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w The Palaeozoic geodynmic evolution of the Sudetes resulted from two successive orogenic events: (1) Ordovician-Silurian geotectonic 
processes (pre-Variscan stages), and (2) the Variscan orogeny. Early Palaeozoic rifting of Cadomian crustal segments and opening of the 
Ligerian (Galicia-Massif Central) and/or Smothuringian Ocean occurred in Ordovician-Silurian times on the northern (peri-Gondwana) 

& 
periphery ofthe Bohemian Massif. Atthe same time, the Gdry Sowie terrane with amagmatic arc &nity quite probably developed on the 
SW margin of Baltica due to subduction of the Tornquist Ocean. Two major structural events characterised the Variscan evolution of the 
Sudetes: (1) regional-scale ductile thrusting of Late Devonian-Early Carboniferous age, and (2) Early Carboniferous-Early Permian re- 
gional extension. Ductile thrusting.is characterised by: (I) a general NNE-directed, dextral transpressional stacking of ductile nappes due to 
oblique collision of the Moldanubian and Moravim microplates in the Eastern Sudetes, and (11) SW- to NW-directed, sinistral 

. transpressional stacking of ductile nappes due to westward lateral extrusion of continental crust in the Central and Western Sude.tes, itself a 
result of oblique indentation of the Central Sudetic oceanic lithosphere. The first Variscan deformation in the Sudetes might reflect a purely 
convergent setting that evolved into a transpressive setting during oblique convergence. Special attention is given to the geometry and kine- 
matics of intraplate tectonic escape and a model of indentation processes in the Sudetes. The presented new geotectonic model for the 
Variscan evolution of the Sudetes is consistent with lateral escape of the Smothuringian terrane as an important way of accommodating 
Variscan strain in the NE part of the Bohemian Massif. This model explains the lateral expulsion (escape) process as due to the indentation 
of the Central Sudetic terrane dong with the G6ry Sowie terrane and by the oblique subduction of the Ligerian/Saxothuringian Ocean(s) 
(now tectonically dismembered ophiolitic rocks of the Central Sudetic terrane). 
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INTRODUCTION 

The definition of "orogeny" within most orogenic belts was 
originally basedon the presence ofunconformities (Stille, 1945, 
195 1 ; Harland, 1969; Trumpy, 197 1 ; Rodgers, 1982). Tradi- 
tional thinking of "orogenic events" and "tectonic phases" was 
based on a definition of orogeny as occurring in sharply delim- 
ited pulses with orogenic belt evolution consideredas a series of 
such events, phases, or episodes (StilIe, 1945, 195 1; Rodgers, 
1971). However, orogenic concepts have changed because of 
the plate-tectonic paradigm, which assumes that initiation of 
orogenic processes is associated with reorganisation of crustal 
plate motions and poles of rotation, and that deformation on a 
plate-scale is continuous and gradual, involving generally slow 
rates of deformation. Rodgers (1971) attacked the dogma that 
orogenies are sharp, discrete events punctuating the geological 
record and he showed that the Taconic orogeny of the North 

Appalachians included three long-lived and partly overIapping 
events. 

Many orogenic events have now been redef~ed over longer 
periods and do not represent brief, singular'events (< 10 Ma du- 
ration) but more prolonged episodes or sequences of events that 
lasted over a geological period or more (Radgers, 1971; Wil- 
liams, 1993). Orogeny may exhibit its signature in the rock re- 
cord in the form of episodic pulses with time-scales of a few Ma 
simply because of changes in accommodation mechanisms on 
an orogenic and plate scale (Harrison et ai., 1992; Gray and Fos- 
ter, 1997). More recently, arguments for more Lkontinuous" de- 
formation, associated with the gradual and approximately linear 
dispIacements of lithospheric plates in the plate-tectonic para- 
digm (Hsll, 1989), led to the concept of "megascale" orogeny 
with > 100 Ma duration (Gray and Foster, 1997). 

In the modem context, orogeny should be defined by a com- 
bination of recognised unconformities, rock deformation with 
the development of penetrative fabrics, metamorphism, 
magmatism, sedimentation, and syn- and/or post-orogenic 
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Fig. 1. Sketch-map of Sudetic terrranes (modified after Cymeman et al., 1997) 

Terranes: CST - Central Sudetic, GST - Gdry Sowie; terrane boundaries: BNSZ - Brzeg-Nysa shear zone, KL - Kaczawa tectonic line, LSZ - 
Leszczyniec shear zone, NSZ -Niemcza shear zone, NYSZ - Nyznerov shear zone, ZST,- Ztoty Stok-Trzebieszowice shear zone; metamorphic core 
complexes: ESD - East Sudetes domes, KID - Karkonos~lzera dome, OSD - OrlicGnieznik dome; ophiolitic co~nplexes: B - Brszowice, NR - 
Nowa Ruda, SOC - Slq2a; geological units: IZC - Izera metamorphic complex, KAC - Kaczawa metamorphic complex, KC - Klodzko metamorphic 
complex, NKC-Niemcza-KamieniecZ@kowicki metanlorphic complex, SMC -Shelin memorphic complex, SKC-South Karkonosze metamorphic 
complex, STC - Star6 MEsto metamorphic compIex 

exhumation. Observations from many different parts of the 
Earth show that orogenic belts evolved along stages of sub- 
duction, followed by collision, intracontinental deformation 
and post-collisional thinning of a thickened crust (Wilson, 
1990; Seng6rY 1990; Vauchez and Nicolas, 199 1; Beaumount et 
a/. ,1994; Ellis, 1996; McCafEey and Nabelek, 1998). Changes 
from dominant continental collision to shortening onmajor duc- 
tile thrusts appear episodic in terms of data obtained from stud- 
ies of uplift, sedimentation, and geochronology. However, on 
the scale of the entire orogenic system, convergence is seen to 
take place at a relatively constant rate (Harrison et ai., 1992). 

The Variscides ofEurope form an orogenic belt extending for 
cu. 8,000 km from Portugal to Poland. In Central Europe, a divi- 
sion of the Variscides into three major zones (Rhenohercynian, 

Saxothuringian, and Moldanubian) (Fig. 1) was.established by 
Suess (1926), Kossmat (1927) andstille (1 95 1); and modern re- 
views regard these classical Variscan domains as parts of 
peri-Gondwana crustal blocks which collided with Laurussia 
during the Late PaIaeozoic collision (Ziegler, 1986; Franke et 
a/., 1993, 1995; me1 and Weber, 1995). With the advent of 
plate tectonics these zones were reinterpreted as independent 
microplates or terranes m a t e  et a[., 1990; Oczlon, 1992; Edel 
and Weber, 1995), and the Palaeozoic evolution of Central Eu- 
rope was seen as controlled by subduction of oceanic domains 
separating Laurussia and Gondwana, and by the accretion of 
Gondwana-derived fragments to Laurussia (Ziegler, 1986; 
Paris and Robardet, 1990; Pin, 1990; Oczlon, 1992). Although 
many aspects of the geotectonic evoIution of the Variscan belt 
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in Central Europe are still poorly understood and controversial, 
and expressed in anumber of geodynamic models incorporating 
different concepts (Behr, 1978; Ziegler, 1986; Matte et al., 
1990; Oczlon, 1992; Ede1,and Weber, 1995; Franke et al., 
1995), there is general agreement among these authors and oth- 
ers that this orogenic belt resulted fkom Late Devonian-Early 
Carboniferous collisional processes (Franke, 1989; Matte, 
1991 ; Franke et al., 1995; Oncken, 1997; Oncken et al., 1999). 

Uncertainties relating to orogenic evolution are particularly 
acute in the Sudetes, where the Variscan orogenic belt forms a 
complex mosaic-like structure (Teisseyre, 1980; Cymeman et 
al., 1997). The oroclinal bend of the Variscides in SW Poland 
further complicates tectonic interpretations. Numerous plate 
tectonic and non-plate tectonic models have been proposed for 
the origin of the Sudetes (4 Matte et al., 1 990; Matte, 199 1 ; 01- 
iver et al., 1993; Cymerman and Piasecki, 1994; Cymerman et 
al., 1997; Zelainiewicz, 1997). 

