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Genetické typy bradiel v bradlovom pasme Zapadnych Karpat

Vlavo hore: Pohlad na vychod od Kyjova na rad strmo uloZzenych bradiel pieninskej jednotky budovanych doskovitymi vapencami
pieninského suvrstvia a radiolaritmi czajakowského sutvrstvia — typ bradiel B1Y (,kozi chrbat| resp. kvesta). V popredi Kosova
skalka (pozri obr. 3 v ¢lanku Plasienku v tomto &isle).

Vpravo hore: Bradlo Zadné skdlie (obr. 3 v praci Plasienku) je typom kompozitného sedimentarneho bradla — megaolistolitu
(typ A2XY) — zlozeného z viacerych Supin subpieninskej jednotky, ktoré lezi uprostred brekcii, pieskovcov a bridlic proéského
suvrstvia Sariskej jednotky.

V strede: Vysek z geologickej mapy zobrazujlcej rézne typy bradiel v okoli obce Milped na vychodnom Slovensku (pozri obr. 4
v &lanku Plasienku v tomto &isle).

Vprave dole: Bradlo Zamok s ruinami Kamenického hradu (cf. obr. 4 v &élanku PlaSienku v tomto &isle) tvorené czorsztynskou
sukcesiou subpieninskej jednotky — velkeé izolované tektonické bradlo typu A1Y, modifikované eréziou a ludskou éinnostou.

COVER:
Genetic types of individual klippes in Carpathian Klippen Belt

Top left: View to the east of Kyjov village on the row built of steeply dipping klippen of the Pieniny Unit, composed of bedded
limestones of the Pieniny Formation and radiolarites of the Czajakowa Formation — klippen type B1Y ("goat back" or cuesta). The
Kosova skalka klippe is in the foreground (cf. Fig. 3 in the paper of Plasienka, this issue).

Top right: The Zadné skélie klippe (Fig. 3 in PlaSienka, this issue) is a composite sedimentary klippe — megaolistolith (type
A2XY) - composed of several slices of the Subpieniny Unit, which are resting amidst breccias, sandstones and shales of the
Pro¢ Formation of the Sarié Unit.

In the middle: Section of the geological map showing klippen of various types in the surroundings of Milpo$ village in eastern
Slovakia (see Fig. 4 in Plasienka, this issue).

Right below: Klippe Zamok with ruins of the Kamenica Castle (see Fig. 4 in Pladienka, this issue) formed by the Czorsztyn
succession of the Subpieniny Unit — a big isolated tectonic klippe of the A1Y type shaped by erosion and human activities.
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The Carpathian Klippen Belt and types of its klippen
— an attempt at a genetic classification

DUSAN PLASIENKA

Department of Geology and Paleontology, Faculty of Natural Sciences, Comenius University, Mlynské dolina,
Ilkovicova 6, 842 15 Bratislava, Slovakia; dusan.plasienka@uniba.sk.

Abstract: Based on the literature examinations and field investigations in various parts of the Pieniny Klippen Belt
of the Western Carpathians, a tentative classification of the klippen forms and types is presented. The mode of the
klippen separation (genetic aspect), inclination of klippen long axes (structural factor), and alterations impressed
by superimposed surface processes like erosion, gravitational movements or human activities (morphologic fac-
tor) are the three major criteria considered. By their combination, the klippen are categorized to the primary types
whose origin was dominantly controlled by the endogenous tectonic, or by the exogenous sedimentary processes
(olistoliths), and to the secondary forms influenced by the superficial modifications.

Keywords: Klippen Belt, tectonic concepts, block-in-matrix structures, olistoliths, typology of klippen forms,

Western Carpathians
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Introduction

The Carpathian Pieniny Klippen Belt (PKB) is an ex-
ceptional Carpathian structural zone, only a few km wide,
but up to 600 km long, as far as only the “true” Oravic
units with the characteristic Czorsztyn-type successions
are considered (Fig. 1). The PKB was formed by the latest
Cretaceous to Middle Eocene thrust stacking and by su-
perimposed Late Eocene—Early Miocene out-of-sequence
thrusting and wrenching. It separates the Cenozoic accre-
tionary prism of the External Western Carpathians (EWC,
Flysch Belt) from the Cretaceous basement/cover thrust
stack of the Austroalpine Central Western Carpathians
(CWC). The PKB is exceptional by its scenic humped
landscape, being formed by numerous, variously large
“klippen”, which are often isolated cliffy hills surrounded
by a mild relief. The majority of klippen is composed of

 Klippen of the Carpathian Klippen Belt are rigid in-
clusions embedded in a soft matrix — predominantly
Jurassic to Lower Cretaceous limestones within
Upper Cretaceous — Eocene shales marls and sand-
stones;

* In general, klippen of two main categories are dis-
tinguished — sedimentary klippen, i.e. olistoliths, and
tectonic klippen, i.e. fragments of sedimentary suc-
cessions dismembered by deformation processes;

Highlights

* Classification of klippen forms considers the mode of
their separation (genetic factor), shape and attitude of
klippen (structural factor), and superimposed surface
processes (morphological factor).

relatively competent, Middle Jurassic to Lower Cretaceous
limestones, enclosed by the “klippen mantle” — incom-
petent Lower Jurassic and Upper Cretaceous to Middle
Eocene shales, marls and sandstones. Beside of compo-
sition, the extraordinary complex PKB structure resulted
from a long-termed deformation in a backstop position
between the EWC accretionary wedge and the bulldozing
CWC thick-skinned thrust stack (e.g. Plasienka and Sotak,
2015 and references therein). As a result, some parts of the
PKB show a disorganized, nearly chaotic block-in-matrix
structure, having been often described as a megabreccia,
or mélange — either tectonic, or sedimentary, or both.
Various concepts of the structure and evolution of the
PKB have been developing and modified through time
from the early ideas in the second half of 19" century (e.g.
Neumayr, 1871; Uhlig, 1890), which was reflected also
by changing opinions about the origin of peculiar klippen
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Fig. 1. The course of the Povazie—Pieniny Belt (sensu Plasienka, 1999). The Oravic units (blue) compose the Klippen Belt proper, while
nappe units of the Central Carpathian origin (Fatric according to Plasienka, 1995, 1999, 2012a and references therein — Manin, Klape,
Drietoma, Haligovce HU) plus their Gosau (Senonian to Middle Eocene) post-thrusting cover form the Peri-Klippen Zone (Plasienka

and Soték, 2015).

forms. Based on a combination of structural and morpho-
logical factors, the latest comprehensive classifications
were published by Andrusov and Scheibner (1968) and
Andrusov (1974). However, these classifications do not
comply with the actual views on the tectonic and sedimen-
tary development of the PKB that offer a more dynamic
approach. Therefore, the purpose of this paper is to review
older and current concepts about the origin of PKB and its
klippen and to present a novel categorization of the klip-
pen forms and types.

Derivation of the term klippe

The German word die Klippe (pl. die Klippen) desig-
nates the rock cliff, crag or reef. In the Alpine geological
literature, the term has been used for about two centuries
to denote the more-or-less isolated, weathering-resistant,
variously sized block of rocks surrounded by softer strata
that are prone to be easily removed by erosion. In a tectonic
sense, the klippe means a block of rocks that is physically
separated from the host strata by fault plane(s). Following
introduction of the nappe theory in structure of the Alps, it
has been frequently used for isolated nappe outliers, espe-
cially if they form morphologically distinct, isolated hard
rock cliffs overlying soft rocks forming a mild relief (e.g.
the Klippen nappe of the Western Alpine Préalpes — cf.
Triimpy, 2006; Pfiffner, 2014 and references therein). In
the international literature and geological dictionaries (e.g.
Allaby, 2008), the terms klippe and klippen are used main-
ly in this specific meaning. To avoid possible misunder-
standings in using the term klippe, already Suess (1885)
introduced the notion of “klippen of the Carpathian type”

for those that typically occur in the PKB. Vice versa, An-
drusov and Scheibner (1960) named the morphologically
expressive nappe remains as “klippen of the Swiss type”.

However, the term klippe itself has no genetic conno-
tation; generally it refers to any morphologically positive
rocky form. In the Carpathians, it had been coined much
earlier than the nappe theory was formulated in the Alps
and Carpathians (Pusch, 1836 ex Andrusov, 1974). Klip-
pen may have various sizes from a few metres to several
hundred metres. Uhlig (1904) estimated the number of
klippen up to five thousand, Mahel' (1989) to more than
two thousand, and Andrusov (1938) counted 125 klippen
in the Orava segment of PKB.

A terminological note — in the English-written text, the
idioms klippe and klippen are not used consistently, due to
their various transcriptions from German. This particularly
refers to plural — terms like Klippen, klippen, klippes and
even klippens can be found in the literature. To keep con-
sistency with the historical prejudice and the most com-
mon practice, we shall use the term “klippe” for singular
and “klippen” for plural throughout this paper.

In the Western Carpathians, the term klippe become to
be widely used starting from the first half of 19" century
and the zone of klippen was designated as the “Klippen-
kalkzug” or “Klippenkalk-Gruppe” (e.g. Stur, 1860; see
the historical overviews by Andrusov, 1938, 1964; Scheib-
ner, 1968; or Birkenmajer, 1977, 1986). Afterwards,
Neumayr (1871) was the first who introduced the name
“Pieninische Klippenzug” for the peculiar Carpathian zone
characterized by the widespread presence of chaotically
dispersed blocks of stiff rocks of various sizes and origin —
the klippen, embedded in a soft matrix — the klippen man-
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tle or cover. Uhlig (1907) and several other authors used
also the term “Siidliche Klippenzone” and its analogues.
At present, this zone is most commonly entitled as the
Pieniny Klippen Belt in the current English-written texts,
but terms Carpathian Klippen Belt or simply Klippen Belt
have been frequently used as well. In the local Carpathian
languages, the terms klippe and Klippen Belt have names
of similar meanings — Slovak bradlo and bradlové pas-
mo, Polish skatka and pas skatkowy, or Ukrainian utes and
zona utesov.

Structure of the Klippen Belt — earlier and present
views

The Pieniny Klippen Belt (PKB) is perhaps the most
outstanding regional tectonic structure of the Western
Carpathians that has attracted the interest of various-
ly specialized geologists for a long time. It was marked
like a “tectonic megabreccia”, “raisins in cake”, “chaotic
mélange”, or “wonder of nature”, which names themselves
pertinently express the character of this extremely com-
plex zone. Despite the comparatively small area extent, a
great number of tectonic units, nappes, sedimentary series,
successions, developments, formations or morphological
klippen types have been distinguished and innumerable
opinions about their paleogeographic settings and tectonic
affiliations have been expressed (e.g. Andrusov, 1965,
1974; Birkenmajer, 1977, 1986; Misik et al., 1996; Misik,
1997).

Essential thoughts about the composition, structure
and evolution of the PKB were formulated in the late 19"
and early 20" century by Austrian geologist Viktor Uhlig
(1890, 1903, 1904, 1907) who studied mainly the north-
ern — Pieniny part of the PKB. The tectonic style of the
PKB in western Slovakia (Povazie, Kysuce and Orava
regions) was described in detail by the excellent PKB ex-
pert Dimitrij Andrusov in 1930-ties (e.g. Andrusov, 1931,
1938). An essence of these early Andrusov’s views, which
largely followed the conclusive Uhlig’s idea about the pri-
mary nappe structure of the PKB (Uhlig, 1907), inhered
in a concept of two-phase development of the PKB: 1)
Cretaceous (pre-Albian) thrusting of three principal PKB
nappes (Subpieniny, Pieniny and Manin); 2) post-Paleo-
gene deformation of PKB along with thrusting of nappes
of the Flysch Belt. Later on, Andrusov (Andrusov and
Scheibner, 1960; Andrusov, 1965, 1968, 1974) modified
especially the timing of the first thrusting phase — from the
mid-Cretaceous (Austrian resp. Pieniny or Manin phase),
through Late Cretaceous pre-Gosauian (Subhercynian or
Ilsedian phase), up to the Cretaceous Paleogene boundary
(Laramian phase). Nevertheless, the Oligocene — Early
Miocene disintegration of the PKB nappe edifice by addi-
tional folding, reverse faulting and tectonic separation of
klippen, was still regarded as the main “klippen-produc-
ing” event.

Prominent Polish geologist Krzysztof Birkenmajer
published a number of fundamental works concerning
the litho-biostratigraphy, sedimentology and tectonic re-
lationships of PKB units in the Polish Pieniny Mts (e.g.
Birkenmajer, 1960, 1970, 1977, and 1986 as his milestone
papers). He ultimately distinguished nine principal evolu-
tionary stages of the PKB formation (Birkenmajer, 1986):
(A) initial Triassic extension, and (B) oceanic rifting and
spreading (Eocimmerian phase, latest Triassic — Early Ju-
rassic); (C) pelagic stage with individualization of the fault
bounded Czorsztyn ridge (Neocimmerian phase, Jurassic
— Early Cretaceous); (D) initial compression due to par-
tial subduction of the Klippen basin below the so-called
Exotic ridge (Lower Cretaceous Manin phase); (E) three
principal successive Late Cretaceous — Early Tertiary de-
formation phases generated by subduction of the northern
Grajcarek trough below the Czorsztyn ridge and the cen-
tral Pieniny oceanic trough below the Exotic ridge (late
Subhercynian phase) with development of north-verging
nappes, early and late Laramian refolding of nappes with
flysch and molasse deposits, and retro-arc thrusting of the
northern Grajcarek unit southwards; (F) Paleogene exten-
sional collapse and south-directed transgression; (G) Early
Miocene (Savian) compressional stage due to collision of
the North European plate and Central Carpathian-Panno-
nian microplate with fragmentation of the nappes and their
Czorsztyn autochthonous substratum, backthrusting and
development of diapiric structures; (H) late Savian trans-
pression resulting from differential rotation of the Inner
Carpathians with respect to the Outer Carpathian zones
with development of longitudinal sinistral strike-slips
limiting the PKB from both sides, prolonging mega-brec-
ciation and oroclinal bending of the PKB; (I) Middle
Miocene (Styrian) compression with strike-slipping along
transversal faults, intrusion of andesite dykes.

There are many other works dealing with the PKB
composition and structure in its individual segments
which mostly follow the principal views of Uhlig, An-
drusov and Birkenmajer. With a few exceptions describing
deformation structures in the Pieniny Mts. (Birkenmajer,
1983; Ratschbacher et al., 1993; Jurewicz, 1994), these
views were solely based on litho-biostratigraphic and
sedimentological observations expressed by geological
maps constructed on the lithostratigraphic principles and
overlooked the structural record, however. Owing to the
essentially brittle deformation of the PKB units and with
development of the paleostress analytical techniques, nu-
merous works interpreting kinematics of fault structures
have appeared since the 1990s also in the western Slova-
kian branch of PKB (Nemcok and Nemcok, 1994; Marko
et al., 1995, 2005; Kovac¢ and Hok, 1996; Peskova et al.,
2009, 2012; Bucova et al., 2010; Simonova and Plagienka,
2011, 2017; Beidinger and Decker, 2016).

Recent investigations of the PKB composition, struc-
ture and evolution in its western (Povazie, Kysuce and Ora-
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va regions) and eastern (Pieniny, Cubovnianska vrchovina
and Cergov Mts.) Slovakian segments strongly modified
the previous opinions (Plasienka, 2003, 2010, 2012a, b;
Schlogl et al., 2008; Plasienka in Froitzheim et al., 2008;
Plasienka and Mikus, 2010; PlaSienka and Sotak, 2015;
Plasienka et al., 2010, 2012, 2013, 2017; Spisiak et al.,
2011; Marton et al., 2013; Kovag et al., 2016). The main
points of this new conception can be briefly characterized as
follows: (i) PKB in a broader sense (Povazie-Pieniny Belt;
Fig. 1) involves units of two groups — Oravic Superunit
(PKB s.s.) and Central Carpathian units forming the inner
Peri-Klippen zone (Mahel’, 1980); (ii) three Oravic thrust
units include the lowermost Sari§ Unit (deep-water Juras-
sic — Middle Eocene succession) overridden by the Sub-
pieniny Nappe (Jurassic-Cretaceous intra-oceanic ridge
and slope successions like Czorsztyn, Niedzica, Czertezik,
Pruské) and by the Pieniny Nappe (Jurassic-Cretaceous
deep-marine successions Pieniny, Kysuca, Branisko); (iii)
the Oravic sedimentary basin originated by broad rifting
of the European continental lithosphere during the earliest
Jurassic, followed by Middle Jurassic asymmetric rifting
and breakup of the South Pennine oceanic zone (Piemont—
Vah Ocean) with uplift of the Czorsztyn ridge as the
upper-plate rift shoulder, the Pieniny-Kysuce basin neigh-
boured the ridge from the inner side and the northern Tat-
ric margin formed the lower plate break-away zone on the
other side of the expanding Vah Ocean; (iv) individualiza-
tion of the Czorsztyn ridge as an intra-oceanic continental
ribbon was completed by the Early Cretaceous uplift of the
rift shoulder during oceanic rifting of the North Pennine
Valais—Rhenodanubian—-Magura Ocean; (v) sequential
shortening, detachment and nappe emplacement of Oravic
units is recorded by syn-thrusting, coarse-grained wildfly-
sch deposits containing material from the overriding nappe
— latest Cretaceous in the Subpieniny Unit (Jarmuta flysch
basin with Gregorianka breccias composed of clasts from
the Pieniny nappe), and Paleocene — Early Eocene in the
Sari§ Unit (Pro¢ flysch basin with Milpo§ olistostromes
containing blocks of Czorsztyn-type successions); (Vi)
the Central Carpathian (“non-Oravic”) units consist of the
frontal Fatric (Krizna) nappe units — Drietoma, Manin and
Klape in western and Haligovce in eastern Slovakia (sen-
su Plasienka, 1995, 1999, 2012a and references therein;
Fig. 1), which were emplaced during the Late Cretaceous
over the inner Oravic zones and subsequently incorporated
into the PKB structure; (vii) during the early Paleogene
(Paleocene—Lutetian) the detached PKB units formed
an accretionary wedge growing by frontal accretion and
experiencing alternating contractional and extensional
events that controlled sedimentation in both - the foreland
trench and the wedge-top, Gosau-type piggyback basins;
(viii) throughout the Paleogene, the western PKB segment
was affected by NW—SE compression and gradual transfer
of Oravic units from the front to the rear of the wedge,

where their original nappe structure was disintegrated by
forward out-of-sequence thrusting, then backtilting and
backthrusting, whereas extensive dextral transpression
affected the eastern segment; (ix) further important defor-
mation occurred in the Early Miocene, when the SW—NE
compression lead to narrowing of the eastern segment and
sinistral transtension in the western one; (x) by the Ear-
ly-Middle Miocene, the PKB became welded to both the
Central and External Carpathian zones which rotated as
a unity by some 50° CCW relative to Europe.

Origin of klippen — historical overview

The earliest views in the first half of 19" century con-
sidered klippen as stratigraphically concordant synsedi-
mentary inclusions in the klippen mantle. Later on, Stur
(1860) recognized that many limestone klippen have
abnormal positions and cannot form generic formations
with the surrounding sediments, and Mojsisovics (1867)
wrote that each klippe is a tectonic individuality. This no-
tion was then followed by a majority of authors working
in the PKB. However, the mechanical mode of their dis-
connection from originally continuous strata successions
and mixing with the contiguous matrix formations has re-
mained unclear for a long time. The most popular concep-
tions that concern the entire PKB, its parts or individual
klippen types include:

The initial archipelago hypothesis presumed that
PKB was formed on ruins of older, disintegrated and
eroded mountains (“Inselgebirge” of Uhlig, 1890), which
compose the present klippen that were covered by younger
rocks of the klippen mantle. Subsequently, the strong
lateral contraction produced the current chaotic structure
of the PKB (Neumayr, 1871; Uhlig, 1890, 1903, 1904).
Soon after, Uhlig (1907) abandoned this hypothesis in fa-
vour of the nappe theory. However, the archipelago idea
was not dead — it returned, though in a modified form,
in the 1950-60s. At that time, the geosynclinal paradigm
reached its climax by the most fixistic views on orogenic
processes, symptomatically just before the advent of the
new plate tectonics paradigm. Mahel' (in Buday et al.,
1960) questioned the nappe concept and supposed that
individual klippen originated from shallow-water suc-
cessions deposited on submarine elevations and islands
(Czorsztyn-type formations) amidst the deep-water geo-
synclinal sea (Pieniny-type successions). In his view, de-
velopment of the “mature klippen style” was controlled by
the material variability and heterogeneity caused by rapid
vertical and horizontal facies changes that conditioned
a mechanical differentiation during deformation controlled
by the relative competence. Later he attributed the lateral
facies changes to differences in crustal thickness and cha-
racterized the PKB as a former island arc (Mahel’, 1981,
1986).
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The equally fixistic lineament model looked upon
the PKB as the surface expression of a deep-seated, crust-
al-scale fault zone, which was indicated by geophysical
methods and inferred from differences between the age
and composition of the pre-Mesozoic Bohemian Mas-
sif and the “Slovak Block”. This deep fault zone was
named the Peripieniny lineament by Maska and Zoubek
(in Buday et al., 1960), or Pieniny lineament by Scheib-
ner (1969). Based on the supposed differences in structure
and age of the Bohemian Massif and the “Slovak Block”,
these authors presumed even the Precambrian origin of
this fault zone, which opinion was criticized by many au-
thors (e.g. Biely, 1975; Sikora, 1976; Ksigzkiewicz, 1977).
Its intermittent activity should have controlled the verti-
cal differentiation of the Pieniny geosyncline, as well as
development of the klippen tectonic style. Nevertheless,
also at that time the earlier dynamic idea of Uhlig (1907),
who considered the Klippen and Flysch belts as zones of
extensive shortening associated with flat underthrusting of
the autochthonous European foreland below the Carpathi-
an orogen, was not fully forgotten and accentuated by e.g.
Stille (1953). The mobilistic approach was also kept for
instance by Andrusov (1968) or Roth (1963, 1964), still
before the plate tectonic principles were fully taken on in
the Western Carpathians.

Despite the concept of linecaments has been abandoned
together with the geosynclinal theory, it is obvious that the
PKB apparently follows and sometimes coincides with
an important crustal-scale boundary zone indicated by
various geophysical methods (see e.g. Sefara et al., 1998
and Bielik et al., 2004 for the reviews). This zone is com-
monly interpreted as the deep boundary between the North
European Platform (NEP) and the Central Carpathian
block (e.g. Tomek, 1993; Tomek and Hall, 1993), whereby
PKB represents its surface expression. However, as point-
ed out by Plasienka et al. (2008), notwithstanding that PKB
seems to be fixed to this boundary and often exhibits steep
structures, it cannot be rooted deep in this boundary zone.
Steep up to vertical structures are related to development
of tight fold-thrust and transpressional flower structures
that mostly originated late in the tectonic evolution, and
PKB is lacking rock complexes that would record consi-
derable tectonic burial and associated metamorphism,
or other signs of deep crustal processes. Nevertheless,
from a paleogeographic point of view, the Oravic units
represent an independent continental crustal fragment
bounded by oceanic domains (Czorsztyn Ridge — e.g.
Birkenmajer, 1986), i.e. the PKB margins delineate for-
mer plate boundaries. In view of this, PKB appears to be
in a collisional suture position, i.c. it should be linked
to a boundary of different crustal blocks. This peculiarity
was explained by an early detachment of the Oravic cov-
er units from their subducted substratum to form a shal-
low fold-thrust “float” in the rear part of the developing

accretionary wedge of the External Carpathian Flysch Belt
that was thrust over the NEP margin (Plasienka and Sotak,
2015). After all, the late Cenozoic collision of NEP and
the CWC at deep crustal levels was in part expressed in
near-surface PKB structures. For instance, the importance
of pre-existing weakness zones in the subducted margin of
NEP in the Pieniny Mts. area was accentuated by Jurewicz
(2005, 2018). The NNW-SSE trending fracture zones in
the deep basement affected structure of the PKB and ad-
joining zones by dextral shearing (e.g. along the Dunajec
Fault) and block rotations.

With the first applications of the plate tectonics princi-
ples, the deep-seated boundary between the North Europe-
an Platform and the Carpathian orogen, formerly known
as the Peripieniny lineament, became to be interpreted as
a witness of an ancient subduction zone, i.e. the oceanic
suture, and the PKB as a tectonic, suture-related mélange
complex (e.g. Mahel’, 1974, 1977; Andrusov, 1975; Sza-
decky-Kardoss, 1975; Stegena, 1975; Grecula and Roth,
1976; Birkenmajer, 1976; Horvath et al., 1977; Lesko
and Varga, 1980). This view was chiefly inspired by the
presence of various ophiolitic and blueschist detritus in
the Cretaceous “exotic” Wildflysch formations. However,
these initial thoughts were incredibly changeable. There
were very different opinions about the age, links and sub-
duction direction of the corresponding oceanic or “qua-
si-oceanic” crust, timing of subduction and collision, as
well as their impacts on the PKB structure. Since the PKB
does not contain typical oceanic elements and ophiolitic
material in a primary position, attention was paid to the
provenance of ophiolitic detritus. Then, the character and
position of the source area, variously named as the Exo-
tic, (Ultra)Pieniny or Andrusov Ridge (“cordillera”), has
become one of the most discussed issues in the Western
Carpathian geology and no generally accepted interpreta-
tion has been achieved yet (see Misik et al., 1977, 1981;
Misik, 1978, 1979; Misik and Sykora, 1981; Mahel’, 1981;
Birkenmajer, 1988; Sotak, 1992; Plasienka, 1995, 2012a;
Dal Piaz et al., 1995; Faryad and Schreyer, 1997; Rakus
and Marschalko, 1997; Kissova et al., 2005).

The peculiar diapiric model in part developed the
former archipelago concept and was applied on the entire
PKB (Andrusov, 1938), but especially on groups of the
Czorsztyn-type blocky klippen emerging from below the
overlying Pieniny nappe in tectonic windows in the Pien-
iny Mts. (Birkenmajer, 1959, 1986; Andrusov and Scheib-
ner, 1968 called them the “Czerwona skala type”), or
klippen of the Kysuca (Pieniny) unit protruding upwards
through the Manin (Klape) unit in the Middle Vah Valley
(Scheibner, 1963a; Andrusov, 1974). In contrast to classic
diapirs formed by vertical extrusion of less dense mate-
rial, these are kinds of “pseudodiapirs” or “false diapirs”
generated by inversion of mechanical properties, whereby
competent klippen rocks were separated from the substra-
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tum and protruded upwards into the less competent strata
due to the strong lateral contraction (e.g. Scheibner, 1963a,
1968). As a result, lots of the faulted blocky klippen were
totally individualized and could float passively in the soft
klippen matrix. This deformation style was called the “ma-
ture klippen style” by Mahel (e.g. 1989), in contrast to the
“immature style” developed preferably in the well-bedded
Kysuca-Pieniny or Manin successions prone to folding
rather than to faulting.

The diapir notion was combined also with the boudi-
nage model suggested by Scheibner (1961, 1963a, b). He
supposed that during the northward radial translation and
orthogonal compression, the PKB was laterally extended
by some 60 km according to his calculations. Consequent-
ly, the former fold structures, anticlines in particular, were
segmented and split into large-scale boudins, i.e. the pre-
sent klippen.

The coulisse model was the forerunner of the transpres-
sional concept; it assumes lateral movements of individual
PKB segments along strike-slip faults oblique to the gene-
ral trend of the PKB. According to Mahel’ (1989), some
Central Carpathian elements (like the Kozinec klippe near
Zazriva village) might have been translated to the outer
PKB margin by this process. The coulisse-like structure of
some PKB parts was mentioned also by Andrusov (1938),
Scheibner (1963a) or Potfaj et al. (1991).

Tectonic fragmentation, horizontal shortening, vertical
extension, lateral shearing and origin of block-in-matrix
structures are best explainable by the transpressional
theory. The along-strike movements related to the activi-
ty in the zone of the Peripieniny lineament (“Namestovo
Narbe”) that influenced the PKB structure were envisaged
already by Andrusov (1968 — “Léngsgleitungszone”). Ma-
hel’ (1989, 1990) related the transpressional deformation
to formation of the arc structure of the PKB. In the Pieniny
Mts, Birkenmajer (1983, 1986, 1998) postulated sinistral
strike-slipping along the PKB boundary faults. A major
transform fault with sinistral translation along the northern
Tatric edge was deduced by Marschalko (1986) and Rakus
and Marschalko (1997) to explain the long-living sources
of Cretaceous exotic flysch complexes of the Klape unit.
Starting from the 1990s, the dextral and sinistral (western
sector) and dextral (eastern sector) transpression and
transtension was documented in details by kinematic and
paleostress analyses in numerous papers (Ratschbacher et
al., 1993; Nemcok and Nemcok, 1994; Marko et al., 1995;
Kovac and Hok, 1996; Bucova et al., 2010; Peskova et al.,
2009, 2012; Plasienka, 2012b; Simonova and PlaSienka,
2011, 2017; Beidinger and Decker, 2016).

The olistostrome concept presumes that at least a part
of klippen originated not by primarily tectonic, but sedi-
mentary processes. The occurrence of extraneous blocks
emplaced by sedimentary processes was accepted by
several authors (e.g. Andrusov and Scheibnerova, 1963;

Andrusov and Scheibner, 1968; Andrusov, 1974; Sikora,
1974; Marschalko and Samuel, 1977; Birkenmajer, 1977;
Marschalko, 1979; Marschalko and Kysela, 1980; MaheT,
1989; Salaj, 1991, 1997), but only in a restricted extent
related to specific settings and conditions. A large extent
of sedimentary klippen was presumed by Muratov (1949).
According to him, klippen might have originated as rock
masses that slid down from elevated ridges neighbouring
the PKB synorogenic basins from the south. How-
ever, this view was not accepted at that time (Andrusov,
1968). Afterwards, Nemcok (1980) considered the whole
PKB in eastern Slovakia as a sedimentary body — gigan-
tic olistostrome emplaced between the Paleogene flysch
complexes of the Magura Unit and Central Carpathian
Paleogene Basin. As a consequence, Nemcok (1980) did
not make difference between the klippen successions, as
well as he did not specify the sources of olistoliths. This
view was based on correct observations (Gregorianka
Breccia — Nemcok et al., 1989), but erroneously applied
to the entire PKB. Later on, the presence of olistostrome
breccia bodies with sedimentary klippen occurring in two
stratigraphic levels (Maastrichtian and Paleocene) and in
two units (Subpieniny and Sari$, respectively) has been
substantiated by Plasienka and Mikus (2010), Plasienka
(2012a) and Plasienka et al. (2012). In the Orava region,
the Maastrichtian Zaskalie Breccia has been considered as
an olistostrome body for a long time (e.g. Marschalko et
al., 1979 and references therein). In the western Slovakian
Middle Vah River Valley, the olistolithic origin has been
ascribed to loose blocks of Jurassic and Lower Cretaceous
limestones embedded in mid-Cretaceous hemipelagic and
turbiditic formations of the Klape Unit (klippe of Klapy
Hill, Marschalko, 1986; Marschalko and Rakus, 1997) and
Manin Unit (Kostolec klippen, Rakus and Marschalko,
1997). Finally, Golonka et al. (2015) considered many
PKB klippen as olistoliths, among others also the klippe
Haligovce, as well as Manin and Butkov hills. This view
was disapproved by Plasienka et al. (2017), who provided
also a classification of olistostromes and olistoliths in the
PKB units (see below).

Considering the Klippen Belt as a genuine tectonic
phenomenon with nappe structure would imply that the
klippen structures originated during the main deforma-
tion phases, i.e. during the thrusting processes. Howev-
er, even after recognition of nappes in the PKB (Lugeon,
1903; Limanowski, 1906; Uhlig, 1907), origin of klippen
was still chiefly ascribed to the post-thrusting and domi-
nantly post-Paleogene deformation (e.g. Andrusov, 1938,
1968; Stranik, 1965; Birkenmajer, 1986). In addition to
“klippen of the Swiss type” (i.e. nappe outliers; e.g. An-
drusov and Scheibner, 1968), imbricated, thrusting-relat-
ed structures were identified by Ksiazkiewicz (1977). He
distinguished the post-Paleogene Pieniny nappe and the
Czorsztyn nappe with two partial structural units — the
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strongly dismembered Czorsztyn blocky subunit and the
Czorsztyn imbricated subunit with better preserved and
thicker successions. Later on, Plasienka and Mikus (2010)
and PlaSienka et al. (2012) came to a similar conclusion
about two structural subunits of the Subpieniny (Czorsz-
tyn) nappe — the Maslienka and Jarabina subunits, respec-
tively. However, they dated thrusting and imbrication of
the Subpieniny nappe as Paleocene — Early Eocene, simi-
larly as it was inferred by Jurewicz (1994, 2005). Interest-
ingly, the nappe thrusting was closely related to generation
of olistostrome bodies in front of advancing nappes and
their emplacement in the trench-type foreland flysch ba-
sins (Jurewicz, 1994, 2005; Plasienka and Mikus, 2010;
Plasienka, 2012a). Leading edges of nappes were frag-
mented, liberated and slid down to form brecciated olis-
tostromes carrying megaolistoliths. This process concerns
both the Pieniny nappe (Maastrichtian Gregorianka brec-
cias), as well as the Subpieniny nappe (Paleocene Milpos
breccias — Plasienka and Mikus, 2010).

The accretionary wedge concept was referred to
several times (e.g. Golonka et al., 2015), but elaborated
in detail just recently (Plasienka and Sotak, 2015).
Accordingly, the PKB occurs presently in a backstop po-
sition of the outer Carpathian accretionary complex of the
Flysch Belt. After diminishing of the South Pennine Vah
Ocean in the Late Cretaceous times, the Central Carpathian
orogenic wedge, with already attached units of the present
Peri-Klippen zone, prograded by frontal accretion of
Oravic units detached from the intra-Pennine continen-
tal sliver (Czorsztyn Ridge), which were then gradually
transferred from the wedge toe to its rear during the Paleo-
gene. This process was accompanied by nappe stacking,
out-of-sequence fore- and backthrusting and backtilting,
and then by transpressional and transtensional movements
along the boundary zone between the rigid buttress of the
Central Western Carpathians and deformable External
Carpathian accretionary wedge. Alternations of exten-
sional and compressional events in the wedge controlled
also the widespread recycling of the exotic material in the
foreland trench and wedge-top (Gosau) synorogenic ba-
sins (Plasienka and Sotak, 2015). Hence this multi-phase
deformation evolution would be responsible for the cur-
rent structural complexities of the Klippen Belt with all its
bizarre klippen forms.

It is ought to be said that most of these klippen-forming
processes might have been active in the certain PKB parts
and at certain times, some of them may have prevailed and
influenced the final structure of individual PKB segments
and none of them should be considered as the solely deci-
sive for the final PKB structure.

