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“It strikes me that all our knowledge about the structure of our Earth is very much

like what an old hen would know of the hundred-acre field in a corner of which she is

scratching.”

Charles Darwin
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and Lehmann 2008a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

vii



Contents viii
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1.7 Schematic 3d structure of Jeseńıky mountains . . . . . . . . . . . . . . . . 12

1.8 Fold analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
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Foreword

This habilitation thesis consists of three main parts, which aim to underline the principal

directions and features of my scientific career and gives the overview of new scientific

directions, which I would like to follow as an associate professor of the Charles Univer-

sity. My research career is based on collaborative work of a larger research team, which

worked at the Institute of Petrology and Structural Geology from 1995 to 2011 and my

research interest and focus was necessarily influenced by the overall aim of that group.

This was particularly expressed in mathematical modelling of continental deformation

in the micro-, meso - and macro-scale and the development of the necessary software

tools for specific geologically oriented quantitative studies, which were published under

the Institute of Petrology and Structural Geology mostly in collaboration with K. Schul-

mann, J. Konopásek, P. Jeřábek, P. Št́ıpská, S. Ulrich and others, who initiate many

subjects further discussed in this text. My skills in computer programs development,

computer-based processing and statistical evaluation of structural data, implementation

of database and geographic information systems and ability to model processes numeri-

cally allowed me substantially contribute to several manuscripts of different authors that

are cited in this habilitation thesis. As these techniques were progressively more and

more used by IPSG research team, it became the driving force for three major research

directions of my career presented here. These are following themes: 1) quantitative

analysis of deformation structures and numerical modelling of deformation,

2) mechanisms of lower crustal flow and its thermal and mechanical implica-

tions and 3) quantitative analysis of metamorphic microstructures, their visu-

alization and statistical processing. At this point I would like to stress that I highly

appreciated multidisciplinary approach of collective scientific collaboration, which ruled

in the last ten years of my professional career in the Institute of Petrology and Structural

Geology and that helped me to identify the essentials of my personal approach, as well

as the professional qualities of my colleagues. It is my aim further transfer this spirit of

active cooperation and stimulating discussions to students and cultivate this approach

at Charles University in the future.

1



Foreword 2

First topic “Quantitative analysis of deformation structures and numerical modelling

of deformation” includes mainly numerical modelling of progressive development of fi-

nite strain and superposition of deformation events in collision zones. This part of my

research was originally related to the simple kinematic modelling of deformation paths

in the Flinn space (Konopásek et al., 2001, 2003) and modelling of finite strain within

transpressional zones (Schulmann et al., 2003). Later, I focused on a “thin-sheet” nu-

merical modelling of deformation in collision zones characterized by complex geometries

and variable boundary conditions (Lexa et al., 2003). Part of my research activities was

devoted to quantitative geometrical evaluation of so-called “extensional shear bands”,

which are commonly used as tectonic transport indicators (Lexa et al., 2004) and pos-

sible use of fold shape analyses as a proxy of degree of mechanical anisotropy and bulk

deformation intensity (Baratoux et al., 2005a). Recently, my research activities are

oriented towards understanding of deformation overprints in magmatic and solid state

rocks, which are based on my early research (Konopásek et al., 2001) and whose results

appear in some recent works of my co-workers (e.g. Kratinová et al., 2010, Lehmann

et al., 2011, Schulmann et al., 2009b). This topic is crucial in understanding the sym-

metry and intensity of deformation in orogenic zones and it will be discussed in the

chapter “Perspectives of numerical modelling of deformation in geology”. In all studies,

where I am not listed as first author I have decisively contributed to the results by means

of creating software, own contribution in formulating the manuscript as well as field re-

search including the West Carpathians, Bohemian Massif, Central Asian Orogenic Belt

and the Vosges Mountains.

The second topic “Mechanism of lower crustal flow and its thermal and mechanical

implications” is based on field study of two areas: the eastern margin of the Bohemian

Massif and central Western Carpathians. Research related to channel flow model along

the eastern margin of the Bohemian Massif is the subject of numerous publications

which I co-authored with my colleagues and students, for example, Schulmann et al.

(2005), Racek et al. (2006) and Franěk et al. (2006). Our research gained new stimulus

by recently published description of kinematics of the channel flow model (Schulmann

et al., 2008a), where the channel geometry, thermal structure and polyphase nature of

structural evolution were firstly identified within Variscan orogenic system. New devel-

opments based exclusively on my own research are further discussed in “Perspectives

for the thermomechanical modelling of channel flow in the orogeny”, where I illustrate

the plausibility of our model in terms of numerical modelling for different boundary

conditions. However, there is a second type of channel flow, which is linked to influx of

crustal material into the orogenic root, which is subsequently extruded during exhuma-

tion stage. This model was firstly proposed on the example of the Western Carpathians,

where some aspects of the lower crustal flow were numerically simulated (Jeřábek et al.,
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2008, 2007) and subsequently applied to describe evolution of orogenic root in Bohemian

Massif. Here we used available geochemical and geochronological data to argue that the

felsic lower crust is an allochthonous body emplaced underneath pre-existing mafic lower

crust during continental subduction (Schulmann et al., 2009b). Similar scenario was re-

cently proposed for evolution Orlica-Śnieżnik dome in Western Sudetes (Chopin et al.,

2011a). It appears that influx of crustal material to the orogenic root zone have a major

impact on his future thermal and rheological evolution. Detailed study of geodynamic

consequences caused by subduction of felsic and radioactively productive material under

the orogenic system is described in Lexa et al. (2011) and this aspect will be further

elaborated in the chapter “Perspectives for the thermomechanical modelling of channel

flow in the orogeny”.

The last topic “Quantitative analysis of metamorphic microstructures, its visualiza-

tion and statistical description” introduce a comprehensive set of quantitative methods

for analysis of deformation microstructures and it is based on PolyLX software developed

by myself. This chapter will deal with techniques of microstructure digitalization and

subsequent statistical processing, including evaluation of the grain size, grain shapes and

statistics of their mutual contacts. The PolyLX covers several methods of quantification

of preferred orientation of grains and boundaries as well as their statistical processing.

This method allows us not only visualize microstructure characteristics and their statis-

tical treatment, but also address some kinetic problems of metamorphic microstructures.

This method was originally described in my Ph.D. thesis and firstly applied in the work

of Lexa et al. (2005). Subsequently, the PolyLX software was successfully used in numer-

ous publications of our research group (Baratoux et al., 2005a,b, Hasalová et al., 2008a,

Jeřábek et al., 2007, Kratinová et al., 2010, Lexa et al., 2005, Machek et al., 2007, Schul-

mann et al., 2008b, Závada et al., 2007, 2009). In addition, there is a number of labora-

tories in France, where I worked during my post-doctoral fellowship and I led specialized

courses in this subject, which are routinely using PolyLX software in complex microstruc-

tural problems (Barraud, 2006, Chopin et al., 2011b, Martelat et al., 2011, Oliot et al.,

2011). It appears, that PolyLX becomes valuable tool for projects, where quantification

of the spatial relationships of minerals is needed. Recently I leed three specialized work-

shops (Granulites & Granulites 2009, Prague; 2010 Tromsø; Geomaterials 2011, Prague)

focused on quantitative microstructure analyses. Recently, PolyLX has interfaces to

exchange data with softwares like ELLE (http://www.materialsknowledge.org/elle) or

MTEX (http://code.google.com/p/mtex) that allows simulating the evolution of defor-

mation microstructures or quantitative textural analyses of natural samples. Futher

ideas as some of the new kinetic and petrogenetic outputs that could be depicted by

this method (Franěk et al., 2011b) are given in the chapter “Perspectives for numerical

modelling of deformation microstructures and their quantification”. As PolyLX is open

http://www.materialsknowledge.org/elle
http://code.google.com/p/mtex


Foreword 4

source and freely available on the internet (http://petrol.natur.cuni.cz/˜ondro) we hope

that it will become a widely used method in petrology and structural geology.

Ondrej Lexa: lexa@natur.cuni.cz

http://petrol.natur.cuni.cz/~ondro
mailto:lexa@natur.cuni.cz


Chapter 1

Quantitative analysis of

deformation structures and their

numerical modelling

Finite deformation modelling is an approach that is used in structural geology for decades

as a proxy to study distribution and nature of deformation within crustal collision zones,

zones of transpression or transtension and lithospheric extension (Sanderson and Mar-

chini, 1984). The main question arises in situations, where rock masses do not be-

have according to “simple rules” of homogeneous deformation, i.e. where considerable

variation in lithology and rheology introduce heterogeneities, which are likely to con-

trol their complex deformation behaviour accompanied with strain superposition (Burg,

1999). Konopásek et al. (2001) described in western part of Erzgebirge steeply dipping

lineations contained by steeply dipping eclogite foliations and horizontal lineations in

surrounding structurally conformable orthogneisses. This conflict has led us to model

evolution of deformation pattern within “soft” incompetent orthogneiss during vertical

flattening. In our model, these orthogneisses initially showed a similar orientation of

finite strain axes as eclogites but after subsequent vertical shortening suffered viscous

deformations, which does not affected competent eclogites. Our numerical simulations

have shown conclusively that the superposition of deformation stages is a powerful mech-

anism that allows us to understand some strain paradoxes as one described above. The

result of our modelling (Fig. 1.1) shows that the contrast in deformation record of eclog-

ites and orthogneisses results from common deformation history, which is selectively and

to different extent recorded in individual lithologies.

Our results were challenged by German colleagues Krohe and Willner (2003) and we

were obliged to defend our hypothesis in the manuscript Konopásek et al. (2003) using

5



1. Quantitative analysis of deformation structures and their numerical modelling 6

Figure 1.1: Calculated evolution of the finite strain as a result of homogeneous vertical
shortening of previous fabric ellipsoid marked by vertical X-axis. Black and grey lines
show the progressive strain being labelled by elongation of former X-axis. Results of
calculations is shown for deformation fabrics marked by contrasting strain symmetries
and intensities as observed in the field. a) low strain domain with plane strain symmetry

b) high strain domain with prolate shape.

our numerical modelling as a backbone of the discussion. More recently, the problem

of strain superimposition was elaborated again in the study of orthogneiss migmatites

deformation in the French Vosges (Schulmann et al., 2009a). Here, the originally vertical

structures of orthogneisses embedded by metasedimentary migmatites are overprinted

by vertical shortening due to larger scale crustal extension, which resulted in devel-

opment of prolate strain fabrics in the so-called “internal margin” and oblate strain

fabrics in the “external margin” of the crustal scale orthogneiss inclusion. Our detailed

structural and AMS study revealed that these changes correlate well with melt fraction

and orientation of mechanical anisotropy relative to stress axes applied to orthogneiss

body by flow of surrounding migmatites (Fig. 1.2). It turns out that in order to explain

prolate finite strain ellipsoids within orogenic zones, one must account to the model of
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Figure 1.2: Three stages of the mechanical and rheological evolution of orthogneiss
bodies and host metasedimentary migmatites: (a) Early stage of layer parallel shorten-
ing. (b) Later stage in the deformation when the margin of the orthogneiss body has
been transformed to an orthogneiss/granite multilayer. (c) In the final stage further
homogeneous deformation of host diatexites is accompanied by flattening and intensi-

fication of the orthogneiss fabric.

deformation overprints, otherwise we are exposed to the problem of strain compatibility

(formation of open spaces within rock masses is not possible for obvious reasons). In this

work, numerical models were set-up to reproduce the variation in the finite strain and

orientation of the original mechanical anisotropy with respect to external stress field.

Although the model successfully explained the structural zonality of rigid domains in

the migmatites, it was not robust enough to understand general dependencies of the

finite strain intensity and symmetry to the degree and symmetry of initial mechanical

anisotropy. In the following I will show some other perspectives of the problem.

Relative motion of lithospheric plates on a spherical surface is such that the plate

convergence vectors are often not orthogonal to plate boundaries (Dewey, 1975, McKen-

zie and Parker, 1967). These plate boundaries experience combined transcurrent and

convergent displacements associated with development of deformation zones of different

size. Within continental blocks, the deformation is not only restricted to active plate
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Figure 1.3: Superposition of strain intensity (D), strain symmetry (K), and sample
elevation for various values of rigid floor depth and initial sample depth z0, plotted in
terms of angle of convergence (α) and time parameter (kt). The values of D show a
strong dependence on ratio between convergence velocity and width of deformed zone
(Rvd) and time for α = 20◦ − 90◦; for α < 20◦ the dependence of D on Rvd increases.

K is strongly dependent on a but not much on Rvd and time.

boundaries but occurs within zones of weakness inside rigid continental domains and

can be approximately described as a deformation of a weak tabular zone bounded by

rigid blocks with steep parallel walls. All the mentioned types of deformation zones

can be more or less described by a model called “transpression”, introduced first by

Harland (1971), developed by Sanderson and Marchini (1984), and elaborated by many

others. In the paper Schulmann et al. (2003), we summarize our experience with this

issue and we have modelled strain evolution in such zones including various deformation

partitioning schemes, namely 1) discrete partitioning (lateral component of motion is

accommodated by discrete faults), 2) ductile partitioning (lateral component of move-

ment is accommodated by narrow zones of ductile flow) and 3) viscous partitioning

(deformation zone is divided to domains where deformation is accumulated at different

strain rate). In this model, we also included the concept of a rigid floor, which controls
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elevation and exhumation of rocks. The results of our model (Fig. 1.3) shows systematic

variability in strain pattern, depending on the convergence angle and strain-rate within

the transpressive zones. This fundamental behaviour could be used to inverse field data

into controlling parameters in both active and fossil deformation zone.

One of the most important published contributions to this topic (Lexa et al., 2003)

is based on our detailed structural analysis of polyphase deformation within the Gemer

unit in the Western Carpathians. Here, the Paleozoic rocks deformed during Lower

Cretaceous convergence form steep cleavage fan between the more rigid blocks of eastern

and western part of the Vepor crystalline basement. Moreover, the so-called Trans-

Gemeric shear zone is developed along eastern margin of the Vepor promontory and

further east separate Gemer unit into two domains. By contrast, the eastern part of

the Vepor basement suffered more frontal convergence with Gemer unit documented by

development of Eastern Gemer thrust (Fig. 1.4). We tried to justify this complicated

tectonic model using viscous sheet formulation modelled by finite element method, where

we simulate deformation in front of the moving indenter, which progressively deformed

viscous domain in between the stationary blocks of eastern and western Vepor basement

and which was free to thicken and outflow among these blocks.

The result of numerical modelling (Fig. 1.5) was more than surprising, since both the

symmetry and distribution of viscous deformation of thin viscous sheet corresponds with

sufficient precision to our observations. We consider this model as particularly valuable

contribution to the simulation of continental deformation. This example suggests that

the concept developed since the eighties of last century (England and Houseman, 1986,

Houseman and England, 1986) for deformation lithospheric scale deformations (defor-

mation of Tibet in front of India indenter) could be successfully applied to significantly

smaller scale of geological units.

Our simulations showed that our model for transpression was satisfying starting

estimate for the deformation evolution in areas with complex kinematic framework. We

believe that the deformation of continental crust is dominantly controlled by the presence

of lateral inhomogeneities of different shape and that the deformation is subsequently

partitioned and channelized into narrow zones. Understanding polyphase deformation

as consequence of principles of continuum mechanics is a challenge that will be tested

in the near future theoretically as well as on field examples.

Our field studies and observations rise the question of understanding the flow kine-

matics in anisotropic rocks. The most common kinematic indicators used by field ge-

ologists are “extensional shear bands”, which form basis of argumentation in number

of kinematic orogenic models (e.g. Behrmann, 1988, Neubauer et al., 1999, Platt and
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Figure 1.4: Geometry of main tectonic units of Central Western Carpathians
and schematic evolution of major structures during progressive deformation used to

parametrize subsequent numerical model.

Figure 1.5: Finite strain pattern developed in Gemer unit after 5 Myr of shortening.
(a) Distribution of strain intensity (D) and orientation of finite strain ellipsoid. (b)
Distribution of probability of possible simple shear reactivation of evolved anisotropy.
(c) Distribution of finite strain symmetry (K). (d) Distribution of finite topography (in

meters) in front of the indenter.
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Figure 1.6: Stereographic projection showing influence of inter-limb angle and angle
between fold axial plane and main anisotropy. The range of section planes showing
shear-band geometry increases with inter-limb angle of folds affecting main anisotropy.

Vissers, 1989). Some field observations, however, were cautionary: Are geologists al-

ways sure about mutual orientation of observed plane and kinematic frame? Are all the

“extensional shear bands” really extensional structures? I tried to answer these ques-

tions in a simple fold section model (Lexa et al., 2004) which showed that from all the

possible sections of 3D fold structure, only a small percentage allows us to observe the

actual fold shape. In fact, in most of the sections, asymmetric fold structure appears as

“extensional shear bands”. Our own observation from the central Western Carpathians

and from eastern margin of Bohemian Massif revealed that most of “extensional shear

bands” represent only the oblique sections across compressive folds (Fig. 1.6).

This important observation seriously modifies the today view on origin or core com-

plexes, which can be only the oblique sections across the crustal scale folds. For instance,

the discussion of origin of Montagne Noire gneiss dome as a core complex or steep crustal

megafold is debated for more than twenty years by French geologists (e.g. Aerden, 1998,

Matte et al., 1998, Van den Driessche and Brun, 1992). We believe that the analysis

of kinematics of such orogenic systems requires a thorough revision in the light of these

observations. Similar conclusion could be made about the origin of Tauren Window as it

is shown by contrasting interpretations (e.g. Ratschbacher et al., 1989, Rosenberg et al.,

November, 2004).
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Figure 1.7: 3d blockdiagram of general structure of northern termination of Silesian
domain. Figure shows progressive increase of late deformation and folding superimposed
on previous flat fabric in conjunction with increase in metamorphic grade toward west.

Figure 1.8: Selected fold assemblages from the garnet, staurolite and sillimanite zones,
respectively. (a) Dip isogon patterns. (b) b1 (fold shape) vs. F (degree of fold flatten-
ing) plots constructed for the presented folds showing the relative importance of fold

flattening and active fold amplification.
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Some models of viscous deformation of thin plates show the characteristic defor-

mation gradient, which is generally difficult to identify. Are we able to recognise such

a gradient within anisotropic rock masses? And what is the effect of lateral tempera-

ture gradient on deformation of the crust? We have tried to answer those interesting

questions in the paper Baratoux et al. (2005b), where we observed structural variations

in shape and flattening of mesoscopic folds across 40 km long section (Fig. 1.7). This

profile was characterized by buckle and chevron folds in the east, flattened buckle folds

in the centre and flow folds in the west. Quantitative analysis of fold shape in terms

of Fourier harmonic analysis method and the Ramsay’s method of dip isogons pointed

to systematic decay in degree of mechanical anisotropy from east to west. This trend

was correlated with PolyLX analyses of microstructures of amphibolites, which reveal

existence of gradient in shape anisotropy on grain scale. This detailed quantitative work

concludes that the character of folding is directly controlled by degree of anisotropy of

microstructure, so that the grain shape anisotropy governed mechanical properties of

folded macroscopic layers. In another words, lateral variations in fold style correlate

with lateral variations in the mechanical anisotropy which reflect metamorphic zonality

i.e. thermal history of previous tectonometamorphic event.

1.1 Perspectives of numerical modelling of deformation in

geology

Use of numerical modelling in structural geology introduced new possibilities especially

in the area of deformation overprints. The range of deformation structures, which are

traditionally explained as the result of “magic” deformation partitioning into zones of

pure shear (prolate and oblate) and simple shear dominated deformation can not explain

fabric variations encountered in orogens. This concerns the problem of strain compat-

ibility and second the problem of significance of deformation intensities. Therefore we

decided to elaborate methods to quantify and numerically simulate these deformation

processes (e.g. Kratinová et al., 2010). For example, long-standing study of Třeb́ıč syen-

ite massif led us to conclude is that the magma body suffered multiple deformations

during magmatic stage, which led to the distinctive variance of the magmatic fabrics

that are not explainable in terms of standard approaches (Lexa et al., in prep.). Our

AMS study shows that northern part of the body exhibit NW-SE trending lineation ac-

companied with oblate shape of AMS ellipsoid, while the southern part is characterized

by NE-SW trending lineation and prolate shape of AMS ellipsoid (Fig. 1.9).

Our numerical modelling revealed that the variance in the symmetry and direction of

lineations could be successfully explained by the superposition of horizontal flow (within
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Figure 1.9: Map of P and T parameters of AMS fabrics with selected homogeneous
AMS data showing two domains within Třeb́ıč massif.

Figure 1.10: Numerical simulation of progressive deformation of uniformly dispersed
biotite grains for horizontal shortening (green frame) superimposed by vertical shorten-
ing and perpendicular elongation (orange frame). Strain paths in PT space show high

variability of AMS fabric shape (T) for similar values of degree of AMS (P).
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crustal channel) on older vertical magmatic fabrics that are folded and therefore rotated

during early stages of channel flow. This numerical model shown that routine utilisation

of methods of AMS fabric interpretation could easily fail to correctly interpret plutons

emplacement histories. It appears that the superposition of two distinct plane strain

deformations with various mutual geometrical relations could produce broad spectrum

of finite deformation symmetries as well as finite deformation intensities which are com-

monly observed in real rocks (Fig. 1.10). Recently we also investigated intrusions of

magmatic sheets related to exhumation of crustal scale gneiss dome Lehmann et al.

(2011). The magmatic sheets are emplaced along boundary between core of gneiss dome

and its mantle in contrasting tectonic regimes. Our modelling showing that systematic

fabric transitions are related to superpositions of strain in magmatic state. It should be

pointed out that without these experiences and deep understanding of strain accumula-

tion in magmatic rocks, geologists can easily commit wrong geological models.
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and fabric development modeled in active and ancient transpressive zones. Journal

of Geophysical Research, B, Solid Earth and Planets 108(B1), 2023, doi:10.1029/

2001JB000632. 69
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Chapter 2

Mechanisms of lower crustal flow

and its thermal and mechanical

implications

Mechanisms of lower crustal flow are reflected in two different crustal levels linked both

to the processes of orogenic root building and exhumation of the orogenic lower crust.

These processes have been evaluated on the basis of our own structural, petrological

and geochronological studies along the eastern margin and from the central part of the

Bohemian Massif (Franěk et al., 2006, Racek et al., 2006, Schulmann et al., 2005). The

principle of this model is the large-scale folding of the bottom crust as a response to

lateral forcing. Amplification of folds gradually passed to vertical extrusion, which was

subsequently transferred to horizontal flow just below the brittle-ductile transition. The

horizontal flow is driven by two processes: 1) collapse of vertical extrusion related fab-

rics due to excess of gravity potential energy of elevated orogenic lid and 2) horizontal

subsurface flow driven by indentation of Brunia basement generating hot and heteroge-

neous fold-nappe (length of 200 km). The initial folding and extrusion of lower crust

is probably controlled by the ongoing subduction of Saxothuringian continental litho-

sphere (Schulmann et al., 2009b) while the horizontal channel flow is possibly controlled

by change in lithospheric plates configuration (Fig. 2.1). The whole concept is clearly

explained in the work of Schulmann et al. (2008a), where we report a full geochrono-

logical, structural and petrological inventory supporting the model of vertical extrusion

and subsequent subsurface horizontal flow processes.

The subsurface horizontal flow or horizontal spreading of exhumed orogenic lower

crust are generally interpreted as a result of ductile rebound of buoyant crustal root

19
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Figure 2.1: Model of laterally forced overturns related to Saxothuringian convergence
in Bohemian Massif.

(Koyi et al., 1999). In detail the process was described by Rey et al. (2001) or Van-

derhaeghe and Teyssier (2001) who discuss possible structural levels of horizontal flow

resulting from rheological stratification and boundary conditions of their models. This

type of orogenic collapse was recognized in two specific areas of Bohemian Massif: the

south Bohemian granulites (Franěk et al., 2006, 2011a) and the Lugian domain of West-

ern Sudetes (Dumicz, 1979, Št́ıpská et al., 2004). In our new studies we have described

metamorphic evolution related to burial of orogenic middle crust contemporaneous with

extrusion of lower crustal omphacite bearing granulites (Skrzypek et al., 2011b). Subse-

quent subhorizontal flow led to exhumation of the crust from 30 km depth to about 10

km during which horizontal foliation associated with sequential growth of cordierite and

andalusite originated. This particular structural evolution resembles ductile thinning

mechanism described in subduction wedges (Ring et al 2009, Brandon and Fe,...XXX).

In order to image this process I have modelled the vertical exchange of crustal material

as laterally forced gravity overturns followed by ductile thinning of crust bellow the

brittle-ductile transition (Fig. 2.2). The thermal field and P-T-t paths were simulated

for both exhumation mechanisms in order to correlate petrological and geochronological

data with modelling results. We shown that the horizontal spreading is a localised pro-

cess operating in several kilometres wide layer bellow orogenic lid which is progressively

destroyed during ductile thinning process (Skrzypek et al., 2011b, Št́ıpská et al., 2011).

However, different type of large-scale horizontal flow of hot lower crustal material

operates at the eastern margin of Bohemian Massif (Fig. 2.3). Here, the hot orogenic

lower crust is thrust over the continental basement which is documented by gravity

inversion modelling (Guy et al., 2011). In this work we have shown that the crustal

basement unit is covered by thin layer of low density migmatitic material (Fig. 2.5). In

addition, new petrological studies of Hasalová et al. (2008a,b) and Št́ıpská et al. (2008)

show that the flow of migmatites occurred above the basement at the depth of 25 km

corresponding to 7 - 8 kbar pressures. We argue, that the migmatitic rocks are flowing

above the basement in form of ductile hot nappe which is progressively fed by lower
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Figure 2.2: Schematic evolution of vertical displacement of folded single-layer during
bulk shortening for (a) “no erosion”, (b) “increasing erosion” and (c) “full erosion”

models.

Figure 2.3: Schematic geological cross-section showing main features of continental
channel flow along eastern margin of Bohemian Massif.

crustal material as the basement promontory is progressively wedging the thickened

orogenic root. We discuss the characteristics of the deformation fabrics in the hot nappe

and defined the metamorphic and structural pattern as a result of the crustal scale

channel flow (Schulmann et al., 2008a).

I have performed series of numerical models in order to answer the questions of the

heat source origin, evolution of transitional rheology of the lithosphere and existence
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Figure 2.4: Results of numerical simulations showing distribution of lithologies and
temperature field developed after 20 Ma. First correspond to low radioactive heat
production, while second, third and fourth columns shows results of simulations with

high heat production and different solidus for lower crustal layer.

of gravitational instabilities controlling vertical extrusion or channel flow mechanism

Lexa et al. (2011). In this work we show that the thermal structure of the orogen

is controlled by a position of felsic lower crust between the MOHO and the former

mafic lower crust resulting from lower Paleozoic underplating. This layer, likely rich

in radioactive elements, is responsible for elevation of geotherm up to solidus of felsic

crust leading to its dramatic softening. Finally, the Rayleigh-Taylor instability develops

leading to exhumation of felsic partially molten material into mid-crustal levels (Fig. 2.4).

In this study we discuss as whether: 1) the felsic crust had a proportion of radioactive

elements high enough, or 2) as whether the heat source originate from below either from
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Figure 2.5: Results of gravity inversion modelling showing the typical distribution of
crustal layers in the Bohemian Massif.

metasomatised upper mantle, or 3) due to up-welling of hot asthenospheric material. It is

important to note that realistic data of thickness of felsic lower crustal layer, hanging wall

mafic lower crust and middle crust derived from geophysical data (Fig. 2.5), including

realistic values of concentration of the radioactive elements in the felsic lower crust allows

us to “rapidly” generate large temperature anomaly, which is able to trigger the vertical

doming process by gravitational instability. This exhumation mechanism is driven both

by gravity and by the horizontal shortening and we call it “Laterally Forced Overturns”

process. Relics of this felsic lower crust are still preserved in the Moldanubian domain

in the depth of 40 to 30 km (Guy et al., 2011), while the dense mafic crust occur in

middle crustal depths (Fig. 2.5).

Finally, the remaining problem is the understanding of influx of the felsic crust into

the root. We studied this problem in the Western Carpathians on the example of Vepor

dome (Jeřábek et al., 2008, 2007) and Orlica-Śnieżnik dome in West Sudetes (Chopin

et al., 2011a). The goal of these studies is understanding of formation of burial oro-

genic fabrics during continental collision processes. Petrological studies of deep gneisses

from the Vepor basement suggest that the origin of first subhorizontal metamorphic

fabric is clearly related to the prograde P-T path (prograde zonation of garnets in Ve-

por orthogneiss and pelites), and therefore to progressive burial. This mechanism is in

obvious contrast to the generally accepted model of flat fabric development during the

exhumation, namely the origin of “core complexes” due to orogen parallel extension. I
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Figure 2.6: Petrological data showing distribution of different prograde P-T paths
within crustal column. Schematic drawing of thickening from above model showing

progressive evolution of thermal structure in Vepor unit.

tried to resolve the paradox, i.e. the development of flat fabric during crustal thickening

by numerical calculations and I offered a model of thermal evolution within thickened

crust controlled Gemer crystalline overthrust (Jerabek,2009). This process of “thicken-

ing from above” plays an essential role for the thermal evolution of a root zone, which

is supported by petrological data. In conclusion, model of thickening of Vepor crust

indicates that successful conjunction of petrological, structural and numerical studies is

only possible if they are underpinned by thorough field knowledge.

2.1 Perspectives for the numerical modelling of channel

flow in the orogens and development of infra- and su-

perstructure transition zone

Extrusion of the lower crust and its lateral spreading below brittle-ductile transition

requires a thorough understanding of the rheological and thermal states prevailing during

the process. First, it is necessary to handle the problem of heat source which may be

of various origins. It is likely, that key role is played by process of “relamination” of

felsic lower crust above the MOHO resulting from massive material influx as shown in
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Figure 2.7: Example of finite element modelling of crustal indentation of orogenic
root. This model was calculated using modified Elmer software (Maierová, 2011) and
includes temperature and strain rate dependent rheology, erosion, isostasy and gravi-

tational forces to simulate more realistic geodynamic evolution.

our study from West Carpathians. To understand this process we need to examine a

variety of heat sources such as the mantle delamination, radiocative mantle or radioactive

lower crust. We will orient our research in future to understand relative role of variable

heat sources, the rheology of crust, kinematics of gravity overturns and more realistic

geometries of rock bodies.

Horizontal flow of orogenic lower crust over the Brunia indenter along eastern margin

is a problem that also requires the rheological and thermal scaling. For this purpose we

set up finite element models (Fig. 2.7), which could solve the problem of material transfer

efficiency of channel flow, velocity and strain-rate field patterns as well as temperature
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relationship between the channel, overburden rigid lid and underlying basement. We test

various combinations of rheological, thermal properties and boundary conditions which

allow us to understand principal behaviour within parameter space and to identify first

order factors, which may cause the development of the channel structure, such as those

observed along the eastern margin of the Bohemian Massif (FIg ISTRA). It turns out

that the temperature contrast between the continent and the root is not the major

parameter to initiate indentation process, but the rheology contrast of rocks, which

are partially molten within root zone and strong in the indenter represent the main

parameter controlling channel flow extrusion.

The last topic that I consider to be very promising is relationship between infra-

and superstructure of orogens in terms of their contrasting structural, rheological and

thermal evolution. It is the model of Culshaw et al. (2006) which first introduced the

concept of mechanical coupling during early stages and decoupling during late stages

of orogen evolution. It is during the transition from coupled to decoupled behaviour of

the crust when the infra and superstructure are formed and when the infrastructure and

superstructure transition zone (ISTZ) is established. The coupling/decoupling and ISTZ

formation are clearly associated with extreme localization of deformation accompanied

by major change in mechanical properties of crustal rocks. Therefore in the light of

mechanical reasons for the ISTZ formation, several important questions related to the

model of Culshaw et al. (2006) emerge. (1) Is the origin of ISTZ exclusively controlled

by the thermal structure of an orogen or can it also be influenced by other rheological

parameters such as composition, fluids, differential stress, lithostatic pressure and strain

rate? And if yes, to what extent? (2) What is the exact depth of ISTZ break through

in orogens with typically complex internal orogenic architecture? And can we predict

its depth in active orogens?

In this area, I would like to put efforts of my future master’s students and doctoral

candidates. I believe that areas like contact of Orlica-Śnieżnik dome with Zábřeh crys-

talline, contact of Teplá crystalline and Barrandian Proterozoic in Bohemian Massif and

the relationship of Vepor dome with Gemer Paleozoic in the Western Carpathians are

best candidates to solve these problems. Relationship between long-lasting structural

record of superstructure and juvenile infrastructure (possibly influenced by channel flow

process) is first-order problem of continental structural geology and in combination with

appropriate geochronological and petrological methods promises to bring new results

not only for Bohemian Massif and Carpathians but also for other orogenic systems like

Canadian Cordillera, Grenville tract and others. This research should be linked with a

detailed microstructural studies combined with thermomechanical modelling allowing a

combination of field and laboratory research which may be attractive for students with

rather limited mathematical background.



2. Mechanisms of lower crustal flow and its thermal and mechanical implications 27

2.2 Accompanying publications

� Schulmann, K., Lexa, O., Št́ıpská, P., Racek, M., Tajčmanová, L., Konopásek, J.,
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� Št́ıpská, P., Chopin, F., Skrzypek, E., Schulmann, K., Lexa, O., Pitra, P., Marte-

lat, J., Bollinger, C., 2011. Juxtaposition of eclogite-facies and mid-crustal rocks

during exhumation: relative role of erosion and crustal scale folding in a conti-
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Chapter 3

Quantitative analyses of

metamorphic microstructures,

their visualization and statistics

Within the framework of microstructural analyses carried out at the Institute of Petrol-

ogy and Structural Geology I developed a code to characterise and quantify deformation

and metamorphic microstructures. This early version allowed quantification of strain

intensity using digitized grain boundaries similar to PAROR and SURFOR methods of

Panozzo (1983, 1984) ans was for the first time used in microstructural styudy of de-

formed marbes by Ulrich 92. However, we have quickly recognized the potential of the

technique and I have implemented a range of statistical methods to quantify mineral

microstructures of polyphase and monophase recrystallized aggregates. It is in partic-

ular the analysis of grain sizes combined with CSD approach which allows determining

some kinetic characteristics of grain nucleation and growth. The second approach im-

plemented routinely in the PolyLX code is the analysis of grain boundary frequencies

which allow evaluating the relative importance of surface energy of mineral aggregate in

quantifying the degree of deviation of grain contact frequencies from random distribu-

tion.

The textural analysis is a powerful, but underused tool of petrostructural anal-

ysis. Except acquirement of common statistical parameters, this technique can sig-

nificantly improve understanding of processes of grain nucleation and grain growth,

can bring insights on the role of surface energies or quantify duration of metamor-

phic and magmatic cooling events as long as appropriate thermodynamical data for

studied minerals exists. This technique also allows systematic evaluation of degree of

29
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preferred orientations of grain boundaries in conjunction with their frequencies. This

may help to better understand the mobility of grain boundaries and precipitations

or removal of different mineral phases.

The new open platform, object-oriented MATLAB® toolbox PolyLX developed

by myself, provide several core routines for data exchange, visualization and analysis

of microstructural data, which can be run on any platform supported by MATLAB®.

Detailed descriptions of toolbox routines and methods of implementation of new

techniques could be find on dedicated webpage http://petrol.natur.cuni.cz/ ondro.

The technique was first used in Lexa et al. (2005) where we examined the problem

of microstructural maturity related to the duration of two metamorphic events which

occurred at similar pressure and temperature conditions. We analysed samples of am-

phibolites and tonalitic gneisses that were affected by ductile deformation associated

with emplacement of thin Carboniferous granodiorite sill. This event was controlled

by intense solid state recrystallization due to intense deformation triggered by heating

effect of adjacent granodiorite sill. On the other hand we studied similar rocks (am-

phibolites and tonalitic orthogneiss) that recrystallized during long lasting evolution of

Cambro-Ordovician intracontinental rift. This event reveals much longer thermal time

scale compared to the Carboniferous event for surprisingly similar PT conditions. The
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Figure 3.1: N0-Gt plot showing CSD evolution of plagioclase and hornblende. This
figure showing two contrasting positions for metamorphic events with different dura-
tions. Long-lived mature microstructures are grouped along so-called fabric attractor.

microstructural analysis covered digitization of large number of samples which were

subsequently handled using PolyLX software. As a result of this analysis we discov-

ered that the Carboniferous event was associated with grain size distribution which

in CSD space shown dominance of nucleation process with respect to slow growth rate.

Increase of ambient temperature correlates with decrease in nucleation density accompa-

nied with increase growth (Fig. 3.1). In contrast the Cambro-Ordovician rocks revealed

pre-dominance of growth process over the nucleation. Our data plot on continuous curve

in the CSD space which clearly indicates absence of Ostwald ripening and dominance of

textural coarsening by DeHoff’s communicating neighbours theory, which governs the

change in shape of CSD curve. The analysis show that the time matters in mineral mi-

crostructures leading to development of grain size distribution which can be considered

as a grain size attractor (Fig. 3.1).

This study had shown for the first time the power of grain contact frequency analy-

sis. The rocks deformed by short lived Carboniferous pulse reveal aggregate distribution

of both mafic and felsic phases. However, the similar lithologies experiencing long last-

ing Cambro-Ordovician event recorded evolution driving contact frequencies towards

the field of regular distribution. The process of increase of unlike contacts in rocks is
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interpreted as mechanism of decrease of interfacial surface energy which is not only gov-

erned by mineral growth and development of triple point network as suggested by other

authors. These differences were also underlined by strong shape preferred orientation

coupled with high aspect ratios for short lived deformation event while the protracted

heating was characterized by almost random microstructure in terms of shapes of grain

and their orientation. Moreover accompanied systematic microstructural analysis of

gabbros deformed at different thermal conditions of 600°C and 700°C (Baratoux et al.,

2005b) shown that identical lithologies reveal different CSD patterns, shape preferred

orientations and grain contact frequencies which can be attributed to contrasting defor-

mation mechanisms governing rock deformation. It was shown that the temperature is

a leading factor controlling processes like mechanical mixing of phases, growth versus

nucleation rates and internal strain partitioning within rock. We had shown in this work

that the mineral microstructure has a potential to reflec thermal conditions better than

any other thermometric method.

Finally, we examined the microstructural characteristic of amphibolites deformed

at different metamorphic grade and subsequently folded by independent deformation

event (Baratoux et al., 2005a). This study showed the power of PolyLX method in

evaluating the degree of mechanical anisotropy of rocks in terms of mineral elongation,

degree of preferred orientation of grain boundaries and their spatial distribution. It

was demonstrated that the banded amphibolites with high degree of shape and grain

boundary preferred orientation, important aggregate distribution and highly contrasting

grain size reveal high mechanical anisotropy while material that shows low aspect ratio,

shape and grain boundary preferred orientation in conjunction with regular grain contact

distribution and similar grain size distributions of phases of contrasting rheologies reveals

very low mechanical anisotropy. These two contrasting mineral architectures than govern

further behaviour of rock when external stress is applied leading to almost ideal buckling

in the first case and passive flow folding in the latter.

The PolyLX was successfully applied to determine deformation mechanisms of quartz

in study of Jeřábek et al. (2007) where we used the technique for paleostress analysis

of recrystallized quartz for determination of flow stress in the Vepor orthogneiss. The

method revealed high reproducibility of datasets and precision in grain size determina-

tion leading to highly precise stress estimates which are impossible to be achieved by

standard stereometric measurements. This is because the PolyLX involves the solution

of 3D sectional problem which is commonly ignored in similar studies. In combination

with temperature estimates we were able to produce a stress-temperature deformation

map, which shown positive correlation of stress and temperature for relatively high



3. Quantitative analyses of metamorphic microstructures 33

Figure 3.2: Digitized microstructure images of highly anisotropic low temperature
amphibolite fabric and weakly anisotropic high temperature amphibolites.

grade samples that was explained in term of progressive burial and temperature in-

crease. Negative correlation of stress and temperature was found for low grade samples

and was explained by stress/strain rate partitioning due to weak matrix effect.

During subsequent years we concentrated our efforts on studies of partially molten

rocks especially orthogneisses. The PolyLX method was used by Závada et al. (2007)

to study the microstructure and topology of melt seams related to mylonitic flow of

orthogneiss deformed at high melt/fluid pressure. We have shown that at high melt

pressure and low differential stress conditions the orthogneiss deformed at high temper-

ature conditions can yield in brittle manner involving so called cavitation process. The

PolyLX method allowed quantifying the topology of intragranular melt filled fractures

thereby providing decisive argument for unusual cavitation dominated grain boundary

sliding. The diffusion creep accommodated by cavitation fracturing of feldspar aggre-

gate produces disproportionally lower ductility of feldspars compared to quartz, which

modify our view on rheology of the orogenic lower crust.

Our melt related study culminated in two papers where the PolyLX software played

the decisive role. In partially molten orthogneiss from the Kutná Hora crystalline com-

plex Schulmann et al. (2008b) shown that with increasing melt proportion the crystal

size distribution of main phases show protracted growth in comparison to reduced nu-

cleation rate, while the interstitial phases revealed increasing degree of nucleation rate
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Figure 3.3: Rf/phi plot quantifying the orientation and shape of intragranular melt-
filled voids in K-fedspar aggregate and 3d image of melt distribution in monomineralic

aggregate.

Figure 3.4: Grain contact frequency vs. brain boundary preferred orientation showing
the evolution of microstructure from highly aggregate to random and regular distribu-

tions with increasing deformation.

(Fig. 3.4). At the same time, the rock reveals first increase of aggregate distribution

related with development of banded mylonite structure followed by complete mixing of

all phases related to influx of melt and the rheological collapse of the rock. We correlated

these stages of orthogneiss deformation with increasing amount of melt pressure which

reduced effective stress at constant (and low) differential stress level conditions. In fact,

the amount of very small melt proportion controls not only the topology of melt seams

but also dramatically weaken rock at melt fraction for about 5%

Hasalová et al. (2008a) used the PolyLX method to evaluate the role of melt infiltra-

tion into orthogneiss microstructure. This work shows surprising CSD evolution from
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Figure 3.5: N0-Gt plots showing evolution of CSD from growth dominated to nu-
cleation dominated microstructural stages within crustal channel. This evolution is

interpreted as result of syntectonic melt infiltration.

originally high Gt/N0 values towards low values in conjunction with increasing amount

of mineral resorption and mineral overgrowth features. This particular evolution can

be only explained by increasing importance of nucleation rate which is incompatible

with process of in-situ melting but reflect crystallization of melt in rock pores. These

CSD plots were therefore used as a major argument for reactive porous flow in felsic

rocks, a concept which was for the first time demonstrated in the continental crust. The

CSD results are supported by evolution in grain contact frequency plot which reveals

systematically increasing importance of regular grain distributions which is driven to

unexpected values. The regular grain distribution simply indicates progressive growth

of new phases in the rock aggregate as the melt crystallizes in the rock. Finally, the

progressive melt infiltration is related with loss of grain shape preferred orientation cou-

pled with loss of aspect ratios, which in turn is connected with increasing development

of preferred orientation of certain unlike boundaries. All that indicates that the porous

flow was a dynamic process related to dynamic dilation of intragranular pores which

maintained the porosity of rock at high level as long as the reactive porous flow was

active.

Our last studies are focused on quantification of microstructural evolution of gran-

ulite textures (Franěk et al., 2011b). We discovered precursor rock of felsic granulites

which is interpreted as coarse grained orthogneiss, that was converted to granulite dur-

ing Carboniferous thickening and collision. These studies show that the hypersolvus

alkaline feldspar is first decomposed into thick perthites that are rapidly replaced by

polycrystalline, equidimensional aggregate of pure K feldspar and plagioclase (Fig. 3.6).

This decomposition is driven by heterogeneous nucleation process resulting from stored
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Figure 3.6: Example of digitized microstructures originated from heterogenous de-
composition of alkaline feldspar due to increase of temperature.

strain energy in the aggregate. Such a strain energy is driven by decompression asso-

ciated with slight cooling of perthitic aggregate and leads to development of particular

microstructure which reduces both strain and surface energies of the aggregate. The

PolyLX played decisive role in the characterizing the process and it shows that the mi-

crostructure reveals highest nucleation density compared to growth in conjunction with

highest possible regular grain distribution which was recorded in metamorphic rocks so

far. This microstructure showed to be a precursor for granulite mylonitic fabric. The

PolyLX allows tracking the microstructure evolution of the rock and helps to define first

grain boundary sliding diffusional process replaced subsequently by dislocation creep

flow at lower temperatures.

3.1 Perspectives for numerical modeling of deformation

microstructures and their quantification

PolyLX method revealed high applicability in microstructural analysis thanks to its ver-

satile and modular character allowing large amount of applications in paleopiezometry,

crystal size distribution, grain contact frequencies and deformation mechanisms studies

accompanied with texture analyses (Fig. 3.7). The potential is therefore in further use

of the method in a variety of microstructural studies which can be combined with kinetic

grow/nucleation models if the thermal history is known. For that purpose a coupling
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Figure 3.7: Example of textural data obtained from EBSD analysed by MTEX and
subsequently imported into PolyLX to obtain microstructural quantitative data

with ELLE code is required. In recent collaboration with leaders in ELLE programming

(Mark Jessell - Toulouse, Sandra Piazollo - Stockholm and Paul D. Bons - Tubingen)

we achieved a full compatibility between both codes so, that now the microstructural

processes can be both simulated and quantified. In close future we plan to test sim-

ple deformation - growth simulations for known thermal histories coupled with detailed

statistical analysis of rock microstructure. Our aim is to define parameters allowing to

precisely characterize the microstructure relationships to stress and temperature as it is

done in metallurgy.

In nature factors controlling the active deformation mechanisms and hence the rhe-

ology include those that are properties of the deforming material (e.g. composition and

mineral assemblage, texture, grain size), and those that are imposed on the system from

outside (confining pressure, differential stress, temperature and fluid pressure). There-

fore we plan coupling of precise identification of PT evolution of rock carried out through

Thermocalc and Perple X codes in collaboration with leading petrologists in the field

(Roger Powell (Melbourne), Richard White (Mainz) and Pavla Št́ıpská (Strasbourg))

in order to attribute to compositional characteristics of mineral microstructures more

or less precise PT conditions and PT trends. This approach will allow us to search for

microstructures that are unique for given PT conditions but also time of rock residence

in given thermal conditions. The latter parameter will be quantified by analyses of inter-

facial angles that are functions of time of annealing, but also phase spatial distributions

and grain size evolutions.
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Schulmann, K., Konopásek, J., Janoušek, V., Lexa, O., Lardeaux, J.-M., Edel, J.-B.,
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[1] A model based on kinematics of transpression allows the measurable internal
parameters (simultaneous strain, fabric, and vertical elevation) to be simulated in relation
to the macroscopically determined external parameters of transpressive zones (i.e., zone
width, velocity, angle of convergence, and zone depth). We present a diagram of
convergence angle against time for homogeneous transpression, where isolines of strain
intensity D, strain symmetry K, and vertical elevation of rock samples are superposed.
However, the distribution of internal strain parameters is sensitive to three types of strain
partitioning: (1) Discrete partitioning results in general decrease of finite strain
accumulations and in increase of pure shear component, (2) ductile partitioning splits the
transpressional domain into a pure shear zone where strain accumulations decreases and in
a wrench-dominated zone where strain accumulations increases, and (3) viscosity
partitioning is marked by different strain rates in zones of different viscosity and therefore by
different strain parameters. INDEX TERMS: 8025 Structural Geology: Mesoscopic fabrics; 8110

Tectonophysics: Continental tectonics—general (0905); 0905 Exploration Geophysics: Continental structures

(8109, 8110); KEYWORDS: transpression, strain partitioning, exhumation, oblique convergence
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1. Introduction

[2] Modern tectonic studies face the problem of under-
standing the relationships between small-scale structures
and large-scale geometry in orogenic zones. The links
between the external and internal parameters governing
the problem are particularly important. These factors may
be viewed as far-field causes related to local effects. We
examine here these relationships in ancient and active
transpressive zones. External structural parameters are rep-
resented by the geometry of orogenic zones (i.e., zone width
(distance between colliding plates), obliquity (angle of
convergence) and depth of the transpressive zone. Irregu-
larities of plate boundaries (shape of indenting block), and
the velocity and duration of plate convergence) may also
play an important role. Internal (local) structural parameters
that can be examined are fabric and strain intensity, sym-
metry of fabrics, orientations of strain axes, pressure (depth)
memory, and metamorphic facies of the rocks. These
internal structural parameters are determined by the inter-
actions of the external forces with local lithological hetero-
geneities and rheologies in the transpressive zone.
[3] Relative motion of lithospheric plates on a spherical

surface is such that the plate convergence vectors are often

not orthogonal to plate boundaries [McKenzie and Parker,
1967; Dewey, 1975]. These plate boundaries experience
combined transcurrent and convergent displacements asso-
ciated with development of deformation zones of different
size. Within continental blocks, the deformation is not only
restricted to active plate boundaries but occurs within zones
of weakness inside rigid continental domains [e.g., Tommasi
and Vauchez, 1997] and can be approximately described as
a deformation of a weak zone bounded by rigid blocks with
steep parallel walls. All the mentioned types of deformation
zones can be more or less described by a model called
‘‘transpression,’’ introduced first by Harland [1971], devel-
oped by Sanderson and Marchini [1984], and elaborated by
many others. Despite its simplicity, it seems that the model
still has much to contribute toward our understanding of the
nature of convergent orogeny. In this work we develop the
model to quantify the effects of external (macroscopic)
parameters on temporal development of internal strain
parameters in transpressive (obliquely convergent) weak
zones of finite width.

2. Structural Definition of Transpression and
Problems to Be Solved

[4] The classical zone of transpressive deformation is a
tabular weak region subjected between its steep walls to a
simultaneous pure shear and simple shear. In the model of
Sanderson and Marchini [1984] the material is able to slip
freely upward (vertically extruded) along the walls of the
transpression zone. The transpressive deformation zone
defined by Sanderson and Marchini [1984] was also limited
downward by a rigid horizontal plate (like a rigid floor),
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thus allowing extrusion only in the vertical direction.
Fossen and Tikoff [1998] suggested boundary conditions
where zones of transpressive deformation are able to growth
or shrink vertically as well as horizontally along strike.
[5] Fossen and Tikoff [1993] defined two types of trans-

pression on the basis of the orientation of the instantaneous
stretching axes: (1) pure-shear-dominated transpression in
which v1 and v3 (eigenvectors of instantaneous strain
corresponding to maximum and minimum elongation)
define a vertical plane and the v1 (lineation) is vertical,
and (2) wrench-dominated transpression in which v1 and v3
are horizontal, while the v2 (intermediate eigenvector) is
vertical. Pure-shear-dominated transpression operates when
the angle between relative plate convergence direction and
plate boundary is greater than 20� [Pinet and Cobbold,
1992], and the main axis of finite strain is always vertical. In
wrench-dominated transpression acting at an angle of con-
vergence (a) of <20�, this axis switches from the horizontal
to the vertical direction during progressive deformation.
[6] Several authors considered the effects of discrete

displacement partitioning in transpressive zones, where part
or all of the lateral displacements is accommodated by
discrete zone-boundary-parallel faults [Tikoff and Teyssier,
1994; Jones and Tanner, 1995; Teyssier et al., 1995]. Ježek
et al. [1998] proposed that lateral displacement might be
also accommodated in large-scale ductile shear zones of
dominant simple shear deformation. This type of deforma-
tion was called ‘‘ductile partitioning’’ and in nature is
represented by large-scale shear zones affecting domains
of uniform lithology and viscosity [Martelat et al., 2000].
The deformation in transpressive zones may be also be
partitioned due to lateral variations of viscosity leading to
lateral variations in strain rate, which is called ‘‘viscosity
partitioning’’ by Ježek et al. [1998]. This situation may
develop in nature by isoclinal vertical folding of originally
flat stratification, leading to horizontal alternation of zones
of different lithology in transpressional zones. In addition,
intrusion of syntectonic granites in transpressional zones
may represent such vertical zones of anomalous weakness
[Brown and Solar, 1998].
[7] Several numerical models, varying in their ‘‘obliq-

uity’’ and consequently pure shear and simple shear com-
ponents, predict the distribution of strain symmetry in terms
of K values (a deformational aspect ratio), strain rate
intensity, orientations of lineation and foliation and/or
vorticity (expressed by the Wk number [Sanderson and
Marchini, 1984; Robin and Cruden, 1994; Dutton, 1997;
Jones et al., 1997]). Moreover, changes of coaxial compo-
nents in the directions X and Z allowed Fossen and Tikoff
[1998] to define five types of transpressive systems, leading
to distinct complex strain symmetries and finite strain axes
geometries. It is their B type of transpression that corre-
sponds to a classical Sanderson and Marchini [1984] trans-
pressional scheme.
[8] The aim of this contribution is to study how the basic

external parameters of convergence may control the possi-
ble internal structural patterns in weak tabular transpression
zones. An attempt is made to show possible relationships
between orientations of strain axes, finite strain parameters
like strain symmetry, strain intensity and rate of rock
exhumation with respect to belt width (d ), angle of con-
vergence (a), velocity (v), duration of plate movements, and

depth of the transpressional system (Figure 1). There are
only a few models which examine relationships between
some external macroscopic parameters and internal struc-
tures [e.g., Tikoff and Teyssier, 1994; Dutton, 1997]; these
usually consider relations between obliquity of convergence
and strain. The main problems addressed in this paper are
the following:
How the width of the deformed zone, velocity of move-

ment of the bounding rigid blocks, and the angle of
convergence influence the development of internal struc-
tures with time?
What is the influence of various types of strain partition-

ing on the development of the above mentioned structures?
What is the time necessary for development of most of

the observed fabrics in transpressive zones?
Is the switch from horizontal to vertical lineation in

oblique transpressive zones significant in terms of geo-
logically relevant timescales?
What is the influence of the depth of the transpressional

system upon the relationship between rock sample elevation
and its internal strain?
We are interested in what new information can be

obtained if we simplify reality to classical transpression,
relate the external and internal parameters and use all their
known values.

