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Introduction

Convergent orogenic systems are charac-
terized by extensive horizontal shortening and
large-scale redistribution of crustal material by the
tectonic, erosional and sedimentary processes.
Shortening is mainly accomplished by stacking of
thick- and thin-skinned thrust sheets that resulted
from complex orogenic processes. These include
subduction of domains composed of the oceanic
lithosphere, in rare cases also its obduction,
accretion of sedimentary units scraped off the lower
plate of a convergent zone, collision of the conti-
nental blocks or fragments, post-collision crustal and
lithospheric thickening accompanied by subduction
of the continental lower crust and subconti-
nental mantle lithosphere, extensional collapse
of overthickened collisional zones, exhumation of
previously deeply buried rock complexes, surface
uplift and mountain building, deposition of erosional
products in a range of syn- and post-orogenic basins
etc. These processes leave behind various types of
basement-involved and décollement sedimentary
nappes, shallow fold-thrust belts and accretionary
wedges, ophiolitic sutures or zones of extensive
shortening, wrench zones, metamorphic domes and
core complexes, sedimentary basins developed in
a range of tectonic settings, volcanic edifices and
other types of tectonic structures. The collisional
orogens may record all these processes and struc-
tures in various ways, depending on the amount
of shortening and exhumation, composition of
rock complexes involved, driving forces, thermal
structure, exogenous agents like erosion etc.

Long-term evolving orogens, like the Western
Carpathians, usually possess a typical wedge-shape
in a cross-section with the outward progression and
younging of tectonic processes. However, unlike
majority of other collisional orogens (e.g. the Alps),
the convergence history of the Western Carpathians
was completed by a “soft collision” of the orogenic

wedge with the European foreland plate during the
Neogene. As a result, the final Western Carpathian
structure is characterized by moderate exhumation
and surface uplift and widespread presence
of virtually non-metamorphic Meso-Cenozoic
sedimentary complexes at the present erosional
level. Consequently, interpretation of the tectonic
evolution of the Western Carpathians is largely
based on the sedimentary record. This is particularly
the case of the external Carpathian zones, including
the Klippen Belt and its neighbouring zones.

The present work aims at description of the
composition and structure of the contact zone
between the Cretaceous stack of basementand cover
nappes of the inner Western Carpathian zones and
the Cenozoic accretionary wedge of the outer zones.
This boundary is followed by the Pieniny Klippen
Belt (PKB), which is a very narrow, but the most
distinctive Carpathian suture-like structure differing
from the adjacent zones by the unique composition
and by the extremely complicated internal structure.
We characterize only a short segment of this contact
zone in NW Slovakia, which otherwise extends for
more than 600 km and forms a backbone of the
Western Carpathian orogen. Nevertheless, this
segment has many characteristics differing from the
other PKB segments that contribute substantially to
the knowledge and understanding of the relation-
ships and evolution of this narrow structural zone
following the contact between the two principal
tectonic systems of the Western Carpathians. In
the area concerned, the PKB is closely adjoined by
the Mald Fatra mountain range, which is a typical
Central Carpathian horst structure — the semi-iso-
lated “core-mountains” composed of the Tatric
crystalline basement and its Mesozoic sedimentary
cover overlain by the Fatric and Hronic cover nappe
systems and surrounded by extensional Cenozoic
basins.



1 Regional geological frame

The Western Carpathians represent a north-
ward-convex arcuate collisional mountain belt
forming the northernmost segment of the European
Alpidic orogenic system. Geographically, the Western
Carpathians are linked with the Eastern Alps to the
west and with the Eastern Carpathians to the east
(Fig. 1.1). These three mountain ranges are united
by the outer zones represented by an accretionary
wedge shaped during the late Cenozoic (Flysch Belt),

while the inner parts were basically formed by the
Cretaceous thick- and thin-skinned thrust stacking.
However, the inner zones exhibit a very complex
evolution with multiple phases of compression,
lateral movements and extension throughout the
Mesozoic and Cenozoic (e.g., Schmid et al., 2008).

In general, the Western Carpathians are
characterized by a zoned structure typical for the
converging mountain systems. From the evolu-
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Figure 1.1 Sketch map of the circum-Pannonian mountain ranges, the red-framed polygon indicates the area depicted in
Figure 1.2. Abbreviations: SA — Southern Alps; PAL — Peri-Adriatic Line; RHDFZ — Rdba—Hurbanovo—Didsjend Fault Zone

Pieniny Klippen Belt

- Dinaride—Bikkic units

Austroalpine units

South Alpine and
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(modified after Plasienka, 2018).

tionary point of view, three major sections have been
discerned (for the recent reviews of the Western
Carpathian structure and evolution supplemented
by extensive reference lists see e.g. Froitzheim et al.,
2008 and Plasienka, 2018a, or in an abridged form by

Hok et al. (2014, 2019). Their boundaries are formed
by narrow subparallel zones with intricate internal
structure. Based on presence of specific, palaeo-
geographically independent units, which were at
least partially deposited on an oceanic crust, these



zones are regarded as oceanic sutures and/or ancient
plate boundaries. The Meliata suture separates the
Internal Western Carpathians (IWC) and the Central
Western Carpathians (CWC), and the Pieniny Klippen
Belt (PKB) divides the CWC and the External Western
Carpathians (EWC — see Fig. 1.2). The southern limit
the Western Carpathian orogenic system is formed
by the mid-Hungarian fault zone, which is a kinemati-
cally complicated Tertiary wrench corridor linked with
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the Periadriatic “lineament” to the west (Fig. 1.1; e.g.
Haas et al., 2000). The outer northern EWC mountain
front overrides the autochthonous sediments of the
Alpine Molasse Zone and Carpathian foredeep, which
cover the southern flanks of the downbended North
European Platform (e.g. Picha et al., 2007).

The IWC include two major units — the Trans-
danubian in the west and Blikkian units in the east,
separated from the CWC by the Raba—Hurbanovo—
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Figure 1.2 Simplified map showing the regional distribution of principal Western Carpathian tectonic units in a wider sur-
roundings of the PKB (Plasienka & Sotak, 2015, modified). The rectangle in a outlines the area depicted in Fig. 1.4.

Didsjend Fault Zone (Fig. 1.1). The IWC units exhibit
the southern vergence of the Late Jurassic and Early
Cretaceous fold-thrust structures and represent the
Carpathian orogenic retro-wedge (Plasienka, 2018a).
They mostly include the passive margin Triassic
to Jurassic (Blikk) or to Lower Cretaceous (Trans-
danubian) successions, while obducted Jurassic
ophiolite-bearing nappes occur in the east (Bukk
Mts). During the Cretaceous, shortening relocated
to the north-vergent CWC pro-wedge, whereby the
Meliatic accretionary complexes occupied a position
between the retro- and pro-wedge. The existence of
the Middle Triassic—Jurassic Meliata Ocean and its
Middle—Late Jurassic subduction are witnessed by

the Middle—Upper Triassic ophiolites and the Jurassic
polygenic mélanges, trench-type deposits and HP-LT
metamorphic complexes (see references in Plasienka
et al., 2019).

Sequential growth of the CWC pro-wedge in the
130-90 Ma time interval involved both the thick-
skinned thrust sheets (Gemeric, Veporic and Tatric
from top to bottom) and thin-skinned cover nappe
systems (Silicic, Hronic and Fatric). Hence the CWC
are characterized as a Cretaceous stack of crustal-
scale, southward-dipping thrust sheets reinforced by
the pre-Alpine crystalline basement complexes (e.g.
Tomek, 1993; Plasienka, 2018a). In general, the CWC
thrust stack represents an eastward continuation of



the Austroalpine thrust system of the Eastern Alps
(cf. Froitzheim et al., 2008; Schmid et al., 2008).

During the Late Cretaceous, the CWC orogenic
wedge grew by consumption of the South Pennine
Piemont-Vah oceanic lithosphere and accretion
of the intra-oceanic Oravic continental ribbon
(Czorsztyn Ridge) in the Paleocene. Detached Oravic
sedimentary units created an incipient fold-and-
thrust belt, which was later transformed into the PKB.
Subduction of the outer oceanic branch — the North
Pennine Magura Ocean started in the Eocene and
was completed during the Early Miocene. Simultane-
ously, sediments scraped off the subducting oceanic
plate and passive European margin formed the EWC
accretionary wedge (Flysch Belt). The Cretaceous
— Cenozoic frontal accretion was accompanied by
several stages of hinterland extensional collapse, such
as the Late Cretaceous exhumation of the Veporic
metamorphic dome (Jandk et al., 2001a; Jefabek et
al., 2012) and subsidence of the Gosau-type basins
(Plasienka & Sotdk, 2015; Kovac et al.,, 2016 and
references therein); formation of the Upper Eocene
— Lower Miocene Central Carpathians Paleogene
Basin in the fore-arc and the South Slovakian — North
Hungarian Basin in the retro-arc position (e.g. Sotak
et al.,, 2001; Tari et al., 1993, respectively); and finally
by strong back-arc extension of the Pannonian basin
system associated with lithospheric thinning and
widespread calc-alkaline andesitic to alkaline basaltic
volcanism (Kovac et al., 2017 and references therein).

The outer CWC zones are characterized by the
presence of the so-called “core-mountains” (Malé
Karpaty, Povaisky Inovec, StraZovské vrchy, Ziar,
Tribe¢, Velkd Fatra, Dumbierske Nizke Tatry, Mala
Fatra and Tatry Mts, Fig. 1.2), which are late Cenozoic
basement highs cored by the pre-Alpine crystalline
basement and elevated during the Neogene
(Kralikova et al., 2016 and references therein). All the
core-mountains are built by three superposed large-
scale tectonic units — the lowermost Tatric basement-
cover sheet overthrust by the Fatric and Hronic cover
nappe systems.

According to the surface structure and interpre-
tation of the deep seismic transect 2T (Tomek, 1993),
the Tatric Superunit is an internally little disturbed
upper crustal thick-skinned thrust sheet, about 10 km
thick, which overrides remnants of the South Pennine
Piemont-Vah oceanic complexes and possibly also
underthrust basement of the Oravic continental
ribbon (e.g. Plasienka et al., 2020 and references
therein). Tomek (1993) correlated this lower crustal
segment with the Briangconnais domain of the
Western Alps. The Tatric sheet plunges southward
bellow the Veporic crustal wedge for the distance
of ca 50 km (Certovica thrust; Fig. 1.2c). The thrust

plane corresponds to the Certovica fault system on
the surface that separates the Tatric and Veporic
thick-skinned sheets. This thrust fault is regarded as
the root zone of the detached Fatric nappe system,
which overthrusts the Tatric substratum for the equal
distance of 50 km (Andrusov, 1968; ProkeSova et al.,
2012).

In most cases, the Tatric crystalline basement
retains the original Variscan structures and isotopic
ages of metamorphic and magmatic processes (e.g.
Putis 1992; Jandk, 1994). It is dominantly composed
of high-grade metamorphic rocks — para- and
orthogneisses, magmatites and amphibolites, which
contain relics of eclogite-facies rocks locally (Janak et
al., 2009, 2020). Medium- to low-grade metamorphic
rocks are preserved in places only (e.g. in the Malé
Karpaty Mts). Large Variscan intrusive bodies include
both I- and S-types granitoids (Broska & Uher, 2001;
Kohut et al., 2009; Broska et al., 1997, 2013). The
Alpine low- to very low-grade overprint is restricted
to mylonitic shear zones, particularly in the outer-
and lowermost partial Tatric structures that are used
to be differentiated as the Infra-Tatric units (e.g. Puti$
et al., 2009, 2019).

The Tatric post-Variscan sedimentary cover usually
begins with the Lower Triassic deposits. The thick
Permian continental red-bed clastics and extrusite
volcanic rocks are restricted to the Infra-Tatric units
(Povazsky Inovec and Lucanska Fatra Mts; Vozarova
& Vozar, 1988; Olsavsky, 2008; Havrila & Olsavsky,
2015), along with the Permian volcanic dykes cutting
the basement rocks (Pelech et al., 2017a; SpiSiak
et al., 2018, 2019). The Triassic sequence complies
with the triple division characteristic for the epicon-
tinental Germanic Basin with Lower Triassic clastic
sequence of quartzose sandstones and variegated
shales, Middle Triassic carbonate complex and Upper
Triassic Keuper-type clastics and evaporites. Lower
Jurassic wide rifting produced broad subsiding basinal
zones separated by the elevated highs (e.g. Plasienka,
2003a), therefore the Jurassic to Lower Cretaceous
Tatric successions are subdivided into the ridge-type,
comparatively shallow-marine Tatra successions and
deep-water pelagic successions presently occupying
the northern belt of core-mountains (Siprur Basin).
All Tatric successions are terminated by the Albian—
Cenomanian, in places up to the Turonian synoro-
genic flysch deposits (Fig. 1.3).

The youngest Tatric formations are overridden
by the Fatric décolement nappe system. The classic
Krizna Nappe (e.g. Andrusov, 1936, 1968) was
detached at the base of the Middle Triassic carbonate
complex and thrust northwards as a comparatively
thin (some 2-3 km), but areally extensive flat-lying
sheet. The Fatric sedimentary successions are rather
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Figure 1.3 Comparative lithostratigraphy of units along the EWC/CWC contiguous zone in NW Slovakia (modified after
Plasienka, 2019). Units are arranged according to their present structural position from the north-west (left) to the south-
east (right). From the palinspastic point of view, the Fatric and Hronic nappes were derived from more southerly located

areas — south of the Tatric domain. The Klape Unit likely originated in the Zliechov Basin, i.e. in the southern Fatric areas.

Originally, the Oravic Pieniny Unit and the Infratatric units were located at the northern and southern passive margins of
the subducted Vahic oceanic zone, respectively. The Pupov Fm. is restricted to the Varin PKB sector. Note also that not

lithostratigraphic units could be shown — for details of e.g. the Oravic successions see Figs 1.20 and 1.21 below.



similar to those of the underlying Tatric cover: Middle
Triassic carbonates, Upper Triassic Keuper clastics,
Lower Jurassic syn-rift sediments, Middle Jurassic
to Lower Cretaceous post-rift either basinal pelagic
deposits (most widespread Zliechov Succession; e.g.
Michalik, 2007; see Fig. 1.3), or local ridge-type strata
(Vysokd Succession), and terminal mid-Cretaceous
deep-marine flysch clastics. The Krizna Nappe was
emplaced along the weak basal layer of overpres-
sured cataclastic carbonate breccias (Rauhwacke)
and evaporites. Internal deformation structures
include meso- to macro-scale folds, duplexes, several
cleavage sets and syn-emplacement extensional
shear zones (PlaSienka, 2003b; Prokesova et al.,
2012). These structures developed progressively
during detachment of the sedimentary sequences
from their basement underthrust below the Veporic
wedge, their thrust over the frontal Tatric ramp, and
the final gravity-driven emplacement over the uncon-
strained Tatric basinal areas (Sipruf Basin) some 90
Ma ago.

After a short time lag, the Fatric complexes were
ovethrust by the Hronic cover nappe system. This is
a widespread thin-skinned thrust sheet composed
dominantly of Triassic carbonate complexes. In the

southern belt of core-mountains (Malé Karpaty,
Nizke Tatry), the Hronic nappes include also the
Pennsylvanian to Lower Triassic continental clastic
and volcanic formations (lpoltica Group). The Middle
Triassic carbonate series are assigned to several
successions differing in the presence and extent of
the basinal facies (Havrila, 2011) that were related to
the Anisian rifting of the carbonate platform and ramp
areas, which ultimately led to breakup of the Meliata
Ocean in the southern Carpathian zones (e.g. Kozur,
1991). However, the original depositional Hronic area
is not exactly known. Following the Carnian pluvial
event (Raibl or Lunz; cf. Aubrecht et al., 2017a) that
brought about filling of the intra-shelf basins by
terrigenous clastics, the equalized Upper Triassic
sedimentary conditions enabled development
of extensive Upper Triassic carbonate platforms.
Variable Jurassic to Lower Cretaceous formations are
thin and, owing to a high structural position exposed
to erosion, preserved only locally. The Hauterivian—
Barremian deep-marine deposits containing terrig-
enous sandy material and abundant Cr-spinels in the
heavy mineral concentrates represent the youngest
known Hronic strata (cf. Jablonsky et al., 2001).

1.1 Outline of the structure of the Mala Fatra Mountains

From the geographical point of view, the Mald
Fatra Mts consists of two parts — the northern,
generally W—E elongated Krivanska Fatra Mts and
the southern, SW—NE trending Lucanska Fatra Mts
(KoCicky & Ivani¢, 2011; Fig. 1.4). Both parts are
separated by the deeply incised antecendent gorge of
the Vah River. The area described in this work occurs
in the borderland of the Kysuca and Orava regions
in north-western Slovakia, and covers the Krivanska
Fatra Mts of the CWC and adjacent parts of the
PKB. The latter include the eastern part of the Varin
(Kysuca) sector between villages Lysica, Terchova and
Zazriva, the short N-S trending segment known as
the “Z4azriva (or Zazriva—Parnica) sigmoid” (Andrusov,
1926), and the westernmost part of the Orava sector
west of town Dolny Kubin (Figs 1.2 and 1.4).

The W-E trending Krivanska Mala Fatra Mts is
about 25 km long and 8-10 km wide asymmetric
horst structure bounded by a subvertical fault zone
from the south against the Cenozoic sediments of the
northern part of the Turiec intramontane basin (HOk
et al., 1998; Kovac et al., 2011). Along this fault, the
whole mountain range is tilted towards the north,
whereby all units on the northern slopes are moder-
ately inclined to the north (Figs 1.2 and 1.4). Thanks
to this situation, the sections along the N-S trending

valleys and ridges provide instructive, sometimes
nearly complete profiles from the Tatric basement
core and its Mesozoic sedimentary cover, through
the Fatric and Hronic cover nappe units, up to the
overstepping Paleogene sediments. The eastern,
N-S trending termination of the Krivdnska Fatra Mts
follows the Central Slovakian fault system that was
active during the Neogene (Kova¢ & Hok, 1993). This
fault system is expressed by the single transversal
deformation zone in the entire PKB causing its dextral,
about 6 km long offset along the so-called Zazriva
sigmoid. The offset resulted also from the eastward
axial plunge of the CWC units of the Krivanska Fatra
Mts below the Paleogene overstepping deposits and
backthrusts of the PKB and EWC Magura units of the
Flysch Belt. Thus southern slopes and the main ridge
of the mountains with peaks attaining 1,709 m a.s.l.
(Mt. Velky Krivan) are built by the Tatric basement
granitoids and covering Lower Triassic quartzites.
Further north-east, the Tatric cover complexes on the
main ridge are overlain by the Triassic and Jurassic—
Lower Cretaceous Fatric formations (Stoh Hill, 1,607
m). The northern slopes are mainly composed of the
cover nappe units — the Fatric Krizna Nappe overlain
by a spectacular Hronic nappes outlier on the side
ridge (Mt. Rozsutec, 1,610 m a.s.l.), and the Sokolie
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and Boboty ranges (Figs 1.4 and 1.16).

The Tatric crystalline core of the Luc¢anskd Mala
Fatra Mts involves, in addition to the Variscan grani-
toids, alsohigh-grade metamorphicrocksonthesouth-
eastern slopes of the mountains, and in nhumerous
xenoliths in granitoids. On the other hand, the Tatric
sedimentary cover is nearly missing, restricted to
Lower Triassic quartzites strongly sheared within the
cataclastic-mylonitic zones rimming the crystalline
massif from the west and south (see below). In the
west, such a broad mylonite-cataclasite zone follows
the boundary between the Tatric core and the Kozol
Unit in the lower structural position. The Kozol Unit
(a.k.a. Kozol anticline; Fig. 1.4) possesses character-
istics typical for the Infra-Tatric units. It occupies an
external position in front of and partly overridden
by the Tatric thick-skinned thrust sheet, it is affected
by low-grade metamorphism and, unlike the typical
Tatric cover successions, includes several hundreds
of metres thick Permian clastic. The Triassic forma-
tions are analogous to other Tatric successions, but
the Carpathian Keuper Fm. is exceptional by predom-
inance of coarse-grained clastics (Havrila & OlSavsky,
2015). Lower Jurassic sequence is composed of poorly
preserved dark shales and limestones, younger rocks
were not recognized.

1.1.1 Variscan granitic and meta-
morphic rocks of the Tatric base-
ment

Abundant Variscan granitoid massifs build
a substantial part of the pre-Alpine crystalline
basement of the CWC, particularly in the Tatric
and Veporic units (e.g. Petrik et al., 1994; Kohut et
al.,, 1999; Broska & Uher, 2001; Uher et al., 2019).
This chapter presents results of petrological and
geochemical investigations of the Mald Fatra granite
massif developed during the last two decades by |I.
Broska together with M. Hrdlicka, M. Kubi$ and P.
Konecny. The characterics of the Mala Fatra grani-
toids are demonstrated by two large quarries, which
are described in detail below.

The Mald Fatra granitoid massif is composed
of a relatively wide range of plutonic rocks — from
tonalites/diorites to monzogranites. The granitoids
are spatially exposed in three distinct zones: (1)
tonalite zone predominating in the Lu¢anskd Fatra
and in the southern part of the Krivanska Fatra (Fig.
1.5); (2) granodiorite zone in the northern part of the
Krivanska Fatra; (3) zone of granitoids with nebulitic
structure (diatexites) in the Lucanska Fatra Mts. The
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nebulitic granitoid migmatites are a partial melting
product from the metamorphic complex which
includes acid orthogneisses, migmatitized metape-
lites and metabasites (Jandk & Luptak, 1997; Majdan
et al., 2004). The nebulite bodies are subvertical and
conformable with the metamorphic complexes, with
magmatic foliation detectable along the eastern
margin of the Lucanska Fatra Mts (Putis et al., 2003).
Nebulites include also a fragment of spinel-olivine
bearing metaultramafite near of the Velka Luka
summit (Fig. 1.5), which was metamorphosed under
the conditions reaching the upper amphibolite
facies corresponding to temperatures 700-800°C
(Hovorka et al., 1985; Korikovsky et al., 1998). This
metaultramafite inclusion represents probably a
fragment of metaperidotite or websterite attached
to the lower crust by mantle upwelling after delami-
nation or slab detachment of subducted lithosphere
(Korikovsky et al., 1998). The thermobarometric
data for adjacent metamorphic complex in this zone
indicate the attainment of ca 700-750°C and 600
MPa in metapelitic migmatites and 700-750°C at
800-1,000 MPa in garnet-clinopyroxene amphibolite
(Jandk & Luptak, 1997). Migmatitization took place
by partial melting, producing granitic leucosome or
diatexite in metagneisses and tonalitic-trondhjemitic
layers in metabasites (Janak & Luptdk, 1997).

The variability of the granitic rocks in the Mala
Fatra Mts was for the first time recognized on the
basis of geological mapping and petrographic study
by Ivanov and Kamenicky (1957). These authors
distinguished “hybrid granite to biotite-oligoclase
granite” and the relatively younger “Magura type”.
In addition, on the northern edge of the Krivanska
Fatra, Ivanov and Kamenicky (1957) and Kamenicky
et al. (1987) described the metasomatic alteration of
the hybrid, as well as of the Magura granites. Broska
et al. (1997) redefined hybrid granite as the I-type
and Magura as the S-type. Hrdlicka (2006) recognized
the granodiorite and tonalite zones in the Mala Fatra
massif based on the occurrence of the dominant
granite types (Fig. 1.5). The common feature of grani-
toids is a high degree of postmagmatic and Alpine
alteration, chloritization of biotite being the typical
feature. In addition to primary mineral paragenesis
of the granites, Faryad and DianiSka (2002) described
two other mineral associations: (1) Variscan
post-magmatic Ca-garnet, prehnite, epidote, titanite
and actinolite as a consequence of the pluton cooling
and (2) Alpine metamorphic pumpellyite, epidote
and chlorite association. The P-T conditions of Alpine
metamorphosis have been estimated to 0.3 GPa at
temperature of ca 300°C (Faryad & Dianiska, 2002).

The granitoids with nebulitic structures are
characterized by indistinct inhomogenities or

schlieren of diffuse relics of pre-existing rocks in
sense of Menhert (1968), where the paleosome and
neosome can no longer be distinguished (Fig. 1.6A).
The formerly defined hybrid granites (in sense of
Ivanov & Kamenicky, 1957) contain a lot of inhomo-
geneities, but hybrid granites in recent terminology
mean the granite development by mixing of magmas
derived from mafic rocks with crustal anatectic S-type
magmas (hybridisation; H-type granites of Castro
et al., 1991). Therefore, it is better to use the term
nebulite and nebulite zone for heterogenous grani-
toids. Nebulites form a large body in contact with
the metamorphic complex consisting predominantly
of tonalites and less monzo- or syeno-granites. They
are medium- to coarse-grained, but locally porphyric
due to larger K-feldspar and plagioclase grains (Fig.
1.6A). Distinct foliation and quartz ribbons are the
typical features. Plagioclase of albite to andesine
composition is mostly subhedral, but locally also
coarse-grained with inclusions of accessory minerals
such as zircon, apatite, monazite and garnet. Quartz
is anhedral and strongly deformed. Biotite is repre-
sented by annite with the MgO/(MgO+FeO,) ratio
slightly below 0.5.

Description of the Mald Fatra granites follows
the lithological (petrographic) zoning shown in
Fig. 1.5. The tonalite zone in the southern part
of the Krivanska Fatra and on the western side of
the Lucanska Fatra is predominantly composed of
medium and fine-grained tonalites, locally of trondh-
jemitic character (Fig. 1.6B). Plagioclase is mostly
subhedral, slightly porphyritic and commonly oscil-
latory zoned and strongly sericitized. The cores of the
plagioclases contain a high An component up to 35
mol. % in comparison with the rims with An up to 25
mol. %. Primary biotite is MgO-rich with 10-12 wt%,
TiO, concentrations vary between 2.5 and 3.5 wt%
and the ratio Mg/(Mg+Fe) = 0.50-0.52. Magmatic
K-feldspars are interstitial, not perthitic, and show
BaO content up to 2.2 wt%, but also elevated SrO up
t0 0.16 wt%. On the other hand, secondary K-feldspar
is pure orthoclase in composition with negligible
concentrations of Na*, Ba?* and Sr**. Ampbhibole is
magnesiohastingsite, often altered to actinolite.
Accessory minerals apatite, allanite-Ce, epidote,
titanite, rutile, “leucoxene”, ilmenite, but also
secondary monazite-(Ce) Il, allanite-(Ce) Il, REE-rich
phases, huttonite and hydrogarnet (andradite) are
predominantly localized in altered biotite or chlorite.

The hypidiomorphic granodiorites of the granodi-
orite zone are composed of fine- to medium-grained
biotite or two-mica granodiorites and monzogranites
with local porphyric texture. They are character-
istic for the Krivanska Fatra Mts and are only locally
cropping out in the Lucanska Fatra, especially in its



north-western part and at the southern edge (Fig.
1.6C). Granitoids in the northern part of Krivanska
Fatra are altered with a different intensity but even
to red-coloured granites which are well observable
in the canyon close to the Sutovo waterfall. The
pink feldspar and albite phenocrysts are locally
common, particularly in neighbourhood of tectonic
fractures. Late differentiates like pegmatites are
rare, but common occurrences of aplite veins are
known mainly from the Hoskora valley and from the
Kralovany-Bystricka quarry (Fig. 1.6D). Plagioclase
forms mostly subhedral grains up to 1 cm large,
locally with oscillatory zoning. Chemical composition
of plagioclase is more albitic in comparison to plagi-
oclase from the tonalite zone and the An-component

usually reaches up to 30 vol. %, but up to 40% in
relic grains from former mixing. Primary K-feldspar
forms up to 1.5 cm large perthitic phenocrysts in
the interstitial position. Biotite shows a lower MgO
component of 8-10 wt%, and consequently lower
ratio Mg/(Mg+Fe) = 0.40-0.45 in comparison with
the tonalite zone. Biotite is commonly replacement
by chlorite, titanite and rutile. Primary muscovites
are relatively enriched by Al,,;, while the secondary
muscovite shows the “phengitic” composition. Most
of accessory minerals are enclosed in biotite, or in its
alteration products like chlorite. The apatite, zircon,
monazite-(Ce) |, garnet, magnetite, ilmenite | are
typical primary magmatic phases, while allanite-(Ce),
epidote, huttonite, REE-rich phases, titanite, rutile,

Figure 1.6 Examples of granite types from the Malad Fatra Mts: A — inhomogenous nebulitic granitoid (Lucanska Fatra);
B — medium-grained leucotonalite (Kralovany-Bystricka quarry); C — Magura S-type granite (cliff on trail to the Starhrad
castle ruins); D — metasomatic alteration of the Magura granodiorite (Krivanska Fatra; Sttovo gorge above the waterfall).

ilmenite Il, carbonate (calcite), hydrogarnet and
pumpellyite are secondary phases.

According to Shand (1943), the Mala Fatra grani-
toids show a peraluminous character. The R1-R2
discrimination diagram of Batchelor and Bowden
(1985) indicates their orogenic setting and classi-
fication diagrams of Frost et al. (2001) characterize
them as Mg-rich granites. In sense of Roberts and
Clemens (1993), granitoids from both the tonalite
and granodiorite zones are middle to high-potassium
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calc-alkaline rocks. The Harker silica vs. phosphorus
diagram indicates different genetic trends and origin
for the nebulite and tonalite/granodiorite zones in
the Krivanska Fatra Mts (Fig. 1.7A). The diagram of
Whalen et al. (1987) classifies the granitic rocks from
the Krivanska Fatra as normal |/S-type granites (Fig.
1.7B).

Isotopic study of zircons also clearly separates
nebulitic migmatites and granitoids from the rest
of granitoids occurring in the tonalite/granodi-



orite zones. The zircon &0 revealed the mostly
crustal character of zircons from the nebulite zone,
but mantle influence for zircons from the granodi-
orite and tonalite zones. The §%0 in zircons from
less fractionated granodiorite zone yield the values
of 6.8%0 using SMOW standard, but the most
fractionated oxygen in zircons from nebulites gives
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values above 7.4%. up to 8.56%o (Hrdlicka, 2006).
The bulk rock composition and mineral assem-
blage of the Mala Fatra granitic rocks was modified
during several events and mainly by: (1) Variscan
post-magmatic alteration; (2) Variscan extensional
cooling; (3) Permian thermal imprint and (4) Alpine
low-grade metamorphism. Therefore, several
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Figure 1.7 Discrimination diagrams of the Mala Fatra granitoids: A — the Harker diagram indicates different genetic trends
for granitoids from the nebulite and from the granodiorite/tonalite zone in the Krivanska Fatra Mts; B—diagram of Whalen
et al. (1987) classifies Krivanska Fatra granitoids as the normal I/S-type.

petrochemical nomenclatures calculated from the
whole-rock analyses (e.g. Streickeisen & Le Maitre,
1979) are incompatible with modal classifications.
The Variscan evolution of granites is documented
by isotopic zircon and monazite dating. Granodiorites
from the Dubna skala quarry were dated to 353+5
(-11) Ma by the U-Pb method from several large
zircon concentrates (Shcherbak et al., 1990). Current
ICP MS point dating of the zircons from the Dubna
skala quarry revealed their age zoning: (1) the cores
yielded concordia age of 353+3 Ma, while (2) rims
show the age 342+3 Ma. ICP MS dating of zircons from
the Magura granite close to Strec¢no village yielded
the weighted mean peak of ca. 342+3 Ma (Broska
& Svojtka, 2020). This age is close to ICP MS dating
of Magura granite from the Klacianska Magura Hill
(346+10 Ma; Hrdlicka et al., 2005) and is supported
also by monazite dating. The Variscan post-intrusive
cooling of the Lucanskd Fatra granitic pluton is
documented by the muscovite Ar-Ar dating with the
plateau age of 344.8+2.2 Ma (Hok et al., 2000). The
Tournaisian ages of zircons from I-type granitoids are
relatively young in comparison to known ages from
the I-type granitoids in the Western Carpathians
(Petrik & Kohut, 1997; Kohut et al., 1999; Broska et
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al., 2013) and could be related to terminal stages of
subduction arc-related magmatism followed by the
collisional stage. The titanite formation ages from
similar environments (Uher et al., 2019) confirm
the late Visean imprint of I-type granites. The vast
calc-alkaline Visean granite magmatism of 350-341
Ma form main granite body north and west of the
Mala Fatra massif and probably resulted from melting
of lower crust induced by heat flow from rising asthe-
nosphere after the slab breakoff. In this sense, the
Mala Fatra Visean granite massif is syn-tectonic and
post-collisional (Broska et al., in prep.).

Bagdasaryan et al. (1992) reported commonly low
initial Sr isotopes (*'Sr/**Sr) = 0.70627+0.00022 or
87Sr/%Sr ratios in the range 0.70876 and 0.70848 for
granitoids from the Mala and Velka Fatra Mts. The
low Sr ratios imply Rb-poor crustal source (Kral, 1992,
1994). Kohut et al. (1999) described &’Sr/8¢Sr = 0.7063
ratio and negative €Ndciur) = -2.75 for the granite
taken from the Kralovany-Bystricka quarry at the
eastern margin of the Mala Fatra Mts (Fig. 1.5). These
data indicate derivation of the Mald Fatra granitoids
from metasomatized mantle component mixed with
crustal source. The thermodynamic granite data
obtained from zircon and REE saturation tempera-



tures and Al-in hornblende geothermometry indicate
formation of granites in the temperature range 780—
750°C and pressure 500 to 600 MPa (Broska et al.,
1997). The data indicate their formation at depths
in excess of 15 km, possibly after the subducted slab
failure. The early post-Variscan tectonic history of
the Mala Fatra granitoid massif included probably
also the Permian thermal overprint documented by
the U-Th total Pb monazite dating of newly formed
monazite in apatite from samples taken from tonalite
close to the Permian lamprophyre dyke in the Dubna
skala quarry (Hrdlicka, 2006).

Alpine thermal overprint of granites was deter-
mined by the zircon and apatite fission tracks
(Danisik et al., 2010). The zircon FT ages from grani-
toids in the Malad Fatra indicate the Jurassic/Creta-
ceous thermal event associated with extensional
tectonics (143.749.6, 143.748.3, 135.3%6.9 Ma) and
some influence of the Eocene orogeny by the age
45.2+2.1 Ma. Thermal modelling of the apatite FT
(13.8+1.4 to 9.61+0.6 Ma) revealed fast cooling in
terms of exhumation of the basement and creation
of the topographic relief, as corroborated by the
sedimentary record in the surrounding Neogene
depressions. AFT results significantly refine a general
exhumation pattern of basement complexes in the
Central Western Carpathians and lowering of AFT
ages towards the orogenic front is evident, where all
the external core-mountains located closest to the
orogenic front (including the Mald Fatra Mts.) were
exhumed after some 13 Ma from temperatures of
about 120 °C (Danisik et al., 2010; Kralikova et al.,
2016).

Duetoadeeperosionlevel, the granite massifinthe
Krivanska Fatra Mts is almost without metamorphic
roof rocks. In the Lucanska Fatra Mts, the north-east
thrusting has been documented in the highway
tunnel Visnové—Dubna skala, where 100 m of granitic
cataclastites accompany the top-northwest thrust
plane of granites over the Mesozoic cover rocks (Hok
et al., 2002, 2020). Owing to the northward tilting
of the Krivanska Fatra massif, the tonalite zone with
I-type affinity represents a deeper part of the massif,
while granodiorites form the upper parts with a more
intense metasomatic overprint (Fig. 1.5).

In summary, the Krivanska Fatra granite body
is recently exposed in the length of ca 20 km in
the W-E direction. According to zircon LA ICP-MS
dating, the hybrid magma chamber was formed in
the lower crustal conditions influenced by mantle
during the Tournaisian (353 Ma). The Visean granite
emplacement occurred probably as a response to
the slab breakoff in a transpressional regime, as it is
indicated by the elongated shape of the magmatic
body and deformation of rock-forming minerals.
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Locally, primary magmatic lineation is also visible.
The monazite age of ca. 348 Ma could indicate the
intensive alteration of granitoids by post-magmatic
fluids after the emplacement of the Visean granite
masses. Such circumstances are indicated by the
character of xenolithic paragneisses with simple
composition. The granodiorite/tonalite body exposed
in the Kralovany-Bystricka quarry was followed by
postcollisional granodiorite intrusions of the age 343
Ma known from other places in the Krivanska Fatra
massif, which likely resulted from the slab breakoff
event (Broska et al., in prep.).

Data from the Mald Fatra crystalline massif record
several Variscan and Alpine evolutionary stages:
(1) Tournaisian magmatism dated to ca 353 Ma; (2)
Visean post- collisional magmatism; (3) late Variscan
extensional reworking in the time span 360-342 and
cooling during exhumation at ca 330 Ma; (4) Permian
thermal overprint at 270 Ma; (5) early Alpine
Jurassic/Cretaceous thermal overprint in 143 Ma;
and finally (6) late Alpine Eocene overprint at ca 45
Ma connected with development of the N-S oriented
mineralized veins. Data from Variscan granites of the
Mala Fatra basement contribute not only to under-
standing of episodic generation of granite intrusions
in the Variscan segments of the Western Carpathians,
but shed light also on their superimposed Alpine
tectonic evolution.

1.1.2 Representative localities in
the Malad Fatra granitoid massif

There are two large, but presently inactive
quarries in the Mald Fatra Mountains, where the
granitic rocks were studied in detail by I. Broska, M.
Hrdlicka, J. Madaras, M. Kubis$ and P. Konecny. These
are quarries in the Bystricka Valley close to Kralovany
village in the Krivanska Fatra Mts and on Dubna skala
at the boundary of the Lucanska and Krivanska Fatra
Mts in the Vah Valley (Fig. 1.5).

I. The Kralovany-Bystri¢ka quarry

The Kralovany-Bystricka quarry (GPS N49.180222°,
E19.124923°;520ma.s.l.)exposesVariscanequigranular
granodiorite/tonalite rocks of the Krivanska Mala Fatra
crystalline core with abundant aplites and xenoliths.
The presence of large biotite gneissic xenolith is rare
in the Krivan granite massif, but here it is an indication
of the upper position within the granite body, which is
supported also by abundant aplitic dykes (Fig. 1.8A, B).
The granitic rocks in the quarry are pervasively altered
by post-magmatic fluids and heavily penetrated by
young Alpine carbonate veinlets.
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Figure 1.8 The Kralovany-Bystricka granite quarry. A — general view, xenolith is located to the left on the first floor of the
quarry; B —the gneiss xenolith forming ca 5 m long body. Note the bright pegmatite/aplite dykes in granitoids.

The granodiorite is equigranular, medium-grained, is interstitial with low Ba in comparison to porphyritic
light grey and relatively poor in Kfs, therefore some phenocrysts known from the other parts of granite
parts of quarry with lower content of alkali feldspar massif in the Krivanska Fatra (ca. 0.2 vs 2.0 wt%).
are classified as a tonalite (“granotonalite” sensu Early magmatic zircon is oscillatory zoned, Zr/Hf,,
Castro, 2013; Fig. 1.9A, B). Cores of hypidiomorphic is ca. 30, late zircon from rims shows HfO, up to 2.5
plagioclases are andesine in composition and locally wt% and lower Zr/Hf,, ratio.
make up a cumulate-like texture. Quartz is allotrio- The syn-tectonic granodiorite is slightly peralu-
morphic and dark grey. Biotite is totally disintegrated minous (A/CNK = 1.17), SiO, = 68.70 wt%, P,0O; = 0.06
to chlorite with titanite, epidote and rutile exsolu- wt% Na,O/K,0 = 3, Sr content = 518 ppm, Ba 322.
tions. As can be seen elsewhere in the Krivan granite Chondrite normalized REEs shows steep patterns
massif, former biotite was represented mainly by (Lay/Yby= 29) and slightly negative Eu-anomaly with
phlogopite. Chlorite derived from the biotite isrichin  Eu/Eu* value of 0.74. Total Th-U-Pb microprobe
inclusions of accessory apatite and zircon. K-feldspar monazite dating shows age of 348+5.6 Ma (Fig.
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Figure 1.9 A—Modal analysis of granites from the Kralovany-Bystri¢ka quarry in comparison with other granitoids from the
Krivanska Fatra Mts (field 4 represents granodiorite, field 5 is tonalite); B — equigranular structure of granodiorite (sample
MF 7a; width 4 cm; photo by Hrdli¢ka, 2006).

1.10A). The monazite is probably younger than zircon  parts are located along the late Alpine, N-S trending
because it replaces early apatite. This newly-formed mineralized fractures in the quarry. The galena and
monazite is often accompanied by secondary allan- sphalerite, which form quite large 0.X cm grains
ite-(Ce) (Fig. 1.10B). Similar ages around 350 Ma were  within the carbonate and quartz matrix, have been
obtained by Sentpetery et al. (2020) using CHIME detected in clusters in several cm wide dykes which
dating of monazites in the Vratna dolina Valley a few cut the granites in the N-S direction (Fig. 1.11A, B).
km westwards. Altered granites with pink feldspar The granites themselves contain scattered accessory
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galena and sphalerite as well.

Variously oriented fracture sets in the Kralova-
ny-Bystricka quarry indicate three Alpine tectonic
processes: (1) the oldest extensional joints in the
NW-SE direction might have developed during the
early Alpine NW-SE compression connected with
NW-vergent thrusting of the Tatric basement sheet;
(2) the NNW-SSE directed extensional fractures; (3)
the youngest mineralized fissures oriented in the N-S
direction (ca. 100/40), connected with a strong fluid
activity, resulted in formation of the quartz-carbonate
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veins and pink granite parts. In general, this devel-
opment of steeply inclined extensional fractures is in
line with the gradual clockwise rotation of the main
compression axis of the regional stress field from the
NW-SE to N-S during the Cenozoic (see chapter 3
below).

Il. The Dubnd skala quarry

Dubna skala (GPS N49.138333°, E18.886111°; 425
m a.s.l.) is a large quarry in the Variscan tonalites and
granodiorites of the Tatric basement, which are inter-

allanite monazite

360 370 380 390 400 410

Figure 1.10 A — microprobe monazite dating of granitoid from the Kralovany-Bystricka quarry; B — monazite BSE image
(bright part) in early magmatic apatite along with secondary allanite-(Ce) on the left side (bright rod).

R

Figure 1.11 A — the N-S oriented fissures and quartz veins (red dashed line) containing carbonate, galena and sphalerite

(ankerite) mineralization; B — detail of a quartz vein.
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sected by the Permian lamprophyres here. The grani-
toids are exposed about 700 m north of the contact
with migmatitized crystalline schists of the Luc¢anska
Fatra massif (Fig. 1.12A, B).

Both the biotite tonalite and granodiorite were
described from the quarry, the tonalite being located
mostly in its central part (Macek et al., 1982). The

tonalite is hypidiomorphic granular, light grey to
grey, fine- to medium-grained. Plagioclase is hypid-
iomorphic and greenish due to secondary epidote
(saussuritisation) with anorthite component up to
An40. K-feldspars form spots of antiperthite within
plagioclase, interstitial K-feldspar is non-perthitic.
Quartz shows undulose extinction and locally resorbs

Figure 1.12 Dubna skala quarry: A — Permian lamprophyre intruded into Variscan tonalite/granodiorite (recently covered

by a dump pile); B — granodiorite structure from the quarry.

plagioclase or biotite. There are also Mg-rich biotite
and epidote, the average modal composition is Qtz
25, Kfs 5, P 59, Bt 10, Acc 1.

Granodiorite is medium-grained and porphyritic
with K-feldspar phenocrysts which form hypidio-
morphic to allotriomorphic individuals of light pink
colouring. K-feldspar is presented as orthoclase
(OrgsAb-) with triclinity to 0.2. Plagioclases are hypid-
iomorphic, white to grey, quartz is allotriomorphic
and dark grey. Granodiorite contains allanite-(Ce),

hornblende, apatite and zircon with morphological
mean L.T. index above 350. SiO, concentrations vary
from 64 up to 72 wt%. Modal composition (in %):
Qtz 29. Kfs 13, P 45, Bt 11, Ms 1, Ac 1. The grani-
toids are altered by the late magmatic fluids; micro-
folded biotite indicates superimposed deformation
(Fig. 1.13A). Typical subsolidous alterations of plagi-
oclase are sericitization, albitization and particularly
sausseritization. Biotite breaks down into chlorite,
sphene, epidote and rutile. Degradation of titanite is

Figure 1.13 BSE images of tonalite from the Dubna Skala quarry: A — deformed biotite in a local shear zone; B — disinte-
grated titanite and newly-formed ilmenite and rutile (from Broska & Svojtka, 2020).
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an example of alteration by the fluidal overprint (Fig.
1.13B).

The tonalite is slightly metaluminous (A/CNK =
0.97) with SiO, = 67.70 wt%, P,0s = 0.33 wt%, Na/K
= 1.5, Sr content 660 ppm, Ba 1680. The biotite is
Mg rich Fe/(Fe+Mg) = 0.4, allanite-(Ce) shows a
low Al content (Al,O; 15 wt%) typical for the I-type
granitoids. Low zircon Zr/Hf,, ratio around 31 is in
coincidence with the I-type affinity. REE normalized
patterns characterise negative Eu-anomaly, the
average La/Sm ratio in the I-type is 3.9. Normalized
REE-pattern shows enrichment of LREE above HREE
with a negligible positive Eu- and Yb-anomaly similar
to the REE-patterns of Mala Fatra granites (Broska et
al., 1997; Hrdlicka, 2006). The REE chemical features
of a specimen are: Eu/Eu* = 1.2; (Ce/Yb)n = 28.4 (Ce/
Sm)y = 4.3; (Tb/Yb)y = 1.9.

Accessory mineral parageneses for both granite
types are similar and the heavy mineral concentra-
tions indicate I-type character of granitoids: apatite
(>700 g/t), allanite-(Ce) (348 g/t), epidote-zoisite
(684 g/t), magnetite (80 g/t), titanite (35 g/t), and
pyrite (80 g/t). Zircons display the morphological
parameters IT above 400 and IA 298. Early magmatic
zircon shows oscillatory zoning, Zr/Hf,. is 31, but
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later zircon precipitation displays HfO, up to 3 wt%
and lowering of Zr/Hf,, ratio. Zircon population
of the tonalite contains clear or rarely pale brown,
mostly euhedral, both short- and long-prismatic,
about 150-350 um long grains or their fragments.
Internal zircon structures exhibit symmetrical, oscil-
latory growth zoning preserved in nearly all imaged
grains, but all grains show uniform overgrowth rims
ca. 10—30 um wide (Fig. 1.14A).

Granodiorites from Dubnd skala were dated to
35316 (-11) Ma by the U-Pb method from the large
zircon concentrates (Shcherbak et al., 1990). LA ICP
MS zircon point dating show the concordia age peak
of ca. 353+3 Ma, while dating of rims provided 342
+3 Ma (Fig. 1.14 B). Th/U zircon ratio from the cores
shows median 1.01 typical for the magmatic origin,
butthe rims show only 0.2 in average. The overgrowth
rims were interpreted as thermally induced zircon
precipitation by fluids derived from a body emplaced
in the granodiorite zone (Broska & Svojtka, 2020).

Granitoids in the Dubna Skala quarry are in places
cut by Permian calc-alkaline lamprophyre dykes
0.5-3 m wide. They reveal similar characteristics like
in the Nizke Tatry Mts (Spisiak et al., 2019) and in
some nearby localities in the Mala Fatra Mts, as well

0.6 0.8 ZDTph faﬁu

Figure 1.14 A — CL images of zircons from the Dubna Skala tonalite show their oscilatory zoning and rim overgrowth; B —
concordia diagram of zircons from the Dubna skala tonalite with Tournaisian cores and Visean overgrowths documents

their age zoning (adopted from Broska & Svojtka, 2020).

as from the highway tunnel just below the quarry
(Spisiak & Hovorka, 1998; Spisiak et al., 2018). In the
northern part of the Povaisky Inovec Mts, dykes of
Permian alkaline basalts were described by Pelech
et al. (2017a). Clinopyroxenes (diopside to augite),
amphiboles (kaersutitic), biotites (annite) and plagi-
oclases are major primary minerals of the dykes;
accessory minerals include apatite, ilmenite, rutile,
pyrite, chalcopyrite, and pyrrhotite. Apatite has a
relatively low F, but increased Cl content compared

16

to typical apatite from Variscan granitic rocks of the
Western Carpathians. The chemical composition
of the lamprophyres indicates their calc—alkaline
character, but affinity to alkaline lamprophyres is
suggested by the Ti enrichment in clinopyroxene,
amphibole and biotite. According to modal classifi-
cation of the minerals, the studied rocks correspond
to spessartite lamprophyre (Spisiak et al. 2018, 2019).