Earlier classifications of klippen forms

Several authors attempted at categorization of klippen
forms, types and subtypes (Birkenmajer, 1958; Andrusov

and Scheibner, 1960, 1968; Scheibner, 1968; Andrusov,
1968, 1974), using both - the tectonic and morphologic
criteria. Although differing in details, these classifications
are very similar. In general, they distinguished the klip-
pen of non-tectonic and tectonic origin. The non-tectonic
sedimentary klippen are either autochthonous, like reef
bodies projected by erosion from surrounding sediments,
or allochthonous older bioherms emplaced in younger
deposits by submarine slides, extremely big boulders in
conglomerates, olistoliths in slump bodies and blocks in
recent landslides.

Klippen related to tectonic processes can be in situ,
tectonically predisposed forms like projecting cores of
anticlines with continuous sedimentary successions (Drie-
novka or Butkov; the “immature klippen style” of Mahel,
1980), remnants of cordilleras and horsts, and various
“pseudoklippen” — these should not be called klippen. The
proper klippen are morphologically positive forms, which
are tectonically fully individualized from the surrounding
sediments (Andrusov, 1974). Klippen of the “Moravian
type” form slices of detached rigid rocks at leading edges
of flysch nappes, while the “Pieniny type” includes several
subtypes. These are the Rudin, Vrsatec and Pieniny proper
subtypes, differing in relationships between the klippen
and surrounding rocks. In addition, Andrusov (1974) dis-
tinguished also the diapiric Czerwona skala subtype and
several types of compound, mainly fold-related klippen.
According to him, large-scale boudins should not be called
klippen.

Based on descriptive morphostructural criteria, Plasien-
ka (2012b) differentiated the so-called blocky and ribbon
klippen associated with the klippen matrix in the eastern
Slovakian PKB segment. Blocky klippen are more-or-less
isometric bodies formed by predominantly Jurassic mas-
sive limestones of the Czorsztyn-type successions. They
occur in two considerably different settings — as olistoliths
in Milpos breccias of the flysch Pro& Fm. in the Sari§ Unit,
or as tectonically constricted lenses or slices in the stron-
gly imbricated Maslienka subunit of the Subpieniny nappe
(Plasienka et al, 2012b, their Fig. 3). In the first case, the
internal foliations (bedding and cleavage) are randomly
oriented, whereas in the second case they show attitudes
generally consistent with the surrounding Cretaceous va-
riegated marlstones. The ribbon klippen are typical for the
Pieniny Unit, they are formed by well-bedded, in places
folded Jurassic to Lower Cretaceous limestone and radio-
larite formations preserving the structural trends for longer
distances. Nevertheless, large and laterally persistent slabs
and imbricates of the Czorsztyn-type successions also
form ribbon-type klippen. In essence, the blocky klippen
correspond to the Gruppentypus, and ribbon klippen to
the Reihentypus of Uhlig (1890, 1903). The marly-shaly
klippen matrix encompassing the blocky or ribbon tectonic
klippen has often penetrative scaly fabrics, whilst the bloc-
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Fig. 2. Panoramic views of the klippen landscape: (a) view of the Manin and Drieniovka anticlines (B1XY type, see below) from the
south (Manin Unit, Middle Vah River Valley, western Slovakia); (b) klippen area of Oravic units south-east of village Saridské Jastra-
bie in eastern Slovakia; (c) scenery of the Zadné skalie group of olistolithic klippen between Kyjov and Kamenica villages in eastern
Slovakia, viewed from the south-east (cf. Fig. 3); (d) smooth ridge between Litmanova and Jarabina villages in eastern Slovakia formed
by sandstones of the Pro¢ Fm. (Sari§ Unit) overlain by a mosaic of scattered Czorsztyn-type klippen of the Maslienka subunit of the
Subpieniny nappe (“carapace” type A-B1X), look to the south-east; (e) row of the olistolithic Litmanova klippen viewed from the south.
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ky olistoliths are enclosed by more competent and weakly
deformed breccias and sandstones.

The tentative classification presented in this paper is
based upon the author’s field experience from practical-
ly all PKB parts, but chiefly from the eastern Slovakian
Pieniny and Sari§ sectors (Plasienka and Mikus, 2010;
Plasienka, 2012b; Plasienka et al., 2012). Thanks to com-
paratively weak vegetation coverage in this area, the rug-
ged morphology with numerous scattered stony crags — the
klippen — attracts for searching the origin of such a pecu-
liar structure (Fig. 2). Although the current morphology is
largely an erosional feature, and the relationships of klip-
pen to the enclosing strata are rarely outcropped, the main
factors controlling klippen structures can be defined with
a sufficient degree of reliability.

Genetic factors controlling the klippen forms

In general, klippen of the PKB are defined here as
fully or at least partly isolated, sharply edged blocks of
comparatively rigid, mainly Jurassic and Lower Cretace-
ous limestones of various lithologies embedded in a softer
matrix formed locally by Lower Jurassic, but dominantly
Cretaceous (from the Aptian onwards) and Paleogene (up
to Middle Eocene) marlstones, shales and flysch deposits.
Another common attribute of klippen is their morphologi-
cal expression due to selective erosion of surrounding, less
resistant rocks.

As far as the lithostratigraphic composition of klip-
pen is concerned, the simple klippen formed by only one
formation or continuous sedimentary succession, and the
composite klippen involving a few partial units with repea-
ting successions can be distinguished. Whereas the simple
klippen are highly prevalent, the composite klippen can
be seldom properly documented. One striking example is
the Zadné skalie klippe in the watershed saddle Pusté Pole
between Kyjov and Kamenica villages in eastern Slovakia,
which consists of three closely packed slices (Figs 3 and
2¢) — one with the Niedzica, the other two with the Czorsz-
tyn succession, which rest as a unity within sandstones and
breccias of the Pro¢ Fm. It means it is an imbricated slide
sheet or composite megaolistolith. Similar, even larger in-
ternally imbricated body occurs on the southern slopes of
the Lysa hora Hill east of Kyjov village (Figs 3 and 7f).

Characterization of the genetic factors influencing the
origin and appearance of various klippen forms is based on
definition of processes leading to the individualization of
klippen, and to their subsequent final shaping. In principle,
there are two fundamental ways how the klippen can be
disconnected — the primary mode, i.e. klippen originated
during formation of basic features of the PKB structure;
and secondary, i.e. formed by surface processes superim-
posed on the original structures. The primary separation

includes the sedimentary (i.e. superficial or exogenous)
and tectonic (subsurface or endogenous) processes.

Exogenous sedimentary klippen — olistoliths

The near-surface, exogenous mode of klippen indivi-
dualization means that the klippen blocks were torn off
their original positions in continual sedimentary succes-
sions and transported into the neighbouring sedimentary
basin by gravity forces, in other words the post-sedimen-
tary separation and then the syn-sedimentary transport and
placing as far as the klippen blocks are concerned. There
are two types of sedimentarily transported klippen: (i) soli-
tary olistoliths, usually large (many hundreds to several
thousand cubic metres), emplaced amidst much younger
hemipelagic or flysch deposits (down-slope sliding, rolling
or jumping blocks); (ii) variously sized olistoliths (cobbles,
boulders or blocks) embedded in younger coarse-grained
sandstones or breccia bodies (disorganized mass-transport
debrites like grain flows, debris flows, rock avalanches,
olistostromes or tectono-sedimentary breccias) associated
with turbiditic “Wildflysch” sequences.

In either case, the release, transport and resedimenta-
tion of olistoliths are gravity-driven processes. The dis-
charge of olistoliths requires fragmentation of lithified
sedimentary formations and freeing of blocks. This may
occur either in extensional syn-rift or — more commonly
— in compressional syn-orogenic tectonic settings, i.e. the
origin of sedimentary klippen is primarily also conditioned
by tectonic deformation of the source area. In the PKB, the
generally extensional regime is presupposed for the rifting
events during the Middle Jurassic and Early Cretaceous
(Plasienka, 2003). Uplift of the Czorsztyn ridge as a horst
bounded by possibly seismoactive normal faults would
have allowed for in-situ disintegration of freshly deposited
and in part indurated shallow-water deposits (Krasin Brec-
cia Member — Aubrecht and Szulc, 2006) and resedimen-
tation events on slope escarpments. This is evidenced by
beds of calciturbidites and other allodaps deposited on the
ridge slopes and foots where they intercalate Middle Ju-
rassic hemipelagites of several Oravic successions (Nied-
zica, Pruské, Sari§). However, they transported only the
contemporaneous fine- or medium-grained shallow-water
material and no olistoliths have been documented so far.

On the other hand, huge masses of Jurassic polygenic
scarp breccias carrying megaolistoliths of pre-rift com-
plexes were described from the opposite — Tatric mar-
gin of the opening South Penninic—Vahic oceanic tract
(Plasienka, 2012a and references therein). It is not to be
excluded that the Marikova klippen group with excep-
tional presence of block of Triassic dolomites, described
as an outlier of a Czorsztyn-type unit imbricated with the
Kysuca succession (Plasienka et al., 2010), might repre-
sent a sliding body with olistoliths of Jurassic and Triassic
rocks enclosed in mid-Cretaceous marlstones. The olisto-
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Fig. 3. Geological map of the Klippen Belt in the area around the Kyjov village in eastern Slovakia (for localization see Fig. 1). The
map shows various types of klippen: (1) klippe (olistolith) Kyjov-Pusté Pole (studied by Misik and Sykora, 1993); composite olisto-
liths — imbricated slide sheets Zadné skalie (2) and Lysa hora (3); (4) Czorsztyn klippe — olistolith Sokolia skala; (5) klippe of type
B1Y — cuesta in the limb of large-scale syncline of the Pieniny Unit; (6) projecting ribbon klippen B1Y of Jurassic — Lower Cretaceous
formations of the Sari§ Unit.
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lithic character of Marikova klippen was assumed by Salaj
(1991) and Golonka et al. (2015), but they did not provide
any reliable evidence and explanation of their origin.

The occurrences of olistostromes and olistoliths in
the PKB were reviewed by Plasienka et al. (2017). They
distinguished and illustrated five basic types, which are
differing in their tectonic position, genesis, sources and
age. From structurally higher to lower and from younger
to older, these are:

(1) Blocks of Thanetian algal-coral reefs (Kambiihel
limestone) embedded in contemporaneous or slightly
younger calcareous sandstones and marls associated with
tempestites, turbidites and slump bodies (Paleocene-Lute-
tian Myjava-Hricov Group; Mello et al., 2011). They are
generally related to shallow-marine environments, where
the bioherms were disintegrated by storms or seismic
events and transported for a short distance; partly they
correspond also to in situ patch reefs. Blocks of Kambiihel
limestones occur in a narrow, but lengthy strip along the
southern boundary of PKB from Austria up to western
Ukraine (see e.g. Marschalko and Kysela, 1980; Kdhler
et al., 1993; Kohler and Bucek, 2005; Bucek and Kohler,
2017). They can be regarded as intra-formational olisto-
liths originated from coeval rim and patch reefs, but are
associated also with extraneous clasts of Urgonian lime-
stones derived from the adjacent Manin Unit.

Type (2) olistoliths are similar to type (1), but older
— Upper Cretaceous (Coniacian—Santonian and Maastrich-
tian). These are again formed by re-deposited rudists- and
orbitoids-bearing bioherms and biostromes associated
with conglomerates, allodapic limestones, tempestites and
marlstones of nearly the same age (intra-olistoliths), as
well as with extra-olistoliths of Lower Cretaceous Urgo-
nian and Middle Triassic Wetterstein platform limestones
(Senonian Brezova and Hostina groups; Mello etal., 2011).

Types (1) and (2) olistoliths originated probably in
syn-orogenic wedge-top depressions in a piggyback posi-
tion above the deforming accretionary wedge and are af-
filiated with the Gosau Supergroup (Plasienka and Sotak,
2015). In the Middle Vah Valley and in the Pieniny Mts.,
the Gosau sediments form the post-thrusting cover over-
stepping the Fatric (Klape, Manin, Haligovce and Krizna;
Fig. 1) and Hronic nappes of the Central Carpathian origin
in the so-called Peri-Klippen zone (Mahel’, 1980).

The third olistolith type (3) is represented by the
Kostolec group of limestone klippen resting within the
Albian-Cenomanian hemipelagic and turbiditic deposits
(Butkov and Praznov Fms, respectively) of the south-
ernmost partial subunit of the Manin Unit, just below the
overriding Central Carpathian Krizna nappe (Fig. 2a).
According to Marschalko and Kysela (1980), Marschalko
(1986), Rakts and Marschalko (1997) and Rakuas and
Hok (2005), the Jurassic-Lower Cretaceous sedimentary
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successions of these klippen are similar to coeval deposits
of the Manin Unit and were interpreted as olistoliths.

The most spectacular olistoliths of type (4) occur in
the Klape Unit of the Peri-Klippen zone in the Middle Vah
Valley. These are solitary slide blocks measuring tens to
hundreds of metres in diameter, the distinctive Mt. Klapy
klippe being the largest one (e.g. Marschalko, 1986). The
Klape olistoliths are embedded in hemipelagic and distal
turbiditic sediments of Aptian—Early Albian age, i.e. their
emplacement preceded the climax of coarsening-upward,
synorogenic deposition of the Upper Albian—Cenomanian
“exotic” Klape Flysch (Mello et al., 2011 and references
therein).

Genesis and structural settings of the type (5) olisto-
stromes and olistoliths in the Oravic units of the PKB that
originated in a contractional regime were described by
Plasienka and Mikus (2010), Plasienka et al. (2012, 2017),
Plasienka (2012a) and Plasienka and Sotdk (2015), par-
tially relying on the work by Nemcok et al. (1989). These
were evidently formed by fragmentation of the advancing
nappe fronts and downslope transportation of discharged
debris and olistoliths into the foreland depressions. The
Paleocene olistostromes of the Sari§ Unit (Milpo§ Breccia
Member of the Pro¢ Formation) and Maastrichtian olis-
tostromes of the Subpieniny Unit (Gregorianka Breccia
Member of the Jarmuta Formation) represent syn-thrust-
ing mass-flow deposits composed of material released
from destructive frontal edges of overriding Subpieniny
and Pieniny thrust sheets, respectively. The Milpos olis-
tostromes carry also huge sedimentary klippen of Ju-
rassic-Lower Cretaceous formations derived from the
Subpieniny nappe, including the Czorsztyn-type and also
Czertezik and/or Niedzica successions (cf. Wierzbowski et
al., 2004). In places, e.g. at the type locality (Nemcok et
al., 1989) and in the klippen area around the Hanigovce
Castle ruins (Fig. 4), the Milpos breccias form apparently
matrix-free, chaotic blocky accumulations of klippen that
resemble huge apron-like rockfalls and debris avalanches
inserted within the turbidite fans of the Pro¢ Fm. Due to
enormous shortening and reduction of the Oravic units in
the western PKB branch, it is difficult to recognize this
sort of sedimentary klippen with certainty. One of the pos-
sible candidates is the solitary blocky klippe near Plesiva
settlement of Zazriva village affiliated with the Czertezik
succession by Hasko (1976), which rests within calcareous
sandstones of the Pro¢ type. Some Czorsztyn-type klippen
between Kliestina, Hatné and Brvniste villages in the Mid-
dle Vah Valley might also represent olistoliths.

In contrast to olistoliths placed in syn-rift or passive
margin settings, the syn-orogenic olistoliths can contain
structural record of preceding compressional deformation
processes like cleavage sets or small-scale folds (Plasien-
ka, 2012b).
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Endogenous tectonic klippen

Endogenous klippen originated by tectonic processes
in the higher levels of the Earth’s crust, as revealed by the
essentially brittle deformation mechanisms resulting in
individualization of klippen, while the enclosing klippen
matrix shows signs of a semi-ductile behaviour. Tectonic
klippen are usually cut by numerous fractures — faults,
slickensides or joints. These might have originated in va-
rious deformation regimes from purely extensional (e.g.
boudins), through transtensional (rhomboidal blocks) and
transpressional (lozenge-shaped blocks), up to entirely
compressional (variously shaped imbricated rectangular
ribbons, slabs, chunks or lumps). Lens-shaped blocky
klippen developed if their competence contrast with res-
pect to the matrix was low and/or if noncoaxial shearing
prevailed in the contiguous matrix.

The shaly-marly matrix of typical tectonic klippen
often shows scaly fabric with numerous, tightly packed
anastomozing shear planes developed by combination
of pressure solution and simple shearing. Smooth shear
planes are often lustrous like glossy mirrors and are ac-
companied by tiny syntectonic calcite veinlets and so-
metimes extremely long slickenfibres. This indicates that
the sheared matrix accommodated the major part of bulk
deformation that grades into high-strain zones operating as
detachment planes. As these planes climb up or down the
stratigraphic succession, they truncate the competent strata
in a brittle way, which is the basic principle of the klippen
separation (cf. Fig. 3 in Plasienka et al., 2012). The larger
is throwing along the detachment faults, the larger is sepa-
ration between klippen.

However, not all klippen are bounded by fault surfaces
from all sides, thus they can partly retain the stratigraphic
continuity with encircling strata, especially if the com-
petence differences are small and gradual. Large-scale
upright folds developed in well-bedded strata, which are
cored by more competent formations (e.g. Urgonian li-
mestones in the Butkov or Drieniovka brachyanticlines of
the Manin Unit — see e.g. Michalik et al., 2013; Rakus,
1997), may serve as an example. However, these symmet-
ric or slightly asymmetric fold structures do not match the
classic definition of klippen (cf. Andrusov and Scheibner,
1968). On the other hand, the immense Manin antiform
is different, as its NW limb is cut by a large reverse fault,
i.e. it is sharply fault-bounded from at least the NW side
(Fig. 2a).

The stratigraphic continuity of klippen rocks with their
sedimentary “mantle” is frequently preserved also in the
Pieniny Unit. Albeit internally folded, the spectacular klip-
pen composed mainly of the Pieniny Limestone Formation
in the Kysuca Gate or in the Pieniny Mts are dominantly
the erosional features. Rounded conical towers of these
klippen were predominantly shaped by exfoliation proces-
ses, similarly as many Czorsztyn-type klippen.
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Polygenetic klippen

Several klippen cannot be strictly classified as exoge-
nous or endogenous, since they originated by some transi-
tional or combined processes. In particular, these comprise
small gravity gliding nappes and volcanogenic boulder
breccias.

Besides olistoliths in Milpo$ breccias, the Sari§ Unit
commonly contains also chaotic slide masses and solitary
slide sheets, providing a transition from thrusting-related
movements of imbricated allochthonous nappe units to-
wards gravitational sliding of their liberated frontal masses
into the foreland trench-type Pro¢ basin. Provided that the
sliding sheets maintained their internal integrity, they may
be classified as nappes (if they slid for more than five kilo-
metres as required by definition of tectonic nappes). Nice
examples from the Subpieniny Unit occur in the Pieniny
sector — the outliers of the tightly imbricated Maslienka
subunit with blocky klippen (e.g. the area of Ostré skalky
north of Litmanova village — maps Fig. 1 in Plasienka,
2012b, Fig. 11 in Plasienka et al., 2012, and photo Fig. 2e
herein), as well as of the more compact Jarabina subunit
(Homole block in the Polish Male Pieniny Mts. — Birken-
majer, 1970; Jurewicz, 1994, 2005, 2018). The above illus-
trated imbricated slide bodies (Zadné skalie and Lysa hora
in Fig. 3) represent the end members — composite olisto-
liths. Accordingly, the genetic links between prograding
imbricated thrust nappes, their frontal failure, downslope
gliding of more-or-less coherent sheets (slides or gravity
nappes) and sliding of incoherent disintegrated masses
(rock avalanches or olistostromes) may be inferred for this
special case.

Submarine volcanogenic brecciation processes, like
shallow intrusions and explosive extrusions, may have
generated olistolith-sized blocks of disintegrated sedi-
ments mixed with volcanic products and soft matrix de-
posits. This situation is exceptional, but present in the
PKB. In the Manin Unit, the Lower Cretaceous alkaline
basaltic volcanism produced submarine hyaloclastic lava
flows and shallow intrusions that were in places mixed
with fragmented, slightly older and probably yet not fully
lithified massive Urgon-type limestones. Afterwards, part
of the limestone olistoliths and hyalobasanites were joint-
ly resedimented as olistostrome bodies (possibly in front
of the overriding Krizna nappe — Marschalko and Kysela,
1980), inserted in the Albian hemipelagic marls. The op-
posite situation — olistoliths of massive basalts (in this
case substantially older) within the Jarmuta-Pro¢ sand-
stones — is also present (Biafa Woda — e.g. Birkenmajer
and Lorenc, 2008; Hanigovce — SpiSiak and Sykora, 2009;
Fig. 4). Lower Cretaceous hyaloclastic and pillowed ba-
salts, rarely occurring in the Czorsztyn-type successions,
contain only tiny fragments of surrounding limestones and
marlstones (Vrsatec — Spisiak et al., 2011; Velyky Kame-
nets — Oszczypko et al., 2012).
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Another type of polygenic klippen occurs near Dem-
jata village north of Presov. There, the morphologically
expressive limestone crags named Vapenniky closely
remind the common klippen, but a closer inspection re-
veals that they are formed by the Gregorianka-type brec-
cias with closely packed fragments of Lower Cretaceous
cherty limestones, some of them of olistolith size. Hence
the klippen rocks are breccias with primary sedimentary
klippen, strongly modified by younger tectonic separation
of breccia body, and followed by exogenous modifications
including limited local mining for lime products.

Discussion — categories and examples
of the klippen types

Like in the former classifications, the appraisal presen-
ted here takes into account the two basic principles — struc-
tural and morphological. However, our attempt is more
comprehensive by consideration of some other important
aspects — the mode of klippen separation (genetic factor),
their bedding attitudes and inclination of long klippen axes
with respect to horizontal (structural factor), and post-ori-
gin processes modifying the klippen forms like erosion,
redistribution by gravitational movements, and anthro-
pogenic impacts. Fig. 5 presents the resulting categoriza-
tion of klippen forms and types as a combination of these
principal factors. It should be noted, however, that this is
a very simplified scheme that, for the sake of simplicity,
takes into account only a part of the factors characterized
above.

Modes of the klippen partitioning are the principal ge-
netic attributes that include the primary and secondary fac-
tors. The primary separation modes were characterized in
the previous section and are labelled as the factor A in Fig.
5. The parting of endogenous tectonic klippen is marked
as A1 and that of exogenous sedimentary olistoliths as A2.

Secondary factors (B in Fig. 5) that modify the klippen
forms and may cause their individualization involve first
of all various erosional processes (B1) like mechanical
abrasion by water streams, chemical dissolution of prefe-
rably limestone rocks, exfoliation etc. Equally important
is disintegration and down-slope transport of klippen bloc-
ks that are triggered by gravitational forces (B2). Gravi-
ty-driven processes include breakdown of steep cliffs and
ridges along vertical fissures, tilting of released blocks,
rock falls and avalanches, and sliding, slumping or cree-
ping dependent on the slope inclination and rheology of
the underlying or encircling material. Klippen shapes have
been often modelled also by the human activities (anthro-
pogenic factor B3) — from small excavations and local ex-
ploitations as raw materials for various purposes to large
quarries in which mostly limestones for the cement and
lime factories are mined.

Since bedding is the most common planar anisotropy
in the sedimentary rocks, it represents the weakest planar
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structural predisposition along which a klippe can break
and separate. Therefore the surface klippen shapes are
largely controlled by their bedding attitude, as the long
axes of klippen used to be generally parallel to bedding.
In less frequent cases the main anisotropy is represented
by other types of pervasive foliation — cleavage, indiscrete
layering due to lithological variations, or regular joint sys-
tems. For the classification purposes, we distinguish two
end members of the foliation attitudes — gently dipping
(0-45°; factor X in Fig. 5), and steeply oriented (45-90°;
Y in Fig. 5). However, some massive rocks often do not
hold any foliation planes, or the dip factor plays no role in
the klippen forms, as well as dips can be variable within an
individual klippe due to small- or large-scale folding — this
factor is marked as XY. These three situations represent
the structural aspects for both individual klippen and their
linked groups.

Typology of klippen presented in this paper is based
on a combination and integration of the above principles
(Fig. 5). Hence the principal types can be characterized as
follows:

Type A1XY — tectonically individualized klippen, mo-
re-or-less isometric and rather small, with insignificant or
without foliation, usually fully separated from and floa-
ting in a scaly matrix. They typically occur within narrow
transpressional shear zones at the outer contact of the PKB
(Sari§ and Subpieniny units) with the Biele Karpaty or
Magura units (e.g. near Zazriva — Fig. 6b). In eastern Slo-
vakia, such klippen occur also along the inner PKB fault
contact with deposits of the Central Carpathian Paleogene
Basin (Subpieniny and Pieniny units; e.g. Fig. 2 in Pla-
Sienka and Mikus, 2010; Fig. 1 in Plasienka et al., 2013).
These klippen represent the typical "Pienin" type of isola-
ted tectonic slices and fragments (Uhlig, 1904; Andrusov
and Scheibner, 1968).

Type A1X — tectonically separated blocks of predo-
minantly Czorsztyn-type klippen with gently dipping
bedding which form plateau-like klippen with either
normal (e.g. Hatné in the Middle Vah Valley — Aubrecht
and Sykora, 1998; Homole block in the Mate Pieniny Mts.
— Birkenmajer, 1970; Jurewicz, 1994; only partly out-
cropped lower imbrication of the Jarabina subunit of the
Subpieniny nappe — Fig. 6a), or with overturned stratifica-
tion (for instance Ostra hora near Horné Stnie in the Mid-
dle Vah Valley — Aubrecht et al., 2006; Erdudsky kostol
klippe near Zazrivd — Jamrichové et al., 2012; Cervena
skala klippe near Podbiel in the Orava region — Andrusov,
1938). Groups of such clearly related klippen originated
by boudinage of originally continuous or imbricated stiff
layer and resemble a mosaic or splitting “carapace” in the
map view (cf. Plasienka, 2012b). This rare situation occurs
in areas where the original subhorizontal nappe structure
is preserved, for instance on the low round ridge between
Jarabina and Litmanova villages, where flat-lying imbri-
cates of the Maslienka subunit overriding the Sari§ Unit
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y
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Fig. 5. Classification of the basic klippen types and forms.

are modified also by gravitational spreading (vicinity of
the Jar-1 borehole — Fig. 2 in Plasienka et al., 2012; Fig.
2D in Plasienka, 2012b; and Fig. 5D in Plasienka and Mi-
kus, 2010; Fig. 2d in this work), or in the Ostré skalky area
north of Litmanova village (Fig. 2e in this work; see also
Fig. 1 in Plasienka, 2012b). These klippen clusters were
previously described as Gruppentypus (Uhlig, 1890), or
“diapirs” of the Czerwona skala type (Birkenmajer, 1959;
Andrusov and Scheibner, 1968).

Type A1Y — these are archetypal tectonic klippen with
steeply inclined up to subvertical and often slightly over-
turned primary foliation that form the most impressive
cliffy landscape of many parts of PKB. Larger klippen
are dissected by transversal fractures and form “dragon
back” ridges that are present in both the Pieniny (e.g. the
famous Trzy Korony klippe in the Polish Pieniny Mts, or
the Orava Castle rock — Andrusov, 1931, 1938) and Sub-
pieniny units (e.g. the Lednica Castle klippe — Fig. 6¢). In
the Subpieniny Unit, large individual klippen of this type
are exemplified also by the Krasin klippe near Dolna Suca
in the Middle Vah Valley (Aubrecht and Szulc, 2006),
ChmeTlova and Javornik hills in the VrSatec klippen area
in western Slovakia, and Nemecky vrch klippe near Stara
Lubovna (Fig. 2 in Plasienka and Mikus, 2010), Kamenica
Castle klippe (Fig. 4 herein), or Benatina klippe (Schlogl
et al., 2004) in eastern Slovakia, as well as the Veliky
Kamenets klippe in Ukraine (Lewandowski et al., 2005;
Rehakova et al., 2011; Oszczypko et al., 2012). Isolated,
fault-bounded cores of mesoscale upright tight anticlines
constitute a special type of these klippen, like the klippe of
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the Kysuca succession outcropped in an abandoned quarry
near Myjava-Tura Luka (Scheibner, 1963a, his Fig. 4).

In most cases the klippen rows of the A1Y type are ar-
ranged in linear groups of klippen (Reihentypus of Uhlig,
1890) dissected by oblique strike slips into lozenge-shaped
blocks. Such a row composed of Czorsztyn-type suc-
cessions forms for example the amazing craggy chain
Krivoklat—VrSatec—Lednica stretching for some 12 km
(e.g. Bucova et al., 2010). Similar chains can be more
commonly observed in the Pieniny Unit — the discontinu-
ous ridge Chorvatsky vrch—Hreben between Podbran¢ and
Tura Luka villages in the westernmost PKB segment, the
massive mountainous ridge Rochovica—Brodnianka (Ky-
suce Gate)—Vreteno—Vel'ké Ostré—Steny—Ladonhora and
the Pozeha—Panské Zliene ridge near Lysica village in the
Kysuce segment, or discontinuous belt of the Pieniny Unit
between the Cuboviia Castle rock, Podsadok and Udol vil-
lages NE of Stard LCuboviia town (Fig. 2 in Plasienka and
Mikus, 2010; ribbon-type klippen in Fig. 4 of PlaSienka,
2012b). In the Kysuce segment, the sedimentary succes-
sion is more-or-less continuous, thus the Kysuce klippen
chain is more an erosive than a tectonic feature (“Rudin”
type of Andrusov and Scheibner, 1968).

Type A2XY — sedimentary klippen, i.e. olistoliths and
slide sheets, are in a majority of cases composed of the
Czorsztyn and “transitional” (Niedzica, Czertezik) succes-
sion derived from the Subpieniny nappe and emplaced in
the Paleocene Milpos Breccia Mb. of the Pro¢ Fm. in the
Sari§ Unit. The Gregorianka Breccia Mb. (Jarmuta Fm.,
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Subpieniny Unit) usually contain only minute fragments,
clasts of olistolith size occur near Demjata village north of
Presov. Although these breccias have a disorganized cha-
otic internal structure, they form stratiform bodies within
the host flysch deposits. Therefore the large platy mega-
olistoliths lie generally conformably with bedding of the
surrounding strata and their orientation mimics structures
of the neighbouring formations. In consequence, morpho-
logical forms of olistoliths largely correspond to those of
tectonic klippen (see examples in Figs 2, 6 and 7) and their
distinguishing depends on identification of the matrix sedi-
ments. Only rarely it can be recognized that individual olis-
toliths in matrix-poor blocky accumulations have different
bedding attitudes (such as at the Pieniny Slovak/Polish
borderland ridge Rabgtin—SPachovky—Vysoké skalky—
Vysoka—Vrchriecky; the Litmanova group of klippen (Fig.
2E), Marmon—Hajtovka klippen area, and the gigantic, up
to 5 km long and about 200 m thick body of innumerable,
variously sized olistoliths between Kamenica and Milpo$
villages and Hanigovce Castle ridge up to the Drahotin
stream north of Cutina village (Fig. 4; see also Plasienka et
al., 2013, their Fig. 1), all in eastern Slovakia.

In addition, all klippen appearing on the surface were
obviously affected by various secondary processes, most-
ly by erosion and gravity movements. However, these
secondary effects are in most cases clearly dependent on
the primary klippen forms described above. Hence it is
sometimes problematic to decide whether the primary or
the secondary processes were more important in the final
shaping of klippen. Notwithstanding these uncertainties,
we prefer considering the primary genetic aspects, if still
recognizable, and the secondary klippen forms are clas-
sified only if they seem not to be directly related to the
primary attributes.

The klippen forms modelled dominantly by erosion are
marked as B1 in Fig. 5. Their morphology is very variable.
The B1XY type concerns first of all projecting cores of
large-scale upright dome-like brachyanticlines composed
of erosion-resistant formations conformably overlain by
more easily washed out shaly or marly strata. The But-
kov and Drienovka periclines of the Peri-Klippen Manin
Unit are the most straightforward examples (Fig. 2a). Part
of the narrow symmetric linear ridges in the Pieniny Unit
(ribbon klippen of Plasienka, 2012b), so-called “ribs” in
the local geographic terminology, might also be affiliated
with this type. Rib-like klippen are developed also in the
Czorsztyn succession on northern slopes of the Cerveny
Kamen village in the Middle Vah Valley. In this case two
parallel subvertical cliffy ridges represent two imbricates
with repeating succession of massive Jurassic limestones
separated by soft marly strata (Fig. 6¢).

Large flat-lying A1X klippen are often incised by nar-
row deep antecedent gorges, such as the Wawo6z Homole
gorge and Biata Woda valley in the Polish Mate Pieniny
Mts (e.g. Birkenmajer, 1970), or Jarabinské tiesnavy
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canyon (Figs 6a, 7a). The solitary B1X klippen have an
appearance of small table mountains or columnar monad-
nocks with subhorizontal stratification, e.g. the Certova
skala twin klippen near Jarabina. The needle-like klippe
Skalna ihla (Certova skala) in the river Poprad valley be-
tween Chmel'nica and Hajtovka villages, originally proba-
bly an olistolith, has been vigorously modelled by abrasion
of the meandering river also recently (Figs 7b and 7¢). The
B1X klippen groups are closely related to the “carapace”
A1X klippen additionally affected by erosion and slump-
ing (Figs 2d and 2e).The isolated klippe Brysztan in the
Polish Mate Pieniny Mts nicely illustrates the way how
gently dipping thick-bedded limestones of the Czorsztyn
succession are gradually degraded by erosional process-
es — first gravity-induced vertical joints are formed at un-
constrained klippe walls exposed by erosion, then joints
develop to open fissures widened by water dissolution, and
finally tops of separated segments are shaped to conical
pikes modelled by exfoliation that resemble small mogotes
(Fig. 7d).

The isolated B1Y type klippen rise up along steep fo-
liation to build rocky towers or needles. These are often
olistoliths (e.g. the Sokolia skala klippe near Kyjov — Fig.
5B in Plasienka and Mikus, 2010, Figs 3 and 7f, g in this
work; Litmanova klippen — Fig. 2¢). Some long linear (rib-
bon-type) klippen are typical cuestas developed in com-
paratively resistant Upper Jurassic — Lower Cretaceous
radiolarites and cherty limestones of the Pieniny Unit
underlain and overlain by soft strata. In the area between
Sarigské Jastrabie and Kyjov villages in eastern Slovakia,
these cuestas follow limbs of large-scale brachyfolds (Fig.
2b). Due to being cut by minor younger oblique-trending
reverse faults, cuestas have a humped look of “goat backs”
(Fig. 6d). A very special B1Y type klippen occur at the SE
margin of the transversal Plave¢ “graben” (in reality it is
not a graben, but axial depression) filled with Oligocene
shales and thin-bedded sandstones of the Oligocene Huty
and/or Malcov Formation sealing the PKB structures.
Owing to ongoing erosion of Oligocene strata, the buried
klippen relief is gradually uncovered in a chain of “but-
tons” sticking out on a smooth ridge between Plave¢ and
Durkova villages in eastern Slovakia (Fig. 7e).