The aim of this paper is to establish the orogenic framework 
for the tectonic evolution of the Sudetes during Palaeozoic de- 
formations, because the knowledge gained from the Sudetes 
area may lead to a better understanding of the geotectonic evo- 
lution of the entire Bohemian Massif In this study, recent struc- 
tural, kinematic, geochemical and isotopic data are used to as- 
sess the tectonometamorphic history of different p& of the 
Sudetes during Variscan and Caledonian orogenic processes. 
The geometry and kinematics of the Variscan intraplate tectonic 
escape are described and a model of indentation processes in the 
Central Sudetes is proposed 

GENERAL SETTING 

The Sudetes, located at the NE margin of the Bohemian 
Massif, in between the NW-trending Hamburg-Krakdw fault 
zone and Elbe fault zone [Fig.l), represent the principal expo- 
sure ofthe Variscan Orogenic Belt in SW Poland and the north- 
em Czech Republic with relics of aNeoprokrozoic basement in 
the Lusatian and Brno NIassifs (Linnemann et a/., 1997; HanZl 
and Melichar, 1997). The Sudetes mosaic-lie features may be 
explained in terms of a complex of accreted terranes (Matte et 
a/., 1990; Matte, 1991; Oliver et al., 1993; Cymerman and 
Piasecki, 1994; Cymerman et al., 1997). In the Sudetes, seven 
distinct terranes exhibit an almost symmetrical distribution 
(Cymerman et a/., 1997). A central terrane of magmatic arc af- 
finity termed the Gdry Sowie terrane, together with surrounding 
marginal/oceanic and ophiolitic rocks of the CentraI Sudetic 
terrane, are bordered, respectively to the NW and SE, by conti- 
nental crusts of the Saxothuringian terrane and Moldanubian 
terrane (Fig. 1). These are, in tum, bordered (again respectively 
to the NW and SE) by the Lusatian terrane and Moravian 
terrane, which are also of continental crust, though contain 
Cadomian granitoids and represent rifted and disrupted hg- 
ments of Gondwana affinity (HavliEek et al., 1994; Linnemann, 
1995; Cymerman et al., 1997; Hanil and Melichar, 1997; 
Linnemann el al., 1997). 

In the Sudetes, these terranes take the form of crustal blocks 
showing contrasts in stratigraphy and metamorphic grade 
(Oberc-Dziedzic, 1989; Don, 1990; Kryza, 1995). Their bound- 
aries, where exposed, are generally major ductile shear zones, 

Fig. 2. Schematicmap showing the relative position of exoticterranes inCen- 
tral Europe during the Early Palaeozoic that were accreted to Baltica during 
the Silurian and Devonian and the names of the oceans andlor seas formed by 
the breakup of Rodinia. This map does not represent the palawgeography at 
any specific Early Palaeozoic time. Not to scale 

such as the Niemcza shear zone and the Leszczydiec shear zone 
(Fig. 1). However, poor exposure, stratigraphic uncertainties 
and a paucity of isotopic data have led to contrasting interpreta- 
tions of the tectonometamorphic evolution and palaeatectonic 
position of the Sudetic metamorphic terranes (cj: Mierzejewski, 
1993; Cymerman et ai., 1997; hlainiewicz, 1997). 

In the Sudetes, the main Variscan deformation commenced 
in Late Devonian times, locally concurrent with a phase of 
high-pressure (HP) metamorphism (Bmecher el al., 199 1; 
Steltenpohl et a/., 1993; Patoeka and Smulikowski, 1995; Kryza 
and Mazur, 1995; Kryza et al., 1996; OYBrien et al., 1997), and 
continued into Early Carboniferous time under widespread ret- 
rogressive greenschist to amphibolite facies conditions &za, 
1995; Kryza and Mazur, 1995). Extensive high-temperature 
(HT) - low-pressure (LP) recwstallization and associated 
widespread Late Variscan granitoid intrusions have almost 
completely obliterated the evidence for earlier HP metamor- 
phism (MaIuski and PatoEka, 1997) 

Over three decades, structural studies in the Sudetes have 
shown that the different metamorphic complexes have under- 
gone complicated, polyphase deformation (Wojciechowska, 
1972; Teisseyre, 1980; Don, 1982; Cymerman, 1989; Dumicz, 
1989). However, the relationships between the various types of 
recorded deformation structures and their significance for re- 
gional tectonics remain largely unconstrained Moreover, the 
short-lived, "deformationa1" events in the Sudetes that previ- 
ously assigned orogeny status are better viewed as parts of a 
continuous, progressive "Variscan orogeny" (Cymerman, 
1997). 

The Sudetes show evidence for subduction-related dia- 
chronous deformation. The apparent complexity of deforma- 
tion patterns in the Sudetes probably reflects the interaction of a 
number of terranes and subduction systems in a relatively com- 
plex oceanic setting during the Early Palaeozoic time to Middle 
Devonian. Metamorphic rocks of the Central Sudetic and Mry 
Sowie terranes probably relate to pre-Variscan (Caledonian) 
deformation in an arc and fore-arc position, whereas metamor- 
phic complexes in the western and eastern parts of the Sudetes 
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Fig. 3. Schematic cross-sections of evolution of the G61y Sowie terrane and 
filq2a ophiolite complex in Ordovician-Silurian (a) and Late Devonian-Early 
Carboniferous times (b) 

may be related to accretionary-complex style deformation in 
small marginal ocean basins andlor back-arc basins. In this 
light, the orogenic framework of the Sudetes requires a large re- 
vision. 

GEODYNAMIC EVOLUTION 

A compilation of geological data h m  different parts ofthe 
Sudetes indicates that the geodynamic evolution of this segment 
of Central European Variscides involved an earlier orogenic 
event during the Ordovician-Silurian, separated by a Silurian to 
Middle Devonian stage of rifting from a later orogenic process 
in Late Devonian-Early Carboniferous times. Here, I propose 
that the orogenic cycles (i.e. the Variscan and, locally, 
pre-Variscan [Caledonian]) in the Sudetes be expanded to com- 
prise evolving defotmational, metamorphic, sedimentary and 
magmatic events from Early ta Late Palaeozoic times. 

PRE-VANSCAN (CALEDONIAN) STAGE 

EARLY PALAEOZOIC RIFTING OF PERI-GONDWANA 
AND OPENlNG OF OCEANIC BASINS 

During the Cambrian to Ordovician, the latest Proterozoic 
(ca 800-550 Ma) Pan-African crust (Klister and Harms, 1998; 
Paquette and NkdkIec, 1998; Ferr6 el al., 1998) of Gondwana 
was split into several microcontinents (Van der Voo, 1988; 
Dalziel et af., 1994; Torsvik et a/., 1996). Avalonia and a proba- 
bly composite Armorica were the main continental masses that 
drifted away from the northern margin of Gondwana (op. cit.). 
The North Annorican Massif is the typical locality of the Late 

Precambrian Cadomian orogeny (Balk and Brun, 1989). The 
Cadomian orogeny of the Armorican Massif srarted around 
570-580 Ma and ended at ca. 540 Ma (Dallmeyer et al., 199 1 ; 
Hdbert, 1995). From south to north, the Massif Central, which 
remained a part of Gondwana, became separated by the 
Galici&Massif Central Ocean (Matte, 1986) also called as the 
Ligerian Ocean (Oczlon, 1992) or the South Armorican Ocean 
(Paris and Robardet, 1990), from Armorica; and the opening up 
of the Rheic Sea separatedthe latter fram Avalonia (McKerrow 
and Cocks, 1986; Paris and Robardet, 1990). At least three and 
perhaps four oceanic basins existedduringthe Early Palaeozoic 
in Europe: the Iapetus Ocean, the Tornquist Ocean, the Rheic 
Ocean and the Ligerian Ocean (Fig. 2). 

Bimodal magmatic rocks of the so-called "lepty- 
ite-arnphibolite suite" (PI. I, Figs. 1,2) are inferred to suggest 
crustal extension and ocean crust formation (Pin, 1990). These 
types of magmatic rocks are well documented fiom zones now 
identified as forming the tectonic boundaries of terranes in dif- 
ferent pa& of the Sudetes (Fig. I), such as the Leszzyniec 
shear zone, the Zloty Stok-Trzebieszowice shear zone (PI. I, 
Figs. 3, 4), the Niemcza shear zone, and the Nyznemv shear 
zone (Cymerman and Piasecki, 1994; Cymerman et al., 1997). 
However, it is unclear whether all the "Ieptynite-amphibolite" 
complexes represent the opening up of one ocean or of several 
small scale oceanic basins. 

