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Abstract

Tectonometamorphic processes in external zones of the Bohemian Massif during Lower 

Palaeozoic were studied in this work. The studied areas cover the northeastern part of the 

Saxothuringian Domain (Krkonoše-Jizera Massif) and the Letovice Complex located between 

the western margin of the Moravian Zone and the eastern edge of the Moldanubian Domain. 

Evolution of both these units was influenced by Early Palaeozoic rifting and Devonian-

Carboniferous Variscan orogenesis. In the Saxothuringian Domain, Variscan processes were 

connected with subduction of the Saxothuringian ocean below the easterly exposed core of the 

Bohemian Massif and resulted in the development of high-pressure low-temperature 

metamorphism. 

Thermodynamic modelling of metamorphic evolution in metapelites from the 

Krkonoše-Jizera Massif suggests that these rocks record peak pressure conditions of ≥18–19 

kbar at 460–520°C followed by isothermal decompression to pressures of 10.5–13.5 kbar and 

final decompression to <8.5 kbar and <480°C. The calculated peak P–T conditions indicate a 

high-pressure/low-temperature apparent thermal gradient of ~ 7–7.5 °C km-1. Laser ablation 

inductively coupled plasma mass spectrometry (ICP-MS) isotopic dating and electron 

microprobe chemical dating of monazite give ages of 330 ±10 Ma and 328 ±6 Ma, 

respectively, which is interpreted as the timing of a peak pressure to early decompression 

stage. The observed metamorphic record and timing of metamorphism in the studied

metapelites show striking similarities with the evolution of the central and southwestern parts 

of the Saxothuringian Domain and suggest a common tectonic evolution along the entire 

eastern flank of the Saxothuringian Domain during the Devonian–Carboniferous periods. 

The succession of structures observed in the Krkonoše-Jizera Massif suggests 

influence of two major deformation events. The high-pressure metamorphic stage was 

associated with an early ESE-oriented underthrusting of the Saxothuringian passive margin, 

which led to the development of D1 fabric. The D1 fabric remained active also during 

exhumation and subsequent late stage of the ESE–WNW compression led to imbrication of 

the granitoid basement and overlying nappe pile, and to folding of exhumed thrust sheets. 

Superimposed N–S oriented D2 compression caused post-metamorphic folding of the nappe 

pile characterized by the development of an intense D2 cleavage in the southern part of the 

Krkonoše–Jizera Massif and decreasing intensity of reworking towards the north. 

The pre-Variscan evolution of the Saxothuringian crust has been associated with its 

rifting from the northern Gondwana margin. Rifting process was accompanied by intrusion of 



numerous Cambrian–Ordovician plutons and development of thick sedimentary sequences, 

which were along the eastern flank of the Saxothuringian Domain intensely deformed during 

Variscan collision. Detrital zircon populations in metaquartzite samples from the southern 

part of the Krkonoše–Jizera Massif, analysed by laser ablation ICP-MS, suggest a Late 

Cambrian maximum age of the sedimentary protolith and probable origin of detritus from the 

erosion of Cambrian–Ordovician granitoids and their Neoproterozoic (meta)sedimentary or 

magmatic country rocks. The age spectra confirm the interpretation that the exposed 

basement, dominated by Neoproterozoic–Cambrian–Ordovician granitoids was overthrust 

during Devonian–Carboniferous subduction-collision process by nappes composed of 

metamorphosed equivalents of the uppermost Cambrian–Devonian passive margin 

sedimentary formations. Acquired data also support the interpretation that the Saxothuringian 

Neoproterozoic basement has an affinity to the West African Craton of the north-western 

margin of Gondwana.

The Letovice Complex on the eastern margin of the Bohemian Massif is composed of 

metamorphosed mid-ocean ridge basalts with trondhjemitic sheets together with gabbroic and 

ultrabasic bodies. Laser ablation ICP-MS dating of magmatic zircons from amphibolite and 

trondhjemite yielded concordia ages of 530 ± 6 Ma and 529 ± 7 Ma, which are interpreted as 

dating intrusions of the Early Cambrian protoliths of the studied rocks. Based on this age as 

well as whole-rock geochemical and Nd isotopic data, the Letovice Complex is interpreted as 

a vestige of an incipient oceanic basin developing on attenuated continental crust. The most 

likely geotectonic setting was a post-Cadomian extensional regime at the northern margin of 

Gondwana that marked the onset of its break-up. 



Abstrakt

Předložená práce se zabývá studiem tektonometamorfních procesů v externích zónách 

Českého masívu během spodního paleozoika. Studované oblasti zahrnují severovýchodní část 

saxothuringické domény (krkonošsko-jizerský masív) a letovický komplex, který leží mezi 

západním okrajem moravika a východním rohem moldanubické domény. Vývoj obou těchto 

jednotek byl ovlivněn raně paleozoickým riftingem a devonsko-karbonskou variskou 

orogenezí. V saxothuringické doméně byly variské procesy spjaty se subdukcí 

saxothuringického oceánu pod východně položené jádro Českého masívu a vedly ke vzniku 

vysokotlaké nízkoteplotní metamorfózy.

Termodynamické modelování metamorfního vývoje metapelitů z krkonošsko-

jizerského masívu ukazuje, že tyto horniny zaznamenaly nejvyšší tlakové podmínky ≥18–19 

kbar za teplot 460–520°, následované izotermální dekompresí do tlaků 10.5–13.5 kbar a 

finální dekompresí do 8.5 kbar a <480°C. Stanovené vrcholné P–T podmínky indikují zjevný 

vysokotlaký/nízkoteplotní termální gradient ~ 7–7.5 °C km-1. Izotopickým datováním

monazitů pomocí laserové ablace na ICP-MS a chemickým datováním na elektronové 

mikrosondě byly získány věky 330 ±10 Ma respektive 328 ±6 Ma. Ty jsou interpretovány 

jako stáří vysokotlaké až raně dekompresní fáze vývoje. Pozorovaný metamorfní záznam 

spolu se stářím metamorfózy ve studovaných metapelitech vykazuje nápadnou podobnost s 

vývojem střední a jihozápadní části saxothuringika a svědčí o velmi podobném tektonickém 

vývoji podél celého východního okraje saxothuringické domény v období devonu až karbonu. 

Posloupnost struktur zaznamenaných v krkonošsko-jizerském masívů ukazuje vliv 

dvou hlavních deformačních událostí. Vysokotlaké metamorfní stádium bylo spojeno s raným 

VJV. podsouváním pasivního okraje saxothuringika, které vedlo ke vzniku staveb D1. Tyto 

stavby zůstaly aktivní i během exhumace. Následná pozdní fáze komprese ve směru VJV-ZSZ 

vyústila v imbrikaci granitoidního basementu spolu s nadložními příkrovy a ve zvrásnění již 

exhumovaných násunových jednotek. Následná S-J D2 komprese způsobila post-metamorfní 

vrásnění charakterizované vznikem intenzivní D2 kliváže v jižní části krkonošsko-jizerského 

masívu. Intenzita D2 přepracování klesá směrem k severu. 

Pre-variský vývoj saxothuringika byl spojen s riftingem od severního okraje 

Gondwany. Tento proces byl doprovázen intruzí četných kambro-ordovických plutonů a 

vznikem mocných sedimentárních sérií, které byly na východním okraji saxothuringické 

domény intenzivně deformovány během variské kolize. Populace detritických zirkonů z 

metakvarcitů z jižní části krkonošsko-jizerského masívu, datované pomocí laserové ablace na 



ICP-MS, udávají maximální věk sedimantárního protolitu jako pozdně kambrický a ukazují, 

že jejich zdrojem byly pravděpodobně erodované kambro-ordovické granitoidy spolu s 

neoproterozoickým (meta)sedimentárním a magmatickým obalem. Výsledná spektra stáří

potvrzují interpretaci, že přes odkrytý basement neoproterozoických až kambro-ordovických

granitoidů byly během devonu až karbonu přesunuty příkrovy tvořené metamorfovanými

ekvivalenty spodnokambrických-devonských sedimentárních jednotek pasivního okraje. 

Získaná data také podporují teorii, že neoproterozoický basement saxothuringika má afinitu k 

západoafrickému kratonu na severozápadním okraji Gondwany.

Letovický komplex na východním okraji Českého masívu je složený z 

metamorfovaných bazaltů oceánských hřbetů s polohami trondhjemitů spolu s tělesy 

metagaber a ultrabazik. Datování magmatických zirkonů z amfibolitu a trodhjemitu pomocí 

laserové ablace na ICP-MS poskytlo konkordantní stáří 530 ± 6 Ma a 529 ± 7 Ma, která jsou 

prezentována jako stáří intruze raně kambrických protolitů studovaných hornin. Na základě 

těchto věků, geochemických analýz a izotopických dat neodymu byl letovický komplex 

interpretován jako zbytek vznikající oceánské domény, která se vyvíjela na ztenčené

kontinentální kůře. Pravděpodobným geotektonickým prostředím vzniku byl post-kadomský 

extenzní režim na severním okraji Gondwany, který značil její rozpad.
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Introduction

The Bohemian Massif is exposed close to the assumed eastern boundary of the European 

Variscan belt and represents one of its largest exposed parts (e.g. Matte et al., 1990). From 

west to east, the Bohemian Massif can be subdivided into four major tectonic units that differ 

in both the age and grade of metamorphism as well as in the intensity of their Variscan 

overprint. The Saxothuringian Domain (Fig. 1) on the west is represented by a Neoproterozoic 

basement with its Palaeozoic (meta)sedimentary cover (Kossmat, 1925; Lorenz & Hoth, 1964; 

Škvor, 1975; Hofmann et al., 1988). The Teplá-Barrandian Domain (Franke, 2000; Fig.1) 

consists of the Neoproterozoic basement and unmetamorphosed cover of Early Palaeozoic 

shales, sandstones and carbonates. The Moldanubian Domain (Suess, 1912; Franke, 2000; 

Fig.1) is composed of high- to medium-grade metamorphic rocks intruded by numerous 

Carboniferous granitic plutons, altogether forming the high-grade core of the Bohemian 

Massif. The eastermost part of the Bohemian Massif is formed by Brunovistulian Domain

(Suess, 1926; Dudek, 1980; Fig.1) consisting of Neoproterozoic basement with Early to Late 

Palaeozoic cover. The Moldanubian and the Teplá-Barrandian represent internal domains of 

the Variscan Bohemian Massif flanked by the Saxothuringian and Brunovistulian external 

domains. These external domains are interpreted as key players in the evolution of the whole 

Bohemian Massif and especially in formation of its high-grade core (e.g. Schulmann et al,. 

2009). According to palaeontological record and detrital zircon studies, all units composing 

the Bohemian Massif are supposed to be of Gondwanan provenance with an exception of the 

Brunovistulian Domain, whose origin is still considerably controversial (Dudek, 1980; Paris, 

1998; Finger et al., 2000a, 2000b; McKenow et al., 2000).

The Precambrian basement of the Bohemian Massif and of other parts of the Variscan 

Europe is interpreted as originally derived from the northern Gondwana margin (Cogné, 1990; 

Zulauf et al., 1999; Finger & Steyrer, 1995) from so-called Avalonian-Cadomian orogen 

(Murphy & Nance, 1989) during the period of early Palaeozoic rifting. Based on the studies of 

subsequent drift history, these peri-Gondwanan terranes are sorted into at least two groups of

microcontinents – Avalonian terranes rifted off from a position close to the Amazonian 

craton, and Armorican terranes that have separated from the present-day northern Africa. The 

Early Palaeozoic rifting processes were associated with sedimentation of Cambrian and thick 

Ordovician rock sequences (Linnemann et al., 2000) and accompanied by pronounced 

igneous activity resulting in synsedimentary volcanism and intrusion of numerous Cambrian–

Ordovician plutons into the Neoproterozoic basement (Kröner et al., 2001; Tichomirowa et 
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Fig. 1. Simplified geological map of the Bohemian Massif (modified after Franke 2000) with its location 
within the European Variscides (in left lower corner).

al., 2001; Mingram et al., 2004; Košler et al., 2004; Pin et al., 2007). However, geological 

record of the rifting was in many places strongly affected or nearly erased by subsequent 

Variscan tectonometamorphic processes. 

During the early Devonian, a switch in plate movement resulted in developement of 

the SE-dipping Saxothuringian subduction zone (Franke, 2000). The Saxothuringian oceanic 

and continental crust was subducted underneath an upper continental plate that is today 

represented by the Teplá–Barrandian Domain. The former presence of subduction zone is 

marked by relics of Devonian–Carboniferous eclogites and metabasites associated with 

metasediments metamorphosed under blueschist–eclogite facies conditions. The subduction 

event has been followed by crustal thickening and development of an internal orogenic root 

zone in the back-arc region of the present-day Moldanubian Domain. The final evolution is 

marked by the continental indentation of the Brunovistulian continental domain into a weak 

orogenic root, exhumation of the Moldanubian orogenic lower crust and Moldanubian 

thrusting over the Brunovistulian platform (Schulmann et al., 2009).

This Ph.D. thesis presents petrological, geochronological and structural data from two 

external domains of the Bohemian Massif. The work has been focussed on the record of 

2



rifting and collisional Early Palaeozoic tectonometamorphic events in the northern 

Saxothuringian and the Brunovistulian domains of the Bohemian Massif. The work utilized 

the methods of thermodynamic modelling of mineral assemblages in metamorphic rocks 

interpreted with respect to revealed deformation stages, laser ablation ICP-MS and electron 

microprobe dating of igneous and metamorphic minerals as well as detailed field and 

microstructural analysis. 

The first part of the thesis deals with orogenic process that influenced the northeastern 

part of the Saxothuringian Domain, specifically in the Krkonoše-Jizera Massif (Fig.1) 

belonging to Variscan assembly of the West Sudetic terranes. The core of the massif consists 

of the orthogneiss body with Cambrian protolith ages (Kröner et al., 2001), which is, in the 

east and south, mantled by metamorphosed volcanosedimentary sequences with relics of high-

pressure and low-temperature metamorphism (Cháb & Vrána, 1979; Guiraud & Burg, 1984; 

Kryza & Mazur, 1995; Smulikowski, 1995; Patočka et al., 1996). The blueschist facies 

metamorphism was in this area so far documented only from mafic metavolcanic rocks and 

thus the exact estimates of pressure-temperature metamorphic conditions from associated 

metasedimentary rocks together with the timing and detailed structural analysis pose an 

important information for correct interpretation of tectonic processes responsible for the 

geological evolution of this part of the West Sudetes.

The second part of the thesis is dealing with the record of the pre-Variscan Early 

Palaeozoic evolution of the Saxothuringian and the Brunovistulian domains. The geological 

record of the initial rifting episode and indeed of the entire pre-Variscan evolution was in both 

areas strongly affected by Variscan tectonometamorphic processes and presented zircon 

provenance, geochronological and geochemical studies show, how the geochemical 

information can be used to decipher the seemingly concealed geological evolution and 

contribute to discussion about the palaeogeographic affinity of individual segments of the 

Bohemian Massif.
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Part I. Metamorphic geochronological and structural study of the Variscan 

orogenic processes in the north-eastern part of the Saxothuringian Domain

Devonian - Early Carboniferous evolution of the north-western part of the Bohemian 

Massif is connected with subduction of the Saxothuringian ocean below the easterly exposed 

core of the Bohemian Massif. Numerous relics of mafic blueschists in the Krkonoše-Jizera 

Massif provide an evidence of the subduction-related high-pressure low-temperature 

metamorphism developed along the south-eastern flank of the Saxothuringian Domain. Such 

setting is in agreement with tectonometmorphic record described from the contact of the 

Erzgebirge Complex in the central part of the Saxothuringian Domain with the western 

margin of the Teplá-Barrandian Domain (see Mlčoch and Konopásek, 2010 for a review). 

Based on these similarities, continuation of the Saxothuringian-Teplá-Barrandian suture 

defined by contrasting Late Devonian high-pressure metamorphism of the Teplá-Barrandian 

plate and Lower Carboniferous high-pressure metamorphism of the Saxothuringian plate has 

been suggested in the south-eastern part of the West Sudetes by Mazur and Aleksandrowski 

(2001). Apart from the study of pre-collisional processes in the north-eastern Saxothuringian 

Domain (see below) the main focus of this thesis was on the characterization of the Variscan 

tectonometamorphic processes along the Saxothuringian-Teplá-Barrandian suture in the area 

of the Krkonoše-Jizera Massif

The paper “Early Carboniferous blueschist facies metamorphism in metapelites of the West 

Sudetes (Northern Saxothuringian Domain, Bohemian Massif)” is dealing with metamorphic 

and structural evolution of metapelites of the north-eastern part of the Saxothuringian 

Domain. The investigated area is situated in the Krkonoše-Jizera Massif representing the 

southern part of the West Sudetes. The studied metapelites have been interpreted as 

metamorphosed proximal volcanosedimentary sequence deposited during an intracontinental 

rifting of Cadomian basement (Winchester et al., 2003).

Petrological study and thermodynamic modelling of mineral assemblages observed in 

micaschist samples from various structural domains proved the presence of early high-

pressure metamorphic stage that was followed by decompression to greenschist-facies 

conditions. The timing of the blueschist-facies metamorphism was constrained by laser 

ablation inductively coupled plasma mass spectrometry isotopic dating and electron 

microprobe chemical dating of monazite from the high-pressure micaschist samples. 
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ABSTRACT The metamorphic evolution of micaschists in the north-eastern part of the Saxothuringian Domain in
the Central European Variscides is characterized by the early high-pressure M1 assemblage with
chloritoid in cores of large garnet porphyroblasts and a Grt–Chl–Phe–Qtz ± Pg M2 assemblage in the
matrix. Minerals of the M1–M2 stage were overprinted by the low-pressure M3 assemblage Ab–Chl–
Ms–Qtz ± Ep. Samples with the best-preserved M1–M2 mineralogy mostly appear in domains
dominated by the earlier D1 deformation phase and are only weakly affected by subsequent D2
overprint. Thermodynamic modelling suggests that mineral assemblages record peak-pressure condi-
tions of ‡18–19 kbar at 460–520 �C (M1) followed by isothermal decompression 10.5–13.5 kbar (M2)
and final decompression to <8.5 kbar and <480 �C (M3). The calculated peak P–T conditions indicate
a high-pressure ⁄ low-temperature apparent thermal gradient of �7–7.5 �C km)1. Laser ablation
inductively coupled plasma mass spectrometry isotopic dating and electron microprobe chemical dating
of monazite from the M1–M2 mineral assemblages give ages of 330 ± 10 and 328 ± 6 Ma,
respectively, which are interpreted as the timing of a peak pressure to early decompression stage. The
observed metamorphic record and timing of metamorphism in the studied metapelites show striking
similarities with the evolution of the central and south-western parts of the Saxothuringian Domain and
suggest a common tectonic evolution along the entire eastern flank of the Saxothuringian Domain
during the Devonian–Carboniferous periods.

Key words: blueschist facies metamorphism; Bohemian Massif; Central European Variscides; monazite
dating; thermodynamic modelling.

INTRODUCTION

The Saxothuringian Domain (Saxothuringian Zone,
sensu Kossmat, 1927) in the Central European
Variscides (Fig. 1) shows widespread evidence for
high-pressure metamorphism resulting from subduc-
tion of the Saxothuringian ocean below the easterly
exposed core of the Bohemian Massif (Franke, 1989,
2000). In the southern part of the Saxothuringian
Domain, such a tectonometamorphic record is des-
cribed from the contact of the Erzgebirge Complex
with the western margin of the Teplá-Barrandian
Domain (Fig. 1; Klápová et al., 1998; O�Brien, 2000;
Willner et al., 2000; Konopásek & Schulmann, 2005).
Here, the Saxothuringian–Teplá-Barrandian suture
is characterized by contrasting Late Devonian
(c. 380–370 Ma; Beard et al., 1995) high-pressure
metamorphism in the Mariánské Lázně Complex of
the Teplá-Barrandian upper plate, and Lower Car-
boniferous (c. 345-340 Ma; von Quadt & Gebauer,
1998; von Quadt & Günther, 1999) high-pressure
metamorphism in the Erzgebirge Complex of the

Saxothuringian lower plate. Such a sharp distinction
also holds for the timing of exhumation, as only
Devonian cooling ages were reported from the Teplá-
Barrandian Domain (Kreuzer et al., 1992; Dallmeyer
& Urban, 1998; Bowes et al., 2002), whereas the
cooling of the Erzgebirge Complex is solely Lower
Carboniferous (Werner & Lippolt, 2000).

In the northern part of the Saxothuringian Domain,
the continuation of the Saxothuringian–Teplá-
Barrandian suture in the area of the West Sudetes has
been proposed by several authors (Pin et al., 1988;
Matte et al., 1990; Grandmontagne et al., 1994;
Franke et al., 1995) on the basis of large-scale regional
correlations. Later, Mazur & Aleksandrowski (2001)
localized the suture on the basis of the occurrence of
high-pressure mafic rocks along the southern and
eastern flank of the Krkonoše–Jizera Massif. Their
work incorporated the lithotectonic model of Kryza &
Mazur (1995), in which the high-pressure conditions
are confined to the metabasites in the uppermost part
of a nappe built of subducted volcano-sedimentary
rocks of the Saxothuringian passive margin. The
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underlying metasedimentary cover of the Saxothurin-
gian crystalline basement was interpreted by Kryza &
Mazur (1995) as a (par)autochthonous unit that has
never been involved in deep subduction. Indeed at first
sight, it only shows medium-pressure metamorphism
and thus suggests an inversion of metamorphic
gradient with respect to the overlying high-pressure
metabasites (Mazur & Aleksandrowski, 2001).

All attempts to constrain the timing of metamor-
phism in the West Sudetes were confined to the
40Ar–39Ar method (Maluski & Patočka, 1997;
Marheine et al., 2002) and the resulting ages span the
rather broad time interval between c. 360 and 320 Ma.
These data have been integrated by Seston et al.
(2000), Mazur & Aleksandrowski (2001) and Marheine
et al. (2002) into a model suggesting a continuous
process of Devonian subduction-related metamor-
phism and prolonged period of Lower Carboniferous
exhumation and uplift.

However, in this contribution it is shown that the
metasedimentary cover of the Saxothuringian base-
ment (parautochthonous unit, sensu Seston et al.,
2000; Mazur & Aleksandrowski, 2001) in the West
Sudetes also records subduction-related high-pressure
history, which so far has not been identified due to a
lack of suitable metapelite mineralogy for conventional

thermobarometry. It is also shown that the high-
pressure conditions were attained during the Early
Carboniferous, which contrasts with the existing
Devonian age from mafic blueschists in the upper part
of the nappe pile. As a consequence, it is proposed that
the subduction-related tectonometamorphic evolution
along the Saxothuringian–Teplá-Barrandian suture
zone of the West Sudetes probably shows diachronous
evolution identical to the Erzgebirge Complex–Teplá-
Barrandian contact in the southern part of the Saxo-
thuringian suture.

GEOLOGICAL SETTING

The West Sudetes at the northern margin of the
Bohemian Massif represent the easternmost exposed
part of the Saxothuringian Domain within the Vari-
scan orogenic belt of central Europe (Fig. 1; Franke
et al., 1993; Narębski, 1994; Franke & _Zelaźniewicz,
2000). The assembly of the West Sudetic terranes is
interpreted as a result of multiple interactions of the
peri-Gondwanan microplates with Baltica and East
Avalonia during the Variscan orogeny (Franke, 1998;
Pharaoh, 1999). The studied area is located in the
Krkonoše–Jizera Massif (Fig. 2), one of the several
lithotectonic units defined in the West Sudetes

Fig. 1. Simplified geological map of the Bohemian Massif (modified after Franke, 2000) with its location within the European
Variscides (in right lower corner). (a) The position of the studied area in the north-eastern part of the Bohemian Massif. (b) The
position of exposed part of Saxothuringian–Teplá-Barrandian suture in the southern part of the Saxothuringian Domain as mentioned
in the text.
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(Narębski, 1994). Its southern and eastern part – the
Krkonoše–Jizera Complex – has been previously
interpreted as a Variscan orogenic wedge related to
south-eastward subduction and underthrusting of the
Saxothuringian Domain (Kachlı́k & Patočka, 1998;
Mazur et al., 2006). The core of the complex consists
of the Izera and Krkonoše orthogneiss body
( _Zelaźniewicz, 1997) with Cambrian protolith ages
(515–502 Ma; Kröner et al., 2001), which is, in the east
and south, mantled by metamorphosed volcano-
sedimentary sequences deposited during an intracon-
tinental rifting of Cadomian basement and subsequent
development of an oceanic basin (Kryza et al., 1995,
2007; Winchester et al., 1995; Kachlı́k & Patočka,
1998; Patočka et al., 2000; Dostál et al., 2001). The
metasedimentary and metavolcanic sequences of the
Krkonoše–Jizera Complex were originally divided by
Chaloupský et al. (1989) into four lithostratigraphic
groups, which represented an almost complete sedi-
mentary record from middle Proterozoic to early
Carboniferous. This interpretation, however, has been
recently revised by the detailed work of Kachlı́k (1996)
and Winchester et al. (2003), who disproved most of
lithostratigraphic arguments for this division. These
authors combined most of the central and eastern
Krkonoše–Jizera Complex metasedimentary rocks
into a single unit of Cambro-Ordovician to Siluro-
Devonian age.

The tectono-metamorphic evolution of the West
Sudetes has been summarized by Seston et al. (2000)
and Mazur & Aleksandrowski (2001). Based on geo-
chemical, structural and metamorphic studies, these

authors have correlated various small-scale geological
units of the West Sudetes and proposed subdivision of
the area into three major tectonic units. The lowermost
unit is interpreted as (par)autochthonous and consists
of the Krkonoše and Izera orthogneisses including
their metasedimentary cover (the Velká Úpa Group of
Chaloupský et al. 1989). The middle unit – the Poniklá
and Machnı́n groups of Chaloupský et al. (1989), the
Świerzawa thrust sheet of Seston et al. (2000) or the
South Karkonosze Unit of Mazur & Aleksandrowski
(2001) – is built of metasedimentary rocks and meta-
volcanics, and represents the lower thrust sheet. The
uppermost unit – the Dobromierz thrust sheet of
Seston et al. (2000) including the Leszczyniecz
meta-igneous complex of Kryza & Mazur (1995) – is
dominated by metabasites and represents the upper
thrust sheet.

Kryza & Mazur (1995) have suggested that the low-
ermost (par)autochthonous unit bears greenschist
facies mineral assemblages without evidence of high-
pressure metamorphism. The overlying middle unit is
composed of metasedimentary rocks associated with
metavolcanic rocks, some of which record blueschist
facies metamorphism reaching conditions of 300–
530 �C and 6.5–12 kbar (Cháb & Vrána, 1979; Guiraud
& Burg, 1984; Kryza & Mazur, 1995; Smulikowski,
1995; Patočka et al., 1996) and thus suggest a tectoni-
cally inverted metamorphic gradient with respect to the
underlying greenschist facies (par)autochthon. The
uppermost unit is composed of metabasites and gneis-
ses without evidence for the blueschist facies meta-
morphism (Kryza & Mazur, 1995).

