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Petr Jeřábek a,b,*, Holger Stünitz c, Renée Heilbronner c, Ondrej Lexa a,d, Karel Schulmann d

a Institute of Petrology and Structural Geology, Charles University, Albertov 6, 128 43 Prague, Czech Republic
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Abstract

Deformation microstructures of quartzo-feldspathic rocks have been used to analyse the orogen-parallel stretching of the Vepor Unit in the
West Carpathians during Cretaceous convergence. This process occurs contemporaneously with the burial of the Vepor basement related to the
overthrusting Palaeozoic volcano-sedimentary sequences of the Gemer Unit. The microstructures develop along a metamorphic gradient indi-
cating an increase of pressure and temperature towards the structural footwall. The recrystallization of quartz occurs in the field of subgrain
rotation recrystallization (SGR) while the plagioclase and K-feldspar disintegrate into a neocrystallized muscovite-albite matrix. Palaeopiez-
ometry of the recrystallized quartz in conjunction with PeT estimates yield strain rates of 9 � 10�12 to 6 � 10�14 s�1, depending on temper-
ature (380e480 �C) and choice of piezometer and flow law calibration. Strain analysis of the recrystallized quartz aggregates and quartz texture
analysis indicate an overprint of the Variscan magmatic and high grade fabrics by a Cretaceous plane strain deformation resulting in vertical
shortening and horizontal orogen parallel EasteWest stretching. Spatial distribution and conflicting sense-of-shear of the asymmetrical quartz
lattice preferred orientation patterns indicate that the large-scale pure shear deformation of the Vepor Unit is locally accommodated by simple
shear zones. Observed metamorphic gradients across the Vepor Unit are interpreted to result from later large-scale folding and heterogeneous
exhumation of the orogen-parallel deformation fabric.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Microstructures of quartzo-feldspathic rocks consisting
mostly of quartz, feldspars and micas may be used to charac-
terize the deformation processes of mid-crustal rocks as such
rocks are abundant at these crustal levels. This is made possi-
ble due to number of experimental as well as natural studies on
single phase deformation microstructures and rheological
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behaviour of quartz (Hirth and Tullis, 1992; Hirth et al.,
2001; Stipp et al., 2002a,b), of plagioclase (Tullis and Yund,
1985; Kruse et al., 2001; Stünitz et al., 2003) and of micas
(Shea and Kronenberg, 1993; Mares and Kronenberg, 1993;
Mariani et al., 2006).

Among these minerals, the rheological properties of quartz
are the best constrained and most predictable, which, together
with its abundance and relative mechanical weakness, makes
quartz an ideal mineral to estimate the rheology of the middle
crust. By analysing the quartz deformation microstructure and
texture it is possible to derive approximate deformation tem-
peratures (Stipp et al., 2002b), differential stresses (Twiss,
1977; Koch, 1983; Stipp and Tullis, 2003), type of strain
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(Lister and Hobbs, 1980; Schmid and Casey, 1986) and defor-
mation kinematics (Simpson and Schmid, 1983). In the con-
text of regional studies, however, the analyses of quartz
deformation were mostly concentrated on differential stresses,
strain rates and crustal viscosities (Hacker et al., 1990, 1992;
Dunlap et al., 1997; Lobkowicz et al., 1998; Stöckhert et al.,
1999; Zulauf, 2001). Recent advances in the techniques of
quartz microstructure and texture analysis allow an acquisition
of large datasets, which may significantly improve our under-
standing of mechanics of the large scale tectonic processes
(Kurz et al., 2001, 2002; Stipp et al., 2004). In this contribution
we concentrate on quartz and plagioclase fabrics developed dur-
ing the Upper Cretaceous deformation of quartzo-feldspathic
basement rocks of the Vepor Unit in the West Carpathians.

2. Geological setting

The Central West Carpathians (Fig. 1) consist of three ma-
jor crustal units e Gemer, Vepor and Tatra e composed of
Variscan basement and Late Palaeozoic-Mesozoic metasedi-
mentary cover. The southern Gemer Unit consists of Lower
Palaeozoic volcano-sedimentary sequences affected by Varis-
can low/medium grade metamorphism (Faryad, 1991) and
CarboniferouseTriassic cover. Basement and cover of this
unit are tectonically overlain by Jurassic subduction-accre-
tionary complex of the Meliata Ocean (Faryad, 1995; Faryad
and Henjes-Kunst, 1997). The central Vepor Unit and the
northern Tatra Unit are composed of Variscan medium/high
grade metamorphic rocks, Carboniferous granitoids and Per-
mianeCretaceous cover. During Jurassic and Early Creta-
ceous the Vepor and Tatra Units were separated by the so
called Fatric domain, consisting of thinned basement and as-
sociated sedimentary basin (Krı́�zna). Cretaceous convergence
led to the South to North welding of the three main units and
to overthrusting of the Late PalaeozoiceLower Cretaceous
platform and rift-related sedimentary sequences of the Krı́�zna,
Cho�c, Turňa and Silica nappes (cf. Plašienka et al., 1997;
Fig. 1). As a result, the three main crustal units were stacked
in the following structural order from top to bottom, i.e., from
South to North (Fig. 2): (i) the Gemer Unit; (ii) the Vepor
Unit; and (iii) the Tatra Unit (e.g. Tomek, 1993; Lexa et al.,
2003; Plašienka, 2003). Cretaceous deformation and meta-
morphic overprint is seen as lower greenschist to greenschist
facies in the Gemer Unit (Faryad, 1997; Petrasová et al.,
2007), upper greenschist/amphibolite facies in the Vepor
Unit (Vrána, 1980; Janák et al., 2001; Koroknai et al.,
2001; Jeřábek et al., in press) and prehnite-pumpellyite facies
in the northern Tatra Unit (Krist et al., 1992).

2.1. Vepor Unit

The overall structure of the Vepor Unit is characterized by
an alternation of NEeSW trending belts with different litho-
logical content (Fig. 1). The basement is divided into two
complexes following the dominant lithology and structural po-
sition (Klinec, 1966). The structurally lower Hron Complex
(Fig. 2) is formed by paragneisses, micaschists and amphibo-
lites, which record Variscan and Alpine metamorphism
(Maluski et al., 1993; Ková�cik et al., 1996; Král’ et al.,
1996) reaching the staurolite/kyanite zone during both events
(Méres and Hovorka, 1991; Ková�cik et al., 1996; Jeřábek
et al., in press). The structurally higher Král’ova Hol’a Com-
plex is formed by Late Devonian migmatites and anatectic or-
thogneisses, and several large intrusive bodies of Lower
Carboniferous S-type granitoids and Upper-Carboniferous to-
nalites (Bibikova et al., 1988, 1990; Michalko et al., 1998).
The migmatites and anatectic orthogneisses have reached con-
ditions of partial melting during the Variscan and have been
reworked in greenschist facies during the Alpine event (Siman
et al., 1996), while the Late Variscan granitoids are only af-
fected by the greenschist facies Alpine metamorphism (Vrána,
1980; Jeřábek et al., in press). The division of the Vepor base-
ment into two litho-tectonic complexes (Klinec, 1966) was
later questioned mostly due to the differences in lithology
and degree of Alpine tectono-metamorphic reworking of the
southern and northern part of the Hron Complex (Fig. 1). Nev-
ertheless, the mutual structural relationship of the two domi-
nant lithologies within the Vepor Unit is identical to that of
the Tatra Unit and that of the eastern segment of the Vepor
Unit (Fig. 1), exhibiting lower degree of Alpine reworking (Ja-
nák, 1994; Jacko et al., 1996). Consequently, the inverted crus-
tal structure (granitoids overlying metasediments) within both
units argues for an inherited Variscan crustal stratification (Be-
zák et al., 1997). The southern rim of the Vepor basement
(Gemer/Vepor Contact Zone) consists of schists, which have
reached upper greenschist/amphibolite facies conditions dur-
ing the Variscan as well as the Alpine event (Lupták et al.,
2000; Jeřábek et al., in press).

