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The pa per is fo cused on the meso- and microstructural char ac ter is tics of se lected shear ing zones in the West ern Tatra Mts.
The do mains of crys tal line rocks stud ied (D³ugi Up³az Ridge, Rakoñ Mt., Zabraty Ridge and Zabraï Pass, Wo³owiec Mt.,
Trzydniowiañski Wierch Mt., Czubik Mt. and Jarz¹bczy Wierch Mt.) show ev i dences of het er o ge neous shear ing with de vel -
op ment of shear zones. Four types of shear zones were dis tin guished: (1) duc tile shear zones in gneiss es, (2) brit tle-duc tile
com plex shear zones, (3) gneiss es with clear later brit tle de for ma tion, (4) leucogranites, pro duced by anatexis with later brit -
tle de for ma tion. The de vel op ment of these shear zones is char ac ter ized by oc cur rences of var i ous types of fault rocks:
cataclasites, S-C cataclasites and mylonites. The dif fer ent shear ing-re lated rocks and struc tures are in ter preted as an ef fect
of protolith di ver sity and strain par ti tion ing. Shape-pre ferred ori en ta tion is an im por tant struc tural fea ture of all the shear -
ing-re lated rocks. Ki ne matic anal y ses re vealed gen er ally a south ward sense of shear ing doc u mented by struc tures re lated
to brit tle con di tions and north wards sense of shear ing rec og nized in ductily sheared crys tal line rocks. The time re la tion ships
be tween dif fer ent shear zone types are dis cussed, lead ing to the con clu sions that the 1st type of shear zone is pure
Variscan, the 2nd type is Variscan with Al pine brit tle de for ma tion, and the 3rd and 4th types are mainly Al pine brit tle de for ma -
tions of Variscan syntectonic anatectic leucogranites.
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INTRODUCTION

Non-co ax ial shear ing leads to form ing shear zones which
are lo cal ized ar eas of in tense de for ma tion (Ramsay, 1980).
Shear zone struc tures may be de vel oped un der dif fer ent and
of ten vari able con di tions of pres sure and tem per a ture of de for -
ma tion, stress con di tions, and last but not least strain rate (e.g.,
Berthé, 1979; Simpson and Schmid, 1983; White, 2001). Now -
a days, shear zone-re lated re search is an ul ti mately fast-de vel -
op ing branch of the struc tural ge ol ogy, es pe cially with a
multi-scale ap proach to the struc tures (Passchier and Trouw,
2005; Trouw et al., 2010; Jiang, 2014), anal y ses of grains
shapes and ori en ta tion (e.g., Stahr and Law, 2014) and
micromechanical mod el ling of the struc tures (e.g., a new point
of view on the micafish for ma tion by Chen et al., 2014).

This pa per is an other ap proach to the meso- and
microstructural fea tures of some shear zones ob served in se -
lected ar eas from the West ern Tatra Mts. crys tal line core. This
is a con tin u a tion and supplementation of the pa per by Kania
(2014). That ear lier pa per was fo cused on tex tural fea tures (i.e.
grain shape, ma trix and grain re la tion ships) of the shear

zone-re lated rocks. This pa per is sub jected to the meso- and,
es pe cially micro struc tures. Ap ply ing these two meth ods: grain
shape sta tis tics (Kania, 2014) and meso- and micro struc tures
de scrip tions (this pa per), these two pa pers pro vide a new de -
scrip tion of the shear ing-re lated rock fab ric in the West ern Tatra 
Mts., which was also pre sented in Kania’s (2012) Ph.D. the sis.
The shape-pre ferred ori en ta tion mea sure ments pub lished in
this pa per form a link be tween a morphometric ap proach pre -
sented ear lier and struc ture de scrip tions pre sented now.

Whilst the terms “struc ture”, “tex ture” and “fab ric” do not al -
ways have clear mean ings (e.g., Passchier and Trouw, 2005;
Brodie et al., 2007), the term “struc ture” used there com prises
the struc ture as any geo met ric and re peat ing fea ture in the
rock, re spec tively meso- on a hand-spec i men scale, and mi cro- 
on a thin sec tion scale.

The study area (Fig. 1 and Ta ble 1) is lo cated in the up per
parts of the Chocho³owska and Jarz¹bcza val leys in the West -
ern Tatra Moun tains. This bound ary ridge be tween Po land and
Slovakia with a branch to wards Trzydniowiañski Wierch Mt. is
ter ri tori ally lim ited, but is an in ter est ing ex am ple of a brit tle and
brit tle-duc tile non-co ax ial shear ing re cord in the West ern Tatra
crys tal line core, due to its com plex pet ro logic in ven tory and, in
con se quence, het er o ge ne ity of the ob served tec tonic strain.

GEOLOGICAL SETTING

The Carpathians are part of the orogenic belt that ex tends
from the At las Mts., through Eu rope to the Himalaya, which was 
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formed dur ing Al pine orog eny con ver gence events. The north -
ern part of the orog eny was de formed in the Ce no zoic, the
south ern part, in the Me so zoic (Minár et al., 2011).

The West ern Carpathians are sub di vided into the three fol -
low ing zones (e.g., Mahe¾, 1986; Plašienka, 1995): Outer, Cen -
tral and In ner West ern Carpathians. The high est and the north -
ern most mas sif of the Cen tral zone (CWC) are the Tatra Mts.,
which are one of three crustal-scale super-units (Tatricum,
Veporicum and Gemericum). The mas sif com prise the crys tal -
line core with a para-autochthonous sed i men tary cover as well
as overthrust sed i ments of the Fatricum and Hronicum
tectono-fa cial units, form ing the Križna (Lower Subtatric) and
the Choè (Up per Subtatric) nappes, re spec tively (Plašienka,
2003; Piotrowska, 2009; Uchman, 2009). The sub di vi sion of the 
crys tal line core into two parts: West ern Tatra Mts. and the
granitoids of the High Tatra Mt., is well known from the be gin -

nings of geo log i cal in ves ti ga tions in the Tatra Mts. (Uhlig,
1897).

The meta mor phic cover of the West ern Tatra Mts. em -
braces a wide spec trum of rocks – ac cord ing to Skupiñski
(1975) these are: am phi bo lites, plagioclase-bi o tite gneiss es,
mica gneiss es, migmatites and migmatitic gneiss es. The
gneiss es are metasedimentary rocks, with greywacke and
claystone protoliths, dated as Late Cam brian max i mum age for
sed i men ta tion (Kohút et al., 2008a; Gawêda and Burda, 2004).
They may have been formed as well dur ing dy namic
recrystallisation (mylonitisation) of granitoids (Cymerman,
2009). Some of the gneiss es are orthogneisses with a gra nitic
protolith (Gawêda, 2007). The am phi bo lites are tholeite
mid-ocean ridge bas alts (MORB) which were in trud ing dur ing
the Pa leo zoic into the sed i men tary com plex, and then meta -
mor phosed (Gawêda and Burda, 2004).
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Fig. 1. Geological map of the study area (modified after: Bac-Moszaszwili et al., 1979; Nemèok et al., 1994; Cymerman, 2009)

The analysed domains of fault rocks are marked



The crys tal line com plex of the West ern Tatra Moun tains un -
der went mid-crustal thrust ing which have re sulted in the for ma -
tion of two struc tural units of in verted meta mor phism (Kahan,
1969; Janák, 1994): the up per unit, con tain ing gneiss es,
migmatites, granitoids and lo cally am phi bo lites, and the lower,
metasedimentary unit. The meta mor phism in ver sion is a con -
se quence of Variscan tec tonic ep i sodes (Fritz et al., 1992)
These units, de fined orig i nally in the south of the Rohaèe
granodiorite in tru sions (the Slo vak Re pub lic), were iden ti fied in
the Pol ish West ern Tatra Mts. as a migmatitic com plex of the
up per struc tural unit and a com plex of metasedimentary crys -
tal line schists with am phi bo lites, form ing the lower struc tural
unit (Gawêda and Burda, 2004). The meta mor phic con di tions
were: 573–575 (±20)°C, 6–8 (±1.5) kbar in the lower struc tural
unit (Ornak gneiss es); and 660–670 (±12)°C, 3–5 kbar for the

Wo³owiec–£opata area gneiss es of the up per struc tural unit
(Gawêda and Burda, 2004).

The Variscan ig ne ous rocks are the youn ger com po nent of
the West ern Tatra crys tal line mas sif. Ac cord ing to Kohút and
Janák (1994), three types of ig ne ous rocks oc cur in the West ern 
Tatra Mts.: bi o tite-am phi bole-quartz diorites, “com mon
Tatra-type” gran ite and Goryczkowa-type gran ites. The most
wide spread is the “com mon Tatra-type”. The Variscan
magmatism was a mul ti stage pro cess with fol low ing phases of
at least three in tru sion events as de scribed by Gawêda (2007),
and with anatexis lead ing to the for ma tion of leucogranitic veins
(Kohút, 2000). Ta ble 2 gives the con cise in for ma tion about the
West ern Tatra granitods. The geo chron ol ogy of the Tatra Mts.
crys tal line core is sum ma rized in the Ta ble 3.
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Struc tural
do main

Lo ca tion

(P – Pass  [in Pol ish: Prze³êcz], C –
Couloir, R – Ridge)

Av er aged geo graph ical po si tion
Out crops/sam ple no.