Fig. 2. Simplified geological map of the
studied part of the Krkonoše–Jizera
Complex (modified after Chaloupský et al.,
1989) with location of petrological samples
(solid and blank squares). Tectonometa-
morphic units of Seston et al. (2000) and
Mazur & Aleksandrowski (2001) were
delimited according to detailed geological
map in Chaloupský et al. (1989). Solid black
lines A–B and C–D show the location of
cross-sections presented in Fig. 4.
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The early Variscan subduction-related blueschist
facies metamorphism of the middle unit has been dated
at c. 360 Ma, while the age of subsequent greenschist
facies overprint was determined at c. 345–335 Ma
(Maluski & Patočka, 1997; Marheine et al., 2002). At
the end of the Variscan orogeny, the central part of
the Krkonoše–Jizera Complex was intruded by the
Krkonoše–Jizera granite pluton (Fig. 2). Its various
facies were dated at 329 ± 17, 328 ± 12 or
310 ± 5 Ma using the Rb–Sr whole-rock method (Pin
et al., 1987; Duthou et al., 1991; Mierzejewski et al.,
1994), at 304 ± 14 Ma by Pb–Pb zircon evaporation
method (Kröner et al., 1994) or at c. 319–314 Ma by
U–Pb ion microprobe technique (Machowiak &
Armstrong, 2007).

STRUCTURAL POSITION OF THE STUDIED
SAMPLES

The studied samples come from the lowermost (para-
utochthonous, sensu Seston et al., 2000; Mazur &
Aleksandrowski, 2001) metasedimentary unit of the
West Sudetes, which is composed of micaschists
(±garnet-bearing) with occasional intercalations of
quartzites, calc-silicate rocks and marbles but largely
devoid of metabasites. Small bodies of orthogneisses
are scattered throughout the metasedimentary rocks
and they probably represent dismembered parts of a

large orthogneiss slab riming the whole lowermost unit
(Fig. 2). Structurally above is the middle unit, sensu
Seston et al. (2000) and Mazur & Aleksandrowski
(2001) composed of garnet-free phyllites associated
with abundant bodies of marbles and felsic and mafic
metavolcanics. However, such a division is valid only
for the eastern part of the studied area. In the south
and west, the delimitation of an exact boundary
between the lowermost and middle units is not that
straightforward because garnet-bearing samples
sometimes appear in locations mapped as a part of the
middle unit (Fig. 2). In order to clarify the relationship
between observed metamorphic assemblages and
deformation record, the results of our structural study
carried out in the south-eastern part of the Krkonoše–
Jizera Massif are briefly introduced.
The observed structural record results from two

major deformation events (Figs 3 & 4). The first
deformation event D1 is associated with the develop-
ment of metamorphic foliation S1, which is defined by
shape-preferred orientation of mica and of quartzo-
feldspathic aggregates in orthogneisses and by typical
micaceous schistosity in metapelites. Within calc-
silicate rocks, S1 overprints an existing compositional
layering probably of sedimentary origin, and is axial
planar to the locally preserved isoclinal folds F1
(Fig. 5a). The S1 bears a stretching lineation L1,
defined by alignment of quartzo-feldspathic aggregates

Fig. 3. Structural map of the studied area shows trends and dips of metamorphic foliation S1, lineation L1, fold axial planes S2 and
fold axes L2.
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and ⁄ or linear arrangement of mica. The S1 foliation
dips generally to the east at steep to moderate angles in
the eastern part of the studied area, while in the
southern and western parts S1 is steep and east–west
trending (Fig. 4). The stretching lineation L1 dips
generally to the ESE at medium to steep angles in the
east and at low angles in the south and west of the
studied area (Fig. 4). The highly anisotropic S1 schis-
tosity in metasedimentary rocks is locally affected by
monoclinal kinking. The kink bands develop perpen-
dicular to L1 and show top-to-the-west asymmetry.
The D1-related structures are best preserved in the east
of the studied area, where the S1 foliation is only

locally and weakly affected by the second deformation
phase, while an intense D2 overprint has been identi-
fied in the south and west.

The second deformational event D2 is associated
with folding of the S1 fabric and results in the devel-
opment of crenulation cleavage (Fig. 5b) and medium-
to large-scale F2 folds with steep WNW–ESE-trending
axial planes (Fig. 4). The F2 fold axes dip generally to
the ESE and exhibit progressive steepening towards
the east (Fig. 4). Regional divergence in the orientation
of D1-related structures (Fig. 3) is thus related to D2
folding, which is responsible for rotation of the
originally east-dipping S1 fabric in the southern and

Fig. 4. Geological cross-sections across the Krkonoše–Jizera Complex (see Fig. 2 for their location) with structural data presented
in equal-area lower hemisphere stereoplots. Distribution of the data in stereoplots is contoured as multiples of angular standard
deviation S above the uniform distribution E (eigenvectors and number of plotted data N are also indicated). (a) The cross-section
across the eastern part of the studied area showing the rotation of S1 fabric from north–south trending in the east to east–west trending
in the central and western parts. (b) The cross-section across the western part of the area shows folding of the first S1 foliation by larger
scale F2 folds.
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Fig. 5. (a) Isoclinal F1 fold in metavolcanics in the eastern part of the studied area shown in section oblique to the fold axis.
(b) Transposition of the S1 metamorphic foliation into the S2 cleavage within short limbs of larger scale F2 folds in micaschist in the
western part of the studied area. (c) Photomicrograph of chloritoid inclusion enclosed within the garnet porphyroblast. (d) M1 mineral
assemblage Grt–Chl–Phe–Qtz ± Cld ± Pg. (e) Inclusions of small garnet within the albite porphyroblasts. (f) M2 mineral assemblage
Ab–Chl–Ms–Qtz ± Ep.
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western parts of the area studied. In metapelites, the
small-scale F2 folds exhibit asymmetries consistent
with layer-parallel north–south-oriented shortening
within the larger scale fold structures. The S1 foliation
in the short limbs of these F2 folds is locally completely
transposed into the low-grade axial planar cleavage S2
defined by shape-preferred orientation of mica.

METAMORPHIC EVOLUTION OF METAPELITES

Petrological study of metapelites in the lowermost unit
of the Krkonoše–Jizera Complex (Fig. 2) has revealed
the presence of three distinct mineral assemblages
M1–M3. In order to clarify their tectono-metamorphic
significance, the petrological samples were collected
from different structural domains in the east
(D1-dominated) and in the south (D2-dominated) of
the studied area. Electron microprobe analyses of
minerals from representative samples are listed in
Table 1. Minerals were analyzed using the Cameca
SX100 microprobe at Masaryk University in Brno and
Stuttgart Universities, with operating conditions 15 kV
accelerating voltage and beam current 8 nA for mica
and 10 nA for other minerals. The abbreviations of

minerals are after Kretz (1983) with an exception of
phengite (Phe).

Mineral assemblages of the M1 and M2 phases

M1 and M2 mineral assemblages are best preserved in
micaschist samples coming from the eastern part of the

Table 1. Representative electron microprobe analyses of minerals (in wt%).

Sample grt–mica schist grt–mica schist ab–mica schist

VU218 VU218 VU218 VU218 VU218 VU218 VU522 VU522 VU522 VU522 VU522 VU8 VU8 VU8 VU8 VU8 VU8

Cld Ms Pheng Chl Grt

core

Grt

rim

Ms Pheng Chl Grt

core

Grt

rim

Ms Pheng Ab Chl Grt

core

Grt

rim

SiO2 23.76 45.91 49.37 23.60 36.28 36.70 46.05 48.22 23.73 36.33 36.58 46.98 49.21 68.55 25.93 37.94 37.04

TiO2 0.03 0.28 0.18 0.08 0.18 0.10 0.24 0.23 0.07 0.26 0.03 0.38 0.30 0.00 0.04 0.10 0.15

Cr2O3 0.05 0.03 0.00 0.02 0.04 0.01 0.02 0.03 0.03 0.01 0.03 0.02 0.02 0.00 0.00 0.02 0.04

Al2O3 40.19 33.22 27.08 22.34 20.37 20.77 34.07 30.24 22.00 20.41 20.63 30.86 27.84 19.77 21.44 20.89 20.52

FeO 24.10 2.74 3.94 28.37 21.28 27.42 2.05 2.70 31.86 33.69 40.09 2.48 3.16 0.05 24.04 26.91 30.50

MnO 2.11 0.00 0.00 0.29 16.21 9.02 0.02 0.01 0.09 3.96 0.81 0.00 0.00 0.01 0.21 4.23 1.31

MgO 2.28 0.82 2.62 13.58 0.66 0.89 1.07 1.63 9.53 1.08 1.79 1.71 2.68 0.00 14.41 1.12 1.51

CaO 0.07 0.00 0.00 0.01 5.43 5.82 0.01 0.00 0.01 3.80 1.17 0.00 0.00 0.44 0.01 8.80 7.91

Na2O 0.03 1.20 0.57 0.00 0.00 0.00 0.75 0.64 0.00 0.10 0.03 0.70 0.55 11.43 0.01 0.01 0.01

K2O 0.01 9.19 9.99 0.00 0.00 0.00 10.08 10.20 0.04 0.00 0.02 10.05 10.01 0.03 0.04 0.01 0.00

F 0.00 0.00 0.00 0.00 0.00 0.00 0.27 0.45 0.00 0.00 0.00 0.23 0.30 0.00 0.00 0.00 0.00

Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Total 92.61 93.39 93.74 88.29 100.45 100.71 94.38 93.90 87.36 99.64 101.00 93.18 93.76 100.27 86.13 100.03 98.99

No. of oxygen 12 11 11 14 12 12 11 11 14 12 12 11 11 8 14 12 12

Si 1.97 3.12 3.37 5.04 2.94 2.95 3.10 3.28 2.62 2.97 2.95 3.21 3.35 2.99 2.79 3.04 3.00

Ti 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.00 0.02 0.02 0.00 0.00 0.01 0.01

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Al 3.92 2.66 2.18 5.63 1.94 1.97 2.70 2.42 2.86 1.96 1.96 2.49 2.24 1.02 2.72 1.97 1.96

Fe3+ 0.14 0.00 0.00 0.00 0.15 0.11 0.00 0.00 0.00 0.09 0.14 0.00 0.00 0.00 0.00 0.00 0.02

Fe2+ 1.52 0.14 0.22 5.07 1.29 1.74 0.07 0.15 2.94 2.21 2.57 0.12 0.18 0.00 2.16 1.80 2.05

Mn 0.15 0.00 0.00 0.05 1.11 0.62 0.00 0.00 0.01 0.27 0.06 0.00 0.00 0.00 0.02 0.29 0.09

Mg 0.28 0.08 0.27 4.33 0.08 0.11 0.11 0.17 1.57 0.13 0.22 0.17 0.27 0.00 2.31 0.13 0.18

Ca 0.01 0.00 0.00 0.00 0.47 0.50 0.00 0.00 0.00 0.33 0.10 0.00 0.00 0.02 0.00 0.76 0.69

Na 0.00 0.16 0.07 0.00 0.00 0.00 0.10 0.08 0.00 0.02 0.00 0.09 0.07 0.97 0.00 0.00 0.00

K 0.00 0.80 0.87 0.00 0.00 0.00 0.87 0.88 0.01 0.00 0.00 0.88 0.87 0.00 0.01 0.00 0.00

F 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.10 0.00 0.00 0.00 0.23 0.30 0.00 0.00 0.00 0.00

Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Sum 8.00 7.00 7.00 20.12 8.00 8.00 7.00 7.00 10.00 8.00 8.00 7.00 7.00 5.00 10.00 8.00 8.00

XMg 0.16 0.46 0.06 0.06 0.35 0.05 0.07 0.51 0.07 0.08

XMn 0.08

XGrs 0.14 0.16 0.11 0.03 0.24 0.22

XAlm 0.39 0.55 0.70 0.79 0.56 0.67

XPrp 0.02 0.03 0.04 0.07 0.04 0.06

XSps 0.34 0.19 0.09 0.02 0.09 0.03

All Fe in muscovite, phengite and chlorite assumed to be divalent, Fe3+ in garnet and chloritoid based upon stoichiometry.

Table 2. Mineral assemblages corresponding to M1–M3
metamorphic phases.
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studied area. These micaschists are characterized by
garnet porphyroblasts within a fine-grained matrix
composed of quartz, white mica and chlorite. The M1
mineral assemblage is represented by garnet cores with
inclusions of chloritoid, whereas the chloritoid-free
assemblage Grt–Chl–Phe–Qtz ± Pg in the matrix
represents the M2 assemblage (Fig. 5d, Table 2).
Rutile, ilmenite and monazite are accessory minerals in
the matrix and also occur as inclusions in garnet. The
M1–M2 metamorphic stages were studied in detail in
samples VU218, VU508, VU91 and VU522 (for
location see Fig. 2). In all these samples, the garnet
porphyroblasts exhibit strong chemical zoning
characterized by rimward decrease in spessartine
component (Alm39 fi 55, Grs14 fi 16, Py2.4 fi 3.3,
Sps34 fi 16, Fig. 6a) and nearly constant XMg (Mg ⁄
Mg + Fe2+) ranging 0.05–0.06. Chloritoid is present
exclusively within the cores of larger garnet grains
(Fig. 5c). It forms small elongated grains enriched in

Mn and has XMg between 0.15 and 0.17. The potassic
white mica is an Ms–Cel–Pg–Bt solid solution with
5–20% of paragonite, 8–38% of celadonite and 3–6%
of biotite components. Bimodal distribution of white
mica chemical composition was observed in several
samples, where the majority of grains is rich in
paragonite and has lower Si content, but some grains
show exactly the opposite composition (Fig. 7).
Paragonite in samples VU508 and VU91 has nearly the
end-member composition with minor muscovite
component. Chlorite is abundant in all analyzed
samples and its XMg ranges between 0.36 and 0.46.

Mineral assemblage of the M3 phase

The majority of micaschist samples across the whole
area studied are characterized by a lack of garnet and a
high proportion of albite. Typical samples contain up
to several millimetre-sized porphyroblasts of albite in a
matrix composed of chlorite, muscovite, quartz and
±epidote; the Ab–Chl–Ms–Qtz ± Ep assemblage
(Fig. 5f, Table 2) with accessory ilmenite is termed
M3. The M3 metamorphic assemblage was studied in
detail in samples VU8 and VU2 (for location, see
Fig. 2). Albite porphyroblasts contain less than 2.5%
of anorthite component and often encompass inclu-
sions of epidote or garnet together with white mica and
chlorite. Garnet inclusions (Fig. 5e) are rare, small
(�250 lm) and broadly represent almandine–grossular
solid solution with minor spessartine and pyrope
components. They show only weak chemical zoning
with spessartine component slightly decreasing
towards the rim (Alm57 fi 67, Grs24 fi 22, Py4.2 fi 5.9,
Sps9 fi 2.9, XMg0.07 fi 0.08) and probably represent
relicts of the M1–M2 mineral assemblage enclosed
within albite porphyroblasts. White mica, abundant in
the matrix as well as within the albite porphyroblasts,
has a chemical composition corresponding to Ms–Cel–
Pg–Bt solid solution (Fig. 7) with 20–35% of celado-

Fig. 6. (a) Compositional profile across garnet from the garnet micaschist sample VU218. (b) Compositional profile across garnet from
albite micaschist sample VU8.

Fig. 7. Composition of white mica from representative
micaschist samples.
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nite, 4–10% of paragonite and 2–4% of biotite com-
ponent.

THERMODYNAMIC MODELLING OF THE P–T
CONDITIONS

In order to characterize the P–T evolution of the
studied rocks, the observed mineral assemblages, their
microstructural relationships and mineral composi-
tions are interpreted by means of phase equilibrium
modelling and the P–T section approach. The bulk-
rock compositions used in the calculations correspond
to the whole-rock compositions obtained by X-ray
fluorescence (XRF) analysis. The P–T sections were
modelled with the thermodynamic software set Per-
ple_X (Connolly, 2005: 2008 upgrade) using the
internally consistent thermodynamic data set of Hol-
land & Powell (1998: 2004 upgrade). Mixing properties
of phases used in the calculations were taken from
Berman (1990) for garnet, Newton & Haselton (1981)
for plagioclase, Coggon & Holland (2002) for white
mica, Holland et al. (1998) for chlorite, Powell &

Holland (1999) for biotite, staurolite and chloritoid
and Diener et al. (2007) for amphibole.

Thermodynamic modelling of the M1–M2 metamorphic
assemblage

In order to estimate P–T conditions of the M1–M2
mineral assemblage Grt–Chl–Phe–Qtz ± Cld ± Pg,
P–T sections were constructed for several garnet-
bearing samples from all parts of the studied area. Two
representative P–T sections for samples VU218 and
VU522 (Fig. 2) are shown in Figs 8 & 9.

Sample VU218 is characterized by matrix of quartz,
white mica and chlorite with large garnet porphyro-
blasts (�2 mm) enclosing crystals of chloritoid. The
P–T section was calculated in the system MnO–Na2O–
CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O (MnNCKF-
MASH) with quartz and water in excess, and the
modelling was based on the following molar bulk-rock
composition – MnO: 0.3; Na2O: 0.59; CaO: 0.1;
K2O: 4.59; FeO: 7.28; MgO: 3.68; Al2O3: 15.8 and SiO2:
67.67.

Fig. 8. P–T section for garnet-bearing
micaschist sample VU218 calculated in
MnMCKFMASH system with the whole-
rock composition presented in upper left
part of the figure. Estimated P–T conditions
are marked by gray rectangles.
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The calculated P–T section (Fig. 8) indicates that
the pressure-dependent stability of the chloritoid-
bearing assemblage M1 is restricted to pressures higher
than 12–14 kbar, and that the chloritoid-out reaction
becomes largely temperature dependent at tempera-
tures above �525 �C. The temperature-dependent
compositional isopleths of sps, alm, grs, prp and XMg

in garnet and XMg in chloritoid in sample VU218 (Grt:
Xsps = 0.34, Xalm = 0.39, Xgrs = 0.14, Xprp = 0.02,
XMg = 0.06; Cld: XMg = 0.16; Table 1) constrain the
temperature range of Grt–Cld–Chl–Ms–Qtz assem-
blage formation. The only possibility to determine
pressure conditions of the M1 assemblage is to use
celadonite component in muscovite. Assuming that
high-Si muscovite in this sample (Fig. 7, Table 1)
represents relicts related to the peak-pressure stage, its
Si content together with the composition of garnet and
chloritoid suggests high-pressure metamorphic condi-
tions of 18–19 kbar at 460–520 �C (Fig. 8).

Complete consumption of chloritoid establishes the
stability of the M2 matrix mineral assemblage Grt–
Chl–Ms–Qtz. Although this assemblage shows no

pressure-dependent isopleths, the extent of its stability
in the calculated P–T section together with the rim
composition of garnet porphyroblasts and the com-
position of chlorite suggest that the P–T conditions of
equilibration occur between 470 and 520 �C at 10.5–
13.5 kbar (Fig. 8).
The mineral content of sample VU522 is similar to

that of sample VU218, although it contains only small
garnet grains (�450 lm) and is chloritoid absent. The
P–T section for this sample (Fig. 9) was calculated in
the system MnNCKFMASH based on the following
molar bulk-rock composition – MnO: 0.05; Na2O:
0.36; CaO: 0.2; K2O: 3.01; FeO: 5.77; MgO: 2.74;
Al2O3: 10.99 and SiO2: 76.9. Compared with the cal-
culation result for sample VU218 (Fig. 8), the garnet
stability field in the P–T section for sample VU522
(Fig. 9) is restricted to temperatures above 450–
520 �C. The absence of chloritoid together with the
temperature-dependent trend of garnet compositional
isopleths does not allow any estimate of pressure
conditions of the garnet core formation. Thus, only the
P–T conditions of the matrix mineral assemblage M2

Fig. 9. P–T section for garnet-bearing
micaschist sample VU522 calculated in
MnMCKFMASH system with whole-rock
composition presented in upper left part of
the figure. Gray rectangle depicts estimated
P–T conditions.
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can be estimated by using an extent of the Grt–Chl–
Ms–Qtz stability field and by using the chemical
composition of garnet rims (Xsps = 0.02, Xgrs = 0.03,
XMg = 0.07) and of chlorite (XMg = 0.35) in the
matrix. Using these criteria, P–T conditions of the M2
matrix assemblage equilibration correspond to 410–
550 �C at 9.5–12.5 kbar (Fig. 9).

Thermodynamic modelling of the M3 metamorphic event

Pressure–temperature conditions of the M3 metamor-
phic overprint were calculated for sample VU8
(Fig. 2), which is a representative of albite-bearing
micaschists. This rock is characterized by large albite
porphyroblasts growing within a fine-grained matrix
consisting of white mica, chlorite and quartz. The
albite porphyroblasts sometimes contain small inclu-
sions of garnet and epidote.

The P–T section was calculated in the MnNCKF-
MASH system with water and quartz in excess for the
following molar bulk-rock composition: MnO: 0.09;

Na2O: 2.66; CaO: 0.48; K2O: 2.24; FeO: 5.72; MgO:
5.71; Al2O3: 12.26 and SiO2: 70.86.

Small garnet preserved as inclusions in albite por-
phyroblasts is interpreted as a relict phase stable dur-
ing the M1–M2 event. However, the model mineral
assemblages, extending over the P–T conditions
determined for the M1–M2 mineral assemblage in the
other samples, always suggest that glaucophane should
by stable (Fig. 10). This result contrasts with the actual
lack of glaucophane in the studied samples, and is re-
lated to an elevated Na2O content typical of all the
albite-bearing samples (cf. Na2O: 1.35–3.08 wt% in
albite-bearing samples v. 0.32–1.15 wt% in albite-free
samples).

The M3 metamorphic event is characterized by
widespread formation of albite, and the stability of
the Chl–Ab–Ms–Qtz ± Zo assemblage in the calcu-
lated P–T section suggests that the equilibration of
this assemblage occurred at pressures lower than
8.5 kbar and temperatures lower than 480 �C
(Fig. 10).

Fig. 10. P–T section for albite-bearing
micaschist sample VU8 calculated in
MnMCKFMASH system with the whole-
rock composition presented in upper left
part of the figure.
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MONAZITE DATING

Monazite was identified as an accessory phase in
several samples with the M1-M2 metamorphic
assemblage. It is found mainly within the Chl–Phe–
Qtz matrix as �25–100 lm subhedral crystals, how-
ever, some smaller (< 25 lm) monazite inclusions
were also encountered within garnet porphyroblasts,
where they are usually present halfway between core
and rim.

The monazite grains in the matrix are often
remarkably elongated with aspect ratios of three to
five, and some of them show striking reaction seams of
up to 30-lm width (Fig. 11b). These seams consist of
chlorite, muscovite, ±epidote, sometimes rutile and
ilmenite, and they host tiny, newly grown monazite
microliths (Mnz 2). The inner monazite domains (Mnz
1) typically show resorption embayments. Monazite
enclosed in garnet or quartz (Fig. 11a) displays no
reaction rim and was obviously not exposed to (shiel-
ded from) alteration.

Most monazite grains appeared homogenous on
backscattered electron images. Weak compositional
zoning is rarely present in monazite inclusions in gar-
net. Nevertheless, the electron microprobe analyses
(Table 3) are indicative of significant compositional
variation in the monazite. The larger grains in the
matrix are typically rich in thorium (�7–11 wt%
ThO2), whereas monazite enclosed in garnet has
generally lower Th content (0.5–5 wt% ThO2). This
suggests the presence of an early generation of low-Th
monazite which was overgrown by garnet. In one
garnet, two high-Th monazite inclusions occur rela-
tively close to the garnet rim (mnz 6 and 7 in Table 3).
Grain 6 is enriched in yttrium (�1.6 wt% Y2O3) and

differs from all other analyzed monazite, which has
very low Y2O3 contents of <0.5 wt%. Monazite that
formed during the growth of garnet has normally low
yttrium content because Y is taken up by garnet (Pyle
et al., 2001). The Y-enriched monazite 6 may therefore
be an example of a post-peak monazite that formed
secondary within the garnet, utilizing yttrium released
from garnet breakdown (Foster et al., 2000, 2002; Pyle
et al., 2001; Gibson et al., 2004). However, the high Y
may also be due to a local chemical anomaly during
garnet growth. The Y2O3 content of �1.6 wt% indi-
cates a minimum crystallization temperature of �500–
550 �C for monazite 6 (Heinrich et al., 1997; Pyle
et al., 2001).
All analyzed monazite grains (high-Th and low-

Th) are characterized by relatively high Eu contents,
and display no significant negative Eu anomaly. This
accords with the observation that feldspar, as a
major carrier of Eu, played little role in the studied
samples. A slight chemical difference between the
high-Th and the low-Th monazite is in the La ⁄Nd
ratio, which is higher in the low-Th type (1.14–1.21
v. 0.96–1.10). The newly formed monazite microliths
in the alteration seams around Mnz 1 could not be
successfully analyzed with the microprobe due to
their small size.

Laser ablation ICP-MS dating

Monazite grains were analyzed directly in polished thin
sections of the sample VU522. Isotopic analysis by
laser ablation ICP-MS followed the technique
described in Košler et al. (2001). A Thermo-Finnigan
Element 2 sector field ICP-MS coupled to a 213
NdYAG laser (New Wave UP-213) at Bergen Uni-

Fig. 11. (a,b) Back-scattered electron images
of monazite from garnet-bearing
micaschists. While the grain in (a), which is
enclosed in quartz, appears almost
completely unaltered, a secondary reaction
seam consisting of Chl, Mu, Ep, Ilm and Rt
is developed around the matrix grain in (b).
New monazite microliths grew within this
alteration zone. (c) Total Pb v. Th* isochron
diagram of Th(U)–Pb electron microprobe
dating of monazite from garnet micaschists.
(d) U–Th–Pb concordia diagram for
monazite from sample VU522.
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versity was used to measure Pb ⁄U and Pb ⁄Th isotopic
ratios. A fragment of a large monazite crystal from a
granulite in the Androyan Complex in Madagascar
(555 Ma: U–Pb TIMS age by R. Parrish, pers. comm.
and 557 ± 20 Ma: electron microprobe chemical dat-
ing by Montel et al., 1996) was periodically analyzed
during this study for quality control.

Dating of eight grains of matrix monazite (high-Th
type; see above) yielded a concordia age of
328 ± 6 Ma (Fig. 11d, Table 4), which is interpreted
as the timing of its growth in the M1-M2 Grt–Chl–
Phe–Qtz matrix. Dating of monazite inclusions
(low-Th type) enclosed in garnet porphyroblasts
provided a similar age, but with very high

Table 4. Laser ablation ICP-MS U–Th–Pb data (sample VU522).

Analysis no. Isotopic ratios Calculated ages (Ma)

207Pb ⁄ 235U ±1 r 208Pb ⁄ 232Th ±1 r 206Pb ⁄ 238U ±1 r 207Pb ⁄ 235U ±1 r 208Pb ⁄ 232Th ±1 r 206Pb ⁄ 238U ±1 r

1 0.332 0.057 0.015 0.000 0.0515 0.0028 291 43 324 10 324 17

2 0.269 0.032 0.016 0.000 0.0507 0.0021 242 26 319 8 319 13

3 0.313 0.065 0.017 0.000 0.0532 0.0036 277 50 334 10 334 22

4 0.313 0.037 0.017 0.001 0.0569 0.0029 276 29 357 10 357 18

5 0.084 0.011 0.016 0.001 0.0515 0.0041 82 10 324 13 324 25

6 0.232 0.031 0.016 0.000 0.0530 0.0024 212 25 333 9 333 14

7 0.260 0.025 0.016 0.001 0.0511 0.0024 235 20 321 10 321 15

8 0.347 0.057 0.016 0.001 0.0537 0.0040 303 43 337 13 337 24

Table 3. Electron microprobe analyses of studied monazite.