Two metamorphosed cover successions with distinct litho-
stratigraphic content are recognised in the Vepor Unit (Biely,
1964). The Permo-Triassic para-autochthonous Foederata
Cover overlies basement rocks of the southern, eastern and
central part of the Vepor Unit (Fig. 1) whereas the Permian
to Lower Cretaceous allochthonous Vel’ký Bok Cover is pres-
ent at the northern edge of the Vepor Unit. Alpine metamor-
phism indicates very low-grade metamorphism in the Vel’ký
Bok Cover and lower greenschist facies conditions in the Foe-
derata Cover (Lupták et al., 2003).

3. Structural record

Three main deformation events were identified in the Varis-
can basement of the Vepor Unit and two in the Permian to
Lower Cretaceous cover (Fig. 2). The earliest deformation
event denoted as DV records Variscan deformation and affects
only the Vepor basement. The later two deformation events, af-
fecting both the basement and cover, are related to the first and
second Alpine deformation events denoted as DA1 and DA2.

The earliest deformation event DV has produced a high
grade metamorphic schistosity SV in the paragneisses-micas-
chists of the Hron Complex and in the schists of the southern
Gemer/Vepor Contact Zone, and a high grade orthogneiss
fabric and migmatite layering in the Král’ova Hol’a Complex.
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Fig. 1. Map of the Central West Carpathians region showing major tectonic units and the tectonic sketch of the Vepor Unit based on the collection of geological

maps of �CSSR 1:200,000 (1963e1964). Vepor Unit is divided into four tectono-stratigraphic units: Foederata Cover and Vel’ký Bok Cover successions; Gemer/

Vepor Contact Zone; Král’ova Hol’a Complex; Hron Complex. Locations of samples used for quartz texture analysis by Electron Back-Scattered Diffraction

(EBSD) and by Computer Integrated Polarization microscopy (CIP) techniques are indicated in the figure as well as structural profiles A-A0 and B-B0 presented

in Fig. 2. White rectangle corresponds to map section in Fig. 7.
In addition, the Late Variscan granitoids locally preserve
a magmatic fabric characterized by shape preferred orientation
of biotite and feldspars (cf. Siegl, 1982). The SV fabric gener-
ally shows EeW trends in the areas unaffected by later defor-
mation (Fig. 2).

The deformation event DA1 is characterized by the isoclinal
folding and transposition of previous fabrics into a new pene-
trative metamorphic foliation SA1 in the Hron Complex,
Král’ova Hol’a Complex and Gemer/Vepor Contact Zone, and
isoclinal folding and transposition of bedding in the Foederata
and Vel’ký Bok Cover (Figs. 2 and 3). In addition the late Va-
riscan granitoids of the Král’ova Hol’a Complex show a hetero-
geneous development of solid state deformation fabric. With an
exception of the Hron Complex, the deformation fabric SA1

gently dips to the East or South and it bears EeW to ENEe
WSW trending stretching lineation LA1, defined by alignment
of feldspar and quartz and/or linear arrangement of micas. In
some regions across the Vepor Unit the LA1 represents an
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Fig. 2. NNWeSSE structural profile A-A0 and WSWeENE structural profile B-B0 across the Vepor Unit shown in Fig. 1. Deformation structures are: SV e Variscan

metamorphic foliation, SA1 e Alpine metamorphic foliation, LA1 e Alpine lineation, SA2 e axial planes of FA2 e folds, LA2 e axis of FA2 folds, DV e Variscan de-

formation event, DA1 e first Alpine deformation event, DA2 e second Alpine deformational event. The pole figures are lower hemisphere equal area Schmidt

projections.
intersection lineation resulting from the superposition of the
sub-horizontal SA1 over the older generally EeW trending SV

fabric. The intersection lineation is parallel to the axes of lo-
cally preserved isoclinal folds FA1. In the Hron Complex, the
SA1 fabric dips towards the NW or SE at shallow to steep angles
(Figs. 2 and 3) mostly as a result of subsequent DA2 folding,
which heterogeneously affects the entire Vepor Unit.

During the deformation event DA2, large scale folds develop
in the Hron Complex and Gemer/Vepor Contact Zone, while
a crenulation cleavage affects the DA1 high strain domains in
the Král’ova Hol’a Complex and in the cover formations. Gen-
erally, the FA2 folds have subvertical NEeSW to ENEeWSW
trending axial planes and subhorizontal axis. In this study we
concentrate on a detailed characterization of the first Alpine de-
formation event DA1, which is best preserved in the deformed
granitoids of the Král’ova Hol’a Complex (Fig. 4a) and overly-
ing quartzite-arcose of the Foederata Cover (Fig. 4b).

3.1. Strain analysis

Strain analysis is based on the shape of recrystallized
quartz aggregates (Fig. 5) and focuses on the record of DA1

within the granitoids of the Král’ova Hol’a Complex. The
analysis was carried out at 59 sites using XZ sections
(parallel to lineation and perpendicular to foliation) and YZ
sections (perpendicular to lineation and foliation). Thin sec-
tion photographs were taken in transmitted light with dark
field illumination in order to distinguish darker quartz aggre-
gates (Fig. 5). Aggregate outlines were digitized and pro-
cessed in the PolyLX Matlab toolbox (Lexa, 2003). The
number of digitized aggregates ranges from 20 to 100 with
an average of 45 aggregates per sample. In order to estimate
finite strain, the irregular shapes of individual quartz aggre-
gates are approximated by ellipses representing the orienta-
tion tensor of decomposed boundaries (Scheidegger, 1965).
The axial ratio (Rs) of the strain ellipse is calculated for
both the XZ and YZ sections using the inverse strain model-
ling in PolyLX Matlab toolbox (arfphiw routine; Lexa, 2003).
In this modelling the best Rs value is obtained by minimising
the bulk weighted axial ratio according to:

WRs ¼
XN

n¼1

0
BB@Rn

Wn

PN
n¼1

Wn

1
CCA ð1Þ

where Rn is axial ratio after the applied inverse strain Rs is
parallel to the shape preferred orientation (SPO) and Wn is
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Fig. 3. Map of metamorphic foliation SA1 and lineation LA1 (average values are calculated using the Spheristat software).
the n-th aggregate weight, being linearly proportional to its
area. Finally, the parameters of deformation symmetry (K )
and deformation intensity (D) (Ramsay, 1967) are derived
for each of the analysed sites.