The "leptynite-amphibolite" complexes are found associ- 
ated with HT or HP granulites (PI. IT, Figs. 1,2) and eclogites, 
respectively. These complexes consists of an association of 
acidic ortlio- or paragneisses and amphibolites. They may rep- 
resent the transition of oceanic and continental crust as these 
were was affected by the final stage of subduction with later 
overthrusting due to collisional processes (Pin and Vielzeuf, 
1988). The Stare MEsto complex located at the boundary area 
(the Nyznerov shear zone) between the Moldanubian and 
Moravian terranes (Fig. 1) is composed mainly of spinel peri- 
dotites, leptyno-amphibolites, metagabbros (ca. 514 Ma) and 
migmatites. KriSner et al. (in press) interpreted the Stark MEsto 
complex as originating in a Cambro-Ordovician passive margin 
with the formation of oceanic crust in a back-arc setting. The 
leptyno-amphibolites underwent Carnbro-Ordovician (ca. 500 
Ma) LP granulite facies metamorphism and anatexis. However, 
if the HT granulites and HP eclogites of the ~rlica-~nieznik 
dome are considered as pre-orogenic syn-rift metarnorphics 
their emplacement (also in the Stark Mbto complex and in the 
Zloty Stok-Tnebieszowice shear zone) is much easier to ex- 
plain by ductile Variscan transpression of lower crust transi- 
tional to oceanic crust. This process would not require 
syn-collisional subduction of continental crust (Chemenda et 
al., 1995) to explain the granulite belt formation and the em- 
placement of elongated eclogitic lenses in the ~rlica--$nieinik 
dome. 

The Lusatian, Tepla-Barrandian and Moravian 
(Moravo-Silesian) terranes represent Proto-Gondwana derived 
microplates which were separated by rifting during 
Carnbro-Ordovician times. This rifiingresulted in the formation 
of the basinaVoceanic crust of the Central Sudetic terrane and 
the thinning of the continental crust ofthe Saxothuringian and 
Moldanubian terranes. Variscan tectonothemal activity was 
generally penetrative and intensive, and only in some localised 
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Fig. 4. Geological sketch-map of the Bohemian Massif wiih plate boundaries and ophiolite occurrences 

Tectonolrtratigraphic units: MGCR- Middle German crystalline rise, LU- Lusatian tertane; faults: EF- Elbe fault zone, ISF-Intra-Sudetic fault, HKF 
- Hamburg-Krakbw (Cracow) fauIt zone; ophiolites: B - Braszowice, BU-Buschandlwand, HB -Hoher Bogen, KTB - KTB well MOR-metabasalts, 
ML - MariBnske L h t ,  L - Letovice, NR -Nowa Ruda, RJ - Rudawy Janowickie, R - Raabs, S - Slqka, ST - Stare M&b 

areas there is a record of pre-Variscan events. These areas are 
represented by the Tepla-Barrandian terrane, the Gdry Sowie 
teRane and the Star15 MEsto metamorphic complex. These ter- 
ranes were subsequently affected by episodes of subduc- 
tionfobduction, perhaps as early as in the Ordovician (Oliver et 
al., 1993; Jobnson et al., 1994; fitiner et al., in press) or Silurian 
(Krtiner and Hegner, 1998). 

However, the most important event in the structural devel- 
opment of the Sudetes was the Silurian and Variscan oblique ac- 
cretion of the G6y Sowie terrane on to the northeastern 

periphery of the Bohemian Massif (the Moldanubian and 
Moravian terranes). The amalgamation of two terranes is indi- 
cated when synchronous deformation occurs across the inter- 
vening suture. The continuous Silurian and Early Variscan ac- 
cretion and intentation (wedging) ofthe G6ry Sowie terrane at a 
subduction zone (Fig. 3) overprinted and strongly obscured the 
less widespread Cambro-Ordovician structures associated with 
incipient rifting (Fumes et al., 1994; Winchester er ad., 1995) 
and transposed the margins of the Moldanubian and 
Saxothuringian terranes. AdditionalIy, more than one 
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subduction zone may have operated concurrently on probably 
irregular and complex northeastern periphery of the Bohemian 
Massif. Thus, the Early Palaeozoic-Devonian terrane accretion 
and the evolution of terrane-bounding tectonic zones in the 
Sudetes is probably more complex than a simple convergence 
model. 

~elainiewicz (1997) considered that the G6y Sowie meta- 
morphic complex, like all the geological units in the Sudetes, 
developed upon Neoproterozoic (Cadomian) continental crust. 
However, a lack of Neoproterowic detrital and xenocrystic zir- 
cans in the G6ry Sowie metamorphic rocks does not confirm 
this view (Kr6ner and Hegner, 1998). Isotopic dating of detrital 
zircons fiom the G6ry Sowie metamorphic complex points to 
much older (T'alaeoproterozoic and even Archaean) origin of 
the rock material. The result. of detrital zircon studies from the 
Gory Sowie metamorphic complex show that sediments trans- 
ported into the Gby Sowie basin were highly heterogenous and 
much older (cam 2215,2395, 2416, 2620 and 2923 Ma) than 
those originating from supracrustal series of other Sudetic meta- 
morphic complexes, such as the Stronie Formation of the 
0rlic&nie2aik dome. OYBrien et al. (1997) have, also, de- 
scribed detrital zircon grains of ages about450 Ma h m  a pelitic 
protolith of the G6ry Sowie granutites. The lack of zircon ages 
reflecting the Cadomian (Pan-AfYican) orogeny indicates that 
Cadomian metamorphism may not have affected the G6ry 
Sowie metamorphic complex. KrZIner and Wegner (1998) inter- 
preted the ages of these xenoctystic zircons as indicating a pos- 
sible derivation from as far as the Guiana Shield. On the other 
hand, Cymerman (1 998) considered that the Gbry Sowie meta- 
morphic complex was a part of the peri-Baltica magmatic arc. 

SILURO-DEVONIAN CONVERGENCE: CLOSE OF THE 
TORNQUlST OCEAN 

In the Sudetes, dismembered ophiolite sequences of the 
Central Sudetes area mdUleptynite-amphibolite" complexes of 
the marginal parts of the Central Sudetic terrane provide evi- 
dence for subduction~obduction related deformation. The 
"leptynite-amphibolite" complexes experienced a HP meta- 
morphism from blueschist h i e s  to eclogite facies in the South 
Karkonosze metamorphic complex and in the Moldanubian 
terrane, respectively (Pin, 1990; Brueckner et ai., 1991; Kryza 
et al., 1996; Maluski and PatoEka, 1997). 

The HP metamorphism in the G6y Sowie t m e  dated at 
ca. 405-402 Ma (Brueckner et al. ,1996; O'Brien et al., 1997 ) is 
consistent with subduction that involved Tornquist oceanic 
cnist (Fig. 3a). In this hypothesis of Siluro-Devonian closure of 
the Tornquist Ocean on the northeastern periphery of the Bohe- 
mian Massic the HP metamorphism (Kryza and Mazur, 1995; 
Maluski and Pato5ka, 1997) is restricted tn the Leszczyniec 
shear zone (Cymerman and Piasecki, 1994) which continues 
northwards dong the Kaczawa tectonic line and to the Niemcza 
shear zone and its southern continuation - the Zloty 
Stok-Trzebieszowice shear zone (Cymeman, 1996b, 1997). 
These zones appears as the overthrusted relicts of a 

palaeo-suture zone between the peri-Gondwana Moldanubian 
terrane and a peri-Baltica magmatic arc (Cymerman, 1998). 

In the G6ry Sowie metamorphic complex, Sm-Nd isotopic 
ages fiom a garnet-peridotite gave a range from ca. 402 Ma in 
the core of the garnet to about 386 Ma in its outer zone 
(Bruecher et al., 1996). The Gdry Sowie peridotites are chara- 
cterised by a very quick growth of garnet, and by rapid decom- 
pression and cooling. This process was interpreted by 
Brueckner et ai. (1 996) as indicating rifting at the time when the 
peridotites were isobarically cooled during tectonic displace- 
ment. Similar ages (ca. 400 Ma) have been obtained using the 
U-Pb method on HP metamorphic zircons from the G6ry Sowie 
granulites (O'Brien et al., 1 997). H. Timmermann et al. (1999) 
have obtained'40&394 Ma dates from monazites from a 
post-deformational granite dyke. These radiometric ages appar- 
ent the time of S-type granite mobilisation during high grade 
metamorphism and anatexis of the G6ry Sowie metamorphic 
rocks (PI. 11, Figs. 3,4). On the other hand, Roberts and Finger 
(1997) have recently assumed, basing on examples from the 
Austrian part of the Bohemian Massif, that growth of zircons 
was related to their exhumation into a shallower crust level, 
where medium-pressure conditions dominated. They suggested 
that isotopic dating of zircons from granulites, which is based on 
the growth of zircon, does not automatically reflect peak pres- 
sure and temperature of regional metamorphism. This impIies 
that the peak temperature and pressure conditions may have 
been much older, as in the case of granulites and peridotites 
from the Gbry Sowie metamorphic complex. 