Mnz 1-1

matrix

high Th

Mnz 1-2

matrix

high Th

Mnz 1-3

matrix

high Th

Mnz 2-1

matrix

high Th

Mnz 3-1

matrix

high Th

Mnz 6-1

in grt

high Th

Mnz 6-2

in grt

high Th

Mnz 7-1

in grt

high Th

Mnz 5-1

in grt

low Th

Mnz 5-2

in grt

low Th

Mnz 8-1

in grt

low Th

Mnz 9-1

in grt

low Th

Mnz 9-2

in grt

low Th

Mnz 9-3

in grt

low Th

Mnz 10-1

in grt

low Th

Mnz 10-2

in grt

low Th

Mnz 10-3

in grt

low Th

SiO2 0.74 0.88 0.46 0.83 0.62 1.01 0.95 1.19 0.35 0.25 0.22 0.13 0.21 0.39 0.08 0.41 0.26

P2O5 28.80 28.59 29.69 28.88 29.73 28.54 28.48 28.39 30.11 30.51 29.13 29.88 29.65 29.69 30.06 29.56 30.02

CaO 1.37 1.50 1.26 1.34 1.07 1.68 1.73 1.74 0.87 0.58 0.51 0.31 0.29 0.50 0.28 0.46 0.44

SrO 0.04 0.03 0.04 0.00 0.03 0.03 0.03 0.03 0.04 0.02 0.03 0.02 0.02 0.02 0.01 0.00 0.00

Y2O3 0.18 0.29 0.25 0.20 0.04 1.55 1.64 0.36 0.36 0.16 0.38 0.34 0.45 0.37 0.50 0.33 0.30

La2O3 12.36 11.78 12.40 12.62 13.12 10.11 10.16 10.45 13.56 14.30 14.18 14.27 14.00 13.55 15.00 14.57 14.73

Ce2O3 27.62 26.86 28.31 26.62 28.63 23.85 23.69 23.96 29.53 30.30 31.35 31.29 31.46 30.62 30.51 29.56 30.09

Pr2O3 3.06 2.97 3.09 3.03 3.10 2.62 2.70 2.97 3.25 3.26 3.29 3.32 3.22 3.17 3.48 3.40 3.42

Nd2O3 11.30 11.21 11.61 11.46 11.97 10.24 10.37 10.86 11.74 11.82 12.41 12.02 11.97 11.73 13.01 12.70 12.83

Sm2O3 2.10 2.22 2.30 2.17 2.36 2.23 2.26 2.26 2.38 2.18 2.34 2.32 2.41 2.28 2.56 2.39 2.51

Eu2O3 0.58 0.54 0.43 0.35 0.34 0.63 0.59 0.57 0.38 0.29 0.41 0.54 0.51 0.52 0.52 0.47 0.48

Gd2O3 1.46 1.75 1.46 1.51 1.39 2.45 2.40 1.78 1.67 1.58 1.48 1.67 1.63 1.61 1.79 1.60 1.67

Dy2O3 0.11 0.15 0.13 0.19 0.00 0.49 0.50 0.19 0.16 0.10 0.19 0.26 0.26 0.28 0.35 0.33 0.37

ThO2 9.55 10.73 7.77 9.69 6.85 12.28 12.19 12.64 5.13 3.40 1.85 1.00 0.58 2.00 1.05 2.09 2.00

UO2 0.43 0.46 0.47 0.39 0.53 0.45 0.50 0.47 0.44 0.36 0.60 0.48 0.28 0.51 0.41 0.60 0.49

PbO 0.16 0.16 0.13 0.16 0.11 0.20 0.19 0.19 0.09 0.08 0.05 0.03 0.03 0.06 0.04 0.06 0.06

S 0.01 0.00 0.03 0.02 0.01 0.01 0.02 0.00 0.02 0.02 0.02 0.02 0.01 0.01 0.00 0.02 0.00

Total 99.87 100.15 99.84 99.44 99.90 98.37 98.40 98.03 100.07 99.21 98.43 97.88 97.00 97.32 99.65 98.54 99.68

Si 0.03 0.04 0.02 0.03 0.02 0.04 0.04 0.05 0.01 0.01 0.01 0.01 0.01 0.02 0.00 0.02 0.01

P 0.97 0.96 0.99 0.97 0.99 0.97 0.97 0.97 0.99 1.00 0.99 1.01 1.00 1.00 1.00 0.99 1.00

Ca 0.06 0.06 0.05 0.06 0.04 0.07 0.07 0.07 0.04 0.02 0.02 0.01 0.01 0.02 0.01 0.02 0.02

Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Y 0.00 0.01 0.01 0.00 0.00 0.03 0.04 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01

La 0.18 0.17 0.18 0.19 0.19 0.15 0.15 0.15 0.19 0.20 0.21 0.21 0.21 0.20 0.22 0.21 0.21

Ce 0.40 0.39 0.41 0.39 0.41 0.35 0.35 0.35 0.42 0.43 0.46 0.46 0.46 0.45 0.44 0.43 0.43

Pr 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

Nd 0.16 0.16 0.16 0.16 0.17 0.15 0.15 0.16 0.16 0.16 0.18 0.17 0.17 0.17 0.18 0.18 0.18

Sm 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03

Eu 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Gd 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

Dy 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Th 0.09 0.10 0.07 0.09 0.06 0.11 0.11 0.12 0.05 0.03 0.02 0.01 0.01 0.02 0.01 0.02 0.02

U 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00

Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

S 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Tetr. 1.00 1.00 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.00 1.01 1.01 1.02 1.00 1.01 1.01

A[9] 1.00 1.00 0.99 0.99 0.98 0.99 0.99 0.98 1.00 0.98 1.01 0.98 0.98 0.98 0.99 0.99 0.99

Th 8.39 9.43 6.83 8.51 6.02 10.79 10.71 11.11 4.50 2.87 1.62 0.88 0.51 1.76 0.92 1.84 1.76

U 0.38 0.40 0.41 0.35 0.47 0.40 0.44 0.41 0.39 0.30 0.53 0.43 0.25 0.45 0.36 0.53 0.43

Pb 0.15 0.15 0.12 0.15 0.10 0.19 0.17 0.18 0.08 0.07 0.04 0.03 0.03 0.06 0.04 0.06 0.06

Th* 9.61 10.74 8.17 9.64 7.54 12.09 12.14 12.45 5.76 3.87 3.35 2.27 1.32 3.21 2.11 3.56 3.16

Age 338 319 333 345 312 347 323 322 328 395 289 285 477 403 386 360 418

Error (2r) 20 18 23 21 26 16 16 16 35 51 58 85 144 59 96 57 64
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uncertainty caused mainly by limited size of the
grains.

Electron microprobe dating

Monazite grains from samples VU522 and VU512
were also dated chemically based on measurement of
their Th, U and Pb contents. Details about the dating
method and the monazite analysis routine used at
Salzburg University can be taken from Montel et al.
(1996) and Krenn et al. (2008) respectively. Due to
their high Pb contents, the Th-rich monazite provides
ages with relatively low errors. For the three analyzed
grains of matrix monazite (five analysis points), a
weighted average age of 330 ± 17 Ma (95% confi-
dence, MSWD 1.6) is obtained. The high-Y monazite
(grain 6 in Table 3) gave a very similar age of
335 ± 11 Ma (mean of two analyses), as does the
high-Th monazite (grain 7 in Table 3) in the garnet
(322 ± 16 Ma). The weighted average age for all high-
Th monazite grains is 330 ± 10 Ma (95% confidence,
MSWD 1.8).

The reliability of chemical monazite ages can be tes-
ted by means of a Th* v. Pb isochron diagram (Suzuki
et al., 1991), as shown in Fig. 11c. A regression line
calculated for the high-Th monazite group intersects
the y-axis very close to zero, suggesting that the Th–U–
Pb system is not disturbed by common Pb or Pb loss,
and that the calculated average age (330 ± 10 Ma) is
the true formation age of this high-Th monazite.

An attempt to date the low-Th monazite group did
not provide an unambiguous result. Single-point ages
involve very high errors, due to the low radiogenic Pb
contents. At first sight, it would appear that some of
these grains are older than 330 Ma (Table 3). How-
ever, a generally higher age of the low-Th monazite is
not supported by the Th* v. Pb isochron diagram
(Fig. 11c), where the data follow a regression line with
an age slope of <330 Ma. Furthermore, the regression
line intersects the y-axis significantly above the origin.
All this gives reason for concern, that (some of) the
calculated ages may be influenced by inherited or
common Pb. Furthermore, some of the analyses show
surplus Si + Ca relative to Th + U (note the formula
units), which may indicate impurities or alteration. The
geological significance of the higher apparent ages of
some of the low-Th monazite is therefore uncertain.

DISCUSSION

Tectonic significance of the M1–M2 and M3 metamorphism

The studied area is divided into large-scale structural
domains distinguished mainly on the basis of regional
divergence in orientation of the S1 foliation, which dips
dominantly to the east in the eastern domain and to the
south in the southern and western domains (Fig. 3).
This pattern is the result of two deformation events.
The D1 event is characterized by the development of

the metamorphic foliation S1, while the D2 event re-
sulted in the folding of S1 and local development of S2
cleavage (Figs 4 & 5b). The S1 foliation is defined by
spatial arrangement of the M1-M2 mineral assemblage,
which was extensively modified by the regional M3
blastesis of albite present within, or overgrowing the S1
fabric (Fig. 5f). Structural observations combined with
petrography demonstrate that the D1-dominated
eastern domain is characterized by the best-preserved
M1-M2 assemblages, while the D2-dominated southern
and western domains show an intense M3 overprint.
On the other hand, the growth of albite porphyroblasts
observed in several localities of the eastern domain with
very weak D2 overprint suggests that the late low-
pressure M3 re-equilibration may have occurred during
the D1 deformation phase. Such an interpretation im-
plies that subsequent D2 deformation overprint did not
have a significant effect on the stability of the low-
pressure M3 mineral assemblage.

Peak-pressure conditions and early decompression of
micaschists

The D1-dominated eastern part of the studied area is
characterized by frequent occurrence of garnet-bearing
M1-M2 assemblages in micaschist. The mineral assem-
blage M1 is represented by inclusions of chloritoid in
cores of larger garnet porphyroblasts. A representative
P–T section calculated for sampleVU218 (Fig. 8) shows
that the stability of the garnet–chloritoid assemblage is
established along the prograde path by crystallization of
chloritoid at pressures above 12.5–14 kbar. This reac-
tion is pressure dependent and its position is controlled
by the amount of Al2O3 available for crystallization of
chloritoid at the expense of chlorite. For the investigated
whole-rock compositions, the lower pressure limit for
this reaction varies in the range of 12–16.5 kbar. Tem-
perature conditions for the stabilization of garnet–
chloritoid M1 assemblage can be estimated by using the

Fig. 12. The whole-rock compositions of albite-free and albite-
bearing samples depicted in the Al2O3–Na2O–K2O diagram.
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compositional isopleths for garnet or chloritoid
end-members, as they all show strong temperature
dependence. All these isopleths consistently suggest
temperatures of equilibration within the range of 460–
520 �C. On the other hand, the only possibility for a
pressure estimate is the pattern of isopleths of Si content
in muscovitic white mica. In micaschist samples, the
decompression-related re-equilibration of muscovite is
usually incomplete and muscovite shows bimodal com-
position characterized by the coexistence of grains with
high and low Si contents (Fig. 7). As the white mica has
never been observed as an inclusion in garnet, the
composition of matrix muscovite with the highest Si
content is used as an indicator of maximum substanti-
ated pressures.However, as this high-Simuscovite could
have re-equilibrated during decompression, the esti-
mated pressures of 18–19 kbar may be regarded as
minimum values.

The M2 matrix mineral assemblage garnet–chlorite–
muscovite suggests complete consumption of chlori-
toid. In the corresponding P–T section, this situation
may occur either during an increase in temperature or
along an isothermal decompression path. Regarding
garnet isopleths in the P–T section, the rim composi-
tion of garnet porphyroblasts records no substantial
increase in temperature and suggests that the post-
peak-pressure metamorphic evolution is governed by
nearly isothermal decompression to pressures of
10–13 kbar. The P–T sections for garnet-bearing
samples with elevated Na2O content have shown that
paragonite should be stable together with muscovitic
white mica at P–T conditions inferred for the matrix
mineral assemblage. An inspection of white mica

compositions in these samples has indeed confirmed
the stability of both micas (Fig. 7). The estimated
pressure conditions for equilibration of the matrix
assemblage M2 also represent the lower pressure limit
for isothermal decompression because further decrease
in pressure would result in crystallization of biotite
that has never been observed in any of the studied
micaschist samples.

Sample VU218 is representative of samples with
garnet porphyroblasts that are more than 2–3 mm in
diameter. Their large size and overall stability in the
P–T section is most probably caused by high bulk
MnO content. Samples with a population of small
(<1 mm) garnet grains (e.g. sample VU522) have
always one order of magnitude lower MnO contents
causing a shift of the garnet-in reaction curve
towards higher temperatures. In sample VU522,
small garnet porphyroblasts have no diagnostic
mineral inclusions and thus no estimate can be made
of the garnet growth history. The only information
about metamorphic conditions of this sample is
provided by the composition of minerals in the
matrix assemblage M2, which suggest pressures and
temperatures similar to, or slightly higher than those
estimated for the matrix mineral assemblage M2 in
sample VU218.

Low-pressure ⁄ low-temperature re-equilibration of
micaschists

As the micaschists with low MnO content represent the
dominant lithology of the southern part of the
Krkonoše–Jizera Complex, the high-pressure samples

Fig. 13. Distribution of Ar–Ar ages of
Marheine et al. (2002) and Maluski &
Patočka (1997) from the Krkonoše–Jizera
Complex presented as cumulative probabil-
ity plot (22 data). Solid vertical line and dark
bands in the background represent the result
of monazite dating with error bars for
particular dating method.
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usually bear small garnet crystals with low spessartine
content. Decompression of such a rock, however, leads
to relatively fast decomposition of garnet, which is
most probably the reason for common absence of its
relicts in samples dominated by the M3 assemblage.
Nevertheless, an example of the link between the gar-
net-bearing high-pressure metamorphic stage and the
albite-bearing low-pressure stage is given in samples
where small garnet grains are enclosed within the
newly grown albite porphyroblasts (Fig. 5e) or in
samples where the albite porphyroblasts grew in the
garnet-bearing matrix.

As exemplified by the P–T section for sample VU8
(Fig. 10), the elevated Na2O content of albite-bearing
micaschists suggests the stability of glaucophane at
high pressures. However, amphibole has never been
observed neither as an inclusion in albite, nor as a
stable phase in the matrix. Assuming that this is not a
coincidence, such apparent discrepancy can be
explained in two ways. Either the albite-bearing
micaschists have never reached the high-pressure con-
ditions or the increase in Na2O content is a secondary
feature connected with the fluid-assisted mass transfer
during decompression. The occasional presence of
garnet inclusions in albite and the rare presence of
albite porphyroblasts in samples with garnet contain-
ing chloritoid inclusions suggest that the albite-bearing
micaschists also record the high-pressure history pos-
sibly identical to albite-free samples. In this context,
the lack of negative Eu anomaly in all analyzed
monazite present in the M1-M2 matrix assemblage
documents the absence of albite, as a major carrier of
Eu, during the peak P–T and early decompression
stages. An inspection of the whole-rock compositions
of albite-free and albite-bearing samples in the Al2O3–
Na2O–K2O diagram (Fig. 12) confirms the elevated
Na2O content for the later. This suggests that the low-
pressure re-equilibration of the studied micaschists is
associated with a significant gain in sodium, probably
facilitated by fluid influx from the underlying ortho-
gneisses.

Metamorphic ages and implications for tectonic evolution
of the Krkonoše–Jizera Complex

The only constraints about timing of metamorphism in
the Krkonoše–Jizera Complex come from K–Ar and
Ar–Ar dating of mica and amphibole. The oldest
Ar–Ar age of c. 360 Ma obtained by Maluski &
Patočka (1997) from phengite within mafic blueschists
in the easternmost part of the complex was attributed
to the late stages of blueschist facies metamorphism.
Marheine et al. (2002) published a large data set of
Ar–Ar ages ranging 352–312 Ma that have been sub-
divided into four groups connected with: (i) the onset
of exhumation (352–350 Ma), (ii) the greenschist facies
overprint (344–333 Ma), (iii) the major thrust
displacements and Krkonoše–Jizera granite cooling
(324–320 Ma) and (iv) the end of tectonometamorphic

and magmatic processes (314–312 Ma). However, our
dating of monazite suggests that the high-pressure
metamorphism at least in part of the Krkonoše–Jizera
Complex occurred much later, i.e. c. 330 Ma.
Considering the stability fields of monazite in metap-
elites at different pressures (Janots et al., 2007), mon-
azite in VU522 should have been stable during the
high-pressure stage, but then become unstable during
isothermal decompression between 10 and 15 kbar.
This fits to the observation that several monazite
grains in the matrix are surrounded by a marginal
alteration rim. It can be speculated that this alteration
rim was initially in apatite–allanite corona, a feature
frequently seen in retrogressed monazite-bearing rocks
(Finger et al., 1998). Upon further cooling, this apa-
tite–allanite corona probably became unstable by itself
(cf. Janots et al., 2007) and spawned a late generation
of low-T monazite microliths. Similar monazite tex-
tures have been described from the Eastern Alps
(�satellite monazite growth� – Krenn & Finger, 2006).
The majority of the Ar–Ar cooling ages reported by

Marheine et al. (2002) falls into two groups (Fig. 13);
one represented by ages of 334–333 Ma (four data)
and the other by ages of 324–320 Ma (eight data).
These two age groups can be interpreted as the first
one representing the high-pressure event overlapping
with our monazite age, and the second corresponding
to overall cooling of the Krkonoše–Jizera Complex.
Apart from very young ages (313 & 314 Ma), the rest
of the data shows a continuous increase from 336 to
364 Ma (eight data), which is difficult to interpret. On
the other hand, the oldest ages between 364 and
344 Ma come from the volcano-sedimentary com-
plexes with relics of mafic blueschists in the eastern
and southern part of the Krkonoše–Jizera Complex
(see fig. 6 in Marheine et al., 2002) representing the
middle unit of Seston et al. (2000) and Mazur &
Aleksandrowski (2001). Our monazite ages of
c. 330 Ma come from the lowermost unit and mark-
edly contrast with Devonian ages reported from the
overlying nappes.
It is to be noted that the monazite age of

330 ± 10 Ma apparently approaches the emplacement
age of the Krkonoše–Jizera Pluton. Nevertheless, the
dated samples were collected far enough from the
contact aureole of the pluton and they do not show
any signs of contact metamorphism. It is thus very
unlikely that the intrusion of this pluton has modified
the Th–U–Pb system of the monazite.
Combining the metamorphic and geochronological

record, it is concluded that the lowermost metasedi-
mentary unit represents a high-pressure nappe
emplaced during the Lower Carboniferous in between
the (par)autochthonous Krkonoše–Jizera orthogneis-
ses and the middle unit with relicts of Devonian
blueschists. Such tectonic juxtaposition is very similar
to the south-western part of the Saxothuringian
Domain, where a major �chronometamorphic�
boundary exists between the Carboniferous high-
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pressure metamorphism in the central and south-
eastern part of the Saxothuringian Domain (von
Quadt & Gebauer, 1998; von Quadt & Günther,
1999) and the Devonian eclogite facies metamor-
phism in the Teplá-Barrandian Domain (Beard et al.,
1995).

Comparison of tectonometamorphic evolution with
southern part of the Saxothuringian Domain in the
Bohemian Massif

The estimated peak-pressure conditions in micaschists
of the Krkonoše–Jizera Complex are much higher than
those suggested for mafic blueschists exposed in its
eastern and southern parts (Cháb & Vrána, 1979;
Guiraud & Burg, 1984; Kryza & Mazur, 1995;
Smulikowski, 1995; Patočka et al., 1996) and also
higher than those exposed further north in the Kaczawa
Mountains (Kryza et al., 1990). However, as discussed
above, the available geochronology of metamorphic
events suggests that these mafic blueschists probably
belong to a different tectonic unit with a 20–30 Myr
older metamorphic record and their metamorphic
evolution may thus be unrelated to that of the studied
micaschists. Our calculations suggest a Lower Carbon-
iferous apparent metamorphic field gradient of
�7–7.5 �C km)1 during the pressure peak. Such low
geothermal gradients have been previously reported
for eclogites in the south-western part of the Saxothu-
ringian Domain (�6.5–9 �C km)1; Konopásek &
Schulmann, 2005) and also for the associated eclogitic
micaschists in the same area (�8 �C km)1; Konopásek,
2001). This implies that our estimates of metamorphic
conditions for metasedimentary rocks in the central-
eastern part of the Krkonoše–Jizera Complex are not
exceptional but fit well within the overall concept of
subduction-related evolution of the entire Saxothurin-
gian Domain.
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Franke, W. & _Zelaźniewicz, A., 2000. The eastern termination of
the Variscides: Terrane correlation and kinematic evolution.
In: Orogenic Processes: Quantification and Modelling in the
Variscan Belt, Special Publication 179 (eds Franke, E., Haak,
V., Oncken, O. & Tanner, D.), pp. 63–86. Geological Society,
London.
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Klápová, H., Konopásek, J. & Schulmann, K., 1998. Eclogites
from the Czech part of the Erzgebirge: multi-stage metamor-
phic and structural evolution. Journal of the Geological
Society, 155, 567–583.
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Patočka, F., Fajst, M. & Kachlı́k, V., 2000. Mafic-felsic to mafic-
ultramafic Early Palaeozoic magmatism of the West Sudetes
(NE Bohemian Massif); the South Krkonoše Complex. Zeit-
schrift für Geologische Wissenschaften, 28, 177–210.

Pharaoh, T.C., 1999. Palaeozoic terranes and their lithospheric
boundaries within the Trans-European Suture Zone (TESZ): a
review. Tectonophysics, 314, 17–41.

Pin, C., Mierzejewski, M.P. & Duthou, J.L., 1987. Rb ⁄Sr
isochron age of the Karkonosz egranite from quarry Szklarska
Poreba Huta and determination of its 87Sr ⁄ 86Sr initial ratio.
Przegląd Geologiczny, 35, 512–517.

Pin, C., Majerowicz, A. & Wojciechowska, I., 1988. Upper
Palaeozoic oceanic crust in the Polish Sudetes: Nd–Sr isotope
and trace element evidence. Lithos, 21, 195–209.

Powell, R. & Holland, T.J.B., 1999. Relating formulations of the
thermodynamics of mineral solid solutions; activity modeling
of pyroxenes, amphiboles and micas. American Mineralogist,
84, 1–14.

Pyle, J.M., Spear, F.S., Rudnick, R.L. & McDonough, W.F.,
2001. Monazite–xenotime and monazite–garnet equilibrium in
a prograde pelite sequence. Journal of Petrology, 42, 2083–2107.

von Quadt, A. & Gebauer, D., 1998. Evolution of eclogitic rocks
in the Erzgebirge: a conventional SHRIMP U–Pb zircon and

Sm–Nd study. Acta Universitatis Carolinae Geologica, 42, 324–
325.

von Quadt, A. & Günther, D., 1999. Evolution of Cambrian
eclogitic rocks in the Erzgebirge: a conventional and LA-
ICP-MS U–Pb zircon and Sm–Nd study. Terra Nostra, 99,
164.

Seston, R., Winchester, J.A., Piasecki, M.A.A., Crowley, Q.G. &
Floyd, P.A., 2000. A structural model for the western-central
Sudetes: a deformed stack of Variscan thrust sheets. Journal of
the Geological Society, 157, 1155–1167.

Smulikowski, W., 1995. Evidence of glaucophane-schist facies
metamorphism in the East Karkonosze complex, West Sude-
tes, Poland. Geologische Rundschau, 84, 720–737.

Suzuki, K., Adachi, M. & Tanaka, T., 1991. Middle
Precambrian provenance of Jurassic sandstone in the Mino
Terrane, central Japan – Th–U–total Pb evidence from an
electron-microprobe monazite study. Sedimentary Geology,
75, 141–147.

Werner, O. & Lippolt, H.J., 2000. White mica 40Ar ⁄ 39Ar ages of
Erzgebirge metamorphic rocks: simulating the chronological
results by a model of Variscan crustal imbrication. In:Orogenic
Processes:Quantification andModelling in theVariscanBelt (eds
Franke, W., Haak, V., Oncken, O. & Tanner, D.), Special
Publication of Geological Society of London, 179, 323–336.

Willner, A.P., Krohe, A. & Maresch, M.V., 2000. Interrelated
P–T–t–d paths in the Variscan Erzgebirge dome (Saxony,
Germany): constraints on the rapid exhumation of high-
pressure rocks from the root zone of a collisional orogen.
International Geology Review, 42, 64–85.

Winchester, J.A., Floyd, P.A., Chocyk, M., Horbowy, K. &
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The second article entitled “Exhumation and post-metamorphic folding of subducted 

accretionary complex in the northern Bohemian Massif (Variscan belt of the Central 

Europe)” summarizes structural observations from the southern part of the Krkonoše-Jizera 

Massif and presents a synoptic model of Variscan tectonometamorphic evolution in the 

southern part of the West Sudetes. The presented data show that the structural pattern 

observed in the studied area resulted from two major deformation events accompanied by the 

development of minor low strain structures. The resulting large-scale structure of the southern 

Krkonoše-Jizera Massif is discussed in the context of metamorphic stages described in the 

previous paper, and published geochronological data.
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Abstract

The succession of structures developed in high-pressure thrust sheets of the Krkonoše–Jizera 
Massif suggests that two major deformation events are responsible for the present-day 
structural pattern in the northeastern part of the Saxothuringian Domain in the Bohemian
Massif. An early ESE-oriented underthrusting of the Saxothuringian passive margin led to the 
development of D1 fabric that is best preserved in the eastern part of the studied area as ESE-
dipping metamorphic foliation with ubiquitous relics of high-pressure mineral assemblages. 
The D1 fabric remained active also during exhumation as it is manifested by the equilibration 
of a low-pressure mineral assemblage within the same foliation. Late stage of the ESE–WNW 
compression led to imbrication of the granitoid basement and overlying nappe pile, and to 
folding of exhumed thrust sheets. The intensity of late D1 deformation decreases towards the 
west and westward migration of secondary thrusts probably led to normal movements in the 
hangingwall, as it is documented by the asymmetry of crystal preferred orientation of 
recrystallized quartz observed in the north-south trending orthogneiss bodies. 

Superimposed N–S oriented D2 compression caused post-metamorphic folding of the 
nappe pile characterized by the development of an intense D2 cleavage in the southern part of 
the Krkonoše–Jizera Massif and decreasing intensity of reworking towards the north. The 
observed structural pattern in the southern Krkonoše–Jizera Massif is interpreted as the result 
of postmetamorphic folding superimposed on the high-pressure accretionary wedge that 
developed as a result of subduction of Saxothuringian Ocean below the easterly lying core of 
the Bohemian Massif.