The differences in the chemical composition of
the rocks (including Sr and Nd isotopes) probably



resulted from the contamination of primary magma
by crustal material during magma ascent. At contacts
of mafic veins with the surrounding tonalities, ca 2
cm thick zones of intense chloritization of the host
rock occurs. Within thicker veins, the transitions from
porphyric and amygdaloidal types into the holocrys-
talline, evenly granular types in the central parts of
veins can be observed. The dykes contain numerous
xenoliths, or disintegrated parts of the tonalite host
rock. U/Pb dating of apatite revealed the 263.4+2.6
Ma age of lamprophyres (SpisSiak et al., 2018). The
probably Permian overprint of the host granitoids
was identified by Hrdlicka (2006), who described
precipitation of oriented Permian monazite in the
apatite from surrounding granitoids and monazite
age ca 260 Ma indicating a simultaneous origin with
lamprophyres.

1.1.3 Mesozoic sedimentary succes-
sions of the Tatric, Fatric and
Hronic units

The Tatric sedimentary cover consists of nearly
complete Triassic to mid-Cretaceous succession. The
lower transgressive base is formed by the Lower
Triassic clastic sequence of continental quartzitic
sandstones (LUZna Formation; Fejdiova, 1980; Misik
& Jablonsky, 2000) and variegated shales (Werfen
Fm. or “Werfenian beds” — Lexa et al., 2000; Fejdiova,
1977, respectively). The Anisian to Carnian shallow-
marine carbonatic complex includes dark massive
to thick-bedded limestones (Gutenstein Fm.) and
dolomites (Ramsau Fm.) deposited in extensive shelf
areas affected by hypersaline conditions and synsed-
imentary seismicity (e.g. Misik, 1968; Poldk, 1976).
The Upper Triassic continental red-beds are repre-
sented by quartzitic conglomerates, sandstones,
siltstones, variegated shales and evaporites in places
(Carpathian Keuper Fm.; cf. Havrila & Olsavsky, 2015).

In majority of the Tatric successions, the Rhaetian
deposits and sometimes also older Triassic strata are
missing due to their erosion during the Early Jurassic
rifting that brought about destruction of the Triassic
shelf and ensuing differential subsidence of broad
Jurassic extensional basins and relative elevation
of narrow intra-basinal highs (e.g. Plasienka,
2003a). The belt of north-western core-mountains,
including the Mala Fatra (Fig. 1.2), is characterized
by prevailing basinal Jurassic — Lower Cretaceous
successions deposited in the so-called Sipruf Basin
(Fig. 1.3; cf. Polak, 1978). The Lower Jurassic syn-rift
strata consist of dark-grey sandstones, sandy-cri-
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noidal limestones and calcareous shales passing to
hemipelagic spotted marlstones and spiculitic marly
limestones of the “Fleckenmergel-Fleckenkalk” facies
(Algdu Fm.). During the Middle Jurassic, the basin
gradually subsided near the CCD level with deposition
of the “siliceous Fleckenmergel” and black spongo-
lites followed by only a few metres thick radiolarian
limestones and calcareous radiolarites (Callovian—
Oxfordian Zdiar Fm.; Poldk & Ondrejickovd, 1995).
Kimmeridgian grey marly and nodular limestones are
overlain by the Tithonian to Barremian, more than
100 m thick, well-bedded pelagic limestones of the
Biancone-Maiolica facies with black chert nodules
(Lu€ivna Fm.; Poldk & Bujnovsky, 1979). During
the Aptian, limestones became more marly and
siliceous and contain layers of allodapic bioclastic
cherty limestones and in places also small bodies of
submarine hyalobasanitic lava flows. The terminal
synorogenic Albian—Cenomanian sequence is, due to
the increasing input of terrigenous sandy material,
formed by turbiditic flysch deposits and occasionally
also conglomerates containing “exotic” pebbles of
disputable provenance (Poruba Fm.; Misik et al.,
1981).

In the Mala Fatra Mts, the Fatric Krizna Nappe is
represented by a continuous sedimentary succession
from the Middle Triassic up to the Cenomanian
(Fig. 1.3). The lower rigid part of the nappe body is
composed of the Middle Triassic massive or thick-
bedded limestones and dolomites. These are overlain
by the continental and lagoonal clastic and evapo-
ritic deposits of the Keuper facies, which is thicker
and more fine-grained compared to Tatric Keuper,
with prevalence of variegated shales and evaporitic
dolomites. Presence of thin discontinuous layers and
lenses of Carnian clastics (Lunz Fm.) in the upper part
of the dolomite complex and Rhaetian fossiliferous
limestones are other differences in comparison to the
Tatric cover, but the overall character still matches
the epicontinental Germanic Triassic facies realm.

The Lower Jurassic syn-rift deposits include
dark grey calcareous sandstones, sandy-crinoidal
limestonesandshales(KopienecFm.) passingtocherty
limestones, grey spotted limestones and marlstones
(Allgdu Fm., a.k.a. Janovky Fm. in Slovakia; Fig. 1.3).
Discontinuous bodies of upper Toarcian ammonitico
rosso facies limestones (Adnet Fm.) occur in places
only. The deepening Middle—Upper Jurassic post-rift
sequence consists of siliceous limestones and spongo-
litic cherts, variegated radiolarian limestones and
radiolarites (Zdiar Fm., mainly Oxfordian), variably
coloured marly and siliceous limestones (Jasenina
Fm., Kimmeridgian), light platy maiolica-type
limestones (Osnica Fm., Tithonian—Berriasian), thick
complex of grey marly limestones and marlstones



(Mraznica Fm., Valanginian—Hauterivian) and blackish
marls and calcareous shales with intrabasinal olisto-
strome bodies (Parnica Fm. with Vlkolinec Breccia,
Barremian—Aptian — cf. Jablonsky & Marschalko,
1992) and submarine basanitic lava flows (SpiSiak &
Hovorka, 1997). This typical deep-marine Zliechov
Succession is terminated by the Albian—Cenomanian,
coarsening-upward synorogenic flysch sequence of
dark calcareous shales, turbiditic sandstones and
sandy limestones with bodies of exotic conglom-
erates in places (Poruba Fm.; cf. Jablonsky, 1978).
The overlying Hronic nappes form the north-
ernmost strip of the CWC allochthonous units in
the Krivanska Fatra Mts, including the spectacular
outlier of cliffy Mt. Rozsutec. Similarly like the Fatric
nappes, the Hronic nappes are detached at the base
of the Middle Triassic carbonate complex, but the
sedimentary successions of both nappe systems differ
substantially. Following the Anisian carbonate ramp,
the Ladinian Hronic sedimentary area was differen-
tiated into basinal successions with pelagic nodular
and cherty limestones (Reifling Fm.) that were neigh-
bouring prograding Wetterstein carbonate platforms.
The Carnian clastic Lunz Formation is present just in
places, being overlain by the upper Carnian—Norian
Hauptdolomite complex (Fig. 1.3). The Middle
Triassic sedimentary sequence is characteristic for
transitional successions between the Dobra Voda
Basin and the Mojtin-Harmanec carbonate platform
and has been affiliated with the Ostrd Malenica
partial nappe by Havrila (2011). No Jurassic strata of
the Hronicum are preserved in the Mala Fatra Mts.

1.1.4 Central Carpathian Paleo-
gene Basin and “Peri-Klippen Pale-
ogene”

The link between the northern marginal
zones of the CWC and the PKB is provided by the
Paleogene sediments that are assigned to two, in
part independent and in part closely related deposi-
tional settings and structural zones. In the area
concerned, they compose an about 1-3 km wide
belt that separates the Hronic complexes of the
Krivanska Fatra Mts from units of the PKB (Fig. 1.4).
Near Terchova village, the Senonian and Paleogene
deposits analogous to the Myjava—Hri¢ov Group form
a narrow strip rimming the PKB from the south. They
are composed of variegated Upper Cretaceous marls,
Paleocene claystones, sandstones and conglom-
erates with patch reef bodies (Kambuhel limestone)
occurring as loose blocks in secondary positions
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(Scheibner & Scheibnerova, 1961; Scheibner, 1968a;
Samuel & Hasko, 1978; Bucek & Kohler, 2017), or as
pebbles in Oligocene conglomerates of the CCPB in
the Orava territory (Kohler & Gross, 1994). These are
overlain by the Middle Eocene flysch deposits and
create an imbricated, steeply north-dipping, about
500 metres wide belt, which is rapidly wedging-out
eastwards.

In large CWC areas, sediments of the Central
Carpathian Paleogene Basin (CCPB) are usually flatly
lying and little disturbed (e.g. Sotdk et al., 2001).
However, the typical CCPB formations are missing in
the belt of Paleogene sediments west of Terchova. The
basal transgressive formation of carbonatic breccias
is older than in typical CCPB and shows a hetero-
chronous development from the middle Lutetian in
the west to the Bartonian—Priabonian towards the
east. The basal clastics are overlain by the Terchova
Beds (Gross, 2008 and references therein) composed
of alternating carbonatic breccias and sandstones
with thick intervals of hemipelagic, locally variegated
claystones. The following flysch sequence is also
different from the Oligocene Zuberec Formation of
the CCPB — it contains variegated claystones and is
older (Middle Eocene), thus it shows an affinity to the
Zilina and/or Domaniza formations (Sotdk et al., 2017,
2019). By these features, the Paleogene successions
near Terchova are closer to the southerly located
Peri-Klippen Hri¢ov—Zilina zone and Sulfov—Domaniza
Basin (see also Samuel & Hasko, 1978) than to the
CCPB proper.

In the Zazrivda region, characteristic forma-
tions of the CCPB Podtatranska Group (Gross et al.,
1984; Gross, 2008) are appearing. The basal Borové
Formation consists of chaotic accumulations of
breccias composed of material derived from the
underlying Triassic carbonates of the Hronic units,
which are overlain by a thick sequence of carbonate
conglomerates and  nummulitic  sandstones
(Bartonian — early Priabonian). The basal complex
is eroded by deep channels filled with polymict
conglomerates (Pucov Member) and overlain by the
Huty Formation of dark claystones, Globigerina marls
and menilitic shales (earliest Oligocene). Overlying
Oligocene Zuberec and Biely potok formations
are composed of sedimentary cycles of turbidites,
amalgamated sandstone megabeds (hyperpycnalites)
and sandstone lithosomes.

1.1.5 Alpidic tectonic evolution

Development of the CWC nappe structure during
the Cretaceous was largely controlled by basin



inversion and reactivation of the pre-existing Jurassic
rift-related extensional structures. As indicated
by the sedimentary record in particular, the Early
Jurassic rifting seized wide areas of former Triassic
epicontinental shelf areas in the present Western
Carpathians. It was inferred that rifing took place in
several phases (Plasienka, 2003a, 2018a and refer-
ences therein). The most widespread was the early
Early Jurassic rifting event (ca 200-190 Ma) that
produced wide basinal areas like the Fatric Zliechov
(cf. Michalik, 2007) and Tatric Sipran basins, which
then subsided thermally during the Middle Jurassic
to Early Cretaceous times. Late Early and early Middle
Jurassic (ca 180-170 Ma) rifting pulses affected
preferably the northern Tatric zones and culminated
by the breakup of the South Pennine Piemont—Vah
oceanic domain (Plasienka, 2003a). However, the
extensional tectonic regime persisted also during
the post-rift stage until the mid-Cretaceous times, as
revealed for instance by small portions of submarine
alkaline basaltic flows and dykes cutting the Tatric
crystalline basement, aged approximately 120-100
Ma (SpisSiak & Hovorka, 1997; SpiSiak et al., 2001
and references therein). In the High Tatra cover
succession, the earliest manifestations of alkaline
basaltic volcanism appeared already in the earliest
Cretaceous (Madzin et al., 2014), similarly as in the
eastern part of the Czorsztyn Ridge (Oszczypko et al.,
2012a; Krobicki, 2018; Krobicki et al., 2019).

In addition, processes of Late Jurassic to Early
Cretaceous crustal thinning are corroborated by the
zircon fission track (ZFT) data from the basement
granitoids of the Mala Fatra Mts. Danisik et al.
(2010) reported ZFT ages between ca 145 and 135
Ma, which were alternatively interpreted as a very
low-grade metamorphic event related to extensional
tectonics and elevated heath flow. As a result of
long-term extensional regime, the continental crust
of the Tatric—Fatric basinal areas was strongly atten-
uated and became predisposed to compressional
deformation.

Cretaceous shortening of the CWC regions propa-
gated from the inner towards the outer zones, being
most likely triggered by the slab pull force exerted by
the sinking Meliatic oceanic slab (Plasienka, 1991,
2003a, 2018a; cf. Handy et al.,, 2010). Stacking of
the upper-crustal thick-skinned and detached cover
thrust sheets prograded from the Late Jurassic
Meliata suture northward by Early Cretaceous short-
ening of the former passive margin (Gemeric over
Veporic basement sheets). In mid-Cretaceous times,
inversion affected the southern margin of the Fatric
Zliechov Basin adjoining the elevated Veporic domain
(Plasienka, 2003b). Subsequently, the thinned Fatric
crust was thrust under the Veporic basement wedge
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along a crustal-scale shear zone (Certovica thrust
zone, Fig. 1.2c), which is still well visible on the deep
seismic profile 2T (Tomek, 1993). Simultaneously, the
Fatric sedimentary cover complexes were detached
and, after the northern Veporic margin collided
with thicker crust of the southern Tatric ridge, they
lost contact with their former basement and were
emplaced over the Tatric foreland as the Krizna Nappe
(Prokesova et al., 2012). This short final overthrusting
episode took place most probably during the late
Turonian (ca 90 Ma ago), but might have lasted until
the Santonian along the outer Tatric edge (Pelech et
al., 2017b). The far-travelled Fatric diverticulations,
such as the Manin and Klape units of the present
Peri-Klippen Zone, glided beyond the outer Tatric
edge to overly the Vahic oceanic complexes. In this
position, they were subsequently incorporated into
the developing Upper Penninic accretionary wedge.
Within the wedge, these units were affected by
repeated out-of-sequence thrusting along with their
post-emplacement Gosau cover (e.g. Plasienka, 2020
and references therein).

After the nappe structure of the vast CWC
areas was completed by about 90-85 Ma, short-
ening relocated to the northern Tatric margin, i.e.
at the Pennine vs. Austroalpine boundary in terms
of the Alpine tectonics (e.g. Handy et al.,, 2010).
Subduction of the South Pennine Piemont-Vah Ocean
commenced at the same time, as it is indicated by the
Coniacian age of the oldest synorogenic trench-type
flysch deposits in the Vahic Belice Unit (Povazsky
Inovec Mts; Kullmanovd & Gasparikova, 1982). The
Campanian to possibly Maastrichtian variegated
pelagic marlstones with olistostrome bodies supplied
by the clastic material derived from the upper Tatric
plate are the youngest documented Vahic sediments
involved in thrusting along the northern Tatric margin
(Plasienka et al., 1994). It evokes that the northern
Tatric edge was transformed from the passive to active
margin and experienced compressional deformation
with basement-involved thrusting and imbrication
during the latest Cretaceous (PlaSienka, 1995a, b,
2018a; Putis et al., 2019 and references therein). The
structurally lower- and outernmost Tatric elements
affected by the post-Turonian shortening low-grade
and metamorphism were designated as the Infra-
Tatric units. In particular, these include the Borinka
Unit in the Malé Karpaty Mts, the Inovec Nappe in
the PovaiZsky Inovec Mts and the Kozol Unit in the
Lacanska Fatra Mts — cf. Putis (1991, 1992), Putis
et al. (2008, 2009, 2019), Plasienka (1990, 1995c,
2012a, 2018a), Plasienka & Marko (1993), Plasienka
etal. (1991, 1993, 1994).

Inthe Mala Fatra Mts, the Late Cretaceous tectonic
events were documented in its south-western part



(Lucanska Fatra Mts). The NW boundary of the Tatric
crystalline massif (mainly granitoids) is rimmed
by a conspicuous mylonitic to cataclastic zone
providing a contact with the underlying Infra-Tatric
Kozol Unit. The mylonitic thrust zone includes also
scarcely preserved, but ductilely strongly sheared
Mesozoic carbonates. According to Ondrasik et al.
(2009), gently SE-dipping blastomylonites represent
a top-to-NW overthrust shear zone of the main body
of the Tatric thick-skinned thrust sheet overriding the
Kozol Unit. Mylonites were dated by the “°Ar/**Ar age
spectra to approximately 90-70 Ma. This mylonitic
shear zone is westward replaced by steeply dipping
cataclastic zones (Hok et al., 2002, 2020). Similar
mylonites occur also at the southern margin of the
Lucanska Fatra crystalline core near its contact with
the overlying, considerably reduced Tatric Mesozoic
cover, but directly with the Krizna Nappe in most
cases (ValCianska dolina Valley NW of Valca village;
Fig. 1.4). Here, the gently west-dipping shear zone
was dated to ca 72 Ma (*°Ar/**Ar plateau age on a
sericite concentrate; Hok et al., 2000). Gentle dip and
large omission of Mesozoic complexes would imply its
connection with a low-angle normal fault, although
Hok et al. (2000) did not find relevant shear-sense
criteria. Supposedly, the extensional shear zones
developed on top of the Tatric basement sheet due
to coeval compression-related crustal stacking and
thickening.

Timing and emplacement mechanism of the
Hronic nappes is a complicated problem. Hronic
units are typical superficial cover nappes floating
above the underlying units with a pronounced struc-
tural and metamorphic discordance. Besides a weak
burial-induced static metamorphic recrystallization
of the Upper Paleozoic formations (pumpellyite-preh-
nite-quartz facies; Vrana & Vozar, 1969), the Triassic
carbonates are thermally almost not affected, as
indicated by the conodont colour alteration indices
typically below 2 (Gawlick et al., 2002; Havrila, 2011).
The sole of the Hronic nappes is formed by carbonate
cataclatic breccias (Rauhwacke) without recognized
shear-sense criteria. Internal nappe structures are
exclusively brittle with ramp-flat thrusts, duplexes or
partial nappes and scarce macrofolds in well-bedded
sequences (Kova¢ & Havrila, 1998; Havrila, 2011).
The youngest synorogenic sediments are of the
Hauterivian to possibly Barremian age, thus this is
likely also the time of commencement of shortening
of the original Hronic area. This is not exactly known,
however, since the Hronic are rootless nappes not
connected to any basement substratum. With a
considerable time delay, after the internal defor-
mation, the Hronic nappes were finally emplaced
in post-Turonian times. Whereas in the frontal CWC
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zones the Hronic thrusting might have been partially
simultaneous with the underlying Fatric nappes, the
structural and metamorphic gap with respect to Fatric
units increases southwards and reaches omission of
three penetrative deformation stages and the contrast
between the anchimetamorphic record (250-300°C)
in the underlying Northern Veporic Velky Bok cover
succession versus virtually non-metamorphic Hronic
nappes (Plasienka, 1995d). The low-grade metamor-
phism in the Northern Veporic basement was dated
by “°Ar/**Ar method on white micas to ca 90—-85 Ma
(Putis et al., 2009 and references therein), hence
emplacement of Hronic nappes should have been at
least a bit younger.

Onthe other hand, the Hronic complexes are trans-
gressively overlapped by the Gosau deposits along
the outer CWC margin. These start with the upper
Turonian freshwater limestones (Hok & Littva, 2018
and references therein) followed by the Coniacian—
Santonian carbonate conglomerates and sandstones
(e.g. Wagreich & Marschalko, 1995). While these
continental and shallow-water sediments still might
have been deposited in piggyback basins during
overthrusting of the Hronic nappes, the younger
Campanian red pelagic marlstones were deposited in
open-marine conditions that seized vast Carpathian
areas. Accordingly, the Hronic nappes should have
been already emplaced at that time.

To summarize, the available data indicate that
the Hronic nappes were emplaced in the time
interval between 90 and 80 Ma, more precisely
perhaps between 85 and 80 Ma, i.e. during the late
Santonian to early Campanian — evidently out-of-se-
guence with respect to the progradational short-
ening and thrusting of the underlying CWC units.
The Cretaceous nappe structure of the broad CWC
areas was then overlapped by deposits of the Central
Carpathian Paleogene Basin (CCPB). Their trans-
gressive base is formed by the Middle—Upper Eocene
carbonate breccias and nummulitic limestones, which
are succeeded by the Upper Eocene to Oligocene
hemipelagic shales and turbiditic sandstones. Near
the contact with the adjacent Klippen Belt, these
sediments are strongly disturbed by south-verging
fold and thrust structures (Marko et al., 2005).
Southward backthrusting affected also more inner
CWC zones, for instance the prominent N-dipping
reverse fault on the ridge of Mt. Rozsutec (see the
Rozsutec tour below), as well as in other areas of
the Mala Fatra Mts (Sentpetery, 2011; Sentpetery
& HOk 2012). The post-Paleogene south- or south-
east-vergent reverse faults and backthrust commonly
occur along the outer CWC margin south of the PKB,
for instance in the StraZovské vrchy (Mahel, 1985;
Pecena & Vojtko, 2011; Pelech & Olsavsky, 2018) and



Povazsky Inovec Mts (Plasienka, 1995c).

Low-temperature thermochronologic data about
the Miocene to Pliocene exhumation of the Mala
Fatra Mts are provided by the apatite fission track
ages (AFT) from the Tatric basement rocks. Together
with the other core-mountains along the outer Tatric
margin (northern part of the PovaZsky Inovec and
High Tatra Mts), they show the youngest cooling
ages in the Western Carpathians, which are generally
ranging between 20 and 10 Ma, but mostly 15-10
Ma (Danisik et al., 2010; Kralikova et al., 2016). These
ages are interpreted as resulting from the Middle
Miocene erosional and partly also extensional
tectonic removal of overlying CCPB sediments and
Mesozoic nappe units.

The late Cenozoic exhumation was connected
also with the surface uplift. The assymetric Mala
Fatra horst is marked by an important vertical throw
along the faults that rim the horst from the south
and south-east against the Neogene deposits of the
Turiec Basin. These deposits contain detrital zircons
with the Late Cretaceous ZFT ages (Kralikova et al.,
2014) that might record an intermediate stage of
denudation. During the uplift, a mountainous relief
with incised antecedent valleys like the Vah River
dividing the Lucanska and Krivanska Fatra Mts and
the Zazrivka Valley in the eastern Krivanska Fatra
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were formed.

An important, but controversially interpreted
issue concerns the nature of the fault that separates
the Krivanska Fatra horst from the Cenozoic filling of
the Turiec Basin tu the south (Fig. 1.4). This generally
W-E trending fault, named the Turany fault (Bezak
et al., 2004), is commonly interpreted as a steeply
south-dipping normal fault (see e.g. chapter 3.3
below). However, this interpretation meets problems
with balancing at the crustal level, because it would
need an extraordinary northward tilting of the
Krivanska Fatra core by some 40° along a horizontal
axis, which is hardly achievable in a simple regime
with N-S extension. Therefore, we infer that the
fault is steeply south-dipping or subvertical and origi-
nated in a compressional regime along with other
post-Paleogene south-verging thrust structures
in the Krivanska Fatra Mts (Fig. 1.17d). However,
this interpretation has not been documented by
the structural research yet, partly because of poor
outcrop conditions. An indirect hint comes from
the quarry Smolenova near Parnica village, which is
located directly at the Turany Fault (Fig. 1.4). Polak
(1979) described an older situation in this quarry
with a slice of granitoids and Lower Triassic clastics
squeezed within Middle Triassic carbones of the
Tatric cover (Fig. 1.15a), which he interpreted as a

Figure 1.15 The Smolenova quarry near Parnica. a — situation in 1970-ties (Poldk, 1979): 1 — scree; 2 — Middle Triassic
dolomites; 3 — Middle Triassic limestones (Gutenstein Fm.); 4 — carbonate crush breccia of Triassic carbonates; 5 — Lower
Triassic shales; 6 — Lower Triassic quartzites; 7 — granodiorites; 8 — faults. b — present state (2019).

recumbent fold. We infer that it would be rather a
tectonic sliver emplaced along the compressional
or oblique dextral Turany fault. Presently this slice is
difficult to recognize in this active quarry (Fig. 1.15b),
it was probably largely mined-out.

This situation is similar like in the case of the
Sub-Tatra fault system at the southern foots of the
asymmetric horst of the Tatry Mountains (Fig. 1.2).
There, kinematics of this fault has been also inter-
preted as either extensional or compressional, the
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latter case e.g. by Jandk et al. (2001b), who applied
the model of Narr and Suppe (1994) as in this situation
south-vergent basement-involved duplex structure
with a subvertical frontal fault. Peripheries of uplifting
compressional horsts were affected by low-angle
normal faulting that obliterated the master thrust
faults, like for instance extensional allochthons of Fatric
formation overlapping directly the Tatric crystalline
basement along the Turany fault and also westward
near the town of Martin (Fig. 1.4; see also Pivko, 1990).



area. Therefore, to see as much as possible needs
longer walking tours. Since the area occurs in the
National Park Mald Fatra, it is only possible along the
touristic trails or forest roads. There are two such
well accessible, moderately difficult walking trips —
(1) the Rozsutec round-tour and (2) the Lucivna—Biela
section (Figs 1.16 and 1.17).

1.1.6 Instructive field sections of
Mesozoic units

The Fatric and Hronic nappe units build up a
substantial part of the Krivanska Fatra Mts, where
good informative outcrops are scattered over a wide

E.W.C.
MAGURA UNITS

_ Bystrica Unit
- Krynica Unit

V
___,__._.r:1||||||w|‘
L

PIENINY KLIPPEN BELT

ORAVIC UNITS
PIENINY UNIT
Jurassic — Early

Sneznica-Sromowce Fm.
- Cretaceous

GOSAU SUPERGROUP

Myjava-Hricov Group
(Paleocene—Eocene)

CENTRAL WESTERN
CARPATHIANS

Central Carpathian
Paleogene Basin

Zazrivka beds
(Maastrichtian—Paleocene)

(Turonian—Santonian)
- Pieniny Unit undivided

SUB-PIENINY UNIT

Polany beds
(Maastrichtian)

Gbelany beds
{(Campanian)

- HRONIC NAPPES

FATRIC KRiZNA NAPPE

Poruba Flysch Fm.
(Albian—Cenomanian)

Pupov Formation

Velhora beds
(Coniacian—-Santonian)

KOZINEC UNIT

|I|]III]]|I| Czorsztyn, Niedzica,

Czertezik successions
SARIS UNIT

1 Malinowa, Haluszowa
and Pro¢ fms (Turonian—
d Paleocene)

primary and secondary backthists
overthrusts

Figure 1.16 Tectonic map of adjoining parts of the Kysuca and Orava sectors of the PKB and neighbouring units (for the
location see Fig. 1.4). Cross-sections a—h are interpreted in Fig. 1.17. White dashed lines mark the excursion routes (1), (2),
(A), (B) and (C) described in the text (see also Fig. 2.1).

- Early Cretaceous
- Jurassic
- Triassic
- TATRIC COVER

Poruba Flysch Fm.
(Albian—Cenomanian)

Jurassic — Early

Jurassic — Earl
Cretaceous y

Cretaceous

22



Beriova
N Prislopec Mincol Lehota OravaR S
a | e / h /I ]

Hola Kozinec Pavlad sk, Hréova kecka Lysica

b | 1 l 119]1Ie§ivé I |h 2

Zazriva

Javorinka Jedlovinka Zazriva Ostre CierfaZe Ludivna

h

Terchova

Velhaora

Struharen Kycera Boboty
Legend (supplement to Fig. 1.15)

Sarig Unit

Tatric basement undifierentiated

TECTONIC STAGES

Turonian—Santonian (90-85 Ma)
Santonian—Maastrichtian (85-70 Ma)
Maastrichtian—Paleocene (70-60 Ma)
Paleocene-Middle Eocene (60-45 Ma)
Middle—-Late Eocene (45-35 Ma)

Late Eocene to Late Oligocene (35-25 Ma)
Late Oligocene to Early Miocene (25-15 Ma)
Middle to Late Miocene (15-10 Ma)

@QPOEPEOO

Figure 1.17 Tectonic cross-sections of the PKB and adjacent zones in NW Slovakia. For their positions and legend see Fig.
1.16. IFS — Istebné fault system. Partially according to Plasienka et al. (2020).

23



(1) The Rozsutec tours

This trip has several possible routes and starts in
the Vrchpodziar saddle (GPS N49.24075° E19.07293°;
750 m a.s.l.) reachable by the yellow touristic path
from the parking place in Stefanova settlement, or
by the bike trail from the hotel Boboty. Alternatively,
it can be reached also from hotel Diery in Tercho-
va-Biely Potok by following the blue path along the
deep incised Janosikove diery gorge. This gorge
is modelled in Middle Triassic carbonates of the
Hronicum. The trip (1) follows wider surroundings
of the cross-section labelled “d” in Figures 1.16 and
1.17.

The tour continues along the green touristic trail
towards the east. The grey, schistous marly limestones
occurringin the scree belong to the Lower Cretaceous
Mrdznica Formation of the Fatric Krizna Nappe. After
climbing some 60 altitude metres in the wood, a flat
meadow indicates soft rocks — dark calcareous shales
and turbiditic sandstones of the mid-Cretaceous
(Albian—-Cenomanian) synorogenic Poruba Fm.,
which is the youngest member of all Fatric succes-
sions. However, a nice outcrop can be found only
some 4.7 km to the south in an old abandoned road
(Fig. 1.18b, GPS ca N49.23475° E19.07554°).

Walking further along the green trail, it enters
the wood where Lower Cretaceous marly limestones
occur again. This is an important and typical feature
— the sole of the overlyin Hronic nappes seldom
overthrusts the youngest Fatric rocks, i.e. the Poruba
Flysch Fm., but usually lies directly on the Mraznica
or even older formations (see also Sentpetery et al.,
2020). It indicates that emplacement of the Hronic
nappes postdated thrusting, internal deformation
and partial erosion of the underlying Fatric units with
some time delay (cf. Fig. 1.19).

About 200 m east of the meadow, fallen blocks
of massive Triassic limestones indicate approaching
to the overthrust plane of the Hronicum. However,
the contact is not directly exposed. Then the green
path follows rock cliffs composed of Middle Triassic
platform limestones (Wetterstein Fm.) until entering
the main valley where it merges with blue path for
about 250 metres where both trails split again. It
is recommended to follow the green trail, which is
more instructive from the geological point of view,
although the blue one may be more attractive for
climbing-lovers.

The green path follows, for about 1 km up to
the Medzirozsutce saddle, an important tectonic

feature known as the Medzirozsutce reverse fault.
“Medzirozsutce” means that it is located between
Maly (Small) and Velky (Great) Rozsutec hills (Figs
1.16,1.17d and 1.18a). It is a large-scale, post-nappe,
steeply N-dipping reverse fault that originated during
extensive post-Paleogene backthrusting along the
northern Tatric edge, whereby the adjacent part of
the PKB was thrust southwards for a distance of at
least 5 km (Figs 1.17d and 18a). This fault was known
already to Uhlig (1902), but correctly interpreted
only later by Matéjka (1931), and repeatedly illus-
trated since (e.g. Andrusov, 1968; Polak, 1975, 1979;
Marko et al., 2005; Plasienka et al., 2020). Walking up
the valley, the slopes on the western side are formed
by Lower Cretaceous limestones of the Krizna Nappe
with overlying Hronic Triassic carbonates on the ridge
of Maly Rozsutec Hill. On the eastern slopes, there
are numerous blocks and clasts of carbonate breccias,
which represent the basal member of the Central
Carpathian Paleogene Basin that transgressively
overlies Triassic carbonates of the Hronic outlier of
Mount Velky Rozsutec. This structure continues to the
saddle Medzirozsutce (GPS N49.24302° E19.10704°;
1,200 m a.s.l.) and a few hundreds metres further
east. Occassionally, also some Paleogene marls can
be found in meadows at the Medzirozsutce saddle.
There are two possible ways how to pass Velky
Rozsutec from the Medzirozsutce saddle. From both
the geological and touristic point of view, the red trail
crossing directly Mount Velky Rozsutec (1.610 ma.s.l.)
is more attractive, but not permitted during the spring
season from March to mid-June. In the underlier of
Paleogene breccias, the trail provides a nice profile
through various Middle Triassic carbonates of the
Hronicum — Ladinian basinal nodular and cherty
limestones of the Reifling Formation are in part
overlain by slope facies of the Raming Formation that
contain bioclastic debris from the prograding upper
Ladinian — lower Carnian Wetterstein carbonate
platform. The steep southern slope of Velky Rozsutec
is built by Anisian Ramsau dolomites and Guttenstein
limestones. The latter are underlain by Lower Creta-
ceous limestones of the Fatric Mraznica Formation.
During the springtime closure of the red trail, the
blue path passing by Velky Rozsutec along its eastern
slopes may be used. Below the Paleogene dolomitic
breccias, there are nice outcrops in the bedded
cherty limestones of the Ladinian basinal Reifling
Formation, but the slopes are mostly covered by
debris. Approaching the Medziholie saddle south of

Figure 1.18 Field photographs from the Krivanska Mald Fatra Mts (D. Plasienka): a — panoramic view from the east on
the CWC—PKB contiguous zone west of Zazriva; b — mid-Cretaceous flysch (Poruba Fm.) of the Krizna Nappe, Stefanové
(Rozsutec tour); c—g Lucivna—Biela section: c — Lower Cretaceous limestones of the Tatric cover, type locality of the Lucivna



Rovna hora _
pass Pupov

Fm.; d — gentle fold in upper Middle Jurassic radiolarian limestones (Zdiar Fm.), Krizna Nappe; e — axial-plane cleavage, the
same outcrop as d; f — Tithonian—Berriasian calpionella limestones (Osnica Fm.); g — S-vergent post-Paleogene fold in the
Lower Cretaceous marly limestones (Mraznica Fm.) Krizna Nappe, left bank of the Zazrivka Brook east of Biela settlement.
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Figure 1.19 Geometrical model of internal thrust structures of the Fatric units that developed during their detachment
from the underthrust basement substratum. Vertical double arrows mark the principal partial Fatric units: 1 — the KriZzna
Nappe with 2 — the Lysica duplex; 3 —the Manin Unit; 4 — the Klape Unit. After stacking, these partial units were gravita-
tionally emplaced in the present position by the diverticulation manner —i.e. the unit 4 (Klape) glided farthest north, being
in part overridden by unit 3 (Manin) followed by the main body of the Krizna Nappe (1-2).

Mount Velky Rozsutec, the scree is formed by Lower
Cretaceous limestones (Mrdaznica Fm.) of the Fatric
Krizna Nappe. At the crossing of the blue and red
touristic trails closely below the Medziholie saddle
(GPS N49.24302° E19.10704°), dark marly shales
and sandstones of the mid-Cretaceous Poruba Flysch
Formation are cropping out. Here again they do not
appear directly below the Hronic overthrust plane,
but are sandwitched between two slices of the Lower
Cretaceous limestones. Heavy mineral (HM) analyses
from this locality and from two other sites further
west (Vratna and Stefanova valleys crossing and Pod
Sokolim; Aubrecht et al., 2020) revealed dominance
of Cr-spinels (7-40%) and ultrastable ZRT assemblage
(11-50%). However, the Medziholie locality is excep-
tional by a high content of garnet (73.5%), which
is otherwise quite rare. The variability in the HM
content and the general low compositional maturity
of turbiditic sandstones indicate short transport ways
and relatively rapid emergence-erosion-deposition

processes (Aubrecht et al., 2020).

(2) The Lucivna—Biela section
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This walking trip begins in the abandoned quarry
Bralo near the ski resort Lucivna, above the sharp
curve of the road from Zazrivd to Parnica (GPS
N49.20913° E19.16592°; Fig. 1.16). This is the type
locality of the Lucivna Formation (Poldk & Bujnovsky,
1979), the Lower Cretaceous sequence of the Tatric
sedimentary cover (Figs 1.3, 18c). Pale grey, micritic
pelagic limestones are well-bedded with thin inter-
calations of grey claystones and contain nodules,
lenses or discontinuous layers of black cherts.
Presence of aptychi and absence of ammonite shells
indicates deposition between the ACD and CCD
levels. Corroded belemnites and crinoid ossicles, as
well as pyrite framboids are also present. The lower
part contains Tithonian calpionellids, but the main
part of about 100 metres thick formation shows the
radiolarian microfacies. The Barremian to Aptian



sequence contains distal bioclastic calciturbidite
beds revealing nearness of the Urgonian carbonate
platform (Michalik et al., 1990).

The tour continues northward along the western
slopes of the Zazrivka Valley, approximately along
the cross-section “c” depicted in Figures 1.16 and
1.17. Behind the metal bridge above the Zazrivka
River, debris of the youngest member of the Tatric
cover succession — the mid-Cretaceous Poruba
Flysch Formation can be found at the foots of the
Lucivna ski slope. After having passed the ski resort,
the Velkd Lucivna side valley is already modelled in
the Middle Triassic carbonate complex of the Fatric
Krizna Nappe. Following the forest road uphill and
continuing generally northward, numerous outcrops
of bedded dolomites (Ramsau Fm.) appear along
the road cut. However, a look eastward on slopes
of the Lysica Hill on the other side of the Zazrivka
Valley is more interesting from the point of view of
structure of the Krizna Nappe. As can be seen from
the geological map and cross-section (Fig. 1.16 and
1.17c), the stratigraphic succession of Triassic forma-
tions of the Krizna Nappe is doubled there. This
structure was described as the “digitation de Lysica”
by Matéjka (1931), i.e. a recumbent macrofold with
a reduced overturned limb. A modified, duplex inter-
pretation is offered here. The duplex is bounded by
the floor thrust, which is the main thrust plane of the
nappe, while the roof thrust follows the secondary
internal detachment plane developed within the
soft Keuper shales and evaporites (Fig. 1.19). In
between, the duplex is formed by fault-bend folding
and thrusting along an inclined ramp cutting the thick
Middle Triassic dolomite complex. The detached
Jurassic and Cretaceous strata above the roof thrust
are well-bedded and thus prone to folding, therefore
they were shortened by mesoscopic folding in front
of the duplex as it will be seen later in the section.
It is supposed that this deformation occurred during
detachment of the sedimentary succession of the
Krizna Unit from its basement substratum already
in the original homeland area, and then the duplex
structure was passively transported into the present
allochthonous position during the final nappe
emplacement (Prokesova et al., 2012).

Before the sharp road curve tracing the side ridge,
there are small outcrops in layers of dark shales
alternating with dolomite beds. This sequence was
described as the TrZinovo Formation (Sykora et al.,
2011). Dark claystones and dolomites alternate in
several decimetres thick beds in altogether about
10 m thick formation, which is correlated with the
Carnian Pluvial Event (a.k.a. Reingraben, Raibl or
Lunz event; cf. Havrila et al., 2019) marked by silici-
clastic input during a short-term humid period in
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overall arid Triassic climate. Where present, these
shale intercalations (and sandstones of the typical
Lunz Fm. in other places) separate the lower Ramsau
dolomite complex from the overlying Hauptdolomit
Formation.

Behind the sharp curve, the road runs along-strike
of dolomite bedding for several hundred metres.
Then the debris and outcrops of the overlying
Carpathian Keuper Formation of Norian age emerge.
This is a continental clastic-lagoonal formation of
variegated shales, siltstones, sandstones and evapo-
ritic dolomites. The uppermost Triassic — Rhaetain
black fossiliferous limestones with shale interca-
lations (K&ssen Fm.; a.k.a. Fatra Fm.) are cropping
out at the timber depository place (GPS N49.22248°
E19.14335°).

The rest of the section along the timber roadcut
exhibits a nearly complete Jurassic to Lower Creta-
ceous succession of the Krizna Nappe. This is a typical
deep-water Zliechov Succession which is the most
widespread among the Fatric units (see Fig. 1.3). It
shows development from the Lower Jurassic syn-rift
deposition, through gradual post-rift subsidence
with hemipelagic and later eupelagic sediments up
to terminal mid-Cretaceous syn-orogenic clastics
heralding the onset of inversion and shortening of
the Zliechov Basin that preceded detachment of
the Fatric sedimentary complexes and their nappe
emplacement over the foreland Tatric areas.

The Rhaetian limestones are overlain by the
Hettangian—Sinemurian grey sandy shales, sandy-cri-
noidal limestones to calcareous sandstones in places,
which are designated as the Kopieniec Formation
(formerly known as the Gresten Beds). Besides
crinoids, the formation is rich in bivalves and brachi-
opods, intraclasts, oolits, fragments of phosphorites
and occasionally also ammonites (e.g. Polak & Rakus,
1973). Duringthe Early Jurassic, the terrigenous clastic
input gradually decreased and the Pliensbachian—
Toarcian sequence is composed of hemipelagic
dysoxic dark-grey spotted marlstones and spiculitic
limestones of the Fleckenmergel-Fleckenkalk facies
(Allgdu Formation) reaching a considerable thickness
of several hundred metres. These rocks pass upwards
into the so-called “siliceous Fleckenkalk” of possibly
Aalenian age. As the sea bottom deepened due to
the post-rift thermal subsidence, the calcite content
in the sediments decreased on the expense of silica
derived from sponge spicules.

During the Middle Jurassic, the Zliechov Basin
became a sort of a starved basin with very thin and
feebly dated eupelagic sediments. At the same time,
the colour of sediments changed from dark-grey
indicating poorly aerated environs in semiisolated
basins to variegated, chiefly reddish sediments. This



change may indicate opening of marine connec-
tions to the World Ocean during breakup and
commencement of spreading of the Pennine oceanic
domains linked with the Central Atlantic.

A few tens of metres thick siliceous sediments
are composed of variegated radiolarian limestones
(Fig. 1.18d) and red ribbon radiolarites that were
deposited below the local CCD level. In the Krizna
Unit, these abyssal sediments were dated to late
Bathonian—Oxfordian with possible extension into
early Kimmeridgian and designated as the Zdiar
Formation (Polak & Onrejickovd, 1993; Poldk et al.,
1998). This formation is cropping out in the next part
of the section. Well-bedded siliceous limestones
and radiolarites are contorted by irregular, in part
typical chevron folds especially in radiolarites. Folds
in limestones are associated with a weak axial-plane
cleavage (Fig. 1.18e).

The section continues with the Upper Jurassic
strata. Radiolarites are overlain by variegatedsiliceous
and marly limestones of the upper Kimmeridgian to
lower Tithonian Jasenina Formation. This is in turn
overlain by the upper Tithonian—Berriasian Osnica
Formation (Fig. 1.18f), which is composed of white
calpionella-bearing limestones of the typical maiolica

or Biancone facies (GPS N49.23278° E19.1433°).
The next is the Valanginian—Barremian Mraznica
Formation, which is the thickest and areally most
extensive member of the post-rift Zliechov Succession.
It is composed of a monotonous, at least 500 metres
thick complex of schistous dark-grey argilaceous
limestones and marlstones. In the footwall of the
Medzirozsutce backthrust, the Mraznica limestones
are deformed by metric S-vergent asymmetric folds
in places (Fig. 1.18g).

The content of terrigenous clay minerals increases
upwards, whereby the Mraznica Fm. passes into the
Aptian Parnica Formation composed of dark grey to
black marlstones and marls. These are exposed at
the last point of the section down in the Biela Valley
near the bus stop in Biela village (GPS N49.24292°
E19.13922°). There the Parnica marls are deformed by
synsedimentary slumping. In some localities nearby,
the Aptian marly sequence contains intraformational
olistostrome bodies known as the Vlkolinec Breccia
(Jablonsky & Marschalko, 1992). The youngest
member of the Zliechov Succession — the Albian—
Cenomanian Poruba Flysch Formation is not exposed
along the examined Lucivna—Biela section.

1.2 Structure and composition of the Pieniny Klippen Belt — an

overview

The intricacy of the tectonic structure of the
Klippen Belt due to Laramide and post-Paleogene
folding is so great that it could seem useless to look
for some regularities or clear-cut types of tectonics.
(Andrusov, 1974, p. 154)

The Pieniny Klippen Belt (PKB; pieninische
Klippenzug — Neumayr, 1871; Uhlig, 1890) got its
name according to its characteristic structure,
where hard rocky blocks — the klippen — composed
of Middle Jurassic to Lower Cretaceous limestones
are embedded in a soft matrix formed by the Lower
Jurassic and Upper Cretaceous to Middle Eocene
marls, shales and flysch deposits — the “klippen
mantle”. Thus the competent klippen successions
were originally inserted within incompetent strata
prone to folding, shearing and formation of décol-
lement horizons. Owing to this rheological strati-
fication and polystage deformation processes, the
competent sequences were largely fragmented and
often form isolated blocks floating in soft strata.
Nevertheless, the “block-in-matrix” structure is not
a general rule for the PKB; there are segments with
well preserved original nappe structure, or with quite
long, continuous and less disturbed stratigraphic
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successions. The recent ideas about the composition
of individual units or successions distinguished in
the PKB come from such more-or-less continuous
sections, while there are many uncertainties with
assignment of the soft matrix strata elsewhere.

It is remarkable that, considering the area extent
in the map view, the klippen blocks form a minor
portion of individual PKB segments — commonly less
than 50%, which diminishes to zero in places. On the
other hand, distinguishing of the PKB units or succes-
sions has been chiefly based on the lithostratigraphy
of the hard klippen sequences, which are usually well
exposed in comparison to their surroundings. Conse-
quently, the poorly or temporarily exposed marly,
shaley and deep-water clastic flysch formations may
still provide significant new information about the
structure of a particular PKB segment. The current
work may serve as an evidence — the novel results
presented below were chiefly gathered from the
klippen matrix formations that helped to reconcile
some, although not all, puzzling aspects of the PKB
structure.

In general, two principal groups of units can be
distinguished in the structure of the Pieniny Klippen



Belt. The Oravic units (Mahel, 1983) may be seen
as intrinsic for the PKB, they have special lithostrati-
graphic successions different from the CWC units and
thus must have been derived from an independent
palaeogeographic zone. This zone has been inter-
preted as an intra-oceanic continental ribbon rimmed
from both sides by oceanic domains — the South
Pennine Piemont—Vah and the North Pennine Valais—
Rhenodanubian—Magura oceanic realms (Plasienka,
20033, 2012a, 2018a and references therein). From
the point of view of tectonic position, the PKB Oravic
units correspond to the Middle Penninic units of
the Western Alps, which view is supported also by
some similarities in lithostratigraphy and overall
age range of sedimentary units involved. However,
unlike majority of the Alpine Middle Penninic units,
the Oravic units are entirely detached from their
basement and were deformed in a high structural
position, without any signs of metamorphic transfor-
mations. These differences resulted from diversities
in the Cenozoic tectonic evolution of both mountain
ranges — strong collisional processes and crustal
thickening in the Alps versus extension and basin
formation in the Western Carpathians.

The other group of PKB units are sometimes
referred to as “non-Oravic”, which indicates their
different composition and structural position,
despite incorporated in the PKB edifice. These
units mainly occur in the Middle Vah River Valley in
western Slovakia, where they form a variously wide
belt adjacent to the Oravic units from the south.
The belt was named as the “Peri-Klippen Zone” by
Mahel (1980). Based on lithostratigraphic criteria,
these units have been mostly affiliated with the
CWC elements, namely with the Fatric nappe system
(see discussion in Plasienka, 1995a, 2012a, 2019
and references therein). Hence the Manin, Klape,
Drietoma and Haligovce units are regarded as frontal
Fatric elements emplaced in the superposition over
or juxtaposition next to the Oravic domain and
then jointly deformed during the latest Cretaceous
and Paleogene. The post-thrusting overstepping,
but still syn-deformation, late syn-orogenic forma-
tions (Senonian—Eocene Gosau Supergroup) were
deposited in dynamic wedge-top piggyback basins
above the developing External Carpathian accre-
tionary wedge (Plasienka & Sotdk, 2015; Kovac et al.,
2016 and references therein).

During the more than hundred years of intense
research, a number of tectonic units and/or
sedimentary successions have been distinguished
within the PKB. Owing to various criteria applied,
their terminology changes from author to author
(e.g. Uhlig, 1890, 1904, 1907; Andrusov, 1938, 1968,
1974; Horwitz, 1963; Stranik, 1965; Scheibner, 1968b;
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Sikora, 1974; Birkenmajer, 1977, 1986; Hasko, 19783,
b; Nemcok, 1980; Mahel, 1981, 1989; Marschalko,
1986; Salaj, 1994a, b, 1995, 2006; Misik et al.,
1996; Jurewicz, 2005, 2018; Aubrecht et al., 2017b;
Golonka et al., 2015, 2019; Marzec et al., 2019).
In the descriptions below, we are relying mainly
on the eastern Slovakian PKB branch, where the
tectonic relationships and lithostratigraphic content
of individual units are well recognizable (Plasienka
& Mikus, 2010; Plasienka, 2012a, b; Plasienka et
al., 2012). There, three principal Oravic nappe units
were distinguished. From bottom to top, these are
the Sari§, Subpieniny and Pieniny thrust sheets. We
suppose that these units are present also in the
Kysuca and Orava PKB sectors, although their strati-
graphic continuity and structural relationships are by
far less clear.

