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Abstract: The Nizke Tatry Mts. is a mountain range located in the central part of the Western Carpathians. Throughout
history, the studied area has been affected by at least two orogenetic cycles — Variscan and Alpine. Based on structural
analyses, it is possible to determine several deformation events. The older deformations (D"), which were accompanied
by the Variscan higher-grade metamorphism, are characterised by penetrative tectonic foliations, such as schistosity and
gneissic banding, and go hand in hand with folds and lineations. In contrast, the younger deformations (D) are marked
by structural evolution under low-grade (retrograde) metamorphism, phyllitic foliations, crenulation foliation, cataclasis,
and minor recrystallisation. The Variscan deformation (D)) is the earliest pervasive deformation with pronounced
evolution of S} metamorphic foliation, locally with preserved isoclinal and rootless folds of S} planar fabric. Stretching
and mineral lineations (L)) are usually oriented in the ENE-WSW direction. The fabric of D) is intensively affected by
folds (F}) and, in many places, marked by development of S} axial planes. The Alpine deformation (D) was accompanied
by low-grade metamorphism and depicted by space to zonal with pervasive foliation (Sj) in some areas.
This deformation is characterised by a typical crenulation cleavage, where S} planes are folded and produced S;' foliation.
The crenulation and intersection lineations (L,#) have NE-SW to E-W trends. The Dy deformation is also accompanied
by pronounced evolution of NNW-SSE groove, stretching, and mineral lineation (L,?). Shortening in the NNW-SSE
direction is also evidenced by asymmetric folds with an ENE-WSW orientation of fold axes (F4) and line intersections
(L, with pronounced top-to-the-NNW tectonic transport. The youngest observed Alpine deformation (Dy) is related to
an extension of the Tatric crystalline basement with top-to-the-east transport defined by Alpine lineations (L3) on spaced

planar structures (S3) and correspond to C surfaces.
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Introduction

The Nizke Tatry Mts. is a mountain range that extends into the
central part of the Western Carpathians. The Nizke Tatry Mts.
is divided into two important sub-units, both from a geomor-
phological and geological point of view. Their western part
contains the Tatric crystalline basement (Dumbierske Tatry)
and their eastern part is composed of the Veporic crystalline
basement (Kralovohol’ské Tatry). The geographical, as well as
the geological boundary of both tectonic units, roughly coin-
cides with the Certovica shear zone, which can be observed
directly on the surface between the villages of Myto pod
Dumbierom and Nizna Boca through the Certovica pass
(1238 m a.s.l.).

During the Alpine (Cretaceous) tectogenesis, the Tatric Unit
was tectonically overlain by the Veporic Unit along this shear
zone with an imbricated structure. The study area is bounded
by the main ridge of the Nizke Tatry Mts. in the north, by
the ridge of Velky Géapel' (1776 m a.s.l.) and the village
of Myto pod Dumbierom in the south, and by Befiuska
(1542 m a.s.l.) in the east.

www.geologicacarpathica.com

The geological structure of the crystalline basement and
Mesozoic cover sequence has been discussed by several
authors in the past (e.g., Zoubek 1936, 1951; Kubiny 1956,
1958, 1960; Siegl 1967, 1970, 1973, 1976a,b, 1981).
The structural analysis and reconstruction of deformation
phases was performed by Siegl, who described several
Variscan and Alpine deformation stages during the seventies
and eighties of the twentieth century.

Deformed rocks are one of the most important sources of
information available for the observation and reconstruction
of the tectonic evolution of the study area. However, observa-
tions and interpretations of the geometry of structures in rocks
should be used with care. The studied deformed rocks are
often the end product of a complex deformation evolution,
which means that we can only hope to reconstruct the last
deformation stage. Simple geometries, such as folds, folia-
tions, lineations, and boudins can be formed in many ways,
and it may seem hopeless to try and reconstruct their evolution
from geometrical information only. At any given moment,
some degree of misinterpretation of structures is unavoidable
and we know that it is a part of the normal process of increa-
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sing our understanding of the subject. In this paper,
we present the results of a structural geological study showing
the main deformation phases during the Variscan and Alpine
orogeny, having influenced both the Tatric and Northern
Veporic crystalline basements.

Geological setting

The Western Carpathians form the northeasternmost part of
the European Alpine orogenic belt and are traditionally divided
into the Internal, Central, and External Western Carpathians
(e.g., Andrusov et al. 1973; PlasSienka 1999, 2018; Froitzheim
et al. 2008). However, some authors also used a simplified
model of division into the External and Internal Western
Carpathians (e.g., Misik et al. 1985; Hok et al. 2014).
The Central Western Carpathians consist of stacked thick-
skinned crustal-scale basement units (Tatric, Veporic, and
Gemeric), which are incorporated into the Eo-Alpine colli-
sional wedge and overlying thin-skinned nappes (e.g.,
Andrusov et al. 1973; Plasienka 1999, 2018; Froitzheim et al.,
2008).