Gravitationally transported klippen are labelled as
B2XY type (Fig. 5). Detached individual klippen can
slowly creep down even along a very gentle slope. Re-
peated landslides on slopes of river valleys penetrating
still deeper into soft sediments (e.g. flysch) accumulate
liberated blocks (e.g. olistoliths) in chaotic piles at the
base-of-slope (south-eastern foot of the Kamenica Castle
klippe — Fig. 4).

Besides large active or smaller abandoned quarries,
the klippen rocks were often mined in areas with shortage
of other suitable building material. Therefore shaping of
klippen by restricted local exploitation is quite common
in more settled areas — B3XY type. There are numerous
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Fig. 6. Examples of various klippen types: (a) eastern wall of the Jarabinské tiesiiavy gorge exposing flat-lying Middle Jurassic red
nodular and crinoidal limestones of the Subpieniny Unit (Jarabina subunit, Czorsztyn succession, plateau A1X type incised by Maly
Lipnik stream); (b) isolated block of crinoidal limestones embedded in Upper Cretaceous variegated marls of the Subpieniny Unit,
Janikov vrch near Zazriva (A1XY type); (c) “dragon back” klippe with the Lednica Castle ruins in western Slovakia (A1Y); (d) typical
cuesta in the Pieniny Unit near Sarisské Jastrabie formed by the SW-dipping, erosion-resistant Upper Jurassic and Lower Cretaceous
limestones and radiolarites surrounded by marlstones viewed from SE (“goat back” B1Y type); (¢) doubled inclined cuestas or “ribs”
in the Subpieniny Unit (Czorsztyn succession) above Cerveny Kamen village in western Slovakia, view to the north.
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Fig. 7. Examples of various klippen types: (a) Jarabina canyon incised in red nodular limestones of the Czorsztyn succession; (b) and
(c) — solitary klippe Skaln4 ihla in the Poprad River Valley presently affected by abrasion (b — state in 2006, ¢ — in 2012); (d) Brysztan
klippe in the Polish Male Pieniny Mts (B1X type); (e) “buttons” of the Pieniny limestones that are gradually uncovered by erosion of
the overstepping Oligocene shales of the Huty Fm., ridge Skalka NW of Durkova village in the foreground; (f) composite olistolith
Lysa hora and simple olistolith Sokolia skala east of Kyjov village (see Fig. 3) viewed from the south-west; (g) natural rocky window
in the upper part of the Sokol klippe — an example of erosional processes.
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small historical quarries and carved crags occurring near
Stard Cuboviia (Marmon, Hajtovka, Udol), where red no-
dular limestones (Czorsztyn Fm.), chiefly olistoliths in the
Milpos Breccia, were excavated. This Cubovia “marble”
was used preferably for tombstones especially in the 16
and 17" centuries (Pivko, 2017 and references therein). In
places, smaller klippen were almost totally extracted.

It should be noted that the presented classification,
although postulated as genetic, is largely empirical and
intuitive. With few exceptions, the decisive feature — the
contact of a klippe with its matrix, is not accessible to a di-
rect observation. At the same time, the presented klippen
types represent the end members, since the majority of
klippen exhibit a combination or mixture of various pro-
cesses shaping their final forms. Nevertheless, it may serve
as a guide for distinguishing variable origins and modifi-
cations of the endless forms and types of the PKB klippen.

Conclusions

In this work, three basic criteria are applied for distin-
guishing the various klippen forms and to categorize their
genetic and morphologic types. These include: (i) the ge-
netic aspect, i.e. the mode of separation of klippen from
original continuous successions; (ii) the structural cri-
terion that differentiates between the gently and steeply
dipping primary foliation that largely controls the klippen
shapes; (iii) post-origin processes modifying the klippen
forms — erosion, fragmentation and transportation by
gravity movements, and anthropogenic modifications. The
genetic factor considers the primary (A) and secondary
(B) modes of klippen individualization. The disconnec-
tion by faulting of endogenous tectonic klippen is marked
as Al and that of exogenous sedimentary olistoliths as
A2 (Fig. 5). The secondary manners of klippen partition
and alterations include various subrecent erosional (B1),
gravity-driven (B2) and anthropogenic (B3) processes.
The structural factor X marks the gently dipping foliation
(bedding, sedimentary layering, cleavage) and Y its steep
inclination. For klippen types labelled XY the foliation is
insignificant, folded or missing.

By a combination of these factors (Fig. 5), several
klippen types are characterized and illustrated: A1XY
— tectonically fully separated, variously oriented blocks
floating in strongly sheared soft matrix; A1X — plateaus
and mosaic-like klippen groups; A1Y — archetypical,
steeply inclined tectonic klippen often arranged in rows;
A2XY - olistoliths of various sizes and orientations;
B1XY — projecting cores of large-scale brachyanticlines;
B1X — small table hills and columns; B1Y — cliffy towers
and needles, cuestas; B2XY — blocks in landslides; B3XY
— quarries, small excavations, road cuts and other artificial
alterations of klippen shapes.
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Karpatské bradlové pasmo a typy jeho bradiel — pokus o geneticku klasifikaciu

Bradl4 a bradlova stavba spolu s poziciou v orogéne su
najcharakteristickejSimi znakmi pieninského bradlového
pasma. Ako bradla tu definujeme inkluzie rigidnejsich jur-
sko-spodnokriedovych karbonatov (radovo x az x 100 m),
ostro oddelenych od okolitych nekompetentnych sedimen-
tov bradlového ,,obalu®, ktorymi su spodnojurské a vrch-
nokriedové az paleogénne bridlice, slieiovce a pieskovce
(Struktary ,,block-in-matrix*‘). Typologickou klasifikaciou
bradiel sa v minulosti zaoberali vo viacerych pracach najma
D. Andrusov a E. Scheibner (Andrusov a Scheibner, 1960,
1968; Scheibner, 1968; Andrusov, 1968, 1974). V princi-
pe rozlisili netektonické (napr. rify, olistolity, bloky v zo-
suvoch) a tektonické typy bradiel: Svajciarsky (prikrovové
trosky), moravsky (Supiny v ¢elach prikrovov) a pieninsky
typ (s viacerymi podtypmi ako rudinsky, vrSatsky, pienin-
sky s. s.), ako aj bradla typu Czerwonej skaly (diapirové
Struktary — ,raisins in cake* podla Birkenmajera, 1959).
Takato klasifikacia by po morfostrukturnej stranke mozno
obstala aj dnes (s vynimkou diapirovych Struktur, ktorych
existenciu nepotvrdzujeme), ziada sa v$ak do nej viac za-
viest’ aj genetické aspekty.

V tejto praci sa navrhuje klasifikovat’ bradla pod-
la troch zakladnych kritérii: 1. spdsob separacie bradiel
(geneticky aspekt); 2. generalny uhol sklonu dominantne;j
folidcie bradiel (Struktarny aspekt); 3. modifikacie spdso-
bené nalozenymi pripovrchovymi procesmi, ako su erozia,
gravitacné pohyby alebo T'udské aktivity (morfologicky
faktor). Podl'a genézy sa tak rozliSuju primarne separova-
né bradla (A1 tektonické bradla a A2 sedimentarne olis-
tolity) a sekundarne oddelené a modifikované bradla (B1
erozne, B2 gravitacné a B3 antropogénne ovplyvnené). Ak
je folidcia subhorizontalna (X), bradla zvycajne vytvara-
ju aredlne (plosné) skupiny, ak je subvertikalna (Y), tak
mame linearne (radové) skupiny.
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Kombinaciou tychto aspektov sa daji vyclenit’ nasle-
dujtice typy bradiel a ich skupin (obr. 5): A1XY — tektonic-
ké bloky a fragmenty ,,plavajiice” v silne zbridlicnatenom
matrixe; A1X — platd a mozaikové skupiny; A1Y — naj-
CastejSie vretenovité bloky a ,,draCie chrbty*; A2XY —
olistolity a ich skupiny; B1XY — casto len brachyklinaly
a ,,rebra® preparované eroziou; B1X — stolové a svedecké
hory, ,.korytnacie chrbty”; B1Y — skalné veze a ihly (resp.
mogoty) a ,.kozie chrbty” (kvesty); B2XY — rozne ,,odva-
lené* a ,,stratené* bradla (bloky) a ich skupiny v zosuvoch;
B3XY - bradla, ktorych morfologia je modifikovana lo-
movou tazbou a inymi antropogénnymi vplyvmi. Na za-
klade vnutornej stavby mozno rozliSovat' aj jednoduché
bradla tvorené tektonicky neprerusenym litostratigrafic-
kym sledom (¢asto len jednym suvrstvim ¢i ¢lenom) a zlo-
zené bradla budované viacerymi tektonickymi Supinami
s opakujucim sa sledom. Navrhované kategorie vsak pred-
stavuju len koncové ¢leny bradlovych foriem a v mnohych
pripadoch sa v urcitych bradlach kombinuji znaky dvoch
alebo aj viacerych typov. Prakticky vsetky primarne bradla
su, pokial’ sa objavia na zemskom povrchu, ovplyviiované
sekundarnymi procesmi. Sekundéarne procesy vSak mézu
vytvorit’ formy podobné bradlam aj z casti sukcesii, kto-
ré povodne nemali charakter primarnych bradiel. U¢elom
tejto klasifikacie je preto lepSie odliSit’ primarne, najma
tektonické bradla od bradiel, na vzniku ktorych sa v pod-
statnej miere podielali sekundarne procesy. Klasifikacia
je ilustrovana prikladmi z réznych tsekov pieninského
bradlového pasma.
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Fold deformation of the Fatricum — a case study from the
Banka section (Povazsky Inovec Mts., Slovakia)
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Abstract: Unique temporal exposure of Fatricum Zliechov sub-unit in the road cut near Banka (Piestany district,
Slovakia) allowed to document deformed sedimentary sequence ranging from Rhaetian to Albian. It was possible
to identify the Fatra, Kopienec, Osnica and Parnica formations. Due to their lithology and better exposure, the lat-
ter two were characterized by a variety of fold and fault structures. Their strong deformation results in significant
thickness reduction of several members of the sequence and suggests that most of sedimentary contacts are tectoni-
zed. West-vergent folds and reverse faults are classified to the Paleoalpine (Mid- to Late Cretaceous) deformation
phase related to the thin-skinned emplacement of Fatric nappes. The east-vergent low-angle thrust faults and folds
represent younger retro-vergent (probably Oligocene—Early Miocene) “back-thrusting” phase. Younger normal
faults are a result of Miocene to Quaternary extensional events.

Key words: kinematics, thin-skinned tectonics, folding, back-thrusting, Fatricum, Zliechov sub-unit
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Introduction

The Miocene horst block of the Povazsky Inovec Mts.
(PD) is situated in the western part of the Western Carpathi-
ans (Slovakia) and surrounded by the embayments of the
Pannonian Basin Miocene sediments (Fig. 1; Ivanicka et
al., 2007, 2011; Hok et al., 2016). Thanks to its charac-
teristic horst and basin structure, this zone in the northern
Internal Western Carpathians (sensu Vass et al., 1988 or
Hok et al., 2014) is called the Core mountains belt. Each
of Core mountains is built by subautochtonous Tatricum,
as well as Fatric and Hronic cover nappes. The Fatricum
(term defined by Andusov et al., 1973, cf. Plasienka et al.,
1997a, 1997b), or formerly known as the Krizna nappe
(Andrusov, 1935, 1938; Mahel’, 1983, 1986) represents
originally 1-2 km thin, more or less imbricated thrust sys-
tem (tectonic slices, duplexes and recumbent folds; Kovag,
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* Observed sequence in the Fatric Zliechov sub-unit is
composed of the Fatra, Kopienec, Osnica and Parnica
formations.

* Thin-bedded limestones of the Osnica Formation are
intensively deformed into number of mesoscale folds,
including one complex fold - “digitation”, probably
related to non-coaxial shear, affecting the nappe body
in the later stages of emplacement.

Highlights

e Fatricum in the road cut was initially thrusted to the
West (1) during Paleoalpine nappe emplacement.
East-vergent back-thrusts (2) represent younger pro-
bably Oligocene—Early Miocene deformation phase.

2007), generally composed of Triassic to Early Cretaceous
carbonates and minor siliciclastics. Internal structure
is usually divided by lithofacial criteria into one or two
lower-order thrust sheets, often called “partial nappes”
(Mabhel, 1983; Plasienka et al., 1997b, Bezak et al., 2004).
Structurally lower and spatially less abundant is the so-
called Vysoka (Bela and Beckov) sub-unit, with shallow
water Jurassic formations. The more widely distributed
Zliechov sub-unit is forming structurally higher thrust-
sheet characterized by the deep water Jurassic deposits.
Deformation and emplacement of the Fatricum was stud-
ied by numerous authors from its root regions in the Ve-
poric Vel’ky bok unit, through the regions where its nappe
position is apparent (Jaro$, 1971; Plasienka, 1983, 1995,
2003; ProkeSova, 1994; Plasienka & Prokesova, 1996;
Kovac, 2007; Pecena & Vojtko, 2011; Sentpetery & Hok,
2012; Prokesova et al., 2012). The Fatricum is generally
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Fig. 1. Location of investigated territory. a — Location of the Povazsky Inovec Mts. in the Western Carpathians. b — Tectonic map of the
Povazsky Inovec Mts. (modified from Bezék et al., 2011). 1 — Tatric crystalline basement, 2 — Tatric Upper Paleozoic volcanosedimen-
tary Kalnica Group, 3 — Tatric Mesozoic rocks, 4 — Fatricum, 5 — Hronicum, 6 — Upper Cretaceous Horné Belice Group, 7 — Cenozoic
sediments. ¢ — Geological map of the area between Ratnovce and Moravany nad Vahom with marked location of the studied road cut

(simplified from Elecko et al., 2008).

characterized by the north- to northwest-vergent Paleoal-
pine structures (Prokesova, 1994; Kova¢ & Bendik, 2002;
Plasienka, 2003). The nappe deformation lasted from the
Albian and the emplacement occurred during the Middle
Turonian according to earlier assumptions (Plasienka,
1997; Plasienka, 1999; Prokesova et al., 2012). However,
also younger - Middle Turonian—Santonian sediments are
documented from below the sole of the Fatricum in the
Povazsky Inovec Mts in the Striebornica section (Pelech et
al., 2017). It suggests that the emplacement occurred after
the Santonian, thus later than in the other Core mountains.

Fatricum rock sequences are known mostly from the
central and western portion of the Povazsky Inovec Mts.
(Ivanicka et al., 2007; Ivanicka et al., 2011). The Zliechov
sub-unit is dominant in central block of the PI. The occur-
rences in the northern block are limited to the margins of
the PI near Beckov and Patrovec, where they are formed
by the Vysoka Unit (term Beckov Unit is used in PI; Pelech
etal., 2012).

This paper presents observations of the Fatricum defor-
mation from the Banka section in the Povazsky Inovec
Mts. and compares it with situation in nearby Moravany
nad Vahom.
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Aims and methods

Main aim of this paper is to study structural charac-
teristics, lithology and age of the sequence in the distinc-
tive exposure of the Mesozoic carbonate rocks observed
during the years 2013-2014 in temporary uncovered road
cut south of the Banka village (Piestany district, West-
ern Slovakia). Additional structural data from the Fatric
nappe of central and northern Povazsky Inovec Mts. are
further discussed. Due to the need of verification of the
stratigraphic assignment of the studied rocks, 16 samples
were collected for the preparation of thin-sections, and 2
samples were collected for washing. The samples of marls
were washed through sieves with 71pm and 125um mesh
size. Calpionellids and their stratigraphic age was deter-
mined according to Rehakova & Michalik (1997).

Results
Stratigraphy

Approximately 180 m long section (Fig. 2) was tem-
porarily exposed in artificial cut during earthworks on
the new road south of the Banka village (N48.569821°,
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E17.842179°). Studied section is oriented in WNW-ESE
direction and exposes approx. 80 m thick (true thickness)
sequence consisting of various lithostratigraphic members
of the Fatric Zliechov sub-unit.

The oldest rocks assigned to the Rhaetian Fatra For-
mation (cf. Gazdzicki et al., 1979; Tomasovych, 2004) are
present in the SE part of the section (168—180 m) and sep-
arated from the higher members by a normal fault. Grey
limestones are characterized by the packed biomicrite to
biosparite (packstone, grainstone to floatstone) with frag-
ments of bivalves, gastropods, bryozoans and brachiopod
shells, locally also micrite (calcimudstone) is present,
samples 0 and 13, Fig. 3a, b).

Overlying sediments occurring south-east of the nor-
mal fault (150-168 m) are represented by the grey and
reddish sandy limestones and grey shales. Limestones are
characterized as a packed oolitic biomicrite to biosparite
with hematite cement (oolitic grainstone). It contains cha-
mosite ooids, clastic quartz of fine sand fraction and re-
mains of bivalves, brachiopods and echinoderm fragments
(sample 12, Fig. 3c, d). It probably represents Lower Ju-
rassic Kopienec Formation (cf. Gazdzicki et al., 1979).
Other Middle and Late Jurassic formations are missing in
this part of the section.

The higher portion of the sedimentary sequence
(20-117 m) exposed to the north-west of the young nor-
mal fault consists of strongly deformed (folded and fault-
ed) pelagic carbonates, represented by the pink and grey
micritic limestones that probably belong to the Osnica
Formation (Michalik et al., 1990 and 1993). The forma-
tion is characterized as altered biomicrite (mudstone to
wackestone). Alteration is manifested by recrystallization
of finer grained material of matrix, obliteration of finer
bioclasts and higher abundance of authigenic pyrite, in
the microscale and partly by the occurrence of pink and
reddish weathering of the rocks and veins, filled by opaque
minerals in the macroscale. Limestones contain occasion-
al calpionellids Calpionella elliptica Cadisch and (from
sample 17, Fig. 3d), Remaniella duranddelgai Pop (Fig.
3g), Calpionellites oblonga (Cadisch) (from sample 5) and
Calpionellites major (Colom) (sample 6, Fig. 3f) indicat-
ing Middle Berriasian to Early Valanginian age.

Overlying grey clayey shales and grey limestones
(117-132 m) are separated by faults. Limestones are partly
recrystallized mudstones containing planktonic foramini-
fers Globigerinelloides algerianus Cushman & TenDam,
which allow to biostratigraphically date the observed sed-
iments into the Late Aptian Globigerinelloides algerianus
Zone. Abundant sections of Globigerinelloides ferreolen-
sis Moullade, Hedbergella aptiana Glaessner, Hedbergel-
la infracretacea Glaessner were present (sample P1). In
the sample above yielding only small globular chambered
planktonic foraminifers, rare Spiroplectinata annectens
(Parker & Jones) (Fig. 31, sample 10) was present in the as-

28

semblage, suggesting a ?Late Aptian but mostly an Albian
age (Tyszka & Thies, 2001). Based on the observed lithol-
ogy, position in sedimentary sequence and stratigraphic
age, the grey clayey shales and limestones are assigned to
the Parnica Formation (cf. Hauer, 1872; Boorova & Filo,
2013).

Observed thickness of the Fatra, Kopienec and Parnica
formations is significantly reduced due to strong deforma-
tion. Missing parts of sedimentary sequence, e.g. Jurassic
spotted limestones of the Janovky Formation or radiolar-
ites, are the result of repeated tectonic reduction during
nappe emplacement, as well as later tectonic events. The
older Triassic members are missing, as the studied section
represents the sequence preserved above the Carpathian
Keuper décollement (Prokesova et al., 2012).

The Mesozoic formations are covered by Quaternary
sediments. They represent yellowish-grey silty loess of
Wiirmian age (Ivanicka et al., 2011). Overlying deposits
are represented by deluvial loams and coarse-grained
debris of pebble to cobble size. They are post-Wiirmian to
Holocene age.

Structural geology

As it was stated before, the sedimentary sequence is
strongly folded and faulted. Expressive fold deformation
was followed by later faulting. Folding caused redistribu-
tion of the bedding planes into two groups with east and
west oriented dip (Fig. 4a). The fold deformation was a re-
sult of flexural slip that is common in the well bedded sedi-
mentary bodies. It is locally characterized by the striae and
slickensides on the bedding planes. Overall 39 fold axes
were recorded. Asymmetric mesoscale folds with dip of
the axial plane to the east and dominant foreland-vergent
tectonic transport (top to west or northwest) are prevail-
ing (Fig. 5a—). Good examples are seen in the segments
between 55-75, 87-100 and 132—-137 m (Fig. 2). The fold
axes are generally trending N-S, with local undulations
(Fig. 4b). Another west-vergent structure is represented by
the thrust sheet of Parnica Formation located in the pink
micritic limestones between 118-132 m. The shales and
claystones of the Parnica Formation display prominent
east-dipping cleavage which highlights the dominant di-
rection of tectonic transport (Fig. Sb, d).

Complex overturned fold (“digitation”) present be-
tween 55-65 m is similar to larger-order structures known
from the Morcles nappe of the Western Alps, where it is
interpreted as a result of simple shear deformation during
later evolution of the nappe body (Ramsay et al., 1983).
The same explanation could be applied to the observed
structure in the road cut.

Fold axes perpendicular to dominant WNW-vergent
folds, otherwise relatively common in the Povazsky
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Ry

Fig. 3. a — Biosparite consisting of densely packed bivalvia fragments. Sample 13. Rhaetian Fatra Formation. b — Wackestone to float-
stone with a gastropod shell, Sample 0. Rhaetian Fatra Formation. ¢ — Sandy-crinoidal limestone, plane polarized light (left), crossed
polarized light (right), Kopienec Formation. Sample 12. d — Sandy crinoidal limestone with chamositic Fe-ooids, plane polarized light
(left), crossed polarized light (right), Kopienec Formation. Sample 12. e — Calpionella elliptica Cadisch (Sample 17). f— Calpionellites
major (Colom, Sample 6). g — Remaniella duranddelgai Pop (Sample 5). h — Section of “hedbergellid” planktonic foraminifer (Sample
10). I — Section of Spiroplectinata annectens (Parker & Jones, Sample 10).
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Fig. 4. Structural measurements in the Fatric sequence at the studied road cut near Banka. a - Orientation of bedding planes. b - Orien-

tation of fold axes (+).

Inovec Mts. (cf. Plasienka & Marko, 1993; Pelech et al.,
2016; Pelech & Hok, 2017) were present only in negligible
extent.

The investigated Fatricum succession is, in addition to
ordinary folds with the west-vergence, also deformed by
back-thrusts and folds with east-vergence. The latter are
less numerous than the west-vergent folds but more strik-
ing. They are mostly represented by passive, flexural folds
which bend the original north-vergent and neutral folds
(Fig. 2 - 36-38 m). However, some seemingly east-ver-
gent folds are in fact only Z-folds of larger complex folds
(Fig. 6b). Locally observed S-C’ bands also indicate tec-
tonic transport to the east. Back-thrusts modify the original
structure and rarely separate rigid blocks with structural
paragenesis of the northwestern vergence (Fig. 6a). Back-
thrust structure between 75-80 m (possibly continuing
up to 103 m) represents evidently a younger (thus “post-
nappe”) superimposed deformation phase. According to
regional context, we can assume that the back-thrusting
has occurred after the Santonian and before Middle Mi-
ocene.

Apart of the ductile structures several younger normal
faults were observed in the road cut as well. It is worth
mentioning that some of them apparently offset the Qua-
ternary sediments (Fig. 6¢).

Moravany nad Vdhom

The second section in the Fatricum is documented in
a road cut in the valley of Hrani¢ny kanal Brook, west of
the Moravany nad Vahom (48.587167° N, 17.867667° E).
Grey and black calcareous shales and sandy limestones
of the Kopienec Formation represent part of the Zliechov
sub-unit. The observed sequence is generally monoclinal-
ly dipping to the west and southwest (Fig. 7a). The axial
plane cleavage is dipping to the southeast, and the fold
axes are oriented in southwest-northeast direction (Fig. 7b,
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6d). Aforementioned indicators suggest top to northwest
tectonic transport of the Fatricum at this locality.

Discussion

Tectonic transport direction of North Veporic Velky
bok Unit between Poniky and Liptovska Teplicka (Plasien-
ka, 1983, 1995) is top to NW-NNW, that is similar to sup-
posed internal portions of the Fatricum in the northeastern
(Razdiel) part of the Tribe¢ Mts. (Hok et al., 1994). In
the Sklené Teplice area, the sense of tectonic transport of
the Northern Veporic sedimentary cover was to the west
(HOk et al., 2013). In the area between Banska Bystrica,
Korytnica and Ruzomberok, the direction of the tectonic
transport of the Fatricum was to the NW and NNW (Pro-
kesova, 1994). Direction of the tectonic transport in the
area of Donovaly was identified as top to NW (Kovac &
Bendik, 2002). Observations from the northern slopes of
the Nizke Tatry Mts. show top to NN'W or N tectonic trans-
port of the Fatricum (Plasienka, 2003). Tectonic transport
of Bela sub-unit (equivalent of Vysoka sub-unit) in the
Strazovské vrchy Mts. is to the WNW, while the Zliechov
sub-unit was thrust to the NNW in this region (Pecena &
Vojtko, 2011). Documented sense of tectonic transport
of the Beckov sub-unit near Patrovec in the northeastern
Povazsky Inovec Mts. is top to NNW (Pelech et al., 2012).
Overall picture is summarized in Fig. 8.

While the recorded tectonic transport of Northern Ve-
poricum and Fatricum is relatively uniform east of Ban-
ska Bystrica (Central Slovak Fault System sensu Kovac
& Hok, 1993), thus top to NNW. More to the west, the
deviations from the NNW direction of tectonic transport
are more common. Diverse directions of movement are
recorded as well in the Povazsky Inovec Mts. While the
direction of the Beckov (Vysoka) sub-unit emplacement in
the northern part of the mountain range (Patrovec) is to the
NNW (Pelech et al., 2012), the directions of the Zliechov
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Fig. 5. a—Folded part of road cut section with low angle fault (?back-thrust; 85-100 m); b — Duplex in shales and organodetritic limes-
tones of the Parnica Formation (road cut section between 117-130 m); ¢ — Foreland-vergent inclined fold in limestones of the Osnica
Fm. (54-55 m). d — Detail view on cleavage in the marly shales of the Parnica Fm. (from figure 5 b).
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Fig. 6. a — Older foreland-vergent reverse fault above younger back-thrust with south-east vergence (75—80 m) in limestones of the
Osnica Formation. b — Fold with apparent vergence to the hinterland, in fact representing parasitic — lower order Z-fold in the over-
turned limb of “digitation” (61-63 m). ¢ — Quaternary normal fault offsetting folded Mesozoic sequence as well as Quaternary debris.
d — North-west-vergent fold and axial plane cleavage in the sandy limestones of the Kopienec Formation near Moravany nad Vahom.

900 270° 900

N total = 5
n=5 (planar)

180° 180°

Fig. 7. Structural characteristics of the studied rocks at the locality near Moravany nad Vahom. a — Bedding planes. b — Cleavage (grey)
and fold-axes (x).
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sub-unit in the central part of the mountain range vary be-
tween NW (Moravany nad Vahom) and W (Banka). This
difference suggests that structural discordance might exist
between the Vysoka and Zliechov sub-units (“partial nap-
pes”). Kovaé (2007) explains similar phenomenon in the
various thrust sheets of Fatricum in Deménova and II'ano-
vo valleys as a result of the existence of oblique thrust
ramps. In PI, it can be alternatively a result of dextral
movement on the Hradok-Zlatniky shear zone (Pelech &
Hok, 2017). Prevailing west (Fig. 4b) or northwest direc-
tion of tectonic transport, well manifested at the studied
road cut near Banka, can be considered as a consequence
of the Cenozoic counter-clockwise block rotation known
from western segment of the Western Carpathians (Marton
et al., 2013; Marton et al., 2015).

The studied road cut exhibits also several east-vergent
structures. Similar structures with hinterland (generally
south- or southeast) vergence are known from Northern
Veporicum-Fatricum system. In the Northern Veporic area,
they are usually interpreted as related to the final phase
of convergence of the root area of the nappe (Plasienka,
1983, p. 224). Retro-vergent structures can form con-
temporary to the foreland-vergent thrusts (e.g. McClay
& Whitehouse, 2004). However, the back-thrusts in the
area of the Povazsky Inovec Mts. are not a result of such
processes. Regional context suggests that they represent
younger superimposed retro-vergent deformation that is
observed along the entire western edge of the Western Car-

pathians (Marko et al., 2005; Peskova, 2011; Hok et al.,
2016). They are usually interpreted as Oligocene—Early
Miocene in age (Hok et al., 2016).

Conclusions

This contribution presents result of the structural anal-
ysis of the Fatric sequences in central part of the Povazsky
Inovec Mts. It documents structural style and thin-skinned
tectonics of the Fatric cover nappe in the well exposed
road cut near the Banka village. The main conclusions can
be summarized as follows:

1) The sedimentary sequence composed of the Fatra,
Kopienec, Osnica and Parnica formations ranging from
Rheatian to Albian is tectonically reduced and strongly
deformed. In majority the “sedimentary” contacts are
tectonized. This knowledge can have important impli-
cations for other areas as the Zliechov sub-unit repre-
sents one of the most common Mesozoic sequences,
occurring at the surface in many regions of the Core
mountains in Slovakia.

Forward-vergent thrusts and steep reverse faults togeth-
er with west- and northwest-vergent folds of different
shape and magnitude represent the main Paleoalpine
structures of probably Early to Late Cretaceous age.
Back-thrusts of supposed Oligocene to Early Miocene
age are documented. They are characterized by the ret-

2)

3)

Sense of displacement
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Fig. 8. Simplified tectonic map of Slovakia (modified from Biely et al., 1996) with marked sense of tectonic transport of the Fatricum
(grey arrows) and Northern Veporicum nappes (white arrow) during Paleoalpine phase. Tectonic transport directions from Plasienka
(1983, 2003), Hok et al. (1994, 2013), Prokesova (1994), Kova¢ & Bendik (2002) and Pecetia & Vojtko (2011) and own data.
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ro-vergent top to the east tectonic transport and super-
imposed on older foreland-vergent structures.

4) Cenozoic normal faults including several Quaternary
faults represent the youngest deformation phase.
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Vréasova deformacia fatrika — pripadova stadia z profilu Banka
(Povazsky Inovec, Slovensko)

Horninové sekvencie fatrika vystupuju v Povazskom
Inovci prevazne v strednej a zapadnej Casti pohoria (Iva-
nicka et al., 2007, obr. 1). V bojnianskom bloku horniny
fatrika tvori dominantne zliechovskéa jednotka. Vyskyty
v seleckom bloku su plosne obmedzené na okraje poho-
ria okolo Beckova a Patrovca, kde ich buduje beckovska
jednotka (Ivanicka et al., 2011; Pelech et al., 2012). V hlo-
hoveckom bloku sa pritomnost’ fatrickych komplexov ne-
potvrdila.

Skumany zarez novobudovanej cesty v juznej Casti
katastra obce Banka (obr. 2), ktory je hlavaym predme-
tom tohto ¢lanku, vznikol v priebehu rokov 2013 — 2014.
Rozsiahle defilé¢ v sedimentarnej sekvencii fatrika tvoria
horniny triasového az spodnokriedového veku, z ktorych
dominuju horniny osnického suvrstvia (obr. 3). Zarez
cesty s odkrytymi horninami fatrika je dlhy asi 180 m, ma
generalne juznu expoziciu a v.-z. priebeh. Napadna vraso-
va deformdcia hornin na lokalite je kombinovana s mlad-
$im zlomovym porusenim. Vyrazna je tektonicka redukcia
viacerych ¢lenov, ako aj fakt, ze vacSina sedimentarnych
kontaktov je tektonizovana. V désledku zvrasnenia na lo-
kalite dominuje vychodny aj zdpadny sklon vrstvovitosti
(obr. 4). Vrasova deformacia je dosledkom ohybového
sklzu, ¢astého vo vrstvovitych telesach, co dokumentuju
tektonické zrkadla na zvrasnenych medzivrstvovych plo-
chach. Prevladaju asymetrické mezovrasy so sklonom
osovej roviny na vychod a vergenciou na zapad (obr. 5).
Orientacia vras je generalne v smere S — J, s lokalnymi
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unduldciami (obr. 4b). Prie¢ne prevrasnenie bolo pozoro-
vané v zanedbatelnej miere. V bridliciach parnického sti-
vrstvia sme pozorovali aj klivaz sklonenu na vychod, ktora
zdoraznuje dominantny smer tektonického transportu (obr.
5d). Zapadovergentné struktury zodpovedaji paleoalpin-
skej deformacnej faze veku spodna (,,stredna®) az vrchna
krieda.

Skumana fatrickd sekvencia je okrem zapadovergent-
nych vras a ndsunov postihnutd aj spitnymi nasunmi
a vrasami s vychodnou vergenciou. Markantné, no mene;j
pocetné ako zapadovergentné, su spitné, vychodover-
gentné vrasy. Predstavuju ich prevazne pasivne ohybové
vrasy, ktoré bud’ ohybaju pévodné zapadovergentné vrasy,
alebo vzpriamené vrasové osi pévodne neutrdlnych vras
(obr. 2, 35 — 37 m). Niektoré zdanlivo vychodovergentné
vrasy su v skutocnosti iba Z-vrasy vacsich komplexnych
vras (obr. 6b). Aj lokalne pozorované S/C' pasy indikuju
tektonicky transport na vychod. Spitné preSmyky modifi-
kuju pdvodnu stavbu a nezriedka oddel’uju rigidné bloky
so strukturnou paragenézou a zapadnou vergenciou (obr.
6a). Sukcesia Struktir naznacuje, ze spéatné preSmyky su
mladsia nalozend deformacéna faza, pravdepodobne oli-
gocénneho az spodnomiecénneho veku. Zdokumentovana
je aj pritomnost’ viacerych kenozoickych zlomov vratane
kvartérnych.
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The depth range and possible continuation
of the Havranicka jaskyna cave system revealed
by geological methods and electrical-resistivity tomography
(ERT), the Malé Karpaty Mts., Slovakia
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Abstract: Geological (sedimentology, structural geology) and geophysical (electrical-resistivity tomography;
ERD) methods were carried out to investigate the possible continuation and depth range of the Havranicka jaskyna
cave, situated in the Malé Karpaty Mts. (western part of Slovakia). The origin of the investigated cave is connected
with the N-S trending fault, activated during the Pliocene—Quaternary. The cave system is developed in Guten-
stein Fm., built dominantly of limestone. According to XRD analyses, the subjacent Gutenstein Fm. dolomite
interferes with the cave system in the form of boudins, which modifies the development of the cave in its lower
parts. However, the boudins do not affect the course of the cave system. Based on ERT measurement a 3D model
of the cave was produced, being complemented by the cave’s polygonal traction points. The primary geophysical
measurements in 2010 contributed to discovery of new passages in the cave system, so the application of used
methodology also in other caves world-wide would be meaningful.