The lower- and outermost Sari§ Unit (including
the Kopanice, Fodorka, BrvniSte, Hulina, Grajcarek,
Lackovec, Kyjov and Inovce units or successions distin-
guished in different PKB parts by various authors)
overrides or juxtaposes the most internal elements
of the EWC Flysch Belt (Biele Karpaty and Magura
units). It consists of diverse, mostly deep-water
pelagic Jurassic to Upper Cretaceous, and clastic
uppermost Cretaceous to Middle Eocene sediments
(Figs 1.3, 1.20 and 2.6). In the eastern PKB branch
(lithostratigraphy mainly according to description
of the Grajcarek Unit by Birkenmajer, 1977; see also
chapter 1.3 below), the oldest recognized member
is represented by the upper Toarcian to Bajocian
Szlachtowa Formation (e.g. Birkenmajer & Gedl, 2017
and references therein) — black dysoxic shales and
siliciclastic turbiditic sandstones, which are typical
by the various, often high content of clastic white
mica flakes. The upper, probably late Bajocian part
contains also layers of dark allodapic crinoidal-sandy
limestones and kalkarenites, which were likely derived
from the then elevated Czorsztyn Ridge. Szlachtowa
Fm. is overlain and partly laterally replaced by the
green-grey marly shales of the Bajocian—Bathonian
Opaleniec Fm., which pass upward into dark-grey
Bathonian—Callovian, Mn-bearing siliceous shales
(Sokolica Fm.). Younger eupelagic formations
are strongly condensed and usually only a few
metres thick — red ribbon radiolarites (Czajakowa
F., Oxfordian to Kimmeridgian), red nodular and
cherty limestones (Czorsztyn Fm., Kimmeridgian),
red marlstones and siliceous shales (lower Tithonian
Palenica Member — cf. Jozsa, 2019), pale-grey marly
spotted limestones (Tithonian to Barremian Pieniny
Limestone Formation) passing into dark-grey spotted
,Fleckenmergel” marlstones and siliceous shales
(Aptian—Albian Kapusnica or Tissalo and Wronine
fms), and blackish siliceous shales and radiolarian



silicites (upper Albian to Cenomanian Hulina Fm.).
The Upper Cretaceous sequence is composed of
the CORB-type (Cretaceous Oceanic Red Beds)
non-calcareous variegated, mostly cherry-red shales
with thin beds of grey-green siliciclastic sandy
turbidites (Turonian—Campanian Malinowa Fm.).
The terminal syn-orogenic sequence is formed
by the Maastrichtian—Lower Eocene deep marine
clastic deposits of the Jarmuta-Pro¢ Fm. — calcareous
sandy turbidites with mass-flow olistostrome bodies
(Milpos Breccia) containing clasts derived predomi-
nantly from the overriding Subpieniny Unit. A large
part of the Czorsztyn-type klippen in Eastern Slovakia
are in fact olistoliths embedded in calcareous flysch
of the Pro¢ Fm. (PlaSienka & Mikus, 2010; Plasienka
etal., 2012; Plasienka, 2012a, 2018b). In places, these
are overlain by the Lutetian deep-marine variegated
shales with manganese nodules.

The Subpieniny Unit (a.k.a. Czorsztyn Unit, but
we use the original terminology introduced by Uhlig,
1907 hereafter) is, due to the competence contrast
between stiff blocky klippen and their soft marly
matrix, a rather incoherent nappe sheet composed of
numerous thrust stacks, duplexes, and imbrications.
Its various lithostratigraphic successions were derived
from an intra-oceanic Czorsztyn Ridge and its slopes.
The most widespread Czorsztyn Succession repre-
sents a submarine, but temporarily emergent swell
known as the Czorsztyn Ridge. The transitional succes-
sions, such as the Niedzica-Pruské and Czertezik,
originated on edges of tilted halfgrabens and faulted
slopes facing towards the adjacent Kysuca-Pieniny
Basin. Lithology and stratigraphy of these succes-
sions were described in detail in numerous papers
(e.g. Birkenmajer, 1977, 1986; Misik, 1979, 1994).
The Czorsztyn-type successions are characterized
by Lower Jurassic to Aalenian hemipelagic spotted
marls and black shales, Middle Jurassic (upper
Bajocian) syn-rift, sandy-crinoidal limestones and
scarp breccias (Smolegowa and Krupianka fms, Krasin
Breccia — Aubrecht & Szulc, 2006), Middle-Upper
Jurassic red nodular limestones of the “ammonitico
rosso” facies (Czorsztyn Fm.), and various uppermost
Jurassic to Lower Cretaceous shallow-marine fossilif-
erous limestones (e.g. the Dursztyn Fm.). The transi-
tional Niedzica and/or Czertezik successions include
also a package of Callovian—Oxfordian radiolarites
amidst the nodular Czorsztyn limestones, and the
Lower Cretaceous “maiolica” limestones (Pieniny
Fm.). The ridge emerged during the Barremian-—
Aptian, which is recorded by widespread karstifi-
cation and fissure filled with younger sediments
(Aubrecht et al., 2006). The uneven rugged surface
was then covered by variegated hemipelagic marls
of the “couches rouges” facies ranging from the
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Albian up to the Campanian. The Subpieniny succes-
sions are terminated by the uppermost Cretaceous
coarsening-upward calcareous flysch deposits
(Maastrichtian—Danian? Jarmuta Fm.; Figs 1.3 and
1.20). They contain also bodies of unsorted chaotic
breccias (Gregorianka Breccia — cf. Nemcok et al.
1989; Plasienka & Mikus 2010) and Zaskalie Breccia in
the Orava sector — Marschalko et al., 1979) composed
of material derived from the overriding Pieniny Unit
(Jurassic radiolarites, Lower Cretaceous limestones,
mid-Cretaceous marlstones).

The structurally highest Oravic tectonic unit of
the PKB — the Pieniny Nappe — includes several,
slightly differing lithostratigraphic successions as well
(Pieniny s.s., Kysuca, Branisko, and possibly also the
Podbiel-Orava and Nizna successions). It was derived
from the southern foots of the Czorsztyn Ridge at
the transition to the South Pennine (Piemont-Vah)
oceanic domain. The Pieniny-type successions
are typically composed of Lower—Middle Jurassic
spotted marlstones of the “Fleckenmergel” facies
and black shales, Middle—Upper Jurassic radiolarites
(Czajakowa Fm.), Upper Jurassic red nodular
limestones (Czorsztyn Fm.), Tithonian—Barremian
maiolica-type cherty limestones (Pieniny Fm., e.g.
Michalik et al., 2009), mid-Cretaceous dysoxic shales
and bioturbated marlstones, Cenomanian—Turonian
variegated pelagic marls, and Coniacian—-Santonian
deep-marine turbiditic clastics, including polymict
“exotic” conglomerates (SneZnica and Sromowce
fms). The Pieniny Nappe is folded and imbricated,
but generally continuous. In the western PKB part, it
is dominated by the basinal Kysuca Succession (Figs
1.3 and 1.20).

All Oravic successions have never been buried
to considerable depths; they were affected only by
diagenetic transformations at temperatures below ca
150-200°C, and distorted only by brittle deformation
processes — faulting, shearing, fracturing, veining and
pressure solution producing a weak cleavage in marly
rocks (Plasienka, 2012b). Fossils like ammonites and
bivalves, and microfossils in particular, are often
very well preserved, so the stratigraphic age of the
majority of sedimentary formations has been known
for a long time.

In the Late Cretaceous times, the southern
Oravic zones were reached and partly overridden by
“non-Oravic” units of the supposed Fatric affiliation
(Manin, Klape and Drietoma units in the western
and the Haligovce Unit in the eastern PKB branches).
The largest exposure of the Manin Unit occurs in
the Middle Vah River Valley in western Slovakia
(e.g. Plasienka, 2019 and references therein), the
Haligovce Unit in the Pieniny Mts is considered as its
analogue. The Manin Unit is composed of relatively



shallow-water formations including Lower Jurassic
cherty sandy-crinoidal limestones to sandstones,
and Middle—Upper Jurassic red nodular limestones.
The Lower Cretaceous strata are represented by
maiolica-type pelagic limestones, marly and cherty
limestones and the most conspicuous member of the
Manin Unit — the Aptian to lower Albian Urgonian
platform limestones (Borza et al., 1987; Michalik &
Vasicek, 1987; Michalik & Sotak, 1990; Rakus & HOk,
2005; Michalik et al., 2012; Fekete et al., 2017). These
are overlain by a drowning-related hardground and
then followed by Albian dark pelagic marls (Butkov
Fm.) passing gradually into a coarsening-upward
Cenomanian—Turonian turbiditic sequence with
boulder beds and olistoliths (Praznov Fm., olisto-
liths of the Kostolec klippen; e.g. Marschalko, 1986;
Plasienka et al., 2017; Plasienka, 2019 and references
therein). The surface structure of the Manin Unit is
dominated by the mid-Cretaceous hemipelagic and
flysch formations, whereas older stiff imestones build
several large “klippen”, which are in fact brachyanti-
clines (Manin and Butkov Hills; Plasienka et al., 2018).
Contrary to earlier views, the Senonian sediments in
the Klape and Manin Zone have recently been inter-
preted as representing a post-nappe, Gosau-type
cover deposited in piggyback basins (cf. Salaj, 2006;
Plasienka & Sotak, 2015). Presently the occur in
brachysynclinal zones in the Middle Vah Valley area
(Plasienka et al., 2018). The mid-Cretaceous forma-
tions of the Manin Unit are overridden by the frontal
elements of the typical Fatric Krizna Nappe from the
SE and are juxtaposed to the Klape Unit in the NW.
The Klape Unit was considered either as a part
of the Vahic accretionary complex (Mahel, 1981),
marginal wildflysch complex of a laterally moving
transform plate margin (Marschalko, 1986; Rakus
& Marschalko, 1997), or as a diverticulation of
the Fatric nappe system (Krizna Unit) of the CWC
origin (Plasienka, 1995a, 2018a, 2019; Kissova
et al.,, 2005; Prokesova et al., 2012). First of all,
the Klape Unit consists of thick mid-Cretaceous
(Albian—Cenomanian) wildflysch complexes with
exotic conglomerates (Upohlav conglomerates, e.g.
Marschalko, 1986) and klippen (olistoliths in this case
— cf. Plasienka et al., 2017) of Triassic and Jurassic
carbonates. The flysch complex is overlain by a
shallowing-upward sequence of neriticoyster-bearing
sandstones and tempestites of the late Cenomanian—
Turonian age (Orlové Fm; e.g. Marschalko & Rakus,
1997). Upohlav conglomerates contain an extraor-
dinary variety of sedimentary and magmatic pebbles
derived from the inner Carpathian zones (Misik &
Sykora, 1981; Misik & Marschalko, 1988; Marschalko
& Rakus, 1997); their sources were often placed in
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the completely vanished “Ultrapieninic Cordillera”,
later renamed as the exotic “Andrusov Ridge”
(Birkenmajer, 1988). However, recently this concept
was doubted by several authors (e.g. Kissova et al.,
2005; Plasienka, 2012a, 2018a; Krobicki et al., 2018).

The pre-Turonian members of the Drietoma Unit
represent probably also original parts of Fatricum.
Drietoma Unit crops out in the western sectors of
the PKB in the Middle Vah River Valley and in its
westernmost exposures prior to being submerged
below the Miocene filling of the Vienna Basin (Hok
et al., 2009). It includes also Upper Triassic rocks, the
Carpathian Keuper and Kossen (Fatra) fms, which are
nowhere present in the PKB Oravic units. Overlying
strata, such as thick Lower Jurassic Kopieniec and
Allgau fms, Upper Jurassic radiolarites and nodular
limestones, as well as Lower Cretaceous cherty and
biodetritic limestones are akin to the Fatric Zliechov
Unit. Terrigenous turbiditic sequence, resembling
the Klape or Poruba flysch deposits, is the youngest,
Albian—Cenomanian member of the Drietoma Unit
(Began, 1969).

Senonian to Middle Eocene sediments occurring
within the Peri-Klippen zone of western Slovakia
were affiliated with the Gosau Supergroup (Plasienka
& Sotadk, 2015 and references therein). They are
composed of alternating shallow- and deep-water,
dominantly carbonate clastic formations (Fig. 1.3).
Transgressive Coniacian—-Santonian conglomerates
containing recycled exotic pebbles in places (Rasov
Fm.) are passing upwards into deep-marine “couches
rouges” marlstones of the Campanian age, which are
in turn succeeded by the shallowing Maastrichtian—
Paleocene succession of turbiditic sandstones,
marlstones, sandy bioclastic limestones and conglom-
erates with reef bodies. Early Eocene extensional
collapse gave way to deposition of marginal clastic
carbonate aprons (Sulov Fm.) replaced basin-ward
by a deepening succession of the Lutetian variegated
pelagic shales (Sotak et al., 2017, 2019). According
to the interpretation by Plasienka and Sotak (2015),
the Gosau strata were depositetd in the piggyback,
wedge-top basins above the developing PKB accre-
tionary wedge, and their sedimentary environ-
ments with alternating deepening and shallowing
sequences were chiefly controlled by the subcritical
vs. supercritical wedge taper geometry, respectively.
During the late Eocene, the Gosau sediments were
folded and are in part unconformably overlapped by
the Upper Eocene to Lower Miocene deposits of the
extensive Central Carpathian Paleogene Basin (e.g.
Sotak et al., 2001; Kovac et al., 2016 and references
therein).
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1.3 Lithostratigraphy of the Oravic units

This chapter, compiled by R. Aubrecht, provides a
review and some details about the Mesozoic litho-bi-
ostratigraphy and sedimentary environments of the
PKB Oravic units. The division applied follows the
traditional views, in which a tectonic independence is
ascribed to each unit with a characteristic succession
of sedimentary formations. Also the names of litho-
stratigraphic units are used in the original forms
introduced by Birkenmajer (1977; e.g. the Czorsztyn
limestone Formation), while in the rest of the text we
use abridged forms (Czorsztyn Fm.).

1.3.1 Czorsztyn (Subpieniny) Unit

The Czorsztyn Unit (Fig. 1.20) was the shallowest
one of all the PKB units and its sedimentary record is
spatially and temporally most variable (Aubrecht et
al., 1997, 2017b). In a majority of klippen, the Middle
Jurassic to Lower Cretaceous part of Czorsztyn Unit
is preserved. Lower Jurassic sediments were often
detached and are preserved only at several local-
ities, e.g. Dolny Mlyn, Benatina, Novoselitsya and
Priborzhavskoe (Rakus, 1995; Krobicki et al., 2003;
Schlogl et al., 2004; Wierzbowski et al., 2012). The
lithostratigraphic record of the Czorsztyn Succession
starts with black to dark-grey clayey limestones to
shales with fauna of ammonites, oysters, and spirif-
erinid brachiopods of the Sinemurian age (Dolny
Mlyn Formation). It is followed by spotted limestones
to marlstones (typical “Fleckenkalk/Fleckenmergel”
facies) of the Allgdu Formation (late Sinemurian
— late Pliensbachian). Toarcian to Aalenian stages
are mostly represented by black-shale facies of the
Skrzypny Shale Formation (lithostratigraphic termi-
nology mainly after Birkenmajer, 1977), but locally
alsored varieties may occur (e.g. the Hfbok Formation
at the Benatina locality — Schlégl et al., 2004), or by
condensed sandy limestones with ferruginous strom-
atolites and rich ammonite fauna (uppermost Pliens-
bachian—Aalenian deposits in the Priborzhavskoe
quarry in Transcarpathian Ukraine — Wierzbowski
et al., 2012). From the Bajocian (or latest Aalenian)
onward, the lithostratigraphic units are much better
preserved, occurring at many places all along the
Pieniny Klippen Belt. Bajocian stage was charac-
terized by rising of the Czorsztyn Ridge (Krobicki &
Wierzbowski, 2004; Krobicki, 2009; Barski et al.,
2012; Segit et al., 2015) due to Mid-Jurassic rifting
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and block tilting. Shallowing of the sedimentary
area was indicated by local coral bioherms (Vrsatec
Limestone — lvanova et al., 2019) that occur solely in
the western part of the Pieniny Klippen Belt (Middle
Vah Valley), but at most places it is manifested by
presence of crinoidal limestones of white to reddish
colours (Smolegowa and Krupianka limestone forma-
tions, respectively). The crinoidal limestones locally
bear signs of synsedimentary tectonics related to
rifting, such as cliff breccias (Krasin Breccia — Misik
et al.,, 1994a; Aubrecht, 1997a, 2001a; Aubrecht
& Szulc, 2006) and neptunian dykes (Aubrecht &
Tunyi, 2001). Since the latest Bajocian, deepening
due to the global sea-level rise and post-rift thermal
subsidence occurred in the Oravic sedimentary area.
This was manifested in the Czorsztyn Succession by
the Ammonitico Rosso-type sediments (red nodular
limestones Czorsztyn Limestone Formation),
deposition of which lasted until the Early Tithonian.
In the Middle Vah Valley, but also at some localities
in the east, micritic, non-nodular variety of these
limestones occurs (Bohunice Limestone Formation
— Misik et al., 1994b). Lack of nodularity in these
limestones was partly caused by the fact that they
represent mud-mound deposits, often with stromat-
actis structures (Aubrecht et al., 2002, 2009).

In the Tithonian and in places up to Berriasian,
the condensed, nodular facies all along the Czorsztyn
Ridge gave way to completely non-nodular facies
represented by the Dursztyn Limestone Formation,
comprising  biomicritic  Calpionella limestones
(Sobodtka Limestone Member), ammonite coquinas,
or bivalvian-brachiopod coquinas (Rogoznik and
Rogoza coquinas, respectively). The Lower Creta-
ceous deposition (Berriasian to Valanginian) is
characterized by bioclastic Calpionella-bearing
limestones of the tysa Limestone Formation, overlain
by the Valanginian crinoidal limestones of the Spisz
Limestone Formation (Krobicki, 1996; Krobicki &
Wierzbowski, 1996). Locally, intraclastic limestone
breccias with fragments of Tithonian—Berriasian
Calpionella limestones (Walentowa Breccia Member;
Birkenmajer, 1977) occur in the Valanginian. Along
with the rift-related alkaline basaltic volcanism
(Ukrainian Velykyi Kamianets section; cf. Oszczypko
et al.,, 2012a), they indicate an important rifting
event, possibly connected with opening of the
Valais—Rhenodanubian—Magura branch of the Alpine
Atlantic (North Penninic) Ocean (Plasienka, 2003a).
After the Valanginian, the limestone deposition
terminated, followed by a hiatus encompassing the



entire Hauterivian, Barremian and almost entire
Aptian. The hiatus was caused by a large-scale
emersion of most of the Oravic domain, reaching up
to the margins of the Kysuca-Pieniny Basin (Aubrecht
et al., 2006; Jézsa & Aubrecht, 2008). After hiatus,
deposition of red marls (Couches Rouges or Scaglia
Rosa-type sediment) of the Chmielowa Formation
(latest Aptian—Albian) started. In the Cenomanian,
siliceous deposition temporarily occurred in form
of the Pomiedznik Formation with radiolarite inter-
calations. Then, the deposition in form of variegated
Globotruncana marls (“Puchov marls”, Jaworki Fm.)
followed by flysch-type deposits of the Sromowce
Formation lasted until the very end of Mesozoic,
when the Laramian collision of the Oravic domain
with the CWC occurred, terminated by synorogenic
to early post-orogenic coarse clastics of the Jarmuta
Formation (Fig. 1.20).

Occurrences of the Czorsztyn Unit in the Kysuce
and Orava parts of the PKB are relatively rare. Some
even do not appear in recent maps, e.g. a nice klippe
with Czorsztyn Limestone rich in ammonites at the
northwestern end of the DlZniansky Cickov Valley
at the contact with the Flysch Belt. Very interesting
is a klippe north of Zazrivd, which also was not
registered in earlier maps. It contains a perfectly
preserved paleokarst surface that originated during
the Hauterivian-Albian emersion (Jamrichova et al.,
2012). Some klippen mapped by Hasko and Polak
(1978) as belonging to the Czertezik Unit (Hasko,
1976) are in fact Czorsztyn Unit klippen, e.g. a klippe
at the northern end of the Istebné Valley. There is
also an interesting occurrence of the Czorsztyn Unitin
Revisné village, where it is in a tectonic contact with
the succession which was interpreted as belonging
to the Grajcarek (Sari§) Unit. The Middle Jurassic
crinoidal limestones here contain also the Krasin
Breccia, which is its first-found occurrence outside
the Middle Vah Valley (Mol¢an Matejova et al., 2019).
This klippe also does not occur in the older map of
Gross et al. (1993).

1.3.2 Kysuca (Pieniny) Unit

The most deep-water Oravic units, Kysuce and
Pieniny units, have very similar development and,
therefore, they use to be presented under the
common name Kysuca-Pieniny Unit (Kysuca Unit is
named Branisko Unit in Poland). Sediments of this
unit represent filling of a basin situated originally
south of the Czorsztyn Ridge. It was still underlain
by a continental crust, although considerably atten-
uated.
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Lower Jurassic formations of the Kysuca-Pieniny
Unit are always detached from the rest of the Jurassic
sediments. Therefore, attribution of the Lower
Jurassic sediments is often problematic. Moreover, it
is also biased by the earlier redefinitions of this unit,
because formerly also the Drietoma, or Orava units
were considered to be just special developments
of the Kysuca-Pieniny Unit. There is no continuous
section with an untectonized contact between the
Lower and Middle Jurassic sediments of this unit.

The Sinemurian, so-called Gresten Beds
(sandstones, arkosic sandstones to quartzites) have
been considered as the oldest Jurassic sediments
of the Kysuca-Pieniny Unit (e.g. Andrusov, 1931a).
They can be found in the Orava territory, e.g. in
the Jedlovinka klippe near Zazrivda (see chapter
2.1.4 below), or Krasna Horka klippe near Tvrdosin.
The Gresten Beds are followed by spotted marly
limestones (Allgdu Formation) which reach up to the
Aalenian.

The Middle and Upper Jurassic part of the
Kysuca-Pieniny Unit (Fig. 1.20) starts with Aalenian—
Bajocian grey to black shales of the Harcygrund
Formation (former “Posidonia” beds), with common
presence of thin-shelled bivalves Bositra buchi.
So-called Zazriva beds, which were originally defined
as being of Sinemurian age (Hasko & Planderova,
1977) most likely belong also to the Harcygrund
Formation, or to similar Skrzypny Formation, as
evidenced by findings of Bositra shells and an
ammonite Grammoceras sp. (Aubrecht et al., 2004).
Black-shale sedimentation was still identical in all the
Oravic units, because the sedimentary area was still
not dissected by the Czorsztyn Ridge. However, unlike
in the Czorsztyn Unit, deep-sea spotted limestones
and spongolites (Podzamcze Limestone — formerly
known as “Supra-Posidonia” Beds) were sedimented
in the Bajocian and Bathonian. Crinoidal limestones,
which are typical for the Czorsztyn sedimentary area,
can be found in the Kysuca-Pieniny Unit only in form
of distal calciturbidites (Flaki Limestone). Callovian
and Oxfordian is represented by the Czajakowa
Radiolarite Formation, which is the deepest marine
sediment of the Oravic domain. The lower part is
usually greenish, whereas the upper part is red. Their
origin is related to the global sea-level rise, accom-
panied by elevated CCD all over the Tethys. Similar
radiolarite formations occur in all the basin areas of
the Western Carpathians, but they are best developed
in the Kysuca-Pieniny Unit. The Kimmeridgian time
was then characterized by a sea-level drop and the
CCD level decreased also. While in the Pieniny Unit,
there was still a radiolarite deposition, in the Kysuca
Unit it has turned to deposition of the Ammonitico
Rosso facies (Czorsztyn Limestone), which is thinner
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Figure 1.20 Outline of the lithostratigraphy of the Oravic units (R. Aubrecht).

than in the Czorsztyn Unit, where it covers the whole
period from the uppermost Bajocian to Tithonian.
From the Tithonian to Early Barremian onward, white,
cherty Calpionella and Nannoconus limestones were
deposited (Biancone, or Maiolica facies). This litho-
stratigraphicunitis called Pieniny Formation. Since the
Barremian, the carbonate sedimentation gradually
turns to marly and clayey ones. The Barremian—
Aptian is represented by black shales of the Korthora
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Formation and Albian to early Cenomanian by the
Tissalo Formation. These are bluish-grey to greenish,
often spotted marlstones with beds of greenish
limestones. Red-coloured marls and marlstones are
typical for Middle and Upper Cenomanian (Lalinok
Formation). Early to Middle Turonian is represented
by the Kysuca Formation consisting of red shaly
marlstones intercalated by fine-grained sandstones.
During the Turonian, the first massive input of



sandy siliciclastics occurred, in form of turbidites
(Sneznica Fm.). During the Coniacian and Santonian,
the detritus became coarser, represented by exotic
conglomerates (Sromowce Formation). They are
very similar to the Albian Upohlav Conglomerates
of the Klape Unit. It is obvious that in this time the
Kysuca and Klape units were close to each other. The
Sromowce Formation is overlain by red Puchov Marls.
Then a hiatus occurred due to tectonic collision
with the Carpathian internides. The Kysuca Unit,
which was the innermost Oravic unit, was the first
one which was affected by this collision. The largest
klippen of the Pieniny Unit occur in the Pieniny Mts.
(Trzy Korony, Dunajec Gorge). The Kysuca Unit is best
outcropped in the Rudina and Brodno klippen north
of Zilina.

Jurassic development of the Kysuca-Pieniny Unit
is very similar to the NiZnd Unit defined in the Orava
territory. Therefore, the NiZna unit is considered to
be a subunit of the Kysuca-Pieniny Unit (Scheibner,
1967). It differs only by presence of the Barremian—
Aptian shallow-water, Urgonian-type limestones
(Nizna Formation; cf. J6zsa & Aubrecht, 2008).

The Kysuca-Pieniny Unit is one of the most
widespread Oravic units in the Kysuce and Orava terri-
tories. However, the succession of the unit is strongly
dissected. Therefore, it is formed by separated Lower
Jurassic klippen, detached from the Middle Jurassic
along the Toarcian—Aalenian black shales, as well
as Middle Jurassic to Lower Cretaceous silicites and
limestones are often detached from the Senonian
flysch successions along the Barremian to Albian
marlstones. For instance, along the Orava River, there
is almost continuous belt of exotics-bearing Senonian
flysches, but their attribution to the Kysuca-Pieniny
Unit is unclear. Only in the well-exposed section
near Zemianska Dedina it was able to attribute the
exotics to the Nizna Unit (Starek et al., 2010). Equally
problematic is attribution of the zone with exotic
flysch occurring in the overturned position from the
Pupov Hill as far as Palenica near Zazriva. This zone
was interpreted as belonging to the Manin Unit by
Hasko & Poldk (1979). However, this was before
the redefinition of the unit. Nowadays, this flysch
could be attributed either to the Klape Unit, or to
the Kysuca Unit. The latter is more likely, because
the Santonian flysch is in stratigraphic contact with
Campanian variegated marls, which is the situation
which appears also at the Kysuca Unit type locality
(for an alternative view see chapter 2.2).
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1.3.3 Grajcarek (Saris) Unit

The northern analog of the Kysuca-Pieniny Unit,
originally deposited north of the Czorsztyn Ridge,
has been defined by under the name Grajcarek Unit
(Birkenmajer, 1977; Birkenmajer & Gedl|, 2017).
Later on, its lithostratigraphy was augmented up to
Paleogene and the unit was renamed as the Sari$
Unit (Plasienka & Mikus, 2010). The unit has a similar
Jurassic—Lower Cretaceous facies succession with
some small differences, e.g. flysch development
in the Aalenian (Szlachtowa Formation) and very
condensed Maiolica facies (Pieniny Limestone).
Presence of the Albian radiolarites (Gron Radiolarites
— Birkenmajer, 1977) was not confirmed later and
cannot be considered as a difference with respect
to the Kysuca-Pieniny Unit. The Sari§ Unit was
presumably situated north of the Czorsztyn Ridge,
in the area of the future Magura Basin of the Flysch
Belt (Fig. 1.20). Distinguishing of this unit is logical,
however the small differences still do not enable to
prove, whether it was deposited south or north of
the Czorsztyn elevation. A klippe in the stratigraphic
range from Kimmeridgian to Albian, interpreted as
belonging to the Grajcarek (Sari§) Unit, was recently
reported from Revisné village (Mol¢an Matejova et
al., 2019). Some flysch deposits dated by dinoflagel-
lates to Aalenian were found below the Jedlovinka
Hill near Zazriva. They can represent the Szlachtowa
Formation and as such attributed to the Grajcarek
(Sari) unit (see chapter 2.1.4 below).

According to Birkenmajer (1977, 1986), the
folded PKB units were unconformably overlain by
the Maastrichtian Jarmuta Formation consisting of
hemipelagic marls and mudstones with turbiditic
sandstone beds (Orbitoids-bearing in places),
conglomerates and breccias. However, this inter-
pretation has been questioned recently since the
Jarmuta and/or the Pro¢ formations appear to be
in @ normal stratigraphic succession of the Pieniny
and/or the Sari§ units, respectively (Jurewicz, 2005,
2018; Plasienka & Mikus, 2010; Plasienka, 2012a,
b; Plasienka et al.,, 2012; Plasienka et al., 2020 —
supplement). According to these authors, coarse-
grained sandstones and breccias containing the
klippen material do not represent transgressive
sediments, but olistostrome bodies emplaced within
the Maastrichtian (Jarmuta Fm. in the Subpieniny
Unit) and Maastrichtian—Eocene (Jarmuta-Pro¢ Fm.
in the Sari§ Unit) deep-marine calcareous flysch
deposits.



1.3.4 Other Oravic units

Between the Czorsztyn Ridge and the Kysuca-Pi-
eniny Basin, a sedimentary area of so-called transi-
tional units (Czertezik, Niedzica and Pruské) occurred.
These units include formations deposited in both the
shallow- and deep-water, especially Middle Jurassic
environments. According to the first description
of Birkenmajer (1959), the Czajakowa radiolarites
should rest directly on the crinoidal limestones of
the Smolegowa and Krupianka formations in the
Czertezik Unit. Later it was presented that at all local-
ities, at least a thin layer of red nodular limestones
and claystones is present (Wierzbowski et al., 2004),
which puts distinguishing of the Czertezik Unit in
doubt. It can then be ranked either to the Niedzica,
or to the Pruské Unit. In the Niedzica Unit, the
crinoidal limestones are thick and massive, like in
the Czorsztyn Unit. On the other hand, they occur in
form of crinoidal calciturbidites (Samasky Formation;
Aubrecht & Ozvoldova, 1994) in the Pruské Unit.
In both successions, the formation of red nodular
limestones is divided by the Czajakowa radiolarites
to two separate formations: the lower — Niedzica and
the upper — Czorsztyn formations (Fig. 1.21).

From the transitional units, only the Czertezik
Unit was reported from the Kysuce/Orava territory in
the vicinity of Zazriva (Hasko, 1976). However, closer
inspection shows that only the occurrence near
Zazriva-Plesiva contains some sort of red silicites,
but in unknown position with respect to the crinoidal
and nodular limestones. The rest are klippen of the
Czorsztyn Unit.

Hasko (1977, 1978a) unified the former Podbiel
development and Orava Castle development
defined by Andrusov (1938), as well as the klippen
of Havransky vrch and Kozinec near Zazriva (charac-
terized as the local Kozinec Unit in chapter 2.1.1) into

the single Orava Unit. All these klippen are situated in
the Orava territory, but one klippe of the Orava Unit
was also found in the Middle Vah Valley (Schlogl et al.,
2001). The Orava Unit is characterized by an uninter-
rupted succession from Lower Jurassic to Lower
Cretaceous. The unit belongs to the deep-marine
units, but it does not contain Toarcian/Aalenian black
shales. Lack of this shaly horizon caused rheological
continuity of the klippen, where the Lower Jurassic
part is not detached from the Middle Jurassic one.
The oldest preserved sediments are Lotharingian
spotted limestones and marlstones with ammonites
Echioceras raricostatum (Allgdu Formation). They
are overlain by grey to greenish limestones to
siliceous limestones with Uptonia jamesoni (Kozinec
Formation — Pliensbachian). The Toarcian is repre-
sented by red nodular limestone (Adnet Formation).
Then follows a relatively thick formation of siliceous
limestones to radiolarites (Aalenian?—Oxfordian). In
the Kimmeridgian, red nodular limestone appears
again (Czorsztyn Formation). Tithonian to Hauterivian
are represented by the Biancone (Maiolica) facies, i.e.
white Calpionella to Nannoconus limestones without
cherts. They pass to the Barremian—Aptian grey
marly limestones and marlstones. The stratigraph-
ically highest lithostratigraphic unit is the Albian
flysch occurring only in the very bottom of the valley
between the Havransky vrch and Kozinec hills (in the
tectonically overturned position). This flysch was
originally considered by Hasko (1978a) as belonging
to some other unit which is in tectonic contact with
the Orava Unit. However, closer inspection revealed
no tectonic contact, but a gradual transition to the
stratigraphically underlying marlstones. Presence
of the Albian flysch would be atypical for the Oravic
units, however. Therefore, Mahel (1989) considered
the Orava Unit as one of the Fatric units incorporated
in the PKB structure.

1.4 The Flysch Belt of the Kysuce—Orava region

The outer northern margin of the PKB adjoins the
innermost elements of the OWC Flysch Belt formed
by the Magura Nappe (a.k.a. Magura Superunit,
Magura thrust system). In general, the Magura Nappe
is subdivided into five tectonic-lithofacial units: the
Biele Karpaty, Krynica, Bystrica, Raca and Siary units
from the inner to the outer zones. The Biele Karpaty
Unit is restricted to the south-westernmost part of
the Carpathian Flysch Belt, where it continues south-
westward into substratum of the Neogene Vienna
basin and after that it is linked with the Rhenod-
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anubian Flysch Belt of the Eastern Alps (e.g. Potfaj,
1993). The Krynica Unit (a.k.a. Oravska Magura Unit)
appears for the first time in the area north of Zilina
in fragments that follow the northern PKB margin
eastward (Potfaj et al., 2003). From the area north
of Zazriva, approximately from the place where the
Raztoky Fault meets the northern PKB boundary
(Fig. 1.16), it considerably widens eastward to form
a wide belt that extents to Poland and then up to
the Slovakian—Ukrainian border. Between the Biele
Karpaty and Krynica units as two innermost Magura
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elements, the more external Bystrica Unit is in a
direct contact with the Varin PKB segment. Whereas
bedding in the Krynica Unit and in the southern part
of the Bystrica Unit adjacent to the PKB are steeply
north-dipping and indicate their backward tilting and
backthrusting together with the PKB units, farther
to the north the bedding inclination changes from
subvertical to moderately up to flatly south-dipping.
Hence it forms an asymmetric fan with the centre
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located along the contact zone of the Bystrica and
Raca units (Potfaj et al., 2003; Peskova et al., 2012).

Recently, the Magura units in the region north
and north-east of Zazriva were thoroughly studied
and described by Tetak et al. (2019). For details of
their structure, lithology, depositional systems and
palaeogeography the reader is advised to this work
and references therein.



2 Litho-biostratigraphy and structure of
the PKB sedimentary successions in the
transitional Kysuce — Orava region

According to the geomorphological division of
the Slovak Western Carpathians (Kocicky & lvanic,
2011), the PKB in the eastern part of the area under
consideration belongs to the Kysuckd vrchovina Mts
(district Kysuce klippen) and the eastern part belongs
to the Oravska vrchovina Mts. Both areas are allied to
the Stredné Beskydy mountainous region. Geological
maps were published by Andrusov (1931a, 1938),
Hasko and Polak (1978) and Gross et al. (1993), online
version compiled by various authors is available on
the web page http://apl.geology.sk/gm50js.

In addition to literature sources quoted below,
this chapter was elaborated on the basis of structural
and geological field mapping (D. Plasienka, except of
the Istebné and Kubin zones compiled by M. Molcan
Matejova, R. Aubrecht and D. Plasienka; see Fig. 2.1),
and extensive biostratigraphical and sedimentological
data gathered at numerous outcrops and sections (P.
Gedl — dinoflagellate cysts; S. Jézsa — foraminifers;
J. Sotdk — foraminifers, sedimentology; J. Schlogl —
ammonites; G. Suan — lithology and geochemistry;
R. Aubrecht — lithology, biofacies, heavy minerals; E.
Halasova and M. Jamrich — nannoplankton). Detailed
fieldworks were performed also by M. Sykora, F.
Marko, J. Bucovd, P. Gazi, T. Potocny and assisted by
numerous students during the field mapping courses
having taken place in the Zazriva area.

The original nappe structure of the PKB in the
area concerned is strongly modified up to totally
obliterated by the post-nappe out-of-sequence and
backward thrusting and transpressional disinte-
gration. As a result, only fragments of sedimentary
successions of different units are preserved, often in
a strange position. Therefore, we describe the PKB
structure in this chapter not in terms of individual
nappe units or lithostratigraphic successions charac-
terized above, but following the certain PKB parts or
zones distinguished based on some common charac-
teristics concerning the composition and structural
pattern.

The PKB of the eastern part of the Varin (Kysuce)
sector is about 3 to 5 km wide and is distinctly fault-
bounded (Fig. 1.16). The northern W-E trending
boundary juxtaposes the PKB against the Magura
units of the Flysch Belt — the Bystrica Unit and in
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the eastern part also the Krynica (Oravskd Magura)
Unit of the Magura nappe system (Hasko & Polak,
1978, 1979; Potfaj et al., 2002, 2003). The southern,
WSW-ENE to W-E trending PKB margin is followed
by imbricated lenses of the “Peri-Klippen Paleogene”
(Gosau-type, Paleocene-Middle Eocene Myjava-
Hricov Group). In the Zazrivda area and further
eastward, the PKB units are in a direct contact with
the deformed Upper Eocene—Oligocene deposits of
the CCPB. This PKB part is dominated by the highest
mountain of the entire PKB — Pupov Hill (1,096
m a.s.l.) built by Senonian marls and calcareous
turbiditic sandstones correlated with the Klape Unit
(Pupov Beds — e.g. Hasko & Polak, 1979; Potfaj et al.,
2003).

The PKB in the Orava and Kysuce region was
mapped in detail already in 1930-ies by Andrusov
(19313, 1938) and later by Hasko & Poldk (1978).
While the Andrusov’s map is strictly stratigraphic
without any tectonic interpretations, the latter
authors distinguished the Klippen Belt units, namely
the Kysuca and Orava, which are overlain by the
Manin Nappe (nowadays affiliated with the Klape
Unit) in the Kysuce sector. The Orava sector of the
PKB was for the last time mapped and published in
the monograph by Gross et al. (1993).

The area between villages Terchovd and Zazriva
belongs to the eastern part of the W—E oriented Varin
sector of the PKB, which is through the N-S trending
Zazrivd—Péarnica “sigmoid” connected with the
western part of the SW—NE stretching Orava sector
(Scheibner, 1968b). Despite the almost a century
lasting geological investigations, the structure of this
PKB part is poorly known. The main reason is the
extraordinary complicated structure, fragmentarily
preserved lithostratigraphic successions, uncertain
age and tectonic affiliation of some formations, poor
outcrop conditions especially in soft marly and flysch
rock complexes, which are moreover affected by
slope movements and landslides in many places (as
one of the geological Murphy’s laws says, always in
the key locations). Hence to attain new data, we have
performed detailed geological mapping, structural
analysis, sedimentological and biostratigraphic inves-
tigations of the PKB formations in this area. In this



chapter, we present our new sedimentologic-strati-
graphic data according to the regional distribution of
the key localities and sections (Fig. 2.1). The biostrati-
graphic and palaeoenvironmental studies concerned
mainly foraminifers and organic-walled dinoflag-
elates in various, mostly shaley and marly sediments.

We have differentiated three sub-parallel, fault-
bounded zones within the eastern Varin sector of
the PKB (Fig. 2.1). This area was almost identically
subdivided into zones by Andrusov (1931b, 1938,
1968). Each of these zones has a specific compo-

Magura units
Havrania Zone
Pupov Zone
Plesiva Zone

Istebné Zone

Kubin Zone

sition and structural style: (1) in the N and NE, it is
the complexly imbricated Havrania Zone, which
is composed of several PKB units juxtaposed to
the Magura units of the Flysch Belt; (2) the wide,
but eastward wedging-out Pupov Zone composed
dominantly of very thick calcareous turbidites of the
Pupov Fm.; (3) the southern, comparatively narrow
but tightly imbricated PleSiva Zone that juxtaposes
deformed Paleogene deposits of the CCPB. After-
wards, we shall briefly characterize the N-S trending
zone of the Zazrivd—Parnica sigmoid (4 — Istebné

tectonic boundaries

lithostratigraphic boundaries

documented profiles (biostratigraphy,
sedimentology, structures)

documented outcrops (biostratigraphy,
sedimentology, structures)

other measured outcrops
(sedimentology, structures)

field trip routes

Figure 2.1 Index map of distribution of investigated outcrops and sections with sketched boundaries of the particular PKB

zones described in the text.

Zone) and the westernmost part of the Orava sector
of the PKB (5 — Kubin Zone).

All these structural zones are bounded by
important regional faults. The northern limit of the
Havrania Zone against the Magura units is formed

by the generally W-E trending discrete boundary
named the Rudina Fault by Andrusov (1974). The
fault is probably subvertical or steeply N-dipping. Its
kinematic character is not known, most probably it is,
similarly as in the more western area north of Zilina



(Plasienka et al., 2020), originally thrust fault of Oravic
units over the Magura elements, which was later
back-tilted up to overturned and reactivated as an
oblique-dextral backthrust. The Rudina Fault repre-
sents one of the most important and conspicuous
structure of the Western Carpathians, since it
separates two principal regional tectonic elements
— the PKB with its intricate fold-thrust-wrench
structure, and the comparatively simpler fold-thrust
structure of the Flysch Belt. As such, it represents an
interface of rock complexes with contrasting compo-
sition, diverse structural record and extensive short-
ening. Similar, but less pronounced character has also
the southern fault of the Havrania Zone boundary
against the Pupov Zone, which parallels the Rudina

2.1 Havrania Zone

The Havrania Zone is named after settlement
Havrania NE of Zazriva village and Havransky vrch Hill.
It occupies a narrow northern strip of PKB, but widens
eastward where it embraces almost the whole PKB.
The zone is dominated by the Kozinec (996 m a.s.l.)
and Havransky vrch (941 m a.s.l.) hills in the eastern
part, while the northern zone westward runs across
the N-S oriented alternation of ridges and valleys,
the highest peak being Podkycera Hill NW of Zazriva
(1,008 m a.s.l.). Further west, out of the map shown
in Figure 1.16, the Havrania Zone can be traced as far
as Zlien Hill north of village Lysica, i.e. the entire zone
is about 20 km long, but only some 1 km wide in the
northern and up to 3 km in the widened eastern part
(Fig. 2.1).

2.1.1 Kozinec Unit

The largest part of the Havrania Zone, especially
in its eastern widened part, is formed by a specific
Jurassic—Cretaceous sedimentary succession, known
as the Orava Series (Hasko, 1978a, b). This author
correlated the Orava Succession with the klippe
Cerveny kameri near the Podbiel village and with the
Orava castle klippe near Oravsky Podzamok village,
both in the Orava PKB sector. Particularities of these
successions were known already to Andrusov (1931a,
b), but he did not unite them into a single devel-
opment or unit. Instead, he correlated the “large
Zazriva klippe” with the Kysuca Series (i.e. Pieniny
Unit). The Orava sedimentary succession differs
from other PKB Oravic units in several aspects (see
above) and shows also some degree of structural
independence, therefore it is designated as the local
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Fault in the western part. In the eastern part of the
area, these two zones are separated by a straight,
vertical, WNW-ESE trending fault that is clearly a
dextral strike-slip, which separates the Havrania zone
from both the Pupov and Plesivd zones. We name it
as the Raztoky Fault (Fig. 1.16). The southern PKB
(Plesiva Zone) limit is provided by the W—-E trending
Byt¢a—Zilina Fault, which brings into contact various
PKB units with the Paleogene sediments. Structural
studies have documented that the Bytéa—Zilina Fault
is a steep, N-dipping oblique-slip dextral reverse
fault (Marko et al., 2005; Plasienka et al., 2020). The
northern boundary of the PleSivd Zone versus the
Pupov and Havrania zones is equally north-dipping.

Kozinec Unit in the following text (see also Mabhel,
1989). Comparatively large exposures of the Kozinec
Unit occur in the eastern part of the Havrania Zone
(Podkycera and Havransky vrch hills, ridge Kozinec—
Hola; Fig. 1.16).

The overturned sedimentary succession of the
Kozinec Unit includes (Hasko, 1975, 1977, 1978a):
hemipelagic grey spotted marly limestones of the
“Fleckenmergel” facies (Sinemurian—Pliensbachian);
distinctive greenish-grey marly limestones with Pliens-
bachian macrofossils (Kozinec beds); “lower” red
nodular limestones (Toarcian); siliceous limestones
and radiolarites (Middle Jurassic—Oxfordian); “upper”
red nodular limestones (Kimmeridgian); Calpio-
nella-bearing limestones (Tithonian—Berriasian);
marly spotted limestones (Valanginian—Barremian).
Turbiditic sequence occurring in the lowermost
structural position in bedrock of the Havransky potok
stream has a problematic position. Hasko and Polak
(1979) interpreted it as the tectonic window of the
mid-Cretaceous rocks (Pupov Fm.) of the Klape Unit,
but it might belong also to the Kozinec Unit as its
youngest member in the overturned succession.
Our samples provided only indistinct agglutinated
foraminifers of the Albian—-Santonian age. Possibly
the same flysch sequence (without outcrops) occurs
around Hola Hill east of Kozinec, where it contains
also a body of polymict conglomerates. Similar
conglomerates were found in debris on the NE
slopes of the Jedlovinka—Koncita ridge and at foots
of Podkycera Hill (Pod Rohom hamlet). They contain
pebbles of various limestones of Triassic to Early
Cretaceous age, dolomites, sandstones, quartz and
rarely also volcanic rocks and bioclasts of red algae.

The tectonic affiliation of the Kozinec Unit is
problematic. Its lithostratigraphical content — the



Orava Succession — has been considered as a special,
but integral constituent of the PKB in tectonic terms.
On the other hand, Mahel (1989) correlated this unit
with the Drietoma Unit of the western PKB branch,
which he considered to be an element of the CWC
origin incorporated into the PKB as a transpressional
coulisse. The large Havransky vrch — Kozinec klippe
appears to be an independent structure —a complex
nappe outlier in the highest structural position in the
Havrania Zone. In contrast to other, fragmentary and
strongly imbricated rock complexes of the Havrania
Zone, the mostly overturned sedimentary succession
of the Kozinec Unit is less disturbed and largely
complete. However, the tectonic interpretation of
the fold macrostructure of the Kozinec Unit differs
from author to author — Andrusov (1938) inter-
preted an overturned, northward plunging anticline,
Hasko (1977) and Hasko and Polak (1979) described
it as a false, south-vergent asymmetric anticline.
Accordingly, the window of mid-Cretaceous flysch
in the core of the anticline, which should belong to
the Manin (Klape) Unit according to Hasko (1977),
was originally overlying the Kozinec Unit, then both
were overtuned together and affected by south-
verging macroscopic folding. This is a geometrically
perplexing construction, which cannot be restored.
In our opinion, the mid-Cretaceous flysch is a strati-
graphic constituent of the Kozinec Succession and
occurs in the core of a tight syncline with moderately
north-dipping axial plane, i.e. the overlying Creta-
ceous— Jurassic sequence represents the overtuned
limb of the syncline which originated during overall
backtilting and backthrusting of all PKB units in this
area (Figs 1.16 and 1.17b).

Besides the Kozinec Unit, the other sedimentary
formations of the Havrania Zone most probably
belong to the three principal Oravic units of the PKB.

However, their assignment to a particular unit or
succession is sometimes ambiguous, especially in the
case of the Pieniny versus the Saris units.