The investigated area is located in the central part of the
Nizke Tatry Mts., where the pre-Alpine basement is out-
cropped in the core of the mountains and is overlain by
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an Upper Paleozoic—Triassic sedimentary cover or superficial
nappes (Fig. 1). The pre-Alpine basement is exposed in both
the Tatric and Northern Veporic thick-skinned tectonic units
with a polyphase magmatic and metamorphic history that
comprises pre-Variscan, Variscan, Permian, and Alpine evolu-
tions (e.g., Matéjka & Andrusov 1931; Siegl 1976a,b, 1981,
Krist et al. 1992; Bezak et al. 1997; Putis$ et al. 1997; Janak ct
al. 2001; Jerabek et al. 2008; Plasienka 2018).

The Tatric crystalline basement is composed of two diffe-
rent parts. The northern portion is almost exclusively formed
by Upper Devonian to Lower Carboniferous granite to tonalite
(Dumbier- and Praivé-type with small bodies of leucocratic
granite), which were most likely emplaced to the low-grade
metamorphosed Klinisko phyllite. In the southern part of the
Tatric crystalline basement, a massive complex of intensely-
metamorphosed and granitized Lower Paleozoic gneisses,
amphibolites, migmatites, and synkinematic Upper Paleozoic
granitoids, assigned to the Jaraba Complex (Kamenicky in
Mabhel et al. 1968) are presented. It is a complex composed of
diverse types of rocks that were formed by polystadial meta-
morphic processes, migmatization, and granitization. In addi-
tion to relatively large bodies of the Struhar orthogneiss,
synkinematic granites of the Kralicka-type granite, leucocratic
granites, and banded paragneiss with amphibolites are encoun-
tered together in the complex (Fig. 2).

- =
i Hronic Unit Silicic Unit Neogene volcanites
Central Western Carpathians
External Western Carpathians cover sequence volcanites
Magura and Silesian Tatric Unit Veporic Unit . : s B
- group of nappes - crystalline basement - cover sequences Meliatic Unit Zemplinic Unit
Oravic Unit i . Veporic Unit . B
- (Picniny Klippen Belt) - Vihic Unit - crystalline basement Gemeric Unit faults

Central Carpathian
Paleogene Basin

Neogene deposits

Fig. 1. Tectonic map of the Slovak part of the Western Carpathians. The study area is marked by a yellow rectangle (according to Biely et al.

1996).
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Fig. 2. Tectonic map of the study area with Variscan fabric (according to Bezak et al. 2004). Variscan fabric has undergone parallelisation with

Alpine fabric (see Fig. 3).

A further, thick-skinned tectonic unit of the Central Western
Carpathians, which significantly contributes to the formation
of the study area, is the Veporic Unit. This unit was formed
during the Eo-Alpine collision and makes up the eastern part
of the Nizke Tatry Mts. It is immediately superimposed on
the Tatric Unit along the Certovica shear zone. The Veporic
Unit consists of a Lower Paleozoic crystalline basement,
which was consolidated during the Variscan orogeny with its
Permian—Cretaceous Velky Bok cover sequence and lies in
an autochthonous position relative to the basement (Figs. 2—4).

Recently, three basic lithotectonic units have been distin-
guished in the Variscan structure of the study area from the
bottom to the top (Bezak 1994; Bezak et al. 2004). The lower
position is occupied by the middle lithotectonic unit, which is
composed mainly of mica schists, gneisses, and remnants of
low-grade metamorphites and occurs only in the Veporic

crystalline basement. The middle portion of the basements is
composed of the uppermost lithotectonic unit, comprising
original, high-grade metamorphosed paragneisses, amphibo-
lites, migmatites, and orthogneisses, which occur mainly in
the Dumbier crystalline basement and the external border of
the Veporic basement. The uppermost part of the basement is
almost entirely composed of the Dumbier-type granodiorite to
tonalite, which had intruded into the Variscan low-grade meta-
morphosed complexes.

Structural record

The study area can be considered well- to very well-expo-
sed, with outcrops often forming distinctive rock cliffs. Never-
theless, the basic, directly-observed structures are only clear in
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Fig. 3. Tectonic map of the study area with Alpine fabric (according to Bezak et al. 2004).

Dumbier (2043 m asl.)

