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Fault rocks in brit tle and brit tle-duc tile shear zones played a key role in the evo lu tion of the West ern Tatra Moun tains crys tal -
line rocks (Po land–Slovakia). Microfabrics of these rocks, in clud ing grain shape anal y ses, were in ves ti gated in the six ar eas
of the West ern Tatra Moun tains. Based on stud ies of thin sec tions, 14 types of fault rock microfabric are dis tin guished, ac -
cord ing to the fol low ing cri te ria: (a) the pres ence and abun dance lev els of a cataclastic ma trix and (b) the pres ence and form
of a pre ferred ori en ta tion fea tures. Gen eral ten den cies ob served in these ar eas in di cate south wards in creas ing non-co ax ial
de for ma tion as well as the dom i na tion of ultracataclasites or ultramylonites to phyllonites in ar eas with neg a tive re lief (e.g.,
sedlo Zabrat� Pass, Dziurawa Prze³êcz Pass). A model of shear zone evo lu tion em brac ing fol low ing three stages is pro -
posed: (1) de for ma tion par ti tion ing and block-con trolled cataclastic flow, (2) ma trix-con trolled cataclastic flow, (3) se lec tive
leach ing and de po si tion of sil ica, lead ing to the for ma tion of soft ened and hard ened de for ma tion do mains re spec tively.
These microstructural ob ser va tions were sup ported by sta tis ti cal anal y ses of the grain shape in di ca tors (com pact ness,
isometry, el lip tici ty, so lid ity, con vex ity). Two trends of re la tion ships be tween com pact ness and con vex ity were noted: the
first, hor i zon tal on the cor re la tion di a grams, was in ter preted as an ef fect of rapid cataclasis and then sericitization, the sec -
ond, with a strongly neg a tive cor re la tion co ef fi cient, was con sid ered as an ef fect of long-term cataclastic flow. The dif fer ent
microfabric data and microstructural in ter pre ta tions de scribed in this pa per are con sis tent with a new model of the tec tonic
his tory of the West ern Tatra Moun tains evo lu tion, with an im por tant role for a non-co ax ial de for ma tion dur ing Al pine orog eny
in brit tle and brit tle-duc tile con di tions.
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INTRODUCTION

The pro cesses of non-co ax ial shear ing may in duce struc -
tural, min er al og i cal and geo chem i cal mod i fi ca tions in de formed 
rocks. A wide range of dif fer ent prod ucts of these het er o ge -
neous pro cesses can be named “fault rocks” (Brodie et al.,
2007). Their di ver sity is a de riv a tive of many dif fer ent fac tors,
such as: lo cal stress com po nents, phys i cal con di tions of the de -
for ma tion pro cesses, chem i cal com po si tion and ac tiv ity of the
flu ids in the shear zone, and rhe o log i cal prop er ties of the rocks
un der go ing de for ma tions (Sibson, 1977; Passchier and Trouw,
2005). Even if de for ma tion does not change the chem i cal or
min eral com po si tion of the rock, its microfabric can be af fected.
The term “microfabric” in this pa per means the rel a tive size,
shape and spa tial re la tion ships be tween grains, in ter nal fea -
tures of grains in a rock, and their rel a tive ori en ta tion (Passchier 
and Trouw, 2005; Brodie et al., 2007).

Clas si fi ca tions of fault rocks is gen er ally on a qual i ta tive or
semi-quan ti ta tive ba sis. The most im por tant clas si fi ca tion cri te -
rion is a dis tinc tion be tween rocks de formed in brit tle and in duc -
tile con di tions (e.g., Sibson, 1977; Da vis and Reynolds, 1996).
In the first case the prod ucts of the de for ma tion are tec tonic
brec cias and cataclasites, in the sec ond, they are mylonites.
The most com mon fac tor is a ra tio of ma trix to larger,
undisintegrated frag ments of the rock (Sibson, 1977; Wood -
cock and Mort, 2008). How ever, it should be noted that these
frag ments may change their shape dur ing de for ma tion. The
main pro cesses re spon si ble for these changes are: cataclastic
flow em brac ing de vel op ment of intragranular frac tures and fol -
low ing slips and ro ta tions, ac cord ing to the lo cal sense of shear, 
as well as pres sure so lu tion and dy namic recrystallization
(Passchier and Trouw, 2005). These grain mod i fi ca tions can be 
de scribed us ing a grain shape anal y sis method, based on the
mea sure ments of shape in di ca tors in a thin sec tion of the rock.
Such method may be a source of in for ma tion on the con di tions
and the mech a nisms of de for ma tion (e.g., Heilbronner and
Keulen, 2006; Keulen et al., 2007). One of the ad van tages of
this method is that data are eas ily ob tained from pho to mi cro -
graphs (Bartozzi et al., 2000), and then can be ana lysed with
sta tis ti cal meth ods.

Shear zones with fault rocks are com mon fea tures of the
crys tal line rocks across the whole Tatra Moun tains, and es pe -
cially the West ern Tatra Moun tains. These zones were ear lier
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de scribed as epidote-quartz and chlorite rocks (Michalik, 1958;
Michalik and Guzik, 1959a, b) or as seri cite-quartz rocks (Jaro -
szewski, 1965, 1967) and also as mylonitic grei sens (Skupiñski, 
1975). Gawêda (2001) pro posed eight ver ti cal tec tonic zones
with my lon ite. Cymerman (2011a) mapped nu mer ous het er o -
ge neous zones of the fault rocks in dif fer ent ar eas of the West -
ern Tatra Moun tains, e.g., Rakoñ, Wo³owiec and Trzydnio -
wiañski Wierch moun tains.

GEOLOGICAL SETTING

In the West ern Carpathians three zones are clas si cally dis tin -
guished: Outer, Cen tral and In ner (e.g., Mahel’, 1986; Pla šienka,
1995). The Tatra Moun tains form the north ern most and the high -
est mas sif of the Cen tral West ern Carpathians (Fig. 1). This
rhomboidal mas sif is out lined by Al pine dis lo ca tions: the
Subtatric, Ružbachy, Krowiarki and Choè faults (Bac- Mosza -
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Fig. 1. Sketch-map of the West ern Tatra Moun tains and lo ca tions of the shear zones stud ied with the fault rocks

Dom i nant microfabric types of the fault rocks are also shown



szwili, 1993). The north ern bound ary of the Tatra Moun tains is
de lim ited by a con tact with Cen tral Carpathian Paleogene strata.

The Tatra Moun tains crys tal line core, to gether with its para -
autochthonous sed i men tary cover is in cluded into the Tatricum
tectono-fa cial unit (e.g., Plašienka, 2003). This unit was cov -
ered by sheared and overthrusted strata of the Fatricum and
Hronicum bas ins, form ing the Krížna and Choè nappes, known
also as Lower and Up per Subtatric nappes (Piotrowska, 2009;
Uchman, 2009). The Mio cene sub-hor i zon tal E–W trending
axis ro ta tion of the Tatra Block (Jurewicz, 2005), re sulted in the
asym met ri cal cross-sec tion of the mas sif with its meta mor phic
and mag matic crys tal line core in the south and Me so zoic sed i -
men tary cover in the north.

Kohút and Janák (1994) dis tin guished the fol low ing granitoid
types in the Tatra Moun tains: 

1 – a bi o tite-am phi bole-quartz diorite, which forms only
small bod ies; 

2 – the “High Tatra type” bi o tite granodiorite to tonalite tran -
si tional to a mus co vite-bi o tite granodiorite, which oc cur only in
the High Tatra Moun tains; 

3 – the “com mon Tatra type” bi o tite and mus co vite-bi o tite
granodiorite to gran ite, slightly por phy ritic, which is the most
abun dant in plutonic rock the West ern Tatra Moun tains and
forms most of its crys tal line mas sifs; 

4 – the “Goryczkowa type” porphyric gran ites to grano -
diorites with pheno crysts of pink ish K-feld spar, which oc curs
mainly in the mar ginal parts of the pluton, of ten in de tached
crys tal line tec tonic slices.

The mag matic (par tially meta mor phosed) rocks of the
West ern Tatra Moun tains were formed dur ing the fol low ing
stages of Variscan magmatism: 405 Ma in tru sion of gran ites
with 350–360 Ma meta mor phism; 340–370 in tru sion of the
Roháèe granodiorites; and 340 Ma syntectonic, sub-hor i zon tal
in tru sion of leucogranites (alaskites) (Poller et al., 2000; Gawê -
da, 2001, 2007).

For the West ern Tatra crys tal line rocks mas sif, a model of
two struc tural units was pro posed (Janák, 1992, 1994; Faryad,
1999), where a lower struc tural unit, com pris ing mainly mica-
 schists, is overthrust by an up per struc tural unit, com pris ing
migmatites, orthogneisses and am phi bo lites. The rocks of the
up per unit un der went two stages of meta mor phism: first at
pres sures of 10–14 kbar and tem per a tures of 700–800°C, and
sec ondly at pres sures of 4–6 kbar and tem per a tures of
650–750°C (Janák, 1994). A sim i lar model of inversed meta -
mor phism and Variscan de vel op ment of two struc tural units
was pro posed also for the Pol ish part of the West ern Tatra
Moun tains, with synkinematic in tru sion of leucogranites (alaski -
tes) be tween the two struc tural units (Gawêda, 2001). The
Variscan tec tonic ex hu ma tion of the Tatra Mas sif oc curred in
con di tions of top-to-the south thrust ing and E–W ex ten sion
(Jan´k et al., 1999).

