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The paper is focused on the meso- and microstructural characteristics ofselected shearing zones in the Western Tatra Mts.
The domains of crystalline rocks studled (Dtugi Uptaz Ridge, Rakon Mt., Zabraty Ridge and Zabrat’ Pass, Wotowiec Mt,,
Trzydniowianski Wierch Mt., Czubik Mt. and Jarzabczy Wierch Mt.) show evidences of heterogeneous shearing with devel-
opment of shear zones. Four types of shear zones were distinguished: (1) ductile shear zones in gneisses, (2) brittle-ductile
complex shear zones, (3) gneisses with clear later brittle deformation, (4) leucogranites, produced by anatexis with later brit-
tle deformation. The development of these shear zones is characterlzed by occurrences of varlous types of fault rocks:
cataclasites, S-C cataclasites and mylonites. The different shearing-related rocks and structures are interpreted as an effect
of protolith diversity and strain partitioning. Shape-preferred orientation is an important structural feature of all the shear-
ing-related rocks. Kinematic analyses revealed generally a southward sense of shearing documented by structures related
to brittle conditions and northwards sense of shearing recognized in ductily sheared crystalline rocks. The time relationships
belween different shear zone types are discussed, leadlng to the conclusions that the 1st type of shear zone is pure
Variscan, the 2nd type is Variscan with Alpine brittle deformation, and the 3rd and 4th types are mainly Alpine brittle deforma-
tions of Variscan syntectonic anatectic leucogranites.
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INTRODUCTION

Non-coaxial shearing leads to forming shear zones which
are localized areas of intense deformation (Ramsay, 1980).
Shear zone structures may be developed under different and
often variable conditions of pressure and temperature of defor-
mation, stress conditions, and last but not least strain rate (e.g.,
Berthe, 1979; Simpson and Schmid, 1983; White, 2001). Now-
adays, shear zone-related research is an ultimately fast-devel-
oping branch of the structural geology, especially with a
multi-scale approach to the structures (Passchier and Trouw,
2005; Trouw et al.,, 2010; Jiang, 2014), analyses of grains
shapes and orientation (e.g., Stahr and Law, 2014) and
micromechanical modeliing of the structures (e.g., a new point
of view on the micafish formation by Chen et al., 2014).

This paper is another approach to the meso- and
microstructural features of some shear zones observed in se-
lected areas from the Western Tatra Mts. crystaliine core. This
is a continuation and supplementation of the paper by Kania
(2014). That earlier paper was focused on textural features (i.e.
grain shape, matrix and grain relationships) of the shear
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zone-related rocks. This paper is subjected to the meso- and,
especially microstructures. Applying these two methods: grain
shape statistics (Kania, 2014) and meso- and microstructures
descriptions (this paper), these two papers provide a new de-
scription of the shearing-related rock fabric in the Western Tatra
Mts., which was also presented in Kania’'s (2012) Ph.D. thesis.
The shape-preferred orientation measurements published in
this paper form a link between a morphometric approach pre-
sented earlier and structure descriptions presented now.

Whilst the terms “structure”, “texture” and “fabric” do not al-
ways have clear meanings (e.g., Passchier and Trouw, 2005;
Brodie et al., 2007), the term “structure” used there comprises
the struclure as any geometric and repeating feature in the
rock, respectively meso- on a hand-specimen scale, and micro-
on a thin section scale.

The study area (Fig. 1 and Table 1) is located in the upper
parts of the Chochotowska and Jarzgbcza valleys in the West-
ern Tatra Mountains. This boundary ridge between Poland and
Slovakia with a branch towards Trzydniowianski Wierch Mt. is
territorially limited, but is an interesting example of a brittle and
brittle-ductile non-coaxial shearing record in the Western Tatra
crystalline core, due to its complex petrologic inventory and, in
consequence, heterogeneity of the observed tectonic strain.

GEOLOGICAL SETTING

The Carpathians are part of the orogenic belt that extends
from the Atlas Mts., through Europe to the Himalaya, which was
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Fig. 1. Geological map of the study area (modified after: Bac-Moszaszwili et al.,, 1979; Nemcok et al., 1994; Cymerman, 2009)

The analysed domains of fault rocks are marked

formed dunng Alpine orogeny convergence events. The north-
ern part of the orogeny was deformed in the Cenozoic, the
southern part, in the Mesozoic (Minar et al., 2011).

The Western Carpathians are subdivided into the three fol-
lowing zones (e.g., Mahef, 1986; Plasienka, 1995): Outer, Cen-
tral and Inner Western Carpathians. The highest and the north-
ernmost massif of the Central zone (CWC) are the Tatra Mts.,
which are one of three crustal-scale super-units (Tatricum,
Veporicum and Gemericum). The massif comprise the crystal-
line core with a para-autochthonous sedjmentary cover as well
as overthrust sediments of the Fatricum and Hronicum
tectono-facial units, formmg the Krizna (Lower Subtatric) and
the Choc (Upper Subtatric) nappes, respectively (Plasienka,
2003; Piotrowska, 2009; Uchman, 2009). The subdivision of the
crystalline core into two parts: Western Tatra Mts. and the
granitoids of the High Tatra Mt., is well known from the begin-

nings of geological investigations in the Tatra Mts. (Uhlig,
1897).

The metamorphic cover of the Western Tatra Mts. em-
braces a wide speclrum of rocks - according to Skupinski
(1975) these are: amphibolites, plagioclase-biotite gneisses,
mica gneisses, migmatites and migmatitic gneisses. The
gneisses are metasedimentary rocks, with greywacke and
claystone protoliths, dated as Late Cambrian maxImum age for
sedimentation (Kohut et al., 2008a; Gaweda and Burda, 2004).
They may have been formed as well during dynamic
recrystallisation (mylonitisation) of granitoids (Cymerman,
2009). Some of the gneisses are orthogneisses with a granitic
protolith (Gaweda, 2007). The amphibolites are tholeite
mid-ocean ridge basalts (MORB) which were inlruding durlng
the Paleozoic into the sedlmenlary complex, and then metal
morphosed (Gaweda and Burda, 2004).
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Table 1

List of analysed locations of shear zones

Location Averaged geographical position
Structural (P - Pass [in Pollsh: Przetecz], C - ) : ; Outcrops/sam ple no.
domain Couloir, R - Ridge) Latitude (49°...N) Longitude (19°. E) Elevation
tucznianska P. 13'59” 46°'00" 1600 8/8
1 Litworowy C. 13'32” 46'12" 1500-1700 6/6
Diugi Uptaz R. - N part 13'18" 45'50" 1670 6/3
Diugi Uptaz R. - S part (Siwarne) 13'05” 45'43” 1760 3/5
2 Rakon Mt., Zabraty R. 12’58 45'29” 1860 (1879 top) 3/3
Zabrat P. 13'15” 45'00” 1660 2/2
Wotowiec Mt. N slopes 12'31” 4544 1800 5/9
Wotowiec Mt. W traverse 12'28" 4541 1800-2000 7112
Wotowiec Mt. top 12’28 4546 2050 (2063 top) 1/2
3
Wotowiec Mt. SW slopes 12'21” 4542 2000 2/3
Dziurawe P. 1221 46'06” 1836 3/4
topata N slopes 12'17” 46'38" 1875 2/2
Trzydniowianski Wierch Mt. W slopes 13'02” 48’'10”" 1685 6/4
Trzydniowianski Wierch Mt. 13'08” 48'15” 1730 (1758 top) 3/3
4
Czubik Mt. 12'44” 48727" 1830 (1845 top) 717
Konczysty Wierch Mt. N slopes 12'23” 48°26" 1950 4/4

The crystalline complex of the Western Tatra Mountains un-
derwent mid-crustal thrusting which have resulted in the forma-
tion of two struclural units of inverted metamorphism (Kahan,
1969; Janak, 1994): the upper unit, containing gneisses,
migmatites, granitoids and locally amphibolites, and the lower,
metasedimentary unit. The metamorphism inversion is a con-
sequence of Variscan tectonic episodes (Fritz et al., 1992)
These units, defined originally in the south of the Rohace
granodiorite intrusions (the Slovak Republic), were identified in
the Pollsh Western Tatra Mts. as a migmatitic complex of the
upper struclural unit and a complex of metasedimentary crys-
talline schists with amphibolites, formIng the lower struclural
unit (Gaweda and Burda, 2004). The metamorphic conditions
were: 573-575 (£20)°C, 6-8 (+1.5) kbar in the lower structural
unit (Ornak gneisses); and 660-670 (+12)°C, 3-5 kbar for the

Wotowiec-Lopata area gneisses of the upper structural unit
(Gaweda and Burda, 2004).