Key words: geological and geophysical research, Havranicka jaskyna cave, the Malé Karpaty Mts., Western Car-

pathians

~ Havranicka jaskyia cave

-
S -,
£ o |
; 2 -125
2 "
o c -25
=
i | @
=

-50

% .«C /
& @®

3D model of
electric-resistivity
tomography (ERT)

Introduction

More than 300 caves situated in several karst areas are
registered in the Malé Karpaty Mts. The karst forms in the
studied mountain range have a typical obscure develop-
ment, so the comprehensive research involving several
disciplines is needed to obtain more detail knowledge.
The complex methodic approach requires the application
of sedimentological (microfacial analyses of carbonatic
rocks), structural-geological and geophysical (electri-
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e Multidisciplinary research of Havranickd jaskyia
cave system in the Malé Karpaty Mts. indicates the
prior origin of the cave on Miocene N-S trending
fault, being re-activated and karstified in Plio-Quar-
tenary period.

Highlights

* New underground spaces indicated by electrical-re-
sistivity tomography (ERT) were confirmed by spe-
leological works

cal-resistivity tomography; ERT) methods. Our research
was focused on the Havranickd jaskyna cave, situated in
the region of the Malé Karpaty Mts. - the Plavecky Karst
Area (Smida, 2010) in the western Slovakia.

The area around the Havrania skala elevation point is
characteristic with complicated geological and tectonic
setting, being observable on the surface and in the cave
system. Since the cave originated due to the corrosive ef-
fect of the water, leaking through the fractures, it retained
the general direction of the fault structures visible directly
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in the cave and controlling the shape and direction of its
passages. The development of fractures was affected by
lithology. For example, preserved slicken slides found on
faults in the dolomite, forming rheologically harder ma-
terial relative to the limestone, have originated due to the
relative displacements of the dolomite blocks.

Besides geological methods, the geophysical methods
can be beneficial in the karst research - they allow to dis-
tinguish properties of the material, filling the voids, and
when it is significantly different from the surrounding
host rock, they indicate a material contrast (cf. Gibson et
al., 2004; Dobecka & Upchurch, 2006; Monchales et al.,
2008, as well as Putiska et al., 2012). In our case, we have
used the ERT (electrical-resistivity tomography) method,
producing the 3D model of the material discontinuities as
an output.

Geological setting

The studied area is situated in the Malé Karpaty Mts.,
app. 1 km northwest of the village of Smolenice. The en-
trance to the Havranicka jaskyna cave is located only a few
meters from the top of the Havrania skala elevation point
(599 m a.s.l.), which is a part of the Havranica hill (717 m

a.s.l.). This area includes the Povazie nappe, being a part
of the Hronic nappe system (Polédk et al., 2012; Fig. 1).
Within the karst regionalization, it is incorporated into the
Plavecky Karst Area (Mitter, 1983).

The Havrania skala area is built of the Middle Trias-
sic limestone of Gutenstein Fm., forming 50-100 meters
thick bed. The lower part of this formation was correlat-
ed with the Annaberg limestone, occurring in the Eastern
Alps. This type of limestone was described in the Malé
Karpaty Mts. by Bystricky (1972, 1973). The Gutenstein
dolomite (Poladk et al., 2012), occurring under the lime-
stone, partially interferes into the cave system. A slightly
bland position of detrital limestone with a predominance
of monotonous micrite (mudstone-wackestone) with rare
organodetritic interbeds (foraminiferal-dasykladacea
grainstone-packestone) is developed in the upper part of
the grey Gutenstein Fm. limestone. The rare fragments
of organisms, occurring in the biodetritic interbeds, rep-
resent ostracods, segments of crinoids, small gastropods,
foraminifers and dasycladacea (Bucek, 1988; Bucek et al.,
1991).

The limestone setting in the Havranica ridge is rela-
tively simple, manifesting bedding with the dip of 60-80°
to the north (Mahel’, 1986). Around the cave the bedding
has a dip only of 36° to the north.
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History of research

The Havranicka jaskyia cave is known from the time
immemorial. The original entrance was probably de-
stroyed during the World War II, when the Havrania ska-
la hill was under fire. The re-discovery of the cave dates
back to 18 September 2004 (Lacny, 2006). After the first
mapping work, the cave length was less than 90 meters.
However, during 12 years of work, speleologists discov-
ered more than 80 meters of new space, and 14 meters of
the depth range. The first exploration work started imme-
diately after the re-discovery of the Zbojnicka Chamber,
representing the largest hall. As can be seen from the map
(Fig. 2), the cave is located in a tectonic dislocation trend-
ing N-S. The cave system continues to the north as was
confirmed by geophysical measurements in 2010 (Lacny
et al., 2012). New exploration work was conducted on the
basis of these measurements and new phase of discover-
ies began in 2013. Speleologists found 15 meters of new
passages in the small hall called Michal’s chamber. The
next discovery came a year later when 30 meters of new
passages were found. The current workplace is situated at
a depth of -51 meters under the lower earlier discovered
part known as the Objavna chamber.

Description of passages

Havranicka jaskyna cave (585 m a.s 1), length:
174.3 m; depth: -51 m

The genetic type of the cave is tectonic-corrosive, while
in the lower part we can see passages that were modelled
by the water. It is possible that the cave type changes with
lithology and increasing depth. During the research, 5 lime-
stone samples were subjected to XRD analysis and petro-
graphic study applying the thin sections. Thin sections of
three samples confirmed the presence of dolomite crystals,
and the XRD analysis confirmed the occurrence of dolo-
mite and partially dolomitized limestone. The entrance to
the cave is situated only few meters from the apical parts
of the Havrania skala elevation point (599 m a.s.l.). The
first passage is represented by a narrow and steep chimney
which leads to the first small chamber of dimensions 4x3 m.
The atypical air current varies according to the season
and wind intensity. Following creep passage is formed of
limestone, and partially dolomitized limestone (Fig. 2a, b;
sample sl and s2). Subsequently the passage spreads to
Zbojnicka Chamber, the largest hall in the cave (5 x 10 m,
5 m height). This hall was formed on a tectonic dislocation
having azimuth 19° and dip 40° (19/40°). Its eastern side
is formed of Fe-rich dolomite (Fig. 2, sample s3). From
the Zbojnicka Chamber the passage leads to a small tunnel
with the azimuth of 250°, reaching the Smoke Chamber
(2 x 3 m), situated over it. Then the passage leads from the
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Smoke Chamber to the small hall (1.5x3 m), representing
a vertical joint. The Michal’s Chamber, comprised of do-
lomite with small Ca impurities (Fig. 2, samples s4, s5),
is located to the east of the Smoke Chamber. The Objavna
Chamber (4 x 7 m), formed on a continued discontinuity
of N-S trend, leads to the current workplace at a depth of
-51 m, situated below Michal’s Chamber.

Jaskyna v Havranej skale cave (574 m a.s.l.), length:
20m

Jaskynia v Havranej skale cave is situated in close
vicinity to the Havranicka jaskyna cave, as the entrance
to this small cave is located 15 meters southwest of the
Havranicka jaskyna cave. It is formed on a remodeled dis-
continuity (105/76°), which is 0.5 to 1 meters wide and 2
to 6 meters high (Smida, 2010). However, the connection
of these caves should be considered as the vertical differ-
ence is only 10 meters, and a notable air draught occurs at
the end of the Jaskyna v Havranej skale cave.

Structural research

Both caves (Havranicka jaskyna cave and Jaskyna
v Havranej skale cave; Fig. 3) were formed on the same
sub-vertical discontinuity trending N-S, which can also be
seen on the surface at the cave entrance. Fractures of this
trend are characteristic in the entire area around the cave.
The beginning of the cave origin features another impor-
tant system of discontinuities - the bedding with 36-76°
dip northward (Fig. 4A, B). We have to note that the caves
overlap each other in different depths. The N-S trending
sub-vertical discontinuities dominate in the Plavecky
Karst Area and can often be found in other karst areas of
the Malé Karpaty Mts. The direction of cave passages has
a connection with faults of N-S affinity, being accompa-
nied with those of NW-SE trend, so they were formed on
a paired system of discontinuities.

The discontinuities trending N-S have contributed
to karstification process by allowing the penetration of
atmospheric rainfalls through the carbonatic massif and
dissolution of carbonate, as well as allowing subsequent
water corrosive effects. The current compression is ap-
proximately of N-S direction (Kovagc et al., 2002). The ear-
lier tectonic research, based on tensometer measurements
of relative movement of blocks in the Driny cave, located
ca 10 km ENE of the Havranicka jaskyna cave in similar
tectonic conditions (Briestensky et al., 2011), revealed the
dextral displacements on the NW-SE trending discontinu-
ities and sinistral displacements on NNE-SSW trending
discontinuities. Authors deduce that the current stress field
is represented by a compression of NNW-SSE direction,
applying the pure shear model for the origin of N-S trend-
ing faults, where the NW-SE and NE-SW discontinuities
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Michal's chamber
Smoke chamber

Ground plan 1

Zbojnicka chamber

Fig. 2a. Ground plan of the Havranicka jaskyna cave.

represent the paired system of faults. These results corre-
spond to mechanism of recent stress field in the region of
the Malé Karpaty Mts. (cf. Kovac et al., 2002).

Applying the current compression field and the pure
shear model, there should be reactivated also earlier exist-
ing N-S trending structures. Revealed shifts on geological
discontinuities indicate that they represented the sinistral
faults also in the past, forming paired system to the dextral
faults of NW-SE trend. Later, during the middle Miocene
compression of N-S direction they were reactivated as nor-
mal faults, being associated with opening of the Badenian
deposition centre of the Vienna Basin (Marko & Jurena,
1999).

Our research results confirmed that the Havranicka
jaskyna cave was formed on a significant fault trending
N-S. There is a presumption of later re-activation of this
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Entrance

fault in the Plio-Quaternary period. The role of tectonic dis-
continuities of the earlier period at the cave formation can
not be excluded, because similar structures of this affinity
are registered in the Malé Karpaty Mts. from the middle
Miocene. The uplift of the Malé Karpaty Mts. (except of
the earlier Upper Cretaceous-Paleogene event) took place
in the Upper Miocene, so the karstification should occur
only after the Miocene time. Therefore we assume, that
the main phase of karstification should be associated with
a Plio-Quaternary period.

For comparison there is worth to mention the tectonic
result of the research in the eastern part of the Western
Carpathians (Németh in Gaal et al., 2017, cf. Fig. 10 ibid.),
being focused on the caves developed in magnesite bodies
along the contact zone of Veporic and Gemeric units). The
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__ Entrance

Cross section
of N-S direction

We can find calcified terra rossa
in the discontinuities on the cave
walls. Autochthonous clastics of
carbonates, which are differently
rounded (0.5 to 2.5 cm), occur in the
terra rossa. Sharp-edged fragments
are interpreted as products of tec-

%, tonic processes. In a smaller amount
. we identified also well rounded
10 RGSU@')tSSgr: )"iRlainetmalysm pebbles, their roundness is related
pling p to their transport. Despite we have
ineral . LU H - - not found shapes created by erosion,
Weight % |Weight % |Weight % |Weight % |Weight % their existence in the past cannot
Calcite 62.3 98 6.8 7. 6.6 be excluded. They were probable
Dolomite 3,8 2 46,8 .
Dolomite (Fe-rich) 3338 932 o4 466 erased by the corrosive effect of
Other 0,1 percolating water or the destruc-
@ tion of the walls, related to younger

Ground plan 3

S5)

Fig. 2b. Cross section of Havranicka jaskyna cave.

research has revealed that the origin of a system of N-S
trending faults is a consequence of the post-Upper Creta-
ceous subhorizontal displacements on conjugate NE-SW
(sinistral shearing) and NW-SE (dextral shearing) trending
faults and the generally N-S trending faults represent the
synthetic faults related to both systems (l.c.). In the Malé
Karpaty area, located in the western limb of the Western
Carpathian arc, the sinistral shearing on NE-SW trending
faults is much more dominant.

Zbojnicka chamber

tectonic processes. As one example
of such processes we interpret the
origin of the Zbojnicka Hall. Below
this hall, Smida (2010) assumes
that there was a larger corrosion
hall, which after the neotectonic
and gravitational movements has

Ground plan 1 collapsed. The wedge-shape profile

of the Zbojnicka Hall (Fig. 5) repre-
sents a result of this event. The cave
system continues northward, and
the passages become more vertical
(70-80°).

Ground plan 2
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Geophysical research

Seven 2-dimensional, direct-cur-
rent electrical-resistivity traverses
were carried out. Electrical resistiv-
ity tomography (ERT) prospecting
was performed using an ARES (GF
Instruments) multi-electrode system
with a set of 48 electrodes evenly
spaced for every 5.5 m. A dipole-di-
pole array configuration was used

N\ -50,00m . :

i with a geometrical factor of “k =27
n (n+1) a”, where “a” is the dipole
length and “n” is the dipole separa-
tion. For surveys with this array, the

“a” spacing is initially fixed at the smallest unit electrode

spacing and the “n” factor is increased from 1 to 2 to 3.

In the first phase of the geophysical survey we re-meas-
ured three sections: the first profile (pf-1-09) was situated
just behind the largest known chamber in the Havranicka
jaskyna cave; the other two sections: pf-2-09 and pf-3 09
(Fig. 6) were outlined parallel to the first profile in the di-
rection of the expected continuation of the cave system. An
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Havranicka
jaskyna
cave

Jaskyna v Havranej skale cave

Fig. 3. Position of the Havranicka jaskyna cave and Jaskyna
v Havranej skale cave in the Havrania skala massif (599 m a.s.L.).
Orientation of figure corresponds with that in Fig. 2a, which
re- presents the northern (black) part of Fig. 3.

»
>

Fig. 5. The wedge-shape profile of the Zbojnickd Chamber in the
Havranicka jaskyna cave. Photo: A. Lacny.

inversion model of these profiles demonstrates considera-
bly high resistivity anomalies — greater than 21 000 Qm,
which highlights the great cavities (caves). On the basis
of these results, we added new ERT measurements. These
new profiles were measured due to thickening and the
dissemination of information on the locality. Four other
sections were also measured on this site. The first profile
(pf-0-10) was situated above the already known part of
the Havranicka jaskyna cave. The second profile (pf-4-10)
was situated 44 m from the pf-0-10 profile. The next two
profiles: pf-5-10 and pf-6-10 (Fig. 6) were situated per-
pendicular to the previous profiles. Thus, we created a net-
work of measurement points 44 m x 264 m with a density
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Rose diagram
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Fig. 4. Tectonograms: A — bedding in the Havranicka jaskyna
cave and its surroundings. B — discontinuities measured in the
Havranicka jaskyna cave, the Havrania skala hill and surround-
ing.

of 11 m x 5.5 m. Such density measurements allowed us
to create a detailed 3D visualization of the results (Fig.7).

Geophysical results

The main purpose of the geophysical survey was to
find the direction of the possible continuation of the cave
system. According to the spatial distribution of resistivity
values, a significant area with a high resistivity value is
visible in the central part of the studied area (Fig. 7). In
this area, we anticipate the occurrence of other karst for-
mations. The system of fractures and smaller cavities in
the rock environment increases the overall resistivity of
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Fig. 6. Position of profiles around the Havranicka jaskyna cave (S-JTSK GPS coordinate system).
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Fig. 7. The 3D models of ERT surveys
with the polygonal traction points of
the Havranicka jaskyna cave (A — iso-
surface’s value — 12 000).
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the environment. According to the results of ERT measure-
ments and subsequent 3D visualization, the highly resis-
tive anomalous region of the concentric shape is followed
and its continuation can be traced downwards (in depth).
Based on these findings, we continued to consider the
continuation of the cave system only to depth. Subsequent
speleological studies confirmed the prerequisites of the
geophysical survey, and new cave areas were discovered
up to a depth of -50 m (Fig. 2). The course of newly dis-
covered spaces was geodetically oriented and confronted
with the results of geophysical research. The correlation
between the high resistivity area and the black dots has
confirmed the original assumption that the cave system
continues downwards (Fig. 7).

Conclusion

During the research of Havranicka jaskyna cave the
geological (sedimentology, structural geology) and geo-
physical (electrical resistivity tomography — ERT) survey
methods were combined to detect possible lateral and
depth continuation of the cave system.

The Havranicka jaskyna cave was formed on a sub-ver-
tical discontinuity trending N-S. At the beginning of the
cave formation, the primary limestone bedding with the
dip of 36-76° to the north has played an important role.
The lithological research has revealed the dolomitized
parts in the lower parts of the cave. These dolomite bou-
dins interfered into the cave system and affected the karsti-
fication; however the course of the cave system remained
unchanged, which was confirmed also by the geophysical
measurements.

During the geophysical research, seven 2-dimensional,
direct-current electrical-resistivity traverses were carried
out. Overall, we re-measured seven profiles. The results
show that a significant area with a high resistivity value
is visible in the central part of the studied area. From the
spatial distribution of the resistivity values, it is evident
that the system of fractures and smaller cavities in the rock
environment increases the overall resistivity of the envi-
ronment. According to the results of ERT measurements
and subsequent 3D visualization, the highly resistive
anomalous region of the concentric shape is followed and
its continuation can be traced downwards (in the depth).
This model, which was geodetically referenced and com-
pleted by the measured points during the cave mapping,
convincingly proves the presumptions of the geophysical
survey.

Subsequent speleological and structural geological
studies confirmed the continuation of the cave system, but
only downward. Based on the results of the geophysical
survey and new cave spaces were discovered down to a
depth of -50 m. The results of the geophysical ERT meas-
urement were confirmed by speleological work; however,
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speleologists are still working in the deepest parts of the
cave — still finding new until unknown cave spaces.
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Hibkovy rozsah a mozné pokracovanie jaskynného systému Havranickej jaskyne,
zistené geologickymi metdodami a elektrickou odporovou tomografiou (ERT),
Malé Karpaty

V krasovych tzemiach pohoria Malé¢ Karpaty sa na-
chadza viac ako 300 registrovanych jaskyn. Krasové
formy tohto uzemia je potrebné Studovat z viacerych
hl'adisk v spolupraci s viacerymi vednymi disciplinami.
Tento komplexny metodicky postup vyzaduje aplikovat
sedimentologické (mikrofacidlna analyza karbonatickych
hornin), struktirnogeologické a geofyzikalne (elektricko-
odporova tomografia — electrical-resistivity tomography;,
ERT) metddy. Uvedené metddy vyskumu sme aplikovali
na Havranicku jaskyiu, ktord sa nachadza v Plaveckom
krase v centralnej casti pohoria Malé Karpaty.

Havranicka jaskyna je situovana priblizne 1 km zapad-
ne od obce Smolenice, pricom vchod sa nachadza iba par
metrov od kéty Havrania skala, ktord je sucastou vrchu
Havranica (717 m n. m.). Jaskyna bola znama od nepa-
mati, priom pocas druhej svetovej vojny bol pévodny
vchod zasypany. Jaskynu znovu objavila jaskyniarska
skupina Speleoklub Trnava 18. 9. 2004 (Lacny, 2006).
Jaskyna bola prvotne dlha priblizne 90 m. V roku 2010 tu
boli vykonané geofyzikalne merania, ktoré potvrdili po-
kracovanie jaskynného systému. Na zéklade tychto merani
jaskyniari zacali s vykopovymi pracami. V roku 2013 dos-
lo k novym objavom v jaskyni na zaklade geofyzikalnych
modelov z roku 2010. Havranicka jaskyna ma momental-
ne dizku 174,3 m s celkovou hibkou —51 m.

Studovana jaskyfia je vytvorena prevazne v gutenstein-
skych vapencoch hronika, resp. v jeho ¢iastkovom prikrove
— povazskom ¢iastkovom prikrove (Polak et al., 2012). Na
zédklade mikrofacidlnej analyzy a rontgenovo-difrakénych
analyz sa potvrdilo, Ze jaskynny systém tvoria vo vyssich
Castiach Ciasto¢ne dolomitizované vapence, pricom sme-
rom do hibky dominuju dolomity s vysokym obsahom Fe.
Najnovsie objavené Casti jaskyne su tvorené vapencami az
dolomitickymi vapencami (obr. 2b).

Zo struktirnogeologického hladiska Havranicka jas-
kyna vznikla na subvertikalnej diskontinuite s.-j. smeru,
ktora je sledovatel'na aj na povrchu pri samotnom vchode.
Sklon vrstvovitosti variruje medzi 36 — 76°, pricom sa la-
vice sklanaji na sever (obr. 4). Najaktualnejsie vysledky
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z pohl'adu recentnej tektoniky prindsa praca Briestenského
et al. (2011). Na zaklade svojich vysledkov sa domnieva-
ju, Ze v sucasnosti na sz.-jv. Struktirach dochadza k dex-
tralnym pohybom a na ssv.-jjz. poruchach k sinistralnym
pohybom. Autori dedukuji, Ze sucasné napitie je ssz.-jjv.
kompresia. Vychadzajii z predstavy cistého strihu, kde
$z.-jv. a sv.-jz. poruchy tvoria parovy systém. To kores-
ponduje s predstavou a mechanizmom recentného napétia
v oblasti Malych Karpat (Kovac et al., 2002). V modeli
Cistého strihu by mali vznikat, resp. sa reaktivovat’ aj ex-
tenzné s.-j. Struktury. Preto sa domnievame, Ze sGcasna
kompresia moze mat vplyv aj na starSie zlomové Struktiry
s.-j. smeru. Z posunov na geologickych rozhraniach vy-
plyva, ze v minulosti fungovali aj ako sinistralne smerné
zlomy, ktoré so sz.-jv. dextralnymi zlomami tvorili parovy
systém. Neskor pri posobeni strednomiocénneho kom-
presného napdtia s.-j. smeru sa reaktivovali ako poklesy
stvisiace s mechanizmom (pull-apart) otvarania baden-
ského depocentra sedimentacie Viedenskej panvy (Marko
a Jurena, 1999).

Vysledky Struktarnogeologického vyskumu potvrdili,
ze Havranicka jaskyna vznikla na vyznamnej zlomovej
poruche prave s.-j. smeru. Predpoklada sa neskorSia ak-
tivacia v pliocénno-kvartérnom obdobi. Nie je vSak vyli-
¢ené ani tektonické porusenie v skorSom obdobi, ked’ze
zlomy s touto afinitou registrujeme v oblasti Malych Kar-
pat v strednom miocéne. Samotné vynorenie Malych Kar-
pat (s vynimkou vrchnokriedovo-paleocénneho eventu)
sa udialo vo vrchnom miocéne, preto krasovatenie mohlo
nastat’ az po tejto faze, najskor v obdobi pliocénu. Podl'a
nasich predpokladov hlavna fazu krasovatenia prirad’uje-
me do pliocénno-kvartérneho obdobia s klimou odlisnou
od sucasne;.

Pocas geofyzikalnych merani sa vyhotovilo 7 dvojdi-
menzionalnych profilov metodou ERT. Pri meraniach sa
vyuzil multielektrédovy systém ARES (GF Instruments).
Celkovo sa pouzilo 48 elektrod v intervale 5,5 m, pricom
meranie prebehlo v konfiguracii dipol — dip6l. Prvé profily
boli vedené nad systémom Havranickej jaskyne (obr. 6),
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neskor boli doplnené d’alsie profily. Na zaklade 2D profi-  prace a nové objavy az do hibky —51 m. Speleologicky
lov sa vyhotovil 3D model jaskynného systému, doplneny  vyskum pokracuje na najhlbSom mieste jaskyne, kde jas-
bodmi polygonového tahu, ktoré sa vyuzivaju pri mapo-  kyniari neustale nachadzaji nové nepoznané miesta.
vani podzemnych priestorov (obr. 7). Jaskynny systém na
obr. 7 preukazuje vysoky odpor v centralnej Casti Studova-
nej jaskyne.

Nové priestory definované multidisciplindrnym vy- Dorucené / Received:  21.1.2018
skumom Havranickej jaskyne potrvdili speleologické Prijaté na publikovanie / Accepted: 5. 6.2018
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Simple processing and retilting of the oriented lineations
and its application in paleocurrent analysis

FRANTISEK TETAK

State Geological Institute of Dionyz Star, Mlynska dolina 1, 817 04 Bratislava, frantisek.tetak@gmail.com

Abstract: Traditionally used graphic method of the lineations retilting according to horizontal axis in the projec-
tion net is relatively demanding. The paper proposes easily applicable method for the field processing of oriented
lineations and their retilting to horizontal plane. Presented calculation is appropriate mainly for oriented linea-
tions — vectors, but it can be used also for processing of not oriented lineations — the axes data. It is also adapted
for reversed sedimentary beds. Method mitigates the possibility of errors at retilting determinations. The paper
presents also a practical example of processing and retilting of oriented lineations in sediments of gravity flows in
the flysch sequences of the Western Carpathians. Besides the paleocurrent analysis, presented method can be also

used in structural geology.

Keywords: geological methods, sedimentology, structural geology, paleocurrent analysis, Western Carpathians

Graphical abstract

Introduction

Oriented lineations — vector data are commonly pro-
cessed in geology. The lineations can be represented by
slicken side lineations and slicken fibres on a fault surface,
fold axes, mineral stretching lineations or paleocurrent
structures such as flute casts, groove and prod casts. The
procedure for the collection and interpretation of lineation
data from the horizontal planes is simple. It becomes more
difficult if the strata have been tilted or even inverted.
The direction of lineation has to be recorded as an angle
between lineation and the strike of bedding — a pitch (rake
resp.). The stereonet techniques are customary geological
methods used to retilt bedding planes back to the prima-
ry depositional state (Melichar, 1991; Lisle & Leyshon,
2004; Fossen, 2010), but they are methodically difficult.

The manual processing of retilting in projection net-
works is recently used only scarcely. The recent available
geological-structural software provides a module for rota-
tion of structural elements. However, the data processing
requires a good understanding of 3D geometry on the pro-
jection network, which may lead to errors.

Proposed field measuring of lineation data is similar
to the method used for graphic processing in the projec-
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* casily applicable method for retilting of oriented
lineations to horizontal plane is beneficial in sedi-
mentology for determining directions of paleocur-
rents: L=P —R+90°, L=P,—R-90°

* practical use of retilting method in the quarry in
Zabava Fm. (equiv. of Piwniczna Mb.) of Kryni-
ca Unit, the Magura Nappe, Outer Western Car-
pathians

Highlights

tion network. New methodology provides a simplifica-
tion of the processing of retilting the paleocurrents back
to the depositional state. The significance of presented
methodology is mainly in the case of greater number of
measurements (tens to hundreds of measurements; e.g.
Tetak, 2008). This methodology is best applicable at the
paleocurrent analyses in sedimentological research, but
can be useful also in the structural geology and other disci-
plines. As an example of application of this methodology
we provide the processing of paleocurrent measurements
of turbidity currents of the Outer Western Carpathians.

Geological settings

The need to simplify the retilting method arose at
solving the paleogeographic problems of sedimentary se-
quences of the Western Carpathians. Collecting and evalu-
ating of hundreds of paleocurrent measurements is crucial
when tackling issues of geological evolution and setting
of this area.

The evolution of the Magura sedimentary basin can
be traced from the Albian to Early Miocene. Even the
oldest sediments have a deep-sea character. The Magura
sedimentation basin was gradually filled with dominating
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flysch sequences. They have formed in relation to position
and morphology of the deposition fans in the basin, tecton-
ic activity of the basin floor and source areas of the sedi-
mentary material, as well as the sea level changes (Tetak
et al., 2016).

As an example of the use of presented methodology
we show the sedimentological profile through the Zabava
Fm. of Krynica Unit in the quarry between the Lomna and
Zakamenné villages (Fig. 1). The Krynica Unit represents
the southernmost tectonic-lithofacial unit of the Magura
Nappe. The bed succession reaches the thickness up to
5,000 m. The Zabava Fm. was defined by Potfaj et al.
(1991). In the Polish territory it can be correlated with the
Piwniczna Mb. or sandstones (Cieszkowski et al., 1998).
It is characteristic by the alternation of 10-200 m thick
interbeds of Magura-type sandstones and thin-bedded
flysch lithofacies. The thickness of the formation is up to
3,000 m. The age of the The Zabava Fm. is Late Paleocene
to Middle Eocene (Potfaj et al., 1991; Tet'ak, 2005, 2010;
Tetak et al., 2016).

The beds of sandstones of Magura-type are prevail-
ingly thick 40-150 (600) cm. The amalgamation of the
beds is common. Mostly they are formed of the fine- to
coarse-grained greywacke sandstone (up to the fine-
grained para-conglomerates). They are characterized by
the thick massive Bouma Ta interval (Bouma, 1962), or
rather by the Lowe S3 interval (Lowe, 1982). The water
escape structures are well visible after weathering. Only
the highest laminated part of the bed (Bouma Tc interval)
has sedimented by the traction from the finer-grained “tail”
of the gravity flow. It is wavy laminated with plenty of
muscovite and plant crumble. The clay galls of 3-30 cm
dimensions sedimented usually in the higher part of the
bed at the termination of sedimentation of the Lowe S3
interval immediately beneath, or in the mentioned wavy
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laminated interval (between Ta and Tb). In the case of
stronger erosion, they sedimented also on the basis of the
bed. A significant feature of the Magura-type sandstones
is represented by the traces of the bottom erosion. Typical
there are the groove and prod casts. Common there are also
flute casts and load casts and locally also smaller erosion
channels.

The thin bedded flysch lithofacies has 5-11 (max. 20)
beds/m. The ratio of sandstones/claystones is 2/1 to 3/1.
The sandstones are 2-25 (45) cm thick fine-grained and
distinctly laminated with bioglyphs. They alter with harder
claystones to siltstones.

Numerical method of retilting of oriented lineations

In the field, the lineations can be commonly observed
on the bed plane, fault or other tectonic plane. If this plane
is tilted or overturned and there is necessary to perform the
paleocurrent analysis, the retilting of lineations into hori-
zontal level represents a demanding procedure. Processing
large dataset is therefore much time consuming. Despite,
the methodically demanding stereonet technique, based
on projection of lineation into the projection hemisphere
(Melichar, 1991; Lisle & Leyshon, 2004; Fossen, 2010),
can be alternated with simple calculation method.

On the plane with lineation there is necessary to mea-
sure two values — P and R (Fig. 2). First value represents
the dip of the plane P, measured in degrees. It is commonly
measured at standard geological documentation. The sec-
ond value, we need to measure (or eventually extrapolate),
is R parameter (in degrees), representing the value of the
angle between the lineation and the trend (azimuth) of the
bed in the range of 0 to 180°. The value R is subtracted
always from the left to the right. In the case of lineations —
vectors directed from the top downward, R has a positive
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Fig. 2. A method of the R value counting on the bed plane. If the oriented lineation is directed
from the top downward, R has a positive value. If it is directed upwards, R is negative. Expla-
nation of abbreviations: P — direction of the plane dip. R — the angle of the folded line to the

direction of the bed.

value. In the bottom-up direction, the R value is negative.
The value R is from the left 0° and gradually to the right
increases its value up to 180°. The paleocurrent directions
are used to be displayed in the rosette diagrams at 5° or
10°, so we recommend to measure the P and R values at 5°.

The resulting direction of the line after tilting L is cal-
culated according to the formula, where P, represents the
dip of the plane in normal position:

L=P —R+90°

This relation is valid for the normal position of the bed
(P). It is e.g. in the case of sedimentary rocks, where we
distinguish the normal and inver-
se position of the beds.

For the inverted (reversed)
position of the bed (P)) we apply
a slightly modified relationship:

L=P,—R-90°

The L value in degrees states
were the oriented lineation — vec-
tor — is heading (e.g. where the
paleocurrent was flowing). In the
case, when the L will have nega-
tive value, there is necessary to
recalculate it adding 360° (i.e. L
+ 360°). In the case when L val-
ue is above 360°, it is necessary
to count out 360° (i.e. L — 360°)
to obtain the L value within the
range of 0° to 360°.

For this calculation, it is not
necessary to apply the metho-

dically difficult stereonet tech-
niques or to use special software.
The use of commonly available
Microsoft Excel spreadsheets has
proven to be beneficial at greater
amount of measurement.

Results

In geological research of the
region of Biela Orava (Tetdk et
al., 2016) more than 1,000 pa-
leocurrent measurements were
done. The application of simple
processing and retilting of the
oriented lineations in such cases
was very helpful. For this reason,
we give a practical example of
the use of this methodology on
paleocurrents in the profile of
Zabava Fm. of Krynica Unit belonging to Magura Nappe
in the quarry between Lomna and Zakamenné settlements
(northern Slovakia) (Figs. 1, 3 and 4).

Example of processing and retilting of paleocurrents

As an practical example of the processing of oriented
lineations during the paleocurrent analysis we use the case
of the sandstone bed of the Magura Nappe flysch sequence
of the (Fig. 3). Intentionally we choose the more demand-
ing case when the bed is in inverted position, the R value
is negative and L value resulting from the calculation is
over 360°.

Fig. 3. An example of processing of paleocurrent measurements on the lower surface of the
sandstone bed of the Zabava Fm. flysch sequence.
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Explanation of the lithological profiles:

plant detritus
clay intraclasts
abundant muscovite
cross bedding
wavy lamination
plane parallel lamination
convoluted lamination
water escape structures
—~2~ slide with preserved original structure
28 slide with unpreserved original structure
am. amalgamated beds
@6mmgrains or intraclasts diameter
-+« horizon (lens) of coarse grains
.-+ gradation
- larger grains on the basal plane
b bioturbated bed
B bioglyphs
P current marks
<~ load and flute casts
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¢emu)

flute casts
groove and prod casts
() less distinctive feature is in brackets
d.p. Magura-type greywacke sandstone

R-15 (L245, . . :
Ment direction — measured R (retilted L)

Fig. 4. An example of the use of simple measure-
ment and retilting of oriented lineations — vec-
tors (paleocurrents) in profile of the Zabava Fm.
(equivalent of the Piwniczna Mb.) of Krynica Unit
in the Magura Nappe quarry between Lomna and
Zakamenné villages (northern Slovakia). Beds
occur here in inverted position with a dip 320° to
NW.
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The dip direction P of the bed in the case study (Fig.
3) is 350° (to the N). The angle between the paleocurrent
direction and the bed direction is 110°. As it is oriented
from the bottom upwards, its value is negative. R = -110°

The measured bed is in inverted position. (The value
of the bed dip is not necessary to be known.) Therefore,
for the calculation, we use the formula for beds in inverted
position:

L=P—~R-90°
L =350~ (-110° — 90°
L=370°

As the result is greater than 360°, we deduct 360°
L =370°-360°
L=10°

The azimuth of paleocurrent direction after retilting the
paleocurrent direction according to horizontal axis in the
case study is 10° to the north.

