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Abstract: The Muran fault is perhaps the most distinctive, steeply-dipping, brittle structure in the Western Carpathians.
An analysis of brittle deformation was used to gain the succession of tectonic evolution of the Muran fault by paleostress
tensors. Movement on this fault depended on spatial orientation of the principal paleostress axes representing
the paleostress fields. The kinematic analysis of fault-slip data confirmed the predominant strike-slip nature of the fault
during the entire history, which had sometimes been disrupted by quiescence periods or normal faulting. The Muran fault
may be as old as 85 Ma and originated as a ductile shear zone in deeper crust. It is possible to consider the Muran fault
as sinistral transpressional strike-slip fault during the latest Cretaceous to earliest Paleocene. During this time period,
with given orientation of the paleostress field, the fault originated as a semi-brittle to brittle shear zone. A significant
re-organization of the paleostress field was carried out approximately on the boundary of the Paleocene and Eocene
periods. During this deformation, movement on the Muran fault changed to dextral, and the secondary positive and
negative flower structures in Mesozoic rocks were most likely formed in this time as well. These structures originated
after the Danian, since sediments of the Gosau Group are incorporated into these structures. In the late Eocene, activity
of the Muran fault gradually began to decrease, and the fault structure is more or less covered by the upper Eocene
transgressive deposits of the Central Carpathian Paleogene Basin. The Neogene evolution is characterised by a continuous
change of the orientation of the principal maximum axis g, (S;,.... respectively) from the NW—SE through N-S to NE-SW
position. The Muran fault started to become sinistral transpressional to transtensional up to a normal fault, however,
the movement along the fault was only several tens of metres. The Quaternary period is characterised by an extensional
tectonic regime with the orientation of principal least axis o, in the WNW-ESE direction. Late Pleistocene to Holocene

normal faulting is indicated by borehole analysis in the alluvial planes of the Rimava and Muran rivers.

Keywords: Western Carpathians, Muran fault, fault-slip analysis, paleostress reconstruction, tectonic evolution.

Introduction

The study area is located in the southern part of the historical
region of Spi§ and the northern part of Gemer, approximately
between Spisska Nova Ves and Tisovec towns (Fig. 1). This
study is focused on the most expressed fault zone in the
Central Western Carpathians. The Muran fault was most
likely described for the first time by Uhlig (1903) as
“Murany-Dislokation” in Hungarian, or “Muranylinie” in
German after the name of the Muran Castle (Murdny var
in Hungarian) or the village of Murail (Muranyalja falu in
Hungarian) during the Habsburg Empire until 1918. The fault
is a very long and straight NE-SW striking structure, several
tens of metres wide, with a brittle to semi-brittle zone.
The Muran fault is probably the most distinctive steeply dip-
ping structure in the Western Carpathians, conspicuous in
remote sensing and the digital elevation model, as well as in
geological maps (Fig. 1). The fault zone, together with accom-
panying dislocations, is evident as a pronounced feature in
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geophysical data as well (cf. Pospisil et al. 1986, 1989; Putiska
et al. 2012).

Fault-slip analysis and paleostress reconstruction of the
Muran fault by modern techniques was performed by Marko
(1993), who recognised three tectonic regimes and interpreted
the kinematics of the Muran fault as having varied between
sinistral, dextral strike-slip, and normal slip. These studies
have been further supplemented and updated (Marko & Vojtko
2006; Pelech & Kronome 2019). The present article is based
not only on the results of Vojtko (2003), but also on new
structural work in the north-eastern part of the Murai fault in
the Vernar and Stratena nappes.

The Muran fault has affected the Paleo-Alpine nappe stack,
which was formed during the Early Cretaceous age (e.g.,
Mabhel’ 1986; Plasienka 1999, 2018), including the structures
related to the unroofing of the Veporic metamorphic dome that
occurred during the early Late Cretaceous (=100-80 Ma) and
was followed by a period of denudation (cf. Kralikova et al.
2016; Vojtko et al. 2016). For this reason, the lower limit of
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Fig. 1. Tectonic division of the Slovak part of the Western Carpathians with marking of the observed trace of the Muran fault (according to

Bicly et al. 1996).

the fault zone formation is placed in the latest Cretaceous.
Thus, the kinematic evolution of the Muran fault mirrors
the deformational processes of the latest Cretaceous to Ceno-
zoic tectonic evolution, which occurred in the Central Western
Carpathians. Several fault-related structures, including meso-
scale ones, have been observed and analysed within the Muran
fault zone. This article summarises the knowledge concerning
the orientation of paleostress axes determined from fault-slip
data, tension gashes, and relationships of map-scale structures
observed in the field or depicted on geological maps. We are
not only interested in the orientation of the principal axes of
the paleostress field, but especially in the kinematics and evo-
lution of the Muran fault and the main time span of its faulting
activity. The principal aim of this study is to describe the tec-
tonic evolution of this long-lived complex fault and its tempo-
rally-varying kinematics related to orientation of paleostress
axes.

Methods

In the present study, the faults were the most important
deformation structures that were analysed in detail. The rela-
tive movement orientation of the faults can be unambiguously
determined using slickenside lineations on the slip surfaces.
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In many cases, this movement caused the evolution of asym-
metric structures associated with the lineation, which clarifies
not only the direction, but also the sense of the relative
movement along the fault surface. This relative movement
is expressed by kinematic indicators (Riedel 1929; Ramsay
& Graham 1970; Hancock 1985; Hancock & Barka 1987;
McClay 1987; Petit 1987; Park 1993).

The faults are commonly combined into systems with
a given symmetry. The group of faults is defined on the basis
of common geometry in relation to the strike and dip of the
fault surfaces, as well as the trend and plunge of the lineation.
Over the last 45 years, methodologies and routines for deter-
mining the relationships between stress and slip on fault sur-
faces have been progressively improved in order to determine
the paleostress axes orientation. The relationship between
stress axes and slip on fracture surfaces was firstly described
in Wallace (1951) and Bott (1959).

The first attempt to formulate and solve the inverse problem
was published in Carey & Brunier (1974), where the problem
of shear stress orientation on various predisposed fault sur-
faces was solved, and the average reduced stress tensor was
determined. Further work was not long in coming and since
then, the development of methods has accelerated conside-
rably (Angelier 1975, 1979, 1984, 1989, 1990, 1994; Armijo
& Cisternas 1978; Etchecopar et al. 1981; Angelier et al. 1982;
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Gephart & Forsyth 1984; Michael 1984; Célérier 1988;
Célérier et al. 2012; Vavrycuk 2014).

The obtained data by field measurements were used in
the Improved Right Dihedron and Rotational Optimization
method implemented in the WinTensor software package
developed by Damien Delvaux (Delvaux 1993; Delvaux &
Sperner 2003). The Improved Right Dihedron method is based
on the previously well-known Right Dihedron method, which
was originally developed by Angelier & Mechler (1977) as
a graphical method for the determination of the range of
possible orientations of paleostress axes in fault-slip analysis.
It provides a determination of the four parameters of the redu-
ced stress tensor and also allows for a preliminary separation
of the fault population into a homogeneous subset.

