted here as the Podmanín suc ces sion; Fig. 3) con sist of
Coniacian to Santonian shal low-ma rine sand stones with crab
bur rows and silty claystones with sandy slump bod ies con -
tain ing a lit to ral fauna (Žadovec Fm); Lower Campanian var -
ie gated marls of the couches rouges fa cies (Hrabové Fm);
Up per Campanian to Maastrichtian cal car e ous sand stones
with ex otic con glom er ates (Hlboké Fm); and Up per Maas-

trichtian to Danian? bioclastic (Orbitoides-bear ing) limesto-
nes, sand stones and con glom er ates with scat tered rudist reef
bod ies (Hradisko Fm). It is note wor thy that cal car e ous turbi-
dites show palaeotransport from the north (Marschalko and
Kysela, 1980) in di cat ing the ex is tence of intrabasinal sources 
for the clastic ma te rial, which in part was re cy cled from older 
con glom er ate for ma tions and was partly de rived from co eval, 
shal low-ma rine biogenic sources.

In the Mid dle Váh Val ley, the Coniacian to Lower Eo-
cene sed i ments oc cur also as the fill ings of three syn clines
that sep a rate in di vid ual slices of the Klape Unit, which is
an other “non-Oravic” unit of un cer tain po si tion oc cur ring
in the peri-Klippen zone. Plašienka (1995a, 2012a) as signed
it, along with the Manín Unit, to the Fatric (Krížna) nappe
sys tem (Fig. 4). The Klape Unit is first of all char ac ter ized
by thick prisms of mid-Cre ta ceous (Albian to Turonian)
deep-wa ter, coarse clastic de pos its, dom i nated by the “exo-
tic”, so-called Upohlav-type con glom er ates (“Klape Flysch”;
see e.g., Mišík and Reháková, 2004, and references therein).
These are unconformably over lain by the Up per Cre ta -
ceous–Lower Eocene Hoštiná suc ces sion (Salaj, 1994,
2006; Mello, 2011). The Hoštiná suc ces sion (par tially re de -
fined here; Fig. 3) in cludes basal polymict con glom er ates of 
the Coniacian–Santonian Rašov Fm (Fig. 6B), lo cally with
Hippurites reef bod ies, fol lowed by a deep en ing- and fin -
ing-up ward se quence of cal car e ous turbidites (Late Santo-
nian) and var ie gated marlstones of the couches rouges fa -
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cies (Lower Campanian Púchov Fm sensu Mello, 2011).
Up per Campanian to Maastrichtian sed i ments are represen-
ted by the com par a tively shal low-wa ter Inoceramus marls,
Orbitoides lime stones, blocks of rudist-bear ing biohermal
lime stones, cal car e ous sand stones and con glom er ates (Ihri-
šte Fm). The Lower Palaeogene (Paleocene–Ypresian)
strata are com posed of shal low wa ter bioclastic and sandy
lime stones with reef bod ies and carbonatic con glom er ates
(Šafranica and Kravárikovci fms).

The peri-Klippen zone in the Mid dle Váh Val ley inclu-
des, in ad di tion to the Klape-Manín zone with its Gosau-type
com plexes, also Palaeogene de pos its sit u ated in par tially in -
de pend ent struc tures. They were known in for mally as the
“peri-Klippen Palaeogene”, later named the “Myjava-Hri-
èov-Haligovka zone” (Scheibner, 1968), “Považie-Hanušo-
vce zone” (Sam uel, 1972), but re cently they were for mally
as signed to the Myjava-Hrièov Group (Mello, 2005, 2011).

Stratigraphically, the Myjava-Hrièov Group con tains
strata of the Paleocene to Mid dle Eocene age (Fig. 3). In ad -
di tion to the sed i ments of this age de scribed above and af fil -
i ated with the Hoštiná suc ces sion, the larg est ex tent of the
Myjava-Hrièov Group ap pears in a vari ably wide zone, rim -
ming the Manín Unit in the SE (Fig. 1A). In a nar row zone
flank ing the Manín Unit, the Paleocene to Lower Eocene
sed i ments were as signed to the Hrièovské Podhradie Fm
(Mello, 2005, 2011). They rep re sent a new sed i men tary cy -
cle, al though a grad ual tran si tion from Maastrichtian de pos -
its was in di cated in places (e.g., Salaj et al., 1978), but not
def i nitely con firmed; a hi a tus was ob served at the base of
the Danian (Hansen et al., 1990). The for ma tion is compo-
sed of var ie gated claystones and marlstones, lat er ally inter-
fin ger ing with cal car e ous turbiditic sand stones and conglo-
merates with nu mer ous resedimented blocks of lower Tha-
netian bioherms and patch-reefs (Kambühel Lime stone), as
well as olistoliths of Urgonian lime stones. The sand stones
lat er ally pass into shal low-ma rine biodetritic and sandy
lime stones of the Jablonové Fm (Thanetian–Ypresian; Fig.
6F). These are over lain by the coarse-grained carbonate
brec cias and con glom er ates of the Lower to Mid dle Eocene
Sú¾ov Fm.

Fur ther to the SE, in the area of CWC built of Fatric and
Hronic nappes, the Sú¾ov Fm rep re sents a new transgre-
ssive cy cle. In the Mojtín area, there are pre served rem nants
of pre-transgressive phe nom ena, such as in di ca tions of kar-
stification, with baux ite pock ets and blocky car bon ate brec -
cias, over lain by rem nants of lime stones of the Jablonové
Fm. How ever, the Sú¾ov Con glom er ate usu ally di rectly over- 
steps the Cre ta ceous for ma tions of the Fatric Krížna Nappe
and, in a ma jor ity of places, the Tri as sic and Ju ras sic car bon -
ates of the Hronic nappes. In the Preèín-Domaniža-Žilina
synform (Figs 1A, 4), the Sú¾ov Con glom er ate at tains a great 
thick ness of up to 800 m and is al most ex clu sively com posed
of poorly sorted car bon ate ma te rial, de rived from the Tri as sic 
for ma tions of the Hronic units, pre dom i nantly dolomites (Mar- 
schalko and Sam uel, 1993). Higher up, a deep en ing- and fin -
ing-up ward se quence of num mu lit ic lime stones, cal car e ous
turbiditic sand stones, con glom er ates with blocks of reef lime -
stones, and fi nally bathyal var ie gated claystones and sandy
turbidites oc cur (Lower–Mid dle Lutetian Domaniža Fm).

In the Malé Karpaty Mts., south ward of oc cur rences of

the Brezová and Myjava groups, a suc ces sion anal o gous to
that of the Sú¾ov-Domaniža area cov ers the Tri as sic car bon -
ates of the Hronic nappes in the Buková synform (Fig. 1A).
The Buková suc ces sion (Fig. 3) be gins with pre-transgre-
ssive ter res trial car bon ate brec cias (Bartalová Brec cia –
Michalík, 1984; Polák, 2012), of pre sum ably lat est Cre ta -
ceous–Paleocene age. The Up per Paleocene–Lower Eocene
transgressive se quence is com posed of car bon ate con glom er -
ates, sand stones and al gal-coral bioherms (Jelenia hora Fm,
Buèek in Polák, 2012), fol lowed by deep-sea dark cal car e ous 
claystones and siltstones up to 500 m thick, with spo radic
turbiditic sand stone beds and con glom er ate lenses (Lutetian
Buková Fm). In the same synform, but in an un clear con tact
with the un der ly ing for ma tions, also a much youn ger (Kis-
celian, i.e., Rupelian) turbiditic shaly-sandy, strongly folded
se quence oc curs (Hrabník Fm – Marko et al., 1990).

Re cently, an other deep-wa ter Up per Cre ta ceous–Mid -
dle Eocene suc ces sion was en coun tered by drill ing in the
Hornonitrianska kotlina De pres sion (Soták et al., 2013).
The suc ces sion con sists of ma rine red beds of pos si bly lat -
est Cre ta ceous age, fol lowed by basal Paleocene cal car e ous
sand stones and bioturbated siltstones, Selandian–Thanetian
sand stones, silty marlstones, con glom er ates and slump bod -
ies with frag ments of Kambühel-type biohermal lime stones, 
and Lower to Mid dle Eocene grey and yel low marlstones.
This dis cov ery is sur pris ing, be cause the lo cal ity lies some
40 km to the SE of the PKB and there fore it can hardly be
re garded as a “peri-Klippen” de vel op ment. On con trary, it
in di cates that not only the PKB and ad ja cent zones were
flooded by the Paleocene–Eocene deep sea, but that so too
were at least some of the more in ner parts of the CWC.

The east ern pro lon ga tion of the Manín-Klape syn clines,
filled with Up per Cre ta ceous to Lower Eocene de pos its, can 
be found in the Varín (Kysuce) PKB sec tor NE of Žilina,
ad ja cent to the mid-Cre ta ceous flysch com plexes of the
Klape Unit. There, be tween Teplièka nad Váhom and Ne-
dedza vil lages, the suc ces sion con sists of Coniacian–Santo-
nian con glom er ates, Campanian–Maastrichtian var ie gated
“Púchov marls” (Gbe¾any Fm – Kantorová and Andrusov,
1958), sandy-bioclastic lime stones with large foraminifers
of Thanetian–Ypresian age, and var ie gated shales with Lu-
tetian ag glu ti nated foraminifers (Sam uel and Haško, 1978).
The Paleocene–Eocene sed i ments, de scribed as the “Varín
de vel op ment” of the Považie-Hanušovce Belt by Sam uel
(1972), can be fol lowed eastwards in a nar row dis con tin u -
ous belt along the south ern PKB bound ary, up to Terchová
and Zázrivá vil lages (Scheibner, 1968; Sam uel and Haško,
1978). At pres ent, they are gen er ally re fer able to the lower
Palaeogene Myjava-Hrièov Group.

North ern and east ern PKB sec tors

In the Orava re gion, the sed i ments of the Brezová or
Myjava Group are not pres ent in their orig i nal po si tion, but
oc cur as clasts within the youn ger Palaeogene sed i ments of
the CCPB, hence wit ness ing a de struc tion of a large peri-Kli-
ppen Gosau-type ba sin also in this area (Köhler and Gross,
1994). The peb bles and boul ders in clude, among oth ers,
unique Campanian Orbitoides- and rudist-bear ing biohermal
lime stones (Mišík et al., 1968), Maastrichtian cal car e ous
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sand stones with Orbitoides and con glom er ates, Danian
coral-al gal reef lime stones, Thanetian bioclastic lime stones,
and Eocene al gal-coral and num mu lit ic lime stones (Scheibner, 
1968; Mišík et al., 1968; Köhler and Gross, 1994).

Birkenmajer (2000) de scribed the Rusinowa Con glom -
er ate Fm on the north ern slopes of the High Tatra Mts., which 
ac cord ing to his in ter pre ta tion should be a relic of the Up per
Cre ta ceous Gosau Group, un con form ably over ly ing the Tri -
as sic strata of the Fatric Krížna Nappe. Al though the age of
these con glom er ates might be ques tion able (cf. Jurewicz,
2005), the pos si ble Gosau-like de pos its were re ported also
north of the Tatra Mts. in the vi cin ity of the PKB. In the sub-
crop of the Podhale Ba sin, Up per Cre ta ceous (?) con glom er -
ates and sand stones were drilled be tween two slices of the
Manín-type Krížna Unit (Bañska IG-1 bore hole – Wieczorek 
and Barbacki, 1997; Wieczorek and Olszewska, 1999).

In the Pol ish Pieniny sec tor of the Klippen Belt, be -
tween Maruszyna and Szaflary vil lages, a nar row and short
slice fol lows the bound ary be tween the Klippen Belt and the 
CCPB (Podhale Ba sin – Fig. 1B). This unit was named the
Maruszyna suc ces sion (Kostka, 1988, 1993; Dudziak and
Kostka, 1989). It is a deep-wa ter hemipelagic suc ces sion
that con tains Maastrichtian marly lime stones, Mid dle Paleo- 
cene var ie gated marls and shales, Up per Paleocene to Lo-
wer Eocene red marls, and Mid dle Eocene soft blue-grey
claystones (Fig. 2). The Maruszyna suc ces sion was cor re -
lated with the Myjava de vel op ment, in west ern Slovakia
(Alexandrowicz and Birkenmajer, 1978), be cause it is con -
sid er ably dif fer ent from the co eval de pos its of the PKB
proper. In fact, it also dif fers from the Brezová and Myjava-
Hrièov groups in its lack of con glom er ates and, par tic u larly, 
in the scar city of shal low-wa ter lime stones and reef bio-
herms and de tri tus from them. For this rea son and ow ing to
an anal o gous struc tural po si tion and lithostratigraphic con -
tent, the Maruszyna Unit and pos si bly also the “south ern”
Haligovce de vel op ment (Lipník Unit, see be low) are ten ta -
tively re garded as lateral coun ter parts of the Krièevo Unit,
sliced along the PKB-CWC bound ary.

