
INTRODUCTION

In the Kamieniec Ząbkowicki Metamorphic Belt
(Fore-Sudetic Block, southwest Poland), mica schists

predominate in a variety of schist rocks (Text-figs 1,
2). Based on mesostructural features, the deforma-
tional history of these rocks has been interpreted in
different ways and not quite consistently with the re-
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The Kamieniec Ząbkowicki Metamorphic Belt (Fore-Sudetic Block, southwest Poland) consists mainly of mica
schists. Based on mesostructural features, their deformational history has been interpreted in different ways and not
quite consistently with the results of microstructural studies. Since the schist complex comprises acid metarhyolites
– quartzo-feldspathic schists – which are well suited to microstructural analysis, we attempted to study quartz [c]-
axis lattice preferred orientation (LPO) in these rocks in order to compare the results with those obtained by other
authors and check against the proposed sequences of tectonic events in the region. The quartzo-feldspathic schists
are fine- to medium-grained rocks with varying amounts of K-feldspar porphyroclasts. Most of these porphyroclasts
are accompanied by symmetric or asymmetric pressure shadows. Their asymmetry uniformly indicates a top-to-the
SSW shear sense along W-dipping foliation in a strike-slip regime. Quartz [c]-axis LPO indicates that the deforma-
tion took place mainly at plane strain with a non-coaxial component, with a top-to-the SSW or NNE sense of move-
ment, and an apparent flattening field. The thermal conditions of deformation of the quartzo-feldspathic schists were
within the limits of the amphibolite facies (550–600ºC). Integration of the micro- and mesofabric data indicated the
superposition of two tectonothermal events: the main one with sinistral strike-slip, top-to-the SW kinematics con-
sistent with the asymmetry of the porphyroclasts, and a subsequent overprint with dextral, transpressional, top-to-
the NE kinematics. There is a visible dependence of the quartz LPO on the degree of mylonitization in the quartzo-
feldspathic schists. A westward increase in mylonitic deformation is observed in the study area.
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sults of the microstructural studies (Dziedzicowa
1970, 1973, 1985; Achramowicz et al. 1997; Nowak
1998; Mazur and Józefiak 1999; Bartz and Puziewicz
1999). The discrepancies seem to arise partly from dif-
ferent responses to tectonic stresses depending on the
different rheologies of the schist varieties. This refers
particularly to the quartz-rich rocks and to the types
of microfabric developed. Since the schist complex
comprises acid metavolcanic rocks which are well
suited to microstructural analysis, we attempt in this
work to study quartz [c]-axis lattice preferred orienta-
tion in these rocks in order to compare the results with
those obtained by other authors and to check against
the proposed sequences of tectonic events in the re-
gion.

A study of quartz lattice preferred orientation
(LPO) can provide a set of structurally useful infor-
mation on: (1) strain path or kinematic framework; (2)
magnitude and symmetry of finite strain; (3) crystallo-
graphic glide systems active during deformation i. e.
thermal conditions of deformation (Schmid and Casey
1986; Law 1990; Okudaira et al. 1995; Stipp et al.
2002). According to Law (1990), the validity of shear
sense deduced from the quartz LPO can be tested by
means of a comparison with other microscopic shear-
sense indicators. Although the complete quartz LPO
interpretation should be based on both <a>- and [c]-
axis analyses (Passchier and Trouw 1996), only the lat-
ter are presented in this study as they can be compared
with the earlier [c]-axis data obtained for quartzo-felds-
pathic schists (Dziedzicowa 1970, 1973), mica schists
(Mazur and Józefiak 1999) and quartzo-graphitic
schists (Bartz and Puziewicz 1999).

GEOLOGICAL SETTING AND PREVIOUS STUDIES

The Kamieniec Ząbkowicki Metamorphic Belt is
situated in the eastern part of the Fore-Sudetic Block,
north-east part of the Bohemian Massif, and is largely
concealed by Tertiary and Quaternary cover (Text-fig.
1). Overviews of the geology of the region can be
found in Franke and Żelaźniewicz (2000) and Alek-
sandrowski and Mazur (2002). The study area is lo-
cated in the central part of the Kamieniec Ząbkowicki
Metamorphic Belt (Text-figs 1, 2).

A protolith age of some schist variants from the
Kamieniec Ząbkowicki Metamorphic Belt was esti-
mated as Ediacaran–Cambrian on the basis of some
problematical Acritarcha (Gunia 1979). Metasedi-
ments in the adjacent Niemcza Shear Zone were as-
signed to the Lower Carboniferous (Dziedzicowa and
Górecka 1965). Syntectonic granodiorites intruded in

this zone at 340–330 Ma (U-Pb zircon, Oliver et al.
1993; Pb-Pb zircon, Kröner and Hegner 1998; Rb-Sr
whole-rock, Kennan et al. 1999). Protoliths of metaig-
neous rocks of the Kamieniec Ząbkowicki Metamor-
phic Belt remain undated, but greenschist to
amphibolite facies metamorphism occurred around
332 Ma (Ar-Ar hornblende; Steltenpohl et al. 1993).
In the neighbouring Strzelin Massif, Ar-Ar data on
white micas yielded cooling ages between 285 and
279 Ma (Szczepański 2002).