The Variscan igneous rocks are the younger component of
the Western Tatra crystalline massif. According to Kohut and
Janak (1994), three types of igneous rocks occur in the Western
Tatra Mts.: biotite-amphibole-quartz  diorites, “common
Tatra-type” granite and Goryczkowa-type granites. The most
widespread is the “common Tatra-type”. The Variscan
magmatism was a multistage process with foliowing phases of
at least three intrusion events as described by Gaweda (2007),
and with anatexis leading to the formation of leucogranitic veins
(Kohut, 2000). Table 2 gives the concise information about the
Western Tatra granitods. The geochronology of the Tatra Mts.
crystaliine core is summarized in the Table 3.

Table 2

Summary of the Western Tatra Mts. granitoids petrography

Rock type quartz plagioclases alkali feldspars
Diorite 10.3 37.2 0.3
Common Tatra-type 33.1 36.8 19.5
Leucogranite 10-50 9-64 9-50
Rohace-type 28-37 29-48 10-29
Goryczkowa-type 32.2 33.4 25.7

Rock type Description
Diorite melanocratic diorites

medium- to coarse-grained granites,

Common Tatra-type I/S-type

Modal composition [%]

biotite muscovite amphiboles accessory minerals
12.1 - 38.4 1.9
5.4 4.0 - 1.2
- 0-9 - -
2-7 2-7 - -
4.0 3.4 - 1.3
Remarks References

occurs locally, not in the study area Kohut and Janak

(1994), Gaweda et
al. (2005)

Gaweda (2001),

Orthogneisses with
leucogranite veins

Rohace-type

Goryczkowa-type

fine to medium-grained granttes, in some
areas also pegmatites

two-mica granodiorite

medium-grained granodiorite with pegma-
tite and aplite veins

by Kohut and Janak (1994) included into
“‘common type”; anatexis product

post-collisional or late orogenic provenance

the northernmost pluton parts, not in the
study area

Gaweda and Burda,
(2004)

Kohut and Janak
(1994), Burda and
Klotzli (2007),
Kohut and Siman
(2011)
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Table 3

Summary of the gechronological data for the Tatra Mts. crystalline core

Tectonometamorphic event
Protomagmatism of the most Western Carpathians orthogneisses

Oldest Tatra Mts. granitoids (metamorphosed later)
Metamorphism (orthogneisses)

S-type granitoid intrusion
Earliest Variscan mylonites (muscovites)

Leucogranite formation (syntectonic melting of the upper structural
unit)

Latest Variscan mylonites (muscovites)
High Tatra granitoid intrusion

Final uplift (apatite fission tracks)

The final uplift of the Tatra Mts. began during the Late Neo-
gene (e.g., Danisik et al.,, 2008, 2010, 2011).

METHODS

The fieldwork was focused on the documentation of the fol-
lowing domains (Fig. 1 and Table 1): (1) northern part of the
Dtugi Uptaz Ridge and the Litworowy Couloir, (2) southernmost
part of the Diugi Uptaz with the Rakonn Mt. and the adjoining
Zabraty Ridge to Zabrat' Pass (Slovakia), (3) Wotowiec Mt.
massif, (4) Trzydniowianski Wierch Mt.-Czubik Mt.-Konczysty
Wierch Mt. ridge. These domains are defined mainly on the
contemporary geomorphologic features, which are deeply
linked with the geological structure, butalso show generally uni-
form orientations of the kinematic indicators. Structural data in-
clude measurements of the structural feature orientations (S
and C planes, C’ shear bands, lineation and fault planes with
slickensides; Lister and Snoke, 1984; Passchier and Trouw,
2005). The kinematics was determined based on the kinematic
indicators such as: (1) in the ducfile regime: mylonitic foliation
with S-C, C’ strucfure, folds, and asymmetric porphyroclasts;
(2) in the britfle regime: ridge-in-groove lineations and Y-P-R
shear sets (Petit, 1987; Cymerman, 1989; Passchier and
Trouw, 2005). These results can be partially misinterpreted due
to probiems in distinguishing S, C and C’ elements from the R,
R’and P (Katz et al., 2004) mesofaults in the rocks deformed in
brittle-ductile conditions. Lower-hemisphere equal area projec-
tions were always used for presentation of the obtained data.

The microstrucfures were described from 45 thin secfions
made with unoriented samples. These secfions were cut nor-
mal to the foliafion and paralfel to the stretcfring lineation (the
X-Z section of the finite strain ellipsoid).

Generally, the fault-rock terminology after Brodie et al.
(2007) was applied. This classification allows naming some foli-
ated rocks as cataclasites, and includes tectonic breccias and
gouges into the group of cataclasites. The term S-C mylonites
was introduced by Berthe et al. (1979), and exfended to the
cataclastic (non-foiiated) rocks by Lin (1999). The subdivisions
of cataclasites and mylonites into proto-, meso-, and ultra-
groups according to the classification of Woodcock and Mort
(2008), which is the revized classification of Sibson (1977), is
based mainly on the grain and matrix proportion as well as the
presence of foliafion. The rocks with recrystallised grains are

Age [Ma] References
500 Kohut et al. (2008)
406 Poller et al. (2000)
365 Poller et al. (2000), Burda and Klotzli (2007), Burda
and Gaweda (2009), Kohut and Siman (2011)
360-345 Gaweda (2008)
343 Deditius (2004)
340 Gaweda (2007)
298 Deditius (2004)
350-337 Burda et al. (2013); Poller and Todt (2000)
15-10 Kovac et al. (1994)
called “blastomylonite” in these classifications. The term

‘phyllonite’ is sometimes regarded as an anachronism, however
is defined in the [IUGS recommendation as mylonites with a high
content of phyllosilicates, with phyllite-typical shine (Brodie et
al., 2007). As the relation of the described rocks to the fault
zones is not always clear, especially, when deformation are
ductile, therefore the term “shearing-related” rocks will fre-
quently be in use.

Shape-preferred orientation degree determination. The
presence of shape-preferred orientation structures is generally
described with the qualltative terms. However, this preferred
orientation is often observed in non-foliated rocks, like
cataclasites, that is why the term “S-C cataclasite” was introt
duced (Lin, 1999; 2001).

The parameter allowing determining this preferred orienta-
tion can be relative orientation of grains in the rock section. This
parameter (9) is defined with the formula (Roduit, 2007):

180°

2P1
tan 1 (1l

2n

where: p02, M1, P2 are the momentum describing ellipse-derivative
shapes.

This was determined during image analyses of the mosaics
of thin section photos, with no less than 50 quartz and feldspar
grains measured in 13 samples representing different rock
types (the same photos which were used for morphometry in
Kania, 2014). Then, the statistical concentration coefficient was
determined for each of the samples with the following formula
(Krawczyk and Stomka, 1994):

’ [2]

£ sineil + [£ coseg,

X100%

where: L - concentration coefficient, 9 - grain relative orientation, n
- number of grains analysed.

The 9 values were multiplied by 2 because the L coefficient can
be determined correctly when the angle is between 0 and 360°.
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It was tested, that for the random generated sets of the an-
gles, the L coefficient was always less than 10%, thus higher
values can be interpreted as the shape-preferred orientation in-
dication.