In the Slovakian Pieniny Mts., the large Haligovka Kli-
ppe oc curs with a dis tinc tive lith o logic com po si tion (Fig.
1B), form ing spec tac u lar cliffs, tow er ing over Haligovce
vil lage. The Haligovce Unit is con sid ered to be an an a logue
of the Manín Unit of west ern Slovakia, mostly on the ba sis
of the Urgonian-type lime stones, which are so char ac ter is tic 
for the Manín Unit. In ad di tion, this view is con firmed also
by the type of up per most Cre ta ceous to Eocene strata of the
Haligovce area. The Gosau-type suc ces sion of the Haligo-
vce Unit (Fig. 3) in cludes var ie gated marlstones, Orbitoides
and al gal sand stones (Maastrichtian; Köhler and Buèek,
2000), over lain by biogenic lime stones with Thanetian large 
foraminifers and al gal-coral patch reefs, and Paleocene–
Lower Eocene carbonatic num mu lit ic con glom er ates (litho- 
log i cally sim i lar to the Sú¾ov Fm) interfingering with cal -
car e ous sand stones (Žilina Fm) with reef olistoliths (Ma-
tìjka, 1963; Scheibner, 1968; Potfaj and Rakús in Janoèko,
2000; Köhler and Buèek, 2005). South of the Haligovka
Klippe, at the con tact with the CCPB for ma tions, a nar row
slice oc curs that is formed of pe lagic Up per Cre ta ceous to
Eocene sed i ments, sim i lar to those of the Maruszyna suc -
ces sion, de scribed by Matìjka (1963) as the “south ern Hali-

govce Palaeogene de vel op ment”. It is com posed of variega- 
ted, cal cite-poor shales with peb ble mudstones, con tain ing
ma te rial from Paleocene reefs (Stráník, 1967; Scheibner,
1968). On a preliminary ba sis, the au thors re gard this oc cur -
rence as an in de pend ent unit, re lated to the Maruszyna Unit
on one side and the Krièevo Unit on the other. It is des ig -
nated here af ter as the Lipník Unit, named af ter Lipník
Brook in Haligovce vil lage, where these sed i ments are ex -
posed in nu mer ous out crops.

The east ern most oc cur rences of Fatric units (Krížna
Nappe s.l.) in the West ern Carpathians are in the Humenské
vrchy Mts. (south of Humenné town in Fig. 1B), as an inlier
of Me so zoic strata among the sed i ments of the Cen tral
Carpathian Palaeogene Ba sin (CCPB), close to the south ern 
PKB bound ary in east ern Slovakia (Fig. 1B). The Humenné
Unit con sists of sev eral post-Eocene, S-verg ing imbricated
slices, com posed of Me so zoic (Mid dle Tri as sic to Cenoma-
nian) sed i ments (Jacko and Schmidt, 1994; Žec, 1997). The
lithostratigraphy of the Ju ras sic to Lower Cre ta ceous strata
closely match that of the Vysoká suc ces sion, i.e., a swell-
type, partly shal low-ma rine de vel op ment of the Fatric units, 
in clud ing Urgon-type lime stones. The deep MLS-1 Pod-
skalka bore hole (Mahe¾, 1986) en coun tered sev eral slices
un der lain by the Up per Cre ta ceous to Palaeogene sed i -
ments, which were ten ta tively as signed to the Iòaèovce-
Krichevo Unit of the Penninic or i gin (Soták et al., 1997).
Ac cord ing to Soták et al. (1997), these cir cum stances are
anal o gous to those of west ern Slovakia, where the SBM-1
Soblahov bore hole drilled var i ous Ju ras sic to Senonian
com plexes of un known prov e nance be low the Fatric Manín
(or Belá) Unit (see above).

The east ern Slovakian ex po sures of the Fatric units oc -
cur ring near the PKB are also ac com pa nied by spe cial types
of Palaeogene sed i ments that are sim i lar to those of the
west ern Slovakian Myjava-Hrièov Group in gen eral and to
the Domaniža suc ces sion with the Sú¾ov Con glom er ate in
par tic u lar (Fig. 1B). These carbonatic con glom er ates with
ma te rial, de rived from the CWC Fatric-Hronic nappe com -
plexes, are ex posed in close prox im ity  to the PKB units on
one side (e.g., the Chme¾ov–Radvanovce area, where they
con tain also blocks of Paleocene reefs; Marschalko, 1975;
Marschalko et al., 1976), or are lo cated above the CWC
units on the other side (Humenské vrchy Mts.). The east ern -
most Slovakian ex po sures of the PKB (Podhoroï area, near
the Slovakian-Ukrai nian bor der) are from its south ern side
ac com pa nied by the Beòatiná suc ces sion (Leško, 1960;
Leško and Sam uel, 1968; Potfaj and Rakús in Žec, 1997),
which in cludes Sú¾ov-type carbonatic con glom er ates, up -
wards interfingering with Mid dle Eocene var ie gated shales
(Krúžice Fm – Fig. 3).

UP PER PALAEOGENE TO LOWER
MIO CENE DE POS ITS OF THE PIENINY

KLIPPEN BELT AND AD JOIN ING ZONES

Strata of this se quence en com pass the time in ter val
from the late Mid dle Eocene (Bartonian) to the Early Mio -
cene (Eggenburgian, i.e., early Burdigalian). Af ter the late
Lutetian break in sed i men ta tion, a new Bartonian–Oligo-
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cene sed i men tary cy cle is rep re sented by the Podtatra
Group (Gross et al., 1984; Gross, 2008). It is the in fill ing of
the ex ten sive Cen tral Carpathian Palaeogene Ba sin
(CCPB), which ul ti mately cov ered most of the CWC area
(Fig. 1). The CCPB is gen er ally clas si fied as a forearc ba sin
that de vel oped above the outer zones of the CWC Cre ta -
ceous thrust sys tem, south of the PKB, i.e., in ward with re -
spect to the de form ing EWC accretionary wedge (e.g., Tari
et al., 1993; Soták et al., 2001; Kázmér et al., 2003).

In the north ern part of the Pružina-Domaniža-Žilina
synform of the Mid dle Váh Val ley, sed i ments of the Pod-
tatra Group disconformably rest on the Lutetian Domaniža
Fm (Mello, 2005, 2011) – Fig. 3; whereas fur ther to the east
their dis tinctly transgressive po si tion above the Me so zoic
com plexes of the Hronic and Fatric nappes may be obser-
ved. The basal part is com posed of carbonatic sand stones,
con glom er ates, brec cias and num mu lit ic lime stones of Bar-
tonian–Priabonian age (Borové Fm). The over ly ing deep en -
ing-up ward se quence is formed by the upper Priabonian–
Lower Oligocene (lower Rupelian or Kiscelian) Huty Fm
(Fig. 3). Its lower part in cludes pre dom i nantly cal car e ous,
in part var ie gated shales, siltstones and fine-grained sand -
stones, then Globigerina marls, black man ga nese and cal -
cite-poor shales, menilitic cherts, and fi nally siliciclastic
sand stones and greywackes with lay ers of siltstones, mud-
stones and coarse-grained con glom er atic mass-flows (the
Pucov and Tokáreò mbrs; Gross et al., 1984; Soták, 1998;
Janoèko and Jacko, 1999; Soták et al., 2007; Vojtko et al.,
2010; Starek et al., 2012). Dur ing the late Rupelian, the ba -
sin was filled with ex ten sive lobes of turbiditic sand stones
(Zuberec Fm) and then with Chattian–Aquitanian (Egerian)
thick-bed ded to mas sive sand stones with sub or di nate con -
glom er ates and claystone in ter ca la tions (Biely Potok Fm).
Com pre hen sive over views of the CCPB and its de pos its can 
be found e.g., in Gross et al. (1984, 1993), Nemèok et al.
(1996), Soták et al. (2001), Janoèko (2002), Janoèko and
Eleèko (2003), Gross (2008), and Soták (2010).

In a nar row an ti cli nal zone that fol lows from the SW
trend of the neigh bour ing PKB be tween the towns of Stará
¼ubovòa and Sabinov in NE Slovakia, a dis tinc tive sed i -
men tary com plex, the Šambron Fm, is ex posed (Figs 1B, 2). 
It is gen er ally as signed to the CCPB. This is char ac ter ized
by three megarhythms of thick bod ies of polymict con glom -
er ates and boul der beds, interbedded with dis tal turbidites
that are dom i nated by dark shales and mudstones; the cu mu -
la tive thick ness is 800–1,400 m (Marschalko, 1975). Cha -
otic con glom er ate/brec cia de bris flows, pebbly mudstones,
slumps and olistolites in di cate a high-en ergy depositional set -
ting un der go ing ac tive de for ma tion. The source area should
have been a highly el e vated subaerial zone, com posed of
crys tal line base ment and Me so zoic cover com plexes of CWC 
af fin ity. Palaeocurrents in di cate der i va tion of the clastic ma -
te rial from the NE to E (Marschalko, 1973, 1975; Mar-
schalko et al., 1976) and from the SE (Janoèko et al., 2003).
Ac cord ingly, the source area was lo cated on the CWC edge
in the vi cin ity of the PKB, but still to the south of it, since no
ma te rial of PKB prov e nance was en coun tered in the peb bles.
The con glom er ates also con tain clasts of Bartonian nummu-
litic lime stones, re cy cled from the Borové Fm (Buèek, 2001). 
The age of the Šambron Fm is prob lem atic; Marschalko

(1973) and Soták et al. (2001) in di cated a Bartonian–
Priabonian age for it, while oth ers (e.g., Gross, 2008) in clude
the Šambron Beds in the Lower Oligocene Huty Fm.

An other phe nom e non of this area, which is im por tant
from a palaeotectonic point of view, is the oc cur rence of
serpentinitic sand stones (Soták and Bebej, 1996). These oc -
cur in a higher strati graphic po si tion than the Šambron Fm,
in the Up per Oligocene part of the Huty Fm and/or the
Zuberec Fm, which is com posed of thin-bed ded, “ze bra”
type turbidites (Soták and Bebej, 1996). More over, the
whole Šambron-Kamenica Zone is ex cep tional with re gard
to the enor mous amount of Cr-spi nels in the heavy-min eral
con cen trates (up to 80%, Soták et al., 1996). Ac cord ing to
Lenaz et al. (2009), geochemically these spi nels mostly rep -
re sent the Al pine-type, ocean-is land peri dot ites and bas alts,
while Spišiak et al. (2001) in di cated their der i va tion from
ophiolitic ultrabasites (both lherzolites and harzburgites).
Ob vi ously, the east ward lo cated source area must have in -
cluded obducted or mélange-type ophiolite com plexes,
which were ten ta tively cor re lated with an imbricated part of
the Iòaèovce-Krièevo Unit in the peri-Klippen zone (Soták
and Bebej, 1996; Soták et al., 1996). These au thors des ig -
nated the peri-Klippen part of the CCPB as the “perisutural” 
ba sin re lated to the Magura trench ba sin, whereas Leško and 
Varga (1980) cor re lated it di rectly with the “Ligurian” Pen-
ninic units, such as the (Iòaèovce)-Krièevo and Szolnok
units. Far ther east in the Humenské vrchy Mts. area, the poly- 
mict Merník con glom er ates of prob a bly Up per Eocene–
Lower Oligocene age also in clude a sig nif i cant amount of
ser pen tin ite clasts (around 20%), which most likely were de -
rived from the neigh bour ing Iòaèovce-Krièevo Unit (Soták et 
al., 1990, 1991).

Be sides be ing drilled by sev eral deep bore holes dur ing
ex plo ra tion for hy dro car bons in the Lipany area (Nemèok et 
al., 1977; Leško, 1983; Kullmanová and Rudinec, 1988;
Rudinec, 1990), the Šambron Fm is ex posed in a top o graph -
i cally and struc tur ally el e vated zone, known as the Hro-
moš-Šambron-Kamenica Zone (e.g., Nemèok, 1979; Pla-
šienka et al., 1998; Soták et al., 2001). This is an in tensely
folded and imbricated, SWS-verg ing antiformal thrust stack 
(Plašienka et al., 1998), which was driven by backthrusting
of the Magura Krynica Unit that af fected also the PKB
struc ture in this area dur ing the Early–Mid dle Mio cene
(Plašienka and Mikuš, 2010; Plašienka et al., 2013). Ow ing
to backthrusting, the Šambron Fm was ex humed from con -
sid er able depths of at least 5 km (Soták et al., 1996, 2001;
Biroò et al., 2000a; Hrušecký et al., 2001). It might be in -
ferred that the Šambron coarse clastics do not rep re sent part
of the CCPB Podtatra Group, but form an up per struc tural
stage of the Maruszyna-Lipník-Šambron-Krièevo Unit
(Šambron-Krièevo Belt sensu Grecula et al., 1981), which
was later cov ered by the Oligocene Huty and/or Malcov fms 
(see Fig. 1B). In an anal o gous po si tion, con glom er ate-rich
de pos its sim i lar to the Šambron Fm oc cur also in the south -
ern prox im ity of the PKB in the Pieniny Mts. (Szaflary Beds 
in Po land). Be ing af fected by backtilting-backthrusting, the
Szaflary Beds are also dis tinc tively de formed in that area
(the “peri-Pieniny flex ure” of Mastella, 1975).