In the Kamieniec Ząbkowicki Metamorphic Belt,
the dominant mica schists are accompanied by interca-
lations of quartzo-feldspathic schists, quartzo-graphitic
schists, crystalline limestones, amphibolites (Dziedzi-
cowa 1975, 1985, 1987; Nowak 1998; Mazur and Józe-
fiak 1999) and eclogites (Achramowicz et al. 1997).
Dziedzicowa (1987) postulated that the quartzo-felds-
pathic schists were derived from acid volcanogenic
rocks of rhyolitic composition. There are the metarhy-
olites that were selected for our study. The locations of
the exposures sampled are shown in Text-fig. 2.

The sequence of tectonic deformations in the
Kamieniec Ząbkowicki Metamorphic Belt was studied
by various authors, who arrived at the contradictory
conclusions summarized in Table 1.

Dziedzicowa (1973, 1975, 1985, 1987) distin-
guished five deformational events. During the first
event, isoclinal folds with penetrative, almost vertical,
axial-plane foliation S1 developed. This foliation set
was subsequently involved in F2 folds associated with
the subhorizontal axial-plane cleavage S2, which lo-
cally obliterated the older S1 foliation. The F3 event
produced upright folds with almost vertical axial
planes. During the F4 and F5 events small-scale kink
folds were superimposed on the earlier ones (Table 1).

Mazur and Puziewicz (1995) proposed that rock
units to the east of the Góry Sowie Massif twice un-
derwent nappe stacking during the D1 and D2 events
under amphibolite facies conditions, with eastern and
northeastern vergence respectively. The D3 event in-
volved regional tectonic extension under amphibolite
or greenschist facies conditions, resulting in top-to-the
SW normal-slip shearing along slightly inclined foli-
ation planes and sinistral strike-slip shearing along
subvertical foliation planes (Table 1).

Mazur and Józefiak (1999) assumed the existence
of two tectonic units which differed in metamorphic
grade by 60-100ºC and 0–5 kbar, and corresponded
to the fine-grained mica schists (lower unit) and
coarse-grained mica schists (upper unit) respectively.
Such a subdivision was not observed by Nowak
(1998) and the two units were only distinguished south
of the area where the studied metarhyolites crop out.



Mazur and Józefiak (1999) also assumed three defor-
mational events evidenced by only locally observed
structures. However, they found some kinematic indi-
cators that pointed to an E-directed D1 overthrusting of
the tectonic units distinguished by them. The subse-
quent D2 deformation was accomplished by a non-
coaxial shear component with top-to-the NE
kinematics and was associated with an irrotational
NW-SE shortening. According to these authors, the
progressive shortening was followed by development

of the normal-slip shearing D3 with an opposite sense
of motion, showing top-to-the SW/WSW kinematics
on shallow-dipping planes (Table 1).

In contrast, Achramowicz et al. (1997) recognized
that the earliest D1 event was associated with SSW-
directed thrusting. The D2 event was also charac-
terised by a top-to-the SW sense of ductile shearing,
but with normal kinematics. The D3 deformation op-
erated under a dextral transpressional regime during
regional E-W shortening.
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Text-fig. 1. Sketch map of part of the Sudetes and the Fore-Sudetic Block (after Bartz 2001, modified). Location of the study area is shown by box.

Inset shows the position of the region in the Bohemian Massif. Regional tectonic terminology as proposed by Żelaźniewicz and Aleksandrowski (2008)
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Text-fig. 2. Geological sketch-map of the central part of the Kamieniec Ząbkowicki Metamorphic Belt (after: Badura 1979; Badura and Dziemiań-
czuk 1981; Cwojdziński and Walczak-Augustyniak 1983; Wójcik 1968, modified) with the location of the exposures of the quartzo-feldspathic schists
studied. Simplified cross-section along the line A–B (dashed); vertical scale equal to horizontal. Kinematics of the shear zones shown 

schematically
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A similar sequence of tectonic deformations was
reported by Nowak (1998), who linked them directly
to a sequence of metamorphic transformations and
recognized that the earliest structures were defined by
an HP mineral assemblage and were most likely re-
lated to D1 thrusting of unspecified kinematics, albeit
associated with E–W trending folds and mineral lin-
eation. The subsequent deformation (D2) resulted in
SW/SSW-vergent structures (folds, porphyroclasts)
and was accompanied by ductile low-angle normal
faulting under amphibolite facies conditions. The suc-
ceeding uplift and exhumation was associated with
transpression and thrusting to the east (D3). Late oro-
genic extension (D4) partly reactivated the WSW-dip-
ping S2 foliation along shear zones in a normal fault
regime under greenschist facies conditions (Nowak
1998).

Earlier studies of quartz [c]-axis fabric in the
quartzo-feldspathic schists by Dziedzicowa (1970,
1973) showed that quartz deformation was associated
with the F2 event, prior to the upright folding F3 (Table
1). Mazur and Józefiak (1999) interpreted the quartz
[c]-axis LPO pattern in the mica schists as a compos-
ite product of two superimposed deformations: D2 and
D3. Bartz and Puziewicz (1999) connected the ob-
served quartz [c]-axis orientation patterns in the
quartzo-graphitic schists from the Kamieniec
Ząbkowicki Metamorphic Belt with the D3 deforma-
tion sensu Mazur and Józefiak (1999). They found that
in the quartzo-graphitic schists of metasedimentary
origin, more intensively deformed zones were domi-
nated by different strain components: plane strain

(top-to-the SSW), general constriction and general
flattening.