3. External Macroscopic Parameters of
Transpressive Zones

[9] External parameters, which will be used for the
purposes of this study, are widths of existing intracontinen-
tal transpressive zones, angles of convergence, and typical
plate velocities and depth of the transpressional systems.

3.1. Width of the Transpressional Systems and
Velocities of Convergence

[10] Transpressive systems from Archean and Proterozoic
crust represented by domains of high ductile shear sur-
rounded by rigid cratonic blocks reach widths of several
hundred kilometers [Tommasi and Vauchez, 1997; Vauchez
et al., 1998]. Similar values are quoted from active litho-
spheric transpressional shear zones located at plate bounda-
ries, like the Sumatra zone and the San Andreas fault system
which reach widths of 300 and 200 km, respectively [Tikoff
and Teyssier, 1994].
[11] Plate velocities are known from intensive geodetic

and GPS measurements made during the last decade [e.g.,
DeMets et al., 1990]. We are mainly interested in plate
velocities in collisional systems, which are slower than
those of active subduction and are only rarely higher than
several tens of millimeters per year. For instance, quoted
convergence velocities range from 30 to 70 mm yr�1 for the
India-Asia collision, 10 to 20 mm yr�1 for Eurasia-Arabia,
50 to 90 mm yr�1 for the Europe-Africa collision, �70 mm
yr�1 for Australia-Indonesia, and �50 mm yr�1 for the San
Andreas domain [DeMets et al., 1990]. Thus the conver-
gence velocities for major collisional boundaries vary
between 10 and 90 mm yr�1, with an average around 50
mm yr�1. Most important for our study are areas of active
transpressive deformation where plate velocities (v), con-
vergence angles (a) and zone width (d ), are known, like the
San Andreas lithospheric transpressional system [Teyssier
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and Tikoff, 1997], the Sumatra system [Tikoff and Teyssier,
1994], or the Alpine fault system, South Island, New
Zealand [Teyssier et al., 1995].
[12] Using the above listed macroscopic parameters, we

can assume that the width of transpressive systems varies in a
range of several hundred kilometers, with plate velocities
ranging between 10 and 90mm yr�1.We can therefore define
a ratio of convergence velocity to width of the deformed
zone, Rvd, which determines the strain rate, and find it to
range from 2 Myr�1 (6.34 � 10�14 s�1) for narrow zones
with high convergence velocity, to 0.03Myr�1 (9.51� 10�16

s�1) for exceptionally wide zones with slow convergence.

3.2. Rigid Floor Depth of Transpressional System
(RFD)

[13] Most transpressive models assume that the horizontal
shortening of the zone is compensated by vertical extrusion
above a level of decoupling [Royden, 1996]. This premise
implies that there must be somewhere in the lithosphere an
‘‘exhumation compensation level’’ from which the rocks are
extruded upward and in some circumstances perhaps also
depressed downward. This is a similar concept to the depth
of ‘‘no elevation’’ in intracontinental rift zones introduced
as a ‘‘necking depth’’ [e.g., Cloetingh et al., 1995], which is
critically dependent on the thermal and rheological state of
thinned lithosphere.

[14] Thompson et al. [2001] applied a rheological model-
ing of the mechanical evolution of the stratified lithosphere
using yield strength envelopes of Ranalli and Murphy
[1987] and integrated strength values according to England
[1986] of lithospheric columns inside and outside the
contracted zone. Their modeling showed that homogeneous
shortening and thickening of a weak zone is possible for
some suitable combinations of temperature and rheology
appropriate to averaged crustal composition. This is possi-
ble if the rocks in the internal zone are weaker at any depth
of the column than adjacent rigid lithosphere [Thompson et
al., 2001]. Thompson et al. also showed that the continuous
thickening of weak zone led inevitably to a situation where
the thickened zone becomes floored by a mantle layer
stronger than the adjacent walls. This configuration led to
continuous horizontal shortening of the lower crustal zone
above the strong mantle layer which itself laterally wedges
into the adjacent continental lithosphere.
[15] Another possibility is that the ‘‘exhumation compen-

sation level’’ is produced by a balance of forces acting in the
vertical direction [Stuwe and Barr, 1998] assuming cou-
pling of deformation between mantle and crust. Homoge-
nous deformation in lithospheric scale shear zones has been
assumed for several transpressive zones that are hundreds of
kilometers wide [Vauchez and Nicolas, 1991; Pili et al.,
1997; Teyssier and Tikoff, 1997; Vauchez et al., 1998]. This

Figure 1. Block diagrams and principal strain axes orientations for transpressive systems with external
parameters: (a) plate velocity (v = 1 to 10 cm yr�1) and initial width (d = 50 to 300 km), which give the
ratio Rvd from 2 to 0.03, respectively, and rigid floor depth (RFD = 70, 40 km). As internal parameters,
the instantaneous orientation of foliation plane (XY ) and lineation (X ) are related to angle of convergence
(a) of (c) a = 60� and (d) a < 20�. (b) Particle paths of two samples shown for a given RFD and initial
starting depths (z1(t0), z2(t0)). The final positions of particles are shown for time t1 (z1(t1), z2(t1)). Vertical
elevation of both particles is expressed by e1(dt) and e2(dt).
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suggests that the base of lithospheric transpressional zones
is not always present as a rigid floor. In such a case, vertical
movements within the system are controlled by isostatical
response and can thus lead also to downward motion of
material early in the shortening history.

4. Modeling of Internal Parameters of
Transpressional Systems

[16] We calculate the internal strain parameters of trans-
pressional systems (strain rate, finite strain intensity, and
symmetry and orientation of finite strain axes) in terms of
external parameters defined above. The description of
method of calculations and derivation of equations are given
in Appendices A–D.

4.1. Strain Rates and Finite Strain Intensities

[17] The first result of our model is that in the range of
assumed Rvd, a strain rate interval from 10�14 s�1 to 10�16

s�1 is obtained. This is within the range of generally
assumed strain rates extrapolated from experimental labo-
ratory data [Carter and Tsenn, 1987] and corresponds well
to that deduced for natural orogens by Pfiffner and Ramsay
[1982]. Theoretical curves of finite strain accumulation for

different obliquities are presented in Figure 2b. In Figure 2b
the strain intensity parameter D (see Appendix A) is plotted
on the vertical axis against the time parameter, kt, which
relates the time of deformation with Rvd, the ratio of
convergence velocity and initial zone width

kt ¼ tRvd: ð1Þ

The introduction of such a time parameter follows from the
definition of the transpression model and allows us to graph
the temporal developments corresponding to zones of
different width and convergence velocities (Figure 2a). If
the ratio Rvd = 1, the scale of the kt axis represents time
directly in million years. For other Rvd values we obtain the
corresponding time from equation (1).
[18] In order to compare Figure 2a with those on Figure 7

of Pfiffner and Ramsay [1982] each of the curves calculated
for convergence angles varying from a = 0� to 90� is labeled
with its strain rate value. Because of the triaxial character of
the deformation in transpressive zones we use a strain rate
calculated as rate of change of the square root of the
minimum eigenvalue corresponding to short axis of instan-
taneous strain tensor, and instead of R = X/Z, which is a good
characteristic for plane strain we use the D parameter.

Figure 2. (a) Diagram showing relation between strain intensity (D) and time (expressed by time
parameter, kt, where t = kt/Rvd). The dot-dashed curves show time evolution of D for different angle of
convergence (a). The distribution curve at the left shows the envelope of natural strains summarized by
Pfiffner and Ramsay [1982], Hrouda [1993], and others. The horizontal line through the maximum (at D =
1.2) shows the strain observable by field measurements. (b) The relationship between strain intensity (D)
and angle of convergence (a) through three time sections (5, 10, and 15Myr). The contours show variations
of Rvd values, which distinguish narrow and fast converging transpressive orogens (Rvd > 0.5) from wide
and slowly converging ones (Rvd < 0.5). Vertical lines at convergence angles 30� and 50� show strain
accumulations for Rvd values of active transpressive zones in New Zealand and Sumatra, respectively.
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[19] The strain rates are expressed in terms of Rvd. The
finite strain development is more rapid for pure frontal
convergence than for a transpressional zone of any obliq-
uity. The convergence with a = 90� and a = 0� end-member
curves represent pure shear and simple shear strain rate
paths in Figure 7 of Pfiffner and Ramsay [1982]. The
density distribution curve on the left side of Figure 2a
indicates the distribution of finite strains plotted from
Pfiffner and Ramsay [1982] and Hrouda [1993] and com-
pleted with finite strain data of Rajlich et al. [1988],
Schultz-Ela and Hudleston [1991], Schulmann et al.
[1994], and Kirkwood [1995].
[20] The strain intensity D is strongly dependent on both

the angle of convergence a, and on the ratio Rvd. It is
therefore highest for frontal collision at high Rvd. With
decreasing Rvd and decreasing convergence angle, the strain
intensity decreases rapidly (Figure 2b). Starting from zones
marked by the value Rvd = 0.1 the variations in strain
intensity are negligible with time. However, zones with
Rvd values higher than 0.2 show rapid increase of strain
intensity after only a short duration of convergence. The
highest gradient of strain intensity increase occurs for low
convergence angles (wrench-dominated transpression). For
higher convergence angles, the strain intensity increases
smoothly with increasing convergence angle. The strain
intensity value also increases steadily with time, which is
consistent with progressive accumulation of finite strain
during shortening of a collisional belt.

4.2. Temporal Evolution of Foliation and Lineation

[21] In our model, in pure-shear-dominated transpression
(a > 20�) the mineral growth lineation is vertical for any
width of the belt and any angle of convergence. In wrench-
dominated transpression (a < 20�), the orientation of
lineation varies for different angle of convergence a and
for different belt width d (Figure 3a). The orientation of the
longest strain axis, s1, starts at a maximum angle of 45� (for
a simple shear zone) with respect to zone margin and tends
toward parallelism with simple shear direction (a = 0)
represented by zone boundaries with increasing amount of
deformation. However, the rate of lineation reorientation is
very rapid in the case of high Rvd. For instance for Rvd = 2
and convergence at an angle of 10�, the lineation rotates
from an initial angle of �40�–5� in 3 Myr. For Rvd = 0.03 it
will take 200 Myr. An important conclusion is that in wide
belts and slow highly oblique convergence (e.g., Rvd = 0.03)
the stretching lineation should be oriented for long times at
a high angle (20�–35�) with respect to plate boundaries
after a long period of convergence (20–50 Myr, Figure 3a).
In contrast, narrow oblique belts of rapid convergence (e.g.,
Rvd = 2) should have stretching lineations which are sub-
parallel (<10�) after 3 Myr (Figure 3a).
[22] The foliation, defined by orientation of principal

stretching directions l1 and l2, is always vertical in trans-
pressional systems for the kinematic model of Sanderson
and Marchini [1984]. It changes direction continuously for
both wrench-dominated and pure-shear-dominated trans-
pression, so that with increasing a values the foliation
becomes closer to the direction of the walls of the trans-
pressional system (Figure 3b). The rate of reorientation of
foliation (Figure 3b) behaves in similar way as for lineation
(Figure 3a).

[23] It is possible to examine the time necessary for a
switch of mineral growth lineation from horizontal to verti-
cal direction for highly oblique convergence. A transpres-
sional zone with an angle of convergence a = 18� shows the
switch of the s1 direction from horizontal to vertical after 750
000 years for Rvd = 2, after 15 Myr for Rvd = 0.1, and after 50
Myr for Rvd = 0.03. Figure 3a shows that for decreasing
angles of convergence, strain intensities at the time of the
switch are unrealistically high, e.g., D = 21 for a = 14�, and
D = 92 for a = 10�. This relationship between strain intensity
at the time of the switch from horizontal to vertical direction
of s1 and angle of convergence is shown in the inset in Figure
3a. In conclusion, the switch of the s1 direction can occur in
real transpressional zones only for angles of convergence
between 14� and 19� where realistic strain intensities are
attained (inset in Figure 3a).

4.3. Temporal Evolution of Strain Symmetry

[24] The strain symmetry K shows important variations
with convergence angle a but not with velocity of plate
movements or width of the transpressional zone. Figure 4
shows variations of the K parameter for different angles of
convergence at increasing times (Figure 4a) and different
values of Rvd for three different times (Figure 4b). The higher
K values, close to plane strain, are typically developed in
regions with high convergence angle, a = 70�–90� (Figure
4b). With increasing degree of obliquity the strain ellipsoid
becomes more oblate, with K close to 0 when the con-
vergence angle a is �20�. This suggests that in pure-shear-
dominated transpressional systems (high a) a vertical
lineation would be associated with plane strain symmetries
at frontal convergent zones or to strongly oblate fabrics in
obliquely convergent regions. In wrench-dominated trans-
pressional systems (low a), strain symmetry varies from
strongly oblate fabrics to plane strain over convergent
angles a from 0� to 20�.
[25] In wrench-dominated transpression the plane strain

symmetry is developed only in very obliquely convergent
zones and the symmetry rapidly approaches oblate fabrics
as the angle of convergence a approaches 20�. The duration
of convergence has no significant influence on strain
symmetry (Figure 4a). However, there is a certain range
of convergence angles (a = 5 to 15�) where the strain
symmetry varies with time from 0.3 to 0.05 (Figure 4a). In
practice this means that weak lineation and generally oblate
fabrics have enough time to realistically develop. This is
coupled with a switch of lineation direction, which occurs in
the field of strongly oblate strain ellipsoids but cannot be
identified easily using standard structural techniques.
[26] Summarizing the results of strain symmetry, strain

intensity and orientation of lineation and foliation in our
model we can conclude that, assuming steady state accumu-
lation of strain in time, the realistic values of finite strain are
reached in 0.1 to 30 Myr for our range of Rvd. The symmetry
of the fabric is sensitive to the angle of convergence but not
to Rvd and therefore not to duration of deformation.

5. Effect of Rvd on Vertical Elevation in
Transpressive Zones

[27] In our model we have examined effects of different
values of ‘‘rigid floor depth’’ (RFD) on the elevation of
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samples from different various depths in the orogenic zone.
Results of these calculations are shown in Figure 5 where
we plot the time parameter kt against the angle of con-
vergence (a). Individual dashed curves show depth levels,
which can be reached by samples from different starting
depths (e.g., SD = 30, 60 km) for given Rvd, convergence
angle (a), and RFD. The thick black curve shows condi-
tions when the sample reaches a level close to the surface.
[28] We model first the RFD located at a depth of 40 km

for a sample at a starting depth (SD) of 30 km (Figure 5a).
This calculation represents a normal crustal thickness with
the rigid layer RFD represented by mantle and lower crustal
rocks. The second calculation shows a middle crustal
sample at the same starting depth (SD = 30 km), but with
RFD located at a depth of 70 km (depressed Moho beneath
thickened crust, Figure 5b). Two other experiments show
elevation of samples initially located at 60 km (base of
thickened crust) with RFD at 70 (Figure 5c) and 100 km
(Figure 5d). These conditions (Figures 5c and 5d) show

elevation of samples for the case where deformation of
mantle and crust is coupled and the RFD is located deep in
the mantle lithosphere.
[29] Figure 5 shows that rocks deformed in transpressive

systems can be transported vertically even for very small
angles of a. For example, the transpression zone character-
ized by Rvd = 0.2 (a value that can be observed in active
natural transpressive systems), RFD = 100 km, and the
sample located at the depth of 60 km (Figure 5d) shows
elevation of 10 km for angle a = 10� after�6 Myr, while for
a = 90� the sample would reach the surface in this time. For
the case of narrower and/ormore rapid convergent zones, e.g.,
with Rvd = 2, the time of elevation would be 10 times faster.
[30] SD (starting depth) is commonly used as a reference

level by petrologists, but from the point of our model it is
more convenient to use the vertical distance of a sample
above the rigid floor, z0 = RFD�SD. A simple consequence
of our model is that elevation times are equal for all samples
having the same ratio RFD/z0.

Figure 3. (a) Diagram showing orientation of mineral lineation (x axis) through time (parameter kt) for
wrench-dominated transpression (a < 20�). Solid circles indicate time of switching from horizontal to
vertical direction for corresponding orientation of lineation and strain intensity (D values). The inset
shows the relationship between the angle of convergence (a) and the strain intensity (D) at the time of
switching. The solid and dashed lines show average and maximum strains after Pfiffner and Ramsay
[1982] and corresponding angles of convergence (a). (b) Diagram showing the development of foliation
through time for different angles of convergence (a).
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[31] However, the RFD is not easily defined in ancient
transpressional zones, and we can make only rough esti-
mates based on petrological data and observed depth of
Moho. Such analysis shows that in the case of shear zones
of southern Madagascar the depth in which the rocks were
originally located was around 60–70 km [Martelat et al.,
1997; Pili et al., 1997]. Martelat et al. and Pili et al. also
suggested that the lithospheric shear zones are coupled with
underlying mantle so that the RFD may be located even
deeper in the mantle lithosphere [Teyssier and Tikoff, 1997;
Vauchez et al., 1998].

6. Superposition of Strain Parameters in
Transpressive Belts

[32] The preceding considerations and results enable us to
create a type of map of strain parameters registered in rocks
elevated to the surface. Figure 6 shows such a map where
isolines of strain intensities D and isolines of strain sym-
metry K are superposed on a diagram of convergence angle
against time parameter (a - kt space). We have added
contours of RFD/z0 to this (dashed curves in Figure 6).
These shows the times when the samples are elevated close
to the surface. The ratio RFD/z0 also expresses the across-
width shortening of the zone. The shaded area in a -] kt
space shows the range of naturally observed strain inten-
sities. For these D values (strain intensities) the strain
symmetry parameter K corresponds well with high or low
a (angle of convergence), respectively, for vertical and

horizontal orientation of lineation. On the other hand the
intensity of strain (D) is not very sensitive to the angle of
convergence greater than 20� (pure-shear-dominated trans-
pression) but is strongly dependent on time. For the case of
very obliquely convergent zones (low a) the time needed to
accumulate observed strain intensities are almost twice as
long as for high convergence angles. The maximum strains
at the right side of the shaded area in Figure 6 may be
attributed to rock samples elevated from thickened mid-
crustal depths (�40 km) of transpressional zones. However,
this is only valid for zones with convergence angles >50�.
For more oblique zones, only very shallow samples (upper-
most 25% of the zone) can be exhumed. This also means
that horizontal stretching lineations may be exhumed from
very shallow depths in soft transpressional zones.

7. Effects of Strain Partitioning on Temporal
Strain Parameter Development

[33] Next we examine the effects of three different types
of strain partitioning on the temporal development of finite
strain parameters.
[34] Discrete displacement partitioning is modeled using

an approach of Teyssier et al. [1995]. In their model,
variable amounts of total lateral displacement can be con-
sidered to be consumed by discrete faulting. This is
expressed by a ratio p1 between fault-accommodated lateral
displacement and total lateral displacement. The evolution
of strain parameters in the viscous domain of homogeneous

Figure 4. (a) Diagram showing the development of strain symmetry (K ) in time (parameter kt) for
various convergence angles (a). (b) Diagram showing the relationship between strain symmetry (K ) and
angle of convergence (a) through three time sections (5, 10, and 15 Myr). The curves show only slight
dependence of K on the Rvd values and on time.
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deformation, where the rest of lateral displacement and the
whole across strike shortening are accommodated, can be
deduced using our hypothetical strain map (Figure 6). To
evaluate the influence of partitioning on strain parameters,
recalculation of values Rvd and a are made using the
equations (B1) and (B2) (in Appendix B) or they can be
taken from Figure 7. The effect of discrete partitioning on
finite strain parameters is expressed by a virtual increase of
convergence angle and decrease of Rvd (decrease of plate
convergence velocity or increase of weak zone width). Thus
for a transpression zone with an angle of convergence of
45�, Rvd equal 0.1, and with 50% of lateral displacement
consumed by discrete faults, we use values of a0 = 63.43�
and Rvd

0 = 0.079 (Figure 7). For 10 Myr of convergence
without discrete partitioning, finite strain parameters are D =
1.64 and K = 0.58. When discrete partitioning accommo-
dates 50% of the lateral displacement, the finite strain
parameters are D = 0.9 and K = 0.8.
[35] Ductile partitioning splits the deformed domain into

a pure shear zone (PSZ) and a wrench-dominated zone

(WDZ). We assume that the pure shear-across-strike short-
ening and elevation are homogeneously distributed across
the whole system, while simple shear-lateral displacement is
accommodated only in the WDZ. We examine development
of strain parameters for different widths of the WDZ,
expressed as ratio p2 of the width of WDZ and the width
of the whole transpressional zone. Such a partitioning of
pure shear and simple shear within transpressional zones is
responsible for decomposition of the velocity gradient
tensor into two separate tensors according to equations
(C1) and (C2) (in Appendix C).
[36] While the evolution of strain parameters in the PSZ

may be obvious, the evolution of strain parameters in the
WDZ zones is less so. The results of calculations for WDZ
zones of different width are shown in Figure 8. Fifty percent
of ductile partitioning (Figure 8a) exhibits a similar pattern
of strain parameters as a nonpartitioned system. Never-
theless, the domain with horizontal lineation and the domain
of oblate symmetry are both slightly enlarged. This is
related to the shift of the lineation switch, which occurs

Figure 5. Vertical elevation rate for transpression expressed in terms of angle of convergence (a) and
time parameter (kt) for different base depths, RFD = 40, 70 km, and different original sample depths z0 =
30, 60 km. The curves show elevation achieved by these samples in a given time. For example, in Figure
5a (RFD = 40 km, z0 = 30 km) for convergence angle a = 80� sample is elevated to depth 10 km after kt =
1.2. For the case of Rvd = 0.1 the time of elevation corresponds to 12 Myr.
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for high angles of convergence. The isolines of strain
intensity, D, in this hypothetical strain map indicate a
maximum increase of strain for intermediate convergence
angles. The trend is dramatically accentuated for higher
degrees of partitioning, in which lineation remains horizon-
tal and symmetry of strain rapidly develops toward oblate
shapes for almost any angle of convergence. A switch of
lineation theoretically occurs at high angles of convergence
(60�–85�) but cannot be easily detected due to persistence
of oblate shapes. Strain intensities for a degree of partition-
ing <20% yields nonrealistic values after a very short time.
Our calculations show, that the ductile partitioning may
operate only temporarily and only for small Rvd values.
[37] The viscosity partitioning is modeled in similar fash-

ion as by Ježek et al. [1998], where the transpressional zone
is compartmentalized into two domains with viscosity con-
trast rm = m1/m2 (m1 > m2). Deformation is accommodated by
different strain rates or different Rvd, respectively. The width
of the low-viscosity domain is denoted by the value p3,
defined as the ratio between width of a low-viscosity domain
and the whole transpressional zone. The evolution of strain
parameters in both domains of homogeneous deformation
can be deduced using our hypothetical strain map (Figure 6).
We note that infinitesimal strain tensors are the same in both
domains, so that the strain parameters in individual zones
may be evaluated with the original angle of convergence and

Rvd values are recalculated using equations (D1) and (D2) (in
Appendix D). For example, in transpression zones with
angle of convergence (a) of 45�, Rvd equals 0.1, with a
resulting 20% ( p3 = 0.2) of the low-viscosity domain, and
viscosity contrast of rm = 10. Therefore strain evolution in a
low-viscosity domain may be deduced using the same angle
of convergence and Rvd

m2 = 0.357, while in high viscosity
domains Rvd

m1 = 0.036. For 5 Myr of convergence without
viscosity partitioning, the finite strain parameters are D = 0.7
and K = 0.5. When such partitioning operates, the finite
strain parameters in the low-viscosity domain are D = 4.7
and K = 0.45, but in the high-viscosity domain, strain
intensity will be insignificant and K = 0.5. Viscosity parti-
tioning results in more rapid elevation in the low-viscosity
domain, and also the possibility of the lineation switch for
low-angle transpression is reached much earlier. Therefore,
in nature we can theoretically find situations, where hori-
zontal and vertical lineations can exist simultaneously in two
adjacent domains [see also Tikoff and Greene, 1997].

8. Structural Memory of Rock Samples Within
Transpressional Zones

[38] The simple concept of elevation of a rock sample in
the transpressional zone described previously is further
complicated by the fact that rocks probably cannot accu-

Figure 6. Superposition of strain intensity (D), strain symmetry (K ), and sample elevation for various
values of RFD and initial sample depth z0, plotted in terms of angle of convergence (a) and time parameter
(kt). The values ofD show a strong dependence on Rvd and time (but not much on a) for a = 20� to 90�; for
a < 20� the dependence of D on Rvd increases. K is strongly dependent on a but not much on Rvd and time.
(b) For these active zones: Sumatra, d = 300 km, v = 70 mm yr�1, a = 50�; San Andreas, d = 200 km, v =
50 mm yr�1, a = 5�; and the Alpine Fault Zone, New Zealand, d = 100 km, v = 48 mm yr�1, a = 30�. Thus
an average D = 1.2 would be generated in 3.75, 4.8, and 1.7 Myr, respectively. (c) The same active zones
shown for recalculated Rvd and a with the amount of discrete partitioning indicated in Figure 7.
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mulate strain during the entire exhumation path. A rock’s
capacity to accumulate strain is determined by its thermal,
microstructural and rheological development. The best
examples are syntectonically emplaced granites in trans-
pressional shear zones [e.g., Melka et al., 1992; Parry et al.,
1997; Brown and Solar, 1998]. There is only a very short
time of granite intrusion when the magma has enough
crystals to record the deformation. Further cooling of the
magma is responsible for hardening of granites and freezing
of the fabrics at certain depth levels.
[39] Numerous regional studies of transpressional zones

show that rock complexes have experienced ductile defor-
mation followed by late folding and brittle fracturing in the
same tectonic regime. This means that the accumulation of
ductile strain ends at some depth below the surface depend-
ing upon the ambient thermal regime. It is also common that
samples originally located deep in lithospheric transpres-
sional zones have had their mineralogy changed due to
retrograde metamorphism during exhumation. This means
that deformation registered in transpressional zones was
developing only during a small time interval during the
convergent activity.
[40] To be able to correlate the external and internal

parameters using the transpressional model, we need to

specify the time span (or the duration of the vertical
elevation path) in which the accumulated strain is attributed.
This means that in Figure 6 the time axis together with
elevation contours (ratios of Rvd/z0) needs to be rescaled so
that times corresponding to the finite strain parameters, D
and K, are higher.

9. Discussion

[41] Transpressional models in general assume that a
weak and deformable zone bounded by the rigid walls of
adjacent lithosphere is progressively shortened in the course
of convergence. We can put forward a question as to
whether the measured internal (microscopic) parameters of
ancient transpressional zones (lineation, foliation, K and D
values) may be used to estimate the initial external (macro-
scopic) parameters (Rvd, RFD, and a)?

9.1. Ancient Zones

[42] The strain symmetry parameter K is sensitive to the
angle of convergence (a), whereas the strain intensity
parameter D is well correlated with across-width shortening
of a transpressional zone. On the basis of Figure 6 and using
measured natural finite strains and orientation of lineation in

Figure 7. Relation between amount of discrete partitioning (amount of lateral displacement
accommodated by fault) and change of angle of convergence a and Rvd

0 ratio in transpression zone.
Knowing the angle of convergence and the amount of discrete partitioning, new angle of convergence a0

and new Rvd
0 values can be depicted and used for estimation of strain parameters in diagram Figure 6.

Thick black lines indicate amount of discrete partitioning for different active transpressive zones.
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the rock (vertical for a > 20�) we can conclude that in the
framework of our model the maximum initial width of
ancient transpressional zones should not exceed double
their actual width. Transpressive zones with horizontal
lineation corresponding to highly oblique convergence
(low a) would have been 1.4 times wider originally. There-
fore the maximum initial width of ancient transpressional
zones could vary from 20 to 100 km. This width is
apparently less than those of recently active transpressional
systems.
[43] Provided the average range of plate velocities of

continental convergence did not change through geological
history, from upper Proterozoic to Recent, we can estimate
the range of lifetimes of ancient transpressional zones. As
examples of highly obliquely convergent transpressional
zones with large amounts of finite strain data, we can
consider the Central Bohemian Shear Zone (horizontal
lineation, K = 0.8 � 1, vertical foliation, D = 0.5 � 1.5
[Rajlich et al., 1988]), and the transpressional zone devel-

oped in the eastern Variscan Culm Basin (horizontal line-
ation, K = 0.6–1.2, vertical foliation, D = 0.4 � 1.5
[Rajlich, 1990]). These transpressional zones are associated
with homogeneous ductile deformation over a width of up
to 15 km. Because these transpressional zones are associ-
ated with low- to very low grade metamorphism, we
consider also an example of finite strain analysis from a
highly oblique transpressional zone developed at high-grade
metamorphic conditions (kyanite-sillimanite zone) in the
Eastern Bohemian Massif which show horizontal lineation
with strain symmetry ranging from to oblate to plane strain
and D from 0.6 to 1.2 [Schulmann, 1990]. As an example of
transpression with a supposed high angle of convergence
and with a large amount of data on finite strain, we consider
a transpressional zone in the Archean greenstone belt of
Minnesota (vertical lineation and steep foliation, K varies
around plane strain, D ranges from 1.5 to 2.5 [Schultz-Ela
and Hudleston, 1991]), where the deformed zone reaches an
approximate width of 30 km. Assuming plate velocities in

Figure 8. Superposition of strain intensity (D) and strain symmetry (K ) in terms of angle of
convergence (a) for different widths of wrench-dominated zone: (a) 50%, (b) 20%, (c) 10%, and (d) 5%.
For 100%, see Figure 6. These diagrams may correspond to different depth levels through the
transpressional zone with increasing width of wrench-dominated zone with depth in agreement with the
model of Pinet and Cobbold [1992].
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the range 1–5 cm yr�1, the lifetimes of these shear zones
might be in the range 0.5–4 Myr. These times are too short
for an assumed duration of orogenic events. If we consider
that the duration of orogenic events is long (over an interval
of several tens of million years), then the computed strain
intensities for such given external parameters are unrealisti-
cally high (up to D = 100).

9.2. Active Zones

[44] Our calculations show that for a transpressional zone
with Rvd < 0.2, the strain rate does not exceed a value of 6 �
10�15 s�1 for any angle of convergence (a). This Rvd value
corresponds to the active zones of Sumatra (d = 300 km, v =
70 mm yr�1, Rvd = 0.23) and San Andreas (d = 200 km, v =
50 mm yr�1, Rvd = 0.25). For a zone with value Rvd = 0.48,
corresponding to the Alpine Fault zone in New Zealand,
there will be maximum strain rate of 1.58 � 10�14 s�1

distributed over a width of 100 km for a plate velocity of 48
mm yr�1. Zones with Rvd >2 (small d, large v) show high
strain rate values of 3.2 � 10�14 s�1 and will apply for
narrow continental zones (10–20 km) with a mean plate
velocity of 5 km yr�1. Note that all of these values are
consistent with the strain rate estimates suggested by Carter
and Tsenn [1987].
[45] Assuming that the above mentioned strain values

develop in large zones of homogeneous deformation, in
Figure 6b we have plotted recent macroscopic convergence
parameters of well-known active transpressive zones. We
can take the above listed macroscopic parameters of these
transpressive zones and ask at what time are the average
strain intensities developed? Figure 6b shows that the
average strain of D = 1.2 would be produced in the Sumatra
zone after 3.75 Myr, in San Andreas after 4.8 Myr, and in
Alpine Fault Zone, New Zealand, after �1.7 Myr.
[46] The average strains, characteristic for most of the

zones with dispersed deformation are achieved in 5 Myr for
zones with Rvd = 0.2 and after 10 Myr for zones with Rvd =
0.1. We note that the New Zealand zone of distributed
faulting would have a strain intensity corresponding to D =
13 after 5 Myr, while the San Andreas and Sumatra zones
would remain within a realistic range of strain intensities (D
of x to y). We note that for the entire lifetime of the San
Andreas system (20 Myr) only the last 5 Myr are attributed
to dextral transpression [Walcott, 1993] which is caused by
Pacific plate rotation [Luyendyk et al., 1985]. Similar
features are reported from paleomagnetic investigations of
the New Zealand system [Walcott, 1987], and therefore any
direct application of the transpressional model to strain
accumulations in time is problematic.

9.3. What Effects Could Explain These Discrepancies?

[47] We are unable to correlate succinctly the external and
internal parameters of homogeneous transpression. This
inconsistency, apart from plate rotation, is well explained
by the three concepts of strain partitioning discussed above.
Discrete partitioning results in general decrease of finite
strain accumulations and in increase of pure shear compo-
nent in deformed zone. The effects of ductile partitioning
becomes important for narrow wrench-dominated zone (less
than 30% of the width of the whole transpressional zone)
and is responsible for decrease of strain accumulation in the
pure-shear-dominated zone and increase in the wrench-

dominated zone. We note that the pure-shear-dominated
zone exhibits all structural characteristics of frontal short-
ening. Viscosity partitioning is marked by different strain
rates in domains of different viscosity leading to different
strain accumulations. In strongly oblique zones (a < 20�)
the lineation switch may be achieved in zone of low
viscosity, while in high-viscosity domain the lineation
remains horizontal.
[48] Therefore strain partitioning of any type may explain

why generally small finite strains are measured in nature
and why many orogenic belts are considered to be the result
of frontal convergence. In ancient orogenic zones we do not
have an adequate tool enabling estimation of amounts of
strain partitioning.
[49] In addition, techniques of strain measurement in

deformed rocks face serious problems with the reliability
of strain markers. This occurs because of requirements of
strain homogeneity and the need for a similar viscosity
contrast of measured particles with respect to the surround-
ing matrix (see discussion by Lisle and Savage [1982]).
Most strain intensity measurements come from deformation
of pebbles measured in low-grade rocks [e.g., Wood, 1974]
and from deformed quartzo-feldspathic rocks in high-grade
regions [e.g., Schulmann, 1990; Schulmann et al., 1994].
These give similar values of finite strain with a range of D
from 0 to 20 [Pfiffner and Ramsay, 1982]. Only rarely have
strains been measured in high-grade metamorphic rocks,
such as eclogites or orthogneisses, which exhibit penetrative
deformation over several cubic kilometers of volume (as
shown by the example of deformed orthogneiss [Schulmann
et al., 1994]). In these rocks the measured strain is in the
range of D from 2 to 3. There is no significant difference in
strain intensity measurements from transpressive and other
types of orogens [e.g., Kirkwood, 1995; Schulmann et al.,
1994; Schultz-Ela and Hudleston, 1991].
[50] We suggest that the high strain rates of 10�12 s�1

determined in shear zones [White and Mawer, 1992; Nyman
et al., 1995; Newman et al., 1999] results from extreme
localization of deformation (partitioning) and which can
only operate for short periods of time. Thus these measure-
ments cannot be extrapolated over large scales and used in
numerical models of transpressional systems.
[51] The model predictions for finite strain are too high in

zones of high convergence angle when compared to those
measured in ancient transpression zones. Another way of
improving the model would be to incorporate in the model
the finite strain memory of rocks, as discussed above.
Unfortunately, this leads to a devaluation of the possibility
of the transpressional model to relate in a simple way the
macroparameters and microparameters of transpressional
zones. The finite strain accumulation is then closely depend-
ent on the amount of elevation of a rock sample and the
elevation path is also significantly influenced by the vertical
geometry of the zone, i.e., especially the depth of the zone,
which is not as easy to determine/define as horizontal
parameters (width, velocity, angle of convergence). We do
not consider that such a conclusion diminishes the simple
use of our transpressional model to characterize zones of
oblique convergence, but its application should be done
carefully and needs to involve assumptions about possible
accumulation of finite strain in specific rocks. Rare studies
putting together detailed finite strain estimates and petro-
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logical data allowing estimate of depth changes through
time exist but so far are related to intrusions of magmas in
transpressional regimes [e.g., Melka et al., 1992; Parry et
al., 1997]. Future work should certainly concentrate on
acquisition of fabric data together with detailed petrological
investigations, to delimit the depth-temperature regime, and
with geochronological investigations, to understand the
duration of transpressional orogeny.

9.4. Importance of the Switch of Lineation

[52] As an additional result of our modeling, we have
obtained information about the switch of lineation that
deserves to be mentioned in conclusion. Analysis of the
lineation produced by the classical transpression model
shows that the switch of lineation during progressive short-
ening of the zone is theoretically possible. However, the
corresponding strain intensities are very high and the degree
of oblateness does not permit meaningful measurement of the
change in the linear fabric. An interesting observation is that
oblate fabrics are measured only exceptionally, more often
we have to deal with lineation (vertical or horizontal and
close to plain strain symmetries). In contrast to the model, in
nature horizontal and vertical lineations are often observed
simultaneously in transpressional zones [Hudleston et al.,
1988; Schultz-Ela and Hudleston, 1991; Melka et al., 1992;
Tikoff and Greene, 1997]. This fact underlines the ideas of
partitioning of the strain in transpressional zones [Tikoff and
Greene, 1997] or perhaps to later superposition of simple
shear zones on already existing fabrics [Jones and Tanner,
1995].

Appendix A: Strain Parameters

[53] In the transpressional model, computation of the
three-dimensional motion path of rock samples and strain
parameters in the transpressive belt are based on the
velocity gradient tensor:

L ¼
0 _g 0

0 �_e 0

0 0 _e

0
@

1
A: ðA1Þ

The pure shear strain rate component _e (corresponding to
vertical extrusion and horizontal shortening) and simple
shear rate component _g (corresponding to lateral horizontal
displacement) are calculated using the respective equations:

_e ¼ n
d
sina ðA2Þ

_g ¼ n
d
cosa; ðA3Þ

where v is the relative plate velocity, d is zone width, and a
is the angle of convergence (Figure 1). In our model we will
consider an example of constant strain rate during temporal
development of a transpressional zone, so for given period
finite strain parameters can be obtained from following
finite strain tensor:

F ¼
1 _g

_e cosa 1� exp �_etð Þ½ 	 0

0 exp �_etð Þ 0

0 0 exp _etð Þ

0
@

1
A: ðA4Þ

During deformation we trace rock samples moving in the
transpressive zone (Figure 1b). At each position of a rock
sample we calculate finite strain geometry, i.e., the principal
directions and the principal stretches by taking the
eigenvectors and square roots of eigenvalues, respectively,
of ‘‘Cauchy-Green tensor’’ FFT [Truesdell and Toupin,
1960], which are further used to calculate the parameters K
and D [Ramsay and Huber, 1983, pp. 201–202].
[54] Strain intensity is expressed by the D value:

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rxy � 1
� �2þ Ryz � 1

� �2q
: ðA5Þ

The strain symmetry K value is calculated as

K ¼ Rxy � 1

Ryz � 1
; ðA6Þ

where Rxy = S1/S2 and Ryz = S2/S3 represent elongation
aspect ratios measured on orthogonal axes. Furthermore,
when K = 0 a (S) planar fabric is indicated, and for K = 1
(LS) a plane strain fabric in which foliation is equally strong
as lineation, and K = 1 for a linear fabric without foliation.
[55] Vertical displacement produced by the pure shear

component can be expressed by a value

z tð Þ ¼ z0 exp _etð Þ; ðA7Þ

where z0 = z(t0) is the initial vertical distance of a rock
sample above a reference level (rigid floor depth) of zero
elevation.

Appendix B: Discrete Partitioning

[56] To evaluate strain parameters in a domain where
discrete partitioning operate, we can use above defined
approach using following recalculated values of angle of
convergence a and Rvd

tana0 ¼ tana
1� p1ð Þ ðB1Þ

R0
vd ¼ Rvd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� p1ð Þ2 cos2 aþ sin2 a

q
; ðB2Þ

where p1 is ratio between fault-accommodated lateral
displacement and total lateral displacement.

Appendix C: Ductile Partitioning

[57] Ductile partitioning in transpression zone results in
decomposition of velocity gradient tensor into two compo-
nents for pure shear zone (LPSD) and wrench-dominated
zone (LWDZ) as follows:

LPSD ¼
0 0 0

0 �_e 1� p2ð Þ 0

0 0 _e 1� p2ð Þ

0
@

1
A ðC1Þ

LWDZ ¼
0 _g 0

0 �_ep2 0

0 0 _ep2

0
@

1
A; ðC2Þ
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where p2 is ratio of the width of WDZ and the width of the
whole transpressional zone.

Appendix D: Viscosity Partitioning

[58] Viscosity partitioning assumes different strain rates
or different Rvd, respectively, in two adjacent domains while
the angle of convergence remains constant. The values of
Rvd are

R
m2
vd ¼ Rvd

rm

1þ p3 rm � 1
� � ðD1Þ

for low-viscosity domain and

R
m1
vd ¼ Rvd

1

1þ p3 rm � 1
� � ðD2Þ

for high-viscosity domain, where

rm ¼
m1
m2

; m1 > m2ð Þ

is viscosity contrast.
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[1] A model of indentation of a rigid promontory into
weak metasedimentary rocks during Cretaceous
convergence is suggested for tectonic evolution of
southern part of West Carpathians. An early arcuate
cleavage fan has developed in front of northward
moving southern rigid basement block. The interaction
of the moving indenter with western stationary
basement promontory is responsible for development
of the boundary-parallel shear zone along which the
main southern indenter is shifted to the east. This results
in development of a new steep transpressional cleavage
overprinting the early fabric. Eastward displacement of
the southern indenter causes the development of a thrust
zone parallel to the margin of the eastern stationary
promontory. A proposed numerical model of the
deformation of a thin viscous sheet in front of oval
rigid indenter reliably simulates the development of the
observed deformation pattern. Modeled discrete
partitioning between the western promontory and the
indenting block fully agrees with the observed
secondary cleavage associated with the transpressional
shear zone. Our numerical model interconnects this
complex kinematic frame with finite strain pattern,
which was to date possible only for simple boundary
conditions. In addition, the model explains the
polyphase cleavage patterns in terms of complex
shapes of promontories and changes in movements of
indenting blocks. INDEX TERMS: 5475 Planetology: Solid

Surface Planets: Tectonics (8149); 8005 Structural Geology: Folds

and folding; 8020 Structural Geology: Mechanics; 8110

Tectonophysics: Continental tectonics—general (0905);

KEYWORDS: Cretaceous collision, indentation, west Carpathians,

numerical model.Citation: Lexa, O., K. Schulmann, and J. Ježek,

Cretaceous collision and indentation in the West Carpathians: View

based on structural analysis and numerical modeling, Tectonics,

22(6), 1066, doi:10.1029/2002TC001472, 2003.

1. Introduction

[2] Existing interpretations of Mesozoic tectonic evolu-
tion of Alpine and Carpathian chains are based on broad

knowledge of metamorphic and structural data obtained
from studies of internal parts of these orogenic belts
[Genser et al., 1996; Schmid et al., 1996; Trumpy, 1973].
These data underline subduction-related tectonics associated
with lithospheric-scale subduction of oceanic and European
lithosphere below the African indenter [Allemand and
Lardeaux, 1997]. The Mesozoic evolution of the West
Carpathian belt is an integral part of the closing of the
Tethyan ocean, being characterized by Jurassic subduction
and Late Jurassic exhumation of high pressure rocks
[Faryad, 1995; Faryad and Henjes-Kunst, 1997; Maluski
et al., 1993; Mock and Reichwalder, 1992].
[3] The West Carpathian structure is traditionally inter-

preted as a result of Cretaceous crustal shortening of
Variscan basement crustal segments associated with
décollement of Mesozoic sedimentary sequences. The
Mesozoic strata originally formed basins separating indi-
vidual crustal segments, which were inverted and pas-
sively transported toward the north in the form of two
large-scale nappes (the lower Krı́žna and upper Choč
nappes) [Andrusov, 1936, 1958; Biely et al., 1968;
Plašienka, 1991; Plašienka et al., 1997]. The Cretaceous
tectonic evolution in West Carpathians was mostly stud-
ied in Mesozoic rocks with well-known stratigraphy
[Biely and Bystrický, 1967; Bystrický, 1967; Vozár,
1978]. Consequently, the Cretaceous stacking of Meso-
zoic sequences, the kinematics and displacement of
Mesozoic nappes and the degree of their metamorphic
reequilibration are well defined and understood [cf.
Plašienka, 1995]. However, the Alpine structural and
metamorphic evolution of pre-Mesozoic crystalline rocks
is poorly described due to difficulties in distinguishing
Variscan and Alpine fabrics.
[4] This paper presents new information on structural and

mechanical behavior of the southern part of West Carpa-
thian pre-Mesozoic crystalline segments during Cretaceous
convergence. We have investigated the polyphase cleavage
patterns developed in low-grade metasedimentary Early
Paleozoic sequences. It is generally accepted that such
cleavage patterns reflect the geometry and direction
of movement of adjacent rigid blocks [Sintubin, 1999;
Woodcock et al., 1988]. The detailed knowledge of shapes
of rigid Variscan promontories and the geometry and
superposition of cleavage patterns allow modeling of the
collisional process in time. We use the finite element
numerical method introduced by England et al. [1985] to
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model the finite strain pattern in time and space for complex
boundary conditions.

2. Geological Setting

[5] The West Carpathians have been traditionally divided
into the outer and inner structural zones. However, taking
into account the recent studies of Mesozoic evolution, the
triple division into Inner, Central and Outer West Carpa-
thians is commonly accepted (Figure 1) [see Plašienka et
al., 1997]. The Outer West Carpathians (OWC) are repre-
sented by flysch dominated Paleogene formations and
Mesozoic rocks lacking pre-Mesozoic basement. The Inner
and Central West Carpathians (IWC and CWC), separated
by a Late Jurassic oceanic suture, are composed of a pre-
Late Cretaceous imbricated nappe system comprising
crystalline basement units with characteristic Late Paleozoic
and Mesozoic sequences [Matějka and Andrusov, 1931] and
postnappe Late Cretaceous to Neogene sedimentary and
volcanic formations.

2.1. Pre-Cretaceous Geology of the Studied Area

[6] The studied area is located in the southern part of the
CWC and comprises three major lithological and tectono-
metamorphic units (Figure 1). From the north to the south
and from the bottom to the top they are (1) Variscan
crystalline basement (Vepor Unit) with Late Paleozoic and
Mesozoic cover sequences, (2) Early to Late Paleozoic,
basinal, mostly low grade turbiditic sequences (Gemer
Unit), and (3) Mesozoic accretionary wedge containing
blueschist facies relics overlain by (4) flat, nonmetamor-
phosed Silica nappe.
2.1.1. Variscan Crystalline Basement: The Vepor Unit
[7] The crustal rocks of the Vepor basement are com-

posed of two contrasting Variscan metamorphic domains
exhibiting pre-Alpine thrust tectonics. The structurally
lower domain, generally dipping to the north, is composed
of medium-grade schists exhibiting peak PT conditions in
Ky-St micaschists corresponding to maximum of 10 kbar
and 550–600�C [Korikovskij et al., 1989; Méres and
Hovorka, 1991]. The classic Barrow type metamorphic
zonation is difficult to establish due to the Alpine greens-
chist facies overprint but in the eastern part of the Vepor
basement (Čierna Hora Mountains), a metamorphic zona-
tion ranging from the biotite zone in the south to the
staurolite zone in the north is documented [Jacko et al.,
1990; Korikovskij et al., 1990]. The structurally higher
crystalline unit is represented by a domain of heteroge-
neous para- and ortho-derived migmatites intruded by
porphyritic to medium-grained peraluminous granites.
The Variscan age of metamorphism is documented by
Th-U-Pb dating of monazite (370–350 Ma [Janák et al.,

2001a]) and by sporadically preserved 40Ar/39Ar cooling
ages ranging from 358 to 312 Ma [Dallmeyer et al.,
1996]. High-grade fabrics represented by compositional
layering and stromatitic banding in migmatites are dipping
either to the NW or to the N under steep to medium
angles. Peak temperature conditions yield 680–730�C at
pressures of 4–6 kbar (Figure 2) [Siman et al., 1996].
These PT conditions most likely correspond to late
exhumation and decompression melting. This is deduced
from other parts of West Carpathians where relics of
high-pressure assemblages preserved in similar types of
migmatites were found [Hovorka and Méres, 1989;
Janák et al., 1996].
[8] The southern Vepor Variscan crystalline basement is

unconformably covered by Late Carboniferous (Stephanian)
sandstones and shales [Planderová and Vozárová, 1978].
These metasediments were intruded by granitoids that were
responsible for contact metamorphism ranging from biotite
to cordierite zones. Contact metamorphic conditions of
500�C and 2 kbar were established by Vozárová [1990].
Vozárová also suggests that contact metamorphism over-
printed regional greenschist facies assemblages of Carbon-
iferous metasediments. The Vepor crystalline complexes as
well as the Late Carboniferous sequences are overlain by
Permian and Triassic clastics and locally of Middle and Late
Triassic carbonates.
2.1.2. Early to Late Paleozoic Gemer Unit
[9] The Gemer Unit consists of three principal groups that

differ in lithology and metamorphic grade. The amphibolite
facies metamorphic conditions are reported from the Klátov
Group [Faryad, 1990], which tectonically overlies the
greenschist facies metabasites and phyllites of the Rakovec
Group. The Variscan metamorphic conditions correspond to
440–480�C at 6–8 kbar for the northern part and 350–
430�C at 4–5 kbar (Figure 2) for the southern part of the
Rakovec Group [Faryad and Bernhardt, 1996; Vozárová,
1993]. The metamorphic foliation is represented by compo-
sitional layering in metabasites dipping to the NNW under
shallow to intermediate angles. The tectonically lowermost
Gelnica Group builds the major part of the Gemer Unit. The
lower part of this unit consists of a thick turbiditic sequence
of Ordovician age [Soták et al., 1999; Vozárová et al., 1999]
gradually passing into volcanosedimentary sequences
accompanied by products of massive rhyolite-dacite volca-
nism of probably Silurian-Devonian age [Cambel et al.,
1990]. The top of the Gelnica Group is composed of
phyllites and black shales containing sporadic carbonate
lenses. The metamorphic conditions indicate temperatures
of 350–400�C and pressures of 2.5–3.5 kbar [Faryad, 1992,
1994] for regional metamorphism, which is overprinted
by contact metamorphism (450–550�C and 1.5–2 kbar
[Faryad, 1992]) associated with intrusion of granites in
central part of the Gelnica Group. Strong greenschist facies

Figure 1. (opposite) Geological and structural map of the studied area with trajectories of cleavage based on this work and
that of Snopko and Reichwalder [1970]. The inset in the upper left corner shows the Carpathian arc with location of the
studied area.

5 - 2 LEXA ET AL.: COLLISION IN WEST CARPATHIANS

86



LEXA ET AL.: COLLISION IN WEST CARPATHIANS 5 - 3

87



metamorphic foliation and relics of sedimentary bedding are
dipping conformably to the NNW. The metamorphic grade
and degree of structural transposition are gradually vanish-
ing to the south.
[10] Already consolidated Rakovec and Gelnica Groups

are discordantly covered by Early Carboniferous flysch and
Permian clastics of ‘‘red bed’’ type. Sedimentation was
terminated by the development of Late Permian-Early
Triassic evaporite formations. The metamorphism of Perm-
ian clastics yielded temperatures of 200–250�C [Šucha and
Eberl, 1992].
2.1.3. Mesozoic Meliata Accretionary Wedge and
Superficial Triassic Nappe
[11] Mesozoic sequences are located mainly along the

southern margin of the Gemer Unit, locally rimming its
northern margin or forming klippens on the Gemer Unit.
The bottom part of the Meliata accretionary wedge is
formed by the sequence of thrust sheets (initially the
southern slope of the European continent) consisting of
thinned continental margin, Permian clastics, Triassic lime-
stones and blueschist facies metabasalts (Figure 2) (380–
460�C at 9–13 kbar [Faryad, 1995]).
[12] These rocks are overlain by subduction-related

melange composed of deep-water oceanic sediments of the
Meliata ocean and relics of oceanic mantle rocks. The
uppermost part of the accretionary wedge is composed of
Triassic (Turňa) carbonates, shales and pelagic sediments of
northern slope of the Apulian continent. The high pressure
rocks of the Meliata accretionary wedge exhibit strong
ductile and polyphase deformation of all lithologies. The
mylonitic foliation is generally dipping to the east, bears an
intense southeast plunging stretching lineation and kinematic
indicators, such as sigmoidal pebbles of metabasalts, which
suggest top to the northwest transport. The Turňa shales
show very low grade metamorphic overprint and locally
developed slaty cleavage subparallel to the bedding.
[13] The accretionary wedge and the underlying Gemer

Unit are tectonically overlain by extensive horizontally
lying Silica nappe derived from the Apulian shelf. The base
of the nappe is composed of Late Permian-Early Triassic
evaporites and shales followed by Middle and Late Triassic

carbonates, which were affected by brittle faulting [Hók et
al., 1995].