STRUCTURAL DOMAINS

DOMAIN 1. THE NORTHERN PART OF THE DtUGI UPLAZ RIDGE
WITH ITS EASTERN SLOPES

Geological setting. The confact zone between crysialline
rocks and Triassic quartzite is located about 200 m northwards
above the tucznianska Pass. The northernmost part of the
crysialiine complex is composed mainly of leucogranites and
granodiorites, but also gneisses. Nemcok et al. (1994) mapped
there amphibolites that, in fact, seem to be hardly found in this
area. According to Gaweda (2001) the tucznianska Pass is
built of upper, mainly migmatitic, structural unit. However, the
structure of this area is probably more complicated, embracing
at least two tectonic flakes with fault rocks in between
(Cymerman, 2009). Migmatites do not seem to be the constitu-
ent part of the massif.

Confinuing to the south, the Diugi Uptaz Ridge with the
Litworowy Couloir on the eastern slopes was mapped as com-
posed of granitic gneisses (Guzik, 1959), leucogranites (form-
ing veins or lenses) with greisens or mylonites and a metamor-
phic complex beiow (Skupinski, 1975; Bac-Moszaszwili et al.,
1979) or migmatised gneisses of the upper strucfural unit with
leucogranites beiow (Gaweda, 2001). The role of the tecfonic
processes in the confact zone was emphasized by Skupinski
(1975) and Cymerman (2009; see also Piotrowska etal., 2007).

Shearing-related rocks and mesostructures. The first,
not distinctive brittle structures (rare mesofault planes) are ob-
served about 100 m to the south from the tucznianska Pass.
Then, continuing with the ridge to the south, ca. 200 m from the
tucznianska Pass, the fault rocks form four bands, tens of
metres in width (Fig. 2A), interlayered with undeformed or
slightly deformed granitoids. These bands are outcropped
mainly along the tourist path. The deformed zones comprise
mainly brittle deformed leucogranites, protomylonites (Fig. 2B,
C) and/or local mesomylonites with sericite matrix.

The Czofo is a short, flat ridge branched to the east. This
ridge is built mainly of granodiorites, however, above this ridge,
on the morphological flatiening, clearly folded schists are obf
served. The cuspate-lobate folds are a few centimetres in am-
plitude and wavelength. Their axes are subhorizontal, generally
trending towards the WSW. The change in foliation parameters
beiween this locafion and the locafion above the Litworowy
Couloir, suggests that higher-order folds are present here.

The few contact zones between mylonitic schists and
less-deformed rocks were observed. These contacts are often
outlined with pegmatite veins (a pegmatitic form of the
leucogranites) or just quartz veins. A few metre wide quartz
veins are observed also in the eastern slopes of the ridge. The
infernal strucfure of these veins is characterized by sub-horif
zontal layering and cut by a SW-dipping joint system. Above, on
the trail, fragments of small fold hinge zones were found.

Generally, shear zones-related mylonitic rocks form an
anastamosing network in this area due to deformation patrtition-
ing in a relatively small scale. The mylonites are cut by
protocataclasites, or, less common mesocataclasites with a
leucogranitic protolith. The granitoids located between more in-
tensely deformed bands are leucogranites, locally with
protocataclasis features. The same is true for the granodiorites

Fig. 2. Examples of shear zones and rocks of domain no. 1

A - mylonite shear zone on the tucznianska Pass; B - complex brittle-ductile shear zone in the Litworowy Couloir; C - mylonitic gneiss,
Dtugi Uptaz Ridge; D - mylonite, Diugi Uptaz Ridge
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Fig. 3. Examples of microstructures from domain no. 1

A - bulging-type (BLG) of quartz dynamic recrystallisation, protocatalasite, Dtugi Uptaz Ridge; B - crystaloplastic and brittle defor-
mation of quartz, note the conjugate joints, Dlugi Uptaz Ridge; C - ultracataclasite, note the high matrix content, Dlugi Uptaz Ridge; D
- sinistral shear zone in mylonite, note the S- and C-foliation structures and muscovite, pointed fish; all photos in crossed polarizers

forming the short Czoto Ridge. Non-deformed or slightly def
formed leucogranites show only weak magmatic foliation, whilst
shearing foliation in protomylonites is defined by elongated bio-
tite and chlorite aggregates, as well as quartz shape-preferred
orientation forming ribbons, but without distinct dynamic
recrystallisation features. At some locations, mica forms bands
with an S-C fabric.

The Litworowy Couloir is the place, where a vast packet of
shearing-related rocks is outcropped (Fig. 2D). Above the
Couloir, slightly deformed leucogranites or leucogranitic
gneisses occur in the Dlugi Uptaz Ridge. The most common
type of fault rocks there are cataclastic breccias.
Protocataclasites occur at some locations. The boundaries be-
tween these rock-types are not sharp. Crushed and faulted
grains, observed on a microscale, are mainly feldspars. The
quartz grains show mainly weakly ductile deformation, however
bulging-type dynamic recrystallisation strucfure is locally obf
served. Below, in the couloir, there is a zone of fault rocks,
about 80 m in width, between altitudes of ca. 1560-1640 m. In
the uppermost part of the Litworowy Couloir, protocataclasites
with a small amount of sericite matrix, gradually pass into a het-
erogeneous packet of mesocataclasites and ultracataclasites.
In the uppermost part of the Litworowy Stream brittle-deformed
fault rocks (meso- and ultracataclasites) coexist with packets of
mylonitic schists and phyllonites.

The described complex is cut by numerous mesofaults. The
density offault planes increases downwards and reaches >100
for 1 m of the profile. This results in rock schistosity.

Generally, the fault rock complex observed in the Litworowy
Couloir forms an almost horizontal brittle and brittle-ductile
shear zone. The width of this zone is difficult to be precisely de-
termined, but can be estimated as 80-100 m. The core of the
shear zone is a complex of ultracataclasites, mylonites and
ultramylonite, ~30 m wide. The surrounding damage zone com-
prises mainly mesocataclasites with brittle deformation fading
out upwards. There are no outcrops of this zone in the northern
branch of the Litworowy Couloir, where only slightly britfle-de-
formed granodiorites are present.

Microstructures (Fig. 3). The mylonitic foliation is ex-
pressed by C-foiiaiion bands composed of muscovite, biotite,
and chloritised biofite with oblique S-foiiaiion bands. Quartz
grains show undulose extinction and lobate shapes. Generally,
quartz grains are elongated in the C-foliafion difeciion. Howf
ever, someiimes short quartz veins, oblique to the C-foiiaiion
and without shape-preferred orientation, are observed. When
rocks are foliated, there are typically no brittle deformation fea-
tures, also feldspars show no deformation.

In some areas, the foliation of mylonites shows some irregu-
larities in direction. However, these irregularities seem to be de-
veloped also in the duciile condiiions, and can be an effect of
stress reorientation during deformation.

Above the Litworowy Couloir, protocataclasites and
mesocataclasites dominate in the Diugi Uptaz Ridge, in some
places turning into ultramylonite (phyllonite) zones. These
zones are up to tens of centimetres in width. Occasionally,
ultracataclasites with traces of total crushing of the protolith, but
without traces of the cataclastic flow (slides or roiaiions) are
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present in the Diugi Uptaz Ridge. The microstructure of these
rocks shows a “mairix-supported” type. Occasionally, musco-
vite with relics of ductile deformation occurs. These grains are
randomly oriented and brittle-disintegrated. Quartz with traces
of brittle and ductile deformation sometimes show bulging-type
dynamic recrystallisation (BLG, Fig. 3A). The locally observed
zones of sericite concentration in matrix can be possibly areas
of initially forming porphyroclasts (formation of blastomylo-
nites). In some areas, britile deformaiion sysiems are visible,
expressed by paraliel-oriented edges of anguiar grains (inier-
preted as the Y system) and wide short cracks (tensional
cracks, T sysiem). In addiiion, a few milimetres long quartz
veins are oriented parallel to the T system. The conjugate shear
has been identified, often overprinting crystaloplastic deforma-
tion in quartz (Fig. 3B).