Key words: subduction, high-pressure metamorphism, exhumation, Saxothuringian Domain, 
West Sudetes, Bohemian Massif

Introduction

Southeastward subduction of an oceanic 
domain called the Saxothuringian Ocean 
(Franke 2000) has been recognized as a 
principal tectonic process governing the 
Variscan tectonometamorphic processes in 
the Bohemian Massif (Schulmann et al.

2009). The rock assemblage and structures 
developed as a response of the 
Saxothuringian middle crust to the 
Carboniferous collision of this domain 
with the core of the Bohemian Massif are 
exposed in the central part of the 
Saxothuringian Domain (Mlčoch & 
Schulmann 1992; Klápová et al. 1998; 
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Krohe 1998; Willner et al. 2000; 
Konopásek et al. 2001; Konopásek & 
Schulmann 2005). The middle–upper 
crustal processes associated with the 
Saxothuringian subduction are recorded in 
the south–western (the Fichtelgebirge and 
the Erbendorf–Vohenstrauss zone) and 
north–eastern (West Sudetes) parts of the 
Saxothuringian Domain. Geochronological 
and structural data from the south–western 
Saxothuringian Domain have shown a 
diachronous, two–stage process of the 
collision with the easterly Teplá–
Barrandian Domain. Early Saxothuringian 
subduction, exhumation of the high-
pressure rocks and associated deformation 
and metamorphism in the upper Teplá–
Barrandian continental domain took place 
in the Devonian (see an overview in 
Konopásek & Mlčoch 2010). The final 
collision of the Saxothuringian Domain 
with the core of the Bohemian Massif took 
place in the Early Carboniferous and was 
associated with thrusting of crystalline 
nappes with Devonian tectonometamorphic 
record over the Saxothuringian (par)–
autochthonous sediments (Franke 1984).

Similar scenario was proposed for 
the north–eastern part of the 
Saxothuringian Domain by Mazur & 
Aleksandrowski (2001). In their 

interpretation, the presence of mafic 
blueschists with dated Devonian 
tectonometamorphic record point to an 
early stage of subduction–related 
metamorphism that was followed by ~20 
My long period of the building of an 
accretionary wedge. Final stage of the 
evolution of the south–eastern part of the 
West Sudetes was interpreted as a result of 
extensional unroofing of deeper part of the 
Saxothuringian crust as a response to the 
intrusion of granitic bodies in the Early 
Carboniferous (Mazur 1995; Mazur & 
Kryza 1996; Mazur & Aleksandrowski 
2001). Such evolution is in contrast with 
the interpretation published by Seston et al.
(2000) for the northern part of the West 
Sudetes. These authors have not 
recognized any major role of extension in 
that part of the Saxothuringian Domain and 
interpreted the two major phases of 
deformation as compressional. 

The aim of this work is to assess
whether the differences between the 
models of Mazur (1995) and Seston et al.
(2000) represent a variation in structural 
style across the area of the West Sudetes 
and how important was the role of 
extension in the southern and south–
eastern part of the West Sudetes. We 
present a detailed structural study of the 

Fig. 1. - Simplified geological map of the northern part of the Bohemian Massif. Upper right inset shows the 
position of the study area with respect to major European Variscan massifs.
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southern part of the Krkonoše–Jizera 
Massif (Fig. 1) and combine the structural 
observations with recent metamorphic and 
geochronological data from our previous 
study (Žáčková et al. 2010). Finally, we 
propose a detailed evolutionary model of 
this structurally complex part of the 
Saxothuringian Domain in the Bohemian 
Massif.

Geological setting

The northeastern part of the 
Saxothuringian Domain in the Variscan 
orogenic belt of the Central Europe is 
formed by the West Sudetes exposed at the 
northern margin of the Bohemian Massif 
(Fig.1; Franke et al. 1993; Narębski 1994; 
Franke & Żelaźniewicz 2000). The 
Krkonoše-Jizera Massif is one of the 
several lithotectonic units defined in this 
area and it has been interpreted as a 
Variscan orogenic wedge related to 
southeastward subduction and 
underthrusting of the Saxothuringian crust 
(Kachlík & Patočka 1998; Mazur et al.
2006). The Krkonoše-Jizera Massif 
comprises in the core large body of Upper 
Cambrian/Lower Ordovician orthogneiss 

(Borkowska et al. 1980; Korytowski et al.
1993; Oliver et al. 1993; Żelaźniewicz 
1997; Kröner et al. 2001) surrounded by 
metamorphosed volcano-sedimentary 
rocks deposited during Early Palaeozoic 
intracontinental rifting of the Cadomian 
basement and subsequent development of 
an oceanic basin (Kryza et al. 1995, 2007; 
Winchester et al. 1995; Kachlík & Patočka 
1998; Patočka et al. 2000; Dostál et al.
2001; Žáčková et al. in press). The 
orogenic period in the West Sudetes is 
marked by the high-pressure 
metamorphism of the Early Palaeozoic 
passive margin deposits (Cháb & Vrána 
1979; Guiraud & Burg 1984; Kryza et al.
1990; Smulikowski 1995; Patočka et al.
1996, Žáčková et al. 2010), imbrication of 
the pre-Variscan granitoid basement and 
syn- to postmetamorphic folding of the 
entire metamorphic complex (Mazur 1995; 
Mazur & Kryza 1996; Seston et al. 2000; 
Mazur & Aleksandrowski 2001; Žáčková 
et al. 2010). The central part of the 
Krkonoše-Jizera Massif was at the end of 
the Variscan orogeny intruded by the 
Krkonoše-Jizera granite pluton. Its various 
facies were dated at 329 ± 17, 328 ± 12 or 
310 ± 5 Ma using the Rb-Sr whole rock 

    Fig. 2. – Simplified geological map of the southern Krkonoše–Jizera Massif with delimited structural domains   
    described in the text.
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method (Pin et al. 1987; Duthou et al.
1991; Mierzejewski et al. 1994), at 304 ± 
14 Ma by Pb-Pb zircon evaporation 
method (Kröner et al. 1994) or at ~314-
319 Ma by U-Pb ion microprobe technique 
(Machowiak & Armstrong 2007).

Current configuration of the 
individual parts of the West Sudetes has 
been attributed to the nappe tectonics. 
Corresponding tectonic models were 
summarized by Seston et al. (2000) and 
Mazur & Aleksandrowski (2001), and 
recently discussed by Žáčková et al.
(2010). According to geochemical, 
geochronological, structural and 
metamorphic data, these authors correlated 
various small-scale geological units in the 
West Sudetes and proposed subdivision of 
the area into four major tectonic units (Fig. 
2). The par-autochthonous unit is built by 
Neoproterozoic to Upper Cambrian/Lower 
Ordovician (meta)granitoids (Kröner et al.
1994; Tichomirowa et al. 2001) of the 
Lusatian and Jizera Massifs with their very 
low-grade Neoproterozoic-Lower 
Palaeozoic cover (the Ještěd Unit; 
Chaloupský et al. 1989; Chlupáč 1993; 
Kachlík & Kozdrój 2001). The lowermost 
thrust sheet (Fig. 2) is exposed structurally 
above the Jizera orthogneisses in the 
southeastern part of the Krkonoše-Jizera 
Massif and comprises mostly ± garnet-
bearing micaschists with subordinate 
bodies of orthogneisses, quartzites, 
calcsilicate rocks and marbles. Petrological 
study of garnet-bearing samples has 
suggested blueschist-facies metamorphism 
in the range of 18–19 kbar and 460–520°C 
(Žáčková et al. 2010). Garnet-free 
micaschists, phyllites and marbles with 
high proportion of metavolcanics represent 
the middle thrust sheet (Fig. 2). The 
metabasites of this unit show blueschist-
facies metamorphism, which reached 
conditions of 300–530°C and 6.5–12 kbar 
(Cháb & Vrána 1979; Guiraud & Burg 

1984; Kryza et al. 1990; Smulikowski 
1995; Patočka et al. 1996). A thick 
orthogneiss body is situated close to, or 
directly along, the contact of the lower and 
middle thrust sheet. The uppermost thrust 
sheet (the Leszczyniec Complex) is 
dominated by metabasites with low 
intensity of deformation (Kryza & Mazur 
1995; Seston et al. 2000).

First comprehensive structural 
study of the southern part of the Krkonoše-
Jizera Massif was published by Máška 
(1954), who considered the metamorphic 
envelope of the Krkonoše-Jizera granite as 
a single continuous rock pile deformed 
during the Caledonian orogeny. Máška 
(1954) assumed that these units were 
subject to weak metamorphism and 
involved in the W- to NW-trending large, 
tight folds with moderately plunging axes 
steepening eastward. Mazur (1995) and 
Mazur & Kryza (1996) have presented the 
data from the Krkonoše-Jizera Massif, 
which they summarized in a model 
connecting the structural development with 
three deformation events. In their view, the 
early deformation has been associated with 
NW-directed thrusting during the Late 
Devonian-Early Carboniferous. Resulting 
structures were then modified by 
subsequent, though still Early 
Carboniferous SE-directed extensional 
collapse and late semi-brittle reactivation. 

Lithological characteristics of the 
southern Krkonoše-Jizera Massif

The southern Krkonoše-Jizera Massif is 
dominated by metapelites associated with 
bodies of orthogneisses, metavolcanics and 
occasional intercalations of quartzites, 
calc-silicate rocks and marbles. 
Metapelites appear in both lower and 
middle thrust sheets and are represented by 
three main types with distinct mineral 
assemblages (Žáčková et al. 2007; 2010). 
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Garnet-free micaschists with albite 
porphyroblast occur throughout the area 
and are characterized by high proportion of 
albite that crystallized during 

decompression from the high-pressure 
metamorphic stage. Garnetiferous 
micaschists with chloritoid inclusions 
within the garnet porphyroblasts are locally 

Fig. 3. – a) F1 folds in mafic blueschists of the Rýchory Mts. in the eastern domain. b) Conjugate chevron 
F2 folds affecting retrograde S1 foliation in metabasites of the eastern domain. c) Asymmetric F2 folds in 
orthogneiss of the central domain. d) A flat surface photograph of a subvertical S2 cleavage developed in 
metasediments of the central domain. e) Tight F1 fold in metsediments of the central domain locally 
affecting the retrograde S1 foliation. f) A flat surface photograph of a small-scale F3 kink bands in 
metasediments of the western domain. F3 kink bands affect S1 foliation folded by open F2 folds. 
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preserved in the lower thrust sheet bearing 
the information about the early high-
pressure metamorphic event (Žáčková et 
al. 2010). A high-pressure metapelites of 
the middle thrust sheet are represented by 
chloritoid-bearing and albite-free phyllites 
(Žáčková et al. 2007). Orthogneisses 
appear either as fine-grained varieties or as 
typical augen orthogneisses. Majority of 
the metavolcanics in the studied area is 
confined to the middle thrust sheet and 
these are usually greenschists with relics of 
blueschist-facies metamorphism. Felsic 
metavolcanics are fine-grained, often 
laminated rocks with porphyroclasts of 
feldspar and quartz. They are not abundant 
and occur in the form of small lenses 
scattered within metapelites of the middle 
thrust sheet.

The succession of deformation 
structures

Detailed structural analysis in the southern 
Krkonoše-Jizera Massif revealed two main 
deformation stages. The older deformation 
event is best preserved in the eastern part 
of the studied area, whereas subsequent 
deformation overprint is most obvious in 
the central and western part (for domain 
distinction see Fig. 2). 

Eastern domain 
Pre-D1 – In the east, structures of the pre 
D1 deformation phase were recognised 
within the bodies of mafic rocks exposed 
in the Rýchory Mountains (Fig. 1) as 
alternation of epidote-rich, sodic 
amphibole and/or plagioclase-rich layers 
that were subsequently affected by folding 
with north-south trending fold axes (Fig. 
3a). Such banding may represent original 
compositional layering of the metabasite 
metamorphosed under the blueschist facies 
conditions. Analogous structures are 
occasionally present also in calcsilicate 

rocks, in which the metamorphosed 
compositional banding is isoclinaly folded 
(see Fig. 5a in Žáčková et al. 2010).

D1 – The main D1 phase is 
manifested by the development of 
penetrative S1 foliation in metasediments, 
metabasites and orthogneisses, and by 
axial planar close to isoclinal folding of the 
compositional banding in metabasite and 
calcsilicate rocks. The foliation S1 is 
defined by micaceous schistosity in 
metapelites and by shape preferred 
orientation of micas and quartzo-
feldspathic aggregates in orthogneiss. In 
metabasite, the S1 foliation is expressed by 
shape preferred orientation of chlorite or 
amphibole aggregates and locally encloses 
low-strain domains with folded pre-S1 
compositional banding. The S1 foliation 
bears the lineation L1, which is best 
developed in orthogneisses, where it is 
defined by stretching of quartzo-
feldspathic aggregates or linear 
arrangement of micas.

The S1 foliation dips in the eastern 
domain mostly to the east or east-south-
east at steep to moderate angles (Fig. 4). 
The stretching lineation L1 plunges 
generally to the ESE at medium to steep 
angles (Fig. 4). In the easternmost part of 
the eastern domain, the S1 is steep or west 
dipping. The S1 in this area thus shows 
large scale positive fan (Fig. 4) which is 
subsequently modified by F2 chevron type 
folds superimposed on the steep S1 fabric 
(Fig. 3b). As a consequence, D2 is 
responsible for rotation of S1 towards the 
steep and E-W trending orientation of S2 
cleavage in the southernmost and 
easternmost parts of the eastern domain 
(Fig. 4). 

Late D1 - The highly anisotropic 
metasediments and metabasites with well-
developed schistosity are locally affected 
by kink bands that are monoclinal, 
perpendicular to L1 and show top-to-the-
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Fig. 4. – Structural map of the southern Krkonoše–Jizera Massif. Structural data are contoured in 
equal-area lower hemisphere stereoplots. Number of data N is indicated for each plot.
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WNW or top-to-the-ESE 
asymmetries depending whether they 
affect east- or west dipping S1 foliation, 
respectively. Axes of the kink bands are 
generally north-south trending with axial 
planes dipping to the ESE or WNW at 
steep to moderate angles (Fig. 4). 

D2 - The second deformation event 
D2 is associated with folding of S1 fabric. 
The folding resulted in the development of 
medium- to large-scale F2 folds and 
crenulation cleavage. In the map scale, the 
effect of D2 folding is best visible in the 
course of the eastern orthogneiss body. The 
originally north-south trending orthogneiss 
slab is in the southern part of the area 
overprinted and reoriented into the east-
west direction and the hinge zone of the 
resultant large-scale fold is exposed in the 
south-western part of the eastern domain 
(Fig. 2). The medium- to small-scale F2 
folds in micaschists are mostly open to 
tight (Fig. 3c) and they have steep WNW–
ESE trending axial planes. The F2 fold 
axes plunge generally to the ESE at 
moderate to steep angles (Fig. 4), although 
in the easternmost part of the domain they 
plunge also to the west imposing various 
orientations of S1 fabric before the onset of 
D2 deformation event. The S1 foliation in 
the short limbs of F2 folds is locally 
transposed into the low-grade axial planar 
cleavage S2 defined by shape preferred 
orientation of micas (Fig. 3d). D2 in 
metabasites is manifested by the 
development of steep F2 kink bands and 
chevron folds (Fig. 3b). F2 folding in 
orthogneiss is rare, however, strong linear 
alignment of quartz and feldspar 
aggregates observed at some localities may 
result from superposition of S2 over S1.

Central domain 
D1 – The S1 foliation in the eastern part of 
the central domain is mostly steep and 
east–west trending as a result of intense D2 

folding. On the other hand the effect of 
later folding is much lower in the western 
part of the central domain, where the 
preserved S1 fabric is often gently dipping 
to the ENE–ESE. The L1 lineation plunges 
generally to the ESE at low angles and 
locally also to the WNW. The first 
deformation event in the central part of the 
studied area is locally associated with the 
development of tight to isoclinal folds with 
axial planes at low angle to surrounding S1 
foliation (Fig. 3e). These folds, mostly 
preserved in metapelites, are often non-
cylindrical and orientation of their axes 
varies from NW-SE to E-W.

D2 – The second deformation event 
have had a profound effect on the 
orientation of S1 foliation in the central 
domain and resulted in the development of 
medium- to large-scale closed F2 folds and 
associated crenulation cleavage. The F2 
folds are associated with N-S oriented 
shortening and sometimes show 
asymmetries consistent with parasitic 
folding in limbs of larger scale folds. 
Locally, refolding of F1 folds during the 
D2 regime resulted in local divergence of 
F1 fold axes orientation and folding of F1 
hinge zones (Fig. 4). S2 crenulation 
cleavage is locally developed in 
metapelites and orthogneisses, where this 
new fabric is characterised by grain size 
reduction. Axial planes of F2 folds are 
steep and WNW–ESE trending. Fold axes 
plunge to the ESE with local reverse 
orientation to the WNW under moderate 
angles.

D3 – F2 folds and S2 crenulation 
cleavage are rarely affected by the 
development of millimetre-scale kink 
bands. Their axes plunge to the north or 
south and their axial planes are generally 
north-south trending. Although the 
orientation of these kink bands appears 
similar to late–D1 kink bands observed in 
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the eastern domain, here they clearly affect 
the F2 folds. 

Western domain 
Pre-D1 – Similarly to the Eastern domain, 
the earliest deformation in the Western 
domain is represented by relics of 
metamorphosed compositional layering in 
weakly foliated metabasites. This structure 
is characterised by alternation of epidote-
rich layers with layers rich in amphibole 
and/or plagioclase that are subsequently 
affected by tight to isoclinal folding with 
generally north-south trending fold axes.

D1 – In the western part of the 
southern Krkonoše-Jizera Massif, the 
orientation of metamorphic foliation S1 
varies from south-east to north-east 
dipping under moderate to low angles (Fig. 
4). This divergence in orientation is caused 
by rotation of S1 during D2 folding and 
corresponds to the orientation of F2 fold 

limbs. L1 lineation is more common in 
metapelites than in metabasites and 
plunges generally to the south-east or east 
at low to moderate angles (Fig. 4).

Late D1 – Late kink bands are 
locally preserved in metapelites and 
schistose metabasites. Their axes are 
generally north-south trending and 
perpendicular to the L1 lineation. 
However, due to lack of superposition 
criteria it is not clear, whether these kink
bands represent the D1 feature or rather F3 
folds described below.

D2 – The D2 deformation in the 
western domain is marked by the 
development of open to tight F2 folds and 
occasionally by crenulation cleavage or 
rare complete reworking of the S1 foliation
by S2 fabric. F2 folds show various 
degrees of asymmetry and their axes 
plunge to the east at moderate to low 
angles. Crenulation cleavage and axial 

Fig. 5. – Quartz microstructures within deformed quartz aggregates or quartz veins from Jizera orthogneiss. 
a-c) shows microstructures associated with S1 deformation fabric with lobate grains in a) and inclined grain 
shape preferred orientation with respect to macroscopic foliation S1 (parallel with long edge of the 
micrographs) indicating thrusting in b) and normal movement in c). d) shows overprint of S1-related 
microstructure by S2-related microstructure. For location of the samples see Fig. 2.
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planes of F2 folds are generally steep and 
east-west trending (Fig. 4).

D3 – F3 kink bands, which affect 
the D2 folds or S2 crenulation cleavage, 
were locally observed (Fig. 3f). They show 
axes plunging generally to the NNE, and 
ESE or WNW-dipping axial planes (Fig. 
4). As in the central domain, these 
structures affect the F2 folds. 

Quartz deformation microstructures

Deformation microstructures of quartz 
were studied in orthogneiss and deformed 
quartz veins present in the orthogneiss 
bodies and partly also in surrounding 
metapelites of the central and eastern part 
of the southern Krkonoše-Jizera Massif 
(Fig. 2). The main focus of the study was 
to characterize internal structure and 
individual deformation fabrics within the 
orthogneiss in terms of their deformation 
conditions and kinematics. The 
deformation of orthogneiss is characterized 
by the presence of two main deformation 
fabrics S1 and S2 described in detail in 
previous section. Both fabrics are 
associated with distinct quartz 
microstructure indicating higher-grade 
conditions for S1 and lower grade 
conditions for S2 cleavage (Fig. 5). The 
deformation in orthogneiss is dominated by 
S1 fabric/microstructure while the 
orthogonal S2 overprint has been 
recognized only locally. The studied 
recrystallized quartz aggregates define the 
S1 and L1 foliation and lineation. The 
original magmatic porphyroclasts of K-
feldspar and plagioclase show 
syndeformational chemically driven 
decomposition. The S1 quartz 
microstructure is characterized by 
relatively large recrystallized grains with 
lobate boundaries (Fig. 5a-c) typical for 
transition between subgrain rotation and 
grain boundary migration recrystallization 

regimes (Stipp et al. 2002). The S2 quartz 
microstructure often overprints the 
previous S1 microstructure, however, the 
degree of overprint ranges from low to 
high as manifested by serrated boundaries 
of S1-related larger quartz grains (Fig. 5b) 
and intense S2-related recrystallization 
(Fig. 5d), respectively. The S2-related 
microstructure is characterized by small 
recrystallized grains occurring in the triple 
junctions of larger S1-related recrystallized 
grains which is typical for low temperature 
bulging recrystallization regime (Stipp et 
al. 2002).

Quartz textures
The crystal preferred orientation (CPO) of 
recrystallized quartz grains related to S1 
microstructure has been determined from 
XZ thin sections of the finite strain 
ellipsoid by electron back-scattered 
diffraction method. To collect the CPO 
data, we used HKL device attached to 
scanning electron microscope CAMSCAN 
54 at the Institute of Petrology and 
Structural Geology in Prague with 
measuring conditions set to 20 kV 
acceleration voltage, 39 mm working 
distance, ~5 nA beam current and 70° 
sample tilt.

The CPO of recrystallized quartz 
has been determined at 25 localities 
covering mainly the eastern and western 
N-S trending orthogneiss and the southern 
E-W trending orthogneiss (for locations 
see Fig. 2). The resulting CPO`s are shown 
in Figs. 6 (western orthogneiss) and 7 
(eastern and southern orthogneiss). In 
order to compare texture asymmetries of 
individual samples, the pole diagrams in 
both figures are presented within the same 
geographic reference frame based on the 
common generally east–west striking 
orientation of stretching lineation (Figs. 6 
and 7). The most typical textures in 
analysed samples are single maxima or 
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single to crossed girdles indicative of 
dislocation creep and simple or combined 
activity of several slip systems i.e. basal 
<a>, rhomb <a+c> and prism <a> (e.g. 
Schmid & Casey 1986).

Besides samples of no conclusive 
shear sense, the inclination of single girdle 

types of <c>-axis and <a>-axis pole 
figures with respect to foliation (Lister & 
Williams 1979; Simpson & Schmid 1983; 
Schmid & Casey 1986) indicates 
prevailing top-to-the-east shear sense in the 
eastern and western orthogneiss and 
prevailing top-to-the-west shear sense in 

Fig. 6. – Crystallographic orientation of recrystallized quartz grains measured by Electron Back Scattered 
Diffraction (EBSD) in the XZ section of the finite strain ellipsoid in the western orthogneiss. Lower 
hemisphere equal area projection pole figures represent poles to base (0001) [c-axis], poles to the first order 
prism {10-10} <m-axes> and poles to the second order prism {11-20} <a-axes>. Sample names, the dip 
direction/dip of foliation and stretching lineation, the number of measured grains (N) and min/max of 
contour diagrams are also indicated. Contours refer to multiples of uniform density distribution. The 
geographic reference frame common to all presented pole figures is shown in lower right. 
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the southern orthogneiss (Figs. 6 and 7). 
The observed shear senses are 
systematically consistent with oblique 
shape preferred orientation of 
recrystallized quartz grains with respect to 
foliation in individual samples (Fig. 5b, c).

Discussion

Deformation events and stress field 
changes

The presented data show that the structural 
pattern observed in the southern part of the 
Krkonoše-Jizera Massif resulted from two 
major deformation events D1 and D2 and 
some minor or poorly preserved structures 
(early and late F1 and F3 folds). Although 
other authors have reported the same 
succession of major structures from 
various parts of the West Sudetes, we 
emphasise and reinterpret their 
characteristics and geodynamic 
significance. 

Mazur & Kryza (1996) and Mazur 
& Aleksandrowski (2001) ascribed the 
development of metamorphic fabric in the 
central and western Krkonoše-Jizera 
Massif to the NW-directed shearing during 
D1 deformation event. In the same manner 
Seston et al. (2000) interpreted the 
development of high-strain mylonitic S1
foliation in the middle (Świerzawa) thrust 
sheet and lower-strain S1 fabric in the 
upper (Dobromierz) thrust sheet in the 
northern and western part of the West 
Sudetes. On the other hand, Mazur & 
Kryza (1996) and Mazur & 
Aleksandrowski (2001) argued that the 
metamorphic foliation observed along the 
southern and eastern flanks of the southern 
Krkonoše-Jizera Massif represents an 
overprinting S1-parallel D2 fabric, which 
originated as a result of core complex-type 
extensional doming associated with 
emplacement of the Krkonoše-Jizera 
granite. 

The main stage of D1 phase in the 
southern Krkonoše-Jizera Massif is 
characterized by the development of 
penetrative metamorphic foliation S1 in all 
studied structural domains and observed 
stretching lineation L1 consistently 
plunging to E-ESE. The overall 
distribution of S1 fabric, the least affected 
by D2 folding (see the middle parts of S1 
girdles in Fig. 4), suggests its steepening 
towards the east. Furthermore, the 
alternation of generally east- and generally 
west-dipping S1 foliation suggests the 
geometry of fan-like structure in the 
easternmost part of the studied area (Fig. 
4). These observations, together with 
overall decrease in metamorphic 
conditions from east to west support an 
interpretation that the main metamorphic 
foliation S1 indeed developed as a result of 
WNW- to NW-oriented thrusting of the 
high-pressure volcano-sedimentary 
complex. Local syn-deformation D1 
folding of the S1 foliation is probably 
responsible for the development of tight to 
isoclinal, strongly asymmetric folds in the 
central domain. 

Inferred progressive steepening of 
metamorphic foliation S1 towards the east 
and final development of F1 kink bands is 
attributed to the late stage of D1 
deformation, when the overall west-
northwestward movement has been 
blocked and ongoing WNW-ESE oriented 
compression caused folding of S1 fabric. 
This folding is probably associated with 
final buttressing stages of WNW shearing 
and convergence. Structural data suggest 
that the intensity of this late-D1 folding 
decreases towards the west. 

Unambiguous macroscopic 
extensional structures suggesting a phase 
of major gravitational relaxation (i.e. the 
D2 of Mazur & Kryza (1996) or Mazur & 
Aleksandrowski (2001)) were never 
observed in the southern part of the 
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Fig. 7. – Crystallographic orientation of recrystallized quartz grains measured by Electron Back Scattered 
Diffraction (EBSD) in the XZ section of the finite strain ellipsoid in the southern and eastern orthogneiss. 
Lower hemisphere equal area projection pole figures represent poles to base (0001) [c-axis], poles to the 
first order prism {10-10} <m-axes> and poles to the second order prism {11-20} <a-axes>. Sample names, 
dip direction/dip of foliation and stretching lineation, number of measured grains (N) and min/max of 
contour diagrams are also indicated. Contours refer to multiples of uniform density distribution. The 
geographic reference frame common to all presented pole figures is shown in the middle part of the figure. 
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Krkonoše-Jizera Massif. Instead, the 
kinematic interpretation of observed S1 
quartz microstructure suggests a phase of 
thrusting related to emplacement of high 
pressure thrust sheets over the granitoid 
basement followed by a phase of normal 
movements in the hanging wall of active 
westerly propagating thrusts. Similar 
kinematic interpretation has been also 
reported from other accretionary wedge-
type settings (Agard et al. 2010).