METHODS

This pa per is fo cused on the fol low ing six, rel a tively easy
ac ces si ble ar eas of the West ern Tatra Moun tains (Fig. 1); from
west to east: 

1 – D³ugi Up³az (Slo vak – Dlhý úplaz) Ridge; 

2 – Zabraty Ridge and sedlo Zabrat� Pass;
3 – Wo³owiec (Slo vak – Volovec) Moun tain and Dziurawe

(Slo vak – Deravá) Ridge and Pass; 
4 – Trzydniowiañski, Czubik and Koñczysty (Slo vak –

Konèi stá) moun tains; 
5 – Ornak Ridge and Moun tain, Siwa Prze³êcz Pass and

Siwe Turnie Ridge; 

6 – Goryczkowa Czuba (Slo vak – Gorièkova kopa) Moun -
tain and Kopa Kondracka (Slo vak – Kondratova kopa)
Moun tain.

In these ar eas 103 ex po sures were in ves ti gated. Un -
oriented and ori ented sam ples, taken from all ex po sures, were
cut per pen dic u lar to the fo li a tion planes (if any) and par al lel to
the lineation, then thin sec tions were made.

Grain shape anal y sis was con ducted as fol lows:
1. Mak ing a se ries of thin sec tion pho to mi cro graphs, which

were merged to ob tain a to tal area of not less than 20–30 mm2

(in most cases about 45 mm2, larger ar eas be ing used for rocks
with larger grains). The pho to mi cro graphs were taken in
plane-po lar ized light as well as with crossed polars. 17 thin sec -
tions with all ob served microfabric types (see next sec tion) were 
se lected for de tailed grain shape anal y sis.

2. Vectorization of the grain per im e ters from 17 thin sec -
tions. This was man u ally con ducted in JMicroVision soft ware
(Roduit, 2007). As Kruhl (2013) states �...for many cases the
man ual trans for ma tion of a struc ture to a bi nary pat tern is still
the best choice�. No less than 50 grains were de lim ited in the
each of the thin sec tions. In to tal, 1288 grains of quartz and feld -
spars were vectorized. In the case of a core-man tle struc ture,
only the core was taken into con sid er ation.

3. Cal cu la tion of the grain shape in di ca tors, us ing built-in
func tions of JMicroVision. The de tailed def i ni tions of these in di -
ca tors will be given in the next sec tion.

4. Sta tis ti cal anal y ses of the data ob tained with Statsoft
Statistica 10 and Microsoft Ex cel soft ware.

The sub di vi sion of the fault rocks ap plied in this pa per
(proto-, meso-, ul tra- cataclasites/mylonites) is ac cord ing to the
clas si fi ca tion by Wood cock and Mort (2008) where pre fix proto-
means a con tent up to 50% of ma trix (grains <0.1 mm), meso-
means 50–90% of ma trix and ul tra- means more than 90% of
ma trix.

GRAIN SHAPE INDICATORS

Grain shape in di ca tors should meet the fol low ing cri te ria
(BjÝrk et al., 2009): 

1 – they should be in tu itive, which means that their def i ni -
tions should be based on easy-to-un der stand con cepts, such
as length, width, per im e ter and so on; 

2 – they should be prop erly sen si ble, so vi sual con trasts be -
tween grains must have an im pact on the in di ca tor val ues;

3 – it should be pos si ble to nor mal ize these in di ca tors to val -
ues of be tween 0 and 1.

Five in di ca tors which to tally or par tially meet these cri te ria
were se lected, and are de fined as fol lows (Roduit, 2007 with
some mod i fi ca tions):

1. Com pact ness (C) means the re la tion of the grain area to
the area of a cir cle with a per im e ter equal to the grain per im e ter
and that can be cal cu lated with the fol low ing for mula:

C
S

P
=

×4
2

p

where: S – grain area, P – grain per im e ter; the com pact ness of an
ideal cir cle is 1.0; the com pact ness of a square is 0.785.

2. Isometry (I) can be ex pressed as fol lows:

I
W

L
=

where: W – width, L – length of the grain. 
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Width means length of the shorter side of a rect an gle cir -
cum scribed on the grain, whilst length means length of the lon -
ger side. This pa ram e ter was de fined by Roduit (2007) as elon -
ga tion, how ever, the term �isometry� seems to be more in tu itive: 
an iso met ric shape, such as a square or a cir cle, has I = 1.0,
whilst a rect an gle or an el lipse has 0 < I < 1.0

3. El lip tici ty (E) is de fined as fol lows:

E

L W
S

S
=

× ×
-

p

4

where: S – grain area, L and W – length and width de fined as above. 

El lip tici ty may have neg a tive val ues. The el lip tici ty of a cir -
cle, as well as that of any other el lipse, is 0. The el lip tici ty of a
square is 0.56.

4. So lid ity (Sd) is the re la tion be tween grain area and the
area of a con vex en ve lope of the grain:

Sd
S

SC

=

where: S – grain area and Sc – area of a con vex en ve lope of the
grain. 

The con vex en ve lope (con vex hull) is the small est con vex
poly gon that can con tain the grain (BjÝrk et al., 2009). If the
grain has a con vex shape then S = Sc (Sd = 1), while  in other
cases it is al ways Sc > S (0 < Sd < 1.0).

The so lid ity de creases with in creas ing area of in dents
(lobes) in the grain. When the num ber of in dents in creases but
their to tal area is con stant, so lid ity is also con stant.

5. Con vex ity (Cv) is a re la tion ship be tween the per im e ter of
the con vex en ve lope and the per im e ter of the grain, as fol lows:

Cv =
P

PC

where: P – grain per im e ter, Pc – con vex en ve lope per im e ter. 

In con trast to so lid ity, con vex ity is sen si ble to the num ber of
in dents in the grain.

The fol low ing sta tis ti cal pa ram e ters were de ter mined: arith -
me tic, geo met ric and har monic means (XA, XG, and XH), me -
dian (M), vari ance (Var), stan dard de vi a tion s, co ef fi cient of
vari a tion, skew ness (A) and kurtosis (Kurt). The geo met ri cal
mean was not de ter mined if in a  sta tis ti cal sam ple the min i mum 
el lip tici ty was be low 0. Full sta tis ti cal data are avail able as an
elec tronic sup ple ment to this pa per (Ap pen di ces 1 and 2*).

MICROFABRIC DOMAIN CLASSIFICATION

The microfabrics of the fault rocks stud ied in the West ern
Tatra Moun tains show the fol low ing char ac ter is tic fea tures: (1)
the ob served fab ric and microfabric strongly de pends on the
ob ser va tion scale; (2) microfabrics show dis tinc tive vari a tion at
a small scale (even of milli metres); (3) co ex is tence of the com -
pletely dif fer ent microfabric types can oc cur in one sam ple.

That com plex pat terns sug gests that microfabric should be
de scribed in se lected microdomains.

There are two main fea tures which dif fer en ti ate microfabric
types. The first is the pres ence and abun dance of ma trix. The
fol low ing cases are pos si ble: (1) a lack of ma trix; (2) a small
amount of ma trix pres ent mainly in the frac tures; (3) there is
ma trix be tween grains, but grain–grain con tacts are com mon;
(4) grains are com pletely sur rounded by ma trix and grain–grain
con tacts are un likely.

The sec ond fea ture is the pres ence of any pre ferred ori en -
ta tion in the microfabric, es pe cially any kind of fo li a tion. The fol -
low ing cases were ob served in the sam ples: A – a lack of any
pre ferred ori en ta tion (cha otic microfabric); B – fo li a tion of the
ma trix (as re gards com po si tion and/or grain size); C – the pres -
ence of non-pen e tra tive asym met ri cal struc tures (e.g.,
rotatated porphyroclasts) and/or fo li a tion of the ma trix; D – pen -
e tra tive asym met ric fea tures (e.g., S–C type of mylonitic fo li a -
tion) pres ent and (in part) fea tures de scribed in C and D.

The com bi na tion of these two fea tures gives 16 the o ret i cally 
pos si ble types of microfabric (Fig. 2). The types dis tin guished
were coded by al pha nu meric sym bols, where a let ter (A–D) de -
scribes pre ferred ori en ta tion and a num ber (1–4) de scribes the
abun dance of ma trix. Type B1 was not de ter mined, be cause it
has no log i cal sense (a rock with out ma trix can not have fo li ated
ma trix). The same was as sumed for the B2 type, be cause ma -
trix was pres ent only in frac tures and gen er ally is not fo li ated.
Char ac ter is tics of the 14 microfabric types ob served in the
rocks ana lysed are given be low.