There are two types of ultracataclasites on the ridge over
the Litworowy Couloir: typically, non-foliated cataclasites
(Fig. 3C) and S-C cataclasites. This second type is character-
ized by scattered directional structures, such as elongated
grain aggregates or mica fish. However, these structures do not
form distinct foliation.

The S-C fabric is very well-developed with distinctive, elon-
gated muscovite fish, mostsimilartogroup2 (lenticularfishwith
points inclined in the foiiation direction) in the Grotenhuis et al.
(2003) classificaiion. Below this area, narrow sheared mica
bands (about 1 mm wide) and quartz “ribbons” structures paral-
lel to the S-foliation planes are observed in the cataclasites with
mylonitic foliation features (S-C cataclasites). These structures
are oriented concordantly to the S-foliation planes.

The foliation of ultramylonites (phyllonites) is defined mainly
by muscovite fish and ribbons of oblique quartz crystals
(Fig. 3D). In the pure quartz layers, oblique foliation disappears,
however shear planes according to the C’ shear bands are
present. There are small areas of major reorientation of the foli-
ation planes (up to 40°) as well as wide fracture zones with cha-
otically rotated micas.

Plagioclases do not show any structural coincidence with
foliation, but show some brittle deformation (microfaults). Lor
cally, layered fine-grained sericite mairix is present, forming
narrow bands.

Kinematics. The dominant kinematics recorded by the brit-
tle structures in this area is the thrusting top-to-the-SSE, S and
SSW on the faults dipping at moderate angles (ca. 30-40°)
mainly to the S. The second, less numerous set, composed of

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

E- or W-dipping faults records the SW or NW thrusting. The
fault rocks in this area are strongly heterogeneous. Gradational
transiiions beiween different types of rocks can be observed
with a general trend of tectonic deformation degree increasing
downwards.

The kinematic indicators (Fig. 4) for the duciile features
were measured mainly in the phyllonites. The mean orientation
for the C planes is 359/60. The S planes generally steeply dip to
the SE and SSE. The relationships between foliation planes, as
well as other indicators observed in the oriented thin seciions,
reveal top-to-the-north tectonic transport directions.

DOMAIN 2: THE SOUTHERNMOST PART OF THE DtUGI UPtAZ RIDGE,
RAKON MT. AND ZABRATY RIDGE

Geological setting. The southern part of the Diugi Uptaz
Ridge is composed of granitic gneisses (Michalik and Guzik,
1959) and pegmatoidal granites (Skupifiski, 1975). Gaweda
(2001) mapped there alaskites and overiying migmatite and
gneisses complex of the upper structural unit. The southern-
most section of the Ridge, just below the Rakon Mt. summit, is
composed of leucogneisses, by some authors mapped also as
leucogranites (Michalik and Guzik, 1959; Skupinski, 1975;
Nemcok et al., 1994). Cymerman (2009) noted that gneisses
gradually pass eastwards into lit-par-lit migmatites. There, and
on the Rakoh Mt. as well, Gaweda (2001) mapped rocks of the
upper structural unit.

The Rakon Mt. topmost part comprises an upper gneissic
complex above leucogranites, with a zone of strongly deformed
gneisses in between (Cymerman, 2009). Skupinski (1975) and
Bac-Moszaszwili et al. (1979) mapped there only leucogranites
(alaskites). On the geological map by Nemcok et al. (1994), the
Rakon Mt. and the northeasterly adjoining Zabraty Ridge, are
marked as composed partially of gneissic leucogranites and
Rohace-type granitoids in the topmost part.

Shearing-related rocks and mesostructures (Fig. 5). In
the northern part of Siwarne (part of Dilugi Uptaz), the
leucogranites are weakly deformed. Weakly rocks gradually
pass into tectonic breccias and protocataclasites. The crushed
minerals are represented mainly by feldspars which are only
fractured, or locally show micro-scale slip surfaces. Cataclastic
matrix is almost completely absent. Quartz grains show weak
crystaloplastic deformation expressed by undolose extinction,
orin some samples - by bulging-type dynamic recrystallisation.

The deformation intensity increases to the south, where up
to a few metres wide zones of mylonitic schists with irregular
graphite bands exist, but without distinctive concentrations of
micas. These rocks gradually pass into laminated and augen
laminated gneisses, but pegmatite and quartz veins are ob-
served between schists and gneisses.

Just below the Rakon Mt., fault rocks are outcropped in the
NW direction and comprise protocataclasites and
mesocataclasites (Fig. 5A) as well as S-C cataclasites. These
rocks coexist with mesomylonites and ultramylonites. Genert
ally, co-occurrence of the brittle and brittle-ductile deformation
structures is typical in this area. Undoubtedly, distinguishing be-
tween the ductile C-type shear planes and Y-type mesofaults is
difficult.

The Zabraty Ridge is characterized by the occurrences of
gneisses in the upper part, passing gradually downwards into a
ultramylonite/ultracataclasite complex. In fact, the area of the
Zabrat’ Pass is the place where most advanced deformation oc-
curred with ultramylonites (Fig. 5B) and ultracataclasites inter-
changing in the relatively small area.
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Fig. 5. Examples of hand-specimens from domain no. 2

A - Rakon Mt. cataclasite with graphite bands; B - Zabrat’ Pass ultramylonite

Microstructures (Fig. 6). The proportion ofthe moderately
and strongly deformed rocks (meso- and ultracataclasites) on
the weakly deformed rocks (protocataclasites) increases west-
wards. The ultracataclasites form layers with the maximum
width of ~10 cm, and are cut with numerous conjugate shears.
Graphite bands also occur in the form of up to 1 mm veins
(Fig. 6A). In the mylonites, S-C-foliation structures are clearly
recognizable.

Below the Rakon Mt. on the Zabrat’ Pass, very well-devel-
oped mylonites with rotational core - mantle structure
porphyroclasts were found (Fig. 6C). Fine-grained quartz ag-
gregates on the sericite-dominated background emphasize the
C-foliation planes, together with micas, which show no sigmoid
shapes. One-sided syntaxial pressure fringes (Bons et al,
2012) are well-developed on opaque minerals (Fig. 6B). As
noted above, the deformation style locally changes dramatically
in the small scale (Fig. 6 D), with sharp boundaries between.

Kinematics. The main set of thrusting faults has the
top-to-the-S kinematics. These faults dip mainly to the N, NNE
and S at moderate angles. The second set of faults is com-
posed of moderate to steep faults dipping to the S with
top-to-the NE sense of shearing recorded.

In the predominant ductile deformed zones, S-C-foliation is
not homogeneous (Fig. 7). The C planes dip at low and moder-
ate angles to the eNe, or at steep angles to the NW and NNW.
The S planes dip to the E, ESE, and SE at moderate angles.
The spatial reiationships of the C and S planes record a domi-
nant tectonic transport direciion top-to-the-NNE and NE. The
same is proved by the C’ synthetic shears dipping to the NE, as
well as by orientation of porphyroclasts and mica fish in oriented
thin sections.

