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This study aims at quan ti ta tive ki ne matic anal y sis of fault-slip data and palaeostress re con struc tion of polyphase brit tle
struc tures de vel oped in the Manín Unit crop ping out in the Mid dle Váh River Val ley of west ern Slovakia. The Manín Unit
neigh bours the Pieniny Klippen Belt that fol lows the bound ary be tween the Paleogene accretionary wedge of the Outer
Carpathians and the Cre ta ceous nappe sys tem of the Cen tral West ern Carpathians. Af ter the nappe em place ment dur ing
mid-Cre ta ceous times, the Manín Unit was in cor po rated into the Pieniny Klippen Belt and at tained its com plex tec tonic style.
Based on ki ne matic anal y sis of meso-scale faults with slick en sides, six (D1–D6) brit tle de for ma tion stages have been dis -
cerned. The rel a tive suc ces sion of in di vid ual palaeostress states was de rived from field struc tural re la tion ships; their strati -
graphic age was es ti mated pri mar ily by com par i son with other pub lished data. Palaeostress anal y sis in the Manín Unit
re vealed the ex is tence of six dif fer ent palaeostress fields act ing from the Middle Eocene to the Qua ter nary. The first three
gen er a tions of meso-scale brit tle struc tures were formed un der a transpressional tec tonic re gime dur ing the pre-Late
Eocene–Early Mio cene D1–D3 de for ma tion. Gen er ally, the max i mum hor i zon tal stress axis ro tated clock wise from a W–E to
an ap prox i mately N–S di rec tion. There af ter, a transtensional tec tonic re gime was char ac ter ized by a WNW–ESE to
NNW–SSE ori ented min i mum hor i zon tal stress axis dur ing Middle and Late Mio cene D4–D5 de for ma tion. A gen eral
extensional tec tonic re gime in flu enced the struc tural evo lu tion of the area in the Plio cene to Qua ter nary, when a grad ual re -
ori en ta tion of the palaeostress field re sulted in the de vel op ment of vari able, of ten re ac ti vated, fault struc tures.
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INTRODUCTION

The Manín Unit is lo cated in the Púchov sec tor of the Pieniny
Klippen Belt (PKB; Fig. 1), as its in ner most el e ment that cov ers a
zone ap prox i mately 40 km long and 6–10 km wide. The Manín
Unit spreads along the left side of the Mid dle Váh Val ley from the
dis trict of Ilava up to the area west of town of Žilina. Mahe¾ (1967,
1980, 1985, 1986) af fil i ated the Manín Unit with the so-called
Peri-Klippen Zone that can be de fined as a group of units with
Cen tral Carpathian af fin ity in cor po rated in the PKB (see also
Mello et al., 2011). Be sides the Manín Unit, the Peri-Klippen
Zone in cludes also the large Klape and Drietoma units. These
units ac quired “klippen style” struc tures (Manín and Butkov
klippen, Klape klippe, Chotúè) af ter their nappe em place ment
and dur ing the de po si tion of the syn-orogenic, Gosau-type Up per 

Cre ta ceous to Eocene for ma tions (Plašienka, 1995, 2012;
Plašienka and Soták, 2015; Fig. 2).

The Manín Unit has been one of the most con tro ver sial
units in the West ern Carpathians. Even though many au thors
have stud ied its struc ture and com po si tion, there is no gen er ally 
ac cepted opin ion about its tec tonic clas si fi ca tion and
palaeogeographic po si tion. Dur ing the past de cades of re -
search, three ba sic the o ries have emerged. The old est one is
Andrusov’s con cept (1938, 1968) of the Manín Unit as be ing an
outer el e ment of the Tatric (High Tatra) do main. This idea was
pri mar ily based on the oc cur rence of Urgon-type lime stones in
both the Manín and High Tatra suc ces sions and was fur ther de -
vel oped by Rakús et al. (1998) and Rakús and Hók (2005).

An other in ter pre ta tion was pro posed by Mahe¾ (1978), who
ad vo cated a palaeogeographic po si tion of the Manín Unit to the 
south of the Tatric area and in cluded it into the Fatric (Krížna)
nappe sys tem, based on the sim i lar ity with the Belá sub unit of
the Krížna nappe in the Strážovské vrchy Moun tains. Many
other au thors such as Borza (1980), Michalík (1992, 1994),
Reháková and Michalík (1994), Plašienka (1995, 2012) and
Prokešová et al. (2012) fol lowed Mahe¾’s in ter pre ta tion and this
view is ac cepted also in the pres ent 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)



Still an other con cept was pre sented by Salaj and Sam uel
(1966), who pre sumed a con tin u ous Early–Late Cre ta ceous
sed i men tary suc ces sion in the Manín Unit, whereas the Krížna
nappe and other Cen tral West ern Carpathian (CWC) units lack
de pos its youn ger than Turonian. By con trast, post-Turonian de -
pos its are wide spread in the PKB, but al most com pletely miss -
ing in the CWC. Con se quently, the evo lu tion ary trend of the
Manín Unit cor re sponds rather to that of the PKB units; there -
fore, the Manín Unit was as signed to the Klippen Belt proper
(Be gan, 1961, Be gan et al., 1963).