Fig. 4. Geological cross-section through the Tatric and Veporic crystalline complexes. For location of the cross-section see Fig. 2 or Fig. 3.
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the domains of the outcrops. The succession of tectonic struc-
tures observed in these domains provides the basis for further
considerations.

Structural observations were carried out on almost 200 sites
covering the area of the Tatric and Veporic units respectively
(Figs. 2, 3). The deformational structures were evidenced in
the Tatric crystalline basement, Tatric cover sequence, and
Veporic crystalline basement.

The orientations of foliation, lineation, fold axial planes,
fold hinges, veins, and boudins were collected in the field.
The relative or absolute age of deformation was denoted by
indexes. It should be noted that any planes (surfaces) are
marked as “S” with indexes in subscript representing the order
of planar structure. For example, S, means bedding or mag-
matic layering (primary planar structure), and S, to S, rep-
resents secondary tectonic foliation. The same classification
was also used in the case of linear “L” and “F*“ — fold (axes)
structures. The linear structures were also divided into parallel
with tectonic transport (L,), such as mineral and stretching
lineations and perpendicular to the shortening (L), e.g.,
an intersection or crenulation lineations. Vector algebra and
stereographic projection were employed for the estimation of
the orientation of the measured structures (e.g., Ramsay &
Huber 1987; Lisle & Leyshon 2004). For the computation of
a plane intersection or a plane containing lines, even a plane
bisecting two planes, correction of line-plane pairs, and so on,
GeolCalc software (developed by R. Vojtko) was used.
The visualisation was performed by Stereonet software (deve-
loped by R. Allmendinger; cf. Allmendinger et al. 2012;
Cardozo & Allmendinger 2013).

The observed and measured mesoscopic, macroscopic, and
microscopic tectonic structures were separated into two groups
based on what geological units were affected. Those that
developed only in the basement were assigned to Variscan,
while the others to Alpine ones. The earlier deformation cycle
was denoted as D" (with a superscript “V”) and records
Variscan deformation and affects both basements. The latter
deformation cycle, which affects both the basements and
covers, is related to the Alpine deformation denoted as D*
(with a superscript “A”).

Variscan structures

The main planar structure of metamorphic rocks is S) folia-
tion and marked by material inhomogeneity, which originates
from the syn-metamorphic crystallisation of rock-forming
minerals and their alignment parallel to foliation during the
progressive metamorphosis (Table 1; Figs. 5, 6). It is the most
important pervasive planar structural element of the metamor-
phosed rocks of the Tatric crystalline basement. The earliest
pervasive deformation event (D)) produced a high-grade
metamorphic schistosity (S)) in the paragneiss-mica schist
to orthogneiss, locally amphibolite of the Veporic crystalline
basement and biotite, as well as two-mica paragneiss, quartz
gneiss, sporadically amphibolite, a high-grade orthogneiss
fabric, and migmatite layering in the southern part of the
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Dumbier crystalline basement. Formerly, the S! fabric gene-
rally shows E-W strikes (Fig. 2) in the areas unaffected or
slightly affected by younger Alpine deformation (D*). Such
orientation of the structure is preserved in the southern slopes
of Besna and Dumbier mounts (see Figs. 2, 4). In sporadi-
cally-observed localities with preserved bedding planes (S,),
the tectonic foliation (S)) is mostly parallel. However,
parallelism can be a result of the complete transposed primary
planes into the S, pervasive foliation.

It is reasonable to assume that the S} foliation developed
under amphibolite facies conditions was oriented at a high
angle to the older planar structures (S)). This geometric orien-
tation led to the progressive evolution of tight, isoclinal, and
rootless folds. The limbs of the fold are coplanar infinite
straight planes that do not intersect at any places with the S
foliation. It means that the limbs are subparallel to the axial
planes (Fig. 5A). In addition, in fine-grained metamorphosed
rocks, it is possible to observe relics of small isoclinal folds,
which are several centimetres in length (F)) and whose limbs
are parallel to the pervasive foliation. The orientation of the
fold axes (F)) varies greatly, but always lies on the foliation
surfaces of S). This is usually due to different orientations of
the incipient fold axis (S} and S} intersection) concerning the
stretching direction of D). So fold axes progressively rotate
towards a stretching direction. The axial planes of these tight,
isoclinal, intrafolial, and rootless folds or isolated fold hinges
are denoted by S/. For these reasons, the attitude of the S|
foliation is entirely dependent on the orientation of the
younger, main, pervasive foliation. Unfortunately, because of
the considerable deformation and metamorphosis, it is not
possible to determine the origin of the S} foliation (primary
structure or an older — pre-Variscan deformation). Neverthe-
less, this significant planar structure (S)) is most likely the
result of two geological processes. The first one is likely
related to distinctive bedding in original, predominantly-
sedimentary rocks, and the second one is related to the noti-
ceable metamorphic differentiation of rock-forming minerals
with predisposed older tectonic fabric. However, it can be
stated that the metamorphic differentiation caused a change in
the grain size of the rock and the presence of minerally-dis-
tinct layers with a shrouded connection to the original primary
rock. For this reason, we place these deformation structures in
the oldest identifiable deformation phase denoted by D).
No linear structures (L]) have been observed that belong to
the D/ deformation stage due to strong D, overprint.