The effect of the second 
deformation event D2 is best visible in the 
central and western domain. The D2 is 
associated with rotation of the S1 fabric 
and development of medium- to large-scale 
F2 folds and crenulation cleavage S2. F2 
folds are characterised by steep, ESE-
WNW to WSW-ENE trending axial planes 
and fold axes plunging generally to the 
ESE to E at moderate to steep angles. The 
steep and ESE-WNW trending fabric with 
relics of isoclinally folded S1 observed 
southwards from the E-W trending 
orthogneiss in the central domain is 
interpreted as complete transposition of S1 
by S2 cleavage. The orientation of F2 folds 
is consistent with orientation of F3 folds 
described by Seston et al. (2000) from the 
northern part of the West Sudetes. In the 
north, Seston et al. (2000) observed mostly 
open, asymmetric folds with short and 
steep south-dipping limbs and long, gently
inclined north-dipping limbs. In contrast, 
the F2 folds in the southern Krkonoše-
Jizera Massif are often tight and 
symmetrical in the south, and open and 
asymmetrical towards the north where the 
asymmetries and vergence are consistent 
with the development of larger-scale F2 
folds and layer-parallel, generally north–
south oriented shortening. The regional 
pattern of orientation of F2 axes, ranging 
from steep west-dipping in the east to 
subhorizontal in the west, well 
demonstrates the pre-D2-folding geometry

of S1 consistent with late-D1 
buttressing/folding of this convergent zone. 
The north-south orientation of principal 
compression is common for all structures 
assigned to D2 deformation phase. The 
difference in style of folding in the 
southern Krkonoše-Jizera Massif region 
and the northern West Sudetes may be 
attributed to continuous decrease in 
intensity of the D2 (D3 of Seston et al. 
2000) deformation towards the north.

Locally, in the central and western 
domain, milimetre-scale N-S trending F3 
kink-bands affect S2 crenulation cleavage 
and F2 folds (Fig. 3f). These structures are 
rare and the amount of shortening 
associated with their development is 
negligible.

It is to be noted that identical 
succession of deformation structures was 
described by Konopásek et al. (2001) from 
the central part of the Erzgebirge Complex 
in the more southerly part of the 
Saxothuringian Domain. Although that 
area represents a middle crustal section of 
the Saxothuringian Domain, the 
development of metamorphic fabric is 
associated with westward oriented 
thrusting of high-pressure metamorphic 
rocks (high-pressure metapelites and 
associated eclogites) onto the 
Saxothuringian basement, as it is the case 
in the upper crustal section of the 
Saxothuringian Domain in the Krkonoše-
Jizera Massif. The thrusting period in the 
central Erzgebirge was terminated by 
gentle buckling of the nappe units and 
followed by pronounced period of N-S 
oriented shortening with maximum 
intensity in the south and fading away 
towards the north. This suggests that not 
only the E–W to NW–SE oriented early 
thrusting (Mlčoch & Schulmann 1992; 
Konopásek et al. 2001), but also the later 
refolding with N–S oriented compressional 
axis took place in various parts of the 
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Saxothuringian Domain and also in other 
parts of the Bohemian Massif (Schulmann 
et al 2005) during Variscan 
tectonometamorphic evolution.

The relationship between deformation and 
metamorphic stages

Metamorphic evolution of the southern 
Krkonoše-Jizera Massif is characterized by 
the early stage of blueschists-facies 
metamorphism and subsequent 
decompression to the conditions of the 
greenschist facies. This evolution has been 
described in metasediments and 
metabasites of the volcanosedimentary 
sequence (Cháb & Vrána 1979; Guiraud & 
Burg 1984; Kryza & Mazur 1995; 
Smulikowski 1995; Patočka et al. 1996; 
Žáčková et al. 2007; 2010), but the high-
pressure stage was never documented in 
the orthogneisses. Žáčková et al. (2010)
have shown that the eastern domain with 
best preserved D1 fabric provided most of 
the samples that bear the high-pressure 
mineral assemblage without a low-pressure 
overprint. Nevertheless, the same authors 
have also argued that the low-pressure 
overprint characterized by crystallization 
of albite porphyroblasts is developed 
already within the S1 foliation. This 
suggests that the early thrust-related S1 
fabric formed during the stage of 
maximum burial of the 
volcanosedimentary sequence and 
persisted throughout the exhumation 
period. The lack of high-pressure 
metamorphism in orthogneiss bodies 
suggests that their detachment from the 
basement and emplacement into the 
volcanosedimentary sequence occurred at 
later stages of its exhumation. The 
deformation conditions of observed S1 
quartz microstructure, characterized by 
transition between subgrain rotation and 
grain boundary migration recrystallization 
mechanism (Fig. 5a-c), are according to 

Fig. 8. – Schematic geological cross-section 
across the southern Krkonoše–Jizera Massif 
(see Fig. 2 for its location).
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calibration of Stipp et al. (2002) within the 
range of 400-500 °C. It is thus suggested 
that the emplacement/coupling of 
orthogneiss and the high-pressure 
metasedimentary thrust sheets coincides 
with the equilibration of HP rocks at 
medium- to low-pressure conditions.

Combined structural and 
metamorphic data indicate that the D2 
event affected all the thrust sheets 
including orthogneiss bodies. Petrography 
of metasediments and metabasites suggests 
that D2 overprint occurred at the 
greenschist-facies conditions (i.e. <480°C 
and <8.5 kbar in Žáčková et al. 2010) and 
did not have major effect on the stability of 
the low- and medium-pressure mineral 
assemblages. In orthogneiss, the 
deformation conditions of observed S2 
quartz microstructure are characterized by 
transition between subgrain rotation and 
low temperature bulging recrystallization 
mechanism (Fig. 5d), which according to 
calibration of Stipp et al. (2002) 
corresponds to the temperature range of 
280-350 °C.

Thrust-sheet boundaries and other 
discontinuities in the southern Krkonoše-
Jizera Massif
The definition of various thrust sheets in 
the West Sudetes is based mainly on the 
differences in metamorphic record (Kryza 
& Mazur 1995; Žáčková et al. 2010), 
geochemistry of metavolcanics and 
metasediments (Winchester et al. 1995,
2003; Seston et al. 2000) and deformation 
record (Mazur & Kryza 1996; Seston et al.
2000; Mazur & Aleksandrowski 2001). 
The contact between the Upper Cambrian 
parautochthonous Jizera orthogneisses and 
overlying thrust sheets is mostly 
obliterated by the intrusion of the Early 
Carboniferous Krkonoše-Jizera Pluton (see 
e.g. Sedlák et al. 2007). Nevertheless, the 
recognition of high-pressure mineral 

assemblages in the volcanosedimentary 
rocks throughout the West Sudetes (Cháb 
& Vrána 1979; Guiraud & Burg 1984; 
Kryza et al. 1990; Kryza & Mazur 1995; 
Smulikowski 1995; Patočka et al. 1996; 
Žáčková et al. 2007; 2010) and their lack 
in the parautochthonous orthogneisses and 
imbricated orthogneiss bodies provide a 
strong argument for the allochthonous 
nature of the volcanosedimentary 
sequence. Similarly, the difference in 
metamorphic grade and intensity of 
deformation between the upper thrust sheet 
(represented in the eastern part of the 
Krkonoše-Jizera Massif by the 
Leszczyniec Unit (Kryza & Mazur 1995; 
Mazur & Aleksandrowski 2001 or in the 
broader sense by the Dobromierz thrust 
sheet of Seston et al. 2000) and the 
underlying volcanosedimentary sequence 
with well documented early blueschist-
facies metamorphism also points to an 
important tectonic discontinuity.

Apart from the difference in 
geochemistry of the metasediments 
(Winchester et al. 2003), the distinction 
between the lower and middle thrust sheet 
is based on the difference in pressure-
temperature conditions of the preserved 
high-pressure relics. While the relics of 
high-pressure mineral assemblage with 
garnet in the lower thrust sheet show PT 
conditions of ~ 18–19 kbar and 460–520°C 
(Žáčková et al. 2010), garnet-free high-
pressure assemblage in the middle thrust 
sheet shows conditions of ~11.5 kbar and 
420°C (Žáčková et al. 2007). 
Unfortunately, a clear distinction of these 
two units in the field is seriously hampered 
by the low-pressure reequilibration of the 
whole area that leads to stabilization of the 
albite-chlorite-white mica assemblage in 
micaschists of both tectonic units. The 
approximate limit between the lower and 
the middle thrust sheet based on detailed 
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mapping of garnet-bearing micaschists is 
shown in Fig. 2.

As discussed above, the presence of 
orthogneisses without relics of high-
pressure minerals suggests their late 
emplacement into the volcanosedimentary 
sequence as a series of thrusts or duplexes 
that developed during late D1 compression 
and now complicate the simple tectonic 
scenario dealing with the parautochtonous 
unit overlain by three contrasting thrust 
sheets. Moreover, subsequent D2 folding 
of the whole complex obliterated the 
spatial relationship between various 
orthogneiss bodies and surrounding 
micaschists developed during D1. This is 
the case of the apparently continuous 
orthogneiss body in the southern and 
central part of the studied area (Fig. 2). 
While in the east the volcanosedimentary 
sequence of the middle thrust sheet appears 
in the hangingwall of the orthogneiss, the 
structural observations revealed that in the 
west the same metasediments occur in the 
orthogneiss footwall (Fig. 4). Such 
situation either implies the presence of a 
huge isoclinal F1 fold with L1 parallel E-
W trending axis marked by the folded 
orthogneiss slab, or a complex contact of 
two imbricated orthogneiss sheets brought 
together during late D1 and subsequently 
folded together during D2 deformation. 
Interpretative E-W oriented geological 
cross-section that best covers the D1 
structure of the study area is presented in 
Fig. 8. 

Tectonometamorphic evolution of the 
southern Krkonoše-Jizera Massif in time
Summarizing interpretation of the pre-D2 
Krkonoše-Jizera Massif structure and its 
development is presented in Fig. 9. 
Winchester et al. (2003) proposed that the 
middle thrust sheet formed by 
metamorphosed volcanosedimentary rocks 
represents distal passive margin 

sedimentary sequence while the lower 
thrust sheet represents proximal sequence. 
This implies that the sediments and 
volcanic rocks of the middle thrust sheet 
must have been buried during early stages 
of the Saxothuringian east-southeastward 
subduction. When reaching the maximum 
depth, the middle thrust sheet became a 
part of the overriding plate and continuous 
underthrusting of the Saxothuringian 
passive margin led to subduction of the 
more proximal sediments of the lower 
thrust sheet. During ongoing convergence, 
the high-pressure metamorphic rocks were 
exhumed within a channel that developed 
between the Saxothuringian continental 
crust and the rigid upper plate represented 
by the upper thrust sheet (the Leszczyniec
unit), and thrust on top of the (par-
)autochthonous orthogneisses and very low 
grade sediments (the Ještěd unit) in the 
western part of the Krkonoše-Jizera 
Massif. This compression-driven 
exhumation caused imbrication of the 
orthogneiss basement and formation of a 
nappe pile with repeating thrust sheets and 
orthogneiss bodies in the E-W direction 
(Fig. 8). Westward migration of secondary 
thrusts is probably responsible for normal 
movements in their hanging wall as 
manifested by S1-related quartz 
microstructure in the N-S trending 
orthogneisses (Figs. 6 and 7).

Final stage of the overall WNW-
ESE oriented convergence probably 
occured when the thrusting of the high-
pressure rocks on top of the 
Saxothuringian foreland was blocked, 
which caused late D1 kinking and S1 
bending with increasing intensity towards 
the buttress zone in the east. Subsequent 
N-S oriented D2 compression is 
responsible for the refolding of D1 
structural pattern with decreasing intensity 
towards the north (cf. D3 of Seston et al.
2000).
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Due to prevailing low grade of 
metamorphism, the chronology of tectonic 
processes was studied mainly by Ar-Ar 
dating of micas and also by U-Pb-Th 
dating of metamorphic monazites (Maluski 
& Patočka 1997; Marheine et al. 2002; 
Žáčková et al. 2010). The oldest Ar-Ar 
cooling age of 364 Ma was obtained by 
dating of phengite from the mafic 
blueschist of the middle thrust sheet in the 
eastern domain (Maluski & Patočka 1997) 
and interpreted as the timing of the 
blueschist-facies metamorphism. Early 
Carboniferous Ar-Ar ages of ~350 Ma 
were obtained from muscovites in two 
metamorphosed granitoid samples situated 
within the middle thrust sheet in the 
western domain (Marheine et al. 2002). On 
the other hand, the U-Pb-Th dating of 
monazites from blueschist–facies 
metasediments of the lower thrust sheet by 
Žáčková et al. (2010) provided an age of 
~330 ± 10 Ma, which closely corresponds 
to the majority of Early Carboniferous ages 
obtained by Ar-Ar dating of muscovitic 
and phengitic white micas in the southern 
Krkonoše-Jizera Massif (Marheine et al.
2002; see also summarizing Fig. 13 in 
Žáčková et al. 2010). Although the peak of 
high-pressure metamorphism at ~330 Ma 

seems to be too young with respect to the 
age of high-pressure metamorphism in 
other parts of the Saxothuringian Domain 
(see Mlčoch & Konopásek (2010) for a 
review), the statistics of metamorphic ages 
obtained in the Krkonoše-Jizera Massif 
suggests that the high-pressure 
metamorphism in the lower thrust sheet, as 
well as overall cooling of both the lower 
and middle thrust sheets were attained 
during Early Carboniferous. However, the 
Ar-Ar ages spanning between ~365 and 
350 Ma may suggest that the middle thrust 
sheet preserves an older period of high-
pressure metamorphism and exhumation. 
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Part II. Pre-Variscan evolution in the external zones of the Bohemian 

Massif – examples from the Krkonoše-Jizera Massif and the Letovice 

Complex

Early Palaeozoic rifting processes affected the northern margin of the Gondwana 

supercontinent and caused its fragmentation into numerous crustal segments that collided 

during the Variscan orogeny in Devonian–Carboniferous times. The rifting process was 

accompanied by sedimentation on the developing passive margins and by pronounced igneous 

activity resulting in volcanism and/or intrusion of Cambrian-Ordovician plutons. The 

geological record of initial rifting episode and of the entire pre-Variscan evolution of the 

northern, eastern and western margin of the Bohemian Massif was in various degrees affected 

by younger tectonometamorphic processes. The following papers provide new data about the 

pre-Variscan evolution of two geological units of the Bohemian Massif. 

The paper “Detrital zircon populations in quartzites of the Krkonoše–Jizera Massif –

implications for pre-collisional history of the Saxothuringian Domain in the Bohemian 

Massif” is the provenance study dealing with the deposition of Early Palaeozoic clastic 

sedimentary sequences during rifting of the Neoproterozoic Saxothuringian Domain 

basement. The studied area is situated in the Krkonoše-Jizera Massif representing the Early 

Palaeozoic Saxothuringian passive margin deformed during the Devonian and Early 

Carboniferous tectono-metamorphic processes. In order to determine the protolith age and 

depositional setting of metaquartzite samples from the southern part of the Krkonoše-Jizera 

Massif, detrital zircon populations were dated by laser ablation inductively coupled plasma 

mass spectrometry. The results provide the maximum sedimentary age of the studied samples 

and allow the discussion of the pre-Variscan Saxothuringian passive margin evolution.
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Detrital zircon populations in quartzites of the Krkonoše–Jizera Massif –
implications for pre-collisional history of the Saxothuringian Domain in the 
Bohemian Massif

Eliška ŽÁČKOVÁ 1,2, Jiří KONOPÁSEK 1, Jan KOŠLER 1,3, Petr JEŘÁBEK 1,2

1 Czech Geological Survey, Klárov 3, 118 21 Prague, Czech Republic
2 Institute of Petrology and Structural Geology, Charles University, Albertov 6, 128 43 Prague, Czech Republic
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Abstract

Age spectra of detrital zircons from metamorphosed quartzites of the Krkonoše–Jizera Massif in the 
northeastern part of the Saxothuringian Domain were obtained by U-Pb laser ablation inductively 
coupled plasma mass spectrometry dating. The zircon ages cluster in the intervals of 450–530 Ma and 
550–670 Ma, and show individual data between 1.6 and 3.1 Ga. Zircons in the analysed samples are 
predominantly of Cambrian–Ordovician and Neoproterozoic age, and the marked peak at c. 525–500 
Ma suggests a Late Cambrian maximum age of the sedimentary protolith.

Detritus of the quartzites probably originated from the erosion of Cambrian–Ordovician 
granitoids and their Neoproterozoic (meta)sedimentary or magmatic country rocks. The lack of 
Neoproterozoic (meta)sedimentary rocks in the central and eastern part of the Krkonoše–Jizera Massif 
suggests that the country rocks to voluminous Cambrian–Ordovician magmatic bodies were largely 
eroded during the formation of Early Palaeozoic rift basins along the south-east passive margin of the 
Saxothuringian Domain. The detrital zircon age spectra confirm the previous interpretation that the 
exposed basement, dominated by Neoproterozoic – Cambrian–Ordovician granitoids was overthrust 
during Devonian–Carboniferous subduction-collision process by nappes composed of metamorphosed 
equivalents of the uppermost Cambrian–Devonian passive margin sedimentary formations.

Only a negligible number of Mesoproterozoic ages, typically from the Grenvillian event, 
supports the interpretation that the Saxothuringian Neoproterozoic basement has an affinity to the West 
African Craton of the north-western margin of Gondwana. 

Key words: detrital zircon, laser ablation ICP-MS, Saxothuringian Domain, Bohemian Massif

Introduction

The Saxothuringian Domain (Saxothuringian 
Zone, sensu Kossmatt 1927) represents a block 
of Neoproterozoic–Early Palaeozoic 
continental crust that collided during the 
Variscan orogeny with the core of the Bohemin 
Massif (Franke 1989, 2000; Matte et al. 1990; 
Schulmann et al. 2009). The Early Palaeozoic 
evolution of the Saxothuringian crust has been 
associated with its rifting from the northern 
Gondwana margin during the Late Cambrian 
(e.g. Furnes et al. 1994; Kachlík & Patočka 
1998; Linnemann et al. 2000; Franke 2000; 
Mazur & Aleksandrowski 2001; Schulmann et 
al. 2009), although the measure of separation 

of the Saxothuringian Domain from the 
Gondwana mainland is a matter of debate (cf. 
e.g. Franke 2000 and Linnemann et al. 2004). 
Apart from sedimentation of Cambrian and 
thick Ordovician sequences (Linnemann et al.
2000), the rifting process was accompanied by 
pronounced igneous activity resulting in 
synsedimentary volcanism and intrusion of 
numerous Cambrian–Ordovician plutons into 
the Neoproterozoic basement (Kröner et al.
2001; Tichomirowa et al. 2001; Mingram et al.
2004; Košler et al. 2004; Pin et al. 2007). 
The interpretation of the pre-Variscan 
Palaeozoic evolution of the entire 
Saxothuringian Domain is more 
straightforward along its northwestern flank 

54



2

due to the absence of intense tectono-
metamorphic overprint during the Devonian 
and Early Carboniferous. There, the 
Saxothuringian Domain is represented by 
unmetamorphosed Neoproterozoic sedimentary 
rocks and locally exposed granitoids, which 
are unconformably overlain by a pile of 
Palaeozoic sedimentary and synsedimentary 
volcanic rocks (see e.g. Falk et al. 1995; 
Franke 2000 and Linnemann et al. 2000). The 
southeastern flank of the Saxothuringian 
Domain is represented by medium- to high-
grade metamorphic rocks that were thrust over 
the Neoproterozoic–Early Palaeozoic basement 
during the Carboniferous collision with the 
easterly exposed rocks of the Teplá-Barrandian 
Domain (e.g. Franke 1989, 2000; Matte et al.
1990; Mazur 1995; Mazur & Kryza 1996;
Seston et al. 2000; Mazur & Aleksandrowski 
2001; Konopásek & Schulmann 2005; Mazur 
et al. 2006; Schulmann et al. 2009; Žáčková et 
al. 2010; Mlčoch & Konopásek 2010). This 
general scheme is valid for the central and 
southwestern part (southwest of the Elbe Zone) 
of the Saxothuringian Domain, as well as for 
its north-eastern part represented by the 
Lusatian Complex and the West Sudetes (Fig. 
1).
The protolith age and depositional setting of 
the intensely deformed, low- to medium-grade 

pre-Variscan sedimentary rocks in the West 
Sudetes has been a widely discussed topic 
(Chaloupský et al. 1989; Chlupáč 1993, 1997; 
Winchester et al. 1995, 2003; Kryza et al.
1995, 2007; Kachlík & Patočka 1998; Patočka 
et al. 2000; Mazur & Aleksandrowski 2001; 
Hladil et al. 2003; Kryza & Zalasiewicz 2008; 
Oberc-Dziedzic et al. 2010). In this work we 
contribute to this discussion and present new 
results from dating of detrital zircon 
populations in metaquartzite samples from the 
southern part of the Krkonoše–Jizera Massif 
(Fig. 1). The resulting age spectra, interpreted 
as reflecting maximum sedimentary ages of the 
studied rocks, are compared with the protolith, 
xenocryst and detrital zircon ages from 
neighbouring rock complexes of the 
Saxothuringian basement. Finally, we discuss 
the existing interpretations of the 
palaeogeographic affinity of the 
Saxothuringian continental crustal block prior 
to its rifting from the Gondwana 
supercontinent during the Early Palaeozoic.

Geological setting

The Krkonoše–Jizera Massif belongs to the 
group of several lithotectonic units defined in 
the West Sudetes in the north of the Bohemian 
Massif (Fig. 1).

Fig. 1. Simplified geological map of the West Sudetes (modified after Aleksandrowski et al. 1997) with its 
location within the European Variscides (in right upper corner).
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These units are inferred to be a collage of 
terranes amalgamated during the Variscan 
orogeny (Narebski 1994) within the NW-
verging orogenic wedge (Kachlík & Patočka 
1998; Mazur & Aleksandrowski 2001; Mazur 
et al. 2006 and references therein). The works 
of Mazur (1995), Seston et al. (2000), Mazur 
& Aleksandrowski (2001) and Žáčková et al.
(2010) suggested that the Krkonoše–Jizera 
Massif of the West Sudetes could be 
subdivided into four major tectonic units. The 
par-autochthonous unit is built by Jizera 
orthogneisses (Fig. 1). The lowermost thrust 
sheet is exposed structurally above the Jizera 
orthogneiss in the southeastern part of the 
Krkonoše–Jizera Massif (Fig. 2). It is built 
mostly of  micaschists with or without garnet 
with subordinate bodies of orthogneisses, 
quartzites, calcsilicates and marbles. A recent 
petrological study of garnet-bearing samples 
suggested blueschist-facies metamorphism in 
the range of 18–19 kbar and 460–520°C 
(Žáčková et al. 2010). The middle thrust sheet 
(Fig. 2) is built of garnet-free micaschists, 
phyllites and marbles with a high proportion of 
metavolcanic rocks that show blueschist-facies 
metamorphism reaching conditions of 300–
530°C and 6.5–12 kbar (Cháb & Vrána 1979; 

Guiraud & Burg 1984; Kryza et al. 1990; 
Smulikowski, 1995; Patočka et al. 1996). A 
thick orthogneiss slab is present apparently at 
the contact of these two thrust sheets (Fig. 2). 
The uppermost thrust sheet (Fig. 2) is 
dominated by mafic and felsic metaigneous 
rocks (the Lesczcyniec Complex) with low 
intensity of deformation (Mazur 1995; Kryza 
& Mazur 1995; Seston et al. 2000).

The schists and gneisses of the thrust 
sheets were interpreted as metamorphosed 
magmato-sedimentary sequences deposited 
during intracontinental rifting of the Cadomian 
basement and subsequent development of an 
oceanic basin (Kryza et al. 1995, 2007; 
Winchester et al. 1995; Kachlík & Patočka 
1998; Patočka et al. 2000; Dostál et al. 2001; 
Kryza & Pin 2010). The rifting phase is 
strongly suggested by the presence of large 
volumes of metaigneous rocks, including basic 
lavas and volcanoclastics partly with MORB 
affinities, and felsic rocks of within-plate 
signature (Winchester et al. 1995; Patočka & 
Pin 2005; Dostál et al. 2001). Protoliths of the 
metavolcanics were dated using various 
geochronological methods as Late Cambrian –
Early Ordovician (Bendl & Patočka 1995; 
Oliver et al. 1993; Kozdrój et al. 2005).

Fig. 2. Simplified geological map of the studied part of the Krkonoše–Jizera Complex (modified after 
Kachlík & Kozdroj 2001) with location of analyzed samples (solid squares) EL190 (N 50°40.784’, E 
15°17.814; WGS84), EL111 (N 50°40.989’, E 15°37.175’; WGS84), VU371 (N 50°44.005’, E 15°39.758’; 
WGS84) and EL189 (N 50°38.436’, E 15°46.604’; WGS84).
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The metasedimentary and 
metavolcanic sequences of the Krkonoše–
Jizera Massif have been divided by 
Chaloupský et al. (1989) into four 
lithostratigraphic groups of Middle Proterozoic 
to Early Carboniferous age. This interpretation, 
however, has been revised by the detailed work 
of Kachlík (1996) and Winchester et al.
(2003), who disproved most of the 
lithostratigraphic arguments for this 
subdivision and combined most of the central 
and eastern Krkonoše–Jizera Massif 
metasedimentary rocks into a single unit of 
Cambrian–Ordovician to Silurian–Devonian 
age. Moreover, an apparent lack of pre-
Palaeozoic metasedimentary rocks in the 
structurally lowermost part of the Krkonoše–
Jizera Massif was suggested by Oberc-
Dziedzic et al. (2010), who presented Late 
Cambrian (~500 Ma) zircon age spectra from a 
quartzo-feldspathic rock of the unit 
Chaloupský et al. (1989) assumed to be 
Mesoproterozoic.

In its central part, the Krkonoše–Jizera 
Massif is intruded by the Variscan Krkonoše–
Jizera granite pluton (Fig. 1), which was dated 
at 304±14 Ma by Pb–Pb zircon evaporation 
dating (Kröner et al. 1994) and at ~314–319 
Ma by U–Pb zircon SHRIMP dating 
(Machowiak & Armstrong 2007; 
Awdankiewicz et al. 2010).