The Rotational Optimization is an inversion method, which
is based on the assumption by Bott (1959) that slip on a plane
occurs in the direction of the maximum resolved shear stress.
The main problem consists of determining the orientation
of the direction and sense of slip on the fracture surface for
a given stress tensor. The entire inverse problem routine con-
sists of determining the stress tensor, which relates to the
direction and orientation of slip on the fault surface. In both
cases, the basic condition is that each fault-slip indicated by
the slickenside lineation has a direction and orientation of
shear stress corresponding to a simple stress tensor, which
is characterised by three main stress axes (o,, 0,, and o;).
The calculation of the reduced stress tensor makes it possible
to determine the relationships between the magnitudes of these
main stress axes (o, maximum compressional stress axis;
o, intermediate stress axis, and o, minimum compressional
stress axis). This relationship is clearly expressed by the ratio
of the main stress differences @, which can have values
between 0 and 1, where @=(0,—0,)/(0,—0,) (Angelier 1975).
The extreme cases are thus characterised by the extreme
values @=0 (o,=0,) and @=1 (0,=0)).

Homogeneous populations of slickenside lineations for
computation of single stress stages have to be separated and
combined. And so, it is necessary to say that with regards to
brittle deformation, the entire area of the Muran fault zone is
considered a homogeneous structural domain. As a discrimi-
nation criterion for separation of fault slips to homogeneous
groups, an angle between theoretical and measured orientation
of slickenside lineations on fault surfaces was used.

The stress regime is expressed numerically using an index
@’, ranking from 0.0 to 3.0 and defined as follows (see
Delvaux et al. 1997): where the stress regime (@’ between
0—1 for extensional regime, 1-2 for strike-slip regime, and
2-3 for compressional regime) are fully described by the
average stress regime index @’.

Geological setting
The study area is composed of various Paleo-Alpine nappe

units and post-nappe deposits with volcanic rocks (Fig. 2).
Structurally, the lowermost nappe is related to the Veporic

Unit, which is characterised as a thick-skinned thrust sheet
formed by pre-Alpine crystalline basement rocks and their
sedimentary cover sequences (Andrusov et al. 1973; Plasienka
etal. 1997; Plasienka 1999, 2018; Janak et al. 2001; Lexa et al.
2003; Vojtko et al. 2016). The crystalline basement mostly
contains lower Paleozoic metamorphosed volcano-sedimen-
tary rocks that were intruded and overthrust by the volumi-
nous Veporic granitoid pluton of Variscan age, mainly Late
Devonian to early Carboniferous. The Alpine tectonogenesis
with metamorphism significantly overprinted the original
Variscan structures, especially in the southern part of the
Veporic Unit (e.g., Vrana 1980; Kovacik et al. 1996; Janak et
al. 2001; Jetabek et al. 2008, 2012). Currently, the Veporic
Unit can be subdivided into two tectonic subunits that differ
by metamorphic grade and Mesozoic sedimentary cover
(Figs. 2, 3): the lower, Northern, Veporic Subunit with its
Velky Bok cover sequence (Kettner 1931) and the upper,
Southern, Veporic Subunit with its Foederata cover sequence
(cf. Schonnenberg 1946; Plasienka 1993; Vojtko et al. 2015).
Both units are divided by the Pohorela fault (e.g., Zoubek
1957; Hok & Hrasko 1990; Madaras et al. 1994; Hok & Vojtko
2011). While the Velky Bok sequence is well-preserved and
contains sedimentary strata from the Permian to mid-Creta-
ceous (Plasienka 2003), the Foederata is only rudimentarily
preserved and ranges stratigraphically from the late Carbo-
niferous to Late Triassic. Formations younger than the Triassic
had never been proved until now (cf. Plasienka 1993; Vojtko et
al. 2015).

The Veporic Unit is overridden by a thick-skinned imbricate
thrust sheet with a complicated internal structure called the
Gemeric Unit, which occurred during the Early Cretaceous
shortening (Andrusov et al. 1973; Lexa et al. 2003). The base-
ment is formed by metamorphosed lower Paleozoic rocks
with upper Paleozoic to lower Mesozoic cover sequences and
intruded by Permian granite intrusions (Poller et al. 2002;
Radvanec et al. 2009; Broska & Kubis 2018). It is conventio-
nally divided into Southern and Northern Gemeric subunits
(e.g., Vozarova & Vozar 1988). The differences between them
are considerable, which is mainly documented by their litho-
logical composition, but also by the different degrees of meta-
morphosis during the Variscan and Alpine tectono-metamorphic
processes. The Gemeric Unit is represented by the Klatov
Group, which consists of a gneiss-amphibolite complex, meta-
morphosed under the amphibolite facies during their Variscan
orogeny (Faryad 1990; Radvanec et al. 2017). The Klatov
Group is mostly covered by metabasites and phyllites meta-
morphosed under greenschist facies condition of the Rakovec
Unit (cf. Faryad & Bernhardt 1996; Vozarova 1993). The lower
Paleozoic basement of the Northern Gemeric Unit is covered
by the Dobsina Group (upper Carboniferous). This formation
contains basal conglomerate, shallow sediments, basic volca-
nics and regression paralic formation of terrigenous deposits.
These various complexes of the Northern Gemeric basement
are transgressively-covered by the Krompachy Group (Per-
mian). The group contains unsorted coarse-grained silici-
clastic terrigeneous deposits with subalkaline rhyolite volcanic
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to volcaniclastic rocks, which pass to lagoon-sabcha sediments
in the late Permian to Early Triassic (Vozarova & Vozar 1988;
Vozarova & Rojkovic 2000). Both, the Veporic and Gemeric
thick-skinned units overcame greenschists to amphibolite
facies Alpine metamorphosis and are covered by an unmeta-
morphosed, thin-skinned, Vernar—Muran—Stratena nappe sys-
tem related to the Silicic Unit, as well as the Boca—Betlanovce
nappe system related to the Hronic Unit (Figs. 2, 3).

The Silicic Unit includes the structurally highest, unmeta-
morphosed nappes of the region (Kozur & Mock 1973; Mello
1979). Based on their lithostratigraphy, the nappe system of
the Silicic Unit can be correlated with the upper Tirolic and/or
Juvavic nappes of the Eastern Alps. The palinspastic position
of'this unit is uncertain (e.g., Kozur & Mock 1973; Reichwalder
1982; Hok et al. 1995; Rakus 1996; Gawlick et al. 1999;
Gawlick & Missoni 2015; Plasienka 2018). These nappes
form internally-indistinctive, deformed thrust nappes, deta-
ched at the base of a thick upper Permian—Lower Triassic of
mostly mixed, siliciclastic-carbonate rocks and evaporite-
bearing horizon. However, tectonic duplexes of the Meliatic
oceanic rocks were found at the base of the Stratena nappe and
had been incorporated in places into evaporite mélanges (e.g.,
Havrila & Ozvoldova 1996; Mello et al. 2000b). In the study
area, the Muran—Vernar—Stratena nappe system (Figs. 2, 3)
was dissected by later, transpressional movements along the
deep-seated Muran strike-slip fault system (e.g., Marko 1993;
Pelech & Kronome 2019).