Inthe Central Sudetic terrane, gabbros from an ophiolitic se- 
quence yielded a Sm-Nd isochron age of ca. 357 Ma, inter- 
preted as the time of magmatic crystallization (Pin et al., 1988). 
However, this age is more likely to represent the time when the 
ophiolitic rocks passed through the closure temperatures of the 
Sm-Nd system during their exhumation, rather than reflecting 
the age of their crystallization. In addition, it is difficult to rec- 
oncile this Late Famennian isotopic age of the gabbro with the 
fact that the ophiolitic sequence is overlain by Famennian rocks 
ofthe Bardo unit (Narebski et a/. , 1982). A more credible age of 
the formation of the Central Sudetic ophiolites has been given 
by U-Pb zircon dating which indicates a Silurian formation age 
of ca. 420 Ma (Oliver et al, 1993). Similar isotopic ages have 
been obtained from the Gory Sowie peridotite, using the Sm-Nd 
method (Brueckner et a/. ,1996). The peridotite is characterised 
by both a very quick growth of garnets, and followed by rapid 
decompression and cooling. These metamorphic processes 
have been interpretedas rifting indicators when hot G6ry Sowie 
peridotites were isobarically cooled due to their tectonic dis- 
placement (Brueckner et al., 1996). 

Two main problems are still pending, namely: 
1. The sense of pre-Variscan subduction (i.e. NE- or 

S W-ward) is not documented by microsmctural evidence since 
HP minerals from the Sudetic metamorphic complexes are 
mostly erased by younger, widespread Variscan tectono- 
metamorphic events. 

2. The geodynamic setting of Early Palaeozoic convergence 
in the Sudetes is still unclear, in contrast to the geochemical evi- 
dence of extensional processes. 
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Fig. 5, Schematic structural-kinematic map of the Sudetes 

B - Braszowice ophiolites; BU - Bardo unir IZC - Izera metamorphic complex; KAC - Kaczawa metamorphic complex; LSZ - Leszczyniec shear 
zone; NR-NowaRudaophiolites;NSZ-Niemczashear zone; OSD-0rlica-Sniednik dome; RJC-Rudawy Janowickie metamorphic complex; SKC - 
South Kwkonosze metamorphic complex; SOC -Sleiaophiolite complcx; SMC- Stnelinmetamorphic cornplcx; STC - Star6 MEsto metamorphic corn- 
plex; ZST - Zloty Stok-Trzebieszowice shear zone; ESD - East Sudetic metamorphic complex; KC - Klodzko metamorphic complex; NKC - 
Nieincza-Kamieniec Zqbkowicki metamorphic complex 

VARISCAN OROGENY 

CLOSURE OF THE OCEANiC CRUSTS AND OBLIQUE COLLISION 

The existence of numerous occurrences of mafic and ultra- 
mafic rocks of ophiolitic character in the Central Europe might 
correspond to the remnants of limited oceanic or sea areas 
which may have separated the different crustal blocks (terranes) 
(Figs. 2,4). Complete closure of the Rheic Ocean led to colli- 
sion between the Armorican microcontinents and East 
Avalonia, the latter having been accreted to Baltica since the 
Late Farnmenian, in Central Europe (Ziegler, 1986; McKerrow 
and Cocks, 1986; Paris and Robardet, 1990; Robardet et a[., 
1990). On the other hand, since the Late Devonian, closure of 
the Saxothuringian Ocean (Franke, 1989; Franke et a[., 1995) 
also called the Galicizt-Massif Central Ocean (Matte, 199 1) or 
the Ligerian Ocean (Oczlon, 1992) led to collision between the 
combined pen-Gondwanian plates (Armorican terrane com- 
plex) and the peri-Baltica arc (Fig. 2). The ophiolite remnants 
within the Bohemian Massif (Fig. 4) are a product of obduction, 
detachment and thrust imbrication within the different parts of 

the former oceanic crust (Figs. 2,3). Obduction processes must 
be associated with simultaneous shortening; otherwise the 
oceadmantle slab will not climb up (Bale and Brun, 1989). 

In the Sudetes, the closure of the Saxothuringian Ocean and 
Ligerian Ocean (Fig. 2) is characterised by localised ductile 
shearing directed top-to-the-SW or to S, as seen in a large vari- 
ety of asymmetric mylonitic structures that indicate the sense of 
shear (Fig. 5; PI. III, Figs. 1, 2). Many examples of these 
mylonitic fabrics have been recorded within the southern part of 
the G6ry Sowie complex and the surrounding rocks of the Cen- 
tral Sudetic terrane (Cyrnerman, 1993a; Cymerman and 
Piasecki, 1994; Mazur andpuziewicz, 1995; Aleksandrowski et 
al., 1997). 

The S- top SW-directed shearing took place under green- 
schist and lower amphibolite facies in the mafic and ultramafic 
rocks of the Central Sudetic terrane. Dismembered tectonic 
blocks of mafic and ultramafic rocks are concentrated along re- 
gional-scale shear zones (the Niemcza, Zloty Stok-Tmbie- 
szowice and Leszczyniec shear zones). The tectonic blocks are 
out of petroIogic equilibrium with their host myIonitic schists 
and mylonitic, retrogressed gneisses within which they are 
boudinaged (tectonically dismembered) as relatively rigid 
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bodies. The presence of these "exotic" blocks suggests that the 
mylonitic (PI. I, Fig. 3; P1.111, Figs. 1,2) and cataclastic rocks 
(PI. 111, Figs. 3,4) define fundamental tectonic boundaries in the 
Sudetes (Figs. 1,4). 

The subduction model implies that the western and central 
parts of the Kaczawa metamorphic compIex has the form of a 
Variscan accretionary prism. This is supported by the strong de- 
velopment of bedding-parallel fabrics, including mylonitic fab- 
rics in many horizons of metavolcanic and metasedimentary 
rocks (PI. IVY Figs. 1,2), as well as a zone of melangehroken 
formation locally up to 2-km thick (Baranowski et d, 1990). 

VARISCAN TRANSPRESSION 

In general, structural and kinematic data support the fact that 
the first part of the Variscan deformation in the Sudetes reflects 
a purely convergent setting that evolved into a transpressive set- 
ting during progressive oblique convergence. The main struc- 
tures in the Sudetes resulted from a single kinematic event, com- 
bining a compressional and a wrenching regime of deformation, 
i.e. transpressional deformation (Holdswoth, 1994; Kirkwood, 
1995; Fossen and Tikoff, 1998). Many regions of transpression 
exhibit tectonic s h c t m s  such as stretching mineral lineations, 
folds, foliations; and shear zones, with orientations that vary 
within these areas. In general, these have been interpreted as r e  
cording partitioning of strain in order to accommodate contrac- 
tion, extension, and transcurrent motion either sequentiaIIy or 
simultaneously (Fossen and Tikoff, 1993; Boronkay and Dout- 
sos, 1994; Krantz, 1995; Liu, 1996). 

In zones of oblique convergence, deformation in the over- 
riding plate commonly evolves into a partitioned system with 
orogen-parallel strike-slip faults and orogen-orthogonal thrust- 
ing (Pinet and Cobbold, 1992; Fossen et ol,, 1994). There is a 
strong analogy to the structures of the Izera metamorphic com- 
plex and ~ r l i cdn ie tn ik  dome, in which structural relation- 
ships were recognised that suggest vertical partitioning of strain 
into kinematic domains with different directions of tectonic 
transport (Cymerrnan, 1994,1996~2, b, 1997,1999). 

I here report the development of structures in different part 
of the Sudetes, related to a heterogeneous distribution of strain 
across the transpression zones. The Sudetes were affected by 
two major, composite, Variscan (Late Devonian-Early Carbon- 
iferous) structural episodes: Dl and Dz. 

The majority of the Sudetes is dominated by Dl structures, 
which are the most common andmost penetrative. They appear 
to have resulted from a singIe kinematic event during the 
high-grade transpressional episode, in whichnon-coaxial defor- 
mation (simple shear) has been heterogeneously and irregularly 
partitioned into zones ofhigh and low strain (PI. IV, Figs. 3,4). 
Both high- and low-strain D I zones are characterised by L, min- 
eral extensional lineation preserved on SI foliation planes (PI. 
V, Fig. 1). The L1 lineation is typically subparallel to the fold 
axes of isoclinal and tight folds (PI. V, Fig. 2). Within Dl 
low-strain zones, complex fold intede~nce geometries (PI. V, 
Fig. 3) are preserved, with fold axes co-linear with the LI 
lineation. The Dl low-strain zones are transposed into zones of 
Dl high strain, which preserve a relatively planar to tightly 
folded SI mylonitic foliation (PI. V, Fig. 4). Kinematic and 

structural analyses suggest that the Dl Variscan structures de- 
veloped in response to transpressiona1 deformation in the 
Sudetes, except the G6ry Sowie metamorphic complex 
(Cymerman, 1999). 