In ad di tion to the Šambron con glom er ates, the rug ged,
tec toni cally con trolled mor phol ogy dur ing the Late Eocene
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trans gres sion is dem on strated also by nu mer ous bod ies of
subaerial and sub aque ous mass flow, namely con glom er ates 
and brec cias scat tered around the CCPB (lo cally known as
the Pucov, Terchová, Markušovce, Tokáreò, or Vajsková
con glom er ates). These are re lated to the de vel op ment of al -
lu vial-fan del tas and hyperpycnal flows, sup plied by short
feeder sys tems from small drain age ar eas that were steep
and of vari able re lief (Starek et al., 2012, 2013).

A fur ther up per Palaeogene com plex re lated to the PKB 
in east ern Slovakia was known as the “Ujak fa cies” de vel -
op ment or se ries (Matìjka, 1959; Stráník, 1965; Oszczypko
et al., 2005), or the “Ombron Group” (Nemèok et al., 1990), 
more re cently re de fined as the Údol suc ces sion (Plašienka
and Mikuš, 2010 – Figs 1B, 2, 3). For merly, the Mid dle Eo-
cene var ie gated, cal cite-poor shales also were as signed to it, 
which the au thors now con sider to be long to an older, Lo-
wer Palaeogene sed i men tary cy cle. The Údol suc ces sion in -
cludes the Up per Eocene to Lower Oligocene Globigerina
marls and menilitic shales, and the Oligocene marly shales
with turbiditic sand stones and peb bly mudstones (Malcov
Fm). The Údol suc ces sion un con form ably over lies dif fer ent 
units of the PKB and forms an in ter con nect ing el e ment be -
tween the co eval flysch-dom i nated sed i men tary bas ins of
the EWC Flysch Belt and the CCPB of the CWC (Osz-
czypko et al., 2005; Plašienka and Mikuš, 2010). Im por -
tantly, nu mer ous au thors no ticed that de po si tion of Up per
Eocene strata over the PKB units was pre ceded by strong
tec tonic de for ma tion of the lat ter, which was des ig nated as
the “Illyr ian” or “Pyr e nean” phase (e.g., Stráník, 1965;
Leško and Sam uel, 1968; Nemèok, 1971). Nev er the less, the 
Údol suc ces sion, to gether with the un der ly ing PKB and ad -
ja cent zones of the CCPB and Magura unit, was also af -
fected by in tense post-Oligocene de for ma tion (Plašienka et
al., 1998, 2013).

Rel ics of de formed Eggenburgian (lower Burdigalian)
con glom er ates, sand stones and claystones oc cur in sev eral
places ad ja cent to the PKB – Figs 1, 2, 3). In the wes tern -
most area, around the Branè Cas tle near Myjava, these sed i -
ments seal the nearly ver ti cal imbricated struc tures of the
un der ly ing PKB units, but still they were tilted and partly
in volved as lenses in a strike-slip shear zone along the
north ern PKB bound ary. Sim i larly in the Mid dle Váh Val -
ley, the Lower Mio cene sed i ments of the Trenèín and Ilava
de pres sions were in volved in the lat est stages of de for ma -
tion to gether with the un der ly ing units of the peri-Klippen
zone. In east ern Slovakia, the com par a tively thick Eggen-
burgian de pos its (Prešov and Èelovce fms) also un con form -
ably over lie the folded CCPB sed i ments. They de vel oped in 
pull-apart bas ins along the bound ary be tween the PKB and
the East Slovakian Neo gene Ba sin (Kováè et al., 1995;
Baráth et al., 1997) and were later mod er ately, but clearly
de formed by ad di tional backthrusting of the PKB and Ma-
gura units dur ing the late Early–Mid dle Mio cene.

In the north ern prox im ity of the Pieniny sec tor of the
PKB, the Lower Mio cene de pos its oc cur in a pig gy back po -
si tion above the Palaeogene strata of the EWC Magura
Nappe (Cieszkowski, 1992; Kremná Fm – Oszczypko et al., 
2005; Fig. 2). Along a steep fault con tact, the Mio cene sed i -
ments are im me di ately ad ja cent to the PKB units there. Ac -
cord ing to Oszczypko and Oszczypko-Clowes (2010,

2014), the Kremná Fm oc curs also in tec tonic win dows
within the PKB of the Ma³e Pieniny Mts. This in for ma tion
would in di cate a very young, late Early to Mid dle Mio cene
age for the fi nal thrust ing along the east ern PKB – Magura
in ter face. Re cently, it was doc u mented that also some typ i -
cal deep-ma rine clastic “flysch” for ma tions (e.g., the Ma-
gura Fm), con sid ered for de cades to be Eocene–Oligocene,
are at least partly of Lower Mio cene age (Oszczypko-Clo-
wes et al., 2013).

IN TER PRE TA TION – PRIN CI PAL
EVO LU TION ARY PHASES OF THE LATE

CRE TA CEOUS–PALAEOGENE BAS INS
OF THE PIENINY KLIPPEN BELT

AND SUR ROUND ING ZONES

Depositional phases and palaeo ge ogra phy
of the Gosau bas ins

The most com plete “Senonian” through Eocene suc ces -
sions of the Gosau-type bas ins are ex posed in the north ern
part of the Malé Karpaty Mts. and in the Manín-Klape Belt
of the Mid dle Váh Val ley and ad ja cent CWC zones to the
south. In gen eral, seven sed i men tary se quences, which rep -
re sent the de vel op ment phases of the Gosau bas ins, can be
dis tin guished there (Fig. 5).

Phase I (lat est Turonian?–Coniacian–Early Santonian,
ca. 90–85 Ma). The se quence in cludes pre-transgressive
fresh wa ter lime stones and brec cias, then con ti nen tal and
ma rine basal car bon ate-dom i nated or polymict con glom er -
ates (Rašov Fm, Valchov Mb), fol lowed by hemipelagic
marls, olistostromes with a lit to ral fauna and reef bod ies,
and cal car e ous turbidites (Ostriež Fm).

Phase II (Late Santonian to Middle Campanian, ca. 85– 
75 Ma). Terrigenous and shal low-ma rine biogenic sources
grad u ally be came in ac tive and in stead var ie gated hemipe-
lagic marlstones of the couches rouges fa cies were de pos -
ited (Púchov, Hrabové and Košariská fms).

Phase III: (Middle Campanian to Cre ta ceous/Palaeo-
gene bound ary, ca. 75–65 Ma). Sediments are rep re sented
by neritic marls, shal low-wa ter bioclastic lime stones, tem-
pestites, cal car e ous sand stones and con glom er ates with ex -
otic peb bles and blocks of rudists-bear ing bioherms (Ihrište, 
Bradlo and Hradisko fms).

Phase IV (Danian to early Ypresian (ca. 65–50 Ma).
The lower, Danian part of this stage is poorly re flected in
the sed i men tary re cord, partly not pres ent at all (a gap due to 
emer gence or eroded later), partly com posed of ter res trial
con glom er ates. The Selandian–Ypresian time span is first of
all char ac ter ized by shal low-ma rine de pos its, rich in coarse
terrigenous ma te rial (Jablonové Fm) and more fre quently by
frag ments of de stroyed biogenic build-ups (Kambühel reefs).

Phase V (late Ypresian–Lutetian (ca. 50–40 Ma). The
base of this new transgressive cy cle in volves coarse-grained 
car bon ate brec cias and con glom er ates with blocks of reef
lime stones of the up per Ypresian to lower Lutetian Sú¾ov
Fm, which are fol lowed by cal car e ous turbiditic sand stones
and bathyal var ie gated claystones (Domaniža Fm). Loose
ends of an anal o gous ba sin oc cur also along the SW mar gin
of the east ern Slovakian PKB.
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Phase VI (Bartonian to early Rupelian (40–30 Ma).
After the up per Lutetian gap, a new transgressive cy cle is
rep re sented by a se quence of con ti nen tal to shal low-wa ter
cal car e ous clastics and num mu lit ic lime stones (Borové Fm)
at the base of the ex ten sive Cen tral Carpathian Palaeogene
Ba sin (CCPB), which ul ti mately cov ered most of the CWC
area. The north ern pe riph ery of the CCPB un der went strong 
sub si dence and mas sive in put of coarse-grained terrigenous
ma te rial (Šambron Fm). During the late Priabonian–early
Rupelian starved, dysoxic to anoxic bas ins (Huty Fm, meni- 
litic shales) were in flu enced by the in put of oc ca sional bod -
ies of coarse mass-flow debrites, de rived from the ba sin
margins (Pucov Mb).

Phase VII: late Rupelian to Aquitanian (late Kiscelian– 
Egerian; ca. 30–20 Ma) – the terrigenous in put into the
CCPB in creased grad u ally, but con sid er ably and the ba sin
was prob a bly over filled dur ing the ear li est Mio cene (Zube-
rec and Biely Potok fms). How ever, the CCPB rep re sented
by the stages VI and VII is not con sid ered as a con stit u ent of 
the Gosau ba sin sys tem and will not be treated in de tail here, 
since the CCPB as a forearc-type ba sin cor re sponds to a
new, fully in de pend ent evo lu tion ary stage of the en tire We-
stern Carpathians with a geodynamic back ground dif fer ent
from the Coniacian–Lutetian Gosau bas ins.

It is in ferred that these sed i men tary se quences cor re -
spond to the growth phases of synorogenic bas ins de vel op -
ing in a con ver gent re gime that was con trolled by far-field
tec tonic stresses and lo cal de for ma tion stages in con cur -
rence with the sea-level fluc tu a tions. This con cept is based
on the fol low ing symp tom atic fea tures: a) the start of the
Gosau-type de po si tion at the Turonian/Coniacian bound ary
means con struc tion of a com pletely new ba sin sys tem in the
wedge-top area, as re vealed for in stance by an abrupt change
in the palaeocurrent di rec tions of grav ity flows in com par i son 
with the un der ly ing mid-Cre ta ceous turbiditic sys tems (Ma-
nín-Klape zone – cf. Marschalko, 1986); b) coarse basal
clastics of each transgressive cy cle con tain only lo cal ma te -
rial, in clud ing e.g., the “ex otic” peb bles re de pos ited from the
mid-Cre ta ceous con glom er ates of the Klape unit, or Urgo-
nian lime stones in the Manín zone; c) scat tered, but fre quent
blocks of bioherms (Coniacian–Santonian, Maastrichtian,
Thanetian–Ypresian), which are co eval with or slightly older
than the host mass-flow de pos its, point to a tran sient pres ence 
of mar ginal reefs that were de stroyed or drowned dur ing pro -
cesses of ba sin evo lu tion; d) the evo lu tion ary stages of the
Gosau bas ins dis tin guished above are ar ranged into trans -
gres sion-sub si dence-re gres sion cy cles that were sup pos edly 
con trolled mainly by the struc tural de vel op ment of the un -
der ly ing orogenic wedge.

Im por tant clues about the palaeo ge ogra phy of Gosau
bas ins come from the prov e nance stud ies of clastic ma te rial
and heavy-min eral spec tra. Petrofacies anal y sis of Up per
Cre ta ceous sand stones and con glom er ates of the Klape-
Manín zone was per formed by Marschalko (1986; Mar-
schalko and Kysela, 1980). Quartz-car bon ate lithic arenites
con tain im por tant amount of cal car e ous lit to ral biodetritus,
while con glom er ates are clas si fied as “ex otic”, i.e., con tain -
ing a large quan tity of var i ous sed i men tary, meta mor phic
and mag matic rocks of un cer tain prov e nance (for re view
see e.g., Mišík and Sýkora, 1981; Mišík and Marschalko,

1988; Mišík and Reháková, 2004). In ad di tion, the con -
glom er ates con tain blocks of older mid-Cre ta ceous conglo-
merates and Turonian neritic Orlové sand stones with oys ter
banks, as well as car bon ate clasts of lo cal or i gin, in clud ing
syn chro nous, reef-de rived clasts and Urgon-type lime stones 
in the Manín zone (Marschalko, 1986). Al ready Birken-
majer (1988), in part Salaj (1990) and later also Plašienka
(1995a, 2012a) pro posed a re cy cling model of “ex otic” peb -
bles in the Senonian and Palaeogene con glom er ates,
whereby most of their ma te rial was resedimented from mid- 
Cre ta ceous con glom er ates of the Klape Flysch. A slightly
higher pro por tion of car bon ate clasts, com pared to the older
con glom er ates, is ex plained by newly added clasts of
mostly Maiolica-type lime stones. Ac cord ing to the au thors
own ob ser va tions, the Coniacian–Santonian Rašov con -
glom er ates of the Klape-Manín zone are bi modal, mixed
from two dis tinct, though still lo cal sources. Un like the per -
fectly rounded re de pos ited “exotics”, the newly added lime -
stone clasts are smaller in size and subangular, in di cat ing
trans port of rel a tively short du ra tion (Fig. 6B).