DOMAIN 3: THE WOLOWIEC MT. MASSIF

Geological setting. The Wotowiec Mt. massif (Fig. 8) is
composed of granitic gneisses and gneisses (Michalik and
Guzik, 1959). Below the metamorphic complex, leucogranites
with amphibolite inclusions occur. Skupinski (1975) mapped
there a single horizon, tens of metres wide, of “tectonic
greisenisation”. This zone is marked also by Bac-Moszaszwili
etal. (1979) as mylonites. However, Zelazniewicz (1996) stated
that these mylonites (as well as mylonites mapped by those au-
thors in other areas) form numerous en-echelon low-angle
zones instead of continuous horizontal outcrops. Cymerman
(see Piotrowska et al., 2007) mapped a band of cataclastic
rocks on the NW Wotowiec Mt. slopes, and interpreted it as a
basement of one of thrust-sheets building the Wolowiec Mt.
massif. Lower parts of the SW and SE slopes of the Wolowiec
Mt. and the area of the Jamnicka Pass are composed of
Rohace-type granodiorites (Nemcok et al.,, 1994). Gaweda

(2001) included the Wotowiec Mt. into the upper structural unit
but marks a few SW-NE narrow mylonitic zones cutting the up-
per structural unit, alaskites and the lower structural unit. The
shear zone-related micas were dated by Deditius (2004), re-
vealing 343 + 13to 298 + 11.3 Ma (40Ar/3 Ar method on musco-
vites), and interpreted as a product of two ductile deformation
events: older, related to overthrusting of the metamorphic com-
plex, and younger, related to the Rohace-type granodiorite in-
trusion.

The contrasts in the Wolowiec Mt. massif lithology are
strongly linked with geomorphological features, which is
marked i.e. by steep rocky slopes in the southern part of the
massif.

Shearing-related rocks and mesostructures (Fig. 9).
The occurrences of fault rocks on the N and NW slopes of the
Wotowiec Mt. begin in the vicinity of the border pole no. 249/5
and continue southwards to the top of the massif. Along the
touristic pathway, zones of cataclasis can be detected basing
on the fragments found on the ground. These fragments are
weakly deformed leucogranites and granodiorites, alternating
with granitic gneisses, locally folded (Fig. 9A). Biotite-rich S-C
cataclasites were also found. Pegmatites are also observed in
this area.

The eastern slopes of Wotowiec Mt. are very steep, often
vertical, and therefore difficult to access. However, in the rock
fragments found below these walls (Skrzynia, Skrajniak),
granodiorites and granodiorite or leucogranite-based -cata-
clasites can be often found (Fig. 9B).

In trenches cutting the top of the Wotowiec Mt,
mesocataclasites with a leucogranitic protolith occur. Numert
ous brittle shear planes, forming a typical Y-P-R shearing sys-
tem, cut these rocks.

Numerous, good quality outcrops of the fault rocks are lo-
cated on the NW and W slopes of the Wotowiec Mt., in the terri-
tory of the Slovak Repubiic. Along the patch traversing the top-
most parts and branching from the touristic pathway at an alti-
tude of ca. 1835 m, there are four zones of weak to moderate
cataclasis of the leucogranites and granodiorites.

A well-outcropped complex of the fault rocks can be obf
served on the W slopes of the Wolowiec Mt. along an unofficial
touristic path at altitudes of ca. 1900-1950 m. At least four nar-
row zones of mylonites and phyllonites, up to tens of cm in
width, occur there. Up to 20 m wide bands of cataclasites are
present in between. The protolith of the cataclasites was mainly
granodiorite what is proved by their mineral composition. At
some places, mesocataclasites pass into ultracataclasites.

On the SW slopes of the Wotowiec Mt. (south of the
Wotowiec-Jamnicka Pass touristic pathway) a few niches with
meso- and ultracataclasite outcrops are present. Locally, bands
of quartz and mica mylonites or mylonitic schists and phyllonites
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Fig. 6. Examples of microstructures from domain no. 1

A - catalasite from the Rakon Mt. with a system ofjoints filled with sericite and a graphite band (lower right corner); B - fringe structure in the
pressure shadow of an opaque mineral grain (probably hematite); C - quartz pophyroclasts in ultramylonite from the Zabrat’ Pass; D - sharp
border between textural types observed in the shear zone on the Zabrat’ Pass: lower part - ultramylonite, upper part- protomylonite; all pho-
tos in crossed polarizers

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



688 Maciej Kania

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

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

with graphite are also observed. The protolith of the
cataclasites was Rohace-type granodiorite.

The rocky part of the main Western Tatra Mts. Ridge, east
of the top of the Wotowiec Mt., is an area of shear zone with
complex lithologies. Below an altitude ofca. 1900 m, packets of
crystalline (sericite, biotite, sillimanite chlorite, epidote-quartz;
Fig. 9C, D) schists are present. These rocks can be classified
as phyllonites and mylonites with well-developed foliation
planes forming schistosity with distinctive asymmetric features
like mica fish occasionally with later deformation.

Microstructures (Fig. 10). In the samples from the NW
slopes of the Wotowiec Mt., feldspars show features of brittle
and brittle-ductile deformation (Wiliiams et al., 2000; Passchier
and Trouw, 2005), as well as quartz with traces of dynamic
recrystallisation in the subgrain rotation process (Halfpenny et
al., 2006), forming aggregates of elongated grains. Sericite ma-
trix is present on the feldspar/feldspar contacts.

The W slopes of Wotowiec Mt. show a complicated pattern
of rocks and their microstructures. Mylonites are interchanged
with cataclasites, these two fault rock types are difficult to distin-
guish macroscopically. In addition, a few cm wide zones of
phyllonites occur, especially southwards. In these rocks, S-C
mylonitic foliation is well developed in mica: mainly biotite or
chloritised biotite—ehlorite. Mica fish structures are abundant
and show traces of multistage deformation (Fig. 10A, D, E). In
addition, sillimanite fibrolite nests are present. They are elon-
gated paraltel to the mineral grain lineation on the S planes.
Recrystallised quartz forms core-mantle porphyroclasts
(Fig. 10B).

Locally, the fault rocks form a kind of tectonic microscale
mélange composed mainly of mylonitic sericite matrix, quartz

grains with pressure shadows, sheared with numerous shear
bands or microfaults.

On the W slopes of the Wotlowiec Mt., ultracataclasites are
characterized by a high grain to reduced grain matrix content
ratio - up to 1:1. Some of the ultracataclasites show weak folia-
tion or matrix layering. Cataclastic breccias or fault gauges lo-
cally occur. The main deformation mechanisms observed in the
microscale are brittle deformation of plagioclases with
intracrystalline slip systems. Further to the south in cataclasites,
shear folds and microfolds are also observed (Fig. 10C, D). On
the topata Mt., deformations are localized in the narrow zones
of folded micas and chaotic aggregates of quartz with bulging
recrystallisation features and with microscale folds of the
recrystallised matrix.

Kinematics. The sense of shearing recorded in the brittle
structures is variable, however top-to-the-S thrusting dominates
on the relatively low-angle, mostly N-dipping faults. The second
set of faults is also characterized by south-dipping shears with
top-to-the-N kinematics.

The C planes in the mylonitic foliation dip to the WSW at low
to moderate angles. The S planes dip to the SE and SW at low
angles. This records (Fig. 11) the tectonic transport direciion
top-to-the-WNW-NNW. The same direction is recorded by the
C’ shear band dipping to the NW at low angles.

DOMAIN 4: TRZYDNIOWIANSKI WIERCH MT., CZUBIK MT. AND
KONCZYSTY WIERCH MT.

Geological setting. The Trzydniowianski Wierch Mt.
(Fig. 12) in its upper part is composed oftwo leucogranitic pack-
ets with gneissic bands in between (Michalik and Guzik, 1959).
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Fig. 9. Examples of hand-specimens from domain no. 3

A - fold developed in the Wolowiec 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 Ltopata Mt.

A mylonitic zone cuts the massif horizontally and is outcropped
on the northern slopes (Skupinski, 1975; Bac-Moszaszwili et
al., 1979; Gaweda 2001). To the south, the Czubik Mt. topmost
parts are composed of granodiorites with granitic gneisses be-
low (Michalik and Guzik, 1959). The contemporary morphology
of the slope, with three zones of flattening, can be linked with
zones of intensive cataclasis, developed within leucocratic gra-
nitic gneisses or leucogranites.

On the eastern slopes, quartz veins are outcropped, similar
to these described on the western slope of the Chochotowska
valley.