2.2. Summary of Pre-Cretaceous Tectonometamorphic
Evolution of the Studied Area

[14] The metamorphic and structural patterns described
above are consistent with north-south polarity of the Varis-
can orogenic evolution marked by southward thrusting of
deep-seated lower crustal and middle crustal complexes
over low-grade foreland. The Vepor Unit is regarded as a
relic of the Variscan internal domain in which the anatectic
lower crust is thrust over the middle crustal Barrovian
complex. The original Paleozoic relationship between Vepor
and Gemer Units is largely obscured by later Mesozoic
evolution. North dipping pre-Mesozoic fabrics and increase
in metamorphic grade from the south to the north in both the
Gemer and Vepor Units suggest an existence of N-S polarity
of Paleozoic orogeny [Faryad, 1990]. On the basis of these
data, the Klátov and Rakovec groups may be interpreted as
relics of an Early Paleozoic basin underthrust beneath the
high-grade rocks of the internal domain represented by the
Vepor Unit exposed in the north. In our model the whole
nappe stack was further thrust over Early Paleozoic basin
represented by the Gelnica Group, which is probably
underlain by a Neo-Proterozoic basement (Figure 2). The
lack of thrust-related structures in Middle Carboniferous
metasediments indicates that the nappe stacking occurred in
pre-Westfalian times.
[15] The southward thrusting of high-grade gneisses over

the low-grade mostly metasedimentary foreland formed two
promontories separated by embayment of weakly metamor-
phosed sediments. This irregular geometric distribution of
gneissic complexes and soft sediments played a critical role
in the subsequent Mesozoic tectonic evolution.
[16] The last major pre-Cretaceous tectonic event respon-

sible for the final structural pattern was the Jurassic south-
eastward subduction (in recent coordinates) of the Meliata
ocean and the southern passive margin of the European
platform. This process resulted in formation of an accre-
tionary wedge and its northwestward obduction over both

Figure 2. Idealized E-W cross section showing pre-Cretaceous structural and metamorphic pattern of
the studied area. Insets show Variscan (Gelnica, Rakovec, and Klátov Formations) and Jurassic (Bôrka
nappe) metamorphic PT conditions. The eastern ‘‘unknown’’ block represents hypothetical active margin
during closure of Meliata ocean. The legend is same as for Figure 1.
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the Gemer and Vepor Units during the Late Jurassic (150–
160 Ma [Dallmeyer et al., 1996; Faryad and Henjes-Kunst,
1997; Maluski et al., 1993]) (Figure 2). In the southern part
of the Gemer Unit, sedimentary bedding is well preserved
and folded by large-scale open folds with N-S trending
hinges (Figure 3). This folding is connected with develop-
ment of spaced cleavage steeply dipping to the east suggest-
ing that the thinned continental margin was intensively
reworked during Jurassic subduction processes.

3. Cretaceous Polyphase Structural Evolution:

Collisional Stage

[17] The Cretaceous collisional evolution of the Gemer
and Vepor Units is marked by four major distinct tectonic
events: (1) formation of the Gemer Cleavage Fan (GCF)
structure affecting the central part of the Gemer Unit,
(2) extensional deformation of thewesternVepor promontory,
(3) transpressional shearing affecting the western Vepor
promontory and development of the Trans-Gemer Shear
Zone (TGSZ), and (4) extrusion of the Gemer Unit over the
eastern Vepor promontory along the Eastern Gemer Thrust
(EGT).
[18] In order to evaluate strain variations in conglomer-

ates we used published data [Németh et al., 1997], while for
slates the degree of deformation associated with develop-
ment of crenulation cleavage was evaluated using criteria
introduced by Bell and Rubenach [1983]. In our work we
used five stages of crenulation cleavage development
[Passchier and Trouw, 1996, Figure 4.17ab] to semiquan-
titatively characterize the strain gradient in studied area.

3.1. Early Cretaceous Deformation:
Gemer Cleavage Fan

[19] The Gemer Cleavage Fan represents the most spec-
tacular structure overprinting the pre-Mesozoic metamor-
phic fabric of the Gelnica and Rakovec Groups as well as
Jurassic fabric to the south. This cleavage forms an asym-
metric positive fan structure developed across the entire
length of the Gemer Unit (Figure 3). The intensity and
metamorphic grade of the cleavage are highest in a 5 km
wide, E-W oriented axial zone of the fan structure. Here, the
only relics of pre-Mesozoic fabric in the form of rootless
folds are preserved in intensively developed steep slaty
cleavage corresponding to stages 4 and 5 of Bell and
Rubenach [1983] classification (Figure 3). Finite strain
measurements of Németh et al. [1997] show oblate finite
strain symmetry and rather moderate strain intensities. This
zone is characterized by the presence of numerous bodies of
granites. These intrusions have been originally considered
Cretaceous in age [Kantor, 1957; Máška, 1957; Vozár et al.,
1996] and later, based on monazite (273 Ma [Finger and
Broska, 1999]) and zircon U-Pb (275–245 Ma [Poller et al.,
2002]) dating as Permian to Early Triassic. The main
cleavage of the GCF is in the axial zone affected by kink
bands with kink planes perpendicular or oblique to strongly
developed vertical anisotropy (Figure 5a). These structures
are interpreted as a result of vertical shortening of steep
cleavage associated with the evolution of GCF.

[20] The intensity and degree of metamorphism of the
north dipping, spaced cleavage of southern flank of GCF
rapidly decrease to the south. The cleavage intensity corre-
sponds to stages 1 and 2 of Bell and Rubenach’s [1983]
classification. Here, the Cretaceous deformation is so weak
that the structures associated with Jurassic obduction of
Meliata accretionary wedge are well preserved. In the
northern flank of GCF, the cleavage is dipping to the south.
The dip angle gradually decreases to the north in conjunc-
tion with decreasing intensity of cleavage development
corresponding to the stages 1 and 2 of Bell and Rubenach
[1983] (Figure 5b). In northern parts of the Gelnica Group,
the north vergent kink bands developed mainly within
incompetent shales while competent lithologies like quartz-
ites and volcanics were gently folded by open folds with
wavelengths of a few hundreds of meters (Figure 3a). The
decrease in cleavage intensity is even more pronounced in
amphibolite and greenschist facies metabasites of the Rako-
vec Group where a spaced to fracture cleavage is developed
indicating very low finite strains [Passchier and Trouw,
1996] (Figures 3a and 5c).
[21] The Late Carboniferous and Permian cover of the

Gemer Unit, directly overlying the Rakovec Group, is also
affected by GCF. In this domain, the deformation is strongly
heterogeneous leading to the development of small-scale
(up to several hundreds of meters) positive cleavage fan
structures. Carboniferous conglomerates contain pebbles of
foliated metabasites of the Rakovec Group. However, the
secondary cleavage known from the Rakovec Group has
never been discovered in the pebbles. This means that the
same post-Permian cleavage affects the Gemer Unit and
Late Paleozoic sediments.
[22] The features of GCF described above are developed

prominently along the central part of the Gemer Unit
(Figure 4a). Lateral extension of GCF toward western and
eastern Vepor promontories (Figures 3a and 4b) is marked
by change in cleavage trend, so that it becomes parallel to
their boundaries. In addition, the positive fan structure
disappears and the cleavage is dominantly vertical and very
intense. Triassic and Jurassic sediments of the Meliata
accretionary wedge in the front of the western Vepor
promontory exhibit a strong cleavage development and
reworking of Jurassic fabrics in continuation of GCF.
Structural succession as well as 40Ar/39Ar cooling ages
ranging from 106 to 82 Ma from Gemer Unit [Dallmeyer
et al., 1996] are our major arguments for Cretaceous
shortening of the Gemer Unit associated with the develop-
ment of GCF.

3.2. The First Cretaceous Deformation:
Vepor Extensional Mylonitization

[23] In contrast to compressional deformation of the
Gemer Unit, the earliest Cretaceous structures developed
in the Vepor basement are associated with extensional
tectonics (Figure 4a). This is manifested by mylonitization
of basement rocks and Permian-Triassic cover, character-
ized by the development of anastomosed network of
greenschist facies shear zones. The intensity of mylonitiza-
tion is highest in the cover sequences and gradually
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decreases toward the deeper part of the Vepor basement,
where the Variscan high-grade fabrics are preserved [Siman
et al., 1996]. The Cretaceous age of this deformation is
confirmed by several Ar/Ar cooling ages of micas ranging
from 90 to 85 Ma [Dallmeyer et al., 1996; Janák et al.,
2001b; Kováčik et al., 1996; Maluski et al., 1993].
[24] The style of deformation changes toward the NE

edge of the Vepor basement, where narrow normal shear
zone marked by strongly noncoaxial deformation associated
with top-to-the-NE normal shearing is developed. This
deformation mainly affects the Late Paleozoic and Triassic
Vepor cover. Overlying Gemer slates and relics of the
Meliata accretionary wedge contain a cleavage interpreted
as manifestation of the GCF, but they are not affected by
extensional reworking (Figure 4a).

3.3. Cretaceous Transpressional Deformation:
Trans-Gemer Shear Zone (TGSZ)

[25] The transpressional deformation is marked by devel-
opment of a several kilometer wide zone of NE trending
steep cleavage along the southern boundary of the western
Vepor promontory (Figure 4b). Here, in the Gemer Unit, the
Carboniferous and Permian cover of the Vepor basement
and Mesozoic rocks of the Meliata accretionary wedge, all
previously developed structures, are intensively reworked
under lower greenschist facies conditions (Figure 5d). In the
strongly attenuated Gemer Unit, relics of E-W trending
GCF fabric and the new NE trending cleavage form a
map-scale sigmoidal domain surrounded by highly sheared
Late Paleozoic rocks (Figure 4b). Locally, the early devel-
oped foliation is refolded by synschistose noncylindrical
folds with steeply to subhorizontally plunging hinges,
which become subparallel to horizontal stretching lineations
with increasing finite strain. These features are consistent
with progressive folding in transpressional shear zones
[Fossen and Tikoff, 1998; Treagus and Treagus, 1992].
[26] The boundary of the Vepor basement and Late

Paleozoic cover is intruded by sheets of peraluminous
granites, which show magmatic fabric parallel to the trans-
pressional shear zone. In some places, a heterogeneous,
steep NE trending mylonitic S-C fabric indicates sinistral
shearing. Granite apophyses and dikes are folded and
sheared or they crosscut the foliation of host rocks without
internal deformation. All these features are consistent with

syntectonic character of granite emplacement. Shallow level
of magma emplacement is documented by contact meta-
morphism of host Late Paleozoic schists (500�C and 2 kbar
[Vozárová, 1990]).
[27] Toward the NE, this 5 kmwide zone of steep cleavage

continues into central part of the Gemer Unit (Figures 3a and
4b). This NE trending zone of shear deformation, the Trans-
Gemer Shear Zone (TGSZ), overprints all previously
developed metamorphic fabrics (Figure 5e) exhibiting a
20 to 25 km sinistral offset of lithological stripes and
axial zone of GCF. The displacement and intensity of
deformation gradually vanishes toward the NE edge of the
Gemer Unit.
[28] Two several kilometers wide, NE trending zones of

greenschist facies transpressional deformation affected
internal parts of the Western Vepor promontory (Figure 6b).
Inside these shear zones, the Variscan as well as Mesozoic
mylonitic extensional fabric are strongly refolded and
transposed. The character of folding as well as numerous
sense-of-shear criteria underlines the sinistral sense of
movement. These zones are preferentially developed in
weak lithologies such as garnetiferous micaschists or
highly anisotropic extensional mylonites. Outside of these
shear zones, a weak E-W trending crenulation cleavage
affects the flat Cretaceous extensional mylonitic foliation.
The structural mapping shows anticlockwise rotation of
this crenulation toward parallelism with shear zones,
which confirms the sinistral displacement along shear
zones.

3.4. Eastern Gemer Thrust (EGT) and
Associated Deformations

[29] The southern part of the Gemer Unit is displaced
along sinistral TGSZ toward NE, and consequently is thrust
over the eastern Vepor promontory along large-scale com-
pressive shear zone, the Eastern Gemer Thrust (EGT)
(Figure 3b). This zone is marked by imbrication of base-
ment and cover (both Paleozoic and Mesozoic), intense
lower greenschist facies grade mylonitization of all lithol-
ogies across a few kilometers wide belt. An important
feature is the incorporation of the Gemer Permian-Triassic
cover as well as the Triassic-Jurassic Vepor cover into
imbricated thrust system in the form of large-scale isoclinal
synclines (Figure 3b). The foreland duplexes and mylonitic

Figure 3. (opposite) Idealized cross sections of central and eastern parts of the Gemer Unit. (a) Section characteristic of
30 km wide and 50 km long almost E-W trending central part of the Gemer Unit. In the north, Late Carboniferous, Permian,
and Triassic (Silica nappe) sequences unconformably overlie the metabasites of the Rakovec Group of the Gemer Unit.
Gelnica Group builds the major part of the Gemer Unit farther to the south, where it is unconformably overlain by Permian
metasandstones. The southernmost part of the section is formed by most completely preserved sequences of Meliata
accretionary wedge and Silica nappe at the top. (b) Eastern part showing complete section through the Meliata accretionary
wedge and the Silica nappe in the south and the Gemer Unit and the eastern Vepor promontory with its Mesozoic cover to
the NE. All tectonic units are trending NW-SE. The Vepor basement rocks are imbricated with their Mesozoic cover. In the
hanging wall, there occurs Late Paleozoic cover of the Gemer Unit represented by Early Carboniferous slates and Permian
metaclastics and Triassic limestones. This sequence is tectonically overlain by the Rakovec and the Gelnica Groups which
are locally covered by klippens of Silica nappe. To the southwest, the Gelnica Group covered by Permian clastics and by
Meliata accretionary wedge is located. The legend is same as for Figure 1.
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Figure 4. Idealized cross sections across the southern and eastern margin of the Vepor promontory.
(a) Southwestern section of the studied area characteristic of 40 km wide and 70 km long outcrop of the
western Vepor promontory. Southeastern margin of this crystalline complex is rimmed by low-grade Late
Carboniferous metasedimentary formation (Slatviná Formation) intruded by peraluminous granites of
uncertain age. Farther to the southeast, a belt of Permian greenschist facies metasediments occurs
followed by belt of Early Carboniferous greenschist facies slates (Ochtiná Formation) of variable width.
The Gemer Unit consists exclusively of extremely reduced Gelnica Group. The southernmost part of the
section consists mostly of carbonates of Meliata accretionary wedge and Silica nappes. (b) NW-SE
trending contact of the western Vepor promontory with the Gemer Unit. The NE edge of the Vepor
basement is rimmed by the Late Carboniferous formation (Slatviná Formation) and by Permian and
Triassic greenschist facies grade metasandstones of the Vepor cover sequences. Along this border the
Late Carboniferous formation is pinching out to the north so that the Permian rocks of the cover
sequences directly overlie the Vepor basement. Farther to the east, the Permian metasediments are
overlain by slates of the Gelnica Group. Large klippen of Permian rocks and metacarbonates of the Bôrka
nappe overlie the Gelnica Formation. The legend is same as for Figure 1.

Figure 5. (opposite) Field photographs of main structural features. (a) Steep cleavage (160/70) of the GCF affected by late
subhorizontal kink bands (350/25) in axial part of GCF (Štós Saddle). (b) Weakly developed south dipping axial plane
cleavage (204/45) affecting early fabric (90/60) in the northern part of the Gelnica Group (road cut north of Gemerská
Poloma). (c) Weak spaced cleavage (150/30) reworking Variscan metamorphic fabrics (335/60) of the Rakovec Group
(Nálepkovo). (d) Steep cleavage (150/80) and vertical noncylindrical folds of TGSZ affecting early composite S0–1 fabric
of Triassic limestones (Blh valley near Ploské village). (e) Late steep cleavage of TGSZ (338/85) reworking the early
cleavage of the Gemer Cleavage Fan (178/70) in the Gelnica Group (Smolnı́cka Huta).
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foliation of the EGT system are dipping to the SW, bear an
intense stretching lineation plunging to the SW and show a
top-to-the-NE sense of shearing.

4. Tectonic Model of Cretaceous Collision

[30] The structural pattern and succession of deformation
structures described above allow modeling of the tectonic
evolution of SW Carpathians and development of polyphase
cleavage patterns. Our interpretation is based on mutual
strength relationships between individual units at the onset
of Cretaceous convergence. Cretaceous tectonics of the
West Carpathians is characterized by north vergent collision
of a southern continent with the northerly lying West
Carpathian domain (European plate). Fragments of the
southern continental domain, now located in northern Hun-
gary (Bükk mountains), are considered to be Neo-Protero-
zoic in age [Pantó et al., 1967]. Here, the absence of
Variscan overprint is manifested by continuous sedimenta-
tion from the Early to Late Paleozoic. We suggest that this
southern continent behaved as a rigid indenter controlling
the deformation of all northerly foreland crustal units, and in
our coordinate system was actively moving toward the
north. The mechanical contrast between the Vepor basement
promontories and the Gemer slates results from their con-
trasting lithologies and pre-Cretaceous evolution. The
interval of thermal relaxation of the Vepor quartzofeld-
spathic crust between the last (Late Carboniferous) impor-
tant thermal perturbation and Cretaceous collision
corresponds to about 180 Ma. This indicates, that the
geotherm of the Vepor crust was equilibrated at the onset
of Cretaceous orogeny [Cloetingh and Burov, 1996;Morgan
and Ramberg, 1987]. Therefore we suggest that the Variscan
Vepor basement, composed of gneisses and granites, repre-
sented a mechanically strong promontory of irregular shape.
In contrast, the Gemer Unit is represented mainly by low-
grade slates composed of fine-grained hydrous minerals
with rheology controlled by diffusion type of deformation
mechanisms as pressure solution and diffusive mass transfer

[Knipe, 1979, 1989]. For the same geotherm, as compared
with laterally adjacent quartzofeldspathic rocks, the strength
of Gemer slates was incomparably lower. Taking into
account these rheological assumptions, the Gemer Unit
during the Cretaceous event is considered to be the weakest
domain accommodating most of the viscous deformation.
[31] In agreement with Woodcock et al. [1988] and

Sintubin [1999], the cleavage patterns in deformable weak
rocks reflect the geometry and direction of movement of
rigid blocks. In order to model the development of super-
posed cleavage pattern described above, it is important to
define boundary conditions.

4.1. Definition of Kinematic Frame

[32] The asymmetry of the GCF can be interpreted as a
result of movement of rigid indenting block to the north and
back thrusting of metasediments over its northern margin.
The rigid basement does not crop out, but it can be traced in
deep seismic lines 2T and G1 [Tomek, 1993; Vozár and
Šantavý, 1999; Vozár et al., 1996]. The seismic profiling
shows that the Gemer Unit is about 5 km thick sheet-like
body resting on a basement of unknown age. This major
lithological boundary is represented by series of strong
horizontal reflectors. The most spectacular structure in
seismic line G1 [Vozár and Šantavý, 1999; Vozár et al.,
1996] is a highly reflective south dipping zone along which
the horizontal base of the Gemer Unit is displaced to the
north. This zone is interpreted as the major Sub-Gemer
thrust fault responsible for northward thrusting of rigid
basement over weak sediments resulting in the development
of GCF (Figure 6).
[33] Important question in our model is the displacement

of Vepor basement rocks with respect to the Gemer Unit. It
is well known that the whole central and southern Carpa-
thian domain was actively moving to the north (in recent
coordinates) as documented by Cretaceous progressive
closure of Mesozoic Fatric basinal domain north of the
Vepor basement [Plašienka, 1997]. In this kinematic frame
all units are shifted to the north but only differential move-

Figure 6. Schematic block diagrams showing tectonic evolution of the studied area. (a) Development of
the Gemer Cleavage Fan due to indentation of sub-Gemer basement. (b) Development of the Trans-
Gemer Shear Zone and Eastern Gemer Thrust Zone resulting from interaction between the Vepor
promontories with sub-Gemer basement.
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ments within the Vepor-Gemer system are responsible for its
internal deformation. Important observation is that the
deformation intensity in central part of the Gemer Unit
vanishes to the north. In this area, the Vepor basement is
present (covered by Tertiary sediments) but no increase in
Cretaceous deformation intensity has been observed. This
means that this Vepor segment does not creating important
deformation resulting from possible movement to the south.
Therefore we suggest that the Vepor promontories did not
move actively to the south, and extreme deformation along
western and eastern Vepor promontories was imposed by
generally northward flow of weak material. In conclusion,
the only differentially moving rigid block is the northward
thrusted part of sub-Gemer basement. All other basement
units can be further considered kinematically fixed.
[34] Our field studies showed that apart from GCF, an

intense deformation was concentrated along southeastern
edge of the western Vepor promontory producing TGSZ and
also along southwestern edge of the eastern Vepor promon-
tory responsible for the origin of EGT (Figure 6b). The
development of TGSZ probably results from a major change
in mutual translation direction of southern sub-Gemer block
and western Vepor promontory due to their oblique collision
at deeper crustal levels. Localized transpressional deforma-
tion in upper crustal levels is a typical expression of oblique
convergence in many active regions, e.g., San Andreas fault

zone [Teyssier and Tikoff, 1997], Sumatra [Tikoff and
Teyssier, 1994], or Alpine fault in New Zealand [Teyssier
et al., 1995].

4.2. Numerical Modeling of Progressive
Deformation of the Gemer Unit

[35] The presented numerical approach enables to model
the deformation in a weak zone surrounded by rigid blocks
or free boundaries. The approach is based on the thin
viscous sheet approximation being similar to that one used
by England et al. [1985] for modeling the deformation of
the whole lithosphere. We assume a horizontal weak tabular
domain to have been subjected to flow with no tractions at
top and bottom surface. We consider vertical gradients of
the horizontal velocity to be negligible, which allows us to
integrate the equations of motion over the vertical dimen-
sion and to work with vertical averages of stress and strain
rates. When linear constitutive relation between stress and
strain rates is considered, the procedure leads to a system of
elliptic partial differential equations for two horizontal
velocity components (see Appendix A). The system is
solved by the finite element method, with the Dirichlet
and Neumann boundary conditions applied to segments of
the domain boundaries corresponding to the described
geological settings (rigid indenter, free inflow or outflow

Figure 7. (a) Initial geometry and boundary conditions of the numerical model. The arrow indicates the
velocity and trajectory of the indenter northern margin, with v = 0; zero Dirichlet boundary condition for
velocity; outflow, zero Neumann boundary condition for velocity. (b) Finite strain pattern developed in
weak zone after 1 Myr of shortening. Distribution of strain intensity expressed in D value and orientation
pattern of XY plane of finite strain ellipsoid. The foliations trajectories are shown by lines and the
orientation of lineation is expressed by the color of foliation trace. White line corresponds to horizontal
lineation and black line to vertical one. (c) Finite strain pattern developed in weak zone after 3 Myr of
shortening. Distribution of strain intensity expressed in D value and orientation pattern of XY plane of
finite strain ellipsoid. (d) Distribution of finite strain symmetry expressed in K value.
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of material). The vertical strain rate and velocity are related
to the horizontal velocity field by the incompressibility
equation. Ježek et al. [2002] have described the thin sheet
model as sensitive to the angle of collision and maybe
producing a zone dominated by lateral simple shear close to
the indenter and a zone of dominant pure shear farther away
from the indenting boundary. In addition, we show that
these general features can strongly interfere with finite
dimension of the modeled area and imposed boundary
conditions.
4.2.1. Definition of Domain Geometry
and Boundary Conditions
[36] As the Vepor promontories were considered to have

been kinematically fixed throughout the whole deforma-
tional history, the zero velocity (Dirichlet) boundary condi-
tion was applied to their boundaries (Figure 7a), so that their
geometry corresponds to the Vepor basement recent shape.
The northern boundary of our model connecting eastern and
western promontories is characterized by a zero velocity
gradient (Neumann) boundary condition allowing free out-
flow of material to the north. This is in agreement with the
absence of a deformation gradient in this area. Similar
boundary conditions are applied to the rest of examined
domain boundaries since the extension of all geological
units in these particular areas is unknown, being covered by
Tertiary sediments. The southern edge of the model repre-
sents the actively moving rigid body of oval shape follow-
ing prescribed trajectory with constant velocity of 1 cm/yr
(Figure 7a). This velocity of plate movement is deliberately

chosen to demonstrate the principal tendencies in finite
strain patterns.
4.2.2. Results of Numerical Modeling
[37] The main results of our modeling are presented in a

series of three time steps equal to 1, 3 and 7 Myr. We
present maps of strain intensities, orientations of XY planes
of finite strain and orientations of X strain axes (Figures 7b,
7c, and 8a). Already after 1 Myr we can observe the
development of arcuate pattern of XY trajectories around
the rigid indenter (Figure 7b). Another feature is the
decrease in strain intensity from the south (D = 0.5) to the
north, where the strain intensity is negligible. The strain
intensity increases in the western part of the model close to
the western promontory. The strain symmetry is of plane
strain type in the deformed area irrespective to the strain
intensity. The X axis of finite strain is vertical in the entire
domain indicating predominant pure shear deformation
regime.
[38] After 3 Myr we can observe several domains with

contrasting strain parameters (Figures 7c and 7d). The central
domain in front of the indenter shows exponential decrease in
strain intensity from indenter margin (D = 1) to the north
(D = 0.1). The strain gradient is poorly defined toward eastern
promontory and the XY planes tend to be parallel with the
promontory margin. In the west, the strain intensity is highest
across the whole width of the shortened domain and the
trajectories of XY planes are fully parallel with the western
Vepor promontory margin. The strain symmetry shows dom-
inant flattening, K close to zero, along wide zones parallel to

Figure 8. Finite strain pattern developed in weak zone after 7 Myr of shortening. (a) Distribution of
strain intensity expressed in D value and orientation pattern of XY planes and X axes of finite strain
ellipsoid. (b) Distribution of angles between instantaneous and finite XY planes expressing the degree of
possible simple shear reactivation of existing finite anisotropy. (c) Distribution of finite strain symmetry
expressed in K value. (d) Distribution of finite topography in meters after 7 Myr of shortening in front of
the indenter.

5 - 12 LEXA ET AL.: COLLISION IN WEST CARPATHIANS

96



the Vepor promontories, whereas in the central domain the
increase of K parameter up to 0.5 occurs close to the indenter
margin (Figure 7d). Pure shear is dominating along the whole
deformed area except small part southeast of the indenter,
where subhorizontal stretching starts to develop. In this area,
we can examine angle f between XY planes of instantaneous
and finite strain ellipsoid. Here, the angle f exceeds 25�, but
with progressive northward movement of the indenter, the
area of high anglef enlarges.According toTikoff andTeyssire
[1994] and Ježek et al. [2002], high angle f is critical for the
development of discrete partitioning and subsequent slip
along highly inclined surfaces. In this concept, the instanta-
neous stretching tensor has similar significance as does a
stress tensor for the development of faulting and reactivation
of preexisting anisotropies [Tommasi and Vauchez, 2001].
Therefore the sufficiently high angle between finite stain
anisotropy and instantaneous maximum stretching axis may
generate high resolved shear stress on preexisting surfaces
and reactivate these planes as strike-slip faults. In our model,
the discrete partitioning starts to operate after 3Myr leading to
continuous change in the indenter movement direction. We
show the pattern developed after 7 Myr, where the observed
tendencies are fully developed (Figure 8b). The central part of
weak domain shows exponential strain intensity decrease
from D = 2.5 to approximately D = 0.5 in the most remote
area in the north (Figure 8a). Our highest calculated strain
intensities correspond to maximum shortening of �70%,
which is in agreement with values estimated for strongly
developed slaty cleavage [Siddans, 1972]. Therefore we
suggest that the zones of highest modeled strain intensities
correspond to the domains in the field with most intensely
developed cleavage mapped as stages 4 and 5 of Bell and
Rubenach [1983]. Similarly, modeled low strain intensities of
D = 0.5 (�25% shortening) may be compared to heteroge-
neously developed cleavage stages 1 and 2 of Bell and
Rubenach [1983] in the field. Modeled strain symmetries
reach values of K = 0.5, which roughly correspond to
measured values of Németh et al. [1997]. The area between
the indenter and western promontory forms now a narrow
channel in which the strain intensity is significantly higher
and strain symmetry more oblate. Moreover, the X axis of
finite strain becomes horizontal and starts to be controlled by
simple shear deformation. At that time, following the pre-
scribed trajectory (Figure 7a), the indenter bulk translation
vector becomes parallel to the southern margin of the western
Vepor promontory (Figure 8a). This change in indenter
movement strongly affects the style of deformation in the
eastern part of deformable domain. In this area, an intense
strain develops up to D = 2, the foliation trajectories being
parallel to the eastern promontory margin. The strain
symmetry remains oblate with K parameter close to zero
(Figure 8c).

5. Discussion

5.1. Validation of Numerical Model
With Respect to Field Data

[39] The numerical model of thin viscous sheet deforma-
tion generated by an indenter of oval shape simulates the

development of deformation pattern characteristic of GCF.
We note that strain intensities decrease exponentially from
the margin of indenting block, which is in agreement with
cleavage pattern observed in the field.
[40] The development of discrete partitioning between

western Vepor promontory and indenting block agrees well
with the observed secondary cleavage associated with
TGSZ. We suggest that the TGSZ accommodates the
change in bulk indenter translation from northward to
northeastward during the deformation. The transcurrent
movement along the western promontory is responsible
for propagation of TGSZ into interior of the Gemer Unit.
This leads to separation of GCF into northern domain with
preserved northward movement related structures, while
the southern domain becomes frontally convergent with
the eastern promontory. This process is responsible for the
development of EGT.
[41] However, the presented model has serious limita-

tions. We are not able to simulate the deformation of those
parts of the viscous sheet, which were thrust over rigid
promontories. This particularly concerns extensional strip-
ping of the Gemer Unit from northeastern part of the
western Vepor promontory. The noncoaxial extensional
deformation in this area is most likely related to the activity
of TGSZ and corresponds to pulling the allochthonous
Gemer Unit associated with sinistral shearing along this
major shear zone. The model is unable to demonstrate the
effects of strain localization associated with discrete parti-
tioning. In fact, the TGSZ is passively translating southern
part of the Gemer Unit without significant internal defor-
mation. Similarly, the development of EGT appears to be a
more localized feature than is shown in our model, and
leads also to passive thrusting of the Gemer Unit over the
eastern Vepor promontory.
[42] Despite of these limitations, the presented model

allows to predict the strain pattern in front of indenting plate
in an area with complex boundary conditions. Our model is
intended to quantify the cleavage patterns developed due to
themovement of rigid blocks as suggested byWoodcock et al.
[1988], Sintubin [1999], and others. The basis of our model-
ing is the assumption that the cleavage represents theXYplane
of finite strain ellipsoid [Cloos, 1947; Sorby, 1853; Wood,
1974]. Our model works with deformation of originally
isotropic medium and does not take into account problems
of existing internal anisotropy [Cobbold et al., 1971]. How-
ever, the major advantage of our approach is the interconnec-
tion of complex kinematic frame with finite strain pattern,
whichwas so far possible only for extremely simple boundary
condition models, e.g., simple shear, transpression, etc. In
addition, the model explains the polyphase cleavage
patterns in terms of the complex shape of promontories and
changes in movements of indenting blocks. Moreover, using
the regional mapping of cleavage patterns, we are now able to
distinguish actively moving blocks from stationary rigid
promontories.
[43] We are aware that infinite numbers of boundary

conditions exist, which may generate different strain distri-
bution and superposition of structures. Therefore we deliber-
ately selected the set of boundary conditions, which satisfy
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the structural evolution in theweak domain represented by the
Gemer Unit. Such a type of modeling could be used to
validate chosen boundary conditions, i.e., the role of rigid
promontories for complex structural evolutions in terrains
with polyphase deformation.

5.2. Timescales of the Proposed Model

[44] The timescale of themodel is controlled by velocity of
the indenting block. We have chosen the arbitrary velocity of
1 cm/yr for the sake of simplicity. However, in the case
of Vepor and Gemer Units, we can define the velocity of
movement of our kinematically fixed system. On the basis of
the knowledge of approximate initial width and stratigraphic
record of the Mesozoic (Fatric) basin in front of the
Vepor basement [Plašienka, 1997], the rate of shortening is
estimated to be about 1 cm/yr, and the duration of the
shortening process is estimated at about 20 Myr. Plašienka
[1997] also demonstrated that the original frontal closure of
the Fatric Basin passed to transpressive movements after
20 Myr. This means that the differential movement of rigid
indenter, which moves together with the whole kinematic
system, has to generate a defined finite strain at the same
period of time. Moreover, the initiation of TGSZ activity may
correspond to a transition from frontal to transpressional
movements recorded in the northern edge of the whole
kinematic system. Once this rough timescale is established,
then the absolute velocity of our indenter should be four times
slower than suggested in the model to generate the observed
strain pattern.

5.3. Development of Topography, Exhumation, and
Asymmetry of GCF

[45] The model allows estimation of average vertical
strains and, because of a fixed lower boundary condition,
also the vertical elevation. We can expect that the surface
elevation represent local topography generated by shorten-
ing of the viscous sheet. The lateral distribution of topog-
raphy follows the exponential distribution of finite strain in
areas of pure shear-dominated deformation. Figure 8d
shows the distribution of topography in front of an indent-
ing block after 7 Myr of shortening. It is to be noted that the
domain of highest topography follows the axial zone of the
GCF, where the degree of metamorphism associated with
the development of cleavage is most important.
[46] Although our model predicts vertical cleavage in the

entire domain, we observe that the cleavage forms a positive
fan-like structure. We interpret this pattern as a result of
different amount of vertical shortening due to different
gravitational potential across the GCF. This mechanism is
manifested by the development of late kink bands with kink
planes perpendicular or oblique to strongly developed vertical
cleavage.

Appendix A

[47] The equations governing the deformation of a thin
viscous sheet were published by England and McKenzie
[1982]. We provide here the derivation of equations for the

simplest case of Newtonian rheology as they have been
used for our modeling. The model assumes a relatively thin
viscous plate with no tractions at top and bottom surface
and negligible vertical gradients of horizontal velocity
components. Creep equation reads

@tij
@xj

¼ @p

@xi
ðA1Þ

where T is the deviatoric stress tensor and p is the pressure,
and repeated index means summation. Assuming a linear
constitutive relation

tij ¼ 2h_eij ðA2Þ

equation (1) can be written as

2h
@ _eij
@xj

¼ @p

@xi
ðA3Þ

[48] The strain rate tensor of the form

_E ¼

_e11 _e12 0

_e21 _e22 0

0 0 _e33

0
BBBB@

1
CCCCA ðA4Þ

is assumed. Then the equation containing the vertical strain
rate _e33 reduces to

2h
@ _e33
@x3

¼ @p

@x3
ðA5Þ

[49] Integrating the equation over the vertical dimension
x3, we obtain

2h�_e33 ¼ �pþ f x1; x2ð Þ ðA6Þ

where the upper strike means vertical average. Because of
the model assumptions we can put f (x1, x2) = 0 everywhere.
We substitute from equation (A6) in the first equation (A3)
integrated over the vertical dimension and obtain

2h
@�_e1j
@xj

¼ @�p

@x1
¼ 2h

@�_e33
@x1

and similarly for the second equation. The resulting equa-
tions can be written as

@ _eij
@xj

� @ _e33
@xi

¼ 0 i ¼ 1; 2; j ¼ 1; 2 ðA7Þ

where we omit the signs of vertical averaging. Mass
conservation for incompressible flow requires that

_e33 ¼ � _e11 þ _e22ð Þ ðA8Þ
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Thus

2
@ _e11
@x1

þ @ _e12
@x2

þ @ _e22
@x1

¼ 0

@ _e11
@x2

þ @ _e21
@x1

þ 2
@ _e22
@x2

¼ 0

ðA9Þ

[50] We replace the strain rate tensor by horizontal
components of velocity u1, u2

_eij ¼
1

2

@ui
@xj

þ @uj
@xi

� �
ðA10Þ

and finally obtain a system of elliptic partial differential
equations

4
@2u1

@x21
þ @2u1

@x22
þ 3

@2u2

@x1@x2
¼ 0

@2u2

@x21
þ 4

@2u2

@x22
þ 3

@2u1

@x1@x2
¼ 0

ðA11Þ

[51] The system can be solved by the finite element
method. Dirichlet and Neumann boundary conditions may
be applied to segments of the domain boundaries so that
they correspond to geological settings (rigid indenter, free
inflow or outflow of material).

[52] Although we compute the horizontal velocity field,
the vertical strain rate can be estimated by equation (8) that
allows us to assess at every step the tensors of instantaneous
and finite deformation and related parameters of deforma-
tion, such as intensity

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rxy � 1

 �2þ Ryz � 1


 �2q
ðA12Þ

symmetry

K ¼
Rxy � 1

 �
Ryz � 1

 � ðA13Þ

and orientations of lineations and foliations. Because of the
assumed form of the strain rate tensor, equation (A4), the
model can produce only horizontal or vertical lineations and
foliations and can be regarded as generalized (locally
variable) transpression.

[53] Acknowledgments. We are grateful to the Geological Survey of
the Slovak Republic for significant financial support during the initial
stages of our research. This work has been also supported by the Charles
University Agency grant 216/1999/B-GEO. The salaries of K. Schulmann
and O. Lexa were covered by Ministry of Education grant 24313005.

References

Allemand, P., and J. M. Lardeaux, Strain partitioning
and metamorphism in a deformable orogenic
wedge: Application to the Alpine belt, Tectonophys-
ics, 280, 157–169, 1997.
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Dionýz Štúr Inst. Geol., Bratislava, Slovakia, 1992.

Faryad, S. W., Mineralogy of Mn-rich rocks from
greenschist facies sequences of the Gemericum,
West Carpathians, Slovakia, Neues Jarhb. Mineral.
Monatsh., 10, 464–480, 1994.

Faryad, S. W., Phase petrology and P-T conditions of
mafic blueschists from the Meliata unit, Western
Carpathians, Slovakia, J. Metamorph. Geol., 13,
701–714, 1995.

Faryad, S. W., and H. J. Bernhardt, Taramite-bearing
metabasites from Rakovec (Gemeric Unit, the Wes-
tern Carpathians), Geol. Carpath., 47, 349 – 357,
1996.

Faryad, S. W., and F. Henjes-Kunst, Petrological and
K-Ar and Ar-40-Ar-39 age constraints for the
tectonothermal evolution of the high-pressure
Meliata unit, Western Carpathians (Slovakia),
Tectonophysics, 280, 141–156, 1997.

Finger, F., and I. Broska, The Gemeric S-type granites
in southeastern Slovakia: Late Palaeozoic or Alpine
intrusions? Evidence from electron-microprobe dat-
ing of monazite, Schweiz. Mineral. Petrogr. Mitt.,
79, 439–443, 1999.

Fossen, H., and B. Tikoff, Extended models of transpres-
sion and transtension, and application to tectonic
setting, in Continental Transpressional and Trans-
tensional Tectonics, edited by R. E. Holdsworth,
R. A. Strachan and J. F. Dewey, Geol. Soc. Spec.
Publ., 135, 15 –33, 1998.

Genser, J., J.D.VanWees, S.Cloetingh, and F.Neubauer,
Eastern Alpine tectono-metamorphic evolution:
Constraints from two-dimensional P-T-t modeling,
Tectonics, 15, 584 –604, 1996.
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B. Lupták, and P. Horváth, Alpine (Cretaceous)
metamorphism in the Western Carpathians: P-T-t
paths and exhumation of the Veporic core complex,
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the Kohút zone: Veporides, Geol. Zbor. Geol. Car-
path., 39, 187–200, 1989.

Korikovskij, S. P., S. Jacko, and V. A. Boronichin,
Facial conditions of Variscan prograde metamor-
phism in the Lodina complex of Èierna hora crystal-
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Kováčik, M., J. Král’, and H. Maluski, Metamorphic
rocks in the southern Veporicum: Their Alpine
metamorphism and thermochronologic evolution,
Miner. Slovaca, 28, 185–202, 1996.

Maluski, H., P. Rajlich, and P. Matte, 40Ar-39Ar dating
of the Inner Carpathians Variscan basement and
Alpine mylonitic overprinting, Tectonophysics,
223, 313–337, 1993.
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tislava, Slovakia, 1978.
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vician fossils (conodontes, foraminifers, chitinous
shields) from the methamorphic series of the
Gemericum (western Carpathians), in Tenth Meeting

of EuropeanUnion of Geosciences, vol. 4,Abstracts,
p. 266, Cambridge Univ. Press, New York, 1999.

Wood, D. S., Current views of the development of slaty
cleavage, Annu. Rev. Earth Planet. Sci., 2, 369 –
401, 1974.

Woodcock, N. H., M. A. Awan, T. E. Johnson, A. H.
Mackie, and R. D. A. Smith, Acadian tectonics of
Wales during Avalonia Laurentia convergence, Tec-
tonics, 7, 483–495, 1988.

���������
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Abstract

Small-scale shear zones inclined at intermediate angles to an earlier anisotropy are often observed in deformed rocks. They are

traditionally described as shear-bands, C-bands, extensional crenulation cleavage or normal kink-bands formed as a result of extension along

the anisotropy. Their asymmetries are widely used to describe the large-scale kinematics of deformation and the deformational history of a

given area. We demonstrate that when various three-dimensional fold structures are observed on two-dimensional outcrop surfaces or in thin

section, they can appear geometrically identical. We have developed a simple technique that allows the geometrical evaluation of any section

across a cylindrical fold of arbitrary geometry. The ranges of planar sections on which a fold exhibits shear-band like geometry are presented

on a stereographic projection in order to simplify the determination of critical orientations. We demonstrate that for any fold geometry, there

are two distinct groups of sections showing shear-band like geometry with opposite ‘senses of shear’ criteria systematically arranged around

the axial plane and which are inclined at a high angle to the major anisotropy. We provide a field example from Western Carpathians, where

kinematic analysis, mainly based on apparent extensional shear-bands, led to overemphasis of the role of post-orogenic extension on the final

structural pattern of the belt.

q 2003 Elsevier Ltd. All rights reserved.

Keywords: Shear-band geometry; Oblique fold sections; Small-scale shear zones

1. Introduction

Small-scale shear zones inclined at intermediate angles to a

previous anisotropy are commonly observed in deformed

rocks. They are traditionally presented as shear-bands (White,

1979), C0-bands (Ponce and Choukroune, 1980), extensional

crenulation cleavage (Platt, 1979, 1984; Platt and Vissers,

1980), asymmetric boudinage, asymmetric folds or normal

kink-bands (Dewey, 1965; Cobbold et al., 1971; Cosgrove,

1976) formed as a result of extension along the older

anisotropy or shortening normal to the anisotropy. Their

‘sense of shear’ and geometrical relations are widely used to

describe the large-scale kinematics of deformation (Berthé

et al., 1979; Simpson and Schmid, 1983; Lister and Snoke,

1984) or the tectonic settings of the deformational history

(Platt and Vissers, 1980; Behrmann, 1987).

Shear bands may resemble the compressional crenulation

cleavage but develop by extension of the older foliation

rather than by shortening (Passchier and Trouw, 1996). This

led some authors to use the terms compressional (CCC) and

extensional (SBC) crenulation cleavages (Platt and Vissers,

1980). Passchier and Trouw (1996) presented a summary of

differences between these two contrasting structures. Their

main argument for distinction between both kinds of

structures is the angle of CCC with the older foliation,

which generally ranges between 45 and 908, while for SBC

the angle to earlier foliation is less than 458. However, the

angular distinction between CCC and SBC is not always

valid. The compressional crenulation cleavage changes the

geometry in the profile section towards the hinge direction

of the folded domain, so that the internal rotation becomes

less than 458 and may be easily misinterpreted as an SBC

(Price and Cosgrove, 1994, p. 263, Fig. 10.50).

From a kinematic point of view, CCC develops at a high

angle to bulk shortening while SBC represents a single shear

plane at small angle to the foliation (Passchier and Trouw,

1996). In order to interpret the kinematic significance of

both kinds of structures, they have to be observed in plane,

0191-8141/03/$ - see front matter q 2003 Elsevier Ltd. All rights reserved.
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perpendicular to the intersection of CCC and SBC with the

older foliation.

With the advent of modern kinematic analysis in structural

geology in the early 1980’s, the XZ plane of finite strain

ellipsoid became extremely important. This plane is tradition-

ally defined as a plane parallel to the stretching lineation and

perpendicular to the foliation. However, the stretching

lineation in phyllites or phyllonites can be difficult to define,

and it can be easily confused with corrugations or intersection

lineation. Moreover, the presence of well-defined shear bands

on a rock surface in the field is in many cases considered a

satisfactory indicator to consider this surface as an XZ plane.

Because, shear bands are such noticeable structures and their

kinematic significance is straightforward, these structures

have been widely used as first order kinematic indicators in

many orogenic belts (Behrmann, 1987).

This paper aims to demonstrate that: (1) distinguishing

between CCC and SBC is not always an easy task, (2) unless

this is fully appreciated there is a great danger of

misinterpretation when the shear bands are used as kinematic

indicators, and (3) the CCC and SBC can appear identical

when seen on flat outcrop surfaces or in thin sections.

2. Geometrical characteristics of oblique sections of folds

Folding or flow partitioning are commonly presented in

two dimensions while geological structures are three-

dimensional (3D) features. In order to justify the use of

the two-dimensional (2D) analyses to investigate a three-

dimensional problem, certain assumptions are made.

Because the displacement fields predicted by the 2D-theory

are limited to a plane (usually one of the principal planes of

the strain ellipsoid), it is assumed that displacement is

identical in any parallel plane and therefore that the

resulting fold structures are cylindrical. As a result, the

axes of the folds are perpendicular to the plane of

the displacement field. Based on these assumptions we

will consider 2D sections normal to the fold axes to be ‘true’

sections and all other sections ‘apparent’.

Geometrically, shear-bands can be characterized by three

angles a, b and g (Fig. 1), corresponding to the relative

angles of the limbs, hinge trace and enveloping surface

(Platt and Vissers, 1980). In order for the fold or flexure

profiles to have shear-band geometry, a should have a value

between 10 and 508, while b and g should range between 10

and 258, so that the interlimb angle exceeds 1308. Platt and

Vissers (1980) show that these angles are mean values from

observations in the field, for example from the Betic

movement zone (Behrmann, 1987). We will show that for a

given fold profile in the ‘true’ section (i.e. a section normal

to the fold axis; Fig. 2) there is a specific range of ‘apparent’

sections (i.e. a section oblique to the fold axis; Fig. 2) in

which the fold profiles satisfy the geometrical criteria of

shear-bands.

Apparent sections through three-dimensional cylindrical,

coaxial folds can be treated as fold axis parallel projections

of ‘true’ fold section onto the section plane. When ax þ

by þ cz ¼ 0 is the equation of a section plane and ( p, q, r) is

the vector parallel to the fold axis in an arbitrarily chosen

reference frame, then the coordinates ½x y z� of points in a

‘true’ section and the coordinates ½x0 y0 z0� of points on an

‘apparent’ section are related to each other by matrix

equation:

½x y z�

bq þ cr

D

2ap

D

2ar

D

2bp

D

ap þ cr

D

2br

D

2cp

D

2cq

D

ap þ bq

D

2
666666664

3
777777775
¼ ½x0 y0 z0�

where D ¼ ðap þ bq þ crÞ.

The 2D coordinates on the chosen section are obtained as

coefficients of linear combinations of any two perpendicular

unit vectors coplanar with the section plane. We developed

a simple MATLABw script, which visualises any section

profile across a given fold geometry and determine the three

angles a, b and g (Fig. 1) for the oblique section profile.

Using this script we can examine any section across a fixed

fold geometry and determine which of them satisfies the

geometric requirements for shear-bands. The results are

presented in a stereographic projection (Figs. 3 and 4)

sharing the area containing poles to sections that satisfy the

shear-band criteria. The area of sections exhibiting shear-

band like geometry is shaded on the basis of the interlimb

angle a (Fig. 1).

Sections through symmetrical folds generally have fold

profiles with an asymmetric geometry (Fig. 3) and the

planes on which the apparent fold geometry satisfies the

shear-band criteria fall into two distinct groups separated by

the fold axial plane. These two groups contain poles to

sections on which shear-band geometry exhibit opposing

asymmetry, i.e. opposing ‘shear-sense’ criteria. The area of

these domains on a stereographic projection, i.e. the range of

orientations of section planes in space that display shear-

band geometries is related to the interlimb angle of the

symmetrical folds, so as the interlimb angle increases

towards 1808, the range of suitable sections displaying

shear-band geometry increases.

Sections across asymmetric folds that display shear-band

Fig. 1. Shear band geometry and definition of angles a, b and g according to

Platt and Vissers (1980).
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geometries are shown in Fig. 4. It can be seen that the range of

sections suggesting a sinistral and dextral ‘sense of shear’ is

unequal in this example and a preferred enlargement of one

group occurs. This asymmetry is controlled by the angle

between the fold axial plane and the main anisotropy (Fig. 4).

3. Geological example

In the Vepor basement of the Central Western

Carpathians, a flat-lying mylonitic foliation containing a

well-developed stretching lineation is affected by late

Fig. 2. (a) Block diagrams of folded anisotropy and ‘apparent’ fold sections showing shear-band geometries. (b) Orientation of apparent fold sections

exhibiting opposite sense of shear criteria. (c), (d) Principle of presentation of ‘apparent’ fold sections in stereographic projection.

O. Lexa et al. / Journal of Structural Geology 26 (2004) 155–161 157

103



Fig. 3. Stereographic projection showing influence of interlimb angle. The range of section planes showing shear-band geometry increases with interlimb angle

of folds affecting main anisotropy.

Fig. 4. Stereographic projections showing influence of angle between fold axial plane and main anisotropy. The probability of occurrence of opposite shear

criteria decreases with decreasing angle of axial plane and plane of main anisotropy.
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folding, which generated a crenulation cleavage. The fold

axes are generally sub-parallel to the stretching lineation

(Fig. 5). Most of the studies on the kinematic and

tectonic evolution of this region are based on the use of

shear-bands and asymmetric porphyroclasts as kinematic

indicators. These studies have resulted in the generally

accepted model of post-orogenic, orogen-parallel exten-

sion (Plašienka et al., 1999; Lupták et al., 2000; Janák

et al., 2001). In contrast to the interpretation given by

previous workers in which the major extensional

deformation post-dates the episode of compression, a

study by these authors shows that extension was the first

Alpine deformation in the area and that this pre-dates the

compressional stage of tectonic evolution (Lexa et al.,

2003). The extensional phase is highly asymmetrical and

locally non-coaxial. The majority of the studied outcrops

show that we are dealing with oblique sections across

small-scale folds, which are likely to be misinterpreted as

shear-bands (Fig. 6).

In order to evaluate the probability of encountering

oblique sections with shear-band like geometry in a

particular field area, we need to identify the dominant

geometries of the small-scale folds and, moreover, we

have to understand the distribution of surfaces on which

the structures are observed. It should be pointed out that

the majority of observations are from natural rather than

man-made outcrops, where the orientation of the exposed

surfaces is controlled mainly by fractures (typically

joints). In addition, sections that are sub-parallel to the

lineations are specifically selected as being appropriate

for the study of kinematic indicators. We plotted the

range of sections with shear-band like geometry, the

range of naturally occurring fractures and the distribution

of lineations on a stereographic projection (Fig. 5c),

which shows that there is a high probability of system-

atically observing oblique sections across the small-scale

folds showing opposite shear-band geometries. We

propose that such field observations led some authors

Fig. 5. Structural elements from studied area. (a) Poles to main Alpine metamorphic anisotropy showing girdle distribution around the axis sub-parallel to

hinges of late Alpine folds—116 measurements; (b) orientation of stretching lineation—68 measurements; (c) distribution of poles to main fracture systems

developed in studied area (Hók et al., 2001) overlaid by shaded areas indicating ‘apparent’ fold sections in which shear-band geometry can be observed; (d)

rose diagram of main fracture directions in studied area (Hók et al., 2001). Note that a main maximum of fracture orientations coincides with orientations of

apparent fold sections. All data are plotted on Schmidt net and projected from lower hemisphere. In (a) and (b), the contour levels are even multiples of standard

deviation.
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(e.g. Siman et al., 1996) to interpret the extensional

tectonics in Vepor basement to be symmetrical.