Com pre hen sive in for ma tion about the com po si tion and
prov e nance of heavy min er als is avail able from the clastic
for ma tions of the East ern Al pine Gosau bas ins (e.g., Wa-
greich and Faupl, 1994; Winkler, 1996; Wagreich, 2001).
Re cently, Stern and Wagreich (2013) sum ma rized data
from the east ern part of the NCA, from the subcrop of the
Vi enna Ba sin and from its east ern mar gin in the north ern
Malé Karpaty Mts. (Brezová-Myjava suc ces sion). As well,
they pro vided new de tailed in for ma tion about the min eral
chem is try of gar net, chrome spinel and tour ma line across
var i ous lithostratigraphic suc ces sions of the Gosau bas ins.
In gen eral, the Lower Gosau Sub group of the Giesshübl,
Glinzendorf, Grünbach and Studienka syn clines is do mina-
ted by chrome spi nels, de rived from harzburgite-type peri -
dot ites, while the gar nets con tain in creased con tent of py-
rope and grossularite mol e cules and are in ter preted as rep re -
sen ta tives of the meta mor phic soles of obducted ophiolite
nappes in the in ner NCA zones. Start ing from the Campa-
nian, the Up per Gosau Sub group ex hib its an abrupt de -
crease of ophiolite-de rived ma te rial to a to tal lack of it in the 
Palaeogene for ma tions, and an in crease in the pro por tion of
almandine-rich gar nets com ing from low- to me dium-grade
meta mor phic zones, ex humed in the cen tral Austroalpine
basement zones (Stern and Wagreich, 2013). How ever, this
dis tinct trend is only partly dis cern ible in the Brezová-
Myjava area, where the heavy-min eral as sem blages are im -
pov er ished, with a dom i nant sta ble zir con-rutile-tour ma line
as so ci a tion, and par tic u larly with a high tour ma line con tent
(Salaj and Priechodská, 1987; Wagreich and Marschalko,
1995). Gar nets are rare in the lower part and then in crease
upsection, while chrome spi nels are vari ably pres ent up to
the Paleocene, though gen er ally de creas ing in amount up -
wards. A high ZRT in dex and partly well rounded grains in -
di cate a pos si ble con tri bu tion of re cy cling from the un der ly -
ing mid-Cre ta ceous clastic for ma tions (Klape Flysch), in -
clud ing the chrome spi nels (Salaj and Priechodská, 1987).

Un for tu nately, few data about the heavy-min eral com -
po si tion are avail able from the Gosau com plexes in the Mi-- 
ddle Váh Val ley. Wagreich and Marschalko (1995) re ported 
a high chrome spinel con tent (up to 65%), smaller amounts
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Fig. 6. Field pho to graphs of some for ma tions men tioned in the text. A. “Exotic” con glom er ate of the Sromowce Fm (Santonian, Oravic 
Pieniny Unit, Oravský Podzámok vil lage, Orava re gion) with siliciclastic sandy ma trix. B. Conglomerate of the Rašov Fm (Coniacian–
Santonian, Gosau Supergroup, Hoštiná Succession, Holiš Hill above Nimnica vil lage, Mid dle Váh Val ley); note its bi modal com po si tion
with scat tered, per fectly rounded large “ex otic” peb bles and smaller subangular car bon ate clasts, the sandy ma trix is rich in cal car e ous
biogenic de tri tus. The next pic tures are ar ranged in a way to com pare the foredeep de pos its (left col umn) with the co eval wedge-top ba sin
sed i ments (right col umn). C. Gregorianka Brec cia Mbr of the Jarmuta Fm (Maastrichtian?, Oravic Subpieniny Unit, Gregorianka –
Hlboký potok Creek near Jarabina vil lage, east ern Slovakia), an gu lar clasts are com posed of the Maiolica-type lime stones. D. Sandy-
bioclastic lime stones, Široké Bradlo Mbr of the Bradlo Fm (Late Campanian–Maastrichtian, Brezová Group, Bradlo-Hrombaba Hill,
Brezovské Malé Karpaty Mts.). E. Polymictic sandy brec cia of the Proè Fm (Paleocene?, Šariš Unit, Vršatec Klippen area); an gu lar clasts
are dom i nated by the Maiolica-type lime stones, c – clast of Ju ras sic crinoidal lime stone. F. Calcareous sand stones and fine-grained con -
glom er ates of the Jablonové Fm (Thanetian, Myjava-Hrièov Group, quarry near Jablonové vil lage, Mid dle Váh Val ley); in the back -
ground rock cliffs built by car bon ate con glom er ates of the Sú¾ov Fm (Ypresian–Lutetian). All pho tos by D. Plašienka, ex cept for F, taken
by J. Buèová.



of gar nets and traces of blue am phi boles from the Campa-
nian turbidites in the Klape zone. The “Senonian” de pos its
of the Manín zone show ubiq ui tous chrome spi nels, up ward
in creas ing gar net con tent and some chloritoid in ad di tion to
the sta ble zir con-tour ma line-ap a tite as sem blage. Since the
un der ly ing and neigh bour ing Albian–Turonian Klape Flysch
com plexes are very rich in chrome spi nels (Jablonský et al.,
2001), it can not be ex cluded that they were largely re de pos -
ited into the “Senonian” sed i ments, along with some blue
am phi boles. The gar nets might have been de rived, as in the
Alps, from ex hum ing Eoalpine meta mor phic com plexes in
the in ner CWC zones (Veporic meta mor phic com plex – cf.
Janák et al., 2001; Jeøábek et al., 2012). Their chem is try is
not known, how ever.

Fore land ba sin clas si fi ca tion and evo lu tion

In terms of the fore land ba sin typology in tro duced by
DeCelles and Giles (1996), the West ern Carpathian Gosau-
type pig gy back bas ins may be re garded as “wedge-top”
depozones that de vel oped in board the ac tively de form ing
orogenic wedge com posed of the fron tal CWC el e ments. By 
def i ni tion, wedge-top bas ins are char ac ter ized by coarse al -
lu vial and flu vial de pos its laid down in subaerial set tings, or 
ma rine fine-grained shelf sed i ments, mass flows to deep-
wa ter clastics and hemipelagites near the con junc tion with
the trench or foredeep. The trench-foredeep and wedge-top
ba sin sys tem taper onto both the fore land area and the hin -
ter land orogenic wedge (DeCelles and Giles, 1996). Fur -
ther more, wedge-top bas ins are char ac ter ized by fre quent
un con formi ties, soft-sed i ment de for ma tion and growth stru- 
ctures re lated to the de for ma tion re gimes op er at ing in the
un der ly ing wedge. All these fea tures can be rec og nized in
the Gosau bas ins that de vel oped along the outer CWC mar -
gin dur ing the Late Cre ta ceous and early Palaeogene. How -
ever, the par tic u lar struc tural mech a nisms op er a tive dur ing
pig gy back ba sin for ma tion might have been dif fer ent to
some ex tent along the strike of the accretionary wedge. For
in stance, Ortner (2001) de scribed the Gosau Muttekopf Ba -
sin in the west ern NCA part as a typ i cal compressional
growth ba sin, which de vel oped in re sponse of ac tive thrust -
ing within the un der ly ing fold-thrust belt of the NCA (Ort-
ner, 2003). On the other hand, most of the Lower Gosau ba-
sins in the cen tral and east ern NCA de vel oped as pull-aparts 
con trolled by the dextral transpression/transtension tec tonic 
re gime, trig gered by oblique subduction of the Penninic
Ocean (Wagreich, 1993, 1995; Wagreich and Decker,
2001). Tak ing into ac count struc tural data from the Mid dle
Váh Val ley, the West ern Carpathian Gosau bas ins share
some char ac ter is tics of both of these ba sin types.

In gen eral, the tri an gu lar de pres sion gen er ated by flexu-
lar downbending of the lower plate in front of the ad vanc ing
orogenic wedge is termed trench, if de vel oped on oce anic
crust, and foredeep, if formed on fore land con ti nen tal crust. In
the case un der con sid er ation, both of these types of fron tal de -
pres sion orig i nated se quen tially: first the trench trough dur ing
subduction of the Vahic oce anic litho sphere in front of the
CWC orogenic wedge (e.g., the Belice Unit), then the progra-
ding foredeep de vel oped in fronts of Oravic thrust sheets that
were se ri ally de tached from an intra-oce anic con ti nen tal frag -

ment, and fi nally a new trench re sulted from subduction of the
Magura Ocean. Thus, for the sake of sim plic ity, the au thors
mostly use the com bined term trench-foredeep.

The trench set ting is char ac ter ized by clastic sed i men ta -
tion with a thick en ing-and-coars en ing-up ward trend, as the
trench depocentre deep ens and ap proaches the tip of the up -
per plate accretionary wedge that sup plies the trench with
pro gres sively more coarse ero sional de bris. The clastic ma te -
rial is trans ported to the trench by var i ous types of grav ity
flow and re dis trib uted along the trench axis, usu ally by tur-
bidity cur rents form ing the typ i cal “flysch” de pos its. Sub se -
quently, de pend ing on the lo cal con di tions, the trench sed i -
ments are ei ther partly de tached and accreted to the wedge
tip, or underplated be low the wedge. Oc ca sion ally, the trench 
de pos its may be subducted com pletely, es pe cially if they are
com par a tively thin, ow ing to a de fi ciency of clastic ma te rial.

The term foredeep is most com monly used for flex ural
de pres sions de vel op ing dur ing the clos ing stage of oro gen -
esis, when thick and strong fore land con ti nen tal litho sphere
col lides with the orogenic wedge. As con ver gence ceases,
the foredeep de pos its become in creas ingly shal low-wa ter
and even tu ally con ti nen tal, as seen in the tran si tion from
“flysch” to “molasse” in clas si cal con cepts (e.g., the Mo-
lasse Zone of the Alps). How ever, this can not be ap plied in
sit u a tions when only a small con ti nen tal frag ment is
accreted to the orogenic wedge (e.g., the Oravic con ti nen tal
rib bon, or the Briançonnais do main), or when short en ing af -
fects intracontinental extensional bas ins. In these cir cum -
stances, the foredeep de pos its, along with parts of the un -
der ly ing pre-orogenic suc ces sions, are de formed as they are 
de tached from their underthrusting base ment sub stra tum
and accreted to the ad vanc ing orogenic sys tem. Con se -
quently, no dis tinct shallowing is ob served and the synoro-
genic sed i ments cor re spond rather to trench-type de pos its.

In the West ern Carpathians, the cou pled pe riph eral
trench-foredeep (lower plate) and wedge-top (up per plate)
ba sin sys tem in the sense of DeCelles and Giles (1996) can
be rec og nized for the en tire Late Cre ta ceous–Palaeogene
pe riod (Fig. 5). The first cou ple (Phase I) is rep re sented by
the Coniacian–Santonian bas ins (ca. 90–85 Ma), the pe riph -
eral foredeep with the Snežnica and Sromowce fms and the
Belice trench bas ins that de vel oped as the synorogenic
depocentres of the later Pieniny Unit and Belice Unit, re -
spec tively, while the wedge-top, pig gy back ba sin with the
typ i cal, con glom er ate-dom i nated Valchov and Rašov fms
oc cu pied the up per plate po si tion on top of the fron tal parts
of the prograding orogenic wedge. Nev er the less, both po si -
tions share some anal o gous fea tures, for ex am ple, con glom -
er ates com posed of lo cal – intrabasinal ma te rial, typ i cally
re cy cled from the mid-Cre ta ceous “ex otic” for ma tions of
the Klape Unit (the Sromowce, Rašov and the lower part of
the Horné Belice fms), or carbonatic when trans gres sion
reached the in nermost CWC zones, rich in Tri as sic car bon -
ates (Hronic units – Valchov Fm). How ever, im por tant dif -
fer ences also ex ist – the Rašov-type con glom er ates are rich
in shal low-ma rine bioclastic ma te rial, in clud ing rudist reef
bod ies, which are vir tu ally ab sent from the foredeep con -
glom er ates of the same age (cf. Fig. 6A, B). This dif fer ence
ob vi ously re sulted from dif fer ent po si tions within the con -
ver gent zone and sep a rated ac com mo da tion ar eas: deep-wa -
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ter turbiditic clastic fans or aprons with coars en ing-up ward
debrites in the case of pe riph eral trench-foredeep, ver sus a
sys tem of shal low-ma rine, fin ing-up ward, prob a bly nar row
wedge-top de pres sions rimmed by short-lived bioherms.
Also the palaeocurrent di rec tions are op po site out ward, in -
di cat ing the ex is tence of an el e va tion be tween the foredeep
and wedge-top bas ins, which pro vided the coarse clastic
ma te rial, in clud ing the resedimented “exotics”. This damm -
ing el e va tion, which was at least par tially subaerial, is in ter -
preted as the fron tal imbricated thrust stack of the progra-
ding and ac tively de form ing wedge, or as a ramp anticline
of the thin-skinned fold-thrust sys tem.

Dur ing the Late Santonian–Early Campanian (Phase II,
85–75 Ma), the wedge-top bas ins sub sided, clastic sources
were flooded, biogenic build-ups were drowned and the in put 
of bioclastic, as well as terrigenous ma te rial ceased. In stead,
mostly red pe lagic marlstones (CORB) were de pos ited. Be -
sides the global sea-level rise, grav i ta tional col lapse of the
overthickened accretionary wedge might have con trib uted to 
the ex cess sub si dence of the wedge-top bas ins. The clastic
in put was re duced also in the rem nant Belice lower-plate
trench ba sin and came to an end in the Pieniny foredeep ba -
sin. In the fore ground Oravic zones, only dis tal sandy turbi-
dites were in ter ca lated with hemipelagic marlstones in the
Czorsztyn Ridge area (later Subpieniny Unit), while the Ša-
riš sed i men tary area sub sided be low the CCD and was al -
most de void of clastic sup ply (Malinowa Fm).