SAMPLED ROCKS

Our observations show that the metarhyolites
(quartzo-feldspathic schists) that grade laterally into
microcline schists (Text-fig. 2) consist mainly of
quartz and feldspars with subordinate muscovite pre-
vailing over biotite. The accessory minerals include
chlorite, andalusite, zircon, apatite, allanite and
opaques. The quartzo-feldspathic schists are fine- to
medium-grained rocks with varying amounts of K-
feldspar porphyroclasts. On this basis, we distin-
guished three varieties of quartzo-feldspathic schists:
(I) free from porphyroclasts, (IIa) with sparse por-
phyroclasts and (IIb) rich in porphyroclasts (Gur-
gurewicz and Bartz 2001; Text-fig. 3). The degree to
which the porphyroclasts are preserved is taken as an
indication of the intensity of mylonitic deformation
experienced by the metarhyolites; the schist variety (I)
without porphyroclasts being the most mylonitized.

The quartzo-feldspathic schists are characterized
by the presence of a penetrative foliation expressed by
parallel arrangement of the mica layers and quartz or
quartzo-feldspathic bands (Gurgurewicz and Bartz
2000, 2001). The foliation dips uniformly to the west
at low to moderate angles (Text-fig. 4A). The lineation
is typically of stretching type and defined by elongated
K-feldspar porphyroclasts, quartz rods and sparse
mica aggregates. It is almost horizontal, with a NNE–

Table 1. Deformation events recognized in the Kamieniec Ząbkowicki Metamorphic Belt by various authors



SSW trend (Text-fig. 4B). Most of the K-feldspar por-
phyroclasts are accompanied by symmetric or asym-
metric pressure shadows (Text-fig. 5). Asymmetric
pressure shadows have been utilized as kinematic in-
dicators. Their asymmetry uniformly indicates a top-
to-the SSW shear sense along W-dipping foliation in
a strike-slip regime.

The above characteristics are directly comparable
(Table 1) with the D3 sinistral strike-slip event of
Mazur and Puziewicz (1995), well compatible with
the D2 event of Achramowicz et al. (1997) and Nowak
(1998), and roughly consistent with the D3 extensional
crenulation cleavage-forming event of Mazur and
Józefiak (1999).
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Text-fig. 3. Variants of the quartzo-feldspathic schists: (I) free from porphyroclasts (A - one polar, B - crossed polars; sample J2004), (IIa) with sparse 

porphyroclasts (C - one polar, D - crossed polars; sample 858) and (IIb) rich in porphyroclasts (E - one polar, F - crossed polars; sample 851)



MICROSTRUCTURAL STUDIES

Methods

Quartz may deform by both intercrystalline or in-
tracrystalline mechanisms, but only the latter pro-
duces quartz LPO. Among other factors, the quartz

content (Walniuk and Morris 1985) and its distribu-
tion with respect to micas in the rock influence the
kind of deformation mechanism (Shelley 1982; Wal-
niuk and Morris 1985). In the quartzo-feldspathic
schists, their main constituents tend to form individ-
ual thick quartzo-feldspathic and thin mica layers.
Thus, quartz-mica contacts and the resultant inter-
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Text-fig. 4. Attitude of foliation (poles to the plane) and stretching lineation in the quartzo-feldspathic schists. Schmidt net, lower hemisphere. 

A - foliation (165 measurements), B - lineation (76 measurements). Intervals at: 1, 6, 12, 18, 24, 30 %

Text-fig. 5. Symmetric (A - one polar, B - crossed polars; sample B1101) and asymmetric (C - one polar, D - crossed polars; sample J2001) 

pressure shadows around K-feldspar porphyroclast in the quartzo-feldspathic schist variety IIb



crystalline deformation through grain-boundary slid-
ing or pressure solution play a minor role in the quartz
deformation. We therefore only used quartz from the
interior of the quartzo-feldspathic layers for LPO
measurements. 

Eighteen oriented and three supplementary non-ori-
ented samples of the quartzo-feldspathic schists were mi-
crostructurally investigated using a five-axis universal
stage mounted on a Leitz Wetzlar petrographic micro-
scope. Thin sections were cut perpendicular to the meso-
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Text-fig. 6. Quartz [c]-axis patterns in the quartzo-feldspathic schists from the Kamieniec Ząbkowicki Metamorphic Belt: type I crossed girdles.
Equal-area net, lower hemisphere stereograms. Density contours are at 1.5 % intervals. Projection on the XZ plane of the strain ellipsoid. Attitude 

of foliation (dashed line) corresponds to a plane perpendicular to the figure. Lineation (L) is parallel to the X-axis of the strain ellipsoid
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scopic foliation and parallel to the mineral elongation lin-
eation (XZ section of the finite strain ellipsoid). The ori-
entation of the [c]-axis in at least 200 individual quartz
grains was measured in each sample. All the data col-
lected were plotted on the lower hemisphere, equal area
projection (XZ plane of the deformation ellipsoid). Fab-
ric skeletons were prepared on the basis of pole figures. 

Results

Quartz [c]-axis patterns obtained for the quartzo-
feldspathic schists represents five main types of pole
distribution: (1) type I crossed girdles; (2) type I
crossed girdles evolving into a single girdle; (3) type
II crossed girdles; (4) a single girdle inclined to the
foliation; and (5) strongly diffused or random scatter.

Type I crossed girdles were observed on pole fig-
ures for five samples: J2001, J2125, J2008, J2009 and
857 (Text-fig. 6). The form of the scatter (Text-fig. 6)
suggests well-developed submaxima lying close to the

Z-axis of the finite strain ellipsoid. Submaxima placed
close to the Y-axis and intermediate between the Y- and
Z-axis are better or less well expressed and are only
clearly visible on the diagrams for samples J2001 (Text-
fig. 6A), J2008 (Text-fig. 6C) and 857 (Text-fig. 6E).
Most of the pole figures are characterised by internal
symmetry, some of them are internally asymmetric.