Description of samples and their 
tectonometamorphic position

Detrital zircons were separated from quartzite 
samples collected at four localities within the 
southern outcrop of the Krkonoše–Jizera 
Massif (Fig. 2). Samples VU371 and EL111 
come from the lower thrust sheet of the 
complex, which was recognized by Žáčková et 
al. (2010) as a high-pressure nappe 
metamorphosed and exhumed during the Early 
Carboniferous times (Fig. 2). Metapelites of 
this unit show the highest metamorphic 
conditions within the metamorphic complex. 
Samples of micaschists often contain relics of 
a garnet-bearing high-pressure mineral 
assemblage and the peak metamorphic 
conditions were estimated at 18–19 kbar at 
460–520°C (Žáčková et al. 2010). The 
pressure peak was followed by decompression 
and cooling to temperatures lower than 480°C 
and pressures lower than 8.5 kbar (Žáčková et 
al. 2010). The other two samples, EL189 and 

EL190, were collected from localities within 
the middle thrust sheet that is built mostly of 
garnet-free micaschists, phyllites, quartzites 
and numerous bodies of marbles. Metabasites 
with relics of blueschist-facies metamorphism 
appear along the outer flank of this unit (Fig. 
2). Some metapelitic samples bear garnet-free 
mineral assemblages with chloritoid and 
paragonite, and estimated P–T conditions 
suggest blueschist-facies metamorphism at 
~11.5 kbar and 420°C (Žáčková et al. 2007). 
However, the major proportion of rocks from 
this unit show a late blastesis of albite 
suggesting reequilibration during 
decompression. Ar-Ar dating of phengite from 
blueschist-facies metabasites in the 
easternmost part of this unit provided a 
Devonian age of 360 Ma, which was 
interpreted as the age of the high-pressure 
blueschist-facies metamorphism (Maluski & 
Patočka 1997).

All the analysed zircons were 
separated from medium- to fine-grained 
quartzite samples with thin layers of muscovite 
within a recrystallized quartz matrix. Apart 
from zircon, other accessory minerals observed 
were ilmenite, pyrite, apatite, chlorite and 
tourmaline. Sample VU371 was collected from 
the Kozí hřbety locality in the north-eastern 
part of the Krkonoše Mountains (Fig. 2), where 
a quartzite body occurs in the lowermost part 
of the micaschist-dominated lower thrust sheet. 
Sample EL111 comes from the Hnědá skála 
locality, situated north-east of Vrchlabí, in the 
central Krkonoše Mountains (Fig. 2), where a 
quartzite body is situated within the 
micaschists of the lower thrust sheet. A sample 
EL189 comes from the Modré kameny locality 
in the vicinity of Jánské Lázně in the south-
eastern Krkonoše Mountains (Fig. 2). There, a 
quartzite body is in direct contact with the 
underlying large orthogneiss slab and 
apparently forms the lowermost part of the 
phyllite-dominated middle thrust sheet with 
associated mafic blueschists in its hanging 
wall. Quartzite sample EL190 was collected in 
the vicinity of Machlov, north–east of the 
Železný Brod (Fig. 2), where a quartzite body 
forms the footwall of the mafic Železný Brod 
Volcanic Complex. The sampled quartzite, 
together with surrounding phyllites, is regarded 
as part of the middle thrust sheet.

The zircon grains from all samples 
differ in morphology and size, and many of 
them show a high degree of abrasion with 
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moderately to strongly rounded edges and 
numerous scratches on the surface. 
Cathodoluminescence images obtained from 
the studied zircon crystals revealed the 
presence of (1) euhedral elongate to stubby 

grains with igneous oscillatory zoning, (2) 
euhedral oscillatory-zoned zircons with older, 
often high-U cores and (3) round equant grains 
with sector fir-tree zoning typical of granulite-
facies rocks.

Fig. 3. Concordia diagrams of detrital zircons from analysed samples (left column) with the detail of 
Neoproterozoic to early Palaeozoic data, and corresponding binned frequency and probability density 
distribution plots (right column, N = number of analyses).
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Laser ablation ICP–MS dating of zircons 
and the results

Zircons were extracted from ca. 10-kg samples 
using conventional crushing, the Wilfley 
shaking table and heavy liquids. Handpicked 
zircon grains were mounted in epoxy-filled 
mount blocks and polished to reveal internal 
structures of the grains and to obtain smooth 
surfaces suitable for analysis by laser ablation 
inductively coupled plasma source mass 
spectrometry (LA-ICP-MS). Isotopic analysis 
followed the technique described by Košler et 
al. (2002). A Thermo-Finnigan Element 2 
sector field ICP-MS system coupled to a 213 
Nd–YAG laser (New Wave UP-213) at Bergen 
University was used to measure Pb/U and Pb 
isotopic ratios in zircons. Raw data were 
corrected for dead time of the electron 
multiplier, processed offline in a spreadsheet-
based program Lamdate (Košler et al. 2002) 
and plotted on concordia diagrams using 
Isoplot (Ludwig 1999). Data processing 
included corrections for blank, laser-induced 
Pb/U fractionation and ICP-MS mass 
discrimination. Zircon reference materials 
Plešovice (337 Ma - Sláma et al., 2008) and 
GJ-1 (ca. 609 Ma - Jackson et al., 2004) were 
periodically analysed during this study and 
they yielded concordia ages (Ludwig 1998) of 
340 ± 3 and 616 ± 6 Ma, respectively. Only 
data that were less than 20% discordant
(calculated as (100 * Age207Pb/206Pb / 
Age206Pb/238U) - 100) were used in this study.

The U–Pb ages of zircons from sample 
VU371 (Kozí hřbety locality), where 60 zircon 
grains were analyzed, show a youngest cluster 
of data between 450 and 500 Ma and most of 
the data fall between 500 and 530 Ma (Fig. 3, 
Table 1). Older ages are represented by 
individual Palaeoproterozoic data between 1.6 
and 2.3 Ga. Similar data were obtained from 
sample EL111 from the Hnědá skála (56 
zircons analyzed). The youngest data from this 
locality cluster between 450 and 500 Ma (Fig. 
3, Table 2). The majority of data from this 
sample concentrate at 500 Ma and between 
590 and 660 Ma. A cluster of 
Palaeoproterozoic ages between 1.6 and 2.2 
and individual Mesoproterozoic and Archaean 
ages of 2.5, 3.0 and 3.1 Ga are also present. 
Zircon ages from sample EL189 (Jánské Lázně 
locality) were interpreted from 44 analyses and 
the youngest data cluster between 500 and 550 
Ma with the Early Cambrian peak at 526 Ma 

(Fig. 3, Table 3). Older data are 
Neoproterozoic and lie in the range 590-650 
Ma. Individual Palaeoproterozoic to Archaean 
data occur between 1.8 and 3.0 Ga. In sample 
EL190 from the Machlov locality, 70 zircon 
grains were used for interpretation. The 
youngest data cluster between 450 and 500 Ma 
and the Neoproterozoic ages appear in the 
range 600-670 Ma (Fig. 3, Tab. 4). The oldest 
data are represented by a cluster of 
Palaeoproterozoic and individual Archaean 
ages in the range 1.8-3.0 Ga.

Discussion

Sedimentation age of the quartzite protoliths 
Apart from the presence of palaeontologically 
proven very low-grade Silurian to Lower 
Carboniferous (meta-)sedimentary rocks (see 
summary in Chlupáč 1993) at the western 
flank of the Krkonoše–Jizera Massif (the 
Ještěd Mts.), the only robust information about 
the stratigraphic age of more easterly exposed 
metasediments comes from the discovery of 
Silurian graptolites in the phosphatic 
concretions of the middle thrust sheet (Horný 
1964). This information became critical in any 
further attempts for tectono-stratigraphic 
subdivision of the Krkonoše–Jizera Massif. 

Chaloupský et al. (1989) suggested 
that the metasedimentary rocks of the lower 
thrust sheet are Middle Proterozoic rocks 
intruded by the granitoid protolith of 
orthogneisses exposed in the core of the 
complex. The metasedimentary sequences with 
subordinate metavolcanic rocks of the middle 
thrust sheet were considered by the same 
author as Late Ordovician to Silurian. Based 
on the presence of ichnofossils, Chlupáč 
(1997) suggested an Ordovician age for 
phyllites in the eastern part of the Krkonoše–
Jizera Massif, which were interpreted by 
Chaloupský et al. (1996) as metamorphosed 
Proterozoic–Lower Cambrian sediments.

Further biostratigraphic data come 
from marbles of the southern and eastern part 
of the Krkonoše–Jizera Massif. Carbonates in 
the easternmost part of the area provided a 
fragment of archaeocyath and several trilobite 
fragments attributed to the Early Cambrian, 
whereas faunal microfragments in 
metacarbonates from the southern and central 
part of the complex were interpreted as 
Silurian–Early Devonian (Hladil et al. 2003). 
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Age spectra presented in this work 
show that the dominant proportion of detrital 
zircons from the analysed samples of both 
upper and lower units is Cambrian–Ordovician 
and Neoproterozoic in age, which is in 
agreement with the SHRIMP detrital zircon 
data by Oberc-Dziedzic et al. (2010). Three of 

the samples, EL111, EL190 and VU371, show 
the youngest data in the interval between c. 
460 and 490 Ma. If these ages represent true 
formation ages of the youngest detrital zircons, 
then the sedimentary protolith cannot be older 
than Ordovician. Only sample EL189 from the 
quartzite directly overlying the Cambrian                                                                                                       
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orthogneiss did not provide zircon grains younger than c. 500 Ma. This difference with 
respect to the other three analysed samples 
probably means that the youngest, c. 490–460 
Ma source existed, but was not available at the 
time of sedimentation, or that the protolith age 
of the sample is somewhere between the 
observed 526 Ma peak and the youngest ages 
encountered in the other studied samples. 

All the samples show a marked peak at 
c. 525–500 Ma, which is strong evidence for 
the Early Palaeozoic age of the sedimentary 
protolith. As already recognized by Oberc-
Dziedzic et al. (2010), such finding rules out 
the Middle Proterozoic age suggested by 
Chaloupský et al. (1989) for the lower 
allochthonous unit represented by samples 
EL111 and VU371. Thus, given the Late 
Devonian–Early Carboniferous metamorphism 

of the Krkonoše–Jizera Massif (Maluski and 
Patočka 1997; Marheine et al. 2002; Žáčková 
et al. 2010), our data, together with the earlier 
published zircon age data and the above-
discussed palaeontological evidence, all 
suggest that the protolith age of 
metasedimentary rocks in the Krkonoše–Jizera 
Massif spans the interval between Late 
Cambrian and Late Devonian. 

Occurrences of thick Early Palaeozoic 
quartzite bodies in the western Europe have 
been documented in the Lower Ordovician 
strata. These quartzites belonging to the 
Armorican Quartzite Formation are believed to 
document the opening of Rheic Ocean 
(Linnemann et al. 2008) and their protoliths 
often sedimented after the so called Cadomian 
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unconformity. According to Linnemann et al. 
(2008), a quartzite from Central Iberia – Ossa 
Morena transition zone contains the youngest 
detrital zircon of 522 ±7 Ma within the Lower 
Cambrian cluster following the most abundant 

Neoproterozoic zircons and small 
amount of zircons of Archaean and 
Palaeoproterozoic age. Similar zircon 
populations were found also in quartzites of 
the Saxothuringian Domain (Linnemann et al. 
2007) which are attributed to widely 
distributed Lower Ordovician shallow marine 
sedimentation of the Gondwanan realm.

Source rocks and the Saxothuringian passive 
margin dynamics

The presented data indicate that the detritus 
most probably came from eroded Cambrian–
Ordovician granitoids and from their 
Neoproterozoic (meta-)sedimentary or 
magmatic country rocks. This is also consistent 
with the presence of igneous oscillatory zoning 
in most of the studied euhedral zircon grains 
and fir-tree sector zoning, typical for high-
grade metamorphic zircons, in most of the oval 
detrital grains. The apparent absence of 
metasedimentary rocks with Neoproterozoic 
protolith in the central and eastern part of the 
Krkonoše–Jizera Massif and the direct contact 
of the early Palaeozoic metasedimentary rocks 
with the Cambrian metagranitoids suggest 
complete erosion of the Neoproterozoic 
sedimentary country rocks during the 
development of the early Palaeozoic rift basin 
in this part of the Saxothuringian passive 
margin. Our data from detrital zircons suggest 
that the thrust sheets overlying the Cambrian–
Ordovician granitoid intrusions of the 
Krkonoše–Jizera Massif represent 
metamorphosed equivalents of the uppermost 
Cambrian–Devonian passive margin sediments 
(cf. Mazur & Aleksandrowski 2001; 
Winchester et al. 2003). 

In the Saxothuringian Domain, there is 
no evidence for basement rocks older than 
Neoproterozoic. Thus, sporadic 
Mesoproterozoic–Archean zircon grains in the 
studied samples were presumably recycled 
from Neoproterozoic basement sediments or 
they represent former xenocrysts in the 
Cambrian–Ordovician graniotids.

“Grenvillian” ages in the West Sudetes and 
the palaeogeographic affinity of the 
Saxothuringian Domain 
The current opinion on the palaeogeographic 
affinity of the Saxothuringian Domain can be 
divided into two contrasting theories. Hegner 
& Kröner (2000), Kröner et al. (2001) and 
Mingram et al. (2004) suggested that the early 
Palaeozoic granitoids of the Saxothuringian 
Domain were largely generated by melting of 
basement spanning c. 1.0 – 1.4 Ga, which is 
known as the Grenvillian event in the 
Amazonian Craton and the Sveconorwegian 
event in the south-western Baltic Shield. This 
interpretation is based on the ages of 
xenocrystic zircons and their apparent 
correspondence with Nd model ages of these 
granitoids. In accordance with these data, the 
authors mentioned above interpreted the West 
Sudetes and Erzgebirge as a part of eastern 
Avalonia, which was probably rifted off the 
northern Amazonian Craton. In contrast, 
Tichomirowa et al. (2001) did not find any 
Grenvillian-age zircon xenocrysts in late 
Neoproterozoic rocks of the Erzgebirge and 
suggested their affinity to the West African 
Craton. The West African provenance of 
Saxothuringian Neoproterozoic and early 
Palaeozoic sediments was also proposed by 
Linnemann et al. (2004) based on the absence 
of Grenvillian ages in age spectra obtained by 
the SHRIMP U-Pb geochronology of detrital 
and inherited zircon grains. 

Only a few data from our analysed 
samples fall into the time interval 0.9 – 1.4 Ga 
typical of the Grenvillian event and the pre-
Palaeozoic age frequency histograms are 
nearly identical (differing only in the 
frequency of particular age groups) with the 
data published by Linnemann et al. (2004; 
2007) for the Lugian and Saxothuringian 
sedimentary rocks and also with the data for 
the Neoproterozoic–Palaeozoic sediments in 
the Teplá–Barrandian Domain (Drost et al.
2004; 2010). The pattern obtained by dating of 
detrital zircons from the Krkonoše–Jizera 
Massif quartzites (Fig. 3) shows good 
correlation with a summary of the protolith and 
xenocryst zircon ages from magmatic rocks, 
and of the detrital zircon ages from the 
Neoproterozoic sediments of the 
Saxothuringian Domain (Fig. 4). On the other 
hand, this pattern is very different from 
xenocrystic and detrital zircon populations 
presented by Hegner & Kröner (2000) and 
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                                                 Mingram et al. (2004) characterized by a large 
number of Grenvillian ages. Separation of the 
Pb–Pb evaporation ages from the set of pooled 
protolith and detrital data from the 
Saxothuringian Domain rocks (Fig. 4) clearly 
shows that the Mesoproterozoic ages between 
1.0 and 1.4 Ga were mostly obtained by zircon 
evaporation that does not allow the recognition 
of discordant data and represents only the 
minimum age of the dated grain. A very good 
fit of our data with the pooled results of U-Pb 
dating of pre-Variscan granitoids and detrital 
zircon populations in Neoproterozoic 
sediments of the Saxothuringian Domain is in 
accord with the interpretation of e.g. Kachlík 
& Patočka (1998), Winchester et al. (2003) 
and Oberc-Dziedzic et al. (2010) that the 
Krkonoše–Jizera Massif metasedimentary 
rocks represent metamorphosed lower 
Palaeozoic deposits of the Saxothuringian 
passive margin. Finally, the lack of Grenvillian 
ages in dated detrital zircons supports the 
conclusion of Linnemann et al. (2004) that the 
Saxothuringian Neoproterozoic basement (as a 
source region for the Early Palaeozoic detritus 
of our samples) has an affinity to the northern 
margin of Gondwana occupied by the West 
African Craton.

Fig. 4. Distribution of the protolith and 
xenocryst zircon ages from magmatic rocks, and of 
the detrital zircon ages from the Neoproterozoic 
sediments of the Saxothuringian Domain presented 
as a cumulative probability plot (see text for 
references). The black area represents the results of 
Pb-Pb zircon evaporation dating, whereas the grey 
area corresponds to the results obtained by U-Pb 
zircon dating methods.
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The article “Vestige of an Early Cambrian incipient oceanic crust incorporated in the 

Variscan orogen: Letovice Complex, Bohemian Massif” is focused on the pre-Variscan and 

Variscan tectonic processes at the eastern margin of the Bohemian Massif. Investigated area –

the Letovice Complex – is situated within an important Variscan suture separating the 

Moldanubian Domain from the Brunovistulian Terrane. The Letovice Complex consists of 

metamorphosed mid-ocean ridge basalts with trondhjemitic sheets, as well as of gabbroic and 

ultrabasic bodies with subordinate metapelites. Geochronology combined whit whole-rock 

geochemical and Nd isotopic analyses, structural and petrological data enable to document the 

origin of the Letovice Complex and its subsequent Variscan metamorphism, deformation and 

exhumation. Magmatic zircons from trondhjemite and amphibolite were analysed by laser 

ablation inductively coupled plasma mass spectrometry and provided the crystallization age of 

the magmatic precursors of the studied rocks. Based on this age, as well as on the whole-rock 

geochemical and Nd isotopic data, the Letovice Complex is interpreted as a vestige of an 

incipient oceanic basin developing on attenuated crust. Structural data show that the complex 

underwent a polyphase Variscan tectonic evolution connected with underthrusting and 

subsequent exhumation. The origin of the Letovice Complex is discussed in terms of its 

palaeogeographic position with respect to the Brunovistulian Terrane and internal domains of 

the Bohemian Massif, and the article thus contributes to the debate about the Ordovician–

Silurian Rheic Ocean opening in central Europe.
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Abstract: The Letovice Complex, composed of metamorphosed enriched mid-ocean ridge basalts with

trondhjemitic sheets, as well as gabbroic and ultrabasic bodies, is exposed within an important Variscan suture

separating the Moldanubian Domain (to the west) from the Brunovistulicum (to the east) in the eastern part of

the Bohemian Massif, Czech Republic. A polyphase tectonic evolution of the study area was connected with

underthrusting and subsequent exhumation of the former oceanic realm, which resulted in three deformation

phases (D1 –D3). New U–Pb laser ablation inductively coupled plasma mass spectrometry dating of magmatic

zircons from amphibolite and trondhjemite yielded statistically identical concordia ages of 530 � 6 Ma and

529 � 7 Ma (2�), respectively. These are interpreted as dating intrusions of the Early Cambrian protoliths of

the studied rocks. Based on this age as well as whole-rock geochemical and Nd isotopic data, the Letovice

Complex is interpreted as a vestige of an incipient oceanic basin developing on attenuated crust. The most

likely geotectonic setting was a post-Cadomian extensional regime at the northern margin of Gondwana that

marked the onset of its break-up.

Supplementary material: Photomicrographs of microstructures, sample locations, descriptions of analytical

techniques, and selected electron microprobe analyses of the main rock-forming minerals are available at

http://www.geolsoc.org.uk/SUP18424.

Early Palaeozoic rifting processes, which affected the northern

margin of the Gondwana supercontinent, caused its fragmenta-

tion into a collage of crustal segments, whose collision in

Devonian–Carboniferous times triggered the Variscan orogeny

(Franke 2000; Winchester et al. 2002). Variscan orogeny resulted

from collision of peri-Gondwana microcontinents with Laurussia.

The geological record of the initial rifting episode and indeed of

the entire pre-Variscan evolution at the eastern margin of the

Bohemian Massif was largely obliterated by younger tectono-

metamorphic processes; thus any possibility of unravelling part

of the older history is interesting. One such an opportunity is

given by metabasic bodies marking the suture zone between the

Brunovistulicum (Suess 1926; Dudek 1980; Tollmann 1982;

Schulmann et al. 1991, 1994; Kalvoda et al. 2008) and the

Moldanubicum (Suess 1912; Dallmeyer et al. 1995; Franke 2000,

2006), which have been considered to represent a relict of

oceanic crust reworked and incorporated into the Variscan orogen

(Schulmann et al. 2005, 2009). However, the exact extent,

geotectonic position and lifespan of this ocean realm remain

unconstrained.

The aim of the present paper is to decipher the geological

evolution of the large and so far little studied metabasic Letovice

Complex, which has been considered to be a dismembered

ophiolite (Jelı́nek et al. 1984; Mı́sař et al. 1984). Results of

geochronology are combined with whole-rock geochemical and

Nd isotopic data to document that the origin of the Letovice

Complex was connected with Early Cambrian rifting and forma-

tion of an ocean domain on an attenuated continental crust.

Using the structural and petrological data we further discuss the

Variscan processes leading to metamorphism, deformation and

exhumation of this oceanic fragment preserved at the Moldanu-

bian–Brunovistulian contact.

Geological setting of the Letovice Complex and the
adjacent units

The Letovice Complex (Fig. 1) is located between the western

margin of the Moravian Zone (Suess 1912, 1926; Schulmann et

al. 1991, 1994) and the eastern edge of the Moldanubian Domain

(Suess 1912; Dallmeyer et al. 1995; Franke 2000, 2006).

The Brunovistulicum sensu stricto, situated east of the Mor-

avian Zone, is made up by unmetamorphosed to weakly meta-

morphosed granites, migmatites and schists (Dudek 1980; Finger

et al. 2000; Kröner et al. 2000; Leichmann & Höck 2008). The

protoliths and the 40Ar/39Ar cooling ages for the Brunovistulian

basement are Neoproterozoic (van Breemen et al. 1982; Fritz et

al. 1996). This basement is covered by Cambro-Ordovician

clastic metasediments and bimodal metavolcanic rocks, as well

as by Devonian shallow marine and Lower Carboniferous fore-

land-basin sedimentary rocks (Franke 2000; Hartley & Otava

2001; Kalvoda et al. 2008).

The Moravian Zone constitutes a north–south-elongated belt

of deformed metamorphosed rocks, which was traditionally con-

sidered as the deformed margin of the Brunovistulicum (Dudek
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1980; Tollmann 1982; Frasl 1991; Schulmann et al. 1991, 1994).

Other workers (e.g. Winchester et al. 2006) assumed that the

Moravian Zone is a fragment of the Avalonian crust independent

from the Brunovistulicum sensu stricto Moravian Zone, sand-

wiched between the strongly deformed and metamorphosed

Moldanubian Domain (Suess 1912) in the west and undeformed

rocks of the Brunovistulicum sensu stricto in the east (Dudek

1980). This zone was later affected by the Variscan Barrovian

metamorphism (Frasl 1968; Höck 1975; Štı́pská & Schulmann

1995; Konopásek et al. 2002; Košuličová & Štı́pská 2007). Near

the Letovice Complex, the Moravian Zone is represented by the

Svratka Dome anticlinal structure, forming a tectonic window

(Suess 1912). The Svratka Dome consists of a basement ortho-

gneiss body (Bı́teš gneiss) in the core protruding through an

overlying, mainly metapelitic nappe with minor quartzites and

marbles (Jaroš & Mı́sař 1976; Schulmann et al. 1991; Ulrich et

al. 2002).

The Moldanubian Domain contains a heterogeneous blend of

lower-crustal high-grade orthogneisses with bodies of amphibo-

lite, felsic granulite, eclogite and garnet peridotite associated

with mid-crustal paragneisses and varied intercalations (e.g.

Fuchs 1976, 1986; Dallmeyer et al. 1995; Tajčmanová et al.

2006, 2010). Silurian mid-ocean ridge basalt (MORB)-type

amphibolites in Austria (Finger & von Quadt 1995) were consid-

Fig. 1. (a) The location of the study area in the context of the European Variscides. (b) Simplified geological map of the Bohemian Massif (modified after

Franke 2000). (c) Geological map of the Letovice Complex and surrounding geological units. The bold square outline indicates the area of the detailed

structural map presented in Figure 2a.
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ered to be relicts of the Rheic Ocean (Finger & Steyrer 1995;

Finger et al. 1998). The whole Moldanubian Domain has been

interpreted as a Variscan orogenic root that was thrust eastwards

over the Brunovistulian block (Schulmann et al. 2005, 2008).

The thrust plane between the Moravian Zone and the Moldanu-

bian Domain is marked by a narrow belt of kyanite-bearing

micaschists (Moravian Micaschist Zone of Suess 1912, 1926),

which in Austria is interpreted as being a Moldanubian element

(Fuchs 1976).

Letovice Complex

The Letovice Complex has been interpreted as a part of a

dismembered meta-ophiolite marking an important oceanic

suture (Jelı́nek et al. 1984; Mı́sař et al. 1984; Fritz 1995; Höck

et al. 1997; Finger et al. 1998). 40Ar/39Ar amphibole ages

constrain cooling after the metamorphic peak to c. 330 Ma

(MacIntyre et al. 1992).

The Letovice Complex is composed predominantly of various

types of deformed amphibolites, as well as subordinate metagab-

bros and metapelites enclosing small serpentinized peridotite and

eclogite bodies. The geochemical characteristics of the amphibo-

lites suggest a back-arc basin (Jelı́nek et al. 1984) or an incipient

island-arc (Höck et al. 1997) setting. Jelı́nek et al. (1984)

estimated metamorphic conditions for amphibolites at c. 400–

600 8C and 2–5 kbar with the metamorphic grade decreasing

gradually towards NE. The peak P–T conditions estimated by

Konopásek et al. (2002) exceeded 13 kbar at 625–655 8C for the

metabasites, and 6.5–9.0 kbar at 615 8C for the metapelites. The

documented relicts of an eclogite-facies metamorphic assemblage

indicate underthrusting of the Brunovistulian block under the

Moldanubian Domain as a result of the continental collision

(Höck et al. 1997; Konopásek et al. 2002). The present-day

outcrop of the Letovice Complex is severely reduced by the

Permian and Upper Cretaceous sedimentary cover, but much

greater subsurface extent may be inferred from the conspicuous

gravity and magnetic anomaly to the north (Svitavy anomaly)

(Mı́sař 1984; Mottlová 1985).

Structures

Detailed structural mapping of the Letovice Complex (Fig. 2)

revealed three successive deformational fabrics and, locally, the

occurrence of a primary magmatic fabric in relict gabbro.

The primary magmatic fabric is preserved in undeformed

boudins within the S2 fabric and in domains that were not

affected by the later deformation. It is characterized by a coarse-

to fine-grained intergranular texture of interlocking amphibole

and plagioclase. The euhedral amphibole crystals are randomly

oriented without any evidence for dynamic recrystallization or

brittle deformation.

The relicts of the earliest S1 fabric (Fig. 3a) are preserved (in

domains less affected by a D2 deformation) in F2 fold limbs.

Based on F2 fold geometry, it is probable that the primary S1

fabric orientation was relatively steep. The S1 fabric is defined

by the alignment of highly elongated amphibole grains alternat-

ing with fine-grained plagioclase. Porphyroclasts of both plagio-

clase and amphibole occur in the S1 fabric microstructure,

showing features of dynamic recrystallization and, for the former

mineral, exhibiting the core and mantle microstructure. Relicts of

S1 fabric are lacking in gabbroic bodies with preserved magmatic

texture, in which only D2 and D3 deformation structures are

seen.