The next Phase III em braces the time pe riod from the
mid-Campanian to the Cre ta ceous/Palaeogene bound ary
(75–65 Ma). In the wedge-top bas ins, this re gres sive se -
quence started with a re newed in put of clastic ma te rial, ei -
ther re cy cled from older polymict sand stones and con glom -
er ates, or newly added biodetritic ma te rial from intrabasinal 
sources. The Up per Campanian to Lower Maastrichtian
strata are rich in con glom er ates, cal car e ous sand stones, bio-
clastic lime stones and resedimented bioherms. The orig i nal
po si tions of the lat ter are un known, but SE-ori ented palaeo-
cur rent vec tors of cal car e ous turbidites in the Manín zone
(Marschalko and Kysela, 1980) in di cate that they should
have been lo cated in the Klape zone or along its north ern
mar gin. The wedge-top ba sin with the typ i cal Bradlo and
Ihrište fms is cou pled with the con com i tant com plexes of the
foredeep ba sin of the later Subpieniny Unit, which is first of
all rep re sented by cal car e ous turbidites and tectono-sed i -
men tary brec cias of the (Jarmuta Fm, Gregorianka Brec cia). 
Un like the wedge-top ba sin sys tem, shal low-ma rine bioge-
nic de tri tus is very scarce there. In stead, clastic ma te rial de -
rived from the over rid ing Pieniny-Fatric thrust sys tem, now
rep re sent ing the de vel op ing thrust wedge, is pres ent (cf.
Fig. 6C, D). Ac cord ingly, the wedge-top and foredeep bas -
ins of the con ver gent sys tem were again sep a rated by a sub-
ae rial(?) struc tural high, com posed of fron tal im bri cates of
the Pieniny Nappe. The in ner (south ern) side of this el e va -
tion prob a bly was rimmed by the shal low-ma rine biostro-
mes and bioherms that pro vided bioclastic de tri tus for the
wedge-top Gosau bas ins to the SE. The more dis tant fore -
land ar eas (later Šariš and Biele Karpaty-Magura units) sub -
sided con sid er ably dur ing the Senonian to abys sal depths,
char ac ter ized by non-cal car e ous sed i men ta tion of oce anic
red-beds (Kaumberg and Malinowa fms). Dur ing the lat est

Cre ta ceous, the tem po rary, but wide spread in ver sion of the
EWC (Flysch Belt) bas ins is in di cated by the mas sive in put
of clastic ma te rial dis trib uted in ex ten sive sys tems of Up per
Campanian to Paleocene turbidite fans. Their terrigenous
clastic ma te rial was de rived ei ther from the hin ter land CWC 
orogenic wedge, or from the fore land intrabasinal struc tural
highs, such as the Silesian Ridge (for re view see e.g., Osz-
czypko, 1992, 2006; Picha et al., 2006). Dur ing the Maa-
strichtian, the rem nant Vahic oce anic ba sin was closed, as
in di cated by the coarse, cha otic, trench-type de pos its of the
Belice Unit di rectly over rid den by their sources, base ment-
cover com plexes of the Tatric Inovec Nappe (Plašienka et
al., 1994; Putiš et al., 2008; Plašienka, 2012a).

The Paleocene–Early Eocene Phase IV (65–50 Ma) is
dom i nated by shal low-ma rine de pos its again, par tic u larly
by reef build ups of mainly Thanetian age in the wedge-top
bas ins. The Lower and Middle Paleocene de pos its are
mostly miss ing; prob a bly they were eroded be fore the strata
of the fourth cy cle were de pos ited. There also is evidence of
emergence, ero sion and karstification. (e.g., Salaj, 2002;
Mello, 2011). As in the pre vi ous stages, reefs oc cur only as
re de pos ited frag ments, as olistoliths in cal car e ous turbidites 
and as slump bod ies. This would in di cate ac tive compre-
ssional tec ton ics, whereby the ephem eral mar ginal reefs
were de stroyed soon af ter they came into be ing. Con tem po -
ra ne ously, the pe riph eral foredeep mi grated out wards into
the Proè ba sin of the later Šariš Unit, which was sup plied
with clastics de rived from the fron tal el e ments of the over -
rid ing Subpieniny Nappe and the pig gy back Pieniny Unit
(cf. Fig. 6E, F). De po si tion of the Proè Fm ter mi nated dur -
ing the Lower–Middle Eocene, as a con se quence of be ing
overthrust by the higher Oravic nappes.

In Phase V (ca. 50–40 Ma), the wedge-top sys tem sub -
sided to bathyal depths and even tu ally be low the CCD, as
ev i denced by the prev a lent de po si tion of cal cite-poor var ie -
gated shales dur ing the Lutetian (Jablonka, Priepastné and
Domaniža fms). The same pro cess of sub si dence and de -
crease in clastic in put oc curred also in the EWC bas ins (e.g., 
the Beloveža Fm – cf. Fig. 2). Ul ti mately, the Lutetian deep
sea cov ered large ar eas of the PKB, in clud ing the peri-Klip-
pen zone and the outer CWC zones. Ow ing to nor mal fault -
ing and the for ma tion of steep fault scarps, the in ner mar -
ginal zones of this pe lagic ba sin were fed with large
amounts of un sorted, Sú¾ov-type carbonatic ma te rial de -
rived from the Tri as sic com plexes of the Hronic units.
These de pos its are dom i nant in the Mid dle Váh area, but oc -
cur also eastwards all along the PKB, up to Ukraine.

Dur ing the Mid dle Eocene, the se quen tial ac cre tion of
the EWC thin-skinned thrust sheets was ini ti ated. Dur ing
the ini tial stage, nappes of the Biele Karpaty Superunit were 
stacked and overthrust by the PKB units. Sub se quently,
dur ing the Late Eocene and Oligocene–Egerian, all other
units of the Magura and later also the Silesian-Krosno
superunits were pro gres sively in cluded in the grow ing
EWC accretionary wedge. In the mean time, the hin ter land
CWC re gion col lapsed and sub sided to cre ate the ex ten sive
and deep CCPB. This is tectono-sed i men tary Phase VI,
which be gins with transgressive car bon ate clastics and shal -
low-ma rine bioclastic lime stones of Bartonian–Priabonian
age (Fig. 5). Then, dur ing the Oligocene, the ba sin sub sided

60 D. PLAŠIENKA & J. SOTÁK



rap idly to be filled with shales and mudstones, in dic a tive of
poorly ox y gen ated con di tions. The Oligocene, up to low er -
most Mio cene se quence ex hib its an up ward increase in the
amount of mixed siliciclastic-calciclastic in put (Phase VII). 
The up per-plate po si tion, large ar eal ex tent cov er ing al most
the en tire CWC, ex ten sive sub si dence with up to 5,000 m of 
mostly deep-wa ter sed i ments, as well as an ex traor di nary
quan tity of de pos ited clastic ma te rial make this ba sin a dis -
tinc tive fea ture of the West ern Carpathians, which has no
an a logues in other seg ments of the Eu ro pean Alpides. Con -
se quently, a spe cial crustal-scale pro cess al low ing ex cep -
tional sub si dence must have op er ated dur ing the open ing
and evo lu tion of this ba sin. It was crustal thin ning, ei ther as
a cor ol lary of subcrustal ero sion (e.g., Kázmér et al., 2003),
or more prob a bly due to the extensional col lapse of the
overthickened CWC crust and the pull of the re treat ing sub-
duction of the EWC oce anic litho sphere.

DIS CUS SION – GEODYNAMIC
BACK GROUND AND TEC TONIC MODEL

OF THE “SENONIAN”–PALAEOGENE–
EARLY MIO CENE BAS INS OF THE

PIENINY KLIPPEN BELT
AND AD JOIN ING ZONES

Meso-Alpidic tec tonic evo lu tion of the West ern
Carpathians – prin ci pal events

The tectonic evo lu tion of the Late Cre ta ceous–Palae-
ogene bas ins and their de pos its is closely re lated to the de -
vel op ment of the West ern Carpathian orogenic wedge. The
his tory of the foun da tion and evo lu tion of the West ern Car-
pathian orogenic sys tem, as de scribed e.g., by Plašienka et
al. (1997), Froitzheim et al. (2008) and Putiš et al. (2009),
be gan by collisional events af ter the clo sure of the Neote-
thyan Meliata Ocean in south ern Carpathian zones dur ing
the Late Ju ras sic (160–150 Ma). Af ter an ep i sode of retro-
wedge ac tiv ity (pres ent In ter nal West ern Carpathians) dur -
ing the lat est Ju ras sic–ear li est Cre ta ceous, the pro-wedge of 
the CWC grew by progradational stack ing of the base ment
and cover thrust sheets through out the Cre ta ceous. The
stack ing pro cess started by thrust ing of the Gemeric thick-
skinned sheet in su per po si tion over the Veporic base ment-
cover com plexes dur ing the Early Cre ta ceous (Lexa et al.,
2003; Jeøábek et al., 2012; ca. 140–120 Ma – Hurai et al.,
2008). By mid-Cre ta ceous times (110–90 Ma), short en ing
trans ferred to the Veporic/Fatric in ter face, whereby the at -
ten u ated Fatric crust underplated the Veporic wedge, whilst
the Fatric sed i men tary cover was de tached and thrust over
the fore land Tatric base ment and cover dur ing the Late
Turonian (ca. 90 Ma – Plašienka, 2003; Prokešová et al.,
2012). Dur ing the Late Cre ta ceous and Early Palaeogene
(80–50 Ma), the overthickened su pra-Veporic thrust stack
col lapsed by orogen-par al lel ex ten sion to ex hume the Ve-
poric meta mor phic dome (cf. Janák et al., 2001; Jeøábek et
al., 2012; Vojtko et al., 2013).

Fol low ing the Late Turonian (ca. 90 Ma) em place ment
of the Fatric and sub se quently also the Hronic nappes,
short en ing re lo cated to the north ern Tatric edge. It was in -

ferred that the fron tal el e ments of the Fatric cover nappes
(Klape, Manín, Drietoma) glided be yond the north ern Tatric 
edge in su per po si tion above the oce anic Vahic (South
Penninic) crust (Plašienka, 1995a, b, 2012a). Dur ing its
Late Cre ta ceous subduction, these fron tal Fatric and Hronic
nappes be haved as a “false” accretionary com plex, be ing af -
fected by out-of-se quence thrust ing and imbrication with
the un der ly ing Vahic com plexes and over ly ing Gosau sed i -
ments of the wedge-top bas ins. The Vahic subduction prob -
a bly com menced be tween the lat est Turonian and the San-
tonian and con tin ued at least un til the Maastrichtian in Wes- 
tern Slovakia, where it was ter mi nated by col li sion with the
Oravic Czorsztyn Ridge in an intra-Penninic po si tion (Be-
lice Unit – Plašienka et al., 1994; Plašienka, 2012a). Ac -
cord ingly, the Vahic subduction lasted in the time span ap -
prox i mately be tween 90–85 and 70–60 Ma, sim i lar to the
subduction of the South Penninic Piemont oce anic do main
in the East ern Alps (Arosa Zone, Platta Nappe, Matrei
Zone, Ybbsitz Klippen Belt, Kahlenberg Nappe; see Schna-
bel, 1992; Homayoun and Faupl, 1992; Faupl and Wa-
greich, 2000; Kurz et al., 2001; Schmid et al., 2004; Froit-
zheim et al., 2008; Handy et al., 2010). How ever, data from
more east ern ar eas in di cate that the east ward pro lon ga tion
of the South Penninic oce anic zones (Iòaèovce rem nant ba -
sin) re mained un locked un til the Eocene (Soták et al., 1994,
2005). This in for ma tion and struc tural data from west ern
Slovakia in di cate an oblique dextral col li sion be tween the
CWC sys tem and the Czorsztyn Ridge. Sup pos edly, the
Oravic do main, as an elon gated con ti nen tal rib bon cen tred
by the Czorsztyn Ridge, was ori ented NW–SE to W–E (e.g., 
Picha et al., 2006; Golonka et al., 2000; for an al ter na tive
view see Aubrecht and Túnyi, 2001; Golonka et al., 2006).
On the other hand, the outer, east ward con vex oroclinal arc
of the CWC was stretch ing in a roughly N–S di rec tion (e.g.,
Csontos and Vörös, 2004; Grabowski et al., 2010) and
moved to the north to NW, in unity with the but tress ing
Adria microplate (e.g., Handy et al., 2010). As a re sult, their 
en croach ment was prop a gated from west to east, caus ing a
dextral transpression within the col li sion zone dur ing the
Palaeogene (cf. Fig. 9). As a re sult, an east ward-opened
oce anic rem nant ba sin was left for con tin u ing de po si tion in
the later Iòaèovce and Krièevo units (see Soták et al., 1994,
2005) and pre sum ably also in its west ward wedg ing-out ex -
ten sion, the com bined Maruszyna-Lipník-Šambron unit. In
this in ter pre ta tion, the Vahic (Belice), Maruszyna-Lipník-
Šambron-Krièevo and Iòaèovce units are all rep re sen ta tives
of the Carpathian Up per Penninic units, de rived from the
east ern branch of the Ligurian-Piemont Ocean (Al pine-
Carpathian At lan tic sensu Missoni and Gawlick, 2011).