Application of simple processing and tilting of the
oriented lineations in paleocurrent analyses

In the 46 m long profile in the quarry at Lomna mu-
nicipality we performed 46 paleocurrent measurements.
Fig. 4, graphically visualizing the paleocurrent direction,
provides also R values together with L values after their
rotation of lineation into horizontal position. The bed di-
rection in the quarry is 320° to NW. Beds are in inverted
position. The bed dip 60° is not necessary to use during the
retilting of paleocurrent lineations.

The sediments of the Zabava Fm. originated by the
deposition of clastic material in the deep-see environment
from the gravity flows in two deposition environments.
The Magura sandstones facies sedimented in the middle
to proximal part of the fan directly from its lobe. The
thin-bedded flysch facies sedimented as the interchannel
phase in the period, when the lobes of the fan laterally
moved to a more distant location, or during the reduced
material input (Tet'ak, 2010; Tet'ak et al., 2016). This re-
flects in a slightly different orientation of the paleocurrent
directions of individual facies.

Discussion

The paleocurrent measurements in sedimentological
analyses have experienced great development since the
1960s (Potter & Pettijohn, 1977). Their significance has
increased with the recognition of the origin of paleocurrent
traces, the mechanism and environment of gravity flows
(e.g. Bouma, 1962; Lowe, 1982; Shanmugam, 2000). Each
geologist has used or eventually developed for measuring
lineations and their subsequent retilting his own proce-
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dure. Part of the geologists retilted the lineations already
in the field with the aid of a geological compass. However,
in the case of overturned or tilted beds, inaccuracies and
errors may occur. The stereographic projection is more ac-
curate but methodically more demanding (Melichar, 1991;
Lisle & Leyshon, 2004; Fossen, 2010). For the first group
of geologists the presented methodology offers a more ac-
curate and reliable method and for the second group offers
a simpler alternative.

Conclusion

The traditional graphical method of retilting lineations
along a horizontal axis is methodically relatively demand-
ing. Presented new methodology of lineations retilting al-
lows to process hundreds of measurements with mitigation
of errors. An advantage is that the P value (dip of bed) is
regularly measured in outcrops of sedimentary rocks and
there is enough to simply additionally measure (or esti-
mate) the R value (an angle between the retilted lineation
and the bed direction). Mathematically the calculation
is very simple. It is suitable also for the beds in inverted
position. It saves time and minimizes the possibility of
mistakes. The methodology of retilting of oriented linea-
tions was verified by a twenty-year use in sedimentary re-
search of the flysch sequences of the Western Carpathians.
It would be interesting to apply it also in other areas of

geology.
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Jednoduché spracovanie a sklapanie usmernenych lineécii a jeho aplikacia
pri paleopradovej analyze

Potreba zjednodusenia merania a sklapania linedcii
vznikla z dovodu riesenia paleogeografickych problémov
sedimentarnych sekvencii. Zozbieranie a vyhodnotenie
stoviek paleopridovych merani je rozhodujuce pri rieSeni
otazok geologického vyvoja a stavby.

Na vrstvovej ploche, zlome alebo inej geologickej
ploche v teréne bezne pozorujeme lineacie. Ak je
plocha sklonena alebo prevratena, je potrebné na ucely
paleoprudovej analyzy sklapat’ lineacie do horizontalnej
roviny, ¢o je pomerne narocna procedura. Spracovanie
vacsicho mnozstva udajov je preto casovo narocné.
Manualne spracovanie a roticia na projekénych sietach
sa uz dnes vyuziva len zriedka. Mnohé dostupné
Struktirnogeologické softvéry poskytuji modul rotacie
Struktrnych prvkov. Spracovanie udajov si vSak vy-
zaduje od pouzivatela dobré porozumenie problematike
geometric  zobrazovania 3D udajov na projekénej
sieti, co modze viest k omylom. Metodicky narocnu
graficki metodu zalozeni na premietani lineacie do
projekénej stereografickej hemisféry (Melichar, 1991;
Lisle a Leyshon, 2004; Fossen, 2010) m6zeme nahradit’
jednoduchou vypoétovou metdodou. Nova metodika
prinasa zjednodusSenie spracovania a sklapania lineacii
spét’ do horizontalnej roviny. Vyznam metodiky je najmé
pri va¢som pocte merani (napr. Tet'dk, 2008).

Terénne zameranie linedcii je podobné ako
pri zauzivanom spdsobe pri grafickom spracovani
v projekénej sieti. Pri pohlade na plochu s lineaciou je
potrebné zmerat’ dve hodnoty: P a R merané v stupnoch (°)
(obr. 2, 3). Prvou je smer sklonu plochy P. Pri geologicke;j
dokumentacii sa meria bezne. Druhou hodnotou, ktora
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potrebujeme zmerat’ (pripadne odhadnit)), je hodnota R.
Je to uhol, ktory zviera lineacia so smerom vrstvy v rozpéti
od 0 do 180°. Hodnotu R odé¢itavame vzdy zl'ava doprava.
Pri usmernenych lineaciach — vektoroch prebiehajucich
zhora nadol — ma R kladnt hodnotu, zatial’ ¢o pri smere
zdola nahor je hodnota R zaporna. Hodnota R je zl'ava 0°
a postupne doprava az do 180°. Paleopriidové smery sa
zvyknll zobrazovat’ v ruzicovych diagramoch po 5 alebo
10°, preto odporuc¢ame aj hodnoty P a R merat’ po 5°.

Vysledny smer linie po sklopeni Lvypocitame podla
vzorca:

L=P —R+90°.

(Vysvetlivky skratiek: P—smer sklonu plochy, P, —smer
sklonu vrstvy v normdlnej pozicii, P,— smer sklonu vrstvy
v prevratenej pozicii, R — uhol sklapanej linie k smeru
vrstvy, L — vysledny smer linie po sklopent.)

Uvedeny vztah plati pri normalnej pozicii vrstvy
(P), napriklad v pripade sedimentarnych vrstiev, kde
rozliSujeme normalnu a inverznu poziciu vrstiev.

Pri inverznej (prevratenej) pozicii vrstvy (P) plati
mierne upraveny vzt'ah:

L=P —R-90°.

Vysledna hodnota L je v stupiloch a udava, kam
usmernena linedcia — vektor — smeruje (napr. kam smeroval
paleoprtd). V pripade, ak dostaneme hodnotu L zaporna,
je potrebné pripocitat’ 360° (L + 360°). V pripade, ak je



Mineralia Slovaca, 50 (2018)

hodnota L vyssia ako 360, je potrebné od nej odpocitat
360° (L — 360°) tak, aby bola hodnota L v rozmedzi 0 az
360°.

Na uvedeny vypocet nie je potrebné ovladdat’ metodicky
narocné stereografické techniky alebo pouzivat’ Specidlny
softvér. Pri vdcSom pocte merani sa osved¢ilo pouzitie
bezne dostupného tabulkového programu Microsoft
Excel. Metodika je aplikovatel'na najmé v sedimentologii
pri paleopriudovej analyze, ale aj v Struktarnej geologii
a inde.

Ako priklad vyuzitia metodiky ponukame prakticku
ukézku jednoduchého merania a sklapania usmernenych
lineécii (paleoprudov) na profile zabavského stvrstvia
krynickej jednotky magurského prikrovu v lome medzi
obcami Lomnd a Zakamenné (region Orava) (obr. 1, 3,
4). Magursky sedimentacny bazén sa od albu po starsi
miocén zapiial prevazne flySovymi hlbokomorskymi
sekvenciami. Formovali sa v zavislosti od pozicie a tvaru
depozi¢nych vejarov v bazéne, tektonickej aktivity dna
bazénu a zdrojovych oblasti prinosu sedimentidrneho
materidlu, ako aj zmien vysky morskej hladiny (Tetak,
2010). Krynickd jednotka je najjuznejSia tektonicko-
-litofacialna jednotka magurského prikrovu. Pre zabavské
suvrstvie je typické striedanie 10 az 200 m hrubych
horizontov drobovych pieskovcov magurského typu
a tenko vrstvenej flySovej litofacie. Hribka stvrstvia je do
3 000 m. Vek zabavského suvrstvia (ekv. Piwniczna Mb.
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— Cieszkowski et al., 1998) je mladsi paleocén az stredny
eocén (Potfaj etal., 1991; Tet'dk, 2010; Tetak et al., 2016).

Paleopradové merania v sedimentologickych ana-
lyzach zaznamenali vel’ky rozvoj od 60. rokov 20. storocia
(PotteraPettijohn, 1977).Ichvyznam vzrastal spoznavanim
povodu paleopradovych stdop, mechanizmu a prostredia
vzniku gravitaénych pradov (napr. Bouma, 1962;
Lowe, 1982; Shanmugam, 2000). Kazdy geoldég mal na
meranie linedcii a nasledné skldpanie do horizontalnej
roviny zauzivany postup, pripadne si vyvinul vlastny.
Cast’ geologov sklapa linedcie uz v teréne pomocou
geologického kompasu. Pri prevratenych alebo strmsie
sklonenych wvrstvach vSak moézu vznikat' nepresnosti
a chyby. Stereografickd projekcia je presnejsia, ale
metodicky naro¢na (Melichar, 1991; Lisle a Leyshon,
2004; Fossen, 2010). Prezentovand metodika pontka
prvej skupine geoldgov presnejSiu a spolahlivejSiu
metddu a druhej skupine ponuka jednoduchsiu alternativu.
Vyhodou je, ze hodnota P (smer sklonu vrstvy) sa pri
odkryvoch sedimentarnych hornin meria automaticky
aknej staci jednoduchym spdsobom zmerat’ uhol sklapane;j
linie k smeru vrstvy (R). Vypocet je matematicky vel'mi
jednoduchy. Je vhodny aj pri vrstvach v inverznej pozicii,
Setri ¢as a minimalizuje moznost omylu.
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Variscan epidote-eclogite, blueschists
and pumpellyite-actinolite facies Cpx/Sr-rich
epidote-metagabbro blocks exhumed in Carboniferous,
with Permian amphibolite facies overprint
(Gemeric unit, Western Carpathians)

MARTIN RADVANEC and ZOLTAN NEMETH

State Geological Institute of Dionyz Stur, Mlynska dolina 1, SK-817 04 Bratistava 11, Slovakia;
martin.radvanec@geology.sk

Abstract: The diopside, jadeite, aegirine-augite and Sr-rich epidote bearing metagabbro, exhumed in individual tec-
tonic blocks in the Carboniferous subduction zone, was in the Western Carpathians revealed along the northern rim
of Gemeric unit in localities of Dobsinsky potok, Ostra, Babina, Sajby, as well as in the southern part of the Gemeric
unit in the Zadné Porce locality.

The primary gabbro age was dated only in the Zadné Porce locality (ca. 461 Ma). This age was recorded by the zircon,
which originated by the replacement of baddeleyite during the magmatic stage, where the “hot magma” was transpor-
ted by the mantle plume up to the cooler upper mantle. This magmatic process pre-dated the Paleo-Tethyan oceanic
riftogenesis in the Paleo-Gemeric zone of the future Western Carpathians in the Devonian.

The primary gabbro was cryptocrystalline (diopside and bytownite were not completely crystallized in the upper mant-
le) and was in Carboniferous (Mississippian; 348 Ma) transported by the mantle flow to the slab of subducted lower
crust. It is a reason why the REE and trace elements normalized patterns characterize the gabbro formation in the lower
crust. Here in the depth of ca 70 km at ca 1100 °C the gabbro obtained a solidus coarse-grained texture, being charac-
teristic with its unique mineral composition of Ca/Na/Sr-rich feldspar (decomposed to Sr-rich epidote; SrO content
reaches up to 14 wt.%), diopside, bytownite, K feldspar, anortoclase, anthophyllite, kearsutite, Mg chromite-chromite
and decomposed pseudobrookite/armalcolite.

The Zircon regeneration at ca. 307 Ma records the exhumation in subduction channel, where the gabbro blocks un-
derwent hydratation and metamorphism in several successive steps, passing from the epidote-eclogite facies through
the blueschist and finaly the pumpellyite-actinolite facies. Here the exhumation of individual blocks has stopped. This
high pressure metamorphic and exhumation evolution, revealed in all investigated localities, is designated as M1a. In
the Ostra locality, besides the ductile deformation and the origin of mylonites, the exhumation of the metagabbro was
accompanied also with the origin of tectonic breccia, consisting of metagabbro fragments within the fine-grained mat-
rix of the same mineral composition. In localities of Sajby and Dobsinsky potok, the exhumed metagabbro manifests
ductile mylonitic / ultramylonitic fabric.

In Permian — 261 Ma, the partially exhumed M1a metagabbro blocks were re-metamorphosed from the pumpellyi-
te-actinolite facies to the amphibolite (Babina, Ostra), or epidote-amphibolite facies (Dobsinsky potok, Ostra-breccia,
Sajby, Zadné Porce), and subsequent retrograde greenschist facies. This Permian metamorphism, being a product of
the overheating above a hot line, accompanied also with the origin of S-type anatectic granites from different proto-
liths, is designated as M1b. In localities Dobsinsky potok, Sajby and Zadné Porce, the Permian M1b metamorphism
strongly overprints older Carboniferous metamorphic-microstructural evolution of M1a, from which only remnant
mineral assemblage was preserved. The evidence of polymetamorphism during the exhumation of the metagabbro,
having Ordovician magmatic protolith, have contributed to better understanding of the Variscan evolution of the Wes-
tern Carpathians. The recent positioning of the metagabbro tectonic blocks on the surface was finalized by the Alpine
orogenic processes.

Key words: Cpx/Sr-epidote metagabbro, subduction, lower crust, P-T-t path, Gemeric unit, Western Carpathians

» The cryptocrystallic Ordovician gabbro (485458 Ma; zircon ages)
was transported by the mantle flow to upper mantle and then through
the slab of subducted lower crust in Carboniferous (348 Ma). Here
the solidificated gabbro obtained coarse-grained texture and unique
mineral composition of Ca/Na/Sr-rich feldspar (decomposed to Sr-
rich epidote; SrO up to 14 wt.%), diopside, bytownite, K feldspar,
anortoclase, anthophyllite, kearsutite, Mg chromite, baddeleyite and
decomposed pseudobrookite/armalcolite. The whole-rock trace ele-
mets spider shows the lower crust origin of the gabbro.

 Variscan Cpx/SrEp metagabbro exhumation (307 Ma, Mla HP mi-
neral assemblages; VD1a def. stage) from the epidote-eclogite, blue-
schist, pumpellyite-actinolite facies towards the surface by the rever-
sal (roll-back) transport in the Carboniferous subduction zone was
followed by Permian (M1b; VD1b, VD2) overprint in amphibolite or

Pl pseudomorph e < epidote-amphibolite facies (261 Ma).

Highlights
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Introduction

The Gemeric tectonic unit represents an Alpine base-
ment nappe of the Western Carpathians, being north-ver-
gently thrust over the Veporic unit during the Paleo-Alpine
collision (Plasienka et al., 1997; Grecula et al., 2009).
Concerning the Variscan evolution, according to Grecula
(1982), altogether seven nappes have originated in the Pa-
leo-Gemeric complex (Fig. 1a). The Variscan tectonic and
metamorphic events in the Paleo-Gemeric complex were
recorded by its Paleozoic sedimentary and magmatic com-
plexes, as well as several genetic types of mineralization.
The recent tectonic setting of the Gemeric unit is affected
also by the subhorizontal displacements along the Alpine
shear zones (Grecula et al., 2009).

Extended field works, related to exploration and survey
of mineral deposits, have confirmed the lithostratigraphic
division of the Early Paleozoic rocks (sensu Grecula,
1982). This represented a starting point for defining the
sequence of sedimentary, magmatic and tectonic events,
as well as related general interpretation of paleotectonic
evolution of the recent Gemeric unit (Grecula, 1982; Gre-
cula et al., 1995).

The geotectonic model of continual Ordovician-Juras-
sic evolution, produced by Grecula & Radvanec (2005),
as well as Radvanec & Grecula (2016), took into account
also previous works by Grecula (1982), Radvanec (1998),
Grecula et al. (1995), Kobulsky et al. (2001), as well as
Németh (2002).

The Paleozoic evolution of the pre-rift stage was bound
to an active (Gondwana) continental margin in Cambrian

to Ordovician times (Putis et al., 2009; Radvanec & Gre-
cula, 2016). The first phases of evolution represent the
megacycles of the Ordovician and mainly Silurian ages,
forming the anoxic (organic matter-rich) sedimentary
basin fill with lydite and bimodal (basalt and keratophy-
re) volcanism of inferred Devonian age (Grecula, 1982;
Grecula et al., 1995; Radvanec & Grecula, 2016). This
Early Paleozoic evolution of Gemeric complex is con-
nected with opening of a riftogeneous basin and related
formation of the complete ophiolite suite (basalt, Cpx-be-
aring gabbro and peridotite), including formation of the
plagiogranite in Devonian (Grecula, 1982; Grecula et al.,
1995; Radvanec et al., 2017). The effusive basalts and
keratophyres were accompanied with stratiform and dis-
seminated Fe>>Cu>Pb>Zn+Ba+Mo-Sn, resp. Fe>Cu-Pb-
Zn-Ag-As sulphide mineralization (Grecula et al., 1995).
In the ophiolite suite the massive effusions, extrusions and
formation of plagiogranite have provided Devonian ages
of ca 410-380 and 374 Ma respectively. However in the
rift the last evidence for the formation of Variscan Cpx
gabbro is of Early Carboniferous age of ca 342 Ma (Pu-
ti§ et al., 2009; Radvanec et al., 2017). The rifting in the
mid-oceanic ridge with the ocean-floor metamorphism M0
of low pressure amphibolite facies has contributed to the
origin of oceanic-type crust (Radvanec et al., 2017).

The Early Paleozoic complexes, including M0 meta-
ophiolite suite, were deformed and tectonically segmented
during the Variscan orogeny in the Late Carboniferous.
A part of metaophiolite blocks was obducted on Lower
Paleozoic sequences (Grecula et al., 2009, Radvanec &
Grecula, 2016). The compression related metamorphism

»
>

Fig. 1. a — The positions of studied Cpx/Sr-rich epidote bearing metagabbro blocks (red circles), exhumed from the lower crust, in
the Ostra, Babina, Sajby, Dobsinsky potok and Zadné Porée localities of the Gemeric unit. The common sign of these gabbro blocks
is the Sr-bearing epidote, though their ductile deformation and multiple metamorphic recrystallization tends to obscure their gabbro
petrographic affiliation (mylonites, compacted tectonic breccia). The course of Variscan nappes is according to Grecula et al. (2009).
Distribution of violet areas represents the rock chemical composition of 21 elements that are normalized to the lower crust composition.
The violet areas in part a were distinguished by the linear data correlation with lower crust composition on the base of 75 % accordan-
ce. These distributions areas of the lower crust are related to the metamorphic facies. b — position of Gemeric unit within the Western
Carpathians and a detail map (d) of western part of Rakovec zone within the Gemeric unit with the Cpx/SrEp metagabbro occurren-
ces (item 1 in d), ¢ — Projection of Variscan planar and linear mezoscopic structures into the lower hemisphere of the tectonograms
(Schmidt projection). d — Detail map with the occurrences of studied Cpx/SrEp metagabbro occurrences in the zone Ostra - Babina -
Sajby. Geological map by Grecula et al. (2009) slightly modified by Németh (in Németh & Radvanec, 2013) and supplemented by new
structural data: Early Paleozoic of the Gemeric unit (Ordovician to Devonian) - Hnilec Formation: 1 — Cpx/SrEp metagabbro; 2
— coarse-grained basalt (dolerite); 3 — basalt locally with thin intercalations of ultrabasic rocks, basalt metapyroclastics, green and violet
phyllites, 4 — basalt metapyroclastics, locally with intercalations of green and violet phyllites, greenish and pinkish silicites and carbo-
nates, 5 — basalt metapyroclastics, locally with fine-grained amphibolites, intercalations of keratophyre metapyroclastics and phyllites.
Smolnik Formation: 6 — dark-green, green and yellow-green chl.-ser. phyllites with intercalations of violet hematite phyllites and
basic, locally keratophyre metapyroclastics, 7 — crystalline to porphyroblastic violet-green chl.-ser. phyllites, 8 — crystalline to eyed
green chl.-ms. phyllites, locally violet with intercalations of silicites, basalt and keratophyre rocks locally in amphibolite facies, 9 —
metamorphosed variegated volcanic complex. Betliar Formation: 10 — black and grey gr.-ser. phyllites (alternation of light and dark
lamina and bodies) with intercalations of metapsammites, 11 — alternation of coarse-laminated recrystallized to eyed grey to black
gr.-bt. metapelites and metapsammites. e — The metagabbro mylonite in locality Sajby manifests a pervasive Variscan ductile mylonitic
foliation. As manifested also by tectonograms (c), the combination of WSW-ENE a ESE-WNW trending lineations and secondary
foliation planes generally dipping to NWN-N, locally also to NNE, indicates the transpression kinematics in this phase of exhumation.
The outcrop is penetrated by insignificant Alpine cleavage trending to NNW. f-g — hand-samples of metagabbro mylonite, showing
recrystallization fabric from the magmatic phase due to overprints by succession of tectonometamorphic events M1a and M1b.
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Fig. 2. Hand-samples of studied Cpx/SrEp metagabbros occurring in localities Ostra, Babina, Sajby, Dobsinsky potok and Zadné Porée.
The space of magmatic diopside-1 (Dil) reaches up to 1 cm. a-¢ — the coarse-grained texture of metagabbro. The central figure and
column located right shows the microstructural development from the protomylonite (Sajby — ¢, Dobginsky potok — h) through the
mylonite (Sajby - d) to ultramylonite (Dobsinsky potok - f, Sajby — e, g). In the locality of Ostra also the tectonic breccia (i) of the final
stage of M1a was revealed, being subsequently compacted by increased temperature in M1b of epidote-actinolite facies. Pl-pseudo-
morph — space of former magmatic feldspar/plagioclase contains mixture of albite, Sr-rich epidote group, clinozoisite and epidote. The
space of Pl-pseudomorph has the same size like Dil. Dil-pseudomorph — mixture of amphiboles, albite, calcite and chlorite. Ab — albite
fills cracks in tectonic breccia in the Ostra locality.
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Mla has occurred in the pumpellyite-actinolite facies.
However the rest of the Paleozoic complexes underwent
an obduction directly. This Late Carboniferous orogenic
process transported most of the Early Paleozoic basin-fill
rock sequences over the northern continental plate and
formed seven Variscan nappes in the Gemeric complex
(Fig. 1; Grecula, 1982; Grecula et al., 2009 and 2011). The
compression related to the onset of subduction slab and
exhumation caused the Late Carboniferous metamorphism
M1a in the pumpellyite-actinolite facies. It was accompa-
nied by further Gondwana and Armorica plate convergen-
ce and by the formation of mélange-related conglomerates
(Radvanec & Grecula, 2016).

In Permian, the culminated melting in the subducted
slab produced the calc-alkaline volcanism of andesite and
rhyolite, located along the northern boundary zone of Ge-
meric with Veporic units. Permian high thermal gradient
along the hot line initiated the new regional metamorphism
Mlb in amphibolite or epitote-amphibolite facies (Radva-
nec et al., 2017) and produced anatectic melt and related
formation and emplacement of S-type granite during the
late Variscan evolution (Radvanec et al., 2009; Radvanec
& Grecula, 2016). This increased thermal gradient meta-
morphosed again the Early Paleozoic complexes, inclu-
ding the tectonic blocks of metaophiolite suite, which were
previously metamorphosed in M0 and Mla overprints
(Radvanec et al., 2017). The Mlb metamorphic facies
are coinciding with the origin of the Sn-W-Mo-B-Li-F-
As*Bi-Sb mineralization and Fe-Mn-Mg carbonate and
sulphide veins and stratabound (metasomatic) mineraliza-
tion, located in the exocontact of S-type granite (Radvanec
et al., 2004). The deciphering of the metamorphic events
MO, M1a and M1b and compressional and extensional
Variscan tectonic processes completes arguments for the
existence of Variscan nappe and overthrust setting of the
Gemeric unit (Fig. 1a; Grecula, 1982; Grecula et al., 2009
and 2011; Németh, 2002).

In addition to the tectonic blocks of metaophiolite sui-
te, the pre-rift stage was bound to the Gondwana conti-
nental margin in Cambrian/Ordovician times in the future
Gemeric zone (Radvanec & Grecula, 2016). The Ordovi-
cian evolution was dated by the zircon ages in the range
of 482-458 Ma, obtained from tectonic blocks of volcanic
rocks of rhyolite and dacite composition, as well as clino-
pyroxene/Sr-rich epidote (Cpx/SrEp) metagabbro (Putis et
al., 2009; Grecula et al., 2009 and 2011). These tectonic
blocks of rhyolite, and Cpx/SrEp metagabbro from the
pre-rift stage were tectonically mixed with blocks of me-
taophiolite suite and other metasediments in the Variscan
nappe and imbricated setting of the present Gemeric unit
(Grecula et al., 2009 and 2011). Especially the Cpx/SrEp
metagabbro, being formed in the Ordovician, has polyme-
tamorphic evolution comparable to that of the metaophio-
lite suite (Hovorka et al., 1988; Faryad & Bernhardt, 1996;
Ivan in Grecula et al., 1997; Radvanec, 1999).
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This study is based on mineralogical, petrological,
geochemical, structural, microtectonic and geochronologi-
cal data, allowing to explain and compare the evolution,
exhumation and geological setting of individual Cpx/SrEp
metagabbro blocks with a polymetamorphic evolution
of Variscan orogenesis in Gemeric unit (Radvanec et al.,
2017). The Cpx/SrEp metagabbro differs from the meta-
gabbro of the gneiss-amphibolite complex (metaophiolite
suite) by its genesis and composition. The Cpx/SrEp me-
tagabbro blocks were found in the Rakovec nappe and stu-
died in the Ostra, Babina and Sajby localities, as well as in
the south located Jedl'ovec nappe in localities of Lastovici
vrch and Zadné Porce. In metasediments of Upper Carbo-
niferous (Dob$ind Group) the Dobsinsky potok locality is
located. (Fig. la). The tectonic bodies of Cpx/SrEp me-
tagabbro contain the identical magmatic diopside (large
up to 2.5 cm) and identical successive polymetamorphic
evolution with the formation of minerals like Sr-rich
epidote, Na-rich clinopyroxene, including jadeite, albite,
pumpellyite, as well as other corresponding minerals. The
Cpx/SrEp metagabbro has the lower crust geochemical
characteristics in all mentioned localities (Fig. 4, cf. with
Fig. 5). There must be emphasized that the same Cpx/SrEp
metagabbro is present in the northern and southern zones
of Lower Paleozoic sequences of Gemeric unit, i.e. in the
Rakovec and Gelnica groups according to the former divi-
sion of Gemeric unit sensu Bajanik et al. (1984). Previous
research of corresponding rocks was done or treated by
Bajanik (1975, 1976); Faryad & Bernhard (1996); Hovor-
ka et al. (1988); Ivan (1996, 1997); Radvanec (1999); Ivan
& Hovorka (2000) and Putis et al. (2009).

Methodology

We have taken following samples of Cpx/SrEp
metagabro, applying the Slovak names of individual loca-
lities: Babina (hill; GPS 48°49" 53.2°°'N; 20° 27" 27.7"E),
Ostra (hill; GPS 48° 49™ 57.1"" N; 20° 25" 29.9"" E), Os-
tra (breccia; GPS 48° 50° 0.7"°N, 20° 25" 33.7"'E), Sajby
(mountain range; GPS 48° 50" 7.6"°N; 20° 28" 41.5°E),
Dobsinsky potok (slopes of the forest road above brook;
GPS 48° 48" 43.3°°N; 20° 18" 8.8 'E) and Zadné Porce
(GPS 48° 43" 48.6"°N; 20° 49" 36.2°E). The research
consisted of the mineralogical-petrological and microtec-
tonic methods, aiming to reveal the sequence of indivi-
dual mineral assemblages in the Cpx/SrEp metagabbro in
relation to the sequence of tectonometamorphic events in
the Gemeric unit. The separated zircons of the Ostra and
Zadné Porce samples were dated by the SHRIMP U-Pb
method in laboratories in St. Petersburg (Russia) and in
Beijing (China; Putis, personal communication). The Cpx/
SrEp metagabbro samples were studied petrographically
and polished thin sections underwent the EMPA analyses
in the State Geological Institute of Dionyz Stur (SGIDS)
in Bratislava by the EDS and WDS quantitative chemical
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Fig. 3. a — Chemical classification of zoned spinels and relationship between the core and inner rim 1 in diagrams. All spinel grains
are partly replaced by hematite to form new outer rim 2. b — CaFNaA diagrams showing the plotting positions of the minerals of pri-
mary gabbro. The minerals of former gabbro were revealed in all studied localities. Assumed mineral in solidus is wollastonite Wo.
Dil — diopside 1; SrP1 — Sr-rich feldspar; By — bytownite; Kfs — K feldspar; Anc — anorthoclase; Ant — antophylite; Krs — kearsutite;
Brc — pseudobrookite/armalcolite; Ilm — ilmenite; Ap — apatite; Bad - baddeleyite; MgChr — Mg-rich chromite, Chr — chromite; Hem

— hematite; Zrn — zircon.

analyses, applying the natural standards. Analyses were
evaluated by the Kevex program with ZAF correction.
Mineral assemblages and individual minerals were studied
in the back-scattered electrons. Chemical zonality of mi-
nerals was studied also by mapping the element contents
(Na, Ca, Al and Fe) in Ka.

The whole-rock analyses were done in accredited
Geoanalytical Laboratories of the SGIDS, Spisska Nova
Ves, Slovakia, applying the ICPMS, ARS-ICP and RFS
methods (Table 1).

The mineral analyses were recalculated for chemical
formulas. Analyses of amphiboles were recalculated on
chemical formulas by the procedure 15NK, 13CNK, 15-
K, Fe*, AV(2, 4) according to Leake (1997). Pyroxene
analyses were recalculated with the distribution of the
analytical error for all cations (Morimoto, 1988). Repre-
sentative mineral analyses are in Tables 2-4 recalculated
by the procedure of Hawthorn et al. (2012), Rieder et al.
(1998) and Grew et al. (2013). The P-T conditions of the
metagabbro multiple metamorphic overprint were derived
from metamorphic reactions calculated from the data on
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mineral activities in a given crystallization system by Ber-
man (1987) and Spear (1995).

Tectonic and microtectonic research in studied locali-
ties consisted of measuring of azimuth and dip of planar
and linear structures in the outcrop scale and taking orien-
ted samples. From each representative oriented sample
there were prepared two thin sections, representing the
cuts in XZ and YZ planes. In the some cases, where linea-
tions were not very clear, deciphering the kinematics (sen-
se of shearing) in both perpendicular thin sections allowed
the reconstruction of the real spatial parameters of the
sense of shearing (exhumation). In accord with our pre-
vious researches and papers (e.g. Radvanec et al., 2007),
the deformation stages were designated correspondingly
with metamorphic stages — VD1a acting during the late
Carboniferous metamorphism M1a and VD1b - deforma-
tion during Permian M1b metamorphic stage.

Petrography

As described above, the studied clinopyroxene and
Sr-rich epidote metagabbros (in the next text shortened
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to metagabbro/s) occur in localities Ostra, Babind, Sajby,
Dobsinsky potok and Zadné Porce. The metagabbro has
hypidiomorphic coarse granular texture with a grain-size
of about 1-3 cm and bluish-green colour. Metagabbro con-
tains brown-green idiomorphic to hypidiomorphic diop-
side 1 in amount of 20-40 vol.% of the rock and the same
volume is represented also by pseudomorphoses after for-
mer magmatic feldspar/plagioclase, having the porphyro-
blast shape (Fig. 2). Grains of primary magmatic diopside
1 are usually large up to 1 cm, but sometimes reach up to
3 cm. In localities Ostra, Babina and Zadné Porce the di-
opside 1 grains are fragmented and individual parts are ro-
tated in amphibole-epidote-chlorite matrix with albite and
titanite. The cracks in diopside 1 are filled with chlorite,
biotite, actinolite, albite, grossular-andradite, pumpellyite,
glaucophane-winchite and pargasite. Around the diopside
1 the disintegration textures are macroscopically visible,
as well as the light rims and fine-grained rock matrix. The
amphiboles, prevailingly pargasite, actinolite, as well as
biotite, titanite and chlorite crystallized along the margins
of diopside 1, forming asymmetric structures including
the mylonite tails. Their study in oriented thin-sections
allowed to determine the kinematics during the gabbro
tectonometamorphic evolution.

The gabbro has primarily crystallized into a solidus
state as a holocrystallic rock with generally equal dimensi-
ons of the main rock-forming euhedral crystals — diopside
1 and feldspar/plagioclase (Fig. 2a). The primary shape
preferred orientation of these main minerals can be attribu-
ted to magmatic flow closely before the rock solidification.
Fig. 2a shows the rock closest to this state, though we inter-
pret that the gabbro protomylonite in this figure shows also
the effect of deformation at the onset of gabbro exhuma-
tion. The next “solid state” rock deformation (cf. Passchier
& Trouw, 2005) - mylonitization during the exhumation
at the metagabbro further metamorphic evolution led to
recrystallization of primary gabbro minerals depending on
their rheological behaviour at differerent P-T conditions in
successive metamorphic events (epidote-eclogite facies up
to pumpellyite-actinolite facies). As known from the rese-
arch of other authors (cf. Tsuchiyama, 1985a, b; Lang &
Gilotti, 2001; Kanagawa et al, 2008; Raphanel et al., 2010;
Zhou & He, 2015), the diopside 1 represented at these con-
ditions rheologically harder phase than other present mine-
rals, leading in the case of diopside 1 to origin of its shape
preferred orientation (e.g. Fig. 2e). Rheologically softer
feldspar/plagioclase in these metamorphic conditions to-
tally recrystallized to mixture of prevailing epidote group
minerals, forming the matrix around deformed diopside.
By this way the rock obtained a new fabric resembling the
porphyric structure (Fig. 2¢, d, h).

The former magmatic feldspar/plagioclase had the
same size as the diopside 1 and the present area of porphy-
roclast is filled with the mixture of albite, Sr-rich epidote,
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epidote 1 and epidote 2. Sometimes grossulars occur as
inclusions or relics in epidote 1. This mineral assemblage
shows decomposition of former Sr-rich feldspars to their
pseudomorphs during the metamorphic events (Fig. 2).