Diagrams representing samples J2014, 850 and
858 (Text-fig. 7) show type I crossed girdles evolving
into a single girdle. All of them display both internal
as well as external asymmetry. The girdles resulting
from our measurements (Text-fig. 7) are relatively
well populated but more or less diffused. Submaxima
close to the Z-axis can be recognized, albeit they are
not particularly well developed (cf. Text-fig. 7). 

Samples J2007 and J2013 display type II crossed
girdles (Text-fig. 8) The girdles are unequally popu-
lated and one seems to be better defined then the other.
This particular scatter (Text-fig. 8A) exhibits internal
asymmetry with two Z-submaxima. 

Text-fig. 7. Quartz [c]-axis patterns in the quartzo-feldspathic schists from the Kamieniec Ząbkowicki Metamorphic Belt: type I crossed girdles
evolving into a single girdle. Equal-area net, lower hemisphere stereograms. Density contours are at 1.5 % intervals. Projection on the XZ plane of
the strain ellipsoid. Attitude of foliation (dashed line) corresponds to a plane perpendicular to the figure. Lineation (L) is parallel to the X-axis of 

the strain ellipsoid
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Patterns representing monoclinic symmetry were
found for quartz [c]-axis LPO in samples J2203,
J2204, J2202, J2205, J2126 (Text-fig. 9). All the sin-
gle girdles are diffuse and partly discontinuous, but
the fabric remains distinctly asymmetric. Strong Z-
submaxima are commonly well expressed (Text-fig.
9), as are the Y-submaxima (Text-fig. 9A, B, D). In
contrast, the lack of intermediate submaxima between
the Z- and Y-axis of the finite strain ellipsoid is ap-
parent (cf. Text-fig. 9). 

The random scatter of quartz [c]-axis orientations
in samples J2012 and J2206 gives no useful information
on either kinematics or the deformation conditions.

The rest of the pole figures obtained for the quartzo-
feldspathic schsists (samples J2124, J2004, J2011 and
B1101; Text-fig. 10) exhibit discontinuous girdles. All
of them display well developed maxima located close to
the Z-axis of the finite strain ellipsoid; in three cases
asymmetric scatters can be observed. In this group of
samples, a total lack of Y-maxima is apparent, but dia-
grams for samples B1101, J2011 and J2124 exhibit
weakly expressed maxima intermediate between the Z-
and Y-axis of the finite strain ellipsoid (Text-fig. 10).

DISCUSSION AND CONCLUSIONS

Type of deformation 

The type I crossed girdles pattern is usually inter-
preted as a result of coaxial deformation, close to the
plane strain (Lister and Hobbs 1980; Schmid and
Casey 1986; Law 1990; Passchier and Trouw 1996).
The transitional types of type I crossed girdles evolv-
ing into a single girdle may result from: (1) increasing

strain in a simple shear regime or (2) an increasing
non-coaxial component of the strain path (Schmid and
Casey 1986; Law 1990). The results of fabric model-
ling presented by Etchecopar and Vasseur (1987) pre-
dicted type I crossed girdles occurrence at low strains
and single girdle at higher strains. An analogous con-
clusion was drawn from the experiments carried out
by Dell’Angelo and Tullis (1989). With increasing
strain, they observed that the type I crossed girdles
evolved into the type I crossed girdles with an addi-
tional strong asymmetric submaximum, and then into
a broad asymmetric single maximum. The scatters on
Text-fig. 6C, D are similar to the latter and compara-
ble with the distribution typical of the plane strain
(Text-fig. 6). They may thus indicate low-strained
rocks that deformed in a general shear regime, not in
the plane strain path deduced at first glance.

According to Dell’Angelo and Tullis (1989), high-
strained rocks should exhibit S-C structures with well
developed C’ features (extensional crenulation cleav-
age). No such structures are observed in the rocks
which display quartz [c]-axis patterns close to type I
crossed girdles. Only a few diagrams show type II
crossed girdles. This type of scatter suggests coaxial
deformation under general constriction (Schmid and
Casey 1986; Law 1990; Passchier and Trouw 1996).

Diagrams with low symmetry suggest non-coaxial
deformation (Takeshita et al. 1999). Thus single-girdle
scatters are interpreted as a result of rotational defor-
mation compatible with a simple shear strain (Schmid
and Casey 1986; Law 1990; Passchier and Trouw
1996), moreover their asymmetry can be used to de-
duce the sense of shear (Law 1990).

In diagrams with incomplete girdles, the approx-
imately symmetrical location of the Z-maxima may

Text-fig. 8. Quartz [c]-axis patterns in the quartzo-feldspathic schists from the Kamieniec Ząbkowicki Metamorphic Belt: type II crossed girdles.

Equal-area net, lower hemisphere stereograms. Density contours are at 1.5 % intervals. Projection on the XZ plane of the strain ellipsoid. Attitude 

of foliation (dashed line) corresponds to a plane perpendicular to the figure. Lineation (L) is parallel to the X-axis of the strain ellipsoid
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lead to an interpretation of predominantly coaxial de-
formation. Stronger asymmetrical maxima on part of
them may suggest the existence of an additional rota-
tional strain component, with a top-to-the SSW sense
of movement.