Lat i tude (49°…N) Lon gi tude (19°… E) El e va tion

1

£uczniañska P. 13’59’’ 46’00’’ 1600 8/8

Litworowy C. 13’32’’ 46’12’’ 1500–1700 6/6

D³ugi Up³az R. – N part 13’18’’ 45’50’’ 1670 6/3

2

D³ugi Up³az R. – S part (Siwarne) 13’05’’ 45’43’’ 1760 3/5

Rakoñ Mt., Zabraty R. 12’58’’ 45’29’’ 1860 (1879 top) 3/3

Zabraï P. 13’15’’ 45’00’’ 1660 2/2

3

Wo³owiec Mt. N slopes 12’31’’ 45’44’’ 1800 5/9

Wo³owiec Mt. W tra verse 12’28’’ 45’41’’ 1800–2000 7/12

Wo³owiec Mt. top 12’28’’ 45’46’’ 2050 (2063 top) 1/2

Wo³owiec Mt. SW slopes 12’21’’ 45’42’’ 2000 2/3

Dziurawe P. 12’21’’ 46’06’’ 1836 3/4

£opata N slopes 12’17’’ 46’38’’ 1875 2/2

4

Trzydniowiañski Wierch Mt. W slopes 13’02’’ 48’10’’ 1685 6/4

Trzydniowiañski Wierch Mt. 13’08’’ 48’15’’ 1730 (1758 top) 3/3

Czubik Mt. 12’44’’ 48’27’’ 1830 (1845 top) 7/7

Koñczysty Wierch Mt. N slopes 12’23’’ 48’26’’ 1950 4/4

T a  b l e  1

List of ana lysed lo ca tions of shear zones

Rock type
Modal com po si tion [%]

quartz plagioclases al kali feld spars bi o tite mus co vite am phi boles ac ces sory min er als

Diorite 10.3 37.2 0.3 12.1 – 38.4 1.9

Com mon Tatra-type 33.1 36.8 19.5 5.4 4.0 – 1.2

Leucogranite 10–50 9–64 9–50 – 0–9 – –

Rohaèe-type 28–37 29–48 10–29 2–7 2–7 – –

Goryczkowa-type 32.2 33.4 25.7 4.0 3.4 – 1.3

Rock type De scrip tion Re marks Ref er ences

Diorite melanocratic diorites oc curs lo cally, not in the study area Kohút and Janák
(1994), Gawêda et

al. (2005)Com mon Tatra-type
me dium- to coarse-grained gran ites,

I/S-type

Orthogneisses with  
leucogranite veins 

fine to me dium-grained gran ites, in some
ar eas also pegmatites

by Kohút and Janák (1994) in cluded into
“com mon type”; anatexis prod uct

Gawêda (2001),
Gawêda and Burda, 

(2004)

Rohaèe-type two-mica granodiorite post-collisional or late orogenic prov e nance Kohút and Janák
(1994), Burda and

Klötzli (2007),
Kohút and Siman

(2011)
Goryczkowa-type

me dium-grained granodiorite with peg ma -
tite and aplite veins

the north ern most pluton parts, not in the
study area 

T a  b l e  2

Sum mary of the West ern Tatra Mts. granitoids pe trog ra phy



The fi nal up lift of the Tatra Mts. be gan dur ing the Late Neo -
gene (e.g.,  DanišÍk et al., 2008, 2010, 2011).

METHODS

The field work was fo cused on the doc u men ta tion of the fol -
low ing do mains (Fig. 1 and Ta ble 1): (1) north ern part of the
D³ugi Up³az Ridge and the Litworowy Couloir, (2) south ern most
part of the D³ugi Up³az with the Rakoñ Mt. and the ad join ing
Zabraty Ridge to Zabraï Pass (Slovakia), (3) Wo³owiec Mt.
mas sif, (4) Trzydniowiañski Wierch Mt.–Czubik Mt.–Koñczysty
Wierch Mt. ridge. These do mains are de fined mainly on the
con tem po rary geomorpho logic fea tures, which are deeply
linked with the geo log i cal struc ture, but also show gen er ally uni -
form ori en ta tions of the ki ne matic in di ca tors. Struc tural data in -
clude mea sure ments of the struc tural fea ture ori en ta tions (S
and C planes, C’ shear bands, lineation and fault planes with
slick en sides; Lis ter and Snoke, 1984; Passchier and Trouw,
2005). The ki ne mat ics was de ter mined based on the ki ne matic
in di ca tors such as: (1) in the duc tile re gime: mylonitic fo li a tion
with S-C, C’ struc ture, folds, and asym met ric porphyroclasts;
(2) in the brit tle re gime: ridge-in-groove lineations and Y-P-R
shear sets (Pe tit, 1987; Cymerman, 1989; Passchier and
Trouw, 2005). These re sults can be par tially mis in ter preted due 
to prob lems in dis tin guish ing S, C and C’ el e ments from the R,
R’ and P (Katz et al., 2004) mesofaults in the rocks de formed in
brit tle-duc tile con di tions. Lower-hemi sphere equal area pro jec -
tions were al ways used for pre sen ta tion of the ob tained data.

The micro struc tures were de scribed from 45 thin sec tions
made with unoriented sam ples. These sec tions were cut nor -
mal to the fo li a tion and par al lel to the stretch ing lineation (the
X-Z sec tion of the fi nite strain ellipsoid).

Gen er ally, the fault-rock ter mi nol ogy af ter Brodie et al.
(2007) was ap plied. This clas si fi ca tion al lows nam ing some fo li -
ated rocks as cataclasites, and in cludes tec tonic brec cias and
gouges into the group of cataclasites. The term S-C mylonites
was in tro duced by Berthé et al. (1979), and ex tended to the
cataclastic (non-fo li ated) rocks by Lin (1999). The sub di vi sions
of cataclasites and mylonites into proto-, meso-, and ul tra-
groups ac cord ing to the clas si fi ca tion of Wood cock and Mort
(2008), which is the revized clas si fi ca tion of Sibson (1977), is
based mainly on the grain and ma trix pro por tion as well as the
pres ence of fo li a tion. The rocks with recrystallised grains are

called “blastomylonite” in these clas si fi ca tions. The term
‘phyllonite’ is some times re garded as an anach ro nism, how ever 
is de fined in the IUGS rec om men da tion as mylonites with a high 
con tent of phyllosilicates, with phyllite-typ i cal shine (Brodie et
al., 2007). As the re la tion of the de scribed rocks to the fault
zones is not al ways clear, es pe cially, when de for ma tion are
duc tile, there fore the term “shear ing-re lated” rocks will fre -
quently be in use.

Shape-pre ferred ori en ta tion de gree de ter mi na tion. The
pres ence of shape-pre ferred ori en ta tion struc tures is gen er ally
de scribed with the qual i ta tive terms. How ever, this pre ferred
ori en ta tion is of ten ob served in non-fo li ated rocks, like
cataclasites, that is why the term “S-C cataclasite” was in tro -
duced (Lin, 1999; 2001).

The pa ram e ter al low ing de ter min ing this pre ferred ori en ta -
tion can be rel a tive ori en ta tion of grains in the rock sec tion. This
pa ram e ter (j) is de fined with the for mula (Roduit, 2007):
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where: µ02, µ11, µ20 are the mo men tum de scrib ing el lipse-de riv a tive
shapes. 

This was de ter mined dur ing im age anal y ses of the mo sa ics
of thin sec tion pho tos, with no less than 50 quartz and feld spar
grains mea sured in 13 sam ples rep re sent ing dif fer ent rock
types (the same pho tos which were used for morphometry in
Kania, 2014). Then, the sta tis ti cal con cen tra tion co ef fi cient was
de ter mined for each of the sam ples with the fol low ing for mula
(Krawczyk and S³omka, 1994):
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where: L – con cen tra tion co ef fi cient, j – grain rel a tive ori en ta tion, n
– num ber of grains ana lysed. 

The j val ues were mul ti plied by 2 be cause the L co ef fi cient can
be de ter mined cor rectly when the an gle is be tween 0 and 360°.
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Tectonometamorphic event Age [Ma] Ref er ences

Protomagmatism of the most West ern Carpathians orthogneisses 500 Kohút et al. (2008)

Old est Tatra Mts. granitoids (meta mor phosed later) 406 Poller et al. (2000)

Meta mor phism (orthogneisses) 365 Poller et al. (2000), Burda and Klotzli (2007), Burda
and Gawêda (2009), Kohút and Siman (2011)

S-type granitoid in tru sion 360–345 Gawêda (2008)

Ear li est Variscan mylonites (mus co vites) 343 Deditius (2004)

Leucogranite for ma tion (syntectonic melt ing of the up per struc tural
unit)

340 Gawêda (2007)

Lat est Variscan mylonites (mus co vites) 298 Deditius (2004)

High Tatra granitoid in tru sion 350–337 Burda et al. (2013); Poller and Todt (2000)

Fi nal up lift (ap a tite fis sion tracks) 15–10 Kovaè et al. (1994)

T a  b l e  3

Sum mary of the gechronological data for the Tatra Mts. crys tal line core
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It was tested, that for the ran dom gen er ated sets of the an -
gles, the L co ef fi cient was al ways less than 10%, thus higher
val ues can be in ter preted as the shape-pre ferred ori en ta tion in -
di ca tion.