Shearing-related rocks and mesostructures (Fig. 13).
The fault rocks occur on the western slopes of the
Trzydniowianski Wierch Mt. along the tourist pathway. This
area lacks of outcrops, however, some observations are possi-
ble.

The deformed rocks in this area are mainly leucogranites
(Fig. 13A) or leucocratic granitic gneisses whose gneissic struc-
ture is a relic of an older deformation stage (Fig. 13B).

The general trend is an upward increase of non-coaxial
shearing intensity. The cataclastic, locally chaotic breccias
gradually change to protocataclasites, which is marked by the
development of intragranular slip surfaces and results in a
block-controlled cataclastic flow regime according to Ismat and
Mitra (2005).

To the north, some occurrences of weakly to moderately
deformed leucogranites were observed. The lush mountain
pine cover does not allow a detailed analysis of these rocks,
however, it seems that there are a few up to tens of centimetres
wide deformed zones, with non-deformed granite in between.

The area of the Czubik Mt. is characterized by occurrences
of the packet of cataclased leucogranites and granodiorites.

The products of deformation of granodiorites are cataclastic
(Fig. 13C) and chaotic breccias gradually passing into
protocataclasites. On the western slopes of the Czubik Mt. oc-
cur up to 20 cm wide zones of mylonites (mylonitic schists,
phyllonites) with millimetre-scale graphite bands.

The intensity of deformation decreases southwards. On the
Konczysty Wierch Mt. northern slopes, a number of zones of
granodiorite breccias were observed. These are fracture brec-
cias, locally chaotic breccias, without cataclastic matrix.

Microstructures (Fig. 14). In the Trzydniowianski Wierch
Mt. area, the characteristic feature is brittle microstructures
overprinting ductile ones. These are mainly S-C mylonitic folia-
tion relics; some white micas show traces of brittle deformation.
Older, mainly ductile structures, especially mica bands, were
later reworked during cataclasis.

In the Czubik Mt., there are cataclasites with the block-con-
trolled cataclastic flow type and small amounts of cataclastic
sericite matrix (Fig. 14A). However, the amountof matrix is vari-
able, locally promoting protocataclasites to meso- or even
ultracataclasites (Fig. 14B). Quartz is dynamically recrystallised
in the bulging recrystallisation process. The granitic gneiss de-
formation is focused mainly in the mica bands which were
sheared and broken, and locally their fragments were rotated.
Therefore, the rock has features of tectonic microbreccia. At
places, core-mantle rotating porphyroclasts are also present.

In the areas of typical gneisses or mylonites
(Trzydniowianski Wierch Mt., Czubik Mt. western slopes),
well-developed C’ shearing bands are observed (Fig. 14C).

In the Konczysty Wierch Mt. cataclasites intracrystalline
fractures in feldspars and undulose extinction in quartz are
deformational microstructures observed.
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Fig. 10. Examples of microstructures from domain no. 3

A - brittle dextral shearing of muscovite fish-an example ofthe structures overprinting in cataclasite from the Wotowiec Mt.; B - de-
tailed view of the quartz core-mantle structure: one wing (in the centre) and part of 8-type porphyroclast (on the right), Wotowiec Mt.;
C - intrafoliation microfolds in mylonite from the complex brittle-ductile shear zone, Wotowiec Mt.; D - muscovite fish structure indi-

cating sinistral sense of shearing, Dziurawe Pass; E - muscovite fish sheared in brittle conditions, forming domino-type structure; F -
asymmetric microfolds developed in dextral shearing in the Dziurawe Pass mylonite

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 Konczysty 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
Trzydniowanski Wierch Mt. with clear S-C-foliation (dextral sense of shearing); C -
protomylonite from the Trzydniowarski Wierch Mt.
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Fig. 14. Examples of microstructures from domain no. 4

A - cracked and partially bended plagioclases in leucogranite from
the Czubik Mt.; B - more advanced cataclasis than in photo A, with
abundance of the cataclastic matrix; C - C’-type shear band cutting
mylonitic foliation in gneiss from the Trzydniowianski Wierch Mt.
(sinistral sense of shearing)

Kinematics. There are two distinctive sets of brittle shear-
ing. The first one is characterized by thrust faults dipping at
moderate angles mainly to the N, with top-to-the-SE sense of
shearing. The second set embraces mostly S-dipping faults
with the N-NW direction of tectonic transport.

The C planes in the mylonitic foliation have different dip azi-
muths in the range NNE-E-SSE with moderate to steep ant
gles. The S planes dip to the SE at moderate angles. The inter-
pretation of these relationships is difficult, but top-to-the-SW
tectonic transport direction seems to be domlnant among duc-
tile structures in this domain (Fig. 15).

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

QUANTITIVE DETERMINATION
OF THE STRUCTURE
SHAPE-PREFFERED ORIENTATION

Table 4 shows the concentration coefficient of samples in
which morphometrical analysis was done. The coefficient val-
ues vary befween 13 and 82%. The minimal value was obf
served in the ultracataclasite from the Dtugi Uptaz. Higher val-
ues are observed in some leucogranites: 40% (Lucznianska
Pass sample). This is reiated to the magmatic foiiafion devel-
oped during anatexis, as well as to the inherited older foiiation.
Similar coefficients are observed in most of cataclasites, how-
ever, the presence of monoclinic struciures (S-C cataclasites)
makes the coefficient higher (L > 50%). The highest values are

Table 4

Concentration coefficents (L) of the relative grain orientations
in selected samples

Texture Location

Rock name type (structural domain) L [%]
leucogranite Al tucznianska Pass (1) 37
cataclastic breccia A2 Wotowiec Mt.(3) 46
protocataclasite A2 Konczysty Wierch Mt. (4) 29
protocataclasite A2 Wotowiec Mt. (3) 37
protocataclasite C2 Trzydniomiﬁﬁ(i;(i Wierch 48
mesocataclasite A2 Dtugi Uptaz (1) 71
mescocataclasite C3 Dziurawa Pass (3) 35
ultracataclasite A3 Dtugi Uptaz (1) 13
ultracataclasite B4 Zabrat’ Pass (2) 33
protomylonite C2 Wotowiec Mt. (3) 50
mesomylonite D3 Zabrat Pass (2) 61
ultramylonite C4 Dtugi Uptaz (1) 71
ultramylonite D4 Zabrat Pass (2) 82

The textural types are defined in Kania (2014)
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observed in mylonites, up to 82% in the Zabrat Pass
ultramylonite, where porphyroclasts are elongated and oriented
along the foliation.

DISCUSSION

Taking into account the type of structures correiated with
the protolith rock, the following four structural types of shear
zones can be distinguished in the discussed area (Fig. 16):

- The 1sttype shear zones with structures developed only
in the duciile conditions. These are mainly meso- to
ultramylonites, often with high mica content (the term
“phyllonite” (Brodie et al., 2007) seem to be useful for
rocks with high mica contentand dense foliation planes).
The characteristic feature is that the zones are now lo-
cated mainly on mountain passes (Lucznianska, Zabrat’,
Dziurawa).

- The 2nd type zones that developed in the brittle-ductile
conditions. These zones form large packets, formed by
various types of shearing-related rocks (but mainly
proto- to mesomylonites, and cataclasites). The charac-
teristic feature is the density of mesofaults, at some
places even above 100 planes pera 1 metre profile. Two
examples in the investigated area are the Litworowy
Couloir and the Wotowiec Mt. massif.

- The 3rd type shear zones which are developed in the
brittle regime of deformation, but preserve some fear
tures of earlier deformation, like mica fish. These types
of shear zones are characteristic for the marginal areas
of thrust sheets, and occur in the vicinity of non-de-
formed leucogranites on the Czubik Mt.

- The 4th type shear zones with only weak to moderate
brittle  deformation  (mainly  proto-, sometimes
mesocataclasites). These zones occur mainly in the
northern parts of domains no. 1 and no. 4, i.e. the Dlugi
Uptaz and the Trzydniowianski Wierch Mt. However,
even these rocks show moderate, but significant
shape-preferred orientation of grains.