In the G6ry Sowie metamorphic complex development of 
extensive migmatites and folds (Pl. 11, Figs. 3,4; P1. VI, Fig. 1) 
appear not to have occurred during the Dl  Variscan 
transpressional event, but much earlier, probably during the 
Caledonian deformation. The emplacement ofpegmatites along 
with the intrusion of a number of syn-kinematic granites and 
granodiorites (Pl. VI, Fig. 2), as for example in the Niemcza 
shear zone (Steltenpohl et al., 1993; Mazur and Puziewicz, 
1995), occmed during the D2 extensional, Variscan regime. 

In general, Late Devonian-Early Carboniferous Dl re- 
gional-scaIe ductile thrusting in the Sudetes is characterised by: 

I. Inthe westernpart ofthe Sudetes, by SW- to NW-directed 
(Fig. 5), sinistral transpressional stacking of nappes, interpreted 
as reflecting westward-directed lateral extrusion (escape) of the 
Saxothuringian continental crust (Fig. 6). 

2. In the eastern part of the Sudetes, a general NNE-directed 
(Fig. 5), dextral transpressional stacking of ductile sheets 
(nappes) 0%. 6)- 

WESTERN PART OF THE SUDETES 

The Karkonos-Izera dome is located in the western part 
of the Sudetes and comprises the Karkonosze granite pluton 
along with three metamorphic complexes (Mierzejewski and 
Oberc-Dziedzic, 1990). These are: (I) the Izera metamorphic 
complex, (2) the South Karkonosze metamorphic complex, and 
(3) the Rudawy Janowickie metamorphic complex. The 
Karkonosze-Izera dome is separated h m  the Kaczawa meta- 
morphic complex by the brittle Intra-Sudetic fault (Fig. l). 

The Izera metamorphic complex and the northern part of the 
South Karkonosze metamorphic complex are composedmainly 
of Late Cambrian-Early Ordovician orthogneisses (Oliver et 
al., 1993) and of mica schist belts (Mierzejewski and 
Oberc-Dziedzic, 1990). During Variscan deformation, the Izera 
metamorphic complex has undergone heterogeneous deforma- 
tion (PI. V, Fig. 2; P1. VII, Fig. 1). The main deformation DI is 
characterised by localised ductile shear zones surrounding 
lenses of weakly deformed Izera granite (Pl. VI, Figs. 3, 4). 
Within the Izerametamorphic complex, lithological boundaries 
are generally parallel to the dominant fabric, a mylonitic folia- 
tion (dominantly S > L), with amain stretching lineation LI (Pl. 
V, Fig. 1). Local variations in strain intensity between fabrics 
that are parallel suggest that the fabrics commonly represent the 
combined effects ofpure shear (flattening) and simple shear(P1. 
VII, Fig. I), a regime of deformation sometimes referred to as a 
"general shear" (Hanmer and Passchier, 199 1 ; Weijermars, 
1992; Jimg, 1994; Robin and Cntden, 1994). The regional pat- 
terns of the distribution of shear zone in the Izera metamorphic 
complex reveals the kinematics of the main ductile deformation 
phase Dl on a large, regional scale (Cymerman, 1999). 

Based on micro- and meso-structural methods and kine- 
matic indicator analysis, a tectonic model of evolution of the 
Izera metamorphic complex with two deformation phases is 
proposed: (1) an earlier phase of movement with top- 
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to-the-SW, correlated with the Dl event of ductile nappe stack- 
ing, and (2) a later, syn- to post-collisional ductile NW-directed 
extension that created important shear zones leading to a 
bulk displacement with top-to-the-NW (Pl. VI, Fig. 4). In gen- 
eral, the Izera metamorphic rocks show heterogeneously local- 
ised deformation fabrics with moderately to steeply NE-dipping 
main foliation (S, andtor SS and subhorizontal stretching 
lineations (I.,, andlor b). However, the effects ofDI ductile, 
sinistral transpressional shearing with top-to-theSW (I'l. VI, 
Fig. 3) are mainly recorded in the southern part of the Izera 
metamorphic complex and the South Karkonosze metamorphic 
complex, but are absent from the northern part ofthe Izera meta- 
morphic complex. 

The South Karkonosze metamorphic complex is located in 
the Czech Republic and is composed of three Iithosrratigraphic 
units: (I) the South Karkonosze unit, (LI) the Paikla unit, and 
(110 the ielemy Brod-Rpchory unit (Chaloupsw, 1989; 
Kachlik and PatoEkq 1998). The South Katkonosze metamor- 
phic complex is the southern continuity of the Izera metamor- 
phic complex and is composed of orthogneisses and mica 
schists (Mierzejewski and Oberc-Dziedzic, 1990). The Ponikla 
unit comprises a wide range of metasedimentary and metavol- 
canic rocks, whereas the Zelezny Brod-Rychory unit is com- 
posed mainly of metabasites with mafic blueschists (Maluski 
and PatoEka, 1997; Kachlik and Patoeka, 1998). 

Two ductile deformation events (Dl and Dz) have been re- 
cognised in the South Karkonosze metamorphic complex. The 
main S I foliation is almost parallel to the southern margin ofthe 
Karkonosze granites and trends dominantly W-E, except in the 
central part of the South Karkonosze metamorphic complex, 
where it defines an antifom-like structure. The dip ofthegener- 
ally steep S1 foliation decreases towards the southern boundary 
of the Karkonosze granite. The Lt stretching lineation plunges 
to the ESE, except near the vicinity of ielezny Brod where it 
plunges to the W or NW. Shear sense indicators show a dextral 
sense of shearing, except in the western part of the South 
Karkonosze metamorphic complex, where the displacement is 
top-to-the-W or NW (Fig. 5). TheD, deformation involvedboth 
W- and ESE-directed thrusting strongly combined with 
non-rotational shortening (flattening) in an approximately N-S 
direction. Such changes in the transport direction of nappes 
through time are not surprising, given the complicated stmtural 
evoIution of the Sudetes. Nappe translation paths that include 
large changes in directions of relative movements have been de- 
scribed from several orogenic betts (MerIe and Brun, 1984; 
Northrup and Burchfield, 1996). 

InterestingIy, the structural development of the South 
Karkonosze metamorphic compiex provides an example in 
which different parts of individual thrust sheets or fold nappes 
are interpreted to have moved in different directions at essen- 
tially the same h e .  This pattern of deformation underscores 
the potential geometric complexity of nappe emplacement kine- 
matics in environments with partitioned deformation and in 
which rocks complexes are evolving rheologically. Interpreta- 
tion of the defomational history in such an environment is 
made difficult by the seemingly contradictory or incompatible 
kinematic characteristics of contemporaneous deformation at 
different locations andfor structural leveIs. On the other hand, 
the finite strain produced by a system ofpartitioneddefomation 

G6ry Sowie terrme 
& - sinistral shearing 

-. % ductile thrusts 
? Central Sudetic ophiolites i- . - - . .. x antiforms 

Tepla-Bmdian terrane % synforms 

displacement direction dexM shearing 

Fig, 6. Speculative model of theoblique accretionof the Middle Sudetian in- 
denter, composed of the G6ry Sowie terrane and the Central Sudetic terrane 
into the northernmost part df the Bohemian Massif. Contemporaneous or 
penscontemporaneous development of localised ductile shear zones andde- 
formation partitioned into domains of sinistral and dextral transpression in 
the western and eastern parts af the Sudetes, respectively 

GST - G6ry Sowie krrane; CST - Central Sudetic terrane; ESD - East 
Sudetic domes; IZC - Izera metamorphic complex; KAC - Kamwa 
metamorphic complex; KC - Klodzko metamorphic complex; KL - 
Kaczawa tectonic line; LSZ,- Leszczyniec shear zone; NSZ - Niemcza 
shear zone; OSD-Orlicz+Sniemikdome; NYSZ -Nyznerov shear zone; 
FUC - Rudawy Janowickie metamorphic complex; SKC - South Karko- 
nosze metamorphic complex; SMC - Strzelin metamorphic complex; TB 
- Tepla-Barrandian terrane; ZST - Zloty Stok-Trzebieszowice shear 
zone 

can strongly resemble the results of a series of temporally dis- 
tinct deformational episodes, and one could easily assign con- 
temporaneous structures to temporally distinct episodes of de- 
formation because of their apparently disparate kinematic char- 
acteristics. 