2.1.2 Subpieniny Unit

The Subpieniny Unit (Czorsztyn and Niedzica
successions) occurs in several tiny slices along the
northern boundary of the PKB, usually in contact
with the Magura units. In the western part of the
area depicted in Figure 1.16, typical Czorsztyn-type
klippen (Middle—Upper Jurassic sandy-crinoidal and
nodular limestones embedded in Upper Cretaceous
variegated marlstones) appear for the first time
north of Terchova settlement Marunovci on the top
of HolesSova skala Hill. This striking occurrence is not
shown in any published geological map; otherwise it
was only mentioned by Scheibner (1968b). Further
east, a few small blocky Czorsztyn-type klippen,
which are chaotically dispersed in landslides, are
present in the closure of the Struharen Brook valley
east of Sipkova settlement. Then another narrow strip
stretches for about 3 km from the southern slopes of
Janikov vrch Hill north of Zazriva settlement Grine up
to the saddle north of Havransky vrch Hill and Mala
Havrania settlement; where again the Czorsztyn-and/
or Niedzica-type klippen rest as variously sized blocks
within the matrix of variegated marlstones (Fig. 2.23a,
b). In the Campanian variegated marlstones occurring
near Grune settlement, Aubrecht (1997b) described
intra-formational breccias passing to polymict
breccias and turbidites upward, which he correlated
with the so-called Zaskalie breccias occurring around
town Dolny Kubin in the Orava PKB sector (e.g.
Marschalko et al., 1979). The last, easternmost occur-

Figure 2.2 Examples of the Subpieniny Unit (Czorsztyn and/or Niedzica Succession) in the Havrania Zone, Janikov vrch Hill

above Zazriva-Grune settlement (photos by D. Plasienka): a — tectonic block of Middle Jurassic red crinoidal limestones
(Krupianka Fm.) amidst Upper Cretaceous variegated marlstones (Puchov Fm.); b — Lower Cretaceous formations in a
blocky klippe — cherty limestones (Pieniny Fm.) in the lower part are overlain by the Beriassian—Valanginian intraforma-
tional Walentowa Breccia composed of slightly older clasts of Calpionella-bearing limestones.
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rence is an isolated Czorsztyn-type blocky klippe east
of the Kozinec—Hola ridge NE of Zazriv4, which was
described in detail by Jamrichova et al. (2012). It is
surprising that these outcrops were not known to
authors who mapped the area in the past, in spite of
comparatively good exposures.

Likewise, we mappedapreviouslynotknownoccur-
rence of a Niedzica-type succession in a side gorge of
the Struharen Brook valley between Marunovci and
Sipkova settlements (Terchova district), in this case
at the southern border of the Havrania Zone in the
contact with the Pupov Zone. There the continuous,
little disturbed Niedzica Succession consists of
the Middle—-Upper Jurassic black shales (Skrzypny
Fm.), sandy-crinoidal limestones (Smolegowa and
Krupianka fms), red nodular limestones (Niedzica
and Czorsztyn fms) intercalated by radiolarites of
the Czajakowa Fm. and overlain by pale-grey cherty
limestones of the Pieniny Fm. (Tithonian—Barremian).

2.1.3 Pieniny Unit

All other rock complexes that are cropping out in
the Havrania Zone have been assigned to the Kysuca
Succession of the Pieniny Unit (Andrusov, 19313,
1938; Hasko & Poldk, 1979; Aubrecht et al., 2004).
However, our new results presented below permit
correlation of some formations with the Sari$ Unit,
which is the third of the main Oravic units of the
PKB (Plasienka & Mikus, 2010; Plasienka, 2012a;
Plasienka et al., 2012). What we consider to be a
part of the Pieniny Unit with certainty is the western,
narrow part of the Havrania Zone west of Podkycera
Hill (Fig. 1.16). There it includes numerous small,
isolated klippen composed predominantly of the
Lower Cretaceous cherty limestones of the Pieniny
Formations and in places also Jurassic radiolarites
and mid-Cretaceous spotted marlstones that are
arranged in a row along the boundary of the Pupov
Zone, and partly also along the northern boundary
in contact with the Magura units and/or slices of the
Subpieniny Unit. The central stripe of the western
part of the Havrania Zone is formed by the Upper
Cretaceous flysch sequence with the exotic conglom-
erate bodies (SneZznica and/or Sromowce fms). This
stripe of the Pieniny-Kysuca formations represents an
eastern prolongation from the area north of Zilina,
where it is considerably wider and complete as far as
the lithostratigraphic succession is considered (type
locality of the Kysuca Succession; e.g. Hasko & Polak,
1979; Potfaj et al., 2003; Michalik et al., 2009).
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2.1.4 Rock units with problematic
dffiliation

Formations of unclear position and tectonic
association are present only in several tiny slices
in the western part of the Havrania Zone, but form
much larger exposures in its widened eastern part.
The oldest recognized formation of the whole area
builds up the NW-SE trending rounded ridge of
Dutkov vrch — Jedlovinka Hill (906 m a.s.l., GPS
N49.28792°,E19.1522°) north of the centre of Zazriva
village (Figs 1.16 and 1.17c). Andrusov (1931a) found
here sandstones with imprints of Arietites-type
ammonites, which should indicate the Sinemurian
age. He correlated these sediments with the “Gresten
Beds” and assigned them to the Kysuca Succession,
similarly like later by Hasko and Polak (1979).

A flat-lying, but completely overturned succession
begins with possibly Hettangian and/or lower
Sinemurian quartzitic sandstones. Nearly massive,
pure quartzites occur in places, which are almost
exclusively composed of fine-grained quartz sand
with quartz cement (Dutkov vrch, eastern slope of
Jedlovinka Hill, Dubovské luky, south-western foots of
Podkycera Hill). The heavy minerals from quartzites
are strongly dominated by zircon and rutile, followed
by less represented tourmaline, with low amounts of
apatite and some garnet (Aubrecht, 2001b).

In other places, probably younger parts of
the formation are formed by massive whitish to
yellowish, coarse grained sandstones with carbonate
cement, locally passing to fine grained conglom-
erates composed of quartz, dolomite and dolomitic
limestone pebbles. Fossil content is poor (scarce
crinoid columnaria). Overlying dark-grey sandy
(and sandy-crinoidal) limestones and light-grey
fine-grained carbonatic sandstones with muscovite
flakes are thick-bedded with thickness of individual
beds between 20 and 100 cm and with intercalations
of dark calcareous claystones. At the base of the
sandy layers, rip-up clasts of these claystones occur
commonly. The alternation of sandstones with sole
marks and shales invokes their turbiditic origin. Bed
surfaces often show imprints of ammonites.

Locally, some fauna of bivalves has been found
in the clayey parts. However, only five species were
determined (M. Golej): Oxytoma (Oxytoma) inequi-
valvis (left and right valves), Entolium (Entolium)
corneolum, ,Praechlamys” cf. palosus, , Chlamys
(Chlamys)“ cf. textoria (left and right valves), Liostrea
sp. Specimens still bear recrystallized shells. The
bivalve association is represented mostly by juvenile
and subadulte specimens, adult specimens are
rare. Except Liostrea, they are epibyssate or freely



swimming (Entolium), relatively well adapted to life
on the detritic substrate. Presence of both valves
indicates autochtonous or paraautochtonous origin
of the fauna.

All studied fossil macrofauna was collected ex
situ, due to a very bad exposure of the formation
on Jedlovinka Hill. Material comes from collec-
tions of M. Sykora, M. Rakus and J. Schlégl. Apart of
ammonites and occasional crinoids, the macrofauna
shows a low diversity with mainly bivalves occurring
on the sandstone bed surfaces, but also inside the
beds, and bivalve debris in the fine-grained conglom-
erates. Belemnites are rare and corroded. Ichno-
fossils are common on the lower surfaces of beds.
The ammonites are almost exclusively preserved as
imprints on the lower bed surfaces which suggest
they come from the marly intercalations. Originally
the ammonites were filled with marl or clay and the
shells were already dissolved. They were apparently
exhumed from marly layers during the deposition of
the turbiditic sandstone layers. Rarely, some marl/
clay ammonite moulds were documented inside the
sandy beds, proving their origin from the marly inter-
calations.

The stratigraphical position of the formation is
based on the ammonite fauna (Figs 2.3, 2.4 and
2.5a). All ammonite groups, including Lytocer-
atina, Phylloceratina and Ammonitina are present.
Lytoceratids are rare, represented by a single
specimen of Lytoceras sp., assigned by M. Rakus
to L. gr. secernendum (Fig. 2.4C), species of the
Late Sinemurian age. Phylloceratids are common,
dominated by Juraphyllites planispiroides (Fig. 2.4A),
species of the Oxynotum and early Raricostatum
zones. Partschiceras striatocostatum (Fig. 2.4B) is
rare (single specimen). This species has a very long
stratigraphical range, appearing probably in the
early Sinemurian and going up to the early Toarcian.
Ammonitina are represented by oxynoticeratids
and especially echioceratids, other groups are very
rare. Oxynoticeras cf. simpsoni (Fig. 2.4E) is a typical
species of the Oxynotum Zone. Several juvenile
specimens with lanceolate whorl section, more or
less flexuous simple or bifurcating ribs could not be
determined on the species level. One juvenile, thickly
ribbed specimen can be attributed to Gleviceras sp.
Echioceratids are the most common group. Genus
Echioceras is represented by species E. raricostatum
(Fig. 2.4F) and E. raricostatoides (Fig. 2.4G). Palte-
chioceras is represented by numerous specimens of
P. boehmi (Fig. 2.4H), less common P. cf. favrei and
scarce P. cf. hierlatzicum. Leptechioceras is repre-
sented by two species, L. gr. macdonnelli (Fig. 2.41)
and L. cf. meigeni (Fig. 2.4J). Echioceratid association
indicates Raricostatum Zone of the late Sinemurian,

more precisely its middle part, Raricostatum and
Macdonnelli subzones. A single specimen of eoder-
oceratid Crucilobiceras cf. densinodulum (Fig. 2.4K) is
index taxon of the early Raricostatum Zone, Densi-
nodulum Subzone.

Hettangian — Early Sinemurian age for the
formation was proposed by Hasko and Poldk (1979),
but this assignment was only based on the super-
position argument and ammonites documented
from another locality from the Orava region by
Andrusov (1931a). However, based on ammonite
fauna, collected in Jedlovinka Hill, this stratigraphical
range cannot be proved as all association points
exclusively to the middle and upper part of the late
Sinemurian, Oxynotum and Raricostatum zones.
This is not the only occurrence of the formation in
the Orava sector of Pieniny Klippen Belt. Already
Andrusov (1931a) noted sandstones with ammonite
imprints on the bedding planes from the localities
in the surroundings of Zazriva village, in Oravsky
Podzamok or in Luty potok creek (presently called
Diziansky Cickov, N of DIha nad Oravou village). His
determinations would indicate Early Sinemurian age,
however, the figured surface of the slab (PI. Ill, Fig.
1 in Andrusov, 1931a) from Luty Potok locality is
covered with numerous specimens and fragments of
Echioceras raricostatoides, not by Schlotheimia sp.
and Arietites (Echioceras) sp. aff. Ar. spiratissimus,
thus not contradicting to our stratigraphical attri-
bution of these deposits. The same formation occurs
also in the Middle Vah Valley near Chotuc (J. Schlogl,
unpublished data). Although the ammonite collection
from this area is much smaller mainly due to the
missing outcrops, it indicates the same stratigraphic
interval as at Jedlovinka area, consisting of juvenile
echioceratids and oxynoticeratids. In this light, the
time of deposition of this turbiditic formation seems
to be synchronous at least in the western Slovakian
part of the PKB.

Aubrecht et al. (2004) informally named these
sediments as the Jedlovinka Formation. However, this
term had been already used for another formation,
thus itis invalid. Therefore, we propose the new term
Dutkov vrch Formation for these sediments (formal
lithostratigraphic codification will come later). Dutkov
vrch Hill is located some 500 metres NW of Jedlovinka
Hill, on the ridge above Grune settlement and is
formed by the Lower Jurassic quartzitic sandstones as
well. Similar siliciclastic sandstones occur in compar-
atively large areas also north and west of Jedlovinka
and Dutkov vrch hills — on the southern slopes of
Janikov vrch and Kycerka hills between Griune and
Sihla settlements, and further west on the southern
foots of Podkycera Hill between Raztoky (Zazriva)
and Sihelky (Terchovd) settlements. In places, the
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Figure 2.3 Latex cast of the lower surfaces of sandstone beds. A — imprints of fragmented echioceratid ammonites and
disintegrated lithoclasts; B — mechanoglyphs (current marks) and ammonite Echioceras sp.; C — numerous imprints of
echioceratid juveniles and Oxynoticeras sp. All specimens come from Jedlovinka Hill. Scale bars 2 cm.
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Figure 2.4 Latex casts of ammonites from the sandstone bed surfaces, Jedlovinka Hill: A —Juraphyllites planispiroides; B —
Partschiceras striatocostatum; C — Lytoceras sp. (gr. secernendum); D — Oxynoticeras sp.; E — Oxynoticeras cf. simpsoni; F
— Echioceras raricostatum; G — Echioceras raricostatoides; H— Paltechioceras cf. boehmi; | — Leptechioceras gr. macdonnelli
(Portlock); J — Leptechioceras cf. meigeni (Hug); K — Crucilobiceras cf. densinodulum. Specimens A and B were whitened
prior photography (photo by M. Rakus). Scale bar 1 cm.
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upper part of the Lower Jurassic sandstone sequence
contains, or are followed by, layers of spotted spicu-
litic and filamentous marlstones with ostracodes
and clastic quartz grains (Pliensbachian?). Andrusov
(1931a) mentioned also findings of bivalve-bra-
chiopod coquinas from SW slopes of the Jedlovinka
Hill. Another outcrop of quartzitic sandstones appears
in the south-eastern extension of the Havrania Zone
where it merges with the Plesiva Zone on the ridge

between Pavlaskova and Hlasna skala hills (Dubovské
Iuky meadows). Then similar sandstones occur also in
the PleSiva and Kubin zones (see below).

On the unstable north-eastern slope and foots of
Koncity vrch Hill, and in the bottom of adjacent small
creek in the Koncitd Valley, Hasko and Planderova
(1977) described bituminous black shales with beds
of laminated marly limestones and spherosideritic
concretions, which they defined as the so-called

Figure 2.5 Rocks of the Sari§ Unit in the Havrania Zone (photos a, b and f by D. Plasienka, c—e by P. Gedl): a — imprint of
echioceratid ammonite in upper Sinemurian sandstones of the Dutkov vrch Fm., Jedlovinka Hill summit; b — black shales
and boudinated sandstones of the Szlachtowa Fm., Jamy settlement; c — black shales of the Skrzypny or Szlachtowa Fm.,
Raztoky stream section; d — common appearance of outcrops in the Szlachowa Fm., northern ridge of Jedlovinka Hill, S.
Jézsa sampling and D. Plasienka observing; e — dark siliceous shales and radiolarites of the Middle Jurassic Sokolica Fm.,
Cierta? section; f — greenish- and redish-grey ribbon radiolarites of the Czajakowa Fm., Zazriva-Grune.
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Zazriva Beds (see Stop B26). Their Sinemurian — early
Lotharingian age was indicated based on rich palyno-
flora. According to these authors, the Zazriva Beds
overlie the Hettangian — lower Sinemurian Gresten
Beds and are overlain by the Lotharingian spotted
limestones, all belonging to the Kysuca Unit. Later
on, this sequence was reinterpreted by Aubrecht
et al. (2004). They found imprints of thin-shelled
“posidonias” (Bositra buchi) bivalves and grapto-
ceratid ammonite. Hence the Aalenian age of the
black shales was proven and correlated with the
Skrzypny Shale Formation; therefore, usage of the
term Zazriva Beds was discarded. However, unlike
other occurences of the Skrzypny Fm. and/or the
Harcygrund Fm. in the Subpieniny resp. Pieniny units,
the shales contain also blocks — olistoliths of black
bituminous limestones, calcarenites, spotted belem-
nite-bearing limestones and spongolites (Aubrecht et
al., 2004; see also the Zazrivka Brook section below,
Stop B26).

The Jurassic age of sediments dominated by black
shales and turbiditic sandstones in the PKB Orava
sector and Zazriva district was recognized already
by Andrusov (1929, 1931a, 1938, 1945, 1953) and
defined as the “Dogger flysch” (or “flysch Aalenian”
by Birkenmajer, 1957; Andrusov, 1965). The informal
term “Black Flysch” has been also frequently used.
Afterward, Birkenmajer (1977) introduced the formal
lithostratigraphic term Szlachtowa Formation. In the
Pieniny Mts., the Cretaceous (Albian—Cenomanian)
age of these deposits was proposed from time to
time, however (e.g. Sikora, 1974; Oszczypko et al.,
2004, 2012b). On the other hand, the early Middle
Jurassic age of the Szlachtowa Fm. was documented
by ammonites, thin-shelled bivalves, dinoflagellate
cysts and foraminifers (Birkenmajer, 1957, 1977,
Scheibner, 1968b; Birkenmajer & Gedl|, 2004, 2017;
Birkenmajer et al., 2008; Barski et al., 2012; Ged],
2013; Gedl & Jdozsa, 2015; Segit et al., 2015). In a
typical development, the Szlachtowa Fm. consists of
black argilaceous shales and mudstones with variously
thick beds of siliciclastic turbiditic sandstones, which
are often very rich in clastic mica flakes. Upper parts
contain also beds of allodapic crinoidal limestones.

Dysoxic hemipelagic sediments of the Aalenian —
early Bajocian age of the Szlachtowa and Skrzypny
formations can be considered as heteropic facies.
According to Barskietal. (2012) and Segit et al. (2015),
the Szlachtowa Formation is dominantly of early
Bajocian age and occurs only in the Grajcarek (Sarig)
Unit specified as the “pre-Late Albian Magura Basin”.
Other PKB successions (Czorsztyn, Niedzica, Czertezik)
contain only the Aalenian Skrzypny Fm. followed
by early Bajocian hiatus and then by the mid-Ba-
jocian shallow-water sandy-crinoidal limestones.
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This situation occurs in successions derived from
peripheries of by-then emerging Czorsztyn Ridge,
which provided the bio- and siliciclastic material
for the turbiditic sandstones of the Szlachtowa Fm.
However, sediments with the typical Szlachtowa
lithology have beed frequently dated as Aalenian by
dinocysts as well (cf. results of P. Gedl — Birkenmajer
& Gedl, 2004, 2017; Birkenmajer et al., 2008; Gedl,
2008, 2013; Ged| & Jbézsa, 2015). Sometimes it can be
seen that the Skrzypny-type black shales are laterally
replaced by, or interfingering with, the Szlachto-
wa-type micaceous sandstones and mudstones (see
also Andrusov, 1945; Scheibner, 1968b; Birkenmajer
& Gedl, 2017; Segit, 2010). These circumstances can
be observed in the Koncita Valley section (stops B22,
B24, B26). The crinoidal limestone allodaps occur
in the lower Bajocian sequence of the Szlachtowa
Fm., concurrently with uplift of the Czorsztyn Ridge.
Therefore, we speculate that the more external
Aalenian Szlachtowa basin was fed by siliciclastic
turbidites from the northern external sources that
did not reach the axial parts of the Skrzypny basin
in the south (in present coordinates). During the
early Bajocian uplift of the Czorsztyn Ridge, the
Szlachtowa basin got a new source of shallow-water
calciclastic material from the south, including olisto-
strome bodies described by Aubrecht et al. (2004),
while non-deposition prevailed on elevated ridge
areas. Similarly, the southern slopes of the Czorsztyn
Ridge (Kysuca-Branisko and Pruské successions) were
supplied by upper Bajocian crinoidal turbidites as
well (Flaki and Samasky formations; cf. Birkenmajer,
1977; Aubrecht & OZvoldova, 1994). In any case,
character of the Bajocian sediments in the Oravic PKB
successions reveals important extensional tectonic
event connected with crustal rifting, Czorsztyn Ridge
uplift and ensuing subsidence of the adjacent basinal
domains (e.g. Plasienka, 2003a).

Within the Havrania Zone, rocks that can be
affiliated with the Szlachtowa and/or Skrzypny
formations occur discontinuously as isolated slices
or lenses from Hornd Tizina settlement (Terchova
district) in the west up to Koncitd and Havrania settle-
ments (Zazriva district) in the easternmost part of the
Varin PKB sector (Figs 1.16, 2.5). At all these local-
ities, the Szlachtowa and/or Skrzypny formations are
spatially related to the Lower Jurassic clastic forma-
tions as their underlier, or with the Middle Jurassic
to Lower Cretaceous deep-water pelagic formations
as their overlier — but uniformly in an overturned
stratigraphic succession. Based on the overall litho-
logical character and presence of some specific
formations (Szlachtowa, Opaleniec), we presuppose
their assignment chiefly to the Sari$ Unit (Fig. 2.6).
However, other formations like the Czajakowa
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Figure 2.6 Composite lithostratigraphy of the Sari§ Unit in the area concerned. The right column shows localities and pro-
files of the inferred Sari$ Unit in the Havrania (H.Z.) and Plesiva (P.Z.) zones of the PKB.

radiolarites and Pieniny limestones, show little differ-
ences from the Pieniny Unit (Kysuca Succession),
therefore their tectonic affiliation with a particular
unit is locally problematic.

In general, the composition of heavy mineral
spectra from the Lower to early Middle Jurassic
sandstones of the Sari$ Unit, as well as their palyno-
facies characteristics, indicate the subsidence-related
progression from mature continental or beach-like
sedimentary environments dominated by ultrastable
ZRT assemblage and terrestrial palynoflora in
massive quartzitic sandstones, through probably
shallow marine deltaic settings with bedded silici-
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clastic-calcareous sandstones (Dutkov vrch Fm.), up
to the open-marine, oxygen-depleted facies of black
shales and marls with intercalations of immature,
poorly sorted turbiditic sandstones to conglom-
erates characterized by prevalence of unstable heavy
minerals and frequent lithic fragments (see the Sihla
locality below). These changes reflect the acceler-
ating Lower/Middle Jurassic rifting and development
of semi-isolated marine basins supplied by the
clastic material from nearby uplifted rift shoulders
dominated by mechanical weathering and erosion
of pre-Jurassic basement and sedimentary cover
complexes.



2.1.5 Important field outcrops and
sections

Besides of the Jedlovinka Hill area, we describe
hereafter localities of the Lower—Middle Jurassic
clastic formations (sandstones and black shales)
and associated sediments that we have studied in
the Havrania Zone. It is curious that most of these
occurrences are shown in the old map of Andrusov
(1938), but are lacking in all later maps. Localities are
arranged from the west to the east:

Novosadovci _settlement (Hornd  TiZina; GPS

N49.284211°, E19.032007°; Terchova district)

An independent lenticular slice of Jurassic shales,
about 300 m long and 100 m wide, is located in a
strange position between two Cretaceous calcareous
flysch formations — probably the SneZnica-Sromowce
Fm. to the north and the Pupov Fm. to the south.
These rocks are occasionally cropping out along
a tight field road curve leading from Rusndkovci to
Novosadovci hamlets (Horna Tizina settlement north
of Terchova centre — between the cross-sections “e”
and “f” in Figs 1.16 and 1.17).

Dark brownish-grey argillaceous shales contain
clastic mica flakes and thin beds of turbiditic crinoidal
sandstones. Samples HT7 and HT8 (5. Jézsa) yielded
an assemblage of agglutinated foraminifers pointing
to an upper Toarcian—Bathonian age, which shares
similarities with other known occurrences of such
assemblages reported by Tyszka (1994, 1999), or
Ged| and Jézsa (2015). Based of the lithology and
age, we suppose that these “black flysch” sediments
belong to the Szlachtowa Fm. (Sari$ Unit).

Kvockovci—Marunovci round tour (Terchova district)
This trip starts and ends in Kvockovci settlement,
Struhdren Brook valley, about 5 km NE from the
Terchovd centre. The first part follows the field
way from Smehylovci hamlet to the north up to
Holesova skala Hill, then along the ridge following
the blue touristic trail to the Kovacka saddle, where
the blue trail crosses the green one. The the second
part follows the green trail down to the south to
Marunovci settlement and then back to Kvockovci.
Rocks of the Havrania Zone and finally also the Pupov
Zone are observable along the route (Fig. 2.7).
Samples 7Z83-Z85 (P. Gedl) were taken for
palynology and organic-walled dinoflagellate
cysts (Figs 2.7a and 2.8) and samples KV1-KV3
for foraminifera (3. Jézsa). In a road cut above the
stream in Smehylovci hamlet, steeply NW-dipping
grey silty-marly mudstones are exposed (GPS
N49.294479°, E19.063623°). Sample Z83 yielded
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palynofacies composed of palynodebris (black,
opaque to dark-brown phytoclasts). Palynomorphs
are rare, represented by dark-coloured but generally
well-preserved spores, and dinoflagellate cysts,
which show a dual preservation. Some forms are
darker-coloured, although relatively well preserved
(these are thick-walled forms representing Cribrop-
eridinium, Tehamadinium and Trichodinium); the
others are pale-coloured and represented by small
peridinioids  (Palaeohystrichophora infusorioides,
Palaeohystrichophora? sp., Subtilisphaera), and
Odontochitina operculata. It is not certain if the dark
forms are reworked or its colouration results from
their wall thickness; they can be also resedimented
from proximal areas. The age of this sample is most
likely mid-Cretaceous (uppermost Albian and/or
younger). Sample KV1 for foraminifers yielded some
early Turonian planktonic foraminifera species.
Among them, the stratigraphically important species
Dicarinella hagnyi Scheibnerovd and Helvetoglo-
botruncana cf. praehelvetica (Trujillo) were identified.
Presumably, these sediments can be assigned to the
Sneznica Fm. of the Pieniny (Kysuca) Unit.

Sample Z84 was taken from similar marls exposed
in a field road above the village of Kvockovci (GPS
N49.294969°, E19.068183°; Figs 2.7b, c and 2.8).
It yielded a similar palynofacies composed of
palynodebris. The lack of Cribroperidinium-mor-
photype forms is a difference; dinoflagellate cysts
are represented almost exclusively by pale-coloured
peridinioids (e.g., P. infusorioides, Spinidinium). The
latest Albian—Maastrichtian age of this sample based
on palynotaxa can be more precisely determined
based on deep water agglutinated foraminifera
(DWAF) and planktonic foraminifera (sample KV2).
The sample yielded Caudammina gigantea (Geroch)
which occurrsin the early Campanian to Maastrichtian
in the Carpathians (Geroch & Nowak, 1984; Bak,
2000). Similar age is provided also by scarce plank-
tonic species of Globotruncana arca (Cushman) and
Globotruncana linneana (d’Orbignyi), whose first
occurrence is recorded in the late Santonian (Caron,
1985). Turbiditic sandstones prevail in the upper part
of this sequence, overturned bedding dips 323/50.

Higher up along the road, grey-brown marlstones
with thin sandstone beds are exposed in washed-out
grooves. Sample KV3 provided Upper Cretaceous
agglutinated foraminifera. The presence of Recto-
protomarssonella rugosa (Hanzlikova) in the assem-
blage provides evidence for the late Santonian-—
Maastrichtian age (Bak, 2000). The sample Z85
yielded a palynofacies similar to previous two
sites (Fig. 2.8). Rare dinoflagellate cysts represent
pale-coloured peridinioids. Lack of P. infusorioides
makes a precise dating impossible.



Figure 2.7 Outcrops along the Kvockovci—Marunovci section (photos by P. Gedl): a — Turonian mudstones (samples Z83 and
KV1), road cut in Smehylovci hamlet; b — S. Jézsa and D. Plasienka documenting exposure in Campanian—Maastrichtian
brownish-grey marlstones (samples Z84 and KV2); c — S. J6zsa digging for sample KV2; d — black shales with pelocarbonate
concretions, Aalenian Skrzypny Fm. of the Subpieniny (Czorsztyn) Unit (samples Z86—88 and KV5A—C), road cut between
the Kovacka saddle and Marunovci settlement; e — mid-Cretaceous black shales (samples Z89, 790 and KV6), forrest road
cut above Marunovci settlement; f — Albian Fleckenmergel-facies marlstones (Tissalo or Kapu$nica Fm., samples Z92 and

KV7), Marunovci.

Following the forrest road uphill and approaching
the ridge, typical variegated marlstones of the
“couches rouges” facies (Puchov-type) appear in the
scree. They are associated with two small Czorsz-
tyn-type rocky klippen on HoleSova skala Hill, which
are composed of red sandy-crinoidal limestones
(Krupianka Fm.) and greyish nodular limestones
(Czorsztyn Fm.). Tectonic affiliation of the underlying
upper Senonian marly sequence with packages of
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turbiditic sandstones (samples KV2-3) is problematic.
Lithology and age admit its assignment to the Pupov
Fm., but the position between two Oravic units,
Pieniny and Subpieniny, is strange.

Passing along the green trail from the Kovacka
saddle down to the south, there are some outcrops in
the Paleogene flysch sandstones of the Magura Unit.
However, these are located in a landsliding area. The
next three samples Z86—Z88 were taken from a large



outcrop of dark, vertically dipping shale with carbona-
ceous concretions (GPS N49.299433°, E19.077060°;
Figs 2.7d and 2.9). Sample Z86 was taken from the
southern part of the exposure where very frequent
concretions occur. Sample Z87 was taken some 3
meters north, and sample Z88 from the northern part
of the exposure, some 9 meters from Z87. All three
samples yielded a similar palynofacies composed
predominantly of black, opaque phytoclasts and
dark-brown plant remains. Another characteristic
feature of these samples is a high degree of maturity
reflected by dark coloration and high alteration of

both phytoclasts and palynomorphs (spores, dinoflag-
ellate cysts and foraminifera organic linings). Sample
286 vyielded infrequent Phallocysta (commonly with
traces of pyrite crystallization) and acritarchs. Sample
287 vyielded more frequent dinoflagellate cysts
(Phallocysta, Nannoceratopsis and some thin-walled,
multiple paraplate archaeopyle forms) associated by
foraminifera organic linings. A similar assemblage,
characterized by frequent occurrence of thin-walled,
multiple paraplate archaeopyle forms, was found in
sample Z88. The uppermost Toarcian—Aalenian age
of these three samples can be suggested on the basis

Figure 2.8 Palynology of the Kvockovci section (samples Z83—785; photo: P. Gedl). Scale bar in B refers to all photomi-
crographs except for N. A=C: Palaeohystrichophora infusorioides (A, B: 83; C: 84); D: peridinioid (Subtilisphaera?; 84); E:
Spinidinium sp. (84); F: spore (Cicatricosisporites?; 84); G, H, J, K: large gonyaulacoids representing Tehamadinium-Tricho-
dinium morphotypes (83); | — Psaligonyaulax? sp. (83); L: Cribroperidinium? Sp (83); M: Cribroperidinium edwardsii (83);
N: Palynofacies composed of black, opague phytoclasts and dark-brown phytoclasts (83).

Figure 2.9 (next page) Palynology of the Marunovci section (samples Z86—-793; photo: P. Gedl). Scale bar in A refers to
photomicrographs A-V. A: spore (86); B—D: Phallocysta elongata (86); E: Phallocysta elongata (87); F: spore (87); G—I:
poorly preserved specimens of Nannoceratopsis bearing traces of crystal (pyrite?) crystallization (G: 87; H, I: 88); J, K:
Dissiliodinium? sp. (88); L: Coronifera sp. (89); M: Oligosphaeridium sp. (89); N: Oligosphaeridium sp. (90); O: Spiniferites
sp. (90); P-R: Odontochitina spp. (P: 89; Q, R: 90); S: Litosphaeridium arundum (90); T: spore (Cicatricosisporites?; 90);
U, V: Pterodinium sp. (90); W: Palynofacies of black shale (sample 87) composed ob black, opaque phytoclasts and highly
altered dinoflagellate cysts; X: Palynofacies from hard “Fleckenmergels” (sample 92) characterized by an acme of Oligos-
phaeridium.
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of the organic-walled dinoflagellate cysts (Fig. 2.9).

Samples KV5A-C are accompanied by rich
calcareous benthic foraminiferal assemblages with
dominant ophthalmidiids and spirillinids. Such
assemblages are typical for the Early?—Middle
Jurassic facies in the PKB (Tyszka, 1994, 1999; GedI
& Jbzsa, 2015). This age, lithology and dinoflag-
ellate cyst assemblages allow their correlation with
the Skrzypny Shale Formation and possibly with the
Subpieniny (Czorsztyn) Unit laterally continuing from
the HoleSova skala klippe.

Two further samples Z89 and Z90 were taken
from horizontally lying dark, loamy shale exposed
in a small outcrop along the forest road (Fig. 2.7e).
Both samples (taken 1.5 m from each other) yielded
palynological organic matter in the same degree
of maturity as in samples Z86-Z88 taken above.
However, a different, mid-Cretaceous age concluded
on the base of dinoflagellate cysts allows their corre-
lation with another “dark shale” lithostratigraphic
unit of the Pieniny Kippen Belt — the Tissalo or
Kapusnica Formation. These samples yielded palyno-
facies composed of black, opaque phytoclasts and
other, highly matured land plant remains associated
with frequent spores and dinoflagellate cysts. Among
the latter Odontochitina operculata, Pterodinium
spp., Spiniferites ramosus, Circulodinium sp., Floren-
tinia? sp., Hystrichodinium sp., Coronifera sp., and
Oligosphaeridium sp. can be listed. Presence of Litos-
phaeridium arundum allows dating these samples as
Albian—-lowermost Cenomanian (Fig. 2.9).

The following sample Z91 was collected a couple
of meters down, from an outcrop of highly weathered
pale-greyish to willow greenish shale, which coat
harder, greyish mudstones. It yielded palynofacies
composed almost entirely of black, opaque phyto-
clasts. Sporomorphs and dark-brown phytoclasts are
subordinate. Dinoflagellate cysts are very rare —single
Spiniferites? and some peridinioids were found. The
age of this sample is most likely comparable with
the age of samples Z89 and Z90 taken higher up,
which represent a more proximal, nearshore facies
compared to sample Z91.

Approaching the first houses of Marunovci
settlement, grey spotted “Fleckenmergel” marlstones
coated in softer, black-grey-olive mudstones contain
Lower Cretaceous foraminifers (sample KV6 upper
Aptian—Albian, sample KV7 further down middle
Albian). The sample KV6 (Fig. 2.7f) contained some
subordinate smaller agglutinated foraminifera, but
is dominated by calcareous benthic foraminifera
belonging exclusively to poorly preserved epistom-
inids, mostly Epistomina spinulifera polypioides
(Eichenberg). This species occurrs in the latest
Aptian— Albian (Jendrejakova, 1968; Salaj & Samuel,
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1966). The sample KV7 vyielded poorly preserved
planktonic foraminifera. The Middle Albian age might
be suggested upon the first occurrence of specimen
similar to early single-keeled species ?Pseudothal-
manninella cf. subticinensis (Gandolfi) found among
larger many-chambered morphotypes with globular
chambers most likely belonging to Ticinella spp.
These larger many-chambered trochospiral taxa
are also typical in the latest Aptian as Paraticinella
rohri (Bolli) (Ando et al. 2013), formerly referred to
as Paraticinella eubejaouaensis (Randrianasolo and
Anglada).

Sample 7292 (Figs 2.7f and 2.9) yielded a unique
palynological content — a mass occurrence of Oligo-
sphaeridium. Its acme consists chiefly of 0. complex,
rare O. poculum is also present. There are almost
no other dinoflagellate cysts. Besides dominating
Oligosphaeridium  specimens, frequent sporo-
morphs, including pollen grains occur. Such a palyno-
facies points at a proximal sedimentary setting.
The mid-Cretaceous (latest Aptian—Albian) marly
sequence (samples Z89-792 and KV6-KV7) may be
best correlated with the Pieniny (Kysuca) Unit, but
its assignement to the Sari§ Unit cannot be excluded
either.

Down along the green trail below Marunovci,
sandstones and claystones of the Pupov Formation
are exposed in the lowermost part of the section in
a road cut below a small chappel (GPS N49.291432°,
E19.069417°). Moderately north-dipping packets of
bedded calcareous turbiditic sandstones are inserted
within claystone intervals. Sample Z93 taken from
pale-grey marls yielded palynofacies dominated in
over 90% of black, opaque phytoclasts. Remaining
particles are sporomorphs and dark-brown phyto-
clasts. Dinoflagellate cysts are very rare: Spiniferites
and Pterodinium could be determined. The age of
this sample cannot be precisely estimated; most
likely it represents the Late Cretaceous. The sample
KV8 contained only some undeterminable calcareous
foraminifera forms.

Some 1.5 km east of Marunovci settlement,
the amphitheatre-like closure of the Struharen
Brook valley 500 m NE from Baldtovci settlement
(approx. GPS N49.299890°, E19.096878°) is a vast
landsliding area with several small, obviously trans-
ported outcrops of black shales with either sphaer-
ocarbonate concretions or micaceous sandstones
(Skrzypny and Szlachtowa fms, respectively) occur
in association with blocky klippen of red nodular
limestones (Czorsztyn Fm.). Immediately to the east,
on the south-western foots of Podkycera Hill (Sihelky),
there are numerous clasts of quartzitic sandstones
found in the debris. Quatzites are of the same time
as at Jedlovinka Hill (Dutkov vrch Fm., see above).



Black shales and micaceous sandstones appear again
in the valley south of Podkycera Hill near hamlet
Dolina (GPS ca N49.293526°, E19.111572°) and in a
gully below hamlet Jamy on the south-eastern foots
of Pokrycera hill (GPS N49.297115°, E19.122530°;
Fig. 2.5b).

Sihla settlement — small rock cliff (GPS N49.296°,
E19.137381°; Zazriva district)

This isolated rocky outcrop is located near hamlet
Sihla north of Zazriva, on a ridge about 200 metres
south of the elevation point 885. Here, Méres et al.
(2012) investigated composition of massive coarse-
grained, siliciclastic lithic sandstones to microcon-
glomerates. Clastic components consist of quartz
(50%), feldspar (7%), mica (2%) and various litho-
clasts (up to 26.5%) embedded in a pelitic, seric-
ite-quartzose matrix (15%). The lithoclasts are repre-
sented by carbonates — probably Triassic dolomites
and micritic limestones sometimes with autigenic
plagioclase, silicites, metamorphic rocks, granitoids,
basalts and rhyolites. Garnet dominates in the heavy
mineral concentrates (up to 94%), while apatite (4%),
staurolite and the stable zircon-rutile-tourmaline
association (ZRT; 2%) are subordinate only. Micro-
probe analyses of garnets revealed predominance
of almandine (66-88%) over grossularite (1.3—27%),
pyrope (3—-17%) and spessartine (1.1-9%). The ZRT
index as low as 2, compositional variability and
weak alteration of lithoclasts point to poor sorting
and weak mineral maturity, the low degree of
chemical and mechanical weathering in source areas
and hence the short and rapid transport of clastic
material. The source area was a continental crust with
granitoids and medium- to high-grade metamorphic
rocks (gneisses, micaschists, orthogneisses, amphib-
olites), carbonates and a lesser amount of volcanic
rocks. The lack of chromian spinels among the heavy
minerals, which are otherwise common in the Creta-
ceous or Paleogene sandstones, might indicate the
Jurassic age. These characteristics, composition of
lithoclasts and prevalence of garnet in heavy mineral
spectra closely match those described by Krawczyk
et al. (1987) and tozinski (1956) from the Szlachtowa
Formation in the Polish Pieniny Mts. Hence, we
presume the early Middle Jurassic age of the analysed
sandstones and their compositional affinity to the
Szlachtowa Fm.

Raztoky settlement — section in the bedrock of the
RaztokyBrook (Zazriva district; GPSfrom N49.290347°,
E19.135877° to N49.292299°, E19.137071°)

The contact of lithologically similar dark grey
shales of the Upper Cretaceous Pupov Fm. and black
shales of the Skrzypny/Szlachtowa Fm. can be deter-
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mined in this section. In the lower part, samples
254-758 (P. Gedl) collected from soft marly shales
and harder marls yielded very few dinoflagellate
cysts, mainly poorly preserved and rather not age-di-
agnostic species. Their palynofacies is composed of
black, opaque phytoclasts (from 70 to 98%), highly
altered dark-brown cuticles, and rare sporomorphs.
Preservation of very rare dinoflagellate cysts is
bimodal. Some specimens are darker, very poorly
preserved, and indeterminable. The other are lighter
and better preserved (Palaeohystrichophora infuso-
rioides, Spiniferites sp., Senoniasphaera?, Glaphy-
rocysta?). Presence of P. infusorioides suggests the
Late Cretaceous age of these marly shales (Fig. 2.10).
Sample Z58 contained resedimented (abraded by
transport) globotruncanids that might indicate their
recycling into the upper Senonian or younger strata
(probably the Zazrivka beds, Fig. 2.21f).

A different palynological content was found in
samples Z59-761 from black argillaceous shales,
which exposures start some 200 metres from the
previous samples, and continue on a distance of
some 300 metres (Fig. 2.5¢). Sample Z59 (black shale)
yielded very frequent, highly altered Nannoceratopsis
specimens representing most likely N. deflandrei.
Following samples vyielded similar dinoflagellate
assemblages accompanied by  Dissiliodinium
specimens: Z60 (8 metres above the stream) and Z61
(some 300 metres above; Fig. 2.10). Sample Z59 can
be dated as Toarcian (a similar assemblage was found
in sample Z42 from the Hryzen section, see below),
whereas remaining two samples are presumably
slightly younger, Toarcian—Aalenian (?).

Calcareous benthic foraminiferal assemblage with
dominant ophthalmidiids and spirillinids (similar
to samples KV5A—C) was recovered from sample
261 that also points to the Jurassic (most likely late
Toarcian—Bajocian) age of the black shale sequence.
Thus this sequence is akin to both the Skrzypny
and Szlachtowa formations. Higher up in the gully,
black shales are disappearing at the expence of
fine-grained siliciclastic sandstones of the Dutkov
vrch Fm. As visible also further east (Jedlovinka area),
the whole sequence is overturned. We presume that
this Lower—Middle Jurassic sandstone-black shale
succession belongs to the Sari§ Unit.

Surroundings of Jedlovinka Hill

On the ridge and slopes of Jedlovinka Hill,
there are several sporadic small outcrops in black
shales underlying in an overturned position the
sandstone-dominated Dutkov vrch Fm. Samples
722-28 and Z140-142 (P. Gedl) yielded mutually
comparable palynofacies composed of land-de-
rived palynodebris including various proportions
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Figure 2.10 Palynology of the Raztoky section (samples Z54-61; photo: P. Gedl). Scale bar in A refers to photomicrographs
A-J. A: Spiniferites sp. (54); B: Palaeohystrichophora infusorioides (55); C: Spiniferites sp. (56); D: peridinioid (Subtilis-
phaera? sp.; 56); E: spore (55); F: spore (59); G, H: Nannoceratopsis spp. (59); I: Phallocysta elongata (61); J: foraminifera
organic lining (60); K: palynofacies of sample 58; L: palynofacies of sample 61.




of cuticles, dark-brown and black phytoclasts and
sporomorphs, mainly pollen grains, with moderate
degree of maturity (Fig. 2.11). Neither dinoflag-
ellate cyst, nor foraminifera organic linings have
been found, hence no dating was possible. Presence
of some agglutinated foraminifers and ostracods in
few samples indicate the Sinemurian age of these
deposits (S. Jozsa). On the northern Jedlovinka ridge,
sandstones of the Dutkov vrch Fm. are underlain
by the Szlachtowa-type flysch sediments (Fig. 2.5d)
that were, however, barren of valuable microfossils.
The lack of marine palynomorphs, but occasional
presence of marine fauna suggests that strata
exposed in the Jedlovinka sections might represent
a proximal deltaic environment with high influx of
terrestrial material.

Cierta7 section (GPS N49.285052°, E19.150854°;
Z4azriva district)

In the lower part of the gully on the southern
slopes of Jedlovinka Hill, a sequence of dark marls
and calcareous sandstones is occasionally exposed.
We correlate them with the Pupov Fm. Higher up, a
succession of black and siliceous shales was studied
and sampled. Hence the section again crosses
the contact of the Pupov Zone to the SW from the
Havrania Zone to the NE, similarly as in the Raztoky
section. In both cases these contacts are formed by
the regionally important Raztoky fault (Fig. 1.16).

Samples 264-266 (P. Gedl) yielded palynofacies
similar to those found in samples Z22-728 from
the surroundings of Jedlovinka Hill by domination
of terrestrial elements, i.e., palynodebris and
sporomorphs. But they differ by occurrence of
aquatic palynomorphs: foraminifera organic linings,
acritarchs and dinoflagellate cysts (Fig. 2.12). The
latter are infrequent; particularly very rare specimens
have been found only in the sample Z64. These are
poorly preserved Nannoceratopsis and much better
preserved thin-walled specimens with multiple
paraplate archaeopyles. The age of this sample
cannot be precisely determined: most likely it repre-
sents Toarcian or Toarcian—Aalenian. The following
sample Z65 (taken some 30 metres upstream, at its
left bank, just below over 1 metre thick sandstone
layer) is slightly younger, most likely latest Toarcian—
Aalenian. It yielded Nannoceratopsis dictyambonis
and Phallocysta sp. Even younger, Aalenian, could be
the following sample Z66, collectred some 5 metres
upstream from a shale exposure, which yielded
Nannoceratopsis evae, Phallocysta sp. and Dapsi-

lidinium sp. Dinoflagellate cyst assemblages are
generally similar to those from the Skrzypny Shale
Formation. However, palynofacies of samples Z264—
266 closely resembles samples Z22-728 and differs
from the typical one of the Skrzypny Fm. (see the
Koncita Valley profile — stop B26, samples Z9-211 for
comparison).

The foraminiferal assemblages in samples Z64—
267 (S. J6zsa) differ from the above described Jurassic
samples by decreased content of ophthalmidiids and
spirillinids, but increased proportion of agglutinated
foraminifera, mainly trochamminids and nodos-
arids. Such Jurassic foraminiferal assemblages with
increased agglutinated foraminifera are similar to
those reported from the Pieniny and Sari segments
of the PKB (Tyszka, 1994, 1999; Ged| & Jézsa, 2015).
The presence of common radiolaria among scarce
spirilinids in the sample Z66 resembles samples
from the Toarcian Hryzen section (see below). The
foraminiferal association supports the late Toarcian—
Aalenian age of these samples determined by organic
walled dinoflagellate cysts.

A different palynofacies and dinoflagellate cyst
assemblage was found in dark spotted siliceous
shales and radiolarites exposed in a neighbouring
outcrop (sample Z67; Fig. 2.5e). This sample yielded
palynofacies dominated by black, opaque phytoclasts
and poorly preserved dinoflagellate cysts (Fig. 2.12).
Their assemblage is composed of highly damaged
specimens, mainly representing the Systematopho-
ra-Adnatosphaeridium morphotype and surprisingly
well-preserved specimens of Chytroeisphaeridia
chytroides. This association can be correlated with
an assemblage found in the Sokolica Radiolarite
Formation of presumably Oxfordian age exposed
at Flaki, Poland, especially with the one from the
sample FIk9 (Gedl, 2008).