Af ter the in cip i ent col li sion fol low ing the clo sure of the 
Váh Ocean in the pres ent west ern Slovakian area, de for ma -
tion and thrust ing of Oravic units com menced by the lat est
Cre ta ceous and con tin ued un til the mid-Eocene (Fig. 5). As
ar gued pre vi ously, fore land-prop a gat ing se quen tial thrust -
ing is re corded as the synorogenic, pro gres sively coars en -
ing-up ward clastic sed i ments, sup plied by ma te rial eroded
from the over rid ing thrust-sheet toes (Plašienka and Mikuš,
2010; Plašienka, 2012a).

In con trast, the Late Cre ta ceous to Mid dle Eocene
Gosau bas ins de vel oped as wedge-top de pres sions in con -
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junc tion with post-em place ment imbrication and sub se -
quent extensional events within the CWC Klape-Manín
nappe sys tem, act ing then as an accretionary wedge. The
seven sed i men tary se quences of the Gosau-type bas ins dis -
tin guished above per sisted for about 5 to 15 Ma each, but
the cyclicity seen in them did not en tirely co in cide with the
global eustatic sea-level fluc tu a tions (Fig. 5). For in stance,
there is a good pos i tive cor re la tion be tween the Campanian
eustatic sea-level rise and the in ferred con tem po ra ne ous
wedge-top col lapse and coastal onlap (Phase II). The cu mu -
la tive ef fect of these two si mul ta neous, but un re lated pro -
cesses brought about in tense sub si dence and open-ma rine
hemipelagic sed i men ta tion of var ie gated, CORB-type de -
pos its. Cor re la tion be tween the sea-level lowstand and par -
tial emergence and ero sion of the wedge can be pos tu lated
for the Late Maastrichtian–Selandian pe riod (up per phase III
and lower phase IV). How ever, a neg a tive cor re la tion with
the global sea-level curve ap plies for the other stages. The
transgressive Phase I is re lated to the sea-level low-stand, and 
the Lutetian drop of the eustatic curve co in cides with max i -
mum flood ing of the wedge-top area, with pe lagic sed i men ta -
tion com monly oc cur ring be low the CCD (Phase V). A sim i -
lar sit u a tion oc curred also dur ing the Oligocene (Phase VII).

For this rea son, it is in ferred that the seven depositional
stages iden ti fied above were dom i nantly con trolled by the
lo cal tec tonic pro cesses op er at ing within the prograding
West ern Carpathian orogenic wedge. In con trast, only two
gen eral cy cles have been rec og nized in the east ern NCA.
The Lower Gosau Sub group is char ac ter ized by pre dom i -
nant ter res trial to shal low-ma rine sed i men ta tion, which was
fol lowed by a short emergence event and then by rapid sub -
si dence of the Up per Gosau Sub group, with a grad ual trans -
gres sion in vad ing even more south ern NCA zones. In this
scheme, the Campanian–Maastrichtian to lower Palaeogene 
for ma tions of the NCA show un in ter rupted deep-wa ter
hemipe lagic de po si tion, whereas the shal low-wa ter biode-
tritus (e.g., the Kambühel reefs) was de rived from the in -
ward-mi grat ing south ern shore. Such a pat tern is then con -
sis tent with the subcrustal-ero sion tec tonic model pro posed
by Wagreich (1995).

The architecture of the West ern Carpathian Gosau bas -
ins ap pears to be dif fer ent. No emergence and ero sion was
de tected at the Santonian/Campanian bound ary; rather a
grad ual deep en ing is re corded. Shal low-ma rine biogenic
and terrigenous de tri tus is com mon through out, of ten
coarse-grained and ap par ently de rived from intra-ba sin
sources. It is con cen trated at cer tain time lev els that are in -
ter preted here as the cul mi na tions of the re gres sive-trans-
gressive depositional cy cles rep re sented by the evo lu tion ary 
stages de scribed above. As in ter preted from the sed i men -
tary re cord, each cy cle in cluded two main phases: 1) ba sin
in ver sion, re gres sion and shal low-ma rine, biogenic and/or
clastics-dom i nated sed i men ta tion, fi nally up to par tial emer- 
gence and ero sion of ear lier sed i ments; 2) ma rine trans gres -
sion or ingression, drown ing of terrigenous and biogenic
sources of clastic ma te rial, deep-wa ter hemipelagic and
turbidite sed i men ta tion. Only the first, Lower Senonian cy -
cle is dif fer ent in part, as it be gan the whole depositional
suc ces sion of the wedge-top bas ins with ter res trial sed i men -
ta tion fol lowed by ma rine trans gres sion. Sup pos edly, these

two phases re flect con trast ing tec tonic re gimes op er at ing
within the un der ly ing, ac tively de form ing accretionary
wedge.

Struc tural evo lu tion of the PKB and ad ja cent zones

While re con struct ing the struc tural evo lu tion and op er -
at ing stress fields, the tec tonic af fil i a tion of any unit stud ied
must be con sid ered with cau tion. This par tic u larly ap plies
for the dis tinc tion be tween the “non-Oravic” units trans -
ported to the PKB area from dis tant palaeogeographic zones 
and the Penninic (Vahic-Oravic-Magura) units along with
the post-em place ment Gosau-type sed i men tary cover, i.e.,
units that ac quired their struc tural re cord in post-Turonian
times only. The for mer units (Drietoma, Klape, Manín,
Haligovce), gen er ally as signed to the CWC Fatric nappe
sys tem, con tain a rich trans ported struc tural re cord at tained
dur ing their de tach ment and thrust ing from the home land to
the pres ent po si tion. In gen eral, this early struc tural re cord
cor re sponds well with that of the Fatric Krížna Nappe (Pla-
šienka, 2003; Prokešová et al., 2012), es pe cially in the
lithologically vari able Manín unit. How ever, it is some times 
very dif fi cult to dis tin guish it from the post-em place ment
de for ma tion el e ments formed in the pres ent peri-Klippen
zone, since the ge om e try of both struc tural as so ci a tions has
in part sim i lar char ac ter is tics, be ing con trolled by equally
ori ented palaeostress fields. Tak ing into ac count some pos -
si ble dis tinc tive fea tures, such as the duc til ity of the struc -
tures (higher in the Fatric units, e.g., low-grade pres sure so -
lu tion fo li a tion, shear ing-re lated cleav ages, elon gated ob -
jects and stretch ing lineation, tight to iso cli nal folds), a dis -
tinc tion may be ten ta tively made be tween the pre- and post-
em place ment struc tures in the Fatric units (see also Mahe¾,
1989). Con se quently, the pre-em place ment (pre-Coniacian,
or pre-Gosau) de for ma tion el e ments are here as signed to the 
non-genetical de for ma tion stage D0 re corded ex clu sively in
the Fatric units.

Re gret ta bly, the pre dom i nantly brit tle mesoscopic stru-
ctural re cord for the en tire Late Cre ta ceous–Palaeogene–
Early Mio cene pe riod also is poorly de fined, since only the
over all W-E to grad u ally NWN-SES short en ing with ei ther
compressional, or transpressional re gimes is in ter preted
from palaeostress anal y ses along the en tire PKB (e.g.,
Marko et al., 1995; Pešková et al., 2009; Buèová et al.,
2010; Mikuš, 2010; Vojtko et al., 2010; Šimonová and
Plašienka, 2011; Plašienka, 2012b). This ori en ta tion would
cor re spond to the fore land-prop a gat ing thrust ing and nappe
stack ing, re vealed by the gen eral ge om e try of fold-thrust
struc tures in the PKB and ad ja cent zones (Andrusov, 1938,
1974; Ksi¹¿kiewicz, 1977; Birkenmajer, 1986; Jurewicz,
1994). Be sides the purely compressional re gime, dextral
transpression as so ci ated with this palaeostress ori en ta tion
was doc u mented in sev eral parts of the PKB, re gard less of
po si tion in its re cent ar cu ate shape (e.g., Ratschbacher et al., 
1993; Nemèok and Nemèok, 1994; Buèová et al., 2010;
Plašienka, 2012b).

How ever, as sum ing a gen eral CCW block ro ta tion of
the West ern Carpathian do main by some 50° dur ing the late
Early Mio cene (Márton et al., 2013 and ref er ences therein),
the hor i zon tal com pres sion axis should be cor rected to
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roughly NWN–SES to SW–NE for the Palaeogene. Dur ing
the Mio cene, also the palaeostress field ro tated clock wise,
trig gered by the east ward shift of the collisional zone along
the front of the Carpathian orogen (e.g., Marko et al., 1995).

Plašienka and Mikuš (2010) and Plašienka (2012b) re -
con structed the early stages of the tec tonic evo lu tion of the
Oravic PKB units in east ern Slovakia with ref er ence to the
in ter pre ta tion of sed i men tary-strati graphic data and struc -
tural el e ments (bed ding, cleav age, folds and shear bands).
Sup ple mented by the data from west ern Slovakia, a mod i -
fied model is pre sented here. The old est compressional de -
for ma tion stage D1 is rep re sented by pres sure so lu tion
cleav age ori ented at high an gles to the bed ding in com pe -
tent lime stones, es pe cially those of the Subpieniny unit. The 
cleav age shows a ge netic re la tion ship to the SW–NE-tren-
ding mesoscopic F1 folds. The D1 struc tures are re lated to
in cip i ent de tach ment of PKB suc ces sions from their sub-
duct ed sub stra tum and sub se quent thrust stack ing, in clud -
ing both the fore land-prop a gat ing and out-of-se quence
thrust ing. As sum ing the stack ing suc ces sion of the three
Oravic units, the D1 stage pro gressed in a piggy-back man -
ner from higher to lower thrust sheets dur ing the Paleocene
and Lower Eocene. The late, W–E-trending F1 macrosco-
pic folds, sub se quent and slightly oblique to the mesoscopic 
F1 folds, are re lated to out-of-se quence thrust ing in the rear
of the de vel op ing thrust wedge. In the in ner most CWC
zones, this compressional stage brought about ex hu ma tion
and cool ing through the zir con and ap a tite fis sion-track
(ZFT and AFT, re spec tively), par tial an neal ing zones of the
CWC base ment com plexes, cov er ing a wide span of ages
be tween 55 and 40 Ma (Kováè et al., 1994; Danišík et al.,
2004, 2011; Vojtko et al., 2013; Králiková et al., 2014a, b).

The poorly doc u mented D2 event is rep re sented by
“cross fold ing”, with both mac ro scopic and mesoscopic
folds and re lated cleav ages ori ented in a NW–SE to N–S di -
rec tion. How ever, the ki ne matic sig nif i cance and the rel a -
tive tim ing of this fold ing are un cer tain, pos si ble re la tion -
ships with the PKB arc for ma tion might be in ferred.

The D3 de for ma tion stage is reg is tered as extensional
duc tile to brit tle shear zones, ori ented mostly at low an gles
to bed ding. Plašienka and Mikuš (2010) re lated this event to 
the extensional col lapse of the overthickened thrust wedge,
ac com pa nied by sub si dence and de po si tion of the over step -
ping, Mid dle Eocene to Oligocene Údol suc ces sion. Tak ing
into ac count the data from west ern Slovakia, this event can
be re lated to the Lutetian extensional col lapse in par tic u lar.
How ever, the CWC rigid but tress prob a bly re mained in a
compressional re gime with base ment ex hu ma tion, sur face
up lift and ero sion, as in di cated by the ab sence of Lutetian
sed i ments and also by the ZHe and AFT data from the Nízke
Tatry Mts. (Danišík et al., 2011). Hence the D3 event de notes 
an extensional ep i sode of the wedge toe only dur ing the gen -
er ally compressional Paleocene–Eocene tec tonic re gime.

Short en ing with a NW-SE to N-S axis was re newed in
the D4 stage. In the Mid dle Váh Val ley, it is re corded as
backthrusting-backtilting of the PKB s.l. units, whereby
most of strata were steep ened to over turned towards the
south (Figs 4, 8G, H). Gen er ally, SE- to S-vergent back-t
hrusting is par tic u larly well ex pressed in NW Slovakia, in
the Varín and Orava PKB sec tors, trending W–E to SW–

NE, re spec tively (e.g., Marko et al., 2005; Pešková et al.,
2009, 2012). This de for ma tion stage cul mi nated in dextral
transpression with east ward-in creas ing man i fes ta tions in
the north ern and par tic u larly in the east ern PKB branch
(Fig. 9), which at tained the struc tural ap pear ance of a typ i -
cal dextral wrench cor ri dor (Ratschbacher et al., 1993;
Nemèok and Nemèok, 1994; Plašienka, 2012b). This stage
is re lated with late Mid dle Eocene to Early Oligocene com -
pres sion, re vealed also by the AFT data from the base ment
highs along the south ern flanks of the CCPB, clus ter ing at
around 40 Ma (Kováè et al., 1994; Danišík et al., 2004).