A1 (Fig. 3A, B, D). These microfabric microdomains are
pres ent in leucogranites which were not de formed or were just
weakly de formed. Typ i cally, A1 microfabrics grad u ally change
into A2 type microfabrics. The A1 type of microfabric is less
frac tured than the A2 type, prob a bly due to a higher quartz con -
tent – this min eral plas tic ally ac com mo dates most of the stress
field.

A2 (Fig. 3A, D). This type of microfabric is the most com mon 
in the fault rocks ana lysed. It can be linked with re lay zones
(Childs et al., 2009), lo cated far from the fault cores. In most
cases A2 type microfabrics al ter nate with A1 type microfabrics.
In some cases A2 microfabrics form thicker lay ers. The seri cite
ma trix in the A2 type of microfabric de vel ops mainly at the con -
tacts be tween feld spar grains. Feld spars are de formed in a brit -
tle or brit tle-duc tile re gime (Wil liams et al., 2000; Passchier and
Trouw, 2005). Quartz at some lo ca tions un der went subgrain ro -
ta tion (Half penny et al., 2006), form ing ag gre gates of elon gated 
subgrains.

The protolith of the fault rocks with A2 microfabrics in most
cases was granodiorite, what as shown by mi cro scopic ob ser -
va tions.

A3 (Fig. 3C). This type of microfabric is char ac ter ized by a
ma trix/grain ra tio about 1:1. These microfabrics are formed by
mesocataclasites, but gen er ally these are rel a tively nar row
zones be tween other types, as shown in Fig ure 3C. In some
cases A3 microfabrics grad u ally changes to A4 microfabrics.

A4 (Fig. 3D). This microfabric type is char ac ter is tic of meso- 
and ultracataclasites. How ever, this type is rather un com mon,
be cause most of the cataclasites con tain some pre ferred ori en -
ta tion struc tures. In Fig ure 3D A4 microfabrics form nar row
bands in the lay ered cataclasites from the Siwa Prze³êcz Pass.

B3. This type of microfabric is also un com mon. For ex am -
ple, in the sam ple from the Siwa Prze³êcz Pass, the lay ered ma -
trix is com posed of quartz-feld spar ma te rial, with grains up to
0.1 mm across, and finer quartz-feld spar-clay ma te rial. The ma -
trix forms wind ing, anastomosing bands be tween grains.
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B4 (Fig. 3E). This type of microfabric is char ac ter ized by a
lay ered ma trix and con tains var i ous con tents of seri cite and
opaque min er als, in clud ing graph ite. Lay ers are up to a few
milli metres across, with up 0.5 mm wide tran si tional zones in
be tween. Grains are up to 3 mm across and are com posed
mainly of quartz, and in places plagioclases. Straight bound -
aries of the frag mented grains in di cate their brit tle crush ing.

C1. This type of microfabric is un com mon, and lim ited only
to the re gions where de for ma tion was duc tile, in places over -
printed by some later brit tle pro cesses. C1 microfabrics are
sim i lar to A1 microfabrics, but con tain such fab ric el e ments as
mica fish or shape-pre ferred ori en ta tion of the grains.

C2 (Fig. 3B). Brit tle de for ma tion in these microfabrics is
more ad vanced than in the C1 type and more ma trix is pres ent,
not only in frac tures but also at grain con tacts. This type is un -
com mon in the sam ples stud ied, and oc curs mainly in form of
bands in the cataclasites.

C3. This microfabric was ob served spo rad i cally and is char -
ac ter ized by a 1:1 ma trix/grain ra tio as well as the pres ence of
mica fish and/or core-man tle ro tated porphyroclasts.

C4 (Fig. 3F). This type of microfabric has more ma trix than
grains. The ma trix is com posed of seri cite or quartz and seri -
cite. Vari ably shaped and sized d or s type porphyroclasts are

the pre ferred ori en ta tion fea ture of these microdomains, as well
as bands of white mica up to 0.05 mm wide and ca. 0.5 mm
long. The rocks with C4 microfabric are ultramylonites, less fre -
quently S–C cataclasites (Lin, 1999).

D1 (Fig. 3D). This type of microfabric in the most cases
forms mica bands with S–C type mylonitic for ma tion. Mica
bands are of ten over printed by later de for ma tion struc tures.
This group em braces phyllonites, some protomylonites and
some schists. Rocks with such microfabric oc cur in zones of in -
ten sive brit tle-duc tile de for ma tion.

D2 (Fig. 3G). This type of microfabric con tains grains which
are the source of the ma trix ma te rial. In this group, grains of
quartz or feld spars are evenly dis trib uted among bands of
micas that are up to 0.2 mm wide. Lo cally non-mica phases
form lay ers al ter nat ing with mica. The ma trix is com posed
mostly of seri cite and oc curs in small amounts in the ar eas
where more feld spars are pres ent. The D2 type of microfabric is 
less abun dant than the D1 type, how ever, it also oc curs in the
in ten sive brit tle-duc tile de for ma tion zones.

D3 (Fig. 3A). This microfabric is com posed of al ter nat ing
lay ers of grains and of ma trix, there fore can be con sid ered as
com pos ite of al ter nat ing D1 and A3 types of microfabric. In spite 
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Fig. 2. Microfabric types of the fault rocks dis tin guished in the West ern Tatra Mts. 

White back ground sym bol izes ma trix; note, the microfabrics in rows C and D con tain 
non-pen e tra tive pre ferred ori en ta tion struc tures (dextral on this fig ure); also, note the dif fer ence

be tween type 1 and 2 is the pres ence of a small amount of ma trix be tween grains



of higher ma trix con tent in the D3 type the fea tures are the
same as in the D2 type of microfabric.

D4 (Fig. 3H). This is the last type of microfabrics dis tin -
guished, char ac ter is tic of ultramylonites with a high ma trix con -
tent. Clasts re sem ble these from the B4 type, but mica bands
em pha size di rec tional fea tures of the ma trix. The ma trix com -

prises seri cite and, es pe cially near to the porphyroclasts, fine-
 grained quartz.

The map show ing the main lo ca tions of microfabric types
(Fig. 1) shows ar eas with im pres sive va ri ety of microfabric
types, such as in the Siwa Prze³êcz Pass and Siwe Turnie ar -
eas. Also, dif fer ent types of microfabrics with weak to in ter me di -
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Fig. 3. Thin sec tions (crossed polars) of se lected microfabric types: A – Zadni Ornak Moun tain;
B – Siwa Prze³êcz Pass; C – D³ugi Up³az Ridge; D – Siwa Prze³êcz Pass; E, H – sedlo Zabrat� Pass;

F – Wo³owiec Moun tain; G – Litworowy ¯leb



ate in ten sity of de for ma tion (A1, A2 and A3) pre dom i nate in the
north ern parts of the West ern Tatra Moun tains crys tal line core,
whilst to the south, types of microfabric are more var ied. Prob a -
bly this is an ef fect of the abun dance of meta mor phic rocks in
the south ern part of the West ern Tatra Moun tains.

SELECTED OCCURRENCES OF FAULT ROCKS
IN THE WESTERN TATRA MOUNTAINS

In the most cases the fault rocks of the West ern Tatra
Moun tains oc cur in the form of cataclasite and my lon ite rock
com plexes, with var i ous thick nesses (from tens of centi metres
to tens of metres). The protholits of the fault rocks are typ i cal of
the West ern Tatra Moun tains lithologies: leucogranites (known
also as alaskites; Gawêda, 2001), or the “com mon Tatra gran -
ites” (granodiorites to gran ites; Kohút and Janák, 1994), as well
as con tacts be tween ig ne ous and meta mor phic rocks.

The fault rocks are mainly ex posed in land slide niches,
source ar eas of creeks, as well as in up per ar eas of the moun -
tain mas sifs, above the moun tain pine cover. Smaller ex po -
sures can be found in de pres sions along the moun tain ridge
tops (the “dou ble ridges”).

D£UGI UP£AZ RIDGE

On £uczniañska Prze³êcz Pass (Slo vak – Lúène sedlo) the
fault rocks form five bands, a few metres thick, that al ter nate
with undeformed rocks. Shear zones are de vel oped in leuco -
granites and gneissic leucogranites with weak mag matic fo li a -
tion – microfabric type A1. These leucogranites oc ca sion ally
form bands a few centi metres thick of cataclasites – microfabric 
type A2 or A3. To the SE, in the Czo³o area, granodiorites with
protocataclasis traces are also pres ent. These rocks were rec -
og nized as Roháèe type bi o tite gran ites (Gawêda, 2001). The
most de formed rocks are protomylonitic schists that al ter nate
with protomylonitic leucogranites – microfabric types C1, C2
and D1, lo cally, where there is a higher ra tio of ma trix, also C3.

In the struc tural in ter pre ta tion by Cymerman (2009a), fault
rocks in this area oc cupy the bound ary be tween two thrust
sheets: the up per Czo³o thrust sheet and the lower Doliñczañski 
¯leb couloir thrust sheet.