Not with stand ing its palaeogeographic set ting, the Manín
Unit be came an el e ment of the West ern Carpathian
accretionary wedge af ter its em place ment in front of the CWC
stack of mid-Cre ta ceous base ment-in volved (Tatric, Veporic
and Gemeric) and de tached cover (Fatric, Hronic and Silicic)
nappe sys tems (e.g., Froitzheim et al., 2008). As the wedge
grew by fron tal ac cre tion of the PKB Oravic and Outer
Carpathian Magura units, the Manín Unit was trans ferred to the
rear part of the prograding wedge and was in flu enced by sev -
eral fold ing-thrust ing and extensional de for ma tion stages
(Plašienka and Soták, 2015). Based on the sed i men tary re cord, 
these stages have been dated as Late Cre ta ceous (“Senonian”) 
through Mid Eocene, fol lowed by a wide spread
Bartonian–Priabonian trans gres sion and an Oligocene col lapse 
event af fect ing both the wedge and the ad ja cent part of the
CWC to cre ate the Cen tral Carpathian Paleogene (a.k.a.
Podhale) Ba sin (Soták et al., 2001; Plašienka and Soták, 2015;
Kováè et al., 2016). Con se quently, the Manín Unit was shaped
by large-scale fold and thrust struc tures, such as the Butkov,
Manín and Drieòovka “klippen” (ac tu ally dou bly-plung ing
anticlines; cf. Plašienka et al., 2017), al ready be fore the Late
Eocene. Here, we are deal ing with brit tle fault struc tures that vir -
tu ally post date the map-scale fold-thrust struc tures, i.e. they
largely af fect al ready tilted sed i men tary strata of the Manín Unit.

The aim of this pa per is the re con struc tion of palaeostress
fields in the Manín Unit, based on sys tem atic fault-slip data col -
lect ing of mesoscopic faults at five main lo cal i ties (Fig. 2). The
data pre sented and their in ter pre ta tion sup ple ment re sults pre vi -
ously gath ered in the large Butkov quarry (Šimonová and
Plašienka, 2011) and ex tend struc tural ob ser va tions to four other 
im por tant ex po sures of the Manín Unit in west ern Slovakia.

GEOLOGICAL SETTING

The West ern Carpathians are the north ern most, W–E
trending seg ment of the Eu ro pean Alpides. They ex tend from
the east ern end of the East ern Alps to ward the north-east, and
are di vided by the PKB into the Paleogene accretionary wedge
of the Ex ter nal and the Cre ta ceous nappe sys tem of the CWC.

The PKB rep re sents a nar row but long zone dom i nated by
Late Cre ta ceous–Early Mio cene wrench tec ton ics (e.g.,
Ratschbacher et al., 1993; Nemèok and Nemèok, 1994). This is 
an in ter nally com pli cated struc tural belt stretch ing in a broad arc 
for hun dreds of kilo metres from the Al pine-Carpathian junc tion
as far as west ern Ukraine (Fig. 1). In its tra di tional def i ni tion, the
PKB is formed by more-or-less iso lated blocks of “klippen” (re -
sis tant Mid dle Ju ras sic to Lower Cre ta ceous lime stones) em -
bed ded in the “klippen man tle” (soft Lower Ju ras sic and Up per
Cre ta ceous to Paleogene shales, marls and flysch de pos its).
Con se quently, the PKB has fre quently been char ac ter ized as a
tec tonic megabreccia, a mélange, and even as a huge cha otic
sed i men tary body – an olistostrome (Nemèok, 1980). Re gard -
less of its length, the PKB pre serves its tec tonic in teg rity, in di -
cated by the om ni pres ence of the typ i cal (Oravic) units that do
not oc cur in other Carpathian zones. Ad di tion ally, cer tain parts

of the PKB in clude also “non-Oravic” units of CWC prov e nance
that were in cor po rated into the PKB and at tained their tec tonic
style af ter the nappe em place ment dur ing the mid-Cre ta ceous
(e.g., the Klape and Manín Units). In all prob a bil ity, they all rep -
re sent fron tal nappe el e ments of the Fatric nappe sys tem (e.g.,
Plašienka, 1995).

The five lo cal i ties in ves ti gated are lo cated in the Púchov
sec tor of the PKB (Fig. 1) in NW Slovakia. Be ing ex clu sively
com posed of Ju ras sic–Cre ta ceous for ma tions, the Manín Unit
is char ac ter ized by dom i nantly shal low-wa ter lime stones of
Lower Ju ras sic and Lower Cre ta ceous age, fol lowed by the
Albian–Turonian hemipelagic marls and flysch de pos its, which
are over stepped by var i ous Senonian de pos its (Fig. 2). A thick
for ma tion of Barremian–Aptian plat form lime stones of
Urgon-type is the most char ac ter is tic mem ber of the Manín Unit 
(Fig. 3A). The older mem bers crop out mainly in two large
brachyanticlinal “klippes” – the Manín and Butkov anticlines.
The mid-Cre ta ceous flysch of the Manín Unit is over rid den from 
the SE by the fron tal Fatric el e ments – the Krížna nappe with its
typ i cal basinal Zliechov Suc ces sion (Fig. 2).

Senonian de pos its oc cur ring within the Manín Unit were
con sid ered ei ther to be its in te gral con tin u ous se quences
(Salaj, 1990), lo cally sep a rated by a strati graphic hi a tus
(Marschalko and Kysela, 1979), or to rep re sent tec tonic win -
dows of the un der ly ing Kysuca Unit (Podháj Suc ces sion –
Rakús and Hók, 2005; Mello et al., 2005, 2011). Re cently,
Plašienka and Soták (2015) in ter preted these de pos its as
post-em place ment over step de pos its of Gosau-type. As such,
the Gosau strata are not con stit u ents of the Manín and Klape
units, just as they are not parts of the Austroalpine cover nappe
sys tem in the North ern Cal car e ous Alps (Plašienka and Soták,
2015 and ref er ences therein). Nev er the less, the Senonian
rocks in the Manín and Klape belts were later strongly de formed 
at the rear of the de vel op ing accretionary wedge of the Outer
Carpathians. Con se quently, they were largely in cor po rated into 
the re sult ing fold-thrust struc tures of this “Peri-Klippen Zone”.