4. Discussion and conclusions

Shear-bands and folds can generate identical geometries

when seen on a flat exposure surfaces in some orientations.

These geometries can lead to misinterpretation of folds as

shear bands and to erroneous structural and kinematic

interpretation.

The ambiguity arises since oblique sections through

small-scale folds in anisotropic materials have identical

geometries to XZ finite strain sections through shear-band

bearing rocks. Misinterpretations are most likely in areas of

multiple deformations when earlier fabrics are folded.

Determination of the XZ section in phyllonites and phyllites

is often complicated by the presence of microscopic

corrugations on foliation surfaces, which may be easily

confused with stretching lineation. These corrugations are

commonly associated with gentle folds of a larger scale.

Particularly in this case, geologists would tend to look for

kinematic criteria in sections in which the larger folds would

generate profiles similar to shear band geometry.

In order to be confident that the geometry displayed on a

2D exposure surface is related to true shear-bands and can

therefore be used as a valid kinematic indicator, it is

essential to know the 3D geometry of the structure and the

orientation of the exposure surface with respect to fold axes

and lineations. For this reason, systematic studies of fracture

and joint systems in folded areas should accompany

kinematic analyses.

Fig. 6. Field photos of late folding and crenulation cleavage affecting early Alpine fabric in the Vepor micaschists of the West Carpathians. True fold sections

(a) micaschists in the Mútnik area; (b) micaschists in the Katarı́nska huta area. Apparent fold sections showing shear-bands geometry (c), (d) Katarı́nska huta.

Axial plane: 326/75; fold axis: 52/14; and general outcrop surface: 318/65.

O. Lexa et al. / Journal of Structural Geology 26 (2004) 155–161160

106



Acknowledgements

We are grateful to the Geological Survey of the Slovak

Republic for significant financial support during the initial

stages of our research. This work has been also supported by

the Grant of Charles University Agency No. 216/1999/B-

GEO. The salaries of K. Schulmann and O. Lexa were

covered from the grant of the Ministry of Education No.

24313005.

References

Behrmann, J.H., 1987. A precautionary note on shear bands as kinematic

indicators. In: Cobbold, P.R., Gapais, D., Means, W.D., Treagus, S.H.

(Eds.), Shear Criteria in Rocks. Journal of Structural Geology 9(5–6).

Pergamon, Oxford–New York, International, pp. 659–666.
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pp. 1–171.
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Méres, S., 2001. Cretaceous evolution of a metamorphic core complex,

the Veporic unit, Western Carpathians (Slovakia): P–T conditions and

in situ Ar-40/Ar-39 UV laser probe dating of metapelites. Journal of

Metamorphic Geology 19 (2), 197–216.
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Abstract

This work shows lateral variations in fold geometry within an amphibolite unit of constant mineralogical composition under increasing

metamorphic grade. Analysis of the fold geometries indicate: (1) medium amplification associated with low post-buckle flattening in the

garnet zone, (2) high amplification coupled with medium post-buckle flattening in the staurolite zone, and (3) passive amplification

dominated by intense post-buckle flattening in the sillimanite zone. A systematic decrease in the mechanical anisotropy of the folded fabric is

observed with increase in metamorphic grade. Quantitative microstructural study shows contrasting deformation micro-mechanisms

associated with folding manifested by: (1) brittle dominated deformation of amphiboles that form a stress supporting network with a high

competence contrast with respect to plagioclase in the garnet zone, (2) ductile dominated heterogeneous deformation of an interconnected

weak layer structure with low competence contrast in the staurolite zone, and (3) homogeneous deformation of a stress supporting framework

with low competence contrast in the sillimanite zone. The difference in the folding style between the garnet and staurolite zones is associated

with the lateral variations in microstructure of the amphibolites inherited from a pre-folding metamorphic zonation and with different

deformation mechanisms in the hinge zones. However, the change in fold style observed as one moves into the sillimanite zone is controlled

by the recrystallization associated with an important syn-folding heat input from an adjacent granite intrusion.

q 2005 Elsevier Ltd. All rights reserved.

Keywords: Fold geometry; Quantitative link; Amphibolite; Metamorphic gradient; Deformation microstructures

1. Introduction

The fold shape in a folded bilaminate is determined by

the ratio of competent to incompetent layer thickness and

the viscosity contrast (m1/m2) between them (Ramberg,

1961). Ramsay and Huber (1987, p. 405) discuss the factors

that influence the fold geometry of such buckled bilami-

nates. The most important factors are the primary

rheological properties of the layers, which depend on the

mineralogical composition and grain size, external par-

ameters such as temperature and pressure, and the

development of a preferred orientation of minerals during

deformation. The seminal work of Biot (1961) provided a

theoretical treatment capable of analysing these systems and

his work has been successfully applied by geologists to

explain the buckling behaviour of both discretely layered

systems and mineral fabrics. In Biot’s work the most

important factor controlling the mode and style of folding is

the mechanical anisotropy of the material. It can be shown

that there is a direct link between the mechanical anisotropy

and the competence contrast of a bilaminate (m1/m2) and this

allows one to use both theories to study their folding

behaviour (Price and Cosgrove, 1990). By analysing the

geometries of the studied folds it is possible to determine

which of the two theoretical approaches is more appropriate.

Although a large quantity of work has been carried out on

the folding mechanics of layered systems (e.g. the

theoretical work by Biot (1961, 1963a,b), Ramberg (1963,
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1964) and Fletcher (1995), the experimental studies by

Ghosh (1968), Dubey and Cobbold (1977), Dubey (1980),

Mancktelow and Abbassi (1992) and Hobbs (1971) and the

field studies by Oertel and Ernst (1978) and Fowler and

Winsor (1996)), this work is not directly applicable to the

folding of mineral fabrics where the concept of layer

thickness and competence contrast are more difficult to

define. Fortunately a theory of the deformation of

mechanically anisotropic materials has been developed by

Biot (1967), which enables the folding of mineral fabrics to

be considered.

The application of modern computer graphics, in

particular geographic information systems (GIS) in quanti-

tative petrography, and computer techniques, which allow

the precise evaluation of grain shapes (Panozzo, 1983,

1984), grain sizes and grain spatial distribution, have

provided tools for the assessment of the relationship

between mineral fabrics and the folding that develops

within them. In this paper we present a method of

quantitative microstructural analysis that allows the semi-

quantitative assessment of the mechanical anisotropy of

mineral fabrics. We demonstrate that quantitative computer-

aided analysis of natural fold shapes in conjunction with a

study of the internal microstructure allows a better under-

standing of the mechanical behaviour of naturally folded

multilayers. Our observations show that it is possible to

distinguish folds formed by active buckling from those

dominantly controlled by passive amplification. This can be

clearly correlated with major variations in mineral micro-

structures, semi-quantitatively estimated mechanical aniso-

tropy and the deformation mechanisms associated with

folding.

The rock unit studied in this analysis consists of

metabasites of relatively constant composition that show

metamorphic zonality ranging from the lower amphibolite

facies conditions in the east to the upper amphibolite facies

conditions in the west. The metamorphism was

accompanied by the development of progressively evolving

mineral microfabrics forming a gently dipping to sub-

horizontal metamorphic foliation. This consistently oriented

but systematically varying rock anisotropy has been

subsequently affected by horizontal compression respon-

sible for the development of upright post-metamorphic

folds. In addition, a granite intruded into the western part of

the amphibolite sheet and thermally influenced the host rock

within a zone several kilometres wide. Field observations

show a remarkable change in the style of the post-peak

metamorphic folding approaching the intrusion (Schulmann

and Gayer, 2000) and the question arises as to whether the

change in fold style reflects the variation in the

inherited mechanical anisotropy associated with

the east–west metamorphic–microfabric zonation,

whether it is related to the lateral heat input from the

westerly granite, or both.

The aims of this contribution are: (1) the quantitative

characterization of the fold shapes and semi-quantitative

determination of mechanical anisotropy based on quantitat-

ive microstructural analysis, (2) the determination of

possible folding mechanisms using fold shape analysis as

well as the micro-deformational mechanisms associated

with folding, and (3) the evaluation of the relative role of the

inherited paleometamorphic microstructural zonation

(mechanical anisotropy) and lateral heating, on folding.

2. Geological setting

The northeastern margin of the Bohemian massif is built

up of the Neo-Proterozoic basement called Brunia and its

sedimentary cover (Dudek, 1980) in the east, and a belt of

Brunia derived Variscan nappes (Silesian domain) with high

grade rocks of the orogenic root belonging to the Lugian

domain in the west (Fig. 1).

The studied area is located in the Brunia derived par-

autochthon called the Desná dome, which consists of

metamorphic Neo-Proterozoic basement core surrounded

by a volcano-sedimentary Devonian envelope (Fig. 1b).

Metabasites of the Jesenı́k amphibolite massif, the subject

of this study, form part of this Devonian sequence. The huge

accumulation of basic rocks was formed during the Early

Devonian rifting, as indicated by their tectono-stratigraphic

position and back-arc tholeiitic composition (Patočka and

Valenta, 1990). Metabasites are present on both the eastern

and western flanks of the Desná gneissic core. The basites at

the eastern margin show more tuffitic character while the

main amphibolite body situated in the west developed

mostly from basalts and possibly from gabbros as indicated

by preserved textures in the less deformed domains. The

metabasites are locally stratigraphically or tectonically

intercalated with metapelites and quartzites of Pragian age

(Chlupáč, 1994), which show the same tectono-meta-

morphic history.

2.1. Structural geology

The complex polyphase tectonic evolution of the region

comprises the early pre-Variscan deformations termed D1.

The first Variscan structures are associated with the

Barrovian metamorphism (termed D2), and the late Variscan

structures (D3), developed during the transpressional

regime. The most important D2 structure is represented by

a planar metamorphic fabric expressed as localized shear

zones in the basement orthogneisses and as a penetrative,

originally sub-horizontal metamorphic foliation (S2) in all

the rocks of the Devonian cover. This fabric is now dipping

to the NW or SE at moderate to steep angles as a result of

subsequent large-scale folding (Fig. 2a). Within the cover,

syn-schistose folds (F2) as well as mineral lineation (L2) are

locally well developed.

The D3 deformation had various effects on different

lithologies, depending mainly on the intensity of the

previous S2 anisotropy (Schulmann and Gayer, 2000).
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Basement orthogneisses display rare upright folding.

Metabasites and metasediments of the Devonian volcano-

sedimentary cover show well-developed mostly asymmetric

F3 folds with axial planes dipping to the NW or SE and

subhorizontal NE–SW-trending hinges (Fig. 2a). The fold

size ranges from the microscopic grain-scale up to metres-

scale folds. In the eastern and central parts of the Desná

dome the D3 deformation was post-peak metamorphic and

took place under greenschist conditions as marked by

growth of chlorite, muscovite and albite along axial

cleavage of F3 folds in metapelites (Schulmann and

Gayer, 2000). However, it was contemporaneous with the

emplacement of the Žulová granite in the west (Cháb and

Žáček, 1994; Schulmann and Gayer, 2000), which resulted

in the overprinting of the S2 foliation by a NE–SW-trending

steep and penetrative foliation S2–3 (Fig. 2a).

Fig. 1. (a) Geological map of the eastern margin of the Bohemian Massif. Inset shows location of the studied area in the frame of European Variscides. (b).

Geological map of the Silesian domain based on the geological map 1:200,000 by Pouba (1962) and Roth (1962). Important thrust faults and normal faults are

indicated. A–A 0 indicates the position of the cross-section in Fig. 2.
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Fig. 2. Geological cross-section A–A 0 (shown in Fig. 1b) of the Desná dome showing major structures, lithology of individual units, and major tectonic

boundaries (a). Metamorphic zones extended from metapelites are indicated as well as approximate actinolite-out and clinopyroxene-in isograds (for Ca-rich

metabasites). Equal area lower hemisphere stereoplots are shown for D2, and D3 planar and linear structures. Each stereoplot contains between 50 and 100 poles

contoured as multiples of uniform distribution. The cross-section is constructed from photographs and field notes and shows the principal structural features.

The vertical axis is not to scale. Note that the metamorphic isograds cross-cut lithological boundaries and their apparent steep attitude is associated with a large

scale F3 folding of their original flat dip as shown by Schulmann and Gayer (2000) and Štı́pská et al. (2000). (b) Lower left inset shows PT plot with indicated

ages of M3 and M2 metamorphisms and associated fabrics; a—Schulmann and Gayer (2000); b—Jehlička (1995); c—Maluski et al. (1995). PA — pluton

aureole.
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2.2. Metamorphic zonality

The Variscan metamorphic evolution of the study area

involves two main phases; an M2 metamorphism of

Barrovian character with the intensity increasing westwards

and an M3 metamorphism induced by the Žulová granite

intrusion in the western margin of the Desná dome. The

Barrovian M2 metamorphic grade ranges from chlorite zone

in the eastern margin of the Desná dome up to staurolite and

possibly sillimanite zone in the west. The M3 periplutonic

HT/LP overprint also attains its maximum in the western

part of the studied area, where it is documented by the

presence of K-feldspar–cordierite migmatites (Rozkošný

and Souček, 1989; Cháb and Žáček, 1994), as well as by the

growth of sillimanite and new garnet in the staurolite

micaschists in the pluton aureole (Fig. 2).

Although the metabasites cannot be precisely divided

into particular metamorphic zones once they have reached

amphibolite facies conditions, it is nevertheless necessary

for the purpose of this work to establish a metamorphic

zoning of the amphibolite massif based on the increasing

metamorphic conditions. The metamorphic zones deter-

mined in intercalated metasedimentary rocks by Souček

(1978) are therefore extended into the adjacent metabasites

and used as a reference for the definition of the metamorphic

grade therein. The justification for this procedure is based on

the mutual field relations of the amphibolites and metasedi-

ments, which indicate that both lithologies have experi-

enced the same tectonic and metamorphic history

(Schulmann and Gayer, 2000). Therefore, PT conditions

were determined in metasediments applying various

thermobarometry methods (Baratoux, 2004). The degree

of metamorphism in the east of the metabasite massif

corresponds to the garnet zone in the contiguous metasedi-

ments and the mineral assemblage in the metabasites

includes hornblende, plagioclase, actinolite, chlorite, and

epidote corresponding to PT conditions of 540G10 8C and

5G1 kbar. Further to the west actinolite and epidote

disappear and HblCPlGQtzCIlmCTtn, which corre-

sponds to the staurolite zone, appears with metamorphic

conditions of M2 estimated to be 570G30 8C and 5.5G
1 kbar (Baratoux, 2004). The mineral assemblage in the

metabasites corresponding to the sillimanite zone is

represented by HblCPlGQtzCIlmCTtn and AmpCPlG
QtzGCpxGCalCIlmCTtn in calcium-rich lithologies and

metamorphic conditions of this zone were estimated to

590G20 8C and 5.5G1 kbar. In the pluton aureole,

sillimanite–cordierite–K-feldspar assemblage occur in

metapelites and the PT conditions of periplutonic M3

metamorphism reached 700G15 8C and 4.2G0.8 kbar (Fig.

2b). The mineral assemblage in the amphibolites corre-

sponds to that of the sillimanite zone.

The age of the main fabric-forming M2 metamorphic

event is difficult to establish in the studied area, but it is

supposed to have occurred during the main collisional

event, which is dated elsewhere at w340 Ma (Schulmann

and Gayer, 2000; Štı́pská et al., 2004). The termination of

the D2–M2 event can be constrained by Rb–Sr dating (335G
7.5 Ma) of the crystallization of the Žulová granite

(Jehlička, 1995). However, 40Ar/39Ar dating of muscovite

and biotite from mylonitic gneisses of the Desná dome and

of the Žulová granite (Maluski et al., 1995) suggest that

cooling through the white mica and biotite closure

temperatures (350 and 300 8C, respectively) occurred

between 310 and 300 Ma. Therefore, this age may

correspond to the greenschist facies F3 folding activity in

the east and to the cooling of the Žulová pluton to the west.

3. D2 and D3 amphibolite microstructures across

metamorphic zones

3.1. Eastern part of the massif (the garnet zone)

In the eastern part of the massif, i.e. in the garnet zone,

some weakly deformed metagabbros with large grains of

hornblende and plagioclase (1–2 mm) are still present. The

main metamorphic fabric S2 of amphibolites is preserved in

domains unaffected by F3 folding or in F3 fold limbs and it is

characterized by a strong mineral shape preferred orien-

tation (SPO) of amphibole 0.2–3 mm in size (Fig. 3a). These

grains often show a strong chemical zonality with actinolitic

cores and tschermakitic rims (Fig. 4a). Fine-grained (30–

60 mm) sub-equant plagioclase (An25–35) forms elongate

polycrystalline aggregates surrounded by laths of amphi-

bole. These new grains develop from large relict clasts

(An40–50) (Fig. 4d). The plagioclase in these domains

exhibits features typical for dynamic recrystallization (in the

sense of Poirier and Guillopé (1979)) such as undulatory

extinction, the development of sub-grain boundaries, and a

uniform grain-size distribution. However, a contribution of

metamorphic nucleation is evidenced by the different

chemical composition of the host and the new grains

(Rosenberg and Stünitz, 2003).

In the hinge zones of F3 microfolds, amphibole grains

with irregular boundaries are commonly bent and broken

(Fig. 3b). Microfractures associated with domainal undula-

tory extinction fragment large grains into smaller elongate

segments. There is no difference in plagioclase microstruc-

ture in the non-folded foliation and in the crenulated

domains. It is concluded, therefore, that the main D3

deformation mechanism for amphibole is fracturing (in the

sense of Nyman et al. (1992) and Stünitz (1993)) and

passive grain rotation within the plagioclase matrix.

3.2. Central part of the massif (the staurolite zone)

In the eastern part of the central zone of the massif

actinolite is still locally present in the cores of dark green

grains of magnesio-hornblende. Amphibole composition

follows the pargasitic line (Fig. 4b) within the S2 foliation.

The size of the dark green grains of magnesio-hornblende
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varies from fine-grained (0.01–0.1 mm), through medium-

grained (0.1–1 mm), up to coarse-grained (0.5–3 mm)

porphyroblasts. The finer the amphibole grains, the stronger

their SPO and alignment are. The sub-equant, weakly

elongate plagioclase of An25–35 composition and 20–50 mm
in size is either randomly distributed among the amphiboles

or forms either elongate polycrystalline aggregates or layers

alternating with the amphibole planar fabric (Fig. 3c).

Straight boundaries of sub-equant plagioclase grains

commonly meet in triple junctions.

In the hinge zones of F3 folds, large amphiboles are

generally bent and fractured (Fig. 3d). The main difference

with respect to the previous zone is an important grain size

reduction of amphibole down to 0.01–0.05 mm as a result of

fracturing. New grains attain lower aspect ratios and

become mixed with plagioclase of the same grain size.

There is no difference in chemical composition of either the

plagioclase or amphibole in the hinge zones compared with

the unfolded S2 fabric.

3.3. Western area of the massif (the sillimanite zone)

In the western area of the massif, i.e. in the sillimanite

zone, there is a major change in the microstructural

Fig. 4. The evolution of amphibole (a)–(c) and plagioclase (d) compositions in the garnet, staurolite and sillimanite zones. In (a)–(c) the compositions situated

below the pargasitic line (PRG) in the garnet and straurolite zones are interpreted as relics of previous metamorphic or magmatic stage while those following or

situated above the pargasitic line are thought to be of metamorphic origin (for further discussion see Baratoux (2004)). The numbers next to the symbols

correspond to the analysed samples. Sample 1 in the sillimanite zone is situated in the pluton aureole. Compositions of end members edenite (ED), pargasite

(PRG), tschermakite (TS), actinolite (AC), and tremolite (TR) are indicated.

Fig. 3. Photomicrographs of representative microstructures for each zone. (a) Large amphibole grains parallel to the S2 foliation in the garnet zone are

surrounded by fine-grained recrystallized plagioclase. (b) In the hinge area, amphiboles included within a sub-equant plagioclase matrix grains are bent and

broken as a result of micro-folding. (c) Amphibole and plagioclase in the limb area of the staurolite zone tend to form alternating aggregates elongated parallel

to the foliation. (d) Microcrenulation leads to strong grain size reduction via brittle deformation of amphibole resulting in the mixing of amphibole and

plagioclase in the hinge areas. (e) Plagioclase and amphibole in the sillimanite zone show straight equilibrated boundaries. Both minerals are arranged parallel

to the S2 foliation. (f) Amphibole and plagioclase grains of the hinge area deformed by microcrenulation achieve a high aspect ratio. They reorient sub-parallel

to the axial plane without any internal deformation. (g) Foam-like texture with straight equilibrated grain boundaries meeting at triple junctions of 1208 as well

as a high grain size in both minerals is typical of the metabasites of the pluton aureole. Amphibole and plagioclase tend to form separate monomineral layers.

(h) Amphibole and plagioclase texture in the hinge zone of microfolds is similar to that in the limbs.
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character of the metabasites compared with those in the

garnet and staurolite zones. Brownish green ferroan

pargasitic grains of hornblende with aspect ratios of 2–4

are arranged parallel to the S2 fabric (Fig. 4c). They display

mutual equilibrated straight grain boundaries typical of

high-grade amphibolite textures (Brodie and Rutter, 1985).

Unlike the staurolite zone where the plagioclase (An30–60)

tends to form layers, we observe isolated grains and

aggregates of plagioclase surrounded by elongate and well

oriented crystals of amphibole (Fig. 3e). Chemical zonality

and a large span of plagioclase compositions evolving

towards anorthite document prograde metamorphic growth

associated with dynamic recrystallization (Yund and Tullis,

1991) (Fig. 4d).

The hinge zones of micro-crenulations are very narrow

and the amphibole grains tend to reorient parallel with the

fold axial planes without any bending and fracturing (Fig.

3f). The hornblende grains show straight boundaries, local

decussate structures, and a similar aspect ratio and size to

those within limb zones. Plagioclase reaches slightly higher

aspect ratios and grain size compared with the limbs. All

these features together with the absence of any compo-

sitional zoning of the pargasitic hornblende (Fig. 4c)

indicate grain growth related to prograde metamorphism

(Vernon, 1976).

3.4. Western area of the massif (the sillimanite zone of the

pluton aureole)

Unlike the zones described above, brown pargasitic

hornblende rich in Ti within the sillimanite zone of the

pluton aureole, exhibits straight or slightly concave

equilibrated boundaries and fairly low aspect ratios (1.5–

2). It is difficult if not impossible to distinguish in thin

section the S2 and S3 fabrics. In most of the studied samples

the pargasitic hornblende is associated with plagioclase

(An30–60) of similar aspect ratios and size and arranged into

a regular ’static’ foam-like structure (Fig. 3g). The latter

exhibits straight growth-related twins. Plagioclase-rich and

amphibole-rich compositional bands are locally developed.

Both minerals attain the same size ranging between 0.05 and

0.5 mm. 1208 triple point junctions are formed by

amphibole–amphibole, plagioclase–plagioclase, and even

amphibole–plagioclase grain boundaries. All of the features

described above are consistent with re-equilibration under

high temperature conditions corresponding to the M3 HT/LP

metamorphic overprint. The hinges of F3 microfolds are

extremely rare but if present they show very similar

microstructural relations of hornblende and plagioclase to

that of the main fabric (Fig. 3h). A characteristic feature is

the growth of large elongate hornblende crystals parallel to

the axial plane of the F3 microfolds. The texture of these

rocks bears a remarkable resemblance to the upper

amphibolite to granulite facies example of Brodie and

Rutter (1985, p. 155).

4. Fold shape analysis

4.1. Methods of quantitative analysis

For the purpose of the fold analysis, 3–6 photographs of

representative fold types from each metamorphic zone

(garnet, staurolite and sillimanite with a low degree of HT

overprint) were selected (Fig. 5). The fold analysis could not

be carried out on the rocks from the pluton aureole because

of the scarcity of macroscopic folds. The fold shapes,

redrawn from photographs, were transformed by parallel

projection onto a plane perpendicular to the fold axis. Two

quantitative methods have been applied to quantify the fold

shape: the method of Lisle (1997) based on Ramsay’s

(1967) classification and the harmonic fold shape analysis of

Hudleston (1973). The principles of these methods are given

in Appendix A.

The method of Lisle is based on the polar projection of

the normalized thickness of a folded layer. Each fold can be

characterized by a single number (the index F), which

expresses the amount of flattening within each fold limb.

Class 1 folds are characterized by positive F values (0 toN)

and these give a measure of the amount of homogeneous

flattening perpendicular to the axial plane required to

generate this fold shape from a parallel fold (class 1C for

FO1, class 1B for FZ1 and class 1A for 0!F!1). Class 3

folds are folds with strong thinning of the limbs (attenuated

folds), typically developed in incompetent layers.

These folds are characterized by negative F values (0 to

KN). Lisle (1997) divided the field of class 3 folds into

three subfields with fold shape 3B marking the boundary

between the newly defined 3A and 3C classes. Class 3B

folds are defined as a ‘pure’ class 3 fold geometry from

which the other types (3A and 3C folds) develop by the

superposition of flattening strains. Class 3A folds are

generated from 3B by flattening in the direction normal to

the axial plane and have F values ranging fromK1 toKN.

Class 3C folds are the result of flattening parallel to the axial

plane and are relatively rare in the nature.

Hudleston’s (1973) fold classification, based on the

Fourier harmonic analysis of folds, exploits the fact that the

geometry of a quarter wavelength is sufficient to character-

ize that of the whole fold. The shape is approximated in

terms of its harmonics and it is found that the first two odd

harmonics (coefficients b1 and b3) are sufficient to

adequately describe the fold’s profile shape. b1 expresses

the amplitude of the fold profile, b3 is a measure of the

‘angularity’ or ‘sharpness’ of the fold’s hinge. For sine

waves, b3Z0, for box-like folds b3O0 and for chevron-like

folds b3!0. The ratios of b3/b1 describe a continuous series

of shapes between the chevron and box-end members. The

method for calculating b1 and b3 values is given in

Appendix A.

In the present analysis of fold shape, these two methods

have been combined by plotting b1 values (a measure of the

active amplification of the fold) against F values (a measure
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of the post buckle flattening). This graph shows the

relationship between these two different expressions of

shortening. In order to illustrate the geometric implications

of this graph we have plotted the fold patterns of the model

multilayer sequences given by Ramsay and Huber (1987,

pp. 414–415) (Fig. 6). This shows clearly the effect of the

viscosity ratio (m1/m2), layer thickness ratio (nZd1/d2) and

the amount of superimposed strain on the folds position

on the graph. Folded incompetent layers plot in the left half

of the diagram and the slope of the data points shows the

strong negative correlation between the b1 and F par-

ameters. Folded competent layers plot in the right half of the

diagram and the steeper slope of the data point trend shows a

less pronounced positive correlation between the b1 and F

parameters (Fig. 6).

We have used these plots as standards with which we

compared the plots representing the natural folds from the

study area. In addition to the qualitative estimate of the

viscosity contrast and the proportion of incompetent to

competent fraction, we can deduce semi-quantitatively the

active amplification of the buckle fold and the amount of

post-buckle shortening. The histograms of the F values and

b3/b1 ratios for each of the folds studied are given in Fig. 7.

4.2. Quantitative analysis of fold styles in the garnet zone

The post peak metamorphic folds in the eastern part of

the massif, i.e. in the garnet zone, display only a small

variation in shape. The post buckle flattening is small, as

documented by relatively low positive values of F (0.8–3)

(Fig. 7a), which approximates to a parallel or weakly

flattened parallel fold. Very few folds in this domain belong

to class 3A, i.e. folds that exhibit relatively small negative

values of F (Fig. 7a). The dominance of class 1B (i.e.

parallel) folds is important as it documents that active

buckling played a major role during the fold amplification

and that post-buckle flattening was subordinate. The shapes

acquired from the harmonic Fourier analysis lie between

chevron and sine wave, as can be seen from the histogram of

b3/b1 (Fig. 5a), which has an average value of b3/b1Z
K0.05. The absolute values of both F and b1 are low

(FmaxZ3; b1maxZ3), suggesting a low amount of defor-

mation of the analysed rocks. A comparison of the measured

fold shapes plotted on the b1 vs. F diagram with the model

multilayer sequences (Fig. 6) indicates that the field

examples show a close resemblance to model folds (type

5, i.e. folds characterized by a high viscosity ratio (m1/m2)

Fig. 5. Field photographs of typical fold shapes: (a) garnet zone, (b) staurolite zone, (c) sillimanite zone and (d) sillimanite zone of the pluton aureole. Chevron

folds are typical for the garnet zone (a), flattened folds with high amplitude are characteristic of the staurolite zone (b), and similar folds with rather low

amplitudes are present in the sillimanite zone (c). Steep foliation with relic F3 folds characterize the sillimanite zone in the pluton aureole (d).
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and moderate n (d1/d2) values). This fold assemblage has

geometry close to that of chevron folds and is characterized

by high fold amplification and a low degree of post-buckle

flattening.

4.3. Quantitative analysis of fold styles at the staurolite zone

The histogram of F indexes for the post peak meta-

morphic folds in the staurolite zone (Fig. 2) shows that the

folds of class 1B (FZ1) are no longer present in the central

part of the massif (Fig. 7b). Class 1C folds are the most

common with F values ranging between 1 and 5 with an

average value around 4. There are a number of folds

belonging to class 3A, with F values ranging from K10 to

K1 with an average of around FZK4. These F values

indicate that a high amount of post-buckle flattening occurs

in both the competent and incompetent layers. Three peaks

can be distinguished in the histogram of the b3/b1 ratio. One

maximum is situated close to the chevron shape, a second is

close to the sine wave and the third one lies between the

shapes of a parabola and a semi-ellipse (Fig. 7b). However,

the majority of the folds are situated between the chevron

and sine wave shapes. This shape diversity indicates that

fold geometries characteristic of both competent and

incompetent materials occur. In the context of the mineral

fabric in which these folds develop, this indicates that there

are compositional and modal differences implying compe-

tence contrasts between layers. The diagram b1 vs. F also

demonstrates that the amphibolites in this zone have

suffered an important amount of deformation, which is

Fig. 6. The position of representative multilayer sequences (modified after Ramsay and Huber (1987, pp. 415–416)) in the diagram b1 vs. F. The relatively

competent layers are dark in colour. Corresponding symbols are given to the left of the schematic drawings; open symbols represent the more deformed stage.

The boxed area (F from 4 toK4 and b1 from 0 to 3) has been enlarged. The properties of the multilayer sequences are (following Ramsay and Huber, 1987): (1)

m1/m2 is low, n (the number of layers) is high, _A (fold amplification rate) is low, _e is high; (2) m1/m2 is low, n is moderate, _A is moderate, _e is moderate; (3) m1/m2
is low, n is low, no characteristic initial wavelength is established; (4) m1/m2 is high, n is high, _A is high, _e is low; (5) m1/m2 is high, n is moderate, _A is high, _e is
low. (6) m1/m2 is high, n is low, _A is high, _e is low. Multilayer sequence (3) is missing in our diagram because no folding occurs and the deformation is

predominantly layer parallel shortening. (a) and (b) in the text refer to the less and more deformed stages, respectively.
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documented by higher values of the b1 and F coefficients (Fig.

7b). This fold assemblage corresponds to that of model 5b

(Fig. 6) a multilayer sequence marked by high viscosity ratio

(m1/m2) and moderate n (d1/d2) values. This implies that high

fold amplification and an important post-buckle flattening

developed in both competent and incompetent layers. These

folds can be regarded as a more deformed equivalent of the

fold assemblage observed in the garnet zone (cf. Fig. 7a and b

with Fig. 6—model fold types 5a and 5b).

4.4. Quantitative analysis of fold styles in the sillimanite zone

Within the sillimanite zone (Fig. 7c) most of the folds are

of class 1C and have F values that are concentrated between

Fig. 7. Graphs of the fold analysis b1 vs. F with the inset histograms of F and b3/b1 coefficients: (a) garnet zone; (b) staurolite zone; (c) sillimanite zone. Typical

fold shapes (sine wave, parabola etc.) expressed by the ratio of b3/b1 (Hudleston, 1973) are depicted as vertical lines. See text for further discussion.
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1 and 5 with an average value of around 3. Very few class

3A folds are present. This indicates the important fact that

there are relatively few incompetent layers and that a high

degree of post buckle flattening has occurred (as indicated

by the absence of parallel folds). The broad histogram of the

b1/b3 ratios, with no unequivocal peaks, reveals that the

average fold shape approximates to that of a sine curve. The

graph of b1 vs. F (Fig. 7c) confirms the low number of class

3A folds and the dominance of class 1C. It can be seen from

this diagram that class 1C folds (FO1) have a low range of

b1 values (between 1 and 4). In addition, we observe a

positive correlation between the F and b1 parameters. The

implications of these observations are that although the fold

amplification increases with the degree of post-buckle

flattening, the maximum value of amplification is relatively

low. The measured fold assemblage may be compared with

the model folds of type 2b in Fig. 6, which indicate a low

viscosity ratio (m1/m2) and a moderate value of n (d1/d2).

Compared with the folds in the staurolite zone where high

amplification and low post-buckle flattening dominate, in

the sillimanite zone we observe limited amplification and

pronounced post-buckle flattening. This indicates a change

from folding dominated by active amplification (in the

staurolite zone) to dominantly passive fold amplification in

the sillimanite zone. We interpret this as reflecting an

important change in the rheological properties of the folded

material rather than the result of differing amounts of finite

strain.

4.5. Active buckling vs. post buckle flattening in the studied

folds

The fold geometries were examined in order to determine

the relative importance of active buckling and post-buckle

flattening across the metamorphic zones of the studied

amphibolite unit. It has been shown that in the garnet zone

fold amplification was dominated by active buckling with

only a small contribution from post-buckle flattening. In the

staurolite zone, although the folds have also experienced a

high degree of amplification, this involved both active

buckling and post-buckle flattening. By comparing these

results with those obtained from the model folds it can be

argued that the folds in the staurolite zone are the equivalent

of those in the garnet zone (model fold types 5a and 5b) but

have experienced a higher degree of finite strain. In the

sillimanite zone the folds show a relatively low

amplification but important post-buckle flattening even

though field observations suggest that the strain

intensity of these folds and those of the staurolite

zone are very similar. It is concluded that the

dominance of flattening in the folds developed in the

sillimanite zone, indicating that the folding was

dominated by passive amplification as opposed to that

which occurred in the garnet and staurolite zones.

5. Quantitative analysis of rock anisotropy

In order to understand more fully the results of the

mesoscopic fold analyses discussed above, it is useful to

study the petrofabrics of the folded units. The main goals of

this study are to evaluate the mechanical anisotropy of

folded systems and to determine the micro-deformational

mechanisms associated with folding.

5.1. Methods of quantitative microstructural analysis

Approximately 100 thin sections, collected from all three

metamorphic zones, have been studied in an attempt to show

the relationship between the microstructures and the

folding. Quantitative microstructural analysis has been

applied to eight representative samples collected from the

garnet, staurolite and sillimanite zones and from the granite

aureole. Two thin sections, cut perpendicular to the F3 fold

axes (YZ sections), were taken from the fold hinge and fold

limb in each zone, respectively. As noted above, macro-

scopic folds are only present in the garnet to sillimanite

zones. The degree of transposition of the original meta-

morphic fabric within the contact aureole was so high that

the macroscopic folds are preserved only in domains with

high lithological contrast. However, relics of rootless

microscopic folds can be seen in massive amphibolites in

thin sections and, in this zone, it is these that are analysed

from a microstructural point of view.

A quantitative microstructural analysis of grains and

grain boundaries was carried out on the representative

samples by tracing and digitising the outlines of individual

grains using the ESRI ArcView 3.2 Desktop GIS environ-

ment. The map of grain boundaries was generated using

ArcView extension Poly (Lexa, 2003). These data have

been treated by MATLABe PolyLX Toolbox (Lexa, 2003)

in which grain boundary and grain SPO were analysed using

the moments of inertia ellipse fitting and eigen-analysis of

the bulk orientation tensor techniques (Lexa, 2003).

Digitised drawings of representative samples are shown in

Fig. 8 and the results from the quantitative microstructural

analyses are presented in Table 1. The grain size of the

minerals was calculated in terms of their Ferret diameter and

the resulting grain size distributions were statistically

evaluated. The grain size statistics are summarized in Fig.

9, which shows median values and the quartile difference of

the Ferret diameters. In addition, a method of determining

the orientation of grain boundaries and grain shapes,

using the eigen-analysis technique, was applied in an

attempt to quantify the bulk rock anisotropy. The results of

the analysis of the bulk SPO of grains vs. their aspect ratio

(R) are presented in Fig. 10. Grain boundary preferred

orientation (GBPO) is presented using a diagram of

eigenvalue ratios (rZe1/e2) and the orientation of the

largest eigenvector of the different types of grain boundaries

(Fig. 11).

The grain size analysis is a powerful technique for
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describing the degree of grain coarsening related to the

intensity of metamorphism (Kretz, 1994). Moreover, in

polymineralic tectonites the relative grain size distribution

for different minerals may indicate the degree of strain–

stress partitioning (Handy, 1990; Schulmann et al., 1996).

The SPO and elongation of minerals with a low degree of

crystallographic anisotropy is generally attributed to the

amount of strain in a rock (recrystallized quartz, calcite and

feldspar). However, the degree of elongation of strongly

anisotropic minerals, such as amphiboles, reflects the degree

of metamorphism rather than the degree of strain. Conse-

quently a typical feature of amphiboles is the decrease of

axial ratio with increasing metamorphic grade (Brodie and

Rutter, 1985). Although the degree of GBPO is the factor

most affiliated to the microstructural anisotropy, it is

necessary to discuss all of the above-mentioned parameters

in order to evaluate the bulk mechanical anisotropy of the

rock.

5.2. Grain size distribution

The grain size is expressed as the Ferret diameter of the

grain section without stereological corrections. The grain

sizes of amphibole and plagioclase show slightly different

evolutionary trends (Fig. 9). In the limbs (full symbols),

amphibole grain size decreases from 31 to 21 mm from the

garnet to the staurolite zone, respectively. The size then

increases with increasing metamorphic grade via sillimanite

zone reaching 80 mm in the contact aureole of the granite.

The grain size distribution of amphiboles in the hinge zones

(open symbols) shows a similar trend but the grain size

differences between the metamorphic zones are not as high

as in the fold limbs. The amphiboles from the fold hinges in

the contact aureole (median value 43 mm) are slightly

smaller than those from fold hinges in the sillimanite zone

(median value 46 mm).

In the limbs, dynamically recrystallized plagioclase has

the same grain size in both the garnet and staurolite zones

(median value 17 mm). The grain size then increases with

increasing metamorphic grade up to a median value of

65 mm in the contact aureole. As with the amphiboles, the

grain size is always smaller in the fold hinges reaching a

maximum median value of 35 mm in the contact aureole.

Both the average grain size of amphibole and the variance

are slightly higher than those of plagioclase for all

metamorphic zones.

In the garnet zone, amphibole shows a larger grain size

and grain size spread than plagioclase (Fig. 9). Moving to

the staurolite zone the grain size of the amphiboles

decreases, resulting in a decreasing difference in grain size

distribution between the plagioclase and amphiboles. The

main characteristics of the sillimanite zone are the increase

in grain size of both minerals with respect to the previous

zones coupled with an increase in difference of grain size

distributions. Within the contact aureole the grain size

distributions of coarse-grained plagioclase and amphibole

become equal.

5.3. Aspect ratio and shape preferred orientation

The microstructures of the fold limbs are characterized

by a strong SPO of amphibole grains as well as a high

average aspect ratio (RZ2.05, 2.17 and 2.03 in the garnet,

staurolite, and sillimanite zones, respectively) (Fig. 10).

Only in the highest metamorphic grade does the SPO

decrease, together with the aspect ratio (down to RZ1.57).

Plagioclase displays the same trend as the amphibole but the

absolute values of their aspect ratios and SPO are noticeably

lower (RZ1.46, 1.64 and 1.59 in the garnet, staurolite and

sillimanite zones, respectively). As with the amphiboles, the

aspect ratio and SPO of the plagioclase decreases in the

contact aureole (RZ1.49, i.e. similar to the R value of

amphibole in this zone).

The SPO of amphibole in the hinge zones shows a

complex evolution. In the garnet zone the SPO is still high,

but the aspect ratio is rather low (RZ1.81). In the staurolite

zone both the SPO and the aspect ratio (RZ1.89) decrease

with respect to the limb zone. In contrast the fold hinges in

the sillimanite zone are associated with rather high SPO and

very high aspect ratio with respect to the previous zone (RZ
2.36). Within the contact aureole it is found that the SPO of

amphibole and the aspect ratio (RZ1.60) diminish in the

hinge areas of the microfolds. A similar trend can be

observed in the plagioclase (RZ1.48, 1.53, 1.76 and 1.41

for the garnet, staurolite, sillimanite zones and the contact

aureole, respectively).

5.4. Grain boundary preferred orientation

A study of the evolution of amphibole–amphibole grain

boundary preferred orientation (GBPO) shows two import-

ant trends. The first is the GBPO in the fold limbs which,

apart from the staurolite zone, decreases with increasing

metamorphic grade (rZ2.12, 2.39, 1.76 and 1.23 for the

garnet, staurolite, sillimanite zones and the contact aureole,

respectively) (Fig. 11). The second trend shows that in the

garnet and staurolite zones the GBPO in the hinge domains

is at a high angle to that of the axial plane representing S3. It

can be seen that in the garnet and staurolite zones the degree

of GBPO decreases noticeably in the hinge areas of folds

compared with the limb areas (rZ1.47 and 1.43, respect-

ively). In contrast, in the sillimanite zone, the GBPO in the

hinge zone becomes parallel or sub-parallel to the axial

plane (S3) and shows the same intensity (rZ1.7) to that in

the limbs. Similarly, in the contact aureole, the GBPO in the

hinge zones shows parallelism to the axial plane (S3), and

has a similar intensity (rZ1.22) to that on the limbs.

The r values for plagioclase–plagioclase boundaries are

weak for all the zones (1.06–1.21; see Fig. 11 and Table 1)

indicating a very weak or even a lack of GBPO. In contrast,

the amphibole–plagioclase GBPO, which is controlled by
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Fig. 8. Typical microstructures from the four metamorphic zones, redrawn and digitized in the ArcView GIS environment. The rose diagrams represent grain long axis distribution. Full symbols correspond to

fold limbs, open symbols to fold hinges. These symbols have the same significance in Figs. 9 and 11. The minerals can be identified as follows: plagioclase—white; amphibole—medium grey; spheneC

ilmenomagnetite—black; quartz—vertically hatched; calcite—dotted; clinopyroxene—light grey.
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Table 1

Statistical values of the quantitative textural analysis

Zone Grt St Sil

Sil (pluton

aureole)

Sample 162 163 84 84 10 10 149 4

Limb Hinge Limb Hinge Limb Hinge Limb Hinge

GBPO Pl–pl 1.06 1.10 1.21 1.21 1.25 1.12 1.10 1.22

Eigenvalue rZ
e1/e2

Amp–amp 2.12 1.47 2.39 1.43 1.76 1.70 1.23 1.22

Amp–pl 1.45 1.17 1.95 1.26 1.48 1.52 1.33 1.08

Eigenvector

orientation (8)a
Pl–pl K25 K74 22 88 K9 K65 28 83

Amp–amp K11 K22 K3 K76 K11 K77 74 K83

Amp–pl K16 K2 K4 89 K14 K78 91 K73

SPO Pl 1.21 1.06 1.57 1.25 1.42 1.44 1.23 1.16

Eigenvalue r Amp 2.39 1.57 3.06 1.44 2.16 1.88 1.44 1.31

Eigenvector

orientation (8)a
Pl K16 K38 1 K90 K9 K81 89 K90

Amp K11 K3 K6 K88 K15 K79 79 K86

Aspect ratio

(median)

Pl 1.46 1.48 1.64 1.53 1.59 1.76 1.49 1.41

Amp 2.05 1.81 2.17 1.89 2.03 2.36 1.57 1.60

Grain size—Fer-

ret diameter

Median (mm) Pl 17 22 17 15 39 28 65 35

Amp 31 33 21 20 64 46 80 43

Q1 (mm) Pl 11 14 10 10 27 20 36 21

Amp 16 18 13 13 38 29 45 29

Q3 (mm) Pl 25 34 25 21 52 39 114 53

Amp 75 59 35 32 104 79 130 65

Q3KQ1 (mm) Pl 14 20 15 12 25 19 79 33

Amp 59 41 22 19 66 49 85 37

a Positive values are oriented anticlockwise with respect to the horizontal.
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the difference between the grain size of the large elongate

grains of amphibole and small grains of plagioclase as well

as by the SPO of the amphibole, is higher. The highest

GBPO for these boundaries is developed in the limb zones

of the folds in the staurolite zone (rZ1.95). The degree of

GBPO is low in the limb zones of folds in the garnet and

sillimanite zones (rZ1.45 and 1.48, respectively) and

further decreases to rZ1.33 in the contact aureole. In the

hinge regions the GBPO of plagioclase–amphibole bound-

aries is very low in the garnet, staurolite zones and contact

aureole (rZ1.17, 1.26 and 1.08, respectively; Fig. 11). It is

only in the hinge zones of the folds in the sillimanite zone

that the GBPO of this boundary exceeds 1.5 (rZ1.52).

5.5. A comparison of the microstructures in the hinge and

limb areas for folds from the different metamorphic grades

The analysis of the limb areas of the folds in the garnet

zone reveals a large grain size and aspect ratio difference

between the amphiboles (elongate and large) and plagio-

clase (sub-equant and small) (Figs. 9 and 10). This work

also shows a relatively small SPO and GBPO for plagioclase

compared with strong SPO and GBPO for amphibole. This

microstructure represents a network of large amphibole

crystals surrounding pockets of fine-grained plagioclase. In

the hinge regions of folds in the garnet zone the amphiboles

are oriented at high angles to the axial plane. Compared with

the limb there is a decrease in the aspect ratio, grain size,

SPO and GBPO of both minerals.

In the limbs of the folds in the staurolite zone both the

amphiboles and the plagioclase display a very intense SPO,

high aspect ratio and a strong GBPO coupled with a

decreasing difference in grain size between the two minerals

compared with the fold limbs in the garnet zone (Figs. 9–

11). This reflects the fact that both minerals form

interconnecting aggregates. The hinge zone microstructure,

like that in the garnet zone, is marked by rotation of the

fabric into an orientation at a high angle to the fold axial

plane and, compared with the limbs, the mineral aspect

ratio, grain size, SPO, and GBPO are all reduced.

The sillimanite zone and the contact aureole both show

an increase in grain size for both minerals compared with

the garnet and staurolite zones (Figs. 9–11). However, the

main difference is the parallelism of the mineral preferred

orientation in the hinge zones with the fold axial plane,

which is expressed by both the SPO and the GBPO (Figs. 8

and 11). This is connected with an increase in aspect ratio

for both plagioclase and amphibole in the hinge compared

with the limb. The other important feature is the similar

GBPO for like–like and unlike boundaries for both the hinge

and limb zones. The only difference between the sillimanite

zone and contact aureole is a weakening of the SPO and

GBPO in the latter where the aspect ratio of both minerals

approaches 1. The distribution of amphibole and plagioclase

aggregates in the limbs is rather random in the sillimanite

zone and tends to be layered in the contact aureole.

In summary, we note that the rocks of the study area fall

into two distinct groups. Those in the garnet and staurolite

zones, which show mineral preferred orientation in the

hinge zone at a high angle to the fold axial plane and to the

Fig. 9. Plot of amphibole and plagioclase median of Ferret diameter and variances for all the metamorphic zones studied. Full symbols correspond to fold limbs

and open symbols represent hinge areas. Samples from the pluton aureole are assigned as Sil*.
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SPO of amphibole and plagioclase on the limbs, and those in

the sillimanite zone and contact aureole, which show

mineral preferred orientation in the hinge zone sub-parallel

to the axial plane.

6. Discussion

In this paper we have attempted to use the theory of

buckling of multilayers and the theory of buckling of

mechanically anisotropic materials to explain the folding

mechanisms of some natural folds, which show lateral

variations in their shape. The folds are developed in a rock

unit of constant mineral composition but which exhibits a

lateral variation in rock microstructure related to meta-

morphic grade. Systematic variations in fold shapes across

the whole profile suggest that the original variations in rock

protolith are less important for folding mechanisms than the

metamorphic recrystallization associated with development

of mineral fabrics prior to the folding event.

6.1. Competence contrast vs. mechanical anisotropy

The question arises as to whether the differences between

the fold styles in the garnet and staurolite zone, and folds in

the sillimanite zone, are the result of differences in the

mechanical anisotropy of the mineral fabric or of rheolo-

gical variations between adjacent layers. As is discussed in

the following section, an inspection of Figs. 6 and 7 can help

answer this.

The buckling behaviour of a multilayer is controlled by

the ratio of the competencies, e.g. the viscosities (m1/m2) of

the competent and incompetent layers and their relative

thicknesses (e.g. Ramberg, 1963). The most important

Fig. 10. The plot of grain shape preferred orientation (SPO) of amphibole and plagioclase displaying the weighted ratio of the eigenvalues of inertia. The results

are summarized in a boxplot-type diagram of aspect ratios vs. eigenvalue ratio of bulk matrix of inertia of the individual minerals. The individual boxes show

the median, first and third quartiles of the aspect ratio. The ‘whiskers’ represent statistical estimates of the data range. Outliers are not plotted. Boxes of the

limbs are shaded while those of hinge areas are white. The number of the analysed sample is indicated for each zone. Samples from the pluton aureole are

assigned as Sil*.
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factor controlling the mode and style of folding of a

mineral fabric is the mechanical anisotropy of the

material and this is defined by the ratio of two moduli,

one a measure of the resistance to layer or fabric

parallel compression (M) and the other to the resistance

to shear in the same direction (L).

It can be shown that there is a direct link between

the anisotropy (M/L) and the competence contrast of a

bilaminate (m1/m2) (see Price and Cosgrove, 1990) and

this allows one to use both theories to study folding

behaviour. By analysing the geometries of the studied

folds it is possible to determine which of the two

theoretical approaches is more appropriate. As shown

earlier, the low F values of the folds from the garnet

(low b1) and staurolite zones (high b1) are similar to

those in the range type 5a and 5b to type 4b (Fig. 6).

The trend of the arrows in Fig. 7b (which indicates the

ratio of active buckling amplification and fold flattening

in the staurolite zone) is comparable with the trends

indicated in Fig. 6 for a multilayer (type 5b) with a

high competence contrast between adjacent layers. The

construction of the dip isogons for the folds from this

zone shows alternations of layers with different

geometries (classes 1B and 1C alternating with class

3) and different curvature profiles of the hinge regions

(Fig. 12), a pattern compatible with the folds of type

5b. Using the classical theory of Ramberg (1963), this

pattern can be interpreted in terms of folding of a

multilayer sequence marked by alternation of layers

with a high competence contrast.

However, as was shown above, the garnet zone

amphibolites are more or less compositionally homo-

geneous and do not show distinct compositional layering.

Inspection of Fig. 7a shows that the folds in the garnet zone

could be considered to represent the early stages of active

and passive amplification observed in the staurolite zone.

However, there is a marked difference in the density of the

data relating to the ‘competent’ and ‘incompetent’ members

of the multilayer. When the pattern of dip isogons for a

representative fold profile for these folds is examined (Fig.

12), it can be seen that there is an important increase of fold

flattening component resulting in a convergence of shapes

(and therefore dip isogon patterns) of adjacent layers.

A comparison of the natural data from folds in the

sillimanite zone (Fig. 7c) with the model folds in Fig. 6

shows that the best fit is with type 2b folds. This

geometry is traditionally interpreted as indicating a

bilaminate with a low competence contrast. However,

we note the strong asymmetry in the density of points

indicating a lack of incompetent ‘layers’. This is

confirmed by inspection of the dip isogon pattern of

representative folds from this zone (Fig. 12). Although

the pattern shows alternations of fold shapes of class 1C

with those of class 3, it is obtained by analysing

‘layers’ that are composed of several units. The absence

of alternations of clearly defined individual layers

combined with the high degree of flattening and

relatively low fold amplification indicate that this

system approximates more closely to the model analysed

by Biot than to a bilaminate.

Fig. 11. Plot of grain boundary preferred orientation (GBPO) of amphibole–amphibole, amphibole–plagioclase and plagioclase–plagioclase boundaries

displaying weighted ratio of eigenvalues of inertia. The numbers represent the orientation of the eigenvector V1 of GBPO with respect to the horizontal.

