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This study aims at quantitative kinematic analysis of fault-slip data and palaeostress reconstruction of polyphase brittle
structures developed in the Manín Unit cropping out in the Middle Váh River Valley of western Slovakia. The Manín Unit
neighbours the Pieniny Klippen Belt that follows the boundary between the Paleogene accretionary wedge of the Outer
Carpathians and the Cretaceous nappe system of the Central Western Carpathians. After the nappe emplacement during
mid-Cretaceous times, the Manín Unit was incorporated into the Pieniny Klippen Belt and attained its complex tectonic style.
Based on kinematic analysis of meso-scale faults with slickensides, six (D1–D6) brittle deformation stages have been discerned. The relative succession of individual palaeostress states was derived from field structural relationships; their stratigraphic age was estimated primarily by comparison with other published data. Palaeostress analysis in the Manín Unit
revealed the existence of six different palaeostress fields acting from the Middle Eocene to the Quaternary. The first three
generations of meso-scale brittle structures were formed under a transpressional tectonic regime during the pre-Late
Eocene–Early Miocene D1–D3 deformation. Generally, the maximum horizontal stress axis rotated clockwise from a W–E to
an approximately N–S direction. Thereafter, a transtensional tectonic regime was characterized by a WNW–ESE to
NNW–SSE oriented minimum horizontal stress axis during Middle and Late Miocene D4–D5 deformation. A general
extensional tectonic regime influenced the structural evolution of the area in the Pliocene to Quaternary, when a gradual reorientation of the palaeostress field resulted in the development of variable, often reactivated, fault structures.
Key words: faults, palaeostress reconstruction, tectonic regime, Manín Unit, Western Carpathians.

INTRODUCTION
The Manín Unit is located in the Púchov sector of the Pieniny
Klippen Belt (PKB; Fig. 1), as its innermost element that covers a
zone approximately 40 km long and 6–10 km wide. The Manín
Unit spreads along the left side of the Middle Váh Valley from the
district of Ilava up to the area west of town of Žilina. Mahe¾ (1967,
1980, 1985, 1986) affiliated the Manín Unit with the so-called
Peri-Klippen Zone that can be defined as a group of units with
Central Carpathian affinity incorporated in the PKB (see also
Mello et al., 2011). Besides the Manín Unit, the Peri-Klippen
Zone includes also the large Klape and Drietoma units. These
units acquired “klippen style” structures (Manín and Butkov
klippen, Klape klippe, Chotúè) after their nappe emplacement
and during the deposition of the syn-orogenic, Gosau-type Upper
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Cretaceous to Eocene formations (Plašienka, 1995, 2012;
Plašienka and Soták, 2015; Fig. 2).
The Manín Unit has been one of the most controversial
units in the Western Carpathians. Even though many authors
have studied its structure and composition, there is no generally
accepted opinion about its tectonic classification and
palaeogeographic position. During the past decades of research, three basic theories have emerged. The oldest one is
Andrusov’s concept (1938, 1968) of the Manín Unit as being an
outer element of the Tatric (High Tatra) domain. This idea was
primarily based on the occurrence of Urgon-type limestones in
both the Manín and High Tatra successions and was further developed by Rakús et al. (1998) and Rakús and Hók (2005).
Another interpretation was proposed by Mahe¾ (1978), who
advocated a palaeogeographic position of the Manín Unit to the
south of the Tatric area and included it into the Fatric (Krížna)
nappe system, based on the similarity with the Belá subunit of
the Krížna nappe in the Strážovské vrchy Mountains. Many
other authors such as Borza (1980), Michalík (1992, 1994),
Reháková and Michalík (1994), Plašienka (1995, 2012) and
Prokešová et al. (2012) followed Mahe¾’s interpretation and this
view is accepted also in the present work (Fig. 2).
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Fig. 1. Position of the area examined with respect to the Pieniny Klippen Belt (arcuate belt marked in grey)