Dur ing de for ma tion stage D5, the com plex re la tion -
ships of the PKB and Magura units orig i nated. In the Pie-
niny Mts., the Oravic units of the PKB were thrust to wards
the N-NE over the youn gest, Lower Mio cene de pos its of the 
in ner most Krynica Subunit of the Magura Belt (Oszczypko
and Oszczypko-Clowes, 2010, 2014). How ever, farther
east ward (Šariš PKB sec tor, Èergov Mts.), the Krynica
Subunit was thrust back over the PKB and this ac counts for
its nar row ing and even dis ap pear ing from the sur face for a
short sec tion NW of Prešov (Fig. 1B). This late SW–NE
short en ing event also af fected the in ner struc ture of the
PKB as well as the ad ja cent part of the CCPB (Šambron-
Kamenica an ti cli nal zone; Plašienka et al., 1998). Sub se -
quently, the east ern PKB branch trending 120° SE at tained
its pres ent lin ear form, bounded by steep fault bound aries
on both sides. These faults are clearly post-Oligocene in age 
(Plašienka et al., 2013). They cor re spond to oblique-slip,
re verse-dextral backthrusts.

At the same time, the west ern, SW-NE trending PKB
branch ex pe ri enced a sinistral transpression-transtension,
which per sisted un til the Early–Mid dle Mio cene (Kováè
and Hók, 1996; Pešková et al., 2009; Buèová et al., 2010;
Šimonová and Plašienka, 2011). This stage was fol lowed by 
the late Early Mio cene (post-Eggenburgian) CCW block ro -
ta tion of the West ern Carpathian do main and then, dur ing
the Mid dle Mio cene, by the gen eral back-arc ex ten sion re -
lated to the open ing of the large sed i men tary de pres sions of
the Pannonian Ba sin sys tem (see e.g., Kováè, 2000, and ref -
er ences therein). Con tem po ra ne ously, large-scale base ment
ex hu ma tion and up lift of the CWC “core moun tains” oc -
curred.

Ap pli ca tion of the crit i cal taper con cept

The evolution of accretionary to orogen-scale wedges
and fold-thrust sys tems is well known from the struc tural
de vel op ment of both an cient (e.g., Price, 1988, 2001; Platt,
1986; Plesch and Oncken, 1999) and mod ern field ex am ples 
(e.g., Lallemand et al., 1994; Maltman, 1998; Bon net et al.,
2007), as well as from an a logue (e.g., Persson and Sokoutis, 
2002; Soto et al., 2006; Bon net et al., 2008; Sieniawska et
al., 2010; Konstantinovskaya and Malavieille, 2011; Rauch, 
2013) and nu mer i cal (e.g., Koons, 1989; Wil let, 1992; Wil -
let et al., 1993; Burbridge and Braun, 2002; Simpson, 2011) 
mod el ling. The gen er al ized mod els (e.g., Chap ple, 1978;
Da vis et al., 1983; Dahlen, 1990) pre dict that the wedge ge -
om e try and its in ter nal de for ma tion are pref er a bly con -
trolled by the over all shape of the wedge, which is a func -
tion of li thol ogy and the me chan i cal prop er ties of ma te rials
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within the wedge, the pore fluid pres sure, and the strength
of the basal décollement. In an equi lib rium state, the wedge
main tains its crit i cal taper through a bal ance be tween the in -
ter nal compressional de for ma tion, which tends to in crease
the taper an gle, and the slip along the basal de tach ment that
en ables re lax ation of ex ces sive compressional stresses
within the wedge. Al ter na tively, the dy namic wedge may
keep the crit i cal taper only tran siently and thick ens by ac -
cre tion of ma te rial to its tip and sole un til the crit i cal taper
an gle is ex ceeded (super criti cal wedge). Be yond this limit,
the wedge be comes grav i ta tion ally un sta ble and un der goes
extensional col lapse. The en su ing extensional thin ning
causes a de crease of the taper an gle (subcritical wedge),
which is then com pen sated by ac cre tion of new ma te rial and 
fi nally leads to re peated wedge thick en ing (Fig. 7). As a re -
sult, the wedge may prop a gate like a cat er pil lar in mo tion by 
means of an al ter na tion of compressional and extensional
events (cf. Patacca and Scandone, 2001; Palladino, 2011).

The crit i cal wedge the ory can also ex plain many char -
ac ter is tics of the Gosau bas ins that de vel oped at the toe of

the West ern Carpathian orogenic wedge. In view of this, the 
pre vi ously men tioned two phases of the re gres sive-trans-
gressive sed i men tary cy cles are ex pressed by: 1) regression
and in ver sion of piggy-back bas ins, their po ten tial emer-
gence and ul ti mately lo cal ero sion were caused by the sur -
face up lift gen er ated by the build-up of com pres sive stre-
sses within a wedge, its in ter nal short en ing and en su ing
thick en ing; 2) transgression and rapid sub si dence of the
wedge-top bas ins oc curred af ter the overthickened wedge
had sur passed the crit i cal taper and in ter nal strength lim its
and un der went an extensional col lapse. On the ba sis of this
rea son ing, the fol low ing tec tonic sce nario is pro posed for
the evo lu tion of the synorogenic bas ins that are dif fer en ti -
ated ac cord ing to the depositional stages rec og nized above
(Figs 5, 8, 9).

Late Turonian, ca. 90 Ma (Phase 0, Fig. 8A). This was 
the em place ment event of the Fatric (Klape, Manín, Krížna
– de for ma tion stage D0) and Hronic cover nappe sys tems,
with the foun da tion of the accretionary wedge above the
Vahic oce anic crust and an ini tially (sub)crit i cal taper.

Lat est Turonian?–Coniacian to Early Santonian, ca.
90–85 Ma (Phase I, Fig. 8B). The subduction of the Vahic
Ocean com menced and the Pieniny-Belice trench-foredeep
ba sin with deep-ma rine turbidites and mass-flow con glom -
er ates (incl. exotics re cy cled from the accretionary wedge
toe) was es tab lished. The foredeep-trench bas ins were sep a -
rated by an ero sional wedge-toe el e va tion from the wedge-
top growth bas ins (Rašov-Valchov type) with ter res trial to
shal low-ma rine, clastics-dom i nated de po si tion (transgre-
ssive con glom er ates, bioherms and biostromes), fol lowed
by grad ual deep en ing with neritic marls and cal car e ous
tempestites and turbidites. The wedge-top ac com mo da tion
space was cre ated by downbending, due to subduction and
orogenic wedge loads, de spite the sea-level fall. The wedge
de formed in ter nally by out-of-se quence thrust ing and at -
tained a crit i cal up to grad u ally super criti cal taper dur ing the 
Early Santonian.

Late Santonian to mid-Campanian, ca. 85–75 Ma
(Phase II, Fig. 8C). Subduction of the Vahic Ocean con tin -
ued. Drowning and de struc tion of terrigenous and biogenic
sources oc curred ow ing to flood ing of the wedge-toe el e va -
tion, caused by the global sea-level rise and subduction load 
of the Vahic litho sphere. The sedimentary suc ces sions show 
fin ing up ward and sud den deep en ing (ingression) with oce -
anic red beds (var ie gated marlstones, CORB) in both the
trench and wedge-top, Púchov-type pig gy back bas ins,
which com mu ni cated dur ing this stage. Hence the wedge
col lapsed rap idly to the subcritical taper state, whereas ex -
hu ma tion of the overthickened ax ial parts of the but tress ing
CWC orogenic wedge (Vepor-Gemer zone) by orogen-par -
al lel ex ten sion started, as ev i denced by struc tural data, cool -
ing ages and start of sed i men ta tion in the in ter nal Gosau
bas ins.

Mid-Campanian to ear li est Danian, ca. 75–65 Ma
(Phase III, Fig. 8D). Coarsening-up ward syn-orogenic sed i -
men ta tion in the Vahic (Belice) trench and Oravic (Jarmuta) 
foredeep bas ins oc curred, sub se quently subduction of the
Vahic Ocean ter mi nated ap prox i mately at the Cre ta ceous/
Palaeogene bound ary. In ac cord with the de scend ing sea-
level, re gres sion and fi nally lo cal emer gence is re corded in

64 D. PLAŠIENKA & J. SOTÁK

Fig. 7. Ter mi nol ogy and dy namic con trols of the pe riph eral
trench-foredeep and wedge-top ba sin sys tems (see text for de tails). 
A. Steady-state wedge main tain ing crit i cal taper. B. Unstable
overthick ened wedge with super criti cal taper. C. Extended, sub-
crit i cal wedge taper. Synorogenic sed i ments are shown in grey.



the wedge-top bas ins with de vel op ment of tran sient mar ginal 
biogenic build ups that were mostly de stroyed af ter wards.
The subcritical wedge (Phase II) be gan to de form in ter nally
by out-of-se quence thrust ing and at tained the super criti cal
taper dur ing the lat est Cre ta ceous, then the wedge did not
col lapse, but the crit i cal-super criti cal taper was main tained
by but tress ing fron tal col li sion of the orogenic wedge with
the Czorsztyn Ridge af ter clo sure of the Vahic Ocean, whe-
reby also the EWC bas ins (Biele Karpaty-Magura) were
partly in verted. The wedge toe accreted the de tached Oravic
Pieniny Unit, whereas the Vahic Belice Unit was underplated 
and at tached to the wedge sole by basal du plexing and/or
partly in volved in the subduction chan nel (MP-VLT meta -
mor phism; Putiš et al., 2008).

Danian to Ypresian, ca. 65–50 Ma (Phase IV, Fig.
8E). The wedge-top bas ins are char ac ter ized by ter res trial
or shal low-ma rine sed i ments rich in terrigenous ma te rial or
frag ments of biogenic build-ups. The sea-level was at a low- 
stand dur ing the Danian and then it rose in the Thanetian to
the Ypresian high-stand, which caused a shal low trans gres -
sion over the wedge. The wedge stayed in a compressional
state, ow ing to col li sion and underthrusting of the Oravic
con ti nen tal rib bon (Czorsztyn Ridge) be low the orogenic
wedge but tressed by the CWC back stop. Its sed i men tary
cover (Subpieniny Unit) was de tached and thrust over the
Proè foredeep ba sin with coars en ing-up ward synorogenic
turbiditic clastics and mass-flows. Af ter be ing accreted at
the wedge tip, the Oravic units were af fected by the first
struc tur ally ex pressed compressional de for ma tion stage D1,
pos si bly fol lowed by “cross fold ing” stage D2. Then the
collisional zone ex pe ri enced out-of-se quence thrust ing and
backthrusting, parts of the wedge and the CWC back stop
were up lifted and eroded. Ac cord ingly, the wedge was crit i -
cally to supercritically ta pered.

Late Ypresian to Lutetian, ca. 50–40 Ma (Phase V,
Fig. 8F). There was es tab lish ment of a new subduction zone 
in front of the lead ing edge of the West ern Carpathian
orogenic wedge, com posed of the de tached Oravic units
(Šariš and Subpieniny); this was the start of the Magura
Ocean subduction. The EWC Biele Karpaty Superunit was
scraped off and accreted at the wedge toe and in ter nally
short ened. Af ter the loss of the fron tal sup port, the wedge
col lapsed grav i ta tion ally and ex tended and its sur face sub -
sided (de for ma tion stage D3). Con se quently, the wedge ge -
om e try changed rap idly to subcritical. The rear of the wedge 
was first (late Ypresian to ear li est Lutetian) af fected by in -
put of huge masses of carbonatic scarp brec cias, de rived
from the up lifted zone of the CWC, com posed of Tri as sic
for ma tions of the Hronic Superunit (Sú¾ov Conglomerate).
Af ter wards, dur ing the Lutetian, it length ened and slipped
along the basal décollement. Therefore, its rear parts col -
lapsed to form the pe lagic ba sin, de spite the drop in the
global sea level.