Positive values indicate anticlockwise deviation. Samples from the pluton aureole are labelled Sil*.
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6.2. Interpretation of the deformation micro-mechanisms

associated with folding

Experimental work on amphibole and plagioclase as well

as field observations have shown that the former mineral is

stronger than the latter under the complete range of

homologous temperatures (see Brodie and Rutter (1985)

for a review). Observations of the microstructures in the

hinge zone show that the micro-folding in the garnet zone

has been achieved by the bending and fracturing of the

strong amphiboles whilst the relatively weak plagioclase

recrystallizes and accommodates space modifications

associated with the rigid body rotation of the amphibole

crystals in a weak matrix by mechanism modelled by

Arbaret et al. (2001), for example (Table 2). However, no

fracturing or bending of amphiboles is observed in limb

zones, which implies that the fabric on the limbs still

represents the original, i.e. pre-folding, fabric. Folding of

amphiboles in the garnet zone is thus similar to that

described from low-grade metasediments and which leads

to the occurrence of metamorphic differentiation (Cosgrove,

1976). In this work, Biot’s (1961) theory was used to

account for the buckling of a greenschist facies mineral

fabric made up of a rigid stress supporting framework of

mica containing interstitial weak quartz. In the hinge the

framework of mica protects the quartz from the buckling

Fig. 12. Selected fold assemblages from the garnet, staurolite and sillimanite zones, respectively. (a) Dip isogon patterns. (b) Graphs showing the changes in F

(degree of fold flattening) across successive folded layers for each fold assemblage. (c) b1 vs. F plots constructed for the presented folds showing the relative

importance of fold flattening and active fold amplification.
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stress but on the limbs it does not. The resulting stress

gradients cause the migration of quartz from the limb to the

hinge and mica from the hinge to the limb.

Microstructural examination of the rocks in the present

study area shows an analogous situation in the amphibole

plagioclase rock. The resulting stress gradients established

in both the amphibole and the plagioclase cause a migration

of plagioclase to the hinge and amphibole to the limbs,

leading to metamorphic differentiation.

We suggest that this process operated in the hinge zones

of some macrofolds leading to their thickening. Because of

strain compatibility, this hinge thickening develops in

alternating layers, thus producing patterns similar to the

folding of bilaminate (Fig. 12).

In the hinge zones of folds in the staurolite zone a

conspicuous reduction in the grain size of the amphiboles

with respect to the limb zones can be observed. This is

locally connected with the reorientation of amphibole

fragments, and we interpret this microstructure as being

the result of the fracturing and rigid body rotation of

amphiboles as described by Nyman et al. (1992). The

dynamically recrystallized plagioclase in the hinge zones

also shows a decrease in grain size with respect to the limb.

In the hinges, both minerals have similar grain size, low

aspect ratio, very weak SPO and GBPO and exhibit an

important degree of mixing. We suggest that these features

may stimulate a change in deformation mechanism in these

domains and that in the highly attenuated folds the

fracturing of amphiboles and the dynamic recrystallization

of plagioclase switch to a type of granular flow facilitating

the development of high strain intensities in these areas

(Table 2). The changeover from dislocation creep domi-

nated flow to granular flows connected with a reduction of

grain size and the mechanical mixing of minerals has been

described by several authors in greenschist facies metaba-

site mylonites (e.g. Stünitz, 1993; Berger and Stünitz,

1996). As with the folds in the garnet zone we argue that the

fabric on the limbs of the folds in the staurolite zone

represents the original, pre-fold fabric.

In contrast to the garnet and staurolite zones no bending

or fracturing of the amphibole lattice was noted in the hinge

zones of folds in the sillimanite zone. Instead the fold hinge

areas in the sillimanite zone display crossover growths of

amphiboles and straight, well-equilibrated grain boundaries

of all minerals. In addition, the amphibole grains show no

signs of internal deformation and the grain size is always

higher than that observed in the garnet and staurolite zones.

All these criteria indicate that these grains developed by the

mechanism of nucleation and possibly syn-deformational

growth (Vernon, 1976; Rosenberg and Stünitz, 2003). The

plagioclase also shows well-equilibrated grain boundaries

meeting at triple point junctions and an almost uniform

distribution in the rock, features consistent with the high-

grade crystallization of amphiboles and plagioclase (Brodie

and Rutter, 1985). Comparison of the mineral microstruc-

tures of the hinge zones and the limbs shows that the hinge

zones display higher aspect ratios, smaller grain sizes,

similar SPO and like–like and unlike GBPOs (Table 2). This

implies that, during the development of the folds, recrys-

tallization occurred simultaneously in both the hinge zones

and the limbs, producing an increase in elongation of the

original crystals in the hinge zone. This is because the grains

in both the limb regions and the hinge regions are parallel to

the axial plane, i.e. are perpendicular to the largest principal

compressive stress axis. This resulted in an increase in

aspect ratio by the process of heterogeneous dissolution

accompanied by recrystallization and grain growth, the

mechanism of schistosity transposition well known in high

grade schists and described by a number of authors (see

Passchier and Trouw (1996, fig. 4.17) for a review). Unlike

the folds in the garnet and staurolite zones where we

consider that the fabric on the fold limbs represents the pre-

folding microstructure, in the sillimanite zone it is modified

by dissolution and growth process.

In the contact aureole a similar type of microstructural

pattern to the sillimanite zone occurs but it is marked by a

complete loss of SPO and GBPO coupled with an important

grain size increase (Table 2). These features are consistent

with there having been an important contribution from high

grade “static” recrystallization in both the hinge and limb

domains. However, we emphasise that one can still observe

smaller grain sizes and aspect ratios for both amphibole and

plagioclase in the hinge zones compared with the limbs.

7. Conclusions

A summary of the fold analysis and the microstructural

studies supporting the fold mechanics models is given in

Table 2.

The garnet grade region. The quantitative microstruc-

tural analysis of the limb zones in the folds in the garnet

zone reveals the possible existence of a stress-supporting

network. This type of structure implies a relatively

homogeneous stress distribution in the rock (Jordan,

1988), which is controlled by the rheologically resistant

amphiboles, with the plagioclase representing only weak

pockets that deform to accommodate the deformation

imposed by the strong amphibole. This is supported by the

large grain size difference between the recrystallized

plagioclase and amphibole crystals, which can be inter-

preted in terms of a stress-supporting network with a high

rheological contrast between the plagioclase and amphibole

(Handy, 1990). In addition, the microstructural analysis

shows that the amphibole stress-supporting framework

collapses in the hinge zones by brittle failure. This brittle

deformation, which represents an extreme example of strain

localization, tends to produce sharp-hinged chevron folds on

a grain scale (Fig. 3a and b).

The observed folding mechanism also gives rise to

chevron folds on a macroscopic scale indicating that the

mechanical anisotropy of the rock was high. To interpret the
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Table 2

Summary of parameters derived from fold shape and microstructural analyses in all zones. Used symbols are: A, Amp—amphibole; P, Pl—plagioclase; S—grain size; R—aspect ratio; SPO—shape preferred

orientation; GBPO—grain boundary preferred orientation

Garnet

zone

Staurolite

zone

Sillimanite

zone and

pluton aur-

eole

Folding

mechanisms

Active amplification Active amplification and post-buckle flattening Passive amplification

Low to medium b1. Low positive F Medium to high b1. High F Low to medium b1. High positive F

Degree of

mechanical

anisotropy

High mechanical anisotropy Bilaminate Low mechanical anisotropy

Quantitavive

microstructure

parameters

S R SPO GBPO S R SPO GBPO S R SPO GBPO

Limb AOP AOP AOP AOP AZP ARP ARP ARP AZP AZP AZP AZP

Hinge AOP AOP AOP AOP AZP ARP ARP AOP AZP AZP AZP AZP

Microstructure Amphibole supported LBF (large elongate and inter-

connected Amp grains surrounding pockets of fine-

grained Pl)

IWL microstructure with low-viscosity contrast (alter-

nation of Pl-rich and Amp-rich aggregates)

Amphibole supported LBF structure with low-viscosity

contrast (mixture of Amp and Pl of equal size and aspect

ratio)

Deformation

mechanisms

Hinge Limb Hinge Limb Hinge and limb

Amp fracturing Brittle reactivation of S2
fabric

Amp fracturing and gran-

ular flow of Amp–Pl

matrix

Dynamic recrystallization

of Pl and ductile flow in

Pl-rich layers

Nucleation and syndeformational growth
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isogon patterns (Fig. 12) we propose an explanation of

alternations of hinge zones thickened by this mechanism of

microfolding with those without any thickening and distinct

microstructural changes.

The staurolite grade region. In the limbs of folds

generated in the staurolite zone, the pre-folding fabric is

marked by fairly well developed, alternating elongate

aggregates of plagioclase and amphibole. The intensity of

mineral preferred orientation is very strong, as documented

by the high aspect ratio and strong GBPO and SPO values.

Inspection of the fabric in thin sections (Fig. 3c and d)

suggests that this structure approximates to the so-called

‘interconnected weak layer structure’ (IWL of Handy

(1990)) characterized by an alternation of relatively strong

amphibole rich domains and relatively weak domains rich in

plagioclase. Because the alternating domains differ only in

small modal differences in amphiboles and plagioclase this

structure represents an IWL structure with a low viscosity

contrast as defined by Handy (1994). Such a system

possesses the geometrical characteristics of a bilaminate

with diffuse boundaries between the layers. In the hinge

zones the microfabric shows areas of distributed defor-

mation. During fold development these zones of distributed

deformation (granular flow in the hinge zones) would

contribute to strain softening in this region leading to

continuous amplification of the folds. We note that even if

the deformation of the amphiboles is by brittle failure, it

results in distributed ductile flow in the highly deformed

hinges. Unlike the folds in the garnet zone where probably

no slip on the limbs occurred, in the staurolite zone the slip

is distributed through the relatively weak plagioclase rich

zones increasing the tendency for active amplification of the

fold. In addition, on the limbs, because of the presence of

relatively weak ‘layers’, fold amplification can be further

assisted by flattening. This is well documented by the dip

isogons pattern and the b1 vs. F graph of Fig. 12.

The sillimanite grade zone. In the sillimanite zone the

amphibole and plagioclase show a relatively high aspect

ratio connected with a low degree of GBPO of like–like and

unlike boundaries. In this zone, unlike the staurolite zone

where the plagioclase was interconnected, isolated elongate

grains or aggregates of plagioclase surrounded by highly

elongate and well-oriented crystals of amphibole occur

(Figs. 3e and f and 8). This structure and the flattening of

both minerals can be interpreted in terms of a stress-

supporting network with a low viscosity contrast between

weaker plagioclase and stronger amphibole (Handy, 1990).

Thus, in the sillimanite zone, it was the strength of ‘weaker’

plagioclase that dominated the rheological properties of the

system, which therefore acted as a relatively weak,

homogeneous material.

In contrast to the garnet zone, where buckling was

controlled by localized microfolding and to the staurolite

zone where it was controlled by ductile shearing along

weak, plagioclase rich zones, no such zones of weakness,

which facilitate the active amplification of the folds, are

observed in the sillimanite zone. Instead the fold shape

analysis shows an importance of post-buckle flattening over

active fold amplification. The micro structural analysis of

both the limb and hinge areas shows features consistent with

homogeneous flattening (i.e. higher aspect ratio and smaller

grain size in the hinge domains than in the limbs) an

observation entirely consistent with passive amplification of

a material with a low mechanical anisotropy.

The contact metamorphic aureole. The deformation in

the contact aureole (Figs. 3g and h and 8) is an extreme

example of flattening dominated deformation as shown by

differences in grain size and grain shapes in the hinge and

limb areas. The lack of macroscopic folds in the

amphibolites within the aureole is taken as further evidence

that the amplification was almost entirely passive.
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Appendix A

A polar graph aimed to represent the variation of

orthogonal thickness t around folded layers was first utilized

by Lisle (1997). A fold can be represented by a series of

points with polar coordinates (1/t 0, a), where 1/t 0 is the

reciprocal normalized thickness (t 0Zt/th, where th is the

extreme value of t, which is generally situated in the fold

hinge), and a is the orientation of the layer tangent. Using

this technique, Ramsay’s (1967) fold types give rise to

various conic sections (ellipses, hyperbolas) in the polar

graph with horizontal semiaxis equal to unity (see Lisle,

1997).

Flattening index F, or axial ratio of strain ellipse, express

the amount of post-buckle flattening superimposed on the

parallel fold. We used a numerically stable direct least-

square method (Halı́r̀ and Flusser, 1998) to fit either ellipses

or hyperbolas onto points in a polar graph of normalized

thickness. This technique of evaluation of the flattening

index F poses a robust estimate and is preferred in this work.

The method of analysing fold shapes in terms of the

harmonic coefficients of a Fourier series was originally

devised by Stabler (1968) and subsequently elaborated by

Hudleston (1973).

The most basic and suitable segment of a folded surface

for analysis is a ‘quarter-wavelength’ unit between adjacent

hinge and inflexion points. Such a choice of unit leads to a

harmonic series consisting only of the odd terms of a sine
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series and the fold profile is thus approximated by the

equation:

f ðxÞZ
XN
nZ1

b2nK1sin
ð2nK1Þpx

2L

� �

The first few harmonic coefficients are sensitive

parameters of fold shape and most information about the

fold shape can be gained from the first two coefficients, b1
and b3.

To obtain these coefficients, a ‘quarter-wavelength’ unit

of length L of the fold is divided into equal sectors on a line,

which is perpendicular to the axial surface and passes

through the inflection point. Pairs of f(xn) and xn coordinates

are measured at each of these points. A system of linear

equations is assembled from pairs {xn, f(xn)} and solved for

unknown coefficients, so
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massif, Central Europe). Věstnı́k ÚÚG 69, 1–12.
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Vertical extrusion and horizontal channel flow of orogenic lower
crust: key exhumation mechanisms in large hot orogens?
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ABSTRACT A large database of structural, geochronological and petrological data combined with a Bouguer
anomaly map is used to develop a two-stage exhumation model of deep-seated rocks in the eastern sector
of the Variscan belt. An early sub-vertical fabric developed in the orogenic lower and middle crust
during intracrustal folding followed by the vertical extrusion of the lower crustal rocks. These events
were responsible for exhumation of the orogenic lower crust from depths equivalent to 18)20 kbar to
depths equivalent to 8)10 kbar, and for coeval burial of upper crustal rocks to depths equivalent to 8–
9 kbar. Following the folding and vertical extrusion event, sub-horizontal fabrics developed at medium
to low pressure in the orogenic lower and middle crust during vertical shortening. Fabrics that record the
early vertical extrusion originated between 350 and 340 Ma, during building of an orogenic root in
response to SE-directed Saxothuringian continental subduction. Fabrics that record the later sub-
horizontal exhumation event relate to an eastern promontory of the Brunia continent indenting into the
rheologically weaker rocks of the orogenic root. Indentation initiated thrusting or flow of the orogenic
crust over the Brunia continent in a north-directed sub-horizontal channel. This sub-horizontal flow
operated between 330 and 325 Ma, and was responsible for a heterogeneous mixing of blocks and
boudins of lower and middle crustal rocks and for their progressive thermal re-equilibration. The
erosion depth as well as the degree of reworking decreases from south to north, pointing to an outflow of
lower crustal material to the surface, which was subsequently eroded and deposited in a foreland basin.
Indentation by the Brunia continental promontory was highly noncoaxial with respect to the SE-
oriented Saxothuringian continental subduction in the Early Visean, suggesting a major switch of plate
configuration during the Middle to Late Visean.

Key words: Bohemian Massif; channel flow; exhumation; orogenic lower crust; Variscan belt.

INTRODUCTION

Current concepts of exhumation of deep-seated rocks
in convergent orogens are generally based on the style
of the pressure–temperature–time (P–T–t) path
retrieved from high-pressure (HP) to ultra-high-
pressure (UHP) rocks (e.g. Duchene et al., 1997). One
group of exhumation mechanisms for these rocks has
been inferred from conceptual or numerical models
driven by subduction–accretion processes that result in
either corner flow circulation within an accretionary
wedge (Platt, 1986, 1993; Allemand & Lardeaux, 1997;
Gerya & Stockhert, 2006) or buoyancy-driven exhu-
mation of subducted continental crust (Chemenda
et al., 1995). Another group of conceptual models has
been developed for gravity-driven exhumation of HP
rocks in thickened orogenic root systems. In these
models, processes such as convective removal of a
tectospheric root (England & Houseman, 1988;
Andersen et al., 1991) or lateral variations in gravita-

tional potential energy of thickened continental
lithosphere (Milnes & Koyi, 2000; Rey et al., 2001;
Vanderhaeghe & Teyssier, 2001) drive the exhumation.
Recently, an alternative model has been developed for
the large-scale horizontal movement of melt-bearing
middle crust based on channel flow (Beaumont et al.,
2001, 2006; Godin et al., 2006), and has been applied
to explain the ductile extrusion of medium-pressure
metamorphic rocks along the Himalayan front (Grujic
et al., 1996; Jamieson et al., 2002, 2004). Whereas the
first group of models focuses on explaining vertical
displacements of UHP and HP rocks, the second group
of models emphasizes the importance of large-scale
horizontal displacements in orogens.

Monocyclic continuous models of orogenic lower
crust exhumation may be supported by structural and
kinematic field studies that emphasize the 2D character
of the exhumation process (e.g. Milnes & Koyi, 2000).
However, more commonly there are complexities in
the 3D character of the tectonic evolution of large
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orogenic root systems that arise from the polyphase
nature of vertical and horizontal material and heat
transfer during long-lasting orogenic events that make
these systems more difficult to unravel. The polyphase
and discontinuous character of orogeny may be due to
major changes in plate configurations (e.g. Dewey
et al., 1989) or to the existence of inherited rheological
heterogeneities and variations in mechanical anisot-
ropy (e.g. Burg, 1999). Therefore, detailed regional
structural, petrological and geochronological studies
of orogenic fabrics may provide a key to deciphering
the succession, and length and time scales of processes
responsible for material and heat transfer within these
large orogenic root systems.

Classically, the Palaeozoic Variscan orogen in
Western and Central Europe (Fig. 1) is a large, hot,
bivergent orogen that is interpreted to have developed

during prolonged convergence between Laurussia and
Gondwana (e.g. Ziegler, 1986; Matte et al., 1990).
Traditionally, burial and exhumation of UHP and HP
rocks are thought to be the result of a kinematic con-
tinuum of coaxial subduction and subsequent collision
processes (e.g. O�Brien & Carswell, 1993; Konopásek
& Schulmann, 2005), and as a consequence petro-
logical and geochronological data may fit in one of the
2D conceptual models discussed above.
In this study, we present structural, petrological and

geochronological data acquired during the last two
decades from the eastern termination of the European
Variscan front within an area of about 20 000 km2

(Figs 1 & 2). It is shown that exhumation of the oro-
genic lower crust occurred during two distinct periods
related to a major change in the configuration of
lithospheric plates during the Visean. The first exhu-

4- 0

4

01 41

84

05

naigniruhtoxaS
noitcudbus

50o

48o

52o

PRAHA

14o
16o

Brno

12o

50 km

N

AINURB

notulp nai
mehoB htuoS

suoecaterC

nisaB

ENOZ - 
EBLE

-ALPET

NAIDNARRAB

NAIGNIRUHTOXAS

AINURB

notulp nai
mehoB lartne

C

suoecaterC

nisaB

ENOZ - 
EBLE

-ALPET

NAIDNARRAB

NAIGNIRUHTOXAS

-onehR

nainycreh

-onehR

nainycreh

-oxaS

naigniruht

-oxaS

naigniruht BT

-adloM

naibun

.F eblE

.F eblE

.F .v
aB

CadomianCadomian

ainur
B

ainur
B

.F naciromrA .S
.F 

yar
B

.F naciromrA .S
.F 

yar
B

NIAMOD NAIBUNADLOM

NIAMOD NAIBUNADLOM

N
AI

S
ELI

S                          -
O

VA
R

O
M

N
AI

S
ELI

S                          -
O

VA
R

O
M

WEST SUDETES WEST SUDETES 

 LUGIANLUGIAN

MOLDANUBIAN

TEPLA-BARRANDIAN

Monotonous and
Varied Group
Gföhl unit

Proterozoic

Early Palaeozoic

Fig. 1. Outline geological map of the Bohemian Massif with major units shown schematically (modified after Franke, 2000).
Upper inset is the position of the Bohemian Massif in the framework of the European Variscides (after Edel et al., 2003). The area
discussed in this review is marked by a rectangular box.

2 74 K . S C H U L M A N N E T A L .

� 2007 Blackwell Publishing Ltd

134



mation event was related to almost vertical material
transfer, which was driven by S-E directed oceanic and
continental (Armorican–Saxothuringian) subduction
dynamics during the Devonian and Tournasian to
Early Visean (Fig. 1). Following this early evolution,
during the Middle to Late Visean indentation from the
east by a promontory of the Brunia continent at a high
angle to the Saxothuringian subduction direction
resulted in horizontal flow and transport of the
extruded orogenic lower crust over the rigid continent
as a hot fold nappe.

GEOTECTONIC SETTING

Suess (1912, 1926) described the geology of the eastern
Variscan front and divided the crystalline complexes of
the Bohemian Massif into two parts, an internal
Moldanubian–Lugian domain and an external Mor-
avo–Silesian Zone (Figs 1 & 2). Dudek (1980) com-
pleted this subdivision and defined a Brunia continent
with the Moravo–Silesian Zone as its western
deformed margin. The eastern segment of the Brunia
continent is built up of unmetamorphosed to weakly
metamorphosed Neoproterozoic granites, high-grade
schists and migmatites. This basement is unconform-
able, covered by Lower Carboniferous foreland basin
sedimentary rocks, by Devonian shallow marine sedi-
mentary rocks, and locally by Cambro-Ordovician
clastic, pelitic metasediment rocks and bimodal meta-
volcanic rocks (Franke, 2000; Hartley & Otava, 2001).

The Moravo–Silesian Zone represents a NE–SW-
trending belt of sheared and metamorphosed rocks
derived from the Brunia continent. This 300 km long,
30)50 km wide belt consists of three NE–SW-elon-
gated tectonic windows emerging through structurally
overlying high-grade rocks of the Moldanubian–
Lugian domain: a southern Thaya window; a central
Svratka window; and a northern Silesian domain
(Fig. 2). Schulmann et al. (2005) identified the Mol-
danubian–Lugian domain in the Bohemian Massif as
the deep orogenic root system of the Variscan orogen
(Fig. 2). The Elbe zone (Fig. 2) divides rocks of the
Moldanubian–Lugian domain into two: a larger high-
grade Moldanubian domain to the south and a smaller
high-grade Lugian domain to the north (Suess, 1926).

The Moldanubian domain (Figs 1 & 2) has been
subdivided into three major lithotectonic units (e.g.
Fuchs, 1986), namely the amphibolite facies Monoto-
nous and Varied Groups, which together with gneisses
make up the orogenic middle crust, and the predomi-
nantly granulite facies Gföhl Unit, which is inferred to
be the orogenic lower crust (Fig. 2). The Varied Group
outcrops structurally above the Monotonous Group,
with a contact that is commonly marked by bodies of
granite gneiss. The Monotonous Group consists of
migmatitic paragneisses (metagraywacke) interlayered
with granite orthogneisses, quartzites and rare eclog-
ites (Dudek & Fediuková, 1974; Petrakakis, 1997). The
Varied Group consists of a thick sequence of para-

gneisses interlayered with calcsilicate rocks, marbles,
quartzites, graphite schists, amphibolites and felsic
metavolcanic rocks. The Gföhl Unit is composed of
large areas of migmatitic granite gneiss, called the
Gföhl gneiss, and of areas of various highly anatectic
migmatites and paragneisses that are in places
accompanied by migmatitic amphibolites at the base.
The Gföhl Unit includes numerous bodies of Ky–Kfs
felsic granulite as well as tectonic lenses of eclogite and
garnet and ⁄ or spinel peridotite.

The main part of the Lugian domain is composed of
medium- to high-grade granite gneisses and meta-
morphosed volcano-sedimentary rocks with Cambro–
Ordovician protolith ages (Kröner et al., 2001, and
references therein). The granite gneisses contain bou-
dins of eclogite and a belt of garnet–omphacite gran-
ulite, and are considered an equivalent of the Gföhl
Unit, whereas the belts of medium-grade schists of
volcano-sedimentary origin are regarded as an equiv-
alent of either the Monotonous or the Varied Groups
(Fig. 2). An Ordovician leptyno-amphibolite lower
crustal complex (the Staré Město belt) occurs in the
eastern part of the Lugian domain (Štı́pská et al.,
2001).

DEFINITION OF BASEMENT AND OROGENIC
CRUSTAL LEVELS

In this section, multiple criteria, such as the peak
pressure conditions attained by individual units, the
character and the age of the protolith and chronology
of metamorphic zircon, are used to decipher the rela-
tive vertical position of crustal units during the Lower
Palaeozoic and the Devonian. This information is then
used to propose a model for the stratification of the
orogenic crust along the eastern Variscan front.

The Brunia continent

Based on zircon protolith ages (Fig. 3a) and 40Ar ⁄ 39Ar
cooling ages ranging from 600 to 540 Ma, granites and
migmatites forming the basement of the Brunia con-
tinent are inferred to have originated during the Pan-
African orogenic events (Van Breemen et al., 1982;
Fritz et al., 1996; Finger et al., 2000; Friedl et al.,
2004). Tectonic imbrication of Devonian metasedi-
mentary rocks and basement, and metamorphism to
lower greenschist facies occurred at the western margin
of the Brunia continent during the Carboniferous
(Franců et al., 2002). In the northern Silesian domain
(Fig. 2), the metamorphic pattern of nappes derived
from the Brunia continent shows an inverted Barro-
vian zonation ranging from chlorite grade in the east to
kyanite ⁄ sillimanite grade in the west (Štı́pská &
Schulmann, 1995; Schulmann & Gayer, 2000). The
western termination of the Moravo–Silesian Zone in
the north reached eclogite facies conditions (Fig. 4;
Štı́pská et al., 2006), and it is likely that the western tip
of the Moravo–Silesian Zone in the south has been
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underthrust to eclogite conditions as well (Konopásek
et al., 2002).

The orogenic root

The Gföhl Unit and Lugian high-grade rocks

The Gföhl Unit (Fig. 2) is composed predominantly of
felsic granulites (11–20 kbar, 800–1000 �C) and high-
grade gneisses (e.g. O�Brien & Rötzler, 2003; Štı́pská &
Powell, 2005b) that contain eclogite lenses of basaltic
composition, suggesting a crustal origin (18–19 kbar,
800)900 �C, Fig. 4; e.g. Medaris et al., 1998; Štı́pská
& Powell, 2005a and references therein). The eclogites
and granulites, as well as other lithologies of the Gföhl
Unit, were overprinted at amphibolite facies condi-
tions (4)12 kbar, 750)850 �C, Fig. 4; e.g. Petrakakis,
1997; Hasalová et al., 2008b). The Gföhl Unit contains
numerous tectonically emplaced bodies of garnet and
spinel peridotite (28–44 kbar, 900–1300 �C, Fig. 4),
associated with lenses of eclogite (16–20 kbar, 800–
950 �C) and clinopyroxenite, representing partial melt
crystallized in the upper mantle (Medaris et al., 1995).
The Lugian eclogites and granulites (18–20 kbar, 800–
900 �C, Fig. 4; e.g. Steltenpohl et al., 1993; Štı́pská
et al., 2004) are considered to reflect UHP conditions
(Kryza et al., 1996), but this has not been confirmed;
they were re-equilibrated at variable P–T conditions
(4)11 kbar, 700)800 �C, Fig. 4).

Multigrain zircon and monazite fractions from
granulites and high-grade gneisses of the Gföhl Unit
yielded conventional upper intercept U–Pb ages
between 550 and 510 Ma, interpreted to date the for-
mation of the protoliths (Fig. 3b; e.g. Van Breemen
et al., 1982; Schulmann et al., 2005). In addition,
xenocrystic cores and prismatic zircon from felsic
granulites and Gföhl gneiss yield Silurian to Devonian
U–Pb ages also interpreted to date the formation of the
protoliths (Fig. 3b; Friedl et al., 2004). However, a
majority of U–Pb zircon ages fall in the range
360)340 Ma with a prominent peak at c. 340 Ma,
which is interpreted to record the age of Variscan
metamorphism (Fig. 3d). Ultra-potassic syenites (dur-
bachites) spatially related to Ky–Kfs granulites yield
ages around 338 Ma and 325 Ma (Fig. 3e; Holub
et al., 1997; Janoušek & Holub, 2007).

The Monotonous and Varied Groups

In the Moldanubian domain, paragneisses of the
Monotonous and Varied Groups generally record
medium-pressure metamorphism (8)9 kbar, 610)
660 �C) associated at higher temperatures with wide-
spread anatexis (~ 9 kbar, 700)800 �C), followed by
re-equilibration in the sillimanite stability field at
conditions around 4)6 kbar and 600)800 �C (Fig. 4;
e.g. Petrakakis, 1997). The metamorphic conditions
of the Monotonous Group paragneisses are
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IT, tonalite–granodiorite intrusions; IUC, granites in upper crustal units. Numbers in parentheses stand for number of available ages.

E X H U M A T I O N I N L A R G E H O T O R O G E N 27 7

� 2007 Blackwell Publishing Ltd

137



commonly re-equilibrated in the stability field of
cordierite at conditions around 4.5–6 kbar and 600–
720 �C (Petrakakis, 1997), inferred to be due to the
thermal effect of Carboniferous intrusions emplaced
at 330)310 Ma (Fig. 3e). Despite the overall med-
ium-pressure character, in the Moldanubian domain
the Varied and Monotonous Group rocks include
rare lenses of eclogite that register conditions of 13–
16 kbar at 600–680 �C (Fig. 4; Medaris et al., 1995).
The peak metamorphism of the volcano-sedimentary
rock series in the Lugian domain varies from garnet

to kyanite grade, yielding 7)9 kbar at 550)650 �C
(Romanová & Štı́pská, 2001; Jastrzębski, 2005;
Murtezi, 2006) with re-equilibration in the sillimanite
stability field at sub-solidus conditions of 5–6 kbar at
around 600 �C.
In the Monotonous and Varied Groups of the

Moldanubian domain, scarce U)Pb zircon data from
orthogneisses and metavolcanic rocks yield Neo-
proterozoic and Cambrian protolith ages (Fig. 3c;
Schulmann et al., 2005). U)Pb zircon data from
metavolcanic rocks and granites of the Lugian domain

Fig. 4. P–T conditions for (a) peak metamorphism in the orogenic root and Brunia continent south of the Elbe Zone; (b) peak
metamorphism in the orogenic root and Brunia continent north of the Elbe Zone; (c) retrograde conditions in the orogenic root
and Brunia continent south of the Elbe Zone; and (d) retrograde conditions in the orogenic root and Brunia continent north of the
Elbe Zone. Source of data: Carswell & O¢Brien (1993), Steltenpohl et al. (1993), Medaris et al. (1995), Štı́pská & Schulmann (1995),
Bröcker & Klemd (1996), Kryza et al. (1996), Pitra & Guiraud (1996), Parry et al. (1997), Petrakakis (1997), Medaris et al. (1998),
Klemd & Bröcker (1999); Romanová & Štı́pská (2001); Konopásek et al. (2002); O�Brien & Rötzler (2003); Štı́pská et al. (2004); Lexa
et al. (2005); Štı́pská & Powell (2005a,b); Racek et al. (2006); Štı́pská et al. (2006); Tajčmanová et al. (2006); also shown are steady-
state geotherms calculated for various mantle heat flows (as indicated in the figure) and exponential radioactive heat production.
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yield predominantly Cambrian protolith ages (Fig. 3c;
e.g. Kröner et al., 2000 and references therein).

Neoproterozoic and Lower Palaeozoic low-grade sequences

A sequence of weakly metamorphosed Neoproterozoic
and Silurian to Devonian sedimentary rocks is sepa-
rated by a crustal-scale detachment from the underly-
ing medium- and high-grade rocks of the Moldanubian
and Lugian domains (Pitra et al., 1994; Mazur et al.,
2005). The NE–SW-trending contact of the upper
crustal sedimentary rocks and middle crustal meta-
morphic rocks is marked by granodiorite sills, which
yield U–Pb zircon ages of 350–340 Ma (Fig. 3e).
Intrusion of the sills was accompanied by metamor-
phism of the hangingwall rocks at conditions around
4 kbar and 550)590 �C (Fig. 4). Locally, granite plu-
tons, which yield U–Pb zircon ages around 330 Ma,
intrude these low-grade rocks (e.g. Schulmann et al.,
2005).

Definition of crustal levels within the Moldanubian–Lugian
orogenic root

The lithologies and metamorphic conditions of the
main units of the Moldanubian and Lugian domains
are used to define a lithotectonic zonation that corre-
sponds to different crustal levels that existed during
maximum thickening of the orogenic root. In turn, the
present map distribution of the different crustal levels
defines the spatial pattern of crustal units that experi-
enced different vertical displacements. Interpretation
of these different crustal levels associated with thick-
ening and the differences in vertical displacement, to-
gether with the geometry and structural record within
each unit may allow us to unravel the mechanism(s) of
exhumation of these units.

According to the lithologies and peak P–T condi-
tions described above, the Gföhl Unit is a granulite–
eclogite unit representing the lower part of a thickened
crust that reached lithostatic pressures of 18–20 kbar,
corresponding to a depth of 60–70 km, which we
define as the orogenic lower crust. In addition, the
geochronological and petrological data show a sys-
tematic correlation of protolith age, metamorphic age
and peak pressures (Figs 3 & 4). Only the high-grade
rocks of the Gföhl Unit and the Lugian granulites
record Devonian protolith ages, Early Carboniferous
metamorphic ages and peak pressures of 18–20 kbar.
For these reasons, Schulmann et al. (2005) suggested
that the orogenic lower crust in the Bohemian Massif
represents Neoproterozoic–Cambro-Ordovician conti-
nental crust that experienced a major thermal
reworking during Devonian intra-continental (back-
arc) rifting.

The Monotonous and Varied Groups yield peak
pressure conditions not exceeding 12 kbar and are
interpreted to have reached maximum crustal depths
around 40 km under an elevated thermal gradient. We

define these units as representing the orogenic middle
crust. The Monotonous and Varied Groups and low-
grade units yield only Neoproterozoic and Ordovician
protolith ages, they lack a Devonian thermal rework-
ing and they are interpreted as forming shallower
crustal levels during the Devonian and Carboniferous.
Using the same reasoning, the weakly metamorphosed
Neoproterozoic and Lower Palaeozoic rocks that show
peak pressures around 4 kbar, and no evidence of
Devonian thermal reworking are defined as the oro-
genic upper crust.

During the Carboniferous history of building the
orogenic root, the rocks occupying structurally deeper
positions were transported upwards, whereas shal-
lower units were moved downwards. The result is that
the orogenic lower and middle crusts now form sub-
parallel belts at the surface. Exceptionally, the Varied
and Monotonous Groups reached lower orogenic
crustal conditions during their burial, and in this case,
they become part of the orogenic lower crust.

TECTONICS OF THE EASTERN PART OF THE
BOHEMIAN MASSIF

Structural evolution of the Brunia continental margin: the
Moravo–Silesian Zone

The Brunia continent forms a pile of internally
imbricated basement- and cover-derived thrust sheets,
termed the Moravo–Silesian Zone, which developed
during Carboniferous dextral–oblique thrusting of the
Moldanubian–Lugian domain (Schulmann et al.,
1991). As a result, the whole Moravo–Silesian Zone
experienced intense non-coaxial NE-directed defor-
mation (Schulmann et al., 1994; Fritz et al., 1996).
Crustal-scale folds with west-plunging hinges refold
the nappe pile during the final stages of NE-directed
deformation (Schulmann, 1990; Štı́pská et al., 2000).
Finally, the Svratka dome and the Silesian domain
were folded by west-facing folds that also affected the
Culm foreland basin, suggesting the age of latest
shortening to be around 310 Ma (Hartley & Otava,
2001).

Orogenic structure of the crustal root

The eastern branch of the Moldanubian domain
located between Central Moldanubian pluton and
Moravo–Silesian Zone (Fig. 1) is examined here. In
order to characterize structural and petrological vari-
ations along-strike of the orogenic margin we intro-
duce the southern, central and northern Moldanubian
domains.

The large-scale structure of the Moldanubian
domain is characterized from west to east as follows:
(i) first, there is a sequence of east-dipping schists and
marbles of the Monotonous and Varied groups, which
is intruded by the Central Moldanubian pluton; (ii) to
the east, this sequence is overlain by high-grade
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gneisses, migmatites and granulites containing
numerous inclusions of peridotites and eclogites; (iii)
further east, this orogenic lower crust is thrust over
west-dipping middle crustal rocks that are composed
of sillimanite micaschists, orthogneiss or leptynitic
amphibolite of Cambro-Ordovician age in the south
(Figs 5c & 6c); and (iv) finally, the easternmost
extremity of the Moldanubian sequence is character-
ized by a lower crustal segment of mafic and felsic
granulites associated with migmatitic biotite parag-
neiss and a few mantle slivers (Fig. 5c). All these units
trend parallel to the continental margin represented by
Moravian nappes of the Thaya and Svratka domes,
respectively (Fig. 2). This sequence of rocks is gener-
ally valid for the northern and southern parts of the
Moldanubian domain, but in contrast the central part
is dominated by orogenic lower crust rocks intruded by
Mg–K-rich syenite intrusions (figs 4 & 5 in Schulmann
et al., 2005).

The geological structure of the Lugian domain
(Fig. 7) is characterized by alternations of orthog-
neisses with metasedimentary and metavolcanic rocks
that comprise the orogenic middle crust. In the central
part of the orthogneiss belt there is a narrow NE-
trending belt of garnet–omphacite granulite and mi-
gmatite that represents the orogenic lower crust. A
Carboniferous granodiorite sill marks the eastern
boundary of the Lugian domain, with an Ordovician
leptyno-amphibolite unit extending further to the east
(Fig. 7c). Directly in the footwall of the Lugian
domain there is an eclogite unit derived from the lower
crust of the Brunia continent (Štı́pská et al., 2006).
Imbricated Brunia basement and cover thrust sheets of
the Moravo–Silesian domain represent the structurally
deepest unit of the section. Superposed orogenic fab-
rics observed in the field and their petrological char-
acteristics in four representative areas are described
below, three from the Moldanubian domain and one
from the Lugian domain, where the spatial relation-
ships between the orogenic lower crust and the adja-
cent orogenic middle crust may be critically evaluated.

Structural development of the Moldanubian domain

The most characteristic structural feature of the Mol-
danubian domain is the widespread flat-lying foliation.

In the southern Moldanubian domain (Figs 2 & 5), the
flat fabric gently dips to the east in the western part
and to the west in the eastern part. This geometry led
Austrian geologists to define a large-scale Gföhl nappe
resting on middle crustal rocks in synformal structures
(Tollmann, 1982; Fuchs, 1986). However, recent
studies have shown that the sub-horizontal fabrics (S3)
were superimposed on vertical fabrics (S2), and
although the superposition is of variable intensity, it
occurs in almost all the rock types of the lower and
middle crust.
For the Moldanubian domain, we review three areas

where the relationship of the steep to the flat fabrics
has been studied in detail (Kolenovská et al., 1999;
Racek et al., 2006; Tajčmanová et al., 2006; P. Štı́pská
& K. Schulmann, unpublished data). First, the struc-
tural succession is described on the macroscopic scale,
where the S2 fabric, defined mainly by steep lithologi-
cal alternation and ⁄ or steep internal rock layering, was
reworked by multiple mechanisms into a flat-lying S3
fabric of variable intensity (Fig. 8). Later a detailed
discussion is given of the metamorphic characteriza-
tion of the steep S2 fabric and metamorphic conditions
of the flat D3 reworking in individual lithologies.
The first area is located in the northernmost termi-

nation of the southern Moldanubian domain (Figs 2 &
5; Racek et al., 2006). Here, exceptionally well-pre-
served S2 fabrics occur as steep alternations of parag-
neisses, marbles, felsic volcanic rocks, amphibolites
and quartzites of the middle crust that are surrounded
by migmatites and granulites of the orogenic lower
crust (Fig. 5, stereoplot E). The S2 fabric was the result
of isoclinal steep folding and from transposition of
compositional banding S1 in amphibolites (Fig. 8d).
The S2 foliation was refolded by open to close
recumbent F3 folds in the central part of the middle
crustal domain (Fig. 8f), and approaching the contacts
with surrounding orogenic lower crust the degree of
flat D3 reworking increases in conjunction with devel-
opment of S3 axial planar schistosity (Fig. 8e). The
mineral stretching lineation trends NE–SW over the
whole area, in accordance with the orientation of the
hinges of the F3 folds (Fig. 5, stereoplot F). The S3
foliation clearly changes its orientation and dip, fol-
lowing the form of the orogenic middle crust, and
similarly, the L3 lineation plunges either to the SSW or

Fig. 5. (a) Structural map of a critical area of the southern Moldanubian domain with S2 and S3 fabrics (after Racek et al., 2006). See
Fig. 2 for regional location. The map shows a large area of orogenic middle crust, called the Drosendorf window, that is entirely
surrounded by orogenic lower crustal rocks. Structural trends (thin lines – S3 fabrics, thick lines – S2 fabrics) indicate extrapolations
of the major orientation of structural fabrics in the field. The density of trend lines indicates the homogeneity of fabric elements in
the field. (b) Stereograms: A – stereogram showing poles to S3 fabrics in the area of orogenic lower crust north of the orogenic
middle crustal domain; B – poles to S3 fabrics from the orogenic lower crust and orogenic middle crust close to the northern
termination of the orogenic middle crust domain; C – poles to S3 fabrics from the orogenic lower crust and orogenic middle crust
along the western border of the orogenic middle crust domain; D – poles to S3 fabrics from the orogenic lower crust underlying the
orogenic middle crust domain; E – stereogram showing poles to relicts of S2 preserved within central part of the orogenic middle
crust domain; F – stereogram showing L3 mineral and stretching lineations from the whole area. Equal area projection, lower
hemisphere, contoured at multiples of uniform distribution. (c) Interpretative cross-section shows main structural features described
in the text. The numbers on the cross-section and map show locations of samples used for P–T calculations shown in Fig. 9.
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NNE according to the lenticular shape of the orogenic
middle crustal (Fig. 5, stereoplots B, C & D).

The second area is the southernmost part of the
3000 km2 region of orogenic lower crust of the central
Moldanubian domain (central part of Fig. 2, and

northern part of Fig. 5; Kolenovská et al., 1999). Here,
the orogenic lower crust is a vast domain typically
composed of felsic migmatitic orthogneisses and
migmatites containing large bodies of Ky–Kfs
granulite, eclogite and peridotite. The whole area is
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characterized by a flat migmatitic S3 foliation (Fig. 5,
stereoplot A) that is axial planar to rare isoclinal folds
with hinges generally trending NNE–SSW, parallel to
stretching and mineral lineations. Numerous shear
bands filled with leucosome indicate a dominant top-

to-the-NE shearing (Urban, 1992; Schulmann et al.,
1994). The eclogites and granulites form lozenge-
shaped boudins surrounded by migmatitic fabric.
These rocks locally contain relics of early NE-trending
steep S2 fabric, but because of their scarce occurrence,
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we cannot demonstrate the regional extent of the S2
fabric in this area (Fig. 8h).

The third area is located in the northern Moldanu-
bian domain (Figs 2 & 6) and is characterized by
thrusting of a NNW–SSE-elongated granulite body
over the middle crust (Fig. 6a, c). The granulite shows
an exceptionally well-preserved steep NNW–SSE-
trending granulite-to-amphibolite facies S2 foliation
(Fig. 6, stereoplot A). D3 shallow to moderately steep,
south-dipping shear zones, which show top to the
NNE shear sense, cut the S2 fabric heterogeneously.
The surrounding migmatites and migmatitic orthog-
neisses exhibit predominantly S3 fabric, which dips
gently to moderately to the south (Fig. 6, stereoplot
B). This foliation, formed essentially by migmatitic
banding, contains numerous close to isoclinal F3 folds
with hinges trending NNE–SSW parallel to mineral
lineation. Within the adjacent middle crust, the
deformation is also polyphase, comprising an early
foliation that dips steeply to the SW, which was re-
worked by a schistosity that dips gently in the same
direction (Fig. 6, stereoplot C).

Structural development of the Lugian domain

The northern part of the Lugian domain is character-
ized by a central granulite belt surrounded on the
western and eastern sides by strongly migmatized or-
thogneisses (Figs 7c & 8b). The granulite and the
adjacent orthogneisses reveal the NNE–SSW-trending
vertical S2 foliation parallel to the trend of the orogenic
lower crust (Fig. 7, stereoplot A). This S2 foliation
contains rootless folds formed by layers of metabasite
that preserve evidence of an early S1 foliation (Štı́pská
et al., 2004).

East of the granulite belt, the orthogneisses and
migmatite show reworking of the vertical S2 fabric by
moderately west-dipping S3 foliation (Fig. 8g). The dip
of the S3 fabric progressively decreases eastwards to-
wards the underlying Ordovician lower crustal lep-
tyno-amphibolite unit (Fig. 7, stereoplot B); a
granodiorite sill emplaced syntectonic with the D3

deformation marks the boundary between this unit
and the Lugian orthogneiss, dating the D3 structures at
c. 340 Ma (Parry et al., 1997; Štı́pská et al., 2001).
Importantly, the structure of the leptyno-amphibolite
unit is discordant with respect to D3 fabrics of the

western Lugian orthogneisses; the leptyno-amphibolite
unit is inferred to be of Early Ordovician age, based on
U–Pb zircon dates that yield an age of c. 510 Ma
(Fig. 7, cross-section; Štı́pská et al., 2001; Lexa et al.,
2005).

To the NW from the granulite belt, the S2 fabric is
affected by sub-horizontal, variably dipping amphib-
olite facies S3 fabric (Fig. 8a,b). This S3 fabric has
intensely reworked the steep S2 foliation of the adja-
cent orogenic middle crust to the point that it pro-
gressively passes into a several hundred metre wide
normal-sense shear zone dipping gently to the NE
(Fig. 8c).

P–T–t history of the Moldanubian–Lugian root

The relationship between the prograde and
retrograde P–T paths and orogenic fabrics is a key
piece of information necessary to understand the
thermo-mechanical processes that operated within
the orogenic root. Microstructural, petrological and
thermodynamic modelling studies during the last
five years have revealed a systematic pattern of P–T
evolution related to the early steep fabrics in both
the orogenic lower and middle crust. In addition,
combination of the P–T evolution with Sm–Nd and
40Ar ⁄ 39Ar cooling ages reveals important differ-
ences in the thermo-chronological evolution of the
orogen.

Microstructural and petrographic characterization of S2 and
S3 fabrics

In the orogenic lower crust, the steep fabric is char-
acterized by compositional banding formed by mafic
and felsic granulite (Štı́pská et al., 2004). More com-
monly S2 is defined by a mineral fabric, marked by
oriented kyanite, biotite and recrystallized ribbons of
quartz and feldspar in the case of the felsic granulite
(Tajčmanová et al., 2006), and by the elongated shape
of garnet and aligned omphacite grains in the case of
the mafic granulite (Štı́pská et al., 2004). In the oro-
genic lower crust composed of migmatitic orthogneis-
ses, the S2 fabric is defined by alternation of infinite
monomineralic recrystallized bands of quartz, plagio-
clase and K-feldspar, in an assemblage with kyanite,
biotite and garnet that results from a high-temperature

Fig. 6. (a) Structural map of an area showing thrusting of the orogenic lower crust over the orogenic middle crustal in the NE part of
the Moldanubian domain, with regional S2 and S3 fabrics as shown in Fig. 5 (after Tajčmanová et al., 2006). See Fig. 2 for regional
location. The map shows a large body of orogenic lower crustal granulites that preserve relicts of the S2 fabrics. The structural
trends (thin layers – S3 fabrics, thick layers – S2 fabrics) indicate extrapolations of major orientations of structural fabrics in the field.
The density of trend-lines indicates the homogeneity of fabric elements in the field. (b) Stereograms: A – stereogram shows poles to S2
fabrics in the orogenic lower crustal granulites; B – stereogram of poles to S3 fabrics from the orogenic middle crust. Squares in
stereogram show integrated directions of L3 lineations from the area. C – Stereogram of poles to S3 fabrics from the orogenic
lower crustal granulites and associated migmatites. Equal area projection, lower hemisphere, contoured at multiples of uniform
distribution. (c) Simplified cross-section shows well-preserved S2 fabrics in competent granulites surrounded by cordierite migmatites
completely reworked by S3 fabric. The migmatites and granulites of the orogenic lower crust are thrust over orogenic middle crust
to the east. The numbers on the cross-section and map show locations of samples used for P–T calculations in Fig. 9.
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and medium- to high-pressure recrystallization of
coarse-grained granite (Hasalová et al., 2008a). In
areas inferred to be a part of the orogenic lower crust,
based on the presence of HP relicts and the high degree
of anatexis, the S2 fabric is defined by steep composi-
tional layering in amphibolites, felsic metavolcanic
rocks, orthogneisses and paragneisses.

In the orogenic middle crust the S2 fabric is char-
acterized by a steep lithological alternation of parag-
neisses with amphibolites, felsic metavolcanic rocks,
quartzites, marbles and calcsilicate rocks (Romanová
& Štı́pská, 2001; Racek et al., 2006). In the amphibo-
lites, the steep fabric is characterized by aligned
hornblende and recrystallized plagioclase ribbons in
association with garnet that indicates medium-pressure
conditions for formation of this fabric. Evidence of the
prograde fabrics in the paragneisses of the Moldanu-
bian domain occurs only as rare oriented inclusions of
staurolite and kyanite in garnet and remnants of these
minerals in the matrix (Racek et al., 2006). Even in
some areas of the Moldanubian domain where the
macroscopic fabric of the paragneisses remained steep,
the higher-grade assemblages were commonly over-
printed passively by lower-grade assemblages with sil-
limanite or cordierite, which we ascribe to the high
reactivity of the paragneisses in the presence of melt.
As the other lithologies do not show variation of the
assemblage with changing P–T conditions, the main
guide in characterizing the steep fabric in the orogenic
middle crust of the Moldanubian domain is the steep
lithological alternation combined with peak P–T con-
ditions.

In the Lugian domain, in the orogenic middle crust
the characterization of the steep fabric is much better
constrained because of the absence of anatexis in the
metasedimentary rocks and the absence or limited
extent of anatexis in the orthogneisses. In the ortho-
gneisses, the S2 fabric is marked by steep alternation of
recrystallized augen and ribbons of quartz and feldspar
and by the orientation of biotite and muscovite. Steep
localized ultramylonitic zones are developed locally.
The prograde and peak P–T conditions of the steep
fabrics in Lugian metapelites are constrained by the
successive growth of garnet, staurolite and kyanite

in the micaschists (Romanová & Štı́pská, 2001; Jas-
trzębski, 2005; Murtezi, 2006).

As described above, the flat fabric in the orogenic
lower and middle crust commonly originates through
horizontal folds affecting the steep fabric and is only
rarely associated with sub-horizontal or gently dip-
ping, thrust-related shear zones. Highly anisotropic
rocks, such as banded orthogneisses, show strong axial
planar crenulation cleavage, which, in places, passes
gradually into a sub-horizontal foliation with evidence
of the early vertical anisotropy occurring only as a few
rootless folds (Fig. 8h). The intensity and characteris-
tic mineralogy of the flat reworking is variable
depending on the specific area, lithology and degree of
metamorphism. However, some mineralogical features
are common for the Ky–Kfs granulites, the ortho-
gneisses and the paragneisses. These include the
widespread development of the assemblages garnet–
sillimanite–K-feldspar, in the Moldanubian domain,
and garnet–muscovite ± sillimanite, in the Lugian
domain, showing the overall moderate pressure char-
acter of the S3 reworking and the higher temperature in
the Moldanubian domain compared with the Lugian
domain. Because of the variability of the S3 structures
along the orogen, the detailed mineralogical charac-
teristics and P–T conditions for both the S2 and S3
fabrics for the four areas identified above are described
below.