The values of D of the quartz aggregates within granitoids of
the Král’ova Hol’a Complex range between 0.34 and 1.7 and do
not show substantial regional variations (Fig. 6a). The resulting
D values, however, correspond to minimum strain estimates as
the shapes of quartz aggregates underestimate the bulk strain
because of deformation partitioning between the intercon-
nected weak layers (matrix) and the stronger quartz aggregates.
The values of K range between 0.05 and 6 and exhibit regional
variations presented in Fig. 6b. Generally the finite strain ellip-
soids of the central part of the Král’ova Hol’a Complex show
Fig. 4. (a) Deformed granitoids of the Král’ova Hol’a Complex. (b) Deformed quartzites of the Foederata Cover.
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Fig. 5. Examples of oblate (PP229) and prolate (PP1103) type of finite strain (for location of samples see Fig. 6). Strain ellipsoids were determined using the shapes

of recrystallized quartz aggregates in XZ and YZ thin sections. The strain ellipse ratios Rxz and Ryz as well as the resulting finite strain ellipsoid symmetry

parameter (K) and the dip direction/dip of foliation (SA1) and lineation (LA1) for both the samples are indicated in the figure.
moderately oblate (K < 1) to plane strain symmetry that grad-
ually passes to prolate symmetry (K > 1) towards the North-
west and Southeast of the Vepor Unit. The majority of the
strain data in the Flinn diagram is concentrated below the plane
strain (K ¼ 1) line (Fig. 6). However, this is in part the effect of
a smaller number of samples from the prolate regions of the Ve-
por basement where sampling is difficult due to a widespread
occurrence of low strain and undeformed domains.

4. Microstructural record

The microstructural features of the granitoids do not vary
much across the entire Král’ova Hol’a Complex. The micro-
structure is dominated by the first Alpine deformation event
DA1, although quartz also exhibits some relict microstructures
of the pre-Alpine DV and weak overprints of the second Alpine
DA2 deformation. Texture analysis of plagioclase and quartz is
used to infer the recrystallization mechanism, the type of
strain and the kinematics of DA1.

4.1. Changes of chemistry and composition e
microstructural and metamorphic zonation

During DA1 the granitoids of the Král’ova Hol’a Complex
experienced intense metamorphic and compositional changes
(cf. Putiš et al., 1997). The magmatic mineral assemblage con-
sisting of quartz, K-feldspar, oligoclase, muscovite, biotite and
rarely allanite and garnet was replaced by the metamorphic min-
eral assemblage consisting of quartz, albite, phengitic musco-
vite, biotite, chlorite, epidote and calcium-rich garnet. The
most important metamorphic transformations in terms of bulk
microstructural changes in the granitoids are: (1) replacement
of magmatic plagioclase by albite; (2) replacement of K-feld-
spar phenocrysts by polycrystalline albite and/or albite lamellae
along the K-feldspar cleavage; and (3) formation of fine-grained
muscovite (sericite) at the expense of feldspar. These reactions
can be understood as a cation exchange between alkalis, where
sodium released from the plagioclase is exchanged for potas-
sium to form albite lamellae in the K-feldspar, while potassium
from the K-feldspar is used to form sericite (Hippertt, 1998; and
references therein). Calcium released from magmatic plagio-
clase is incorporated into epidote and grossular-rich garnet. In
highly deformed granitoids, the modification of the bulk rock
composition is often manifested by the formation of phyllonites
of alternating sericite and quartz aggregates.

A detailed microstructural and petrographic study has been
carried out on approximately 130 samples from 55 sites in the
central part of the Král’ova Hol’a Complex (Fig. 7a). We iden-
tified an EasteWest metamorphic and microstructural zona-
tion, indicating an increase in metamorphic PeT conditions
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Fig. 6. The results of strain analysis presented in Flinn diagram and in the map of the Král’ova Hol’a Complex. The grid of deformation intensity parameter D (a);

and deformation symmetry parameter K (b) were obtained by applying the inverse distance weighted (IDW) interpolation method in the MapInfo software. Dashed

line K¼ 1 divides the Král’ova Hol’a Complex into two regions exhibiting dominantly prolate or oblate types of strain. Region of NO DATA corresponds to areas

exhibiting minor overprint by the first Alpine deformation. Locations of samples PP229 and PP1103 (see Fig. 5) are indicated in (b).
towards the structural footwall in the West. The East to West
metamorphic and microstructural changes comprise: (1) col-
our change of biotite from green to brown; (2) increasing
modal proportion of biotite at the expense of chlorite; and
(3) increasing grain size of the newly formed muscovite, bio-
tite, plagioclase and recrystallized quartz. The bulk micro-
structural changes across the zonation were evaluated by
using modal analysis (Fig. 7b). The analysis indicates West-
ward decrease in modal proportion of plagioclase and quartz
porphyroclasts related to the progressive neocrystallization
of albite and recrystallization of quartz. In contrast, the modal
proportion of K-feldspar porphyroclasts increases, showing
more intense replacement by muscovite in the East (Fig. 7b).

The modal analysis in the central part of the Král’ova Hol’a
Complex was complemented with a petrological study. Using
the phase equilibrium modelling in the software Perple_X
(Connolly, 2005) and based on garnet isopleths, an increase
in metamorphic conditions from 430e450 �C and 5.5 to
6.5 kbar in the East to 470e480 �C and 8e8.5 kbar in the
West (Jeřábek et al., in press; Fig. 7c) can be inferred. The gar-
net compositional zoning records a prograde metamorphic
evolution and an increase in PeT conditions of up to 25 �C
and 1 kbar (Fig. 7c). The compositional zoning of garnets
and prograde character of the Alpine metamorphism has also
been recognised in other parts of the Vepor Unit (Méres and
Hovorka, 1991; Ková�cik et al., 1996; Plašienka et al., 1999;
Janák et al., 2001; Jeřábek et al., in press).

4.2. Plagioclase microstructure

The plagioclase microstructure within granitoids of the
Král’ova Hol’a Complex is largely controlled by metamorphic
reactions (neocrystallization) during DA1. Original magmatic
plagioclase of unknown anorthite content and K-feldspar por-
phyroclasts are homogeneously replaced by albite (Fig. 8a),
some disintegrate into albite and sericite matrix (Fig. 8b).
Small neocrystallized albite grains (approx. 20 mm in the
East of the central part of the Král’ova Hol’a Complex and
30 mm in the West) occur either in direct contact with the orig-
inal porphyroclasts (preferentially in their pressure shadows) or
dispersed in the matrix where they usually mix with quartz and
sericite.
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Fig. 7. (a) Map section corresponding to white rectangle in Fig. 1 showing sites of detailed microstructural analysis. (b) Modal analysis carried out from thin

sections along the profile 1e9 illustrates the West to East bulk microstructural changes in the granitoids during DA1. Crossed white squares in (a) indicate locations

of samples (PP150, PP28, PP229 and PP225) used for PeT calculations in (c) (for details see Jeřábek et al., in press). (c) Arrows in the PeT diagram correspond to

segments of prograde PeT paths determined for each of the four samples. Metamorphic gradient of 15 and 18 �C/km (dashed lines) is also indicated.
4.2.1. Plagioclase textures
Full crystallographic preferred orientation (CPO) of neo-

crystallized albite grains was measured on XZ thin sections
using the electron back-scattered diffraction (EBSD) method.
The EBSD patterns have been acquired using the HKL system
attached to scanning electron microscope CAMSCAN 54 at
the Institute of Petrology and Structural Geology, Prague. A
total of 20 kV acceleration voltage, 39 mm working distance,
w5 nA beam current and 70� sample tilt were used.