STRUCTURAL DOMAINS

DOMAIN 1: THE NORTHERN PART OF THE D£UGI UP£AZ RIDGE 
WITH ITS EASTERN SLOPES

Geo log i cal set ting. The con tact zone be tween crys tal line
rocks and Tri as sic quartz ite is lo cated about 200 m north wards
above the £uczniañska Pass. The north ern most part of the
crys tal line com plex is com posed mainly of leucogranites and
granodiorites, but also gneiss es. Nemèok et al. (1994) mapped
there am phi bo lites that, in fact, seem to be hardly found in this
area. Ac cord ing to Gawêda (2001) the £uczniañska Pass is
built of up per, mainly migmatitic, struc tural unit. How ever, the
struc ture of this area is prob a bly more com pli cated, em brac ing
at least two tec tonic flakes with fault rocks in be tween
(Cymerman, 2009). Migmatites do not seem to be the con stit u -
ent part of the mas sif.

Con tin u ing to the south, the D³ugi Up³az Ridge with the
Litworowy Couloir on the east ern slopes was mapped as com -
posed of gra nitic gneiss es (Guzik, 1959), leucogranites (form -
ing veins or lenses) with grei sens or mylonites and a meta mor -
phic com plex be low (Skupiñski, 1975; Bac-Moszaszwili et al.,
1979) or migmatised gneiss es of the up per struc tural unit with
leucogranites be low (Gawêda, 2001). The role of the tec tonic
pro cesses in the con tact zone was em pha sized by Skupiñski
(1975) and Cymerman (2009; see also Piotrowska et al., 2007).

Shear ing-re lated rocks and mesostructures. The first,
not dis tinc tive brit tle struc tures (rare mesofault planes) are ob -
served about 100 m to the south from the £uczniañska Pass.
Then, con tin u ing with the ridge to the south, ca. 200 m from the
£uczniañska Pass, the fault rocks form four bands, tens of
metres in width (Fig. 2A), interlayered with undeformed or
slightly de formed granitoids. These bands are out cropped
mainly along the tour ist path. The de formed zones com prise
mainly brit tle de formed leucogranites, protomylonites (Fig. 2B,
C) and/or lo cal mesomylonites with seri cite ma trix.

The Czo³o is a short, flat ridge branched to the east. This
ridge is built mainly of granodiorites, how ever, above this ridge,
on the mor pho log i cal flat ten ing, clearly folded schists are ob -
served. The cuspate-lobate folds are a few centi metres in am -
pli tude and wave length. Their axes are subhorizontal, gen er ally 
trending to wards the WSW. The change in fo li a tion pa ram e ters
be tween this lo ca tion and the lo ca tion above the Litworowy
Couloir, sug gests that higher-or der folds are present here.

The few con tact zones be tween mylonitic schists and
less-de formed rocks were ob served. These con tacts are of ten
out lined with peg ma tite veins (a peg ma titic form of the
leucogranites) or just quartz veins. A few metre wide quartz
veins are ob served also in the east ern slopes of the ridge. The
in ter nal struc ture of these veins is characterized by sub-hor i -
zon tal lay er ing and cut by a SW-dip ping joint sys tem. Above, on 
the trail, frag ments of small fold hinge zones were found.

Gen er ally, shear zones-re lated mylonitic rocks form an
anastamosing net work in this area due to de for ma tion par ti tion -
ing in a rel a tively small scale. The mylonites are cut by
protocataclasites, or, less com mon mesocataclasites with a
leucogranitic protolith. The granitoids lo cated be tween more in -
tensely de formed bands are leucogranites, lo cally with
protocataclasis fea tures. The same is true for the granodiorites
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Fig. 2. Examples of shear zones and rocks of domain no. 1

A – mylonite shear zone on the £uczniañska Pass; B – complex brittle-ductile shear zone in the Litworowy Couloir; C – mylonitic gneiss,
D³ugi Up³az Ridge; D – mylonite, D³ugi Up³az Ridge



form ing the short Czo³o Ridge. Non-de formed or slightly de -
formed leucogranites show only weak mag matic fo li a tion, whilst 
shear ing fo li a tion in protomylonites is de fined by elon gated bi o -
tite and chlorite ag gre gates, as well as quartz shape-pre ferred
ori en ta tion form ing rib bons, but with out dis tinct dy namic
recrystallisation fea tures. At some lo ca tions, mica forms bands
with an S-C fabric.

The Litworowy Couloir is the place, where a vast packet of
shear ing-re lated rocks is out cropped (Fig. 2D). Above the
Couloir, slightly de formed leucogranites or leucogranitic
gneiss es oc cur in the D³ugi Up³az Ridge. The most com mon
type of fault rocks there are cataclastic brec cias.
Protocataclasites oc cur at some lo ca tions. The bound aries be -
tween these rock-types are not sharp. Crushed and faulted
grains, ob served on a microscale, are mainly feld spars. The
quartz grains show mainly weakly duc tile de for ma tion, how ever
bulg ing-type dy namic recrystallisation struc ture is lo cally ob -
served. Be low, in the couloir, there is a zone of fault rocks,
about 80 m in width, be tween al ti tudes of ca. 1560–1640 m. In
the up per most part of the Litworowy Couloir, protocataclasites
with a small amount of seri cite ma trix, grad u ally pass into a het -
er o ge neous packet of mesocataclasites and ultracataclasites.
In the up per most part of the Litworowy Stream brit tle-de formed
fault rocks (meso- and ultracataclasites) co ex ist with pack ets of
mylonitic schists and phyllonites.

The de scribed com plex is cut by nu mer ous mesofaults. The 
den sity of fault planes in creases down wards and reaches  >100 
for 1 m of the pro file. This re sults in rock schistosity.

Gen er ally, the fault rock com plex ob served in the Litworowy
Couloir forms an al most hor i zon tal brit tle and brit tle-duc tile
shear zone. The width of this zone is dif fi cult to be pre cisely de -
ter mined, but can be es ti mated as 80–100 m. The core of the
shear zone is a com plex of ultracataclasites, mylonites and
ultramylonite, ~30 m wide. The sur round ing dam age zone com -
prises mainly mesocataclasites with brit tle de for ma tion fad ing
out up wards. There are no out crops of this zone in the north ern
branch of the Litworowy Couloir, where only slightly brit tle-de -
formed granodiorites are pres ent.

Micro struc tures (Fig. 3). The mylonitic fo li a tion is ex -
pressed by C-fo li a tion bands com posed of mus co vite, bi o tite,
and chloritised bi o tite with oblique S-fo li a tion bands. Quartz
grains show undulose ex tinc tion and lobate shapes. Gen er ally,
quartz grains are elon gated in the C-fo li a tion di rec tion. How -
ever, some times short quartz veins, oblique to the C-fo li a tion
and with out shape-pre ferred ori en ta tion, are ob served. When
rocks are fo li ated,  there are typ i cally no brit tle de for ma tion fea -
tures, also feld spars show no de for ma tion.

In some ar eas, the fo li a tion of mylonites shows some ir reg u -
lar i ties in di rec tion. How ever, these ir reg u lar i ties seem to be de -
vel oped also in the duc tile con di tions, and can be an ef fect of
stress re ori en ta tion during deformation.

Above the Litworowy Couloir, protocataclasites and
mesocataclasites dom i nate in the D³ugi Up³az Ridge, in some
places turn ing into ultramylonite (phyllonite) zones. These
zones are up to tens of centi metres in width. Oc ca sion ally,
ultracataclasites with traces of to tal crush ing of the protolith, but
with out traces of the cataclastic flow (slides or ro ta tions) are
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Fig. 3. Examples of microstructures from domain no. 1

A – bulg ing-type (BLG) of quartz dy namic recrystallisation, protocatalasite, D³ugi Up³az Ridge; B – crystaloplastic and brit tle de for -
ma tion of quartz, note the con ju gate joints, D³ugi Up³az Ridge; C – ultracataclasite, note the high ma trix con tent, D³ugi Up³az Ridge; D 
– sinistral shear zone in my lon ite, note the S- and C-fo li a tion struc tures and mus co vite, pointed fish; all pho tos in crossed polarizers



pres ent in the D³ugi Up³az Ridge. The microstructure of these
rocks shows a “ma trix-sup ported” type. Oc ca sion ally, mus co -
vite with rel ics of duc tile de for ma tion oc curs. These grains are
ran domly ori ented and brit tle-dis in te grated. Quartz with traces
of brit tle and duc tile de for ma tion some times show bulg ing-type
dy namic recrystallisation (BLG, Fig. 3A). The lo cally ob served
zones of seri cite con cen tra tion in ma trix can be pos si bly ar eas
of ini tially form ing porphyroclasts (for ma tion of blastomylo -
nites). In some ar eas, brit tle de for ma tion sys tems are vis i ble,
ex pressed by par al lel-ori ented edges of an gu lar grains (in ter -
preted as the Y sys tem) and wide short cracks (ten sional
cracks, T sys tem). In ad di tion, a few milimetres long quartz
veins are ori ented par al lel to the T sys tem. The con ju gate shear 
has been iden ti fied, of ten over print ing crystaloplastic de for ma -
tion in quartz (Fig. 3B).

There are two types of ultracataclasites on the ridge over
the Litworowy Couloir: typ i cally, non-fo li ated cataclasites
(Fig. 3C) and S-C cataclasites. This sec ond type is char ac ter -
ized by scat tered di rec tional struc tures, such as elon gated
grain ag gre gates or mica fish. How ever, these struc tures do not 
form dis tinct fo li a tion.

The S-C fab ric is very well-de vel oped with dis tinc tive, elon -
gated mus co vite fish, most sim i lar to group 2 (len tic u lar fish with 
points in clined in the fo li a tion di rec tion) in the Grotenhuis et al.
(2003) clas si fi ca tion. Be low this area, nar row sheared mica
bands (about 1 mm wide) and quartz “rib bons” struc tures par al -
lel to the S-fo li a tion planes are ob served in the cataclasites with
mylonitic fo li a tion fea tures (S-C cataclasites). These struc tures
are ori ented con cor dantly to the S-fo li a tion planes.