Fig. 2. Geological map of the study area (modified after Mello et al., 2005) with positions of the 5 localities studied (1–5)
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Still another concept was presented by Salaj and Samuel
(1966), who presumed a continuous Early–Late Cretaceous
sedimentary succession in the Manín Unit, whereas the Krížna
nappe and other Central Western Carpathian (CWC) units lack
deposits younger than Turonian. By contrast, post-Turonian deposits are widespread in the PKB, but almost completely missing in the CWC. Consequently, the evolutionary trend of the
Manín Unit corresponds rather to that of the PKB units; therefore, the Manín Unit was assigned to the Klippen Belt proper
(Began, 1961, Began et al., 1963).
Notwithstanding its palaeogeographic setting, the Manín
Unit became an element of the Western Carpathian
accretionary wedge after its emplacement in front of the CWC
stack of mid-Cretaceous basement-involved (Tatric, Veporic
and Gemeric) and detached cover (Fatric, Hronic and Silicic)
nappe systems (e.g., Froitzheim et al., 2008). As the wedge
grew by frontal accretion of the PKB Oravic and Outer
Carpathian Magura units, the Manín Unit was transferred to the
rear part of the prograding wedge and was influenced by several folding-thrusting and extensional deformation stages
(Plašienka and Soták, 2015). Based on the sedimentary record,
these stages have been dated as Late Cretaceous (“Senonian”)
through Mid Eocene, followed by a widespread
Bartonian–Priabonian transgression and an Oligocene collapse
event affecting both the wedge and the adjacent part of the
CWC to create the Central Carpathian Paleogene (a.k.a.
Podhale) Basin (Soták et al., 2001; Plašienka and Soták, 2015;
Kováè et al., 2016). Consequently, the Manín Unit was shaped
by large-scale fold and thrust structures, such as the Butkov,
Manín and Drieòovka “klippen” (actually doubly-plunging
anticlines; cf. Plašienka et al., 2017), already before the Late
Eocene. Here, we are dealing with brittle fault structures that virtually postdate the map-scale fold-thrust structures, i.e. they
largely affect already tilted sedimentary strata of the Manín Unit.
The aim of this paper is the reconstruction of palaeostress
fields in the Manín Unit, based on systematic fault-slip data collecting of mesoscopic faults at five main localities (Fig. 2). The
data presented and their interpretation supplement results previously gathered in the large Butkov quarry (Šimonová and
Plašienka, 2011) and extend structural observations to four other
important exposures of the Manín Unit in western Slovakia.

GEOLOGICAL SETTING
The Western Carpathians are the northernmost, W–E
trending segment of the European Alpides. They extend from
the eastern end of the Eastern Alps toward the north-east, and
are divided by the PKB into the Paleogene accretionary wedge
of the External and the Cretaceous nappe system of the CWC.
The PKB represents a narrow but long zone dominated by
Late Cretaceous–Early Miocene wrench tectonics (e.g.,
Ratschbacher et al., 1993; Nemèok and Nemèok, 1994). This is
an internally complicated structural belt stretching in a broad arc
for hundreds of kilometres from the Alpine-Carpathian junction
as far as western Ukraine (Fig. 1). In its traditional definition, the
PKB is formed by more-or-less isolated blocks of “klippen” (resistant Middle Jurassic to Lower Cretaceous limestones) embedded in the “klippen mantle” (soft Lower Jurassic and Upper
Cretaceous to Paleogene shales, marls and flysch deposits).
Consequently, the PKB has frequently been characterized as a
tectonic megabreccia, a mélange, and even as a huge chaotic
sedimentary body – an olistostrome (Nemèok, 1980). Regardless of its length, the PKB preserves its tectonic integrity, indicated by the omnipresence of the typical (Oravic) units that do
not occur in other Carpathian zones. Additionally, certain parts
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of the PKB include also “non-Oravic” units of CWC provenance
that were incorporated into the PKB and attained their tectonic
style after the nappe emplacement during the mid-Cretaceous
(e.g., the Klape and Manín Units). In all probability, they all represent frontal nappe elements of the Fatric nappe system (e.g.,
Plašienka, 1995).
The five localities investigated are located in the Púchov
sector of the PKB (Fig. 1) in NW Slovakia. Being exclusively
composed of Jurassic–Cretaceous formations, the Manín Unit
is characterized by dominantly shallow-water limestones of
Lower Jurassic and Lower Cretaceous age, followed by the
Albian–Turonian hemipelagic marls and flysch deposits, which
are overstepped by various Senonian deposits (Fig. 2). A thick
formation of Barremian–Aptian platform limestones of
Urgon-type is the most characteristic member of the Manín Unit
(Fig. 3A). The older members crop out mainly in two large
brachyanticlinal “klippes” – the Manín and Butkov anticlines.
The mid-Cretaceous flysch of the Manín Unit is overridden from