The textures of albite single-phase matrix are characterized
by weak (diagrams 10M and 14M in Fig. 9) or random CPO’s
(diagrams 1M, 12M and 13M in Fig. 9). In contrast, the pole
figures of recrystallized albite grains in the immediate vicinity
of plagioclase porphyroclasts show rather strong CPO’s (dia-
grams 6 Cp, 7 Cp, 9 Cp, 11 Cp in Fig. 9) that coincide with
the CPO of the original porphyroclasts (open squares in
Fig. 9). This suggests a host controlled neocrystallization of
albite induced by the metamorphic and compositional changes
in the rock (Ji and Mainprice, 1988; Stünitz, 1998; Kruse
et al., 2001). The absence of CPO in the highly deformed al-
bite matrix and the weak CPO in less deformed albite matrix
indicate a progressive destruction of the originally host con-
trolled CPO’s and a pervasive alignment of the CPO within
the kinematic framework by diffusion creep deformation
mechanism in the interconnected weak layers (Padmanabhan
and Davies, 1980; Stünitz and Fitz Gerald, 1993; Rutter
et al., 1994; Fliervoet et al., 1997; Newman et al., 1999).

4.3. Quartz microstructure

Granitoids of the Král’ova Hol’a Complex show three types
of quartz deformation microstructures, characterized by differ-
ent temperature conditions related to three main deformation
events recorded in the Vepor Unit (Fig. 10). The microstruc-
ture, related to the first deformation, has only been observed
in low strain domains preserved entirely from DA1
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Fig. 8. Plagioclase microstructures: (a) replacement of K-feldspar porphyroclast by polycrystalline albite (left) and formation of small albite grains in the porphyr-

oclast pressure shadow (centre), and (b) albite matrix. Rectangles highlight domains used for EBSD analysis; pole figures for the sample PP177 and PP33 are

shown in Fig. 9 as 9Cp and 10M, respectively.
deformation. This microstructure is characterized by high tem-
perature features such as island grains and lobate boundaries
of large quartz grains (Fig. 10a), typical of high temperature
grain boundary migration (GBM) as described by Stipp
et al. (2002b). The earliest quartz microstructure probably co-
incides with the magmatic or high temperature stage of Late
Variscan tectonic evolution.

The second deformation and the corresponding quartz
microstructure are related to DA1 and can be found in the
majority of analysed samples. It is characterized by the de-
velopment of core and mantle microstructures in the East
and centre of the Král’ova Hol’a Complex (Fig. 10b) and
by completely recrystallized quartz aggregates, exhibiting
lobate grain boundaries in the West (Fig. 10c). The presence
of core and mantle microstructure indicates a dominance of
rotation recrystallization (White, 1979) while the lobateness
of grain boundaries suggests dominant strain induced grain
boundary migration (Poirier and Guillope, 1979; Urai
et al., 1986). Generally, the quartz microstructure across
the whole Král’ova Hol’a Complex corresponds to the natural
subgrain rotation recrystallization (SGR) microstructure of
Stipp et al. (2002b). In the Easternmost parts of the Král’ova
Hol’a Complex, the microstructures exhibit features charac-
teristic for the transition from subgrain rotation to low
temperature bulging recrystallization microstructures (SGR/
BLG) (Fig. 10b), whereas in the central and Westernmost
parts of the Král’ova Hol’a Complex they correspond to the
transitional SGR/GBM (Stipp et al., 2002b) (Fig. 10c).
Thus, there is a temperature or strain rate gradient (or
both) from East to West. The deformation temperatures for
the Easternmost parts of the Král’ova Hol’a Complex can
be approximated by the metamorphic conditions of the over-
lying Foederata Cover indicating 380 �C (Lupták et al.,
2003), while for the central and Westernmost parts of the
Král’ova Hol’a Complex the metamorphic conditions of
granitoids indicate 450e480 �C (Jeřábek et al., in press).
In the West, the previously-described quartz microstructures
show a weak overprint by low temperature features such as
small scale serration of grain boundaries and rare occurrence
of small grains in the triple junctions of the larger quartz grains.
This overprint can be correlated with the low temperature bulg-
ing recrystallization (BLG) of Stipp et al. (2002b). Similar
overprint occurs also in the southeastern part of the Král’ova
Hol’a Complex, where the low temperature recrystallization
of quartz occurs along discrete shear surfaces crosscutting
the deformation fabric SA1 (Fig. 10d). Thus, the low tempera-
ture overprints are associated with the folding during the sec-
ond Alpine deformation DA2, i.e., with a weak overprint of
the Král’ova Hol’a Complex granitoids and intense folding of
the Hron Complex paragneisses and micaschists.

4.3.1. Quartz textures
The CPO of recrystallized quartz grains has been deter-

mined from XZ thin sections either by using the electron
back-scattered diffraction (EBSD) method or by using the com-
puter integrated polarization (CIP) microscopy. The EBSD data
acquisition is described in the ‘‘Plagioclase microstructure’’
section and the fundamentals of the CIP method are explained
in Panozzo Heilbronner and Pauli (1993) and Heilbronner
(2000).

The CPO of recrystallized quartz has been determined at 26
localities in the Král’ova Hol’a Complex and Foederata Cover
(for locations of EBSD and CIP samples see Fig. 1) and the
results are shown in Figs. 11 and 12. In order to compare
the inclination of CPO’s from all the analysed samples, the
pole diagrams in Figs. 11 and 12 are presented within the
same geographic reference frame, defined by the common ori-
entation of generally EasteWest trending stretching lineation
(see dip direction/dip of stretching lineation LA1 in Figs. 11
and 12). The most typical textures are single or crossed
girdles, characterized by: (1) maxima located at or near the pe-
riphery of the c-axis pole figure and showing 20� half-aperture



Fig. 9. Crystallographic orientation of recrystallized albite grains (small solid squares) obtained by Electron Back Scattered Diffraction (EBSD) in the XZ section

of the finite strain ellipsoid. Lower hemisphere equal area projection pole figures represent [100] direction e [a-axis], poles to (010) plane and poles to (001) plane.

Numbering of diagrams indicates sample locations in Fig. 1. Recrystallized grains (Cp) surrounding plagioclase porphyroclasts and recrystallized grains (M ) in

matrix are shown separately. N ¼ number of measured grains. In the Cp diagrams open squares indicate orientation of the host grain. Original sample names and

the dip direction/dip of foliation (SA1, horizontal line in the pole figures) and stretching lineation (LA1) are indicated in the figure.
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(1Or, 5Qv, 7Or, 9Or in Fig. 11); and (2) by a single maximum
near the centre of the c-axis pole figure (6Or, 9Or, 11Or, 14Or,
15Or in Fig. 11). Such patterns suggest that the deformation of
quartz has taken place by dislocation creep on basal <a>,
rhomb <a þ c> and prism <a> slip systems (e.g. Schmid
and Casey, 1986). The c-axis pole figures obtained by CIP
(Fig. 12) show similar patterns as those obtained by EBSD
(compare, e.g., diagrams 8Qu, 26Qv, 26Or and diagrams
10Or, 28Or in Figs. 11 and 12). Also there are no significant
differences among the CPO’s determined at the same location
from different lithologies (compare, e.g., diagrams 26Or and
26Qv in Fig. 12).