The fo li a tion of ultramylonites (phyllonites) is de fined mainly 
by mus co vite fish and rib bons of oblique quartz crys tals
(Fig. 3D). In the pure quartz lay ers, oblique fo li a tion dis ap pears, 
how ever shear planes ac cord ing to the C’ shear bands are
pres ent. There are small ar eas of ma jor re ori en ta tion of the fo li -
a tion planes (up to 40°) as well as wide frac ture zones with cha -
ot i cally ro tated micas.

Plagioclases do not show any struc tural co in ci dence with
fo li a tion, but show some brit tle de for ma tion (microfaults). Lo -
cally, lay ered fine-grained seri cite ma trix is pres ent, form ing
narrow bands. 

Ki ne mat ics. The dom i nant ki ne mat ics re corded by the brit -
tle struc tures in this area is the thrust ing top-to-the-SSE, S and
SSW on the faults dip ping at mod er ate an gles (ca. 30–40°)
mainly to the S. The sec ond, less nu mer ous set, com posed of

E- or W-dip ping faults re cords the SW or NW thrust ing. The
fault rocks in this area are strongly het er o ge neous. Gradational
tran si tions be tween dif fer ent types of rocks can be ob served
with a gen eral trend of tec tonic de for ma tion de gree in creas ing
down wards.

The ki ne matic in di ca tors (Fig. 4) for the duc tile fea tures
were mea sured mainly in the phyllonites. The mean ori en ta tion
for the C planes is 359/60. The S planes gen er ally steeply dip to
the SE and SSE. The re la tion ships be tween fo li a tion planes, as
well as other in di ca tors ob served in the ori ented thin sec tions,
re veal top-to-the-north tec tonic trans port di rec tions.

DOMAIN 2: THE SOUTHERNMOST PART OF THE D£UGI UP£AZ RIDGE,
RAKOÑ MT. AND ZABRATY RIDGE

Geo log i cal set ting. The south ern part of the D³ugi Up³az
Ridge is com posed of gra nitic gneiss es (Michalik and Guzik,
1959) and pegmatoidal gran ites (Skupiñski, 1975). Gawêda
(2001) mapped there alaskites and over ly ing migmatite and
gneiss es com plex of the up per struc tural unit. The south ern -
most sec tion of the Ridge, just be low the Rakoñ Mt. sum mit, is
com posed of leucogneisses, by some au thors mapped also as
leucogranites (Michalik and Guzik, 1959; Skupiñski, 1975;
Nemèok et al., 1994). Cymerman (2009) noted that gneiss es
grad u ally pass eastwards into lit-par-lit migmatites. There, and
on the Rakoñ Mt. as well, Gawêda (2001) mapped rocks of the
up per struc tural unit.

The Rakoñ Mt. top most part com prises an up per gneissic
com plex above leucogranites, with a zone of strongly de formed
gneiss es in be tween (Cymerman, 2009). Skupiñski (1975) and
Bac-Moszaszwili et al. (1979) mapped there only leucogranites
(alaskites). On the geo log i cal map by Nemèok et al. (1994), the
Rakoñ Mt. and the north east erly ad join ing Zabraty Ridge, are
marked as com posed par tially of gneissic leucogranites and
Rohaèe-type granitoids in the top most part.

Shear ing-re lated rocks and mesostructures (Fig. 5). In
the north ern part of Siwarne (part of D³ugi Up³az), the
leucogranites are weakly de formed. Weakly rocks grad u ally
pass into tec tonic brec cias and protocataclasites. The crushed
min er als are rep re sented mainly by feld spars which are only
frac tured, or lo cally show mi cro-scale slip sur faces. Cataclastic
ma trix is al most com pletely ab sent. Quartz grains show weak
crystaloplastic de for ma tion ex pressed by undolose ex tinc tion,
or in some sam ples – by bulg ing-type dy namic recrystallisation.

The de for ma tion in ten sity in creases to the south, where up
to a few metres wide zones of mylonitic schists with ir reg u lar
graph ite bands ex ist, but with out dis tinc tive con cen tra tions of
micas. These rocks grad u ally pass into lam i nated and augen
lam i nated gneiss es, but peg ma tite and quartz veins are ob -
served be tween schists and gneisses.

Just be low the Rakoñ Mt., fault rocks are out cropped in the
NW di rec tion and com prise protocataclasites and
mesocataclasites (Fig. 5A) as well as S-C cataclasites. These
rocks co ex ist with mesomylonites and ultramylonites. Gen er -
ally, co-oc cur rence of the brit tle and brit tle-duc tile de for ma tion
struc tures is typ i cal in this area. Un doubt edly, dis tin guish ing be -
tween the duc tile C-type shear planes and Y-type mesofaults is
dif fi cult.

The Zabraty Ridge is char ac ter ized by the oc cur rences of
gneiss es in the up per part, pass ing grad u ally down wards into a
ultramylonite/ultracataclasite com plex. In fact, the area of the
Zabraï Pass is the place where most ad vanced de for ma tion oc -
curred with ultramylonites (Fig. 5B) and ultracataclasites in ter -
chang ing in the rel a tively small area.
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Fig. 4. The orientation of S-foliation planes (red arcs),
C-foliation planes (blue arcs), C’ shear bands (green arcs) 

and mineral grain lineation (points) in domain no. 1



Micro struc tures (Fig. 6). The pro por tion of the mod er ately
and strongly de formed rocks (meso- and ultracataclasites) on
the weakly de formed rocks (protocataclasites) in creases west -
wards. The ultracataclasites form lay ers with the max i mum
width of ~10 cm, and are cut with nu mer ous con ju gate shears.
Graph ite bands also oc cur in the form of up to 1 mm veins
(Fig. 6A). In the mylonites, S-C-fo li a tion struc tures are clearly
rec og niz able.

Be low the Rakoñ Mt. on the Zabraï Pass, very well-de vel -
oped mylonites with ro ta tional core – man tle struc ture
porphyroclasts were found (Fig. 6C). Fine-grained quartz ag -
gre gates on the seri cite-dom i nated back ground em pha size the
C-fo li a tion planes, to gether with micas, which show no sig moid
shapes. One-sided syntaxial pres sure fringes (Bons et al.,
2012) are well-de vel oped on opaque min er als (Fig. 6B). As
noted above, the de for ma tion style lo cally changes dra mat i cally 
in the small scale (Fig. 6D), with sharp bound aries be tween.

Ki ne mat ics. The main set of thrust ing faults has the
top-to-the-S ki ne mat ics. These faults dip mainly to the N, NNE
and S at mod er ate an gles. The sec ond set of faults is com -
posed of mod er ate to steep faults dip ping to the S with
top-to-the NE sense of shear ing re corded.

In the pre dom i nant duc tile de formed zones, S-C-fo li a tion is
not ho mo ge neous (Fig. 7). The C planes dip at low and mod er -
ate an gles to the ENE, or at steep an gles to the NW and NNW.
The S planes dip to the E, ESE, and SE at mod er ate an gles.
The spa tial re la tion ships of the C and S planes re cord a dom i -
nant tec tonic trans port di rec tion top-to-the-NNE and NE. The
same is proved by the C’ syn thetic shears dip ping to the NE, as
well as by ori en ta tion of porphyroclasts and mica fish in ori ented 
thin sec tions.

DOMAIN 3: THE WO£OWIEC MT. MASSIF

Geo log i cal set ting. The Wo³owiec Mt. mas sif (Fig. 8) is
com posed of gra nitic gneiss es and gneiss es (Michalik and
Guzik, 1959). Be low the meta mor phic com plex, leucogranites
with am phi bo lite in clu sions oc cur. Skupiñski (1975) mapped
there a sin gle ho ri zon, tens of metres wide, of “tec tonic
greisenisation”. This zone is marked also by Bac-Moszaszwili
et al. (1979) as mylonites. How ever, ̄ elaŸniewicz (1996) stated 
that these mylonites (as well as mylonites mapped by those au -
thors in other ar eas) form nu mer ous en-ech e lon low-an gle
zones in stead of con tin u ous hor i zon tal out crops. Cymerman
(see Piotrowska et al., 2007) mapped a band of cataclastic
rocks on the NW Wo³owiec Mt. slopes, and in ter preted it as a
base ment of one of thrust-sheets build ing the Wo³owiec Mt.
mas sif. Lower parts of the SW and SE slopes of the Wo³owiec
Mt. and the area of the Jamnicka Pass are com posed of
Rohaèe-type granodiorites (Nemèok et al., 1994). Gawêda

(2001) in cluded the Wo³owiec Mt. into the up per struc tural unit
but marks a few SW–NE nar row mylonitic zones cut ting the up -
per struc tural unit, alaskites and the lower struc tural unit. The
shear zone-re lated micas were dated by Deditius (2004), re -
veal ing 343 ± 13 to 298 ± 11.3 Ma (40Ar/39Ar method on mus co -
vites), and in ter preted as a prod uct of two duc tile de for ma tion
events: older, re lated to overthrusting of the meta mor phic com -
plex, and youn ger, re lated to the Rohaèe-type granodiorite in -
tru sion.

The con trasts in the Wo³owiec Mt. mas sif li thol ogy are
strongly linked with geomorphological fea tures, which is
marked i.e. by steep rocky slopes in the south ern part of the
mas sif.

