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Late-Variscan Extensional collapse
of the thickened Moldanubian crust in the southern Bohemia

Pozdné orogenni extenzni kolaps moldanubické zény
v jiznich Cechach (Czech summary)
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Lithotectonic structure of the Moldanubian Zone, resulting from Variscan overthrusting of analogues of the Gféhl Unit over
Montonous and Varied Groups, has been affected by NW-vergent late-extensional tectonics on a crustal scale. Major intramolda-
nubian extensional fault - the Podolsko detachement - as a part of the Vodiiany-Tyn nad Vltavou fault zone, has exhumed the
Monotonous Group, and juxtaposed the Gféhl and Monotonous Units which were originally separated each from other by the
Varied Group. Estimated minimum throw along this late fault is about 5 km. The intrusion of granitoid magmas could have been
partly synchronous with the extensional movements which continued after emplacement of the granite intrusives.
Microstructural study of small granitic bodies located along shear zone boundary reveals transition from deformed granites with
C/S fabric, through C/S orthogneiss, banded orthogneiss to ultramylonites. Sharply localized ultramylonitic shear zones display
transition from amphibolite facies-conditions to greenschist facies under the same kinematic regime.

Quartz C-axis analysis shows that prism <a> slip system was dominant for all stages and intensities of deformation. C-axis pat-
tern is controlled by finite strain geometry rather than by kinematical framework at least during early stages of deformation. This
indicates that the development of C/S planes could not be synchronous and that determination of kinematics using quartz micro-

fabric should be interpreted with care,

Key words: Crustal extension, Moldanubian Zone, normal ductile shear zone, deformation microstructures, quartz microfabric

1. Introduction

The tectonic evolution of orogenic belts is often ter-
minated by extensional collapse. Two types of exten-
sional processes in the European Variscan belt have
been distinguished: a late-Visean-Westphalian extensi-
on, which is nearly parallel to the orogenic belt and is
the result of persistent compressive forces, and a late-
Stephanian to early-Permian extension caused by
changes in extension direction accommodated by cru-
stal faults. The late-Visean to Westphalian extension
was accompanied by deep erosion of the central part
of the orogen and coincides with the development of
large fluviodeltaic basins (Burg et al. 1994a, b). This
extension was accompanied by the ascent of granites,
which were emplaced in bodies parallel to the belt
(Faure - Pons 1991).

This general scheme for the Bohemian Massif has
been proposed by Burg et al. (1994b). The extensional
tectonics controlled by compressive forces have been
described in the external parts of the Moldanubian re-
gion by Zulauf (1994), Schulmann et al. (1994),
Scheuvens et al. (1995). However, within the central
part of the orogen, in the most deeply eroded part of
the Moldanubian crust, the pattern of extension has not
yet been described in detail. The structural develop-
ment of the internal part of the Moldanubian Zone of
the Bohemian Massif has been explained in terms of
convergent tectonics and large-scale nappe emplace-
ment (Tollmann 1982, Franke 1989, Matte 1991).

In this paper we present geometrical, kinematical
and microstructural data relating to extension in a
broad area (Fig. 1), which can be subdivided as fol-
lows; between Ceské Budgjovice and Tyn nad
Vitavou, from NW edge of the Prachatice and
KfiStanov granulite bodies to the NW contact of the
Sulice Varied Group with the Central Bohemian
Pluton, and the last and most important part lies along
the northern part of the Vodiiany-Tyn nad Vltavou she-
ar zone (e.g. Vrdna 1979) as far as to Strakonice (Fig.
1). These new observations provide evidence of tecto-
nic extension of the upper parts of the Moldanubian
crust. An attempt is made to explain modification of
the relative position of the main Moldanubian litho-
tectonic units in terms of extension during the final
stage of tectonic evolution.

2. Pre-extensional framework

The Moldanubian Zone of the Bohemian Massif is cha-
racterized by large-scale nappe tectonics. This concept
was first proposed by Kober 1938, and later elaborated
on by Vrina (1979), Tollman (1982), Matte (1986),
Franke (1989, 1990), and Matte (1991). The presence
of high-pressure rocks in the uppermost position in the
structural sequence proves that tangential compressio-
nal tectonics affected most of the Moldanubian Zone
(Carswell 1991, Carswell - O'Brien 1993). Evidence
for both early- and late-Variscan HP-HT metamorphic
events is provided by geochronology (Carswell -
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Fig. 1. Geological sketch of the studied part of the Moldanubian zone showing the position of the Gfohl Unit and the Vodiiany-Tyn nad Vitavou
shear zone in the area studied. According to Zeman et al. (1979, set of unpublished maps 1:200 000) and Vréna (1992)

Jamtveit 1990, Wendt et al. 1994). LP-HT metamorp-
hism overprinted most of the pre-existing metamorphic
record during the Late-Variscan.