The list above can be upgraded by adding gneisses which,
obviously, were sheared, however, these form massifs rather
than limited localized shear zones.

The interesting problem is the relationships between shear
zone types listed above and the lithology of rocks which under-
went shearing-related dynamic metamorphism. Such correla-
tion is problematic due to the fact that numerous protolith
lithologies occurred in this area. The variability of structures of-
ten observed on the thin section scale makes modal mineral
analyses mostly unusable for determination of the protolith.
However, location of the shear zones, and their spatial relation-
ships, allows to formulate the following observations:

- the 1st type shear zones are metamorphic schists,
which probably have not undergone advanced later de-
formation;

- the 2nd type shear zones seems to be developed mainly
from granodiorites, probably as an effect of their shear-
ing;

- the 3rd type shear zones are gneisses or granitic gneiss-
es which underwent later deformation in the brittle condi-
tions;

- the 4th type shear zones are leucogranites which have
not been deformed under ductile conditions, however
brittle deformation is clearly visible, and observed
shape-preferred orientation marks a non-coaxial defor-
mation regime.

This overview indicates advanced deformation partitioning
- which means a subdivision of deformation into domains with
different deformation patterns (Passchier and Trouw, 2005) - of
the Western Tatra crystaliine core, corresponding with the de-
formed rock type. The ductile shear zones were later reactF
vated, however, new brittle and brittle-ductile shear zones were
also created forming a complex lithological structure. The rate
of deformation was different in different parts of the complex
(Kania, 2014). Brittle reworking of the older ductile structures
could lead to the formation oftectonic melange zones, however,
in most cases it seems that the older discontinuities were the
basis for simiiarly (but not exactly the same) oriented brittle
shear zones. This disorientation is typical when taking into ac-
count reactivation of the shear zones (Bons et al, 2012).

The idea of two inverted metamorphic structural units
(Janak, 1994; Gaweda, 2001; Gaweda and Burda, 2004)
seems to be too much simplified. Especially, the interpretation
ofthe upper parts of the Diugi Uptaz Ridge and of the Wotowiec
Mt. as a migmatite upper structural unit, as it was shown on the
map by Gaweda (2001), might need some reconsideration.
Migmatites are not very common 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
dominate, whilst other metamorphic rocks (gneisses, schists,
probably also amphibolites) occur sporadically. The compli-
cated structure is not only due to the diversity of protoliths
(leucogranites, which are a product of anatexis of earlier de-
formed rocks (orthogneisses), Rohace-type granodiorites, and
metamorphic rocks, but also due to the diversity of multi-stage
deformation products.

The most prominent shear zones are those of the 2nd type.
In the study area they form two packets of shearing-related
rocks, up to hundreds of metres wide. The first one cuts the
Diugi Uptaz Ridge, and forms deformational complexes in the
Litworowy Couloir, outcropped at altitudes of ca. 1400-1500 m.
The second one is the upper part of the Wotowiec Mt. massif,
above an altitude of ca. 1800 m. From the structural point of
view, this is the upper wall of the Wolowiec Mt. overthrust
(Cymerman, 2011). This wall has a form of a strongly heteroge-
neous complex of fault rocks, formed in a brittle and brittle-duc-
tile compressional regime. The compression resulted in the for-
mation of numerous hierarchical tectonic flakes. Within the
massif, the fault rock lithology varies vertically
(protocataclasites near the Wotowiec Mt. summit, meso- and
ultracataclasites below), as well as laterally (increasing grade of
deformation intensity southwards). The vertical gradient, per-
pendicuiar to the thrust plane is interpreted as an effect of the
decreasing deformation intensity in the damage zone of the
Wotowiec Mt. overthrust (Childs et al., 2009). The horizontal
(subhorizontal) gradient can be linked with the proximity of the
Wotowiec Mt. overthrust margin.

The structures and the interpreted process described above
are correct also for the Diugi Uptaz with the Litworowy Couloir.
The sequence of fault rocks in the Litworowy Couloir
(cataclasites, S-C cataclasites, mylonites) resembles the se-
quence observed on the western slopes of the Wolowiec Mt.
The observed fault rock complexes should be considered as
shear zones paraliel to the thrusting planes of tectonic flakes in
the crystalline core. The complex internal structure of such
zones was underlined by Zelazniewicz (1996); however, he had
not discussed the diversity of the fault rock present in these
zones.

The characteristic feature observed is the presence of
quartz and pegmatite veins near the mylonitic schist zones. At
least four such zones were found between the tucznianska
Pass and the Rakorn Mt. Cymerman (2009) linked the presence
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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

of the white quartz veins (so-called “gooses”) with shearing and
thrusting zones. On the other hand, Gaweda (2001) stated that
pegmatites occur in the core parts of folds. This is obviously
normal situation in shear zones (Hudleston, 1989), however,
laminated veins seem to be rather a product of silica transport
and deposition along shear zones, especially at the contact be-
tween hardened and softened zones, as it was described ear-
lier.

The fault rock complex of the Trzydniowianski Wierch Mt.
with two types of shear zones (3rd and 4th) can be interpreted
as a product of low-angle overthrusting of the leucogranitic
flake over the granitic gneisses. Such a structure can be inter-
preted also as developed during syntectonic anatexis when the
melt forms leucogranitic veins, and gneisses form the restite.
The stress was mainly accommodated by deformation of the
older ductile deformation zones in the granitic gneisses. The

upper, leucogranitic, packet shows signs of magmatic
syntectonic foliation. Subsequently, leucogranites underwent
only weak to moderate brittle deformation, resulting mainly in
the formation of some breccias and protocataclasites.

The analysis of the kinematics of non-coaxial brittle shear-
ing structures - Y-P-R fault systems (Katz et al., 2004), docu-
mented sense of shearing top-to-the-SE, S and SW (Fig. 16).
The most common sense of shearing recorded by the ductile or
brittle-ductile kinematic indicators is top-to-the-NW and W . Sim-
ilar senses of shearing were observed also in the other areas of
the Western Tatra Mts., e.g. on the Lopata Mt., the Niska Pass
and on the Jarzgbczy Wierch Mt. (Cymerman, 2011). It indk
cates that the movement field during brittle deformation pn>
cesses was relatively homogenous in the whole Western Tatra
Mts. crystalline core. The deformation processes were intense,
as proved by thick complexes offault rocks on the Wotowiec Mt.
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or in the Litworowy Couloir. The grain shape indicators analysis
of the fault rocks in the Western Tatra Mts. (Kania, 2014) sug-
gests this was a long process, below the feldspar plasticity limit,
but with dynamic recrystallisation of quartz and intense
sericitisation of feldspars.

The dominant products of brittle deformation in the de-
scribed area are complexes of protocataclasites and some
mesocataclasites formed during a block-controlled cataclastic
flow (Ismatand Mitra, 2005; Kania, 2014). The presence of brit-
tle regime-related kinematic indicators, as well as measured
shape-preferred orientation, marks a non-coaxial character of
these processes.

The mylonites observed in the study area are mainly
low-grade mylonites, as they are defined by Trouw et al. (2010),
with the following distinctive features: crystal-plastic deforma-
tion of quartz, elongated shapes, undulose extinction, and
sometimes bulging recrystallisation (BLG). At some places,
subgrain recrystallisation aggregates are present, but more
likely is that there are effects of a decreasing strain rate instead
of increasing temperature (Hirth and Tullis, 1992). Feldspars
underwent mainly brittle deformation, with some crystal-plastic
structures. Common occurrences of asymmetric kinematic indi-
cators (like muscovite fish), as well as sharp transitions be-
tween textural types (Fig. 6D) also mark the low-grade
mylonites that formed in the temperature range between 250
and 500°C (Trouw et al., 2010).