Shear ing-re lated rocks and mesostructures (Fig. 9).
The oc cur rences of fault rocks on the N and NW slopes of the
Wo³owiec Mt. be gin in the vi cin ity of the bor der pole no. 249/5 
and con tinue south wards to the top of the mas sif. Along the
touristic path way, zones of cataclasis can be de tected bas ing
on the frag ments found on the ground. These frag ments are
weakly de formed leucogranites and granodiorites, al ter nat ing
with gra nitic gneiss es, lo cally folded (Fig. 9A). Bi o tite-rich S-C
cataclasites were also found. Pegmatites are also ob served in
this area.

The east ern slopes of Wo³owiec Mt. are very steep, of ten
ver ti cal, and there fore dif fi cult to ac cess. How ever, in the rock
frag ments found be low these walls (Skrzynia, Skrajniak),
granodiorites and granodiorite or leucogranite-based cata -
clasites can be of ten found (Fig. 9B).

In trenches cut ting the top of the Wo³owiec Mt.,
mesocataclasites with a leucogranitic protolith oc cur. Nu mer -
ous brit tle shear planes, form ing a typ i cal Y-P-R shear ing sys -
tem, cut these rocks.

Nu mer ous, good qual ity out crops of the fault rocks are lo -
cated on the NW and W slopes of the Wo³owiec Mt., in the ter ri -
tory of the Slo vak Re pub lic. Along the patch tra vers ing the top -
most parts and branch ing from the touristic path way at an al ti -
tude of ca. 1835 m, there are four zones of weak to mod er ate
cataclasis of the leucogranites and granodiorites.

A well-out cropped com plex of the fault rocks can be ob -
served on the W slopes of the Wo³owiec Mt. along an un of fi cial
touristic path at al ti tudes of ca. 1900–1950 m. At least four nar -
row zones of mylonites and phyllonites, up to tens of cm in
width, oc cur there. Up to 20 m wide bands of cataclasites are
pres ent in be tween. The protolith of the cataclasites was mainly
granodiorite what is proved by their min eral com po si tion. At
some places, mesocataclasites pass into ultracataclasites. 

On the SW slopes of the Wo³owiec Mt. (south of the
Wo³owiec–Jamnicka Pass touristic path way) a few niches with
meso- and ultracataclasite out crops are pres ent. Lo cally, bands 
of quartz and mica mylonites or mylonitic schists and phyllonites 
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Fig. 5. Examples of hand-specimens from domain no. 2

A – Rakoñ Mt. cataclasite with graphite bands; B – Zabraï Pass ultramylonite
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Fig. 7. The orientation of S-foliation planes (red arcs),
C-foliation planes (blue arcs), C’ shear bands (green arcs)

and mineral grain lineation (points) in domain no. 2

Fig. 6. Examples of microstructures from domain no. 1

A – catalasite from the Rakoñ Mt. with a sys tem of joints filled with seri cite and a graph ite band (lower right cor ner); B – fringe struc ture in the
pres sure shadow of an opaque min eral grain (prob a bly he ma tite); C – quartz pophyroclasts in ultramylonite from the Zabraï Pass; D – sharp
bor der be tween tex tural types ob served in the shear zone on the Zabraï Pass: lower part – ultramylonite, up per part – protomylonite; all pho -
tos in crossed polarizers
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with graph ite are also ob served. The protolith of the
cataclasites was Rohaèe-type granodiorite. 

The rocky part of the main West ern Tatra Mts. Ridge, east
of the top of the Wo³owiec Mt., is an area of shear zone with
com plex lithologies. Be low an al ti tude of ca. 1900 m, pack ets of
crys tal line (seri cite, bi o tite, sillimanite chlorite, epidote-quartz;
Fig. 9C, D) schists are pres ent. These rocks can be clas si fied
as phyllonites and mylonites with well-de vel oped fo li a tion
planes form ing schistosity with dis tinc tive asym met ric fea tures
like mica fish oc ca sion ally with later de for ma tion.

Micro struc tures (Fig. 10). In the sam ples from the NW
slopes of the Wo³owiec Mt., feld spars show fea tures of brit tle
and brit tle-duc tile de for ma tion (Wil liams et al., 2000; Passchier
and Trouw, 2005), as well as quartz with traces of dy namic
recrystallisation in the subgrain ro ta tion pro cess (Half penny et
al., 2006), form ing ag gre gates of elon gated grains. Seri cite ma -
trix is pres ent on the feld spar/feld spar con tacts.

The W slopes of Wo³owiec Mt. show a com pli cated pat tern
of rocks and their micro struc tures. Mylonites are in ter changed
with cataclasites, these two fault rock types are dif fi cult to dis tin -
guish mac ro scop i cally. In ad di tion, a few cm wide zones of
phyllonites oc cur, es pe cially south wards. In these rocks, S-C
mylonitic fo li a tion is well de vel oped in mica: mainly bi o tite or
chloritised bi o tite–chlorite. Mica fish struc tures are abun dant
and show traces of mul ti stage de for ma tion (Fig. 10A, D, E). In
ad di tion, sillimanite fib ro lite nests are pres ent. They are elon -
gated par al lel to the min eral grain lineation on the S planes.
Recrystallised quartz forms core-man tle porphyroclasts
(Fig. 10B).

Lo cally, the fault rocks form a kind of tec tonic microscale
mélange com posed mainly of mylonitic seri cite ma trix, quartz

grains with pres sure shad ows, sheared with nu mer ous shear
bands or microfaults.

On the W slopes of the Wo³owiec Mt., ultracataclasites are
char ac ter ized by a high grain to re duced grain ma trix con tent
ra tio – up to 1:1. Some of the ultracataclasites show weak fo li a -
tion or ma trix lay er ing. Cataclastic brec cias or fault gauges lo -
cally oc cur. The main de for ma tion mech a nisms ob served in the 
microscale are brit tle de for ma tion of plagioclases with
intracrystalline slip sys tems. Fur ther to the south in cataclasites, 
shear folds and microfolds are also ob served (Fig. 10C, D). On
the £opata Mt., de for ma tions are lo cal ized in the nar row zones
of folded micas and cha otic ag gre gates of quartz with bulg ing
recrystallisation fea tures and with microscale folds of the
recrystallised ma trix.

Ki ne mat ics. The sense of shear ing re corded in the brit tle
struc tures is vari able, how ever top-to-the-S thrust ing dom i nates 
on the rel a tively low-an gle, mostly N-dip ping faults. The sec ond
set of faults is also char ac ter ized by south-dip ping shears with
top-to-the-N ki ne mat ics.

The C planes in the mylonitic fo li a tion dip to the WSW at low
to mod er ate an gles. The S planes dip to the SE and SW at low
an gles. This re cords (Fig. 11) the tec tonic trans port di rec tion
top-to-the-WNW–NNW. The same di rec tion is re corded by the
C’ shear band dip ping to the NW at low an gles.

DOMAIN 4: TRZYDNIOWIAÑSKI WIERCH MT., CZUBIK MT. AND
KOÑCZYSTY WIERCH MT.

Geo log i cal set ting. The Trzydniowiañski Wierch Mt.
(Fig. 12) in its up per part is com posed of two leucogranitic pack -
ets with gneissic bands in be tween (Michalik and Guzik, 1959).

Fig. 8. The general view of domain no. 3, northern part

A – shear zones on the almost vertical Wo³owiec Mt. wall; B – leucogranite/cataclased leucogranite-dominated
zones; C – the Wo³owiec Mt. top, with cataclased granodiorites; D, E – complex shear zones on the western slopes



A mylonitic zone cuts the mas sif hor i zon tally and is out cropped
on the north ern slopes (Skupiñski, 1975; Bac-Moszaszwili et
al., 1979; Gawêda 2001). To the south, the Czubik Mt. top most
parts are com posed of granodiorites with gra nitic gneiss es be -
low (Michalik and Guzik, 1959). The con tem po rary mor phol ogy
of the slope, with three zones of flat ten ing, can be linked with
zones of in ten sive cataclasis, de vel oped within leucocratic gra -
nitic gneiss es or leucogranites.

On the east ern slopes, quartz veins are out cropped, sim i lar
to these de scribed on the west ern slope of the Chocho³owska
val ley.

Shear ing-re lated rocks and mesostructures (Fig. 13).
The fault rocks oc cur on the west ern slopes of the
Trzydniowiañski Wierch Mt. along the tour ist path way. This
area lacks of out crops, how ever, some ob ser va tions are pos si -
ble. 

The de formed rocks in this area are mainly leucogranites
(Fig. 13A) or leucocratic gra nitic gneiss es whose gneissic struc -
ture is a relic of an older de for ma tion stage (Fig. 13B). 

The gen eral trend is an up ward in crease of non-co ax ial
shear ing in ten sity. The cataclastic, lo cally cha otic brec cias
grad u ally change to protocataclasites, which is marked by the
de vel op ment of intragranular slip sur faces and re sults in a
block-con trolled cataclastic flow re gime ac cord ing to Ismat and
Mitra (2005). 

To the north, some oc cur rences of weakly to mod er ately
de formed leucogranites were ob served. The lush moun tain
pine cover does not al low a de tailed anal y sis of these rocks,
how ever, it seems that there are a few up to tens of centi metres
wide de formed zones, with non-de formed gran ite in between.

The area of the Czubik Mt. is char ac ter ized by oc cur rences
of the packet of cataclased leucogranites and granodiorites.