In orthogneisses, the S, foliation is markedly undulating
due to porphyroclasts, possibly in places with a pronounced
accumulation of QF-domains (Fig. 5). The QF-domains are
composed of feldspar or quartz-feldspar that separate M-domains
rich in phyllosilicate minerals (Fig. 6A-D). The porphyro-
clasts greater than 25 mm are very often rotated, which makes
it possible to define the direction of transport. Spatially,
the pervasive foliation (S)) subtly changes its direction and
inclination, which is due to younger, superimposed, predomi-
nantly Alpine deformation phases. The stretching and mineral
lineations (L,)) are usually oriented in a NE-SW direction
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Table 1: Synoptic table of deformational structures (foliations, lineations, and fold axis).

Deformation Planar fabric Lineation T Lineation C/Folds Tectonic regime Age
DY SY(E-W) unknown various orientation compression Early Variscan or older
, , ; L,” (SW-NE) . .
y V(R_ - V - 2
D) Sy (E-W to WSW-ENE) L,/ (WSW-ENE) FY(ESW to SW-NE) compression Variscan
DY Sy (E-W to WSW-ENE) FY(E-W to WSW-ENE) compression Late Variscan
DY Sy (E-W & N-S) extension Late Variscan
L,(WSW-ENE) . .
A A A ! lc -
Dy S L;/(NNW-SSE) Fi(WSW-ENE) compression Eo-Alpine
Dy S L;(WNW-ESE) L, (NNE-SSW) extension Neo-Alpine

(Figs. 2, 6C). The orientation of S; foliation and L,] lineations
in the metamorphic rocks are controlled by the preferred shape
of white mica, biotite, amphibole, feldspathic phases, and
quartz (Fig. 6).

The S foliation is folded by younger non-penetrative folds
(F}) that occur in banded orthogneisses and migmatites in
some places. In general, the trend of fold axes (F7}) is in
an E-W direction with gentle to moderate dip on both sides
(Fig. 7D). During this folding, S; non-penetrative cleavage
parallel with fold axial planes of Variscan age progressively
developed (Fig. 5C). The S} cleavage is younger than the main
phase of Variscan metamorphism and only local QF-domains
mobilization is observed. The orientation of foliation is
approximately in an E-W direction. The deformation phase
(D)) is also characterised by intersection and crenulation
lineations, also with a general E-W direction.

Pre-Mesozoic (Variscan) brittle deformation D, is accom-
panied by the formation of joints, which were subsequently
filled with aplites, pegmatites, or quartz veins (S}). The veins
are in relatively different directions; however, two directions
are significantly dominant: SJ1S] and S) LS} . Observations
show that aplite and pegmatite veins predominate in ortho-
gneisses and migmatites, whereas quartz veins, which are
often difficult to distinguish from Alpine veins, predominate
in biotite paragneisses. No linear structures were observed at
this deformation stage (Fig. 7D).

Alpine structures

The Alpine D{ deformation was accompanied by low-grade
metamorphism (lower greenschist facies), mylonitisation, and
cataclasis. This deformation (D) is depicted by space to zonal
and in some places pervasive foliation (S). The Alpine folia-
tion (S7) can be visually identified especially in domains where
the newly-formed foliation (i) was oriented at a greater angle
(40-70°) to the pervasive Variscan foliation (S;). In such
domains, asymmetric crenulation cleavage was predominantly
formed, where older planes are (S;) and newly formed planes
represent S¢ foliation. In the case of subparallel shortening
concerning S, pervasive foliation, a crenulation foliation
(S%) was developed (Fig. 8A). This crenulation foliation is
often symmetrical, however, in the vicinity of more
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intensely-deformed rocks, it becomes asymmetrical with
a transport top-to-the-NNW direction. The crenulation and
intersection lineations (L,?) have NE-SW to E-W trends
(Fig. 8D). The D; deformation is also accompanied by pro-
nounced evolution of stretching, and to a lesser extent, mineral
lineation represented by orientation of the mean vector L,
156/35° (Fig. 8C). The mineral lineation (L) is formed pre-
dominantly by oriented chlorite, quartz, less epidote, and
albite aggregates (L) that are oriented in a NNW-SSE direc-
tion. Moreover, the attitude of the intersection lineation (L,
between the S} and S foliations together with the orientation
of fold axes (F) is 245/05° (Fig. 8B). The spatial orientation
and geometric relationships of the basic planar and linear
structures define the transport of the Alpine thrusting/folding
top-to-the-NNW direction.