Samples 7138 and Z139 come from outcrops
located along the forest path above the gully, some
100 metres east of the elevation point 853 (GPS
N49.2853889°, E19.1527983°). Samples were taken
from radiolarite beds (Z139) interlayered by softer
dark shale (2138). Sample 2138 (dark shales) yielded
black, opagque phytoclasts and frequent sporomorphs
associated by less common but equally well preserved
dinoflagellate cysts (however, some specimens are
very poorly preserved). Radiolarite sample (Z139)
yielded less frequent and much worse preserved
dinoflagellate cysts, although relatively frequent
Chytroeisphaeridia chytroides show an outstanding
preservation. Both samples most likely represent

Figure 2.11 Palynology of the Jedlovinka Hill outcrops (samples Z140-142; photo: P. Gedl). Scale bar in A refers to all pho-
tomicrographs except for D and F. A: spore (140); B, C: pollen grains (both 140); D: palynofacies of sample 140; E: pollen
grain (140); F: palynofacies of sample 141; G: highly degraded land plant tissue (142).
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Figure 2.12 Palynology of the Cierta? section (samples Z64—67; photo: P. Gedl). Scale bar in A refers to photomicrographs
A-Q. A: Nannoceratopsis gracilis (64); B: Nannoceratopsis gracilis (65); C: Nannoceratopsis sp. (65); D: Foraminifera or-
ganic lining (64); E: Dissiliodinium? sp. (64); F: acanthomorphic acritarch of Veryachium-type (64); G: Dissiliodinium sp.
(65); H, I: acanthomorphic acritarchs (65); J, K: Phallocysta elongata (66); L: Nannoceratopsis evae (66); M: Dissiliodinium
sp. (66); N: Chytroeisphaeridia chytroides (67); O: Adnatosphaeridium sp. (67); P: Adnatosphaeridium sp. (67); Q: System-
atophora sp. (67); R: Palynofacies of black shale (sample 65) composed almost entirely of terrestrial elements; S: Palyno-
facies of dark radiolarites (sample 67) with frequent dinoflagellate cysts.
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Figure 2.13 Palynology of the Cierta? and Koncity sections (samples Z136—139; photo: P. Gedl). Scale bar in A refers to all
photomicrographs except for K and T. A, B: Spiniferites ramosus (the same specimen, various foci; 136); C: Ctenidodini-
um cornigerum (137); D: Ctenidodinium cornigerum (137); E: poorly preserved specimen of Adnatosphaeridium caulleryi
(137); F: poorly preserved specimen of Ellipsoidictyum? sp. (137); G: Ctenidodinium cornigerum (137); H: Mendicodinium
sp. (137); I: Ctenidodinium cornigerum (137); J: Ctenidodinium combazii? (137); K: palynofacies of sample 137; L: Chytro-
eisphaeridia chytroides (138); M: Impletosphaeridium varispinosum (138); N: Chlamydophorella sp. (138); O: Lithodinia
jurassica? (138); P: Ellipsoidictyum? sp. (137); Q: Nannoceratopsis pellucida (139); R: Atopodinium prostatum (139); S:
Meieurogonyaulax caytonensis (139); T: palynofacies of sample 138.

59



o

Fl

Figure 2.14 Palynology of the Koncity Hill section (samples Z130 and Z131; photo: P. Gedl). Scale bar in A refers to all pho-
tomicrographs. A, B: undetermined dinoflagellate cysts (both 130); C, D: poorly preserved specimens of Spiniferites? sp.
(both 130); E: Cribroperidinium? sp. (130); F: spore (Appendicisporites? sp.) (130); G—J: Nannoceratopsis gracilis (all 131);
K: Nannoceratopsis dictyambonis? (131); L: Dissiliodinium? sp. (131); M: foraminifera organic lining (131); N: palynofacies
of sample 130; O: palynofacies of sample 131.

Bathonian — presence of Atopodinium prostatum, Koncity section — narrow gully between Jedlovin-
Impletosphaeridum varispinosum and C. chytroides ka-Cierta? and Kon&ity vrch hills (GPS in the middle
(Fig. 2.13). Most probably, these samples represent part N 49.284399°, E19.159394°; Zazriva district)

the Opaleniec Fm. passing into the overlying Sokolica Samples Z130-Z136 (P. Gedl) were taken from a
Fm. series of small exposures along a narrow steep gully
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creek some 300 metres west of Koncity vrch Hill (829
m a.s.l.).

Sample Z130 comes from dark shales exposed
in the lowermost part of the section studied. It
yielded large amount of palynological organic
matter composed almost entirely of black, opaque
phytoclasts with uneven ridges. Cuticles are rare,
being commonly large and dark-coloured showing
high maturity. Palynomorphs are represented by
dark-coloured, but generally well preserved spores
and less frequent pollen grains (Fig. 2.14). Some of
the latter are poorly preserved. A single specimen
guestionably attributed to the genus Appendicispo-
rites was found. Dinoflagellate cysts are very rare,
rather light-coloured but poorly preserved. Most of
them are indeterminable, but some may represent
Spiniferites. A single thick-walled specimen of
Cribroperidinium? was found. Precise age of sample
130 cannot be determined but most likely it is Creta-
ceous (co-presence of Spiniferites, Cribroperidinium?
and Appendicisporites?). If so, the shales may be
attributed to the Pupov Formation.

Sample Z131 is a siliceous black shale taken
from the creek bottom (covered with travertine)
some 150 m above the sample 130 (GPS coordi-
nates: N49.283850°, E19.159267°;, 728 m a.s.l.). It
yielded palynofacies composed of overwhelming
land-plant detritus: cuticles, dark-brown and black
(opaque) phytoclasts, commonly elongated. Palyno-
morphs are represented by rare spores, foraminifera
organic linings, and much more frequent, relatively
well preserved dinoflagellate cysts (Fig. 2.14). Their
assemblage is almost entirely composed of Nannocer-
atopsis (mainly N. gracilis). Very rare proximate forms
resembling Dissiliodinium were found. The Nannocer-
atopsis-dominated assemblage suggests its Early
Jurassic age, most likely late Toarcian (presence of N.
dictyambonis?). Lack of dinoflagellate cyst species,
which commonly occur in the Aalenian—Bajocian of
the Pieniny Klippen Belt, rather excludes a younger
age.

Following samples come from another small
exposure that crops out some 50-m higher, in the right
(eastern) creek bank, next to a block of Pieniny-type
marly limestones. Two dark mudstone samples (2132
and Z133) were taken from thin-layered, rhythmically
alternating siliceous shale-silicite sequence. Samples
were taken some 120 cm from each other. Both
samples yielded similar palynofacies composed of
black, opaque phytoclasts and moderately preserved
commonly questionably determinable dinoflagellate
cysts (Fig. 2.15). Dinoflagellate cysts assemblages are
composed of proximate forms with apical archae-
opyle representing (Lithodinia incl. L. caytonensis?,
Sentusidinium, Ellipsoidictyum), 1P archaeopyle
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gonyaulacoids  (Tehamadinium?,  Acanthaulax?,
Cribroperidinium?, Rhynchodiniopsis? regalis), 2—3P
archaeopyle gonyaulacoids (Diacanthum?), Pareo-
dinia, Nannoceratopsis (incl. N. pellucida?), multiple
paraplate archaeopyle gonyaulacoids (Dissiliod-
inium?), and Endoscrinium. The mid-late Bajocian age
of these assemblages can be suggested. It seems to
be younger than an assemblage with Dissiliodinium
giganteum known from the lower Bajocian of the
PKB, and older than late Bajocian—Bathonian assem-
blages with characteristic Ctenidodinium specimens.
Accordingly, this sequence could be attributed to
transitional beds between the Opaleniec and Sokolica
formations.

Some 50 m above (754 m a.s.l.), thick sandstone
beds occur, which make a steeper course of the creek.
Just below these sandstone beds an outcrop of dark,
soft, massive shale occur. Two samples, Z134 and
Z135 were taken some 100 cm from each other. Both
samples yielded a similar palynofacies composed of
land plant palynodebris and very frequent sporo-
morphs (mainly spores). Aquatic palynomorphs
are represented by dinoflagellate cysts and rare
foraminifera organic linings (Fig. 2.15). There are
no other aquatic palynomorphs except for single
specimens of acritarch Micrhystridium. Dinoflag-
ellate cyst assemblage in sample Z134 is composed
in 99% of Nannoceratopsis (mainly N. gracilis and N.
deflandrei, rare specimens of N. evae occur); very
rare specimens of Phallocysta elongata and Scrin-
iocassis? Were also found. Sample Z135 yielded, in
turn, less frequent dinoflagellate cysts dominated
by P. elongata (rare Nannoceratopsis, including N.
dictyambonis and N. evae?, and some thin-walled
forms, possible Dissiliodinium). The co-occurrence of
P. elongata and N. evae may indicate early Aalenian
age of both assemblages.

Some 100 m higher the creek (783 m a.s.l.)
thin-bedded flysch strata crop out. Sample Z136 was
taken from pale, marly shale. It yielded palynofacies
composed of black, opaque phytoclasts and highly
altered cuticles; rare, poorly preserved sporomorphs
occur. No dinoflagellate cysts have been found except
for one specimen of excellently preserved Spinif-
erites ramosus (Fig. 2.13). Its presence may indicate
Cretaceous age of the sample studied, but its state
of preservation contrasts with preservation of phyto-
clasts and may be a result of contamination.

Sample Z137 was taken from an outcrop exposed
along a forest path that traverses the southern
slope at the height of 837 m a.s.l,, some 150 m
from its crossing with the creek (GPS N49.285067°,
E19.156233°). Exposure shows almost vertically
dipping radiolarite beds and siliceous black shales.
Sample 137 taken from shale yielded an outstanding
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Figure 2.15 Palynology of the Koncity section (samples 132—135; photo: P. Gedl). Scale bar in A refers to all photomi-
crographs except for N and W. A, B: Meieurogonyaulax caytonensis (both 132); C: Nannoceratopsis pellucida (132); D:
Ellipsoidictyum? sp. (132); E: Rhynchodiniopsis? regalis (133); F: Pareodinia sp. (132); G: Sentusidinium sp. (132); H: Pare-
odinia? sp. (132); I: undetermined taxon (132); J: Dichadogonyaulax? sp. (132); K: Diacanthum? sp. (132); L: Korystocysta?
sp. (132); M: Endoscrinium sp. (133); N: palynofacies of sample 132; O, P: Nannoceratopsis spp. (134); Q: Nannoceratopsis
evae (134); R: Phallocysta elongata (134); S: Scriniocassis? sp. (134); T: Phallocysta elongata (135); U: Nannoceratopsis
dictyambonis (135); V: thin-walled taxon, possible Dissiliodinium sp. (135); W: palynofacies of sample 134.

T
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palynofacies composed of black opaque phytoclasts
and frequent dinoflagellate cysts represented in 90%
by an acme of Ctenidodinium cornigerum associated
by Mendicodinium (Fig. 2.13). This assemblage repre-
sents most likely Bajocian, although due to its almost
monospecific composition it may also represent
Bathonian. Presumably, this outcrop represents the
Sokolica Radiolarite Formation.

In a stratigraphically overturned succession, the
Lower Jurassic to Bajocian clastic sequence forming
the Dutkov vrch — Jedlovinka ridge is followed by
the Bathonian to Lower Cretaceous deep-water
pelagic sediments that occur in klippen around
settlement Grune east of the Cierta? section, as well
as westward around Koncity vrch Hill. This succession
consists of spotted greenish-grey marly and dark
grey siliceous shales (Opaleniec and Sokolica fms,
late Bajocian—Bathonian—Callovian; Fig. 2.5e) and
klippen with red ribbon radiolarites (Czajakowa Fm.,
Oxfordian—Kimmeridgian; Fig. 2.5f), reddish and grey
pseudonodular marly limestones with red cherts
(Czorsztyn Fm., Kimmeridgian—Tithonian), and pale
grey marly spotted and cherty limestones (Pieniny
Fm., Tithonian—Barremian).

Pazderovci section — ridge between Mald and
Velkd Havrania settlements (GPS N49.301662°,
E19.180567°; Zazriva district)

Four samples were taken from exposures along
the field road on a ridge between Mald and Velka
Havrania (Pazderovci) settlements. Going down the
ridge from north to south, first strongly disintegrated
Pieniny-type limestones are cropping out at the
contact with the Magura formations. Then an imbri-
cated succession of alternating black siliceous shales
or silicites and spotted marly limestones is present.

Palynological organic matter from all samples
is characterized by a high degree of maturity (P.
Gedl). Sample Z29 representing soft, dark shale
yielded palynofacies composed of black (up to
90%), dark-brown phytoclasts and palynomorphs
including very rare, poorly preserved dinoflagellate
cysts questionably determined as Nannoceratopsis.
A similar palynofacies but with better preserved
dinoflagellate cysts was found in a following sample
collected from soft, dark shale (Z30) taken some 2—3
metres from sample Z29. Presence of, i.a., Nannocer-
atopsis dictyambonis and Phallocysta elongata
suggests the Aalenian age, and these dark shales can
be included in the Skrzypny Shale Formation (Fig.
2.16).

Dark, siliceous, spotty marls (Z31) and dark
radiolarites (Z32) coated by black Mn-oxides are
cropping out farther south along the road. Sample
Z31 vyielded palynofacies composed almost entirely
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of black, opaque phytoclasts. Dinoflagellate cysts and
sporomorphs are dark-brown, moderately to poorly
preserved. Presence of thick-walled Cribroperidinium
morphotypes suggests the Cretaceous age (Aptian?).

Sample Z32 (radiolarites) yielded an extremely
altered palynomorphs, which due to high maturity
degree are not determinable even at the generic level.
Some specimens resemble by shape and morphology
preserved Middle Jurassic taxa like Meiourogon-
yaulax/Lithodinia, Ctenidodinium, Rhynchodiniopsis
and Dissiliodinium/Kallosphaeridium (Fig. 2.16). Any
of specimens found bears similarities with typical
Cretaceosu genera found in the PKB. This extremely
poorly preserved assemblage bears a superficial
similarity with Bathonian assemblages described
from the Sokolica Radiolarite Fm. in Polish sector
of the PKB. Therefore, an analogous age can be
suggested for radiolarites, from which sample 32 was
taken.

Samples 729 and 730 (S. Jdzsa) yielded a
foraminiferal assemblage with dominant ophthalmi-
diids and spirillinids and subordinate trochaminids
and nodosarids. Such assemblages share signifficant
similarities with the ?Lower—Middle Jurassic assem-
blages reported from the Pieniny and Sari$ sector of
the PKB (Tyszka, 1994, 1999; Ged| & Jdzsa, 2015). The
planktonic foraminifera from the sample Z31 point to
the late Albian age, based on the first occurrence of
Rotalipora appenninica (Morrow) in the assemblage.

Preliminarily, we range this tightly imbricated
succession tothe Sari§ Unit. Interestingis the presence
of mid-Cretaceous spotted marly and siliceous shales
that perhaps could be correlated with the Wronine
and/or Hulina formations (see Fig. 2.6).

Upper Cretaceous formations characteristic for the
Sari§ Unit occur in some places within the Havrania
Zone as well. Along the narrow northernmost strip
of the Havrania Zone, W-E striking elongated lenses
of deep-water pelagic sediments squeezed between
rocks of the Subpieniny Unit (Czorsztyn Succession)
and Paleogene flysch sediments of the Magura
units are present. This situation can be observed for
instance in the field road grooves on the southern
ridge of Janikov vrch Hill above Grune settlement
(GPS N49.299122°, E19.147031°) and in the saddle
Priehyba between Javorinka and Havransky vrch hills
(GPS N49.301556°, E19.166124°; Zazriva district).
Variegated, mostly cherry-red, non-calcareous
shales with beds of turbiditic quartzose sandstones
(supposedly the Upper Cretaceous Malinowa Fm.)
are cropping out in these occasional exposures.

The Hryzenn Hill section (GPS N49.283299°,
E19.175561°; Zazriva district)
Hryzen Hill is a narrow side ridge on the left
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Figure 2.16 Palynology of the Havrania section (samples Z29-32; photo: P. Gedl). Scale bar in A refers to all photomicro-
graphs except for Z2. A: Kallosphaeridium? sp. (30); B, C: Phallocysta elongata (30); D: spore (30); E: Nannoceratopsis sp.
(30); F: Nannoceratopsis dictyambonis? (30); G: Nannoceratopsis gracilis (30); H: spore (30); I: Coronifera oceanica (31);
J: Spiniferites sp. (31); K: Florentinia? sp. (31); L: Spiniferites sp. (31); M: Cribroperidinium? sp. (31); N: Cribroperidinium
orthoceras (31); O: two specimens of Cribroperidinium sp. (31); P, Q: Pterodinium spp. (31); R—U: spores (31); V, W: spores
(32); X: Kallosphaeridium? sp. (32); Y, Z: poorly preserved dinoflagellate cysts (32); Z1: Nannoceratopsis sp. (32); Z2: paly-
nofacies of sample 32.
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Figure 2.17 The Hryzen section (photos P. Gedl): a — Toarcian black anoxic siliceous shales (sample Z41); b — Flecken-
mergel-facies spotted marly limestones (sample Z42).
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Figure 2.18 Lithology, biostratigraphy and 8§"Cyoc of the Hryzen succession with distribution of important ammonite and
calcareous nannofossil taxa (Suan et al., 2018). A — Field view of the Lower Toarcian black shale succession between 6 m
and the bottom of the section (upper right corner, overturned stratigraphical position).
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side of the Kozinsky potok Brook Valley (Kozinska
settlement), approximately 800 m east-northeast
of Zazriva Centre and 300 m east of the crossroad
Koncitd—Havranska—Kozinska (stop B22 below). The
ridge is predominantly formed by grey spotted marly
limestones that most probably belong to the middle
Lower Jurassic Krempachy Marl Formation (or Allgdu
Fm., see Fig. 2.6). In the middle part of the ridge,
there are signs of old mining attempts in black, brown
weathered Mn-bearing shales. In addition, clasts of
micaceous quartzitic sandstones and black crinoidal
limestones occur in the debris. The latter resemble
allodapic limestones occurring in the upper part of
the Szlachtowa Fm. Together with the black shale
profile in a coomb bellow the ridge (Figs 2.17 and
2.18A), we tentatively affiliate all these rock forma-
tions with the Sari$ Unit (Grajcarek Succession — cf.
Suan et al., 2018).

The black shale sequence at the washed-out bank
of the Kozinsky potok Brook on foots of Hryzen Hill
was studied by Schlogl et al. (2012) and later in detail
by Suan et al. (2018). Based on the ammonites and
calcareous nannofossils (Figs 2.18 and 2.19), the early
Toarcian age was proposed for this sequence and was
related to the Toarcian Oceanic Anoxic Event (T-OAE).

Informally, this sequence is designated as the “Hryzen
beds” in Fig. 2.6. The locality records organic-rich
sedimentation at the margin of NW-European shelf
and provides the first record of the T-OAE from the
whole Pieniny Klippen Belt (Suan et al., 2018). The
studied section is 36 meters thick and is in a strati-
graphically reversed position, with a dip of strata
oriented to the SW. The succession is affected by
tectonic complications (Fig. 2.18) consisting of minor
faults with centimeter to decimeter scale slip that do
not disturb the stratigraphy significantly, however.
The lower and middle parts of the studied section are
essentially composed of dark-grey to black and finely
laminated shales (black shales or “schistes-carton”)
interrupted by dark grey laminated siltstone-mud-
stone beds in places. Black shales are locally rich
in macrofauna, including ammonites, soft bodied
cephalopods (Schlogl et al., 2012), bivalves, crusta-
ceans and fish remains, which are mostly repre-
sented by disarticulated specimens and rare, articu-
lated ones. Marls in the upper part of the succession
show a grey colour.

Geochemicalanalyses (Suanetal.,2018) show that
the lowermost Serpentinum ammonite Zone records
high total organic carbon (TOC) contents (2 to 5 wt%)

Figure 2.19 Some important ammonite and calcareous nannofossil taxa from the Hryzer section (Suan et al., 2018). A —
Eleganticeras elegans; B and C — Hildaites gr. murleyi-levisoni; D — Eleganticeras exaratum; E — Eleganticeras sp. juv.; G
— Watznaueria fossacincta; H — Carinolithus superbus; | — Carinolithus poulnabronei; J — Lotharingius sigillatus. Scale bars

for A—E are 2 cm.
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and very low organic carbon isotope values (from
-30 to -32%o) characteristic of the T-OAE negative
carbon isotope excursion in coeval sites (Fig. 2.18).
The size of the pyrite framboids, the high S contents
independent on TOC, low sulfur isotope values (63*S
< -15%o0) and predominance of amorphous fraction
in palynofacies indicate that the deposition of this
interval took place under sulphidic and anoxic
conditions (euxinia) interrupted by brief events of
improved oxygenation. The total sulfur contents are
exceptionally high (4-12 wt%), a feature that can be
explained by enhanced syngenetic pyrite formation
due to the combination of euxinic conditions and
high export of reactive iron from suboxic porewaters
of adjacent shallower marginal sediments.
Ammonites and calcareous nannofossils provide

the base for the biostratigraphy of the black shales.
Co-occurrence of scarce Eleganticeras elegans (Fig.
2.19A) and E. exaratum (Fig. 2.19D), and common
Hildaites ex. gr. murleyi-levisoni (Fig. 2.19B, C) in the
middle part of the section indicates the early Toarcian
Exaratum Subzone of the Serpentinum Zone (Fig.
2.19). Overlying grey marls are poor in ammonites,
however Hildaites cf. subserpentinus and Harpoceras
ex. gr. falciferum indicate the Falciferum Subzone
of the late Serpentinum Zone. The first occurrence
(FO) of calcareous nannofossil C. superbus (Fig.
2.19H) marks the base of the NJ6 zone and the FO
of Discorhabdus striatus characterizes the base of
the NJ7 zone (Bown & Cooper, 1998; Mattioli & Erba,
1999).

Seven samples (Z34-Z41, P. Gedl; Figs 2.17 and

Figure 2.20 Palynology of the Hryzen section (samples Z34—42; photo: P. Gedl). Scale bar in A refers to all photomicro-
graphs except for G. A, B: Nannoceratopsis magnicornus (42); C: Nannoceratopsis sp. (42); D: Nannoceratopsis magnicor-
nus (42); E: Scriniocassis sp. (42); F: sporomorph (41); G: palynofacies of the Krempachy Marl Formation exposed in the
lowermost part of the succession studied (42); H, I: structureless organic matter dominating in shaly part of the Krem-
pachy Marl Formation exposed (41).
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2.20) collected from the overturned succession of
black Toarcian shales at the Hryzen section yielded
palynofacies dominated by amorphous organic
matter and fine palynodebris composed of land-de-
rived plant remains (cuticles, black, opaque phyto-
clasts). Palynomorphs are represented by infre-
quent sporomorphs and aquatic forms representing
acritarchs, prasinophyceans and some specimens of
uncertain origin (possibly of Dinoflagellate affinity).
Proportion of these palynofacies elements varies
from sample to sample. Cuticles predominate in
samples from the eastern part of the exposure
(234-Z37; presumably upper part of the succession?
see Suan et al., 2018), whereas amorphous organic
matter occurs in samples from the middle and
western part of exposure (238, Z41; basal part of the
succession?). Similar results were obtained by Segit
(in Suan et al., 2018), although precise correlation is
difficult due to lack of precise sample location and
tectonic disturbances.

All these data demonstrate that accumulation of
black shale from the Hryzen section took place during
Toarcian Anoxic Event in a basin influenced by terres-
trial input and stratified water column with anoxic

2.2 Pupov Zone

In the eastern segment of the Varin PKB sector,
the Pupov Zone embraces its substantial part that
stretches in a 2-3 km wide belt in the centre of the
PKB between the Havrania Zone in the north and
the westward wedging-out narrow PleSiva Zone to
the south. The easternmost part of the Pupov Zone
is obliquely cut by the Raztoky Fault (Fig. 1.16). The
zone is almost exclusively built up by the Senonian
calcareous flysch — the Pupov Formation intercalated
by variegated marlstones of the Campanian Puchov
(Gbelany) Formation. Strangely enough, this zone is
devoid of any klippen. The Pupov Zone and Pupov
Fm. are named after the broad Pupov Hill (1,096 m
a.s.l.) which dominates the PKB topography in this
region.

Unlike the bounding and internally strongly imbri-
cated Havrania and PlesSiva zones, the Pupov Zone has
a relatively simple structure with moderately north-
dipping sedimentary formations. However, according
to sole marks of turbiditic sandstones, the bedding
of the Pupov Fm. is overturned at the majority of
outcrops. This makes interpretation of the general
structure of the zone difficult, since regognizable
mesoscopic fold structures are very rare. Hence
the entire homoclinally north-dipping Pupov flysch
complex appears to be overturned due to back-tilting
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conditions at least in the bottom part. Changes of
palynofacies show some fluctuations in the oxygen
regime, from anoxic (reflected by amorphous organic
matter) to slightly better ventilated in samples where
palynodebris is preserved.

A completely different palynofacies was found in
marls that crop out in the westernmost part of the
Hryzen section. A sample Z42 from the Krempachy
Marl Formation (or Allgdu Fm.) exposed just at the
stream level yielded a very rich dinoflagellate cyst
assemblage (mainly Nannoceratopsis magnicornus).
Their presence and simultaneous lack of amorphous
organic matter points at well ventilated water column
during accumulation of this part of the Krempachy
Fm. Presence of N. magnicornus suggests the Upper
Pliensbachian age of this part of the Krempachy Marl
Fm., which is older than the Toarcian black shales
exposed above. However, the here outcropping
Fleckenmergel/Fleckenkalk-facies strata (Fig. 2.17B)
can represent an amalgamated body of similar litho-
facies of different ages, as suggested by ammonites
of the genera Dumortieria and Pleydelia collected
here by Schlogl et al. (2012), which indicate the late
Toarcian age.

and back-thrusting, whereby the whole stratigraphic
succession was probably completely back-rotated.
In our opinion, the strips of Campanian variegated
marls within the Pupov flysch (originally interpreted
as tectonic windows of the Kysuca-Pieniny Unit from
below the Manin Unit by Hasko, 1978b and Hasko
& Polak, 1979) represent sheared synclines and
indicate doubling of the Pupov Fm. Accordingly, the
Pupov Fm. occupies the central position in the PKB
syclinorium and attains the thickness of up to 1,000
metres.

2.2.1 Pupov Formation

The Pupov Formation (defined as Pupov Beds by
Andrusov, 1938, 1945) consists of several members.
The lower, Coniacian—Santonian part is composed
of monotonous flysch complex of alternating beds
of fine-grained calcareous sandstones and grey
calcareous claystones and mudstones. The turbiditic
nature of sandstones is revealed by typical features
of Bouma sequences like sporadic graded bedding,
various sole marks, current ripples, and by the
parallel or convolute lamination often accentuated
by plant debris in upper parts of sandstone beds.



Turbidite sequences grade from distal mud turbidites
with scarce thin laminae of fine-grained sandstones
to siltstones up to proximal with prevalence of
thick-bedded, occasionally amalgamated calcareous
sandstones. Bodies of pebbly mudstones and
conglomerates occur in places, which become to be
more frequent westward (e.g. Panska Luka settlement
of Terchova village). Preliminarily, we name this
typical flysch sequence as the “Velhora beds”, since
the best outcrops currently occur along new forrest
roads around massive Velhora Hill (Mravecnik, 993 m
a.s.l.) west of Terchova (Figs 1.16 and 2.21a).

The Velhora beds are overlain by the Campanian
— lower Maastrichtian, Puchov-type variegated
marlstones. In the Varin sector, these marlstones have
been termed “Gbelany beds” (e.g. Hasko & Samuel,
1977). Their thickness is estimated to about 50 metres
(Fig. 2.21c). In the Terchova area, the uppermost part
is composed of probably Maastrichtian, several dozen
metres thick shallow-water gritty siltstones used
as natural facing and sharpening stone (quarry on
Kycera Hill above Terchova; Fig. 2.21d). We designate
this sequence informally as the “Polany beds”
(named according to the Polany saddle northeast
of the KyCera quarry). The reason to choose this
name is that the term Kycera Beds, which would be
fitting better, is already formally occupied by another
sedimentary formation. Probably the youngest part
of the Pupov Fm. is exposed in the easternmost,
wedging-out part of the Pupov Zone, mainly in the
Zazrivka Brook bedrock in village Zazriva. There, the
thin-bedded to laminated, mud-rich distal turbidites
and in part bioturbated hemipelagites show the
Campanian to Maastrichtian age, but contain nanno-
plankton species of the earliest Paleogene NP1 zone
in places (see the Zazrivka bedrock section B below;
Fig. 2.21e). Preliminarily, we name these sediments
as the “Zazrivka beds”. Its thickness is difficult to
estimate; it probably reaches several hundred
metres.

There are two basic problems with the Pupov
Formation — its age and tectonic attribution to a
particular unit. Flysch formations are usually poor in
fossils; moreover, microfossils are often redeposited
from older formations. This is valid also for the Pupov
Fm., where previous biostratigraphic data are very
rare and documentations of localities or sections
are inadequate. For instance, Andrusov (1938)
attributed the Albian—Cenomanian age to the Pupov
Fm., Andrusov and Scheibner (1960) and Scheibner
(1968b) assumed the Santonian—Campanian age,
Andrusov and Samuel (1973) early Senonian, Hasko
(1977) Coniacian to early Santonian, or Hasko and
Poldk (1979) Albian to early Santonian and Potfaj et al.
(2003) Turonian—Santonian. As pointed out by Potfaj
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etal.(2003), the Pupov Fm.is lithologically very similar
to the Turonian—Santonian? SneZnica and Sromowce
formations of the Kysuca Succession, therefore their
distinguishing in the field is almost impossible. Never-
theless, our recent biostratigraphical data specified
below indicate that substantial part of the Pupov
Formation is of Coniacian—-Santonian age, but its
upper levels above the Campanian variegated marls
reach the late Campanian—Maastrichtian or even
Paleocene age.

Tectonic affiliation of the Pupov Fm. is even more
complicated problem. Considering its lithology, age
and structural position, it has no direct analogues in
the PKB structure. Andrusov (e.g. 1938) attributed
all Upper Cretaceous flysch formations of the Varin
sector to the Pieniny (Kysuca) Unit, while Andrusov
and Scheibner (1960) united all Senonian formations
of the PKB to the “third sedimentary cycle” discor-
dantly overlying various Jurassic—Lower Cretaceous
successions. Later on Scheibner (1968b) corre-
lated these sediments with the Klape Unit (Albian—
Turonian) that overrode the Kysuca Unit before
the late Santonian and then was transgressed by
the Pupov Fm. ranging up to the Danian — the view
that can be partly accepted. However, this model,
which was based on the supposed Late Cretaceous
age of the nappe overthrusting of PKB units, was
abandoned in the 1970-ties, when the concept of
“Laramian” folding as the main thrusting event in the
PKB was generally adopted (e.g. Andrusov, 1974).
Therefore, Began and Samuel (1975), Hasko (1977,
1978b), Hasko and Samuel (1977), Hasko and Polak
(1979) connected the Pupov Fm. with the Klape resp.
Manin nappe units, i.e. as the upper level of the
undivided Albian to Santonian—Maastrichtian? flysch
succession (see also Bezdk et al., 2009). The nappe
position of the Manin-Klape Unit was documented
by tectonic windows of Campanian variegated
marls (Puichov and/or Gbelany beds) affiliated with
the Kysuca Unit (e.g. Hasko, 1978b). However, we
presume that these supposed windows do not exist
and the Puchov marls overlie in a normal stratigraphic
succession the Coniacian—-Santonian Velhora beds of
the Pupov Formation. On the other hand, connection
of the Pupov Fm. with some “non-Oravic” unit (Klape
or Drietoma) as its post-thrusting, Gosau-type cover
cannot be documented either (but see stop A4
below). Therefore, the presence or absence of of
these Fatric units in the Terchova—Zazrivd area of the
PKB remains questionable.

Summing up, we presume that the lower part
of the Pupov Fm. is composed of the Coniacian—
Santonian calcareous turbiditic sandstones with
marly intercalations (Velhora beds), followed by
Campanian grey and variegated marlstones (Gbelany



beds). The uppermost sequence is composed of
probably Maastrichtian shallow-water sandstones
and siltstones (Polany beds). In turn, the youngest
hemiturbidites (Zazrivka beds) show deepening of
the sedimentary environment again. Supposedly,
the Paleocene—Middle Eocene sediments of the
Myjava-Hri¢ov Group exposed west of village Varin
around village Teplicka nad Vahom (Fig. 1.4; cf.
Samuel & Hasko, 1978), and especially the succession
described at Hradisko locality near Zilina (e.g.
Samuel, 1972; Hansen et al., 1990) might represent
the continuation of the Senonian succession of the
Pupov Fm. Furthermore, loose blocks of Paleocene
reefs (Thanetian; Bucek & Kohler, 2017) occurring
near settlement Beresici (Terchova district) described
by Scheibner (1968a) indicate the close connections
of the Pupov Fm. with the “Peri-Klippen Paleogene”
(Myjava-Hricov Group), too (see also Fig. 3.19 below).
Although not definitely clear, we consider the
Pupov Fm. as an element of the post-thrusting,
wedge-top basins associated with the Gosau Group
(cf. Plasienka & Sotak, 2015 and references therein).
If so, the Pupov Fm. might represent the upper,
post-thrusting, but still syn-orogenic sequence trans-
gressing over the Klape and/or Drietoma Unit.

2.2.2 Important field outcrops and
sections

The Pupov Formation covers quite large areas, but
good outcrops or sections are rare. These are either
bedrock exposures of incised creeks, or artificial
cuts of forest roads. In the first case, the quality of
outcrops is affected by seasonal changes, while the
road cuts are quickly destroyed by slope movements
and covered by scree and vegetation. Comparatively
good, but discontinuous exposures can be found for
instance in the Hlboké Valley NW of Vysné Kamence
settlement (Terchova, green touristic trail), along the
wriggling forest road west from the Lutiska saddle
and up the summit of Velhora (Mravecnik) Hill (993 m
a.s.l. Fig. 2.21a), forest road from Sipkovd settlement
(Struhdren stream valley, Terchova) towards SE on
the northern slopes of broad Pupov Hill, Tesna dolina
Valley between Pupovec and Pupovcek hills NW of
Dolina settlement (Zazriva), or several exposures in
the main and side stream bottoms around Raztoky
settlement (Zazriva). These belong mostly to the
Velhora beds, the latter to the Zazrivka beds (Fig.
2.21f). Then the probably best exposed profile of
the upper part of the Pupov Fm. (Zazrivka beds) is
present in bedrock exposures of the Zazrivka Brook
in Zazriva Centre (Fig. 2.21e; see the Zazrivka field
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section B below).

At all these localities, the Pupov Fm. is formed by
various parts of deep-marine turbiditic fans — from
distal sequences composed mainly of claystones
and mudstones with thin beds of fine-grained
calcareous sandstones or siltstones, through
regularly bedded sequences of alternating shales,
marls and sandstones, up to proximal, thick-bedded
sequences dominated by sandstones and containg
also conglomerated bodies in places. Stratification
is mostly steeply N-dipping, but various sole marks
indicate almost uniformly the overturned bedding.
Where available, the foraminiferal assemblages
point to the Senonian (Coniacian—Santonian to early
Campanian) age of this lower part of the Pupov Fm.
(Velhora beds). The Santonian age was confirmed also
by finding of a single specimen of bivalve Inoceramus
balticus (Fig. 2.21b). Samples for calcareous nanno-
plankton (elaborated by M. Jamrich) taken from
the bedrock and banks of the Raztoky Stream
(ZN24 — GPS N49.277974°, E19.157460° and ZN25 —
N49.286573°, E19.135053°) yielded, i.a., Campanian
to Paleocene species ?Prinsius dimorphosus,
Reinhardtites anthophorus, ?Fasciculithus sp., Eiffel-
lithus eximius, Uniplanarius trifidus, Zeugrhabdotus
diplogrammus, Reinhardstites levis. Hence this locality
would represent the Zazrivka beds.

As it follows from these scarce biostratigraphic
data, the lower Coniacian—Santonian—Campanian
part of the succession is formed predominantly
by thick-bedded, sandstone-rich turbidites, which
are gradually passing upwards into the upper
Campanian—Maastrichtian shale-mudstone
sequence (Fig. 2.21c). In the Terchova district, this
thinning- and fining-upward succession is followed
by non-turbiditic, thin-bedded or laminated, very
fine-grained gritty quartzose-calcareous sandstones
to siltstones with bivalve burrows, which indicate
shallowing of the sedimentary environment during
deposition of the Polany beds. The Polany beds of
the Pupov Formation are partially exposed around
Oblaz Hill with touristic scenic vista tower “Heart
of Terchovad” (GPS N49.261381°, E19.027762°),
but perfectly in the Terchova-Kycera quarry (GPS
N49.268612°, E19.056171°). There, the fine-grained,
in part laminated calcareous sandstones to siltstones
with uneven bedding planes and typical cm-sized
“nipples” — probably bivalve burrows — are exploited
as the facing stone, which is frequently visible on
buildings, pavements or walls in surrounding regions
(Fig. 2.21d). The finest siltstones are composed of
calcite particles sized 10-20 um and disseminated
larger (40-60 um) abrasive quartz grains. During
mining, these gritstones are selectively extracted and
then elaborated as the high-quality whetstone known
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Figure 2.21 Phototable of the Pupov Formation (photos a—e shot by D. Plasienka, f by P. Gedl): a — thick-bedded calcar-
eous turbiditic sequence of the Velhora beds (Coniacian—Santonian), northern slopes of Mraveénik Hill, $. Jézsa for the
scale; b — specimens of bivalve Inoceramus balticus and Helmintoides trace fossils, Pupov Hill (collection of A. Drengubiak,
Z4azriva); c — greenish-grey and pinkish marlstones and silty mudstones of the Campanian Gbelany beds, bedrock of the
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2.3 PlesSiva Zone

The southernmost, PleSivd Zone stretches as
about 1 km wide, W-E trending belt from Terchova
village eastward, through the Rovna hora (Podkopec)
saddle to the Demkovska settlement and further
to the Plesiva Valley and settlement of the Zazriva
district (Fig. 2.1). Its easternmost part merges with
the Havrania Zone, as the Pupov Zone wedges out
near the Zazriva centre. Both the Havrania and PleSiva
zones then continue into the N-S trending Revisné
Zone. The Plesiva Zone is distinctly fault-bounded. The
northern boundary is formed by the steeply north-
dipping backthrust of the Pupov Fm. over various
formations of the Plesivd Zone, while the southern
limit is also a steeply north-dipping backthrust of
the PleSivd complexes over the Paleogene rocks of
the CCPB. In the western part near Terchova, the
southern PKB boundary is followed also by tiny slices
of uppermost Cretaceous to Paleocene sediments
assigned to the so-called “peri-Klippen Paleogene”
or Myjava—Hricov Group (cf. Plasienka & Sotdk, 2015
and references therein).

The Plesivd Zone consists of tightly imbricated
slices of various units and formaitons, sometimes
of problematic affiliation. In the southern marginal
position, there are discontinuous lenses of the Subpi-
eniny Unit, composed of Campanian—Maastrichtian
variegated pelagic marlstones (Terchovd, Rovna hora
saddle). Another slice in the Zazriva—PleSiva area
contains also a small klippe composed of Jurassic—
Lower Cretaceous limestones described as the

2.4 Regional field sections

There are two instructive sections across the
Plesivd Zone, which have been studied in detail and
where its imbricated structure can be documented.
The first, about 1 km long section (A) is located in the
Rovna hora (Podkopec) Pass between Terchova and
Zazriva villages and transects the whole PleSiva Zone
from the southern borderline with the Paleogene
sediments of the CCPB, up to the northern boundary
against the Pupov Zone composed of the Pupov
Formation. The second section (B) is a composite one
and includes the PleSivd Zone, a part of the Pupov
Zone and a part of the Havrania Zone. It follows
the Zazrivka Brook in Zazriva village with numerous
bedrock outcrops. Besides these, the Kristofikovci
profile (C) and some other short sections or individual
outcrops provide additional information about the

Czertezik Succession by Hasko (1976). Presence of
the Pieniny Unit (Kysuca Succession) is questionable
—slices of Lower Cretaceous schistous marly spotted
limestones (Pieniny Fm.) occurring near Terchova,
Rovna hora saddle, Demkovska (Kozarikove or Janky
skalky klippen) and western ridge of Dudova Hill
south of Zazriva-Centre may well belong also to the
Sari$ Unit, or even their affiliation with the Klape Unit
(Mraznica Fm.) cannot be excluded. Nevertheless, the
flysch sandstones and polymict exotic conglomerates
occurring on the northern slopes of the Plesiva Valley
belong most probably to the SneZnica—Sromowce
Formation.

The northern strip of the Plesiva Zone, in contact
with the Pupov Zone, is characterized by slices of
some rock formations typical for the Sari§ Unit —
Lower Jurassic quartzites (Dubovské laky ridge),
micaceous black shales and sandstones of the “Black
Flysch” (Middle Jurassic Szlachtowa Fm.), grey
siliceous shales and red radiolarites (Sokolica and
Czajakowa fms), calcite-free cherry-red shales with
thin turbiditic beds of siliciclastic sandstones (Upper
Cretaceous Malinowa Fm., Pavlaskova skala Hill) and
also calcareous sandstones and breccias of possibly
(not proven yet) the Maastrichtian—Paleocene Jarmu-
ta-Proc Formation. The Malinowa Formation (Birken-
majer, 1977) with the typical DWAF biofacies (Deep
Water Agglutinated Forams like Uvigerinammina
jankoi) is very characteristic for the Sari§ Unit (Fig.
2.6).

structure of this complicated structural zone. These
sections and numerous outcrops around were
documented and sampled mainly by P. Ged|, S. J6zsa,
J. Sotdk and D. Plasienka over the last 15 years.

(A) The Rovna hora — Podkopec section

The section starts at the sheepfarm restaurant
Syrex in the Rovna hora saddle between Rozsutec and
Pupov hills and continues northward, upslope the
ridge in the direction to Pupov Hill. Several imbrica-
tions of different PKB units are occasionally exposed
along the profile. We briefly describe the lithology,
obtained biostratigraphic data and possible tectonic
affiliation of the exposed rock complexes.

Exposures within the Rovnd hora section include
artificial exposure just behind the restaurant building
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(samplas Z43-Z45; RH1-RH3), and outcrops along a
field road leading to the north (Z46-Z48). Biostrati-
graphic data were gathered by P. Ged| (dinoflagellate
cysts) and S. J6zsa (foraminifers).

STOP A1

GPS: N49.264847°, E19.104639° — outcrop just
behind the restaurant building, it was sampled when
the restaurant was constructed, nowadays this part is
not exposed (Fig. 2.22a)

The exposure showed a tectonic contact between
variegated marls (eastern part) and greenish-grey
argillaceous shales with Mn-coatings to the west
(Fig. 2.22b). Sample Z44 collected from the marly
unit 40 cm from the contact yielded black, opaque
phytoclasts only. The neighbouring sample Z43 taken
from the dark shales 50 cm from the contact yielded
rich assemblage of Aptian—Albian dinoflagellate cysts
and sporomorphs. A similar assemblage occurs in
sample Z45 (western part of the exposure). Both
samples vyielded, i.a., Cribroperidinium edwardsii,
Prolixosphaeridium, Tanyosphaeridium, Pterodinium,
Gonyaulacysta dutina, Psaligonyaulax deflandrei,
Kiokansium polypes, Cassiculosphaeridia reticulata,
Codoniella campanulata, Pseudoceratium eisenackii,
and Tenua hystrix. No Palaeohystrichophora infusori-
oides was found there; this species is widespread in
latest Albian—Late Cretaceous of the PKB (Fig. 2.23).

Samples RH1 and RH3 (S. Jézsa) taken from
reddish marls provided poorly preserved plank-
tonic, calcareous benthic and agglutinated formin-
ifers of the ?late Santonian to early Campanian
age. Among the agglutinated foraminifera, Goesella
rugosa (Hanzlikova) was found. The planktonic
foraminiferal assemblage yielded Globotruncanita
elevata (Brotzen), Globotruncana arca (Cushman),
Globotruncana lapparenti Brotzen, Globotruncana
linneiana (d'Orbigny), Archaeoglobigerina cretacea
(d'Orbigny), Archaeoglobigerina blowi Pessagno,
Heterohelix cf. globulosa (Ehrenberg), Muricohedber-
gella sp. and Macroglobigerinelloides sp. In contrast,
the sample RH2 from dark grey shales contained
only agglutinated and calcareous foraminifers of
most likely the early Albian age. Chracteristic taxa for
this age such as Spiroplectinata annectens (Parker &
Jones), Clavulinoides gaultinus (Morozova), Falsoga-
udryinella tealbyensis (Bartenstein) Bulbobaculites
problematicus (Neagu) and Osangularia schloen-
bachi (Reuss) were determined.

The Upper Cretaceous (Campanian) red and
greenish-grey, Puchov-type marlstones are typical
especially for the Subpieniny (Czorsztyn) Unit.
Tectonic assignation of mid-Cretaceous (Albian?)
dark-grey, slightly calcareous shales is unclear, they
might have been derived from the Pieniny (Kysuca) or
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Sarig Unit (Tissalo or Kapu$nica and Wronine forma-
tions), but their origin from the Klape Unit (Nimnica
Fm.) or another Fatric unit cannot be excluded either.

STOP A2

GPS: N49.266505°, E19.105575° — small quarry
near the fieldroad

Grey Lower Cretaceous limestones with subver-
tical bedding show strongly developed anastomosing
schistosity developed by pressure solution and
shearing along the foliation planes that are enriched
in insoluble dark matter. These marly limestones are
used to be identified with the Pieniny Fm. (Pieniny
Unit, Kysuca Succession), but the type of deformation
is rather typical of Fatric units (Mraznica Fm.).

STOP A3

GPS: N49.264983°, E19.104127° — steep slope
behind the restaurant

Thin-bedded pinkish and yellow-green marlstones
are deformed by mesopenetrative disjunctive to
crenulation cleavage (see Fig. 3.2 in chapter 3.1
below). Poorly preserved planktonic foraminifera
indicate their Campanian—Maastrichtian age.

Together with Upper Cretaceous variegated
marlstones exposed at stops Al and A9, these rocks
are affiliated with the Subpieniny (Czorsztyn) Unit. In
the scree above the outcrop, fragments of calcareous
sandstones similar to the Jarmuta Fm. occur.

STOP A4

GPS: N49.268415°, E19.104633° — small outcrop
at the bifurcating field road junction

This is an interesting and potentially very
important locality (Fig. 2.22c, d). Steeply N-dipping
schistous Lower Cretaceous marly limestones are
overlain by fine-grained polymict conglomerates
and calcareous sandstones. The contact resembles a
transgressive base of the Pupov Fm. (cf. next stop)
overlapping tilted and eroded Cretaceous limestones
that might belong to the Klape of analogous Fatric
unit. If so, the Pupov Formation would be a repre-
sentant of the Gosau-type sediments deposited
above the frontal Fatric nappes incorporated into the
PKB structure. This concept, though tentative and
potentially erroneous, is adopted throughout this
work.

STOP A5

GPS: N49.268749°, E19.104633° — small outcrops
in the field road

A few tens of metres uphill, yellow and willow-
greenish marls are cropping out along the abandoned
field road, occasionally with thin sandstone beds (Fig.
2.22e). The impoverished planktonic foraminiferal
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Figure 2.22 Photodocumentation of the Rovna hora section (photos a, ¢, d, g and h by D. Plasienka, b, e and f by P. Gedl):
a — presently covered defile behind the Syrex restaurant building (stop Al); b — detail from the same outcrop — tectonic
contact of the mid-Cretaceous dark shales to the left (sample Z43) and Senonian variegated marls on the right side of the
picture (sample Z44); ¢ — schistous Lower Cretaceous limestones on the right side (ImstK1) are overlain by fine-grained
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assemblage containing mostly small globular
chambered morphotypes (Heterohelix sp. and
Muricohedbergella sp.) and scarce Globotruncana
arca (Cushman) (samples D and RH4) suggest the
?late Santonian—Campanian—Maastrichtian age.

Sample Z46 yielded palynofacies composed
entirely of black, opaque phytoclasts associated
with very rare dinoflagellate cysts (Fig. 2.23). Their
uppermost  Albian—Campanian assemblage s
dominated by Palaeohystrichophora infusorioides
and characterized by bimodal preservation: P. infuso-
rioides is pale-colured and well preserved, whereas
remaining taxa, gonyaulacoids (Spiniferites, Odonto-
chitina costata, and Pterodinium) are dark-brown
and commonly worse preserved (resedimented?).
Lithology and age of these marls are compatible with
the Pupov Formation.

STOP A6

GPS: N49.270096°, E19.104649° — nowadays
mostly destroyed outcrops around and above the
unfinished cottage resort.

Various, tightly imbricated Jurassic and Cretaceous
were (2013) appearing in small weathered exposures
along the abandoned road cut, but presently are
badly exposed.

The sample Z47 taken from black shale with
sphaerosideritic concretions exposed some 25
metres behind the last cottage (Fig. 2.22f) yielded
palynofacies composed of black, opaque phytoclasts
and highly altered cuticles. Altered aquatic palyno-
morphs include foraminifera organic linings and
dinoflagellate cysts (Fig. 2.23). Presence of Phallo-
cysta and Nannoceratopsis among the latter suggests
Aalenian age of strata in question. They may belong
to the Skrzypny Shale Formation or the Szlachtowa
Formation. The micaceous sandstones of the latter
unit occur some tens metres up the road, where
highly weathered black shale crop out (barren sample
Z48 with recent contamination).