the SE by the frontal Fatric elements – the Krížna nappe with its
typical basinal Zliechov Succession (Fig. 2).
Senonian deposits occurring within the Manín Unit were
considered either to be its integral continuous sequences
(Salaj, 1990), locally separated by a stratigraphic hiatus
(Marschalko and Kysela, 1979), or to represent tectonic windows of the underlying Kysuca Unit (Podháj Succession –
Rakús and Hók, 2005; Mello et al., 2005, 2011). Recently,
Plašienka and Soták (2015) interpreted these deposits as
post-emplacement overstep deposits of Gosau-type. As such,
the Gosau strata are not constituents of the Manín and Klape
units, just as they are not parts of the Austroalpine cover nappe
system in the Northern Calcareous Alps (Plašienka and Soták,
2015 and references therein). Nevertheless, the Senonian
rocks in the Manín and Klape belts were later strongly deformed
at the rear of the developing accretionary wedge of the Outer
Carpathians. Consequently, they were largely incorporated into
the resulting fold-thrust structures of this “Peri-Klippen Zone”.
Due to large exposures, particularly in the Butkov and
Manín areas, the Jurassic–Lower Cretaceous sedimentary
successions of the Manín Unit have been described in a great
detail in many papers (e.g., Rakús, 1977; Michalík and
Vašíèek, 1984; Borza et al., 1987; Vašíèek et al., 1994; Rakús
and Hók, 2005; Mello et al., 2011; Michalík et al., 2012, 2013).
In general, the Butkov Succession is composed of Lower Jurassic syn-rift sandy-bioclastic limestones and then by Middle Jurassic–Lower Cretaceous, mostly basinal pelagic, well-bedded
nodular, siliceous, marly and cherty limestone formations overlain by a thick layer of massive, biodetrital Urgon-type limestone
(Barremian–Early Albian) followed by a drowning sequence of
Albian hemipelagic marls and coarsening-upward synorogenic
flysch deposits of mainly Cenomanian age.
The Butkov structure is a brachyantiform 5 km long and
1.5 km wide cored by relatively competent Jurassic to Lower
Cretaceous strata surrounded by mid-Cretaceous marls and
flysch deposits. The Butkov antiform is slightly asymmetrical,
with a steeply N-dipping to vertical northern limb and a moderately to steeply S-dipping southern limb, affected also by S-dipping low-angle normal faults (Borza et al., 1987; Michalík et al.,
2012). The Butkov Succession is exposed in three large artificial exposures – the Butkov, Tunežice and Mojtín quarries located within the core of the Butkov antiform (Fig. 2).
The large, 15-level Butkov quarry is situated on the northern
slopes of Mt. Butkov (765 m a.s.l.) in the central part of the
brachyantiform. Limestones as a raw material for cement production are mined there. The Tunežice quarry is situated near
Ladce village on the western slopes of Kalište Hill (679.5 m),
which is located at the western axial closure of the Butkov struc-
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Fig. 3. Examples of brittle deformational structures observed in the field
A – view of the Butkov quarry (locality 1) – the yellow line represents the contact of two Lower Jurassic limestone formations; white
lines – normal faults of the youngest deformation stage; B – massive Barremian to Lower Albian “Urgon” limestones covered by a
hard-ground; C – example of the superposition of younger subvertical calcite slickenfibres with accretionary mineral steps on older
subhorizontal fault striae on a single fault surface; D – typical calcite accretionary mineral steps on a fault plane; E – an ammonite bisected by a fault plane filled with fibrous calcite; F – shear zone with observed drag folds
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ture. An anticlinal macrofold structure of Lower Jurassic strata
continuing from the Butkov quarry is clearly visible through several quarry stages. The Mojtín quarry is situated in the valley of
the Slatinský potok brook near village Belušské Slatiny, close to
the eastern periclinal closure of the Butkov anticline.
Compared to the Butkov Succession, the Manín Succession is somewhat different, of more shallow-water character
with a prevalence of condensed swell facies and with a layer of
massive Urgonian limestones up to 200 metres thick. The
Manín Succession is exposed in a narrow gorge incised in the
large Manín antiform (locality Manín) and in the smaller
Drieòovka pericline. There are no quarries in this area, and so
only natural exposures providing a limited number of measurable fault structures have been analyzed.
The Skalica zone occurring between the Butkov and Manín
antiforms (Fig. 2) is strongly imbricated, whereby narrow slices
of Lower Cretaceous strata often reflect a slope environment.
The Skalica locality occurs near the town of Považská Bystrica,
1 km SSE of Dolný Moštenec village. It exposes two small
klippes formed by Lower Cretaceous limestones and, in particular, Upper Aptian mass-flow breccias composed of clasts of
Urgonian limestone (e.g., Michalík and Vašíèek, 1984).