P–T evolution of the Moldanubian domain

Racek et al. (2006) examined petrological relationships
between the steep and flat fabrics in the orogenic lower
and middle crust of the southern Moldanubian domain
(Figs 5 & 9a). Modelling of garnet zoning in eclogite
from the western part of the orogenic lower crust (no. 5
in Figs 5 & 9a) indicates burial process to have taken
place from around 10 kbar and 700 �C to around 15–
16 kbar and 800 �C. Similar peak conditions are
determined for kyanite–sillimanite migmatite struc-
turally above the eclogite (around 14 kbar at 750 �C;
no. 6 in Figs 5 & 9a). However, these prograde and
peak conditions are associated with the steep S2 fabric
only as the early structural relations of relict minerals

Fig. 7. (a) Structural map of a critical area showing thin vertical belt of the orogenic lower crust surrounded by orogenic middle
crust in the eastern part of the Lugian domain with regional S2 and S3 fabrics as in Fig. 5 (after Štı́pská et al., 2004). See geological map
in Fig. 2 for regional location. The map shows a narrow body of the orogenic lower crustal granulites, preserving relicts of the S2
fabrics, and the surrounding fabric of the orogenic middle crust. The fabric in the mafic lower crust and the syntectonic tonalite is also
shown. The structural trends (thin layers – S3 fabrics, thick layers – S2 fabrics) indicate extrapolations of major orientations of
structural fabrics in the field. Density of trend lines indicates the homogeneity of fabric elements in the field. Stereograms:
A – stereogram of poles to S2 fabrics in the garnet–omphacite-bearing granulites; B – stereogram of poles to S3 fabrics from the
orogenic lower crust and surrounding orogenic middle crust rocks represented by thin dots and contoured. Thick dots in the stere-
ograms show S3 foliations typical for the Ordovician metagabbros and Carboniferous tonalite sill of the Lugian mafic complex.
C – Stereogram of L3 directions from the granulite belt and surrounding orogenic middle crust (thin dots and contoured data).
Black squares show mineral and stretching lineations from mylonitized gabbros and granodiorite sill. Note strong discrepancy in
orientations of S3 foliations and L3 lineations between granulite belt and adjacent Ordovician mafic complex. Equal area projection,
lower hemisphere, contoured at multiples of uniform distribution. (c) Simplified cross-section shows the vertical central granulite
belt showing thrusting of the orogenic lower crust over the Ordovician leptyno-amphibolite complex. Note the syntectonic D3

intrusion of the 340 Ma granodiorite sill and discordant fabrics in the 510 Ma leptyno-amphibolite complex.
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Fig. 8. Field photographs of the S2–S3 relationships. (a) Well preserved S2 fabric in the garnetiferous amphibolite in the orogenic
middle crust of the Lugian domain. (b) Strongly reworked S2 fabric in the amphibolite in the orogenic middle crust of the Lugian
domain. (c) Complete transposition of early fabric in new S3 in epidote amphibolite in the orogenic middle crust of the Lugian domain.
(d) Excellent preservation of the steep S2 fabric in garnetiferous amphibolite in the orogenic middle crust of the southern Moldanubian
domain. (e) S2 folded by F3 folds in the felsic granulite of the orogenic lower crust in the southern Moldanubian domain.
(f) Asymmetrical folding of the S2 fabric in the S3 channel-flow fabric of the orogenic lower crust in southern Modanubian
domain. (g) Character of S2 foliation in high-grade banded orthogneiss of the Lugian domain. (h) Microfolding and partial trans-
position of high-grade S2 fabric in the Gföhl gneiss of the southern Moldanubian domain.
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were obliterated by strong S3 reworking. High-pressure
conditions are also reported from the Ky–Kfs granulite
body to the east (�15 kbar, 800 �C, no. 2 in Figs 5 &
9a), also part of the orogenic lower crust, where the
retrieved P–T is clearly related to the S2 fabric.

The retrograde path of rocks from the orogenic
lower crust situated far from the Brunia margin is
characterized by an almost isothermal decompression
to about 7 kbar, as recorded by the S3 assemblage
garnet-hornblende-plagioclase in eclogite and garnet–
sillimanite–biotite in migmatite (no. 5, 6 in Fig. 9a).
Unlike the central part of the Moldanubian, the Ky–
Kfs granulite forming the orogenic lower crust at the
boundary with the Brunia margin shows cooling with
decompression (no. 2 in Fig. 9a). Modelling of zoning
in garnet that is syntectonic with the S2 fabrics in
paragneisses of the orogenic middle crust is consistent
with increase of P–T conditions to about 9 kbar and
700 �C (nos 3 & 4 in Figs 5 & 9a). The retrograde P–T
path of the sillimanite-bearing S3 fabric in rocks of the
orogenic middle crust is associated with decrease of
pressure coupled with increase of temperature, to
about 7 kbar and 700–750 �C (nos 3 & 4 in Fig. 9a).

Kolenovská et al. (1999), Štı́pská & Powell (2005a)
and P. Štı́pská & K. Schulmann (unpublished data)
examined the P–T evolution of rocks and relics of both
the orogenic lower and middle crust over a large area
dominated by flat S3 fabric in the central Moldanubian
domain (Fig. 2). Here, Ky–Kfs granulites register peak
conditions around 18 kbar and 850 �C with no clear
indication of the prograde path (no. 8 in Figs 5 & 9b).
In contrast, a MORB-type eclogite provides evidence
of the prograde path from about 10 kbar and 750 �C
to 17–18 kbar in the form of inclusions of hornblende
and plagioclase in a prograde garnet (no. 7 in Fig. 9b).
Both samples from the orogenic lower crust show
almost isothermal decompression and strong D3

reworking at 7)10 kbar and 750–850 �C (nos 7 & 8 in
Fig. 9b). Associated paragneisses from the orogenic
lower crust contain early staurolite and kyanite inclu-
sions in garnet that preserves prograde zoning, indi-
cating burial to about 10 kbar and 700 �C (no. 9 in
Figs 5 & 9b; P. Štı́pská & K. Schulmann, unpublished
data). The matrix was completely transposed by the D3

deformation, as marked by sillimanite and biotite
developed during decompression (no. 9 in Figs 5
& 9b). In another paragneiss the flat sillimanite–bio-
tite-bearing fabric was overgrown by garnet, indicating
heating at around 7)8 kbar and 700)850 �C (no. 10 in
Fig. 9b; P. Štı́pská & K. Schulmann, unpublished
data). The prograde conditions and peak pressures
from samples of this area could not be directly linked
to the steep fabric because of almost complete trans-
position of rocks by the S3 fabric. However, the pro-
grade inclusions in garnet from the eclogite and from
the paragneiss form straight, sub-vertical internal
fabrics oriented at a high angle to the external S3
foliation, indicating that these garnet have probably
grown in the steep fabric.

The steep S2 fabric in the granulite body rimming the
NE margin of the Moldanubian domain is marked by
garnet, kyanite and K-feldspar indicating conditions of
about 18 kbar at 850 �C, whereas the crystallization of
biotite in the same fabric occurred during decompres-
sion accompanied by slight cooling (no. 11 in Figs 6
& 9c; Tajčmanová et al., 2006). Within the S2 fabric,
sillimanite–biotite intergrowths replacing garnet indi-
cate significant decompression and cooling (no. 11 in
Fig. 9c). The S3 fabric is associated with hercynite-
rimming metastable kyanite in the granulite and with
the development of cordierite, sillimanite and biotite in
adjacent gneisses and migmatites, indicating conditions
of around 4 kbar and 700 �C (nos 12, 25 in Figs 6
& 9c). Muscovite–biotite schists of the adjacent oro-
genic middle crust contain sillimanite that overgrows
relicts of kyanite in the matrix. The peak P–T condi-
tions estimated by Pitra & Guiraud (1996) are 8–9 kbar
at 610–660 �C, which was followed by near-isothermal
decompression, as recorded in the whole middle crustal
complex, to 4–6 kbar (no. 13 in Figs 5 & 9c).

P–T evolution of the Lugian domain

Early petrological studies of granulite from the oro-
genic lower crust suggested peak conditions of about
28 kbar at 1000 �C (Bröcker & Klemd, 1996; Kryza
et al., 1996; Klemd & Bröcker, 1999), based on two-
feldspar thermometry and Grt–Ky–Qtz–Pl barometry.
However, Štı́pská et al. (2004) questioned these results
because of the possibility of non-equilibrium compo-
sitions, which may have been involved in the calcula-
tions. Instead, these authors proposed that peak
pressures were around 18–20 kbar at 800)900 �C (no.
14 in Figs 7 & 9d). Štı́pská et al. (2004) further pro-
posed that these conditions are characteristic for the
steep S2 foliation. These authors also constrained
conditions to around 10 kbar and 700 �C for the
amphibolite facies retrogression within the S3 fabric
(no. 14 in Fig. 9d). Petrological studies and modelling
of prograde garnet zoning from rocks of the Ky–St–
Grt micaschists revealed a prograde path up to about
10 kbar and 650 �C (no. 15 in Figs 7 & 9d; Romanová
& Štı́pská, 2001; Jastrzębski, 2005). A microstructural
study confirmed that the growth of prograde garnet
was syntectonic with the steep S2 fabric. The main
reworking in the horizontal S3 fabrics occurred in the
field of sillimanite stability at about 7 kbar and 650 �C
(no. 15 in Fig. 9d).

The Ordovician metamorphic fabric in the leptyno-
amphibolite unit developed at about 10 kbar and
800 �C (no. 18 in Figs 7 & 9d; Štı́pská et al., 2001;
Lexa et al., 2005). Carboniferous metamorphism
related to the S3 reworking of rocks at the western
margin of this unit, close to the Carboniferous sill
intruded at around 7 kbar (no. 17 in Figs 7 & 9d; Lexa
et al., 2005), occurred under similar conditions of
around 8 kbar and 750 �C (no. 16 in Figs 7 & 9d;
Baratoux et al., 2005).
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Fig. 9. P–T diagrams showing prograde and retrograde P–T paths of samples studied in the structural context discussed in the text.
(a) Southern Moldanubian area in Fig. 5: Source of data: 1 – kyanite micaschist (Štı́pská & Schulmann, 1995); 2 – Ky–Kfs
granulite (Racek et al., 2006); 3 – kyanite micaschist (Racek et al., 2006); 4 – staurolite-kyanite paragneiss (Racek et al., 2006);
5 – retrogressed eclogite (Racek et al., 2006); 6 – sillimanite migmatite (Racek et al., 2006). (b) Central Moldanubian area in Fig. 5:
7 – eclogite (Štı́pská & Powell, 2005a); 8 – Ky–Kfs granulite (P. Štı́pská & K. Schulmann, unpublished data), 9 – migmatitic paragneiss
(P. Štı́pská & K. Schulmann, unpublished data); 10 – migmatitic paragneiss (P. Štı́pská & K. Schulmann, unpublished data).
(c) Central Moldanubian area in Fig. 6: 11 – Ky–Kfs granulite (Tajčmanová et al., 2006); 12 – cordierite gneiss (Tajčmanová et al.,
2006); 13 – metapelite (Pitra & Guiraud, 1996). (d) Lugian domain in Fig. 7: 14 – garnet–omphacite-bearing granulite (Štı́pská
et al., 2004); 15 – staurolite–kyanite micaschist (Romanová & Štı́pská, 2001); 16 – amphibolite (Lexa et al., 2005); 17 – granodiorite
(Parry et al., 1997); 18 – Ordovician metapelitic granulite (Lexa et al., 2005). (e, f): Probability curves of age histograms dealing
with existing Moldanubian and Lugian Sm–Nd and 40Ar ⁄ 39Ar cooling ages. Bt – biotite 40Ar ⁄ 39Ar cooling ages; Grt–Cpx and
Grt–whole rock, Sm–Nd ages; Hbl – hornblende and Mu – muscovite, Ar40 ⁄Ar39 cooling ages.
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Thermochronology of Moldanubian and Lugian domains

The distribution of isotopic ages reflects a two-stage
cooling, related to exhumation processes. An older
stage is marked by cooling ages from minerals with
high blocking temperatures (Sm–Nd system in garnet,
700)750 �C, Hensen & Zhou, 1995; 40Ar ⁄ 39Ar in
hornblende, around 480 �C, Harrison et al., 1985).
Systematically, younger cooling ages are retrieved
from minerals with low blocking temperatures
(40Ar ⁄ 39Ar in muscovite, around 350 �C, and in bio-
tite, around 280 �C, Harrison et al., 1985). Peridotites
and associated eclogites yield Sm–Nd whole-rock–
garnet ages between 350 and 325 Ma (Brueckner et al.,
1991; Beard et al., 1992; Medaris et al., 1995). The
peak for Sm–Nd ages for both types of rocks is around
336 Ma (Fig. 9e). The 40Ar ⁄ 39Ar hornblende data are
compatible with the distribution of Sm–Nd ages,
whereas the 40Ar ⁄ 39Ar muscovite data record system-
atically younger ages ranging from 331 to 325 Ma
(Fig. 9e; Matte et al., 1990; Dallmeyer et al., 1992;
Fritz et al., 1996).

The Variscan cooling history of the Lugian eclogites
is documented by Sm–Nd garnet–clinopyroxene–
whole-rock ages of 340)330 Ma (Brueckner et al.,
1991). Recently, Lange et al. (2005) provided Sm–Nd
isochrons for the Lugian granulites that define ages
between 357 and 337 Ma, which fit the existing
40Ar ⁄ 39Ar hornblende and biotite cooling ages from
this region (Schneider et al., 2006). The 40Ar ⁄ 39Ar
muscovite ages from all lithologies of the Lugian
domain are similar to Sm–Nd garnet, 40Ar ⁄ 39Ar
hornblende and 40Ar ⁄ 39Ar biotite data from granulites
and eclogites, indicating a rapid and monocyclic
cooling history (Fig. 9f).

Polyphase fabric and metamorphic evolution of the
orogenic belt

The structural pattern in the Lugian domain reveals a
well-preserved D2 vertical fabric in the orogenic lower
and middle crust as well as coherency of these units,
defined by sub-parallel alternations of continuous belts
of orogenic lower and middle crust on the geological
map. Here, the geometry of the geological units and
map patterns are fully controlled by the D2 deforma-
tion. The D3 deformation was generally weak and
heterogeneous, being mostly concentrated close to the
thrust of the Lugian domain over the Ordovician lep-
tyno-amphibolite unit to the east and close to the area
of flat fabric and the normal-sense shear zone bound-
ing the Lugian domain in the west (Figs 7 & 8).
Normal-sense non-coaxial shearing developed contin-
uously from the earlier pure shear deformation and
probably this was responsible for displacement of
schists of the orogenic middle crust to the NW and
unroofing of the orogenic lower crust.

In the orogenic lower and middle crust of the Lugian
domain, petrology indicates that retrograde conditions

of omphacite-bearing granulites and peak pressure
conditions of adjacent micaschists are similar. In the
orogenic middle crust, the prograde mineral growth is
clearly related to the steep S2 fabric (Romanová &
Štı́pská, 2001), whereas in the granulites from the
orogenic lower crust, development of the S2 fabric is
related to their retrogression (Štı́pská et al., 2004). The
remarkable differences in prograde and retrograde
P–T paths of rocks from the orogenic middle and
lower crust, respectively, related to steep S2 foliations
makes this region the best example of vertical material
and heat transfer during D2.

Štı́pská et al. (2001) further discussed the signifi-
cance of similar Carboniferous and Ordovician
metamorphic conditions for the easterly lower crustal
leptyno-amphibolite complex. They concluded that
this complex cooled after Ordovician rifting and
remained stable in the crust before the onset of
Variscan deformation. Heterogeneous Variscan
amphibolite facies deformation was localized in the
western margin of the Ordovician block and shares
the same P–T conditions and kinematics with
amphibolite facies retrograde fabric of the eastern-
most orogenic lower crust. Consequently, Štı́pská
et al. (2004) suggested that the transition from the
steep-to-the-west moderately dipping fabrics in the
orogenic lower crust was linked to thrusting of these
rocks over a rigid lower crustal block made up of
leptyno-amphibolite unit rocks at a depth equivalent
to about 10 kbar (Fig. 5c).

In contrast, the horizontal S3 fabrics affecting
rocks of the orogenic lower crust and the normal-sense
shear zone developed in the west were linked to the
development of retrograde and syntectonic mineral
assemblages indicating an important decrease of tem-
perature and pressure typical for detachment zones
(e.g. Vanderhaeghe & Teyssier, 2001). The Lugian root
records a single-stage cooling history characterized by
telescoping of ages for minerals with different blocking
temperatures.

The structural development of the NE termination
of the Moldanubian domain shares a number of
features with the Lugian domain. In this area, the S2
foliation was well preserved in felsic granulites in
conjunction with a weak D3 reworking, which
emphasizes a coherency of the lower and middle
orogenic crust and indicates that the map pattern
developed during D2 vertical movements, similar to
that in the Lugian domain. The steep fabric in the
orogenic lower crust records retrogression to the silli-
manite stability field, suggesting that the orogenic
lower crust was exhumed to middle crustal conditions
along the S2 fabric. The HP characteristics of this
fabric are not necessarily always preserved, preser-
vation being dependent mainly on whether the crust
avoids re-hydration during exhumation. However, in
contrast with the Lugian domain, the heterogeneous
D3 deformation does not show any normal-sense
component of shear and is exclusively associated with
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top-to-the-NE-oriented thrusting in the stability field
of cordierite at low pressures of 3–4 kbar.

Structural and petrological studies of the southern
and central Moldanubian domains show that similar
P–T conditions around 7 kbar at 750 �C are charac-
teristic for all crustal levels during development of the
flat S3 fabric. Rocks from different depths were mixed
and reworked together during the D3 deformation, as
evidenced by contrasting prograde P–T paths with
different pressure peaks. The increase of temperature
in the orogenic middle crust and the slight decrease of
temperature in the orogenic lower crust during retro-
gression suggest a mutual thermal equilibration during
development of the S3 flat fabric.

Structural observations show that all rocks were
strongly deformed during D3 horizontal flow, although
more competent lithologies, mostly middle crust and
some granulites, retained their original steep S2 fabric,
whereas in the less competent, weak lower crust, the
horizontal top-to-the-NE D3 ductile shearing domi-
nates. During this process, the originally coherent
orogenic middle and lower crust was disaggregated to
form boudins and rootless folds in a pervasively
flowing migmatitic matrix. We suggest that providing
the volume of orogenic middle crustal is high enough,
the mineral assemblages from the D2 vertical fabrics
are preserved (Figs 6 & 9a). In contrast, the smaller
boudins were completely re-equilibrated and even
heated in the flowing mass of hot orogenic lower crust
(Figs 6 & 9b). The metamorphic conditions associated
with the D3 flow show clearly that pressure, tempera-
ture and intensity of D3 reworking decreases from
south to north across the whole continental margin.

Based on dating of metamorphic zircon from gran-
ulites, the timing of HP metamorphism and S2 fabric
formation in the Moldanubian domain was estimated
by Schulmann et al. (2005) and Tajčmanová et al.
(2006) to occur between 350 and 340 Ma. This age
span corresponds with cooling ages of minerals with
high blocking temperatures in the northern Moldanu-
bian domain (Matte et al., 1990; Macintyre et al.,
1992), and indicates that already during the D2 stage
an important cooling and exhumation of this area was
taking place, similar to the Lugian domain. The
younger 330–325 Ma 40Ar ⁄ 39Ar cooling ages obtained
for muscovite and biotite imply a second distinct per-
iod of thermal reworking and isotopic resetting in the
region, correlated with the strong D3 reworking in the
south.

Geophysical imagery of the subsurface shape of the Brunia
continental promontory

It is apparent that the thrust-related horizontal flow,
which dominates the deformation of the Moldanubian
domain at around 325 Ma, does not exist in the Lugian
domain. This indicates a significant difference in the
bulk exhumation processes between the two crustal
segments and the important involvement of the Brunia

continent in the Moldanubian exhumation history. In
order to discuss the relative contribution of the Brunia
basement in the tectonic evolution of the orogenic root
it is necessary to know the sub-surface extent of the
basement promontory underneath the orogenic root
rocks. Therefore, after the compilation of gravity data,
a Bouguer anomaly map of the area (Fig. 10) was
produced.
At a large scale, the Bouguer anomaly map (Fig. 10)

shows two main domains: (i) to the west, a domain
characterized by low- and intermediate-gravity anom-
alies, inferred to be associated with rocks that have low
to intermediate densities; and (ii) to the east, a domain
with a succession of gravity highs inferred to be asso-
ciated with significantly denser rocks. In the NE, the
low- to intermediate-gravity anomalies coincide with
the Lugian domain, whereas the gravity highs are
associated with the Brunia continent. The steep hori-
zontal gradient in gravity reflects a steep boundary
between the Lugian domain and the Brunia continent.
In the SW, the Moldanubian domain west of the
NNE–SSW-striking Central Moldanubian pluton is
characterized by low- and intermediate-gravity anom-
alies similar to the Lugian domain. Similar to the
north, we infer that the gravity highs over the Brunia
continent in the SE represent mostly dense rocks.
However, these gravity highs continue to the west, into
the eastern part of Moldanubian domain as far as the
Central Moldanubian pluton. Therefore, the observa-
tion made in the north, where the gravity boundary
coincides with the geological boundary between the
Lugian domain and Brunia, is not valid in the south,
where the geophysical boundary is located about 50–
70 km west of the mapped geological boundary.
Within the eastern Moldanubian domain, the rocks

at outcrop are similar west and east of the South
Bohemian pluton, and rocks with high densities that
could explain the gravity high in the eastern part of the
Moldanubian domain are not represented at outcrop.
Consequently, the dense rocks must be located at a
greater depth. The gentle gradient of the gravity highs
in the west indicates that the dense Brunia continental
promontory dips towards the west, beneath the eastern
Moldanubian rocks. This interpretation is confirmed
by preliminary 3D modelling, which shows that the
boundary between the dense Brunia basement and the
low- to intermediate-density rocks of the Moldanubian
domain has a gentle dip down to a depth of some 2–
3 km near the Central Moldanubian pluton, where it
dips more steeply beneath the pluton (60–70�).

Implication of Bouguer anomaly pattern

This analysis of the Bouguer anomaly map in Fig. 10
reveals striking differences between the Moldanubian
and Lugian domains, which may be interpreted in
terms of the presence of Brunia basement under a thin
layer of Moldanubian rocks. This interpretation is
consistent with the suggestion that the S3 fabric in the
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Moldanubian domain may result from underthrusting
of the Brunia continental promontory. In contrast, the
absence of a gravity high over the Lugian domain,
coupled with the structural and geochronological cri-
teria discussed above, indicate that the Brunia conti-
nent was not underthrust beneath the orogenic root of
the Lugian domain. In other words, the horizontal
fabrics in the Lugian domain cannot be explained by
the mechanical interaction between the Brunia conti-
nent and the Lugian root system.

DISCUSSION

Tectonic significance of steep orogenic fabrics

The zone of vertically foliated Lugian domain granu-
lites that are surrounded by migmatized and highly
sheared orthogneisses that also preserve a steep meta-
morphic S2 fabric represents a key area for under-
standing the early stage of exhumation of the lower
orogenic crust. Thrusting or normal faulting exhuma-
tion mechanisms cannot explain the steep S2 fabric in
the granulite and orthogneisses, which we have inter-
preted instead as recording a vertical channel along
which upward extrusion of the orogenic lower crust
occurred.

Another important observation is that the S2 folia-
tion results from macroscopic refolding of an early
sub-horizontal fabric at the scale of both the meso-
scopic sub-horizontal compositional anisotropy and

the orogenic crust (Štı́pská et al., 2004; Racek et al.,
2006). In addition, petrological studies show that the
S2 fabric in rocks of the orogenic middle crust adjacent
to the granulites is associated with the prograde
metamorphic evolution to a metamorphic peak at
around 9 kbar, whereas in the orogenic lower crust
the S2 fabric is related with retrogression from high
pressures around 18–20 kbar to pressures around
7–10 kbar.

The structural pattern and opposite metamorphic
evolution developed in the kinematically similar S2
fabrics indicates vertical material transfer compatible
with large-scale folding. We suggest that folding of the
crustal layers was responsible for the exhumation of
the orogenic lower crust in cores of large antiforms and
burial of the orogenic middle and upper crust in syn-
formal regions. Furthermore, we suggest that the
alternations of vertical belts of orogenic lower and
middle crust that parallel the continental margin
originated during this D2 event. At the end of this
process most of the orogenic middle and lower crust
had already cooled below the blocking temperatures
for the 40Ar ⁄ 39Ar system in hornblende and partly also
the 40Ar ⁄ 39Ar system in muscovite.

In the Polish part of the Lugian domain large-scale
folding of crustal layers was recognized by Don (1964)
and Dumicz (1979). Moreover, a theoretical back-
ground for exhumation of lower crust by folding has
been provided by (Burg & Podladchikov, 1999) and
applied to the exhumation of lower crustal rocks for
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Fig. 10. Interpretative cross-sections located in Fig. 2, showing distribution of the orogenic lower, middle and upper crust of the
orogenic root and the Brunia continent. (a) East to west cross-section of southern Moldanubian showing synformal structure. The
S3 fabric associated with channel flow is dominant in the orogenic lower crust, whereas in the orogenic middle crust the steep S2
fabric is dominant. Dismembered orogenic middle crust forms large-scale boudins surrounded by migmatitic S3 fabric. (b) Cross-
section of Lugian–Silesian domain, to show relationships between the D2 extrusion of the orogenic lower crust that was thrust over
the Ordovician leptyno-amphibolite complex and the S3 fabric associated with ductile thinning in the Lugian section. (c) North to
south cross-section of the Moldanubian domain. Figure shows strong D3 deformation of the rear part of the system with important
mixing of orogenic lower crust and orogenic middle crust in the channel flow fabric and weak D3 deformation in the northern
part of the section.
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example in the area of the Namche Barwa syntaxis
(Burg et al., 1997).

Based on shape analysis of macroscopic folds, Fra-
něk et al. (2006) proposed that the folding of lower
crustal layers occurred at granulite facies conditions by
passive amplification mechanisms. Consequently, these
authors suggested that the folding started by the
development of cuspate structures at the boundary
between the lower and middle crust because of a low-
viscosity contrast at this interface (cf. Kisters et al.,
1996). Growth of the upward-pointing cusps was
replaced by vertical extrusion as the whole domain
became sufficiently shortened and the horizontal
anisotropy was replaced by a vertical anisotropy. At
that stage, the difference in the integrated vertical bulk
viscosity between a weak lower crustal cusp and an
adjacent stronger middle crustal lobe increased. These
viscosity differences lead to strain partitioning and
vertical extrusion of the weak orogenic lower crust but
slower exhumation of adjacent middle crust (Ježek
et al., 1998).

To make the mechanism of vertical extrusion pos-
sible a rigid floor is required (Schulmann et al., 2003),
which is represented by a strong sub-root mantle in the
model proposed here. The strength of the sub-crustal
mantle was modelled for a given thermal gradient by
Thompson et al. (2001) and Schulmann et al. (2002),
who showed that at least 40 km of rigid mantle litho-
sphere was likely to have existed at the onset of
exhumation of the thermally weakened lower crust.
The occurrence of slivers of mantle peridotite, which
have sharp boundaries and discordant internal fabrics
with respect to the flow fabric of the surrounding
granulites, within the orogenic lower crust provides
further evidence for the existence of a strong mantle
and implies an important strength contrast between the
mantle and the orogenic lower crust (Medaris et al.,
2006). Although the granulite extrusion structures
described in this study resemble extrusions of lower-
crust driven by density inversion (Martinez et al.,
2001), they were controlled mostly by lateral shorten-
ing forces in this case, as shown in Fig. 11a.

Horizontal flow of orogenic lower crust

A transition from vertical S2 fabrics to horizontal S3
fabrics occurs in almost all examples of lower crustal
vertical structures in the Moldanubian and Lugian
domains. Therefore, the main questions that arise are:
is there a causal relationship between vertical extrusion
and the development of horizontal flow? and what are
the driving forces for the deformation?

Ductile thinning and collapse of vertical fabric in the Lugian
domain

A satisfactory tectonic model to explain the structural,
petrological and geochronological data from the
Lugian domain is one involving folding of a layered

orogenic crust followed by the asymmetrical north-
eastward extrusion of the orogenic lower crust caused
by the indentation of an Ordovician mafic lower
crustal block at c. 340 Ma. Extrusion of the orogenic
lower crust was associated with the development of the
horizontal D3 fabric accompanied with detachment of
the western units and complete reworking of the oro-
genic middle crust in adjacent synforms. Consequently,
the horizontal fabric in the Lugian domain can-
not have been created in response to intracrustal
flow because of lateral variations in lithostatic
pressure ⁄ gravitational potential energy of thickened
crust ⁄ lithosphere (Milnes & Koyi, 2000; Vanderhaeghe
& Teyssier, 2001).
A more likely explanation is a model in which the

vertically moving material experiences a reversal in the
principal strain-rate directions (Feehan & Brandon,
1999), which was expressed as a switch from the ver-
tical fabric at depth to the sub-horizontal fabric at
shallow crustal levels (Ring & Brandon, 1999). How-
ever, such a model requires the presence of a thick
continental accretionary wedge, as proposed by Platt
(1986), which has a mixed flow field involving vertical
thickening at depth and vertical thinning near the
surface.
Previously Schulmann & Gayer (2000) interpreted

the Lugian domain as an obliquely convergent wedge
developed above the Saxothuringian subduction zone.
In this model, the Ordovician mafic lower crustal block

Fig. 11. Bouguer anomaly map of the eastern margin of the
Bohemian Massif (provided by the Czech Geological Survey).
Thick lines superimposed on the Bouguer anomaly map are
limits of geological unit boundaries and orogenic crustal levels
from Fig. 2. Br, Brunia continent; MDE, eastern branch of the
Moldanubian domain; CMP, the Central Moldanubian pluton;
MDW, western branch of the Moldanubian domain; LD, the
Lugian domain.
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represents a relict of the rigid backstop and the nor-
mal-sense shear zone in the west reflects the collapse of
vertically extruded material (Fig. 11b). Importantly,
the U–Pb zircon data show Ordovician protolith ages
for both the felsic orogenic root (orogenic lower and
middle crust) and the Ordovician mafic lower crustal
block to the east. These data, together with the coin-
cidence of the gravity and geological boundaries
between the Lugian domain and the Brunia continent
(Fig. 10), indicate that the transition from vertical to
horizontal fabric results from an intra-Lugian
mechanical interaction and that the Brunia continent
was not involved in this process (Fig. 12).

Heterogeneous channel flow and hot fold nappe fabrics
in the Moldanubian domain

There are a number of differences associated with the
development of the flat fabric in the Moldanubian
domain compared with the development of the flat
fabric in the Lugian domain. In the southern part of
the Moldanubian domain, the horizontal S3 fabric
developed at decreasing pressure from south to north
(Figs 4 & 5d) in conjunction with decreasing intensity
of the D3 reworking. This is associated with an increase
in temperature and decrease in pressure in the orogenic
middle crust concomitant with a decrease in tempera-
ture and pressure of the orogenic lower crust. In
addition, migmatized gneisses of the orogenic lower
crust commonly surround blocks and boudins of the
orogenic middle crust that preserve evidence of the
early HP metamorphism. The D3 deformation shows
constant NNE–SSW-oriented stretching and top-to-
the-NNE thrust-related shear movement, which is
consistent with oblique transpressive deformation in

the adjacent Moravo–Silesian Zone. The common
geometry and oblique thrust kinematics of the D3

deformation are the chief features of the mechanical
interaction between the Moldanubian domain, Mor-
avo–Silesian Zone and the Brunia continent. The
geophysical observations confirm the hypothesis of
large-scale displacement of the Brunia basement
underneath the Moldanubian domain, which inter-
pretation locates the sub-surface margin of the Brunia
continental promontory far to the west from the
present Moldanubian domain and Moravo–Silesian
Zone boundary.

This highly non-coaxial deformation correlates with
young cooling ages (330–325 Ma) for muscovite and
biotite 40Ar ⁄ 39Ar systems compared with older (350–
340 Ma) hornblende 40Ar ⁄ 39Ar data, Sm–Nd cooling
ages from HP metamorphic rocks and metamorphic
ages from zircon, preserved mainly in the north.
Muscovite and biotite from the adjacent Moravo–
Silesian Zone nappes and the deformed Brunia conti-
nent show similar young 40Ar ⁄ 39Ar cooling ages,
which correspond to those of detrital muscovite frac-
tions from the Culm foreland basin. The detrital
muscovite shows convergence of the stratigraphic age
of sedimentation and the 40Ar ⁄ 39Ar cooling ages at
330–325 Ma (F. Neubauer, pers. comm.). Pebbles of
granulite and Mg-rich syenite (durbachite) in the
foreland conglomerates have yielded similar informa-
tion from U–Pb dating of zircon, where two groups of
ages occur at c. 340 and c. 325 Ma, the latter being
consistent with the stratigraphic age of 330–320 Ma
(Kotková et al., 2007).

We suggest that the D3 deformation, which involved
subhorizontal top-to-the-NE thrusting of the Mol-
danubian domain over the Brunia continent, occurred

(a) 

(b) 

(c)

Fig. 12. Sequence of block diagrams to
show the principal exhumation mechanisms
and progressive tectonic evolution of the
eastern margin of the Bohemia Massif. (a)
Early stage of crustal folding and extrusion
associated with vertical material and heat
transfer. (b) Second stage (c. 340 Ma) of
development of a flat fabric due to collapse
of the vertical anisotropy – probably due to
ductile thinning mechanisms that accom-
pany detachments of the upper crust. (c)
Weak orogenic root deformed by the Brunia
continental promontory and the develop-
ment of large hot nappes during D3 at 330–
325 Ma. The section shows a northward
attenuation of the crust together with a
northward-facing topographic slope with
coeval surface erosion in the North. The
latter is consistent with the geometry of the
Brunia continent.
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at 330–325 Ma and was associated with exhumation of
HP metamorphic rocks to the surface, as demonstrated
by sedimentation of granulite pebbles and metamor-
phic muscovite in the foreland basin. The earlier ages
clustering around 340 Ma correspond to D2 event, i.e.
to the vertical material transfer associated with crustal-
scale folding, evidence of which is partially preserved
in flat-lying migmatites.

The structure of the Moldanubian domain is consis-
tent with the �stage 3� of the channel-flow model – the
hot fold nappe (Beaumont et al., 2006; Culshaw et al.,
2006). In these channel-flow models, stage 3 coincides
with the arrival of a lower crustal block that forces weak
middle and lower crust into large-scale gently inclined
fold nappes rooted in the thickened Moho.

The hot fold nappe model can be applied to the
Moldanubian root system, keeping in mind that the
model represents the result of a continuous 2D history
whereas the Moldanubian root system comprises an
exhumation history in two stages that are kinemati-
cally independent. Nevertheless, the hot fold nappe
model simulates well the relatively weakly deformed
NE part of the Moldanubian system with well-pre-
served D2 fabric, which reaches shallow crustal levels
and ultimately the surface (Figs 8 & 11). To the south,
the extruded nappes were derived from more internal
and hotter parts of the orogen. Increasingly large
volumes of weak lower crust were gradually trans-
ported southwards over the Brunia continent leading
to an increase in the amount of lower crustal material
at the surface.

The channel flow is heterogeneous, as predicted by
Beaumont et al. (2001, 2006), because of the previous
history, which generates important crustal strength
variations. The implication of this model is that the
heterogeneous crust makes the geometry and compo-
sition of the channel flow similarly heterogeneous. In
the Moldanubian case, the channel transports
detached blocks and boudins of distinctly different
compositions such as HP granulites and mid-crustal
segments that still preserve relicts of the D2 fabric. In
this southern part of the channel all isotopic systems
are re-equilibrated and the cooling ages are younger in
comparison with the non-uniformly reset isotopic
systems in the north.

CONCLUSIONS

This study has shown that exhumation of the orogenic
lower crust in the eastern sector of the Variscan oro-
genic belt is characterized by two independent stages.
(1) The first stage is best preserved in the Lugian
domain, where it is characterized by an intra-crustal
folding that is responsible for vertical material transfer
associated with exhumation of the deep orogenic lower
crust to shallower crustal levels corresponding to
pressures around 10 kbar at about 350 to 340 Ma. The
folding and vertical extrusion events are followed by a
vertical shortening leading to development of sub-

horizontal fabrics at medium to low pressures. The
early horizontal shortening was probably triggered by
the existence of a rigid Ordovician block, part of which
is preserved at the eastern boundary of the Lugian
domain. We suggest that this early exhumation event
was related kinematically to Saxothuringian conti-
nental subduction to the east, creating a convergent
continental accretionary wedge – the Lugian domain.
Mechanical interactions with the large Brunia conti-
nent during the exhumation process remain uncon-
strained.
(2) The Moldanubian domain has steep fabrics in
similar orientations to those preserved in the Lugian
domain. Vertical material transfer during the Lower
Carboniferous led to the development of alternations
of steeply inclined domains of lower and middle oro-
genic crust, similar to Lugian domain. However, this
tectonic event was followed by a NNE-directed sub-
horizontal shearing at about 330–325 Ma resulting
from subsurface indentation by the Brunia continental
promontory into the Moldanubian domain. The arri-
val of the Brunia continent is responsible for the pro-
gressive emplacement of hot fold nappes and
heterogeneous channel flow in the rear (western) part
of the system generating mixtures of middle and lower
crustal units with preserved early exhumation fabrics.
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A., 2005. Contrasting textural record of two distinct meta-
morphic events of similar P–T conditions and different dura-
tions. Journal of Metamorphic Geology, 23, 649–666.

Macintyre, R. M., Bowes, D.R., Hamidullah, S. & Onscott,
T.C., 1992. K–Ar and Ar–Ar study of amphibolites from
meta-ophiolite complexes, eastern Bohemian Massif. In: Pro-
ceedings of 1st International Conference on the Bohemian
Massif, Czech Geological Survey, Prague, pp. 195–199.

Martinez, F., Goodliffe, A. M. & Taylor, B., 2001. Metamorphic
core complex formation by density inversion and lower crust
extrusion. Nature, 411, 930–934.

Matte, P., Maluski, H., Rajlich, P. & Franke, W., 1990. Terrane
boundaries in the Bohemian Massif: result of large-scale
Variscan shearing. Tectonophysics, 177, 151–170.

Mazur, S., Aleksandrowski, P. & Szczepanski, J., 2005. The
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Romanová, M. & Štı́pská, P., 2001. Structural and metamorphic
evolution of the Stronie formation near Javornı́k. Mineral-
ogical Society of Poland, Special Papers, 19, 147–149.

Schneider, D. A., Zahniser, S. J., Clascock, J. M., Gordon, S. M.
& Manecki, M., 2006. Thermochronology of the West Sudetes
(Bohemian Massif): rapid and repeated eduction in the eastern
Variscides, Poland and Czech Republic. American Journal of
Science, 306, 846–873.

Schulmann, K., 1990. Fabric and kinematic study of the Bites
orthogneiss (southwestern Moravia): result of large-scale
northeastward shearing parallel to the Moldanubi-
an ⁄Moravian boundary. Tectonophysics, 177, 229–244.

Schulmann, K. & Gayer, R., 2000. A model for a continental
accretionary wedge developed by oblique collision: The NE
Bohemian Massif. Journal of the Geological Society, 157, 401–
416.

Schulmann, K., Ledru, P., Autran, A. et al., 1991. Evolution of
nappes in the eastern margin of the Bohemian Massif: a
kinematic interpretation. Geologische Rundschau, 80, 73–92.

Schulmann, K., Melka, R., Lobkowicz, M. Z., Ledru, P., Lar-
deaux, J.-M. & Autran, A., 1994. Contrasting styles of
deformation during progressive nappe stacking at the south-
eastern margin of the Bohemian Massif (Thaya Dome).
Journal of Structural Geology, 16, 355–370.

Schulmann, K., Schaltegger, U., Ježek, J., Thompson, A.B. &
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Jean-Marc Lardeaux d, Jean-Bernard Edel a, Pavla Štípská a, Stanislav Ulrich e
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Abstract

The geological inventory of the Variscan Bohemian Massif can be summarized as a result of Early Devonian subduction of the
Saxothuringian ocean of unknown size underneath the eastern continental plate represented by the present-day Teplá-Barrandian and
Moldanubian domains. During mid-Devonian, the Saxothuringian passive margin sequences and relics of Ordovician oceanic crust
have been obducted over the Saxothuringian basement in conjunction with extrusion of the Teplá-Barrandian middle crust along the so-
called Teplá suture zone. This event was connected with the development of the magmatic arc further east, together with a fore-arc basin
on the Teplá-Barrandian crust. The back-arc region – the future Moldanubian zone – was affected by lithospheric thinning which
marginally affected also the eastern Brunia continental crust. The subduction stage was followed by a collisional event caused by the
arrival of the Saxothuringian continental crust that was associated with crustal thickening and the development of the orogenic root
system in the magmatic arc and back-arc region of the orogen. The thickening was associated with depression of the Moho and the flux
of the Saxothuringian felsic crust into the root area. Originally subhorizontal anisotropy in the root zone was subsequently folded by
crustal-scale cusp folds in front of the Brunia backstop. During the Visean, the Brunia continent indented the thickened crustal root,
resulting in the root’s massive shortening causing vertical extrusion of the orogenic lower crust, which changed to a horizontal viscous
channel flow of extruded lower crustal material in the mid- to supra-crustal levels. Hot orogenic lower crustal rocks were extruded: (1)
in a narrow channel parallel to the former Teplá suture surface; (2) in the central part of the root zone in the form of large scale antiformal
structure; and (3) in form of hot fold nappe over the Brunia promontory, where it produced Barrovian metamorphism and subsequent
imbrications of its upper part. The extruded deeper parts of the orogenic root reached the surface, which soon thereafter resulted in the
sedimentation of lower-crustal rocks pebbles in the thick foreland Culm basin on the stable part of the Brunia continent. Finally, during
the Westfalian, the foreland Culm wedge was involved into imbricated nappe stack together with basement and orogenic channel flow
nappes. To cite this article: K. Schulmann et al., C. R. Geoscience 341 (2009).
# 2009 Published by Elsevier Masson SAS on behalf of Académie des sciences.

Résumé

Convergence paléozoïque de type Andin dans le Massif de Bohême. Le Massif varisque de Bohême est le résultat de la
subduction, au Dévonien supérieur, de l’océan Saxothuringien sous la plaque continentale représentée à l’est par les zones actuelles
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de Teplá-Barrandien et de Moldanubien. L’ampleur de cet océan demeure inconnue. Pendant le Dévonien moyen, les séries
sédimentaires de la marge passive saxothuringienne et les reliques de la croûte océanique ordovicienne ont été obductées sur le socle
saxothuringien alors que, dans le même temps, la croûte moyenne Teplá-barrandienne était extrudée le long de la suture de Teplá.
Plus à l’est, cet événement était associé au développement d’un arc magmatique et à la formation d’un bassin avant-arc sur le socle
Teplá-Barrandien. Le domaine arrière-arc – la future zone moldanubienne – subissait un amincissement lithosphérique qui affectait
aussi en partie la croûte continentale de Brunia. La subduction s’est achevée avec la collision de la croûte continentale
saxothuringienne et s’est traduite par un épaississement crustal et la formation d’une racine orogénique dans les zones de
l’arc magmatique et de l’arrière-arc. L’épaississement était associé à une dépression du Moho et au flux de croûte felsique
saxothuringienne dans la racine orogénique. L’anisotropie sub-horizontale de la racine a donné suite à un plissement serré, d’échelle
crustale, au front du butoir continental de Brunia. Pendant le Viséen, le continent Brunia a indenté la racine crustale épaissie en
provoquant un important raccourcissement de la racine, l’extrusion verticale de la croûte inférieure de l’orogène passant à un flux
visqueux en chenal horizontal, de matériaux de la croûte inférieure à des niveaux médio- et supra-crustaux. Les roches de la croûte
inférieure orogénique ont été extrudées (1) dans d’étroits chenaux parallèles à la surface de l’ancienne suture de Teplá, (2) au centre
de la zone de racine sous la forme d’un large antiforme et (3) en nappe plissée chaude au-dessus du promontoire de Brunia, tout en
produisant un métamorphisme barrovien, ainsi que l’imbrication des niveaux supérieurs. Les roches extrudées les plus profondes de
la racine ont atteint la surface, puis ont été reprises, peu de temps après, sous la forme de galets dans la sédimentation de type Culm
dans l’épais bassin d’avant-pays qui recouvre la partie stable du continent Brunia. Enfin, pendant le Westphalien, le prisme
d’accrétion du Culm, ainsi que le socle et les nappes de chenaux crustaux ont été repris dans une suite de nappes imbriquées. Pour
citer cet article : K. Schulmann et al., C. R. Geoscience 341 (2009).
# 2009 Publié par Elsevier Masson SAS pour l’Académie des sciences.

Keywords: Bohemian Massif; Saxothuringian oceanic subduction; Building of Variscan orogenic root system; Channel flow
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1. Introduction

Starting with [16] and followed by [33] and [93,94],
the eastern Variscan belt is interpreted as the result of
Devonian to Carboniferous continent–continent colli-
sion, resembling the (sub-)recent Himalayan-Tibetan
type collisional system. However, there is a wealth of
data (see for example [93,94]) suggesting that this
orogenic belt could have resulted from an Andean type
convergence, i.e. as a typical upper plate orogen located
above a long-lasting Devonian–Carboniferous subduc-
tion system.

The aim of this article is to show that all the current
criteria defining an Andean type of convergent margin
are present and surprisingly well preserved in the
Variscan Bohemian Massif. These criteria are in
particular [66,71,122,157]:

� the development of Franciscan type blueschist-facies
metamorphism in the lower plate;
� arc type magmatism marked by calc-alkaline to

potassium-rich (shoshonitic) series in the distance of
150–200 km from the trench;
� back-arc basin developed on continental upper plate

crust and replaced by thick continental root;
� deep granulite-facies metamorphism associated with

supposed underplating of the crust by mafic magmas
at the bottom of the root;

� continental lithosphere thrust underneath the thick-
ened root system.

Based on these criteria, the architecture of the
eastern Variscan belt is interpreted as the result of a
large-scale and long-lasting subduction process asso-
ciated with crustal tectonics, metamorphism, magmatic
and sedimentary additions that developed over the
width of at least 500 km, in present-day coordinates,
and time scale of �80 Ma.

2. Present-day architecture of the Bohemian
Massif and location of Palaeozoic sutures

The Bohemian Massif occurs at the eastern extremity
of the European Variscan belt, representing one of its
largest exposures (Fig. 1). From west to east, the Eastern
Variscan belt forming the Bohemian Massif can be
subdivided into four major units:

� the Saxothuringian Neoproterozoic basement with its
Palaeozoic cover corresponding to the continental
crust of the Armorican plate [87,105,147];
� the Teplá-Barrandian Unit consisting of Neoproter-

ozoic basement and its Early Palaeozoic cover
interpreted as an independent crustal block (the
Bohemia Terrane of South Armorica sensu [34]);
� the Moldanubian high- to medium-grade meta-

morphic domain intruded by numerous Carboniferous
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granitic plutons, altogether forming the high-grade
core of the orogeny;
� the eastern Brunia Neo-Proterozoic basement with

Early to Late Palaeozoic cover [35,140].

The palaeontological record of Lower Palaeozoic
(Cambrian and Ordovician) sediments of the Saxothur-
ingian and Teplá-Barrandian domains shows affinities
to the Gondwana faunas implying that these blocks
were derived from the northern Gondwana margin
[20,27,28,68]. In addition, there is a range of isotopic
and U–Pb zircon data suggesting a Gondwanan
provenance of all units composing the Bohemian
Massif [96,106].

2.1. Saxothuringian domain

This domain is represented by Neoproterozoic par-
autochthonous rocks (580–550 Ma) formed by migma-

tites and paragneisses intruded by Cambro-Ordovician
calc-alkaline porphyritic granitoids converted to augen
orthogneiss during the Variscan orogeny [38,39,76,89].
These rocks are unconformably covered by Cambrian
and Ordovician rift sequences (Fig. 1) overlain by Late
Ordovician to Famennian pelagic sediments and
Famennian to Visean flysh of the Thuringian facies
[85,125,144]. The par-autochthon is overthrust by
allochthonous units containing deep-water equivalents
of the Ordovician to Devonian rocks of the para-
autochthon, and by proximal flysh sediments (the
Bavarian facies).

The allochthonous units occur in Münchberg,
Wildenfels and Frankenberg klippens and exhibit pile
of thrust sheets marked by decreasing pressure and
metamorphic age from the top to the bottom [34]. In the
hangingwall occur thrust sheets with Mid-Ocean Ridge
Basalt (MORB)-type metabasites of Ordovician proto-
lith age eclogitized (Fig. 2; P = � 25 kbar, T = 650 8C)

K. Schulmann et al. / C. R. Geoscience 341 (2009) 266–286268

Fig. 1. Simplified geological map of the Bohemian Massif (modified after [34]). CBPC: Central Bohemian Plutonic Complex; CMP: Central
Moldanubian Pluton. The lower left insert shows position of the Bohemian Massif in the frame of the European Variscides (modified [22]).
RH: Rhenohercynian zone; ST: Saxothuringian Zone; M: Moldanubian Zone; B: Brunia Continent; L: Lugian domain.

Fig. 1. Carte géologique simplifiée du Massif de Bohême (modifiée d’après [34]). CBPC : Complexe plutonique de Bohême centrale ; CMP : Pluton
central moldanubien. L’encart du bas à gauche montre la position du Massif de Bohême dans le cadre des Variscides européennes (modifié d’après
[22]). RH : Zone rhénohercynienne ; ST : Zone saxothuringienne ; M : Zone moldanubienne ; B : Brunia ; L : Zone lugienne.
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[34] during the Devonian �395 Ma [102]. Structurally
deeper occur sheets marked by medium pressure (MP)
assemblages and Late Devonian (�365 Ma) zircon and
hornblende cooling ages. This rock pile represents both
distal and proximal Late Ordovician to Devonian
passive margin rocks tectonically inverted during the
Devonian convergence [44,134]. In the Sudetic part
(Figs. 1 and 2) of the Bohemian Massif, the Ordovician
rift sequences are well developed and marked by the
presence of deep marine sediments and MORB-type
volcanics followed by Silurian and Devonian sedimen-
tary sequences [95]. The Ordovician oceanic rocks are
enhanced by a blueschist-facies metamorphic overprint
of Late Devonian age [33,34].

However, a later Carboniferous underthrusting of
the Saxothuringian/Armorican continental rocks
underneath the easterly Teplá-Barrandian block was
identified suggesting a continuous convergence in this
area, which was responsible for eclogitization of both
the oceanic and continental crust resulting from
continental underthrusting [90] at �340 Ma [71].
The continental underthrusting reached even the
pressure conditions of the diamond stability [150].
This event is responsible for the global reworking of the
Saxothuringian terrane at HP conditions, imbrication
of subducted continental crust and exhumation of deep
rocks in form of crustal scale nappes [92]. Thus, the
structure of the Saxothurinigian domain is defined by
par-autochthonous domain (Fig. 2; P = 13–15 kbar,
T = 580–630 8C) [69,70,72] and eclogite-bearing
‘‘lower’’ crustal nappe (P = 20–26 kbar, T = 630–

700 8C) [70]. The highest tectonic unit, ‘‘the upper
nappe’’ reached the high pressure (HP) granulite facies
peak conditions (P = 15–20 kbar, T = 800 8C [69,116])
at 340 Ma [79,154]. The exhumation of granulite facies
unit occurred at 340 Ma as shown by 40Ar/39Ar cooling
ages [80,83].

2.2. The Saxothuringian–Teplá-Barrandian
boundary

The boundary between the two crustal domains is
characterized by the presence of units with high
proportion of ultramafic and mafic rocks (Fig. 1;
Mariánské Lázně Complex and Erbendorf–Vohenstrauss
Zone). The former complex is marked by a presence of
serpentinites at the bottom overlain by a thick sequence
of amphibolites, eclogites and metagabbros. The U–Pb
zircon protolith ages discriminate the mafic rocks into
two main groups with Cambrian (�540 Ma [145]) and
Ordovician (�496 Ma [5]) ages. On the other hand, the
metamorphic and cooling ages (Sm–Nd garnet–pyroxene

and Ar–Ar hornblende) are Devonian, ranging between
410 and 370 Ma [4,15]). Similarly, the newly determined
U–Pb ages for metamorphic zircon in mafic rocks, as well
as monazite from orthogneiss, and titanite in leucosome
all cluster around 380 Ma and possibly date the
exhumation of the whole Mariánské Lázně Complex
[163]. The Devonian metamorphic evolution started with
eclogite-facies metamorphism (Fig. 2; P = 16–18 kbar,
T = 640–715 8C) [145] and continued at c. 380 Ma by
granulite-facies re-equilibration [99]. The Erbendorf–
Vohenstrauss Zone further west shows similar litholo-
gical and petrological zonation as the Mariánské Lázně
Complex and it is thus commonly interpreted as a part of
the same tectonic unit [101,145].

2.3. Teplá-Barrandian domain

Stratigraphically, the Teplá-Barrandian Unit (Fig. 1)
consists of Neoproterozoic basement with the lower arc-
related volcano-sedimentary sequence (the Kralupy–

Zbraslav Group), followed by siliceous black shales and
a flyshoid sequence (shales, greywackes and conglom-
erates, [35]). The Neoproterozoic basement is uncon-
formably overlain by a thick sequence (1500–2000 m)
of Lower Cambrian conglomerates, greywackes, and
sandstones [19,82] followed by shales and a rift-related
volcanic sequence in the Upper Cambrian. The
development of the Lower Palaeozoic Prague Basin
[17] is marked by Early Ordovician (Tremadocian)
transgression followed by mid-Ordovician rifting
associated with volcanic activity, and with sedimenta-
tion of Silurian graptolite shales. The sedimentation
continued mainly with carbonates, namely the Upper
Silurian to Devonian calcareous flyshoid sequence. The
Early Silurian was associated with important volcanic
activity, accompanied by basaltic and ultramafic
intrusions [51]. The sedimentation terminated in mid-
Devonian with distal turbidites of the Srbsko Formation
(Givetian) containing, among others, detrital zircons of
Devonian (�390 Ma) age [108].