Fault rocks oc cur ring in the Litworowy ¯leb couloir form a
com plex that out crops down hill over a dis tance of ca. 100 m.
The in ten sity of non-co ax ial de for ma tion in creases down wards. 
On the D³ugi Up³az Ridge above the Litworowy ¯leb couloir
protocataclasites and mesocataclasties oc cur. Lo cally, be -
tween these rocks decimetre-thick bands of phyllonites are
pres ent, as well as cataclasites of A3 and A4 microfabric type.

The cen tral part of the Litworowy ¯leb couloir fault rock com -
plex (Fig. 4A) com prises a het er o ge neous se quence of meso-
and ultracataclasites, with out any vis i ble fo li a tion, (microfabric
type A4), as well as S–C cataclasites and mylo nites (C4 micro -
fabric type). Even where the rock shows no microfabric fo li a tion
nu mer ous brit tle shears can be ob served. In the low est part of
this com plex, mylonitic schists and phyllo nites oc cur to gether,
form ing C3 and D3 microfabric type al ter na tions.

Over all, the  fault rock com plex of the Litworowy ¯leb couloir
can be rec og nized as an al most hor i zon tal brit tle-duc tile shear
zone, with ultracataclasites, mylonites and phyllonites in the
core, and protocataclasites in the outer part of this dam age zone.

The sense of shear ing doc u mented by duc tile struc tures
(S–C mylonitic fo li a tion and C’ shear bands) gen er ally show a
top-to-the-NE di rec tion (Fig. 4B). The mesofault re cord is gen e -
r ally top-to-the-SE and SSW shear sense (Fig. 4C).

Oc cur rences of brit tle de formed leucogranites (A1 and A2
microfabric types) con tinue to wards Rakoñ, where augen gneiss -
es and lit-par-lit migmatites dom i nate (Cymerman, 2009a).

ZABRATY RIDGE

The Zabraty Ridge, lo cated be tween Rakoñ and the sedlo
Zabrat� Pass, in its up per part is char ac ter ized by brit tle and brit -
tle-duc tile non-co ax ial de for ma tions of gneiss and quartz- or
mica-rich schists. In the tec tonic in ter pre ta tion by Cymerman
(2009a), this zone is lo cated be tween a struc tur ally higher
gneiss com plex (which forms the top of Rakoñ), and a lower
com plex built of leucogranites. The geo log i cal map com piled by 
Nem¹ok et al. (1994) also shows par tially gneissic leucogra -
nites there, with sev eral bands of my lon ite.

Var i ous fault rocks of the Zabraty Ridge are rep re sented by
proto- and mesocataclasites with A2, A3 and B3 types of
microfabric; S–C cataclasites (C2 and C3 microfabric type) as
well as meso- and ultramylonites (D2 and D3 types of micro -
fabric). The in ten sity of tec tonic de for ma tion and pre dom i nance 
of duc tile de formed rocks in crease west wards (to wards the
sedlo Zabrat� Pass). Fault rocks ob served on the sedlo Zabrat�
Pass are very het er o ge neous and com prise meso- and ul tra-
mylonites and cataclasites, as well as phyllonites.

WO£OWIEC MOUNTAIN AND DZIURAWE RIDGE

On the Wo³owiec Mas sif sev eral zones of fault rock ex po -
sures can be dis tin guished: the north ern slopes and peak of the
moun tain, the west ern and south west ern slopes, and the south -
ern slopes with the Dziurawe Ridge and the Dziurawa Prze³êcz
Pass. The up per part of the Wo³owiec is com posed of gra nitic
gneiss es, whilst on the top gneiss es are also pres ent (Michalik
and Guzik, 1959a). Be neath the meta mor phic com plex, leuco -
granites with rare thin am phi bo lite bands oc cur.

A wide zone of tec tonic mylonitisation was mapped on
Wo³owiec by Skupiñski (1975). Cymerman (2011a) in ter preted
such dam age zones as an ef fect of non-co ax ial de for ma tion in
al most hor i zon tal or sub-hor i zon tal planes.

On the north ern slopes of Wo³owiec, protocataclasites (A2
microfabric) mainly oc cur, as well as bi o tite-rich meso cata -
clasites and gra nitic gneiss es. Gawêda (2001) in cludes this
area (above the leucogranites) to an up per struc tural unit.

At the top of Wo³owiec, in the  “dou ble-ridge” de pres sions,
protocataclasites with a leucogranitic protholite oc cur.

There are nu mer ous out crops of fault rocks on the NW and
W slopes of Wo³owiec. At least four zones of mod er ately cata -
clased granodiorites and cataclasites can be ob served there with 
some nar row bands of my lon ite and phyllonite (C and D group
types). Along the tour ist paths, at an al ti tude of ca. 1950 m a.s.l. a 
well-ex posed com plex of fault rocks com posed of cataclasites
with four nar row, decimetre-scale, bands of my lon ite and phyllo -
nite oc cur. The in ten sity of non-co ax ial de for ma tion in creases to -
wards the JamnÍcke sedlo Pass (south wards).

Cataclasites are mainly de vel oped in the granodiorites
(Roháèe type granodiorites – Nemèok et al., 1994). Meso -
cataclasites are the dom i nant  type of fault rocks. In some lo ca -
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tions ultracataclasites with higher de gree of grain re duc tion are
prev a lent. The microfabric types of these rocks are A3 and A4,
less of ten B3 and B4. Lo cally cataclastic brec cias or fault
gouges are pres ent.

This fault rock com plex is ex posed in sev eral places on the
west ern slopes of Wo³owiec, form ing the core of a wide, al most
hor i zon tal thrust zone at the base of the Wo³owiec over thrust
rec og nized and mapped by Cymerman (2009a, 2011a). The
gra di ent of non-co ax ial de for ma tion in ten sity is gen er ally per -
pen dic u lar to this re gional zone of dis place ment, and in creases
down wards from the top of Wo³owiec. There fore, this gra da tion
rep re sents an in crease in dam age ef fects to wards the
Wo³owiec overthrust. The brit tle struc tures doc u ment a top-to-
 the-S dom i nat ing shear sense, whilst mylonitic S–C fo li a tion re -
cords gen er ally north wards shear ing di rec tions.

On the south ern slopes of Wo³owiec, there is sharp ridge,
called “Grz¹dki”. This ridge is com posed of gra nitic gneiss es
with nu mer ous, trans verse bands of gneiss, granodiorite and
am phi bo lite (Michalik and Guzik, 1959a). Ac cord ing to Gawêda 
(2001), a mylonitic band be tween the up per struc tural unit and
ad ja cent alaskites con tin ues from there to wards the Trzydnio -
wiañski Wierch Moun tain to the NE.

In this area, slightly be low an al ti tude of ca. 1900 m a.s.l.,
shear zones with dif fer ent types of fault rocks oc cur. Seri cite-,

bi o tite- and epidote-quartz schists, of ten with graph ite, oc cur
mainly along de pres sions in the ridge. Ac cord ing to the field
clas si fi ca tion of the fault rocks (Brodie et al., 2007), these are
mainly mylonites and phyllonites with a dom i nant D1 (but also C 
group) microfabric type. This zone can be linked with the mar -
ginal area of the Wo³owiec overthrust.

Gen er ally, the en tire Wo³owiec Moun tain mas sif above ca.
1800 m a.s.l. (the up per wall of the Wo³owiec overthrust) can be
con sid ered as strongly het er o ge neous com plex of fault rocks,
formed dur ing brit tle and brit tle-duc tile de for ma tion, es pe cially
thrust ing. This is con sis tent with the struc tural model pro posed
by Cymerman (2011a).

TRZYDNIOWIAÑSKI WIERCH, CZUBIK AND KOÑCZYSTY
WIERCH MOUNTAINS

Trzydniowiañski Wierch in its up per part is com posed of two 
com plexes of leucogranites, sub di vided by a nar row zone of
gneiss es (Michalik and Guzik, 1959a). A sim i lar in ter pre ta tion
was given by Skupiñski (1975), who mapped a hor i zon tal
“greisenized tec tonic zone” sur rounded by peg ma titic leuco -
granites. Ac cord ing to Gawêda (2001), the top most part of
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Fig. 4A – ex am ples of ultracataclasites and mylonites at Litworowy ¯leb, which is one of the
most dis tinc tive fault rock ex po sures in the Pol ish West ern Tatra Moun tains; nu mer ous types
of mesofaults such Y, P and R shear planes can be ob served; B – struc tural di a gram of
mylonitic rocks at Litworowy ¯leb; red arcs – S planes, blue arcs – C planes, green arcs – C’
shear bands, points – min eral grain lineations; C – Hoeppner plot of the mesofaults at
Litworowy ¯leb – poles to fault planes, ar rows show sense of shear ing; both struc tural di a -
grams: equal area pro jec tion, lower hemi sphere



Trzydniowiañski Wierch should be con sid ered as be long ing to
the up per struc tural unit.