METHODS
Being clearly superimposed on the Late Cretaceous–Early/Middle Eocene fold-and-thrust structures, the brittle fault structures investigated should represent a record of the
post-Lutetian tectonic evolution of the study area. In our analysis, we have omitted the dip-slip slickenlines occurring on bedding planes on a limb of the Butkov pericline, which obviously
formed by flexural slip during its growth; it was analysed in detail
by Buèová (2013). However, the steepened limbs of the Manín
anticlines – the vertical northern limb of the Butkov antiform in
particular – were reactivated as strike- or oblique-slip faults.
Palaeostress reconstruction of post-folding fault structures
in the Manín Unit was based on detailed field observations. Our
approach included measurement of meso-scale structural data
of fault-slickensides and their kinematic analysis, based on the
evaluation of fault surfaces. The fault-slip data included the dip
and direction of slickenlines occurring on fault planes, the sense
of displacement of fault blocks and quality assessment of the
displacement criteria. The sense of displacement can be determined using kinematic indicators on the slickenside surfaces.
The main criteria used to identify the direction and sense of fault
slip were summarized for instance by Petit (1987) and Angelier
(1989, 1994), and include various structures such as grooves,
slickenfibres and slickolites, striae, mineralised steps, Riedel
shears, offsets of markers, stepovers, drag folds etc. (Fig. 3).
The quality ranking scheme according to the World Stress Map
Project ranges from A (best) to E (worst) and is determined as a
function of several criteria (Sperner et al., 2003). The basic principle of palaeostress analysis is that meso-scale structures can
be related to larger regional structures; both scales should reflect the same dynamics and kinematics (Angelier, 1989, 1994).
A typical approach to the reconstruction of the palaeostress
field is the inverse method, which is based on the assumption
that the fault movement is generated in the direction of maximum shearing stress (Wallace, 1951; Bott, 1959). The inverse
problem consists of determining the mean stress tensor, knowing the orientation and sense of slip on numerous faults. In
practice, the best fit, representing a common stress tensor, between all fault-slip data that belong to a given tectonic event is
numerically calculated (Angelier, 1994; Marko, 2000; Vojtko
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and Marko, 2006). The inverse method presumes that each
planar surface, an existing or newly formed fault, may be activated in a given stress state.
Fault plane and slickenside orientations, including slip
senses, are used to compute the four parameters of
palaeostress tensor: the principal stress axis s1 (maximum
compression), s2 (intermediate compression) and s3 (minimum
compression) and the ratio of principal stress differences
R = (s2 – s3)/(s1 – s3). These four parameters are determined
using an improved version of the Right Dihedron method of
Angelier and Mechler (1977) and the new interactive rotary optimizing method SHEAR, using the software package
WinTensor developed by Delvaux (2006).
The data used for inversion are measured fault plane and
slip line orientations, whereas a sense of movement was derived from the geometry of calcite steps on slickensides
(Fig. 3C, D). The WinTensor inversion method first determines
the directions of principal stress axes by using the Right
Dihedra method, a graphical method for determination of the
range of possible s1 and s3 orientations (Angelier and Mechler,
1977). With this method, the nodal planes of any incompatible
datum are eliminated. This initial result is used as a starting
point for the rotational optimization. For faults, the angular deviation between observed slickensides and computed shears is
minimized, together with the maximization of friction coefficients for each fault plane. The WinTensor procedure optimizes
the results by progressive rotation of the tested tensor around
each of its axes, and by testing different values of R. The range
of rotation angles and values of R ratio tested are progressively
reduced, until the tensor is stabilized (Delvaux, 1993; Delvaux
and Sperner, 2003). Separation of fault populations resulting
from successive tectonic regimes is based on the interactive kinematic separation and progressive stress tensor optimization,
to obtain homogeneous subsets, representing different stress
regimes. Their chronological succession is established as a
function of structural and geological criteria and by comparison
to known regional tectonic events.
Stress regimes are defined based on the orientation of
stress axes and the magnitude of the parameter R’ with values
ranging from 0 to 3 (Delvaux et al., 1995, 1997):
– normal faulting when s2 is the maximum horizontal compression axis (s2 SHmax) and s1 is vertical; R’ = R (0–1)
– extensional regime;
– strike-slip faulting when s1 is the maximum horizontal
compression axis (s1 SHmax) and when s2 is vertical;
R’ = 2 – R (1–2) – strike-slip regime;
– thrust/reverse faulting when s1 is the maximum horizontal compression axis (s1 SHmax) and s3 is vertical;
R’ = 2 + R (2–3) – compressional regime.
Critical considerations on the accuracy of stress inversion
methods are given in Dupin et al. (1993), Pollard et al. (1993),
Nieto-Samaniego and Alaniz-Alvarez (1996), Twiss and Unruh
(1998), Maerten (2000) and Roberts and Ganas (2000). They
concluded that uncertainties in the stress tensor determination
due to geological and mechanical factors generally fall in the
range of measurement errors. Because the regional stress tensor is spatially and chronologically homogeneous in the entire
rock mass, stress computation utilizing the inversion method
should be suitable. The calculation can be influenced by three
effects: (1) the ratio between the width and length of a fault; (2)
the effect of the Earth surface (topoeffect); (3) the interaction
among faults (Pollard et al., 1993). Palaeostress analysis results can be compromised by all the above-mentioned effects;
however, their influence is usually minimal (Angelier, 1994).
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RESULTS
The deformational history of the Manín Unit is characterized
by a multistage ductile-brittle and brittle tectonic evolution that
occurred in six (D1–D6) deformation stages producing variably
oriented populations of fault-slip structures (Fig. 3). Structural
analysis of brittle deformation that affected the Jurassic and
Lower Cretaceousþ rocks of the Manín Unit at five main localities (Butkov quarry – locality 1, Tunežice quarry – locality 2,
Mojtín quarry – locality 3, Manín narrows – locality 4 and Skalica
klippe – locality 5) was carried out based on the interpretation of
palaeostress states. A robust dataset of more than 2,100 slickensides was used to determine the orientation of principal
palaeostress axes (s1, s2, s3) and to define the R parameter
(Appendix 1*). Selected representative stereograms of homogeneous fault populations are shown in Figures 4–9. Around
200 measurements were omitted because they are incompatible and show unreasonable results. This may be due to measurement errors in the field or structural inheritance. The six distinct palaeostress states caused by the six (D1–D6) deformation
stages were detected from >80 computed reduced stress tensors (Appendix 1).
The relative succession of individual palaeostress states
was derived from field structural relationships and overprinting
criteria. However, estimation of their possible age limits is more
problematic. We have analysed only fault structures in Mesozoic rocks and there is no age control from Cenozoic strata in
the area investigated. The Lower Eocene carbonate conglomerates, which rim the SE margin of the Manín zone (Fig. 2), do
not provide enough data, since there are only natural expo-