The whole sequence is folded by steep folds
presumably of Late Devonian age as shown by Culm
facies sediments unconformably deposited on folded
Ordovician strata [135]. The deformation affected also
the underlying Neoproterozoic basement, having
intensity and age increasing progressively to the west.
In the same direction rises also the metamorphic grade
reaching amphibolite-facies conditions close to the
Teplá-Barrandian/Saxothuringian boundary [10]. In this
area is developed a typical Barrovian metamorphic
zonation ranging from biotite–garnet zone (Fig. 2a;
P = 3–4 kbar, T = 450–520 8C) [146,156,160,161] in

K. Schulmann et al. / C. R. Geoscience 341 (2009) 266–286 269
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Fig. 2. Pressure–temperature (P–T) diagram showing the location of the principal metamorphic facies in the P–T space (after Brown, [6]). BS:
blueschist facies; AEE: amphibole-epidote eclogite facies; ALE: amphibole-lawsonite eclogite facies; LE: lawsonite eclogite facies; AE: amphibole
eclogite facies; GS: greenschist facies; A: amphibolite facies; E-HPG: medium-temperature eclogite facies – high-pressure granulite metamor-
phism; G: granulite facies; UHTM: the ultra-high-temperature metamorphic part of the granulite facies. a: Devonian HP–LT metamorphism (390–

380 Ma) from the Münchberg and Mariánské Láznĕ units contrasted to Devonian (380 Ma) MP metamorphism of the western part of the Teplá-
Barrandian; b: Carboniferous (340 Ma) HP–LT metamorphism from the Saxothuringian par-autochthon and lower nappe contrasted to the HP–HT
metamorphism of the granulite bearing upper nappe (modified after [71]); c: Carboniferous (340 Ma) HP–HT metamorphism of the orogenic lower
crustal belt from the Moldanubian domain, HT–MP and LP metamorphism related to the exhumation of the orogenic lower crust contrasted to the
MP–MT peak metamorphism of the orogenic middle crust followed by heating during exhumation (modified after [123]; d: Carboniferous HP–MT
metamorphism of the Moravian eclogites contrasted to the MP–MT Barrovian metamorphism of the Moravian Zone (modified after [77]).

Fig. 2. Diagramme pression–temperature (P–T) montrant la localisation des principaux faciès métamorphiques dans l’espace P–T (d’après [6]). BS :
faciès schiste bleu ; AEE : faciès éclogitique à amphibole-épitote ; ALE : faciès éclogitique à amphibole-lawsonite ; LE : faciès éclogitique à
lawsonite ; E-HPG : métamorphisme à éclogite de moyenne température et à granulite de haute pression ; G : faciès granulite ; UHTM : partie
métamorphique d’ultrahaute température du faciès granulite. a : métamorphisme dévonien HP–LT (390–380 Ma) des unités de Münchberg et
Mariánské Láznĕ contrastant avec le métamorphisme MP (380 Ma) de la partie occidentale de l’unité de Teplá-Barrandien ; b : métamorphisme
carbonifère HP–LT (340 Ma) du parautochtone Saxothuringien et de la nappe inférieure, contrastant avec le métamorphisme HP–HT de la granulite
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the east up to kyanite zone (Figs. 1 and 2a; P = 5–8 kbar,
T = 530–620 8C) [156] in the west marked by a
‘‘normal’’ gradient (increase of pressure and tempera-
ture to the structural footwall). The 40Ar/39Ar muscovite
and hornblende dating yielded exclusively Middle
Devonian cooling ages [155].

2.4. The Teplá-Barrandian–Moldanubian domains
boundary – the Central Bohemian Plutonic
Complex

The igneous activity in the area of the Central
Bohemian Plutonic Complex (Fig. 1) started with
intrusions of calc-alkaline Devonian (protolith
�370 Ma) tonalites to granodiorites, latter transformed
into highly sheared orthogneisses [74]. The first
unmetamorphosed plutonic rocks were Late Devonian
(�354 Ma) calc-alkaline tonalites, granodiorites,
trondhjemites, quartz diorites and gabbros of the
Sázava suite [62,64,158]. Their Sr–Nd isotopic ratios
and trace-element signature indicate that the source of
the basic magmas was a slightly depleted mantle above
a subduction zone. In addition, a significant role for
mixing with acidic magmas is to be assumed [60,64].
Further south/southeast occur voluminous Early Car-
boniferous (�349–346 Ma [18,55,56]) high-K calc-
alkaline plutonic bodies of the Blatná suite (mainly
granodiorites with minor quartz monzonite and mon-
zogabbro bodies). The intermediate rock types resulted
from mixing of slightly enriched mantle-derived and
crustal magmas [61]. Finally, further east occur syn-
deformational bodies or post-tectonic elliptical intru-
sions of (ultra-)potassic rocks of mid-Carboniferous
(�343–337 Ma) ages [53,55,63,157]. Both the Sázava
and Blatná suites contain numerous xenoliths, screens
and roof pendants of the Barrandian-like Palaeozoic and
Neo-Proterozoic sequences, indicating a major role for
stopping as an emplacement mechanism [159].

All these features indicate that the Central Bohemian
Plutonic Complex corresponds to a relatively shallow
section (<10 km) through the Devonian–Carboniferous
magmatic arc, which widened and expanded to the east
with time. There is also a remarkable temporal trend of
increase in the potassic character of magmas, pre-
sumably as the basic magmas tapped increasingly more
enriched mantle sources [56,60,62].

2.5. The Moldanubian domain

According to Fuchs [41,42], three major units define
this domain (Fig. 1):

� the ‘‘Monotonous Group’’ of Proterozoic metasedi-
ments, with numerous Late Proterozoic to Early
Palaeozoic orthogneisses [25,39,153], quartzites and
amphibolites. The Monotonous group is traditionally
considered to represent the structurally deepest
tectonic unit;
� structurally above the ‘‘Varied Group’’ composed of

plagioclase-bearing paragneisses, quartzites and
marbles intercalated with amphibolites and lepty-
nites. The protoliths of metasediments are supposed
to be at least partly Early Palaeozoic in age, based on
the depleted-mantle Nd model ages of 430–500 Ma
for the amphibolite layers [67] or on the Devonian age
of the intimately associated felsic metavolcanics [37];
� structurally highest the ‘‘Gföhl Unit’’ (Fig. 1)

composed of orthogneiss with Ordovician protolith
ages [39], amphibolitized eclogites, granulites,
garnet- and spinel-bearing peridotites surrounded
by felsic migmatites.

The upper amphibolite-facies metamorphism devel-
oped on the regional scale in the Monotonous and
Varied groups reflecting maximal pressures of 10 kbar
at temperatures of 650–700 8C (Fig. 2) [109,112].
However, higher grade (eclogitic) boudins have been
identified, generally at the boundary between both
groups (Fig. 2) [23,97].

Metamorphism of the Gföhl Unit is characterized by
early eclogite facies (Fig. 2;�20 kbar, 650 8C) [97,129]
followed by granulite-facies re-equilibration [103,129]
and retrogression under amphibolite-facies conditions
[131,142]. The granulites of the Gföhl Unit are
considered as a product of prograde metamorphism with
peak metamorphic assemblage of garnet-kyanite-meso-
perthite-quartz in felsic protoliths and clinopyroxene-
garnet-mesoperthite in the intermediate varieties indicat-
ing P–T conditions of c. 1000–1050 8C and 16–18 kbar
(Fig. 2c) [8]. Associated Gföhl orthogneiss shows peak
metamorphic conditions similar to granulites between
14–16 kbar above 950 8C (Fig. 2) [12]. However, Štípská
and Powell [128] attributed the ultra-high temperature
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incluant la nappe supérieure (modifié d’après [71]) ; c : métamorphisme carbonifère HP–HT (340 Ma) de la ceinture orogénique crustale inférieure
du domaine moldanubien, le métamorphisme HT–MP et LP, en liaison avec l’exhumation de la croûte orogénique inférieure contrastant avec le pic
MP–MT du métamorphisme de la croûte orogénique moyenne, suivi d’une élévation de température pendant l’exhumation (modifié d’après [123]) ;
d : métamorphisme carbonifère HP–MT des éclogites moraviennes, contrastant avec le métamorphisme MT barrovien de la zone moravienne
(modifié d’après [77]).
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conditions to the magmatic emplacement of granulite
protoliths at moderate depth of c. 7–13 kbar, followed by
cooling and prograde metamorphic overprint and
decompression occuring at temperatures lower than
850 8C [128,129]. The granulite-facies overprint is
probably Visean in age as shown by a number of zircon
ages [1,84,122,131,153] but recent studies indicate
possible Devonian age of �370 Ma [2].

Based on existing pressure-temperature (P–T)
estimates two NW–SE trending belts of HP rocks
(granulites, eclogites and peridotites) are distinguished,
one located close to the Barrandian–Moldanubian
boundary (the western belt of Finger et al. [29]) and
the other rimming the eastern margin of the Bohemian
Massif. These belts alternate with MP units, represented
by the Varied and Monotonous groups, which also form
NW–SE trending wide belts.

The deformation history in the Moldanubian Zone
reveals early vertical NNE–SSW trending fabrics,
associated with crystallization of HP mineral assem-
blages [31,113,131,142,151]. These are reworked by
flat deformation fabrics that are associated with MP to
low-pressure (LP) and high-temperature (HT) mineral
assemblages [50,133,142,143,151]. The flat fabrics
show intense NE–SW trending mineral lineation that is
commonly associated with generalized ductile flow
towards northeast and this kind of deformation is typical
of the whole eastern margin of the Bohemian Massif.
The early steep fabrics are dated at 350 to 340 Ma [122],
while the ages of the flat ones cluster generally around
335 Ma [123]. In the southwestern part of the
Moldanubian domain, younger set of steep NW–SE
metamorphic fabrics reworks the flat foliation, having
been associated with LP metamorphic conditions at
around 325–315 Ma [29,138].

The HP granulites are spatially, structurally and
temporally associated with (ultra-)potassic melasye-
nites to melagranites, which can be divided into two
groups differing in modal mineralogy and textures:

� coarsely porphyritic K-feldspar melasyenites to
melagranites of the so-called durbachite group/series
with a ‘‘wet’’ mineral assemblage Mg-biotite plus
actinolitic hornblende (e.g., Čertovo břemeno and
Třebíč intrusions);
� even-grained melasyenites–melagranites (Tábor and

Jihlava intrusions), containing a variously retro-
gressed, originally almost ‘‘dry’’, assemblage of
two pyroxenes plus Mg-biotite [29,53,59,149].

For the most basic ultra-potassic rocks, the high
contents of Cr and Ni with high melting point to

derivation from an olivine-rich source (i.e., Earth’s
mantle). On the other hand, elevated concentrations of U,
Th, LREE and LILE, pronounced depletion in HFSE as
well as high K/Na and Rb/Sr ratios seem to contradict the
mantle origin. This dual geochemical character and
crustal-like Sr–Nd isotopic compositions require melting
of anomalous lithospheric mantle sources, metasoma-
tised and contaminated by mature crustal material ([59]
and references therein), and interaction of these mafic
melts with crustally-derived leucogranitic magmas.

The Moldanubian metamorphic units were penetrated
by numerous and voluminous anatectic plutons loosely
grouped into the Moldanubian (or South Bohemian)
Plutonic Complex [26,45,46,54]. These are mostly
felsic–intermediate, two-mica granitic to granodioritic
intrusions with either S- or transitional I/S type character
[26,88,148]. High-resolution conventional U–Pb zircon
and monazite dating showed that the bulk of the
Moldanubian Plutonic Complex (c. 80%) was emplaced
at 331–323 Ma. The fine-grained granodiorites asso-
ciated with minor diorites followed in a second, less
important event at 319–315 Ma [47]. The post-tectonic
intrusions of the Moldanubian Plutonic Complex
postdated shortly the thermal peak of the regional
metamorphism, but were significantly younger than the
emplacement of both the Central Bohemian Plutonic
Complex and (ultra-)potassic plutonic rocks scattered
throughout the Moldanubian domain.

Granitic rocks in the southwestern sector of the
Bohemian Massif (Bavarian Forest) have largely
independent position. Here, large-scale crustal anatexis
was connected with a significant reheating (LP–HT
regional metamorphism) and a tectonic remobilisation of
the crust (Bavarian Phase sensu [29]). The intrusions
northeast of the Bavarian Pfahl Zone are dated between
328 and 321 Ma, whereas ages between 324 and 321 Ma
are obtained southwest of this zone. It apparently
represents an important terrane boundary and the granitic
intrusions sampled distinct basement units [124].

2.6. The Moldanubian–Brunia continental
transition zone

This boundary was defined by Suess [136,137] as a
zone of severe deformation and metamorphism of
continental rocks (the so-called Moravo-Silesian Zone,
Fig. 1). In his seminal work, Suess [136] defined the deep
thrusting of the Moldanubian Zone over more external
and shallower Moravo-Silesian Zone, the latter emerging
through Moldanubian nappe in a form of several tectonic
windows. The contact between these units is marked by a
particular unit, the Moravian ‘‘micaschist zone’’, which
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is composed of kyanite-bearing micaschists that were
interpreted by Suess [136] as a result of deep crustal
retrogression (‘‘diaftorism’’) of the Moldanubian
gneisses. Modern studies by Konopásek et al. [73] and
Štípská et al. [132] have shown that this zone
contains boudins of eclogites (Fig. 2; P = � 16 kbar,
T = � 650 8C), HP granulites and peridotites embedded
in the metapelites. This zone, which contains elements of
both Moravian and Moldanubian parentage, is thus
regarded as a first order tectonic boundary.

The underlying Moravo-Silesian Zone (Fig. 1) is
characterized by two nappes composed of orthogneisses
at the bottom and a metapelite sequence at the top.
These nappes are thrust over the Neoproterozoic
basement which is often imbricated with its Pragian
to Famennian cover [9,43]. A number of isotopic studies
(e.g. [28]) show that the orthogneisses of the Moravian
Zone are derived from the underlying Brunia continent
[20]. This 50 km wide and 300 km long zone of intense
deformation is marked by an inverted metamorphic
sequence ranging from chlorite to kyanite-sillimanite
zones and P–T conditions ranging from 5–10 kbar and
550–650 8C (Fig. 2) [77,127]. The prograde meta-
morphism is interpreted as a result of continental
underthrusting associated with intense top-to-the-NNE
oriented shearing, development of sheath folds and
gneissification of Brunia-derived granite protoliths
[118,121]. The subsequent deformation is connected
with recumbent folding and imbrication of Neoproter-
ozoic gneisses with Devonian cover [119,120]. This later
phase is interpreted as late imbrications of metamor-
phosed Brunia crust in a kinematic continuum with early
underthrusting event. The cooling after the Barrovian
metamorphism is constrained at 340–325 Ma by
hornblende Ar–Ar data [14,40] and monazite inclusions
in garnets yielding 340–330 Ma CHIME ages [78].

2.7. The Brunia continent

The Brunia continental foreland (Fig. 1) originally
called the Bruno-Vistulicum by Dudek [20] consists of
Neoproterozoic granitoids, migmatites and schists.
They reveal the existence of a 680-Ma-old crust,
intruded by 550-Ma-old granites [28,40]. This basement
is unconformably overlain by Cambrian strata [7],
Ordovician and shallow marine Lower Devonian
quartzites and conglomerates followed by Givetian
carbonate platform sedimentation [3,68]. Since the
Early Carboniferous (�350 Ma), foreland sedimentary
environment developed being accompanied by exten-
sional faulting indicating the flexural subsidence of the
Brunia margin [49,96]. From 345 until 300 Ma, a

7.5 km thick Variscan flysch (Culm facies) was
deposited onto the Brunia foreland. This sedimentation
was coeval with the onset of massive exhumation in the
neighbouring Moldanubian domain and the continuous
loading of the Brunia continent [49]. Low-grade source
rocks associated with clastic muscovites dated at 345–

330 Ma [117] gradually pass to a high-grade meta-
morphic source material marked by pyrope-rich mineral
fraction and granulite pebbles dated at 340–330 Ma
[13,49,81,152]. Since 330 Ma, began also lateral
shortening of the flysch basin marked by a deformation
front progressively migrating from eastward in con-
junction with decreasing intensity of deformation
[30,57]. Deformation of this flysch terminated at
c. 300 Ma as indicated by Ar–Ar cooling ages of the
metamorphosed Culm facies in the west [91] and
deformation of the Variscan molasse further east [11].

3. Geodynamic evolution of the Bohemian
Massif

The spatial and temporal distribution of geological
units, magmatic fronts and metamorphic zones can be
interpreted in an evolutionary scheme very similar to that
currently reported from the Andean type orogeny. The
following account provides a succession of tectonic
events that can be interpreted in terms of south-eastward
(in the present-day coordinates) oceanic subduction
underneath an active continental margin, obduction of
the Saxothuringian oceanic domain, formation of a
fore-arc region, growth of magmatic arc and develop-
ment of a large-scale back-arc system on the continental
lithosphere. The early oceanic subduction event could
have been followed by a continental underthrusting of the
Armorican plate leading to increased friction between the
upper and lower plates, gradual flattening of the
subduction zone marked by eastward migration of arc
and subsequent crustal thickening. The latter event could
have been responsible for the development of a thick
continental root due to thickening of the upper plate
represented by the Teplá-Barrandian and Moldanubian
crustal material. The final evolution is marked by the
continental indentation of eastern Brunia continent into a
weak orogenic root, exhumation of the Moldanubian
orogenic lower crust, collapse of the Teplá-Barrandian lid
and Moldanubian thrusting over the Brunia platform.

3.1. Early Devonian oceanic subduction
underneath the active continental margin

The contact between the Saxothuringian-Armorican
plate and the overriding Teplá-Barrandian continent is
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marked by relics of Ordovician MORB eclogites and
metabasites locally associated with Ordovician sedi-
ments metamorphosed under blueschist–eclogite facies
conditions indicating a Mid-Devonian oceanic subduc-
tion [34] and an existence of Lower Palaeozoic
Saxothuringian oceanic domain (Fig. 3a). The exact
age and size of the Saxothuringian ocean is not known,
because the differences of Ordovician and Lower
Devonian faunas between Saxothuringian and Barran-
dian continental domains are not confirmed, precluding
an existence of large oceanic barrier of biogeographical
significance [10,52,106]. Therefore, the oceanic domain
must have been narrow and potentially short lived in
order not to be recorded by palaeobiogeographic faunal
evidence. The only existing argument for larger oceanic
separation are from palaeomagnetic data of Tait et al.,
[141] suggesting that the Saxothuringian and Tepla-
Barrandian blocks rotated independently during Silur-
ian and Devonian times.

The hornblende and mica cooling ages of the
Vohenstraus–Erbendorf Zone, Mariánské Lázně com-
plex and the Sovie Gory granulites cluster around
380 Ma, which indicates early collision between
the Teplá-Barrandian and Saxothuringian domains
(Figs. 3middle and 4B). This is also confirmed by
Famennian flysh sediments of the Saxothuringian basin
that contain detrital zircons dated at 380 Ma [114]
which is a direct evidence of mutual contact between
the Teplá-Barrandian and Saxothuringian domains
during Famennian but most likely already during mid-
Devonian. The Barrovian metamorphic zonation devel-
oped at the western flank of the Teplá-Barrandian domain
(Figs. 3middle and 4B) is potentially related to
deformation of the overriding Teplá-Barrandian con-
tinental margin and is consistent with a model of
extrusion of lower part of the Teplá-Barrandian crust
during Devonian shortening event [160,161]. The folding
of the eastern very low grade shales and volcanics of the
Neoproterozoic sequences is interpreted as a supracrustal
response to the same deformation event affecting high

grade rocks in the west [161]. Thus, the exhumation of
HP rocks in the Mariánské Lázně Complex and the
deformation of the Teplá-Barrandian basement are
coupled and related to convergent processes at the
Saxothuringian plate boundary (Figs. 3middle and 4B).

The strong argument for eastward subduction of the
Saxothuringian ocean underneath the eastern Teplá-
Barrandian continent is a Devonian–Lower Carbonifer-
ous magmatic arc that is firmly founded on the
continental crust. This arc, the Central Bohemian
Plutonic Complex, separated the Teplá-Barrandian
domain from the future Moldanubian domain and in
this model the former unit represented a fore-arc region
during Devonian (Figs. 3middle and 4B). Thus, the
position of Devonian HP rocks thrust over the
Saxothuringian basement, existence of the Mariánské
Lázně Complex – the oceanic fragment at suture
position, and location of calc-alkaline magmatic rocks
further east confirm a polarity of the oceanic subduction
underneath the eastern fore-arc and magmatic arc
system during Late Devonian (Figs. 3middle and 4B).
The distance between the arc and the trench area
represented by the suture indicates that the dip of
subduction zone was probably moderate (30–408,
Fig. 4B). The temporal evolution of magma geochem-
istry from calc-alkaline to more potassic/shoshonitic
affinities (from 370 to 336 Ma) is compatible with
flattening of the subduction zone and increased melting
of continental material during Early Carboniferous. The
Barrandian (Prague) Basin is interpreted as a part of the
fore-arc basin marked by 380-Ma-old detrital zircons
found in Mid-Devonian flyshoid sequences [135]
suggesting early erosion of the eastern magmatic arc.

The most problematic question in the Devonian
subduction model for the Bohemian massif is the role of
the future Moldanubian domain as well as the position
of the Brunia continent. The amphibolites derived from
Siluro-Devonian tholeiitic basalts associated with
carbonates, widespread in Lower Austria and South
Bohemia, are interpreted as volcanic products of a relic
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Fig. 3. Time slices maps showing the chronological and tectonic significance of the various units of the Bohemian Massif. Top: Ordovician time
slice showing the location of Ordovician MORB and deep marine sediments, and that of the Proterozoic units containing the Ordovician magmatism;
middle: Devonian time slice showing the location of Devonian high pressure (HP) rocks, the passive margin sequences, the active margin
metamorphism, the fore-arc region, the magmatic arc, the location of Devonian infrastructure and sediments; bottom: Carboniferous time slice
shows the location of orogenic lower and middle crust belts in the Moldanubian domain, the metamorphism of the Moravian Zone, the Moravian
Micaschist Zone, the HP units in Saxothuringian domain and the various types of magmatic rocks.

Fig. 3. Cartes selon des tranches de temps montrant la signification chronologique et tectonique des diverses unités du Massif de Bohême. En
haut : tranche de temps ordovicienne montrant la localisation du MORB ordovicien et des sédiments marins profonds et celle des unités
protérozoïques incluant le magmatisme ordovicien ; au milieu : tranche de temps dévonienne montrant la localisation des roches de haute pression
(HP) dévoniennes, les séquences de marge active, le domaine avant-arc, l’arc magmatique et la localisation de l’infrastructure et des sédiments
dévoniens ; en bas : tranche de temps carbonifère montrant la localisation des chaînes orogéniques crustales inférieure et moyenne du Domaine
moldanubien, le métamorphisme de la zone moravienne, de la zone des micaschistes moraviens, des unités HP du domaine saxothuriningien et des
différents types de roches magmatiques.
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Fig. 4. Conceptual model of the geodynamic evolution of the Bohemian Massif shown as schematic cross sections through the orogen. A. Silurian–

Early Devonian subduction setting with the beginning of arc and back-arc formation on upper plate. B. Onset of the Mid-Devonian continental
underthrusting of Saxothuringian lithosphere, deformation of active margin, formation of magmatic arc and persistence of back-arc region on the
upper plate. C. Crustal thickening processes marked by the influx of Saxothuringian crust and progressive individualization of the Brunia active
margin. D. Brunia continent indentation associated with the channel flow process, imbrications of underthrust Brunia and the formation of the
Moravian Zone.

Fig. 4. Modèle conceptuel de l’évolution géodynamique du Massif de Bohême représenté par des coupes schématiques au travers de l’orogène.
A. Subduction Silurien–Dévonien inférieur se mettant en place avec le début de la formation de l’arc et de l’arrière-arc sur la plaque supérieure.
B. Au Dévonien moyen, mise en place du sous-charriage continental et de la lithosphère saxothuringienne, déformation de la marge active, formation
de l’arc magmatique et persistance de la zone d’arrière-arc sur la plaque supérieure. C. Processus d’épaississement crustal marqué par la venue de
croûte saxothuringienne et individualisation progressive de la marge active de Brunia. D. Indentation de Brunia, associée à un processus de flux de
chenal, imbrications du sous-charriage de Brunia et formation de la zone moravienne.
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of large-scale back-arc system [24,67]. In addition, the
felsic metavolcanics and amphibolite layers in the
Varied Group are regarded as the continuity of back-arc
bimodal volcanism till Givetian [37]. However, the
supposed depositional Devonian age of the Varied
group is questioned thanks to low Sr isotopic ratios
which indicate shallow marine environment during
Late Proterozoic rather than Palaeozoic [32]. Schul-
mann et al. [122] interpreted the common occurrence of
Late Silurian–Early Devonian zircons in the high grade
amphibolites of the Moldanubian domain as a result of
important magmatic reworking of the lower part of the
continental crust associated with mafic magmatic
additions during lithospheric thinning of this domain
(Fig. 3middle). In their model, the Monotonous Group
represents relic of Proterozoic middle crust that is less
affected by thermal and magmatic reworking while the
upper crust recorded sedimentary and volcanic evolu-
tion related to the Silurian–Devonian extensional
event. A back-arc environment is further supported
by bimodal volcanic activity in narrow Devonian basins
developed on the north-eastern margin of the Brunia
continent [107] suggesting only minor thinning of
continental crust at the easternmost termination of the
back-arc system (Figs. 3middle and 4B). In this concept
the rest of the Brunia platform represents a stable
continental domain not affected by the back-arc
spreading.

The Devonian Saxothuringian oceanic subuduction
and onset of continental underthrusting of the Sax-
othuringian–Armorican lower plate underneath the
upper plate is thus recorded in all units forming the
present-day Bohemian Massif (Fig. 5). The following
contemporaneous processes were identified:

� eclogitization of the Saxothuringian crust and its
exhumation along the Teplá suture;
� sedimentation of Mid-Devonian distal turbidites of

the Srbsko Formation followed by inversion of the
fore-arc basin in the Teplá-Barrandian domain, origin
of the magmatic arc in the area of the Central
Bohemian Plutonic Complex and exhumation of the
western metamorphosed margin of the Teplá unit
suggesting convergent processes in the upper plate;
� formation of the back-arc system on the continental

lithosphere as shown by isotopic data in the
Moldanubian domain and marginally in the Devonian
basins affecting western margin of the Brunia
continent (here, the formation of small oceanic basin
is not excluded). All existing data point out to the
subduction process that operated at least 45 million
years from 400 to 355 Ma (Fig. 5).

3.2. The Early Carboniferous crustal thickening of
the upper plate

This event is recognized in all units except the Teplá-
Barrandian supracrustal unit. The western margin of the
Bohemian Massif is characterized by the arrival of the
Saxothuringian continental crust and its subduction
underneath the eastern Teplá-Barrandian–Moldanubian
domain (Fig. 4B). The main thrust boundary migrated
further west, so that the continental crust was thrust
underneath the fossil Devonian suture and former fore-
arc region [71]. At the same time the deformation
regime changed in the far field back-arc region (future
Moldanubian domain), which recorded the progressive
thickening of the whole previously thinned and
thermally softened domain as indicated by several
recent petrological studies (e.g. [77,128]). Recent
structural studies have shown that the earliest preserved
fabrics have been sub-horizontal [31,112,123,131],
which may indicate that the lower crustal material
was originally flowing horizontally from the area of the
continental subduction channel towards the region of
eastern backstop in a manner proposed by [104] for the
closure of the Rhenohercynian Basin and formation of
the Mid-German Crystalline Rise.

Indeed, the influx of lower crustal material trans-
ported by south-east dipping Saxothuringian continen-
tal subduction zone underneath the fore arc (the Teplá-
Barrandian domain) and further below the former back-
arc domain is regarded to be at the origin of the future
‘‘Gföhl Unit’’. This hypothesis is in line with the whole-
rock geochemical and Sr–Nd isotopic composition as
well as the zircon inheritance patterns in the Molda-
nubian HP–HT granulites [59,65]. Importantly, the
crustal material involved in the subduction and extruded
over the sub-arc and sub-back-arc mantle lithosphere
may have been turned into voluminous HP granulites
known from many regions of the Bohemian Massif
[59,100]. Such a processing of the lower plate
continental lithosphere in a subduction zone and its
extrusion above mantle wedge was successfully
modelled by Gerya and Stockert [48]. Alternatively,
the back-arc domain with high thermal budget inherited
from Devonian stretching may have been thickened and
the partially molten lower crust may have been
transported downwards and transformed into the HP
granulites as suggested by Štípská and Powell [129] or
Schulmann et al.[122]. However, this model fails to
explain the occurrence of the Gföhl gneiss and felsic
granulites in the lower crustal position.

The onset of thickening of the root is not recorded
in the Teplá domain (Fig. 4C), which behaved as a
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supra-structural unit at this time, but it is shown by
deformation of the Lower Palaeozoic rocks of the
Prague basin and adjacent Late Proterozoic rocks. Here,
the steep fabric is well dated by syntectonic calc-
alkaline plutons at about 355–345 Ma [64,122,158]. In
contrast, the eastern sector of the orogen records onset
of loading of the Brunia platform (Fig. 4C) during
Tournaisian manifested by destruction of the Givetian
carbonate platform and sedimentation of coarse basal
clastics [49].

The timing of crustal thickening is relatively poorly
constrained compared to the subduction and later
exhumation processes (Fig. 5). However, the Tournai-
sian and Early Visean massive clastic sedimentation on
both Saxothuringian and Brunia plates suggests load of

both continental lithospheric plates and high topogra-
phy in between them. This corroborates the peak
metamorphic ages in the granulites and the Moldanu-
bian eclogites as well as the Visean age of compression
of the magmatic arc. All geochronological and other
geological information point to a crustal thickening
period that was very short and did not last more than
20 million years, from 355 to 335 Ma, with a peak
around 340 Ma (Fig. 5).

3.3. Late Visean exhumation of orogenic lower
crust of the upper plate

The exhumation of the Variscan lower crust during
Early Carboniferous is exemplified by the three NE–SW
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Fig. 5. Summary of geochronology data showing the time scales of the three major events forming the Bohemain Massif: oceanic subduction and
continental underthrusting of Saxothuringian domain, building of thick orogenic root system and collapse of orogen due to indentation of Brunia.

Fig. 5. Résumé des données chronologiques montrant les échelles de temps des trois évènements majeurs de la formation du Massif de Bohême :
subduction océanique et sous-charriage du domaine saxothuringien, édification de l’épais système d’enracinement orogénique et « collapse » de
l’orogène, en raison de l’indentation de Brunia.
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trending belts of granulites, eclogites and peridotites
(Fig. 3c) intimately associated with the (ultra-)potassic
magmatites [29,59]. The first granulite belt is represented
by narrow strip of felsic granulites that occur at the
Saxothuringian–Teplá-Barrandian boundary and it is
interpreted as an extrusion of the orogenic lower crust
along a large scale crustal shear zone at �340 Ma
[71,163]. The coeval�340 Ma age of the Saxothuringian
eclogites and of the felsic granulites [80,150] led
Konopásek and Schulmann [71] to propose a model of
simultaneous exhumation of nappes derived from the
Saxothuringian crust and viscous extrusion of orogenic
lower crust from underneath the Teplá-Barrandian supra-
crustal unit (Fig. 4D) [36]. The second belt, recognized
east of the Central Bohemian Plutonic Complex, i.e.,
‘‘the magmatic arc’’, was exhumed along huge west
dipping detachment zone [111,157,158], which was also
responsible for collapse of the upper part of the magmatic
arc system and the downthrow of the whole Barrandian
section [115,157]. Such a huge vertical material transfer
(Fig. 4D) could have been responsible for vertical
exchange of the lower crustal and upper crustal material
in a range of 50 km with final throw of 15 km [110,162].
The cooling ages from the lower crustal domain show that
the granulites have crossed the 300 8C isotherm during
Carboniferous (�330–310 Ma) [75,138] suggesting the
time at which the lower crustal bulge reached shallow
position in the upper plate.

The third lower crustal belt rims the eastern margin
of the Bohemian Massif, i.e. the boundary with the
Brunia continent (Fig. 4D). Here the granulite fabric
is also vertical and interpreted in terms of massive
vertical exchanges with orogenic middle crust [123].
The zone of the lower crustal bulge is interpreted as an
enormous zone of vertical extrusion surrounded by a
middle crust coevally transported downwards in form
of a crustal scale synform. The vertical material
transfer along the Moldanubian lower crustal belts
was a matter of research for several Czech authors
during the last five years [31,112,123,131,142]. The
model of vertical extrusion is based on the concept of
buckling of the lower and mid-crustal interface
followed by growth of crustal scale antiforms. This
process is thought to be triggered by rheological and
thermal instabilities in the arc region, while to the east
it is forced by rigid backstop, preserved only locally
[130].

However, the most important feature of the eastern
Variscan front is the development of horizontal fabrics
in the Moldanubian root zone parallel to the Brunia
continental margin. The intense deformation of the
Brunia continent leading to the formation of the

Moravo-Silesian imbricated nappe system was asso-
ciated with the development of tectonically inverted
Barrovian metamorphism (Fig. 4D) and formation of
crustal mélange in its upper part (the Moravian
Micaschist Zone). These phenomena, as well as mixing
of HP rocks and migmatites in the overlying
Moldanubian nappe have been recently interpreted in
terms of indentation of the Brunia continent into the hot
and thick continental root [123]. This lower crustal
indentation and flow of hot lower crustal rocks in
supracrustal levels are consistent with a model of
continental channel flow driven by the arrival of a
crustal plunger, a model which is advocated for two
decades for the deformation of the Eastern Cordillera in
the Andes (e.g. [87]). Finally, the continuous load of the
Brunia platform related to deep indentation process led
to the development and eastward propagation of the
foreland basin. In our model, as the hot Moldanubian
rocks advance over the Brunia platform, an imbricated
footwall nappe system is generated and thrust over the
progressively buried foreland basin rocks.

The time scale of exhumation of the orogenic lower
crust is well constrained due to a set of well dated
diachronous processes that start with the exhumation of
the West-Bohemian granulites, growth of western and
eastern orogenic lower crustal antiforms and a shallow
channel flow of partially molten lower crust associated
with the inversion of the eastern foreland basin. All that
is linked with a major thermal event in the mantle as
shown by the ages of a syn-extrusion high potassic
magmatism, the exhumation of large number of mantle
fragments and the overall melting of the Moldanubian
crust. The time scale of all these processes was
surprisingly short, i.e., about of 20 Ma, and ranges from
335 to 315 Ma (Fig. 5).

4. Palaeographic constraints for Andean type
orogeny in the Bohemian Massif

Finger and Steyrer [24] attempted to explain the
tectonic processes at the Moldanubian–Moravian
boundary with a plate tectonic model involving the
subduction of a Silurian–Devonian oceanic domain
westward beneath the Moldanubian zone. This concept
supposes large rotation of the Brunia platform forming a
part of an Old Red continent (Avalonia) around the core
of the Bohemian Massif during Visean times [140]. The
model of westward subduction is also based on the
presence of Silurian MORB-type amphibolites [25]
within the Gföhl Unit, which are interpreted as relics of
oceanic crust of the Rheic Ocean. In addition, the
occurrences of eclogites located along the eastern
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Variscan front [73,132] can serve as an additional
argument for this subduction model.

However, the palaeomagnetic investigations carried
out on granitoids of the Central Bohemian Pluton and its
extension to the east (the Nasavrky Plutonic Complex
[58]) demonstrate that the Teplá-Barrandian, the
Moldanubian as well as Brunia domains had a common
geodynamic behaviour since the Late Visean (335–

330 Ma according to Edel et al. [22]). Therefore, the
interpretation of palaeomagnetic directions from Devo-
nian sediments of the Brunovistulian platform
[86,98,139] in terms of an oroclinal bending of the
Rhenohercynian domain along the Moldanubian core
cannot be valid for several reasons:

� the consistency of these ‘‘Devonian’’ palaeomagnetic
directions with Middle-Late Carboniferous directions
(Cp directions at 330–325 Ma and B directions at
320–315 Ma, Fig. 6) in the Moldanubian zone

suggests that the Devonian sediments overlying the
Brunia continent were re-magnetized in Late Variscan
time. Consequently, no relative rotation between the
Brunia continent and the Moldanubian core can be
considered prior to 330 Ma;
� magnetic overprinting of the Devonian sequences on

the Brunia continent is supported by important
deformation and burial of Culm and Devonian
sediments during Late Carboniferous deformation of
the Brunia margin [30,120,126]. Hence, it is unlikely
that primary magnetizations could have survived such
a severe structural and thermal reworking of the
Devonian sediments. We suggest that magnetic over-
printing was the result of the Carboniferous tectono-
thermal processes associated with the underthrusting of
the Brunia platform together with Culm accretionary
wedge [11] underneath the hot Moldanubian root zone
and with later uplift and erosion of the Moldanubian–

Moravian nappe sequence.

K. Schulmann et al. / C. R. Geoscience 341 (2009) 266–286280

Fig. 6. a: paleomagnetic north directions obtained in Devonian (meta)sediments from the Teplá-Barrandian and Brunia zones (K: [86]; N: [98]; T:
[139]; E: [21]) and from Early Carboniferous granitoids from Central Bohemian Pluton and Nasavrky Pluton [22]. Cn and Co directions represent
magnetizations acquired at the end of the NW–SE shortening and the uplift of the Moldanubian root; Cp and B directions correspond to overprints
acquired during NNE–SSW compression and clockwise rotation of the Variscides. Note the similarity of ‘‘Devonian’’ directions with Carboniferous
directions; b: published mean virtual geomagnetic poles (VGPs) and associated apparent polar wander curve (grey dashed line) from Early Paleozoic
rocks of the Bohemian Massif and mean poles from western Europe Variscides (stars with ages of magnetization) and associated apparent polar
wandering curve (dark grey line) [22].

Fig. 6. a : directions du nord paléomagmatique obtenues dans les (méta)sédiments dévoniens des zones Teplá-barrandienne et Brunia (K :[86] ;
N :[98] ; T :[139] ; E :[21]) et dans les granitoïdes du Carbonifère inférieur et du Pluton Nasavrky [22]. Les directions Cn et Co représentent les
magnétisations acquises à la fin du raccourcissement NW–SE et du soulèvement de la racine moldanubienne ; les directions Cp et B correspondent à
des réaimantations acquises durant la compression NNE–SSW et la rotation dans le sens des aiguilles d’une montre des Variscides. À noter, la
similarité des directions « dévoniennes » et carbonifères ; b : pôles géomagnétiques virtuels (VGP) publiés, associés à la courbe de dérive apparente
des pôles (ligne en tiretés) pour les roches du Paléozoïque inférieur du Massif de Bohême et pôles moyens pour les Variscides d’Europe occidentale
(étoiles avec âges de la magnétisation), associés à la courbe de dérive des pôles (ligne continue gris foncé) [22].
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The Siluro-Devonian basin in the area of the
Moldanubian zone existed as a back-arc basin above
the Saxothuringian subduction zone [122] but the
question of development of oceanic crust in this area
remains a matter of discussions. Therefore, in contrast
to the generally accepted rotation of a Brunia continent
independent of a stationary Moldanubian domain
associated with a closure of a large (Rheic) oceanic
domain we propose a model of common geodynamic
history of the Bohemian Massif during Devonian and
Early Carboniferous (Fig. 5). In our model the
palaeomagnetic, crustal scale geophysical and struc-
tural data are in favour of an early counterclockwise
rotation of composite blocks (Saxothuringian, Barran-
dian, Moldanubian and Brunia altogether) accommo-
dated by a large scale NW–SE trending dextral wrench
zones (such as the Elbe, Pfahl, Franconian and Pays de
Bray faults) during Early Visean [22]. These move-
ments could have resulted from northwest drift of
Gondwana continental masses and continued after
330 Ma by clockwise rotation of the whole Variscan belt
around the Euler pole that was continuously translated
westward parallel to the Teysseire–Tornquist zone
(southern margin of the Baltica).
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Deciphering the petrogenesis of deeply buried granites: whole-
rock geochemical constraints on the origin of largely unde-
pleted felsic granulites from the Moldanubian Zone of the

Bohemian Massif, Trans. R. Soc. Edinburgh: Earth Sci. 95
(2004) 141–159.
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[127] P. Štípská, K. Schulmann, Inverted metamorphic zonation in a
basement-derived nappe sequence; eastern margin of the Bohe-
mian Massif, Geol. J. 30 (1995) 385–413.
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1Institute of Petrology and Structural Geology, Faculty of Science, Charles University in Prague, Albertov 6, 128 43 Prague 2,
Czech Republic (lexa@natur.cuni.cz)
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ABSTRACT The structure of the Moldanubian domain is marked by felsic granulites of Ordovician protolith age
forming the cores of domes that are separated from mid-crustal Neoproterozoic and Palaeozoic
metasedimentary rocks that occur in synclines by a late Ordovician to Silurian metabasic unit. Reflection
and refraction seismic sections combined with gravity inversion modelling suggest the presence of a low
density layer at the bottom of the crust (interpreted as felsic granulite) overlain by a denser layer
(interpreted as amphibolite) with layers of intermediate density at the top (interpreted as metasedimen-
tary rocks). It is proposed that the granulite domes surrounded by middle crustal rocks reflect transposed
horizontal layering originally similar to that preserved in the deep crust and imaged by the geophysical
surveys. This geological and geophysical structure is considered to be a result of Viséan gravity
redistribution initiated by radioactive heating of felsic crust tectonically emplaced at the bottom of a
Palaeozoic orogenic root. The radioactive layer with heat production of 4 lW m)3 corresponds
geochemically and isotopically to Ordovician felsic metaigneous rocks of the Saxothuringian domain that
have been emplaced at Moho depth under thickened crust during late Devonian–early Carboniferous
continental subduction. Part of the continental crust continued to be subducted and produced fluids ⁄
low-volume melts which directly contaminated and enriched the local lithospheric mantle by lithophile
elements, most notably Cs, Rb, Li, Pb, U, Th and K. Thermal incubation of 10–15 Myr was sufficient to
heat and convert the underplated felsic layer into granulites via dehydration melting and melt
segregation. The process of melt loss was responsible for the removal of radioactive elements and for
switching off the heat at the beginning of the exhumation process. At the same time, the metasomatized
underlying mantle was heated producing characteristic ultrapotassic magmas. Gravitational instability
was then induced by the density contrast between the light granulites and the overlaying denser mafic
lower crustal layer and a viscosity drop related to thermal weakening and partial melting of the latter.

Key words: crustal structure; exhumation of lower crust; heat sources; radioactive heating.

Mineral abbreviations: bi, biotite; mu, muscovite; g, garnet; ky, kyanite; sill, sillimanite; cd, cordierite; pl,
plagioclase; ksp, K-feldspar; liq, granitic liquid; o, omphacitic clinopyroxene; ilm, ilmenite; ru, rutile.

INTRODUCTION

The Variscan Bohemian Massif, Czech Republic, is
characterized by the occurrence of large high-pressure
(HP) granulite bodies within the central high-grade
part of the orogen. These granulite bodies are mainly
composed of alkali feldspar-garnet-kyanite granulites,
eclogites and fragments of mantle peridotites sur-
rounded by mid-crustal rocks. The exhumation and
emplacement of the whole assemblage is commonly
interpreted in terms of two contrasting models. In the
first model, granulite massifs are inferred to be allo-
chthonous, representing klippen of far travelled nappes
rooted in the central part of the Bohemian Massif (e.g.

Franke, 2000), whereas in the second model, granulites
correspond to eroded windows of the orogenic infra-
structure that have been vertically extruded to mid-
crustal levels from lower crustal depths (e.g. Štı́pská
et al., 2004; Schulmann et al., 2005). The latter model
is analogous to that proposed for the Saxonian gran-
ulite Massif by Behr (1978) and Weber (1984).

The problem of exhumation of granulite lower crust
has been discussed by a number of authors in relation
to Archean and Mesoproterozoic orogenic belts (e.g.
Perchuk, 1989). In these terranes, the emplacement of
hot granulite lower crust has been interpreted in terms
of gravity overturn driven by an inverted density
profile (e.g. Roering et al., 1992), whereby heavy mafic
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rocks (greenstone belts) rest upon light intermediate to
felsic TTG rocks [Tonalite-Trondhjemite-Granodiorite
gneisses]. Perchuk (1989) proposed that such crustal
gravity redistributions are triggered by heat flux
resulting from large-scale plume tectonics.

Gerya et al. (2001) proposed a conceptually similar
model of crustal-scale gravity redistribution to explain
the emplacement of felsic orogenic crust into supra-
crustal levels of Palaeozoic orogens. In contrast to
Archean and Mesoproterozoic orogenic belts, the heat
source is inferred to be bulk radioactive heat produc-
tion within a granodioritic lower crustal layer located
at the bottom of the crustal pile (Gerya et al., 2002,
2004). These authors suggested that the gravitational
instability of doubly stacked lithologically heteroge-
neous crust is related to an initial density contrast of
dissimilar intercalated layers enhanced by high-
temperature phase transformations.

In this article, it is argued that the granulite bodies
abundant in the central parts of the Bohemian Massif
could have originated through a similar kind of
gravity redistribution enhanced by lateral forcing.
Using gravity inversion modelling, we demonstrate
that relics of an original stratification with density
inversion are still preserved in the Variscan crust of
the Bohemian Massif, with a high density mafic mid-
dle crustal layer resting upon �10 km of felsic crust
(Guy et al., 2010). It is also shown that the internal
structure within each of the granulite massifs forms a
pattern consistent with deceleration of vertically
emplaced diapiric-like bodies and horizontal spreading
of low-viscosity, partially molten rocks at supracrustal
levels. Geochemical and geochronological data are
used to argue that the felsic lower crust (FLC) is an
allochthonous body emplaced underneath the pre-
existing mafic lower crust during late Devonian–early
Carboniferous continental subduction. The time-scales
of thermal processes driving the gravity redistribution
are estimated for two end-member scenarios: (i) a
model of radioactive heat production solely in the
FLC and ⁄ or mantle; and (ii) a large-scale thermal
anomaly in the mantle caused by deep mantle pro-
cesses such as tectospheric root delamination (Dewey
et al., 1993) or slab break off (Chemenda et al., 2000)
as proposed for the Bohemian Massif by Janoušek &
Holub (2007). Finally, we offer a dynamic numerical
model which is consistent with the available geological
and geophysical data and allows assessment of exhu-
mation metamorphic paths of the granulite rocks in
the core of the Bohemian Massif.

GEOLOGICAL SETTING

Traditionally the Bohemian Massif has been subdi-
vided into four main tectonic domains, which are, from
the west to the east (Fig. 1): the Saxothuringian, the
Teplá-Barrandian, the Moldanubian and the Brunia
domains. The Saxothuringian domain is regarded as a
Neoproterozoic continental block accreted in the

Devonian to, and partly subducted under, the more
easterly Teplá-Barrandian (suprastructure or orogenic
lid) and Moldanubian (infrastructure or deep orogenic
root) continental domains of the Variscan orogen
(Schulmann et al., 2009). The oceanic Teplá suture, left
over after the closure of Saxothuringian ocean, is rep-
resented by Devonian to Carboniferous HP and ultra
high-pressure rocks, gabbros and mantle fragments
located between the Saxothuringian and the Teplá-
Barrandian domains (Mlčoch & Konopásek, 2010 and
references therein). The whole system is bounded from
the east by a Neoproterozoic Brunia promontory,
which indented the Moldanubian orogenic root during
the early Carboniferous (Schulmann et al., 2008).

Moldanubian domain

The Moldanubian domain is composed mostly of the
orogenic middle crustal unit subdivided into two litho-
stratigraphic groups: the Monotonous Group of prob-
able Neoproterozoic age (Friedl et al., 2004), and the
VariedGroup, at least partly of early Palaeozoic affinity
(e.g. Janoušek et al., 2008). Their mutual contact is
defined by uniformly deformed bodies of granitic gneiss
of Neoproterozoic to Mesoproterozoic age (Wendt
et al., 1993; Friedl et al., 2004). The Varied Group is
composed of metasedimentary rocks intercalated with
amphibolites, quartzites, marbles and calc silicates. The
Monotonous Group consists of paragneisses interca-
lated with orthogneiss bodies. The lower part of the
latter group is characterized by a thick sequence of
amphibolites and metagabbros (Racek et al., 2006)
locally containing eclogites (O�Brien & Vrána, 1995).
The orogenic lower crust is represented by the Gföhl

Unit (Fuchs, 1976), which comprises felsic and inter-
mediate HP granulites accompanied by A type eclog-
ites, garnet pyroxenites and peridotites (Medaris et al.,
1995), amphibolites accompanied by Mid-Ocean Ridge
Basalt-type eclogites (Štı́pská & Powell, 2005a) and
anatectic Gföhl orthogneisses.
Today the structure of the Moldanubian domain is

characterized by alternation of three, NE–SW trending
orogenic lower crustal and middle crustal belts (Fig. 1;
Behr, 1978; Finger et al., 2007). The first occurs mostly
in south Bohemia, the second belt follows the eastern
boundary between the Moldanubian domain and
Brunia continent and the third is a less extensive belt of
granulite rocks tracing the contact between the Teplá-
Barrandian and the Saxothuringian domains The last
large occurrence of granulites is represented by the
NE–SW trending domal structure of the Saxonian
granulite Massif (e.g. Franke, 2000).
Recent studies of the principal granulite bodies

reveal a systematic lithotectonic pattern marked by
granulite lenses rimmed by amphibolite–gabbro belts
(AGB) of the local �Begleit� (= accompanying) series
and Gföhl orthogneiss (Fig. 2). The boundary between
the AGB and the Monotonous Group is not clearly
defined, and hence these basic rocks are sometimes
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attributed to the lowermost part of the Monotonous
Group (Racek et al., 2006) and sometimes to the
Gföhl Unit (Fuchs, 1976). In addition, the general
pattern is complicated by the presence of large accu-
mulations of amphibolites within the Varied and
Monotonous groups without clear tectonostrati-
graphic affinity. The amphibolites and gabbros in
Lower Austria reach several kilometres in thickness,
but locally narrow to several hundred metres (e.g.
Tajčmanová et al., 2010) and in some places they are
cut out completely (Franěk et al., 2006). Because of
the regional significance of these rocks, they are inter-
preted by some authors as a relict of the Silurian (c.
430 Ma) oceanic crust (Finger & von Quadt, 1995) or
as the result of late Ordovician igneous activity related
to thinning of continental crust (Schulmann et al.,
2009). In contrast, the Gföhl orthogneiss yields dom-
inantly Neoproterozoic protolith U–Pb zircon ages
(e.g. 550 ± 1 Ma; Schulmann et al., 2005) accompa-
nied by early Ordovician ages (e.g. 488 ± 6 Ma;
Friedl et al., 2004). The Moldanubian felsic–interme-
diate granulites reveal a more complex spectrum of
protolith U–Pb zircon ages clustering at c. 360, c. 400
and 470–450 Ma (Kröner et al., 2000; Friedl et al.,
2004; Janoušek et al., 2004b).

CURRENT DEEP STRUCTURE OF THE FORMER
VARISCAN ROOT

A new model of the structure and composition of
Variscan crust in the Bohemian Massif was recently
proposed by Guy et al. (2010) based on 3D gravity
modelling, geological data and seismic refraction and
reflection sections (Tomek et al., 1997; Hrubcová
et al., 2005; Růžek et al., 2007). All results suggest that
the deep structure of the Bohemian Massif crust, which
was consolidated during the Variscan orogeny, reflects
tectonic processes related to Palaeozoic subduction
and collision at the subcrustal lithosphere level as well
(Babuška et al., 2010).

According to this model, the crust is characterized
by a succession of positive and negative anomalies of
�60–80 km wavelength for a nearly constant Moho
depths. The central part of the Bohemian Massif dis-
plays a large negative Bouguer anomaly corresponding
to the Palaeozoic crustal root represented by the
Moldanubian domain (Fig. 3). The adjacent Neopro-
terozoic Brunia microcontinent displays an important
gravity high caused by mafic and intermediate med-
ium-grade metamorphic and magmatic rocks. How-
ever, the strong gradient marking the deep crustal

Fig. 1. Simplified geological map of the Bohemian Massif (modified after Franke, 2000). CBPC: Central Bohemian Plutonic Complex;
CMP: Central Moldanubian Pluton. The lower left insert shows the position of the Bohemian Massif in the European Variscides
(modified after Edel et al., 2003). RH: Rhenohercynian zone; ST: Saxothuringian Zone; M: Moldanubian Zone; B: Brunia Continent;
L: Lugian domain.
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boundary between the root domain and the Brunia
microcontinent is shifted 50–70 km westwards relative
to their contact on the surface suggesting that the high
density basement rocks are covered by a thin sheet of
light granulites and migmatites in this area (Schulmann
et al., 2008). North-west of the Moldanubian domain
there is an important gravity high corresponding to the
Neoproterozoic basement of the Teplá-Barrandian
Unit. This is limited to the north by southeast dipping
reflectors of the Teplá suture, which is characterized by
high density eclogites and ultramafic rocks. The foot-
wall of the suture corresponds to low density felsic
crust of the Saxothuringian basement.