The soles of the Silicic-related nappes were formed by
the upper Permian, evaporite-bearing Perkupa Formation and
rauhwackised carbonate tectonic breccias overlain by Lower
Triassic sandstones and shales passing upwards to marlstones
and limestones (Plasienka & Sotdk 1996). Rhyolite volcanic
rocks occur in the Muran and Vernar nappe system, and their
age was proved as Permian (Demko & Hrasko 2013; Ondrejka
et al. 2018). The Middle to Upper Triassic rocks represent
a substantial part of the filling of the Silicic Unit. The Anisian
carbonate platform was partly destroyed by a marked, Pelso-
nian rifting event, which led to the formation of intra-shelf
basins filled with hemipelagic nodular limestones and resedi-
mented carbonates (Kovacs et al. 2011). These rocks were
replaced by the Wetterstein carbonate platform in the late
Ladinian to Cordevolian, which were disrupted by Julian flu-
vial events and the occurrence of siliciclastic turbidite-like
deposits or marly limestone. The Late Triassic is characterised
by huge carbonate platform complexes with extensive pro-
grading, thick reef bodies surrounded by peri-reef bioclastic
aprons, barrier reefs which grade into back-reef lagoonal flats.
These shallow water deposits are occasionally overlain by
Upper Triassic basinal and slope pelagic limestones and marl-
stones. The Jurassic members are, however, poorly preserved;
their overall thickness reaches just several tens of metres
(Vojtko 2000; Rakus & Sykora 2001; Kronome & Boorova
2014). The youngest dated sediments of the Silicic nappe sys-
tem are Callovian—Oxfordian in age.

The Upper Cretaceous to lower Paleogene sediments
(Fig. 2) rest in an overstepping position over the Triassic—

Jurassic carbonates of the Vernar, Stratena, and Muran nappes
(e.g., Klinec 1976; Mello et al. 2000a,b). In essence, they are
considered to be an equivalent of the Gossau Group of the
Eastern Alps. These sedimentary strata are composed of
marine deposits of Late Cretaceous and mainly various silici-
clastic, grain-sized deposits, predominantly polymictic con-
glomerates containing pebbles from superficial nappes and
Upper Jurassic — Meliata related ophiolites (e.g., Misik &
Sykora 1980; Hovorka et al. 1990).

A sedimentary succession of the late Eocene to late Oligo-
cene age is connected to the Central Carpathian Paleogene
Basin (cf. Gross et al. 1984). In the study area, these deposits
are widespread in the Hornad Depression in the north and
the Brezno Depression in the west (Fig. 2). Moreover, the
Paleogene sediments are only sporadically widespread in
the Horehronie Valley and rudimentary as erosive residue on
top of the ridge northwest of Tisovec (Vojtko 2000; PlaSienka
& Soték 2001). The Central Carpathian Paleogene Basin is
interpreted as a forearc basin located behind the Outer Western
Carpathians accretionary wedge (Royden & Baldi 1988;
Kazmer et al. 2003; Kovac et al. 2016; Plasienka 2018).
The Paleogene sedimentary sequences lie discordantly on
the Paleo-Alpine nappe structure. The basin is filled with
several hundreds of meters of deep-marine siliciclastic sedi-
ments (Sotdk et al. 1996, 2001). Erosive remnants close to
the town of Tisovec are considered equivalent to the Central
Carpathian Paleogene Basin. However, their relation to the
Buda Basin is not excluded (cf. Sotak et al. 2005).

Unlike the Central Slovak and Eastern Slovak volcanic—plu-
tonic complexes, where characteristic volcanic morphological
features have been preserved, the uplift and erosion of the cen-
tral part of the Veporské rudohorie Mts. has exposed the sub-
volcanic levels of the extinct volcano Sarmatian in age
(Konecny et al. 2015a,b). Subvolcanic intrusive bodies, which
predominantly vary in types of andesite and diorite, are scat-
tered over an area of about 400 km?, while the central zone of
volcanic activity is located 5 km NW of the town of Tisovec and
called the Tisovec Intrusive Complex (Figs. 2, 3; Bacso 1964).

Fault-slip analysis and paleostress reconstruction

The formation of the Muran fault is characterised by
polyphase faulting. The reconstructions of the stress field evo-
lution were solved by fault-slip analysis in various rocks with
different age. In total, almost eight hundred fault-slips data
were measured in twenty-two different sites (Table 1). Based
on the fault-slip analysis and paleostress reconstruction, it was
possible to determine eight independent deformational phases,
all of which played an important role in the Late Cretaceous to
Cenozoic evolution of the Muran fault. The results of the
structural analysis are listed in Table 2 and graphically drawn
in Figs. 4-6. Paleostress reconstruction was performed in
age-different rocks for the purpose of relative chronology of
faulting during the Cenozoic era. The Sarmatian andesite and
diorite of the Tisovec Intrusive Complex, which were out-

GEOLOGICA CARPATHICA, 2022, 73, 1, 43-62
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cropped in the northwest of the town of Tisovec, are
the youngest rocks where structural measurements were per-
formed (Figs. 2, 3). The age of the intrusive rocks was proved
by “K/*Ar ~12 Ma (Kone¢ny et al. 2015a,b) and FT dating —
13.2£1.1 Ma (Vojtko et al. 2016). Structural measurements
were also performed in older, upper Eocene to Oligocene for-
mations of the Central Carpathian Paleogene Basin (cf. Gross
et al. 1984; Sotak et al. 1996, 2001). Very important data were
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obtained from the Upper Cretaceous sedimentary deposits and
the crystalline basement of the Veporic Unit. These data were
used as a discriminatory criterion for the chronology of faul-
ting between the Late Cretaceous and middle Eocene. Finally,
a large amount of structural data was obtained from the
Triassic carbonates and siliciclastic sediments of the Muran
and Vernar nappes, especially from either abandoned or active
quarries.
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Table 1: General information and location of sites with measured fault-slip data. Note: VKO (Vernar — Kopanec) and VPP (Vernar — Pusté
Pole) are composite sites, thus coordinates in the table represent only the most important outcrops.

Cole Lomtude  Laitde A Poyblessear
LAS 19.91444 48.71639 Lastoky Sarmatian volcanic rocks 12-13 <12 Ma
PDI 19.86083 48.73083 Pod Dielom quarry Sarmatian volcanic rocks 12-13 <12 Ma
MAV 19.88806 48.71806 Magnetovy vrch Oligocene sediments 23-34 <23 Ma
STO 20.47194 48.95056 Durkovec quarry upper Eocene sediments 33-35 <33 Ma
HRA 20.36888 48.96060 Hrabusice — Podlesok upper Eocene sediments 34-35 <33 Ma
DLJ 20.30139 48.87583 Dobsinska Cadova Jaskyna Upper Cretaceous sediments 65-86 <65 Ma
TIS 19.96750 48.68083 Tisovec — Dthovo Vepor crystalline basement 340-360 <80 Ma
JAV 19.87667 48.68083 Javorina Dachstein Limestone 200-227 <200 Ma
CRM 19.94167 48.68944 Ceremo3na Dachstein Limestone 200227 <200 Ma
TEP 19.89917 48.69000 Teplica Dachstein Limestone 200-227 <200 Ma
LPH 20.10083 48.77500 Lom Predna Hora Dachstein Limestone 200-227 <200 Ma
VKO 20.29461 48.90673 Vernar — Kopanec Haupt Dolomite 200227 <200 Ma
MLH 20.05500 48.74750 Murai — Lom pod hradom Wetterstein Dolomite 227-237 <227 Ma
LNO 20.04833 48.74361 Murain — Lom nad obcou Wetterstein Dolomite 227-237 <227 Ma
GRU 19.91000 48.68139 Gruniky Wetterstein Dolomite 227-237 <227 Ma
VPP 20.23925 48.88574 Vernar — Pusté Pole Wetterstein Dolomite 227-237 <227 Ma
GRL 19.91778 48.70361 Gril'ka Wetterstein Limestone 237-242 <237 Ma
LDI 19.98222 48.70194 Lom Dielik Wetterstein Limestone 237-242 <237 Ma
KAS 19.90556 48.69889 Kaster Wetterstein Limestone 237-242 <237 Ma
MSE 20.03750 48.73694 Murai — Sedlo Wetterstein Limestone 237-242 <237 Ma
CSK 20.12972 48.81806 Cervend Skala Wetterstein Limestone 237-242 <237 Ma
REJ 19.91750 48.66556 Rejkovo Boédvaszilas and Szin fms. 250-255 <250 Ma

Sarmatian volcanic rocks

In the study area, two sites (Lastoky and Pod Dielom aban-
doned quarry) with well-outcropped Sarmatian volcanic rocks
were studied (Table 1). The Lastoky site is located 4 km NW
of Tisovec on the left bank of the Rimava River (Fig. 2).
The faults were measured on the forest road, mainly in the stock
of biotite diorite. The Pod Dielom abandoned andesite quarry
is positioned approximately 7.5 km northwest of Tisovec,
close to the state road between Tisovec and Brezno (Fig. 2).