On the west ern slopes of Trzydniowiañski Wierch, out crops
of the shear zones are not eas ily ac ces si ble, due to the thick
moun tain pine cover, but in the rock scree on the tour ist path
frag ments of dif fer ent fault rocks can be ob served. These frag -
ments sug gest al ter na tions of cataclasites, leucocratic gra nitic
gneiss es and leucogranites. Michalik and Guzik (1959a),
mapped three bands of epidote-chlorite schist and graph ite
schist here. How ever, graph ite is pres ent also in the other rock
types, not only in the schists.

Due to a lack of good ex po sure, the ex act num ber and po si -
tion of shear zones can not be de ter mined in this area. Most of
the vis i ble frag ments are de formed leucogranites. The in ten sity
of non-co ax ial de for ma tion in creases up wards, from brec cias to
cataclasites. Brec cias grad u ally change into protocataclasites:
the microfabric changes from A1 to A2 and A3 microfabric types,
with fea tures of block-con trolled cataclastic flow (Ismat and
Mitra, 2005). Cataclased leucogranites oc cur also to the north of
the top of Trzydniowiañski Wierch; how ever, ex po sures of them
are small, mainly lo cated along nar row moun tain out crops.

The data col lected al lows con sid er ation of the fault rocks of
Trzydniowiañski Wierch as prod ucts of low-an gle thrust ing of
leucogranites over prob a ble ear lier ductilly de formed gra nitic
gneiss es, which ac com mo dated most of the tec tonic stress. The
ovethrusted leucogranites were only slightly de formed in brit tle
con di tions with gen er ally top-to-the-SE and SSW shear sense.

The struc tures de scribed con tinue to the south. The top
parts of Czubik Moun tain are com posed of gra nitic gneiss es;
be low these are gra nitic gneiss es in which sev eral shear zones
are pres ent (Michalik and Guzik, 1959a). Gawêda (2001) in -
cludes these meta mor phic rocks into an up per struc tural unit.
Ac cord ing to Cymerman (2011), the south ern part of Czu -
bik–Koñczysty Wierch Ridge is built of two com plexes made up
of of small-scale thrust sheets. 

Be neath the sum mit of Czubik, along the tour ist paths,
cataclased gra nitic gneiss es as well as granodiorites are pres -
ent. On the west ern slopes 10–20 cm thick bands of my lon ite
or mylonitic schist with graph ite were also found (C2 micro -
fabric type).

The in ten sity of non-co ax ial de for ma tion along the Czubik–
Koñczysty Wierch Moun tain ridge de creases to the south. On
the north ern slopes of Koñczysty Wierch, tec tonic brec cia do -
mains with out dis tinct bor ders were noted. These are mainly
cha otic or frac ture brec cias with out ma trix (A2 microfabric
type). Protocataclasites (A1 microfabric type) were ob served
on the south ern slopes of Koñczysty Wierch.

ORNAK AND SIWE TURNIE RIDGES

The Ornak Ridge is more than one kilo metre long and in its
up per part is com posed of leucogranites cut by nu mer ous, lon -
gi tu di nal gneissic bands. Ac cord ing to Jaroszewski (1965), the
north ern part of the ridge is com posed of a gneissic com plex,
and in the top most parts (Ornak Moun tain) there is a gra nitic
com plex. Migmatic gneiss es and mylonitic grei sens to the
south of the Siwa Prze³êcz Pass were mapped by Skupiñski
(1975). Gawêda (2001) showed alaskites to the north, and up -
per struc tural unit rocks to the south.

Gen er ally, in the meta mor phic rocks of this ridge shear
zones are very dif fi cult to in ter pre ta tion, but, es pe cially mi cro -
scop i cally, ef fects of brit tle re ac ti va tion of older, duc tile struc -
tures are some times vis i ble. Brec cias (A2 or A3 microfabric
type) are ob served in the south ern vi cin ity of Ornaczañska
Prze³êcz Pass. Fur ther to the south in the area of Zadni Ornak

Moun tain, brec cias grad u ally change into leucogranitic proto-
and mesocataclasites. On the south ern slopes of Zadni Ornak
10–20 cm wide bands of mylonitisation with D group microfabric 
are pres ent.

The ob served mesofaults show a dom i nant top-to-the-S
shear sense, and mylonitic S–C struc tures doc u ment a top-to-
 the WNW di rec tion.

To the south, the area of the Siwa Prze³êcz Pass is strongly
het er o ge neous with proto- and mesocataclasites pres ent. B2
and B3 type S–C cataclasites and mylonites were also noted.
Fault rocks form bands up to tens of cm thick be tween al most
undeformed leucogranites.

In some do mains, es pe cially in the vi cin ity of Kot³owa
Czubka Moun tain, cataclasites with ad vanced grain re duc tion
(C2 microfabric) co ex ist with bands of schist (C3 microfabric)
with D3 ultramylonitic laminae.

Siwe Turnie forms a nar row, rocky ridge be tween the main
West ern Tatra Ridge (Pol ish-Slovakia bor der), and the Siwa
Prze³êcz Pass with the Ornak Ridge. This ridge is com posed of
granodiorites (Michalik and Guzik, 1959b) with epidote-chlorite
rocks and graph ite schists. Jaroszewski (1965) in cluded these
rocks into a gneissic com plex with some out crops of a gra nitic
com plex, and Gawêda (2001) sug gested the ex is tence of an
up per struc tural unit with bands of am phi bo lite and my lon ite, as
well as, spo radic out crops of alaskite.

In the Siwe Turnie rocks char ac ter is tic fea tures are al ter na -
tions and strong non-co ax ial de for ma tion of the rocks de formed 
un der brit tle to duc tile con di tions, rep re sent ing C and D micro -
fabric types. Duc tile de formed rocks be gin to pre dom i nate
south wards (gneiss es and gra nitic gneiss es with fea tures of
mylonitization).

KOPA KONDRACKA MOUNTAIN–GORYCZKOWE 
CZUBY RIDGE

The last re gion ana lysed is lo cated in the east ern part of
the West ern Tatra Moun tains where Michalik (1958) mapped
gneiss es be low leucogranites. Gawêda (2001) re corded there
alaskites also. The ridge from the Kopa Kondracka Moun tain
to the Kondratowa Prze³êcz Pass is com posed of var i ous
meta mor phic rocks, with non-co ax ial de for ma tion fea tures
and var i ous microfabric types show ing grad ual changes be -
tween meso mylonitic gneiss es and ultramylonitic or phyllonitic 
bands about 1–2 cm wide. Gneiss es lo cally show blasto -
mylonitc fea tures and mylonitic fo li a tion doc u ment ing a top-
 to-the NW shear sense.

Cymerman (2009b) de scribed three, imbricated, crys tal line
thrust sheets in this area. The base of one of these units (the
Wielkie Szerokie thrust sheet) com prises a het er o ge neous
shear zone, com posed of proto- and mesocataclasites, frac ture 
brec cias and thin bands of phyllonites.

The gneiss es of Kopa Kondracka show weak traces of the
brit tle de for ma tion doc u ment ing a top-to-the-SSW shear sense.

The Suchy Wierch Kondracki Moun tain is com posed of a
schist and gneiss com plex, with a sed i men tary protolith as rec -
og nized by Burchart (1970). These rocks show nu mer ous fea -
tures of duc tile de for ma tion (es pe cially mylonitic fo li a tion). The
in ten sity of these fea tures in crease to the east, where nar row
zones of brec cia, cataclasite and a thin band of phyllonites also
oc cur. The fault rocks rep re sent microfabric of all four groups
(A–D types of microfabric).

In the Suchy Wierch Goryczkowy vi cin ity fault rocks form
sev eral com plexes, metres thick, com posed of gra nitic meso -
cataclasites and phyllonites, some tec tonic brec cias and spo -
rad i cally a few milli metres wide bands of pseudotachylyte.
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GRAIN SHAPE ANALYSIS RESULTS

COMPACTNESS

The first sec tion of Ap pen dix 1 shows se lected sta tis ti cal
data of the com pact ness in the se lected sam ples. For the
leucogranites (A1 microfabric type), which are protoliths of the
most of the fault rocks, com pact ness has rel a tively small val ues 
with means of 0.52–0.58. Dis tri bu tion of the val ues is polymodal 
(Fig. 5), peak val ues rep re sent ing dif fer ent min eral phases: the
quartz grains have the small est val ues, elon gated, straight-
 sided, feld spars have in ter me di ate val ues, while iso met ric feld -
spars have the high est val ues.

The be gin ning of de for ma tion in brit tle con di tions causes in -
crease of the com pact ness val ues. For the cataclastic brec cias, 
with A2 microfabric type, mean val ues are be tween 0.55 and
0.60 and even more for A2 microfabric type of protocataclasites 
(0.63–0.69). The me dian is also shifted to the right. The dis tri -
bu tion is unimodal, and the skew ness is neg a tive. S–C cata -
clasites show higher com pact ness than non-de formed or wea -
kly de formed rocks.