sures where most of faults do not provide reliable shear-sense
criteria due to weathering. In such a situation, the tentative
stratigraphic age estimates of individual palaeostress and separate deformation stages presented below are established by
comparison and correlation with a wealth of well age-constrained palaeostress data and interpretations from the adjacent SW parts of the Western Carpathians (e.g., Marko et al.,
1991, 1995; Kováè et al., 1994; Fodor, 1995; Hók et al., 1995;
Kováè and Hók, 1996; Fodor et al., 1999; Vojtko et al., 2008,
2010; Pešková et al., 2009; Králiková et al., 2010). The results
and chronology of faulting are presented herein from the oldest
to the youngest deformation phases (D1 to D6).
FIRST (D1) DEFORMATION STAGE, W–E COMPRESSION
(PRE-LATE EOCENE)

The oldest brittle deformation phase observed is characterized by compression in the W–E direction that was generated
during the strike-slip to dextral transpressional tectonic regime.
Dextral, SW–NE oriented strike-slip faults dominate over conjugate sinistral strike-slip features (Fig. 4). The oblique-slip reverse faults striking in the N–S to NNE–SSW direction, generated in a pure compressive regime, are superimposed on older
fault structures. The calculated reduced stress tensor is characterized by the W–E-oriented principal compressive stress axis
(s1) and N–S oriented minimum principal stress axis (s3), which
fluctuates from a subhorizontal to a subvertical position, thereby
the tectonic regime switched between pure strike-slip,
transpressional and pure compressional, respectively. Brittle
deformation structures of this stage are well-preserved at all lo-

Fig. 4. Representative diagrams of fault-slip data orientation and their palaeostress
interpretation for the first D1, pre-Late Eocene deformation phase of W–E compression
The stress circle denotes the mean maximum horizontal compression (SHmax) by black arrows
and the least horizontal stress (Shmin) by empty arrows. The dimensions of arrows indicate their
relative magnitudes. Each selected homogeneous group of faults is represented by a
stereogram, in which the fault planes are plotted as great circles with observed slip lines (dots)
and slip senses (arrows) using stereographic projection (Schmidt net; lower hemisphere). Symbols of the calculated principal stress axes: circles – s1, triangles – s2, squares – s3

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1340
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Fig. 5. Representative diagrams of fault orientation and their palaeostress
interpretation for the second D2 deformation phase of WNW–ESE (NW–SE)
compression (Egerian–Eggenburgian)
For explanations see Figure 4

Fig. 6. Representative diagrams of fault orientation and their palaeostress
interpretation for the third D3 deformation phase characterized by NNW–SSE (N–S)
oriented main compression axis (Ottnangian–Early Badenian)
For explanations see Figure 4
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Fig. 7. Structural diagrams of fault orientation and their palaeostress interpretation
characterizing the fourth D4 deformation phase with NNE–SSW compression and
WNW–ESE extension (Mid–Late Badenian)
For explanations see Figure 4

Fig. 8. Structural diagrams of fault orientation and their palaeostress interpretation
indicating a sinistral transtensional tectonic regime during the D5 deformation stage
characterized by NW–SE extension and waning NE–SW compression
(Sarmatian–Panonian)
For explanations see Figure 4

Stepwise clockwise rotation of the Cenozoic stress field in the Western Carpathians as revealed by kinematic analysis...
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Fig. 9. Stereograms of faults indicating the general NW–SE extension during the last D6
deformation stage (Pliocene–Quaternary)
For explanations see Figure 4

calities, except for the Skalica site (locality 5). In general, the
first brittle deformation stage reconstructed was related to W–E
oriented contraction combined with a dextral transpressional regime that only affected rocks older than Upper Eocene in other
Western Carpathian areas (e.g., Vojtko et al., 2010). Consequently, it should have taken place during the Early–Middle
Eocene, or even earlier – back to Cretaceous/Paleocene
boundary times (cf. Marko et al., 1995; Fodor et al., 1999).
SECOND (D2) DEFORMATION STAGE, WNW–ESE TO NW–SE
COMPRESSION (EGERIAN–EGGENBURGIAN)

The second tectonic phase corresponds to a gradual change
from a strike-slip tectonic regime, represented by strike-slip faults
formed under the WNW–ESE directed principal compressive
stress axis to a compression-dominated regime with NW–SE
contraction, recorded by a great number of SW–NE striking
oblique reverse faults. The strike-slip faults are mostly dextral
features oriented SW–NE (Fig. 5), whilst the sinistral strike-slip
faults trend NNW–SSE. At the Butkov locality (locality 1), many of
the SW–NE to WSW–ENE trending, steeply NW-dipping dextral
strike-slips reactivate the bedding planes of similar orientation.
Based on regional considerations, this complex fault system controlled by the WNW–ESE to NW–SE oriented main compressive
stress axis was likely formed during the Late Oligocene to earliest
Miocene (Marko et al., 1991, 1995; Fodor, 1995; Kováè and Hók,
1996; Fodor et al., 1999).
THIRD (D3) DEFORMATION STAGE, NNW–SSE COMPRESSION
(OTTNANGIAN–EARLY BADENIAN)