The primary magmatic texture of the metagabbro is
well recognizable in localities Ostra, Babina and Zadné
Porce (Fig. 2a, b, ¢). In locality Ostra also a tectonic brec-
cia of the metagabbro was revealed in the outcrop (Fig. 2j).
In the tectonic breccia the relics of the magmatic diopside
1 have the size of few mm and the former diopside 1 was
mechanically destructed by the displacement and rotation
within the metamorphic matrix minerals. By this way the
rock represents the tectonic breccia with numerous oval
fragments rotated during exuhumation.

The mylonite of metagabbro in the Sajby locality
(Fig. 24, e, f, h) shows pseudomorphs after diopside 1,
as well as after the former magmatic feldspar/plagiocla-
se. The ductile deformation during the mylonitization has
modified the shape of magmatic diopside 1 and feldspar/
plagioclase forming their porphyroclasts (Fig. 2). In the
locality Dobsinsky potok (Fig. 2i, g) the pseudomorph of
diopside 1 reaches the size up to 1 cm and former diopside
1 is completely replaced by the mixture of actinolite 1 and
2, chlorite and calcite. The primary magmatic feldspar/
plagioclase decomposed to the mixture of albite, Sr-rich
epidote and two generations of epidote, identically as it
occurs in other localities (Fig. 2).

Magmatic minerals and Sr-rich epidote
in the metagabbro

The metagabbro contains a common magmatic mi-
neral assemblage of diopside 1, bytownite, K-feldspar,
anorthoclase, spinels, apatite, kearsutite, anthophyllite,
ilmenite, baddeleyite, zircon, mottramite, creaseyite, chry-
socola and pseudomorh of pseudobrookite/armalcolite.
Except the occurrence of bytownite, the Sr-rich feldspar
must have been formed in primary gabbro, because in
the frame of former magmatic phases the Sr-rich feldspar
decomposed to Sr-rich epidote and albite (Fig 2). Grains
of pseudobrookite/armalcolite decomposed to the mix of
ilmenite, rutile and hematite (Fig. 9a and 29b). Spinels are
zoned. The magnesiochromite forms the core of grains
and chromite their rim 1, however the zoned spinels are
replaced by hematite to form the outer rim 2. The chemical
classification of spinels shows their formation apart from
a MORB (Fig. 3a, Table 3).

The ACFN diagram showing the plotting positions
of the magmatic minerals in the former gabbro that were
found in studied localities (Fig. 3b). Besides the same
magmatic mineral assemblage, the identical Sr-rich epido-
te was found in all above listed localities. Each thin section
shows high relief of Sr-rich epidote, which is green and
always forms a core of clinozoisite/epidote porphyro-
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Fig. 4. Chemical classification according to whole-rock analyses of Cpx/SrEp metagabbros and their normalization to the lower crust
contents according to the data by Sun & McDonough (1989), as well as Pearce & Cann (1973), using equivalent of volcanic rocks for
the gabbro chemical classification. North — localities of Cpx/SrEp metagabbro in the northern zone of Gemeric unit - in the Rakovec
nappe. South — localities of Cpx//SrEp metagabbro in the southern zone of Gemeric unit - the Jedl'ovec nappe (Grecula et al., 2009).
Zadné Porce 1 — locality near the Lastovic¢i vrch hill. Zadné Porce 2 — locality Zadné Porce.

blasts. The magmatic mineral assemblage with the com-
mon occurrence of Sr-rich epidote exclusively characteri-
zes the tectonic blocks of metagabbro as the identical rock
in all studying localities in Gemeric unit (Figs. 1 and 2).

Chemical analyses of metagabbro

The whole-rock analyses of Cpx/SrEp metagabbro
chemical composition in localities Ostra, Babina, Sajby,
Dobsinsky potok and Zadné Porce have revealed that the
geotectonic background of its origin and crystallization
corresponds in all localities (Table 1). According to the
chemical classification of the rocks in diagram Nb/Y vs.
Zr/TiO, (Winchester & Floyd, 1977), normalized on REE
contents and trace elements in diagrams the former subal-
kaline/alkaline gabbro was formed in the lower crust. The
contents of Rb, Ba, Hf, Cu, Ni and Cr are depleded and
contents of Ta, Nb, Pb and Sr are enriched in normalization
to the lower crust, which is shown in spider trace elements
diagram (Fig. 4). For comparison, the trace elements anal-
yses are normalized to contents of chondrite and primitive

mantle respectively (Fig. 5). That comparison of patterns
confirms well the lower crust origin of the former gabbro.
The long-lasting crystallization of the low crust alkaline
melt caused the origin of diopside 1 and correspondingly
large plagioclase/feldspar porphyroblasts, reaching dimen-
sions up to 2-3 cm (Fig. 2). The chemical classification in
the triangle diagram Zr-Y-Ti (according to Pearce & Cann,
1973) has revealed the within plate origin of the metagab-
bro in all localities (within plate basalts/gabbros, WPB;
Fig. 4). The within plate origin of the gabbro suggests
a geotectonic setting before the rift stage, i.e. the forma-
tion of the gabbro before the time when an “active rift” has
existed and the basalt lava has reached and spilled on the
see floor, or formed pillows, and by this way it contributed
to the formation of future ophiolite suite within the Ge-
meric unit. The active rift ophiolite suite of this zone was
previously studied by Bajanik (1975, 1976), Hovorka et al.
(1988), Faryad & Bernhardt (1996), Ivan (1997), Grecula
et al. (2009), Radvanec & Grecula (2016) and Radvanec
et al. (2017). The active rift rocks of the ophiolite suite
in the Gemeric unit provided ages ranging from Devo-
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Fig. 5. Chemical classification according to whole-rock analyses and their normalization to the primitive mantle and chondrite contents

according to the procedure by Sun & McDonough (1989).

nian to Lower Carboniferous (Puti§ et al., 2009). Basalt
and gabbro of that suite are polymetamophosed and show
andesite/basalt, ocean floor basalt (OFB) and midle ocean
ridge basalt whole-rock chemical classification (Radvanec
et al., 2017, see Introduction).

Zircon ages

Zircon is present in Cpx/SrEp metagabbros in all in-
vestigated localities. In locality of Zadné Porée the mag-
matic baddeleyite is replaced by zircon or zircon occurs
in the metagabbro matrix individually (Fig. 11b and 29c¢).
Concordant zircon age was obtained by the SHRIMP
method at ca. 461 Ma from the Zlaté Porce locality (Putis,
personal communication). This Ordovician age represents
the magmatic age of the gabbro.

Different younger zircon generations, originating in the
metagabbro after Ordovician, has in Ostra locality the pris-
matic shape and were found in the form of inclusions in
the mixture of ilmenite, hematite, rutile and titanite, or in
the metagabbro matrix. In the Ostra locality the separated
zircons from the mixture of oxides and metagabbro matrix
are correspondingly large, zonal and prismatic. One zircon
grain spot ages are ranging 351-343 Ma and have deter-
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mined the age of older M1a gabbro metamorpism in the
Lower Carboniferous (Mississippian). Second similarly
large and prismatic zircon grain is younger and has crys-
tallized separately from the older Lower Carboniferous
zircon. The centre of younger zircon has the age of 313
and the average age of 307 Ma (Upper Carboniferous), but
margin of this grain has grown in Permian — 261 Ma. The
younger zircon generation has determined the age of a new
and younger Permian metamorphism M1b. According to
the same prismatic shape of the zircon, both generations
of the different age have crystallized at the temperature
of at least 600 °C, which indirectly determines the same
temperature peak of both metamorphic overprints Mla
and M1b of the metagabbro in Variscan orogenesis. The
metamorphogenic zircons M1a and M1b were dated by
the SHRIMP method and obtained ages were concordant
(Putis et al., 2009).

Mineralogy
Na/Ca clinopyroxenes

The magmatic clinopyroxenes occur in the form of
euhedral and subhedral crystals with sizes up to 2.5 cm
(Figs. 2, 6a-b, 7a-b, 8a and 11). They have a homogeneous
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Fig. 6. Mineral assemblages of Cpx/SrEp metagabbro in the Babina locality. a — Dil — primary magmatic dioside 1; Pl — plagioclase,
bytownite; b-¢ — Metasomatic lamellas of Aeg/Aug — aegirine/augite in Dil; Di2 — diopside 2 forms the rim of primary magmatic Dil;
AD — albite; Tnt — titanite; Chl — chlorite; Actl, 2 — actinolite 1 and new actinolite 2; Bt — biotite; d — SrEp — sectors of Sr-rich epidote
(Sr>) forms the core of epidotes porphyroblasts. Rim 1 — epidote 1. Rim 2 — new epidote 2; Jd — jadeite and Ab inclusions occur only
in the rim 1 of Epl. Ep2 — new epidote 2 forms the rim 2 in porphyroblast of epidotes; e — Inside Dil the place of former Pl is filed by
Ab, Pmp — pumpellyite, GIn-Win — glaucophane-winchite, Actl and Chl — chlorite. Younger assemblage there shows the replacement
of Prg — pargasite and Actl by Act2. Grs — grossular and Tnt — titanite occur in Ab., Bt — biotite in crack of Dil; f — In the matrix the
Prg — pargasite is replaced by Act2 and minerals Chl-Bt-Ab usually occur on the rim of Dil. In Dil lamellas of Aeg/Aug are presented
and Di2 replaced Dil on its rim. Kfs — K-feldspar relict in Prg/Act2 is presented. Backscattered electron images.
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Fig. 7. Mineral assemblages of Cpx/SrEp metagabbro in the Ostra hill locality. a — Metasomatic lamellas of Aeg/Aug — aegirine/augite
in Dil — primary magmatic diopside 1. Matrix assemblage is composed by albite (Ab), pargasite (Prg), epidote (Ep1), epidote 2 (Ep2)
and calcite (Cal). The Ilm/Tnt — ilmenite is replaced by titanite and Prg by Act2. b — Dil is replaced by diopside 2 (Di2) and then by
the actinolite 2 (Act2). The matrix amphiboles are composed of winchite (Win) in the core and Act2 in the rim. ¢-d — jadeite (Jd) and
decomposition of Jd to albite (Ab) was formed due to the reaction of Jd + quartz (Qtz) = Ab. Jd inclusions occur as relicts only in epi-
dote 1 (Ep1). Ep1 replaced the former SrEp and forms the rim1 in SrtEp-Ep1-Ep2 porphyroblast; e — Pmp — pumpellyite, Chl — chlorite
and Actl relics found in host Prg. Prg is partly replaced by Act2 in the contact with matrix; f — Inside Dil with lamellas Aeg/Aug the
former PI is decomposed to Grs — grossular, Adr — andradite and Cal — calcite. This mineral assemblage is accompanied by the series
of Actl-Prg-Act2 and Tnt. Backscattered electron images.
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Fig. 8. Mineral assemblages of Cpx/SrEp metagabbro in the tectonic breccia in the Ostra locality. a-b — Relationship of primary
magmatic diopside 1 — Dil with the fine-grained mixture of albite — Ab, diopside 2 — Di2 and actinolite 2 — Act2 related to Permian
metamorphic event M1b in the fragment of tectonic breccia. Metasomatic lamellas of Aeg/Aug — aegirine/augite and albite (Ab) in
Dil; ¢ — Sr-rich epidote SrEp replaced by epidote 1 to form rim 1 and by epidote Ep2 on the outer rim 2 of the epidotes porphyroblast.
Relict of actinolite 1- Actl is rimed by Act2. d — Cement of the tectonic breccia consisting of Act2 + Di2 + Ep2 formed during Per-
mian metamorphic event of M1b. Locally the relics of Dil with metasomatic Na-rich diopside — NaDi are presented in the cement and
Pmp — pumpellyite found in Ep2. Assemblage NaDi, Actl and Pmp relates to the older Carboniferous HP metamorphic event of M1a;

Tnt — titanite; Hem — hematite. Backscattered electron images.
core composition of En,, Fs Wo, Jd . Ae,,,,
Mg# of 72-89 [Mg# = Mg/(Mg+Fe*)], TiO, = 0-1.24
wt.% and ALO, = 0-4.52 wt.% in the Babind, Ostra and
Zadné Porce localities. In the breccia (Ostra locality) the
homogeneous magmatic core of Cpx has a composition
of Eny,, Fsy, W0, 5 Jdy 153485, Mg of 48-53, TiO,
= 0-0.2 wt.% and ALO, = 0.07-0.3 wt.%. According to
the classification of Morimoto (1989), the magmatic core
of Cpx is formed by diopsides 1 and/or hedenbergite 1
respectively (Fig. 12, Table 3).

In the Babind and Ostra localities, the anhedral jade-
ites of WEF__  Jd., .. Ae, ., , were found only in the cli-
nozoisite-epidote 1. The jadeite occurs as inclusions and/

or relics with quartz and albite. Sizes of that inclusions
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reach up to 20 pm (Figs. 6d, 7c-d and 12, Table 3). How-
ever, the Na/Ca Cpx of WEF, Jd . . Ae ., as
metasomatic lamellas were formed strictly in the diopside
1. These Na-rich diopside and aegirine-augite lamellas
were frequently found in the Babind and Ostra localities,
as well as in the breccia of Ostra locality (Figs. 6b-c, 6f,
7a, 7f, 8a and 12, Table 3).

In the Babind, Ostra, Ostra (breccia) and Zadné Porce
localities, the 40-50 vol.% of the the magmatic diopside
1 crystals show a rim zoning pattern with the rim com-
position of new diopside/augite 2 with En, , Fs  Wo,
Id,, Ae,, ., Mg# of 57-87, TiO, = 0.85-4.27 wt% and
AlLO, = 2.49-5.98 wt% (Figs. 6b, 6f, 7b, 8a, 11a and 12,).

The diopside/augite 2 occurs in the cement of breccia re-
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Fig. 9. Mineral assemblages of mylonitic Cpx/SrEp metagabbro in the Sajby locality. a-b — Pseudomorph of primary magmatic diop-
side 1 replaced by actinolite 2 — Act2 and calcite — Cal or by the mixture of Actl/Act2 and Cal respectively. Mnllm — Mn-rich ilmenite
decomposed to Rt — rutile, Hem — hematite and to Tnt — titanite. ¢-f — Mineral assemblages in the matrix and relationship between the
older blueschist facies minerals - Bar — barroisite, Win — winchite, Act1— actinolite 1, Ab — albite, and MgChl — Mg-rich chlorite of the
Carboniferous M1a metamorphism and those formed in the M1b Permian epidote-amphibolite facies - Ed — edenite, Ep2 — epidote,
Act2, Bt — biotite; Chl — chlorite and FeSep — Fe-rich sepiolite; e — SrEp — Sr-rich epidote is replaced by Epl — epidote 1 in M1a.
Backscattered electron images.

67



Mineralia Slovaca, 50 (2018)

10000 BSE 15.kV

Fig. 10. Mineral assemblages of mylonitic Cpx/SrEp metagabbro and pseudomorph of primary magmatic diopside 1 in the Dobsinsky
potok locality. a-b — Primary magmatic spinel is zonal. The core is magnesiochromite — MgChr and and chromite (rim1) — Chr is rim-
ming the core within the pseudomorph of primary magmatic diopside 1 - Dil. The former Dil is replaced by assemblage of actinolite
1 - Actl, + chlorite Chl + quartz - Qtz in M1a metamorphism and their relationship to new minerals of younger M1b metamorphism.
Metamorphic event M 1b is represented by the assemblage of epidote 2 — Ep2 + actinolite 2 -Act2 + biotite — Bt + phengite — Png and
chromites are replaced by hematite (rim2) — Hem and by Cr-rich chlorite — CrChl; ¢ — Primary magnatic kearsutite — Krs is replaced by
actinolite] — Actl and by REE-bearing epidotel — Epl1+REE; d — In the matrix the mineral assemblage of M1a shows the relationship
between Bar — barroisite and Rbc — riebeckite that are replaced by Actl, Ab — albite; Tnt — titanite. e — Actl of M1a is replaced by Act2
of M1b, SiAlFe — pseudomorph after SiAlFe mineral (hydrated). f — K-rich edenite is replaced by Act2. Backscattered electron images.
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Fig. 11. Mineral assemblages of Cpx/SrEp metagabbro in the Zadné Porce locality. a — Primary magmatic diopside 1 — Dil is replaced
by actinolite 1 — Actl + chlorite — Chl. The relationship to matrix minerals of M1b event is represented by a new assemblage of Act2 +
Ep2 + Di2. b — Baddeleyite — Bad (core) is replaced by zircon — Zrn (rim) of the magmatic origin and their relationship to metamorphic
minerals in matrix. Dil- dioside 1; Ap — apatite; Ab — albite; Chl — chlorite; Act 2 — actinolite 2; Tnt — titanite; ¢ — Pseudomorph of Dil
represents metamorphic assemblage of Actl/Act2 + Epl + Ab + Tnt + Cal. d — Sr-rich epidote is replaced by the Epl and by the new
epidote Ep2 on the other rim of epidote porphyroblast. Backscattered electron images.

spectively (Figs. 8a-b, 8d). The replacement of the diop-
side 1 by the diopside/augite 2 is a separate and younger
process in comparison to the formation of aegirine-augite,
whichoccurs as the metasomatic lamellas only in diopside
1. The lamellas of aegirine-augite contain Na, however the
new diopside/augite 2 is free of Na (Fig. 12). The Na-rich
lamellas were formed during the older HP/LT metamor-
phic event of M1a, however the Na-free diopside/augite 2
has replaced the former diopside 1 during new HT/medi-
um P metamorphic event of M1b in the epidote-amphibo-
lite and/or amphibolite facies respectively.

In localities Sajby (mylonite) and Dobsinsky potok
the pseudomorphs after former magmatic diopside 1 were
found (Fig. 2d-i). In these localities the diopside 1 was
fully replaced to mixture of two generations of actinolite,
chlorite and calcite, while the actinolite 2 from younger

69

metamorphism M1b prevails above actinolite 1 from old-
er metamorphism M1a (Figs. 9a-b, 10a-b and 10e).

Feldspars

In the metagabbro the feldspars were found in two mo-
des of occurrence. The pseudomorph on porphyroblasts
of former magmatic plagioclase is the main occurrence
in all localities amounting about 50 vol.% of the former
gabbro. These pseudomorphs reach the equal size as tho-
se of diopside 1 (Fig. 2). In the diopside 1, the inclusions
of magmatic bytownite are rarely found. The bytownite
has an average of An, Ab . Or , and the content of
SrO reaches to 0.12 wt.% without a zoning (Fig. 6a and
13). In addition, the very rare presence of oligoclase
(An ,Ab, Or /) was found in diopside 1 as well, however
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Fig. 12. a-c — Compositional
ranges of magmatic diopside Dil,
jadeite/aegirine-augite metamor-
phic HP event of Mla (Carbo-
niferous) and diopside Di2 from
the new metamorphic event M1b
(Permian) found in Cpx/SrEp
metagabbro in localities Ostra,
Babina, Ostra — tectonic breccia
and Zadné Porce (sensu Morimoto
et al., 1988); d — Relationship of
magmatic dioside 1 and diopside
2 formed during amphibolite,
resp. epidote-amphibolite facies
of M1b in diagram TiO, vs. AL,O,.
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bytownite is considered to be the prevalent plagioclase of
the former magmatic gabbro.

The second mode represents the occurrence of K feld-
spars, rarely found as an irregular and corroded grains of
An, ,Ab, Or, . in the Sr-rich epidote and in the clino-
zoisite-epidote 1 respectively. However, the K feldspar
and anorthoclase of Ab,.Or,, .. are found in the matrix
as well. The size of K feldspars ranges from few pum to
30 um and are regarded to be relics, which were formed
during the magmatic/subsolidic stage of the gabbro (Figs.
6f and 13).

Except for the finding of bytownite in diopside 1, the
area of porphyroblasts on the former plagioclase is filled
by the mix of albite An  Ab,,  Or,  and by the zoned por-
phyroblasts of epidote group, where the core always forms
the Sr-rich epidote. The inner rim is formed by clinozoisi-
te/epidote 1 and the outer rim of porphyroblasts are formed
by new generation of epidote 2 (Figs. 2, 14 and 15). In
the clinozoisite/epidote 1 inclusions of grossular, jadeite,
quartz, albite, pumpellyite and pseudomorph of pumpel-
lyite were commonly found (Figs. 6d, 7c-d and 14a). The
main assemblage of Sr-rich epidote, clinozoisite/epidote 1,
grossular and albite represents a decomposition minerals
that were formed on the primary magmatic Ca/Na/Sr-rich
feldspar. This assemblage supplies the pseudomorph on
the area of former Ca/Na/Sr-rich feldspar in all studied
localities. (Figs. 2, 14 and 15).

Sr-rich epidote — clinozoisite/epidote 1 and epidote2
porphyroblasts

The BSE figures and X-ray mapping show the sector
zoning of Sr-rich epidote always in the core of epidote

4 Ostra

@ Babina

¥ Ostra-breccia

A Sajby-mylonite
<4 Dob3insky potok
P Zadné Porce

Or

Anorthoclase

matrix Andesine | Labradorite \/ Bytownite onh%
Y4 LAY AY4
in Di
Ab An

Fig. 13. Chemical classification of feldspars present in Cpx/
SrEp metagabbro of investigated localities in triangle diagram
Ab-An-Or.
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porphyroblasts. The core of Sr-rich epidote X, ** = 0.23-
0.41 is successively replaced by the clinozoisite/epidote 1
X,.”"=0.12-0.23 in the inner rim 1 and finally by the new
epidote 2 X ** = 0.24-0.36 in the outer rim 2 (Figs 6d,
7d, 8c, 10c, 11d and 14-16, Table 2). In the clinozoisite/
epidote 1, inclusions of grossular, jadeite, quartz, titanite,
chlorite and albite were found (Figs. 6d, 7c-d and 14). In
addition, the core of Sr-rich epidote and the inner rim 1 of
clinozoisite/epidote 1 were partly replaced by pumpellyite.
However the outer rim 2 of new epidote 2 is free of pum-
pellyite (Figs 6d, 7d, 8c, 10c, 11d and 14-15). The new
metamorphic event that formed the epidote 2 reversible
replaced the pumpellyite by the epidote/clinozoisite that
is enclosed in rim 1. In this case the inner rim1 of epidote/
clinozoisite 1 shows pseudomorphs after pumpellyite. Es-
pecially in the inner rim 1, the former pumpellyite occurs
only sporadically, however in the core of Sr-rich epidote
the occurrence of pumpellyite is common (Fig. 14).

In sectors of Sr-rich epidote, the content of Sr ranges
from 0.1 to 0.7 apfu and the contents of REE-sum range
from 0 to 0.22 (Figs 15-16). The negative linear correla-
tion of Ca content versus Sr shows two different substitu-
tions. One is for the REE(+) bearing sectors and the next is
for the REE(-) free sectors. They were found in the Sr-rich
epidotes (Fig. 16a-c). The Sr-rich epidote has originated
with albite and both coexisted minerals fill the pseudomor-
ph area up to the decomposition of former Ca/Na/Sr-rich
feldspar (Fig. 15a). In the literature the occurrence of Sr-
rich epidote have been reported in the metagreywacke-qu-
artzofeldspathic schist (Grapes & Watanabe 1984), in the
meta-eclogite and metasomatized eclogite (Brastad, 1985)
and in the ultra-high pressure (UHP) metamorphic rocks
(Nagasaki & Enami, 1998). The Sr-rich zoisite and epidote
are regarded as the most important Sr reservoirs under HP
and UHP conditions where Ca/Sr-rich plagioclase and tita-
nite are unstable (Nagasaki & Enami, 1998; Zellmer et al.,
1999). In the Babina and Ostra localities of Gemeric unit
the decomposition of Sr-rich plagioclase to Sr-rich epidote
and albite under similar HP conditions was firstly descri-
bed by Radvanec (1999 and 2000). The magmatic mineral
assemblage with the common occurrence of Sr-rich epi-
dote exclusively characterizes the tectonic blocks of the
metagabbro as the identical rock in all studying localities
(Figs 1-2).

Amphiboles

The rare, tiny and oval anthophyllite inclusions from
the group of Fe-Mg-Mn amphiboles were found in the
diopside 1 in the Babina locality. Besides anthophyllite
in localities Babind and DobSinsky potok we have found
also the kearsutite (Figs 17a, d, Table 3). In locality of
Dobsinsky potok the kearsutite is replaced by the epidote
1 (Fig. 10c). It is probable that the anthophyllite and ke-
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Fig. 14. Porphyroclasts/porphyroblasts of epidote group are gradually formed by the sectors in core of Sr-rich epidote — SrEp; Sr> —
sectors with high contents of Sr; Sr< — sectors with lower contents of Sr. The core-rim transition is formed by clinozoisite-epidote 1
— Czo-Epl and finally the outer rim 1 is formed by new epidote 2 — Ep2 in the rim 2. The Sr-rich epidote and the younger clinozoisite/
epidote 1 are always replaced by the pumpellyite — Pmp, however the new epidote 2 is free of Pmp. The pumpellyite is partly replaced
by Ep2 to show pseudomorph — Pmp/Pseu. The formation of Sr-rich epidote and its successive replacement identifies and characterizes
the polymetamorphic evolution of the gabbro in all studied localities and considers metagabbro as a unique rock in Gemeric unit. That
zonal and successive formation of epidote group minerals were formed during two metamorphic events M1a and M1b. Ab — albite,
Chl — chlorite, Tnt — titanite, Actl, 2 — actinolite-1 and 2. Pmp/Pseu — pseudomorph of pumpellyite. Backscattered electron images.
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Fig. 15. X-ray mapping of Sr, Ce and Fe contents in porphyroblasts of epidote group from the Ostra (a) and Babina (b) localities. a — De-
composition of former magmatic Sr-rich feldspar to Ab — albite and to sectors of SrEp — Sr-rich epidote, following by the unbalanced
model reaction Sr/Ca/NaPl + H,O = SrEp + Ab. Positions of pumpellyite (Pmp) in SrEp and epidote 1 (Ep1)-rim 1, epidote 2 (Ep2)-rim
2, chlorite (Chl) and actinolite 2 (Act2), Backscattered electron images; b — Relations of Ab, sectors of SrEp, Pmp, Epl-rim 1, Ep2-rim
2, titanite (Tnt) and Chl, Backscattered electron images; Sr — contents show a sector zoning of Sr-rich epidote in the core of epidote
porphyroblasts. Ce — higher content shows area of REE-rich parts only in the sector of SrEp. Fe — content shows successive formation
from the core of SrEp to younger rim1 of Epland to rim2 of Ep2 respectively in the zonal structure of epidote porphyroblast.
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Fig. 16. a — ¢ — Relation of Ca (pfu) vs. Sr in chemical formulas of epidotes due to their successive formation from the core towards
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formed in new metamorphic event M1b (Permian age).

arsutite have crystallized at the end of magmatic or sub-
solidic stage of the gabbro crystallization together with
diopside 1, feldspars and spinel (Fig. 3b). Small amount
of Ca + Na, which replaces Fe and Mg in anthophyllite
has a value up to 0.34 apfu (Fig. 17a, Table 3). In the solid
solution this value is at upper boundary of possible limit
of the replacement between the Fe-Mg and Ca amphiboles
(Deer et al., 1992). The kearsutite is typical species of high
P-T (1000-1100 °C) and low-H,O melt (3-5.5 and ANNO
conditions being the alkaline igneous product (Ridolfi &
Renzulli, 2012).

In all localities we have found two different genera-
tions of metamorphogenic and zonal amphiboles in the
metagabbro matrix. Chemical composition of meta-
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morphogenic amphiboles, expressed by the formula
AlV'+Fe**+2Ti vs. Ca/(Cat+Na) — M4 forms two substitu-
tion trends according to succession of their formation. The
older substitution represents Na/Ca amphiboles, which
originated in older HP metamorphism M1a. In the timely
separated and younger metamorphism M1b there origi-
nated Ca amphiboles (Fig. 17).

The oldest metamorphogenic amphiboles in the
metagabbro in the Babina, Ostra, Sajby and Dobsinsky
potok localities are represented by glaucophane, riebeck-
ite, barroisite and winchite. In the Babina locality, the
glaucophane and winchite were found in the diopside 1
crack together with albite and pumpellyite. Winchite is of-
ten enclosed in the centre of the zonal amphibole, which
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Fig. 17. Chemical classification of amphibole generations in the diagram Al1Y'+Fe**+2Ti vs. Ca/(Ca+Na) — M4 in Cpx/SrEp metagabbro
in investigated localities. M1a — older HP-LT metamorphism (Carboniferous). M1b — younger metamorphism in amphibolite, resp.
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pargasite; Krs — kearsutite.
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rim is formed by actinolite 1 (Fig. 6e). Similarly, in the
Ostra locality the glaucophane and winchite were found
enclosed in actinolite 1. In the matrix, the winchite forms
cores consisting of fibroidal amphiboles, which had grown
at the margin by actinolite 1 (Fig. 7b). In The mylonites
of the Sajby and Dobsinsky potok localities contain zonal
Na/Ca amphiboles, having the core formed of riebeckite,
barroisite or winchite and their margins contain rim of ac-
tinolite 1 (Figs 9¢c-d, 10 d and 17c-d). In all these locali-
ties the Na/Ca amphiboles contain rims of actinolite 1 and
together they represent the retrograde HP metamorphism
Mila (Fig 17, Table 4).

Younger metamorphic and often timely separated
process M1b replaced the amphiboles of previous HP
metamorphism. The Fe-rich pargasite of this new meta-
morphism, being present in the metagabbro of Babina
and Ostra, has crystallized around relics of older actinolite
1 and pumpellyite, which originated together at the end
of retrograde HP metamorphism in pumpellyite-actinolite
facies M1a (Fig. 6e-f, 7e).

Second younger substitution trend M1b is formed
by actinolitel-edenite-Fe-rich pargasite and Fe-rich
pargasite-hornblende in the core of grains and actinolite 2,
which crystallized on their margin (Fig. 17a). In the frame
of the end members of amphiboles, as well as according to
the chemical classification, the Fe-rich pargasite belongs
to substitution area of actinolite 1-hornblende-edenite-Fe-
rich pargasite-tschermakite (Fig. 17a). Fe-rich pargasite
on the rim is always replaced by new actinolite 2 (Figs.
6e-f, 7a, 7e and 17a). Fe-rich pargasite has variegated
Na,O content from 2.54 to 5.79 wt.% (Table 4). Accord-
ing to chemical classification, Fe-rich pargasite belongs
to the group of Ca amphiboles (Leake, 1978, 1997; Deer
et al., 1992). Analyses with high content of Na,O (above
4.5 wt.%) place the Fe-rich pargasite on the boundary of
Na-Ca amphiboles (Fig. 17a). In Fe-rich pargasite the main
Al-Si bound in the chemical formula ABC(AI“)AL™
Si, represents pargasite (Table 4). From this structure of
chemical formula the Fe-rich pargasite was found also in
until published analyses ABC(AIl V)AL, VSi_, . (Hovor-
ka et al., 1988) or ABC(Al YDAl VSi, ., (Faryad
& Bernhardt, 1996). Analyses in these works belong to
chemically bound Fe-rich pargasite, not taramite, which
has differing structure of chemical formula ABC(ALY")
AL"™Si, in comparison with pargasite ABC(Al Y)AL"Si,
(Deer et al., 1992; Leake, 1997; Zhang et al., 1995; Rad-
vanec 1999 and 2000).

In the metagabbro mylonite in the localities Sajby
and Dobsinsky potok the edenite from M1b substitution
row of Ca amphiboles is on the margins replaced by ac-
tinolite 2 (Figs. 9f, 10f and 17d). In the tectonic breccia of
metagabbro in the Ostra locality the actinolite 2 prevails
in the metamorphism M1b, which in the matrix replaces
the diopside 2, or actinolite 2 was found on the margins of
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the grains around hornblende-actinolite (Figs. 8 and 17b).
In the metagabbro from the Zadné Porce locality we have
found the mixture of actinolite 1 and actinolite 2 (Figs. 11
and 17e).

During the younger metamorphism M1b in all inves-
tigated localities there crystallized zonal Ca amphiboles
with the core formed of actinolite 1, edenite, hornblende
or Fe-rich pargasite, having their margins always replaced
by actinolite 2 in the retrograde metamorphism in the am-
phibolite and/or epidote amphibolite facies (Fig. 17).

Pumpellyite

In the metagabbro of all localities the pumpellyite
replaces the Sr-rich epidote and clinozoisite-epidotel. In
these minerals the pumpellyite has idiomorphic shape,
forming heels and containing Mg (Figs. 8c, 14, 15a-b,
Table 2). Pseudomorphs after pumpellyite are common
and originated by the retrograde metamorphism of pum-
pellyite to epidote in P-T conditions of amphibolite or
epidote-amphibolite facies during the younger metamor-
phism M1b (Figs. 14 and 15). Chemical composition of
this epidote after pumpellyite is close to clinozoisite-epi-
dotel or the same as epidote 2. Relics after pumpellyite
together with actinolite 1 were found enclosed in the Fe-
rich pargasite. In albite the pumpellyite was found together
with HP amphiboles (Figs. 6e a 7e¢). We have found Fe-
rich pumpellyite with variegated composition of Fe?” (Fig.
18, Table 2) in the matrix, though do not containing Mg.
It is enclosed together with actinolite 1 and in thin section
the Fe pumpellyite differs from the epidote by striae. Fe-
rich pumpellyite is relatively older than pumpellyite from
the alterations in Sr-rich epidote and clinozoisite-epidote
1. Both pumpellyite forms originated in retrograde HP
metamorphism in the pumpellyite-actinolite facies of old-
er metamorphism M1a.

Grossular and andradite

In the metagabbro from the localities Ostra and Babina,
the Ca garnet occurs in small irregular grains — relics large
up to 0.05 mm, together with the plagioclase relict. The
grossular relic encloses albite in diopside 1 (obr. 6e). The
zonal Ca garnet was found in diopside 1. It has originated
during metamorphism from the decomposition of former
magmatic Ca plagioclase (bytownite), being in diopside
1 enclosed. Aggregates or zonal grains of Ca garnets are
formed in the core by grossular and at the margin it is re-
placed by andradite, while the younger andradite forms
also individual aggregates together with titanite and calcite
in the matrix. Grossular is older than andradite (Figs. 7f,
19). In the metagabbro matrix we have found the homo-
geneous grossular, being enclosed in clinozoisite-epidotite
1 or in clinozoisite-epidotite 1, where were found its
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Fig. 18. Chemical classification of Fe-rich pumpellyite and pum-
pellyite (FePmp and Pmp) in triangle Fe-Mg-Al diagram.

relics (Fig. 29). Andradite was not found in clinozoisite-
epidotite 1.