The inclination of single or crossed girdle types of <c>-
axis and <a>-axis pole figures with respect to foliation (Lister
and Williams, 1979; Simpson and Schmid, 1983; Schmid and
Casey, 1986) indicates either top-to-the-West (5Qv, 6Or, 9Or,
11Or, 14Or, 22Or, 26Or; Figs. 11 and 12) or top-to-the-East
(21Or, 24Or; Figs. 11 and 12) sense of movement, or yield
no conclusive shear senses. However, the texture analysis
clearly demonstrates that conflicting shear senses occur even
within the same thin section as exemplified in Fig. 13. This ob-
servation is consistent with other microscopic shear sense in-
dicators (e.g. sigma porphyroclasts, book shelves), which
mostly do not exhibit an unequivocal sense of shearing within
a single thin section. Our regional shear sense determinations
contrast with the overall top-to-the-East sense of shearing,
reported, e.g., by Putiš et al. (1997), Plašienka et al. (1999)
and Hrouda et al. (2002).

5. Estimates of differential stress and strain rate

In this section we concentrate on the determination of
differential stresses and strain rates within granitoids of the
Král’ova Hol’a Complex during the DA1. The recrystallized
quartz grain size is evaluated as a function of the microstruc-
tural zonation at the BLG/SGR transition (Stipp et al., 2002b)
at 380 �C (Lupták et al., 2003) in the Easternmost parts of the
Král’ova Hol’a Complex and at the SGR/GBM transition at
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Fig. 10. Three varieties of quartz deformation microstructures in the granitoids of the Král’ova Hol’a Complex. (a) island grains (arrows) and lobate grain bound-

aries at high temperatures (see text); (b) core and mantle microstructure and transition between SGR/BLG microstructure at medium temperatures; (c) lobate grain

boundaries and transition between SGR/GBM microstructure at medium temperatures; and (d) recrystallization along discrete shear surfaces (arrows) at low

temperatures.
480 �C (Jeřábek et al., in press) in the central and Westernmost
parts of the Král’ova Hol’a Complex.

5.1. Recrystallized quartz grain size

Recrystallized quartz grain sizes have been determined
from XZ thin sections at 102 sites, distributed over the entire
Král’ova Hol’a Complex. An interpolated map of recrystallized
grain size is shown in Fig. 14. Fully recrystallized quartz
aggregates (Fig. 10c) and recrystallized grains in the vicinity
of original quartz porphyroclasts (Fig. 10b) have been selected
for the analysis. The absence of interfering second phase par-
ticles inside the recrystallized quartz aggregates has been ver-
ified by light microscopy at high magnifications. Local
variations in the recrystallized quartz grain size, related to
stress concentrations in the vicinity of strong plagioclase and
K-feldspar porphyroclasts (Handy, 1990; Prior et al., 1990),
are avoided by analysing the aggregates with intermediate
grain size. We have used the automatic grain boundary
detection method of Heilbronner (2000) and e for each anal-
ysis e a set of nine cross-polarized photomicrographs, ob-
tained by rotating both the polarizer and analyzer within an
interval of 0e90�. The diameter of each grain (defined as di-
ameter of a circle with the same area) has been calculated from
digitized grain boundary maps using the PolyLX Matlab tool-
box (Lexa, 2003). The number of measured grains range from
250 to 1000 with the average of 520 grains per sample. Due to
the log-normal nature of analyzed grain diameter distributions,
the median has been used to characterize the average recrystal-
lized quartz grain size in each sample (Ranalli, 1984) and an
interquartile range (IQR) defined as the difference between
upper and lower quartile of the grain size distribution has
been used to determine the confidence interval.

The recrystallized quartz grain size shows systematic varia-
tions across the Král’ova Hol’a Complex along the ENEeWSW
as well as NNWeSSE gradient (Fig. 14). On the interpolated
grain size map the contour lines are subparallel to the trend-
lines of the deformation fabric SA1 (Fig. 3) indicating that the



Fig. 11. Crystallographic orientation of recrystallized quartz grains measured by Electron Back Scattered Diffraction (EBSD) in the XZ section of the finite strain

ellipsoid. Lower hemisphere equal area projection pole figures represent poles to base (0001) [c-axis], poles to the first order prism {10e10}<m-axes> and poles to

the second order prism {11e20}<a-axes>. Numbering of diagrams indicates sample locations in Fig. 1. Or e orthogneiss samples, Qv e quartz veins samples, Qu e

quartzite samples. Original sample names, the dip direction/dip of foliation (SA1, horizontal line in the pole figures) and stretching lineation (LA1), and the number of

measured grains (N ) are also indicated. Contours refer to multiples of the uniform density distribution; the geographic reference frame common to all presented pole

figures is shown in lower right. The arrows indicating sense of shear are determined from inclination of single and crossed girdles with respect to the foliation SA1.
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Fig. 12. C-axis pole figures of recrystallized quartz grains obtained by using Computer Integrated Polarization (CIP) microscopy technique in the XZ section of the

finite strain ellipsoid. Numbering of diagrams indicates sample locations in Fig. 1. Or e orthogneiss samples, Qv e quartz veins samples, Qu e quartzite samples.

Two pole figures for each location were obtained by analysing different areas within one thin section. Original sample names and the dip direction/dip of foliation

(SA1, horizontal line in the pole figures) and stretching lineation (LA1) are also indicated. Contours refer to multiples of the uniform density distribution; the geo-

graphic reference frame common to all presented pole figures is shown in lower right. The arrows indicating sense of shear are determined from inclination of

single and crossed girdles with respect to the foliation SA1.
recrystallized grain size decreases towards the structural hang-
ing wall Foederata Cover, occurring in the East and centre of
the Vepor Unit (compare Figs. 1 and 14). In the vicinity of
the Foederata Cover in the East the median grain size reaches
a minimum of 28 mm; a maximum of 100 mm is found in the
West (Fig. 14). The interquartile range (IQR) is 63 mm on av-
erage with a minimum and maximum value of 19 and 89
microns, respectively. The grain size increase towards the
structural footwall is paralleled by an increase in temperature
in the central part of the Král’ova Hol’a Complex. Here the
westward increase in peak PeT conditions (Fig. 7) from
450 �C and 6.5 kbar to 480 �C and 8.5 kbar (Jeřábek et al., in
press) corresponds to an increase in median recrystallized
quartz grain size from 70 to 83 microns (Fig. 14).