The prod ucts of de for ma tion of granodiorites are cataclastic
(Fig. 13C) and cha otic brec cias grad u ally pass ing into
protocataclasites. On the west ern slopes of the Czubik Mt. oc -
cur up to 20 cm wide zones of mylonites (mylonitic schists,
phyllonites) with milli metre-scale graph ite bands.

The in ten sity of de for ma tion de creases south wards. On the
Koñczysty Wierch Mt. north ern slopes, a num ber of zones of
granodiorite brec cias were ob served. These are frac ture brec -
cias, lo cally cha otic brec cias, with out cataclastic matrix.

Micro struc tures (Fig. 14). In the Trzydniowiañski Wierch
Mt. area, the char ac ter is tic fea ture is brit tle micro struc tures
over print ing duc tile ones. These are mainly S-C mylonitic fo li a -
tion rel ics; some white micas show traces of brit tle de for ma tion.
Older, mainly duc tile struc tures, es pe cially mica bands, were
later re worked dur ing cataclasis.

In the Czubik Mt., there are cataclasites with the block-con -
trolled cataclastic flow type and small amounts of cataclastic
seri cite ma trix (Fig. 14A). How ever, the amount of ma trix is vari -
able, lo cally pro mot ing protocataclasites to meso- or even
ultracataclasites (Fig. 14B). Quartz is dy nam i cally recrystallised 
in the bulg ing recrystallisation pro cess. The gra nitic gneiss de -
for ma tion is fo cused mainly in the mica bands which were
sheared and bro ken, and lo cally their frag ments were ro tated.
There fore, the rock has fea tures of tec tonic microbreccia. At
places, core-man tle ro tat ing porphyroclasts are also pres ent.

In the ar eas of typ i cal gneiss es or mylonites
(Trzydniowiañski Wierch Mt., Czubik Mt. west ern slopes),
well-de vel oped C’ shear ing bands are ob served (Fig. 14C).

In the Koñczysty Wierch Mt. cataclasites intracrystalline
frac tures in feld spars and undulose ex tinc tion in quartz are
deformational micro struc tures ob served.

Microstructures of shear zones from selected domains of the Western Tatra Mountains 689

Fig. 9. Examples of hand-specimens from domain no. 3

A – fold developed in the Wo³owiec Mt. gneiss; B – cataclasite from the Skrajniak; C – gneiss with
well-visible S-C-foliation and C’ shear bands, inducing dextral sense of shearing, from the Dziurawe

Pass area; D – blastomylonite from the £opata Mt.
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Fig. 10. Examples of microstructures from domain no. 3

A – brit tle dextral shear ing of mus co vite fish – an ex am ple of the struc tures over print ing in cataclasite from the Wo³owiec Mt.; B – de -

tailed view of the quartz core-man tle struc ture: one wing (in the cen tre) and part of d-type porphyroclast (on the right), Wo³owiec Mt.;
C – intrafoliation microfolds in my lon ite from the com plex brit tle-duc tile shear zone, Wo³owiec Mt.; D – mus co vite fish struc ture in di -
cat ing sinistral sense of shear ing, Dziurawe Pass; E – mus co vite fish sheared in brit tle con di tions, form ing dom ino-type struc ture; F – 
asym met ric microfolds de vel oped in dextral shear ing in the Dziurawe Pass my lon ite

Fig. 11. The orientation of S-foliation planes (red arcs),
C-foliation planes (blue arcs), C’ shear bands (green arcs) and 

mineral grain lineation (points) in domain no. 3
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Fig. 12. The general view of domain no. 4 from the Koñczysty Wierch Mt. to the north

A – gneisses with brittle shearing overprint; B – leucogranites with protocataclasis and
cataclasites with remnants of ductile structures; C – outcrops of massive quartz veins

Fig. 13. Examples of hand-specimens from domain no. 4

A – leucogranite from the Czubik Mt. area with brittle deformation; B – mylonite from the
Trzydniowañski Wierch Mt. with clear S-C-foliation (dextral sense of shearing); C –

protomylonite from the Trzydniowañski Wierch Mt.



Ki ne mat ics. There are two dis tinc tive sets of brit tle shear -
ing. The first one is characterized by thrust faults dip ping at
mod er ate an gles mainly to the N, with top-to-the-SE sense of
shear ing. The sec ond set em braces mostly S-dip ping faults
with the N–NW di rec tion of tec tonic trans port.

The C planes in the mylonitic fo li a tion have dif fer ent dip az i -
muths in the range NNE–E–SSE with mod er ate to steep an -
gles. The S planes dip to the SE at mod er ate an gles. The in ter -
pre ta tion of these re la tion ships is dif fi cult, but top-to-the-SW
tec tonic trans port di rec tion seems to be dom i nant among duc -
tile struc tures in this do main (Fig. 15).

QUANTITIVE DETERMINATION 
OF THE STRUCTURE 

SHAPE-PREFFERED ORIENTATION

Ta ble 4 shows the con cen tra tion co ef fi cient of sam ples in
which morphometrical anal y sis was done. The co ef fi cient val -
ues vary be tween 13 and 82%. The min i mal value was ob -
served in the ultracataclasite from the D³ugi Up³az. Higher val -
ues are ob served in some leucogranites: 40% (£uczniañska
Pass sam ple). This is re lated to the mag matic fo li a tion de vel -
oped dur ing anatexis, as well as to the in her ited older fo li a tion.
Sim i lar co ef fi cients are ob served in most of cataclasites, how -
ever, the pres ence of monoclinic struc tures (S-C cataclasites)
makes the co ef fi cient higher (L > 50%). The high est val ues are
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Fig. 14. Examples of microstructures from domain no. 4

A – cracked and par tially bended plagioclases in leucogranite from
the Czubik Mt.; B – more ad vanced cataclasis than in photo A, with
abun dance of the cataclastic ma trix; C – C’-type shear band cut ting
mylonitic fo li a tion in gneiss from the Trzydniowiañski Wierch Mt.
(sinistral sense of shear ing)

Fig. 15. The orientation of S-foliation planes (red arcs),
C-foliation planes (blue arcs), C’ shear bands (green arcs) 

and mineral grain lineation (points) in domain no. 4

Rock name
Tex ture

type
Lo ca tion 

(struc tural do main) L [%]

leucogranite A1 £uczniañska Pass (1) 37

cataclastic brec cia A2 Wo³owiec Mt.(3) 46

protocataclasite A2 Koñczysty Wierch Mt. (4) 29

protocataclasite A2 Wo³owiec Mt. (3) 37

protocataclasite C2 Trzydniowiañski Wierch
Mt. (4) 48

mesocataclasite A2 D³ugi Up³az (1) 71

mescocataclasite C3 Dziurawa Pass (3) 35

ultracataclasite A3 D³ugi Up³az (1) 13

ultracataclasite B4 Zabraï Pass (2) 33

protomylonite C2 Wo³owiec Mt. (3) 50

mesomylonite D3 Zabraï Pass (2) 61

ultramylonite C4 D³ugi Up³az (1) 71

ultramylonite D4 Zabraï Pass (2) 82

The tex tural types are de fined in Kania (2014) 

T a  b l e  4

Con cen tra tion coefficents (L) of the rel a tive grain ori en ta tions 
in se lected sam ples
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ob served in mylonites, up to 82% in the Zabrat Pass
ultramylonite, where porphyroclasts are elon gated and ori ented 
along the fo li a tion.

DISCUSSION

Tak ing into ac count the type of struc tures cor re lated with
the protolith rock,  the fol low ing four struc tural types of shear
zones can be dis tin guished in the dis cussed area (Fig. 16):

– The 1st type shear zones with struc tures de vel oped only 
in the duc tile con di tions. These are mainly meso- to
ultramylonites, of ten with high mica con tent (the term
“phyllonite” (Brodie et al., 2007) seem to be use ful for
rocks with high mica con tent and dense fo li a tion planes). 
The char ac ter is tic fea ture is that the zones are now lo -
cated mainly on moun tain passes (£uczniañska, Zabraï, 
Dziurawa).

– The 2nd type zones that de vel oped in the brit tle-duc tile
con di tions. These zones form large pack ets, formed by
var i ous types of shear ing-re lated rocks (but mainly
proto- to mesomylonites, and cataclasites). The char ac -
ter is tic fea ture is the den sity of mesofaults, at some
places even above 100 planes per a 1 metre pro file. Two 
ex am ples in the in ves ti gated area are the Litworowy
Couloir and the Wo³owiec Mt. mas sif.

– The 3rd type shear zones which are de vel oped in the
brit tle re gime of de for ma tion, but pre serve some fea -
tures of ear lier de for ma tion, like mica fish. These types
of shear zones are char ac ter is tic for the mar ginal ar eas
of thrust sheets, and oc cur in the vi cin ity of non-de -
formed leucogranites on the Czubik Mt.

– The 4th type shear zones with only weak to mod er ate
brit tle de for ma tion (mainly proto-, some times
mesocataclasites). These zones oc cur mainly in the
north ern parts of do mains no. 1 and no. 4, i.e. the D³ugi
Up³az and the Trzydniowiañski Wierch Mt. How ever,
even these rocks show mod er ate, but sig nif i cant
shape-pre ferred ori en ta tion of grains.

The list above can be up graded by add ing gneiss es which,
ob vi ously, were sheared, how ever, these form mas sifs rather
than lim ited local ized shear zones.