Due to large ex po sures, par tic u larly in the Butkov and
Manín ar eas, the Ju ras sic–Lower Cre ta ceous sed i men tary
suc ces sions of the Manín Unit have been de scribed in a great
de tail in many pa pers (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 gen eral, the Butkov Suc ces sion is com posed of Lower Ju ras -
sic syn-rift sandy-bioclastic lime stones and then by Mid dle Ju -
ras sic–Lower Cre ta ceous, mostly basinal pe lagic, well-bed ded
nod u lar, si li ceous, marly and cherty lime stone for ma tions over -
lain by a thick layer of mas sive, biodetrital Urgon-type lime stone 
(Barremian–Early Albian) fol lowed by a drown ing se quence of
Albian hemipelagic marls and coars en ing-up ward synorogenic
flysch de pos its of mainly Cenomanian age.

The Butkov struc ture is a brachyantiform 5 km long and
1.5 km wide cored by rel a tively com pe tent Ju ras sic to Lower
Cre ta ceous strata sur rounded by mid-Cre ta ceous marls and
flysch de pos its. The Butkov antiform is slightly asym met ri cal,
with a steeply N-dip ping to ver ti cal north ern limb and a mod er -
ately to steeply S-dip ping south ern limb, af fected also by S-dip -
ping low-an gle nor mal faults (Borza et al., 1987; Michalík et al.,
2012). The Butkov Suc ces sion is ex posed in three large ar ti fi -
cial ex po sures – the Butkov, Tunežice and Mojtín quar ries lo -
cated within the core of the Butkov antiform (Fig. 2).

The large, 15-level Butkov quarry is sit u ated on the north ern 
slopes of Mt. Butkov (765 m a.s.l.) in the cen tral part of the
brachyantiform. Lime stones as a raw ma te rial for ce ment pro -
duc tion are mined there. The Tunežice quarry is sit u ated near
Ladce vil lage on the west ern slopes of Kalište Hill (679.5 m),
which is lo cated at the west ern ax ial clo sure 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 (lo cal ity 1) – the yel low line rep re sents the con tact of two Lower Ju ras sic lime stone for ma tions; white
lines – nor mal faults of the youn gest de for ma tion stage; B – mas sive Barremian to Lower Albian “Urgon” lime stones cov ered by a
hard-ground; C – ex am ple of the su per po si tion of youn ger subvertical cal cite slickenfibres with accretionary min eral steps on older
subhorizontal fault striae on a sin gle fault sur face; D – typ i cal cal cite accretionary min eral steps on a fault plane; E – an ammonite bi -
sected by a fault plane filled with fi brous cal cite; F – shear zone with ob served drag folds



ture. An an ti cli nal macrofold struc ture of Lower Ju ras sic strata
con tin u ing from the Butkov quarry is clearly vis i ble through sev -
eral quarry stages. The Mojtín quarry is sit u ated in the val ley of
the Slatinský potok brook near vil lage Belušské Slatiny, close to 
the east ern periclinal clo sure of the Butkov anticline.

Com pared to the Butkov Suc ces sion, the Manín Suc ces -
sion is some what dif fer ent, of more shal low-wa ter char ac ter
with a prev a lence of con densed swell fa cies and with a layer of
mas sive Urgonian lime stones up to 200 metres thick. The
Manín Suc ces sion is ex posed in a nar row gorge in cised in the
large Manín antiform (lo cal ity Manín) and in the smaller
Drieòovka pericline. There are no quar ries in this area, and so
only nat u ral ex po sures pro vid ing a lim ited num ber of mea sur -
able fault struc tures have been an a lyzed.

The Skalica zone oc cur ring be tween the Butkov and Manín
antiforms (Fig. 2) is strongly imbricated, whereby nar row slices
of Lower Cre ta ceous strata of ten re flect a slope en vi ron ment.
The Skalica lo cal ity oc curs near the town of Považská Bystrica,
1 km SSE of Dolný Moštenec vil lage. It ex poses two small
klippes formed by Lower Cre ta ceous lime stones and, in par tic u -
lar, Up per Aptian mass-flow brec cias com posed of clasts of
Urgonian lime stone (e.g., Michalík and Vašíèek, 1984).

METHODS

Be ing clearly su per im posed on the Late Cre ta -
ceous–Early/Mid dle Eocene fold-and-thrust struc tures, the brit -
tle fault struc tures in ves ti gated should rep re sent a re cord of the
post-Lutetian tec tonic evo lu tion of the study area. In our anal y -
sis, we have omit ted the dip-slip slickenlines oc cur ring on bed -
ding planes on a limb of the Butkov pericline, which ob vi ously
formed by flex ural slip dur ing its growth; it was ana lysed in de tail 
by Buèová (2013). How ever, the steep ened limbs of the Manín
anticlines – the ver ti cal north ern limb of the Butkov antiform in
par tic u lar – were re ac ti vated as strike- or oblique-slip faults.

Palaeostress re con struc tion of post-fold ing fault struc tures
in the Manín Unit was based on de tailed field ob ser va tions. Our
ap proach in cluded mea sure ment of meso-scale struc tural data
of fault-slick en sides and their ki ne matic anal y sis, based on the
eval u a tion of fault sur faces. The fault-slip data in cluded the dip
and di rec tion of slickenlines oc cur ring on fault planes, the sense 
of dis place ment of fault blocks and qual ity as sess ment of the
dis place ment cri te ria. The sense of dis place ment can be de ter -
mined us ing ki ne matic in di ca tors on the slickenside sur faces.
The main cri te ria used to iden tify the di rec tion and sense of fault 
slip were sum ma rized for in stance by Pe tit (1987) and Angelier
(1989, 1994), and in clude var i ous struc tures such as grooves,
slickenfibres and slickolites, striae, min er al ised steps, Riedel
shears, off sets of mark ers, stepovers, drag folds etc. (Fig. 3).
The qual ity rank ing scheme ac cord ing to the World Stress Map
Pro ject ranges from A (best) to E (worst) and is de ter mined as a
func tion of sev eral cri te ria (Sperner et al., 2003). The ba sic prin -
ci ple of palaeostress anal y sis is that meso-scale struc tures can
be re lated to larger re gional struc tures; both scales should re -
flect the same dy nam ics and ki ne mat ics (Angelier, 1989, 1994).