According to chemical classification, the Ca garnets
have variegated composition from grossular to andradite
(Gross = 17.4-79.5 mol.%, And = 20.3-80.4 %, Alm =
0-5 %, Prp =0-2.6 %, Spes = 0.1-3.1 %, Uvar = 0-1.5 %).
The whole Fe content in Ca garnets is bound in the form
of Fe** and in Ca garnet there is substitution instead of Al.
Rare andradite with the content up to 30 mol.% of uvaro-
vite (Ca3‘04Mg0.03)3,07(Cro,50Ti0,02FeS+1,31A10.10)1,93Si3012 indi-
cates its origin from the chronite by metamorphic reaction
in the amphibolite facies M1b. Homogeneous grossular
originated together with Sr-rich epidote at the beginning
of M1a metamorphism in P-T conditions of the decom-
position of magmatic Ca plagioclase (bytownite) and Na/
Ca/Sr feldspar (Fig. 29a). Andradite originated during the
younger metamorphic event M1b. It is replacing the for-
mer grossular or occurs in cracks in the matrix also alone
in the assemblage with chlorite- epidote 2 and biotite.

Fe phlogopite-eastonite (biotite)

In investigated localities Babina, Ostra, Ostra (brek-
cia) and Sajby (mylonite) the dark mica occurs in the
form close to Fe phlogopite-eastonite = biotite (Fig. 20).
In the metagabbro of the Ostra and Babina localities with
chlorite it fills the cracks in diopside 1 or occurs in diop-
side 1 cracks individually and separately of aegirine-augite
(Figs. 6a and 6e). In the matrix the biotite was found with
K feldspar, albite, pargasite and actinolite 2 and in chemi-
cally similar form also at the margin of epidote 2 together
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Grs Prp+Alm+Sps

Fig. 19. Chemical classification of Ca garnets in Cpx/SrEp meta-
gabbro from localities Babina and Ostra.

with chlorite, phengite, K feldspar and albite (Figs. 6c, 6f,
9c¢ and 9¢). The origin of biotic was carried out in meta-
morphic event M1b.

White micas

In the Ostra locality the Al-rich celadonite (Si
3.74-3.78 apfu; Table 3) forms mixture with K feldspar
and jadeite (Fig. 21). This assemblage is enclosed in the
clinozoisite-epidote 1 and Al-rich celadonite has origina-
ted from K feldspar during the HP metamorphism M1a.
In the matrix and besides clinozoisite-epidote 1 in locality
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Fig. 20. Chemical classification of Fe phlogopite-eastonite = bio-
tite in Cpx/SrEp metagabbro from investigated localities.
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Further minerals

In localities Babina and Sajby (myloni-
te) the Fe-rich sepiolite with the ratio Mg/
(Fe**+Mg) = 0.3 in the assemblage with chlo-
rite, albite, amphiboles and calcite occurs. Fe-
rich sepiolite formed within the metamorphic
event M1a in the pumpellyite-actinolite facies
4 (Fig. 9b). Chemically pure calcite originated at
the end of M1a metamorphism, as well as with
chlorite, Fe sepiolite. In M1b metamorphism
] the calcite often replaces all epidote group
minerals, fills cracks in the rock, where it oc-
curs in assemblage with actinolite 2, as well as
in the matrix with chlorite.

Large grains of pseudobrookite/armalcolite
4 were during metamorphism M1a unstable and

Muscovite
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Fig. 21. Chemical classification of phengites (Png 1, Png 2) and Al-rich ce-
ladonite (AlCel) in polymetamorphosed Cpx/SrEp metagabbro. M1a — meta-
morphism (Carboniferous age); M1b — prograde and retrograde metamorphism

(Permian age).

Babina and the mylonite of Dobsinsky potok locality the
phengite 1 (Si=3.26-3.46) occurs with K feldspar, forming
the crystalline mixture and in the Babina locality it rims K
feldspar. The ratio Mg/(Mg+Fe) of phengite 1 from these
localities ranges from 0.59 to 0.69. According to accompa-
nying mineral assemblage chlorite and biotite, the phengite
1 was formed by reaction with K feldspar in younger meta-
morphic event M1b. Phengite 2 (Si = 3.02-3.21) also has
formed in younger, retrogradne metamorphism M1b at
lower pressure as phengite 1. Phengite 2 is enclosed in epi-
dote 2, or it occurs in the rock matrix together with chlorite
(Fig. 21).
Chlorite

Chlorite in all three investigated localities belongs to
the group of the most frequently occurring minerals in the
metagabbro. In the metagabbro matrix it has crystallized
with pumpellyite, albite, actinolite 1, calcite and incom-
pletely it replaces the diopside 1 in mylonite of the Sajby
and Dobsinsky potok localities, as well as the group of
epidote a amphiboles. According to chemical classifica-
tion of Si and Fe*" + Fe3* contents in chemical formula, in
the diopside 1 cracks there crystallized brunsvigite with
the ratio Mg/(Mg+Fe) = 0.46. In the matrix there occurs
prevailingly the ripidolite with the ratio 0.5-0.6 and in the
assemblage with biotite, epidote 2 and calcite there oc-
curs the ripidolite — pycnochlorite with the ratio 0.6-0.7.
Chlorite has originated during both metamorphisms M1a
and M1b.
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were replaced to mixture of ilmenite, rutile and
hematite. This mixture is replaced by younger
titanite, which originated in M1b metamor-
phism (Fig. 7a, 9a and 29b).

[lmenite is a common mineral in the
metagabbro. Smaller grains of ilmenite are at
the margins always replaced to titanite, or the
ilmenite is completely replaced to titanite. Titanite belongs
to common minerals of the metagabbro in all localities. In
the diopside 1 the inclusions of bravoite and argentite were
rarely found. In the Zadné Porce locality the badelleyite is
replaced by zircon (Fig. 11b and 29c). Pyrrhotine (Fe, .S)
occurs only rarely in the matrix of metagabbro.

0.98

Polymetamorphic mineral assemblages
in the CaFNaA projection and
the exhumation P-T-t path
of the metagabbro

In investigated localities the mineral assemblages A
and B characterize the changes or stages of gradual meta-
morphism of the metagabbro from the solidus/subsolidus
stages through the epidote eclogite facies, blueschist fa-
cies and pumpellyite-actinolite facies during the older
metamorphism M1a. The changes in mineral assemblage
in the stage C were performed in younger and timely sepa-
rated metamorphism M1b in the amphibolite and epidote-
amphibolite facies (Figs. 22-26). CaFNaA diagrams show
the plotting positions of the typical minerals of Cpx/SrEp
metagabbros according to Spear (1995). The construction
of P-T-t path of the metagabbro exhumation is based on
gradual changes of metamorphogenic mineral assemblag-
es (A, B and C) and their stability at various P-T condi-
tions of metamorphic events M1a and M1b (Fig. 28).

The results of the zircons dating show that the mineral
assemblages have originated in the metagabbro for a long
time from Ordovician to Permian. The mineral assemblag-
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es were gradually formed first in the mantle of magmatic
stage (Ordovician). Than the solidus assemblage is dated
by the Mississippian age, when the gabbro was solidified in
the subducted lower crust and obtained the coarse-grained
texture (Figs. 2a, 2b and 4). Afterwards at P-T conditions
of the A stage of the M1a metamorphism the gabbro was
in the epidote-eclogite facies. Subsequently the metagab-
bro was exhumed in the subduction channel in B stage,
firstly in the retrograde metamorphism M1a in blueschist
facies and followingly in P-T conditions of the pumpel-
lyite-actinolite facies. At the changed P-T conditions or
during the reached exhumation from epidote-eclogite
facies to blueschist facies around 600 ° C there originated
new prismatic zircon dated to Upper Carboniferous (Penn-
sylvanian). The exhumed metagabbro blocks were mainly
in the brittle regime deformed in blueschist and pumpelly-
ite-actinolite facies conditions M1a. In locality Ostra there
originated a tectonic breccia from exhumed metagabbro
and in the Sajby and Dobsinsky potok localities there
originated a metagabbro mylonite (Fig. 2). Exhumation
of the metagabro from the epidote-eclogite facies through
the blueschist facies into the P-T conditions of pumpelly-
ite-actinolite facies represents older metamorphic-tectonic
cycle Mla of the Variscan orogeny, dated by the zircon
from the Lower (348 Ma) to Upper Carboniferous (307
Ma) (Figs. 22-27).

All tectonic blocks of metagabbro from M1a in investi-
gated localities were again metamorphosed in the Permian,
where in the metagabbro originated new zircon, having the
age of 261 Ma. New Permian metamorphism of the Vari-
scan orogenesis M1b contributed with the overheating in

Assemblage:

Gln+Win+Ab+Pmp
Act1+Chl+Cal+FeSep

b)

Cal,

the amphibolite and epidote-amphibolite facies due to the
effects of the hot line, causing the ductile deformation of
the rocks. In the metapelite the overheating in P-T condi-
tions of the amphibolite facies reached 650 °C and caused
the anatectic melting and the origin of S-types of granites
(Radvanec et al., 2007, 2010; Németh et al., 2016). In
the metagabbro of the Ostra and Babina localities the
mineral assemblage with the pargasite amphibole origi-
nated in amphibolite facies of M1b stage (Figs. 22 and
27). In further localities of the metagabbro the M1b meta-
morphism reached conditions of the epidote-amphibolite
facies (Fig. 23-27). In the Gemeric unit the M1b meta-
morphism distinctly overwrites the products of older met-
amorphic event Mla. The areal distribution of revealed
metamorphic facies in the Gemeric unit is visualized in
Fig. 1.

Magmatic stage of the gabbro — a reconstruction

The initial and former metamorphic gabbro is evi-
denced by the magmatic Ordovician zircon ages 485-458
Ma (Putis, personal communication, Puti§ et al., 2009).
In this initial stage and next solidification, the gabbro ob-
tained coarse-grained texture (Fig 2a and 2b). The mag-
matic stage has formed magmatic phenocrysts of feldspars
(bytownite-Sr/Ca/Na-rich feldspar-oligoclase-K feldspar-
-anorthoclase), diopside 1, anthophyllite, kearsutite, Mg
chromite-chromite and decomposed pseudobrookite/ar-
malcolite (Fig. 3). During the early magmatic stage, the
baddeleyite is replaced by the zircon (Figs. 11b and 29c¢).
According to thermodynamic data of Holland & Powel

A Carboniferous | Assemblage:

Di2+Prg+Ed/Hbl+Act2+Ep2+
Adr+Tnt+Bt+Ms/Png+
Tur+Hem

A Permian

Ap
Na Ca
Dif b ath
Retrograde stage B - M1a
Blueschist to pumpellyite-
FBﬁ actinolite facies

Metamorphic stage C- M1b
Amphibolite facies

Fig. 22. a-¢c — CaFNaA diagrams showing the plotting positions of the minerals of primary gabbro (black) and the subsequent metamor-
phic mineral assemblages of Cpx/SrEp metagabbro were formed by stages from A to C in localities Babina and Ostra. Dil, 2 — diopside
1, 2; SrP1 — Sr-rich feldspar; By — bytownite; Kfs — K feldspar; Anc — anorthoclase; Ant — anthophyllite Krs — kearsutite; Brc — pseu-
dobrookite/armalcolite; [lm — ilmenite; Ap — apatite; NaDi — Na-rich diopside; Aeg/Aug — aegirine/augite; Jd — jadeite; Ab — albite;
Pl — plagioclase; SrEp — Sr-rich epidote; Czo-Epl — clinozoisite-epidote 1; Rt — rutile; Grs — grossular; Pmp — pumpellyite; Act1-2
— actinolite 1, 2; Win — winchite; Gln — glaucophane; Chl — chlorite; Tnt — titanite; Cal — calcite; Hbl — hornblende; Ed — edenite; Prg
— pargasite; Tur — tourmaline; Hem — hematite; Bt — biotite; FeSep — Fe-rich sepiolite; Png — phengite; Ms — muscovite; Ep2 — epidote
2; Grs-Adr — grossular-andradite rim of grossular. The metamorphic evets from A to C represent exhumation of the former lower crust
gabbro toward the surface in Carboniferous (M1a) and Permian (M1b) periods of the Variscan orogeny.
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Fig. 23. CaFNaA diagrams showing the plotting positions of the minerals in tectonic breccia on the Ostra hill. a — Mineral assemblages
of subsequent metamorphic events A and B formed the Cpx/SrEp metagabbro of Carboniferous age in M1a. b — New and dominant
metamorphic event — stage C of M1b replaced the former mineral assemblages of M1a and finalizes the formation of tectonic breccia
during the rock exhumation in this locality. Abbreviations of minerals are explained in Fig. 22.

80



M. Radvanec and Z. Németh: Variscan epidote-eclogite, blueschists and pumpellyite-actinolite facies Cpx/Sr-rich epidote- metagabbro blocks...

+Hem#+Tnt

A  Carboniferous | Assemblage: A Permian

Kfs Ed+Act2+Ep2+Hem+Tnt
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Blueschist to pumpellyite- rc  Pmp+Acti+Cal+| Epidote-amphibolite to "85,
actinolite facies F FeSep+MgChl | greenschist facies F

Fig. 24. CaFNaA diagrams showing the plotting positions of the minerals in the mylonite of Cpx/SrEp metagabbro on the Sajby moun-
tain range. a — Mineral assemblages of subsequent metamorphic events A and B formed the Cpx/SrEp metagabbro of Carboniferous age
in M1la event. b — New metamorphism — stage C of M1b event replaced the former mineral assemblages of M1a event and finalizes

the formation of mylonite during the rock exhumation in this locality. Bar — barroisite. Others abbreviations of minerals are explained
in Fig. 22.

A Carboniferous | Assemblage: A Permian
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Krs MgChr
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Primary

Di1 Di1
Assemblage: Cpx-gabbro Pseudomorph
Rbc+Bar+Act1+Chl1+Cal Assemblage: _
Retrograde stage B - M1a Di1+SrPi+Krs+ | Metamorphic stage C- M1b

Blueschists to im  Kfs+lim+MgChr| Epidote-amphibolite to
Pumpellyite-actinolite facies F greenschist facies F

Fig. 25. CaFNaA diagrams showing the plotting positions of the minerals in the mylonite of the Cpx/SrEp metagabbro from the Dob-
Sinsky potok locality. a — Mineral assemblages of subsequent metamorphic events A and B formed the Cpx/SrEp metagabro of Carbo-
niferous age in M1a event. b — New and dominant metamorphism — stage C of M1b event overprinted the former magmatic minerals
and assemblages of M1a event. The M1a finalises the formation of Cpx/SrEp metagabbro during the rock exhumation in this locality.
Bar - baroisite; Rbc - riebeckite. Others abbreviations of minerals are explained in Fig. 22.
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Epidote-amphibolite to
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Fig. 26. CaFNaA diagrams showing the plotting positions of the minerals in the Cpx/SrEp metagabbro from the Zadné Porce locality.
a — Mineral assemblages of subsequent metamorphism in stages A and B of Carboniferous age in M1a event. b — New metamorphism
—stage C of Permian M1b event replaced the former mineral assemblages of M1a and finalises the formation and exhumation of Cpx/
SrEp metagabbro in this locality. Abbreviations of minerals are explained in Fig. 22.

(1998) and Curtis & Sowman (1953), the P-T formation
of zircon is determined by the reaction of badelleyite +
quartz = zircon. The temperature of that replacement
ranges from 1320 to 2000 °C and the presuure is below
10 kbar for that reaction (Fig. 28). The formation of zircon
shows a fractionation of “hot magma” that is depending
on the presence of the silica phases (quatz, cristobalite,
SiO,-1q) in the Si-saturated magma in the mantle. In this
“hot magmatic” stage the fraction crystallization in the
mantle ceased the formation of Sr/Ca/Na-rich feldspar
that had a high content of the remnant Sr and REE. The
existence of Sr/Ca/Na-rich feldspar formation was derived
indirrectly from Sr-rich epidote, which has high contents
of Sr and REE (Figs. 14-16). Petrological and structural
data about Sr-rich feldspars are experimentally derived
from crystallization of Sr/Ca-rich gel at the temperature
1350-1500 °C. Obtained data for synthetic Sr-rich feld-
spar on join of CaAlSi,O, — SrAlSi,O, as a model show
a probable ordering in the natural Sr-rich feldspar that
was possible formed at the temperature about 1350 °C,
according to the inferred experimental data of Sr/Ca-rich
gel (Tribaudino et al., 1995). Although the entry of Sr into
natural plagioclase is of limited extent, the substitution of
Ca by Sr to produce a synthetic analogue, SrALSi,O, was
demonstrated by Bruno & Gazzoni (1968), who showed
that a solid solution exists between anorthite and Sr feld-
spar. Single-crystals of stoichiometric SrAlSi,O, were
produced by Grundy & Ito (1974) from melts with an Al/Si
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ratio of unity, though in melts with Al/Si < 1, the resultant
Sr feldspars had partially vacant alkali cation sites (e.g.
Sr, Na, [, Al (Si, ,,O,). Mineralogical data about nat-
ural Sr-rich feldspars are absenting in the literature. Taking
into account the chemical classification, normalized con-
tent of REE, immobile elements (IE), anortite component,
Sr content in Ca plagioclase and the Sr content in epidote
we reached a conclusion that former Sr/Ca/Na-rich feld-
spar and bytownite in the gabbro crystallized as porphyric
phases from the alkaline magma, emplaced in the lower
crust at high temperature 1350-1500 °C (Figs. 4 and 28).
According to decomposition of these porphyroblasts of
feldspar to mixture of Sr-rich epidote, clinozoisite/epidote
1, grossular and albite, it was confirmed that also in natural
conditions the former magmatic feldspar had a composi-
tion of (SrCaNa)(AlSi),O,. The metamorphic assemblage
of Sr-rich epidote, clinozoisite/epidote 1, grossular and al-
bite represents a decomposition minerals that were formed
on the primary magmatic Sr/Ca/Na-rich feldspar. This as-
semblage supplies the pseudomorph on the area of former
Sr/Ca/Na-rich feldspar in all studied localities (Figs. 2, 14
and 15).

The formation of former gabbro inicialy related to dif-
ferentiation of the “hot magma” (T >1350-1600 °C) that
was transported by a mantle plume up to the “cooler” upper
mantle. Than this cryptocrystallized gabbro was transport-
ed by the upper mantle flow to the subducted lower crust in
Carboniferous (Mississippian) age. Here in the subducted
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Fig. 27. Kinematics of VD1a (M1a) exhumation revealed in oriented thin sections in the Sajby locality. The sense of shearing (exhu-
mation) is indicated by arrows. Each picture has indicated the real spatial orientation. In the case of rotated porphyroclasts (Ab + Ep) in
27b, they represent the pseudomorphs — the products of decomposition of former magmatic Sr/Ca/Na-rich feldspar to albite and Sr-rich
epidote. It is evidenced in Fig. 15, where the X-ray mapping revealed the increased contents of Sr in the epidote, primarily occurring
in the gabro St/Ca/Na-rich feldspar.
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Fig. 28. P-T-t path of polymetamorphic events and mineral assemblages of Cpx/SrEp metagabbro exhumed from the mantle, encom-
passing the Ordovician stage and Lower Carboniferous solidus stage in the lower crust. A, — eclogitization of the gabbro in prograde
metamorphism M1a and origin of grossular (Grs) + Sr-rich epidote + clinozoisite-epidote 1(Czo-Ep1) + albite (Ab) from the former
magmatic bytownite (Byt) and Sr/Ca/Na-rich feldspar (SrPl) in the field of plagioclase instability. A2 — pressure peak of the M1a
metamorphism and crystallization of Al-rich celadonite, jadeite (Jd) and quartz (Qtz) from albite (Ab) in the epidote-eclogite facies. B1
— retrograde metamorphism M1a in blueschist facies and mineral assemblage glaucophane (Gln), riebeckite (Rbc) and aegirine-augite
(Aeg/Aug) in diopside 1 (Dil). B1 — retrograde metamorphism M1a in pumpellyite-actinolite facies and mineral assemblage barroisite
(Bar), winchite (Win), pumpellyite (Pmp), actinolite 1 (Actl), chlorite (Chl), Fe-rich sepiolite (FeSep). M1a — Carboniferous metamor-
phic event. C — New Permian metamorphism M1b in amphibolite facies, localities Babina and Ostra, as well as in epidote-amphibolite
facies in localities Sajby, Ostra (breccia), Dobginsky potok (mylonite) and Zadné Por&e with mineral assemblage: diopside 2 (Di2),
epidote 2 (Ep2), pargasite (Prg), andradite (Adr), biotite (Bt) phengite 1 and 2 (Pngl and Png2), tourmaline (Tur), actinolite (Act2),
titanite (Tnt), calcite (Cal) and hematite (Hem). The boundary zircone is according to Holland & Povell (1998). Line of the phengite
geobarometer Si = 3.1-3.7 is according to Massone & Schreyer (1987). The boundary plagioclase - out, amphibole - out is according
to Cloos (1993). The boundary pargasite — out is according to Niida & Green (1999). The boundary solidus and plagioclase out is
according to Ringwood (1975). Metamorphic reactions were calculated from the databases of Berman (1987). The field of Act-Pmp
facies and the stability boundaries of MgRbc, Win and Act are according to Banno (1998). Further abbreviations:: K feldspar — Kfs,
anorthoclase — Anc, chromite — MgChr, apatite — Ap, kearsutite — Krs, anthophyllite — Ath, clinopyroxene — CaT, kyanite — Ky, Mg

riebeckite — MgRbk, pseudobrookite/armalcolite — Brc, baddeleyite — Bad, zircon — Zrc, rutile — Rt, ilmenite — Ilm.
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lower crust the gabbro obtained the coarse-grained texture
of the solidus at about 1000 °C and 70 km (Fig. 28). The
whole-rock trace element spider shows the lower crust
conditions at the gabbro formation (Figs. 3—5 and Table
1). However the mineral composition of the former gabbro
shows an upper mantle radius in CaFNaA diagram (Fig. 3).

During the next exhumation of the gabbro in the sub-
duction zone, the magmatic diopside 1 represented the
stable phase persisting all that stages of exhumation, how-
ever the coexisting magmatic feldspar/plagioclase were
completely decomposed to the epidote group, grossular
and albite. The gabbro exhumation is well evidenced by
the individual grains of diopside 1 that preserved and show
older high-temperature ductile deformation of VDla —
Mla, as well as two younger lower temperature overprints
during the M1a and M1b respectively. The ductile defor-
mation of diopside 1 is evidenced by the infiltration of Na-
rich fluid phase to form the metasomatic aegirine-augite
lamellas in the host diopside 1 (Figs. 6b-c, 6f, 7a, 7f and
8a). The beginning of the lower temperature deformation
in diopside 1 is evidenced by filling of the cracks by chlo-
rite of M1a in blueschist/pumpellyte-actinolite facies. The
next formation of M1b formed the individual biotite in
cracks of diobside 1 (Fig. 6e) and this deformation was
followed by filling of the cracks by chlorite and by biotite
in the retrograde amphibolite/epidote-amphibolite facies
(Figs. 6 and 7). The stability of diopside 1 and the decom-
position of feldspar/plagioclase to the successive mineral
assembla- ges are demonstrated by the BSE figures and in
CaFNaA diagrams. That all in comparison to microstruc-
tural evidences well confirms the anticlockwise P-T-t path
for the exhumation of metagabbro in Mla events (Fig.
28). If the P-T of M1a would be in the clockwise path, the
magmatic diopside 1 would be completely decomposed
to calcite and actinolite or chlorite in the pumpellyite—ac-
tinolite facies at the beginning of M1a. In such case the
idiomorphic shape or a pseudomorph of diopside 1 would
not be identified in the studied metagabbro.

A — stage of prograde high-pressure metamorphism
M1la in epidote-eclogite facies

From the prograde high-pressure metamorphism
M1a in epidote-eclogite facies in the studied metagabbro
localities there was preserved the mineral assemblage
diopsidel, kearsutite, antophylite, Sr-rich epidote, rutile,
ilmenite, grossular, clinozoisite-zoisite 1, Al-rich cela-
donite, jadeite, quartz, albite and zircon (Figs. 22-28).
Gabbro was in the P-T conditions of solidus/subsolidus
transported in the upper mantle to lower temperature and
higher pressure conditions of Al and A2 stages in the
epidote-eclogite facies (Fig. 28). At this displacement of
the gabbro into the epidote-eclogite facies the diopside 1,
kearsutite and antophylite represented the stable phases,
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though the former gabbro was in this facies hydrated. The
former magmatic feldspars (Sr/Ca/Na-rich feldspar, by-
townite) after hydratation were decomposed according to
the model reactions 1-7 (Windom & Boettcher, 1976; Hol-
land, 1980; Berman, 1987; Koziol & Newton, 1988). The
decompositon of pseudobrookite/armalcolite to rutile, il-
menite and hematite took place at the same P-T conditions
as the decomposition of Sr/Ca/Na-rich feldspar — around
18-22 kbar and 1000-600 °C between Al and A2 stages
(reaction 1 and 2; Fig. 28). Despite, according to Green in
Veblen and Ribbe, (1982) the ilmenite was at the transport
of the metagabro instable even at the boundary of solidus
— at 15-30 kbar and 1000-1100 °C (Fig. 29b). At the P-T
conditions of the A1 and A2 stages in the epidote-eclogite
facies of metamorphism M1a there originated the mineral
mixture of Sr-rich epidote, clinozoisite-epidote 1, grossu-
lar, jadeite, quartz, Al-rich celadonite, rutile, ilmenite and
albite in the places of former magmatic porphyroblasts
of Sr/Ca/Na-rich feldspar and bytownite. Former grains
of pseudobrookite/armalcolite at the P-T conditions of
A1l and A2 stages in the epidote eclogite facies have de-
composed by the similar way (Fig. 28). The hydratation
of AL SiO; solid phase to Al-rich celadonite took place at
P-T conditions of A2 stage in the stability fied of jadeite +
quartz, at the stability of zoizite/clinozoisite and the stabil-
ity field of phengite (Si=3.7), but besides the stability field
of lawsonite.

{(NaCa)(AlSi),0, — SrAlSi,O,} + (NaCa)(AlSi),O, +
Sr/Ca/Na-rich feldspar bytownite

FeTiO, + H,0 — CaSrFe**ALSi,0, (OH) + NaAlSi,0, +

ilmenite Sr-rich epidote albite
TiO, + ALSiO, 1)
rutile

FeTi O — TiO, + FeTiO, 2)
pseudobrookite/armalcolite rutile ilmenite
2wollastonite + Ca plagioclase = grossular + quartz ~ (3)
Ca plagioclase = grossular + kyanite + quartz 4
4Ca plagioclase + H,O = 2zoisite + kyanite + quartz (5)

Grossular + clinopyroxene (CaTs) + 4Ca plagioclase +
2H,0 = 4epidote group (6)
Albite — jadeite + quartz @)
The reactions 1 and 2 are derived from the occurrence

of metamorphogenic assemblage Sr-rich epidote, ilme-
nite, albite, rutile and the finding of magmatic bytownite
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in the gabbro. From this assemblage, regarding the found
pseudomorphs after Sr/Ca/Na-rich feldspar and pseudo-
brookite/armalcolite in the reactions there was derived the
formula for Sr/Ca/Na-rich feldspar and the formula for
pseudobrookite/armalcolite (Figs. 15 and 27a-b). The P-T
conditions of these reactions are estimated in the P-T fields
of the stability of known reactions 3-6. Their courses are
visualized and referred in Fig. 28.

The corroded grossular, originating according to reac-
tions (3) and (4) was preserved in the shape of fine clusters
and relics together with jadeite and quartz in the clino-
zoisite-epidote 1 (Fig. 7c and 29a). The main quantity of
grossular in the metagabbro was derived from reaction (3).
There was accepted the assumption that the former gabbro
at the boundary of subsolidus contained besides Ca and
Sr feldspars also wollastonite (Fig. 29). The formation of
anortite and wollastonite from the reaction of grossular
and quartz was studied by Windom & Boettcher (1976):
The reaction (3) was investigated at 1100 °C, using pla-
gioclase of intermediate composition to determine a shift
of the equilibrium pressure as a function of the composi-
tion at P-T conditions representative of the Earth's lower
crust and upper mantle. Using model reaction (3), in our
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Fig. 29. a — Relic grossular (Grs) enclosed in clinozoisite/epi-
dotel (Czo/Epl) in Cpx/SrEp metagabbro in locality Ostra. Sr-
-rich epidote (SrEp); chlorite (Chl). b — decomposition of pseudo-
brookite/armalcolite to mixture of rutile (Rt) + ilmenite (Ilm) +
Ti-rich hematite (TiHem) in metamorphism M1a and subsequent
change of this mixture to titanite (Tnt) in new M1b overpring in
the Sajby locality. ¢ — Baddeleyite (Bad) is replaced by zircon
(Zrn) in the magmatic stage of the gabbro. The replacent was
revealed in the Sr-rich epidote (SrEp) — clinozoisite/epidote 1
(Czo/Epl) matrix in the locality of Zadné Porce.

case, the bytownite Xan = 88 mol.% occurs at 15.5 kbar
and oligoclase Xan = 20 mol% shows the upper limit of
about 19 kbar for the decomposition of plagioclase in gab-
bro. The 15.5-19 kbar and 1100 °C represent a possible
P-T conditions for the formation of grossular and quartz
in the solidus of gabbro that was eclogized between stages
Al and A2 in M1a metamorphic event (Fig. 28).

B - Stage of retrograde HP metamorphism Mla
and exhumation of metagabbro in the blueschist and
pumpellyite-actinolite facies

The metagabbro exhumation from the epidote-eclo-
gite facies to stage B1 of blueschist facies took place in
the retrograde metamorphic path M1a in the field of sta-
bility of jadeite, quartz, glaucophane, zoisite/clinozoisite
and besides the stability field of lawsonite (Fig. 28). The
lamellas of Na-rich diopside and aegirine-augite origi-
nated in the diopside 1 (Figs. 6b-c, 6f, 7a, 7f, 8a, 12 and
28). According to projection in CaFNaA diagrams, these
lamellas originated by the reaction diopside 1 + albite +
Sr-rich epidote/clinozoisite-epidote 1 sensu Spear (1995)
in conditions of epidote-eclogite facies (Fig. 22a). Indivi-
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dual lamellas have irregular shape and variegated chemi-
cal composition from Na-rich diopside to aegirine-augite
(Figs. 12 and 22). Lamellas originated gradually at the
boundary of ductile and brittle deformation of individual
mineral phases at ca 600 °C and ratio 20—15 kbar during
the metagabbro exhumation in P-T conditions from A2 to
B1 (Fig. 28). At this exhumation the glaucophane and rie-
beckite originated in the matrix (Figs. 6e, 10d and 17). The
assemblage of Sr-rich epidote, grossular, clinosoisite-epi-
dote 1, jadeite, quartz, diopside 1, anthophyllite keasrutite
and Al-rich celadonite from the previous epidote-eclogite
facies were in the blueschist facies of B1 stages (Fig. 28).
In the stage B1 the jadeite forms inclusions of dimensions
up to 50 pum together with quartz. They were found also
around Sr-rich epidotes and in clinozoite-epidote 1 (Figs.
7¢).

The metagabbro exhumation in the retrograde meta-
morphism M1a in B1 stage of blueschist facies continued
by the decrease of pressure and temperature into the met-
amorphic stage B2 of pumpellyite-actinolite facies (Fig.
28). During this stage of metagabbro exhumation the jade-
ite and quartz changed to albite according to retrograde
reaction (7). Albite forms in clinozoisite-epidote 1 oval
grains, occurring together with non-reacted ones (Figs. 6d
and 7c-d). The oval albite in clinozoisite-epidote 1 occurs
frequently. This albite represents pseudomorphs after jade-
ite + quartz, originating in the albite stability field at the
decrease of the pressure below 13 kbar and temperature
below 500 °C (Fig. 28). At the end of HP metamorphism
at P-T around 7 kbar and 450 °C there originated barroisite
and winchite in exhumed metagabbro. Barroisite and
winchite were found in the matrix and cracks in diopside 1,
winchite has grown on glaucophane (Fig 6e). The margins
of barroisite and winchite are replaced with cooexisting
actinolite 1, being partly replaced to chlorite (Figs. 9c-d,
10d and 17).

In the stage B2 of M1a metamorphism the metagabro
underwent the pumpellyite-actinolite facies overprint at
7-5 kbar and 320-390 °C (Fig. 28). In all investigated
metagabbro localities at this conditions the Sr-rich epidote
and clinozoisite-epidote 1 were partially replaced to Fe
and Mg pumpellyite (Figs. 14—15). Pumpellyite originated
by the hydratation of epidote according to following reac-
tion (Deer et al., 1992):

4Ca,Fe* (Al Si, O (OH)+5HO —
epidote group

2Ca, Fe*'Fe’* Al Si
pumpellyite

(0]

621

(OH), +0.50,

The blueschist to pumpellyite facies transition is
characterized by the change of assemblage clinozoisite/
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epidote 1 + chlorite to pumpellyite + actinolite 1 (Figs.
22-26). Besides pumpellyite and actinolite 1 into this met-
amorphic assemblage belong also chlorite, Fe sepiolite
and calcite (Fig 9b). The emplacement of tectonic blocks
of exhumed metagabbro in conditions of pumpellyite-ac-
tinolite facies into sediments of Upper Carboniferous ac-
cretion prism was estimanted to time around 300 Ma. P-T
conditions of pumpellyite-actinolite facies correspond to
the depth of 20 km (Deer, 1995).

Concerning exhumation kinematics observable in the
microscale, the asymmetric microstructures (rotated por-
phyroclasts, secondary foliation, synthetic and antithetic
microshears) in a series of oriented thin-sections mani-
fested the sense of shearing (exhumation) from top-to-
the-WSW through top-to-the-S to top-to-the-ESE, which
generally confirms the south-vergent exhumation kine-
matics (Fig. 27). The breccia in the Ostra locality rep-
resents the final stage of exhumation in shallower levels,
because represents the evidence of the colder post-mylo-
nitization cataclastic flow of M1a (VD1a). The secondary
compaction of the breccia is attributed to metamorphic
recrystallization in M1b.