Prog ress of cataclasis causes a weak val ues in crease in
com pact ness. In Fig ure 6 this ten dency is shown as me dian
val ues of com pact ness ar ranged with in creas ing de gree of brit -
tle de for ma tion. The high est com pact ness was ob served in the
mesocataclasite OR/43 with A2 microfabric type. For the cata -
clasites which in clude any fo li a tion fea ture (S–C cataclasites or
cataclasites with microfabrics of the C group), the com pact ness 
me di ans are lower than in cataclasites with microfabrics of
group A.

Com par i son of the com pact ness dis tri bu tion for rocks with
in ter me di ate de grees of de for ma tion (sam ple OR/43), and a
high de gree of de for ma tion (sam ple ZA/01), where both of the
sam ples have a lay ered ma trix (B3 and B4 microfabric types),
show, that fur ther prog ress of cataclasis does not change com -
pact ness.

For the mylonites, sim i lar re la tion ships be tween the de gree
of de for ma tion and com pact ness can be barely ob served. This
is prob a bly due to recrystallisation mod i fy ing val ues achieved
dur ing brit tle de for ma tion.

ISOMETRICS

The sec ond sec tion of Ap pen dix 1 con tains se lected sta tis ti -
cal data of the iso met rics pa ram e ter. The char ac ter is tic fea ture
is strongly pos i tive skew ness in the mylonites. This can be an
ef fect of elon ga tion of the grains dur ing dy namic de for ma tion,
es pe cially by pres sure so lu tion pro cesses. The orig i nal elon ga -
tion of the grains has lit tle in flu ence on the iso met rics pa ram e ter 
in mylonites. In the ultracataclasites from nearby lo ca tions and,
prob a bly, of the sim i lar gen e sis (sam ple ZA/01), the mean value 
is 0.67 and the skew ness is neg a tive (–0.18), which means that
gen er ally iso met ric grains dom i nate.

Strongly elon gated grains can be formed also in cata -
clasites dur ing quartz recrystallisation. These grains form
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Fig. 5. Com pact ness dis tri bu tion his to grams for the sam ples DU/7 (left) from D³ugi Up³az Ridge 
and TR/36 (right)  from the Trzydniowiañski Wierch Moun tain

Fig. 6. Com par i son for the com pact ness me di ans

LG – leucogranites, B – cataclastic brec cias, PK – proto -
cataclasites, MK – mesocataclasites, UK – ultracata clasi -
tes. Microfabric types are also shown, as well as, sam ple
names with gen eral lo ca tion codes (DU – D³ugi Up³az
Ridge, WO – Wo³owiec Moun tain, KW – Koñczysty Wierch
Moun tain, TR – Trzydniowiañski Wierch Moun tain, SK –
Suchy Wierch Kondracki Moun tain, ZA – Zabrat Ridge, OR
– Ornak Ridge)
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quartz rib bons typ i cal of the SGR pro cess (sub-grain ro ta tion;
Passchier and Trouw, 2005). Such struc tures can be dis in te -
grated (e.g., by brit tle re ac ti va tion of the orig i nally duc tile shear
zone). In spite of the scat ter ing of these grains in the ma trix,
they con serve their elon ga tion. This can ex plain low val ues of
the iso met rics pa ram e ter (which means a high di men sional
con trast) for some of the cataclasites – sam ples DU/18 and
OR/43 (Fig. 7). Sam ple OR/43, de spite lay er ing in the ma trix, is
mesocataclasite, with an elon ga tion me dian of 0.62. Sim i lar val -
ues were ob served for other mesocataclasites. The me dian of
sam ple DU/18 is 0.5. A lower value is an ef fect of elon gated
grains pres ent. Mi cro scope ob ser va tions show that most of the
elon gated grains are quartz.

ELLIPTICITY

Se lected sta tis ti cal data of el lip tici ty are given in the last
sec tion of Ap pen dix 1. The re la tion ships be tween el lip tici ty and
microfabric turn out to be rather weak. The high est mean val ues 
are ob served for the weakly de formed rocks: leucogranites (XA
= 0.38). In some of the mesocataclasites (sam ple OR/43),
ultracataclasites (sam ple ZA/01) and ultramylonites (sam ple
ZA/02) mean val ues are low (re spec tively: 0.13, 0.17 and 0.21). 
Low el lip tici ty means that grain shapes dif fer from an ideal cir cle 

or el lipse, but does not im ply elon ga tion of the grain. More over,
el lip tici ty may have neg a tive val ues. There fore el lip tici ty is not
the best grain shape in di ca tor.

SOLIDITY

So lid ity and con vex ity are prob a bly the best grain shape in -
di ca tors. The first sec tion of Ap pen dix 2 gives some de scrip tive
sta tis tics of the so lid ity.

So lid ity dis tri bu tions can be di vided into three groups. The
first group shows flat, bi modal dis tri bu tions with a min i mum be -
tween peaks at about 0.90. The sec ond group shows a sharp,
unimodal dis tri bu tion with a max i mum at about 0.91. The third
group has unimodal dis tri bu tions with neg a tive skew ness and a
max i mum at about 0.96.

The first group com prises fault rocks with weak or in ter me di -
ate de grees of tec tonic de for ma tion, such as ini tially de formed
leucogranites, protocataclasites and mesocataclasites. For
these rocks, the so lid ity dis tri bu tion is gen er ally flat, which is ex -
pressed by the low kurtosis value, e.g. –0.31 in sam ple DU/07
(Fig. 8). Dis tri bu tion is mainly in flu enced by fol low ing fac tors: (1) 
pres ence of hypidiomorphic feld spars, which im plies higher so -
lid ity val ues, (2) the pres ence of xenomorphic quartz, (3)
protoclastic tex ture with com pli cated grain bound aries, nu mer -
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Fig. 7. Iso met rics dis tri bu tion di a gram for the sam ples DU/18 (left) from D³ugi Up³az Ridge 
and OR/43 from Zadni Ornak Moun tain

Fig. 8. So lid ity dis tri bu tion his to grams for the sam ples DU/07 (left) and DU/17 (right) from D³ugi Up³az Ridge

https://gq.pgi.gov.pl/rt/suppFiles/9296/
https://gq.pgi.gov.pl/rt/suppFiles/9296/


ous in dents, and mag matic cor ro sion lobes im plies ex ten sion of 
the dis tri bu tion to the left. The ef fect of the in ter ac tion of these
three fac tors is a bi modal dis tri bu tion with low kurtosis.

Pro gres sive de for ma tion in brit tle con di tions re sults in an in -
creas ing num ber of straight grain bor ders, which is in duced by
frac tur ing grains along some pre ferred planes. This leads to in -
crease of the kurtosis dis tri bu tion – in cataclastic brec cias to
1.25. More dis tinc tive neg a tive skew ness is also ob served:
–0.7, and –0.4 in leucogranites.

Dis tri bu tions of so lid ity for proto- and mesocataclasites are
usu ally sim i lar: neg a tive skew ness, and max i mum val ues of
0.8–0.9.

In the rocks with a greater in ten sity of de for ma tion kurtosis
rises up to 1.6–1.9, the max i mum value is shifted to val ues
above 0.9 and the dis tri bu tion is strongly asym met ri cal with
skew ness up to –1.6. This is true both, for ultracataclasites and
ultramylonites.

The ultracataclasite from D³ugi Up³az (DU/17; Fig. 8) dif fers
from the scheme de scribed above. Dis tri bu tion of the so lid ity is
sim i lar to that ob served in leucogranites: flat kurtosis –0.02,
with slightly neg a tive skew ness, and a mean value of 0.85. This
can be in ter preted as an ef fect of pres er va tion typ i cal of unde -
formed leucogranite grain shapes dur ing in tense sericitization.

CONVEXITY

Gen er ally, the dis tri bu tion of con vex ity is sim i lar to that of
so lid ity (Ap pen dix 2). Skew ness of the con vex ity is usu ally neg -
a tive. Again, ir reg u lar grain bound aries in DU/07 leucogranites
pro duce com pli cated and flat con vex ity dis tri bu tions. These
fea tures were prob a bly in her ited in the ultracataclasite DU/17.
On the other hand, rocks with tex tures de vel oped dur ing long -
-term cataclastic flow have dis tri bu tions with a dis tinc tive max i -
mum and high kurtosis.

CORRELATIONS BETWEEN GRAIN
SHAPE INDICATORS

Clear cor re la tion is ob served for the fol low ing pairs: com -
pact ness and con vex ity, com pact ness and el lip tici ty, com pact -
ness and so lid ity. In Fig ure 9, which shows cor re la tion di a grams 
of con vex ity ver sus com pact ness for two se lected sam ples, the
pres ence of two trends can be noted. The first of these trends is
char ac ter ized by a de crease in com pact ness with de creas ing
so lid ity. The sec ond is char ac ter ized by a sta ble value (about 1) 

of com pact ness while so lid ity de creases. Sim i lar trends are ob -
served for other sam ples.

The grains of the first trend there fore have in creas ingly
“wrin kled” bound aries, whilst the grains of the sec ond trend do
not have very wrin kled bound aries but posess more “amoeboid” 
shapes. The so lid ity in di ca tor shows, that depth of grain in dents
in creases too.