Tectonostratigraphy

Three main tectonostratigraphic units have been di-
stinguished in the Moldanubian Zone: the Monoto-
nous Unit, the Varied Unit and units considered to be
parts of the Gfohl Unit. The Monotonous Unit and the
Varied Unit are characterized by amphibolite-facies
metamorphism (720-760 °C and 7-9 kbar in Petrakakis
1986, Petrakakis - Richter 1991). The Monotonous
Unit consists mainly of partly migmatized pelitic and
psammitic gneisses, in which the characteristic assem-
blage is bt-pl-sil-grt-Kf-qtz+crd. Intercalations of
quartzites, calc-silicate rocks, amphibolites and ort-
hogneisses occur locally. In contrast, the Varied Unit
contains a higher proportion of other rock types, e.g.
calcite and dolomite marbles, graphitic gneisses, calc-
silicate rocks, and amphibolites. Chlupac¢ (1992) sug-
gested lithostratigraphic correlation between the
Susice Varied Group and the Palaeozoic in the roof of
the Central Bohemian Pluton. This would mean that

this local unit may be distinct from other occurrences
of the Varied Group in southern Bohemia.

The Gfohl Unit, as defined by Fuchs and Matura
(1976) and Franke (1989), consists chiefly of leucocra-
tic anatectic "Gfhl gneisses” (Dudek et al. 1974) with
minor intercalations of other rocks, together with ma-
jor granulite bodies. These lithological and tectonic
units together form an allochthonous tectonic sequen-
ce. The presence of high pressure rocks, such as HP
granulites, eclogites, and peridotites, in addition to pa-
ragneisses and amphibolites, is characteristic of this
unit. Peak conditions of metamorphism are 1000 °C, 16
kbar for granulites and 1060 °C and 20 kbar for eclogi-
tes (Beard et al. 1989, Carswell - O'Brien 1993). The
granulite facies metamorphism is dated at 3455 Ma
(Rb/Sr) (Van Breemen et al. 1982, Wendt et al. 1994).

Metamorphism during the thrusting of the Gfohl
Unit over the Drosendorf Units was predominantly of
amphibolite facies and has been dated at 340-320 Ma
by van Breemen et al. 1982, Matte et al. 1985, and
Teufel 1987. The Podolsko Complex (Fig. 1) consists
chiefly of orthogneisses and leucocratic migmatites
and also contains small patches of granulite. The
Podolsko Complex has been correlated with the Gfohl
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Unit (Kodym 1966, Kodym - Suk 1958, Franke 1989,
and Matte et al. 1990). Compared to the relatively
clear position of the Gfohl Unit high in the
Moldanubian crustal stack in Lower Austria and western
Moravia, the granulites and the Podolsko Complex
now form separate bodies, some of which have signi-
ficant subsurface extension.

Pre-extensional tectonic pattern

The oldest foliation recognized in some parts of the
Monotonous Unit is the compositional banding and
schistosity typical of the metasediments. This foliation
has been identified as S1 attributed to D1 by Vrdna
(1979, 1992). Two main directions of mineral lineati-
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Fig. 2. Map of rock foliations in the area studied. Diagrams of poles of foliation planes in lower hemisphere, equal area projection, contoured
at multiples of uniform distribution, show orientation of measured foliation planes in individual subareas. About 100 measurements per dia-
gram. The measured foliation planes formed under several stages of deformation

I - lithologic boundaries; 2 - Podolsko detachment normal fault; 3 - boundary between the Kaplice and Monotonous Units; 4 - structures me-
asured by the authors of this paper; 5 - measurements from publications and maps; 6 - magmatic foliation measured; 7 - magmatic foliation ta-
ken from literature
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on occur - NW-SE (max. 324/24) and NNE-SSW
(max. 15/15). However, lineation is often absent even
in the high-strain zones and S-fabrics prevail. South of
Vimperk and near Tyn nad Vltavou in the southern
part of the Moldanubian region, sets of north-south
trending vertical planar fabrics are observed in both
the Monotonous and Varied Groups (Fig. 2). These ha-
ve been attributed by Vrina to the second recognizable
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Moldanubian deformation S2 (D2). The prevailing S3
(D3) shear foliation is developed in most parts of the
region, with the exception of the Sumava area where it
was oblilerated during superimposed deformation and
amphibolite-facies recrystallization. The older structu-
ral fabrics are recognizable in some subareas which
have not been so strongly affected by younger perva-
sive refoliation. Poles to foliation planes in the Sugice
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Fig. 3. Map of rock lincation in the area studied. Diagrams showing the orientation of lineations in individual subareas; about 100 measure-

ments per diagram

1 - lithologic boundaries; 2 - Podolsko detachment normal fault; 3 - boundary between the Kaplice and Monotonous Units; 4 - lineation mea-
sured by the authors of the paper; 5 - measurements taken from publications and maps
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Varied Group display a fan-like distribution, arranged
around the SW-NE axis, which corresponds well with
the trend of the main fold axes and with the general
megasyncline structure of the SuSice Varied Group
(Fig. 2). Moderate monoelinal dips towards the SE
predominate in the case of the Strakonice Varied
Group.