Sarmatian volcanic rocks contain faults originating in strike-
slip and extensional tectonic regimes, which can be divided
into three homogeneous groups (cf. Table 2; Fig. 4). Theo-
retically, the faults could have occurred in the time interval
from the Sarmatian (11.2 Ma) to the Holocene. The youngest
observed tectonic regime on fault surfaces is considered to be
extensional with a W—E to NW-SE-trending principal mini-
mal paleostress axis (o;) The normal faults are younger than
the strike-slip faults, based on cross-cutting criteria on the
outcrops. In general, the slickenside lineations on normal
faults are usually without any mineral fibres (Fig. 4).

The significantly older paleostress field refers to the strike-
slip tectonic regime with the orientation of maximum paleo-
stress axis (o;) in a NE-SW direction, while the minimum
paleostress axis (g,) was in a NW-SE direction. The fault-slip
group is composed of N-S trending dextral and ENE-WSW
trending sinistral strike-slip faults, which are considered to be
a conjugate fault system (Fig. 4).

The oldest state of a paleostress field recorded in the
Sarmatian volcanic rocks is characterised by an NNW-SSE

trending maximal paleostress axis (,) and an ENE-WSW
trending minimal paleostress axis (o), as well as by a strike-
slip tectonic regime. On the basis of these obtained data from
the volcanic rocks, the evolution of paleostress field orienta-
tion refers to the progressive rotation of the paleostress axis
(0,) from an NNW-SSE to NE-SW position. All of the afore-
mentioned slickenside lineations are composed of calcite,
quartz, epidote, and chabazite mineral fibres. Some of them
are without any mineral fill.

Upper Eocene to Oligocene sedimentary formations

The brittle structures evidenced in the Priabonian to Rupe-
lian age are heterogeneous, and when using the paleostress
determination by stress inversion, the fault-slips contain two
main deformational phases that had never been observed in
the Sarmatian volcanic rocks (Table 2). Of course, deforma-
tions known from the Sarmatian rocks were also observed in
the sediments of the Central Carpathian Paleogene deposits.
On the basis of this criterion, these phases should be consi-
dered older than the Sarmatian period and younger than
the Chattian.

The deformational structures are characterised predomi-
nantly by strike-slip and extensional tectonic regimes with
different orientation of the principal paleostress axes. The dis-
tinct deformational stage is represented by the strike-slip
tectonic regime with the NW—SE-trending o, and NE-SW-
trending o,. In the upper Eocene to Oligocene sediments,
predominantly N-S sinistral and WNW-ESE dextral faults
were found. Brittle deformation represented by fault-slips is
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Table 2: Paleostress tensors computed from fault-slip data. Explanations: Code — code of site, which is also used in Table 1 and Figs. 4, 5, 6;
Site — name of the site; » — number of fault-slips used for stress tensor determination; n7 — total number of fault data measured on a site; o,, 7,,
and o, — azimuth and plunge of principal stress axes; @ — stress ratio; @’ — tensor type index as defined in the text (for further information see
Delvaux et al. 1997); a — mean slip deviation (in degree).

Code Site n nT o, o, g D [ [/}

LAS-A Tisovec — Lastoky A 11 22 157/25° 313/63° 062/10° 0.32 1.68 9.2
LAS-B Tisovec — Lastoky B 11 22 212/13° 097/60° 308/26° 0.22 1.78 8.4
PDI-A Tisovec — Pod Dielom quarry A 20 47 018/02° 282/70° 109/20° 0.24 1.76 11.8
PDI-B Tisovec — Pod Dielom quarry B 7 47 334/14° 125/74° 242/08° 0.57 1.43 6.2
PDI-C Tisovec — Pod Dielom quarry C 9 47 013/88° 103/00° 193/02° 0.19 0.19 2.7
PDI-D Tisovec — Pod Dielom quarry D 5 47 316/70° 196/10° 103/17° 0.30 0.30 9.0
MAV-A Tisovec — Magnet hill A 1 5 012/20° 229/65° 107/14° - - 0.0
MAV-B Tisovec — Magnet hill B 4 5 233/17° 040/72° 142/04° 0.23 1.77 7.5
STO-A Spisské Tomagovce — Durkovec A 13 63 353/06° 144/83° 263/04° 0.38 1.62 7.3
STO-B Spisské Tomagovee — Durkovec B 21 63 024/03° 127/77° 294/12° 0.38 1.62 7.8
STO-C Spisské Tomasovee — Durkovec C 6 63 101/59° 344/15° 246/26° 0.40 0.40 5.6
STO-D Spisské Tomagovee — Durkovec D 4 63 001/85° 183/05° 093/00° 0.42 0.42 1.8
HRA-A Hrabusice — Podlesok A 5 7 200/27° 061/56° 300/19° 0.57 1.43 10.2
HRA-B Hrabusice — Podlesok B 2 7 123/01° 223/82° 033/08° - - 3.3
DLJ-A Dobsinska LCadova Jaskyiia A 4 39 208/04° 324/81° 117/08° 0.38 1.62 3.6
DLJ-B Dobsinska Cadova Jaskyiia B 13 39 274/10° 131/78° 005/07° 0.39 1.61 13.6
DLJ-C Dobsinska Cadova Jaskyna C 2 39 222/71° 067/17° 335/08° - - 5.6
DLJ-D Dobsinska LCadova Jaskyiia D 8 39 357/24° 160/65° 264/06° 0.31 1.69 11.8
DLJ-E Dobsinska Cadova Jaskyia E 5 39 120/07° 239/76° 028/12° 0.38 1.62 11.9
TIS-A Tisovec — Dithovo A 19 59 272/17° 066/71° 180/08° 0.56 1.44 8.7
TIS-B Tisovec — Duhovo B 4 59 191/04° 334/85° 100/03° 0.50 1.50 0.8
TIS-C Tisovec — Dithovo C 5 59 130/15° 249/61° 033/24° 0.32 1.68 8.7
TIS-D Tisovec — Dithovo D 3 59 001/58° 199/31° 104/08° - - 27.1
TIS-E Tisovec — Duhovo E 12 59 229/08° 016/80° 139/05° 0.39 1.61 6.3
TIS-F Tisovec — Duhovo F 2 59 074/57° 338/03° 246/33° 0.62 0.62 7.5
TIS-G Tisovec — Dithovo G 6 59 312/21° 185/58° 051/23° 0.42 1.58 13.2
TIS-H Tisovec — Dithovo H 2 59 354/61° 246/09° 151/27° - - 8.9
JAV-A Tisovec — Javorina A 3 3 021/57° 233/29° 135/15° - - 29.6
CRM-A Tisovec — Ceremosna A 15 104 278/01° 177/82° 008/08° 0.35 1.65 43
CRM-B Tisovec — Ceremosna B 11 104 167/08° 052/70° 260/18° 0.50 1.50 8.5
CRM-C Tisovec — Ceremo$na C 59 104 022/83° 126/02° 216/07° 0.40 0.40 10.1
CRM-D Tisovec — Ceremogna D 6 104 240/84° 066/06° 336/01° 0.45 0.45 10.3
CRM-E Tisovec — Ceremosna E 5 104 022/64° 157/19° 253/17° 0.65 0.65 4.8
CRM-F Tisovec — Ceremosna F 5 104 043/22° 313/01° 220/68° 0.73 2.73 42
CRM-G Tisovec — Ceremosna G 3 104 229/30° 206/05° 108/60° 0.50 2.50 4.7
TEP-A Tisovec — Teplica A 2 4 276/25° 080/65° 183/06° - - 7.6
TEP-B Tisovec — Teplica B 4 4 051/08° 316/30° 155/59° - - 11.9
LPH-A Predna Hora A 8 29 320/13° 081/66° 225/20° 0.35 1.65 7.2
LPH-B Predna Hora B 9 29 173/28° 325/59° 077/12° 0.28 1.72 10.1
LPH-C Predna Hora C 4 29 353/15° 144/73° 261/08° 0.50 1.50 8.6
LPH-D Predna Hora D 5 29 222/14° 012/74° 130/08° 0.20 1.80 17.0
VKO-A Vernar — Kopanec A 16 57 253/07° 128/77° 345/10° 0.79 1.21 16.2
VKO-B Vernar — Kopanec B 11 57 153/23° 336/67° 243/01° 0.56 1.44 10.8
VKO-C Vernar — Kopanec C 9 57 023/05° 233/85° 113/03° 0.63 1.37 8.1