The most intriguing problem is time relationships between
the described shear zones. In lacking good geochronological
data, it is still possible to make some conclusions. According to
the four shear zone types listed at the beginning of this
discussion:

- The 1st type shear zones represent only ductile defor-
mation, which can be interpreted as a Variscan metat
morphism product. The reactivation of these zones can-
not be excluded, however, there are no clear evidences
for this.

- The 2nd type shear zones reptesent ductile and britf
tle-ductile shearing, mainly in granodiorites. The Alpine
age of the older structures seems possible.

- The 3rd type shear zones are Variscan gneissic rocks
which underwent later (Alpine) brittle deformation.

- The 4th type shear zones are leucogranites, and their
brittle deformation can be of the same age as in the 3rd
type. However, these rocks show no ductile deformation
due to later leucogranite emplacement, other than meta-
morphism of gneisses. In fact, these leucogranites are a
product of Variscan anatexis with Alpine brittle deforma-
tion.

The question arises if ductile-brittle deformation can be not
only Variscan but also Alpine in age. Analysis of the available
data shows that during the Alpine orogeny there were the fol-
lowing stages with conditions favourable for brittle and duct
tile-brittle deformation, as well as for hydrothermal processes
(Fig. 17):

1. Upper Cretaceous eo-Alpine metamorphism with
conditions for mylonitisation at 140-120 Ma (Maluski et
al., 1993) and intense compressional tectonics
(Jurewicz, 2005).

2. Cretaceous and Cretaceous/Paleogene boundary
with probable mylonitisation (or phyllonitisation) epi-
sodes at 89-85 Ma and 66 Ma (Maluski et al., 1993).
3. Eocene-Oligocene compressional stage (Lefeld,
2009), with the beginning of uplift marked with

pseudotachylyte generation and Sherlock,
2003).
4. Rotational uplifting of the Tatra blockduring the Mio-
cene (Jurewicz, 2005).

The temperature of the Tatra massifexceeded 100°C in the
Palaeogene and even in the Miocene (Kovac et al.,, 1994,
Anczkiewicz, 2005; Anczkiewicz et al., 2013), which means
conditions favourable for hydrothermal activity. The young hy-
drothermal activity is proved also by dating of clay minerals from
the so-called “clay pockets”, containing fault gauges in the High
Tatra Mts. (Kuligiewicz, 2011). The Tatra massif may have
been additionally warmed up during Miocene magmatism in the
Central Western Carpathians (e.g., Danisfk et al., 2008, 2010,
2012). Moreover, the cooling of the Tatra Mts. was slower in
theirwestern part, due to the westward plunging ofthe Miocene
rotation axis (Jurewicz, 2005). These data support the thesis of
the role of the hydrothermal process in the formation of different
deformation complexes (strain softening and strain hardening
subzones of the parent shear zones; Kania, 2014). The role of
the greisenisation process, earlier postulated by Skupinski
(1975), was not so important, however, it was observed. The
question is if itwas really “tectonic greisenisation”, as Skupinski
wrote, or just small-scale greisenisation along some of the
shear zones, which seems to be more likely due to lack of struc-
ture-connected greisenisation evidences.

On the other hand, there are opinions (Zelazniewicz, 1996)
that mylonites are of a Variscan age and could be overprinted
by Alpine processes. This is not probable, especially when re-
garding a general southward sense of shear marked by ductile
kinematic indicators. Nonetheless, the shear zones dominated
by brittle-ductile deformation may have been formed mainly
during the Alpine orogeny and inherited some of the Variscan
features at that time.

The applied method of statistical determination of the
shape-preferred orientation allows the recognition of directional
features even in non-foliated rocks. However, the
shape-preffered orientation of an aggregate reflects long-time
and multistage history of the deformation, so it is not an indica-
tor of the mean or late stage kinematics (Stahr and Law, 2014).
In fact, if 37% value was achieved in the syntectonic anataxesis
of the leucogranite, lower values (observed in one of the
cataclasites) could be interpreted as an effect of disintegration
and then chaotic disorientation of grains during cataclasis. On
the other hand, the highervalues were achieved during non-co-
axial shearing processes in the cataclasites, as well as
mylonites.

The interesting question should be a comparison of the brit-
tle structures developed in the crystalline rocks and those in Tri-
assic quartzites (Seisian) of Tatricum. Some preliminary data
shows that the orientation of the dominant fault set on the Diugi
Uptaz Ridge (Fig. 16) is similar to the one set ofjoints observed
in quartzite at the Upalone site. This problem needs further
in-depth investigation.

The fault plane orientations and shear sense recorded in
the brittle structures (Fig. 16) are characieristic for the Alpine
orogeny processes, being an effect of the ALCAPA terrain mi-
grafion to the north (Csontos and Voros, 2004). However, the
complicated and non-unambiguous pattern of brittle kinematics
is an effect of the location on the NW corner of the Al-
pine-Carpathian mountain belt as well as ofthrusting processes
in the autochthonous basement of the Western Carpathians
(Jarosinski, 2011). Yet, this interpretation applies only to sets of
mesofaults, and isjust a part of the complicated kinematic and
structural overview of the Western Tatra crystalline massif.

(Kohut
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Fig. 11. Compiled scheme of the Tatricum tectono-metamorphic evolution

Temperatures: 1- maximum of the Variscan metamorphism (Polleret al., 2GGG; Gaweda and Burda, 2GG4); 2 - eo-Alpine metamor-
phism (Danisik et al., 2G11, 2G12); 3a, b - Ar/Ardating (Maluski et al., 1993); 4 - Tatricum cooling (Kovac etal., 1994); 5 - apatite fis-
sion track dating (Burchart, 1972); 6 - cooling field of the Tatra massif, FT dating (Anczkiewicz, 2GG5), 7 - Miocene temperature
rising (Danisik et al., 2G12). Geoiogical events: G1 - granitoid intrusion, protolith for gneisses (Poller et al., 2GGG); G2 - Rohace
granodiorite intrusion (Poller etal., 2GGG); G 3 - leucogranite syntectonic formation (Gaweda, 2GG1); VM - main stage of the Variscan
metamorphism (Polleretal., 2GGG; Gaweda and Burda, 2GG4); EAM - eo-Alpine metamorphism (Danisiket al., 2G11, 2G12); N1 -
Choc unit overthrusting, N2 - Krizna unit overthrusting (Jurewicz, 2GG5); N3 - eo-Alpine overthrusting (Danisik et al., 2G12); N4 -
Eocene/Oligocene overthrusting (Lefeld, 2GG9); MYL - Alpine mylonites generation (Maluski et al., 1993). Tectonic phases accord-
ing to Jurewicz (2GG5). Deformation conditions: BR - brittle, BR/DU - brittle-ductile, DU - ductile, orange bars - pre-Alpine stage of
brittle-ductile deformation and Alpine stage of brittle deformation according to Jurewicz and Baginski (2GG5); blue line - interpreted
conditions of deformation in the Western Tatra Mts.: a - Variscan ductile deformation, b - more ductile conditions during the eo-Al-
pine metamorphism, ¢ - formation of Alpine mylonites, d - more ductile conditions during the Miocene thermal event
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CONCLUSIONS

1. The shear zones take a key role in the Western Tatra
crystalline massif structure. Numerous heterogeneous, gener-
ally sub-horizontally oriented shear zones were developed dur-
ing mainly non-coaxial shearing of different protholitic rocks.

2. Four types of shear zones have been distinguished: (1)
ductile shear zones in gneisses, (2) brittle-ductile complex
shear zones, (3) ductile mylonitic shear zones in gneisses with
clear later brittle deformation overprinted, (4) brittle shear zones
developed in leucogranites after their anatectic formation.

3. These shearing deformation processes were long-lasting
with the development of different asymmetric structures at dif-

ferent levels and probably at different times. The brittle struc-
tures are in general younger than the ductile ones, the strain
partitioning was crucial in the formation of the shear zones.

4. The shear sense recorded by the structures formed in the

ductile conditions is different from the main ductile-brittle and
brittle regime of deformation.
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