Strongly diffuse or random scatters may reflect
very low strain or post-tectonic, static recrystallization
(Bouchez and Pecher 1981; Passchier and Trouw
1996). The presence of other mineral phases, especially
micas, may lead to heterogeneous flow (Law 1990) and

Text-fig. 9. Quartz [c]-axis patterns in the quartzo-feldspathic schists from the Kamieniec Ząbkowicki Metamorphic Belt: simple shear. Equal-

area net, lower hemisphere stereograms. Density contours are at 1.5 % intervals. Projection on the XZ plane of the strain ellipsoid. Attitude of 

foliation (dashed line) corresponds to a plane perpendicular to the figure. Lineation (L) is parallel to the X-axis of the strain ellipsoid
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fabric domains resulting from this process (Pauli et al.
1996), nevertheless there is no strict interdependence
between the type of scatter and mica content in rock.

The observed quartz [c]-axis LPO indicate that
the deformation of the quartzo-feldspathic schists took
place mainly at plane strain with a non-coaxial com-
ponent, with a top-to-the SSW or NNE sense of move-
ment, and an apparent flattening field.

Conditions of deformation

Analysis of the distribution of the quartz [c]-axis
submaxima in the girdles indicates the operation of
dominant slip systems in the quartz (Law 1990; Pass-
chier and Trouw 1996). These are controlled by PH2O,
the strain rate and, probably most importantly, by the
temperature (Baëta and Ashbee 1969; Law 1990; Oku-
daira et al. 1995; Kruhl 1996; Passchier and Trouw
1996). Therefore, the identification of active slip sys-
tems in quartz enables estimation of the temperature of

deformation. A temperature around 280 ± 30ºC marks
the transition from cataclastic to plastic deformation of
quartz (Stipp et al. 2002). With increasing temperature,
slips in <a> direction prevail and activate successively
on basal, prism and rhomb planes, which is matched
by the location of [c]-axis maxima close to the Z-axis,
intermediate between the Z- and Y-axis, and close to
the Y-axis of the finite strain ellipsoid respectively
(Schmid and Casey 1986; Passchier and Trouw 1996).
Above a temperature of 650ºC, the [c] slip system pre-
dominates, yielding [c]-axis concentrations close to the
X-axis of the finite strain ellipsoid.

In the samples studied, all of the quartz [c]-axis
scatters are characterised by strong submaxima close
to the Z-axis of the finite strain ellipsoid, while others
are weaker or even absent (cf. Text-figs 6-10). Thus,
the temperature of deformation did not exceed 650ºC.
The observed Y-maxima indicate conditions of the
amphibolite facies. The switch between <a> and [c]
slips may happen around 550–600ºC (Okudaira et al.

Text-fig. 10. Quartz [c]-axis patterns in the quartzo-feldspathic schists from the Kamieniec Ząbkowicki Metamorphic Belt: incomplete girdles.

Equal-area net, lower hemisphere stereograms. Density contours are at 1.5 % intervals. Projection on the XZ plane of the strain ellipsoid. Attitude 

of foliation (dashed line) corresponds to a plane perpendicular to the figure. Lineation (L) is parallel to the X-axis of the strain ellipsoid



1995) or 630 ± 30 ºC (Stipp et al. 2002). These find-
ings are consistent with the lack of [c]-axis X-maxima
in the quartzo-feldspathic schists from the Kamieniec
Ząbkowicki Metamorphic Belt.

The distribution of the [c]-axis maxima may also
be controlled by the presence of fluids. The basal <a>
glide for quartz was reported for deformation at rela-
tively high temperature (680–700ºC) as a consequence
of “dry” conditions of deformation (Hippertt et al.
2001). The [c]-axis single Y-maxima may develop as
a consequence of high water content and strong hy-
drolytic weakening even at temperatures typical of the
greenschist facies (Joy and Saha 2000).

Based on the obtained quartz [c]-axis LPO we
suggest that the thermal conditions of deformation of
the quartzo-feldspathic schists fell within the limits of
the amphibolite facies (550-600ºC).

Regional structural implications

When integrated with the thin section and field
data, most of the asymmetric scatters of quartz [c]-axis
orientation observed in the metarhyolite samples sug-
gest a top-to-the SSW shearing in a sinistral strike-slip
regime with some oblique component. As records of
any older deformation of these rocks are absent or ob-
scured, we assume that it was this regime that pro-
duced the quartz microfabric in the rocks studied and
characterized the main tectonothermal event in the re-
gion under amphibolite facies conditions. This con-
clusion can be extended to other rock units in the
Kamieniec Ząbkowicki Metamorphic Belt. 

The D3 sinistral strike-slip event of Mazur and
Puziewicz (1995) appears to agree well with the obtained
quartz [c]-axis pattern in terms of kinematics. The same
is true of the D2 event of Achramowicz et al. (1997) and
Nowak (1998), and the D3 event of Mazur and Józefiak
(1999). According to Nowak (1998), the temperature
peak during the D2 event was achieved under amphibo-
lite facies conditions (579 ± 35ºC and 7.4 ± 0.2 kbar).

The results obtained from the quartz [c]-axis pat-
tern record the D3 event of Mazur and Józefiak (1999),
corresponding to 530ºC and 4 kbar, that followed the
peak metamorphic conditions (D2) under a tempera-
ture of 570–640ºC and pressure of 8–13 kbar in the
coarse-grained schists and 510-540ºC and 7-8.5 kbar
in the fine-grained schists respectively. In the coarse-
grained schists, asymmetry of the quartz [c]-axis pat-
tern is taken to indicate E-vergent thrusting (D1) and
a symmetric pattern to indicate coaxial strain during
the shortening. In the fine-grained schists, the asym-
metric pattern is used to infer a top-to-the SW shear-
ing, whereas the symmetric pattern is interpreted as a

relic of D2 shortening. Mazur and Józefiak (1999) did
not explain how the D2 coxial deformation was to be
reconciled with the NE-vergent thrusting D2.