The Rudawy Janowickie metamorphic complex contains 
varied metabasic and metasedimentary rocks (PI. I, Figs. 1,2; 
P1.111, Fig. 3), very similar to those in the South Karkonosze 
metamorphic complex. The Rudawy Janowickie metamorphic 
complex is divided into three geochemical provinces (Winches- 
ter et a]., 1995). The western province contains both alkali ba- 
saltic and transitional tholeiitic metabasites, associated with 
varied metasediments, whereas the central and eastern prov- 
inces contain voluminous tholeiitic metabasites of MORB-like 
composition. The latter are separated from the western province 
by the dextral, heterogeneous, and anasromosing Leszczyniec 
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shear zone (Cymerman and Piasecki, 1994). The mylonitic 
rocks ofthe Leszczyniec shear zone have been modified by duc- 
tile-brittle exbnsional shear zones of Early Carboniferous age 
(PI. III, Fig. 3). Magma generation dated at 505*5 and 494*2 
Ma (U-Pb zircon) h m  felsic andmetabasic rocks in the centraI 
province (Oliver et al., 1993) was followed by early blueschist 
and later greenschist h i e s  metamorphism (Kryz. and Mazur, 
1995). 4 0 ~ r / 3 9 ~ r  dating of phengites indicated ages of ca. 3 60 
Ma for the blueschist facies metamorphic event, and ca. 340 Ma 
for the greenschist facies overprint (Maluski and PatoEka, 
1997). 

The Rudawy Janowickie metamorphic complex is charac- 
terised by two tectonic events: a Dl transpressional event and a 
Dz extensional deformation, each exhibiting a different kine- 
matic and metamorphic evolution (Cymerman, 1996a). The 
older oblique emplacement (DI) of the Leszczyniec unit over 
the Ponikla unit under HI'-MT metamorphic conditions proba- 
bly occurred prior to the Visean. A regional, subhorizontal 
NNE-SSW stretching lineation (I,,) on steeply to almost verti- 
cal S, foliation planes and rare shear criteria observed in the 
Leszczyniec unit indicate a displacement of this unit towards 
the SSW during the Dl deformation. However, locally some do- 
mains in the Leszzyniec unit show more complicated L, min- 
eral lineation trajectories probably related to early lateral dextral 
ramping and strain partitioning. 

The Kaczawa metamorphic complex comprises varied 
lithologies (PI. TV, Figs. 1,2) of Cambrian(?) to Late Devonian 
age, and locally Early Carboniferous rocks in the NW part. Vo- 
luminous metavolcanic rocks include metabasites of alkali ba- 
saltic, transitional tholeiitic and MORB-like tholeiitic composi- 
tions, affected by greenschist facies metamorphism overprint- 
ing an earlier bheschist h i e s  metamorphism (Baranowski et 
al., 1990; Kryza, 1995). The Kaczawa rnetabasalts were inter- 
preted to have been extruded in an evolving rift basin (Fumes et 
al., 1994). There is a clear division between alkali 
metabasalts-dominated volcanic rocks and metasediments in 
the western part of the Kaczawa metamorphic complex and 
MORB-like metabasalts found in the eastern part of the 
Kaczawa metamorphic complex (Fumes et al., 1994). An im- 
portant structural zone, termed the Kaczawa line (Fig. I), was 
proposed to divide these different rock associations in the 
Kaczawametamorphic complex (Cymerman eta/., 1997). Field 
data indicate that the Kaczawa line contains heterogeneous, lo- 
cally highly strained mylonitic rocks. Together the strained 
rocks form a complex, anastornosing mylonitic zone separating 
the structurally lower units containing alkaIine and transitional 
tholeiitic metabasalts from MORB-like metabasites. This 
high-strain zone, which incorpomtes lower-strain lenses, is in- 
terpreted as a basal ductile thrust, developed during a Dl 
sinistral transpressional regime, and as the northern continua- 
tion of the Leszczyniec shear zone known from the Rudawy 
Janowickie metamorphic complex. Differential displacements 
during Dl main ductile thrusting and subsequent I& extensiond 
deformation modified the Kaczawa tectonic line, resulting in its 
sinuous course on geological maps (Figs. 1,5,6). 

EASTERN PART OF TH6: SUDETES 

The Dl transpressional deformation in the eastern part of the 
Sudetes is well documented in the ~ r l i d n i e k n i k  dome, the 
largest tectonic unit, exposing Late Proterozoic to Early Ordo- 
vician supracrustal and igneous rocks. It represents the deepest 
exhumed part of the Variscan orogen in the Sudetes. The north- 
ern continuation of the ~rl ica-~niehik dome rocks in the 
Fore-Sudetic Block is the Sml in  and Niemcza-Kamieniec 
metamorphic complexes (Fig. 1). One of the most characteristic 
features of the eastern part of the Sudetes and the.eastern part of 
the Fore-Sudetic block is the constant kinematics indicating 
top-to-the-NNE (PI. VII, Fig. 2) transpressive displacement 
(Rajlich, 1990; Cymerman, 1997). 

The kinematic and structural features of the ~ r l i c d n i e z -  
nik dome are best interpreted as representing heterogeneous 
motion over ductile thrusts with a flat-ramp geometry (Cymer- 
man, 1997). Most ductile shear zones trend N-S, dip moder- 
ately to steeply, exhibit a dominant dextral senses of shearing 
and may be interpreted as lateral ramps of ductile thrust sheets. 
Locally, as in the northern patt ofthe ~rlica-hieknikdorne, the 
shear zones strike E-W and may be inferred to be frontal ramps 
of ductile thrust sheets. The invoked regime ofthrusting involv- 
ing lateral and frontal ramps may also expIain the presence of 
flattening strain geometry, as well as, locally the opposing sense 
of shear (Pl. I, Figs. 3,4; PI. V, Fig. 4). Motion over a steep ramp 
would be expected to lead fust to compression, followed by hor- 
izontal stretching as the thrust slice reaches the top of the ramp. 
Imbrication of lithological units in the 0rlica4hieinik dome 
also appears to indicate the presence of duplex-like structures in 
the footwall and supports the model of generally W d i r e c t e d  
ductile thmsting (Cymerman, 1997). 

The architecture of the ~rlic&nieknik dome comprises a 
system of deformation belts that accommodated oblique con- 
vergence in a transpressional orogen during long-lived, 
Variscan, progressive deformation (Cymerman, 1997). 
Transpression was accommodated in two ways, either as a sin- 
gle zone in which shortening is spread over a much greater 
width than strike slip, or as several non-overlapping zones, sep- 
arated by undeformed domains. In general, transpression in the 
~rlic&niehik dome is partitioned into localised zones of 
shortening perpendicular to the N-S regional trend of the 
orogen and zones of mixed shortening and strike-slip. The more 
local "antithetic" shearing toward the SW, especially in the SW 
part of the ~rlica-$nieinik dome (Fig. 5), may be related to 
backthrusting in connection with the "backfold", or due to flow 
perturbation during heterogeneous shearing (Cymerman, 
1997). 
The overall structural evolution of the 0rlicaSniehik 

dome is best interpreted as the result of Variscan transpressional 
convergence of the Moldanubian and Moravian realms. Such 
ductile, dextral displacement of thrust sheets towards the N and 
NE resulting fiom a dextral transpressive regime are a charac- 
teristic feature of the NE part of the Bohemian Massif (Rajlich, 
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1990). This transpression Ied to the transport of the 
0rlicdnie2nik dome nappe sheets towards the dismembered 
packages of ophioiitic andfor arc island sequences in the SE part 
of the Central Sudetic terrane (Cymerman and Piasecki, 1994). 
It is important to note Ehat the Variscan deformation history re- 
corded in the 0rlicaSnieinik dome is not compatible with that 
of the Moravian foreland. For example, while crustal stacking 
still occurred in the East Sudetes domes from about 320 to ca. 
300 Ma, uplift was almost terminated in the ~rlica-hieinik 
dome (Steltenpohl et al., 1993; Maluski et al., 1995). 

VARISCAN EXTENSION 

In the Sudetes, the Dl Variscan deformation effects are 
overprinted by regionally extensive, high-strain D2 zones, char- 
acterised by extensional movement inferred to be parallel to the 
L2 mineral extensional lineation. On a regional scale, several 
late orogenic granites were emplaced during late syn-D2 defor- 
mation, for example the Katkonosze granitoids. The 4 struc- 
tures from the Sudetes indicate localised Variscan extension di- 
rected ca. NW-SE and generally SW-NE in the western and 
eastern parts of the Sudetes (Pl. VII, Pig. 3), respectively. 

4 0 ~ r / 3 9 ~ r  data have constrained the late exhumation history 
ofthe some parts ofthe Sudetes (Steltenpohl et al., 1993; Oliver 
and Kelley, 1993; Maluski et al,, 1995). The P-T paths from the 
Karkonosz*Izera dome, the G6ry Sowie metamorphic com- 
plex, and the ~ r l i c a ~ n i e i n i k  dome record almost isothermal 
decompression fiom the deeper part of the continental crust 
with increased temperatures (ca. 800-900°C). This is inter- 
preted to have resulted from an extensional deformation com- 
bined with high heat flow. Under such regime, crustal thinning 
was accompanied by upwelling of astenospheric material and 
convective heat transfer by the Late Variscan magmatic rocks. 