This third deformation phase is represented by faults generated by a compressional regime with the NNW–SSE oriented,
nearly horizontal s1. It resulted in formation of conjugate
strike-slip faults, including NNE–SSW oriented sinistral
strike-slip faults that predominate over NW–SE striking dextral
strike-slip faults (Fig. 6). There are also multiple SW–NE to
WSW–ENE trending reverse faults, which were measured at all
locations (except for Skalica – locality 5). The palaeostress field

of this orientation was found typical of the Ottnangian–Early
Badenian interval (Marko et al., 1991, 1995; Fodor, 1995;
Kováè and Hók, 1996; Fodor et al., 1999).
FOURTH (D4) DEFORMATION STAGE, NNE–SSW COMPRESSION
AND WNW–ESE EXTENSION (MIDDLE–LATE BADENIAN)

Compression continued during the fourth deformation
phase that resulted from shifting of the principal compression
axis toward the NNE–SSW to NE–SW orientation. The NW–SE
trending reverse faults were associated with this phase. In a declining compressional tectonic regime, conjugate strike-slip
faults were formed, whereas the number of reverse faults decreased and the number of normal faults increased (Fig. 7).
The sinistral strike-slip faults oriented ENE–WSW prevail over
the NNW–SSE dextral strike-slip faults. At the same time, normal, predominantly west-dipping faults, detected especially in
the Butkov quarry (locality 1), Tunežice quarry (locality 2) and
Manín locations (locality 4), were related to WNW–ESE oriented extension as the overall tectonic regime changed gradually from transpressional to transtensional by rotation of the
principal compressive stress axis into a subvertical position in a
stable NNE–SSW orientation. The fault system generated under a compressional to transtensional regime with the resolved
palaeostress field characterized by the NNE–SSW oriented
maximum horizontal stress axis SHmax is dated back to the
Middle-Late Badenian (Hók et al., 1995; Marko et al., 1995;
Kováè and Hók, 1996).
FIFTH (D5) DEFORMATION STAGE, NE–SW COMPRESSION
AND NW–SE EXTENSION (SARMATIAN–PANNONIAN)

The fifth deformation phase is characterized by sinistral
transtension, when the main horizontal compression axis
SHmax maintained its NE–SW orientation (Fig. 8). Abundant
normal faults formed at that time outnumbered the conjugate
strike-slip faults, which were identified particularly in the Butkov
(locality 1), Tunežice (locality 2) and Mojtín quarries (locality 3).
The locality Skalica (locality 5) is an exception, because dextral
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N–S faults dominate over the sinistral W–E trending strike-slip
faults. On the other hand, the numerous NE–SW oriented and
moderately NW-dipping normal faults indicate a primary role of
NW–SE oriented extension (Fig. 8). This phase is affiliated with
the Sarmatian–Pannonian interval (Marko et al., 1991, 1995;
Fodor, 1995; Hók et al., 1995; Kováè and Hók, 1996; Fodor et
al., 1999).
SIXTH (D6) DEFORMATION STAGE, NW–SE EXTENSION
(PLIOCENE–QUATERNARY)

The sixth and last deformation phase is characterized by a
number of conjugate normal faults as the result of a purely
extensional tectonic regime with the NW–SE oriented least
principal stress axis s3. Frequently, the NE–SW-trending normal faults (Figs. 3A and 9) reactivated the pre-existing weakness zones – either the bedding planes, or older reverse faults.
The existence of so many normal faults is likely caused by the
relaxation of compressive tectonic stresses in the area. The
timing of this youngest tectonic phase is constrained by the results of structural investigations in nearby areas, where Vojtko
et al. (2008, 2010), Pešková et al. (2009) and Králiková et al.
(2010) determined similar homogeneous fault groups and
dated them back to the Pliocene and Quaternary. Comparable
results come from the Danube and Vienna basins, where prevailing extensional stresses were considered to have occurred
during the Late Miocene–Pliocene (Marko et al., 1995; Fodor,
1995; Fodor et al., 1999).