A typ i cal ap proach to the re con struc tion of the palaeostress
field is the in verse method, which is based on the as sump tion
that the fault move ment is gen er ated in the di rec tion of max i -
mum shear ing stress (Wallace, 1951; Bott, 1959). The in verse
prob lem con sists of de ter min ing the mean stress ten sor, know -
ing the ori en ta tion and sense of slip on nu mer ous faults. In
prac tice, the best fit, rep re sent ing a com mon stress ten sor, be -
tween all fault-slip data that be long to a given tec tonic event is
nu mer i cally cal cu lated (Angelier, 1994; Marko, 2000; Vojtko

and Marko, 2006). The in verse method pre sumes that each
pla nar sur face, an ex ist ing or newly formed fault, may be ac ti -
vated in a given stress state.

Fault plane and slickenside ori en ta tions, in clud ing slip
senses, are used to com pute the four pa ram e ters of
palaeostress ten sor: the prin ci pal stress axis s1 (max i mum
com pres sion), s2 (in ter me di ate com pres sion) and s3 (min i mum 
com pres sion) and the ra tio of prin ci pal stress dif fer ences
R = (s2 – s3)/(s1 – s3). These four pa ram e ters are de ter mined
us ing an im proved ver sion of the Right Dihedron method of
Angelier and Mechler (1977) and the new in ter ac tive ro tary op ti -
miz ing method SHEAR, us ing the soft ware pack age
WinTensor de vel oped by Delvaux (2006).

The data used for in ver sion are mea sured fault plane and
slip line ori en ta tions, whereas a sense of move ment was de -
rived from the ge om e try of cal cite steps on slick en sides
(Fig. 3C, D). The WinTensor in ver sion method first de ter mines
the di rec tions of prin ci pal stress axes by us ing the Right
Dihedra method, a graph i cal method for de ter mi na tion of the
range of pos si ble s1 and s3 ori en ta tions (Angelier and Mechler,
1977). With this method, the nodal planes of any in com pat i ble
da tum are elim i nated. This ini tial re sult is used as a start ing
point for the ro ta tional op ti mi za tion. For faults, the an gu lar de vi -
a tion be tween ob served slick en sides and com puted shears is
min i mized, to gether with the max i mi za tion of fric tion co ef fi -
cients for each fault plane. The WinTensor pro ce dure optimizes 
the re sults by pro gres sive ro ta tion of the tested ten sor around
each of its axes, and by test ing dif fer ent val ues of R. The range
of ro ta tion an gles and val ues of R ra tio tested are pro gres sively
re duced, un til the ten sor is sta bi lized (Delvaux, 1993; Delvaux
and Sperner, 2003). Sep a ra tion of fault pop u la tions re sult ing
from suc ces sive tec tonic re gimes is based on the in ter ac tive ki -
ne matic sep a ra tion and pro gres sive stress ten sor op ti mi za tion,
to ob tain ho mo ge neous sub sets, rep re sent ing dif fer ent stress
re gimes. Their chro no log i cal suc ces sion is es tab lished as a
func tion of struc tural and geo log i cal cri te ria and by com par i son
to known re gional tec tonic events.

Stress re gimes are de fined based on the ori en ta tion of
stress axes and the mag ni tude of the pa ram e ter R’ with val ues
rang ing from 0 to 3 (Delvaux et al., 1995, 1997):

– nor mal fault ing when s2 is the max i mum hor i zon tal com -

pres sion axis (s2 SHmax) and s1 is ver ti cal; R’ = R (0–1)
– extensional re gime;

– strike-slip fault ing when s1 is the max i mum hor i zon tal

com pres sion axis (s1 SHmax) and when s2 is ver ti cal;
R’ = 2 – R (1–2) – strike-slip re gime;

– thrust/re verse fault ing when s1 is the max i mum hor i zon -

tal com pres sion axis (s1 SHmax) and s3 is ver ti cal;
R’ = 2 + R (2–3) – compressional re gime.

Crit i cal con sid er ations on the ac cu racy of stress in ver sion
meth ods are given in Dupin et al. (1993), Pol lard et al. (1993),
Nieto-Samaniego and Alaniz-Alvarez (1996), Twiss and Unruh
(1998), Maerten (2000) and Rob erts and Ganas (2000). They
con cluded that un cer tain ties in the stress ten sor de ter mi na tion
due to geo log i cal and me chan i cal fac tors gen er ally fall in the
range of mea sure ment er rors. Be cause the re gional stress ten -
sor is spa tially and chro no log i cally ho mo ge neous in the en tire
rock mass, stress com pu ta tion uti liz ing the in ver sion method
should be suit able. The cal cu la tion can be in flu enced by three
ef fects: (1) the ra tio be tween the width and length of a fault; (2)
the ef fect of the Earth sur face (topoeffect); (3) the in ter ac tion
among faults (Pol lard et al., 1993). Palaeostress anal y sis re -
sults can be com pro mised by all the above-men tioned ef fects;
how ever, their in flu ence is usu ally min i mal (Angelier, 1994).
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RESULTS