Prominent stretching lineations in the Varied
Group near Strakonice, locally emphasized by an L-
fabric, plunge gently towards the NE or SW (max. 45-
50/10; resp. 225°) (Fig. 3). The stretching lineation is
marked by rodding of quartz-feldspar aggregates and
alignment of metamorphic minerals. The compositio-
nal banding is refolded by synschistose recumbent and
isoclinal folds with hinges parallel to the main stret-
ching direction (cf. Rajlich et al. 1986).

Migmatites of the Podolsko Complex rocks dis-
play banding defined by alternation of leucosomes and
mesosomes. Although the foliations vary widely in
trend, maxima of poles are clustered around the center
of the orientation diagram (Fig. 2), indicating a very
low dip of the planes (5-30°). In most cases the folia-
tion planes show a prominent SW-NE stretching line-
ation seen as rodding of quartzo-feldspathic
aggregates, oriented growth of sillimanite in the folia-
tion planes, and integrowths of biotite and sillimanite
in pressure shadows around the boudinaged garnet
porphyroclasts (Figs. 3, 4a).

The general sense of displacement of the
Podolsko Complex over the Monotonous and Varied
Units during the compressional tectonic stage has not
yet been determined unambiguously, but Vrana
(1979) and Rajlich et al. (1986) deduced southeast-
ward (ransport for this part of the Moldanubian do-
main. Conversely, Matte et al. (1985, 1990) and
Schulmann et al. (1994) suggest eastward movement
of the Gfohl granulites in Lower Austria and in the
easternmost part of the Moldanubian Zone. The chro-
nology of these movements within the Variscan pro-
cesses remains uncertain.

3. Late-Variscan extension

Tectonic activity did not cease after the main allocht-
honous units were assembled. Evidence of this is pro-
vided by large-scale intramoldanubian shear zones and
detachments which affect all the main Moldanubian
tectonostragraphic units (Vrana 1979, 1992, Rajlich et
al. 1986).

Intramoldanubian shear zones

Several shear zones of variable scales have been de-
tected within the Moldanubian Zone in southern
Bohemia. Some of them are of a regional scale cutting
across the boundaries of internal Moldanubian nappes
(Suess 1926, Vrana 1981, Rajlich et al. 1986). In the
area studied, such a main shear zone has been recog-

nized by Vrana (1979) and Machart (1987) who inte-
preted the Tyn nad Vltavou-Vodiiany shear zone as a
major discontinuity between the Podolsko Complex
and the underlying Monotonous Group. This zone se-
parates the major NW part of the Podolsko Complex at
its south-eastern margin from the underlying
Monotonous Unit (Fig. 1) and can be traced from Tyn
nad Vltavou in the NE to the area east of Vimperk in
the SW. The shear zone extends several tens of kilo-
meters in length (Vrana 1979, Machart 1987). A zone
of intense low-temperature mylonitization which vari-
es in width from several metres up to hundreds of met-
res is present at the north-west edge of the regional
shear zone. It runs parallel to the older amphibolite-fa-
cies shear foliation which affects the paragneiss com-
plex over a thickness of more than ten kilometres. The
late mylonitic zone marks a crustal-scale normal fault
along NW margin of the polyphase shear zone and, to-
gether with petrological information, serves as an
evidence for late-orogenic collapse in this part of the
Moldanubian Zone.

The Podolsko part of the Tyn nad Vitavou-Vodriany
shear zone

Our structural studies support an interpretation in
which the original sole-thrust contact of the NW part
of the Podolsko Complex with the underlying
Monotonous and Varied Units is cut-off by the nor-
mal-fault shear zone. Because the complex was tran-
sported along this normal fault, the authors refer to this
part of the Tyn nad VItavou-Vodiiany shear zone as the
Podolsko  detachment. Deformation of the
Moldanubian metamorphic rocks caused by extensio-
nal shearing resulted in intense reworking of the older
metamorphic fabrics. Relics of earlier mineral assem-
blages in low-strain domains indicate that retrograde
shear deformation affected originally high-grade rocks
of the Podolsko Complex (Fig. 4a, b, c).

The mylonitic foliation planes are defined by my-
lonitic layering, the preferred orientation of phyllosi-
licates, alignment of feldspar clasts, and are locally
emphasized by quartz ribbon aggregates. This foliati-
on cuts across the older compositional foliations. It is
curved and deflected but generally tends to be paral-
lel or subparallel to the Podolsko detachment margins
and dips to the north or northwest at moderate angles
(Fig. 2).

S-fabrics generally predominate. Strong mineral li-
neations, marked by streaking and alignment of feld-
spar clasts and recrystallized quartz ribbons, plunge
uniformly towards the NW (Fig. 3). However, locally
intense L-fabrics, defined by preferred orientation of
rock-forming minerals or by local perturbation of foli-
ation, results in development of rodding parallel to the
regional stretching lineation.