The sec ond, sta ble trend is char ac ter is tic of ultracatacla -
sites and ultramylonites with dis tinc tive fea tures of cataclastic
flow. That is true for ex am ple for the ZA/01 ultracataclasite and
ZA/02 ultramylonite, but not for the DU/17 ultracataclasite.

These re sults sug gest that re la tion ships be tween com pact -
ness and con vex ity should be con sid ered as an im por tant fac tor
in fault rock grain shape anal y ses. Cataclastic flow pro cesses re -
sult in a hor i zon tal, sta ble trend on Cv/C cor re la tion di a grams. A
dis tinc tive neg a tive cor re la tion sug gests that cata clasite was
formed dur ing rapid frac tur ing and sericitization, with out ro ta tion.

PROPOSED MODEL OF THE TEXTURAL
EVOLUTION OF THE WESTERN 

TATRA SHEAR ZONES

A model of the de vel op ment of the shear zones should link
two facts: (1) the fault rocks are strongly het er o ge neous; (2)
shear zones were formed dur ing non-co ax ial brit tle and brit -
tle-duc tile de for ma tion pro cesses, as in di cated by their micro -
fabrics.

In the fol low ing dis cus sion the de for ma tion com plex is de -
fined as all fault rocks with a given min eral com po si tion and fab -
rics, formed dur ing one phase of de for ma tion. These com -
plexes should not be un der stood as sep a rate phases of de for -
ma tion.

De for ma tion be gan with frac tur ing of the grains es pe cially
along some pre ferred crys tal lo graphic planes. At first, intra -
crystalline frac tures be gan to form in the plagioclases. Stress
was par tially ac com mo dated by quartz too, pro duc ing undulose
ex tinc tion. De for ma tion con di tions are be low re gime I of Hirth
and Tullis (1992). Dur ing this stage, A1 type fab ric grad u ally
changes to A2 type. The ir reg u lar grain bound aries that dom i -
nate are an ef fect of syn-mag matic de for ma tion (Vigner esse
and Tikoff, 1999). Weakly de formed granitoids take the form of
lenses or boudins (DA de for ma tion com plex), sur rounded by
nar row cataclasite – my lon ite zones (DB de for ma tion com plex). 
In DA com plexes A1 or A2 type microfabrics dom i nate, whilst in
DB com plexes A3, B3 and C1 types of microfabric are most
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Fig. 9. Cor re la tion di a grams of con vex ity (Cv) vs. com pact ness (C) for ultracataclasites ZA/01 from sedlo

Zabrat� Pass (left) and DU/17 from D³ugi Up³az Ridge (right)
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likely. The dif fer en ti a tion be tween DA and DB de for -
ma tion com plexes is an ef fect of strain (de for ma -
tion) par ti tion ing (Jones and Tan ner, 1995; Druguet
et al., 2009; Carreras et al., 2013).

With pro gres sion of the non-co ax ial de for ma -
tion, trans granular frac tures be gin to de velop. The
ori en ta tion of these frac tures is con trolled rather by
the shear zone dy nam ics than by in ter nal grain fea -
tures, and in con se quence struc tures typ i cal of  brit -
tle shea r ing are formed with a sys tem of Y(D), P and 
R faults (Katz et al., 2004). There are two main
cataclasis mech a nisms: frac tur ing and ro ta tion
(Engelder, 1974); at this stage the first one is mainly 
ac tive. In the DB de for ma tion com plexes dy namic
rec rystallisation by bulg ing (BLG; Passchier and
Trouw, 2005) is ac tive, form ing fine-grained quartz
ag gre gates. Tem per a tures dur ing these pro cesses
were less than 400°C (Hirth and Tullis, 1992; White, 
2001).

With higher ma trix con tents, the rhe ol ogy of the
rock is dif fer ent. Thus, rocks with high ma trix con -
tent are in cluded in the next, DC de for ma tion com -
plex. The rock un der goes soft en ing due to feld spar
sericitization, es pe cially when acid flu ids are pres -
ent (Wintsch, 1995; Wibberley, 1999). This re ac tion
re leases sil ica which can be trans ported and de pos -
ited else where, lead ing to lo cally hard en ing of the
cataclasites (Wibberley, 1999). In par tic u lar, sil ica can be trans -
ported out from the mar ginal zones of the overthrusts, where
the phyllo nites are formed (Hippertt, 1998). This may be a
mech a nism of form ing phyllonites on the Dziurawe Ridge, in the 
basal zone of the Wo³owiec overthrust.

Shear ing in the DC de for ma tion com plex is char ac ter ized
by pseudo-plas tic, ma trix-con trolled, cataclastic flow (Engelder, 
1974; Ismat and Mitra, 2005). Ro ta tion of rigid grains in duc tile
ma trix can lead to subparallel meta mor phic lay er ing of the ma -
trix (Wil son et al., 2009). This can ex plain ma trix lay er ing in the
B3 and B4 fab ric types which are typ i cal of the DC de for ma tion
com plex.

The DC de for ma tion com plex can be sub di vided in two
subcomplexes, ac cord ing to the rel a tive abun dance of quartz in 
the ma trix: DC-H is harder, ce mented by sil ica, and DC-S is
weaker, sil ica de pleted. Hard ened, of ten fo li ated, cataclasites
of the DC-H com plex were likely formed in semi-brit tle con di -
tions, at depths of ca. 8–10 km and tem per a tures of ca.
200–250°C (White, 2001).

The DC-S de for ma tion com plex is com posed mainly of
mica-rich mylonites or phyllonites, which are pres ent mainly on
the passes, due to their lower re sis tance to weath er ing.

The DD de for ma tion com plex com prises strongly recry -
stallized mylonites or phyllonites. Ac cord ing to the rhe o log i cal
fab ric sub di vi sion (Handy, 1990; IWL – in ter con nected weak
layer and LBF – load-bear ing frame work), two subcomplexes
should be dis tin guished. DD-P rep re sents ultramylonitic –
phyllonitic com plexes, with IWL rhe ol ogy and D4 type of fab ric.
DD-M com prises mesomylonitic com plexes, with LBF rhe ol ogy
and D2 or D3 microfabrics.

The en tire pro posed work ing model is shown in Fig ure 10.
Three main stages can be dis tin guished: 

1 – initiall strain par ti tion ing in brit tle con di tions, lead ing to de -
vel op ment of the shear zone net work (DB de for ma tion com plex)
and pack ets of slightly de formed DA de for ma tion com plex; 

2 – cataclastic flow and sericitization lead ing to for ma tion of
the DC de for ma tion com plex. Sil ica leach ing and de po si tion
then forms two de for ma tion subcomplexes: DC-S and DC-H;

3 – Fur ther recrystallization led to the for ma tion of the DD-P
and DD-M de for ma tion com plexes, mainly due to their fab ric and
rhe ol ogy. These pro cesses in gen eral have not ex ceeded the
feld spar plas tic ity limit – ca. 400°C (Passchier and Trouw, 2005).

Ac cord ing, to the con cept pro posed by Cymerman (2009a,
b, 2011a) of the de vel op ment of a crys tal line core struc ture with
nu mer ous overthrusts and thrust sheets, the core parts of these 
overthrusts and thrust sheets (re lay zones, Childs et al., 2009)
are com posed of DA + DB de for ma tion com plexes, whilst the
shear zones are gen er ally as so ci ated with DC de for ma tion
com plexes. The mar ginal zones are com posed of the DD-P de -
for ma tion com plex. This can be ob served in Wo³owiec area, for
ex am ple, where phyllonites build the Dziurawe Ridge with the
Dziurawa Prze³êcz Pass in the bot tom zone of the Wo³owiec
overthrust (Fig. 11).

DISCUSSION

SHEAR ZONES IN THE WESTERN TATRA 
AND IN THE HIGH TATRA MTS.

In the West ern Tatra Moun tains strongly het er o ge neous
shear zones com pris ing a wide range of fault rocks oc cur. The
tex tures of these rocks are an ef fect of tec tonic pro cesses, as
well as their pre-tec tonic com po si tion and fab ric. It is clear that
some the fault rocks, es pe cially in the south ern part of the crys -
tal line rocks stud ied, un der went sev eral phases of de for ma tion,
at var i ous con di tions of pres sure, tem per a ture and/or strain rate.

Jurewicz and Bagiñski (2005) de scribed shear zones in the
High Tatra Moun tains and dis tin gui shed three phases of
non-co ax ial de for ma tion: 1 – pre-Al pine, brit tle-duc tile, lead ing
to mylonitisation; 2 – Al pine, in brit tle con di tions with phases of
shear ing and ex ten sion; 3 – Paleogene, with shear ing and min -
er ali sa tion. This model as sumes only one phase of cataclasis.
These au thors noted that in the High Tatra Moun tains there are
two dom i nat ing ori en ta tions of the shear zones: (a) flat, gently
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Fig. 10. Pro posed model of the de vel op ment of brit tle
 and duc tile brit tle shear zones

DA–DD – de for ma tion com plexes, with re spec tive microfabrics shown, H+ –
acid hy dro ther mal flu ids ac tiv ity in duc ing sil ica leach ing, dashed ar rows – 
sil ica mi gra tion, t – time; stages 1–3 are de scribed in de tail in the main text



dip ping faults, and (b) steep, in di vid ual faults, which are in ter -
preted as par tially Al pine in age. This sit u a tion dif fers from the
West ern Tatra Moun tains, where I have ob served mainly al -
most hor i zon tal brit tle shear zones. How ever, de spite their ori -
en ta tion, these West ern Tatra zones re sem ble the de bris
zones de scribed by Grochocka-Piotrowska (1970) and the
steep dis lo ca tions com pris ing mylonites and/or cataclasites de -
scribed by Jurewicz (2002).