The deformational his tory of the Manín Unit is char ac ter ized 
by a mul ti stage duc tile-brit tle and brit tle tec tonic evo lu tion that
oc curred in six (D1–D6) de for ma tion stages pro duc ing vari ably
ori ented pop u la tions of fault-slip struc tures (Fig. 3). Struc tural
anal y sis of brit tle de for ma tion that af fected the Ju ras sic and
Lower Cretaceousþ rocks of the Manín Unit at five main lo cal i -
ties (Butkov quarry – lo cal ity 1, Tunežice quarry – lo cal ity 2,
Mojtín quarry – lo cal ity 3, Manín nar rows – lo cal ity 4 and Skalica 
klippe – lo cal ity 5) was car ried out based on the in ter pre ta tion of 
palaeostress states. A ro bust dataset of more than 2,100 slick -
en sides was used to de ter mine the ori en ta tion of prin ci pal
palaeostress axes (s1, s2, s3) and to de fine the R pa ram e ter
(Ap pen dix 1*). Se lected rep re sen ta tive ste reo grams of ho mo -
ge neous fault pop u la tions are shown in Fig ures 4–9. Around
200 mea sure ments were omit ted be cause they are in com pat i -
ble and show un rea son able re sults. This may be due to mea -
sure ment er rors in the field or struc tural in her i tance. The six dis -
tinct palaeostress states caused by the six (D1–D6) de for ma tion
stages were de tected from >80 com puted re duced stress ten -
sors (Ap pen dix 1).

The rel a tive suc ces sion of in di vid ual palaeostress states
was de rived from field struc tural re la tion ships and over print ing
cri te ria. How ever, es ti ma tion of their pos si ble age lim its is more
prob lem atic. We have ana lysed only fault struc tures in Me so -
zoic rocks and there is no age con trol from Ce no zoic strata in
the area in ves ti gated. The Lower Eocene car bon ate con glom -
er ates, which rim the SE mar gin of the Manín zone (Fig. 2), do
not pro vide enough data, since there are only nat u ral ex po -

sures where most of faults do not pro vide re li able shear-sense
cri te ria due to weath er ing. In such a sit u a tion, the ten ta tive
strati graphic age es ti mates of in di vid ual palaeostress and sep -
a rate de for ma tion stages pre sented be low are es tab lished by
com par i son and cor re la tion with a wealth of well age-con -
strained palaeostress data and in ter pre ta tions from the ad ja -
cent SW parts of the West ern 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 re sults
and chro nol ogy of fault ing are pre sented herein from the old est
to the youn gest de for ma tion phases (D1 to D6).

FIRST (D1) DEFORMATION STAGE, W–E COMPRESSION 
(PRE-LATE EOCENE)

The old est brit tle de for ma tion phase ob served is char ac ter -
ized by com pres sion in the W–E di rec tion that was gen er ated
dur ing the strike-slip to dextral transpressional tec tonic re gime.
Dextral, SW–NE ori ented strike-slip faults dom i nate over con ju -
gate sinistral strike-slip fea tures (Fig. 4). The oblique-slip re -
verse faults strik ing in the N–S to NNE–SSW di rec tion, gen er -
ated in a pure com pres sive re gime, are su per im posed on older
fault struc tures. The cal cu lated re duced stress ten sor is char ac -
ter ized by the W–E-ori ented prin ci pal com pres sive stress axis
(s1) and N–S ori ented min i mum prin ci pal stress axis (s3), which
fluc tu ates from a subhorizontal to a subvertical po si tion, thereby 
the tec tonic re gime switched be tween pure strike-slip,
transpressional and pure compressional, re spec tively. Brit tle
de for ma tion struc tures of this stage are well-pre served at all lo -
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* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1340

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 cir cle de notes the mean max i mum hor i zon tal com pres sion (SHmax) by black ar rows
and the least hor i zon tal stress (Shmin) by empty ar rows. The di men sions of ar rows in di cate their
rel a tive mag ni tudes. Each se lected ho mog e neous group of faults is rep re sented by a
stereogram, in which the fault planes are plot ted as great cir cles with ob served slip lines (dots)
and slip senses (ar rows) us ing ste reo graphic pro jec tion (Schmidt net; lower hemi sphere). Sym -

bols of the cal cu lated prin ci pal stress axes: cir cles – s1, tri an gles – s2, squares – s3
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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



cal i ties, ex cept for the Skalica site (lo cal ity 5). In gen eral, the
first brit tle de for ma tion stage re con structed was re lated to W–E
ori ented con trac tion com bined with a dextral transpressional re -
gime that only af fected rocks older than Up per Eocene in other
West ern Carpathian ar eas (e.g., Vojtko et al., 2010). Con se -
quently, it should have taken place dur ing the Early–Mid dle
Eocene, or even ear lier – back to Cre ta ceous/Paleocene
bound ary times (cf. Marko et al., 1995; Fodor et al., 1999).

SECOND (D2) DEFORMATION STAGE, WNW–ESE TO NW–SE
COMPRESSION (EGERIAN–EGGENBURGIAN)

The sec ond tec tonic phase cor re sponds to a grad ual change
from a strike-slip tec tonic re gime, rep re sented by strike-slip faults 
formed un der the WNW–ESE di rected prin ci pal com pres sive
stress axis to a com pres sion-dom i nated re gime with NW–SE
con trac tion, re corded by a great num ber of SW–NE strik ing
oblique re verse faults. The strike-slip faults are mostly dextral
fea tures ori ented SW–NE (Fig. 5), whilst the sinistral strike-slip
faults trend NNW–SSE. At the Butkov lo cal ity (lo cal ity 1), many of 
the SW–NE to WSW–ENE trending, steeply NW-dip ping dextral
strike-slips re ac ti vate the bed ding planes of sim i lar ori en ta tion.
Based on re gional con sid er ations, this com plex fault sys tem con -
trolled by the WNW–ESE to NW–SE ori ented main com pres sive
stress axis was likely formed dur ing the Late Oligocene to ear li est 
Mio cene (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 de for ma tion phase is rep re sented by faults gen er -
ated by a compressional re gime with the NNW–SSE ori ented,
nearly hor i zon tal s1. It re sulted in for ma tion of con ju gate
strike-slip faults, in clud ing NNE–SSW ori ented sinistral
strike-slip faults that pre dom i nate over NW–SE strik ing dextral
strike-slip faults (Fig. 6). There are also mul ti ple SW–NE to
WSW–ENE trending re verse faults, which were mea sured at all 
lo ca tions (ex cept for Skalica – lo cal ity 5). The palaeostress field

of this ori en ta tion was found typ i cal of the Ottnangian–Early
Badenian in ter val (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)