Heterogeneous deformation leads to the develop-
ment of lens-shaped low-strain domains surrounded
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Fig. 4. Photo-micrographs from
sheared rocks of the Podolsko
Complex, illustrating superim-
posed deformational micro-
structures in sheared granitoids
(e-f) and changes in metamorp-
hic grade (a-d)

Scale bars equal to 1 mm

a - Asymmetrically boudinaged
garnet in the main metamorphic
foliation, surrounded by inter-
growths of sillimanite and biotite
in pressure sheadows (migmati-
te of the Podolsko Complex);

b - Growth of sillimanite along
the main foliation planes of the
Podolsko migmatites, typical of
the decompressional regime;

¢ - Relics of hypersolvus alkali
feldspar in mylonitized
Podolsko migmatite, indicating
granulite facies metamorphic
history;
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d - Biotite mica-fish sense-of-
shear indicator associated with
the development of extensio-
nal shear-bands in deformed
granitoids;

e - Delta-porhyroclasts of feld-
spar, greenschist facies defor-
mation of granite;

f - Asymmetric microfolds re-
folding mylonitic layering in
the greenschist facies ultramy-
lonites
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by sigmoidal ultramylonite bands. This pattern is typi-
cal of the strain-path partitioning described by
Choukroune and Gapais (1983). The spatial distributi-
ons of the mylonite foliation and stretching lineation
suggest down-dip movements along the shear zone.
This conclusion is also supported by several sense-of-
shear criteria such as an ubiquitous C/S fabric, ?-por-
phyroclasts in the orthogneiss and o-porphyroclasts in
the mylonites (Fig. 4d), mica-fish (Fig. 4¢), and asym-
metric folds (Fig. 4f).

The wide range of microstructures formed within
the shear zone suggests a complex and probably long-
lasting history of tectonic activity. Progressive defor-
mation led to intense reworking of the heterogeneous
suite of metamorphic and magmatic rocks.
Retrogressive metamorphism, in some cases, makes
the identification the mylonite and ultramylonite pro-
toliths questionable. Nevertheless, it is apparent that
rocks of the Monotonous and Varied Units, the mig-
matites of the Podolsko Complex and the Variscan
granitoids were affected by a single extensional and
retrogressive deformational event.

Granitoid bodies occurring along the shear zone

Minor leucocratic granitoid bodies are spatially asso-
ciated with the Podolsko Complex detachment.
Granitoids display a wide range of deformational
structures that are likely to have developed at both
magmatic and sub-solidus stages. Kinematic patterns
of the structures developed in the granitoids corres-
pond well with the bulk deformational framework of
the zone.

The inhomogeneous distribution of strain descri-
bed above led to the development of variable defor-
mational gradients in particular parts of the shear zone.
Thus rather homogeneously deformed orthogneisses
can be observed in the Cavyn& Massif, whereas seve-
ral kilometers eastwards banded dark-grey granite my-
lonites and ultramylonites alternate with almost
undeformed rock in the Zabofi quarry.

Magmatic rocks with little or no sign of ductile de-
formation are trapped within the undeformed pods sur-
rounded by mylonite foliation or they are present as
minor intrusions along the shear zone. The boundary
between the C/S granites in low strain domains and the
surrounding mylonites and ultramylonites is always
sharp and distinct. The mylonite foliation planes wit-
hin the granitoid bodies generally dip very uniformly,
except at sites where they wrap around low-strain do-
mains, Protomylonites are rare, and all the mylonitic
rocks can be allocated to end-members on the descrip-
tive scale of Heitzman (1987).

A strong mineral lineation gives way to brittle stri-
ations within the same kinematic framework, sugges-
ting a decrease of temperature during fault evolution.
The lineation plunges uniformly towards the NW
(Fig. 3).

Microstructural evolution and deformational
mechanisms

Microstuctures in distinct types of deformed rocks

Deformational microstructures, mineral assemblages,
and inferred deformational mechanisms have been
used to decipher the thermal and mechanical history of
the shear zone. The metapelitic rocks, heterogeneous
both in composition and structure, do not provide sui-
table material for detailed systematic study of the stra-
in path. In contrast, the granitoids record the complete
deformational evolution from protomylonite to steady-
state structures. The behavior of granitoids during pro-
gressive deformation has recently been described
comprehensively (Burg and Laurent 1978, Handy
1989). Moreover, the supposed syntectonic character
of small intrusions provides information about the
thermal evolution from HT to LT fabrics.

With respect to the degree of deformation, four sta-
ges of mylonitization have been distinguished: (1) C/S
granite, (2) C/S orthogneiss, (3) - banded orthogneiss,
(4) - mylonite (Fig. 5). Deformed C/S granites occur in
minor leucocratic bodies several tens of metres in
thickness, or in pods, surrounded by mylonite/ultra-
mylonite bands e.g. close to Vodiiany. In contrast to
this, the Cavyné orthogneiss body generally displays
more advanced stages of deformation. The three more
advanced stages of reworking were therefore studied
in the Cavyn& body. The metagranitoids contain
quartz, perthitic microcline, albite and sodic oligocla-
se, biotite and muscovite. In muscovite-rich varieties,
columnar crystals of tourmaline up to 5 cm occur,
Garnet is locally present as an accessory.