VKO-D Vernar — Kopanec D 8 57 120/29° 305/61° 211/02° 0.60 1.40 12.8
VKO-E Vernar — Kopanec E 8 57 268/72° 060/16° 152/08° 0.60 0.60 6.1

MLH-A Muran — Pod hradom A 13 46 123/03° 032/15° 224/75° 0.31 1.69 16.8
MLH-B Muran — Pod hradom B 11 46 173/18° 028/69° 267/11° 0.29 1.71 18.3
MLH-C Muran — Pod hradom C 5 46 192/33° 021/57° 285/04° 0.50 1.50 11.3
MLH-D Muran — Pod hradom D 4 46 232/18° 083/69° 326/10° 0.69 1.31 1.3
MLH-E Muréii — Pod hradom E 6 46 344/05° 075/09° 225/80° 0.24 2.24 4.8
MLH-F Muraii — Pod hradom F 5 46 317/85° 214/01° 124/05° 0.63 0.63 10.9
MLH-G Muran - Pod hradom G 2 46 280/78° 111/12° 021/02° - - 223
LNO-A Muréii — Lom nad obcou A 6 13 241/81° 344/02° 075/09° 0.36 0.36 3.1

LNO-B Muran — Lom nad obcou B 2 13 177/82° 311/05° 041/05° - - 12.0
LNO-C Muran — Lom nad obcou C 1 13 027/17° 125/24° 265/60° - - 0.0
GRU-A Tisovec — Grimiky A 7 7 323/21° 111/66° 228/12° 0.61 1.39 16.8
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Table 2 (continued)

Code Site n nT g, G, Gy [ [ [

VPP-A Vernar — Pusté Pole A 13 121 038/79° 231/11° 140/02° 0.22 0.22 17.3
VPP-B Vernar — Pusté Pole B 37 121 018/14° 221/74° 110/06° 0.44 1.56 10.0
VPP-C Vernar — Pusté Pole C 21 121 048/16° 235/73° 138/02° 0.39 1.61 12.6
VPP-D Vernar — Pusté Pole D 22 121 132/01° 038/73° 222/17° 0.36 1.64 9.4
VPP-E Vernar — Pusté Pole E 6 121 159/16° 318/73° 067/06° 0.45 1.55 7.4
VPP-F Vernar — Pusté Pole F 11 121 261/20° 046/66° 167/13° 0.69 1.31 13.7
VPP-G Vernar — Pusté Pole G 2 121 062/59° 317/09° 222/30° 0.50 0.50 8.6
GRL-A Tisovec — Grilka A 22 125 265/14° 147/62° 001/24° 0.50 1.50 13.3
GRL-B Tisovec — Grilka B 14 125 124/10° 258/76° 032/10° 0.55 1.45 16.5
GRL-C Tisovec — Grilka C 13 125 324/26° 180/58° 062/16° 0.50 1.50 12.1
GRL-D Tisovec — Grilka D 14 125 353/75° 184/15° 093/03° 0.26 0.26 12.5
GRL-E Tisovec — Grilka E 17 125 040/07° 141/57° 305/32° 0.22 1.78 9.6
GRL-F Tisovec — Grilka F 12 125 359/82° 119/04° 209/06° 0.59 0.59 5.9
GRL-G Tisovec — Grilka G 5 125 069/69° 257/21° 166/03° - - 5.4
LDI-A Tisovec — Lom Dielik A 4 8 271/78° 104/11° 014/03° 0.35 0.35 6.2
LDI-B Tisovec — Lom Dielik B 4 8 112/45° 340/34° 231/26° 0.29 0.29 12.1
KAS-A Tisovec — Kaster A 3 8 095/13° 237/73° 003/10° - - 4.0
KAS-B Tisovec — Kaster B 2 8 350/18° 128/67° 255/15° - - 22.0
KAS-C Tisovec — Kaster C 3 8 022/71° 220/18° 128/05° - - 50.3
MSE-A Muran — Saddle A 7 14 199/34° 012/55° 107/03° 0.13 1.87 7.8
MSE-B Murat — Saddle B 2 14 332/81° 241/00° 151/09° - - 9.6
MSE-C Muran — Saddle C 4 14 189/10° 098/04° 349/79° 0.23 2.23 3.0
MSE-D Muran — Saddle D 1 14 106/26° 242/56° 006/21° - - 0.0
CSK-A Sumiac — Cervena Skala A 5 8 140/16° 026/56° 239/30° 0.72 1.28 11.1
CSK-B Sumiac — Cervené Skala B 1 8 248/34° 344/09° 086/55° - - 0.0
CSK-C Sumiac — Cervené Skala C 2 8 304/12° 109/78° 213/03° - - 0.6
REJ-A Tisovec — Rejkovo A 1 9 336/09° 081/57° 240/32° - - 0.0
REJ-B Tisovec — Rejkovo B 8 9 008/07° 119/71° 275/17° 0.41 1.59 10.5

well-preserved in the Priabonian deposits of the Borové For-
mation at the locality of the Durkovec quarry (Fig. 6).

The younger, extensional tectonic regime is depicted by the
generally NE-SW oriented o, paleostress axis, while the prin-
cipal compressional paleostress axis o, remains subvertical.
The pure extension was responsible for the evolution of the
NW-SE striking on both sides of the moderately to steeply-
dipping normal and oblique faults (Fig. 5).