The general attitude of the poles of Alpine foliation is
S#338/30° (Fig. 8A) on both tectonic units. An interesting fea-
ture of Si' foliation is that they tend to parallel the S, pervasive
foliation in the southeastern parts of the study area (Northern
Veporic Unit). The occurrence of conformal or dis-conformal
transposition is dependent on the spatial orientation of the
Variscan foliation during Alpine deformation.

On a map scale, the Alpine structure is characterised by
individual inverse/thrust shear zones (Figs. 3, 4). The shear
zones are composed of mylonites (i) of predominantly inter-
mediate SE inclination with pronounced internal asymmetry
(Fig. 6B, E, F). The sense of shearing in the macroscale was
identified by the geometrical relationships of mylonitic folia-
tion and asymmetric crenulation cleavage. In these shear
zones, the Variscan pervasive S) fabric was significantly
folded, transposed, and overprinted by the Sj foliation
(Fig. 9A, C, D). The sense of shear can also be determined
from asymmetrically deformed objects, such as quartz lenses
and asymmetry of macro-folds. The results of the geometrical
analysis of these indicators, stretching, and mineral lineations,
as well as on a microscale refer to top-to-the-NNW transport
(Fig. 3). Quartz veins with sulphide, siderite, and precious
stone mineralisation have often been observed within these
mylonite zones.

In the metamorphosed rocks of the Jaraba Complex of
the Tatric Unit and the Northern Veporic Unit, folds (F¥) of
different amplitude and wavelength are presented, which are
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genetically distinct from the Variscan F}] and F) folds
(Fig. 7C). Their attitude is like one of Variscan folds (E-W to
NE-SW striking of fold hinges), but the inclination of their
axial planes is mainly steep to the south and less to the north.
Moreover, the inclination of fold axial planes (F}) to the
southeast is progressively becoming shallower. In addition,
the folds southeastward increase their asymmetry, especially
in the broader area along the Certovica shear zone. The folds
(Fy were more frequently observed in paragneisses and
the Mesozoic rock of the cover sequences. In many places,
Mesozoic sedimentary tectonic lenses are folded along the

A

203

mylonite zones and thus incorporated into the crystalline
basement (Bezak & Olsavsky 2008). The relatively varied
types of folds (F%) are conditioned by the rheology of the
rocks, the low degree of Alpine metamorphosis, and the pro-
nounced planar predisposition of the rocks with pervasive
SJ fabric.

The most significant Alpine structure in the Tatric Unit of
regional extent is the E-W striking Trangoska synform, which
is more than 12 km long. It is formed by Triassic to Jurassic
sedimentary rocks, which are considered to be the cover of
the Tatric crystalline basement (Fig. 3). The synform has now

oy
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Fig. 5. Field photographs of the Variscan fabric: A — folded S} foliation to isoclinal folds with parallel limb to S; pervasive foliation bio-
tite-bearing paragneiss (Jaraba Complex, Tatric Unit); B — partially-preserved Variscan S) overprinted by pervasive S; foliations (Hron
Complex, Veporic Unit); C — folded S} Variscan foliation with the evolution of F} folds and S} cleavage in strongly deformed orthogneiss
(Jaraba Complex, Tatric Unit); D — Variscan pervasive foliation (S}) in porphyric orthogneiss. Porphyroclasts are formed by feldspar or
quartz—feldspar forming QF-domains and M-domains are represented by biotite (Jaraba Complex, Tatric Unit). The porphyroclasts asym-

metries consistently indicate a top-to-the-SW sense of shear.
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Fig. 6. Micrographs of main Variscan and Alpine fabrics: A — pervasive Variscan metamorphic foliation (S,) with preserved isoclinal folded
older S/ foliation in mylonitic gneiss (Hron Complex, Veporic Unit) (PPL); B — Variscan pervasive metamorphic foliation (S)) in the Jaraba
Complex orthogneiss (XPL); C — dynamically-recrystallized quartz in an ultramylonite sample; subgrains and recrystallized zones contain
small, more equant grains with relatively uniform extinction. The preferred orientation of quartz grains forms the pervasive Varsican foliation
(S)) (PPL); D, E — asymmetric Alpine crenulation cleavage (Sy), folded foliation is S) (XPL); F — Mylonitic foliation, generally a spaced
foliation composed of alternating layers and lenses with different mineral composition or grain size, in which more or less strongly-deformed
porphyroclasts are embedded and the mylonitic foliation wraps around these porphyroclasts. In this low- to medium-grade mylonites, quartz
ribbons are strongly elongated and show strong undulose extinction and dynamic recrystallisation (XPL); G, H — garnet amphibolite—gneiss
with Alpine S—C fabric (G-PPL) and (H-XPL). Note: PPL — plane-polarized light, XPL — crossed polarized light.