BRITTLE DEFORMATION
IN THE WESTERN TATRA MOUNTAINS

It seems dif fi cult to find a place in struc tural model of the two 
inversed meta mor phic units (e.g., Janák, 1992, 1994) for brit tle
or brit tle-duc tile de for ma tion. If the shear zones de scribed
herein were formed dur ing Late Variscan re gional meta mor -
phism (Gawêda and Burda, 2004; Deditius, 2004), there is the
ques tion as to why the zones of the in ten sive shear ing lack am -
phi bo lite and greenschist meta mor phic fa cies min eral para -
genesis (Burchart, 1970; Skupiñski, 1975)? On the other hand,
Gawêda and Burda (2004) sug gested that Al pine de for ma tion
could be linked with cool ing of the crys tal line mas sif. How ever,
this does not ex plain the pres ence of nu mer ous strongly het er -
o ge neous shear ing struc tures, es pe cially when con sid er ing
their strong non-coaxiality.

In gen eral brit tle and brit tle-duc tile rocks de vel oped un der
het er o ge neous shear ing pro cesses are typ i cal of the West ern
Tatra Moun tains crys tal line rocks. Deditius (2004) did not pay
much at ten tion to the pres ence of the cataclasites in the area of
the Wo³owiec, Trzydniowiañski and Czubik moun tains, and in -
ter preted all mylonites as Variscan in age. It seems that the va -
ri ety of the West ern Tatra tectonites, as well as im por tance of
cataclasites, has been un der es ti mated. Cata clasites in the
West ern Tatra Moun tains are not only a com mon type of rock,
but of ten – with mylonites – form fault rock com plexes up to tens 
of metres thick as ob served at Litworowy ̄ leb or Wo³owiec, but
also on the Slo vak ter ri tory – e.g., on the south ern slopes of the
Jarz¹bczy (Slo vak Hrubý) Moun tain (Cymerman, 2011a).

No less than two phases of shear de for ma tion can be dis tin -
guished on the Wo³owiec Mas sif. The older, dur ing duc tile con di -

tions lead formed mylo nitic fo li a tion struc tures, with
apre dominant top-to- the- N or NW shear sense and
nu mer ous meso folds with NW vergence (Cymer -
man, 2009a). The sec ond phase was char ac ter ized
by a brit tle to brit tle-duc tile style of de for ma tion.
There fore, the pro d ucts and the struc tures de vel -
oped in the youn ger phase are not only an ef fect of
the palaeostress field, but also of over print ing of the
older struc tures. The co ex is tence of the duc tile and
brit tle de for ma tion struc tures in di cates an im por tant
role of the re ac ti va tion of duc tile shear zones in brit -
tle con di tions. How ever, it is pos si ble that some of
the duc tile struc tures are of youn ger age.

In the Slo vak part of the West ern Tatra Mts., Al -
pine in age de for ma tions, de vel oped un der brit tle
con di tions re corded a top-to-the-NW shear sense
and are in ter preted as a prod uct of Late Cre ta -
ceous con trac tion (Janák et al., 2001). On the
other hand, stress palaeotensor re con struc tion in
the Pol ish Tatra Moun tains in brit tle shear zones
shows a gen er ally N–S ori ented s1 axis, which is in
con cor dance with the typ i cal Eu ro pean Al pine
stress field (Nemèok et al., 1989; Guermani and
Penna cchioni, 1998; Jurewicz, 2000; Cymerman,

2011b). This make an Al pine age of the brit tle non-co ax ial
shear ing struc tures very pos si ble, how ever, their de tailed ori en -
ta tion and ki ne mat ics can be par tially in her ited from older,
Variscan struc tures.

GRAINS SHAPE ANALYSIS 
AND CATACLASTIC FLOW

Grain shape anal y sis is a prin ci pal microstructural tool en -
abling re con struc tion of the cataclastic flow mech a nism. Sim -
plic ity and low costs are the  main ad van tages of this method.
The main dis ad van tage is that the method is lim ited to two-di -
men sional sec tions.

The re sults show that com pact ness, so lid ity and con vex ity
are the most use ful in di ca tors. The most im por tant in for ma tion
which can be ob tained is whether the the cataclasis was rapid
or slow with cataclastic flow. The for mer is prob a bly re spon si ble 
for the dom i nant hor i zon tal trend in the C/Cv cor re la tion di a -
gram (Fig. 9, left).

The sec ond ques tion is how prog ress in non-co ax ial de for -
ma tion im pacts on grain shapes. The most brit tle-de formed in
the cataclastic flow sam ples show high kurtosis of com pact -
ness, be tween 1.6 and 2.6; max i mum com pact ness above 0.9
and strong pos i tive skew ness at about 1.6. The same is true for
both ultramylonites and ultracataclasites, and so com pact ness
dis tri bu tion can be con sid ered as an in di ca tor of ro ta tional de -
for ma tion. In tense cataclastic flow in creases com pact ness val -
ues as well as the kurtosis of its dis tri bu tion. Weakly de formed
rocks show neg a tive kurtosis of com pact ness.

The new re sults ob tained show that so lid ity dis tri bu tion can
be an in di ca tor of the de gree of de for ma tion. So lid ity can be
used to mea sure a pa ram e ter which can be named the “tex tural
ma tu rity” of the fault rock. Ma te rial sub jected to in tense
cataclastic flow, which in cludes frac tur ing of the grains, slips
and ro ta tions, will show higher val ues of so lid ity due to a higher
num ber of straight bound aries.

The ob ser va tions shows that low val ues of the iso met rics
pa ram e ter should be re garded as an ef fect of mylonitization and 
dy namic recrystallisation. More over, the value of iso met rics de -
creases when frac tured frag ments of elon gated grain ag gre -
gates are pres ent.
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Fig. 11. Sche matic geo log i cal sec tion of the West ern Tatra Mts. be tween
Grzeœ (Slo vak – Lúèna) Moun tain and Wo³owiec Moun tain 

af ter Skupiñski (1975) sim pli fied 

Zones of tec tonic greisenisation shown in grey; Tr – Tri as sic sed i men tary cover,
tpb – plagioclase-bi o tite tonalites, gm – migmatitic gneiss es, ap – leucogranites,
pg – pegmatoidal leucogranites, gdr – granodiorites; the fol low ing informations
are added: po si tion of the Wo³owiec overthrust (W.O.) (Cymerman, 2001), and lo -
ca tions of the de for ma tion com plexes dis tin guished; for other ex pla na tions see
Fig ure 10



CONCLUSIONS

1. Fault rocks oc cur ring in the West ern Tatra Moun tains are
char ac ter ized by strongly het er o ge neous fab ric and micro -
fabric, which in di cates dif fer ent and chang ing con di tions of
pres sure, tem per a ture, mech a nism and rate of strain dur ing
their de vel op ment.

2. The prod ucts of the non-co ax ial de for ma tion are the fol -
low ing com plexes: 1 – weakly de formed granitoids; 2 – proto -
cataclasites and part of the mesocataclasites formed dur ing
block-con trolled cataclastic flow; 3 – meso- and ultracata cla -
sites, formed dur ing ma trix-con trolled cataclastic flow; 4 – mylo -
nites and phyllonites.

3. The main pro cesses act ing dur ing non-co ax ial de for ma -
tion were: cataclastic grain re duc tion, cataclastic flow as well as
sericitization, and – linked with sericitization – leach ing, trans -
port and de po si tion of sil ica. There fore, fault rocks are a prod uct 
of in ter ac tion of the dis lo ca tion meta mor phism and hy dro ther -
mal ac tiv ity.

4. Mar ginal zones of the tec tonic crys tal line sheets were de -
pleted in sil ica, which pro duced de for ma tion com plexes con -
tain ing mylonitic schists and phyllonites. These zones form usu -
ally neg a tive re lief in the con tem po rary to pog ra phy. 

5. The model of the de for ma tion com plexes de scribed is
con sis tent with a new struc tural in ter pre ta tion of the West ern
Tatra Moun tains crys tal line rocks with thrust tec ton ics and in -
tense brit tle or brit tle-duc tile non-co ax ial Al pine shear ing.

6. Grain shape anal y sis should be con sid ered as a use ful
tool in re con struc tion of the de for ma tion pro cesses. In the fault
rocks of the West ern Tatra crys tal line rocks it shows dif fer ent
rates of de for ma tion and prog ress.
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