DISCUSSION
The tectonic structures measured in the study area revealed changes in the palaeostress field during the
Eocene–Pliocene. These changes are illustrated in Figure 10
by stress diagrams showing the orientation of the horizontal
components SHmax and Shmin of the stress field rotating
clockwise (CW) about a vertical axis through time. In the text,
the orientation of the stress field is approximated by the orientation of the principal horizontal stress SHmax, except for the
sixth (D6) deformation stage when this axis was vertical.
Gradual reorientation of the stress field and the change of
tectonic regime from orthogonal shortening during the formation of accretionary wedge, through dextral transpression in the
Late Eocene and Early Miocene, and sinistral transtension in
the Mid Miocene to extension in the Late Miocene to Pliocene,
resulted in the development of variable, often reactivated fault
structures. However, any reconstruction of palaeostress states
is complicated by the Miocene block rotation of the whole Western Carpathians (e.g., Fodor, 1995; Marko et al., 1995; Márton
et al., 2016). Consequently, changes of palaeostress orientation in the area were likely caused by a combination of the
clockwise rotation of the stress field and the counterclockwise
(CCW) rotation of the ALCAPA microplate.
The earliest (D1) deformation phase (pre-Late Eocene) is
characterized by the W–E trending main horizontal compression axis SHmax. In this period, the Pieniny Klippen Belt was
part of a convergent zone between the rigid blocks of the Central Western Carpathians and Northern European Platform. It
was the time of amalgamation of the PKB Oravic units with the
outer edge of the CWC and the foundation of the Outer
Carpathian accretionary wedge, in which the PKB represented
its internal fold-and-thrust belt with several nappe units later affected by large-scale folding (Plašienka, 2012; Plašienka and
Soták, 2015). This first (D1) post-folding compressive phase

was recorded by brittle fault structures that developed in the
dominating dextral transpressional regime. Deformation structures of this stage are not observed in the Bartonian–Oligocene
deposits of the Central Carpathian Paleogene Basin, therefore
the first palaeostress state recorded must have occurred earlier, most probably during the late Middle Eocene. Therefore,
considering a Miocene block rotation of the Western Carpathian
of c. 50–60° (Márton et al., 2016), the original orientation of the
main compressive palaeostress axis should have been in the
NNW–SSE direction (Fig. 10).
During the second (D2) deformation phase, the axis of the
main compressive stress rotated from the W–E to the NW–SE
direction. The phase is dated from the Late Oligocene (Egerian)
until the Early Miocene (Eggenburgian). At this time, collision of
the Western Carpathians and the Northern European Platform
culminated and sedimentation in the fore-arc and piggy-back
basins finished (Kováè, 2000). The presently NW–SE oriented
compression, originally operating in an approximately N–S direction (Fig. 10), resulted in folding of the Magura group of
nappes and development of the dextral transpressive zone
along the PKB that acquired a positive flower structural geometry (Ratschbacher et al., 1993; Plašienka et al., 1998; Buèová et
al., 2010; Mello et al., 2011).
During the Ottnangian–Early Badenian, the entire Western
Carpathian domain rotated as a unity about 50–60° anti-clockwise (e.g., Kováè and Túnyi, 1995; Márton et al., 2016). At the
same time, older deformation structures should also have rotated. The observed pre-Middle Miocene reorientation of the
palaeostress field is therefore a result of the rigid block rotation
under a stable palaeostress field with the approximately
north–south (NNW–SSE to NNE–SSW, see Fig. 10) orientation
of the main compressive axis (Marko et al., 1991, 1995, 2005;
Ratschbacher et al., 1993; Kováè et al., 1994; Fodor et al.,
1999). Accordingly, the structural complexity of the third (D3)
deformation stage is related to the rotation of pre-existing structures with respect to a more-or-less stable palaeostress field.
However, the complex situation with the CCW block rotation
and CW palaeostress field rotation during this stage would need
further detailed investigations in areas where deposits of late
Early and early Middle Miocene age are preserved (cf. Márton
and Fodor, 1995).
Simultaneously with the block rotation, the compression
axis had generally a N–S direction. Gradually, a sinistral shear
zone of the SW–NE direction was created, which in the Middle
Miocene accommodated translation of the Western
Carpathians in a NE direction and resulted in a shift from
transpression to transtension (Marko et al., 1991, 1995; Kováè
et al., 1994, 2016; Fodor et al., 1999) during the next fourth (D4)
deformation stage. The rotation of the paleo-stress axis from a
N–S direction to a NNE–SSW or NE–SW orientation was
caused by the ALCAPA extrusion and CCW rotation resulting in
block translation in a NE direction resulting in some differences
in the stress regimes along the Klippen Zone and the adjacent
areas (Marko et al., 1995; Kováè and Hók, 1996).
Following the block rotation, the main horizontal compressive stress axis SHmax was further shifted to the NE–SW up to
the ENE–WSW direction during the fifth (D5) deformation,
Sarmatian to Pannonian stages (Fig. 10). This change indicates
additional clockwise rotation of the palaeostress field about a
horizontal axis, which was likely generated by the eastward shift
of an active subduction process along the outer margin of the
Carpathian arc (Kováè et al., 1993, 2016; Kováè, 2000). The
along-strike strike-slip faults resulting from the eastward located
subduction zone reflect a progressive elongation of the Western Carpathians (Kováè et al., 1993; Kováè, 2000). The sinistral
transtensional tectonic regime and formation of small pull-apart
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Fig. 10. Stress symbols in large circles and main characteristics of individual
palaeostress stages with stress arrows averaging the bulk data
Black arrows – main horizontal compression axis SHmax; empty arrows – horizontal extension axis Shmin; grey circle – the intermediate stress axis. The dimensions of arrows
indicate their relative magnitudes. Small circles show orientation of the main populations
of fault-slip structures dominating the respective stages [green – strike-slips, red – reverse fault (indicating the direction of displacement), blue – normal faults (indicating the
direction of displacement)]. Stress and strain circles for the first and second (D1–D2) deformation stages are shown also in the pre-rotation situation, rotated back (CCW) about
a vertical axis at 60°. The third stage is thought to have occurred during the Early/Middle
Miocene block rotation (CCW) of the entire Western Carpathians, thus the circle is rotated back by 30° only
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basins along the Pieniny Klippen Belt, like the Ilava and Orava
basins, are indicative of this phase. However, the main tectonic
structures, formed during rotation of the stress field and stretching of the Carpathian domain, were the NE– SWto ENE–WSW
trending normal faults.
The latest (D6) deformation stage during the Miocene to
Pliocene and Quaternary period is characterized by the onset of
a general extensional tectonic regime, dominated by an
extensional component of the stress field oriented in a NW–SE
to NNW–SSE direction. The existence of a large number of normal faults is likely caused by the relaxation of compressive
stresses in the area.