Com pres sion con tin ued dur ing the fourth de for ma tion
phase that re sulted from shift ing of the prin ci pal com pres sion
axis to ward the NNE–SSW to NE–SW ori en ta tion. The NW–SE 
trending re verse faults were as so ci ated with this phase. In a de -
clin ing compressional tec tonic re gime, con ju gate strike-slip
faults were formed, whereas the num ber of re verse faults de -
creased and the num ber of nor mal faults in creased (Fig. 7).
The sinistral strike-slip faults ori ented ENE–WSW pre vail over
the NNW–SSE dextral strike-slip faults. At the same time, nor -
mal, pre dom i nantly west-dip ping faults, de tected es pe cially in
the Butkov quarry (lo cal ity 1), Tunežice quarry (lo cal ity 2) and
Manín lo ca tions (lo cal ity 4), were re lated to WNW–ESE ori -
ented ex ten sion as the over all tec tonic re gime changed grad u -
ally from transpressional to transtensional by ro ta tion of the
prin ci pal com pres sive stress axis into a subvertical po si tion in a
sta ble NNE–SSW ori en ta tion. The fault sys tem gen er ated un -
der a compressional to transtensional re gime with the re solved
palaeostress field char ac ter ized by the NNE–SSW ori ented
max i mum hor i zon tal stress axis SHmax is dated back to the
Mid dle-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 de for ma tion phase is char ac ter ized by sinistral
transtension, when the main hor i zon tal com pres sion axis
SHmax main tained its NE–SW ori en ta tion (Fig. 8). Abun dant
nor mal faults formed at that time out num bered the con ju gate
strike-slip faults, which were iden ti fied par tic u larly in the Butkov
(lo cal ity 1), Tunežice (lo cal ity 2) and Mojtín quar ries (lo cal ity 3).
The lo cal ity Skalica (lo cal ity 5) is an ex cep tion, be cause dextral
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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



N–S faults dom i nate over the sinistral W–E trending strike-slip
faults. On the other hand, the nu mer ous NE–SW ori ented and
mod er ately NW-dip ping nor mal faults in di cate a pri mary role of
NW–SE ori ented ex ten sion (Fig. 8). This phase is af fil i ated with
the Sarmatian–Pannonian in ter val (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 de for ma tion phase is char ac ter ized by a
num ber of con ju gate nor mal faults as the re sult of a purely
extensional tec tonic re gime with the NW–SE ori ented least
prin ci pal stress axis s3. Fre quently, the NE–SW-trending nor -
mal faults (Figs. 3A and 9) re ac ti vated the pre-ex ist ing weak -
ness zones – ei ther the bed ding planes, or older re verse faults.
The ex is tence of so many nor mal faults is likely caused by the
re lax ation of com pres sive tec tonic stresses in the area. The
tim ing of this youn gest tec tonic phase is con strained by the re -
sults of struc tural in ves ti ga tions in nearby ar eas, where Vojtko
et al. (2008, 2010), Pešková et al. (2009) and Králiková et al.
(2010) de ter mined sim i lar ho mo ge neous fault groups and
dated them back to the Plio cene and Qua ter nary. Com pa ra ble
re sults come from the Dan ube and Vi enna bas ins, where pre -
vail ing extensional stresses were con sid ered to have oc curred
dur ing the Late Mio cene–Plio cene (Marko et al., 1995; Fodor,
1995; Fodor et al., 1999).

DISCUSSION

The tec tonic struc tures mea sured in the study area re -
vealed changes in the palaeostress field dur ing the
Eocene–Plio cene. These changes are il lus trated in Fig ure 10
by stress di a grams show ing the ori en ta tion of the hor i zon tal
com po nents SHmax and Shmin of the stress field ro tat ing
clock wise (CW) about a ver ti cal axis through time. In the text,
the ori en ta tion of the stress field is ap prox i mated by the ori en ta -
tion of the prin ci pal hor i zon tal stress SHmax, ex cept for the
sixth (D6) de for ma tion stage when this axis was ver ti cal.

Grad ual re ori en ta tion of the stress field and the change of
tec tonic re gime from or thogo nal short en ing dur ing the for ma -
tion of accretionary wedge, through dextral transpression in the
Late Eocene and Early Mio cene, and sinistral transtension in
the Mid Mio cene to ex ten sion in the Late Mio cene to Plio cene,
re sulted in the de vel op ment of vari able, of ten re ac ti vated fault
struc tures. How ever, any re con struc tion of palaeostress states
is com pli cated by the Mio cene block ro ta tion of the whole West -
ern Carpathians (e.g., Fodor, 1995; Marko et al., 1995; Márton
et al., 2016). Con se quently, changes of palaeostress ori en ta -
tion in the area were likely caused by a com bi na tion of the
clock wise ro ta tion of the stress field and the coun ter clock wise
(CCW) ro ta tion of the ALCAPA microplate.