In this study, a relatively minor group of scatters of
quartz [c]-axis orientation indicates an opposite sense
of movement (top-to-the NNE). Such incompatibility
may reflect either local heterogeneities of the strain
gradient and strain path (Bouchez and Pecher 1981)
or a local aberration of the flow pattern (Passchier
1983). Another explanation is that the deformation
history recorded by the quartzo-feldspathic schists is
complex and that the microfabric reflects different
stages related to specific senses of shearing and rheo-
logical conditions.

The deformation event with a top-to-the SSW
sense of shear (D3) would have post-dated the earlier
one with the E/NE sense of tectonic movement (D2)
suggested by the mesostructural observations of
Mazur and Puziewicz (1995) and Mazur and Józefiak
(1999). The D3 regional extension was strain parti-
tioned into domains with a prevailing simple shear
component and domains with a prevailing coaxial
component (cf. Jones and Tanner 1995).

It is difficult to compare our quartz [c]-axis pat-
terns with those obtained by Dziedzicowa (1970,
1973), who studied quartz microfabric in sections cut
perpendicular to the foliation and lineation (ac planes
of the Sander kinematic coordinates).

Quartz [c]-axis data from the metarhyolites point
to the reverse sequence: strong sinistral strike-slip
shearing (top-to-the SW) was followed by weaker
dextral shearing (top-to-the NE) along the same sub-
horizontal stretching lineation. The observed quartz
microfabric sequence compares better with the mod-
els that assume top-to-the SW tectonic movements in
the region, followed by top-to-the NE movements, as
proposed by Achramowicz et al. (1997) and Nowak
(1998).

Comparison of the observed quartz [c]-axis pat-
terns with other kinematic indicators (Table 2) shows
that:

(1) Both the type I and type II crossed girdles are as-
sociated with mesofabrics comprising porphyroclasts
with only symmetric or both symmetric and asym-
metric pressure shadows (Table 2, samples J2013,
J2001, J2125, J2008, J2009), hence these two types of
microfabric cannot be taken as records of coaxial vs.
non-coaxial deformation;

(2) Apparent symmetry of the mesofabric (lack of
kinematic indicators) does not preclude asymmetry of
the microfabric (Table 2, samples J2202-J2205);
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(3) In view of the above, the coincidence of kinemat-
ically contradictory micro- and mesofabrics (Table 2,
sample J2126) is taken as an indication of the super-
position of two events: the main one with top-to-the
SW kinematics and asymmetric porphyroclasts; and a
subsequent overprint with top-to-the NE kinematics. 

There is visible dependence of the quartz LPO on
the degree of mylonitization in the quartzo-feldspathic
schists. Most of the fine-grained schists (high-strained
variety I) exhibit a single girdle scatter, and a part of
medium-grained schists (varieties IIa, b) with K-
feldspar porphyroclasts display type I crossed girdles

Table 2. Results of microstructural analysis in the quartzo-feldspathic schists from the Kamieniec Ząbkowicki Metamorphic Belt. Schist varieties: 

(I) free from porphyroclasts, (IIa) with sparse porphyroclasts and (IIb) rich in porphyroclasts. * 
- non-oriented sample
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(cf. Table 2). The intensity of mylonitic deformation
increases westward as evidenced by the grain-size re-
duction and increasing asymmetry of the quartz [c]-
axis patterns (Table 2, Text-fig. 2).

In the metarhyolites of the Kamieniec Ząbkowicki
Metamorphic Belt, the quartz LPO recorded plane
strain deformation with a non-coaxial component and
thermal conditions around 550–600ºC, which points
to the peak of regional metamorphism being associ-
ated with the regime characterized by top-to-the SW
kinematics. These features are more compatible with
the model proposed by Nowak (1998), which explains
the early, north–south structural and metamorphic
zonation of the region better than the models that pre-
dict the onset of the tectonometamorphic history with
E-vergent thrusting.

Acknowledgements

This study forms part of the unpublished MSc thesis of
the first author supervised by the second author (Institute of
Geological Sciences, University of Wrocław, 2002). We
thank Prof. Jacek Puziewicz (University of Wrocław) for
support in the fieldwork and for making available to us his
collection of thin sections. Prof. Andrzej Żelaźniewicz (Pol-
ish Academy of Sciences) is acknowledged for a thorough
and constructive review of the manuscript. The manuscript
also benefited from the comments of the reviewers: Dr Hab.
Edyta Jurewicz (University of Warsaw) and Dr. Jiří Žák
(Charles University in Prague). This research was finan-
cially supported by KBN grant no. 6 P04D 057 20.

REFERENCES

Achramowicz, S., Muszyński, A. and Schliestedt, M. 1997.
The northeasternmost eclogite occurrence in the
Saxothuringian Zone, West Sudetes (Poland). Chemie

der Erde, 57, 51-61.
Aleksandrowski, P. and Mazur, S. 2002. Collage tectonics

in the northeasternmost part of the Variscan Belt: the
Sudetes, Bohemian Massif. In: J.A. Winchester, T.C.
Pharaoh and J. Verniers (Eds), Palaeozoic Amalgama-
tion of Central Europe. Geological Society, London,

Special Publications, 201, 237-277.
Badura, J. 1979. Szczegółowa mapa geologiczna Sudetów

1:25 000. Arkusz Stolec. Wydawnictwa Geologiczne;
Warszawa. [In Polish] 

Badura, J. and Dziemiańczuk, E. 1981. Szczegółowa mapa
geologiczna Sudetów 1:25 000. Arkusz Ząbkowice Ślą-
skie. Wydawnictwa Geologiczne; Warszawa. [In Polish] 

Baëta, R.D. and Ashbee, K.H.G. 1969. Slip systems in

quartz: I. Experiments. American Mineralogist, 54,
1551-1573.