The homogeneous fault-slips of the mainly strike-slip
kinematics underwent a strike-slip tectonic regime with the
generally N-S-oriented o, and W-E-oriented o, (Fig. 5).
The NW-SE dextral and NE-SW sinistral trending strike-slip
faults dominate at many sites (e.g., Durkovec quarry, etc.).
Significantly different strike-slip tectonics with the NE-SW-
trending paleostress axis g, and NW—SE-trending paleostress
axis oy was also evidenced in the upper Eocene to Oligocene
sediments of the Central Carpathian Paleogene Basin. During
this paleostress field pattern, the N—S dextral and E-W sinis-
tral strike-slip faults were predominantly active on weakness
planes. These paleostress fields belong to the late Neogene
Period.

Upper Cretaceous sedimentary formations and crystalline
basement

The Upper Cretaceous formation has been preserved only in
isolated denudation relics (Fig. 2). Occurrences around the

Dobsinska Ladova Jaskyna settlement are the second largest
in the Central Western Carpathians after the Myjava Uplands
(Brezova Group). The only suitable locality for measuring
the brittle deformations in these sediments is an outcrop in
the Cervena Skala—Margecany railway, which is cut close to
the Dobsinskda LCadova Jaskyna railway station (Table 2).
The rocks were relatively rich in fault structures, very often
with a distinctly-definable direction and sense (orientation) of
movement. In essence, the kinematics of the fault-slip was
clearly determinable based on the mineral accretional steps of
calcite fibres.

The second group of rock is composed of metagranitoids,
schists, gneisses, metaquartzites and marbles of the Veporic
Unit in the broader area of the town of Tisovec, which under-
went the Alpine metamorphosis in greenschist to amphibolite
facies during the Late Cretaceous (=120-85 Ma). Thus, all of
the observed and measured fault-slip data are certainly youn-
ger than the Alpine metamorphosis. The slickenside lineations
have been less well-preserved with quartz, calcite, hematite, and
epidote-zoisite fibres in Paleo-Alpine metamorphosed rocks.

Both the Upper Cretaceous and crystalline basement/cover
rocks contain all tectonic phases that were described in pre-
vious subsections, and so we will not repeat them again
(Table 2). However, it is important to note that tectonic phases
were also recorded in these rocks, which are absent in younger
rocks. Therefore, it is possible to divide two groups of homo-
geneous deformational structures.
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Fig. 4. Stereogram of Pannonnian to Quaternary fault-slip data. Note: grey stereograms represent Quaternary and white stereograms represent
the Pannonian to Pliocene paleostress fields; circle — principal compressional paleostress axis o,; triangle — intermediate paleostress axis o,;
square — principal tensional paleostress axis o;.
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Fig. 5. Stereogram of Badenian—Pannonian fault-slip data. Note: white stercograms represent Sarmatian—Pannonian and grey stereograms
represent the Badenian—Sarmatian paleostress fields.
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Fig. 6. Stereograms of Late Cretaceous to early Neogene fault-slip data. Note: white stereograms represent the early Neogene, light grey ste-
reograms represent the late Eocene to Oligocene, grey stereograms represent the late Paleocene to early Eocene, and dark grey stereograms

represent the Late Cretaceous paleostress fields.
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The younger one is related to the strike-slip tectonic regime
with the W—E-trending o, and N-S-trending o;, and it was
observed on sites with crystalline basement and Upper
Cretaceous deposits. This phase is less frequently recorded in
outcrops because it is overprinted by younger deformation on
weakness planes. NW-SE trending sinistral and NE-SW tren-
ding dextral conjugate faults are typical structures observed
and measured in the outcrops containing the Upper Cretaceous
deposits or crystalline basement belonging to the Veporic
Unit. The deformation finished by extension with NW-SE-
trending o, axis. (Fig. 6).

Chronologically older, strike-slip tectonic regime with the
orientation of principal maximal paleostress axis ¢, in N—S
direction and principal minimal paleostress axis o, perpendi-
cular to it was observed. Observed structures are ductile to
semiductile with evolution of meso- to large-scale fold struc-
ture in the nappe system of the Silicic Unit (Fig. 6). During
this deformation, horse-tailed structures were formed in the
northeast and southwest end of the Murdn fault close to
Tisovec town (Figs. 2, 3).

Triassic sedimentary formations

This group includes sites that were located in unmetamor-
phosed Mesozoic, substantially Triassic complexes belonging
to large bodies of the Vernar and Muran nappes (Table 1).
The superficial nappes exceeded only the diagenesis and
approximate temperatures from the interval of 150-250 °C,
which were calculated from the illite crystallinity index KI
(Milovsky et al. 2003). This circumstance makes it difficult to
define individual tectonic phases and assign them to age, since
the deformations in the nappe could have taken place at any
time from the Triassic epoch up to the present. In the Triassic
carbonates of the Muran and Vernar nappes, it is possible to
observe all of the aforementioned deformation phases recorded
in the previous rock complexes, which are related to the evo-
lution of the Muran nappe (Table 2; Figs. 4-6).

Chronology of faulting — interpretation
and discussion

General characteristics

The trace of the Muran fault is highly visible in the area
between Tisovec and Telgart, which borders a NE-SW elon-
gated segment of the Muran superficial nappe system with
respect to the Veporic crystalline basement. The fault also dis-
locates the Vernar and Stratena nappes and is roughly limited
by the southern margin of the Hornad depression belonging to
the Central Carpathian Paleogene Basin — the course of its
structures through the Eocene and Oligocene deposits is
poorly visible or so far unknown. The Stratend nappe system
has been deformed by moderately north-dipping ENE-WSW
reverse faults and by a system of synclines and anticlines,
which are dislocated by the Muran fault. Towards the south-

west, the Stratena nappe disappears on the Muran fault boun-
dary NE of the village of Telgart. Moreover, the Vernar nappe
narrows strikingly north-eastward, passing into the narrow
Betlanovce bend and is disrupted in the southwest by
a NW-SE striking fault in the upper reach of the Hnilec River
(Fig. 2).

The synclines and anticlines in the Muran nappe are limited
in the SE by the Muran fault (cf. Bystricky 1959; Vojtko 2000;
Pelech & Kronome 2019). The fault is accompanied by a set of
parallel dislocations, which produced the tectonic slices and
klippen-like structures in the area of Telgart and Tisovec.
The klippes are composed of the Middle to Upper Triassic
carbonates, while the klippen mantle is formed exclusively
by upper Permian to Lower Triassic siliciclastic deposits.
The syncline of the Muran nappe strikingly narrows north-east-
wards into the narrow Telgart bend. In the southwest, appro-
ximately 4.5 km from Tisovec, the Muran nappe disappears,
and the continuation of the Muran fault inside the Veporic
crystalline basement is less visible also due to an overstepping
structure (Fig. 2).