The ear li est (D1) de for ma tion phase (pre-Late Eocene) is
char ac ter ized by the W–E trending main hor i zon tal com pres -
sion axis SHmax. In this pe riod, the Pieniny Klippen Belt was
part of a con ver gent zone be tween the rigid blocks of the Cen -
tral West ern Carpathians and North ern Eu ro pean Plat form. It
was the time of amal gam ation of the PKB Oravic units with the
outer edge of the CWC and the foun da tion of the Outer
Carpathian accretionary wedge, in which the PKB rep re sented
its in ter nal fold-and-thrust belt with sev eral nappe units later af -
fected by large-scale fold ing (Plašienka, 2012; Plašienka and
Soták, 2015). This first (D1) post-fold ing com pres sive phase

was re corded by brit tle fault struc tures that de vel oped in the
dom i nat ing dextral transpressional re gime. De for ma tion struc -
tures of this stage are not ob served in the Bartonian–Oligo cene
de pos its of the Cen tral Carpathian Paleogene Ba sin, there fore
the first palaeostress state re corded must have oc curred ear -
lier, most prob a bly dur ing the late Mid dle Eocene. There fore,
con sid er ing a Mio cene block ro ta tion of the West ern Carpathian 
of c. 50–60° (Márton et al., 2016), the orig i nal ori en ta tion of the
main com pres sive palaeostress axis should have been in the
NNW–SSE di rec tion (Fig. 10).

Dur ing the sec ond (D2) de for ma tion phase, the axis of the
main com pres sive stress ro tated from the W–E to the NW–SE
di rec tion. The phase is dated from the Late Oligocene (Egerian) 
un til the Early Mio cene (Eggenburgian). At this time, col li sion of
the West ern Carpathians and the North ern Eu ro pean Plat form
cul mi nated and sed i men ta tion in the fore-arc and piggy-back
bas ins fin ished (Kováè, 2000). The pres ently NW–SE ori ented
com pres sion, orig i nally op er at ing in an ap prox i mately N–S di -
rec tion (Fig. 10), re sulted in fold ing of the Magura group of
nappes and de vel op ment of the dextral transpressive zone
along the PKB that ac quired a pos i tive flower struc tural ge om e -
try (Ratschbacher et al., 1993; Plašienka et al., 1998; Buèová et 
al., 2010; Mello et al., 2011).

Dur ing the Ottnangian–Early Badenian, the en tire West ern
Carpathian do main ro tated as a unity about 50–60° anti-clock -
wise (e.g., Kováè and Túnyi, 1995; Márton et al., 2016). At the
same time, older de for ma tion struc tures should also have ro -
tated. The ob served pre-Mid dle Mio cene re ori en ta tion of the
palaeostress field is there fore a re sult of the rigid block ro ta tion
un der a sta ble palaeostress field with the ap prox i mately
north–south (NNW–SSE to NNE–SSW, see Fig. 10) ori en ta tion 
of the main com pres sive axis (Marko et al., 1991, 1995, 2005;
Ratschbacher et al., 1993; Kováè et al., 1994; Fodor et al.,
1999). Ac cord ingly, the struc tural com plex ity of the third (D3)
de for ma tion stage is re lated to the ro ta tion of pre-ex ist ing struc -
tures with re spect to a more-or-less sta ble palaeostress field.
How ever, the com plex sit u a tion with the CCW block ro ta tion
and CW palaeostress field ro ta tion dur ing this stage would need 
fur ther de tailed in ves ti ga tions in ar eas where de pos its of late
Early and early Mid dle Mio cene age are pre served (cf. Márton
and Fodor, 1995).

Si mul ta neously with the block ro ta tion, the com pres sion
axis had gen er ally a N–S di rec tion. Grad u ally, a sinistral shear
zone of the SW–NE di rec tion was cre ated, which in the Mid dle
Mio cene ac com mo dated trans la tion of the West ern
Carpathians in a NE di rec tion and re sulted in a shift from
transpression to transtension (Marko et al., 1991, 1995; Kováè
et al., 1994, 2016; Fodor et al., 1999) dur ing the next fourth (D4)
de for ma tion stage. The ro ta tion of the paleo-stress axis from a
N–S di rec tion to a NNE–SSW or NE–SW ori en ta tion was
caused by the ALCAPA ex tru sion and CCW ro ta tion re sult ing in 
block trans la tion in a NE di rec tion re sult ing in some dif fer ences
in the stress re gimes along the Klippen Zone and the ad ja cent
ar eas (Marko et al., 1995; Kováè and Hók, 1996).

Fol low ing the block ro ta tion, the main hor i zon tal com pres -
sive stress axis SHmax was fur ther shifted to the NE–SW up to
the ENE–WSW di rec tion dur ing the fifth (D5) de for ma tion,
Sarmatian to Pannonian stages (Fig. 10). This change in di cates 
ad di tional clock wise ro ta tion of the palaeostress field about a
hor i zon tal axis, which was likely gen er ated by the east ward shift 
of an ac tive subduction pro cess along the outer mar gin of the
Carpathian arc (Kováè et al., 1993, 2016; Kováè, 2000). The
along-strike strike-slip faults re sult ing from the east ward lo cated 
subduction zone re flect a pro gres sive elon ga tion of the West -
ern Carpathians (Kováè et al., 1993; Kováè, 2000). The sinistral 
transtensional tec tonic re gime and for ma tion 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 ar rows – main hor i zon tal com pres sion axis SHmax; empty ar rows – hor i zon tal ex -
ten sion axis Shmin; grey cir cle – the in ter me di ate stress axis. The di men sions of ar rows
in di cate their rel a tive mag ni tudes. Small cir cles show ori en ta tion of the main pop u la tions 
of fault-slip struc tures dom i nat ing the re spec tive stages [green – strike-slips, red – re -
verse fault (in di cat ing the di rec tion of dis place ment), blue – nor mal faults (in di cat ing the
di rec tion of dis place ment)]. Stress and strain cir cles for the first and sec ond (D1–D2) de -
for ma tion stages are shown also in the pre-ro ta tion sit u a tion, ro tated back (CCW) about
a ver ti cal axis at 60°. The third stage is thought to have oc curred dur ing the Early/Middle
Mio cene block ro ta tion (CCW) of the en tire West ern Carpathians, thus the cir cle is ro -
tated back by 30° only



bas ins along the Pieniny Klippen Belt, like the Ilava and Orava
bas ins, are in dic a tive of this phase. How ever, the main tec tonic
struc tures, formed dur ing ro ta tion of the stress field and stretch -
ing of the Carpathian do main, were the NE– SWto ENE–WSW
trending nor mal faults.