The D2 deformation in amphibolites is marked by the develop-

ment of asymmetric, tight to isoclinal F2 folds (Fig. 3b and c)

and crenulation cleavage. The D2 deformation led to the develop-

ment of the dominant S2 fabric, which is oriented parallel to the

long limbs and axial planes of the asymmetric F2 folds and

generally dips at moderate angles. The S2 fabric dips mostly to

the west in the western part and to the ENE in the eastern part of

the Letovice Complex (Figs 2b and 3a, b). The fold axes have a

uniform NW–SE subhorizontal orientation, parallel to the L2

stretching lineation (Fig. 2b). The F2 crenulation is characterized

by the dynamic recrystallization of the plagioclase. The large

amphibole laths show bending in the hinge zones, as well as

dynamic recrystallization and grain-size reduction in fold limbs.

The S2 fabric is defined by alternation of plagioclase- and

amphibole-rich bands developed from the hinge and limb

crenulation zones, respectively.

The locally developed third deformation fabric S3 is repre-

sented by a steep crenulation cleavage and open folds with NW–

SE-trending axial planes. The orientation of the S3 fabrics (Figs

2b and 3d) indicates deformation coaxial with D2, related to the

SW–NE compression. The S3 crenulations appear in highly

retrogressed amphibolites composed of biotite, chlorite, plagio-

clase and muscovite, and are formed by folded muscovite and

plagioclase layers. The microstructure is characterized by bend-

ing and fracturing of acicular muscovite grains and by bulging

recrystallization of plagioclase.

Petrology and mineral chemistry

The petrological study focused on all the major lithologies:

amphibolites, metagabbros, trondhjemites and ultramafic rocks.

Given the limited range of rock types present, it does not seem

appropriate to call the Letovice Complex an ophiolite, as it is

merely an oceanic crust fragment.

Amphibolites

Amphibolites make up most of the Letovice Complex and

enclose bodies of all other studied rock types. The samples were

collected not only from the predominant, relatively coarse-

grained amphibolites with the standard mineral association

Amph–Pl–Ep, but also from less frequent garnet-bearing and

fine-grained amphibolites. Relicts of the common amphibolites

do not show any significant zoning and their chemical composi-

tion corresponds to magnesiohornblende–tschermakite (Leake et

al. 1997) with XMg ¼ 0.78–0.98 and AlIV ¼ 0.31–0.86 (Fig. 4).

Feldspar is represented mostly by oligoclase An11–27; exception-

ally, orthoclase is also present. Epidote forms inclusions within

the amphibole and is also part of the matrix, together with

quartz. Accessory minerals include titanite, apatite, ilmenite and

zircon. Garnet amphibolites are characterized by the presence of

garnet porphyroblasts within the tschermakitic amphibole and

plagioclase of albite to andesine composition. The garnet shows

no chemical zoning or, in a few cases, feeble rimward decrease

of the spessartine component (Alm56–57, Grs20–20, Py12–12,

Sps5:8–1:7, Fig. 4). Fine-grained amphibolites include small grains

of relict augite containing 15–19% of ferrosilite and 0.7–2% of

jadeite.

Metagabbros

Metagabbros, a subordinate rock type occurring in the eastern

part of the Letovice Complex (near Deštné), show extensive

amphibolite-facies metamorphic recrystallization; only pseudo-

morphs after pyroxene and old plagioclase relicts are preserved
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Fig. 2. (a) Detailed structural map of the study area. Line A–A’ indicates the position of interpretative structural profile in (b). Black stars show locations

of samples for the whole-rock geochemical study. (b) Interpretative profile without sedimentary cover. D2 –D3 structural data are represented by a lower-

hemisphere equal area projection. A, poles to S2 fabric and L2 lineation from the western part of the Letovice Complex; B, poles to S2 fabric and L2

lineation from the central and eastern part of the Letovice Complex; C, poles to F2 axial planes and fold axes; D, poles to S3 fabric and F3 axis of

crenulation small-scale folds.
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from the magmatic stage. Pyroxene porphyroclasts (1–3 mm)

were completely replaced by magnesiohornblende to tschermaki-

tic amphibole with XMg ¼ 0.65–0.91 and AlIV ¼ 0.6–1.97 (Fig.

4). Amphibole of a similar composition is present also in the

matrix, with rims of grains locally formed of actinolite

(XMg ¼ 0.71–0.88, AlIV ¼ 0.06–0.45, Fig. 4). Plagioclase is

rarely preserved as relict grains, but is mostly recrystallized to a

fine-grained mosaic. Its chemical composition corresponds to

albite–andesine (An0:1–34:5). Exceptionally, small grains of ortho-

clase were found. The matrix contains also minor epidote, apatite

and titanite.

Trondhjemites

The trondhjemite samples were collected from felsic sheets, tens

of centimetres to 1 m thick, enclosed by relatively coarse-grained

amphibolites at Bohuňov. The rock contains feldspar porphyr-

oclasts c. 1–2 mm across within the fine- to medium-grained

matrix of feldspar, quartz and amphibole; epidote, ilmenite,

apatite and zircon are the common accessories. The chemical

composition of the plagioclase porphyroclasts corresponds to

albite–oligoclase (An2:5–12) (Fig. 4), matching the composition

of plagioclase in the matrix. Small grains of amphibole (c. 300

�m across) are predominantly magnesiohornblende–tschermakite

(XMg ¼ 0.65–0.88 and AlIV ¼ 0.17–0.52).

Ultramafic rocks

Ultramafic rock bodies c. 1 km across are preserved, usually

within the amphibolites. These rocks were mostly affected by

intense serpentinization, although pyroxene relicts are preserved

in some samples. Pseudomorphs after olivine are also present.

Results

Laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) dating

Analysed zircons were separated from the trondhjemite UL11B

and its amphibolite host UL11C from Bohuňov. The zircon

grains from the two samples show some similarities in size,

morphology and type of zoning. Zircon crystals extracted from

Fig. 3. (a) Trondhjemitic sheets in coarse-grained amphibolite (Bohuňov). (b, c) Reworking of steep fabric S1 by S2 foliation in amphibolites. (d) The S3

crenulation cleavage in the fine-grained amphibolite.
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the trondhjemite are mostly subhedral to euhedral, forming

stubby and prismatic grains that are 50–150 �m long with

length/width ratios of 2–4 and are clear to pink in colour.

Dominant crystal shapes are {110} and {111}, with subordinate

{100} prisms and {101} and higher pyramids. Zircon grains

extracted from the amphibolite are similar in size and shape,

have length/width ratios of 1.5–7 and are mostly honey coloured.

Zircon crystals from both samples are characterized by the

presence of oscillatory and sector zonings that are visible on

cathodoluminescence (CL) images (Fig. 5). The oscillatory

zoning pattern is attributed to crystallization from the melt but

some grains also show unzoned patches that may be related to

recrystallization of radiation-damaged parts of the crystals (see

Fig. 5c and f). Metamorphic rims, possibly related to recrystalli-

zation or new zircon growth during Variscan times, were also

found on some grains (Fig. 5b–d). However, the rims were too

thin to be dated by LA-ICP-MS.

Isotopic data and corresponding ages for zircon cores are

shown in Table 1. Dating yielded a concordia age of 529 � 7 Ma

(2�, Fig. 6a) for the trondhjemite and a statistically indistinguish-

able age of 530 � 6 Ma (Fig. 6b) for the amphibolite zircons.

Both ages are interpreted as dating the crystallization of the

magmatic precursors of the studied rocks. In addition, an older

inherited core was detected in one of the zircon grains from the

trondhjemite sample UL11B (Table 1).

Whole-rock geochemistry

The dataset consists of 10 newly obtained whole-rock analyses

of various rock types (Fig. 2a). The basic ones are represented

by a serpentinized ultramafic rock (UL40P), three metagabbros

from near Deštné (UL7D1, UL7Y and UL7X) that are presum-

ably of cumulitic origin, three garnet-free amphibolites (UL3,

UL11C and UL9) and one garnet-bearing amphibolite (UL12). In

addition, two trondhjemitic sheets from amphibolites at Bohuňov

(UL11A and UL11B) were analysed.

The newly obtained major-element data (Table 2) were

supplemented by a large dataset of 62 analyses gathered by

Jelı́nek et al. (1984) with Mı́sař et al. (1984). Unfortunately,

except for selected transition metals (V, Cr, Ni and Co), no trace-

element data have been reported from the Letovice Complex so

far.

Major elements

The four newly analysed amphibolites are all fairly primitive, as

shown by low SiO2 (46.3–47.6 wt%), and high MgO (5.7–7.0%)

as well as mg-number (46.9–57.8). The literature data also

confirm this, with no analyses straddling the boundary of the

intermediate domain (for all samples, including the literature

data, SiO2 < 52.0 wt%, median 49.0%; MgO ¼ 5.4–9.7%; mg-

number ¼ 40.4–60.5).

As seen in Table 2, the gabbros tend to have somewhat lower

silica contents (SiO2 ¼ 40.2–49.6%), with higher mg-number

and MgO accompanied by lower FeOT and TiO2 contents (mg-

number ¼ 55.1–77.8, MgO ¼ 5.5–11.9, FeOT ¼ 3.4–11.4%).

They are also, to some extent, enriched in Al2O3, CaO and K2O.

The range, especially for the two latter oxides, is extreme.

The ultrabasic rocks are characterized by low SiO2 (35.7–

41.7%), TiO2, Al2O3, CaO and Na2O, but high MgO (20.7–

38.6%) and mg-number (77.2–93.0).

The two trondhjemites, UL11A and UL11B, are both acid

(SiO2 ¼ 73.3 and 77.6%), sodic (Na2O ¼ 6.6%) and Fe-rich

rocks (FeOT ¼ 3.0 and 1.4%, mg-number ¼ 22 and 19) that are

characterized by very low K2O (0.06 and 0.03%) and MgO (0.5

and 0.2%) contents.

In metamorphosed igneous rocks, immobile elements, such as

high field strength elements (HFSE), are to be preferred for

classification purposes (Floyd & Winchester 1978). Using the

diagram Nb/Y v. Zr/TiO2 (Winchester & Floyd 1977, modified

by Pearce 1996) (Fig. 7a), all the newly collected samples of

metagabbros and amphibolites plot as subalkaline basalts. The

Fig. 4. Classification diagrams for (a) plagioclase and (b) amphibole

from studied lithologies. (c) Compositional profile across garnet from the

garnet-bearing amphibolite UL12.
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trondhjemitic nature of the two felsic samples is demonstrated by

the CIPW-normative Ab–An–Or ternary plot (O’Connor 1965).

The tholeiitic (and not calc-alkaline) affinity of the Letovice

metabasites, assumed in earlier studies (Jelı́nek et al. 1984;

Mı́sař et al. 1984) on the basis of the AFM ternary plot (Irvine

& Baragar 1971), was ascertained using less mobile elements in

the cation plot Al–(FeT + Ti)–Mg (Jensen 1976; Fig. 7b). The

same result is obtained using the binary diagram SiO2 v. FeOT/

MgO (Miyashiro 1974; Fig. 7c).

Trace elements

The trace-element data, including the REE, are given in Table 3.

The chondrite-normalized (Boynton 1984) REE patterns for the

gabbros (Fig. 8a) are all characterized by low total REE contents

(�REE ¼ 10.8–15.7 ppm), negligible LREE/HREE (light to heavy

REE) enrichment (LaN/YbN ¼ 1.1–2.1) and marked positive Eu

anomalies (Eu/Eu* ¼ 1.93–4.15). Such patterns are compatible

with the presence of a significant proportion of cumulus plagio-

clase, especially in sample UL7Y.

The total REE contents of the serpentinite are extremely low,

with several elements being below, or close to, their detection

limits (using the reported detection limits, �REE could be

estimated between 0.55 and 1.05 ppm). The REE pattern is flat,

with subchondritic contents of all the REE and no Eu anomaly

(Fig. 8a).

In contrast, the three garnet-free amphibolites are rather REE

rich (�REE ¼ 50.5–74.0 ppm); their patterns show a slight

prevalence of LREE over HREE (LaN/YbN ¼ 1.2–1.7) with

insignificant negative Eu anomalies (Eu/Eu* ¼ 0.83–0.96) (Fig.

8b). The garnet amphibolite UL12 is poor in REE (�REE ¼
18.7 ppm) and characterized by a convex-upward pattern, de-

pleted in LREE relative to HREE (LaN/YbN ¼ 0.7) and a marked

positive Eu anomaly (Eu/Eu* ¼ 1.36).

The two trondhjemites (UL11A and UL11B) are REE-rich

(�REE ¼ 205.4 and 176.4 ppm) and exhibit a higher degree of

fractionation (LaN/YbN ¼ 2.1 and 3.2, Eu/Eu* ¼ 0.36 and 0.27)

(Fig. 8c). The sample UL11B has, if compared with UL11A,

significantly lower HREE contents but the LREE concentrations

are comparable. Notably, REE patterns show an M-type lantha-

nide tetrad effect (Masuda et al. 1987), the magnitude of which

expressed as a parameter TE1–3 (Irber 1999) attains 1.13 and

1.06 for samples UL11A and UL11B, respectively.

Given that the rocks of the Letovice Complex have been

considered by several workers as an oceanic crust relict, the

trace-element data for the mafic lithologies are presented as

normal (N)-MORB-normalized (Sun & McDonough 1989)

spiderplots (Fig. 8d). The N-MORB-normalized patterns for the

gabbros are far from being smooth. There is a tendency to an

overall decrease from the LILE (RbN ¼ (2.68–4.29) 3 N-

MORB) to the HREE (LuN ¼ (0.13–0.26) 3 N-MORB). Spikes

for Cs, K, Pb, Sr and Eu are superimposed; on the other hand,

Nb is strongly impoverished, as are U and Th, which are both

below their respective detection limits, 0.1 and 0.2 ppm. In the

ultramafic sample all trace elements are very depleted, below 0.1

3 N-MORB, except for the notoriously mobile Ba and U, which

seem to show a secondary enrichment. The spiderplots for

amphibolites (Fig. 8e) are characterized by a roughly tenfold

enrichment in incompatible elements (mostly LILE), relative to

the more compatible elements, the latter oscillating at around

concentrations common in the N-MORB.

Trace-element contents in the felsic sheets were normalized by

ocean ridge granite (ORG) of Pearce et al. (1984) and plotted,

together with their host amphibolite UL11C, in Figure 8f. The

two trondhjemite patterns oscillate around unity for most of the

elements. The sole exceptions are Rb and K, which are

impoverished by a factor of 10 or more, and Th, which shows

more than tenfold enrichment.

In addition, the Zr concentrations in the trondhjemites were

used to calculate zircon saturation temperatures (Watson &

Harrison 1983), which should provide a maximum constraint

upon the magma temperature. This is due to the presence of

(limited) inheritance detected by the CL study. The obtained

temperatures are rather high, 882 8C and 855 8C for UL11A and

Fig. 5. Cathodoluminescence images of

typical zircon grains extracted from the

studied samples: (a–c) amphibolite UL11C;

(d–f) trondhjemite UL11B.
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UL11B, respectively. The apatite saturation temperatures (Harri-

son & Watson 1984) are even higher, 917 8C and 902 8C, but this

thermometer is known to be much more sensitive to the

analytical accuracy than are the zircon saturation temperatures

(Janoušek 2006).

Neodymium isotope geochemistry

The Nd isotopic analyses for selected seven metabasic and one

felsic sample are given in Table 4. Also presented are initial �Nd

values, age-corrected to 530 Ma, together with single-stage

(T Nd;DM1 stage
; Goldstein et al. 1984) and two-stage (T Nd;DM2 stage

;

Liew & Hofmann 1988) depleted mantle (DM) Nd model ages.

The analysed samples show a range of �530;Nd values. The

gabbros are the most primitive, having �530;Nd ¼ +9.3 to +9.6

(Fig. 9a), corresponding to low Nd model ages (Fig. 9b,

T Nd;DM1 stage
, 0.44 Ga). This demonstrates their closed-system

behaviour and derivation from a strongly depleted mantle-derived

melt in Early Palaeozoic times. The three ‘common’ amphibolite

samples (UL3, UL11C and UL9, �530;Nd ¼ +5.3 to +7.1,

T Nd;DM1 stage
¼ 0.85–1.28 Ga) require partial melting of somewhat

less depleted (enriched (E)-MORB source-like?) mantle domains

or slight contamination of more depleted melts by a material

with a lower 143Nd/144Nd ratio (Fig. 9a).

In contrast, the garnet-bearing amphibolite UL12 contains

significantly less radiogenic Nd (�530;Nd ¼ �1.2), pointing to an

Fig. 6. U–Pb concordia diagrams and

calculated concordia ages (in grey) for

magmatic zircons (LA-ICP-MS data) from

(a) the trondhjemite UL11B and (b) the

host amphibolite UL11C. Analysis with

inherited older zircon component is not

shown on this diagram.

Fig. 7. Whole-rock geochemistry-based classification of the rocks from the Letovice Complex. Data sources: Jelı́nek et al. (1984, grey symbols) and the

present study (black symbols). (a) Binary plot Nb/Y v. Zr/Ti (Winchester & Floyd 1977, modified by Pearce 1996) following the publication of the IUGS-

approved TAS diagram (Le Bas et al. 1986). The newly analysed rocks are exclusively subalkaline and basaltic (metagabbros and amphibolites) or

rhyolitic–dacitic (felsic sheets) in composition. (b) CIPW-normative plot Ab–An–Or (O’Connor 1965) showing the trondhjemitic nature of the two

samples from felsic sheets at Bohuňov. (c) Cation plot Al–FeT + Ti–Mg (Jensen 1976, modified by Jensen & Pyke 1982) showing mostly tholeiitic

affinity of the analysed rocks. The two gabbros plotting in the calc-alkaline domain seem to be influenced by plagioclase accumulation, the ultrabasic

rocks by accumulation of ferromagnesian phases (amphibole, olivine and/or pyroxene). (d) Binary diagram SiO2 v. FeOT/MgO proposed by Miyashiro

(1974) confirming the tholeiitic chemistry of the Letovice metabasic rocks. The straight line is not a discrimination boundary, but rather a reference slope.

The tholeiitic rock associations show typically steeper trend than do the calc-alkaline suites.
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enriched mantle source and/or considerable degree of contamina-

tion by non-radiogenic, crustal-like Nd. The Nd isotopic compo-

sition of the trondhjemite UL11B (�530;Nd ¼ �4.1, T Nd;DM2 stage
¼

1.52 Ga) shows a large contrast with its host amphibolite

(�530;Nd ¼ +6.6).

Discussion

Structural evolution

Metamorphic foliation S1, preserved as relicts in domains less

affected by the D2 deformation, is supposed to be relatively

steep, but its original orientation is not clear. This fabric has

been interpreted to reflect a roughly east–west-oriented compres-

sion caused by the closing and underthrusting of the ‘Letovice’

ocean realm (Konopásek et al. 2002), which was continuously

followed by the underthrusting of the Brunovistulian foreland

under the Moldanubian Domain, the presumed Variscan orogenic

root (Höck et al. 1997; Konopásek et al. 2002; Schulmann et al.

2008). This east–west shortening is in accord with the stress

field reported from the adjacent tectonic units (Schulmann et al.

2008). The D1 deformation could be correlated with formation

of steep fabric described from the Moldanubian Domain, which

resulted from vertical exhumation of the lower crustal material

(Schulmann et al. 2008; Tajčmanová et al. 2010). It was most

probably linked with early indentation of the Brunovistulian

block into the Moldanubian orogenic root caused by initial large-

scale shortening of the whole Moldanubian Domain (Schulmann

et al. 2008).

The S2 fabric, which originally dipped to the SW, was

subsequently modified by the D3 deformation. The S2 meta-

morphic foliation represents a structure that developed during the

NE-directed thrusting of the Letovice Complex over the Mor-

avian Zone (i.e. the deformed Brunovistulian foreland). Forma-

tion of D2 fabric is interpreted as being connected with

exhumation of a buried oceanic crust segment by nappe move-

ment in the collision zone. The process of thrusting and

exhumation of the Letovice Complex corresponded to the

evolution of the nappe system in the Moravian Zone (Štı́pská &

Schulmann 1995). The Letovice Complex forms one of the

nappes in the Moravian nappe sequence that is now located in

the footwall of the Micaschist Zone, to the west of the Moravian

Zone. The D2 fabric observed in the Letovice Complex could

have been related to the NE–SW dextral transpression described

by Schulmann et al. (2005, 2008) from the Moldanubian

Domain. The NE-directed oblique thrusting was approximately

perpendicular to the orientation of the L2 lineation reflecting the

maximum D2 stretching direction. The relationships between

gabbroic bodies and adjacent rocks are unclear in the field,

although the lack of the S1 fabric in gabbro suggests intrusion or

tectonic emplacement prior to or during D2 deformation respec-

tively. The age of crustal thickening in the Moldanubian Domain

linked with underthrusting of the Brunovistulian continent was

estimated at about 350 and 340 Ma (Schulmann et al. 2005;

Tajčmanová et al. 2006) and formation of the Moravian imbri-

cated nappe system including the Letovice Complex and NNE-

directed subhorizontal shearing in the Moldanubian Domain

probably proceeded from 335 to 325 Ma (Schulmann et al. 2005,

2008, 2009). The exhumation and cooling of the Letovice

Complex is also constrained by the amphibole Ar–Ar age of c.

330 Ma (MacIntyre et al. 1992).

The orientation of the S3 structures generally indicates that the

D3 deformation phase took place during the final stage of NE–

SW-oriented compression within a similar kinematic frame to theT
a
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ěn
ec

D
eš
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D2 dextral transpression. This deformation has a generally post-

metamorphic character. The origin of D3 structures could be

linked with the large-scale folding of the Svratka Dome. The

present-day configuration of the S2 foliation in the Letovice

Complex could be interpreted as a result of late rotation into the

orientation of the megafold limbs. The axis of this large-scale

fold is roughly parallel to L2 lineations, F2 fold axes and D3

linear elements, and has not affected their original orientation.

Formation and geotectonic setting of the Letovice
Complex

Neodymium isotopic constraints. Because of the similar geo-

chemical behaviour of Sm and Nd, the Nd isotopic system is

fairly resistant to relatively high-grade metamorphic resetting,

especially when CO2-rich fluids are not involved (DePaolo 1988;

Faure & Mensing 2004, and references therein). As the deriva-

tion of the basic rocks parental to the studied metagabbros and

‘common’ amphibolites from a source other than the Earth’s

mantle is considered difficult, at least at reasonable degrees of

partial melting, the single-stage Nd ages should provide a crude

(depending on precise determination of low levels of Sm and Nd

in the studied rocks), maximum constraint upon their intrusive

age. From Figure 9b it follows that the metagabbros, which

unfortunately failed to yield zircons that could be dated, show

notably low single-stage Nd model ages, significantly lower than

the age determined for the amphibolite–trondhjemite association.

This, together with structural observations, may indicate that the

protolith to the gabbros was somewhat younger and unrelated to

that of the amphibolites. The gabbros thus could represent a

younger stage of the oceanic evolution or their formation could

have been connected to some younger, tectonically unrelated

magmatic event. Strong modification of their whole-rock geo-

chemical signature by crystal accumulation unfortunately pre-

vents their geotectonic setting being deciphered.

However, the calculated single-stage Nd model age for the

garnet amphibolite is negative, which is obviously an artefact

caused by its anomalously high Sm/Nd ratio. This in turn points

to a significant fractionation of LREE during mantle melting, or,

alternatively, it may suggest that the sample does not represent a

pristine melt composition at all. Instead, garnet amphibolites

could have been modified by crystal accumulation, melt loss or

extensive fractionation of some LREE-bearing phases (Arndt &

Goldstein 1987; Pimentel & Charnley 1991). Although such a

Sm/Nd fractionation should not affect the calculated initial Nd

isotopic composition, the single-stage Nd model age is rendered

meaningless; the two-stage model should be closer to reality in

this case (T Nd;DM2 stage
¼ 1.3 Ga).

Given that the protoliths to both dated rock types were

intruded (nearly) contemporaneously, the formation of felsic

Fig. 8. (a–c) Chondrite-normalized (Boynton 1984) REE patterns for the rock groups studied in the Letovice Complex. (d, e) N-MORB-normalized (Sun

& McDonough 1989) spiderplots for the metabasic rocks. The shaded field in all diagrams shows the total variability. (f) ORG-normalized spiderplots

(Pearce et al. 1984) for felsic sheets (UL11A and -B) and host amphibolite (UL11C), Bohuňov.
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sheets interfolded with amphibolite can be explained by several

models: (1) anatexis of a juvenile metabasic source similar to the

surrounding amphibolites; (2) large degrees of closed-system

fractional crystallization of basic magmas parental to the amphi-

bolites; (3) extensive fractionation as in (2) but accompanied by

significant crustal contamination; (4) partial melting of two

unrelated sources, a depleted mantle (for basic melts) and

immature, metabasic crust (for trondhjemites).

The non-radiogenic Nd in the felsic sample UL11B

(�530;Nd ¼ �4.1) contrasts sharply with the composition of its

amphibolite host (�530;Nd ¼ +6.6), precluding any close causal

relationship between the two. This rules out the first two,

essentially closed-system scenarios. A role for a crustal compo-

nent is clear, with Nd much less radiogenic than the studied

metabasites (�530;Nd < �4). On the other hand, given the low

LILE and relatively high HFSE contents in the trondhjemites

(K2O , 0.1 wt%, Rb , 1 ppm, Cs , 0.1 ppm and Sr , 120 ppm,

Nb . 9 ppm, Ta . 0.7 ppm), melting and/or interaction with

mature upper continental crust is effectively discounted.

The fairly deep negative Eu anomalies in the two felsic

samples imply that these magmas resulted from a large degree of

plagioclase-driven fractionation of an originally rather basic

magma. The presence of the M-type tetrad effect (Fig. 8c) is of

particular interest, having been so far only once recorded from

the ORG-like plagiogranites (Nakamura et al. 2007). Despite

some earlier studies questioning the existence of the lanthanide

tetrad effect or explaining its origin by fractional crystallization

(McLennan 1994), most workers now agree that the occurrence

of an M-type tetrad effect is connected to melt–fluid or melt–

melt fractionation. One school of thought invokes partitioning

between a silicate melt and a F-rich fluid phase (Irber 1999;

Monecke et al. 2002), the other immiscibility between coexisting

evolved silicate- and volatile-rich, F- or Cl-bearing melts

(Veksler et al. 2005).

Nakamura et al. (2007) invoked in their study of ORG-like

granites an extraneous, seawater-derived fluid. Although this may

explain K and Rb depletion observed in the ORG-normalized

spiderplot for the Bohuňov trondhjemites (Fig. 8f), any hypothe-

tical change in the Sm/Nd ratio (nearly) contemporaneous with

the emplacement cannot account for their relatively non-radio-

genic Nd isotopic composition. Instead, contamination by lower

crustal material, depleted in LILE, is required, perhaps during

protracted fractionation of the mafic magma in a deep-seated

magmatic reservoir.