Sample RH6 (S. Jézsa) from black shales provided
microfauna commonly found in the ?Early—Middle
Jurassic calcareous benthic assemblages with
dominant ophthalmidiids and nodosarids. Similar
assemblages are reported from the Pieniny and Sari$
sectors of the Pieniny Klippen Belt (Tyszka, 1999;
Gedl| & Jbézsa, 2015). On the other hand, the red
siliceous shales (sample RH5) cropping amidst black
shales contain deep water agglutinated foraminifera

(DWAF). Scarce Bulbobaculites problematicus
(Neagu) was present in the assemblage. Without
any other index taxa, the presence of this species
suggests the Cenomanian age in the PKB (Geroch &
Nowak, 1984; Bak, 2000).

Structural association of Jurassic black shales
and micaceous sandstones (Szlachtowa Fm.) and
Upper Cretaceous red pelagic shales (Malinowa Fm.)
is characteristic of the Sari§ (Grajcarek) Unit (e.g.
Birkenmajer et al., 2008; Ged| & Jézsa, 2015; Birken-
majer & Gedl, 2017).

STOP A7

GPS: N49.272318°, E19.105216° — washout
grooves in the forest road climbing the southern
slope of Pupov Hill above Miskovci settlement
(Zazriva district).

Gently NW-dipping fine-grained laminated
calcareous sandstones with plant debris on the
bedding planes are typical rocks of the Pupov
Formation, S, 295/10.

STOP A8

GPS: N49.266852°, E19.100657° — roadcut near
Podkopec settlement (Terchova)

Subvertical Lower Cretaceous, dark grey marly
limestones with anastomozing schistosity might
belong, similarly as at stops A2 and A3, either to the
Pieniny or Mrdznica formations.

STOP A9

GPS: N49.265288°, E19.101056° — rock cliff
below the road from Rovna hora Pass to Podkopec
settlement, about 250 m WNW of the Syrex restaurant

Returning back to the southernmost rock unit of
the examined profile, Upper Cretaceous variegated
marlstones are exposed again in a large forested
rock cliff. The upper part of the outcrop is formed
by greenish-grey marlstones alternating with beds
of fine-grained calcareous sandstones to siltstones.
Bedding planes are steeply NNW-dipping, slightly
refracted cleavage is flatly lying. The southern wall
of the cliff exposes almost massive marlstones
with unusually large Zoophycos ichnofossils (Plate
2.22g). Badly preserved planktonic foraminifers like
Globotruncana arca (Cushman) and Globotruncana
spp. indicate their late Santonian—Maastrichtian
age. We assign these marlstones to the Subpieniny
(Czorsztyn) Unit, together with similar variegated

conglomerates and sandstones (csK2; stop A4); d — detail of this contact; e — Campanian—Maastrichtian calcareous shales
belonging presumably to the Pupov Fm. (stop A5, samples Z46 and RH4); f — Middle Jurassic black shales of Skrzypny or
Szlachtowa Fm. (stop A6; samples Z47, RH6) exposed in an abandoned field road scarp; g — cliffy exposure of upper Se-
nonian variegated marly limestones (stop A9) with ichnofossils Zoophycos; h — folded Paleogene flysch strata of the CCPB

near the contact with PKB, Demkovska (Zazriva district).



Figure 2.23 Palynology of the Rovna hora section (samples Z43—-48; photo: P. Gedl). Scale bar in A refers to all photo-
micrographs. A, B: Pterodinium spp. (43); C: Spiniferites sp. (43); D: Chlamydophorella sp. (43); E: Cassiculosphaeridia
reticulate (43); F: Prolixosphaeiridium inequiornatum (43); G: Prolixosphaeridium parvispinum (43), H: Tenua hystrix (43);
I: Heslertonia? sp. (43); J: spore (43); K: Codoniella campanulata (43); L, M: Cribroperidinium edwardsii? (L: 45; M: 43);
N: Cribroperidinium orthoceras (43); O, P: Palaeohystrichophora infusorioides (46); Q=S: Odontochitina costata (46); T:
Spiniferites sp. (46); U: Nannoceratopsis sp. (47); V: spore (47); W: Phallocysta elongata (47); X: Kallosphaeridium sp. (47);
Y: Nannoceratopsis sp. (47).
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marlstones appearing at the nearby stops A1 and A3.

Down the valley about 500 m east of the
Rovna hora Pass, at the entrance to village Zazriva
(Demkovska settlement) on the right bank of
Petrovsky potok Brook, there are outcrops in the
Paleogene sediments of the CCPB (GPS N49.266065°,
E19.113956°; but presently the access is difficult).
Immediately at the contact with the PKB, flysch strata
of the Huty Fm. are strongly disturbed by mesoscopic
tight to isoclinal folds with steeply N-dipping axial
planes (Fig. 2.22h). The next stop B1 exhibits similar
S-vergent fold-thrust structures in the CCPB flysch
deposits.

(B) The Zazrivka—Koncitd bedrock section

The section starts at the road crossing at the
entrance to Zazriva-Centre, follows the Zazrivka
stream bedrock exposures in the WSW—ENE direction
up to the confluence with the Kozinsky potok stream,
and then turns NW to the Koncitd Valley. It is an
integrated section through all three PKB zones in
the Zazriva area, which runs across the Paleogene
sediments of the CCPB, cuts its contact with the PKB
formations and then transects the PleSivd Zone. The
following long part is located in the Pupov Zone. At
the end of the Zazrivka bedrock section, a tightly
imbricated part represents the Raztoky Fault dividing
the Pupov and Havrania zones. Finally, outcrops of

Jurassic black shales indicate presence of the Sari$
Unit within the Havrania Zone. Biostratigraphic data
were gathered by P. Gedl (organic-walled dinoflag-
ellate cysts), M. Jamrich and E. Haldsova (nanno-
plankton), J. Sotdk and S. J4zsa (foraminifers), J. Sotak
and M. Molcan Matejova (radiolarians).

STOP B1

GPS: N49.265643°, E19.151090° — crossing of the
main road Terchova—Pdrnica with turning to Zazriva-
Centre (familiarly known as the “Satan’s crossing”)

Outcrop is composed of alternation of grey, brown-
ish-weathered fine-grained sandstones and grey
shales. They belong to the Upper Eocene—Oligocene
Zuberec flysch formation of the Central Carpathian
Paleogene Basin. Conspicuous south-vergent fold
and thrust structures (Fig. 2.24) are developed about
500 m south of the contact with the PKB. Based
on analysis of fault-slip data, Marko et al. (2005)
ascribed these deformation elements to the post-Ol-
igocene backthrusting under the NNW-SSE oriented
compression axis. Contractional deformation was
partitioned into dominating dextral transpression
in the PKB and south-vergent backthrusting in the
adjacent CCPB sedimentary formations.

STOP B2
GPS: N49.268280°, E19.150748° — bedrock of the

graded sandstone beds
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Figure 2.24 South-vergent fold and thrust structures in the Paleogene sediments adjacent to the PKB (“Satan’s crossing”
site). Irregular minute folds in the left part of the outcrop were interpreted as synsedimentary slump folds. Adopted from
Marko et al. (2005), slightly modified. S — bedding attitudes; x — fold axes.
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Zazrivka stream below the foot-bridge

Lithology: thick-bedded calcareous sandstones
and grey shales

Structure: bedding in a normal position is moder-
ately dipping towards the NE, S, 45/32, 53/40

Biostratigraphy:  calcareous  nannoplankton
indicates late Priabonian—Oligocene age;
foraminiferal assemblage of the Globigerinatheca
index Zone indicate the Late Eocene (Priabonian) age
of these sediments (sample A1; J. Sotdk), but recycled
Paleocene agglutinated foraminifera are a character-
istic feature.

Unit: Central Carpathian Paleogene Basin (CCPB),
Huty Fm.

STOP B3

GPS: N49.270738°, E19.151453° — about 80 m
upstream from the junction of the Zazrivka and
Raztoky brooks below the iron foot-bridge, house No
71-73 (Fig. 2.25a)

Lithology: grey shales with layers of graded
sandstones to conglomerates

Structure: bedding in a normal position; SO 20/35,
traces of cleavage 28/90, 200/75

Biostratigraphy: foraminiferal association of
the Globigerinatheca index Zone are mixed with
redeposited Cenomanian species (sample GZz2; S.
Jbzsa)

Analyzed samples Z1 and Z2 (P. Gedl) yielded
typical flysch palynofacies composed of terres-
trial elements: black and dark-brown phytoclasts,
cuticles and sporomorphs (mainly pollen grains).
Dinoflagellate cysts are infrequent and moderately
preserved. Sample Z1 yielded, i.a., Areosphaeridium
diktyoplokum, Operculodinium spp., Deflandrea and
guestionably determined Rhombodinium perfo-
ratum suggesting the Late Eocene (Priabonian) age.
The same age can be concluded for sample Z2, which
yielded Areosphaeridium diktyoplokum, Reticulato-
spahera actinocoronata, Deflandrea spp., and Thalas-
siphora.

Sample ZN23 (M. Jamrich) taken a dozen metres
upstream from the foot-bridge yielded calcareous
nannoplankton indicating the Late Eocene age
(?NP16—NP17: Coccolithus pelagicus, C. eopelagicus,
Cyclicargolithus floridanus, Reticulofenestra bisecta,
R. stavensis, R. umbilicus).

Unit: Huty Fm. (CCPB)

STOP B4
GPS: N49.271009°, E19.151600° — 30 m north of

stop B3, bedrock of the Zazrivka stream

Lithology: variegated marlstones

Biostratigraphy: sample 3.5 (J. Sotadk; Fig.
2.30) provided an impoverished assemblage of
?Coniacian—Santonian—Maastrichtian  foraminifers
Globotruncana arca (Cushman), G. lapparenti
Brotzen, G. stuartiformis (Dalbiez), Contusotruncana
sp. and ?Costellagerina lybica.

Unit: Pachov or Jaworki Fm., presumably the
Subpieniny Unit)

Note: Accordingly, the rather abrupt principal
tectonic boundary between the CCPB sediments
and Oravic units of the PKB Plesiva Zone should be
present between stops B3 and B4.

STOPS B5+B6

GPS: from N49.271505°, E19.152201° to
N49.272306°, E19.152633° — a defile upstream from
stop B4 up to the concrete road bridge, near houses
Nos 74, 80, 87

Lithology, biostratigraphy and structure: grey
spotted marlstones yielded Cenomanian foraminifers
of the Rotalipora cushmani Zone (sample Z3.6, J.
Sotdk: e.g. Rotalipora cf. globotruncanoides), they
occur as pebbles and blocks in an olistostrome body
(Figs 2.25b, 2.30) emplaced within Upper Creta-
ceous variegated marlstones — SO 335/40; varie-
gated marlstones exposed upstream are rich in
late Campanian Globotruncanas — Globotruncana
ventricosa (White), G. arca (Cushman), G. falsostuarti
Sigal (sample Z5, S. Jézsa) — SO 320/53; overlying
marlstones (samples 3.7 and 4.7 of J. Sotdk; Fig. 2.30)
belong to the lower—-middle Turonian with plank-
tonic foraminifera Dicarinella hagni Scheibnerova
and Praeglobotruncana oraviensis Scheibnerova;
below the concrete bridge, alternation of beds of
fine-grained sandstones up to 40 cm thick and dark
calcareous shales is cropping out; foraminiferal
abundance zone of marginotruncanids (sample 5,
J. Sotdk: Marginotruncana pseudolinneiana, M.
tarfayensis, probably the middle—upper Turonian
Sneznica Fm.) — S0 30/50; 2—3 m upstream bedding is
overturned, weak cleavage 340/55.

Age: the whole, internally imbricated sequence
is of the Late Cretaceous (Cenomanian—Turonian—
Campanian) age

Unit: there are no decisive features allowing a
direct affiliation; olistostrome bodies with Albian—
Cenomanian marlstone clasts amidst younger varie-
gated marls resemble the Zaskalie breccia known
from the Orava sector — if so, the lower part of the

and Kozinska streams, stop B21: f — Upper Cretaceous dark calcareous shales, samples Z5 on the left side and Z6 just right
from the hammer; g — Aalenian black shales (sample Z7) some 3 m right from Z5 and Z6; h — Paleogene greenish-grey

calcareous shales a few metres upstream from samples Z5-7.



Figure 2.25 Lower part of the Zazrivka section (photos a—e by D. Plasienka, f—h by P. Gedl): a — Paleogene shales of the
CCPB at stop B3; b — olistostrome body with clasts of Cenomanian marlstones, stop B5+B6; c — waterfall outcrop B7, dark
mudstones and calcarenites observed by R. Aubrecht; d —the same rocks exposed behind house Nr 102; e — medium-bed-
ded turbidites of the Pupov Fm. (Maastrichtian—Danian Zazrivka beds), stop B15; f—h section at the confluence of Zazrivka
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section probably belongs to the Subpieniny Unit,
whereas the upper part (SneZnica flysch) might
represent the Kysuca (Pieniny) Unit (Figs 2.30, 2.31)

STOP B7

GPS: N49.273417°, E19.153374° — small waterfall
bellow iron foot-bridge (Fig. 2.25c¢)

Lithology: compact grey siliceous mudstones and
fine-grained calcarenites contain microfauna very
rich in sphaerical radiolarians and lithistid sponge
spicules (samples 7 and 7.5, J. Sotak); S, 323/50

STOP B8
GPS: N49.273445°, E19.154032°; outcrop at the
slope foot behind the house Nr 102 on the opposite

11

100pm

side shows the same lithology as stop B7 (Fig. 2.25d)

Microfauna of dark silty claystones from both
localities B7 and B8 (samples Z153—156; J. Sotdk and
M. Mol¢an Matejova) contain radiolarians and scarce
foraminifers (Fig. 2.26). Nasselarian radiolarians
comprise of species Pseudodictyomitrella aff. hexag-
onata (Heitzer), Archaeodictyomicra aff. rigida
Pessagno, Parahsuum cf. carpathicus Widz and De
Wever, and Cinguloturris aff. carpathica Dumitrica.
Rare sphaerical spumellarians are represented by
Zhamoidellum aff. ovum Dumitrica. Radiolarian
microfauna is completed by protoglobigerinid
foraminifers (Globigerina bathoniana — helvetoju-
rassica group) and large nodosariid foraminifers such
as Lenticulina muensteri (Roemer) and Lenticulina

20pm

Figure 2.26 Radiolarian and foraminiferal microfauna from the dark shale formation (Szlachtowa Fm.?) in Zazriva village
(samples 153-156): 1, 2- Pseudodictyomitrella aff. hexagonata (Heitzer); 3, 4 — Archaeodictyomicra aff. rigida Pessagno;
5, 6 — Parahsuum cf. carpathicus Widz and De Wever; 7 — Cinguloturris aff. carpathica Dumitrica; 8, 9 — Zhamoidellum
aff. ovum Dumitrica; 10 — Globigerina gr. bathoniana; 11 — Lenticulina muensteri (Roemer); 12 — Lenticulina cf. toarcense

Payard.
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cf. toarcense Payard. The assemblage of radiolarian
species provides stratigraphic data for the Middle
Jurassic age of the formation (cf. OZvoldova, 1988,
1998; Rakus & Ozvoldova, 1999; OzZvoldova &
Frantova, 1997; O'Dogherty et al., 2017). This is also

confirmed by the presence of bathoniana group of
planktonic foraminifera and nodosariid species of
benthic foraminifera (Hart et al., 2012; Ged| & Jdzsa,
2015; Tyszka, 1994; Hendriques & Canales, 2013).
Aalenian—Bajocian age of the dark claystones corre-

‘
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Figure 2.27 Palynology of samples from house 102 in Zazriva (samples Z153-157; photo: P. Gedl). Scale bar in A refers
to all photomicrographs except for E, F and N. A: Nannoceratopsis sp. (156); B, C: Batiacasphaera sp. (156); D: Dissil-
iodinium giganteum (156); E: palynofacies of sample 154; F: palynofacies of sample 153; G, H: Pterodinium cingulatum
(157); I Palaeohystrichophora infusorioides (157); J, K: Subtilisphaera? spp. (157); L: Odontochitina sp. cf. rhakodes; M:
Pervosphaeridium sp. (157); N: palynofacies of sample 157.

L o 500 pm
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Figure 2.28 1-6 Foraminiferal microfauna of variegated claystones of the Malinowa Fm. from stop B9 in the Zazrivka sec-
tion (sample Z143a): 1-3: Uvigerammina jankoi (Majzon); 4: Caudammina gigantea (Geroch); 5: Recurvoides cf. nucleolus
(Grzybowski); 6: Karrerulina coniformis (Grzybowski). 7-9 Upper Cretaceous microfauna of the Malinowa Fm. from stop
B10 the Zazrivka section (sample Z148): 7: Uvigerammina jankoi (Majzon); 8: Caudammina ovulum (Grzybowski); 9: Am-
modiscus glabratus Cushman & Jarvis. 10-12 Agglutinated foraminifera from grey marlstones of the flysch sequence from
stop B10 (sample Z145): 10: Bathysiphon gerochi Myatlyuk; 11: Haplophragmoides walteri (Grzybowski); 12: Recurvoides

cf. nucleolus (Grzybowski).

sponds to the Szlachtowa Formation, presumably its
upper part.

Benthic foraminiferal association from samples
Z-7 and Z-9 (S. J6zsa) contains rather non-indicative,
but likely Middle Jurassic assemblage Lenticulina spp.,
Nodosaria sp., Prodentalina ? spp., Rhabdammina sp.,
Hyperammina ? sp., Planularia sp., Ichtyolaria ? sp.,
Spirillina sp. and/or Cornuspira sp., Saccammina sp.,
Rhabdammina sp., Trochammina sp., Ammodiscus
sp., Glomospira charoides, Glomospira gordialis
(Jones & Parker) and cores of biserial agglutinated
foraminifera (Textularia ? agglutinans d’Orbigny).

Samples Z153-156 contain dinoflagellate cysts
of the early Bajocian age (Fig. 2.27), based on the
presence of Dissiliodinium giganteum. Although
all samples yielded large amounts of palynological
organic matter, their composition differs from sample
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to sample. Sample 156 yielded frequent cuticles and
dark palynodebris, frequently in a form of elongated
phytoclasts, and common dinoflagellate cysts repre-
sented mainly by Batiacasphaera. Palynofacies of
sample 155 is characterized by increased proportion
of black, opaque phytoclasts and higher ratio of
dinoflagellate cysts represented by Dissiliodinium
giganteum. Sample 154 yielded, in turn, increased
proportion of cuticles and less frequent dinoflag-
ellate cysts, which appear to be a dominant element
in sample 153. In the latter sample, predominating
dinoflagellate cysts are represented by mass-occur-
rence (an acme) of Dissiliodinium giganteum.

The Middle Jurassic age is supported by nanno-
plankton samples ZN21 and 22 (M. Jamrich). These
yielded Watznaueria fossacincta, W. barnesiae, W.
contracta/Lotharingius, Carinolithus magharensis,



Cyclagelosphaera margerelii, and Discorhabdus
striatus. The assemblage indicates most likely the
Bajocian age.

Unit: although the lithology is not typical,
presumably these rocks represent the upper part of
the Szlachtowa Fm. of the Sari§ Unit.

STOP B9

GPS: N49.275028°, E19.154948°; small oucrop
at the left bank of the Zazrivka stream opposite to
house Nr 129 exposes alternation of red and black
shales

The soft red claystones (sample Z143a; J. Soték)
contain rich microfauna of agglutinated foraminifera
with Uvigerammina jankoi (Majzon; Figs. 2.28, 2.30),
which is a marker species of the Turonian forma-
tions (Morgiel & Olszewska, 1981; Bubik, 1995;
Olszewska, 1997; Neagu, 2011). The association of
Uvigerammina-bearing claystones is completed by
species Caudammina gigantea (Geroch), Karrerulina
coniformis (Grzybowski), Hormosina crassa Geroch,
Recurvoides cf. nucleolus (Grzybowski) and Ammov-
ertelina aff. irregularis (Grzybowski). Considering
such microfauna, the variegared Turonian claystones
belong to the Malinowa Fm. Of the Sari§ Unit.

Sample Z143b (P. Gedl) was taken from very soft,
black intercalations within the red shale. Sample
yielded large amounts of palynological organic
matter composed of very well preserved, immature
particles including both terrestrial (i.a., sporomorphs)
and marine palynomorphs (Fig. 2.29). The latter are
dinoflagellate cysts and foraminifera organic linings.
Assemblage of the former is dominated by Dissiliod-
inium specimens with subordinate Nannoceratopsis
(incl. N. dictyambonis) and rare Phallocysta elongata.
The age of this assemblage is likely late Aalenian. The
age of the sample and its lithology corresponds to
the Skrzypny Shale Formation.

STOP B10

GPS: N49.275777°, E19.156487°; slope cut along
the asphalt field road from Zazriva-centre towards SE
towards the Dudova ridge, behind the bridge opposite
the church; this outcrop was added after this road cut
was cleaned in summer 2020 and exposed previously
unrecognized rocks

Lithology: the lower part of the section shows
a steeply N-dipping (S, 350/72) flysch sequence of
bedded sandstones with fine mica flakes and thin
seams of black shales are exposed; higher up behind
the road curve cherry-red shales and greenish silici-
clasic sandstones are cropping out in the washed-out
groove

Sample Z145 (J. Sotdk, Fig. 2.28) from the flysch
sequence yielded the Upper Cretaceous foraminiferal
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association comprising species Haplophragmoides
watersi (Grzybowski), Bathysiphon geochi and Recur-
voides cf. nucleosus (Grzybowski).

Samples Z144-147 (P. Gedl) were taken from
very thin shale intercalations that occasionally occur
among the sandstone beds. These are soft, dark
shale, some with frequent mica flakes. Sample 144
(taken from southernmost part of the exposure),
which contain very frequent mica flakes vyielded
palynofacies composed entirely of large amount of
terrestrial elements, including large-sized cuticles.
A terrestrial palynofacies (mainly black phytoclasts)
was found in sample 145, but this sample yielded
also very rare dinoflagellate cysts including very well
preserved specimen of Palaeohystrichophora infuso-
rioides. The third sample from the northern part of
the exposure studied (Z146) yielded a similar palyno-
facies and more frequent dinoflagellate cysts. The
latter show variable preservation stage ranging from
very well preserved to highly damaged. Among deter-
minable forms Odontochitina dilatata? (O. diducta?),
Spiniferites sp., Palaeohystrichophora infusorioides,
Pervosphaeridium sp., Litosphaeridium conispinum,
Odontochitina porifera?, and a few Dissiliodinium
specimens, which are likely reworked from Jurassic.
Sample Z147 from the northernmost part of the
exposure of the flysch sequence yielded very low
amounts of palynological organic matter with no
dinoflagellate cysts. Dinoflagellate cysts found in
samples Z145 and Z146 clearly show the Upper
Cretaceous age of the strata exposed. Presence
of both Odontochitina species, if properly deter-
mined, suggest Coniacian—Santonian age. An older,
uppermost Albian—Cenomanian dating can be based
on the presence of Litosphaeridium conispinum
(together with P. infusorioides).

The variegated claystones with thin greenish
sandstone intercalations (sample Z148, J. Sotdk;
Fig. 2.28) are poor in agglutinated foraminifera,
which involve species Uvigerammina jankoi
(Majzon), Ammodiscus glabratus Cushman & Jarvis,
Caudammina ovulum (Grzybowski), Recurvoides
cf. nucleolus (Grzybowski) and Karrerulina sp. The
bulinimiform morphology of Uvigerammina indicates
the Upper Turonian—Coniacian age of the Malinowa
Formation at this locality.

Red pelagic shales with thin beds of greenish-grey
quartzose sandstones occur also in a debris higher
up along the road and then widely aroun Pavlaskova
skala Hill (GPS N49.275471°, E19.190677°).

Unit: lithology and age of the flysch sequence in the
lower part of the section would indicate its possible
assignemet to the Haluszowa Formation, while varie-
gated shales correspond to the Malinowa Formation,
both representing typical members of the Sari§ Unit.
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STOP B11

GPS: N49.277974°, E19.157460°; Zazrivka bedrock
ca 200 m upstream from the Zazriva centre (north
from the bridge opposite the church)

Lithology: grey claystones

Structure: monoclinal strata S,340/75

Biostratigraphy: Nannoplankton samples ZN9
and ZN10 (M. Jamrich) provided taxa pointing to the
latest Cretaceous to earliest Paleocene age (?Prinsius
sp., Cribrocorona gallica, Calculites obscurus);
foraminiferal sample (J. Sotdk; Figs 2.30, 2.32)
contains planktonic and lower bathyal to abyssal
benthic foraminiferal assemblage indicating the
Paleocene age (Morozovella subbotinae, Acarinina
soldadoensis, Subrheophax pseudoscalaris, Nuttal-
lides trumpyii).

Unit: Pupov Fm. (Zazrivka beds)

STOP B12

GPS: N49.278556°, E19.157861°, Zazriva -
Zazrivka bedrock, 30 m upstream from stop B11

Lithology: prevalence of grey claystones and
mudstones, thin beds (1-3 cm) of fine-grained distal
turbiditic sandstones

Structure: monoclinal strata SO 345/80 with
normal succession, metric fold with limbs 310/63 vs.
190/80, fold axis 270/80; farther upstream S, 18/36,
330/65 (cf. Fig. 3.3 below)

Unit: Pupov Fm. (Zazrivka beds)

STOP B13
GPS: N49.278778°, E19.158389°; Zazrivka left
bank, bedrock ca 25 m above from stop B12
Lithology: grey claystones, thin distal turbiditic

sandstones

Structure: strata are folded — overturned, SO
generally 350/60, weak cleavage 20/85; two fold
systems — 1) axes SW—NE with steep axial planes and
2) with axes NW-SE (cf. Fig. 3.3).

Biostratigraphy: Samples 9, 11 and 13 (J.
Sotdk) taken between stops B9 and B12 provided
Campanian—Maastrichtian planktonic foraminifers
Globotruncana ventricosa, Globotruncana cf. arca,
G. linneiana, G. lapparenti, Globotruncanita elevata
(Figs 2.30, 2.32)

Unit: Pupov Fm. (Zazrivka beds)

STOP B14

GPS: N49.279518°, E19.159183°; Zazrivka left
bank, bedrock downstream of red/yellow metal road
bridge, wooden house No 239

Lithology: grey claystones, thin distal turbiditic
sandstones; S, 20/50

Biostratigraphy: only agglutinated foraminifera
without any stratigraphical importance were washed
out from the sample GZ3 (S. Jézsa). Sample ZN7
(below the bridge; M. Jamrich) yielded, i.a. the Lower
Paleocene forms ?Prinsius sp. and P. martini, and
sample ZN8 (wooden house) the uppermost Creta-
ceous species Lithraphidites quadratus (CC25—CC26).

Unit: Pupov Fm. (Zazrivka beds)

STOP B15

GPS: N49.27975°, E19.159472°; Zazrivka bedrock
below and 20 m above the red/yellow metal road
bridge (Fig. 2.25€)

Lithology: distal flysch — grey slightly calcareous
claystones, thin turbidite sandstone beds to 25 cm

Figure 2.29 Palynology of the localities B9 and B10 (samples Z143—-147; photo: P. Gedl). Scale bar in A refers to all photo-
micrographs except for I, J and W. A: palynofacies of sample 143; B: foraminifera organic lining (143); C: palynofacies of
sample 143; D: Phallocysta elongata (143); E: Nannoceratopsis gracilis (143); F: Nannoceratopsis dictyambonis (143); G:
Dissiliodinium psilatum (143); H: Dissiliodinium lichenoides (143); I: palynofacies of sample 144; J: palynofacies of sam-
ple 145; K: Spiniferites ramosus (146); L, M: Palaeohystrichophora infusorioides (L: 145; M: 146); N, O: Spiniferites spp.
(146); P: Litosphaeridium conispinum (146); Q: Palaeohystrichophora infusorioides (146); R, S: Odontochitina dilatata? (O.
diducta?) — the same specimen, various foci (146); Pervosphaeridium sp. (146); U, V: Odontochitina porifera? (the same
specimen, various foci; 146); W: palynofacies of sample 146 with a specimen of Odontochitina dilatata? (O. diducta?) in
the centre.

Figure 2.30 (next page) Stratigraphic subdivision of the lower part of the Zazrivka bedrock section based on lithological
logging and high-resolution biozonation (mainly after J. Sotak). Not to scale, the column represents the lower, ca 1.5 km
long part of the Zazrivka bedrock section. Szlach. — Szlachtowa Fm.; Mal. — Malinowa Fm.; Hal. — Haluszowa Fm.

Figure 2.31 (next page) Selected Upper Cretaceous and Paleogene nannoplankton species from the Zazrivka beds (stops
B15 and B17; reproduced from Rapanovd, 2006). Sample 1a: 1 — Ahmuellerella octoradiata; 2 — Watznaueria barnesae;
3 — Braarudosphaera bigelowii; 4 — Cylindralithus biarcus; 5 — Micula sp.; 6 — Micula staurophora; 7 — Cyclicargolithus flor-
idanus; 8 — Watznaueria barnesae; 9 — Neocrepidolithus sp.; 10 — Chiastozygus sp.; 26—27 — Reinhardithes anthophorus;
28 — Placozygus sigmoides; 29-30 — Litraphidi tesquadratus. Sample 1b: 5— Biantholithus sparsus; 6 — Watznaueria barne-
sae; 7 — Biantholithus sparsus; 8 — Neocrepidolithus sp.; 9 — Hexalithus gardetae; 10 — Ceratolithoides aculeus. Sample 2:
16 — Watznaueria barnesae; 17 — Prediscosphaera cretacea; 18 — Nannoconus sp.; 19 — Prinsius bisulcus; 20 — Tranolithus
gabalus; 21 — Tranolithus orionatus; 22 — Fasciculithus sp.; 23 — Neochiastozygus junctus; 24 — Zeugrhabdotus sp.; 25—26
— Eiffelithus gorkae; 27—-28 — Prediscosphaera cretacea.
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thick at some 5 m thickness distance

Structure: overturned bedding, lower part SO
5/40, 20/70, upper part SO 330/80 with mesopene-
trative disjunctive cleavage 270/90

Biostratigraphy: Two samples Z3 and Z4 (P. Gedl)
taken from the Pupov Fm. yielded similar palyno-
facies typical for the Late Cretaceous composed of
black, opaque phytoclasts. Rarely, highly altered
dinoflagellate cysts occur; Spiniferites and reworked
Nannoceratopsis were found in sample Z3.

Poorly preserved planktonic forams occurring
in sample GZ4 (S. Jézsa) indicate the ?late
Santonian—Maastrichtian age based on the occur-
rence of Globotruncana linneiana (d’Orbigny)
and Globotruncana arca (Cushman). The benthic
assemblage yielded Rectoprotomarsonella rugosa
(Hanzlikova).

Calcareous nannoplankton from this locality
points to the Late Cretaceous (Campanian
Maastrichtian) age either, but some forms indicate
reaching the Paleocene (e.g. Cyclicargolithus flori-
danus, Neocrepidolithus sp.). The K/T boundary
interval NP1 was detected by Biantholithus sparsus
Bramlette & Martini (determined by E. Haldsova,
presented in the Master thesis of Rapanova, 2006;
Fig. 2.31, samples 1a, 1b). New samples ZN1-ZN6
(M. Jamrich) were taken each ca 5 m o thickness
and confirmed the presence of Campanian species
(zone CC22 or younger — Eiffellithus eximius, Lithas-
trinus grillii, Prediscosphaera cretacea, Watznaueria
barnesiae) and earliest Paleocene forms (zones NP1—
NP2: Biantholithus sparsus, Cruciplacolithus primus,
Prinsius dimorphosus, Prinsius sp., P. martini).

Unit: Pupov Fm. (Zazrivka beds).

STOP B16

GPS: N49.280361°, E19.160833°; Zazrivka bedrock
upstream

Lithology: alternation of packets with prevalence
of claystones and thin-bedded flysch with sandstones
and sandy limestones (beds 1-10 cm) vs. claystones
1:1

Structure: overturned succession (hieroglyphs on
northern sufaces) S,358/85, 8/80, 0/50 .

Biostratigraphy: Only agglutinated foraminifera
without any stratigraphical importance were washed
out from the samples.

Unit: Pupov Fm.

STOP B17
GPS: N49.280833°,E19.161222°; Zazrivka bedrock
below two foot-bridges near houses 262-264.
Lithology: overturned distal flysch, upstream
prevalence of sandstones over claystones, S0 335/75
Biostratigraphy: Foraminifers of the Abatomphalus
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mayaroensis Zone indicate late Maastrichtian; nanno-
plankton consists of 95% of the Upper Cretaceous
and 5% of the Paleocene forms (Fasciculithus sp.,
Neochiastozygus junctus, Prinsius bisulcus — Haldsova
in Rapanova, 2006; Fig. 2.31, sample 2); new samples
ZN11-15 for nannoplankton (M. Jamrich) were taken
each 5 m of thickness and provided upper Senonian
taxa of zones CC22 to CC25 (e.g. Cribrocorona gallica,
Calculites obscurus, Reinhardtites levis, Eiffellithus
eximius).
Unit: Pupov Fm. (Zazrivka beds)

STOP B18

GPS: N49.281917°,E19.165194°; Zazrivka bedrock
near the road-bridge with red/white handrails

Lithology: prevalence of claystones over
sandstones 2:1, beds of sandy limestones with trace
fossil Paleodictyon

Structure: overturned bedding S, 340/85

Biostratigraphy: Only agglutinated foraminifera
without any stratigraphical importance were washed
out from the samples.

STOP B19

GPS: N49.281724°,E19.165345°; Zazrivka bedrock
ca 150 m above stop B18

Lithology: prevalence of sandstones (20-30 cm)
over claystones 5:1, S, 315/55, 5/80

Age: Late Cretaceous

STOP B20

GPS: N49.281917°, E19.168056°; right bank
of Zazrivka some 50 m below the confluence of
Havransky and Kozinsky streams, opposite a house
on the other side of the stream (Fig. 2.33)

Lithology: predominance of sandstones and then
claystones in the upper part, S, 333/59, 0/75

Biostratigraphy: Sample ZN19 (M. Jamrich) yielded
Campanian (zone CC22) nannoplankton forms Eiffel-
lithus eximius, Uniplanarius trifidus.

Unit: Pupov Fm.

STOP B21

GPS: around N49.282111°, E19.168667°; defile
at the right bank of Zazrivka at the confluence with
Kozinsky potok stream — the “mélange zone”

Lithology and biostratigraphy: This outcrop
is located at a very vulnerable place exposed to
frequent changes due to water erosion during the
river highstands. At the same time, it is located in a
structurally extremely complicated position (even in
frame of the PKB); just within a wide shear zone at
the junction of the WNW-ESE trending Raztoky Fault
with its branching feathers striking NNW-SSE (Fig.
1.16). We have visited and documented this about
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Figure 2.32 Sketchy cross-section through the junction zone of the CCPB and PKB units near Zazriva village with character-
istic foraminiferal species (J. Sotak). The SW—NE trending section along the Zazrivka stream follows stops of the excursion B
route (red marks) and some documentation points aside (green) where there are no outcrops in the Zazrivka bedrock. Not
to scale. The section is about 1 km long. Legend: 1 — turbidite sequence of medium-bedded sandstones and mudstones
of the Central Carpathian Paleogene Basin; 2—4 Pupov Formation: 2 — grey mudstones and distal turbiditic sandstones
(Maastrichtian—Danian, Zazrivka beds), 3 — fine-grained turbidites with laminated claystones and thin-bedded sandstones
(Campanian—Maastrichtian), 4 — medium- to thick-bedded calcareous turbidites (Coniacian—Santonian) and variegated
marlstones (Campanian); 5-6 Pieniny Unit : 5 —variegated hemipelagic marlstones (lower Turonian, Kysuce Fm.), 6 — marly
sequence with medium- to thick-bedded turbiditic sandstones (middle Turonian, Sneznica Fm.); 7-10 Subpieniny Unit
(Jaworki or Puchov Fm.): 7 — variegated marlstones (Santonian—Maastrichtian), 8 — calcareous olistostrome body with
fragments of Cenomanian marlstones (Zaskalie breccias); 9-11 — Sari$ Unit: 9 — dark siliceous marlstones, mudstones and
fine-grained calcarenites (early Middle Jurassic, Szlachtowa Fm.), 10 — red pelagic shales (Upper Cretaceous, Malinowa
Fm.), 11 — calcareous sandstones and black shales (Upper Cretaceous, Haluszowa Fm.). Fossil images: a — Globigerinatheka
index; b — Globotruncana arca; c — Rotalipora globotruncanoides; d — Dicarinella hagni; e — Praeglobotruncana oraviensis;
f — Marginotruncana angusticarenata; g — Morozovella subbotinae; h — Globotruncana linneiana; i — Globotruncana ven-
tricosa; j— Globotruncana lapparenti; k — Globotruncanita elevata.
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PUPOV FORMATION

15-20 metres long section repeatedly during several Z51 (dark greyish-black, poorly calcareous shales)
years and each year it looked differently — some rock collected from the black radiolarites “br” yielded
units disappeared and others have cropped out. palynofacies composed of black, opaque phytoclasts
A mixture of slices and chips of sedimentary rock and poorly preserved, dark-brown dinoflagellate
formations of diverse lithologies and ages reminds a cysts (Fig. 2.34). Among the latter Ctenidodinium
tectonic mélange that was likely formed by recurring sp. and Compositosphaeridium polonicum could be
along-strike slipping within the Raztoky and related determined suggesting Callovian—Oxfordian age.
fault zones. The general situation is sketched in Fig. Thus the black radiolarites represent the Sokolica
2.33. Unfortunately, the last inspection in July 2020 Radiolarite Formation, the red ones may represent
revealed that most of rock units described below are the Czajakowa Fm. Black radiolarites are coated by
no more exposed. soft, weathered, greenish-black calcareous shales

Detailed description (integration of different (Z52). These yielded, in turn, very rare dinoflag-
states of the outcrop during years 2004, 2006, 2013, ellate cysts represented by Nannoceratopsis spp. and
2014) from the SW towards the NE: associated by an acritarch Veryhachium and frequent

(i) Bedrock outcrops of red radiolarites (abbre- spores. Their presence suggests the late Early — early
viated as “rr” in Fig. 2.33), which pass to lenses Middle Jurassic age of the assemblage being compa-
of black radiolarites towards upstream. Sample rable to the one from sample Z7.
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(ii) About 5 metres thick body or layer of brown-
ish-black, fine-grained sandstones rich in tiny mica
flakes underlain by black shales resemble sediments
of the “Black Flysch” (“bf”), i.e. the Szlachtowa
Formation. However, the underlying dark grey
calcareous shales (sample ZN17, M. Jamrich) yielded
Paleocene taxa Coccolithus pelagicus, Sphenolithus
sp., ?Fasciculithus sp., ?Markalius apertus, ?Biantho-
lithus sparsus.

(iii) Body of firmly lithified pebbly conglomerate
(1-2 m) with perfectly rounded exotic pebbles (grani-
toids, rhyolites) up to 5 cm in diameter (“ec”

(iv) Samples Z5 and Z6 (P. Gedl) were collected
from marlstones and calcareous shales (“uc”).
Sample Z5 (pale-grey-greenish, spotty, calcareous
shale) yielded palynofacies characteristic for pelagic/
hemipelagic rocks composed almost entirely of black,

opaque phytoclasts. Dinoflagellate cysts are rare,
less than 1%, the most frequent are Pterodinium
and Spiniferites. Neighbouring sample Z6 30 cm
apart (black, hard, poorly calcareous shale) yielded
palynofacies that differs by almost 50% ratio of
pollen grains and higher frequency of dinoflagellate
cysts. Among the latter Pterodinium is most frequent
(with subordinate Spiniferites and other gonyaula-
coids like Florentinia). Both samples represent Upper
Cretaceous hemipelagic deposits. Presence of Litos-
phaeridium siphoniphorum in sample Z5 indicates
the late Albian — earliest Turonian age of its assem-
blage. A similar palynofacies, but with much rarer
dinoflagellate cysts, was found in the Pupov Beds
exposed a few hundred metres down the Zazrivka
Stream (samples Z3 and Z4; stops B11-13).
Impoverished foraminiferalassemblage containing

house courtyard

Figure 2.33 Schematic depiction of the defile at stops B20 and B21: a— bird-eye view of the situation at the Zazrivka — Koz-
insky potok streams junction; b —idealized sketch of the defile (stop B21) with the bedding attitudes and sample locations
(red elipses for positive dinocyst samples, blue for foraminiferal and green for nannoplankton samples). The scale is ap-
proximate. Abbreviaitons: pf — Pupov Formation; rr — red radiolarites (Upper Jurassic Czajakowa Fm.); br — black radiolar-
ites (Middle—Upper Jurassic Sokolica Fm.); uc — dark grey calcareous shales (Upper Cretaceous); bf — black shales (lower
Middle Jurassic Szlachtowa or Skrzypny Fm.); ps — Paleocene—Eocene dark grey shales and sandstones; mt —megaturbidite
bed; fm — dark grey spotted marlstones and limestones (Fleckenmergel, Lower Jurassic Allgdu Fm.); rg — river gravels.

Figure 2.34 Palynology of the “mélange zone” at the confluence of the Zazrivka and Kozinska streams (samples 75-8,
750-53; photo: P. Gedl). Scale bar in A refers to all photomicrographs. A: Subtilisphaera sp. (5); B, C: Pterodinium spp. (5);
D: Spiniferites sp. (5); E: Litosphaeridium siphoniphorum (5); F: Odontochitina operculata (5); G: Deflandrea sp. (53); H:
Glaphyrocysta sp. (53); |: Thalassiphora delicata (53); J: Carpathodinium sp. A (=? Evansia eschachensis; 7); K: Apectodini-
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um sp. (53); L: Homotryblium sp. (53); M: Rhombodinium sp. (53); N: Phallocysta elongata (7); O: Nannoceratopsis sp. (7);
P: Apectodinium paniculatum (8); Q: Apectodinium hyperacanthum (8); R: Homotryblium sp. (8); S: Apectodinium sp. (8);
T: Areoligera sp. (8); U: Nannoceratopsis sp. (50); V: Compositosphaeridium polonicum (51); W: Ctenidodinium? sp. (51);
X: Nannoceratopsis sp. (52); Y: Scriniocassis sp. (50); Z: Veryhachium sp. (52); Z1: Valvaeodinium sp. (50).
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scarce and poorly preserved planktonic foraminifera
resembling Globotruncana spp. or Marginotrincana
spp. in samples GZ5 and GZ6 (S. Jézsa) indicate their
?middle Turonian — late Santonian — Maastrichtian
age. A more precise age might be suggested by the
presence of Caudammina gigantea (Geroch) among
the agglutinated foraminifera, which is typical for the
early Campanian in the PKB (Bgk, 2000), but occurrs
up to the Maastrichtian in the External Carpathians
(Geroch & Nowak, 1984).

(v) Black to dark-grey-greenish, calcareous shale
(sample Z7) exposed 3 metres up the stream from
samples Z5 and Z6 (and below sample Z53) yielded
an Aalenian (presumably late Aalenian) dinoflagellate
cysts assemblage including, i.a., Nannoceratopsis
evae, Phallocysta elongata and Carpathodinium sp.
A. Its palynofacies is dominated by altered phyto-
clasts; excellently preserved aquatic palynomorphs
are represented by dinoflagellate cysts dominated by
Phallocysta (acme) and organic foraminifera linings.
These shales represent most likely the Szlachtowa
Formation (“bf”).

(vi) A different age is suggested for soft, dark-grey-
greenish, calcareous shale (Z53; “ps”) exposed a few
metres above samples Z5-6 and Z7. Sample Z53
yielded palynofacies composed almost entirely of
terrestrial palynodebris with high ratio of cuticles.
Among them occur rare and moderately preserved
dinoflagellate cysts representing, i.a., Rhombod-
inium, Thalassiphora delicata, Polysphaeridium, and
Areoligera (Fig. 2.34). Their presence suggests most
likely the Early Eocene age of these shales. Reworked
Jurassic genus Nannoceratopsis was also found there.

(vii) The following sample Z8 was collected some
metres upstream, above the confluence of the
Zazrivka and Kozinska streams. Dark-grey, calcareous
shale collected below a 20-cm thick sandstone layer
yielded a latest Paleocene — earliest Eocene dinoflag-
ellate cyst assemblage including, i.a., Apectodinium
paniculatum, A. quinquelatum, and A. hypera-
canthum. Palynofacies of this sample is dominated
by black, opaque and dark-brown phytoclasts (up
to 80%) and cuticles. Dinoflagellate cysts are poorly
preserved, among them Apectodinium spp., Areol-
igera, Deflandrea, Glaphyrocysta and Homotryblium
could be determined (Fig. 2.34).

(viii) A 3.5-4 m thick subvertical megaturbidite
layer with graded bedding (“mt”) — the base in the
north contains limestone clasts, fining upward upper
part shows convolute bedding and frequent plant
remnants; S, 175/80.

(ix) The northern part of the profile upstream
Zazrivka (Fig. 2.33) beyond the megaturbidite bed is
composed of dark-grey marlstones and limestones
with black spots of the Felckenmergel facies (“fm”).
The sample Z50 collected some 12 metres up the
stream from sample Z8 yielded rare dinoflagellate
cysts and palynofacies composed almost entirely
of black, opaque phytoclasts. Dinoflagellate cysts
present (Nannoceratopsis, Valvaeodinium? sp.,
Scriniocassis sp.), and lack of Phallocysta suggest the
Toarcian age. However, sample ZN16 a few metres
upstream provided Upper Cretaceous nannoplankton
species Calculites obscurus, ?Marthasterites furcatus,
Quadrum gartneri. It is possible that lithologically
similar Jurassic and Cretaceous sediments are imbri-
cated here again.

Unit: tectonic mixture of various rock units —
except of the block of exotic conglomerates and the
Paleogene rocks in the middle part of the section,
both of unknown provenance, the other imbricated
Jurassic and Cretaceous formations probably belong
to the Sari§ Unit.

STOP B22

GPS: N49.283874°, E19.169101°; slope cut behind
the house No 314 at the road crossing — turning to
Koncita Valley

Lithology: brownish-black calcareous shales with
sphaerosiderite concretions and “posidonia” (Bositra
buchi) imprints (Fig. 2.353, b); S, 220/70

Biostratigraphy: Samples Z29-Z11 vyielded palyno-
facies dominated by black, opaque phytoclasts
(70-90%), cuticles, sporomorphs, phytoclasts, and
aquatic palynomorphs. The latter are represented
mainly by dinoflagellate cysts — Nannoceratopsis
spp., Phallocysta elongata and Kallosphaeridium spp.
Presence of, i.a., Nannoceratopsis evae in sample Z10
suggest middle—upper Aalenian age of the exposed
strata (Fig. 2.36).

Unit: Skrzypne or Szlachtowa Fm., most probably
the Sari$ Unit

Figure 2.35 Upper part of the Zazrivka—Koncitd bedrock section (photos a, b and f-h by P. Gedl, c—e by D. Plasienka): a —
black shales with pelocarbonate concretions and layers, Aalenian Srzypny Fm., stop B22; b — “posidonias” (Bositra buchi)
at stop B22; ¢ — mid-Cretaceous spotted marlstones (samples 712, ZN20), stop B23; d — black shales with micaceous
sandstone beds (samples Z13-14), Szlachtowa Fm., stop B24; e — “Zazriva beds” type locality (stop B26), black shales with
limestone blocks, Skrzypny Fm.; f — black shales with asphaltite coatings (sample Z16), Skrzypny Fm.; g — Middle Jurassic
succession of dark spotted siliceous marlstones and radiolarites (sample Z19, stop B27); h — mid-Cretaceous dark calcare-

ous mudstones (sample Z20, stop B28).
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STOP B22x

GPS: N49.284615°, E19.169487°; small klippe
above the road to Koncita settlement, ca 70 m north
of stop B22

Lithology: Lower part of the klippe is composed
of reddish nodular limestones overlain by platy
limestones with black cherts; S, 208/25.

Age: Late Jurassic—Early Cretaceous.

Unit: Czorsztyn and Pieniny fms of the ?Pieniny-
Kysuca, ?Orava, or ?Sari$ Unit

STOP B23

GPS: N49.285077°, E19.169413°; bedrock at the
Koncita and Havrania streams junction

Lithology: dark grey spotted limestones and marls
(Fig. 2.35c); So 75/90

Biostratigraphy: Sample Z12 (P. Gedl) yielded small
amount of palynological organic matter and palyno-
facies characteristic for pelagic deposits: predomi-
nance of black, opaque phytoclasts and subordinate
amounts of pollen grains and dinoflagellate cysts
(Fig. 2.36). The latter are moderately preserved;
they include Oligosphaeridium spp., Odontochitina
operculata, Subtilisphaera and Pterodinium. The
presence of Protoellipsodinium  spinocristatum
suggests the Aptian—Albian age (but not uppermost
Albian as there is no P. infusorioides), whereas the
presence of Pterodinium suggests the offshore
sedimentary setting.