Bartz, W. 2001. Quartz <c> axes fabric in the Doboszowice
orthogneiss (Fore-Sudetic Block, SW Poland) as an in-
dicator of deformation regime and conditions. Miner-

alogia Polonica, 32, 15-25.
Bartz, W. and Puziewicz, J. 1999. Orientation of quartz c-

axes in the quartzo-graphitic schists of the Niemcza
Zone and the Niemcza-Kamieniec Ząbkowicki Meta-
morphic Unit (Lower Silesia, Poland) as an indicator of
metamorphism and deformation conditions. Archiwum

Mineralogiczne, 52, 113-129. [In Polish, with English
summary]

Bouchez, J. and Pecher, A. 1981. The Himalayan main cen-
tral thrust pile and its quartz-rich tectonites in central
Nepal. Tectonophysics, 78, 23-50.

Cwojdziński, S. and Walczak-Augustyniak, M. 1983. Szcze-
gółowa mapa geologiczna Sudetów 1:25 000. Arkusz
Niemcza. Wydawnictwa Geologiczne; Warszawa. [In
Polish]

Dell’Angelo, L.N. and Tullis, J. 1989. Fabric development
in experimentally sheared quartzites. Tectonophysics,
169, 1-21.

Dziedzicowa, H. 1970. Quartz orientation analyses from
folds in the crystalline massif of Niemcza-Kamieniec
(Lower Silesia). Acta Geologica Polonica, 20, 195-220.
[In Polish, with English summary]

Dziedzicowa, H. 1973. O orientacji kwarcu w łupkach me-
tamorfiku niemczańsko-kamienieckiego. Biuletyn In-

stytutu Geologicznego, 264, 105-122. 
Dziedzicowa, H. 1975. Rozwój i sekwencja deformacji w

strefie łupków kamieniecko-niemczańskich. In: A. Gro-
cholski (Ed.), Przewodnik XLVII zjazdu PTG, pp. 80-
88. Świdnica. [In Polish]

Dziedzicowa, H. 1985. Variscan rejuvenation of the Pre-
cambrian gneisses along the eastern margin of the Góry
Sowie massif, Fore-Sudetic Block. Krystalinikum, 18,
7-27.

Dziedzicowa, H. 1987. Rozwój strukturalny i metamorfizm
we wschodnim obrzeżeniu gnejsów Gór Sowich. Acta

Universitatis Wratislaviensis, 788, Prace Geologiczno-

Mineralogiczne, 10, 221-247.
Dziedzicowa, H. and Górecka, T. 1965. On the occurrence

of metamorphosed Carboniferous rocks in the Niemcza
Zone (Sudetes). Bull. Acad. Pol. Sci., Sér. Géol. et

Géogr., 13, 161-165.
Etchecopar, A. and Vasseur, G. 1987. A 3-D kinematic

model of fabric development in polycrystalline aggre-
gates: comparison with experimental and natural exam-
ples. Journal of Structural Geology, 9, 705-717.

Franke, W. and Żelaźniewicz, A. 2000. The eastern termi-
nation of the Variscides: terrane correlation and kine-
matic evolution. In: W. Franke, V Haak, O. Oncken and



304
JOANNA GURGUREWICZ AND WOJCIECH BARTZ

D. Tanger (Eds), Orogenic Processes: Quantification and
modelling in the Variscan Belt. Geological Society, Lon-

don, Special Publications, 179, 63-86.
Gunia, T. 1979. Nowe stanowiska mikroflory w metamor-

fiku wschodnich okolic Niemczy. In: T. Gunia (Ed.),
Materiały konferencji terenowej: Wybrane zagadnienia
stratygrafii, petrografii i tektoniki wschodniego obrze-
żenia gnejsów sowiogórskich i metamorfiku kłodzkiego,
pp. 63-78. Nowa Ruda. 

Gurgurewicz, J. and Bartz, W. 2000. Quartz <c> axes fabric
in the quartzo-feldspathic schists from the northern part
of the Niemcza-Kamieniec Ząbkowicki Metamorphic
Unit - preliminary results. Polskie Towarzystwo Mine-

ralogiczne - Prace Specjalne, 17, 154-155.
Gurgurewicz, J. and Bartz, W. 2001. Petrography and quartz

fabric in the quartzo-feldspathic schists from the central
part of the Niemcza-Kamieniec Ząbkowicki Metamor-
phic Unit. Polskie Towarzystwo Mineralogiczne - Prace

Specjalne, 19, 58-60.
Hippertt, J., Rocha, A., Lana, C., Egydio-Silva, M. and Ta-

keshita, T. 2001. Quartz plastic segregation and ribbon
development in high-grade striped gneisses. Journal of

Structural Geology, 23, 67-80.
Jones, R.R. and Tanner, P.W.G. 1995. Strain partitioning in

transpression zones. Journal of Structural Geology, 17,
793-802.