Bartonian to Rupelian, ca. 40–30 Ma (Phase VI, Fig.
8G). The subduction of the Magura oce anic litho sphere ac -
cel er ated and sed i ments from the in ner parts of the Magura
Ba sin were scraped off and accreted to the wedge toe (Biele
Karpaty and Bystrica units). As a con se quence, the wedge
grew rap idly and at tained the crit i cal to super criti cal taper
again. The pro cess of se quen tial ac cre tion of the EWC

thin-skinned thrust sheets was ini ti ated dur ing the late Mid -
dle Eocene. At first, nappes of the Biele Karpaty Superunit
were stacked and overthrust by the PKB units. Sub se -
quently, dur ing the Late Eocene and Oligocene–Egerian, all 
other units of the Magura and later also the Silesian-Krosno
superunits were pro gres sively in cluded in the grow ing
EWC accretionary wedge. In the CWC back stop ar eas, a
par tial in ver sion of the Lutetian bas ins, up lift and ero sion of 
their mar ginal zones oc curred, fol lowed by shal low-ma rine
trans gres sion (Borové Fm of the CCPB), likely due to the
eustatic sea level rise dur ing the lat est Lutetian–ear li est
Bartonian. The Iòaèovce rem nant ba sin was closed and its
com plexes were underplated be low the NE edge of the
CWC. The over all compressional tec tonic re gime con -
trolled also the de vel op ment of in part iso lated anoxic bas -
ins dur ing the Early Oligocene. In the west ern PKB branch,
backthrusting-backtilting af fected the rear parts of the EWC 
accretionary wedge, in clud ing the PKB. Compression, par -
tial ex hu ma tion and cool ing of base ment com plexes in the
more in ner CWC back stop zones are in di cated by the ZFT
and AFT ages. The sig nif i cant dextral transpression in the
east ern PKB branch was as so ci ated with dis con nec tion of
the PKB-EWC accretionary com plex from the CWC zones
and its SE-ward (in pres ent co or di nates) move ment, rel a tive 
to the NE edge of the CWC. As a con se quence, the PKB-
EWC sys tem, car ry ing also sliv ers of peri-Klippen Fatric
units (Haligovce, Humenné) with the Sú¾ov-Domaniža type 
of Eocene for ma tions, was dextrally jux ta posed to the east -
ward wid en ing strip of the Maruszyna-Lipník-Šambron-
Krièevo units (Fig. 9). Un like the Iòaèovce Unit, the
Krièevo-re lated units were not in volved in underthrusting
be low the CWC thrust stack, but were accreted to its tip. In
east ern Slovakia, the outer CWC edge and obducted oce -
anic com plexes were squeezed and up lifted to pro vide
clastic ma te rial for the mar ginal mass-flow de pos its (Šam-
bron Fm) dur ing the Priabonian and Early Oligocene and
ser pen tin ite de tri tus for the Oligocene clastics, re spec tively. 
All these events oc curred dur ing de for ma tion stage D4, de -
scribed above.

Late Rupelian to Aquitanian (Egerian), ca. 30–20 Ma 
(Phase VII, Fig. 8H) – subduction of the Magura oce anic
litho sphere grad u ally ceased and was re lo cated north wards
into the Silesian-Krosno sea. The wedge col lapsed (in clud -
ing accreted Magura units) and was main tained in a
subcritical state ei ther by a miss ing fron tal sup port (pos si ble 
subduction re treat of the EWC oce anic zones), or by sub-
crustal ero sion. The outer CWC and in ner EWC (north ern
and east ern sec tors) zones were af fected by large-scale
flood ing and sub si dence of the CCPB that partly com mu ni -
cated with the wedge-top, pig gy back bas ins lo cated above
the accretionary wedge rear (in ner Magura belt – PKB).
Dur ing the ear li est Mio cene, subduction of the EWC bas ins
van ished and soft col li sion of the WC orogenic wedge
(west ern part) with the NEP started. The orogenic wedge
was com pressed to at tain the crit i cal state again. As a con se -
quence, retro-wedge com pres sion and par tial clo sure of the
CCPB and Malcov-Údol type bas ins oc curred (de for ma tion
stage D5). Nev er the less, ma rine bas ins in a pig gy back po si -
tion still per sisted in the in ner EWC zones, near the con tact
with the PKB. Si mul ta neously, MP/LT meta mor phism and
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pen e tra tive duc tile de for ma tion af fected the deeply bur ied
Iòaèovce Unit.

Burdigalian (Eggenburgian–Karpatian), ca. 20–16 Ma.
The wedge was keep ing the crit i cal taper en abling in ver sion
of the CCPB and Early Mio cene pig gy back bas ins of the
Magura zone. A new sys tem of wedge-top, wrench-fur row
type bas ins was es tab lished along the PKB and in the outer
CWC zones. More over, a large-scale CCW ro ta tion of the
West ern Carpathian do main was ini ti ated by Al pine col li -
sion and subduction re treat of the outer EWC Silesian-
Krosno Sea. These pro cesses were ac com pa nied by the ini -
tial up lift of the later CWC “core moun tains” (AFT data), as 
well as a core-com plex-style ex hu ma tion of the Iòaèovce
Unit.

Mid dle Mio cene (Badenian), ca. 16–12 Ma. Sinistral
transtension in the wes tern most PKB sec tor gen er ated a sys -
tem of pull-apart bas ins (Vi enna Ba sin, Ilava-Sverepec and
Orava-Nowy Targ de pres sions). The en su ing back-arc col -
lapse and ex ten sion of the Pannonian Ba sin sys tem were ac -
com pa nied by lithospheric thin ning, rift ing, sub si dence and
ex ten sive calc-al ka line vol ca nism, trig gered by an east ward
subduction roll-back of the Silesian-Krosno Sea.

CON CLU SIONS

Dur ing the Meso-Alpidic ep och, the West ern Car-
pathian zones along the PKB ex pe ri enced a polystage tec -

tonic evo lu tion, as they were grad u ally shifted from the
front of the CWC orogenic sys tem to the rear of the de vel -
op ing EWC accretionary wedge. Fi nally, dur ing the Early–
Mid dle Mio cene, the PKB and ad ja cent units were welded
to the back stop CWC block, be ing sep a rated from the Flysch
Belt by steep re verse oblique to strike-slip faults. The Late
Cre ta ceous–Palaeogene pe riph eral trench-foredeep and
wedge-top ba sin sys tem evolved by mu tu ally re lated com-
pressional and extensional events, doc u mented in com plex
sed i men tary and struc tural rock re cords. The whole story is
dif fer en ti ated into seven prin ci pal depositional phases, dis tin -
guished ac cord ing to tem po ral and spa tial vari a tions in sed i -
men tary en vi ron ments, their tec tonic set tings, sources of
clastic ma te rial, etc. The suc ces sive trans gres sion-re gres sion
cy cles are in ter preted in terms of de vel op men tal tectono-se-
dimentary phases, con trolled by a com plex in ter play among
the re gional tec tonic evo lu tion of the Al pine-Carpathian
orogenic sys tem pro duc ing far-field tec tonic stresses, lo cal
wedge dy nam ics and eustatic sea level fluc tu a tions. Ac cord -
ingly, the seven evo lu tion ary tectono-sed i men tary phases
were char ac ter ized as fol lows (Figs 5, 8).

I. Af ter Late Turonian em place ment of the CWC nappe 
sys tems and the on set of subduction of the South Penninic-
Vahic Ocean (Phase 0), the pe riph eral foredeep in the later
Pieniny Unit of the PKB and the wedge-top Gosau bas ins
were es tab lished dur ing the Coniacian–Santonian. Both are
char ac ter ized by synorogenic, coarse-grained clastic de pos -
its with partly sim i lar com po si tion, but they prin ci pally dif -
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Fig. 8. Ten ta tive evo lu tion ary model of the trench-foredeep and wedgetop-pig gy back ba sin sys tem, based on sit u a tion in the Mid dle
Váh Val ley area (cf. Fig. 4). Base ment com plexes are hachured grey (crosses – con ti nen tal crust, v-marks – oce anic crust), lower plate
sed i ments are shown in dark grey, up per plate sed i ments are light grey, synorogenic sed i ments con tem po ra ne ous to the par tic u lar stage are 
hachured black, sea wa ter is shown blank. Ver ti cal hatch ing de notes the accreted Vahic oce anic sed i ments. A. Initial Phase 0, em place -
ment of the Fatric nappes fol lowed by com mence ment of subduction of the Vahic oce anic litho sphere. B. Phase I, subduction of the Vahic
do main, crit i cal to super criti cal wedge taper. C. Phase II, accretionary wedge col lapse to subcritical taper state. D. Phase III, clos ing of the
Vahic Ocean, in cip i ent col li sion of the crit i cally ta pered wedge tip with the Oravic con ti nen tal rib bon. E. Phase IV, grad ual underthrusting 
of the Oravic do main be low the super criti cal wedge. F. Phase V, com mence ment of subduction of the Magura oce anic litho sphere, wedge
col lapse to subcritical taper. G. Phase VI, wedge growth to super criti cal state (see also Fig. 9), retrowedge downbending and trans gres sion 
in the CWC area. H. Phase VII, the EWC accretionary wedge growth, col lapse and ex ten sion of the back stop outer CWC zones, flooded
by the CCPB sea. Not to scale.



fer in gen e sis; while the trench-foredeep troughs con tain
deep-ma rine, coars en ing-up ward se quences, the wedge was 
trans gressed by con ti nen tal to shal low-ma rine, fin ing-up -
ward de pos its.

II. Dur ing the Early–Middle Campanian, the sea level
rose and the wedge col lapsed grav i ta tion ally to a subcritical
taper state. Therefore, a con nec tion be tween the foredeep
and wedge-top basinal ar eas was en abled. This re sulted in
the uni fied sed i men ta tion of pe lagic var ie gated marls and
shales (CORB), in part de pos ited be low the lo cal CCD in
the large Púchov depositional sys tem.

III. In lat est Cre ta ceous times, the clastics-dom i nated
foredeep re lo cated out wards to the later Subpieniny Unit (Jar-
muta Fm), whilst the wedge-top area was grad u ally up lifted,
sup pos edly as a re sult of wedge com pres sion and thick en ing.
The re gres sive Bradlo and Ihrište for ma tions are chiefly com -
posed of bioclastic de tri tus, in clud ing re worked bioherms.

IV. Af ter clo sure of the Váh Ocean, the wedge stayed
in a compressional re gime, gen er ated by col li sion of the
CWC with the Oravic con ti nen tal frag ment and its ac cre tion 
to the wedge toe. The pe riph eral foredeep was shifted to its
north ern mar gin fac ing the Magura Ocean and was filled
with coarse clastics with huge olistostrome bod ies (Proè Fm
of the later PKB Šariš Unit) dur ing the early Palaeogene.
The wedge area was com pressed, up lifted, ren dered emer -
gent and eroded to some ex tent. The Thanetian–Ypresian,
pig gy back ba sin was in flu enced by shal low-ma rine bio-

clastic in put, abun dant reef olistolites and fre quent gaps
dur ing the sea level rise.

V. For the pe riod of Lutetian, the wedge col lapsed and
sub sided to bathyal depths. The wide spread and deep wedge- 
top ba sin orig i nated and com mu ni cated also with the EWC
bas ins and the cor re spond ing sed i men tary con di tions. Its in -
ner mar gin was bounded by nor mal faults, which sup plied the 
ad ja cent pe riph er ies with vast masses of un sorted car bon ate-
scarp brec cias and con glom er ates (Sú¾ov Fm). The back stop
CWC zones were still contractionally up lifted.

VI. The late Lutetian–early Bartonian ep i sode of ba sin
in ver sion was fol lowed by a wide spread Bartonian–Pria-
bonian trans gres sion re lated to the re newed sea level rise.
As a re sult, the large forearc-type CCPB was es tab lished.
Large ar eas of the EWC and outer CWC zones were floo-
ded, de spite the build-up of com pres sive stresses, back-
thrust ing-backtilting and dextral transpression in the east ern 
PKB branch. The transgressive con glom er ates of the CCPB
were suc ceeded by up per Priabonian–lower Rupelian pe -
lagic marls and anoxic shales with huge coarse mass-flow
bod ies, de rived from the intra-basinal cor dil leras and ba sin
mar gins.

VII. Dur ing the Late Oligocene and ear li est Mio cene,
the wedge col lapsed once again. The CCPB, along with the
in ter nal EWC zones, sub sided con sid er ably and was filled
with large amounts of deep-ma rine, thick en ing-up ward
clastics.
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Fig. 9. Sche matic block-di a gram show ing an over all palaeotectonic sit u a tion of the West ern Carpathians dur ing the Phase VI
(Priabonian, ap prox i mately 35 Ma). Not to scale. Ab bre vi a tions: OC – oce anic crust; OB – Oravic base ment; Mg – Magura units; BK –
Biele Karpaty units; Or – Oravic units; Be – Vahic Belice Unit; Kc – Krièevo Unit; In – Iòaèovce Unit; Kl – Klape Unit; Ma – Manín Unit; 
Ha – Haligovce Unit; Kr – Krížna Nappe; Hr – Hronic nappes; Go – Gosau de pos its.
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Ap pen dix
List of ab bre vi a tions

AFT – Ap a tite Fis sion Tracks; CCD – Cal cite Com pen sa tion
Depth; CCPB – Cen tral Carpathian Palaeogene Ba sin; CCW –
counterclockwise (ro ta tion); CORB – Cre ta ceous Oce anic Red
Beds; CWC – Cen tral West ern Carpathians; DWAF – Deep Wa ter
Ag glu ti nated Foraminifera; EWC – Ex ter nal West ern Carpa-
thians; Fm – For ma tion; Mb – Mem ber; MP-LT – medium pres-
sure-low temperature (meta mor phism); NCA – North ern Cal car e -
ous Alps; NEP – North Eu ro pean Plat form; PKB – Pieniny Klip-
pen Belt; s.l. – sensu lato; s.s. – sensu stricto; WC – West ern Car-
pathians; ZFT – zircon fission tracks; ZRT – zircon-rutile-tour-
maline (ultrastable heavy min eral as so ci a tion).
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