A Late Variscan extensional tectonism in the Sudetes is as- 
sociated with uplift of the thickened orogenic domains. A pro- 
gressive evolution from deep ductile to shallow brittle deforma- 
tion is related to fast exhumation and warping of the thickened 
domains, promoted by migmatization and anatectic granitoid 
emplacement. Such late, rapid upliR accompanied by a strong 
increase in the geotherm has been observed in different parts of 
the Sudetes, and is usually associated with the development of 
metamorphic core complexes such as the Karkonosze-Izera 
dome or the 0rlicaSnieknik dome (Cymerman, 1994, 1996a, 
b, 1997). On the other hand, syn-collisional extensional pro- 
cesses in the Sudetes, such as in the Stnelin metamorphic com- 
plex, can result fiom localised deformation and duptexing with 
growing subduction-collision complexes. 

In the western part of the Sudetes, wide, large-scale D2 
extensional shear zones have been recognised in the NW and E 
parts of the Karkonosze-Izera dome (Cymerman, 1994, 
1996a). In the northern part of the Izeta metamorphic complex 
the D2 extensional event comprised oblique to sinistral 
strike-slip shearingrelated toNW-directed extensional colIapse 
(Cymerman, 1994,1999). The S2 foliations in the orthogneisses 
and mica schist belts dip moderately to steeply to the N or NE. 
The stretching lineations (Ld mainly plunge gently W or NW. 
Abundant kinematic indicators show top-to-the-W or NW 

movement, that is normal to the oblique sense of shear (PI. VI, 
Fig. 4). 

A zone of D2 extensional ductile deformation is we11 docu- 
mented fiom the western part of the Rudawy Janowickie meta- 
morphic complex (Cymerman, 1996a) and the eastern part of 
the South Karkonosze metamorphic complex and has a width of 
at least 4 krn. The well developed S2 mylonitic foliation in the 
orthogneisses strikes NNE-SSW and dips moderately to the 
ESE. The regional L2 stretching lineation trends W-E to 
NW-SE. The D2 deformation changes from duciile shearing in 
the footwall ro transitional and brittle displacement in the 
hangingwall. It was characterised by non-coaxial shearing, dur- 
ing which the hangingwall of the structure moved down and to 
the east relative to the footwall. The D2 extensional deformation 
probably was contemporaneous with, or slightly preceded, the 
extensional collapse of the crust directed to the east, which initi- 
ated the formation of the Intra-Sudetic Depression (Cymerman, 
1996~). 

A Late Variscan extensional tectonism in the central part of 
the Sudetes was also associated with the uplift of the thickened 
domains. Belts of mylonitic rocks fiom the southern part of the 
G 6 y  Sowie metamorphic complex indicate localised extension 
with the development of normal andtor sinistral, oblique, 
high-angle 4 shear zones (?I. III, Fig. 1). A progressive evolu- 
tion from deep ductile to shallow brittle deformation along the 
southern margin ofthe G6ry Sowie metamorphic complex may 
be related to f a t  exhumation and warping of the previously 
thickened domains. The extensional regime was probably ae 
companied by upwelling of asthenospheric material and con- 
vective heat transfer by late-orogenic magmatic rocks. 

In the eastem part of the Sudetes, Late Variscan extensional 
deformation is closely associated with the uplift of the Keprnik 
(PI. VII, Fig. 3) and Desng domes andthe gravitational collapse 
of the previously thickened crust of the ~r l ica-h iea ik  dome. 
The 40~r/3g~rmineral cooling data document rapid exhumation 
of the 0r1icAnieinik dome (Steltenpohl et d., 1993) during 
delamination and extensional collapse processes sinliIar to 
those of metamorphic core complexes. 

The D2 extensional event in the Niemcza-khmieniec meta- 
morphic complex (eastern part of the Pore-Sudetic Block) took 
place under lower amphibolite to greenschist facies conditions. 
It was related to localised sinistral transtensional displacements 
with top-to-the-SW shearing. In the Strzelin metamorphic com- 
plex, progressive Dl shortening event was followed by the de- 
velopment ofnomal, moderately to low-angle shear zones (D2) 
characterised by down-dip (normal) displacement with a sense 
of top-to-the-NNE (PI. VII, Fig. 2) (Cymerman, 19936). The D2 
deformation was accompanied by the Strzelin granitoid intru- 
sion emplacements. 

GEODYNAMIC IMPLICATIONS 

The plate-kinematic framework of the Sudetes is still far 
from being completely understood. The tectonic setting of the 
protoliths is largely known only from the geochemistry of meta- 
morphic rocks (Oliver et a/., 1993; Fumes et a[., 1994; Win- 
chester et al., 1995; Kr6ner and Hegner, 1998). At this stage of 
knowledge the model presented here is onIy the next step in a 



better understanding of tectonic processes, which may be r e  
lated to terrane accretion in the Sudetes during Palaeozoic times 
(Matte et al., 1990; Oliver et al., 1993; Cymerman andpiasecki, 
1994; Cymeman et al., 1997). 

During the main phase @I) of the Variscan orogeny, 
marked by horizontal compression, mantle-lithosphere &la- 
mination took place, so that the more rigid domains (e.g. pieces 
of uppermost mantle) may have become intertwined with the 
weaker parts of the crust, creating the crocodile-like patterns as 
seen in some seismic reflection interpretations. All the deep re- 
flection lines in the Central Variscan internides (e.g. DEKORP, 
GB-2A) show similar pattern (Behr and Heinrich, 1987; 
CwojdSski et al., 1995). Strongly dipping reflectors which 
may represent major thrusts along the terrane boundaries con- 
centrate in the rigid upper crust and these are truncated by 
subhorizontal lamellae of the lower crust, thought to have been 
emplaced by late-orogenic extensional shearing. Such 
extensional shearing, probably formedduring orogenic collapse 
with crustal root disappearance, was responsible for the creation 
of lower crustal reflectivity in the Bohemian Massif. This 
means, that there is little hope of identibing compressional 
structures in the once ductile tower crust, especially in the 
Vatiscan internides such as the Sudetes, where thermal peaks 
and the emplacement of syn- and post-orogenic granitoids were 
pronounced 

Senglir (1990) defined three major types of coIlisiona1 belts: 
(1) Alpine-type, (2) Himalayan-type, and (3) Altaid-type. The 
Alpine and Himalayan-type belts are characterised by narrow 
suture zones marking the sites of obliteration of oceanic litho- 
sphere by subduction-accretion and collisional processes. On 
the other hand, the Altaid-type (Turkic-type) collisional belts 
possess wide sutures (up to several hundred kilometres) charac- 
terised by subduction-accretion complexes and arc-derived 
granitoids intrusions, similar to the CircumPacific accreted ter- 
ranes. These subduction-accretion complexes ate often juxta- 
posed by thrust faults and disrupted orogen-parallel strike-slip, 
resulting in bifurcating Iithological domains (Seng6r and 
Natal'in, 1996). The Altaid-type of collisional belt is the best 
model for the Palaeozoic accretionary history of the Sudetes. 

The Lusatian, Tepla-Barrandian and Moravian terranes 
represent Gondwana-derived microplates (Figs. 2, 4) which 
were separated by rifting processes during Cam- 
brian-Ordovician times or a little later (Silurian ophiolites sug- 
gest it happened later). The resultant basinaVoceanic crust of the 
Central Sudetic tenme and thinned continental crust of the 
Saxothuringian and Moldanubian terranes were subsequently 
affected by episodes of subduction/obduction, perhaps as early 
as in the Ordovician (Oliver et al., 1993) or Silurian (ktiner and 
Hegner, 1998). However, the development of most important 
structures in the Sudetes resulted h m  Devonian oblique accre- 
tion of the Gbry Sowie terrane of an inferred magmatic arc set- 
ting (Krbner and Hegner, 1998). Plate convergence exactly 

orthogonal to plate boundaries occurs less frequently than 
oblique movement, so most collisional orogens are 
transpressional and must, in some manner, accommodate an 
orogen-parallel component of structural transport (Fossen et al., 
1994). 

In general, the geotectonic model for the Variscan evolution 
of the western part of the Sudetes proposed here is consistent 
with lateral escape of the Saxothuringian terrane as an important 
way of accommodating the Early Variscan deformation in the 
NE part of the Bohemian Massif. This model explains lateral 
expulsion as due to indentation of the Central Sudetic terrane 
and by the oblique subduction of the Ligerian and/or the 
Saxothuringian Ocean (now preserved as tectonically dismem- 
bered hgments of the Central Sudetic tenane). 