Trochospiral many-chambered planktonic
foraminiferal morphotypes with bad preservation,
similar to Ticinella rohri (Bolli), Hedbergella trocoidea
(Gandolfi) or Ticinella roberti (Gandolfi) indicate the
latest Aptian or late early Albian age (sample GZ12,
S. 16zsa).

The nannoplankton sample ZN20 (M. Jamrich)
is dominated by abundant Watznaueria barnesiae.
Other species, like Eprolithus floralis, Assipetra
terebrodentarius, Sollasites sp., Tetrapodorhabdus
decorus, Watznaueria fossacincta, are wide age-range
forms, but do not exclude the mid-Cretaceous age.

Unit: Tissalo (Kapus$nica) Fm. of the Sari$ Unit?

STOP B24

GPS: N49.285359°, E19.168862°; Koncita stream
cut above a small bridge (Koncita street, house No 3,
Fig. 2.35d)

Lithology: black shales and micaceous sandstones,
overturned bedding S, 300/70

Biostratigraphy: sample Z13 (P. Gedl) was taken
from black, hard shale with calcite veins exposed
near micaceous sandstones (Szlachtowa Fm.). Its
terrestrial palynofacies is composed of black, opaque
phytoclasts and highly altered cuticles; no dinoflag-
ellate cysts were found. Rare, poorly preserved
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Nannoceratopsis and more common Batiacasphaera
specimens were found in sample Z14 collected
50 metres upstream from a similar exposure of
weathered black shale and micaceous sandstone
layer. No precise age can be given, although the
presence of Dissiliodinium lichenoides may indicate
late Aalenian age of this sample (Fig. 2.36).

Unit: Szlachtowa Formation, Sari$ Unit

STOP B25

GPS: N49.286193°, E19.167379°; left side of the
Koncita Valley, small abandoned quarry in the bush

Lithology: thick-bedded micaceous sandstones
with overturned graded bedding S, 270/55; load
casts, other sole marks 210/38 indicate palaeocur-
rents from north towards south

Age: Early Jurassic?

Unit: probably the Sari Unit

STOP B26

GPS: N49.288472°, E19.163083°; Koncita stream
cut and erosional gully below the steep wooden
slope of Koncita Hill (right bank); type locality of the
“Zazriva Beds” (Fig. 2.35e, f)

Lithology: black shales and dark laminated
limestone and sandstone beds, bedding S, 53/90

Biostratigraphy: Two samples Z15 and Z16 were
taken from lower part of the “Zazriva Beds” section,
from shales interlayered with black, hyaline lenses
(asphaltite?). Both samples yielded large amounts
of palynological organic matter, which palynofacies
consists of terrestrial elements only —blackand brown
phytoclasts, cuticles and very rich spores. General
composition of this palynofacies and its preservation
resembles the one from Skrzypny Shale Formation (as
for example from samples Z9-Z11, stop B22), except
for lack of aquatic palynomorphs (mainly dinoflag-
ellate cysts). This suggests that exposed in this place
Skrzypny Shale Formation may represent a “conti-
nental” (lagoonal?) facies. Presently this locality is
not exposed.

A typical “marine” palynofacies of the Skrzypny
Shale Formation was found in sample Z17 from
an exposure of this unit in the western bank some
150-200 metres upstream. This sample yielded
rich dinoflagellate cyst assemblage (associated by
foraminifera organic linings) and black, opaque
phytoclasts and small-sized cuticles (Fig. 2.36). This
assemblage is similar to the ones from samples
79-711 (including Nannoceratopsis evae) and may
suggest a similar age — lower—middle Aalenian.

The sample GZ17 (S. Jézsa) is dominated by
ophthalmidiids and spirillinids. Nodosarids and
trochamminids are subordinate. Such assemblages
are bound to the the ?Lower — Middle Jurassic facies



in the Pieniny Klippen Belt (Tyszka, 1994, 1999; Gedl STOP B27
& Jbzsa, 2015). GPS: N49.290868°, E19.159683°; end of the
Unit: Skrzypny Formation, Kysuca or Sarig Unit. asphalt road in Koncita settlement, terminal bus
stop; large erosional gully (Fig. 2.35g).
Lithology: schistous marly limestones with boudi-

L

Figure 2.36 Palynology of the Koncita Valley profile (samples 29-17, 218-21; photo: P. Gedl). Scale bar in A refers to all
photomicrographs. A: Nannoceratopsis sp. (10); B: Kallosphaeridium? sp. (10); C, D: Phallocysta elongata (10); E: spore
(10); F: Pterodinium spp. (12); H: Gonyaulacysta diutina? (12); |: Protoellipsodinium spinocristatum (12); J: Subtilisphaera
sp. (12); K, L: Oligosphaeridium complex (12); M: Batiacasphaera sp. (14); N: Nannoceratopsis sp. (14); O: Odontochitina
operculata (12); P: Dissiliodinium lichenoides (14); Q: Carpathodinium predae (18); R: Ctenidodinium cornigerum (18); S:
Mendicodinium sp. (18); T: Odontochitina operculata (12); U, V: Ctenidodinium cornigerum (18); W: Pterodinium sp. (19);
X, Y: Litosphaeridium arundum (20).
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nated layers of spotted limestones; anastomozing S,
210/60, 260/80.

Biostratigraphy: First sample (Z18) stems from
a huge exposure in the eastern stream bank, just
above the terminus. There exposed are hard, spotty
(dark greenish with blackish spots) limestones cut
by calcite veins and interlayered with thin layers of
greenish-black shale layers. Sample Z18 was taken
from these shale intercalations. It yielded black,
opaque phytoclasts and moderately preserved
dinoflagellate cysts with frequent Mendicodinium
and Ctenidodinium cornigerum (Fig. 2.36). Precise
dating of this sample is difficult; presence of Carpa-
thodinium predae suggest the upper Bajocian—lower
Bathonian age.

Precise age of thin-layered limestones exposed
some 50 metres upstream (the limestones are
thinner-layered and contain less shales compared to
the previous exposure). Sample Z19 taken from a thin
shale intercalation yielded very poorly preserved,
mainly undeterminable dinoflagellate cyst assem-
blage (Fig. 2.36). Presence of ?Ctenidodinium and
?Nannoceratopsis could indicate its Middle Jurassic
age. But the presence of very rare Pterodinium and
undetermined peridinioids would suggest the Late
Cretaceous age and reworking of the Jurassic taxa.

Unit: presumably imbricated Cretaceous and
Jurassic formations of the Sari§ Unit

STOP B28

GPS: N49.291851°, E19.158949°; exposures along
a small creek about 100 metres north of the bus
terminal in the Koncita Valley (Fig. 2.35g)

Lithology and biostratigraphy: Dinoflagellate cysts
found in sample Z20 collected from an exposure
of thin-layered marl and limestone on the eastern
stream bank are equally poorly preserved. Palyno-
facies of this sample is composed almost entirely of

black, opaque phytoclasts associated by rare, highly
altered dinoflagellate cysts. However, the age of
this sample can be relatively precisely established
as the Albian—lowermost Cenomanian based on the
presence of Litosphaeridium arundum. Additionally,
Spiniferites and Pterodinium occur in this sample (Fig.
2.36).
Unit: probably the Sari Unit

Other important localities in the PleSiva zone

On the northern slopes of the Plesiva Valley
and settlement (Zazriva district), eastward of the
lower part of the Zazrivka section (B), several other
remarkable outcrops occur. A small klippe on the
Pledivsky Ziar ridge (GPS N49.271770°, E19.167973°)
is composed of the Jurassic—Lower Cretaceous forma-
tions assigned to the Czertezik Succession by Hasko
(1976), i.e. belonging to the Subpieniny Unit in our
conception. Position of this klippe is not very clear —
towards the west it seems to be related to variegated
Upper Cretaceous marlstones (Puchov Fm.) as the
southernmost PKB strip adjacent to the deformed
Paleogene deposits of the CCPB. From the south it
is juxtaposed to Upper Cretaceous flysch sandstones
and exotic conglomerates of probably the Pieniny
Unit (Sneznica and Sromowce fms), but the northen
boundary is unclear due to landsliding.

In the easternmost part of the PleSiva Zone, on
the Dudova — Pavlaskova skala ridge, rocks assigned
to the Sari§ Unit appear (Fig. 1.16). Medium- to
coarse-grained calcareous sandstones are tenta-
tively classified as the Jarmuta-Pro¢ Formation
(Crchle settlement). Further east (Dubovské luky
meadows; GPS N49.276227°, E19.208101°), a slice of
Jurassic quartzites (Dutkov vrch Fm.) and black shales
(Szlachtowa Fm.) is present — already arbitrarily
ranged to the Havrania Zone, however (see above).

In August 2020, we sampled a temporary outcrop

Figure 2.37 Temporary outcrop in Zazriva-Dolina, Upper Creatceous strata of the Sarig Unit: a — general view, variegated
shales of the Malinowa Fm. to the left and grey-brown shales of the ?Haluszowa Fm. to the right; b — detail of the Mal-
inowa Fm.
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— excavation for a new house in Dolina settlement
(zazriva district, GPS N49.274159° E19.137054°).
There, the about 25 metres long cutting on the slope
foot exposed the contact of CORB-type variegated
pelagic shales on the left (eastern) side of the section
with dark grey calcareous shales and sandstones to
the right (Fig. 2.37). The slightly calcareous shales are
cherry-red to yellowish-green and contain siliciclastic
turbiditic sandstone beds 10-15 cm thick. Their
lithology corresponds to the Malinowa Formation. Its
contact with the overlying strata (bedding is nearly
vertical, ca 83/82, but sole marks indicate overturned
bedding) does not show any features of tectonic
contact, thus it appears to be sedimentary.

Samples Z69A and Z69B (S. Jézsa) provided the
lowermost Turonian planktonic foraminifers of
the Whiteinella archeocretacea Biozone: Murico-
hedbergella? planispira (Tappan), Whiteinella
aumalensis (Sigal), Whiteinella baltica Douglas &
Rankin, Whiteinella aprica (Loeblich & Tappan),
Whiteinella archeocretacea Pessagno, Whiteinella
brittonensis (Loeblich & Tappan), Praeglobotruncana
gibba (Klaus), Praeglobotruncana? cf. stephani
(Gandolfi), Dicarinella algeriana (Caron), Dicarinella
imbricata (Mornod), Dicarinella hagni Scheibnerova,
Bollitruncana carpathica (Scheibnerova).

The overlying strata are composed of brown-
ish-weathered dark grey marlstones and calcareous
turbiditic sandstones. We suppose that the calcareous
flysch sequence belongs to the Haluszowa Formation
of the Sari§ Unit. Samples for foraminifers were
barren, but sample Z157 (P. Gedl, Fig. 2.27) yielded
very rare dinoflagellate cysts dispersed in predom-
inating small-sized, black, opaque phytoclasts.
Dinoflagellate cysts show various preservations: from
well preserved but dark-coloured to pale-coloured
but poorly preserved. Determinable forms represent
mainly Pterodinium cingulatum, Subtilisphaera
sp., Spiniferites sp., Pervosphaeridium sp., Palae-
ohystrichophora infusorioides, and Odontochitina
?rhakodes. The age of dinoflagellate cyst assemblage
from the sample Z157 is Late Cretaceous. Reworked
Early-Middle Jurassic taxa occur, too (Dissiliodinium,
Nannoceratopsis).

Inthe map view, this outcrop provides a connection
between occurrences of the Sari§ Unit exposed east
of the Zazrivka stream (Dudova — Pavlaskova skala
ridge) and in the middle part of the Zazrivka section
(stops B7-10) with the northern part of the Rovna
hora section (stop A4), which is otherwise unclear
due to a thick Quaternary cover and landsliding (see
Fig. 1.16).

2.5 Istebné Zone (Zazriva—Parnica sigmoid)

This N-S trending, about 5 km long and 1-2 km
wide zone connects the W-E striking eastern part of
the Varin and similarly oriented western part of the
Orava PKB sectors (Fig. 2.1). For a long time, this only
transversal structure affecting the PKB was considered
as a 10 km long dextral strike-slip offset along a lateral
ramp (e.g. Hasko & Poldk, 1979; Nemcok & Nemcok,
1998), despite that already Andrusov (1926, 1938)
remarked that no N-S faults prolong northwards
into the Flysch Belt. He supposed that the sigmoid
originated during the post-Paleogene backthrusting
of the Klippen and Flysch belts and was shaped by
the northward submerging rigid Mala Fatra core —i.e.
the sigmoid was formed as a transversal or oblique
ramp during backthrusting. This view we can share,
since it is indicated by strata dips along the zone. The
PKB formations plunge moderately to the north-east
or east under the thick flysch complexes of the EWC
Magura (Krynica) Unit — e.g. going up the slope east
of Opalené Hill (Figs 1.16, 1.17 and 2.1). Never-
theless, the N-S trending faults are present within
the Istebné Zone, especially along its western margin
along the contact with the Mesozoic sedimentary
complexes of the Krizna Nappe (designated as the
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Istebné faults in Figs 1.16 and 1.17). These faults
may have formed as oblique normal faults during the
Lower Miocene dextral transtension (Gazi & Marko,
2006; see chapter 3.2 bellow).

Deciphering of the structure of PKB units in the
Istebné Zone is complicated by poor outcropping.
The area is mostly affected by extensive landslides of
various ages and by a thick cover of debris of Magura
sandstones occurring in topographically higher
position. It seems that also many klippen present in
this area are loose blocks transported downslope by
landslides, both recent and older. The latter are not
so well identifiable nowadays, especially in forested
areas. Lithology of these scattered exposures is
variable and indicates that probably all units that
occur in the Havrania and PleSiva zones are present
also here: Jurassic quartz sandstones, black shales
and Upper Cretaceous variegated shales (Sari$ Unit?),
rather thick complexes of spotted marly Jurassic?
and Cretaceous? limestones (Fleckenkalk) and Lower
Cretaceous limestones (presumably Kysuca Unit), a
few blocks of red crinoidal and nodular limestones
(Czorsztyn Succession), and mid-Cretaceous varie-
gated marls (Kysuca Unit). Recently, the latter were



nicely exposed, but not studied yet, along a new
timber road south of Opalené Hill.

The bedding strikes and structural trend of the
Istebné Zone vary from N-S to NW-SE. As can be
seen from the excellent map of Andrusov (1938),

2.6 Kubin Zone

The Kubin Zone occupies the westernmost part of
the Orava PKB sector adjacent to the Zazriva sigmoid
area (Istebné Zone; Fig. 2.1). The following description
is based on the recent investigations of M. Molcan
Matejovd in cooperation with R. Aubrecht, P. Gedl, S.
Jézsa, E. Haldsova and D. Plasienka in the area east of
town Dolny Kubin (Fig. 1.16). Mol¢an Matejova (2019)
developed updated geological and tectonic maps of
the area and studied in detail several litho-biostrati-
graphic sections (Fig. 2.38). From these, the section
Revisné 2 was already published (Mol¢an Matejova

the transition from this direction to the overall
WSW-ENE to SW-NE trend of the next Kubin Zone
of the Orava PKB sector is gradual for the distance of
approximately 1-2 km (Fig. 2.1).

et al., 2019) details from the other sections are in
preparation to be published in independent papers
soon. Hereafter, only a brief description of these
sections is presented.

In general, rock formations of all three Oravic units
(Pieniny, Subpieniny and Sari§) are present in the
Kubin Zone. However, only fragments of sedimentary
successions occur in a strongly imbricated and poorly
outcropped area. At some localities, e.g. sections
Revisné 2 and Beriova lehota 2, formations of very
different age and possibly of different tectonic units

Section

Section

Revisné 1

Section +
Revisne 2

[stebné

Parnica

Veli¢na

Benova Lehota 1

Revisné

Section Benova Lehota 2

/+()utcr()p i Zaskalie Breccia

/ Betiova
Lehota

Knazia

Zaskalie

Dolny Kubin

Velky
Bysterec

Figure 2.38 Location map of litho-biostratigraphic sections in the Kubin Zone (Mol¢an Matejova, 2019).

are intimately imbricated, even if they are litho-
logically almost identical (Lower/Middle Jurassic
vs. mid-Cretaceous black shales in section Beriova
Lehota 2). Bedding is dominantly moderately NW to
N-dipping, but strong deviations occur locally.
Concerning the distribution of Oravic units, three
subparallel belts can be roughly distinguished. The
northern belt, adjacent to the Magura (Krynica)
Unit, is feebly exposed due to thick debris of Magura
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sandstones and numerous landslides. On the N-S
trending ridge Pikula—Repiska (ski resort Kubinska
hola — Koliesko), there occur several large klippen
of the Pieniny Fm. (also with Jurassic radiolarites
and nodular limestones in places) near the contact.
These klippen remind olistoliths, because they seem
to be embedded in dark grey marly shales (Pikula),
or in calcareous sandstones and limestone breccias
(Repiskd), all underlain by Puchov-type variegated



marlstones. Sandstones contain large foraminifers
Pseudosiderolites  vidali ~ (Douvillé) indicating
Campanian to Maastrichtian age. As such, these
sediments resemble the Gregorianka breccias (sensu
Plasienka & Mikus, 2010) of the Jarmuta Formation
and thus are tentatively assigned to the Subpieniny
(Czorsztyn) Unit. A possibly similar situation occurs
to the north-east on the Vtacnik ridge. However,
Zaskalie-type carbonatic breccias form only a narrow
strip there at the contact with the Magura rocks,
so indicating a rapid eastward wedging-out of the
northern belt (Fig. 1.16). Large Vtacnik klippen to the
south are dominantly composed of the Pieniny Fm.
and some radiolarites and likely belong to the Pieniny
Unit.

The Zaskalie breccias, which are somehow
analogoustothe Gregoriankabreccias, weredescribed
in the nearby valley eastward (section Beriova Lehota
1; Moléan Matejova, 2019). The monomictic breccias
are composed of sharp-edged clasts of grey marly
limestones, partialy spotted, accompanied by Jarmu-
ta-type sandstones. Marchalko et al. (1979) described
Globotruncana  arca  (Gushman), Stensioeina
pommerana Brotzen as the youngest identified
fossils found in the matrix of the Zaskalie Breccia.
These microfossils limit the origin of the breccia to
the Campanian, less likely Campanian—Maastrichtian.
Our study identified presence of Pseudosiderolites

vidali (Douvillé) in the matrix of the breccia, assigning
it to the Campanian—Maastrichtian age. Interestingly,
presence of sandstone with Discocyclina sp. was
noted in the Befiova Lehota 1 Section. The determined
foraminifera would reflect the Paleocene—Eocene age
of the beds. The sandstones in question could belong
to the Paleogene Pro¢ Formation, which was in the
eastern part of PKB merged with Jarmuta Formation
into the Jarmuta-Pro¢ Formation (PlaSienka & Mikus,
2010). However, position of these sandstones in the
section is not clear.

The northern belt of the Kubin PKB Zone is marked
also by presence of sedimentary formations that
most probably represent the Sari$ (Grajcarek) Unit.
In the Benova Lehota 2 section (Mol¢an Matejova,
2019; Molc¢an Matejova et al., in preparation), a
long profile in bedrock of the Lehotsky potok stream
exposes the Lower—Middle Jurassic (Sinemurian,
Toarcian—Aalenian) black shales with turbiditic,
slightly micaceous sandstone intercalations (Fig.
2.39a). They are akin to the Skrzypny, but mostly to
the Szlachtowa Fm., but imbricated with macroscopi-
cally indistinguishable Cretaceous black shales (dated
by dinocysts and foraminifers). The Upper Jurassic—
Lower Cretaceous siliceous limestones in the upper
part of the section also remind rock of the Sari§ Unit.
Possibly some klippen in the Pikula area also belong
to the Sari§ Unit.

Figure 2.39 Outcrops in the Kubin Zone: a — folded Middle Jurassic black shales in the Benova Lehota 2 section. Marina
Molcan Matejova for scale; b —the view of the Revisné 1 section, Roman Aubrecht and Marina Mol¢an Matejova sampling.

The central part of the Kubin Zone is dominated
by the Pieniny Unit (Kysuca Succession; Figs 1.16
and 1.20). In the studied area, the Kysuca klippen
are formed by radiolarites to radiolarian limestones
of the Czajakowa Formation (Callovian—Oxfordian)
and nodular limestones of Czorsztyn Formation
(Kimmeridgian). However, most of the klippen are
represented by the Pieniny Limestone Formation
(Tithonian—Barremian). In the section Revisné 1,
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the Pieniny Fm. is formed by grey, often spotted
marly limestones with occassional presence of
cherts. Typical light grey “Biancone” limestone with
brown cherts was found sporadically. Radiolarian
and radiolarian-spiculitic microfacies prevail. Usual
Calpionella microfacies of the Tithonian—Berriassian
age is scarce and several zones and subzones were
not detected — neither in the Revisné 1 section (Fig.
2.39b), nor in any other samples from the area. In



the section Revisné 1, it is questionable whether it is
a tectonic reduction of the beds with missing calpio-
nellid zones, or the outcropping limestone sequence
was deposited in an environment poor in calpio-
nellids. Alternatively, the Pieniny Fm. in this section
might belong to a different unit, presumably the Sari$
(Grajcarek) Unit, in which the stratigraphic conden-
sation and strongly reduced thickness of the Lower
Cretaceous succession are typical (Birkenmajer &
Gedl, 2017).

Large klippen formed by the Pieniny limestones
occur mostly at ridges (e.g. the conspicuous T¢niny
klippe between Bernova Lehota and Zaskalie),
whereas they are surrounded or underlain by some
mid-Cretaceous marly formations, but mostly by
flysch deposits of the SneZnica Formation. This
situation indicates the overall overturned succession
modified by the SE-vergent fold-thrust structures.
The SneZnica Formation consists of dark grey marly
shales alternating with steel-grey fine-grained
calcareous turbiditic sandstones, which in places
pass into microconglomerates predominantly with
carbonate cement. The Sneznica Fm. is macroscopi-
cally similar to the Jarmuta Formation. Especially in
the field with minimal rock exposure, differentiation
in the weathered debris is impossible. In general,
the SneZnica Fm. (Turonian) shows thickening- and
coarsening-upward and pass gradually into the
Sromowce Formation (Coniacian—Santonian). Bodies
of pebbly mudstones and conglomerates often
contain well-rounded pebbles and cobbles of various
rocks, in part designated as “exotic” (e.g. Triassic
carbonates of various facies, shallow-water Upper
Jurassic limestones, granitoids, probably Permian
clastic and volcanic rocks etc. — cf. Misik et al., 1977;
Misik & Sykora, 1981; Birkenmajer, 1988; Misik &
Marschalko, 1988).

The southern PKB belt of the Kubin Zone juxta-
poses strongly disturbed sediments of the CCPB.
Similarly like the northern belt, it is mostly composed
of the Subpieniny and Sari§ units (Fig. 1.16). As
shown at the Revisné 2 section (Mol¢an Matejova
et al., 2019), these two units are tighly imbricated.
Analysis of the Revisné klippe showed that the upper
and middle parts of the klippe consist of Middle
Jurassic crinoidal limestones and the Krasin Breccia
(Aubrecht & Szulc, 2006), which are typical members
of the Czorsztyn Succession. By analogy, the crinoidal
limestones (Smolegowa and Krupianka limestone
formations) can be dated to Bajocian. Filling of inter-
stitial spaces of the Krasin Breccia is represented by
red mudstone; therefore, we suppose it originated
later, starting from the uppermost Bajocian onward,
during the relative sea-level rise and the change of
the crinoidal facies to the Ammonitico Rosso facies

(Czorsztyn Fm.). Occurrences of the Czorsztyn klippen
in the Orava region are rare and the Revisné locality is
its first record including the crinoidal limestones with
neptunian dykes and the Krasin Breccia outside the
Middle Vah Valley.

On the other hand, rocks outcropping in the
bottom part of the klippe in Revisné are, by its compo-
sition, very close to the description of the Grajcarek
Unit from the Polish part of the PKB (Birkenmajer,
1986; Birkenmajer & Gedl, 2017). In an overturned
succession, the following formations were deter-
mined (Moléan Matejova et al., 2019): (1) Czorsztyn
and Revisné limestone formations are stratigraph-
ically oldest (Tithonian) and are composed of red
to green biodetritic nodular limestones with Sacco-
coma-spiculitic and spiculitic microfacies; (2) light
grey, partially spotted Pieniny Limestones provided
biostratigraphic proofs for the Late Tithonian,
Late Valanginian and the uppermost Barremian or
Barremian/Aptian boundary interval ages; (3) the
section continues with grey spotted marlstones
(Kapusnica and Wronine formations; Aptian—Albian)
with planktonic foraminiferal and radiolarian micro-
facies.

Besides the upper klippe in the Revisné 2
section, rock formations that can be integrated in
the Subpieniny Unit comprise Upper Cretaceous
variegated marlstones (Puchov Fm.), and Jarmu-
ta-type sandstones and conglomerates with bodies
of Zaskalie breccias, including their type locality in
Dolny Kubin (Marschalko et al., 1979). In contrast,
guartzitic sandstones of the same character as
those from the Jedlovinka Hill above Zazriva (Dutkov
vrch Fm.), cropping out for instance at the ridge
between Revisné and Benova Lehota villages, point
to the presence of various formations affiliated with
the Sari§ Unit also in the southern belt — possibly
together with some small klippen of the Lower Creta-
ceous limestones, such as that in the lower part of
section Revisné 2.

The overall structure of the Kubin Zone resembles
a tight imbricated synclinorium, similarly as that of
the eastern part of the Varin PKB part described
above. The imbricated northern and southern limbs
are built up by the Sari$ and Subpieniny units in the
lower structural postion, while the folded Pieniny Unit
in a higher structural position forms the central belt
of the Kubin Zone (Figs 1.16 and 1.17). However, the
structurally even higher units known from the Varin
sector (Kozinec and Klape units, Pupov Fm.) were
not recognized with certainty here. Nevertheless, we
presume that structural evolution of both PKB parts
was analogous, though separated by the transversal
Istebné Zone related to the Zazriva sigmoid (see
chapter 3.2 below).
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Due to a scarce presence of semiductile struc-
tures like folds, the structural investigation on the
Kubin Zone was focused on the kinematic and palae-
ostress analyses of brittle structures — mesoscopic
faults and joints. Most of slickensides with recog-
nizable kinematics were measured in limestone
klippen composed of the Pieniny Fm., a part also in
the CCPB sediments adjacent to the PKB. The palae-
ostress analysis revealed altogether six stages with
different orientation and magnitudes of the stress
axes. All these palaeostress fields are attributed to

the Cenozoic evolution. However, their precise dating
isimpossible in the studied area owing to the absence
of sediments younger than Oligocene. Moreover,
concerning the klippen exposures, only Jurassic
to Lower Cretaceous rocks could be investigated.
Nevertheless, comparison and correlation of the
palaeostress stages with other Western Carpathian
areas with well-established age determination of the
stages (e.g. Marko et al., 1995; Kovac¢ & Hok, 1996;
Vojtko et al., 2008, 2010; Peskova et al., 2009; Bucova
et al., 2010; Simonové & Plasienka, 2017; Pulidova et
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Figure 2.40 Summary of the palaeostress analysis of fault structures in the Kubin Zone and adjacent CCPB sediments. DB

— documentation sites.

al., 2018), it was possible to tentatively reconstruct
the palaeostress fields evolution also in the studied
area.

The resolved orientations of horizontal stress axes
are grouped into six stages depicted in Figure 2.40.
The oldest phase with W—E compression was sporad-
ically recorded in the limestone klippen and might be
correlated with the tectonic stage S3 (see chapter 3.4
below) marked by compression parallel to the PKB
trend. The next stage is characterized by the overall
NW-SE compression that probably took place during
the whole Paleogene (Plasienka et al., 2020) up to
the Lower Miocene, since it affected also the CCPB

formations. The rotation of the compressional stress
in a clockwise direction by approximately 45° defines
the second distinct deformation phase. In the Middle
Miocene, there was a change to a transpressional
regime, which resulted in strike-slip and dip-slip
faults oriented in the NW-SE and NE-SW directions.
The beginning of NE-SW extension is most probably
of the Late Miocene age. The last documented defor-
mation took place in the Pliocene—Quaternary? and it
is divided into two subgroups — extension in the W—E
direction and extension in the NNW-SSE to NNE-SSW
directions. The second subgroup was identified only
within the PKB units.
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3 Tectonics of the Pieniny Klippen Belt
and adjacent zones in north-western

Slovakia

The PKB sharply differs from the neighbouring
zones by its composition, structure and tectonic
evolution, as well as by the surface morphology and
landscape. In spite of this, the PKB is not a kind of
an “exotic terrane”, but it shows close structural and
evolutionary relationships with the neighbouring,
although diversing zones. In this chapter, we provide:
(i) some additional small-scale structural data to
those already presented above; (ii) magnetotelluric
profiles across the Zazrivd—Pdarnica sigmoid and
palaeostress analysis and interpretation of brittle
fault structures associated with this transversal zone;
(iii) interpretations of two gravity profiles transecting
the broader area of interest; and finally (iv) the evolu-
tionary tectonic model of the PKB in this area.

The structural trend of the PKB units in the Varin
(Kysuce) sector, as well as the the PKB/CWC and
PKB/EWC contacts are generally W—E trending. By

N

this trend, the Varin sector diverges from the neigh-
rouring, generally SW-NE trending PKB sectors —
Puchovin the weste and Orava in the east. The Pichov
vs. Varin transition is characterized by necking and
narrowing of the PKB due to dextral strike-slipping
along the W-E striking Bytéa—Zilina fault zone
(Plasienka et al., 2020). The eastern contact with the
Orava sector is characterized by an abrupt change of
the structural trend from W-E to N-S strike along the
Zazriva sigmoid. Within the eastern Varin sector, all
strata are steeply N- to NW-dipping in general. Hence
the internal structural trends are slightly oblique
to the overall W-E strike of bounding faults and
different from the almost uniform SW-NE structural
trend of the adjacent Puchov sector occurring south-
westward (Fig. 3.1). Thus the Varin sector appears to
be affected by several differently oriented shortening
events as characterized in the Fig. 3.1 caption.

N

Figure 3.1 Left — the cumulative contour stereoplot (a) of poles to bedding from the eastern part of the Varin PKB sector
(Havrania, Pupov and Plesiva zones). The complex pattern and position of the n-pole appears to be a result of interference
of three superposed principal deformation stages with different shortening direction: (i) W—E compression with N-S struc-
tural trends (the least expressed; stage S3 — see below); (ii) NW—SE compression that generated SW—NE trending struc-
tures (stages S4-56) followed by dextral transpression in the same stress field; (iii) N-S compression with backtilting and
backthrusting (dominant in the Varin sector; stage S7). The right stereoplot (b) shows poles to bedding from the Pldchov
sector of the PKB (Middle Vah River Valley; Plasienka et al., 2020) for comparison. In that area, the structural pattern is
dominated by the NW—-SE compression, though W—E compression operated as well. However, the N-S contraction did
not function.
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3.1 Small-scale structural elements

The modern structural research has been
performed in wider surroundings of the area
under consideration, but only a few localities were
described directly from it (Nemcok & Nemcok,
1998; Kovac & Hok, 1996; Marko et al., 2005; Gazi &
Marko, 2006; Peskova et al., 2009, 2012; Beidinger
et al., 2011; Bucova, 2013). Nevertheless, the works
from outside, but still in the PKB contiguous zones,
also provide important structural information that
can be applied in the area concerned (e.g. Aleksand-
rowski, 1989; Nemcok, 1994; Nemcok & Nemcok,
1994; Marko et al., 1995; Decker & Peresson, 1996;
Nemcok et al., 1998; Hrouda et al., 2009; Bucova
et al., 2010; Beidinger & Decker, 2016; Simonova
& Plasienka, 2017; Sotdk et al., 2017; PuliSova et
al., 2018; Plasienka et al., 2018, 2020). Concerning
the eastern PKB branch (in Poland and eastern
Slovakia), some results of detailed structural inves-
tigations were published by Ratschbacher et al.
(1993), Jurewicz (1994, 1997), Plasienka et al. (1998,
2012, 2013), Jacko and Janocko (2000) Plasienka
and Mikus (2010), Plasienka (2012b) and Ludwiniak
(2018). However, due to the considerably different
post-Eocene tectonic evolution of the eastern PKB
branch, only the pre-Oligocene deformation struc-
tures can be correlated with the western branch (cf.
Plasienka et al., 2020). Regrettably, almost no struc-
tural data are available from the Ukrainian part of the
PKB.

This chapter was compiled by D. Plasienka, M.
Mol¢an Matejova, J. Bu€ova and V. Simonova, relying
mostly on their own research. Hereafter we present
some mesoscopic field structural data, although
scarce, which document the complex multistage
structural evolution of the PKB units in the area
concerned.

Atanoutcropscaleanddependentonthelithology,
the PKB rocks were deformed by the ductile/brittle
and purely brittle mechanisms. According to data
compiled from the eastern PKB branch (Plasienka,
2012b and references therein), which can be applied
also to the area under consideration, deformation
paleotemperatures were in the range of the deep
diagenesis and rarely exceeded 200°C. In accordance,
the verylow-grade deformation mechanismsincluded
only a limited crystal-plastic deformation by twinning
of coarse calcite grains (e.g. crinoids). However, the
pressure solution mass transfer was much more
effective process in accumulation of macroscopic

deformation, especially in clay-rich carbonates like
marls, marlstones and marly limestones.

A very weak semiductile deformational overprint
of the PKB rocks can be revaled by the anisotropy
of magnetic susceptibility (AMS) data. As reported
by Marton et al. (2009) and Madzin et al. (2021),
magnetic fabric of the turbidite deposits of large
parts of the CCPB out of the PKB surroundings is
dominantly sedimentary by origin. On the other hand,
Hrouda and Potfaj (1993a, b) and Hrouda et al. (2009)
reported a slightly higher degree of internal defor-
mation in the Peri-Klippen Paleogene complexes,
but still only with signs of incipient “pencil structure”
stage (cf. Hrouda & Chadima, 2020). Sandstone
samples from the Terchova-Zazriva area (deformed
Paleogene flysch deposits of the CCPB in contact with
the PKB) show a magnetic fabric transitional between
planar and linear with the magnetic foliation poles
clustering in a NNW-SSE trending girdle, while the
magnetic lineations are highly scattered. Hrouda and
Potfaj (1993a, b) interpreted this fabric as largely
deformational by origin, having been caused by the
N-S oriented shortening. Concerning the proper
PKB rocks, the AMS data were obtained from Upper
Cretaceous red pelagic marls at several localities
along the PKB (Marton et al., 2013). Magnetic ellip-
soids are mostly oblate and parallel to bedding.
Orientation of the magnetic lineation is variable and
not well understood — it tends to be parallel to the
PKB strike in the eastern segment, while subperpen-
dicular to the trend of the western PKB branch. It is
not to be excluded that the complex AMS patterns
might have resulted from superposition of two or
even three variously oriented shortening events —
first general W—E compression, locally parallel to
N-S trending mesoscopic cleavage, overprinted by
NW-SE oriented shortening with large-scale buckle
folding and imbrication in the western PKB branch
(Plasienka et al., 2018) and by additional SW—NE
compression restricted to the eastern PKB branch
(Plasienka, 2012b; Plasienka et al., 2020). These three
events are then recorded in different ways in various
PKB domains. However, more detailed studies are
required.

The primary stratification of clay-rich rocks is often
amplified by early post-sedimentary, penecontempo-
raneous processes such as compaction due to the
sediment loading and pressure solution producing
a mesoscopically pervasive foliation parallel to the
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bedding. The compaction structures are a cumulative
product of sediment dewatering, pore reduction and
external rotation of phyllosilicate flakes towards the
bedding planes. Pressure solution features are repre-
sented either by wriggling stylolites in pure pelagic,
Biancone-type limestones, or by laminae enriched
in clay minerals in marly deposits. Pressure solution
of the soluble phase (predominantly calcite) led to
the accumulation of an insoluble material composed
mostly of phyllosilicates and opaque organic matter
in bedding-parallel solution seams. Bedding-normal
shortening is indicated also by e.g. flattened biotur-
bation spotsinthe “Fleckenmergel” facies marlstones,
or by early diagenetic, discontinuous calcite veinlets
subnormal to the bedding-parallel foliation, but
confined to individual beds that eventually might
have led to brittle boudinage of intercalated more
competent layers, e.g. thin sandstone beds.

In place, reactivation of diagenetic stratification
by simple shearing produced mesoscopic scaly
fabric. Foliation planes are then anastomosing, often
polished and sometimes with striae. This process was
also fluid-assisted with pressure solution, additional
flattening and precipitation of calcite in pressure

shadows and fibrous veins (see e.g. Ratschbacher
et al., 1993). Occasionally, shear sense indicators
like C or C" shears and asymmetric, lozenge-shaped
objects (o-clasts) were observed. The layer-parallel
shearing is mostly restricted to the steeply dipping
strata within the regional fault zones (e.g. the dextral
Raztoky fault). In the eastern PKB branch, similar
shear zones are related to the along-strike dextral
transpression (Ratschbacher et al., 1993; Plasienka,
2012b; PlasSienka et al., 2020).

In the area concerned, the steep scaly fabric
is limited to fault zones with important strike-slip
component like the Raztoky fault and related N-S
trending antithetic sinistral shear zones (Koncita
Valley fault zone). Both zones are accompanied by
a few tens of metres wide damage zones that show
complicated structure with fragments and blocks
of various, often unrelated formations, scaly fabric
and numerous slickensides. Examples are presented
above — stops B21 to B27.

Cleavage planes transcutting at high angles
the bedding-parallel foliation are relatively scarce,
they were mostly observed in marly carbonates,
especially in the Upper Cretaceous “couches

Figure 3.2 Bedding vs. cleavage relationships in the Upper Cretaceous variegated marlstones at the Rovna hora pass (stop
A3).
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rouges” variegated marlstones (see stop A3 Rovna
Hora; Fig. 3.2). Bedding-normal cleavage sets were
described also from the the Jurassic “ammonitico
rosso” nodular limestones in the eastern PKB branch
(Plasienka, 2012b). The cleavage was formed by the
pressure solution mechanism with concentration of
the insoluble clayey material along the new foliation
surfaces at very low-grade temperature conditions,
similarly as the bedding-parallel foliation. It indicates
layer-parallel shortening, possibly connected with
large-scale, upright buckle folding. However, the
cleavage attitudes are varying; probably they were
partly re-oriented by younger movements (as at stop
A3).

Worth mentioning is a quite common orientation
of cleavage perpendicular to the PKB structural trend
in both its eastern (Plasienka, 2012b) and western
branch (Plasienka et al., 2018). Its kinematic meaning
remains unclear, but possible relation to the trans-
versal “cross folds” (see below) with axes normal to
the PKB trend and to the oldest resolved paleostress
field with W—E compression (originally in the pre-ro-
tation position roughly NW—-SE) may be suggested.
Long axes of slightly oblate AMS strain ellipsoids
in the western PKB branch (Marton et al.,, 2013)
might be also related to an early deformation event
related to the incipient oblique collision of the CWC
block with the Oravic continental fragment during
the latest Cretaceous — earliest Paleogene (see also
Plasienka et al., 2018). Indications of a slight oroclinal
bending of the PKB discussed by Marton et al. (2013)
and Bucova (2013) might have also resulted from this
event.

Surprisingly enough, the mesoscopic folds are
less frequent as one would expect in such a highly
deformed zone as the PKB is. In the area concerned,
there are only two sites where outcrop-scale fold
arrays are present. In suitable conditions (low water
level), the mesoscopic folds of various orientation
and fold shapes can be observed in the Zazrivka
stream bedrock (cf. stops B10-12). Laminated grey
calcareous mudstoned with infrequent thin beds of
distal sandy turbidites of the Pupov Formation are
contorted by a rather irregular fold set with steeply
plunging axes (Fig. 3.3a—c). Metric folds occur in
suites separated by long sections with homoclinal
bedding. Folds are open to tight, close to the similar
geometry, formed by a semiductile flow, since no
bedding-parallel slip was observed. Most probably
they originated by penecontemporaneous defor-
mation of poorly indurated laminated marlstones,
either by slumping or by layer-parallel shortening
controlled by the regional stress field.

In either case, folding occurred before regional
tilting of sedimentary succession up to subvertical

to overturned position. In the more probable latter
situation, compression would have been NW-SE
to W-E oriented (Fig. 3.3f). As can be seen in some
places, the fold arrays and the homoclinal intervals
are separated by discrete semiductile extensional
shear bands devoid of slickensides (Fig. 3.3d) that
were probably formed during folding and accom-
modated the gravitational instability of sections
thickened by folding. The locally developed, general
W-E striking subvertical disjunctive cleavage is then
obviously younger, having no geometrical relations to
folds and formed in already lithified and tilted strata
(Fig. 3.3e). Hence this cleavage is different — younger
than the pre-tilting cleavage observed at stop A3.
Another outcrop with pervasive mesoscopic folds
occurs at the steep south-western slope of Koncita
Hill (GPS N49.285033°, E19.158647°). Well-bedded
Jurassic radiolarites of (probably) the Sari§ Unit are
deformed by dm-scale chevron-type folds. Folds are
tight, slightly asymmetric with steeply westward
dipping axial planes and moderately N-plunging
axes (Fig. 3.4). Once again, these folds belong to
the category of the so-called “cross folds” oriented
perpendicularly to the principal PKB structural trend,
which were generated by W—E compression early in
the tectonic development of the PKB. As such, thay
should be completely overturned, since the whole
Sari$ Unit succession is overturned in this area.
There are also some other indications that the N-S
structural trend is an important phenomenon in the
PKB, although mostly suppressed by younger defor-
mation. Cross-sections labelled “g” and “h” in Figure
1.17 indicate presence of regional gentle to open
symmetric macrofolds with the km-scale vawelengths
and N-S trending axes. The Zazrivd sigmoid is the
surface expression of a transversal monocline that
also belongs to this system. Furthermore, some
other transversal zones can be recognized by field
mapping all around the area. They are distinguished
by an abrupt change of bedding strikes in rather
narrow (few tens metres) N-S trending belts. There
the bedding attitudes depart from the general W-E
to SW-NE strikes and moderate to steep NW-N
directed dips by the NNW-SSE to N-S strikes
and steep westward dips (which would become
east-dipping after the tilt correction of overturned
successions). As such, these transversal zones look
like macroscopic kink bands that contribute to the
general eastward axial plunge of the PKB in a stair-
case-like manner. Apparently, the transversal struc-
tures and “cross folds” originated before the regional
backthrusting and tilting of sedimentary formations
into steep positions. Consequently, they seem to
represent the oldest deformation stage recording the
W-E oriented contraction, as revealed also by the
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Figure 3.4 Photo, line drawing and structural diagrams of the fold array in radiolarites at Koncita Hill.

oldest resolved palaeostress field reconstructed from
the brittle faults with a similarly oriented principal
compression axis (e.g. Simonova & Plagienka, 2017).
A folding event with moderate contraction parallel to
the PKB trend was assumed by Plasienka et al. (2018)
for development of macroscopic periclinal folds of
the Manin Unit in the Middle Vah River Valley. Timing
of this event likely falls within the latest Cretaceous —
earliest Paleogene interval.

To summarize, all the conspicuous deformation
of the PKB units occurred in the brittle field at
very low-grade conditions. Thick layers of massive
limestones embedded in less competent marly or
shaley matrix were often truncated by brittle fractures
and individualized as separate blocks — the variously
shaped tectonic klippen and their groupings (e.g.
Uhlig, 1890; Andrusov & Scheibner, 1968; Andrusov,
1974; Plasienka, 2012b, 2018b). The klippen have
been usually considered as stiff tectonic blocks

floating in soft matrix, i.e. the “klippen mantle”. This
leading feature of the PKB structure has led many
authors to look on PKB as the megabreccia, block-
in-matrix mélange, or “raisins in cake” analogue.
However, as pointed out by Plasienka (2018b), many
of such isolated klippen blocks are primary olistoliths,
or are secondarily affected by surface processses of
selective erosion and downslope sliding.

Kinematic and palaeostress interpretation of
common disjunctive brittle structures, such as faults,
joints, slickensides or mineralized fractures, has been
published by a range of authors in various PKB parts
(for the partial reviews see Simonovéa & Plasienka,
2017; Plasienka et al., 2020). In general, these
studies indicate a gradual clockwise rotation of the
palaeostress field from W—E, NW-SE to N-S oriented
maximum compression axis (latest Cretaceous?-—
Early Miocene) up to its SW—NE position during
the Late Miocene overall extension. Similar palae-

Figure 3.3 (previous page) Photos and line drawings of folds and other structural elements in the Pupov Formation ex-
posed in the Zazrivka stream bedrock (stops B10—12). a—c — bird-eye views on fold tracks; d — stereographic projections
of fold elements; e — the same back-rotated; f — semiductile fault separating packets of strata with oblique bedding; g —

disjunctive cleavage traces.
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ostress history was documented also in the Zazriva
surroundings by Bucovd (2013). The stress field
rotation is in part an effect of the Middle Miocene

CCW block rotation of the whole Western Carpathian
domain, however (e.g. Marko et al., 1995).

3.2 On the origin of the Zazriva sigmoid in the Western Carpathi-

an Pieniny Klippen Belt

This chapter was elaborated by F. Marko, V. Bezak,
P. Gazi, D. Majcin, J. Vozar, J. Madaras and R. Klanica
based on their own original data. These include
structural measurements along the Zazriva sigmoid
and magnetotelluric investigations along two profiles
transcutting the PKB and adjacent zones.

The Pieniny Klippen belt (PKB) is interrupted
and offset only at its western branch nearby village
Z3azriva. This distinctive structure was noticed and
described as the Zazrivd sigmoid already by Uhlig
(1902). Along this structure, the Orava segment of
the PKB is shifted 7 km towards the south in relation
to Varin segment of PKB (Fig. 3.5). This remarkable
morphotectonic phenomenon has attracted attention
of generations of geologists. Andrusov (1926, 1931b,
1938, 1945) mapped the PKB near Zazrivd and
presented a classical definition of this structure as a
“complicated horizontal flexure” due to collision of
the Inner Western Carpathians with the foreland and

adaptation of the PKB shape to the shape of foreland
margin that was accomodated by a ductile flexure.
The role of faults during this Miocene process was
minor, and he did not expect northern continu-
ation of the N-S trending Zazrivd fault following
Zazriva sigmoid into the Outer flysch unit (Andrusov,
1938). On the other hand, the works of followers
(Scheibner, 1968b; Mahel et al., 1967; Hasko & Polak,
1979), and later works based on structural analysis
of faults (Nemcok, 1993, 1994; Nemcok & Nemcok,
1994, 1998; Kovac & Hdk, 1993; Kovac, 1995; Marko,
2003; Gazi, 2006) and geophysical research (e.g.
Kadlecik et al., 1988) emphasized the role of faulting
in development of the Zazrivd sigmoid. The Zazriva
sigmoid is currently considered as a record of the
significant horizontal shift along the Zazriva fault,
which is the N-S trending discontinuity cutting the
Pieniny Klippen Belt. The Zazrivd fault belongs to
the first order Zazrivda—Budapest fault zone affecting

\ Zazriv fault

Figure 3.5 Faults of the Inner Western Carpathians and the Vienna basin (Marko et al., 2017). 1 — Neogene sediments; 2 —
products of Neogene volcanism; 3 — Paleogene sediments; 4 — Upper Cretaceous sediments (Gosau group); 5 — PKB units;
6 — undivided Mesozoic nappe and cover units including Late Paleozoic cover; 7 — crystalline basement; 8 — Gemeric unit;
9 — faults: a) not specified, b) reverse, c) normal; 10 — geophysically detected deep crustal dislocations; 11 — boundary
faults of volcanic calderas.
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the whole structure of the Western Carpathians and age of fault activity, map distribution and attitudes
represents the eastern boundary fault of the Central of units, knowledge about geophysically detected
Slovakian fault system (sensu Kovac¢ & Hok, 1993) and tectonic style and dips of units at the contact zone
possible continuation to RuZomberok—Staré Hory of the Inner and Outer Western Carpathians and
N-S fault system. context of regional tectonic evolution, which are

Up to-date we have several “pin points” as the the constraints for all explanations of the Zazriva

Coordinate system: S-JTSK, cartographic projection: KROVAK

17071 2 3N 4 5] & I 7 Gl SR 0 —

Figure 3.6 Tectonic map of the Zazriva sigmoid area (modified after Andrusov, 1931a, 1938; Hasko & Poldk, 1978; Gross et
al., 1993). 1 — Gravitational slides, Quaternary sediments; 2 — Magura Unit; 3 — Central Carpathian Paleogene; 4 — Manin
(Klape) Unit; 5 — Kysuce Unit; 6 — Orava (Kozinec) Unit; 7 — Fatric nappe unit; 8 — Tatric cover unit; 9 — faults and tectonic
boundaries.
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sigmoid origin. Nevertheless, we can calculate with
various rheologies, parameters of tectonic structures
(as physical, dimensions, depth reach, kinematics,
tectonic regime) and MT models of deep crustal
architecture, all allowing to consider with more
variants — models of the Zazriva sigmoid origin, which
are discussed below.