C/S granites

Macroscopically, the C/S fabric of the rock is clearly
visible. Both the S and C planes dip towards the NW
at an angle of about 30°. Slightly curved C-planes be-
ar a strong mineral lineation plunging to the NW. The
spatial distribution of these planes is indicative of nor-
mal-fault movements. However, at the microscale, it
forms the dominant structure within the rock, with C-
planes heterogeneously crosscutting the rock and play-
ing a subordinate role (Fig. 5a). Micas and feldspar
porphyroelasts are aligned in the S planes. The tips of
mica porphyroclasts are recrystallized and deflected
into the C-planes (Fig. 6a). Plagioclase and K-feldspar
grains locally display euhedral shapes, most of them
being modified by extensive fracturing. K-feldspar
grains also show variably developed microcline twin-
ning and undulatory extinction. Dynamic recrystalli-
zation starts at the mutual contacts between individual
feldspar grains and along internal microshear zones
and kinks (Figs. 5, 6a).

Quartz is present as pockets wraping around feld-
spar porphyroclasts. Rare relict quartz grains within
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Fig. 5. Microstructural evolution of granite deformed within a shear
zone during the extension. Four stages of progressive deformation
within the shear zone:

A - C/S granite is the first stage of deformation. The angle between S and C planes approximatelly 35°; B - C/S orthogneiss. The angle bet-
ween S and C planes is about 25-30°; C - Banded orthogneiss; D - Ultramylonite, Q - quartz, Qr - quartz ribbon, QFa - quartz-feldspathic ag-
gregate, Ms - muscovite, B - biotite, Mre - recrystallized micas, Bp - primary biotite, F - feldspar, Kfre - K-feldspar recrystallized, & - delta
clasts, 0 - sigma clasts, ag - angular grains
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the pockets form larger irregular clasts showing inter-
nal features, such as prismatic subgrains. These large
grains are surrounded by colonies of small, almost
equant, strain-free grains typical of mantle-and-core
microstructure (White 1976). In the case of complete
recrystallization of quartz in pockets, the grains are
subequant, 0.2 mm in size with serrated boundaries in-
dicating grain-boundary migration (Guillopé - Poirier
1979). The large pockets are locally interconnected by
narrow strips of small recrystallized quartz grains pa-
rallel to the C surfaces. Grains within these proto-rib-
bons show a low aspect ratio (5 : 1), are dominantly
equant, strain-free and 0.1 mm in size.

C/S orthogneisses

In the C/S orthogneiss, the C-planes are well develo-
ped, and the S and C planes are in spatial equilibrium
(Fig. 5b). Shear bands, marked by alignment of micas,
are locally developed. The fine-grained matrix forms
more than 70 vol. % of the rock. Mica porphyroclasts
form abundant foliation fishes, with their tails elonga-
ted to the C-planes.

Feldspars are present in the form of individual por-
phyroclasts or aggregates; plagioclase predominates
over K-feldspar. They display strong undulatory extin-
ction. K-feldspars are affected by abundant myrmekite
growth (Fig. 6b) at high-pressure sides of the feldspar
grains (Simpson - Wintsch 1989). Biotites and small, al-
most equant, strain-free quartz grains crystallized in the
pressure shadows of the feldspar clasts. The C mica-rich
planes are locally emphasized by polycrystalline quartz
aggregates often composed of individual thin ribbons,
separated by micas. Quartz ribbons are formed by large
irregular grains 0.3-0.7 mm in size with serrated boun-
daries and undulatory extinction. No significant grain-
size variations in individual ribbons have been
observed. Elongated grains form often oblique fabrics

with repect to ribbon boundaries. Grain shapes and in-
ternal strain features indicate that dominantly grain
boundary migration has occurred during the recrystalli-
zation. Locally, in the vicinity of feldspar clasts, highly
flattened quartz ribbons showing no grain size reducti-
on are developed (Fig. 5b).

Banded orthogneisses

The banded orthogneiss consists of quartz ribbons, al-
ternating with a fine-grained matrix containing feld-
spar porphyroclasts (Fig. 5¢). The matrix is made up
predominantly of quartz and phyllosilicates, with sub-
ordinate small feldspar grains. Matrix phyllosilicates
display strong shape preferred orientations parallel to
the mylonitic foliation. Perturbed zones occur in the
vicinity of large feldspar porphyroclasts, where the
matrix phyllosilicates are deflected.

Polycrystalline quartz ribbons with a high aspect
ratio dominate the banded structure of the rock.
Ribbon thickness is typically fairly uniform.
Individual grains 0.3-0.5 mm long also show a uni-
form grain size distribution. Grains are subequant with
irregular and serrated boundaries, sometimes a weak
shape preferred orientation is developed (Fig. 6¢).