5.2. Differential stress estimates from recrystallized
quartz

Among the experimentally calibrated piezometers (Mercier
et al., 1977; Christie et al., 1980; Koch, 1983; Stipp and Tullis,
2003), the most recent piezometer of Stipp and Tullis (2003),
established for the experimental dislocation creep regimes
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Fig. 13. The XZ section of the sample PP1095 shows recrystallized quartz aggregate with core and mantle microstructure. The corresponding CIP c-axis pole

figures (diagrams number 20 in Fig. 12) of recrystallized quartz within selected regions (ellipses) are shown. EeW directions and the dip orientation of foliation

(SA1) and lineation (LA1) are also indicated.
2e3 (Hirth and Tullis, 1992), provides the best mechanical
constraints in terms of stress resolution, steady state control
and starting material for wet quartz. At the same time, the the-
oretical piezometer of Twiss (1977) has been used in most of
the recent studies on natural mylonites (Dunlap et al., 1997;
Stöckhert et al., 1999; Stipp et al., 2002a) following the rec-
ommendation of Gleason and Tullis (1993, 1995). We have
therefore used both piezometers to constrain differential
Fig. 14. Measured þ interpolated grain size of recrystallized quartz across the Král’ova Hol’a Complex. Medians of the grain size distribution determined from

indicated sites served as input for the grid calculation by the inverse distance weighted (IDW) interpolation method in the MapInfo. White squares indicate lo-

cations of samples used for strain rate estimates (see text and Table 2). PeT conditions for samples PP150, PP28, PP229, PP225 and MM136 were taken

from Jeřábek et al. (in press). For sample PP749, we used the PeT estimates from nearby sample DOPO2 of Lupták et al. (2003). Ellipse shows a locus of a detailed

microstructural analysis (see Fig. 7 and text for explanation).
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stresses within the Král’ova Hol’a Complex. The piezometers
are applied in the form:

Ds¼ BD�p ð2Þ

where Ds is the differential stress, D is the recrystallized grain
size, and B and p are empirical constants (B ¼ 677.42 and
p ¼ 0.68 for Twiss, 1977; B ¼ 668.95 and p ¼ 0.7936 for
Stipp and Tullis, 2003).

The investigated quartz microstructures do not indicate an-
nealing, so that grain growth (Hacker et al., 1990, 1992) or
other modification (Heilbronner and Tullis, 2002) did not
have to be considered. The median recrystallized quartz grain
size ranges between 28 and 100 mm in the Král’ova Hol’a
Complex and indicates differential stresses for recrystallized
quartz between 17 and 47 MPa (using the piezometer of Stipp
and Tullis, 2003), and between 29 and 69 MPa (using the pi-
ezometer of Twiss, 1977).

5.3. Strain rate

The strain rate in natural conditions can be calculated by
using experimentally derived flow laws extrapolated to natural
conditions. The suggestion of Paterson (1989) to include the
water fugacity term into the flow law has been followed by
Gleason and Tullis (1995), Kohlstedt et al. (1995) and Post
et al. (1996) and their flow law takes the following form:
_3¼ ADsnf m
ðH2OÞ expð �Q=RTÞ ð3Þ

where _3 is the strain rate, A is a material constant, Ds is the
differential stress, n is the stress exponent, f(H2O) is the water
fugacity, m is the water fugacity exponent, Q is the creep ac-
tivation energy per mole, R is the Boltzmann constant per
mole and T is the temperature.

The coefficients A, n and Q for the experimentally deter-
mined flow law by Luan and Paterson (1992) as well as the
geologically constrained empirical flow laws of Paterson
and Luan (1990) and Hirth et al. (2001) (Fig. 15) are listed
in Table 1. The water fugacity exponent is set to m ¼ 1 fol-
lowing Kohlstedt et al. (1995) and Hirth et al. (2001). In order
to reduce the differences in water fugacity and to adjust the
flow laws to the deformation conditions of the Král’ova
Hol’a Complex granitoids, the flow law curves in Fig. 15
are normalised to water fugacities corresponding to the con-
fining pressures obtained from the average Alpine metamor-
phic field gradient of 16.5 �C/km (Jeřábek et al., in press)
and the average rock density of 2700 kg/m3. The fugacity co-
efficients of Tödheide (1972) were used.

Differential stress, temperature and pressure determined at
six sites reflecting different vertical levels of the Král’ova
Hol’a Complex (see Fig. 14) have been used to calculate the
strain rate during DA1 (Table 2). Peak PeT estimates for the
samples PP28, PP150, PP225, PP229 and MM136 (central
part of the Král’ova Hol’a Complex; Figs. 7 and 14) have
been taken from Jeřábek et al. (in press). For the sample
Fig. 15. Differential stress and temperature diagram showing differential stresses and temperatures determined at six sites within the Král’ova Hol’a Complex (for

locations see Fig. 14 and for stress and temperature data see Table 2). Triangles indicate differential stresses obtained according to the piezometer of Twiss (1977)

and diamonds those according to Stipp and Tullis (2003). Curves of constant strain rate are calculated from flow laws of Paterson and Luan (1990), Luan and

Paterson (1992) and Hirth et al. (2001). All the flow laws are normalized to water fugacities at temperatures and confining pressures using the average Alpine

metamorphic field gradient of 16.5 �C/km (Jeřábek et al., in press).
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PP749 (Easternmost part of the Král’ova Hol’a Complex;
Fig. 14), the peak PeT estimate from nearby Foederata Cover
(sample DOPO2 of Lupták et al., 2003) was used. The flow
laws of Paterson and Luan (1990), Luan and Paterson (1992)
and Hirth et al. (2001) were used because they also match
the wide range of the conditions at the Eastern Tonale mylon-
ite zone (see Fig. 7 in Stipp et al., 2002a). Using the differen-
tial stresses obtained by the piezometer of Stipp and Tullis
(2003) and Twiss (1977), the strain rates determined by the
three flow laws are in the range of 10�12e10�16 s�1 and
10�11e10�15 s�1, respectively (Table 2, Fig. 15).

6. Discussion

6.1. Stretching of the Vepor Unit perpendicular
to orogenic shortening

The orientation of the lineation defined by shape preferred
orientation of quartz aggregates and micas in conjunction
with the quartz texture analysis indicate that during the devel-
opment of the subhorizontal deformation fabric SA1, the Vepor
Unit underwent stretching in the EasteWest direction, i.e., par-
allel to the strike of the Cretaceous West Carpathian orogen.

The shape analysis of deformed quartz aggregates shows
predominantly plane strain to moderately oblate ellipsoids in
the highly deformed central area of the Král’ova Hol’a Com-
plex and plane strain to prolate ellipsoids towards its marginal
parts (Fig. 6). This observation contrasts with the shape of
skeletons of the quartz c-axis pole figures, which despite the
heterogeneity of quartz CPO’s related to low strain of the
quartz aggregates (D ¼ 0.34e1.7), suggests an overall plane
strain symmetry (Schmid and Casey, 1986) of the first Alpine
deformation DA1 (Figs. 11 and 12). This discrepancy can be
explained by the different capacity of SPO and CPO to record
the deformation history. The subhorizontal and dominantly
plane strain deformation fabric SA1 has been superposed on
the pre-existing Variscan fabric SV, which generally exhibits
EasteWest trends in the areas unaffected by the Alpine defor-
mation. Consequently, the prolate shapes of quartz aggregates
may occur in areas with an originally steeply dipping pre-
Alpine fabric whereas the oblate aggregates may occur in
areas with an originally gently-dipping pre-Alpine fabric.
Thus while the SPO records the cumulative effect of DV and
DA1, the quartz CPO is completely reset by DA1.