Joy, S. and Saha, D. 2000. Dynamically recrystallised quartz
c-axis fabrics in greenschist facies quartzites, Singhb-
hum shear zone and its footwall, eastern India - influ-
ence of highfluid activity. Journal of Structural

Geology, 22, 777-793.
Kennan, P.S., Dziedzic, H., Lorenc, M.W. and Mierzejewski,

M.P. 1999. A review of Rb-Sr isotope patterns in the
Carboniferous granitoids of the Sudetes in SW Poland.
Geologia Sudetica, 32, 49-53.

Kröner, A. and Hegner, E. 1998. Geochemistry, single zircon
ages and Sm-Nd systematics of granitoid rocks from the
Góry Sowie (Owl Mts, Polish West Sudetes): evidence
for early Palaeozoic arc related plutonism. Journal of

the Geological Society, London, 155, 711-724.
Kruhl, J.H. 1996. Prism- and basal-plane parallel subgrain

boundaries in quartz: a microstructural geothermo-
barometer. Journal of Structural Geology, 14, 581-
589.

Law, R.D. 1990. Crystallographic fabrics: a selective review
of their applications to research in structural geology.
In: R. J. Knipe and E. H. Rutter (Eds), Deformation
Mechanisms, Rheology and Tectonics. Geological So-

ciety, London, Special Publications, 54, 335-352.
Lister, G.S. and Hobbs, B.E. 1980. The simulation of fabric

development during plastic deformation and it’s appli-
cation to quartzite: the influence of deformation history.
Journal of Structural Geology, 2, 355-370.

Mazur, S. and Józefiak, D. 1999. Structural record of
Variscian thrusting and subsequent extensional collapse
in the mica schists from vicinities of Kamieniec
Ząbkowicki, Sudetic foreland, SW Poland. Annales So-

cietatis Geologorum Poloniae, 69, 1-26.
Mazur, S. and Puziewicz, J. 1995. Deformation and meta-

morphism of rock series east of the Góry Sowie Block
- new data and interpretations. Przegląd Geologiczny,
43, 786-793. [In Polish, with English summary]

Nowak, I. 1998. Polyphase exhumation of eclogite-bearing
high-pressure mica schists from the Fore-Sudetic Block,
SW Poland. Geologia Sudetica, 31, 3-31.

Okudaira, T., Takeshita, T., Hara, I. and Ando, J. 1995. A
new estimates of the conditions for transitions from
basal <a> to prism [c] slip in naturally deformed quartz.
Tectonophysics, 250, 31-46.

Oliver, G.J.H., Corfu, F. and Krough, T.E. 1993. U-Pb ages
from SW Poland: evidence for a Caledonian suture zone
between Baltica and Gondwana. Journal of the Geolo-

gical Society, London, 150, 355-369.
Passchier, C.W. 1983. The reliability of asymmetric c-axis

fabrics of quartz to determine sense of vorticity.
Tectonophysics, 99, T9-T18.

Passchier, C.W. and Throuw, R.A. 1996. Microtectonics, pp.
1-289. Springer-Verlag; Berlin.

Pauli, C., Schmid, S.M. and Panozzo Heilbronner, R. 1996.
Fabric domains in quartz mylonites: localized three di-
mensional analysis of microstructure and texture. Jour-

nal of Structural Geology, 18, 1183-1203.
Schmid, S.M. and Casey, M. 1986. Complete fabric analy-

sis of some commonly observed quartz c-axis patterns.
In: B.E. Hobbs and H.C. Heard (Eds), Mineral and Rock
Deformation: Laboratory Studies - The Paterson Vol-
ume. American Geophysical Union, Geophysical Mono-

graph, 36, 263-286.
Shelley, D. 1982. Quartz and sheet silicate preferred orien-

tations of low symmetry, Pikikiruna schist, New
Zealand. Tectonophysics, 83, 309-327.

Steltenpohl, M.G., Cymerman, Z., Krogh, E.J. and Kunk,
M.J. 1993. Exhumation of eclogitized continental base-
ment during Variscan lithospheric delamination and
gravitational collapse, Sudety Mountains, Poland. Ge-

ology, 21, 1111-1114.
Stipp, M., Stünitz, H., Heilbronner, R. and Schmid S. 2002.

The Eastern Tonale fault zone: a natural laboratory for
crystal plastic deformation of quartz over a temperature
range from 250 to 700 ºC. Journal of Structural Geol-

ogy, 24, 1861-1884. 
Szczepański, J. 2002. The 40Ar/39Ar cooling ages of white

micas from Jegłowa Beds (Strzelin Massif, Fore-Sudetic
Block, SW Poland). Geologia Sudetica, 34, 1-7.

Takeshita, T., Wenk, H. and Lebensohn, R. 1999. Develop-
ment of preferred orientation and microstructure in



305
METAMORPHIC BELT OF THE FORE-SUDETIC BLOCK

sheared quartzite: comparison of natural data and simu-
lated results. Tectonophysics, 321, 133-155.

Walniuk, D.M. and Morris, A.P. 1985. Quartz deformation
mechanism in metasediments from Prins Karls Forland,
Svalbard. Tectonophysics, 115, 87-100.

Wójcik, L. 1968. Szczegółowa mapa geologiczna Sudetów

1:25 000. Arkusz Ciepłowody. Wydawnictwa Geolo-
giczne; Warszawa. [In Polish]

Żelaźniewicz, A. and Aleksandrowski, P. 2008. Tectonic
subdivision of Poland: southwestern Poland. Przegląd

Geologiczny, 56, 904-911. [In Polish, with English sum-
mary]

Manuscript submitted:  10th October 2010

Revised version accepted: 15th April 2011