Campanian to Bartonian evolution (~80-38 Ma)

The time span between the Campanian and Danian repre-
sents tectonic phases, which occur immediately after the
unroofing the Veporic metamorphic dome and the deposition
of the Gosau Group deposits (e.g., Madaras et al. 1996;
Plasienka et al. 2007; Jefabek et al. 2008, 2012; Kralikova et
al. 2016; Vojtko et al. 2016). The unroofing of the Veporic
dome from beneath the Gemeric Unit and the Meliata nappe
stack took place later than the Alpine metamorphic maximum
and earlier than emplacement of the Rochovce granite intru-
sion. The peak of the Paleo-Alpine metamorphism in the
Veporic Unit may be as old as 115 Ma as recorded by “°Ar/*Ar
and K—Ar ages (Kovacik et al. 1996, 1997; Maluski et al.
1993) and Sm—Nd whole rock-garnet isochron (108.8+5.6 Ma;
Luptak et al. 2004). The lateral orogen-parallel extension of
the Veporic Unit finished at the latest by 97+4 Ma, which is
suggested by the post-kinematic growth of monazite in the
southern Veporic cover sequences dated by the laser ablation
ICP-MS method (Bukovska et al. 2013). The subsurface
Cretaceous Rochovce granite occurring in the close proximity
to the Lubenik thrust zone and revealing U-Pb, Re—Os ages
respectively from 76 to 82 Ma (Hrasko et al. 1999; Poller et al.
2001; Kohut et al. 2013) intruded the already active sinistral
transpressive zone.

Based on the aforementioned momentous data, the Muran
fault may be as old as ~85-80 Ma and originated as a ductile
shear zone at mid-crustal depth, which was transformed, by
gradual exhumation to a semi-ductile and brittle shear zone.
During the Late Cretaceous to Paleocene, the fault can be
considered a sinistral transpressional strike-slip fault under
a paleostress field with the sub-horizontal orientation principal
maximum paleostress axis ¢, in ~N-S direction and a perpen-
dicular principal minimum paleostress axis o, (Figs. 6, 7).
In addition to numerous measurements of strike-slip duplexes
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A . crystalline Cretaceous Lower Oligo. .
Ppox. deposits denosit denosit volcanic rocks
age of faulting basement eposits eposits
Quaternary
(< 2.6 Ma)
Pliocene
(5.3 -2.6 Ma)

Sarmatian — Pannonian
(11.2 — 5.3 Ma)

Badenian — Sarmatian
(16.3 — 11.2 Ma)

Eggenburgian — Karpatian
(21.4-16.3 Ma)

O™
O ®WD

Priabonian — Chattian
(37.7 - 23.0 Ma)

Ypresian — Bartonian
(56.0 — 37.7 Ma)

Danian — Thanetian
(66.0 — 56.0 Ma)

Fig. 7. Synthetic table of chronology for the Late Cretaceous to Quaternary regional stress fields.
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in the shear zone of the Muran nappe body, several open to
closed anticlines and synclines have been identified with
a W-E trend of their axes (cf. Bystricky 1959; Klinec 1976;
Vojtko 2000; Kronome & Borova 2014; Pelech & Kronome
2019). The compressional tectonic regime with backthrust
movement (vergence southwards) was also documented in
the Northern Gemeric Unit (Vozarova 1995) and the Stratena
nappe, where imbrication of a partial nappe originated (e.g.,
Mabhel 1957). The ENE-WSW axes of large fold structures in
the Muran nappe bend to the NE-SW direction close to the
Muran fault zone also refer to sinistral strike-slip movement
on the fault. For the time being, the sinistral strike-slip motion
has been conditionally deduced by previous works as well
(e.g., Pospisil et al. 1989; Marko 1993).

A significant reorganization of the paleostress field was car-
ried out approximately at the boundary of the Paleocene and
Eocene. The principal compressional paleostress axis o, repla-
ced its position from the N—S to W—E direction and the princi-
pal tensional paleostress axis o, from W-E to a N-S direction
(Figs. 6, 7). During this deformation, the movement on the
Muran fault changed to dextral, and the secondary fan-shaped
structures in the SW part of Muran nappe were most likely
reactivated to the oblique normal fault fan formed during this
time. On the other hand, the reverse faults of the Stratena
nappe that had formed during the previous stage were rear-
ranged to the fan structures, which converge in the Telgart
bend (cf. Fig. 2). These structures certainly originated after the
Danian, since sediments of the Gosau Group are incorporated
into these structures; however, the upper Eocene to Oligocene
deposits do not (cf. Fig. 3, cross-section A—B). Thus, during
this deformation, an imbricated fan structure was continuously
formed in the Stratena nappe as a result of strike-slip move-
ment at the main Muran fault zone. The dextral-strike slip
motion in the fault had to be completed before the transgres-
sion of upper Eocene deposits of the Central Carpathian
Paleogene Basin at the latest. This statement is supported by
numerous measurements in Oligocene sediments where no
significant W-E trending shortening has ever been docu-
mented (cf. Marko et al. 1995; Peskova et al. 2009; Vojtko et
al. 2010; Stkalova et al. 2012). The strike-slip tectonic regime
with the W—E-trending principal maximum paleostress axis
has also been determined in previous works. Pelech &
Kronome (2019) consider this deformation early Eocene.
However, their work did not formulate precisely which criteria
the authors had included for the determination of the defor-
mation period. Moreover, some authors tenuously date this
deformation to the Miocene period, but not younger than
the Sarmatian (e.g., Marko 1993).

Priabonian to Egerian evolution (~37-21 Ma)

In the late Eocene, activity of the Muran fault began to gra-
dually decrease, and the fault structure is more or less sealed
by the Priabonian transgressive deposits of the Hornad depres-
sion. This is pointed out by the evenly-distributed lithofacies
of the Eocene and Oligocene formations in the southern part of

the Hornad depression on both sides of the Muran fault with-
out any significant changes. These sedimentary deposits are
shifted less than 100 metres by the fault (cf. Fig. 2 upper
Eocene transgressive contact with respect to the Paleo-Alpine
structure). In this time, the transgression was likely controlled
by the extensional tectonic regime of the upper plate in the
forearc position with the orientation of o, in a general N-S to
NE-SW direction (Figs. 6, 7). Such orientation of principal
least stress axis was also determined by Pelech & Kronome
(2019). The external Tatric—Fatric—-Hronic nappe system of
the Central Carpathian thrust sheet was submerged beneath
the upper Eocene to Oligocene deposits. The process gra-
dually led to the burial of the Veporic and Gemeric area under
the Oligocene deposits as well. This is evidenced by several
erosive remnants of open marine upper Eocene to Oligocene
sediments preserved in different parts of the Veporic and
Gemeric zones (cf. Fig. 2). Some examples include the Brezno
depression, Magnet hill, and Klastorisko (e.g., Mello et al.
2000a,b; Vojtko 2000; Plasienka & Sotak 2001; Sotak et al.
2005; Kovac et al. 2016). During this period, the Muran fault
was practically inactive and segmented by the NW-SE tren-
ding normal faults (cf. Fig. 2). This corresponds to the general
opinion that the main activities of the Murai fault were carried
out in the pre-late Eocene epoch (cf. Mahel et al. 1967; Marko
1993).

Egenburgian to Badenian evolution (~21-12 Ma)

This time span comprises the evolution of the paleostress
field immediately after the inversion of the Central Carpathian
Paleogene Basin and before the volcanic activity in the Tisovec
Intrusive Complex of Sarmatian age. Sedimentation in the
Central Carpathian Paleogene Basin (Hornad depression)
progressively terminated by deposition of regressive facies in
the early Miocene (e.g., Sotdk et al. 2001), which was fol-
lowed by the rejuvenation of a transpressional tectonic regime
with NW-SE directed o,. It should be noted that Pelech &
Kronome (2019) also recorded a paleostress field for this time
span. However, less numerous data on this deformation is
available from structural observations in the study area. Strike-
slip slickenside lineations were observed in the upper Eocene
sediments at the Hrabusice (HRA) site (Fig. 2). It is likely that
the Muran fault was successively activated as a sinistral trans-
pressive shear zone, and the fault fan structures in the Vernar—
Stratend nappe system could be reactivated as reverse or
oblique reverse faults (Figs. 6, 7). However, this assumption is
not easy to confirm, and it seems that the movements of the
fault structures related to the Muréai fault system were only
minimal and affected the geological structure in the area only
slightly during the early and middle Miocene. This transpres-
sional tectonic regime is likely related to the collision of
the ALCAPA Mega-Unit with the European Platform in the
External Western Carpathians (e.g., Kovac et al. 2017).