Most porphyroclasts are individual feldspar cry-
stals or crystal fragments; composite aggregates do not
occur, Porphyroclasts display dominantly oval shapes,
with the longest axes aligned parallel to the stretching
lineation (Fig. 5¢). Perturbed zones between individu-
al fragments suggest that they originated from one cry-
stal which was fractured and pulled-apart in the
X-direction,

Mylonites

The protolith of the mylonites/ultramylonites can be
inferred from the composition of rocks within the low-

Fig. 6. Photo-micrographs of
structures of the deformed gra-
nites

Scale bars equal to | mm

a - Dynamic recrystallization of
K-feldspar clasts along micros-
hear zones and kink-bands, we-
akly deformed granite;
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b - Pressure-induced growth of
myrmekites along a foliation
plane at the rim of K-feldspar
clast in C/S orthogneiss;

¢ - Asymmetric grain shape and
grain-boundary migration in rec-
rystallized quartz bands, banded
orthogneiss. Note the relict feld-
spar clast surrounded by quartz
matrix;

d - Ultramylonite with some re-
lics of feldspar clasts and quartz
ribbons in lower part of the pho-
tograph.
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strain domains. Mylonites, which locally occur in the
central part of the shear zone, consist of an ultrafine-
grained matrix formed of the breakdown products of
feldspars, primary micas, chlorite, sericite and quartz
grains (Figs. 5d, 6d).

Quartz is concentrated mainly in scarce elongated,
ribbons reaching tens of centimeters in length.
Polycrystalline ribbons are composed of several thin
quartz layers, mutually parallel and separated from
each other by very thin micaceous bands. They pro-
gressively thin around the feldspar porphyroclasts.
Individual quartz grains 0.1 mm in size show both cry-
stallographic and shape preferred orientation. The ang-
le between the ribbon boundary and the long axes of
orientated small grains varies from 10° to 45°. All gra-
ins display serrated and sutured boundaries indicating
grain boundary migration. Some of the quartz grains in
the thinner ribbons meet locally in triple-point juncti-
ons thus suggesting a certain degree of equilibration.

Fig. 7. Quartz C-axes patterns from granitoid rocks in different sta-
ges of deformation. Note the re-orientation of C-axes during pro-
gressive shearing

a - C/S granite; b - C/S orthogneiss; ¢ - banded orthogneiss. About
200 measurements per diagramme. Lower hemisphere, equal area
projection. Contoured at multiples of uniform distribution. See the
text for explanation

Lenticular or angular feldspar porphyroclasts are
preserved in the matrix (Fig. 6d). Deformation of feld-
spar is dominantly brittle, however, some recrystalli-
zation occurs in the necks of the feldspar grains.
Greater deformation leads to the progressive grain-si-
ze reduction of feldspars and thus to the relative enri-
chment of fine-grained matrix. The feldspar clasts are
surrounded by perturbed mylonitic foliation defined
by preferred orientation of phyllosilicates. Feldspar
porphyroclasts are mostly subrounded, rounded and
oval in shape. Such a shape is attributed by O'Hara
(1988) to pressure solution acting in addition to the ca-
taclasis process, which by itself could not produce the
oval shape of the porphyroclasts.

C-axis fabric analysis

C-axes of approximately 200 quartz aggregates have
been measured using a U-stage, and the results display-

C+S
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ed on lower hemisphere equal area projections (Fig, 7).

In C/S granites, the quartz ribbons generally tend
to be arranged parallel or subparallel to S planes, that
are defined by preferred orientation of micas and feld-
spars. The quartz ribbon boundaries are deflected 40-
50° from the C planes. C-axes of most of the small
grains compounding the ribbons are clustered around
the center of the diagram. C-axes that are inclined
from the Y-axis of the finite strain ellipsoid form a
single girdle. This girdle is 45° apart from the C-plane
which is perpendicular to the S planes (Fig. 7a). The
C-axis distribution suggests activity of the prism <a>
and thomb <a+c> glide systems during development
of quartz-fabric in simple shear regime (Lister - Hobbs
1980). Angles between the quartz ribbon and the kine-
matic frame-work slightly vary from ribbon to ribbon,
depending on the particular angle between the S and C
planes.

Narrow quartz ribbons are also developed along
the C-planes. They are composed of significantly
smaller recrystallized grains. These grains exhibit
strong C-axis preferred orientation pattern forming a
unique girdle perpendicular to the C-plane (Fig. 7a).
The girdle is usually formed by two symmetrically di-
stributed maxima along a trace of the C-plane sugges-
ting combined prism <a> and rhomb <a+c> glides.

The fabrics with pre-existing S-planes and subse-
quently formed C-planes are attributed to the tectonic
event that, according to microstructural evolution of
rock-forming minerals, began already in the sub-mag-
matic stage of rock formation, and that continued un-
till a solid state was reached.

The C/S orthogneisses display C-axes projected in
a well defined, unequally populated single girdle. The
girdle is always inclined in an opposite sense than the
imposed deformation defined by the C planes (Fig.
7b). In the projection, the angle between the girdle and
the Z axis varies between 20° and 35°. It is always
considerably lower than in case of the C/S granites.
The decreasing angle between the S and C planes is as-
sociated with development of one single broad girdle
in a position almost perpendicular to the C plane.
However, at this stage it is still oblique to the C planes.

In the banded orthogneisses, the C-axis fabric is
dominated by a well developed and more or less
equally populated single girdle, that is slightly incli-
ned according to the imposed shearing. The S planes
show evidence of being totally reworked by the C pla-
nes, so that both systems form a unique planar fabric.
Quartz is present exclusively in the form of recrystal-
lized mosaic of small grains forming ribbons parallel
to the mylonite foliation. The C-axes are clustered
about the Y axis of the strain ellipsoid, forming a short
girdle perpendicular to the XY plane (Fig. 7¢). This in-
dicates an activity of unique prism <a> glide system
parallel to the shear plane.