<

truncated the north limb by a northward dipping and E-W
striking inverse fault.

The second, less significant Alpine deformation (D) is
associated with an extensional tectonic regime (Fig. 9B).
It has been observed mainly in Triassic siliciclastic deposits,
as well as in the Veporic crystalline basement. Extensional
structures, such as en-echelon veins (Sy), shear zones, and
stretching lineation (L,') refer to top-to-the-east transport.
The Dy structures are not pervasive and are localised into
the discrete shear zones along the broader area of the Certo-
vica shear zone.

Interpretation and discussion

The studied crystalline rock was formed by stress as a func-
tion of time, structural level, and deformation properties.
The structure of the crystalline basement is complex; it is not
distinct at all scales or individual parts due to the inhomoge-
neity of the deformation phases. Based on the presence of
Mesozoic sediments, their deformation, and the different p—T
conditions during metamorphosis in the crystalline basement,
it is possible to distinguish Variscan (D") and Alpine deforma-
tions (D).

Four main deformation phases were identified in the Varis-
can basement of the Tatric and partly-identified in the Veporic
crystalline basements, while two were identified in the Per-
mian to Lower Triassic cover. The earliest deformation event
denoted as D/ records Early Variscan or pre-Variscan defor-
mation and affects only the Tatric basement; however, it has
not been identified in the Veporic crystalline basement yet.
Still, we cannot rule it out, and structural observations point to
an older deformation than the main Variscan D, deformation.
This deformation (D)) has produced a high-grade metamor-
phic schistosity in the paragneisses-mica schists, as well as
a high-grade gneissic banding and migmatite layering of
the Jaraba Complex in the Tatric Unit and the basement of
the Veporic Unit.

The metamorphosed rocks of the Tatric crystalline basement
(Jaraba Complex) are composed of paragneisses with the para-
geneses of rock-forming minerals (Qz+P1+Bt+Mu+GrSil),
and these rocks can be designated as garnet—sillimanite—
muscovite-biotite gneiss that belong to the sillimanite zone
(amphibolite facies). The estimated temperature of progres-
sive metamorphosis is between 550 to 690 °C, and the pres-

sure varies from 4 to 4.7 kbar (e.g., Krist et al. 1992; Petrik et
al. 2006).

The timing of deformations is related to the age of defor-
med rocks, degree of metamorphism, age of granitoid rocks
in the neighbourhood, and the Mesozoic cover sequences.
The monazite dating of orthogneiss has also shown a record of
two old events (cores vs. overgrown and/or rims). The main
phase of metamorphosis and strong Variscan reworking,
including partial melting, was dated back to the ages between
340-350 Ma (Petrik et al. 2006) and is structurally related to
the Variscan deformation (D)). However, the data, which
gives a range between 380-440 Ma, may be reminiscent of
older processes (D). The well-defined, old cores (ca. 480 Ma)
found in one orthogneiss sample are, at present, too scarce to
give a solid basis for a primary Ordovician age of the
orthogneisses, although this possibility cannot be entirely dis-
missed (Petrik et al. 2006; Putis et al. 2008).

In the intensively-strained domains of orthogneisses,
macroscopically-recognizable &- and o-type rotated and
aligned feldspar porphyroclasts enclosed in dynamically-
recrystallized QF-and M-domains. Shape asymmetries of
porphyroclasts and alignment of QF-materials around the por-
phyroclasts, together with mica fishes of biotite flakes, refer to
a top-to-the-south ductile thrusting (S;). The southern trans-
port of the Variscan nappes was also evidenced by structural
analyses from the western part of the Jaraba Complex (e.g.,
Puti§ 1992; Fritz et al. 1992; Madaras et al. 1999; Putis et al.
2003, 2008).