CONCLUSIONS
The area studied was deformed via a multistage ductile-brittle tectonic evolution. The history of palaeostress states, from
the Middle Eocene to the Pliocene and Quaternary, was controlled by the interaction between the stable Northern European
Platform and the ALCAPA microplate. The CCW rotation of the
Western Carpathian part of the ALCAPA block during the Early
Miocene by some 50–60° about a more-or-less stable orientation of the s1 axis played a dominant role in the reorientation of
palaeostress fields (Kováè et al., 1994; Kováè and Túnyi, 1995;
Marko et al., 1995). During the Sarmatian–Pannonian, active
clockwise rotation of the main compressional stress from N–S
to NE–SW and inversion of tectonic regimes were a result of the
NE-ward translation of the entire ALCAPA block (Marko et al.,
1995; Kováè and Hók, 1996).
The reconstruction of palaeostress fields performed in this
work was carried out using fault-slip data from five localities in
the Manín Unit. Palaeostress analysis revealed the existence of
six different stress states developed during four tectonic regimes during the Eocene–Pliocene times.
A transpressional tectonic regime in the first D1 and second
D2 deformation stages is characterized by a combination of
strike-slip movement with oblique compression.
The first D1 deformation stage (pre-Late Eocene) was accompanied by formation of NE–SW trending dextral and
NW–SE trending sinistral strike-slip faults, and by NE–SW
trending oblique-slip reverse faults. The nearly horizontal principal compressive stress axis s1, which is oriented in an W–E direction presently, operated in a NNW–ESE direction originally
(pre-rotation state in Fig. 10). Generally, the faults were activated under a dextral transpressional tectonic regime.
The second D2 deformation stage (Egerian–Eggenburgian)
is characterized by the NW–SE to WNW–ESE oriented SHmax
(NNE–SSW in the pre-rotation state; Fig. 10) and resulted in a

transpressional to compressional tectonic regime, with predominantly NNE–SSW trending right-lateral, NW–SE left-lateral
faults and rare NE–SW trending reverse faults (all in the present
coordinates).
A compressional tectonic regime during the D3 and D4 deformation stages was associated with subvertical orientation of
the minimum stress axis.
The third D3 deformation stage (Ottnangian–Early
Badenian) reflected the change of tectonic regime from
transpression-dominated to compressional with the presently
NNW–SSE oriented maximum horizontal stress axis SHmax.
This stage operated concurrently with the CCW block rotations,
thus the stress field is interpreted to have been oriented relatively stably with the roughly N–S direction of SHmax.
The post-rotation fourth D4 deformation stage (Middle–Late
Badenian) included prolonged compression with the N–S
(NNE–SSW) oriented SHmax axis. Generally, normal faults
and sinistral strike-slip faults were formed as a result of the next
transtensional tectonic regime combining strike-slip movement
with oblique extension.
The fifth D5 deformation stage (Sarmatian–Pannonian) reflects the next change of tectonic regime that occurred during
WSW–ENE compression, where dextral strike-slip faults and
normal faults dominated. Normal faults resulted from NW–SE
oriented extension along the Shmin axis. Orientation of the
maximum stress axis SHmax was subvertical.
The sixth D6 deformation stage (Pliocene to Quaternary) is
characterized by a number of conjugate normal faults as the result of an extensional tectonic regime with the NW–SE oriented
Shmin axis.
The reconstructed history of palaeostress states and their
rotations, partitioned into six (D1–D5) principal deformation
stages in the Manín Unit, largely corresponds to the
palaeostress reconstructions performed in neighbouring areas
as well as in the entire Western Carpathian segment of the
ALCAPA microplate. Our study supplements the earlier results
and puts new constraints on the tectonic history of this domain
from the Middle Eocene onwards.
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