C — Stage of new prograde metamorphism M1b of the
metagabro in amphibolite and/or epidote-amphibolite
facies

Exhumed tectonic blocks of metagabbro, being during
Carboniferous Mla event gradually metamorphosed in
the eclogite-epidote facies up to the pumpellyite-actino-
lite facies, were in Permian again recrystallized during
new Variscan M1b metamorphic overprint. This new
metamorphism changed metagabbro in all investigated
localities within the temperature range 500-650 °C and
pressure 5—10 kbar. In localities Babind and Ostrd it was
in conditions of amfibolite facies, in further localities
in epidote-amphibolite facies (Fig. 28). The intensity of
new metamorphism M1b distinctly changed the mineral
assemblages of older metamorphism M1a. In amphibolite
facies revealed in localities Babind and Ostra there origi-
nated the assemblage diopside 2, pargasite, edenite-horn-
blende, epidote 2, andradite, titanite, biotite, phengite 1
and 2, actinolite 2, tourmaline and hematite (Fig. 22¢). In
the epidote-amphibolite facies in localities Ostra (brec-
cia), Sajby, Dobsinsky potok and Zadné Porée originated
the assemblage diopside 2, epidote 2, edenite, actinolite
2, titanite, phengite 1 and 2, biotite, chlorite and hematite
(Figs. 23b, 24b, 25b and 26b). Besides pargasite and an-
dradite, which originated in amfibolite facies in localities
Babina and Ostra, the mineral assemblaged of both facies
are the same (Fig. 28). Magmatic K-feldspar reacted in P-T
conditions of amphibolite as well as epidote-amphibolite
facies with chlotite and in metagabbro there originated the
biotite, phengite 1 and phengite 2 (according to reaction
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chlorite + K-feldspar = biotite + phengite/muscovite; Fleet
2003). Biotite fills the cracks in diopside 1 individually
and separately from older lamellas of aegirine-augite or
biotite fills cracks in diopside 1 together with chlorite
(Figs. 6a, 6e-f). Biotite in the matrix occurs in assemblage
with chlorite, albite, phengite 1, quartz and actinolite 2
(Figs. 9e and 10b). In all localities during metamorphism
M1b there originated titanite. It occurs individually or at
the margin of the mixture of rutile + ilmenite + hematite
(Figs. 6-11 and 29b). In amphibolite as well as epidote am-
phibolite facies titanite originated from the reaction: rutile/
ilmenite + calcite + quartz = titanite + CO, (Spear, 1995).

Geotectonic model of the origin, exhumation
and polymetamorphic overprint of the Cpx/SrEp
gabbro

In Gemeric unit the coarse-grained Cpx/SrEp gabbro
(gabbro in the following text) was revealed in indivi-
dual tectonic blocks in several localities (Fig. 1). Cpx/
SrEp gabbro was polymetamorphosed, cataclastic (brec-
cia) and mylonititic. The former mineral composition of
the gabbro is bearing signs of well crystallized alkaline
magma (Figs. 2, 3, 4 and 28). The gabbro crystallization
took place during long interval without the origin of more
significant amount of amphibolites in Ordovician at 1350—
1600 °C and followingly at the boundary of solidus and
amphibolite stability around 1200 °C (Fig. 28). Sufficient
time for crystallization of silicates allowed the formation
of coarse-grained fabric of the gabbro with porphyroblasts
of feldspars and idiomorphic shape of diopside 1. Feldspar
porphyroblasts and magmatic diopside 1 have the same
grain-size up to 2 cm (Fig. 2).

In the Lower Carboniferous before 348 Ma at the
boundary of the solidus, the former crypto-crystalline
Ordovician gabbro started to interact with the mantle
a subducted material beneath the lower crust and the conti-
nental plate. At the solidus boundary, the convection flow/
displacement of the mantle transported and sinked gabbro
to the edge of hanging continental plate towards the con-
tact of subducted lower crust material with the mantle.
The fragment of the gabbro was pulled by this flow into
the mantle up to P-T conditions of instability of bytownite
and Sr/Ca/Na-rich feldspar at temperature around 1000 °C
in the depth ca 70 km. It is also near the solidus existence
boundary (Fig. 28). In this stage Al the gabbro was hy-
drated and the interaction of gabbro and fluid deliberated
from the subduction zone caused the decomposition of by-
townite and Sr/Ca/Na-rich feldspar to clinozoisite/epidote
1, Sr-rich epidote and grossular in epidote eclogite facies.
Here reacted also earlier crystallized pseudobrookite/
armalcolite and the deliberated amount of Fe** from the
pseudobrookite/armalcolite have passes to the metamor-
phogene silicate in the form of direct substitution Fe**
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X,, in epidote group and partially also in the grossular
(Figs. 16 and 19). The bytownite and Sr-rich feldspar de-
composition in the epidote eclogite facies was dated by the
zircon to Lower Carboniferous (Figs. 28 and 30). Hydrat-
ed and metamorphosed gabbro changed its specific weight
and in the mantle environment it moved into the area of
the contact of subducted and exhumed material beneath
the hanging wall of subduction zone. In this area the tem-
perature was lowered to 660-700 °C and the metagabro
was in the depth of ca 75 km metamorphosed in the stage
A2. The decrease of the temperature in the zone beneath
the hanging wall caused the upward pulling of the light
material with a high amount of water (Fig. 30). This stage
of metamorphism — A2 — in the epidote eclogite facies
was determined as Upper Carboniferous - 307 Ma - by
the zircon dating. After the crystallization of the jadeite,
quartz, clinozoisite/epidote 1, Sr-rich epidote, grossular,
Al-celadonite i.e. in the pressure peak of the A2 meta-
morphism, the metagabbro exhumed towards the surface
isothermally, but the pressure during exhumation sharply
lowered. Metagabbro was exhumed through the blueschist
up to P-T conditions of pumpellyite-actinolite facies. In
the Ostra locality during the metagabbro exhumation there
originated the tectonic breccia. Metagabbro and its tecton-
ic breccia were in the conditions of brittle deformation ex-
humed to the depth around 25 km at 300 °C (Fig. 28). The
ductile deformation overprint revealed most strikingly in
localities Sajby and Dobginsky potok is represented by the
pervasive mylonitization, causing the origin of numerous
porphyroclasts prevailingly of plagioclase/feldspar and
diopside 1 pseudomorphs in the fine-grained matrix (Fig.
2a, b, e), and in advanced stage leading to origin of banded
ultramylonites (Fig. 2f, g h). The dip of mylonitic foliation
is to N-NNW and moderately inclined stretching lineation
of prevailing E-W and ENE-WSW trend indicate at the
beginning the transpressional trend of exhumation (Fig.
27). The younger brittle deformation regine, revealed only
locally in the Ostra (breccia) locality, is manifested by the
origin of numerous metagabbro fragments within the rock,
where most of them are rounded, indicating the rotation
kinematics during the exhumation (Fig. 2j). It means that
the metagabbro exhumed in the cold type of subduction at
the temperature gradient around 6 °C/km (Cloos, 1993).
The exhumation of the metagabbro was caused by the
reverse movement or reverse, exhumation scrolling of
subducted rocks synchronously Variscan subduction. The
reverse movement of the mantle in the area of subduction
plate is explained by the model by Ernst & Liou (1995).
At the beginning of exhumation from the P-T conditions
of epidote eclogite facies the metagabro recrystallized
in blueschist facies of the stage B1. In localities Ostra,
Babina, Sajby and Dobsinsky potok there originated the
aegirine-augite, riebeckite, glaucophane and jadeite was
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replaced to albite. During the exhumation the metagabbro
was constantly in the interaction with the colder fluid de-
liberated from the subducted material. At the end of exhu-
mation the metagabbro reached the P-T conditions of the
isotherm 350 °C, which course in the subduction zone was
calculated by Trouw et al. (1998). It represents the condi-
tions of the pumpellyite-actinolite facies (Banno, 1998),
which finally overprinted the exhumed metagabbro in Up-
per Carboniferous around 300 Ma in the stage B2. In this
period the tectonically separated fragments of metagabbro
exhumed into Lower Paleozoic metasedimets.

In the period from Upper Carboniferous (300 Ma) to
Permian the tectonic blocks of metagabbro were a part
of displacements of exhumed Lower Paleozoic rocks in
the accretion prism. In Permian (261 Ma) the blocks of
metagabbro were again metamorphosed in amphibolite
and epidote amphibolite facies of the metamorphism M1b,
when on the northern and southern hot line of Paleo-Ge-
meric unit, parallel with the axis of collision orogen, the
anatectic melting and the origin of S-type granite took
part (Radvanec et al., 2007; 2010). In the depth around
15-18 km, resp. 30 km and close to hot line there crys-
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tallized new mineral assemblages, which in all localities
dominantly changed and overprinted mineral assemblages
of previous metamorphism M1a (Fig. 28).

Conclusion

The presented Ordovician coarse-grained gabbro (485—
458 Ma; zircon ages), has a unique mineral composition
of Ca/Na/Sr-rich feldspar (decomposed to Sr-rich epidote;
SrO content reaches up to 14 wt.%), diopside, bytownite,
K feldspar, anortoclase, anthophyllite, kearsutite, spinel,
baddeleyite and decomposed pseudobrookite/armalcolite.
It was solidified in Ordovician to Lower Carboniferous
and transported by the mantle plume (T = 1350-1600 °C)
than by upper mantle to subducted lower crust. The gabbro
originated before the active Silurian-Devonian divergence
caused the onset of rifting and the origin of the rift zone
and subsequent oceanic crust. Hence, when the active Car-
boniferous subduction process has started, the gabbro was
located above the asthenosphere in the lower continental
crust away of the rift zone and gradually forming oceanic
crust.
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Fig. 30. Model of the origin of Cpx/SrEp metagabbro in the mantle, solidus, lower crust and its eclogitization and exhumation in the
initial stage of Carboniferous subduction. Model updates the former geotectonic model of the evolution of Paleo-Gemeric unit in the
Carboniferous (Grecula & Radvanec, 2005; Grecula et al., 2011; Radvanec & Grecula, 2016), being completed also with the age of
rocks (Putis et al., 2009).
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The gabbro solidification in the subducted lower crust
is the reason, why the chemical classifications of the who-
le-rock analyses characterize the solidus stage of the gab-
bro to be of the lower crust origin and not of the mantle
origin in all studied localities. However the minerals com-
position of the gabbro shows an upper mantle radius in
CaFNaA diagram.

During the Carboniferous exhumation (348-307 Ma;
new generation of zircons), the lower crust gabbro blocks
were hydrated and metamorphosed in several successive
steps: from the epidote-eclogite facies through the blue-
schist and finaly the pumpellyite-actinolite facies. Here the
exhumation of individual blocks has stopped. This high
pressure metamorphic and exhumation evolution (M1a;
VD1a), was revealed in all investigated localities. In the
Ostra locality, the exhumation of the metagabbro was besi-
des mylonites accompanied also with the origin of tectonic
breccia, consisting of metagabbro fragments within the fi-
ne-grained matrix of the same mineral composition, while,
in localities Sajby and Dobsinsky potok, the exhumed me-
tagabbro manifests ductile mylonitic/ultramylonitic fabric.

During the next exhumation of gabbro from the lower
crust and/or polymetamorphic events, the magmatic diop-
side 1 was generaly stable phase persisting all stages of
exumation, however the coexisting magmatic feldspars
were completely decomposed to the epidote group, gros-
sular and albite. This occurrence in the relation to the
successive mineral assemblages shoving in BSE figures,
CaFNaA diagrams and that all in comparison to microstru-
ctural evidences well confirm the anticlolockwise P-T-t
path for the exhumation of metagabbro in M1a evolution.
If the P-T-t of M1a would be in the clockwise path, the
magmatic diopside 1 would be completely decomposed
to calcite and actinolite or chlorite in the pumpellyite-ac-
tinolite facies at the beginning of M1a. In such case the
idiomorphic shape or a pseudomorph of diopside 1 would
not be identified in the studied metagabbro.

In Permian — at ca. 261 Ma, partly exhumed Mla
metagabbro blocks were metamorphosed again in the am-
phibolite (Babina, Ostra), or epidote-amphibolite facies
(Dobsinsky potok, Ostra-breccia, Sajby, Zadné Porce),
and subsequent retrograde greenschist facies. This Per-
mian metamorphism (M1b). VDIb, VD2 was a product
of the overheating above an increased heat flow zone or
a hot line.
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Variskda metamorfoza exhumovanych blokov metagabra bohatého na Cpx a Sr epidot
v karbonskej epidotovo-eklogitovej facii, facii modrych bridlic
a pumpellyitovo-aktinolitovej facii s permskym prepracovanim v amfibolitovej facii
(gemerikum, Zapadné Karpaty)

Diopsid, jadeit, egirin-augit a epidot bohaty na Sr
predstavuji asociaciu indexovych mineralov Cpx/SrEp
metagabra, ktoré bolo v karbone v podobe samostatnych
tektonickych blokov exhumované zo subdukénej zony.
V sucasnosti sa tieto bloky zistili na severnom okraji ge-
merika na lokalitach Dobsinsky potok, Ostra, Babina, Saj-
by, ale aj na juhu gemerika na lokalite Zadné Porce (obr.
1). Tieto tektonické bloky rovnakého Cpx/SrEp metagabra
sa zistili v dobsinskej skupine (vrchny karbon) a v rako-
veckom a jedloveckom prikrove v zmysle tektonického
¢lenenia Greculu et al. (2009), resp. v rakoveckej aj gel-
nickej skupine v zmysle ¢lenenia Bajanika et al. (1984).

Skiimané Cpx/SrEp metagabro je na vsetkych lokali-
tach hrubo zrnité, s rovnakou velkost’ou pdvodného mag-
matického diopsidu a zivcovych porfyroblastov (do 3 cm;
obr. 2). Toto gabro bolo zlozené zo Zzivca bohatého na Ca,
Na a Sr, ktory sa v metamorfoze rozpadol na zmes epido-
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tu bohaté¢ho na Sr s obsahom SrO do 14 hmot. %. Gabro
povodne obsahovalo aj bytownit, K-zivec, anortoklas,
antofylit, kearsutit, Mg-chromit/chromit, baddeleyit, pseu-
dobrookit/armalcolit a pravdepodobne aj wollastonit (obr.
3, tab. 2).

Pseudobrookit/armalcolit sa v metamorféze rozpadol
na zmes ilment, rutil a hematit (obr. 29b). Podl'a datovania
zirkébnu ma povodné gabro ordovicky predmetamorfny
vek 485 — 458 mil. rokov. Tento vek sa zistil na lokalite
Zadné Porce v zirkone, ktory vznikol premenou baddeleyi-
tu v magmatickom stadiu (obr. 29¢), ked’ ,,horaca magma*
(1350—1 600 °C — vznik zirkonu z baddeleyitu) z plasto-
vého chochola prenikla do chladnejsieho vrchného plasta
(s teplotou okolo 1 100 °C) a vo vrchnom plasti ¢iastocne
krystalizovala. Tento ordovicky magmaticky proces pred-
chadzal aktivnu divergenciu vrchnej kory v silure a devo-
ne, ked’ v paleogemeriku vznikla riftova zona s uplnou
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ofiolitovou suitou hornin na morskom dne (Grecula, 1982;
Grecula et al., 1995; Radvanec et al., 2017).

Medzi ordovikom a spodnym karbonom bolo kryp-
tokrystalické gabro v konvekénom toku vrchného plasta
transportované k subdukénej platni. V spodnom karbone
(348 mil. rokov) gabro na hranici solida v hibke okolo
70 km a pri teplote 1 100 °C a tiez v subdukovanej spodnej
kore krystalizovalo. Tento vek zaznamenala nova genera-
cia zirkénu na lokalite Ostra (Puti$ et al., 2009). Tu gabro
ziskalo hrubo zrnitl textru a celohorninové geochemické
charakteristiky jeho krystalizacie v spodnej kore (obr. 2, 4
a 5). Nasledne bolo gabro vtiahnuté a transportované do
subdukénej zony. V nej hydratovalo a pévodné magma-
tické zivce sa v podmienkach epidotovo-eklogitovej facie
stali nestabilnymi. Na mieste magmatickych zivcovych
porfyroblastov vznikla zmes epidotu bohatého na Sr, gro-
sularu a albitu (obr. 14 — 16 a 19). Magmaticky diopsid
ostal stabilny. Cpx/SrEp metagabro v subdukénej zone
exhumovalo z podmienok epidotovo-eklogitovej facie
vo vrchnom karbéne (307 mil. rokov). Zaznamenala to
nova generacia prizmatického zirkénu na lokalite Ostra
(Putis et al., 2009). Nasledne bolo Cpx/SrEp metagabro
exhumované vo vrchnych castiach subdukénej zony trans-
portom typu ,,roll-back a zaroven aj postupne retrograd-
ne metamorfované v podmienkach facie modrych bridlic
az do pumpellyitovo-aktinolitovej facie (obr. 6 — 14, 17
a 22 —26). Tato variska M1a vysokotlakova metamorfoza
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vo vrchnom karbone sa spaja s postupnou mylonitizaciou
Cpx/SrEp metagabra az do §tadia ultramylonitizacie na
lokalitach Sajby a Dobsinsky potok (deformaéné §tadium
VDl1a; obr. 2d — h, 9, 10 a 27 a — ¢), ale aj so vznikom
tektonickej brekcie na lokalite Ostra (obr. 2j, 8 a 27e — h).

Jednotlivé bloky metagabra boli po exhumacnej meta-
morfoze v pumpellyitovo-aktinolitovej facii znovu meta-
morfované v podmienkach epidotovo-amfibolitovej facie
a amfibolitovej facie (M1b; obr. 6 — 14, 17 a 22 — 26). Ttto
novu permskt metamorfézu na hortcej linii zaznamenal
novy okraj prizmatického zirkonu s vekom 261 mil. ro-
kov (Putis et al., 2009 a osobna inf.). Deforma¢né zmeny
v Cpx/SrEp metagabre pocas tejto novej variskej meta-
morfnej udalosti zaznamenali duktilné deformacné stadia
VD1b a VD2 (obr. 27d).

Vznik gabra v ordoviku, jeho exhumacia v karbonske;j
subdukénej zone vrchného karbonu a nasledna perm-
skd metamorfoéza si zobrazené v P-T-t drdhe na obr. 28.
Postupnost’ vzniku mineralnych asociacii v CaFNaA pro-
jekcii je zobrazena na obr. 22 — 26. Geotektonické pozadie
pohybu a exhumacie Cpx/SrEp metagabra v karbone zna-
zorfuje obr. 30.
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Table 1. The whole rock analyses of Cpx/Sr epidote metagabbro.

Rock Metagabbro Metagabbro Metagabbro Meéfyglz?l?tr:' Metagabbro Metagabbro Metagabbro Metagabbro Metagabbro
Locality Babini1  Babind2 Ostré Sajby ~ Dobsinsky  2dn€ fadne Ladne Ladne
Place Babin4 hill 1 Babiné hill2 Ostrdhill  Sajbyhill  potok Lastovicl - Lastovici ?gf;ljkly Isgforljkzy
SiO, (wt.%) 45.20 46.50 46.60 56.10 48.70 50.60 51.30 46.50 48.70
TiO, 1.74 1.77 1.59 1.85 1.89 1.77 1.62 1.23 1.50
ALO, 17.00 21.70 15.30 14.81 14.00 15.50 13.40 16.90 15.50
Fe,0, 9.44 8.33 9.19 10.79 11.90 11.00 10.60 10.10 10.20
MnO 0.13 0.11 0.13 0.11 0.21 0.14 0.15 0.20 0.23
MgO 6.52 3.84 6.36 2.83 7.20 6.51 7.46 8.60 7.16
CaO 11.50 9.65 12.40 4.34 9.25 6.50 8.82 10.30 10.20
Na,O 3.40 4.00 3.90 7.22 2.50 4.80 3.80 2.60 3.50
K,0 0.08 0.64 0.08 0.31 0.73 0.05 0.05 0.05 0.05
P,0, 0.21 0.20 0.18 0.35 0.27 0.17 0.17 0.16 0.22
LOI 4.62 3.04 4.02 1.09 2.96 2.77 2.26 3.10 2.59
Total (wt.%) 99.84 99.78 99.75 99.80 99.61 99.81 99.63 99.74 99.85
Ba (mg/kg) 51 734 102 129 123 33 35 28 27
Rb 1.20 7 1.70 13.79 11 0.20 0.40 0.40 0.40
Sr 574 405 1040 233 504 310 775 412 659
Cs 0.36 0.39 0.36 14.86 0.43 0.04 0.06 0.05 0.07
Li 28 52 27 4 19 36 28 59 36
Ga 15 20 14 15 15 16 15 16 16
Ta 3.16 6.57 1.15 2.39 1.11 2.19 1.01 1.71 3.50
Nb 11 12 9 22 16 10 8 14 17
Hf 1.10 4.10 1.10 1.18 0.94 1.20 0.80 1.60 0.80
Zr 103 101 85 195 133 91 83 75 85
Y 16 15 13 23.39 20 20 18 13 15
Th 1 1 0.90 1.69 0.74 1.30 0.10 1.90 2
U 0.20 0.20 0.20 0.39 0.25 0.30 0.30 0.40 0.40
Cr 162 65 244 10 529 202 314 334 125
Ni 92 31 100 8 101 50 53 139 62
Co 43 26 41 23 39.9 36 33 43 39
Sc 30 22 34 22 39 33 44 25 29
Cu 68 60 9 5 14 66 67 33 73
Pb 4.50 8.70 2.70 6 14.10 12.20 73.30 15.90 32.30
Zn 77 72 74 51 119 125 138 122 110
B 3.70 26 7 4 12 2.20 2.60 3 2.90
Be 0.04 0.70 0.50 0.60 1.20 0.90 0.80 1.10 0.80
La 10 11 9 17.95 11.4 9 8 12 13
Ce 24 25 21 43.58 33 21 19 24 27
Pr 2.83 2.68 2.43 5.43 3.97 2.41 2.17 2.38 2.85
Nd 13 11.90 11.10 26.81 18.70 11.20 10.30 10.20 12.30
Sm 3.31 2.92 2.86 6.37 5.32 3.31 2.97 241 2.90
Eu 1.20 1.45 1.07 1.95 1.68 1.14 1.04 0.93 1.13
Gd 3.53 3.16 3.06 5.88 5.04 3.81 3.55 2.79 3.39
Th 0.56 0.51 0.50 0.92 0.72 0.65 0.62 0.44 0.52
Dy 3.04 2.59 2.62 5.33 4.12 3.63 3.48 2.26 2.75
Ho 0.54 0.46 0.48 0.87 0.71 0.68 0.65 0.42 0.50
Er 1.46 1.27 1.26 2.19 1.79 1.84 1.71 1.14 1.36
Tm 0.17 0.16 0.16 0.24 0.21 0.22 0.21 0.14 0.16
Yb 1.01 0.93 0.93 1.34 1.06 1.32 1.21 0.90 0.99
Lu 0.13 0.12 0.12 0.13 0.14 0.18 0.16 0.12 0.13
Total (mg/kg)| 1350.04 1733.81 1864.2 904.28 1801.53 1108.92 1745.44 1399.19 1405.15
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Table 2.

Representative EMPA analyses of Fe-rich pumpellyite (FePmp), Pmp - pumpellyite (Pmp), grossular (Grs), andradite (Adr) and
baddeleyite (Bad) from Cpx/SrEp metagabbro.

Mineral | FePmp  FePmp Pmp Pmp Pmp Pmp Pmp FePmp Grs Adr Mineral Bad
Place matrix matrix  inSrEp  inSrEp inSrEp inSrEp inSrEp  in SrEp in Czo/Epl  core Place in Zrn
Locality | Babina Ostra Babina Ostra Babina Ostra Sajby Zadné Ostra Babinda | Locality | Zadné

mylonite  Porce Porce
Nappe Rakovec Rakovec Rakovec Rakovec Rakovec Rakovec Rakovec Jedlovec Rakovec Rakovec | Nappe [ Jedlovec
Event Mla-ret. Mla-ret. Mla-ret. Mla-ret. Mla-ret. Mla-ret. Mla-ret. Mla-ret. Mla MIlb Event Magma
Sio, 37.36 38.19 36.81 37.82 37.11 37.82 37.09 37.02 37.46 36.75 | ZrO, 96.35
TiO, 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.04 1.25 0.62 | TiO, 0.39
ALO, 22.52 23.90 25.10 23.17 26.24 26.45 23.11 22.55 15.34 9.83 | SrO 0.14
Cr,0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.46 0.00 | FeO 0.79
Fe,0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9.12 17.63 | CaO 0.06
FeO 11.87 9.96 5.64 7.51 3.93 4.03 8.94 11.67 0.45 0.00 | Yb,0, 0.14
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.15 1.25 1.10 | Tbh,0, 0.09
MgO 0.15 0.50 2.64 2.98 2.49 2.29 1.75 0.04 0.03 0.34 | Er,0, 0.29
CaO 22.30 21.29 22.84 23.09 22.45 22.50 22.47 21.72 34.25 32.86 | Nb,O, 0.41
Na,O 0.00 0.30 0.73 0.56 0.92 1.05 0.40 0.00 0.09 0.01 HfO, 1.85
K,0 0.13 0.16 0.11 0.13 0.14 0.13 0.07 0.01 0.00 0.00 | P,O, 0.07
Total 94.33 94.40 93.87 95.26 93.28 94.27 93.83 93.20 99.69 99.14 | Total 100.58
Si 3.066 3.084 2.944 3.010 2.957 2.977 2.999 3.001 2.937 2959 | Zr 0.970
Al 2.176 2273 2.364 2.171 2.462 2.452 2.200 2.152 1.416 0932 | Ti 0.006
Ti 0.000 0.006 0.000 0.000 0.000 0.000 0.002 0.002 0.074 0.038 | Sr 0.002
Fe¥* 0.000 0.000 0.102 0.099 0.075 0.092 0.000 0.203 0.538 1.068 | Fe 0.014
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.028 0.000 | Ca 0.001
Mg 0.018 0.060 0.315 0.354 0.296 0.269 0.211 0.005 0.004 0.041 | Yb 0.001
Fe?* 0.815 0.673 0.275 0.401 0.187 0.173 0.604 0.655 0.029 0.051 Tb 0.001
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.010 0.083 0.075 | Er 0.002
Na 0.000 0.047 0.113 0.086 0.142 0.160 0.063 0.000 2.877 0.000 | Nb 0.010
Ca 1.961 1.842 1.957 1.969 1.916 1.898 1.946 1.886 0.014 2.834 | Hf 0.011
K 0.014 0.016 0.011 0.013 0.014 0.013 0.007 0.001 0.000 0.000 | P 0.001
Cations 8.050 8.001 8.081 8.103 8.049 8.034 8.031 7.915 8.000 7.998 | Cations 1.019
OH 1.800 1.800 1.800 1.800 1.800 1.800 1.800 1.800
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InStrukcie autorom

Etika publikovania, zavdzna pri publikovani
v Casopise Mineralia Slovaca:
www.geology.sk/new/mineralia_etika_publikovania

1. Geovedny €asopis Mineralia Slovaca publikuje scientometricky
hodnotné recenzované povodné vedecké ¢lanky s vysokym citaénym
potencidlom. V tvode prispevku musi autor jasne deklarovat, ¢im
konkrétnym je jeho prispevok prinosny pre rozvoj geovied. ReSersné
Studie sa publikuju len ojedinele.

2. Clanky na publikovanie (manuskripty) sa do redakcie zasielaju poStou
(dva vytlacené exemplare a CD so vSetkymi subormi v editovatelnej podobe)
alebo e-mailom (editovatelné subory a kompletna verzia vo formate PDF).

3. Sucasne s ¢lankom je potrebné redakcii poslat autorské vyhlasenie
o originalite textu a obrazkov. Képie obrazkov z inych publikacii musia byt
legalizované ziskanim prava na publikovanie. Vyhlasenie musi obsahovat
meno autora (autorov), akademicky titul a trvalé bydlisko.

4. Rozsah manuskriptu na publikovanie je najviac 25 rukopisnych stran
(MS Word, Times New Roman, velkost pismen 12 bodov, riadkovanie 1,5)
vratane literatury, obrazkov a vysvetliviek. V pripade velkého odborného prinosu
su v ojedinelych pripadoch povolené aj dihsie ¢lanky. .

5. Clanky su publikované v angli¢tine alebo v slovenéine. Clanky
v slovencine musia obsahovat anglicky preklad nazvu, abstraktu, kli¢ovych
slov, resumé a popisov k obrazkom a tabulkdm. Clanky pisané v angli¢tine
musia obsahovat slovenské resumé.

Text

1. Abstrakt struéne sumarizuje ¢lanok. M6Ze mat najviac 200 slov a nema
obsahovat citacie. Pocet klu€ovych slov je maximélne 6. Text ma mat uvod,
charakteristiku (stav) skimaného problému, pouzitd metodiku, nové zistenia,
ich interpretaciu, diskusiu, zaver a zoznam literatury. Vychodiskové udaje musia
byt zretelne odliSené od interpretacii. V texte musia byt odvolavky na vSetky
pouzité obrazky a tabulky.

2. Hierarchiu nadpisov v texte je potrebné vyznacit ceruzkou na lavom
okraji strany manuskriptu: 1 — najvyssia, 2 — niz8ia, 3 — najnizsia.

3. V texte sa uprednostriuje citacia v zatvorke, napr. (Dub¢ak, 1987; Hruby
et al., 1988), pred formou ... podla Dub&aka (1987).

4. Pozicia obrazkov a tabuliek v texte sa oznaéi. Nie je vhodné, aby text
v editore MS Word obsahoval vloZzené obrazky, ale néhladova verzia v pdf ich
ma obsahovat.

5. Grécke pismena treba identifikovat na lavom okraji slovom (napr. sigma).
Potrebné je odliSovat pomi¢ku od spojovnika. Symboly, matematické znacky,
nazvy skamenelin a pod., ktoré sa maju vysadzat kurzivou, autor v rukopise
podciarkne vinovkou.

Obrazky a tabulky

1. llustracie a tabulky vysokej kvality byvajti publikované bud na $irku stipca
(81 mm), alebo strany (170 mm). Optimalna velkost pisma a Cisiel v publikovanych
obrazkoch je 2 mm. Clanky v slovencine musia mat popisy v obrazkoch a tabulkach
v slovencine, zahlavie tabuliek a texty pod obrazkami a tabulkami su v slovencine
a anglictine. Clanky v anglictine maju vSetky texty v anglictine. Maximalny rozmer
ilustracie a tabulky vytlaceny v ¢asopise je 170 x 230 mm. Vacsie (skladané)
ilustracie su publikované len v ojedinelych pripadoch.

2. Pri pocitaCovej tvorbe obrazkov odporic¢ame pouzivat programy
s vektorovym zobrazenim (Corel Draw, Adobe lllustrator a pod.). Ciary
tzv. vlasovej hribky, softvérova alebo rastrova vypli pléch (napr. v Corel
Draw) nie su pripustné. Vyplne v obrazkoch musia pozostavat zo samostatne
vysadzanych objektov.

3. llustracie vratane fotografii musia obsahovat grafickii mierku
v centimetrovej ¢i metrovej Skéle, pripadne sa rozmer zobrazenych objektov
vyjadri v popise obrazka. Mapy a profily musia mat aj azimutalnu orientaciu
a jednotné vysvetlivky, ktoré sa uvedu pri prvom obrazku. Zoskupené obrazky,
napr. fotografie a diagramy, sa uvadzaju ako jeden obrazok s jednotlivymi
¢astami ozna¢enymi pismenami (a, b, ¢ atd.).

4. Pri zasielani fotografii vo forme pocitacovych stborov (formaty
JPG alebo TIF) sa pozaduje rozliSenie minimalne 600 DPI. Publikovanie
farebnych ilustracii méze byt spoplatnené.

Literatura

1. Minimalne 50 % citacii musi reprezentovat publikécie od roku 2000.
V zozname literatiry sa v abecednom poradi uvadza len literatdra citovana
v danom ¢lanku.

2. Spbésob uvadzania literatury v zozname literatary
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Publication ethics, being obligatory for publishing
in the journal Mineralia Slovaca:
www.geology.sk/new/mineralia_publikation_ethics

1. Geoscientific journal Mineralia Slovaca publishes scientometrically
valuable original peer-reviewed scientific articles with a high citation
potential. In the introduction of each article the author(s) must clearly
declare, which innovative data the paper brings for the development of
geosciences. The retrieval studies are published only exceptionally.

2. The articles for publishing (manuscripts) must be sent to Editorial Office
by post (two printed copies and CD with editable files), or by e-mail (editable
files plus complete preview version in PDF format).

3. Simultaneously with the article the Editorial Office must receive
the author’s proclamation that no part of the manuscript was already
published and figures and tables are original as well. Copied illustrations
from other publications must contain a copyright.

4. The extent of the manuscript for publishing is limited to 25 manuscript
pages (MS Word, 12 points Times New Roman, line spacing 1.5) including figures,
tables, explanations and references. In the case of contribution with a high
scientific value, the longer manuscripts for publishing are exceptionally permitted.

5. Articles can be published in Slovak or English languages. The title,
abstract, key words, shortened text (resumé), as well as description to figures
and tables in Slovak articles are published also in English. Articles published in
English contain Slovak resumé.

Text

1. Abstract briefly summarizing the article is limited to 200 words, no
references are allowed. The maximum number of key words is 6. Text of the
article has to contain the introduction, characterization (state) of investigated
problem, applied methodology, obtained new data, discussion, conclusion and
references. The obtained data must be distinctly separated from interpretations.
All applied figures and tables must be referred in the text.

2. The hierarchy of headings in the manuscript must be indicated by a
pencil note: 1 — highest level, 2 — lower, 3 — lowermost level.

3. The references in the text prefer parentheses, e.g. (Dub¢ak, 1987; Hruby et
al., 1988). The form “according to Dub¢ak (1987)” should be used only exceptionally.

4. Position of figures and tables must be indicated in the manuscript.
Editable text of manuscript sent to editorial office must be without figures and
tables, though the preview PDF has to contain them in a correct position.

5. Greek letter in the text must be identified at the left margin of the text
(e.g. sigma). The text should strictly distinguish the dash from hyphen. Symbols,
mathematic signs, names of fossils, etc., which should be printed in italics, must
be underlined by the wavy line in the manuscript.

Figures and tables

1. The high quality figures and tables can be published either in maximum
width of column (81 mm) or page (170 mm). The optimum size of letters and
numbers in the camera-ready figure is 2 mm. Articles published in Slovak contain
the Slovak descriptions in figures and tables, the tables headings and descriptions
beneath figures and tables are in Slovak and English. English articles contain all
texts in English. Maximum dimension of figures and tables in the journal is 170
x 230 mm. Larger (fanfolded) illustrations are published only exceptionally.

2. For figures drawing the editorial office recommends the vector
graphics editors (Corel Draw, Adobe lllustrator, etc.). The very thin lines (hair
lines), the pre-defined software or raster fillings of polygons (e.g. in Corel
Draw) are not allowed. The filling must consist from separately set objects.

3. Each illustration including photographs must contain graphic (metric)
scale, eventually the dimensions of visualized objects have to be stated in
the describing text to figure. Maps and profiles must contain also the azimuth
orientation, their detail explanations are stated at the first figure. Grouped figures,
e.g. photographs and diagrams, are compiled as one figure with separate parts
designated by letters (a, b, c, etc.).

4. The photographs sent as JPG of TIF files are required for having minimum
600 DPI resolution. Publishing of colour illustrations can be charged by a fee.
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