The granitoid pluton in the northern part of the crystalline
basement is composed of the Dumbier-type granodiorite to
tonalite in the study area and was considered to be Variscan in
the past (Kantor 1959, 1961; Bojko et al. 1974; Bagdasarjan
et al. 1985). More recent data have confirmed the Variscan
age using several geochronological methods: Rb/Sr whole
rocks 368+22 Ma (Cambel et al. 1990); zircon SIMS U-Th-Pb
dating 356+2 Ma (Broska et al. 2013); zircon SHRIMP
U-Th-Pb 340+3 Ma (Kohut & Larionov 2021), respectively
353.4+2.2 Ma for the Dumbier-type tonalite and 352+3.0 Ma
for the PraSiva-type granodiorite; (Maraszewska et al. 2022).
However, a recent geochronological study from samples taken
near the top of Chopok Mt. indicates Early Ordovician
(476.8+1.7 Ma) age for the Dumbier-type granodiorite (a.k.a.
Chopok-type granodiorite, according to Burda et al. 2020).
Nevertheless, it should be noted that the Early Ordovician age
does not make sense, considering the Variscan metamorphism,
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Fig. 7. Contour plots of measured Variscan foliation and lineations

(Kamb contours in standard deviations, Kamb 1959): A — Partially-

preserved Variscan S| and pervasive S, metamorphic foliations (poles of planes); B — Variscan mineral and stretching lineations (L,));
C — Variscan crenulation and intersection lineations (L,)); D — Variscan quartz, aplite, and pegmatite veins (S}), presented by poles of planes.

deformation, and knowledge of the structural pattern of base-
ment rocks. Numerous papers point to the spatial association
of the Dumbier-type granodiorite with metamorphosed rocks
and do not consider their contact as a thrust surface nor as
a host rock for the emplacement of granodiorite intrusions
(Kubini 1956, 1958; Siegel 1970, 1976b; Krist et al. 1992;
Madaras et al. 1999). The pluton can be characterised as
a late-synkinematic, macro- and microscopically anisotropic
granodiorite to tonalite body emplaced to the Klinisko phyllite.
The internal planar structure is conformal with the Variscan S
foliation, and of course Alpine deformation (Dj) was also
observed. It is represented by spaced foliation and mylonite
zones (S¢). Most foliations of post-crystalline deformation
originated simultaneously and later, most of the faults and
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joints as well. The geometry of the Variscan and Alpine defor-
mation was similar, and one part of the structure is overprinted
conformly. The shape and the fabric of the pluton developed
principally by the Alpine deformation (D).

Nevertheless, the Early Ordovician age of the granodiorite
published by Burda et al. (2020) may indicate that granitoids
converged with the Jaraba Complex much later, perhaps as
late as during the Eo-Alpine convergence. Of course, we can-
not exclude that assimilated parts of older granitoid intrusions
or orthogneiss (like Kralicka-type granitic rocks) in the
Dumbier-type granodiorite have been dated. This conjecture
requires careful work for the future.

The Variscan tectogenesis had an S-vergence, which means
that the thick-skinned crystalline basement thrust sheets were
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Fig. 8. Contour plots of measured Alpine foliations and lineations in the Tatric and Veporic units: A — Alpine S} spaced to mylonitic foliations
with asymmetries pointing top-to-the-NNW transport of the Veporic Unit onto the Tatric Unit (poles of planes); B — Alpine S; extensional
spaced mylonitic foliation (poles of planes); C — Alpine L, mineral and stretching lineations indicating top-to-the-NNW transport of the
Veporic Unit onto the Tatric Unit; D — Alpine L, crenulation and intersection lineations perpendicular to the Eo-Alpine transport direction.

generally displaced from north to south. In contrast, Alpine
tectogenesis had an NNW-vergence and overprinted the for-
mer Variscan structure by Alpine processes that complicate
the structure of the area. The D;' deformation was accompa-
nied by retrograde metamorphosis only at sites of extreme
influence and suitable petrographic composition of the defor-
med rock. P-T conditions were lower during D;' deformation
than in the case of D/ or D) deformations. More pronounced
flow (ductile) structures with complete transposition of older
structures into younger ones (S;') occurred only locally, espe-
cially along the reverse shear zones with top-to-the-NNW
movement. The vergency of Alpine reverse shear zones,

mainly along the Certovica shear zone, is also documented by
stretching and mineral lineations (L,?) on newly formed shear
planes (S7) developed during the simple shear regime with
well-developed S—C fabric. The NNW-SSE shortening was
also revealed by the attitude of the Fi folds and L? inter-
section and crenulation lineations (Fig. 8C,D). Alpine defor-
mation and kinematics were first documented in detail in
the work of Siegl (1976a, 1981) and is consistent with our
observations. The Dj is related to the Alpine thrusting of
the Veporic Unit onto the Tatric Unit during the Eo-Alpine
nappe formation (90-70 Ma) (cf. Puti§ 1992; Putis et al.
2009).
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Fig. 9. Field photographs of the Alpine fabric: A — Pervasive Variscan S, foliation overprinted by Alpine mylonitic foliation (S) in Paleozoic
paragneiss (Veporic crystalline basement); B — En-echelon quartz veins in Lower Triassic sandstone (Tatric cover sequence);
C — Folded pegmatite vein in deformed orthogneiss (folded S; foliation) with pronounced crenulation cleavage (S;'); D — Alpine crenulation
cleavage (S7) in Paleozoic paragneiss (Jaraba Complex, Tatric Unit), formed during late Cretaceous shortening.