Whole-rock geochemical constraints on geotectonic setting. De-

termining the palaeotectonic context of old volcanic suites repre-

sents a considerable challenge in terranes that have been

subjected to later strong tectonometamorphic overprint. Fortu-

nately, many of the petrogenetically significant trace elements are

relatively immobile; in particular, HFSE and REE can yield

useful information even in rocks subjected to a rather high-grade

metamorphic overprint (Floyd & Winchester 1975, 1978;

Winchester & Floyd 1976, 1977; Wood 1980; Pearce 1996). We

have attempted to apply some of these HFSE and transition metal

based diagrams to the discrimination of the likely geotectonic

setting of the amphibolites from the Letovice Complex.

In the Ti–V discrimination diagram proposed by Shervais

(1982) (Fig. 10a), the newly studied amphibolites plot mostly

within an ocean-floor basalt field. Only garnet-bearing UL12 and

several of the literature analyses straddle the boundary of the arc

domain.

The absence of sizeable negative HFSE (Nb and Ti) anomalies

observed for most of the amphibolite samples, in N-MORB-T
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normalized spider plots (Fig. 8), indicates that that Letovice

Complex amphibolites are unlikely to be derived from typical

subduction-related basalts (see Tatsumi & Eggins 1995). Indeed,

in the triangular plot Th–Hf/3–Nb/16 (Wood 1980) (Fig. 10b),

the three newly obtained amphibolite analyses scatter around the

N-MORB–E-MORB domain. Also, the Zr/4–2 3 Nb–Y ternary

plot (Meschede 1986) (Fig. 10c) confirms the overall MORB

affinity of the studied amphibolites. The surplus Y in one of the

amphibolite samples (UL12) may be related to the presence of

garnet, which effectively sequesters HREE + Y (GERM Partition

Coefficient (Kd) Database, available at http://earthref.org/).

Lastly, the composition of the two trondhjemites resembles

oceanic plagiogranites, as best demonstrated by the ORG-

normalized spiderplots (Fig. 8f).

Altogether, the whole-rock geochemistry, plus the Nd isotopic

signatures, seems to confirm that the Letovice Complex repre-

sents an oceanic relict (Mı́sař et al. 1984; Höck et al. 1997;

Finger et al. 1998). However, it was probably only an incipient

oceanic basin developing on attenuated continental crust, and

such a setting corresponds to other contemporaneous metabasic

complexes in the western–central Bohemian Massif, such as the

Mariánské Lázně Complex (Bowes & Aftalion 1991; Timmer-

mann et al. 2004) or the Kdyně Massif (Dörr et al. 1996, 1998,

2002). The metabasic complexes distributed along the eastern

margin of the Bohemian Massif (the Central Sudetic Ophiolite

and Staré Město Belt in the north; the Letovice, Bushandlwand,

Rehberg and Drosendorf complexes in the south) were inter-

preted as relicts marking possible remnants of the Rheic Ocean

(Finger & Steyrer 1995; Finger et al. 1998). The Staré Město

Belt was interpreted as a Cambro–Ordovician (Kröner et al.

2000) intracontinental rift (Floyd et al. 1996) whereas the

Bushandlwand and Rehberg complexes were considered as a

product of Silurian sea-floor spreading (Finger & von Quadt

1995; Mayer et al. 2007).

Tectonic evolution

The documented Early Cambrian rocks of the Letovice Complex

show a geochemical and petrological character consistent with

the presence of an Early Palaeozoic oceanic realm (Matte et al.

1990; Finger & Steyrer 1995; Höck et al. 1997; Kalvoda &

Bábek 2010) that is now sandwiched within the suture separating

the Moravian Zone from the Moldanubian Domain. The occur-

rences of Early Palaeozoic oceanic relicts and rift-related acid

magmatic suites throughout the Bohemian Massif were consid-

ered by Franke (2000) and Friedl et al. (2004) as an expression

of rifting and crustal thinning at the northern Gondwana margin.

In fact, such rocks are characteristic of all European peri-

Gondwana terranes (Zulauf et al. 1999; Murphy et al. 2004; von

Raumer & Stampfli 2008). Crowley et al. (2000) with Floyd et

al. (2000) have associated the fragmentation of the Armorican

Terrane Assemblage and Avalonia, and their rifting from the

northern Gondwana margin, with a combination of extensional

tectonic forces triggered by a mantle plume emplacement. How-

ever, an ascent of hot asthenospheric mantle material could also

be caused by ridge–continent collision, followed by slab break-

off, as suggested by Linnemann et al. (2008) for a rift basin that

formed at the initial stage of Rheic Ocean opening in western

peri-Gondwana (c. 530–500 Ma ago).

The original position and the extent of the postulated Letovice

Complex ocean domain are controversial because of strong

Variscan reorganization of the post-Cadomian palaeogeographical

configuration. Uncertainties in the pre-Variscan history of the

Letovice Complex are connected with the problematic origin of

the Brunovistulian Terrane.

One of the palaeogeographical scenarios viewed the Brunovis-

tulian Terrane as a segment of Avalonian affinity (Tait et al.

1997; Finger et al. 2000; Friedl et al. 2000; Mazur et al. 2010),

whereas the Moldanubian Terrane was probably a part of the

Armorican Terrane Assemblage (Franke 2000; Winchester et al.

2002). The available data do not provide relevant evidence

concerning the palaeogeographical position of the Letovice

Complex ocean domain; that is, whether it was attached to the

Avalonia-derived Brunovistulian or to the Armorican Terrane

Assemblage derived Moldanubian crustal block. In this scenario

the Letovice Complex ocean-floor segment could be brought into

the contact zone between the Moldanubian and Brunovistulian

domains attached to either of these blocks. This could happen at

any time during the Early Palaeozoic drift history, but most

probably close to the Variscan collision.

According to alternative palaeogeographical models (Finger &

Steyrer 1995; Höck et al. 1997; Kröner et al. 2000; Finger et al.

2007), the Letovice Complex could be assumed to be part of an

oceanic domain that evolved more or less in situ by separation of

the Brunovistulian from the Moldanubian block. This process

could have produced a relatively wide ocean domain (the Rheic

Ocean of Finger et al. 1998, 2007; Kryza & Pin 2010) or may

have ceased only at an initial stage of rifting along the northern

Gondwana passive margin (Kröner et al. 2000; Štı́pská et al.

2001; Schulmann et al. 2005). Unfortunately, the scarcely

Fig. 9. (a) Binary plot of 1/Nd v. �530
Nd for

the rocks of the Letovice Complex. Shown

are also CHUR and DM compositions, the

latter after Liew & Hofmann (1988), as

well as tentative development by closed-

system fractional crystallization–

accumulation and crustal contamination of

the most primitive amphibolite sample.

(b) Two-stage Nd development diagram

showing ranges of the values for the rock

groups in the Letovice Complex. DM

evolution lines are after Goldstein et al.

(1984) and Liew & Hofmann (1988). The

extra tick marks on the ordinate denote the

initial �Nd values; those on the abscissa

denote the two-stage DM model ages (Liew

& Hofmann 1988).
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exposed oceanic fragments preserved close to the passive margin

do not allow us to determine how wide the ocean the Letovice

Complex belonged to actually was.

The subsequent development of the Letovice Complex (Fig.

11), as documented by the observed deformational structures,

was connected with the evolution of the Variscan collisional front

in response to the indentation of the Brunovistulian block

westwards into the heterogeneous Moldanubian orogenic root

(Schulmann et al. 2008, 2009). The supposed existence of a

subduction zone at the eastern margin of the Bohemian Massif

was considered by some workers (Matte et al. 1990; Finger &

Steyrer 1995; Konopásek et al. 2002; Finger et al. 2007) as an

early phase of Variscan development that culminated in the

continental collision. However, in this case, the presence of a

true subduction zone is not well established. Instead, a simple

underthrusting of a comparably small oceanic crust sliver, with-

out development of the magmatic arc, seems to be more likely.

Newly acquired data document the oldest known mafic rocks

at the eastern margin of the Bohemian Massif. The petrology and

geochemical character of the Letovice Complex reflect an initial

phase of oceanic spreading related to an extensional regime

governing the whole Bohemian Massif during the Early Palaeo-

zoic. An Early Cambrian age for this rifting episode corresponds

well to that of the Mariánské Lázně Complex, where the onset of

rifting between the Saxothuringian Zone and the Teplá–Barran-

dian Unit has been dated at c. 540 Ma (Timmermann et al.

2004). However, our data do not allow us to decide unequivo-

cally whether the Letovice Complex belonged to an extensive

ocean (the Rheic Ocean system of Finger & Steyrer 1995; Finger

et al. 1998) or only to an incipient oceanic basin (Kröner et al.

2000; Štı́pská et al. 2001). The geochemical character similar to

the Staré Město Belt and the age of the Letovice Complex

significantly older than the generally assumed Ordovician–

Silurian Rheic Ocean opening in central Europe (for a summary,

see Nance et al. 2010) hint rather at the latter possibility. The

likely lack of true subduction and the expected Variscan age of

metagabbros also support the possibility of a minor ocean basin.

Conclusions

(1) The rocks of the Letovice Complex represent a relict of an

incipient oceanic basin developed on attenuated crust.

(2) Magmatic zircons from amphibolite and trondhjemite yield

statistically indistinguishable U–Pb LA-ICP-MS concordia ages

of 530 � 6 Ma and 529 � 7 Ma (2�) respectively, suggesting an

Early Cambrian age for the rifting episode.

(3) The origin of the inferred oceanic domain reflects a closely

post-Cadomian extensional regime on the northern margin of

Gondwana and corresponds to the start of its breakup.

(4) Our study also shows that during the Variscan evolution

the oceanic realm was thrust under the rising Moldanubian root

domain before the Brunovistulian continental block.

(5) This was followed by exhumation realized by imbrication

and NE-directed thrusting of the Letovice Complex over the

Moravian Zone. The Variscan reworking into the current position

was controlled by Brunovistulian continental block indentation.

This work was supported by the Czech Geological Survey (CGS), internal

grant no. 325900, and, in part, by research plan of the Institute of

Geophysics, ASCR, no. AV0Z30120515. We are indebted to our

colleagues from the CGS; namely, F. Veselovský for the zircon separa-

tions, V. Erban for Nd isotopic analyses, J. Mı́ková for assistance in the

isotopic laboratory and J. Konopásek for helpful discussions. The manu-

script greatly benefited from detailed reviews by F. Finger and two

Fig. 10. Geotectonic discrimination plots for the metabasic rocks of the

Letovice Complex showing an affinity to MORB for the amphibolite

samples. The metagabbros are strongly influenced by crystal

accumulation and thus were not plotted here. (a) Diagram of Shervais

(1982), based on variability of the Ti/V ratio under different oxygen

fugacity in basalts from various geotectonic settings. Data sources:

Jelı́nek et al. (1984, grey symbols) and the present study (black symbols).

ARC, arc tholeiites; OFB, ocean-floor basalts. (b) Triangular diagram

Th–Hf/3–Nb/16 of Wood (1980). IAT, island-arc tholeiites; CAB, calc-

alkaline basalts; WPT, within-plate tholeiites; WPA, within-plate alkaline

basalts. (c) Triangular diagram Zr/4–2 3 Nb–Y of Meschede (1986). AI,

within-plate alkaline basalts; AII, within-plate basalts; B, P-type

mid-ocean ridge basalts; C, within-plate tholeiites, volcanic arc basalts;

D, N-type mid-ocean ridge basalts, volcanic arc basalts.
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anonymous colleagues, as well as careful editorial handling by Q.
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the Variscan evolution of the Moldanubian sector of the Bohemian Massif:

the significance of the Bavarian and the Moravo-Moldanubian tectonometa-

morphic phases. Journal of Geosciences, 52, 9–28.

Floyd, P.A. & Winchester, J.A. 1975. Magma type and tectonic setting

discrimination using immobile elements. Earth and Planetary Science Letters,

27, 211–218.

Floyd, P. & Winchester, J. 1978. Identification and discrimination of altered and

metamorphosed volcanic rocks using immobile elements. Chemical Geology,

21, 291–306.

Floyd, P.A., Winchester, J.A., Ciesielczuk, J., Lewandowska, A., Szczepans-

ki, J. & Turniak, K. 1996. Geochemistry of early Palaeozoic amphibolites
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Jahrbuch der Geologischen Bundesanstalt, 127, 41–49.

Goldstein, S.L., O’Nions, R.K. & Hamilton, P.J. 1984. A Sm–Nd isotopic study

of atmospheric dusts and particulates from major river systems. Earth and

Planetary Science Letters, 70, 221–236.

Harrison, T.M. & Watson, E.B. 1984. The behavior of apatite during crustal

Fig. 11. Schematic model for the Variscan geodynamic evolution of the Letovice Complex within the eastern margin of Bohemian Massif. LC, Letovice

Complex; MMZ, Moravian Micaschist Zone; white star, position of the sample showing eclogite-facies metamorphic relicts (Konopásek et al. 2002). (a)
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ústavu geologického, 51, 113–122.
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Schulmann, K., Lexa, O., Štı́pská, P., et al. 2008. Vertical extrusion and

horizontal channel flow of orogenic lower crust: key exhumation mechanisms

in large hot orogens? Journal of Metamorphic Geology, 26, 273–297.
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Appendix 1: Microstructures 

a) Preserved relict domain with preserved magmatic fabric in undeformed zones within the S2

fabric (amphibolite). Intergranular texture of plagioclase and amphibole. Amphibole crystals 

are free of any signs of dynamic recrystallization or brittle deformation. Plagioclase is often 

dynamically recrystallized showing uniform recrystallized grain size.

(b) Microstructure of relict S1 fabric defined by an alignment of highly elongated amphibole 

grains alternating with a fine-grained plagioclase (amphibolite).

(c) Microstructure of dominant S2 fabric. The F2 crenulation formed by reorientation of 

amphibole laths parallel to the fold axial planes. The crenulation lead to a formation of the 

new S2 fabric defined by the alternation of plagioclase- and amphibole-rich bands (strongly 

retrogressed amphibolite).
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(d) The S3 crenulation is formed by bended muscovite and plagioclase layers. The 

microstructure is characterized by bending and fracturing of acicular muscovite grains and by 

bulging recrystallization of plagioclase.

Appendix 2: sample locations

UL11A and UL11B (trondhjemites), UL11C (amphibolite): Bohuňov 

[49°35'52.34"N;16°27'14.36"]

UL3 (amphibolite): Letovice dam [49°33'23.47"N;16°33'6.25"]

UL7X, UL7Y, UL7D1( metagabbros): Deštné [49°36'15.09"N;16°33'39.37"]

UL9 (fine-grained amphibolite):  Brněnec [49°37'27.46"N;16°31176.92"]

UL12 (garnet amphibolite): Křetín [49°33'42.76"N;16°29'26.39"]

UL 40P (serpentinite): Rudka [49°31'1.69"N;16°32'11.63"]

Appendix 3: Analytical techniques

Mineral chemistry

All minerals were analyzed using the Cameca SX 100 electron microprobe at Masaryk 

University in Brno with operating conditions as follows: 15 kV accelerating voltage, 10–20 

nA beam current and acquisition time ranging from 10 to 30 s. The abbreviations of mineral 

names are after Kretz (1983).

Whole-rock geochemistry

Major- and trace-element analyses were determined in the Acme Analytical Laboratories Ltd., 

Vancouver, by Inductively-Coupled Plasma Spectrometry (ICP). Total abundances of the 

major- and minor-element oxides (‘Group 4A’) were determined by ICP-Emission 

Spectrometry (ICP-OES) following a LiBO2/Li2B4O7 fusion and dilute nitric digestion. Loss 

on ignition (LOI) is by weigh difference after heating to 1000 °C. The detection limits are 

0.01 wt. % for most of the oxides, except Fe2O3 (0.04 %), P2O5 (0.001 %) and Cr2O3 (0.002 

%). 

Rare earth and refractory elements were determined by ICP-Mass Spectrometry (ICP-

MS) following a LiBO2/Li2B4O7 fusion and nitric acid digestion of a 0.2 g sample (‘Group 

4B’). In addition a separate 0.5g split was digested in Aqua Regia and analysed by ICP-MS to 

report the precious and base metals (Pb, Ni, Zn and Cu, ‘Group 1DX’). See 
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http://www.acmelab.com for details of the analytical procedure and respective detection 

limits. Data management, recalculation, and plotting of the whole-rock geochemical data were 

facilitated using GCDkit (Janoušek et al. 2006). 

Laser-ablation ICP MS U–Pb zircon dating

The zircon grains were separated from the selected samples using the Wilfley shaking table 

and heavy liquids, mounted in epoxy-filled blocks and polished. Zoning patterns in individual 

grains were observed, and presence of older inherited components checked, by 

cathodoluminescence detector mounted on the electron microprobe at the Masaryk University 

in Brno. The U-Pb and Pb-Pb zircon ages were obtained by laser-ablation ICP-MS technique 

following the procedure described in Košler et al. (2002). Isotopic analyses were carried out 

using a 213nm solid state Nd-YAG laser (NewWave UP213) attached to a Thermo-Finnigan 

Element 2 multi-collector ICP-MS at the University of Bergen. Reference samples of GJ-1 

(609 Ma, Jackson et al. 2004), 91500 (Wiedenbeck et al. 1995) and Plešovice zircons (337 

Ma, Sláma et al. 2008) were repeatedly analyzed during this study. Acquired data were 

plotted on concordia diagrams using the Isoplot program (Ludwig, 2003).

Neodymium isotopic data

For the radiogenic isotope determinations, samples were dissolved using a combined HF–

HCl–HNO3 attack. The bulk REE were isolated by exchange chromatography on PP columns 

filled with TRU.spec Eichrom resin, following the procedure of (Pin et al. 1994). The Nd was 

further separated from the REE fraction on PP columns with Ln.spec Eichrom resin (Pin & 

Zalduegui 1997). Complete analytical details were reported by (Míková & Denková 2007). 

Isotopic analyses were performed on a Finnigan MAT 262 thermal ionization mass 

spectrometer housed at the Czech Geological Survey in dynamic mode using a single Re 

filament with Ta addition for Sr measurement and double Re filament assembly for Nd. The 
143Nd/144Nd ratios were corrected for mass fractionation to 146Nd/144Nd = 0.7219 (Wasserburg 

et al. 1981). External reproducibility was estimated from repeat analyses of the BCR-1 

(143Nd/144Nd = 0.512621 ± 20 (2σ, n = 5) isotopic standard. The Sm and Nd concentrations 

were obtained by ICP-MS in ACME laboratories as given above.

The Sm decay constant applied to age-correct the isotopic ratios is from Lugmair & Marti 

(1978). The i;Nd values and single-stage CHUR Nd model ages were obtained using Bulk 

Earth parameters of Jacobsen & Wasserburg (1980), the single- and two-stage Depleted 
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Mantle Nd model ages (TNd;DM) were calculated after Goldstein et al. (1984) and Liew & 

Hofmann (1988), respectively.
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Appendix 4: Selected mineral analyses 
Representative electron microprobe analyses of minerals from studied lithologies 

Amphibolites Grt amphibolites Fine-grained amphibolites Metagabbros Trondhjemites

Sample UL11C UL11C UL11C UL12 UL12A UL12 UL12 UL9 UL9 UL9 UL9 UL7X UL7X UL7D1 UL7D1 UL11A UL11A

Grt Grt

Amph Plg K-fs Amph Plg core rim Px Amph K-fs Plg Amph Amph Plg K-fs Plg Amph

Wt%

SiO2
44.94 62.22 64.97 42.91 61.70 38.25 38.29 55.75 43.62 65.27 62.19 54.47 42.68 59.38 66.71 66.02 45.19

TiO2 0.53 0.00 0.00 0.53 0.00 0.12 0.04 0.01 0.49 0.00 0.00 0.05 4.57 0.00 0.00 0.00 0.37

Cr2O3 0.02 0.00 0.00 0.02 0.00 0.00 0.01 0.04 0.03 0.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00

Al2O3 12.03 22.86 18.07 17.51 24.45 21.23 21.28 1.56 14.74 18.30 23.93 3.46 12.61 25.64 18.46 21.27 11.88

FeO 15.44 0.09 0.19 15.60 0.02 27.80 27.94 9.65 14.83 0.18 0.12 7.97 8.83 0.12 0.00 0.00 18.26

MnO 0.37 0.00 0.00 0.13 0.00 2.69 0.76 0.22 0.27 0.00 0.00 0.16 0.12 0.00 0.00 0.00 0.23

MgO 10.81 0.00 0.00 8.64 0.00 3.44 3.44 18.08 10.08 0.00 0.00 18.03 13.49 0.00 0.00 0.00 10.27

CaO 11.61 4.96 0.01 10.75 5.86 7.48 8.64 12.82 11.35 0.02 5.52 12.93 11.62 7.25 0.00 2.10 9.86

Na2O 1.62 8.61 0.28 1.91 8.05 0.02 0.02 0.14 1.76 0.71 8.88 0.28 1.10 8.10 0.35 10.81 2.42

K2O 0.44 0.10 16.06 0.09 0.09 0.02 0.00 0.07 0.42 16.01 0.13 0.06 0.72 0.04 14.79 0.05 0.15

F 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cl 0.05 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.05 0.01 0.00 0.01 0.04

Total

Si 6.42 2.79 3.02 6.06 2.74 2.99 3.00 2.08 6.23 3.00 2.73 7.68 6.26 2.62 3.08 2.89 6.46

Ti 0.06 0.00 0.00 0.06 0.00 0.01 0.00 0.00 0.05 0.00 0.00 0.01 0.50 0.00 0.00 0.00 0.04

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00

Al 2.02 1.21 0.99 2.91 1.28 1.96 1.97 0.07 2.48 0.99 1.24 0.57 2.18 1.33 1.01 1.10 2.00

Fe3+ 1.54 0.00 0.01 1.52 0.00 0.04 0.03 0.00 1.46 0.01 0.00 0.08 0.19 0.00 0.00 0.00 1.45

Fe2+ 0.31 0.00 0.00 0.32 0.00 1.78 1.81 0.30 0.32 0.00 0.00 0.86 0.89 0.00 0.00 0.00 0.73

Mn 0.04 0.00 0.00 0.02 0.00 0.18 0.05 0.01 0.03 0.00 0.00 0.02 0.02 0.00 0.00 0.00 0.03

Mg 2.30 0.00 0.00 1.82 0.00 0.40 0.40 1.01 2.15 0.00 0.00 3.79 2.95 0.00 0.00 0.00 2.19

Ca 1.78 0.24 0.00 1.63 0.28 0.63 0.73 0.51 1.74 0.00 0.26 1.95 1.82 0.34 0.00 0.10 1.51

Na 0.45 0.75 0.03 0.52 0.69 0.00 0.00 0.01 0.49 0.06 0.76 0.08 0.31 0.69 0.03 0.92 0.67

K 0.08 0.01 0.95 0.02 0.01 0.00 0.00 0.00 0.08 0.94 0.01 0.01 0.13 0.00 0.87 0.00 0.03

F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00

Sum 5.00 5.00 5.00 8.00 8.00 5.00 5.00 5.00 5.00 5.00

XMg 0.88 0.85 0.18 0.18 0.77 0.87 0.81 0.77 0.75

XGrs 0.20 0.24

XAlm 0.59 0.60

XPrp 0.13 0.13

XSps 0.06 0.02

Garnet formulae calculated on the basis of 12 oxygens, feldspar on the basis of 8 oxygens, amphibole by average FeII/FeIII after Leake 
et al. ( 1997), pyroxene after Droop (1987)
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General conclusions

Northeastern part of the Saxothuringian Domain

 The micaschists from the southern part of the Krkonoše-Jizera Massif underwent high-

pressure/low-temperature metamorphism with peak-pressure conditions of ≥18–19 

kbar at 460–520°C, indicating a high-pressure ⁄ low-temperature thermal gradient of 

~7–7.5 C km-1.

 Isotopic dating by laser ablation inductively coupled plasma mass spectrometry and 

electron microprobe chemical dating of monazite from the studied micaschists give 

ages of ~330 Ma, which are interpreted as the timing of a peak pressure to early 

decompression stage.

 The observed metamorphic record and timing of metamorphism in the studied 

metapelites show striking similarities with the evolution of the central and south-

western parts of the Saxothuringian Domain and suggest a common tectonic evolution 

along the entire eastern flank of the Saxothuringian Domain during the Devonian–

Carboniferous periods.

 Structural pattern observed in the studied area resulted from two major deformation 

events (D1 and D2). The main stage of the first phase (D1) is characterized by the 

development of penetrative metamorphic foliation with relics of high-pressure mineral 

assemblages, which resulted from an early ESE-oriented underthrusting of the 

Saxothuringian passive margin

 The D1 fabric remained active also during exhumation and the late stage of the ESE–

WNW compression led to imbrication of the granitoid basement and overlying nappe 

pile, and to folding of exhumed thrust sheets.

 The superimposed N–S oriented compression caused post-metamorphic folding of the 

nappe pile associated with rotation of the D1 fabric and development of medium- to 

large-scale folds and crenulation cleavage. Intensity of this D2 reworking decreases 

towards the north.

 The observed structural pattern in the southern Krkonoše–Jizera Massif is interpreted 

as the result of postmetamorphic folding superimposed on the high-pressure 

accretionary wedge that developed as a result of subduction of Saxothuringian Ocean 

below the easterly lying core of the Bohemian Massif.
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 The dominant proportion of detrital zircons from the quartzite samples from the 

southern Krkonoše–Jizera Massif is Cambrian–Ordovician and Neoproterozoic in age. 

The protolith age of metasedimentary rocks in the Krkonoše–Jizera Massif spans the 

interval between Late Cambrian and Late Devonian.

 The detritus of quartzites most probably came from eroded Cambrian– Ordovician 

granitoids and from their Neoproterozoic (meta-)sedimentary or magmatic country 

rocks. The apparent absence of metasedimentary rocks with Neoproterozoic protolith 

in the central and eastern part of the Krkonoše–Jizera Massif and the direct contact of 

the early Palaeozoic metasedimentary rocks with the Cambrian metagranitoids suggest 

complete erosion of the Neoproterozoic sedimentary country rocks during the 

development of the early Palaeozoic rift basin in this part of the Saxothuringian 

passive margin. The thrust sheets overlying the Cambrian– Ordovician granitoid 

intrusions of the Krkonoše–Jizera Massif represent metamorphosed equivalents of the 

uppermost Cambrian–Devonian passive margin sediments 

 The lack of Grenvillian ages (time interval 0.9 – 1.4 Ga typical of the Grenvillian 

event) in dated detrital zircons suggests that the Saxothuringian Neoproterozoic 

basement (as a source region for the Early Palaeozoic detritus of quartzite samples) 

has an affinity to the northern margin of Gondwana occupied by the West African 

Craton.

Letovice Complex

 The rocks of the Letovice Complex represent a relict of an incipient oceanic basin 

developed on attenuated crust. The origin of the inferred oceanic domain reflects a 

closely post-Cadomian extensional regime on the northern margin of Gondwana and 

corresponds to the start of its breakup.

 Magmatic zircons from amphibolite and trondhjemite yield statistically 

indistinguishable U–Pb LA-ICP-MS concordia ages of 530 ± 6 Ma and 529 ± 7 Ma 

(2σ) respectively, suggesting an Early Cambrian age for the rifting episode.

 During the Variscan evolution the oceanic realm was thrust under the rising 

Moldanubian root domain before the Brunovistulian continental block. This was 

followed by exhumation realized by imbrication and NE-directed thrusting of the 

Letovice Complex over the Moravian Zone. The Variscan reworking into the current 

position was controlled by Brunovistulian continental block indentation.
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