In the mylonites, the quartz c-axis patterns are we-
aker than those in the banded orthogneisses.
Moreover, the fabric is strongly domainal, with inten-
sity strongly varying {rom ribbon to ribbon (Fig. 8).
The c-axes are clustered around the centre of the dia-
gram indicating a dominant activity of a prism <a> gli-
de. This weakening of the quartz c-axis fabric is
attributed to a concentration of a flow stress in the ult-
ra-fine grained matrix.

Interpretation of the c-axis fabric analysis

Our study shows that the C-axis girdles are not per-
pendicular to the kinematic framework defined by the
C-planes from the beginning of plastic deformation
but instead, the C-axis patterns are governed either by
the geometry of S-planes or C-planes giving two mu-
tually inclined girdles (cf. Vrana 1959). This result is
in contradiction with the generally accepted concept of
kinematic control of the quartz c-axis pattern in shear
zones (Berthé et al. 1979, Lister - Williams 1979,
Bouchez - Pécher 1981). In early stages of granite de-
formation the quartz C-axis girdle orientation is not
consistent with the sense of shear within the shear zo-
ne. This development can be attributed to two different
models. The first one implies a contemporaneous sli-
ding along the quartz ribbon boundaries parallel to
both the S and C-planes. The smaller grain size of
quartz grains and stronger preffered orientation of the
C-axes suggests a higher shear stress concentration

Fig. 8. Quartz C-axis patterns from greenschist facie mylonites and ultramylonites. Lower hemisphere, equal area projection. Contoured at mul-
tiples of uniform distribution. See the text for explanation
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along the C-planes. In this model the S-planes have a
ramp-geometry, while the C planes a flat geometry of
a small-scale duplex structure. The second model sug-
gests a polyphase development; the fabric is related to
the S-planes during its first stage, and the C-structures
prevail and overprint the former S-fabric in the second
stage. This fabric can originate during a progressive
cooling and deformation of granite in which weak
quartz blebs are elongated parallel to the shear directi-
on. The quartz C-axis fabric is controlled by the geo-
metry of the S-planes in this stage. Shear deformation
concentrated in the C-planes in later stages of progres-
sive cooling and deformation. None of those models is
compatible with the generally used C/S theory of
Berthé et al. (1979). The girdle orientation is consi-
stent with the generall sense of shear only in case of a
banded orthogneiss where the quartz ribbons are pa-
rallel with the flow planes.

4, Tectonic evolution

Our investigations confirm that major NE-SW sub-ho-
rizontal stretching was imposed on both the Varied and
Monotonous Groups and the "Gfohl" Podolsko
Complex during early to late compressional tectonics.
Thrust movements have already been recognized by
Vrina (1979) on the basis of the relative position of the
Podolsko Complex and the underlying units and the
associated refoliation and mylonitization. The same
character of tectonic style has been confirmed by
Machart (1987) and Urban and Synek (1992). The
structural pattern in the area studied has been affected
by NW-vergent late-extensional tectonics on a crustal
scale. The extensional instabilities, developed predo-
minantly in domains with a NW dipping foliation, ha-
ve exhumed the Monotonous Group, and juxtaposed
the Gfohl and Monotonous Units which were original-
ly separated by the intervening Varied Group. This ge-
ometry is developed along that part of the Tyn nad
Vlitavou-Vodiiany shear zone, here defined as the
Podolsko Complex detachment, which appears to be
one of the dominant intramoldanubian extensional
faults, The intrusion of granitoid magmas could have
been partly synchronous with the extensional move-
ments which continued after emplacement of the gra-
nite intrusives.

Amphibolite facies shear deformation of granitoids
at low-strain intensities is marked by development of
C/S fabric which passes into high-strain banded ort-
hogneiss. This deformational sequence shows a pro-
gressive transition from the heterogeneous deformation
throughout large volumes of rocks characterized by
the well-developed C instabilities towards the homo-
geneous deformational fabrics localized in shear zo-
nes. Progressive development of shear zone leads to
decrease of the C/S angle and to the uniformity of
quartz grain size resulting from more homogeneous
flow stress and strain rate distributions within the core

of the shear zone. This strain gradient has been estab-
lished under constant temperature conditions and led
to steady state flow and an increase of the viscosity
contrast between shear zone and the wall rock (Handy
1989). Continued deformation led to crustal uplift and,
consequently, a decrease of geothermal gradient du-
ring cooling. The P-T path of the shear zone separating
the Podolsko Complex from the underlying
Monotonous Group intersected the reaction curve of
destabilization of plagioclase and micas and resulted
in a reaction-enhanced transition to grain-size sensiti-
ve creep in mylonites (Handy 1989). These sharply lo-
calized ultramylonitic shear zones display continuous
transition from amphibolite facies conditions to green-
schist facies under the same kinematic regime.