The in ter est ing prob lem is the re la tion ships be tween shear
zone types listed above and the li thol ogy of rocks which un der -
went shear ing-re lated dy namic meta mor phism. Such cor re la -
tion is prob lem atic due to the fact that nu mer ous protolith
lithologies oc curred in this area. The vari abil ity of struc tures of -
ten ob served on the thin sec tion scale makes modal min eral
anal y ses mostly un us able for de ter mi na tion of the protolith.
How ever, lo ca tion of the shear zones, and their spa tial re la tion -
ships, al lows to formulate the following observations:

– the 1st type shear zones are meta mor phic schists,
which prob a bly have not un der gone ad vanced later de -
for ma tion;

– the 2nd type shear zones seems to be de vel oped mainly 
from granodiorites, prob a bly as an ef fect of their shear -
ing;

– the 3rd type shear zones are gneiss es or gra nitic gneiss -
es which un der went later de for ma tion in the brit tle con di -
tions;

– the 4th type shear zones are leucogranites which have
not been de formed un der duc tile con di tions, how ever
brit tle de for ma tion is clearly vis i ble, and ob served
shape-pre ferred ori en ta tion marks a non-co ax ial de for -
ma tion re gime.

This over view in di cates ad vanced de for ma tion par ti tion ing
– which means a sub di vi sion of de for ma tion into do mains with
dif fer ent de for ma tion pat terns (Passchier and Trouw, 2005) – of 
the West ern Tatra crys tal line core, cor re spond ing with the de -
formed rock type. The duc tile shear zones were later re ac ti -
vated, how ever, new brit tle and brit tle-duc tile shear zones were
also cre ated form ing a com plex lithological struc ture. The rate
of de for ma tion was dif fer ent in dif fer ent parts of the com plex
(Kania, 2014). Brit tle re work ing of the older duc tile struc tures
could lead to the for ma tion of tec tonic melange zones, how ever, 
in most cases it seems that the older dis con ti nu ities were the
ba sis for sim i larly (but not ex actly the same) ori ented brit tle
shear zones. This dis ori en ta tion is typ i cal when tak ing into ac -
count re ac ti va tion of the shear zones (Bons et al, 2012).

The idea of two in verted meta mor phic struc tural units
(Janák, 1994; Gawêda, 2001; Gawêda and Burda, 2004)
seems to be too much sim pli fied. Es pe cially, the in ter pre ta tion
of the up per parts of the D³ugi Up³az Ridge and of the Wo³owiec
Mt. as a migmatite up per struc tural unit, as it was shown on the
map by Gawêda (2001), might need some re con sid er a tion.
Migmatites are not very com mon in this area and are not
marked on the older maps (e.g., Bac-Moszaszwili et al., 1979)
where leucogranites (called “alaskites” there) and mylonites
dom i nate, whilst other meta mor phic rocks (gneiss es, schists,
prob a bly also am phi bo lites) oc cur spo rad i cally. The com pli -
cated struc ture is not only due to the di ver sity of protoliths
(leucogranites, which are a prod uct of anatexis of ear lier de -
formed rocks (orthogneisses), Rohaèe-type granodiorites, and
meta mor phic rocks, but also due to the di ver sity of multi-stage
de for ma tion prod ucts.

The most prom i nent shear zones are those of the 2nd type.
In the study area they form two pack ets of shear ing-re lated
rocks, up to hun dreds of metres wide. The first one cuts the
D³ugi Up³az Ridge, and forms deformational com plexes in the
Litworowy Couloir, out cropped at al ti tudes of ca. 1400–1500 m.
The sec ond one is the up per part of the Wo³owiec Mt. mas sif,
above an al ti tude of ca. 1800 m. From the struc tural point of
view, this is the up per wall of the Wo³owiec Mt. overthrust
(Cymerman, 2011). This wall has a form of a strongly het er o ge -
neous com plex of fault rocks, formed in a brit tle and brit tle-duc -
tile compressional re gime. The com pres sion re sulted in the for -
ma tion of nu mer ous hi er ar chi cal tec tonic flakes. Within the
mas sif, the fault rock li thol ogy var ies ver ti cally
(protocataclasites near the Wo³owiec Mt. sum mit, meso- and
ultracataclasites be low), as well as lat er ally (in creas ing grade of 
de for ma tion in ten sity south wards). The ver ti cal gra di ent, per -
pen dic u lar to the thrust plane is in ter preted as an ef fect of the
de creas ing de for ma tion in ten sity in the dam age zone of the
Wo³owiec Mt. overthrust (Childs et al., 2009). The hor i zon tal
(subhorizontal) gra di ent can be linked with the prox im ity of the
Wo³owiec Mt. overthrust mar gin.

The struc tures and the in ter preted pro cess de scribed above 
are cor rect also for the D³ugi Up³az with the Litworowy Couloir.
The se quence of fault rocks in the Litworowy Couloir
(cataclasites, S-C cataclasites, mylonites) re sem bles the se -
quence ob served on the west ern slopes of the Wo³owiec Mt.
The ob served fault rock com plexes should be con sid ered as
shear zones par al lel to the thrust ing planes of tec tonic flakes in
the crys tal line core. The com plex in ter nal struc ture of such
zones was un der lined by ̄ elaŸniewicz (1996); how ever, he had 
not dis cussed the di ver sity of the fault rock pres ent in these
zones.

The char ac ter is tic fea ture ob served is the pres ence of
quartz and peg ma tite veins near the mylonitic schist zones. At
least four such zones were found be tween the £uczniañska
Pass and the Rakoñ Mt. Cymerman (2009) linked the pres ence
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of the white quartz veins (so-called “gooses”) with shear ing and
thrust ing zones. On the other hand, Gawêda (2001) stated that
pegmatites oc cur in the core parts of folds. This is ob vi ously
nor mal sit u a tion in shear zones (Hudleston, 1989), how ever,
lam i nated veins seem to be rather a prod uct of sil ica trans port
and de po si tion along shear zones, es pe cially at the con tact be -
tween hard ened and soft ened zones, as it was de scribed ear -
lier.

The fault rock com plex of the Trzydniowiañski Wierch Mt.
with two types of shear zones (3rd and 4th) can be in ter preted
as a prod uct of low-an gle overthrusting of the leucogranitic
flake over the gra nitic gneiss es. Such a struc ture can be in ter -
preted also as de vel oped dur ing syntectonic anatexis when the
melt forms leucogranitic veins, and gneiss es form the restite.
The stress was mainly ac com mo dated by de for ma tion of the
older duc tile de for ma tion zones in the gra nitic gneiss es. The

up per, leucogranitic, packet shows signs of mag matic
syntectonic fo li a tion. Sub se quently, leucogranites un der went
only weak to mod er ate brit tle de for ma tion, re sult ing mainly in
the for ma tion of some brec cias and protocataclasites. 

The anal y sis of the ki ne mat ics of non-co ax ial brit tle shear -
ing struc tures – Y-P-R fault sys tems (Katz et al., 2004), doc u -
mented sense of shear ing top-to-the-SE, S and SW (Fig. 16).
The most com mon sense of shear ing re corded by the duc tile or
brit tle-duc tile ki ne matic in di ca tors is top-to-the-NW and W. Sim -
i lar senses of shear ing were ob served also in the other ar eas of
the West ern Tatra Mts., e.g. on the £opata Mt., the Niska Pass
and on the Jarz¹bczy Wierch Mt. (Cymerman, 2011). It in di -
cates that the move ment field dur ing brit tle de for ma tion pro -
cesses was rel a tively ho mog e nous in the whole West ern Tatra
Mts. crys tal line core. The de for ma tion pro cesses were in tense,
as proved by thick com plexes of fault rocks on the Wo³owiec Mt. 
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Fig. 16. Sketch-map of the dominant types of shearing zones and orientation of mesofaults in the selected areas (Angelier’s
diagrams, lower hemisphere, equal-area projection; red arrows marks mean tectonic transport direction)

For further explanations see text



Microstructures of shear zones from selected domains of the Western Tatra Mountains 695

or in the Litworowy Couloir. The grain shape in di ca tors anal y sis
of the fault rocks in the West ern Tatra Mts. (Kania, 2014) sug -
gests this was a long pro cess, be low the feld spar plas tic ity limit,
but with dy namic recrystallisation of quartz and in tense
sericitisation of feld spars.

The dom i nant prod ucts of brit tle de for ma tion in the de -
scribed area are com plexes of protocataclasites and some
mesocataclasites formed dur ing a block-con trolled cataclastic
flow (Ismat and Mitra, 2005; Kania, 2014). The pres ence of brit -
tle re gime-re lated ki ne matic in di ca tors, as well as mea sured
shape-pre ferred ori en ta tion, marks a non-co ax ial char ac ter of
these pro cesses.

The mylonites ob served in the study area are mainly
low-grade mylonites, as they are de fined by Trouw et al. (2010), 
with the fol low ing dis tinc tive fea tures: crys tal-plas tic de for ma -
tion of quartz, elon gated shapes, undulose ex tinc tion, and
some times bulg ing recrystallisation (BLG). At some places,
subgrain recrystallisation ag gre gates are pres ent, but more
likely is that there are ef fects of a de creas ing strain rate in stead
of in creas ing tem per a ture (Hirth and Tullis, 1992). Feld spars
un der went mainly brit tle de for ma tion, with some crys tal-plas tic
struc tures. Com mon oc cur rences of asym met ric ki ne matic in di -
ca tors (like mus co vite fish), as well as sharp tran si tions be -
tween tex tural types (Fig. 6D) also mark the low-grade
mylonites that formed in the tem per a ture range be tween 250
and 500°C (Trouw et al., 2010).