The lat est (D6) de for ma tion stage dur ing the Mio cene to
Plio cene and Qua ter nary pe riod is char ac ter ized by the on set of 
a gen eral extensional tec tonic re gime, dom i nated by an
extensional com po nent of the stress field ori ented in a NW–SE
to NNW–SSE di rec tion. The ex is tence of a large num ber of nor -
mal faults is likely caused by the re lax ation of com pres sive
stresses in the area.

CONCLUSIONS

The area stud ied was de formed via a mul ti stage duc tile-brit -
tle tec tonic evo lu tion. The his tory of palaeostress states, from
the Mid dle Eocene to the Plio cene and Qua ter nary, was con -
trolled by the in ter ac tion be tween the sta ble North ern Eu ro pean 
Plat form and the ALCAPA microplate. The CCW ro ta tion of the
West ern Carpathian part of the ALCAPA block dur ing the Early
Mio cene by some 50–60° about a more-or-less sta ble ori en ta -
tion of the s1 axis played a dom i nant role in the re ori en ta tion of
palaeostress fields (Kováè et al., 1994; Kováè and Túnyi, 1995;
Marko et al., 1995). Dur ing the Sarmatian–Pannonian, ac tive
clock wise ro ta tion of the main compressional stress from N–S
to NE–SW and in ver sion of tec tonic re gimes were a re sult of the 
NE-ward trans la tion of the en tire ALCAPA block (Marko et al.,
1995; Kováè and Hók, 1996).

The re con struc tion of palaeostress fields per formed in this
work was car ried out us ing fault-slip data from five lo cal i ties in
the Manín Unit. Palaeostress anal y sis re vealed the ex is tence of 
six dif fer ent stress states de vel oped dur ing four tec tonic re -
gimes dur ing the Eocene–Plio cene times.

A transpressional tec tonic re gime in the first D1 and sec ond
D2 de for ma tion stages is char ac ter ized by a com bi na tion of
strike-slip move ment with oblique com pres sion.

The first D1 de for ma tion stage (pre-Late Eocene) was ac -
com pa nied by for ma tion of NE–SW trending dextral and
NW–SE trending sinistral strike-slip faults, and by NE–SW
trending oblique-slip re verse faults. The nearly hor i zon tal prin ci -
pal com pres sive stress axis s1, which is ori ented in an W–E di -
rec tion pres ently, op er ated in a NNW–ESE di rec tion orig i nally
(pre-ro ta tion state in Fig. 10). Gen er ally, the faults were ac ti -
vated un der a dextral transpressional tec tonic re gime.

The sec ond D2 de for ma tion stage (Egerian–Eggenburgian)
is char ac ter ized by the NW–SE to WNW–ESE ori ented SHmax
(NNE–SSW in the pre-ro ta tion state; Fig. 10) and re sulted in a

transpressional to compressional tec tonic re gime, with pre dom -
i nantly NNE–SSW trending right-lat eral, NW–SE left-lat eral
faults and rare NE–SW trending re verse faults (all in the pres ent 
co or di nates).

A compressional tec tonic re gime dur ing the D3 and D4 de -
for ma tion stages was as so ci ated with subvertical ori en ta tion of
the min i mum stress axis.

The third D3 de for ma tion stage (Ottnangian–Early
Badenian) re flected the change of tec tonic re gime from
transpression-dom i nated to compressional with the pres ently
NNW–SSE ori ented max i mum hor i zon tal stress axis SHmax.
This stage op er ated con cur rently with the CCW block ro ta tions,
thus the stress field is in ter preted to have been ori ented rel a -
tively stably with the roughly N–S di rec tion of SHmax.

The post-ro ta tion fourth D4 de for ma tion stage (Mid dle–Late
Badenian) in cluded pro longed com pres sion with the N–S
(NNE–SSW) ori ented SHmax axis. Gen er ally, nor mal faults
and sinistral strike-slip faults were formed as a re sult of the next
transtensional tec tonic re gime com bin ing strike-slip move ment
with oblique ex ten sion.

The fifth D5 de for ma tion stage (Sarmatian–Pannonian) re -
flects the next change of tec tonic re gime that oc curred dur ing
WSW–ENE com pres sion, where dextral strike-slip faults and
nor mal faults dom i nated. Nor mal faults re sulted from NW–SE
ori ented ex ten sion along the Shmin axis. Ori en ta tion of the
max i mum stress axis SHmax was subvertical.

The sixth D6 de for ma tion stage (Plio cene to Qua ter nary) is
char ac ter ized by a num ber of con ju gate nor mal faults as the re -
sult of an extensional tec tonic re gime with the NW–SE ori ented
Shmin axis.

The re con structed his tory of palaeostress states and their
ro ta tions, par ti tioned into six (D1–D5) prin ci pal de for ma tion
stages in the Manín Unit, largely cor re sponds to the
palaeostress re con struc tions per formed in neigh bour ing ar eas
as well as in the en tire West ern Carpathian seg ment of the
ALCAPA microplate. Our study sup ple ments the ear lier re sults
and puts new con straints on the tec tonic his tory of this do main
from the Middle Eocene on wards.
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