The thermomechanical evolution of mylonite zone
is compatible with the thermal evolution of extended
litosphere (Thompson - Ridley 1987). The Podolsko
Complex exhibits HP metamorphism during compre-
sive movements that were followed by a subsequent
decompression associated with widespread MP anate-
xis (sill, grt, KI) and an extensional reactivation under
amphibolite to greenschist facies. The lower
Monotonous Group shows MP-MT metamorphism
(Petrakakis 1986) overprinted by HT-LP metamorp-
hism during which cordierite-bearing anatexites (crd,
sill, Kf) related to intrusion of the Central
Moldanubian Pluton were formed (Vrana 1992). The
contact of both units was strongly modified by the la-
te extensional deformation under amphibolite to gre-
enschist facies conditions.

In order to estimate the throw along the extensio-
nal intramoldanubian zones, we can take into account
the present area of the Podolsko Complex on both si-
des of the Vodiany-Tyn nad Vltavou shear zone.
Based on this relation, the minimum throw along this
late fault is about 5 km. According to pressure diffe-
rences estimated for the Gféhl Unit and the underlying
Drosendorf Unit s.I. (4-6 kbar, Petrakakis 1986), the

total vertical throw along the shear zone could be as

great as 12-18 kilometres. However, this estimate is
based on absolute difference in depth of these two
units during metamorphism related to crustal thicke-
ning in the southernmost part of the Moldanubian
Zone. The timing of the extensional tectonics is brac-
keted by the age of intrusion of the Central
Moldanubian Pluton 330 Ma (van Breemen et al.
1982) and the fact that the extensional tectonics affects
also the granitoids of Central Bohemian Pluton and
Gfohl migmatites in which anatectic event was dated
at 339 Ma (van Breemen el al. 1982).

The tectonic interpretations of the Moldanubian
Zone of the Bohemian Massif is usually based on a
model of convergent mountain building processes
(Matte et al. 1990, Franke 1989). Our case study of va-
rious parts of the Moldanubian Zone in southern
Bohemia shows that the geological fabric of these
parts is strongly modified by late-extensional proces-
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ses. Parts of the Gfohl Unit (if we accept this term for
the high-grade bodies studied) can no longer be inter-
preted purely as "klippen" resulting only from com-
pressional tangentional movements and, according to
the results of this study, their recent position is modi-
fied by the late-orogenic gravitational collapse. Thus,
on the basis of field and microstructural evidence, the
Gf6hl relics are inferred to fill structural "grabens" in
the underlying units during late stages of tectonic evo-
lution. This conclusion is in accord with a general mo-
del proposed by Burg et al. (1994a,b) for the final
structural pattern of the Variscan belt.

Results of gravimetric survey provide new data on
the depth of the Podolsko Complex and Prachatice
granulite body, the base of which may lie 10 km below
surface (Sramek et al., in press). These results contra-
dict our hypothesis if the subsurface occurrence of
light granitic bodies is discounted. Moreover, the
amount of extension proposed by Burg et al. (1994b)
should be the subject of further investigation in the
Bohemian Massif. It seems probable that the Central
Moldanubian Pluton in the Moldanubian Zone played
an essential role in the extensional process in a way si-
milar to the large magmatic bodies described from the
French Massif Central (Faure - Pons 1991).
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Pozdné orogenni extenzni kolaps moldanubické zény v jiznich Cechach (Czech summary)

Litotektonickd stavba moldanubika, vznikld v dusledku nasunuti tzv. gféhlské jednotky na monoténni a pestrou skupinu, byla modifikovana
bé&hem sz. orientované extenze korového méfitka. Pozdné extenzni intramoldanubicky podolsky zlom podél sz. okraje variské duktilnf stfiZné
z6ny mezi Vodiiany a Tynem nad Vltavou zdiraznil tektonické rozhrani mezi exhumovanou monoténni skupinou a podolskym komplexem.
Monoténni skupina byla relativné vyzdviZena podél stfiZzné zény a tohoto poklesového zlomu do drovng gfhlského alochtonu. Minimélni od-
had vertikalni sloZky polyfazového poklesu je 5 km, maximalni odhad aZ 18 km.

Mal4 télesa granitoidd intrudovala pravdépodobng synchronng s poklesovymi pohyby, pfi¢emZ extenzni deformace pokragovaly i po
zchladnuti a vmisténi granitd. Mikrostrukturni vyzkumy nékterych granitoidnich t€les ukazuji na plynuly pfechod od C/S graniti, pfes C/S or-
toruly, piskované ortoruly aZ po ultramylonity. Deformace probihaly pievaZng za podminck amfibolitové facie a za poklesu do facie zelenych
biidlic.

Analyza mikrostaveb kiemene doklada aktivitu prizmatického <a> kluzného systému pro viechna stadia a intezity deformace. Kfemenné
stavby jsou fizeny spife geometrii kone¢né deformace neZli kinematickym rémecem deformace pfinejmensim b&hem podateénich stadif, a vy-
voj C/S staveb tedy nemusi byt synchronni. Univerzilni uréovani kinematiky pohybi za pouZiti asymetrie obrazci kfemennych C os je v tom-
to pfipadé problematické.