CONCLUSIONS 

1. The Palaeomic geodynamic evolution of the Sudetes r e  
sulted from two successive orogenic events: (1) the Ordovi- 
cian-Silurian geotectonic pmcesses (pre-Variscan [Caledonian] 
stage), and (2) Variscan orogeny. 

2. The Early Palaeozoic rifting ofthe Cadomian crust seg- 
ments (Lusatian and Moravian terranes) and opening of the 
Saxothuringian and the Ligerian Oceans occurred during Ordo- 
vician-Silurian times on the northern (Gondwana) periphery of 
the Bohemian Massif. At the same time, the G6ry Sowie terrane 
with a magmatic arc setting probably developed on the SW 
margin of Baltica (the so-called peri-Baltica arc) due to 
subduction of the Tornquist Ocean. 

3. In the Sudetes, the Variscan orogeny is characterised by 
two major structural events: (1) Late Devonian-Early Carbonif- 
erous regional-scale ductile thrusting, and (2) Early Carbonifer- 
ous-Early Permian regional extension. 

4. The Late Devonian-Early Carboniferous regional-scale 
ductile thrusting was characterised by: (1) a general 
NNE-directed, dextral transpressional stacking of ductile sheets 
due to oblique collision of the Moldanubian and Moravian 
microplates (terranes) in the eastern part of the Sudeks, and (2) 
SW- to NW-directed, sinistral transpressional stacking of duc- 
tile nappes due to westward lateral extrusion (escape) of the 
Saxothuringian continental crust in the central and western parts 
of the Sudetes as a result of almost 6ontal indentation of the 
Central Sudetic oceanic lithosphere. 
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NNE 
PLATE I 

1 NNE 

I crn 

I. Open to tight folds in pure shear domains and layered fabric of leptinites in simple shear domains (strain partitioning) (plane perpendicuIar to foliation and paraIIel to mineral extensional lineation). Northern part of the 
Rudawy Janowickie metamorphic complex; Miedzianka. 2. ~ x a m d e s  of open to tight folds from banded Gphibolites. T ~ - ~ l a n e o f  finite strain (plane perpendicular to foIiation and perpendicular to mineral extensional 
lineation). Northernmost  art of the Rudawv Janowickie rnetamomhic comnIex: Ciechanowice. 3. Mvlonitic schists with asymmetric le~tinitic lenses from the ZIoW Stok-Trzebieszowice shear zone. XZ- lane of finite 
strain (pime perpendicul& to foliation and 6ralle1 to mineral extensional lineation). Abandoned big qukry; south of Zloty ~ t o k .  4. slrongl; mylonitic leptinites. ~ z - ~ i a n e  of finite strain @lane & foliation and 
parallel to mineral extensional lineation). Ztoty Stok-Trzebieszowice shear zone; northern slope of the Kikd Mts. 



1. Strongly sheared felsic granulite with tight, simiIar-rype fild. XZ-plane of finite strain (plane p e r p e m l a r  to foliation and parallel to mineral extensional lineation). Orlica-$nie&ik dome; Stary GieraIt6w unit 2. Strain 
partitioning in felsic granulite. Different types of open, asymmetric folds are developed within the pure shear [coaxial) domain, whereas the laminated fabric formed in simple shear domains. Almost YZ- lane of finite strain 
(plane perpendicular to foliation and almost perpendicular to mineral extensional-lineation). oriicdni&ik dome; Stary ~ i e r a ~ w  unit. 3. Examples of various foldstructures (isoclinal, tight, open, dysharmonic) in 
migmatites. Note leucosome veins cutting penetrative foliation (dikdyonitic texture) parailel to axial planes of open folds (plane pe~pendicular to fold axes and mineral lineation). Metatexites from the central part of the G6ry 
Sowie metamorphic complex; Bystrzyca Gbma. 4. Diatexites with strong textural modification and destruction ofpalaeosome and with the development of flow magma structures and melt segregation. Central part of the 
Gbry Sowie metamorphic complex; RoScisz6w 



NNE 

1.Augen orthogneisses from the southeastern part of the Gbry Sowie metamorphic coinplex. Extensional, sinistral sense of shearing with top-to-the-SSW is well defined by a- and S-type porphyrociasts and extensional, 
asymmetric shear bands. XZ-plane of finite strain @lane perpendicular to foliation and parallel to extensional mineral lineation). 2. Gneissic mylonite dipping at ca. 60" towards ESE. Dextral sense of shear with 
top-to-the-SSW documented by numerous small porphyroc1asts oftrpe a and rare type 6, as well as extensional, asymmetric shear bands (plane perpendicular to foliationand parallel to stretching lineation). Northern part of 
the Niemcza shear zone; Piekidko gorge near Gilbw. 3. Tectonic breccias from calc-silicate rocks of the Rudawy Janowickie metamorphic complex. Qdziny active quany. 4. Domains of cataclastic rocks cutting 
ultramylonitic fabric of the ~nieinik orhogneisses. XZ-plane of strain (plane perpendicular to foIiation and parallel to mineral extensional lineation). 0rlica-Snieaik dome; Duszniki Zdr6j 



1. Asymmehcal mylonitic fabric inslates. Northern part of Ule Kaczawa metamorphic complex. XZ-plane of finite strain (plane perpendicular to foliationand parallel to mineral extensional lineation). Road outcrop; east of 
Zlotoryja. 2. Asymmetric, extensional shear bands in greenschists of the Dobromierz unit. XZ-plane of finite strain (pIane perpendicular to foliation and parallel to mineral extensional lineation). Southern part of the 
Kauawa metamorphic complex; Kaczor6w. 3. Strain irregularly partitioned into domains of simple and pure shear. Layered orthogneisses h m  the OrIica-Snieaik dome; Mi~dzygbrze unit. 4. Strain partitioning in 
migmatitic gneisses. Localised ductile domains of simple shear and domains in which pure shear is more dominant, showing the development of folds. Note, that leucosome layers are sinistrally displaced into the 
melanocratic neosome domains. Almost XZ-plane of st~ain (plane perpendicular to foliation and almost perpendicular to mineral extensional lineation). OrlicbSnieinik dome; Nowy Gierdtbw; Lysiec unit 



1. Penetrative mineral extensional lineation(Ll) preserved on S1 foliation planes. Izeraoahogne~sses. Izera metamorphic complex; LeSna. 2. Almost rootless isoclinal fold formed by folding of quarkitic laminae. Zlotniki 
Lubafiskie schist belt. Almost YZ-plsneofstr+n (plane perpendicularto foliationandalmostperpendicular to mineralextensional lineation). Izerametamorphic complex; unorientedsample.3. Complex fold mtwferencege- 
ometries in the migrnatitic gneisses. Orlica-Snietnik dome; Mipdzygke unit. 4. Sinistral Dl high strain domain of mylonitic orthogneisses, which preserved relics of intrafoliational fold hinges. Mica-Snietnik dome; 
Koleba unit 



I. PEygmatic folds with characteristic bowel-like (convolute) folding of leucosome lamina. Gbry Sowie metamorphic comp1ex;Fore-Sudetic block; vicinity ofBielawa. 2. Syn-kinematic granodiorites. Niemczashear zone; 
Kosmin; abandoned quarry. 3. Moderately sheared Izera augenorthogneisses with porphyrocl~ts of a-type and &-type, which indicate clockwise sense of shear (top-to-the-SW). XZ-plane of strain (plane perpendicular to 
foliation and parallel to mineral extensional lineation). Izeranletamorphic complex; vicinity of Swieradbw Zdr6j. 4. Strongly sheared Izera orthogneisses with later, asymmetrical, extensional shear bands. Dextral sense of 
shear (top-to-the-NW). XZ-plane of strain (plane perpendicular to foliation and parallel to mineral extensional lineation). Izerametamorphic complex; Lubomierz 



PLATE VII 

1. Micaschists fabrics commonly represent the combined effects of pure shear (flattening) and simple shear. XZ-plane of strain (plane perpendicular to foliation 
and pardleI to mineral extensional lineation). lzera metn~norphic complex; Kamienica schist belt; Krobica active quarry. 2 Strongly sheared Strzelin 
orthogneisses with S-C mylonitic structure, a-type porphyroclasts and asymmetrical extensional shear bands. Sinistral sense of ductile shear (top-to-the-NNE). 
XZ-plane of strain XZ-plane of strain (plane perpendicular to foliation and parallel to mineral extensional lineation). Stnelin metamorphic complar; 
GoScipcice. 3. Asymmetric, extensional shear bands and asymmetricquartz lenses in meta-conglomerates ofstrain (plane perpendicular to foliation and paral- 
lel to mineral extensional lineation). East Sudetes domes; Branna unit; Ramzova 