In many instances the asymmetrical character of the CPO
suggests plane strain simple shear. However, the inclination
of the c-axis with respect to the foliation SA1 as well as other
microscopic shear sense indicators do not show a con-
sistent sense of shear across the Vepor Unit. Therefore the

Table 1

Coefficients of the flow laws used in this study

Q [kJ mol�1] A [MPa�n s�1] N

Paterson and Luan (1990) 135 6.5 � 10�8 3.1

Luan and Paterson (1992) 152 4 � 10�10 4

Hirth et al. (2001) 135 6.30957 � 10�12 4
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EasteWest oriented flow within the Vepor basement may be
a pure shear deformation on the regional scale, which is ac-
commodated by local conjugate simple shear zones operating
on sample or even aggregate scale (Fig. 13).

6.2. Contrasting deformation pattern within the
Vepor Unit

The EasteWest horizontal ductile flow in the Vepor Unit
during DA1 contrasts, both, geometrically and kinematically,
with the deformation of the adjacent southern Gemer and
northern Tatra Units. The Cretaceous NortheSouth shortening
of the Central West Carpathians (CWC), described within the
southerly supra-structural Gemer Unit and the Tatro-Fatric do-
main in the north (Lexa et al., 2003; Plašienka, 1995, 2003), is
associated with the crustal-scale thrust sheet stacking (Tomek,
1993; Plašienka et al., 1997). Meanwhile, the low-viscosity
Vepor Unit, being surrounded by two strongly non-coaxial
crustal-scale thrust zones (Plašienka, 1993; Plašienka, 2003),
experience coaxial orogen-parallel stretching described in
this work. The orogen-parallel stretching has been docu-
mented in internal domains of many continental collisional
systems and is often termed ‘‘orogen-parallel extension or
lateral escape’’ (e.g. Ellis and Watkinson, 1987 in the Caledo-
nides, Burg et al., 1994 in the European Variscides and Dewey
et al., 1988 in the Tibetan plateau).

Orogen-parallel extension is commonly seen as associated
with syn-convergent exhumation of deeply buried crustal
rocks (e.g. Selverstone, 1988; Ratschbacher et al., 1991a,b;
Mancktelow and Pavlis, 1994; Janák et al., 2001; Fügenschuh
and Schmid, 2005). However, in the Vepor basement the defor-
mation fabric SA1 is associated with an increase in pressure
and temperature, suggesting that the orogen-parallel flow has
occurred contemporaneously with burial (Jeřábek et al., in
press).

Recently, Indares et al. (2000) described orogen-parallel
stretching perpendicular to general thrusting in rheologically
weaker units bounded by strong thrust sheets. These authors
suggest that the lateral escape is connected to ductility con-
trasts between adjacent thrust slices. In agreement with this
model, the Vepor Unit may be considered as the weak part
of the CWC stack due to the reaction softening and the PeT
increase related to its underthrusting beneath the Gemer
Unit. However, the Indares et al. (2000) model does not solve
the commonly criticised space problem related to lateral es-
cape tectonics. This issue is thoroughly discussed by Seyferth
and Henk (2004) who suggest that the orogen-parallel exten-
sion is intimately related to continental collision and occurs
contemporaneously with convergence. In their numerical
model, the lateral extrusion occurs in areas where the collision
zone adjoins a weakly constrained lateral foreland (unconfined
lateral boundary condition), which is only balanced by litho-
spheric pressure. Importantly, the Vepor e Gemer stack repre-
sents an integral part of an Eastern Alpine Cretaceous
subduction e collision system, which was extruded from the
Alpine domain during Cenozoic (Schmid et al., 2004). There-
fore, the boundary conditions of the Early Cretaceous
convergent system remain poorly constrained and the exis-
tence of unconfined eastern Alpine-Carpathian margin can
be considered as a possible hypothesis (Frank and Schlager,
2006).

The last stage of the NortheSouth convergence of the CWC
recorded by the second Alpine deformation DA2 within the
Vepor Unit is seen as large scale folding of the subhorizontal
deformation fabric SA1 resulting in heterogeneous exhumation
of the deep Vepor basement (Jeřábek et al., in press). The ob-
served variations in differential stresses and PeT conditions at
the present erosion level are most probably related to passive
exhumation of orogenic fabric SA1 related to folding.

The DA2 folding event is responsible for the development of
the third and lowest temperature quartz microstructure with
discrete shear surfaces displaying low temperature recrystalli-
zation of quartz. These structures may be associated with the
late stages of exhumation, when the tectonic denudation of
the Gemer Unit occurred via low angle detachment shearing
at the contact between the Vepor and Gemer Units (Hók
et al., 1993; Plašienka, 1993; Plašienka et al., 1999; Janák
et al., 2001).

6.3. Strain rates, temperatures and quartz
microstructures in the Vepor Unit

With increasing deformation and metamorphic transforma-
tion of the granitoids the reacting products form interconnected
weak layers (Handy, 1990), which progressively controls the
deformation of the Král’ova Hol’a Complex. At the same
time, the quartz microstructure is approximately constant, de-
pending only on the increase of temperature towards the struc-
tural footwall. The question arises whether the metamorphic
assemblage and especially the garnet zoning used for tempera-
ture estimates occurs coevally with the deformation of quartz.
The linkage between SA1 and burial instead of exhumation is
supported by: (1) the mineral assemblage of the interconnected
weak layers (SA1) consisting of phengitic muscovite, neocrys-
tallized albite, biotite in equilibrium with chlorite and small
garnet, which define peak PeT conditions (Jeřábek et al.,
in press); and (2) the absence of substantial low-temperature
overprint of SA1 quartz microstructures as well as of low-grade
reactivation of the matrix. Furthermore, the lack of annealing
and relative uniformity of quartz microstructure suggests rapid
transition from burial to exhumation without significant reacti-
vation of the syn-burial fabrics, respectively.

The DA1 quartz microstructures in the structurally higher
central and eastern parts of the Král’ova Hol’a Complex
show SGR dislocation creep while the Easternmost samples
suggest a near-transition to low temperature BLG creep. At
natural conditions and strain rates of w10�12 s�1, the lower
temperature limit of the SGR dislocation creep is expected
at around 400 �C (Stipp et al., 2002a,b). In contrast, the higher
temperature DA1 quartz microstructure in the structurally
lower western part of the Král’ova Hol’a Complex shows a con-
tribution of high temperature GBM indicating a transitional re-
gime between SGR and GBM. Stipp et al. (2002a,b) estimate
that the transition between SGR and GBM dislocation creep at
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strain rates of w10�12 s�1 occurs between 490 and 530 �C.
The temperature of the SGR dislocation creep in the Král’ova
Hol’a Complex is estimated to be between 380 �C and 480 �C,
approximately. These temperatures are lower than those of
Stipp et al. (2002b) and can be explained by lower strain rates
(Fig. 16).