3.2.1 Models of the Zazriva sigmoid
evolution

Configuration of geological units in the area of the
Zazriva sigmoid can be explained by several ways.

The Model M1 considers the sigmoid as the N-S
oriented flexural bend. Ductile bending — flexure is a
classical Andrusov’s (1926, 1938) description of the
Zazriva sigmoid, which is regarded to be a result of
different progress of the western (Varin) segment and
eastern (Orava) segment of PKB towards the north
due to complex shape of Inner Western Carpathians
(IWC) frontal ramp, during the Neo-Alpine conver-
gence. The PKB zone was not interrupted; only

d

bended, Varin and Orava segments are connected
by narrowed and stretched N-S oriented segment
of PKB (Fig. 3.6). The process of bending was brittle-
ductile, while the role of faults is minor in this model.
This development of the offset between the Varin
and Orava PKB segments was coeval with the Inner
Carpathians vs. foreland collision at this part of the
Western Carpathians.

The Model M2 (Fig. 3.7) interprets the sigmoid
as the dextral strike-slip along NE-SW to NNE-SSW
oriented brittle shear zone. This model is similar
like the bending model, but considers movement
along the dextral strike-slip shear zone (sensu Twiss
& Moores, 1992) in brittle conditions (Fig. 3.7).
It explains the structural style of transition zone
between the Varin and Orava segments created by
relics of sheared PKB units. This model could operate
in conditions of NE-SW oriented compression of the
Badenian—Sarmatian stress field after collision of the
IWC with the foreland in this part of Carpathians.
Nevertheless, occurrence of this NNE-SSW shear
zone was not confirmed in the Outer, nor in Inner
Western Carpathians, so it retains as a hypothetical
solution. This model does not explain as well the
uplift of the western (Varin) block, resp. downthrown

b

Figure 3.7 Model M2 of the NNE-SSW oriented dextral transpressional brittle shear zone operating in conditions of ENE—
WSW compression: a — starting situation; b — dextral shearing. OWC — Outer Western Carpathians; PKB — Pieniny Klippen
Belt; IWC — Inner (Central) Western Carpathians; ICPB — Inner (Central) Carpathian Paleogene Basin.

of the eastern (Orava) block.

Model M3 (Fig. 3.8) — dextral strike-slip along the
single N-S oriented Zazriva fault. Particularly in the
large-scale geological maps (Fig. 3.5), it seems to be
evident that the dextral offset of the PKB should be
a result of right lateral strike-slip movement along
a single Zazriva fault (Fig. 3.8), which is drawn as a
single line in modern geological maps. Zazriva fault
could operate as a dextral strike-slip under the NE—
SW oriented compression after the Inner Carpathians
collision with the Outer Carpathians during the
Badenian—Sarmatian. Dextral strike-slip along the
Zazriva fault is expected from structural analysis of

meso-scale brittle faults in the wider area (Kovac,
1995; Kovac & Hok, 1993; Nemcok, 1994; Nemcok &
Nemcok, 1998; Potfaj et al., 1991). The weak point
of this single fault model is that it can not explain
origin and structural style of the transition PKB
zone connecting the Varin and Orava segments of
PKB (Istebné Zone, see above) and it cannot explain
differences in uplift/erosional levels of the Varin and
Orava blocks of the IWC.

Model M4 (Fig. 3.9) — dip-slip along the single N-S
oriented and eastward dipping Zazriva normal fault.
If the PKB is affected by south-vergent backthrusting
(e.g. Hasko & Poldk, 1979; Marko et al., 2005;
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Figure 3.8 Model M3 of the N-S oriented single dextral strike-slip operating under conditions of NE-SW compression
resp. NW-SE extension: a — starting situation; b — dextral strike-slipping.

Figure 3.9 Model M4 of the N-S oriented, steeply east-dipping normal fault operating in conditions of E-W tension: a —
starting state; b — normal faulting; c — resulting situation after erosion.

Plasienka et al., 2020), it is inclined to the north as it
is seen in the deep reflection seismic profile (Tomek
et al.,, 1989) and interpreted in geological cross
sections (Hasko & Polak, 1978; Peskova et al., 2012).
In this case we can calculate even with a model
of normal faulting to explain the Zazrivd sigmoid
structure. Also, the map geometry of a contact of
the northern PKB margin with the OFC units points
to the northward dip of the PKB (Fig. 3.6). Under
these conditions the right lateral separation of the
Varin and Orava segment of the PKB could be created
by downthrown of the eastern Orava block and/or
uplift of the western Varin block along the Zazriva

fault (Fig. 3.9). This model generally fits the observed
distribution of geological units, but it cannot explain
origin and structural style of the transition PKB zone
connecting Varin and Orava segment. Process of
vertical block movements could operate in conditions
of E-W tension, complementary to N-S compression,
that means it could be coeval with the IWC collision
with the foreland. Vertical movements along the N-S
Zazriva fault are clear. Contrary to the eastern block,
units of the lower structural level are exhumed by
erosion in the western block. The Central Carpathians
Paleogene sediments of the Podtatranskd Group
(Gross et al., 1993) occur in the eastern block in a
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wide belt between the PKB and Chocské vrchy Mts,
while in the western block these sediments form a
narrow, deeply eroded zone.

If the apparent strike-slip offset of PKB in the
Zazriva sigmoid was really caused only by vertical
block movements along the Zazriva fault, we can
estimate that the western block with Mala Fatra Mts.
should has been uplifted at least 7 km (for 450 dip of
PKB zone), what is too extreme value. That’s why we
have to calculate with the strike-slip activity of the
Zazriva fault to create this offset as well.

Model M5 (Fig. 3.10) — dextral transtension along
the Zazriva fault zone. Every of the above discussed
models of the Zazrivd sigmoid origin explains some
aspects of this structure, but not all of them. We
gathered relevant mechanisms from single models
and combined these to comprehensive model corre-
sponding with the known geological data.

The most real process of the Zazriva sigmoid origin
could be a combination of the dextral strike-slip and
the vertical block movements along the N-S fault
zone (Fig. 3.10) what is typical for transtesional and
transpressional regime. The negative flower structure
in reflection seismic profile 315/85 (Kadlecik et al.,
1988) crossing the Zazriva fault points to transte-
sional character of the Zazriva fault. This model fits
perfectly with the observed surface geological archi-
tectureand it does not need so extreme values of fault
shifts like the above discussed models. The western
Varin block is surely uplifted in relation to the eastern
Orava block. Contrast in vertical movements of both
blocks and their horizontal offset is a result of the
Inner Carpathians frontal ramp shape, which is not
planar in this area, but undulated. We expect that
the frontal ramp of northwardly propagating Inner
Western Carpathians is low-angle dipping under the

Figure 3.10 A combined Model M5 of coeval normal dip-slip and dextral strike-slip along the N=S oriented, steeply east-
ward dipping single fault operating in conditions of dextral transtensional regime: a — starting situation; b — oblique dextral

transtension; ¢ — final state after erosion.
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Varin block and is high-angle dipping under the Orava
block. This resulted in separation of overriding IWC
to the western Varin and the eastern Orava blocks
and more northward progress and coeval uplift of
the Varin block than Orava block, which was not
uplifted, or it even relatively subsided. The different
movements of these two blocks was accommodated
and controlled by the Z4azriva fault, which operated as
a tear fault of the Inner Western Carpathians thrust.

The Zazriva fault is not a single fault, but ca 3.5
km wide fault zone of subparallel N-S trending faults
(Fig. 3.6). It follows the boundary (maybe deep
seated fault in the foreland) between low-angle and
high-angle part of frontal ramp of the IWC thrust. The
central damage zone of the fault is ca 0.8 km thick, it
is created by narrowed, stretched and sheared PKB
units connecting the Varin and Orava segment. Due
to intense strike- and coeval dip-slipping activity,
this segment of PKB is extremely deformed and rigid
blocks (klippen) are clockwise rotated (see below)
and tilted. This central damage zone should be rimed
by boundary dextral strike-slip faults. The Zazriva
fault damage zone gradually decreases to the both
sides by decreasing number of N-S faults. These

were interpreted in the klippe Kozinec as well in the
flysch units of Outer Carpathians (Fig. 3.6).

3.2.2 Magnetotelluric model of
crustal architecture in the Zazriva
sigmoid area

One of the ways to tackle the still enigmatic Zazriva
sigmoid phenomenon is the comparison of structures
in the deeper parts of the crust on both sides of the
sigmoid. This is possible thanks to magnetotelluric
measurements realised for this very purpose in two
parallel profiles Zaz-1 and Or-1 (Fig. 3.11).

The magnetotelluric (MT) method (Tikhonov,
1950; Cagniard, 1953) is one of the electromagnetic
methods utilizing the diffusion of the source field
over a wide range of periods to image the distri-
bution of conductivity in the Earth from a depth
of tens of meters down to the upper mantle. The
measured time series of the magnetic and electric
field components are transformed to the sounding

| 20 km ||

Figure 3.11 Position of measured MT sites on the profiles. Geological situation after Lexa et al., 2000): 7b — Flysch Belt
(mostly Magura Unit); 10 — Klippen Belt; 12 — Neogene sediments; 17 — Central Western Carpathian Paleogene; 19 — Ta-
tricum: a — crystalline units, b —mostly Mesozoic cover units; 20 b — Fatricum; 21 — Hronicum.
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curves (Egbert, 1997) and then modelled by multidi-
mensional inversion codes to create the geoelectrical
models of subsurface structures (Rodi & Mackie,
2001). The method is used to detect the conductive
contrasting structures for mineral, oil and gas explo-
ration, geothermal surveys or tectonic studies. The
information about electrical conductivity allows for
a better understanding of the dynamic processes, as
well as compositional and transport properties in the
surveyed areas (Bedrosian, 2007).

The MT measurements in two profiles were
conducted and both profiles run from the Flysch
Belt, across the PKB, pass through Central Western
Carpathian Paleogene formations and end in
Mesozoic units (Fig. 3.11). The first north-south
trending profile is located to the west of the Zazriva
fault and from the north it intersects the areas of
villages Stard Bystrica, Terchova, Zazriva, and Zaskov
(section Zaz-1, Fig. 3.11). The second MT profile east
of the sigmoid and with a north-northwest to south-
southeast orientation starts south of the villages
Zakamenné and Oravska Lesna, then runs east of
Dolny Kubin and ends on the edge of the Chocské
vrchy Hills (Or-1, Fig. 3.11).

The MT time series in the western profile Zaz-1
were measured by Institute of Geophysics of the
Czech Academy of Sciences at 11 sites along the
26 km long profile in the years 2017 and 2018. The
data for the eastern profile Or-1 were collected by
the Koral company at 8 sites distributed on 28 km
long profile in the year 2018. Two new broadband
MT instruments (Metronix GmbH GMS-07) with
induction coil magnetic sensors were used for
shallow measurements at both profiles. The Metronix
Mapros processing package (Friedrichs, 2004)
with the implemented robust method was used
to estimate the impedance transfer function in the
0.0001 to 100 seconds range. The data quality of the
sounding curves decreased to the south due to the
presence of DC traction railway approximately 5 km
from the southernmost sites. The presence of high
resistive geoelectrical structures caused unwanted
noise from the railway and the nearby villages in
our measurement points. For this reason, most of
the periods above 1 second were distorted and
not used in the final model. In the final modelling,
one site in each profile had to be removed due to
unreliable noise data within all periods. To allow and
prepare the MT impedance transfer function for 2-D
modelling, the dimensionality and strike analysis
were performed and assumptions about the orien-
tation of the geoelectrical 2-D strike were estimated.
The final edited processing results were analysed
using the McNeice and Jones (2001) multi-site and
multi-frequency extension to the Groom-Bailey MT

tensor decomposition technique (Groom & Bailey,
1989) with conversion to Niblett-Bosticks depths. The
distortion decomposition of the impedance tensor to
strike direction allowed us to eliminate some static
shift distortion and provided the data suitable for 2-D
modelling. The regional geoelectrical strike azimuth
of N54°E for the Zaz-1 profile was determined for a
depth range up to 10 km. Similar data noise assess-
ments, strike analyses and decomposition to strike
direction N72°E were performed for the eastern Or-1
profile.

A 2-D inversion code based on the nonlinear
conjugate gradient algorithm of Rodi and Mackie
(2001) was used to invert the decomposed MT
impedance data for each profile. The default sets of
regularization parameters for the model smoothness
and the starting 100 QOm half-space model were used.
With error floors set to 20% for apparent resistivities
and 5% to phases the final nRMS were 2.01 for Or-1
and 3.9 for Zaz-1 profile.

Zaz-1 profile cuts the western and Or-1 profile
the eastern block of the Zazriva sigmoid. The MT
models and their tectonic interpretation are shown
in Figure 3.12. Both profiles, as is the case with the
2T profile, which runs near Or-1, show an inclination
of Flysch belt (FB) to the north (Bezak et al., 2020).
This indicates south--vergent thrusting, that is in
the opposite direction to the assumed Flysch Belt
basin floor subduction followed by northvergent
Inner Western Carpathians (IWC) collision with the
European platform (EP) foreland. We prefer an expla-
nation that the FB units were back-thrusted from
the subduction zone situated further to the north of
the Klippen Belt (KB). In the MT cross sections, the
KB together with its original bedrock, i.e. Pieninic
crust (PC) — the high-resistance bedrock in KB and FB
shown in the cross-section, seems to be thrust back
as well. This tectonic style is also indicated by prelim-
inary, not yet published 3-D MT models of the given
area.

There are differences in crustal architecture
inferred from MT data in both cross-sections. North
dipping tectonic contact of FB and KB is in Zaz-1 cross-
section steeper than in Or-1 cross-section and KB in
Zaz-1is from the Tatricum unit separated by a subver-
tical dislocation, contrary to north dipping discon-
tinuity in Or-1 cross-section. In MT models there is
very well visible contrast between the Mesozoic
units (M), FB and Inner Carpathian Paleogene units
(ICP) low to middle resistant units with underlying
high-resistant crystalline basement units (Tatricum
crystalline basement, Pieninic crust). In the Zaz-1
cross-section, this middle-resistance/high-resistance
boundary is much higher than in Or-1 cross-section.
Zaz-1 cross-section shows that basement units in the
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Peri-Klippen Zone are uplifted ca 4 km in comparison
with Or-1 cross-section. There is a contrast between
tectonic styles of both cross-sections as well. Or-1
displays a simple style of south-vergent, moderately
inclined backthrusts. In Zaz-1 we see the same style,
but affected by north-vergent forward thrusting

resulting in steepening of FB and KB backthrusts and
uplift of basement IWC units (Mala Fatra). The Zaz-1
cross-section shows the shortened and uplifted style
of the Or-1 cross-section. This is why deeper struc-
tural levels are exhumed at the surface of the western
block and only a remnant of Paleogene sediments
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Figure 3.12 MT models of profiles Or-1 and Zaz-1 and their geological interpretation. FB — Flysch Belt; PC — Pienninic crust;
KB — Klippen Belt; ICP — Inner Western Carpathian Paleogene sediments; M — Mesozoic units undivided (cover units and
nappes); T — Tatricum crystalline basement. Filled arrowhead — back-thrusting, open arrowhead — younger shortening.
Wave pattern —more conductive tectonic shear zone with presence of possible Mesozoic units. Arrow on the right side of

Zaz-1 profile — direction of younger compression.

(ICP) are preserved in a narrow belt. Unfortunately,
the gained MT data do not always show a resis-
tivity contrast between ICP and the Mesozoic units.
Thus the ICP boundary can be in both cross-sections
mostly roughly estimated.

3.2.3 Discussion and conclusions

In the above discussed single models M1 — M4,
which are not considering the role of deep crustal

decollement of IWC in process of the Zazriva sigmoid
evolution, the continuation of the Zazriva fault to
the Outer Carpathians is expected and necessary.
This fault continuation was also detected in OWC
geophysically (Kadlecik et al., 1988) and structurally
(Nemcok, 1993, 1994), and a suite of N-S faults was
morphostructurally interpreted in geological maps as
well. Nevertheless, the continuation of Zazriva fault
zone into Outer Carpathians is questionable. If the
not uniform progress of the IWC rigid blocks in front
of the orogen was the reason of the Zazriva sigmoid
origin, as already suggested by Andrusov (1926,
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1938), the northward continuation of the Zazriva fault
is not necessary. In this case the fault does not affect
the entire crust together with the EP section, and it
follows the differences in morphology of the frontal
IWC thrust in the upper crust. This problem can be
a topic for further research, along with seeking for
the geodymamic reasons for penetration of the Varin
PKB segment to the north.

Finally, we present the reconstruction of the
tectonic evolution of the Zazrivad sigmoid by Gazi
(2006), which is based on field structural research and
structural data analysis. Using a procedure of slick-
enside-related palaeostress analysis, he described
succession of four palaeostress events with NW-SE,
N-S and NE-SW oriented maximum principal stress
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axis (compression), the last event with the NW-SE
oriented minimum principal stress axis (tension).
Depending on the regional stress field changes recon-
structed from the meso-scale brittle faults, he inter-
preted the origin, kinematics and geodynamic role of
the Zazriva fault zone (Fig. 3.13), which is consistent
with the above discussed transtensional model M5 of
the Zazriva sigmoid evolution.

We can conclude that the Zazriva sigmoid is a
surface expression of a right-lateral ramp transform
fault boundary of an independently northwardly
propagated Inner Western Carpathian blocks. The
southward shift of the Carpathian conductive zone
(CCZ; Bezadk et al., 2020) can be attributed to the
activity of the Zazriva tear fault, too. The different

Figure 3.13 Reconstruction of the Zazriva sigmoid evolution during the latest Oligocene (1), Early Miocene (2), Middle
Miocene (3) and Late Miocene (4). Explanations: 1 — Magura unit, 2 — Pieniny Klippen Belt unit, 3 — Intra-Carpathian
Paleogene unit, 4 — Undivided Inner Carpathians units, 5 — strike-slips, 6 — reverse faults and thrusts, 7 — normal faults,
8 — upthrown areas, 9 — downthrown areas, 10 — principal stress vectors, 11 — tension gashes.
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slope and morphology of the foreland margin is
responsible for the uplift of the western (Varin) block.

The activity of the subduction zone was probably
increased eastwards. In the western part of the
Carpathian arc transpression was dominated. In the
region of the Zazriva sigmoid, the IWC blocks during
the subduction-transpressional movements probably

collided with the southern bend of EP. This also
caused flexure of the subduction zone and backward
overthrust units. In same time the role of the CCZ
was taken over by the southern transpressional shear
zone within the IWC (roughly in area of Chocské vrchy
Mts, see Fig. 3.5).

3.3 Geological structures across the contact between the Exter-
nal and Internal Western Carpathians based on 2D density mod-
elling (northern Slovakia case study)

2D gravimetric modelling was performed and
the results are presented here by L. Samajova, J.
Hok, K. Fekete, M. Bielik and F. Tetak. Modelling
was carried out in order to clarify the geological

structure in the deeper levels of contact between
the External and Internal Western Carpathians in
the north-western part of Slovakia (Fig. 3.14). The
principal tectonic units — the Silesian-Krosno and
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Figure 3.14 Simplified tectonic map of the northern part of Slovakia (modified after Hok et al., 2014) with position of

gravimetric profiles and deep boreholes.

117



Magura nappe systems of the accretionary prism
(Flysch Belt) and the Klippen Belt units (Oravicum)
participate in the geological structure of the External
Western Carpathians (EWECA). The Internal Western
Carpathians (IWECA) are formed by the Tatric thick-
skinned unit and the Fatric and Hronic cover nappes
(HOk et al., 2019). In addition to the mentioned main
tectonic units, Paleogene and Neogene overstepping
cover sediments are present within the IWECA.

In the studied area, two gravimetric profiles PF-1
and PF-2 were constructed across significant struc-
tures and deep boreholes. Gravimetric models are
composed of the closed polygons with representative
density values derived from the lithological compo-
sition of the individual lithotectonic bodies (Samajova
& Hok, 2018). The geometry of the polygons repre-
senting individual tectonic units was constrained
using the geological maps (Hasko & Poldk, 1978;
Rakus et al., 1988; Gasparik & Halouzka, 1989; Polak
et al.,, 1997; Potfaj et al., 2002; Sentpetery & HOKk,
2012; Geologickd mapa Slovenska 1: 50,000, 2013
[online]) and available seismic and magnetic profiles
(Potfaj, 1988).

The profiles pass through deep boreholes which
provided significant geological and tectonic data.
Boreholes HZK-10 and ZK-3 are described in Salagova
et al. (19964, b). Besides the 2,460 m well log, the
borehole ZGT-3 (Fendek et al., 1990) yielded also
the radiometric data from flat-lying mylonitic granite
dated to 58-60 Ma (40K/40Ar; Kohut et al., 1998)
and 60.2 + 4.4 Ma ZFT data (Kralikova et al., 2014).
Borehole TTS-1 (1,458 m total depth) drilled the
Hronic, Fatric and Tatric sediments (Géczy, 1990).

The gravity effects of the geological bodies have
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been calculated using the formula Talwani et al.
(1959), with Won & Bevis's algorithm (GM-SYS User’s
Guide 4.9, 2004) in the GM-SYS software. All models
extend to + 30,000 km along the profiles to eliminate
edge-effects. The input gravity data were obtained
fromthe Bouguer anomaly map with the grid 200x200
m (Pasteka et al. 2014, 2017). The topography data
were obtained from the Topographic Institute (2012).
The Moho depth in the studied area was taken from
papers Alasonati Tasarova et al. (2016) and Bielik et
al. (2018). The lithosphere—asthenosphere boundary
(LAB) was used from Dérerova et al. (2006) and
Alasonati Tasarova et al. (2016). These depths are
specific for individual profiles.

3.3.1 Geological overview

Tectonic units of the Oravicum, Magura and
Krosno nappe systems belong to EWECA (HOk et
al., 2019). The Krosno nappe system is represented
by a Silesian unit (Late Cretaceous—Paleocene).
The Magura nappe system includes the Siary, Raca,
Bystrica, Krynica and Biele Karpaty units. These
nappe systems are mainly formed by the deep water
“flysch” sediments deposited by the gravity flows.

Oravicum (Pieniny Klippen Belt, PKB) represents
the contact zone between the EWECA and IWECA.
The studied Varin and partly Orava sections of the
Klippen Belt are composed mostly of Jurassic—Lower
Cretaceous sediments of the Kysuca Unit. System-
atically overturned sequences of rocks are typical.
Together with the Magura nappe system, the PKB
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Figure 3.15 Tectonic model of the Krivanska Fatra Mts showing the major Cenozoic backthrust structures (Sentpetery,

2011).
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participates at the bivergent structure (Fig. 3.15). The
course of the structural fan axis is situated externally
from the surface course of the PKB, which together
with the northern IWECA margin forms its south-
vergent branch. The development of the bivergent
structure is the result of continuous deformation in
the transpression regime during the ?0Oligocene to
the Early Miocene (Peskova et al., 2012).

IWECA are represented by the Tatricum, Fatricum
and Hronicum tectonic units. Post-nappe forma-
tions are predominantly represented by Paleogene
sediments of the Podtatra Group (Gross et al., 1984)
and the Myjava-Hricov Group (Plasienka & Sotak,
2015). Neogene sediments are concentrated in the
Turcianska kotlina Depression (Kovac et al., 2011).

The Tatricum contains crystalline basement and
Permian to Cretaceous sediments covering the
crystalline basement. The basement is composed
mainly of granitoids of the Upper Devonian to Carbon-
iferous age (Shcherbak et al., 1990; Bagdasaryan et
al., 1992; Petrik et al., 1994). Metamorphic rocks are
less presented and occur on the eastern margin of
the Lucanska Fatra Mts (Janak & Luptak, 1997). Tatric
cover sediments are present in the Lucanska Fatra,
Krivdnska Fatra and Velkd Fatra Mts (Geologicka
mapa Slovenska 1: 50,000, 2013 [online]). The
Tatric basement and cover sequence (Early Triassic
— Early Cretaceous), together with the Fatricum and
Hronicum is an integral part of the south-vergent
structure in Krivanska Fatra Mts (Uhlig, 1902;
Sentpetery, 2011; PeSkova et al., 2012; Sentpetery &
Hok, 2012).

The Fatric tectonic unit occurs predominantly
on the northern slopes of the Krivanska Fatra Mts,
where is deformed by post-nappe, south-vergent
movements (Peskova et al., 2012; Sentpetery, 2011;
Senpetery & Hok, 2012) including infolded Paleogene
sediments. The Hronic tectonic unit is represented by
Middle Triassic carbonates. Due to backthrusting, the
Hronicum, Fatricum and Paleocene sediments of the
Myjava-Hri¢ov Group are situated in tectonic footwall
of the Oravic units in the Krivanska Fatra Mts.

The Paleogene sediments of the Podtatra Group
(Central Carpathian Paleogene Basin) transgressively
overlie the Fatric and Hronic units. The substratum
of the Paleogene sediments of the Myjava-Hricov
Group is unknown. In most cases they occur below
the backthrust Oravic units (Peskova et al., 2012).
Neogene sediments are located in the Turcéianska
kotlina Depression, reaching a maximum thickness
1,027 metres in the area documented by the ZGT-3
borehole (Fendek et al., 1990). Several alluvial fans
of Miocene to Pliocene sediments are present at the
western margin of the Turcianska kotlina Depression
(HOk et al., 1998; Kovac et al., 2011), containing

mostly dolomite clasts derived from the Hronicum.
Presence of the dolomites has a significant effect on
the increasing density of modelled polygons.

3.3.2 Profile PF-1

The gravimetric profile PF-1 begins in the
Turzovskd vrchovina Mts including boreholes HZK-1,
ZK-3 (Salagova et al., 19963, b) in the Zilinska kotlina
Depression, ZGT-3 (Gasparik et al., 1995; Fendek et
al.,, 1990) in the Turcianska kotlina Depression and
is terminated in the Velkd Fatra Mts. The surface
geometry of the modelled bodies was constrained by
geological map (Geological map of Slovakia, 2013),
borehole data and results of previous geophysical
models (Panacek et al., 1991; Salagova et al., 19963,
b). The density values were used according to the
results of Panacek et al., (1991), Stranska et al.,
(19864, b) and Samajova and Hok (2018).

The course of the Moho discontinuity has a
decreasing character from 35 km in EWC to 32 km
in IWC (Alasonati Tasarova et al., 2016; Bielik et al.,
2018). The LAB is constant in the depth of 110 km
across the profile (Dérerova et al., 2006; Alasonati
Tasarova et al., 2016). As indicated by the geological
structure, the calculated curve includes several local
anomalies (Fig. 3.16). The structural sedimentary
wedge of the Magura and Krosno nappe systems is
characterized by the gravity values that change in
the interval of -20 to -59 mGal. The density value
of the individual nappes differs depending on the
predominant grain size. The Klippen Belt (Oravicum)
consists of shallow structure with dim amplitude
on the gravity. This structure is integral component
of the bivergent wedge (Peskova et al., 2012). The
interpretation of the Zilinska kotlina Depression was
constructed according to results of the boreholes
HZK-10, ZK-1, 2, 3 (Salagova et al., 1996a, b) and
gravimetric profile (Salagova et al., 1996a, b). Below
the Paleogene sediments, two tectonic slices of the
Mesozoic sediments (Fatricum) were drilled in the
borehole HZK-10 (Salagova et al., 19964, b). In the
borehole ZK-3, Triassic carbonates of the Hronic Unit
are present besides of the Paleogene and Mesozoic
sediments of the Fatricum. The geological structure
of the Zilinskd kotlina Depression comprises the
Paleogene sediments (Eocene), Triassic dolomites
of the Hronicum and tectonic slices of the Fatricum
overlying the Tatric cover unit. The relative gravity
high of the Lucanska Fatra Mts is the result of the
gravity effects of the Mesozoic sediments, the Tatric
crystalline basement and the elevation of the lower
crust.
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The Turcianska kotlina Depression is characterized
by significant gravity low with several local anomalies
(Fig. 3.16). The interpretation of the pre-Neogene
basement was constructed according to the data
of deep borehole ZGT-3, seismic profiles K-Ill/75
(Lesko et al., 1978; Hrdlicka et al., 1983), 4AHR/68
and 519/87 (Tomek et al., 1990), regional magnetic
profile TK-1 (Filo & Kubes$ in Panacek, 1991) and
gravimetric profile PF-VI, VII (Sefara in Panacek et al.,
1991). The Neogene infill of the Turcianska kotlina
Depression is significantly tilted to the west along the
eastern margin. The contact of the Turcianska kotlina
Depression and the Velka Fatra Mts is represented
by the significant horizontal gradient 1.5 mGal/km.
The gravity high of the Velka Fatra Mts is the result of
the gravity effect linked with the presence of stacked
slices of the Hronic dolomites and of the Tatric
crystalline basement.

3.3.3 Profile PF-2

The gravimetric profile was constructed along a
line from the Kysucké Beskydy Mts to the Turcianska
kotlina Depression across the deep boreholes ZGT-3
(Gasparik et al., 1995; Fendek et al., 1990) and TTS-1
(Hradilova, 1988). Both profiles (PF-1 and PF-2)
intersect at borehole ZGT-3 and PF-2 continues in
NE-SW direction. The surface geological and struc-
tural data was taken from Geological map of Slovakia,
2013. Density values of the individual rock complexes
were used according to Zbofil et al. (1979, 1985),
Panacek et al. (1991), Stranska et al. (1986) and
Samajova & Hok (2018).

Moho depth ranges between 38 km in EWC and
gradually decreases to 32 km in Turcianska kotlina
Depression (Alasonati Tasarova et al.,, 2016; Bielik
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Fig. 3.18 Simplified geological map with the position of the bivergent structure (Sentpetery, 2011; Peskova et al., 2012;
Pelech, 2015; Pelech et al., 2016, 2017b, 2018; Hok et al., 2016; Pelech & Olsavsky, 2018; Pulisova et al., 2018).
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et al., 2018). The LAB is constantly at 110 km along
the profile (Dérerova et al., 2006; Alasonati Tasarova
et al., 2016). The calculated gravity is composed
of several local anomalies reflecting complicated
geological structure of the studied area (Fig. 3.17).
The Flysch Belt sediments of the Magura nappe
system belong to the Rada and Bystrica units. The
PKB is represented by a shallow structure with insig-
nificant gravity effect. The axis of the bivergent struc-
tural wedge observable in the north-eastern part of
the profile is located in the Magura nappe system.
The notable gravity high of the Lu¢anska Fatra Mts
is the result of the joint gravity effects of the Mesozoic
duplex structures and of the Tatric crystalline
basement. The contact of the Lu¢anska Fatra Mts and
the Turcianska kotlina Depression sedimentary fill is
characterized by considerable horizontal gradient of
1.25 mGal/km. Interpretation of the deeper structure
of the Turcianska kotlina Depression was constructed
according to the results of deep boreholes ZGT-3,
TTS-1 and GHS-1, seismic profile 4HR/86 (Tomek et
al., 1990) and gravimetric profile (Zbofil et al., 1985).
The large gravity low with several local anomalies
is caused by the block structure of the Turcianska
kotlina Depression. Within the southern part of the
PF-2 profile, significant, W—E oriented transversal
faults can be observed (Fig. 3.17). The fault network
creates the set of elevations and depressions. The

interpretation of the pre-Neogene basement was
controlled by the results of deep boreholes ZGT-3
and TTS-1.

3.3.4 Conclusions

2D gravity modelling was carried out along
profiles PF-1 and PF-2 oriented across the significant
geological structures, in order to clarify the character
of oppositely vergent structures in the studied
area. The results of the 2D modelling confirmed the
presence of the bivergent structural wedge formed
by tectonic units of the External and Internal Western
Carpathians (Fig. 3.18). The course of its axis is variable
depending on the position within the studied area.
In the northern part of the studied area, the trace
of the bivergent structure is verified by two gravity
profiles. The wedge axis is located in the Magura
nappe system. In the eastern part, the axis passes
through the structure of the Klippen Belt. Below the
sedimentary fill of the Ilavskd kotlina Depression
in SW, the trace of the wedge axis is located at the
contact of the Klippen Belt with the Internal Western
Carpathians. Subsequently the observed structure
passes into the Internal Western Carpathians.

3.4 Tectonic evolution of the Klippen Belt

The tectonic edifice of the PKB exemplifies a
combination of several structural styles which
variously affected individual PKB sectors. In previous
concepts of the tectonic development of the PKB
part under question, these were defined as: (i) nappe
thrusting of the principal PKB units like the Kysuca
and Manin resp. Klape units (e.g.); (ii) south-vergent
imbricated structure deforming the original nappe
stack (e.g. Hasko, 1978b; Hasko & Polak, 1979; Potfaj,
1988, 1979, 1983); (iii) transpressional coulisse-like
structure further complicating relationships of the
PKB units (Mahel, 1989). All these processes took
part in the PKB structural evolution, but in the
qguoted papers they were based only on the large-
scale tectonic considerations and not supported
by a relevant structural documentation, except of
frequently observed overturned bedding in flysch
complexes.

Many of previous studies attributed the oldest
principal deformation stages and palaeostress states
to the Oligocene — Early Miocene times (Ratschbacher
et al., 1993; Kovac & HAk, 1996; Peskova et al., 2009,
2012), consequently it means that the principal

features of the PKB structure originated during the
“Savian” tectogenesis (e.g. Sikora, 1974). However,
these studies did not consider existence of various
PKB units and their nappe positions. Origin of the
nappe structures was also attributed to variously
timing stages — pre-Albian “Pieniny (Austrian) phase”
(later renamed as the “Manin phase” with gener-
ation of the Subpieniny, Pieniny and Manin nappes
— Andrusov 1931b, 1938), pre-Gosauian “Mediter-
ranean phase” (Andrusov et al.,, 1973; Salaj, 2006),
various intra-Senonian  “Subhercynian” phases
(Andrusov & Scheibner 1960; Andrusov 1965, 1968;
Scheibner, 1968b), and finally the end-Cretaceous
“Laramian” tectogenesis (e.g. Andrusov 1972, 1974;
Hasko, 1978b; Gross et al., 1993). This view led
Andrusov (1972, 1974) to affiliate the Manin Unit with
the PKB Pienidic units, it means to the “Laramian”
tectonic system of the PKB that is sharply separated
from the “Subhercynian” tectonic system of the
CWC. In the Polish Pieniny Mts, succession of several
nappe-forming phases (Subhercynian, Laramian and
Savian as the main events) was assumed by Birken-
majer (1960, 1970, 1986) and Jurewicz (1994). In
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the eastern Slovakian PKB branch, the main folding
stage was attributed to the Late Eocene “lllyrian” or
“Pyrenean” phases by some authors (e.g. Stranik,
1965; Lesko & Samuel, 1968; Nemcok, 1971).

Based chiefly on the composition and age of
pre- to syn-thrusting synorogenic flysch formations
of the Oravic units and their structural position in
the eastern PKB branch, Plasienka and co-authors
(Plasienka & Mikus, 2010; Plasienka, 2012a, b;
Plasienka et al., 2012) deduced that the Pieniny Unit
overrode the Maastrichtian Jarmuta Basin of the later
Subpieniny Unit (Czorsztyn Ridge domain) during the
earliest Paleocene and then the detached Subpieniny
Unit was emplaced over the Pro¢ Basin of the Sari$
domain in the Middle Eocene times. With corre-
lation of tectonic development between the eastern

and western PKB branches, Plasienka et al. (2020)
reconstructed eight principal evolutionary stages
and postulated significant differences between the
western vs. eastern branches from the Late Eocene
onward. Hereafter, description of these tectonic
stages recorded in the western branch is summarized
and supplemented in Figure 3.19.

Stage S1. Based on the stratigraphic age of
youngest Tatric cover sediments (Poruba Fm., middle
Turonian — Boorova & Potfaj, 1997), the Fatric Krizna
nappe was emplaced during the late Turonian. In the
outer Tatric zones (PovaZsky Inovec Mts. — cf. Pelech
et al., 2017a), this event might have been younger
— Coniacian to Santonian, i.e. some 90-85 Ma ago
(Plasienka, 2018a, 2019 and references therein). In
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Figure 3.19 Summary of tectonic processes during evolutionary stages of the western PKB branch (modified after Plasien-

ka et al., 2020).

the CWC area, the top-to-NW thrusting direction
of the Krizna nappe was documented by Plasienka
(2003b) and Prokesova et al. (2012). The frontal
Fatric nappe elements (Manin, Klape and Drietoma)
glided beyond the outer Tatric edge, possibly as far
as over the Vahic oceanic crust. This event was coeval
with onset of subduction of the Vahic oceanic crust,
as inferred from commencement of synorogenic
flysch sedimentation in the Belice Unit (PlaSienka et

al., 1994).

Stage S2. In the course of subduction of the
Piemont-Vah Ocean, the frontal Fatric units of the
present-day Peri-Klippen zone became constit-
uents of a nascent accretionary wedge. Folded and
imbricated Manin and Klape units incorporated also
shallow- to deep-marine synorogenic sediments
deposited in the wedge-top, Gosau-type basins
(Plasienka & Sotak, 2015). During the closing stages
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of the Vah Ocean, the Fatric wedge toe overrode the
southern foots of the Oravic continental fragment,
which were the sedimentary area of the later Pieniny
Unit. This phase covered a significant time span of
15 Myr from the Santonian to early Maastrichtian
(85-70 Ma).

Stage S3. At the turn from Cretaceous to
Paleogene, the Vahic subduction was terminated by
the likely oblique collision of the outer (Tatric) CWC
margin with the Oravic continental domain (Fig.
3.20). Shortening continued by detachment of the
basinal Pieniny-type successions and their thrusting
over the elevated part of the Oravic continental
ribbon (Czorsztyn Ridge), along with the overlying
frontal Fatric elements and piggyback Gosau basins.
Sedimentary record includes the latest Cretaceous
trench-type flysch deposits and olistostrome bodies
in the Czorsztyn-type successions of the forth-
coming, structurally lower Subpieniny Unit. Existing
structural data document the W-E compression
during the incipient collision (“cross folding”, see
above), followed by NW to NNW-ward overthrusting
(Plasienka et al., 2018, 2020 and references therein).
The S3 stage lasted probably until the Middle
Paleocene (60 Ma).

Stage S4. During the Paleocene to Middle
Eocene (60 to ca 45 Ma), convergence continued
by sequential disconnection of the Oravic Subpi-
eniny and Sari$ units from their basement and their
attachment to the tip of the advancing accretionary
wedge, simultaneously with initial underthrusting of
the Oravic crustal domain below the prograding CWC
orogenic wedge (Fig. 3.20). The wedge propagated
by repetition of several shortening and extensional
events that were ruled by fluctuations of the wedge
taper (Plasienka & Sotadk, 2015). Shortening phases
are recorded by shallowing or non-deposition and
erosion in the wedge-top basins, whereas the Oravic
flysch trench basins were supplied by coarse-grained
detritus produced by erosion of the wedge areas. The
accretionary system attained a typical asymmetric
wedge shape with frontal foreland-ward (NW- ward)
thrusting, steepening of thrust imbricates and
thickening of the central part, and back-tilting and
backthrusting in the wedge rear (Plasienka et al.,
2018b, 2020; Plasienka, 2019).

Stage S5. During the Middle—Late Eocene (45 to 35
Ma), the wedge grew by sequential frontal accretion
of the Biele Karpaty and Magura units scraped off the
subducting North Pennine (Rhenodanubian—Magura)
at least partly oceanic lithosphere. Following the
Lutetian collapse phase (Plasienka & Sotdk, 2015;
Sotdk et al.,, 2017), the rear parts of the wedge
thickened again by back-tilting and backthrusting.
Foreland-directed forethrusts in the Magura units

and hinterland-directed backthrusts in the PKB and
CWC areas are arranged in a broad-scale fanwise
structure centred in the OWC Bystrica Unit. By the S5
stage, the PKB Oravic units became to be completely
uprooted and attached to the upper CWC plate within
the convergence zone, i.e. they occupied a backstop
position with respect to the forward expanding EWC
accretionary wedge (Fig. 3.20; Plasienka et al., 2020).

From the S5 stage onward, tectonic evolution of
the western and the eastern PKB branches differed
substantially (Plasienka et al., 2020). The NW-SE
shortening and accretion of the Biele Karpaty units
of the Flysch Belt continued in the western branch,
whereas the eastern branch started to develop
by translation of the Oravic and Peri-Klippen units
along the right-lateral wrench corridor that followed
the eastern transform boundary of the Western
Carpathians.

Stage S6. The NW-SE oriented contraction
continued also during the Late Eocene to Late
Oligocene (35-25 Ma). Brittle deformational struc-
tures like joints, faults and slickensides affected
already tilted, mostly steeply dipping strata. Due to
thickening of the rear parts of the wedge, further
NW-SE compression was accommodated by dextral
transpression in the W-E trending Varin PKB sector
and adjacent units (e.g. the Bytéa-Zilina and Raztoky
fault zones). In the western part of the EWC Flysch
Belt, the internal fold-thrust structure of the Magura
units was nearly completed and then the EWC wedge
propagated by accretion of the outer Flysch Belt units
(e.g. Picha et al., 2006).

Stage S7. During the Late Oligocene to early
Middle Miocene stage (25-15 Ma), the principal
compression axis attained the NNW-SSE to N-S
orientation. The leading large-scale deformation
processes, i.e. the extensive backthrusting reaching
at least 5 km (cf. PeSkova et al., 2012) accompanied
by strong internal imbrication and disintegration of
of the original nappe structure, affected all PKB and
adjacent units in the Varin sector. Southward oriented
thrusting modified the bounding fault contacts of
the PKB in particular, leading to conspicuous south-
vergent fold and thrust deformation of the Paleogene
CCPB flysch sediments just at the contact with the
PKB (see stop B1). However, backthrusting affected
also the adjoining zones of the Mald Fatra Mts by
development of the prominent N-dipping reverse
fault on the Mt. Rozsutec ridge (see chapter 1.1), as
well as in several other areas (e.g. Sentpetery, 2011;
Sentpetery & Hék, 2012).

During the Early Miocene, the EWC accretionary
wedge propagated by accretion of the Fore-Magura,
Silesian and Subsilesian units (cf. Picha et al., 2006).
The S7 stage terminated by the large-scale counter-
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clockwise block rotation of the entire Western
Carpathian domain in the order of 50—60° (Marton et
al., 2013, 2015). The Middle Miocene CCW rotation
brought about termination of advancement and
growth of the western part of the EWC accretionary
wedge, which became to be fixed to the foreland
plate (Bohemian Massif).

Stage S8. During the post-rotation of the WC block,
in the Middle to early Late Miocene times (15-10 Ma;
(Fig. 3.20), the ongoing NE-directed movement of the
Carpathian part of the AlCaPa microplate resulted
in the overall transtensional regime. Major sinistral
strike-slip zones extending from the Eastern Alps
affected the zones along the PKB by development of
the extensive Vienna Basin at the Alpine—Carpathian
junction area, but also with opening of several other
small pull-aparts along the Vah River Valley (Trencin

and llava basins) up to the northernmost PKB bend
from its WSW- to ESE trending sectors (Orava Basin;
e.g. Ludwiniak et al., 2019 and references therein).
The brittle structural record reveals shifting of the
maximum horizontal stress axis from the N-S to the
SW-NE orientation as documented at numerous
places (e.g., Marko et al., 1995; Kovac¢ & Hok, 1996;
Simonova & Plagienka, 2017). The SW—-NE trending
thrust faults separating nappes of the EWC Flysch Belt
were also partly reactivated as left-lateral strike slips
(Decker & Peresson, 1996; Beidinger & Decker, 2016).
Simultaneously, the only important transversal zone
with dextral offset that disturbs the nearly perfect,
smoothly arching PKB curvature — the N-S trending
Zazrivd—Pdrnica fault zone (or Zazriva sigmoid) origi-
nated (see above).

Figure 3.20 Palaeotectonic interpretation of the main evolutionary stages of the western PKB branch (modified after
Plasienka et al., 2020). MB — Matrei—Belice wedge; MKD — Manin—Klape—Drietoma belt; NCA — Northern Calcareous Alps;
CR — Czorsztyn Ridge; RD — Rhenodanubian Flysch Belt; BK — Biele Karpaty Unit; SKZ — Sambron—Kamenica Zone; PAL —
Peri-Adriatic Line; RC — Rechnitz core complex; IC — Ifacovce core complex.
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Summary and conclusions

This monograph has aimed at summarizing the
knowledge about the geology and tectonics of the
Pieniny Klippen Belt (PKB) and adjacent frontal parts
of the Central Western Carpathians (CWC) repre-
sented by the Mald Fatra core-mountains in north-
western Slovakia, along with presentation of new
data achieved during the last years by the authors.
At the same time, it may serve as a guide-book for
some key outcrops and sections in the area. The new
results and interpretations can be briefly recapitu-
lated as follows:

e  \Variscan granitoids of the Tatric crystalline
basement show distributional zoning and evolution
from arc-related magmatism at ca 353 Ma followed
by collisional magmatism some 10 Myr later,
exhumation by 330 Ma and Permian and Alpine
thermal overprints. Details are provided by repre-
sentative localities at the Dubna skala and Kralova-
ny-Bystricka quarries.

e  The Cretaceous nappe structure of the CWC
is presented along several sections in the Krivanska
Mald Fatra Mts, e.g. around the eye-catching Mt.
Rozsutec. The Fatric Krizna Nappe is characterized by
duplex structures and diverticulation mode of final
emplacement of the partial Fatric units. Structure of
the Fatric and Hronic nappes in the north-western
part of the Mala Fatra core-mountains, adjacent to
the PKB, was affected by striking post-Paleogene
backthrusts like the Medzirozsutce reverse fault.

e  Structure of the eastern part of the Varin PKB
sector is dominated by post-Paleogene backthrusting
andtransformation of the original nappe edifice of the
Oravic units to the north-dipping, synclinorium-like
arrangement. Oravic units form the imbricated limbs,
while the Upper Cretaceous Pupov Formation of still
problematic affiliation occurs in its centre. We recog-
nized also the presence of the Sari§ Unit in the area,
which is characterized by some indicative formations
like the Szlachtowa or Malinowa fms. The litho-bi-
ostratigraphy of several marly and flysch formations
was demonstrated along sections exposed predomi-
nantly in temporary outcrops like road cuts and creek

bedrocks.

e The origin of the Zazriva-Parnica sigmoid
and associated N-S trending faults that caused a
distinctive transversal shift of the PKB was discussed.
Based on the structural investigations and new data
from magnetotelluric measurements it is inferred
that this structure represented a lateral ramp with the
sunken eastern Orava block during the backthrusting
stage, which was modified by the Miocene dextral
transtensional faulting.

e Due to the poor outcrop conditions and
missing links between various units and formations,
the western part of the Orava PKB sector is hitherto
the least understood. Supposedly, it is composed
only of the Oravic units — the Pieniny Unit in the
centre and the Subpieniny and Sari$ units along the
imbricated limbs of a northward plunging synform.

e  Finally, we presented a hypothetical model of
the tectonic development of the PKB and contiguous
zones in north-western Slovakia. The model assumes
the long-term, latest Cretaceous to Lower Miocene
NW-SE oriented forethrusting of units detached
from the Oravic continental ribbon colliding with the
backstop CWC block. The nappe structures of the
PKB units in the backstop-edge position of the devel-
oping accretionary wedge of the Flysch Belt were
then strongly modified by backthrusting-backtilting
and transpressional movements.

We believe that every reader will find new and
valuable information from his/her field of research in
this book. Nevertheless, since the geological research
is a never-ending process, no results can be final and
many open problems still remain to be solved in the
future. As usuall in science, we feel that during the
field and laboratory works, and during compiling of
this monograph, more questions arose than were
answered. Hence we hope that the data presented,
and particularly those which are problematic or still
missing, will inspire our followers to continue inves-
tigations of this fascinating piece of the Western
Carpathian geology. If this happens, the purpose of
the presented monograph will be met.
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