Conversely, the study area was controlled by an extensional
tectonic regime with the NE-SW-trending principal minimal
paleostress axis oy in the middle Miocene period (Badenian;

GEOLOGICA CARPATHICA, 2022, 73, 1, 43-62



58 GERATOVA, VOJTKO, LACNY and KRIVANOVA

Figs. 5, 7). The extension caused significant movements in
some faults, which consequently led to substantial normal
faulting. Along the NW—SE-striking Tisovec fault, the down-
thrown block movement was significant with a magnitude of
more than 750 m (cf. Pulec 1966; Marko & Vojtko 2006).
The movement along the Tisovec fault is confirmed by pre-
served Oligocene sediments in the hanging wall (Brezno Basin
and Magnet hill (Fig. 2). Moreover, the Muréai fault is dis-
sected by NW-SE-striking faults in several places (e.g., the
town of Tisovec, Predna hora, and the Pusté Pole passes) and
originated during this time span.

Sarmatian to recent evolution (~12 Ma to Holocene)

The period between the Sarmatian to Quaternary was con-
trolled by three different paleostress fields, which were identi-
fied in the Sarmatian andesite subvolcanic bodies, diorite
intrusions (Figs. 4, 5, 7), and Pleistocene travertine (Stikalova
et al. 2012). The principal compressional axis o, rotated from
the NNW-SSE to the NE-SW position from Sarmatian to
Pliocene. The Sarmatian(?) paleostress field can be characte-
rised by NNW-SSE trending o, and WNW-ESE trending o in
a strike-slip tectonic regime (Figs. 5, 7). The orientation of the
paleostress field allows for tectonic movement of the Muran
fault in a left-lateral strike-slip motion.

The more dominant, however, is the Pliocene(?) strike-slip
tectonic regime with the NE-SW oriented o, compressional
paleostress axis and NW-SE directed o, extensional one
(Figs. 4, 7). The relationship of these structures was clearly
evidenced using cross-cutting criteria. Such orientation of
the paleostress field did not allow for strike-slip movement of
the Muran fault. At the end of the strike-slip tectonic regime,
transtension was replaced by extension.

Neotectonic movements in the study area are difficult to
identify, since it is a problem to filter out from older faults.
This is mainly because rocks younger than Miocene volcanics
(Sarmatian) do not occur in the area, except for Quaternary
slope debris, terrace, and alluvial deposits. The absence of
upper Miocene and Pliocene sediments greatly increases the
uncertainty of the dating of the youngest tectonic events.
However, during the Pliocene—Quaternary, the Muran fault
was tenuously activated as a normal fault, and its motion was
controlled by extensional tectonic regime with the WNW-—
ESE to NW-SE oriented principal minimal stress axis o,
(Figs. 4, 7). The extensive tectonic regime probably persisted
throughout the neotectonic period. This is supported by mea-
surements of deformation of structures in the lower Pleistocene
travertine body of the Hranovnické pleso (cf. Stikalova et al.
2012) and different distribution of thickness of fluvial deposits
in the Rimava and Muran rivers fluvial plane. Quaternary allu-
vial deposits on the NW downthrown block reach a thickness
of more than 12 meters; however, in most cases, the deposits
are practically missing or very thin in the SE upthrown block
(less than 2 meters). The NW block was downthrown at least
10 m against the SE block. This finding is confirmed by dril-
ling works in the urban areas of Tisovec and Muran (e.g.,

GEOLOGICA CARPATHICA, 2022, 73, 1, 43-62

Vojtko 2003). In addition, the well-consolidated Pleistocene
carbonate Muran breccia (Lozek 1960) is deformed by the
Muran fault, as well as its synthetic structures in the Muran
pod Hradom site (cf. Putiska et al. 2012).

Conclusions

The study area, where the Muréan fault is outcropped, is
composed of the Paleo-Alpine tectonic units that are divided
to the stack of basement-dominated nappes and superficial
thrust sheets. The first group contains the north-verging, thick-
skinned Veporic and Gemeric basement/cover thrust sheets
and the second one is dominated by the Jurassic Muran—
Vernar—Stratend nappe system belonging to the Silicic Unit
reactivated during the Cretaceous. The nappe stack is roughly
sealed by post-nappe cover formations, which are represented
by sedimentary succession of the Central Carpathian Paleogene
Basin. The Upper Cretaceous deposits have a specific transi-
tional position with respect to the nappe structure.

Structural measurements were carried out predominantly in
abandoned quarries, outcrops along roads, railways, and on
cliffs as well. Based on the fault-slip analysis, the strike-slip
kinematics play a substantial role in the evolution of the Muran
fault zone. The Muran fault may be as old as ~85-80 Ma and
can be considered a sinistral transpressional strike-slip fault
with imbrication of a partial nappe that originated during
the Late Cretaceous to Paleocene. A significant reorganization
of the paleostress field was carried out approximately at the
boundary of the Paleocene and Eocene, and the movement on
the Muran fault changed to dextral. In this time span, secon-
dary fan-shaped structures along the fault were formed. Based
on the lithostratigraphic and structural criteria, the structures
originated after the Danian and completed before the late
Eocene.

The Neogene evolution of the fault is characterised by con-
tinuous change of the orientation of paleostress field and the
fault started to become sinistral transpressional to transten-
sional up to a normal fault. However, the movement along
the fault was only several tens of metres. The fault movement
was practically negligible compared to the previous Late
Cretaceous to early Eocene period. The Neotectonic phase
(Pliocene—Holocene) is characterised by extensional a tec-
tonic regime with the orientation of principal least axis o; in
a WNW-ESE direction, and normal faulting is indicated by
borehole data in the alluvial planes of the Rimava and Muran
rivers.

Based on the lithostratigraphic constraints, regional geo-
logy, and chronology of Alpine metamorphic processes, it is
possible to constrain the time span of fault activity of the
Murén fault. Therefore, we can declare that the main faulting
took place from the latest Cretaceous to early Eocene as a duc-
tile, and later as a brittle shear zone inside the Veporic crystal-
line basement.

Finally, as a Neogene structure, the Muran fault practically
did not exist, or was at least insignificant with a maximum
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movement of approximately of 150 meters. Its main role was
in the period from ~80 Ma to 45 Ma. The fault looks quite
attractive and “active” on geological maps, satellite shots, as
well as in digital elevation models, but this is simply an inter-
play of circumstances, especially with high contrast in the
rheology of carbonate and metamorphic rocks. However, we
cannot associate this fault with any important fault of Neogene
in age (such as the Raba fault, etc.). Interpretation is based on
numerous field observations and does not address its true sig-
nificance. It is absurd that such a significant fault has never
been so comprehensively processed or published in research
periodicals before and has been used for various misleading
interpretations without any data or arguments. We firmly
believe that this article will contribute to the understanding of
the tectonic evolution of the Muran fault and the Western
Carpathian orogen as well.
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