In order to define the limits of the three dislocation creep re-
gimes, we compare our data with published data of Hirth and
Tullis (1992), Dunlap et al. (1997) and Stipp et al. (2002b)
(Fig. 16). Following Stipp et al. (2002a), the boundaries be-
tween the three dislocation creep regimes in the log strain
rate versus homologous temperature diagram (Fig. 16) are rep-
resented by two parallel lines connecting the naturally con-
strained limits of the three dislocation creep regimes (Ruby
Gap Duplex of Dunlap et al., 1997; Eastern Tonale mylonite
zone of Stipp et al., 2002b) with experimentally derived limits
of Hirth and Tullis (1992). The slope of the boundary lines de-
pends on the choice of flow laws, nevertheless those of Paterson
and Luan (1990) and Hirth et al. (2001) yield the best correla-
tion between the naturally and experimentally determined
limits (dashed lines in Fig. 16). Fig. 16 shows that for these
flow laws and for the Twiss (1977) and Stipp and Tullis
(2003) piezometers, the regime boundaries of the Král’ova
Hol’a Complex are in a good agreement with published data
(Hirth and Tullis, 1992; Dunlap et al., 1997; Stipp et al., 2002b).

For given temperatures, pressures and stresses in the Krá-
l’ova Hol’a Complex only three combinations of piezometers
and flow laws (Twiss, 1977 and Hirth et al., 2001; Twiss,
1977 and Paterson and Luan, 1990; Stipp and Tullis, 2003
and Paterson and Luan, 1990) are in a good agreement with
the extent of subgrain rotation recrystallization dominated dis-
location creep (Fig. 16). Using these combinations, the strain
rate estimates for the Král’ova Hol’a Complex granitoids
during DA1 range between 9 � 10�12 and 6 � 10�14 s�1.

6.4. Strain rate gradients as a function of material
properties

The calculated strain rates indicate an increase in the defor-
mation rate towards the structural footwall of up to 1.5 orders
Fig. 16. Strain rate versus temperature diagram after Stipp et al. (2002a). The diagram shows experimental data of Hirth and Tullis (1992), natural data from the

Ruby Gap Duplex (Dunlap et al., 1997) and Tonale Line (Stipp et al., 2002b), showing the limits of the three dislocation creep regimes, and natural data from the

Král’ova Hol’a Complex (this study) covering the extent of the subgrain rotation recrystallization. The deformation temperatures are taken from Dunlap et al.

(1997), Stipp et al. (2002a) and Jeřábek et al. (in press) and the stresses were obtained by piezometer of Twiss (1977) and Stipp and Tullis (2003). All the

data have been normalized to water fugacities at pressures following the geothermal gradient of 16.5 �C/km determined for the Vepor Unit (Jeřábek et al., in press).

The natural strain rates have been calculated from three different flow laws (Paterson and Luan, 1990; Luan and Paterson, 1992; Hirth et al., 2001). The exper-

imental data of Hirth and Tullis (1992) are labeled by numbers indicating experimental dislocation creep regime. The dashed lines show limits of the three

recrystallization mechanisms dominated by bulging recrystallization (BLG), subgrain rotation recrystallization (SGR) and grain boundary migration recrystalliza-

tion (GBM) (see text for discussion).
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of magnitude (Table 2, Fig. 16). With the exception of the Ruby
Gap Duplex (Dunlap et al., 1997), an increase in strain rate with
increasing temperature has been reported in most of the previ-
ous studies on natural mylonites (Hacker et al., 1990, 1992;
Stöckhert et al., 1999; Zulauf, 2001; Stipp et al., 2002a).
Such strain rate gradient can be explained by material proper-
ties indicating a temperature dependent viscosity. On the other
hand, deformation partitioning can lead to similar effect by as-
suming its greater significance in lower temperatures. In the
Král’ova Hol’a Complex granitoids, the proportion of newly
formed sericitic muscovite increases towards lower tempera-
tures (Fig. 7) enhancing deformation partitioning (Shea and
Kronenberg, 1993; Holyoke and Tullis, 2006). In addition,
the weak and almost random textures of neocrystallized albite
grains (Fig. 9) indicate important contribution of diffusion
creep causing a general mechanical weakness of the plagio-
clase-mica rich matrix (Stünitz and Fitz Gerald, 1993). The pre-
dominance of mechanically weak mica bands and recrystallized
plagioclase matrix suggest that quartz becomes a relatively
stronger mineral in greenschist granitoid mylonites (Handy,
1990). As a consequence, lower flow stresses and lower strain
rates may be recorded by the recrystallized quartz in the
granitoids deformed at lower temperatures. Thus the difference
in strain rate along vertical section of the Král’ova Hol’a Com-
plex is probably related to combined effect of decreasing vis-
cosity towards higher temperatures as well as increasing
deformation partitioning towards lower temperatures. Gener-
ally, it should be noted that our strain rate estimates represent
minimum values as the weaker matrix is supposed to accommo-
date strain at a faster rate than the pure quartz aggregates.

7. Conclusions

The Cretaceous subhorizontal plane strain deformation fab-
ric in the Vepor Unit overprints the Variscan magmatic and high
grade fabrics and exhibits orogen-parallel stretching with re-
gionally variable senses of shear. It is suggested that the re-
gional pure shear geometry of this EasteWest orogen-parallel
flow is the cumulated results of local simple shear components.
The deformation occurred during progressive burial and re-
cords a process of orogen-parallel ductile spreading of the
Veporic crust in between the Gemer Unit, overthrusting from
the South, and Tatro-Fatric basement, underthrusting from the
North. Observed metamorphic gradients across the Vepor
Unit are interpreted to result from later folding and heteroge-
neous exhumation of the orogen-parallel deformation fabric.

Deformation microstructures of quartzo-feldspathic rocks,
related to the orogen-parallel flow in the Vepor Unit, develop
along a metamorphic gradient indicating an increase in PeT
conditions from 380 to 480 �C towards the structural footwall.
The recrystallization of quartz takes place across the field of ro-
tation recrystallization accommodated dislocation creep, per-
mitting the strain rate/temperature/microstructure calibration,
which is consistent with previous calibrations. Palaeopiezome-
try of recrystallized quartz in conjunction with PeT estimates
yield strain rates ranging from 9 � 10�12 to 6 � 10�14 s�1.
The calculated strain rates increase with increasing temperature
towards the structural footwall as a result of combined effect of
temperature dependent viscosity and deformation partitioning
in granitoids deformed at lower temperatures.
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Janák, M., Plašienka, D., Frey, M., Cosca, M., Schmidt, S.T., Lupták, B.,
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1743P. Jeřábek et al. / Journal of Structural Geology 29 (2007) 1722e1743
Tödheide, K., 1972. Water at high temperature and pressure. In: Franks, F.

(Ed.), Water: A Comprehensive Treatise, vol. 1. Plenum Press, New

York, pp. 463e514.

Tomek, C., 1993. Deep-crustal structure beneath the Central and Inner West

Carpathians. Tectonophysics 226, 417e431.

Tullis, J., Yund, R.A., 1985. Dynamic recrystallization of feldspar e a mecha-

nism for ductile shear zone formation. Geology 13, 238e241.

Twiss, R.J., 1977. Theory and applicability of a recrystallized grain size

paleopiezometer. Pure and Applied Geophysics 115, 227e244.

Urai, J.L., Means, W.D., Lister, G.S., 1986. Dynamic recrystallization

of minerals. In: Hobbs, B.E., Heard, H.C. (Eds.), Mineral and Rock

Deformation: Laboratory Studies; the Paterson Volume. Geophysical
Monograph, vol. 36. American Geophysical Union, Washington DC,

pp. 161e199.
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