In the metamorphosed rocks of the Jaraba Complex of the
Tatric Unit and the northern Veporic Unit, folds (F4) of diffe-
rent amplitude and wavelength are presented, which are gene-
tically distinct from the Variscan F;' and F, folds. Their
attitude is the same as the attitude of the Variscan folds (E-W
to NE-SW striking of fold hinges), however, the inclination of
their axial planes is mainly steep to the south and less to the
north. Moreover, the inclination of fold axial planes (F%) to
the southeast is progressively becoming shallower. In addi-
tion, the fold asymmetry increases in a south-eastward direc-
tion, especially in the broader area along the Certovica shear
zone. The folds (F¥) were more frequently observed in
paragneisses and the Mesozoic rock of the cover sequences.
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In many places, Mesozoic sedimentary tectonic lenses are
folded along the mylonite zones and thus incorporated into
the crystalline basement. The relatively-varied types of folds
(Fi) are conditioned by the rheology of the rocks, the low
degree of Alpine metamorphosis, and the pronounced planar
predisposition of the rocks with pervasive S} fabric.

Conclusions
Two main deformation groups were distinguished by struc-

tural research. The older group of deformations (D") is related
to the Variscan higher-grade metamorphism and the younger
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deformations group (D") is characterised by the deformation
of low-grade (retrograde) metamorphism.

Variscan deformation can be divided into three phases.
The D/ deformation is only sporadically recognizable in low-
strain domains and is characterized by tight, isoclinal, and
sheath folds (F)) that fold limbs (S/), which are conformable
with the S) foliation — clearly confirming its oldest age.
The fold axes (F) have a large spatial variance, but in general,
they are E-W oriented. We can exclude that the deformation
(D/) may also be pre-Variscan.

Deformation (D)) was accompanied by progressive meta-
morphosis and granitization, and is the most complex and sig-
nificant process producing pervasive metamorphic foliation
(S)) throughout the study area. The foliation (S;) determines
the anisotropy of the majority of observed metamorphosed
rocks. Mineral and stretching lineations (L,)) oriented in
an ENE-WSW direction are also associated with the deforma-
tion (D,), but are not as pervasive as foliations (S).

The S) foliation is folded by non-penetrative folds (F}) with
the trend of fold axes (F5) in an E-W direction. The new fabric
is represented by non-penetrative cleavage (S3), as well as by
intersection and crenulation lineations (L,). The last observed
Variscan deformation (D)) is accompanied by the aplites,
pegmatites, or quartz veins (S}), which are predominantly in
two directions — S IS} and S) LS} and linear structures were
observed.

The Alpine deformation (Dj) was accompanied by retro-
grade metamorphosis and the evolution of deformation fabric
is more significantly localized to shear zones and evolved
during the Cretaceous orogeny (Eo-Alpine deformation).
The p—T conditions for metamorphosis were lower in the case
of deformation (D) than in deformation (D)), and complete
transposition of S} fabric to the S{ originated only very locally.
The deformation (D) is characterized by the evolution of
crenulation cleavage that transitions to mylonitic foliation (S
in shear zones. The foliation (Sy) has average NE-SW striking
and inclines shallowly or moderately to the SE in direction.
The deformation (DY) is also accompanied by NE-SW inter-
sectional lineations (L,”) and folds (F}') that are often
asymmetric. The L, and F}' structures are younger and con-
formably superimposed on L,/ and F) structures. From these
observations, we can unambiguously determine the kinema-
tics of the Alpine thrust deformation with top-to-the-NNW
vergency.

The last identified Alpine deformational stage (D5) is related
to the extensional tectonic regime, especially in the Certovica
shear zone. Extensional structures, such as en-echelon veins
(Sy) and stretching lineation (L,!) refer to top-to-the-east
transport with the orientation of the principal minimal paleo-
stress axis in an E-W direction. The Dj structures are not per-
vasive and were observed mainly in the Lower Triassic
metaquartzite and crystalline basement around the Certovica
shear zone.
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