The most in trigu ing prob lem is time re la tion ships be tween
the de scribed shear zones. In lack ing good geo chron ol ogi cal
data, it is still pos si ble to make some con clu sions. Ac cord ing to
the four shear zone types listed at the be gin ning of this
discussion:

– The 1st type shear zones rep re sent only duc tile de for -
ma tion, which can be in ter preted as a Variscan meta -
mor phism prod uct. The re ac ti va tion of these zones can -
not be ex cluded, how ever, there are no clear ev i dences
for this.

– The 2nd type shear zones rep re sent duc tile and brit -
tle-duc tile shear ing, mainly in granodiorites. The Al pine
age of the older struc tures seems pos si ble.

– The 3rd type shear zones are Variscan gneissic rocks
which un der went later (Al pine) brit tle de for ma tion.

– The 4th type shear zones are leucogranites, and their
brit tle de for ma tion can be of the same age as in the 3rd
type. How ever, these rocks show no duc tile de for ma tion
due to later leucogranite em place ment, other than meta -
mor phism of gneiss es. In fact, these leucogranites are a
prod uct of Variscan anatexis with Al pine brit tle de for ma -
tion.

The ques tion arises if duc tile-brit tle de for ma tion can be not
only Variscan but also Al pine in age. Anal y sis of the avail able
data shows that dur ing the Al pine orog eny there were the fol -
low ing stages with con di tions fa vour able for brit tle and duc -
tile-brit tle de for ma tion, as well as for hy dro ther mal pro cesses
(Fig. 17):

  1. Up per Cre ta ceous eo-Al pine meta mor phism with
con di tions for mylonitisation at 140–120 Ma (Maluski et
al., 1993) and in tense compressional tec ton ics
(Jurewicz, 2005).

  2. Cre ta ceous and Cre ta ceous/Paleogene bound ary
with prob a ble mylonitisation (or phyllonitisation) ep i -
sodes at 89–85 Ma and 66 Ma (Maluski et al., 1993).

  3. Eocene–Oligocene compressional stage (Lefeld,
2009), with the be gin ning of up lift marked with

pseudotachylyte gen er a tion (Kohút and Sherlock,
2003).

  4. Ro ta tional up lift ing of the Tatra block dur ing the Mio -
cene (Jurewicz, 2005).

The tem per a ture of the Tatra mas sif ex ceeded 100°C in the
Palaeogene and even in the Mio cene (Kovaè et al., 1994;
Anczkiewicz, 2005; Anczkiewicz et al., 2013), which means
con di tions fa vour able for hy dro ther mal ac tiv ity. The young hy -
dro ther mal ac tiv ity is proved also by dat ing of clay min er als from 
the so-called “clay pock ets”, con tain ing fault gauges in the High
Tatra Mts. (Kuligiewicz, 2011). The Tatra mas sif may have
been ad di tion ally warmed up dur ing Mio cene magmatism in the
Cen tral West ern Carpathians (e.g., DanišÍk et al., 2008, 2010,
2012). More over, the cool ing of the Tatra Mts. was slower in
their west ern part, due to the west ward plung ing of the Mio cene
ro ta tion axis (Jurewicz, 2005). These data sup port the the sis of
the role of the hy dro ther mal pro cess in the for ma tion of dif fer ent
de for ma tion com plexes (strain soft en ing and strain hard en ing
subzones of the par ent shear zones; Kania, 2014). The role of
the greisenisation pro cess, ear lier pos tu lated by Skupiñski
(1975), was not so im por tant, how ever, it was ob served. The
ques tion is if it was re ally “tec tonic greisenisation”, as Skupiñski
wrote, or just small-scale greisenisation along some of the
shear zones, which seems to be more likely due to lack of struc -
ture-con nected greisenisation ev i dences.

On the other hand, there are opin ions (¯elaŸniewicz, 1996)
that mylonites are of a Variscan age and could be over printed
by Al pine pro cesses. This is not prob a ble, es pe cially when re -
gard ing a gen eral south ward sense of shear marked by duc tile
ki ne matic in di ca tors. None the less, the shear zones dom i nated
by brit tle-duc tile de for ma tion may have been formed mainly
dur ing the Al pine orog eny and in her ited some of the Variscan
fea tures at that time.

The ap plied method of sta tis ti cal de ter mi na tion of the
shape-pre ferred ori en ta tion al lows the rec og ni tion of di rec tional
fea tures even in non-fo li ated rocks. How ever, the
shape-preffered ori en ta tion of an ag gre gate re flects long-time
and mul ti stage his tory of the de for ma tion, so it is not an in di ca -
tor of the mean or late stage ki ne mat ics (Stahr and Law, 2014).
In fact, if 37% value was achieved in the syntectonic anataxesis
of the leucogranite, lower val ues (ob served in one of the
cataclasites) could be in ter preted as an ef fect of dis in te gra tion
and then cha otic dis ori en ta tion of grains dur ing cataclasis. On
the other hand, the higher val ues were achieved dur ing non-co -
ax ial shear ing pro cesses in the cataclasites, as well as
mylonites.

The in ter est ing ques tion should be a com par i son of the brit -
tle struc tures de vel oped in the crys tal line rocks and those in Tri -
as sic quartzites (Seisian) of Tatricum. Some pre lim i nary data
shows that the ori en ta tion of the dom i nant fault set on the D³ugi
Up³az Ridge (Fig. 16) is sim i lar to the one set of joints ob served
in quartz ite at the Upalone site. This prob lem needs fur ther
in-depth in ves ti ga tion.

The fault plane ori en ta tions and shear sense re corded in
the brit tle struc tures (Fig. 16) are char ac ter is tic for the Al pine
orog eny pro cesses, be ing an ef fect of the ALCAPA ter rain mi -
gra tion to the north (Csontos and Vörös, 2004). How ever, the
com pli cated and non-un am big u ous pat tern of brit tle ki ne mat ics
is an ef fect of the lo ca tion on the NW cor ner of the Al -
pine-Carpathian moun tain belt as well as of thrust ing pro cesses 
in the autochthonous base ment of the West ern Carpathians
(Jarosiñski, 2011). Yet, this in ter pre ta tion ap plies only to sets of
mesofaults, and is just a part of the com pli cated ki ne matic and
struc tural over view of the West ern Tatra crys tal line mas sif.
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Fig. 17. Compiled scheme of the Tatricum tectono-metamorphic evolution

Tem per a tures: 1 – max i mum of the Variscan meta mor phism (Poller et al., 2000; Gawêda and Burda, 2004); 2 – eo-Al pine meta mor -
phism (DanišÍk et al., 2011, 2012); 3a, b – Ar/Ar dat ing (Maluski et al., 1993); 4 – Tatricum cool ing (Kovaè et al., 1994); 5 – ap a tite fis -
sion track dat ing (Burchart, 1972); 6 – cool ing field of the Tatra mas sif, FT dat ing (Anczkiewicz, 2005), 7 – Mio cene tem per a ture
ris ing (DanišÍk et al., 2012). Geo log i cal events: G1 – granitoid in tru sion, protolith for gneiss es (Poller et al., 2000); G2 – Rohaèe
granodiorite in tru sion (Poller et al., 2000); G3 – leucogranite syntectonic for ma tion (Gawêda, 2001); VM – main stage of the Variscan 
meta mor phism (Poller et al., 2000; Gawêda and Burda, 2004); EAM – eo-Al pine meta mor phism (DanišÍk et al., 2011, 2012); N1 –
Choè unit overthrusting, N2 – Križna unit overthrusting (Jurewicz, 2005); N3 – eo-Al pine overthrusting (DanišÍk et al., 2012); N4 –
Eocene/Oligocene overthrusting (Lefeld, 2009); MYL – Al pine mylonites gen er a tion (Maluski et al., 1993). Tec tonic phases ac cord -
ing to Jurewicz (2005). De for ma tion con di tions: BR – brit tle, BR/DU – brit tle-duc tile, DU – duc tile, or ange bars – pre-Al pine stage of
brit tle-duc tile de for ma tion and Al pine stage of brit tle de for ma tion ac cord ing to Jurewicz and Bagiñski (2005); blue line – in ter preted
con di tions of de for ma tion in the West ern Tatra Mts.: a – Variscan duc tile de for ma tion, b – more duc tile con di tions dur ing the eo-Al -
pine meta mor phism, c – for ma tion of Al pine mylonites, d – more duc tile con di tions dur ing the Mio cene ther mal event



CONCLUSIONS

1. The shear zones take a key role in the West ern Tatra
crys tal line mas sif struc ture. Nu mer ous het er o ge neous, gen er -
ally sub-hor i zon tally ori ented shear zones were de vel oped dur -
ing mainly non-co ax ial shear ing of dif fer ent protholitic rocks.

2. Four types of shear zones have been dis tin guished: (1)
duc tile shear zones in gneiss es, (2) brit tle-duc tile com plex
shear zones, (3) duc tile mylonitic shear zones in gneiss es with
clear later brit tle de for ma tion over printed, (4) brit tle shear zones 
de vel oped in leucogranites af ter their anatectic formation.

3. These shear ing de for ma tion pro cesses were long-last ing 
with the de vel op ment of dif fer ent asym met ric struc tures at dif -

fer ent lev els and prob a bly at dif fer ent times. The brit tle struc -
tures are in gen eral youn ger than the duc tile ones, the strain
par ti tion ing was cru cial in the for ma tion of the shear zones.

4. The shear sense re corded by the struc tures formed in the 
duc tile con di tions is dif fer ent from the main duc tile-brit tle and
brit tle re gime of de for ma tion.
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