The seismic reflection and refraction sections and
gravity modelling suggest a complex lithological
structure of the Moldanubian domain marked by a low
density, 5–10 km thick lower crustal layer located
above the Moho, a 5–10 km thick dense mafic layer, a
10-km thick mid-crustal layer of intermediate density
and a locally developed 2–5 km thick low density layer
at the top (Fig. 3). The low density lower crust corre-
lates well with low-P velocities in the range 6.0–
6.4 km s)1 in the CEL09 section (Růžek et al., 2007).
Guy et al. (2010) proposed that the low density layer
located above the Moho corresponds to felsic rocks,
which are interpreted as deep crustal equivalents of
surface outcrops of the Gföhl Unit. These authors
interpreted the high density thick layer located above
light granulites as an equivalent of the AGB (Fig. 3).
The intermediate density layer forming recent upper
crust of the Moldanubian domain is interpreted as

Monotonous and Varied group rocks, whereas the low
density rocks on the surface are directly correlated with
exposures of the Gföhl Unit. It is suggested that this
layered structure of the Variscan crust reflects that of
the original thick root, which was thinned by late
Variscan and Permian extensional processes (Burg
et al., 1994).

Exhumation model connecting deep crustal geophysics and
surface geology

Guy et al. (2010) and Franěk et al. (2011a) proposed a
model connecting the deep structure of the Variscan
crust with surface distribution of lower and mid-crustal
rocks. The layered structure of the orogenic root
reported by geophysics thus represents a relict of
Carboniferous distribution of horizontally layered
crust prior to exhumation. In addition, it is supposed
that the observed vertically layered distribution of
orogenic lower crust surrounded by middle crustal
units reflects steepening of the deep crustal horizontal
layering. The model connecting deep crustal layering
with surface geology is based on several recent studies
suggesting that the granulites were exhumed along
steep channels from lower crustal depth by a ductile
extrusion mechanism (Štı́pská et al., 2004; Schulmann
et al., 2005; Franěk et al., 2006, 2011a; Tajčmanová
et al., 2006).
In this view, the granulites represented, before

exhumation, the structurally deepest orogenic lower
crust located at a depth of 60–70 km (18–20 kbar,

(a)

(b)

(a) (b)(á )

(á )

(b́ )

(b́ )

Fig. 2. Geological maps of Blanský les and St. Leonhard granulite areas with schematic structural profiles. Two P–T space insets
show the metamorphic evolution of lower crustal and middle crustal rocks (Petrakakis, 1997; Pitra et al., 1999; Scheuvens, 2002;
Štı́pská & Powell, 2005b; Racek et al., 2006, 2008). Protolith ages (Kröner et al., 2000; Friedl et al., 2004; Verner et al., 2008) of
major rock types are shown on the map.
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800–900 �C; Štı́pská & Powell, 2005b; Tajčmanová
et al., 2006). Structurally above were mafic rocks of the
AGB, which formed during early Palaeozoic magmatic
underplating of the Proterozoic crust of the Monoto-

nous Group (Schulmann et al., 2005, figs 16 & 17), and
the structurally highest Varied Group corresponding to
supracrustal early Palaeozoic sequences (Schulmann
et al., 2009). According to this hypothesis, the extrusion

A

B

BA

Fig. 3. Bouguer anomaly map of the Bohemian Massif (combined data provided by the Czech Geological Survey and Guy et al.
(2010)) and gravimetric model for section A–B (profile no. 4 in Guy et al., 2010). The main lithological unit boundaries are represented
by superimposed thick black lines. The section A–B emphasizes the present density structure of the Moldanubian Domain with relicts
of felsic rocks in the lower crust.

H E A T S O UR CE S AN D E X HU M A T I O N M E C H A NI S MS 8 3

� 2010 Blackwell Publishing Ltd

185



mechanism lead to inversion of this crustal profile so
that the granulites presently form cores of crustal
anticlines, surrounded by AGB, variably thinned dur-
ing extrusion, and by the Gföhl gneiss followed by
metamorphic sequences of the Monotonous and Var-
ied groups. In many places, the whole structure is even
inverted because of the lateral spreading of vertically
extruded lower crustal material (Fig. 2). This model is
corroborated by detailed structural and petrological
data, which show that the granulites and surrounding
rocks exhibit common vertical fabrics which are asso-
ciated with HP–high temperature (HT) mineral
assemblages. The flat fabric, which locally may have a
bowl shape, is superimposed on vertical extrusion
fabrics and developed during subsurface spreading of
the extruded partially molten lower crust (7–4 kbar,
700–650 �C; Racek et al., 2006; Tajčmanová et al.,
2006; Hasalová et al., 2008b).

CHRONOLOGY OF THE VARISCAN
CALC-ALKALINE TO POTASSIC MAGMATISM –
CONSTRAINTS ON TIME-SCALES OF THE
OCEANIC AND CONTINENTAL SUBDUCTION

The contact of the Teplá-Barrandian and Moldanu-
bian units is marked by voluminous granitic plutons of
Variscan age with (normal or potassic) calc-alkaline
chemistry and large ion lithophile element (LILE) ⁄ -
high field strength element (HFSE) enrichment
resembling magmatic associations of active continen-
tal margins. The oldest vestige of this igneous activity
initiated by a late Devonian–early Carboniferous
Andean-type subduction is preserved in the Čistá and
Štěnovice plutons (Venera et al., 2000; Žák et al.,
2010) as well as orthogneisses in the roof of the large
Central Bohemian Plutonic Complex, CBPC (proto-
lith c. 370–360 Ma; Košler et al., 1993). A newly
identified member of the subduction-related associa-
tion is the mafic Lišov low-pressure granulite unit in
southern Bohemia, the protolith of which was em-
placed at c. 360 Ma into middle crustal levels (�15–
20 km) of the same igneous arc (Janoušek et al.,
2006).

After a significant time gap, subduction-related
members of the CBPC were emplaced, including the
normal calc-alkaline gabbros, quartz diorites and ton-
alites of the Sázava suite (354.1 ± 3.5 Ma; Janoušek
et al., 2004a) and the high-K calc-alkaline, mainly
granodioritic Blatná suite (347 + 4 ⁄ )3 Ma; Dörr &
Zulauf, 2010; 346.4 ± 1.1 Ma; Janoušek et al., 2010)
with associated monzonitic bodies. Finally, further
east, commonly in association with HP granulite mas-
sifs and high-grade Gföhl orthogneisses, syn-deforma-
tional or post-tectonic intrusions of early
Carboniferous (343–336 Ma) (ultra-) potassic rocks
were emplaced (Holub, 1997; Holub et al., 1997;
Janoušek et al., 2003; Verner et al., 2008; Kotková
et al., 2010; Kusiak et al., 2010). The time lag between
the end of normal calc-alkaline magmatism (c. 354 Ma)

and the onset of intrusion of K-rich magmas (c.
346 Ma) can be related to the transition from ocean
plate subduction to continental underthrusting.

PETROLOGY AND GEOCHEMISTRY OF
MOLDANUBIAN GRANULITES AND POTASSIC
MAGMATIC ROCKS

A peculiar feature of the Moldanubian domain in the
Bohemian Massif is an intimate spatial and temporal
association between felsic HP, kyanite–garnet granu-
lites and large ultrapotassic plutonic bodies (Janoušek
& Holub, 2007). Whereas the granulites tend to be
depleted in the radioactive elements U, Th and K, the
(ultra-) potassic rocks are characterized by strong
enrichment in these elements that shows clearly in the
radiometric map (Fig. 4). Thus, understanding of the
K, U and Th depletion ⁄ enrichment in individual rock
types at various stages of the Viséan HP metamor-
phism and igneous activity seems to be a key to deci-
phering the thermal history of the Moldanubian
orogenic crust.

Moldanubian HP granulites

High-pressure granulites represent a voluminous and
ubiquitous component of the Gföhl Assemblage in
both Austria and the Czech Republic. The most typical
are felsic types consisting essentially of garnet, quartz
and hypersolvus feldspar, and commonly containing
kyanite. Rutile, zircon, apatite, ilmenite ± monazite
are the common accessories (O�Brien & Rötzler, 2003).
The felsic Moldanubian granulites were considered as
former rhyolites ⁄ granites that acquired their high-
grade metamorphic character during the Variscan
collision and which suffered only limited HP melting
(Fiala et al., 1987a; Vellmer, 1992; Janoušek et al.,
2004b). Indeed, some granulites in rare domains that
escaped later mylonitization ⁄ recrystallization are
migmatitic in appearance (Franěk et al., 2006). On the
other hand, other authors (Vrána & Jakeš, 1982; Jakeš,
1997; Kotková & Harley, 1999) suggested that the
felsic granulites represent HP granitic liquids that
formed and separated from their source during the
Variscan metamorphic cycle. There seem to be several
arguments against such a model (Janoušek et al.,
2004b): (i) concentrations of Zr are far too low
compared to calculated saturation levels at ‡900 �C,
coupled with significant, mainly Ordovician zircon
inheritance; (ii) consistently low (�750 �C) zircon and
monazite saturation temperatures, whereas pre-Vari-
scan inheritance is by no means rare, documenting that
saturation was reached (Janoušek, 2006); (iii) preser-
vation of Ordovician–Silurian whole rock and thin slab
Rb–Sr ages corresponding to the principal inherited
component in granulite zircon; and (iv) high heavy rare
earth element + Y contents, ruling out the presence of
large amounts of garnet in the residue and thus indi-
cating a rather low-P melting.
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The most peculiar feature of the felsic Moldanubian
granulites is the lack of LILE depletion, except for Cs,
U and Th (Fiala et al., 1987a,b; Janoušek et al.,
2004b). Thus, unlike in many other granulite terranes
worldwide (Rudnick & Presper, 1990; Rudnick & Gao,
2003), prograde metamorphism appears to have been
largely isochemical. As shown by Janoušek et al.
(2004b), the composition of felsic Moldanubian gran-
ulites matches well with felsic Ordovician–Silurian
metaigneous rocks from the Saxothuringian domain,
for instance orthogneisses and meta-rhyolites from the
Fichtelgebirge. The similarities include whole-rock
geochemistry (excluding the most mobile elements Cs,
Rb, Th, U, Pb and Li – Fig. 5a), Sr–Nd isotopic
compositions and protolith ages of c. 480–455 Ma
(Siebel et al., 1997; Wiegand, 1997), forming an
important maximum within the spectrum of inherited
ages in the granulites.

A good candidate for complementary small-volume,
HP–HT (>900 �C) melt that managed to separate
from the calc-alkaline granulites are the rare hyper-
potassic granulites from Plešovice, Blanský les Massif
(Vrána, 1989; Janoušek et al., 2007). These rocks,
which are composed essentially of K-feldspar, garnet,
zircon and apatite, show rather extreme geochemical

compositions (e.g. strong enrichments in Cs, Ba, Rb,
U, Th, K, P and Zr; Fig. 5b). They yielded U–Pb zir-
con ages of 338 ± 1 Ma (Aftalion et al., 1989) and
337.13 ± 0.37 Ma (Sláma et al., 2008), which is close
to the established best estimate of the HP metamorphic
climax in the granulite massifs (c. 340 Ma – see above).

Moreover, rare coeval glimmerite veins in peridotite
fragments enclosed by granulite bodies show high
concentrations of LILE, U and Th, accompanied by
low Rb ⁄Cs and K ⁄Rb ratios as well as low HFSE
contents (Fig. 5c); the Sr and Nd isotopic composi-
tions overlap with the granulites (Becker et al., 1999).
The glimmerites were interpreted as having crystallized
from an ultrapotassic, F-rich aqueous-carbonic fluid,
bearing a direct witness for the HP–HT devolatiliza-
tion of granulite massifs.

Viséan (ultra-) potassic magmatism in the Moldanubian
domain

In the Moldanubian domain of the Bohemian Massif,
relatively large volumes of (ultra-) potassic plutonic
rocks constitute several plutons and stocks spatially
associated to granitoids of the Central Bohemian Plu-
tonic Complex, the Moldanubian Plutonic Complex,

Fig. 4. Radiometric map of the south-eastern Bohemian Massif with isolines of natural air absorbed dose rate (nGy h)1). The
main bodies of ultrapotassic rocks (durbachite series and melasyenitoids sensu Holub, 1997) that show very high radioactivity are
identified by name. The Variscan granites (crosses) and HP granulites (dots) are outlined. Source: Czech Geological Survey Map
Server, http://www.geology.cz.
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and high-grade metamorphic rocks of the Gföhl
Assemblage, most notably felsic HP granulites. This
prominent group represents the late-syntectonic durb-
achite series (e.g. Čertovo břemeno, Třebı́č and Knı́žecı́
stolec intrusions – Žák et al., 2005; Verner et al., 2008)
(Fig. 4) of quartz melasyenites to melagranites with
hydrous ferromagnesian minerals, Mg-rich biotite and
actinolitic amphibole. These are mainly coarsely por-
phyritic rocks that contain abundant K-feldspar phe-
nocrysts and ultrapotassic mafic microgranular
enclaves. The spatially associated, less deformed, or
even post-tectonic, biotite–two-pyroxene melasyenites
to melagranites (Tábor and Jihlava intrusions) are
characterized by a �drier� ferromagnesian mineral
assemblage of orthopyroxene, clinopyroxene and
Mg-biotite and lack the porphyritic texture (Žák et al.,
2005).
The petrogenesis of the Moldanubian (ultra-)

potassic igneous rocks has been a matter of debate as
even the basic, Mg and K-rich members or primitive
lamprophyric dykes have a mixed geochemical char-
acter. While their high contents of Cr and Ni with high
mg# point to derivation from an olivine-rich source
(mantle peridotite), the elevated concentrations of U,
Th, light rare earth element (LREE) and LILE,
depletion in Ti, Nb and Ta (Fig. 5d) and high
K2O ⁄Na2O and Rb ⁄ Sr ratios apparently contradict a
mantle origin (Holub, 1997; Janoušek & Holub, 2007).
These features led several authors to invoke partial
melting of anomalous (LILE- and LREE-enriched)
lithospheric mantle domains (e.g. Janoušek et al.,
1995; Holub, 1997; Wenzel et al., 1997, 2000; Janoušek
& Holub, 2007), followed by mixing with lower crustal
leucogranitic melts (Holub, 1997; Gerdes et al., 2000).
In any case, the crustal-like Sr–Nd isotopic signatures
cannot be reconciled solely by crustal assimila-
tion ⁄ contamination during the ascent of any primitive,
mantle-derived magmas and require contamination by
the subducted continental crust directly in the source

(a)

(b)

(c)

(d)

Fig. 5. Multi-element variation diagrams. (a) Box and percentile
plots for felsic (SiO2 >70 wt%) Moldanubian granulites,
normalized to an average of felsic metaigneous rocks from the
Fichtelgebirge (Siebel et al., 1997; Wiegand, 1997). See Janoušek
et al. (2004b and references therein) for the data set. The dis-
tribution of each of the normalized trace-element contents is
plotted as irregular polygons, the width of which at any given
height is proportional to the empirical cumulative distribution.
As in box plots, the median, 25th and 75th percentiles are
marked with horizontal lines across the box. Compositions of
the hyperpotassic Plešovice granulites (data from Janoušek
et al., 2007) (b) and Lower Austrian glimmerite veins (Becker
et al., 1999) (c) normalized by an average of felsic (SiO2

>70 wt%) HP Moldanubian granulites, except Lišov (taken
from Janoušek et al., 2004b). (d) Multi-element variation
diagram for selected ultrapotassic rocks (durbachite series and
syenitoids) from the Moldanubian Zone of the Bohemian
Massif (Janoušek & Holub, 2007) normalized by N-MORB and
then adjusted to YbN = 1 to minimize the effects of fractional
crystallization (Pearce & Stern, 2006).
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(Janoušek & Holub, 2007). As noted by the same
authors, multi-element plots for the Moldanubian fel-
sic granulites (Fig. 5a) and ultrapotassic rocks
(Fig. 5d) are largely mutually complementary. The
most striking are the cases of Cs, Rb, Th, U, Pb and Li,
which are impoverished in the felsic granulites but
strongly enriched in the ultrapotassic magmatic rocks.

NUMERICAL MODELLING CONSTRAINTS ON
HEAT SOURCES AND EMPLACEMENT
MECHANISMS OF THE OROGENIC LOWER
CRUST

To constrain the heat source driving the tectonic pro-
cesses of vertical extrusion three contrasting, but not
mutually exclusive, hypotheses will be tested. Heat
could be generated by: (i) in situ decay of radioactive
elements contained in the FLC (U, Th and K); (ii)
radioactive elements present in the metasomatized or
crustally contaminated mantle; and (iii) a large-scale
thermal anomaly generated in the mantle as a result of
slab break off or mantle delamination.

The annual thermal productions were calculated
following the method of Kramers et al. (2001), using
decay constants and specific heat production data
summarized by van Schmus (1995; table 8). The past
annual heat production (lW kg)1) can be obtained
from the elemental concentrations of K, U and Th
using the equation:

HðlW kg�1Þ ¼ K
3:45� 10�6

e�0:554t
þ Th

2:638� 10�2

e�0:0495t

þU
4:03777� 10�3

e�0:985t
þ 9:396852� 10�2

e�0:1551t

� �
;

ð1Þ
where t represents age in Ga and K, U, Th are con-
centrations in ppm.

Model setup

Thenumericalmodel studies outlined belowdescribe the
transient thermal evolution of a thickened orogenic
domain (Fig. 6) characterized by the presence of tec-
tonically accreted felsic rocks, including granulites,
within orogenic lower crust. This FLC directly underlies
a mafic layer which was added to Neoproterozoic crust
during early Palaeozoic crustal stretching andmagmatic
under-plating. The presence of low density FLC below a
dense mafic layer introduces significant gravitational
instability within the lower crust (Gerya et al., 2001)
which could trigger crustal diapirism (Ramberg, 1981;
Perchuk, 1989) and perturbate the thermal field. We use
thermal and dynamic numerical models to examine the
role of high radioactive heat production located in the
FLC as a main candidate triggering the gravitational
instability as a result of pronounced progressive gener-
ation of heat and subsequent change in density because
of thermal expansion.

The model is set up to allow the definition of different
material domains with different thermal and mechani-
cal properties (Table 2) on high-resolution Lagrangian
markers initially arranged in a rectangular grid (Gerya
& Yuen, 2003). Properties are mapped to a Eulerian
staggered grid where governing equations are solved for
temperature change (DT) and velocity. In each time,
step markers are advected according to the updated
velocity field and all temperature-dependent variables

Fig. 6. Model geometry, initial lithology distribution, boundary
conditions and location of tracked samples used for numerical
simulations.

Table 1. Calculated radioactive heat production values for Fichtelgebirge metaigneous rocks, felsic Moldanubian granulites and
Moldanubian peridotite (present and at 340 Ma).

Rock type Age (Ma) Density (kg m)3) Concentrations (ppm) A (lW m)3)

K Th U 40K 232Th 235U 238U Present Past

Fichtelgebirge 340 2700 38642.550 13.00 9.00 7.3421 13.00 0.064 8.935 3.670 3.920

Moldanubian granulites 340 2750 38601.045 2.10 1.00 7.3342 2.10 0.007 0.993 0.788 0.885

Hornı́ Bory peridotite 340 3200 940.537 0.11 0.57 0.1787 0.11 0.004 0.568 0.176 0.214

Data sources for averaged whole-rock compositions: Fichtebeirge metaigneous rocks: Siebel et al. (1997), Wiegand (1997).

Felsic Moldanubian granulites (SiO2 > 70 wt%): Janoušek et al. (2004b and references therein).

Hornı́ Bory peridotite: Ackerman et al. (2009).
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such as thermal diffusivity, specific heat, viscosity and
density are recalculated according to temperature
dependence for each marker (see Appendix).

The geometry of the model, the distribution of
material layers and the boundary conditions of the
numerical simulations are depicted in Fig. 6. The ini-
tial layered geometry introduces an artificial pertur-
bation in the interface between felsic and mafic lower
crust to allow immediate relaxation of gravitational
instability in the central part of the computational
domain. The initial temperature distribution is calcu-
lated as the steady-state solution of Eqn A.3, with
heat sources located only in the upper crust. The
lower crustal radioactive heat production is acco-
unted only for transient development. One of the
important features of the model is the ability to
progressively eliminate sources of radioactive heat
production according to the temperature achieved. As
argued above using the available geochemical data, at
a certain stage of the evolution of the lower crust, most
of the radioactive elements, in particular U and Th,
were stripped from the felsic granulites into partial
melt or �fluid� and transported, together with K-rich
magmas, into the middle–upper crust. In the models,
two values are used to cut-off heat production to
simulate radioactive element evacuation via fluid or via
melt.

Heat sources

The effect of such behaviour on thermal evolution was
first examined in terms of a 1D static thermal model

(Fig. 7). A sharp change in heating rate in Fig. 7c
corresponds to the time when heat production is
switched off in most of the lower crust. To compare the
scale and magnitude of temperature change as a result
of processes like delamination or heat production
within lithospheric mantle, the plot is overlaid with
results of two additional numerical simulations. The
dotted line represents the results of a 1D model to
simulate production of heat within a >60 km thick
lithospheric mantle with a radioactive heat production
of 0.2 lW m)3 calculated on the basis of the whole-
rock geochemical data of Ackerman et al. (2009) for
the Hornı́ Bory garnet peridotite (Table 1). It is evi-
dent that even such an enriched mantle cannot provide
sufficient heat to be responsible for the significant
increase of temperature within the lower crust (Fig. 7c).
Similarly, we argue that the process of lithosphere
delamination (simulated by instantaneous replacement
of lithospheric mantle below 90 km by asthenosphere
in the model) cannot provide the necessary heat input.
Results related to the mantle delamination process are
shown by the dashed line in Fig. 7.
A series of numerical experiments was set up to study

the influence of radioactive heat production located
within the FLC (Fig. 7). Our calculations show that
the temperature required for partial melting of mica-
bearing felsic crust located at a depth of 70 km (�850–
900 �C) are reached after 20 Myr for radioactive heat
production of 2 lW m)3 and in 7 Myr for radioactive
heat production of 4 lW m)3. At 60 km depth, which
is the assumed upper limit of the felsic layer, the
melting temperature is reached in >50 Myr and in

Fig. 7. Results of 1D static thermal models to compare temperature evolution controlled by different radioactive heat production of
felsic lower crust (FLC; curves labelled 1–6 according to heat production) and radioactive heat production within the lithospheric
mantle (dotted line) with thermal evolution caused by lithospheric delamination at 90 km depth (dashed line).
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c. 20 Myr for the two radioactive heat production
values, respectively. Keeping in mind the time-scales
of magmatic and metamorphic events related to
Palaeotethys subduction discussed above, the time of
5–15 Myr available between the arrival of continental
crust into the subduction zone (354–346 Ma) and the
metamorphic climax (c. 340 Ma) corresponds to the
thermal incubation time estimated for radiogenic heat
production of 4 lW m)3.

Results of 2D modelling

The distribution of densities and viscosities for all
models generally resulted in the development of a
diapiric structure located at the introduced perturba-
tion. The P–T of selected samples (samples 1–3 are
within lower crust, sample 4 in mafic layer and sample
5 in middle crust; for locations, see Fig. 6), tracked
during the model evolution are plotted on Figs 8–10.
Similar to the static 1D models, the simulations show a
clear relation between the initial temperature increase
(20–150 �C) and radioactive heat production within
lower crust.

Two types of evolution have been calculated: (i) a
diapiric structure formed because of mantle heat
source (heat production 0.2 lW m)3); and (ii) a dia-
piric structure caused by radioactive heat production
within the FLC for radioactive heat productivities
ranging from 1 to 6 lW m)3. The results of the
numerical simulations for the case of mantle heat
production are shown in Fig. 8. For the case of
radioactive heat production within the FLC, it was
terminated at 900 and 1000 �C. These results are pre-
sented together with a simulation in which the radio-
active heat production was not switched off (Fig. 9)
allowing a direct comparison of differences in P–T
evolution (Fig. 10).

Several major conclusions can be drawn from these
results. The diapir reflecting the mantle heat source
(Fig. 8) exhibits a typical bell shape during the first
30 Myr and most importantly shows contrasting P–T
evolution for samples located in different units and
initial depths. Whereas the upper part of the mantle
(Fig. 7d) is almost isobarically heated, the samples
located in the felsic crust, mafic lower crustal layers
and the middle crust reveal relatively slow exhumation

and moderate heating associated with the diapir
growth.

In contrast, experiments assuming high radiogenic
heat production show typical bollard type diapirs.
After 10–20 Myr imposed gravitational instability and
variable radioactive heat production within lower
crust, the viscosity of the overlying mafic layer is sig-
nificantly reduced allowing relatively fast exchange of
material and development of the central diapir. There
are differences in rates of vertical exchange between
individual simulations as increased heat production
cause increase of buoyancy forces and decrease of
viscosity of the diapir surroundings (samples 4 and 5).

The growth of bollard type diapirs is associated with
either isothermal decompression or important cooling
linked to diapir growth for samples located in deep
felsic lower crustal layer. These are indeed the P–T
evolutions retrieved from for Bohemian Massif gran-
ulites (Štı́pská et al., 2004; Racek et al., 2006;
Tajčmanová et al., 2006). The samples located origi-
nally higher in the column and at the middle crustal
levels reveal important heating associated with exhu-
mation, which is also in accord with recent petrological
studies (Racek et al., 2006; Štı́pská et al., 2008). The
other important consequence is that rocks from
any original position show convergence of P–T con-
ditions after exhumation to mid-crustal depths. The
time-scales of heating (10–20 Myr) and exhumation
(5–10 Myr) calculated in this model are also in agree-
ment with petrological and geochronological data
reported by Štı́pská et al. (2004) and Tajčmanová et al.
(2006, 2010). It should be noted that time-scales of our
models are directly controlled by the rheology of the
materials, which in our simulations is significantly
simplified (Eqn A.3, Table 2).

Closer inspection of Fig. 10 confirms that the best fit
of modern petrological and geochronological data with
calculated P–T paths is with an initial radioactive heat
production of 4 lW m)3. Here, the maximum tem-
peratures attained at the bottom of thickened crust are
�950 �C, while samples located in the central part of
the felsic crustal column reach a maximum 800 �C at
the thermal peak. These values may reconcile modern
THERMOCALCTHERMOCALC modelling data of Štı́pská & Powell
(2005b), Tajčmanová et al. (2006) and Racek et al.
(2008) who reported peak temperatures �800 �C with

Table 2. Mechanical properties (density, thermal expansivity and coefficients of temperature-dependent viscosity) of individual
lithologies used for numerical simulations.

Material Description Reference density Thermal expansion coefficient Temperature-dependent viscosity range and

coefficients

Radioactive heat production

q0 (kg m)3) a Effect. viscosity (Pa s)1) C1 C2 Hr (lW m)3)

UC Upper crust 2700 0 1022 Viscosity const. 2 · 10)6

MCs Middle crust (schists) 2800 2 · 10)5 1.5 · 1020 to 2.5 · 1019 1016 6000 0

MCg Middle crust (gneisses) 2800 2 · 10)5 2.5 · 1020 to 3.5 · 1019 1017 6000 0

MLC Mafic lower crust 2950 0 2 · 1021 to 5 · 1020 1018 7000 0

FLC Felsic lower crust 2750 3 · 10)5 1.5 · 1019 to 6 · 1018 1017 5000 2 · 10)6 to 8 · 10)6

M Lithospheric mantle 3300 0 5 · 1021 Viscosity const. 0 (2 · 10)7)
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those of O�Brien (2000) and Cooke & O�Brien (2001)
who reached significantly higher peak temperature
estimates. Higher heat production would produce sig-
nificantly higher peak temperatures of nearly 1000 �C
maintained even at pressures as low as 12–13 kbar,
which is in contradiction with modern petrological
studies (see Schulmann et al., 2008 for review).

Other important information comes from the tem-
perature distribution in the core of the diapiric struc-
ture. The diagrams calculated for elevated radioactive
heat production show areas where the temperature

condition of radioactive heat production switch off
(i.e. partial melting associated with release of radio-
active elements) was attained during the evolution (the
pinkish colour inside the diapirs in Fig. 9).
As shown above, the metaigneous rocks from

Fichtelgebirge are thought to be the best candidates for
precursors of the Moldanubian felsic granulites.
Therefore, these rocks are interpreted as material that
could have formed the felsic lower crustal layer, which
was subsequently heated, partially melted and
transformed to typical felsic Moldanubian granulites.

Fig. 8. Results of numerical simulation of radioactive heat production within the lithospheric mantle showing distribution of
lithologies and temperature field developed during 50 Myr. Light shade of the mantle colour marks the asthenosphere (adiabatic
geotherm and no heat production).
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The metaigneous rocks from Fichtelgebirge yield an
average radioactive heat production of 3.9 lW m)3

obtained from the average elemental concentrations of
K, U and Th (Siebel et al., 1997; Wiegand, 1997) using

Eqn 1 (Table 1). However, the radioactive heat pro-
duction for the average felsic granulites (SiO2 > 70,
Table 1) is extremely low (0.9 lW m)3), suggesting
that the radioactive elements were mostly lost during

Fig. 9. Results of numerical simulations showing distribution of lithologies and temperature field developed after 20 Myr. Light shade
of the lower crustal colour marks places where removal of radioactive heat production occurred while light shade of the mantle colour
marks asthenosphere (adiabatic geotherm and no heat production). First column shows results for low radioactive heat production and
lithology and temperature fields are identical for all switch-off conditions as they are not reached during 20 Myr. The second column
gives results for no switch-off condition, whereas the third and fourth columns shows results of simulations with 900 and 1000 �C
switch off for the lower crustal layer.

H E A T S O UR CE S AN D E X HU M A T I O N M E C H A NI S MS 9 1

� 2010 Blackwell Publishing Ltd

193



the partial melting connected with the granulite facies
metamorphism.

In conclusion, the thermal structure which fits best
the petrological and geochronological data obtained so
far from the Moldanubian granulite massifs is that
calculated with an initial radioactive heat production
of 4 lW m)3 located in the felsic layer. The P–T–t
evolutions of the AGB (mafic lower crust) and of the
overlying mid-crustal rocks are also in good agreement

with the model results, despite the fact that the simu-
lated evolution represents only the initial part of a
complex polyphase exhumation.

DISCUSSION

In this article, we discuss a particular structural pattern
in the Variscan orogenic root in which orogenic lower
crust composed of felsic granulites of Ordovician

Fig. 10. P–T evolution of six tracked samples for models with different radioactive heat production values for the felsic lower
crust (FLC). Samples 1, 2 and 3 were located in felsic lower crust, sample 4 within the mafic layer (MLC) and samples 5 and 6 are
located in the middle crust. (a) No radioactive elements removed, (b) 900 �C and (c) 1000 �C threshold for radioactive element
removal from the lower crust. Circles mark 10 Myr time step.
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protolith age forming cores of domes that are sepa-
rated from mid-crustal Neoproterozoic and Palaeozoic
metasedimentary rocks in synclines by a late Ordovi-
cian–Silurian metabasic layer. We argue that the origin
of these structures was related to diapiric material
exchange within the orogenic lower crust. The key
element in deciphering the Viséan development is the
occurrence of FLC underneath dense mafic crust as
depicted by geology and geophysics. To understand
the formation of this peculiar lithological sandwich the
possible emplacement models for the FLC at the bot-
tom of the root need to be discussed. Subsequently, we
shall address the particular role of this felsic layer for
the origin of the felsic granulite–(ultra-) potassic
magma association. Finally, a model of gravity inver-
sion is discussed together with thermal consequences
for P–T–t paths of rocks in different positions with
respect to the diapiric structure.

Model of relamination of felsic crust to early Palaeozoic
mafic lower crust

The relamination of FLC has been proposed as an
alternative to the model of Chemenda et al. (2000) to
explain the structure of the Tibetan Plateau. The
Tibetan Plateau is characterized by an exceptionally
large gravity low indicating dominantly a felsic root
underplated by Indian felsic crust, the density of which
corresponds to felsic granulite at a pressure of 20 kbar
(Hetényi et al., 2007). Indeed, Le Pichon et al. (1997)
argued that the high topography of the Tibetan Pla-
teau is due to presence of low density granulites at
depth. A similar gravity low is typical of the Altiplano
Plateau in central Andes, having been interpreted as a
result of underthrusting of the Brazilian crust under-
neath the Andean root (Oncken et al., 2006). The
gravity anomaly associated with the Moldanubian
domain resembles remarkably the Tibetan and Alti-
plano plateaux density structure, which in this case is
reduced by subsequent isostatic reequilibration (Burg
et al., 1994). The common denominator of all these
geophysical observations is the occurrence of felsic
crust at lower crustal depths. This is explained either as
continental crust underthrusting thin lithospheric
mantle (Chemenda et al., 2000) or directly by influx of
felsic crust into the orogenic root at Moho depth lifting
the original lower crust and depressing the mantle
lithosphere (Behr, 1978; Plesch & Oncken, 1999;
Avouac, 2008).

In the western Bohemian Massif, the influx of ductile
lower crust at granulite ⁄ eclogite facies conditions was
proposed by O�Brien (2000). In Fig. 11a,b, the influx of
Saxothuringian crust into the root domain is visualized
in the form of a 10-km wide channel splitting the early
Palaeozoic mafic lower crust from lithospheric mantle,
whereas the other part of the continental crust is
continuously subducted, contaminating the local
mantle and sampling the mantle lithosphere. The term
relamination (Hacker et al., 2007) is accepted as being

suitable for the addition of low density crust under-
neath the dense root, in contrast to the term delami-
nation to describe loss of heavy root material and its
replacement by the asthenosphere.

As discussed before, oceanic subduction had to have
ceased by 354–346 Ma to be replaced by continental
underthrusting. Incidentally, a Sm–Nd age of
354 ± 6 Ma was determined by dating of calcium-rich
cores of garnet from the South Bohemian granulites
indicating the onset of eclogitization of continental
crust at this time (Prince et al., 2000). If true, such a
scenario allows a 5–15 Myr period to c. 340 Ma, the
granulite facies metamorphic climax, for the subducted
continental crust to thermally incubate and elevate the
orogenic geotherm (England & Thompson, 1984).
Based on P–T estimates, crustal thickening had to
produce a �70-km thick crust at this time (Fig. 11c).
Melting of this continental crust started at c. 345 Ma,
as indicated by high-K calc-alkaline magmatism of the
Blatná suite. The maximum melt production at both
the base of this crust and in the underlying mantle
lithosphere occurred during, or soon after, the HP
metamorphic climax at c. 340 Ma, as indicated by
intrusions of ultrapotassic syenites at mid- to high-
crustal levels.

The origin of the felsic granulite–ultrapotassic plutonic rock
association and the heat source

Roberts & Finger (1997) proposed that heating of
relatively refractory felsic metaigneous rocks, the likely
source of the felsic granulites, to temperatures as high
as 1000 �C would result in production of 5–15 vol.%
of partial melt. This notion was confirmed by ther-
modynamic modelling of Janoušek et al. (2004b), who
suggested that the initial melting, limited by mica
availability, would not exceed 10 vol.% for any of the
prospective granulite decompression paths and rapid
increase of the melt fraction would occur only at
�1100 �C. However, it is important to correctly assess
the melt production for the most typical felsic granu-
lites. The most likely protolith for the felsic granulites
is considered to be granite or orthogneiss of the
�Fichtelgebirge chemistry� that must have lost some
melt during metamorphic evolution in order to pre-
serve the high-pressure assemblage. Therefore, to
estimate the degree of melt loss, pseudosections were
calculated using THERMOCALCTHERMOCALC for a granulite with the
oldest known preserved fabric from the Blanský les
Massif (sample H296-S1 from Franěk et al., 2011b; for
details, see Appendix).

The sample modelled contains relict porphyroclasts
of perthitic feldspar with inclusions of kyanite, garnet
with 24 mol.% of grossular, rutile and biotite, which
constrains the peak P–T conditions to �16–18 kbar
and 860 �C (Fig. 12a; Franěk et al., 2011b). It is
necessary to add 7 mol.% of melt into the rock
composition to obtain assemblages containing biotite
and muscovite without garnet or alumosilicate at
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(a)

(b)

(c)

(d)

Fig. 11. Model proposed for the tectonic evolution of the orogenic root domain in the Bohemian Massif. (a) Model of continental
underthrusting with development of the Barrandian forearc region, CBPC magmatic arc and backarc region represents the future
Moldanubian domain. The position of the Palaeotethys suture is indicated as the future Mariánské Lázně Complex. (b) Relamination
model with part of the allochthonous Saxothuringian crust injected between the Moho and the continental lithosphere. The other part
is subducted thereby producing metasomatism of the overlying mantle. (c) Crustal thickening of the former backarc domain
(Schulmann et al., 2005, 2009). (d) Vertical extrusion and gravity redistribution of relaminated Saxothuringian crust at the end of
Variscan orogeny.
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ý
le
s
M
a
ss
if
)
to

sh
o
w
th
e
P
–
T
p
a
th

fr
o
m

th
e
p
ea
k
a
ss
em

b
la
g
e
o
f
g
–
k
y
–
p
l–
k
sp
–
q
–
li
q
–
ru

a
t
1
6
k
b
a
r
a
n
d
8
6
0

�C
b
y

d
ec
o
m
p
re
ss
io
n
to

8
k
b
a
r
a
n
d
8
2
0

�C
(m

o
d
ifi
ed

fr
o
m

F
ra
n
ěk
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subsolidus conditions. Such a reconstructed granite
mineral composition calculated at 650 �C and 9 kbar is
8 mol.% muscovite, 6.5 mol.% biotite, 39 mol.%
quartz, 30 mol.% plagioclase and 16 mol.% K-feld-
spar (Fig. 12b). On heating, the melt proportion for
the reconstructed granite at 16 kbar and 860 �C is
8 mol.%, and on isothermal decompression to 8 kbar
and 860 �C it increases to 13 mol.%. The calculations
predict 14 mol.% of melt at 16 kbar and 1000 �C that
increases to 37 mol.% at 8 kbar and 1000 �C, con-
firming the earlier estimates by Roberts & Finger
(1997) and Janoušek et al.(2004b).

The modelling demonstrates that heating of granitic
crust with a restricted amount of muscovite and biotite
can generate a garnet-bearing residue and up to
7 mol.% of melt at temperatures �900 �C. This tem-
perature was used as a threshold for melt loss related
removal of radioactive elements and the switching off
of the heat production in lower crustal rocks in the
numerical experiments.

The detailed microstructural studies of Franěk et al.
(2006, 2011b) showed that the origin of the granulite
microstructure is related to significant deformation,
dynamic recrystallization and viscous flow during the
vertical extrusion stage. Before the vertical extrusion
stage, the granulite facies rocks acquired a metamor-
phic fabric in a rather static environment. The defor-
mation occurred via diffusion-assisted grain boundary
sliding, which is an efficient mechanism to extract melt
from a continuously deforming source by a combina-
tion of dynamic dilation and compaction (Závada
et al., 2007). The mechanism of dynamically developed
porosity and melt extraction was discussed by Hasa-
lová et al. (2008a), who showed that a small amount of
melt may be efficiently extracted from the source far
below the rheologically critical melt percentage
threshold (>20–25 vol.% melt; Vigneresse et al.,
1996). Therefore, we consider 900 �C to be a reason-
able temperature when melt can be extracted from the
parent rock via the grain boundary sliding mechanism
leaving behind a garnet-bearing mylonitic rock – the
Moldanubian granulite. However, this process
required significant deformation related to the vertical
extrusion event to extract the melt. It is the pervasive
early vertical fabric which is related to the efficient loss
of melt (even at very small melt fraction), resulting in
significant depletion of the parental rocks in U, Th, Cs,
Li ± Rb, but leaving the rest of the geochemical sig-
nature unaffected.

A consequence of melting and melt extraction is the
removal of a significant part of the radioactive element
budget from the system. This is particularly true for U
and Th hosted by accessories such as zircon or mon-
azite, which would resist fluid loss in course of the
progressive heating. On the other hand, they should
dissolve readily even at low degrees of melting, as the
partial melt was likely to be rather corrosive, being hot
and rich in alkalis with fluorine (Finger & Cooke,
2004; Janoušek et al., 2007). In granitic rocks, the

relevant accessories are mostly enclosed in biotite (Bea,
1996) that was undergoing melting. Moreover, as ar-
gued by Watson et al. (1989) on theoretical grounds,
the larger accessories are likely to be progressively
concentrated at grain boundaries in the course of high-
grade metamorphism. Finally, there is a direct
evidence for the presence of low-degree, high-T, trace-
element-rich melt in the felsic HP granulites, as the
newly grown metamorphic zircon and rutile are rich in
U, Th and LREE or Zr and Nb, respectively (Finger &
Cooke, 2004). Thus, the accessories hosting U and Th
in the protolith to the HP Moldanubian granulites
seem to have been largely accessible to, and dissolved
in, the low-degree HP melt.
The 1D thermal modelling has demonstrated that,

for radioactive heat production of 4 lW m)3, the
temperature threshold of 900 �C would be reached in
deeply buried crust after 7 Myr (at 70 km) to 15 Myr
(at 60 km). A radioactive heat production of
4 lW m)3 is similar to the average radioactive heat
production at c. 340 Ma calculated for the Fich-
telgebirge metaigneous crust, which is considered to
correspond to the most appropriate protolith of felsic
granulites (Janoušek & Holub, 2007). Moreover, the
modelling shows that heat necessary for crustal melting
indeed could have been produced internally, within the
time frame allowed by the available geochronological
data (5–15 Myr).
The heat source located at lower crustal depths

would also lead eventually to partial melting of the
underlying metasomatized and hydrated subcrustal
mantle lithosphere. Melting of such an anomalous and
fertile mantle source could have produced, soon after
the HP metamorphic peak, ultrapotassic rocks with
mixed crustal–mantle signatures. The effective removal
of U and Th from the partially molten felsic metaig-
neous rocks (future felsic granulites) by melt extraction
would have grave consequences for the thermal evo-
lution of the whole system. First, the depletion of
radioactive elements from the granulite means that the
melting process must have rapidly switched off. Sec-
ond, the extracted melts could have partly mixed with
enriched mantle-derived ultrapotassic magmas, which
invaded the overlying partially molten crust, contrib-
uting to their further enrichment by U and Th.
However, this mixing was probably volumetrically

rather insignificant and essentially different from
another, large-scale hybridization event with S-type
leucogranitic magmas assumed for the durbachite
series in Bohemia (Holub, 1997) and the Rastenberg
suite in Lower Austria (Gerdes et al., 2000). The
hybrid magmas finally intruded syn-tectonically or
post-tectonically at mid- to high-crustal levels in close
spatial and temporal association with the HP granulite
and orthogneiss complexes so typical of the Variscan
orogenic crust in the Moldanubian domain of the
Bohemian Massif (Schulmann et al., 2005; Žák et al.,
2005; Tajčmanová et al., 2006; Janoušek & Holub,
2007).
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Gravity overturns and 340 Ma crustal redistribution in the
Bohemian Massif

Gerya et al. (2001, 2002) in their pioneering work pro-
posed a model of gravity redistribution of granodioritic
rocks and overlying mafic crust using radioactive heat
production localized in granodioritic crust. This pro-
gressive heating of the FLC leads to its viscosity drop
and density decrease triggering diapiric process. How-
ever, the time-scales required for gravity overturns
proposed by these authors are not compatible with those
reported for the Variscan orogeny (discussed before; see
also Schulmann et al., 2009). Therefore, the tempera-
ture increase must have been significantly more radical
and density contrasts higher than those predicted by
Gerya et al. (2002, 2004). This is consistent with the
gravity inversion modelling results of Guy et al. (2010)
who have shown that the density contrast between
residual FLC and an overlying thick gabbroic layer
(Fig. 3) may be greater than that estimated by Gerya
et al. (2001). Moreover, an additional source of gravity
potential may be seen in the presence of eclogites in the
thickened Ordovician–Silurian AGB layer (50–60 km),
overlying the felsic crust at a depth of 60–70 km (Štı́pská
& Powell, 2005a,b).

The scenario presented here (Fig. 11d) resembles the
explanation of the formation ofmigmatitic domes in hot
orogenic belts driven by gravitational collapse of
thickened continental crust (Rey et al., 2001; Vander-
haeghe&Teyssier, 2001; Vanderhaeghe, 2009). All these
conceptual models suggest partial melting of the lower
crust to be a trigger mechanism for development of
gravitational instability in both fossil and modern oro-
genic belts. The main difference of our model is in
quantification of the gravitational instability, the rate of
the heating and also the rate of the development of the
diapiric structures. The initial position of less dense but
highly radioactive felsic material below more dense
mafic lower crust seems to be the necessary prerequisite
for driving the tectonic evolution of the Variscan orog-
eny in the Bohemian Massif. Importantly, in our
numerical models, the development of granulite domes
is caused solely by gravitational instability. However,
the structural data suggest that domes are initiated by
folding of the lower and mid-crustal interfaces (e.g.
Štı́pská et al., 2004; Schulmann et al., 2005) and the
linear distribution of elongate granulite belts indicates
that lateral shortening was an important component
(Burg et al., 2004) related to the growth of granulite
domes (Fig. 11d). Therefore, the combination of gravity
and laterally forced extrusion of orogenic crustmay lead
to a development of gravity overturns more rapidly
compared with the numerical models presented herein.

Our work shows that only a model of internal
heating to drive the tectonic and gravity redistribution
of orogenic lower crust can satisfactorily explain the
temporarily restricted orogenic event at c. 340 Ma,
which is responsible for most of the Variscan tec-
tonothermal events reported so far in the Bohemian

Massif. Thus, the timing of growth of these laterally
forced diapirs seems to be connected with orogenic
collapse and the major plate reorganization of the
whole Variscan belt (Edel et al., 2003). The co-exis-
tence of c. 340 Ma ultrapotassic plutons and extruded
felsic HP granulites thus defines a key thermome-
chanical event, which probably signified a rheological
collapse of the whole Variscan belt in Europe (e.g.
Rossi et al., 2009; Rubatto et al., 2010).

CONCLUSIONS

The exhumation of c. 340 Ma felsic granulites in the
Bohemian Massif is interpreted in terms of tectonically
triggered gravity redistribution of felsic orogenic lower
crust and high density mafic crust. The model shows
that radioactive heat production of 4 lW m)3 for
lower crustal rocks, which is corroborated by calcu-
lated values from likely protolith rocks, and the cal-
culated P–T–t evolution satisfy the thermal and
geochronological evolution of the Bohemian Massif
granulites. This radioactive heat production is typical
of Ordovician felsic igneous rocks in the Fichtelgebirge
(Saxothuringian domain), which are believed to have
been relaminated at the bottom of thickened conti-
nental crust during the early Viséan continental
underthrusting. The mutually complementary geo-
chemical characteristics of granulites and ultrapotassic
magmas highlight the shared thermomechanical his-
tory governed by radioactive heating of the lower
crustal layer, culminating in partial melting of both the
felsic lower crustal layer itself and its underlying fertile
(metasomatized ⁄ contaminated) mantle lithosphere.
Gravity-driven redistribution tectonics initiated by
internal heating is interpreted to be the principal agent
controlling the rheological collapse of the Variscan
orogenic crust at c. 340 Ma.

ACKNOWLEDGEMENTS

We acknowledge grant MSM0021620855 from the
Ministry of Education of the Czech Republic and
internal research funds from CNRS UMR 7615 for
salary and research support of Ondrej Lexa, and the
French National Science Foundation ANR project
�LFO in orogens� for additional research support. We
thank C. Clark and T. Gerya for their thorough
reviews and highly appreciate the comments and
suggestions, which significantly contributed to
improving the quality of the publication. M. Brown is
acknowledged for careful editorial work.

APPENDIX

Governing equations used for numerical modelling of
gravity overturns

To simulate the thermal evolution, we use a numerical
model based on the solution of the coupled equations

H E A T S O UR CE S AN D E X HU M A T I O N M E C H A NI S MS 9 7

� 2010 Blackwell Publishing Ltd

199



of momentum (Eqn A.1) and energy (Eqn A.3), subject
to an incompressibility constraint (Eqn A.2) known as
the Boussinesq approximation (Hansen & Yuen, 2000):

@rij

@xi
¼ @P

@xi
� qgi; ðA:1Þ

@vi
@xi
¼ 0; ðA:2Þ

@T

@t
þ vi

@T

@xi
¼ 1

qCp

@

@xi
jqCp

@T

@xi
þ A

qCp
; ðA:3Þ

where x denotes the coordinates in m, v velocity in
m s)1, t time in s; rij is stress tensor, P is pressure in Pa,
g is gravitational acceleration (9.81 m s)2), T is tem-
perature in K, j denotes thermal diffusivity and Cp

denotes the specific heat capacity. The constitutive
relationship between stress and strain is governed by
the transport coefficient g representing viscosity:

rij ¼ 2g_eij; ðA:4Þ
where _eij is the strain-rate tensor in s)1. For the pur-
pose of this work, we used a simplified flow law with
only temperature-dependent viscosity according to the
simple exponential equation:

g ¼ C1e
C2
Tð Þ; ðA:5Þ

where C1 and C2 are coefficients used to calculate
effective viscosity from prescribed range (see Table 2).
Density q is given by equation of state:

q ¼ q0 1� a T� T0ð Þ½ �; ðA:6Þ
where a is the coefficient of thermal expansion and q0

is the reference density at reference temperature T0.
Thermal diffusivity j and specific heat capacity Cp are
recalculated according to temperature using the fol-
lowing equations (Whittington et al., 2009):

j ¼ 3:19� 10�7 þ 1:214� 10�6e
273:15�T
285:2ð Þ; ðA:7Þ

Cp ¼ 1538:39� 3:224� 105

T
þ 2:714� 107

T2
; ðA:8Þ

derived from laser-flash analysis to provide realistic
values for geologically relevant temperatures. These
equations are solved for temperature and velocity and
describe the fundamental physics required for model-
ling the thermal evolution during crustal diapirism.

Calculation methods used for thermodynamic modelling

The pseudosections were calculated using THERMOCALCTHERMOCALC

3.30 (Powell et al., 1998) and the data set 5.5 (Holland
& Powell, 1998; November 2003 upgrade), in the sys-
tem Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–

TiO2–O (NCKFMASHTO) with the biotite and melt
models from White et al. (2007), garnet from Diener
et al. (2008), ilmenite from White et al. (2000), feldspar
from Holland & Powell (2003), white mica from
Coggon & Holland (2002) and cordierite from
THERMOCALCTHERMOCALC documentation (Powell & Holland, 2004).
The analysed rock composition of sample H296 (in
wt% SiO2=71.98, TiO2=0.42, Al2O3=13.53,
FeO=2.1, MnO=0.03, MgO=0.73, CaO=1.93,
Na2O=2.76, K2O=4.01, P2O5=0.15, H2O

)=0.22,
H2O

+=0.56, CO2=0.03), was modified for modelling
by adding 1 mol.% of kyanite to enable a small
amount of aluminosilicate to be stable at the estimated
peak metamorphic conditions, as is observed in thin
section.
The reconstruction of a biotite–muscovite granite

protolith requires several steps. It involves determina-
tion of the H2O content in the final assemblage, con-
sideration of open-system behaviour with respect to
melt, and modification of the whole-rock composition
by adding melt (White & Powell, 2002; White et al.,
2004; Štı́pská et al., 2008). Tracking of the P–T path is
therefore undertaken backwards in time, from the
matrix assemblage to the early prograde evolution and
to the protolith mineralogical composition. The
amount of H2O for the modelling shown in Fig. 12a is
set such that it allows the stability of the observed
matrix assemblage with garnet rim chemistry on
cooling (not shown; see Franěk et al., 2011b; see
Hasalová et al., 2008b for the approach followed). As
the whole-rock composition is expected to change
along the P–T path as a result of loss of melt, it has to
be decided from which point on the P–T path the melt
composition will be taken. Crossing the upper stability
of muscovite causes an abrupt increase in melt pro-
portion and is considered a likely condition for melt
loss (White & Powell, 2002; White et al., 2004);
therefore, melt composition reintegrated was under-
taken at 16 kbar and 860 �C.
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Strnad, L., 2009. Geochemistry of Fe-rich peridotites and
associated pyroxenites from Hornı́ Bory, Bohemian Massif:
insights into subduction-related melt-rock reactions. Chemical
Geology, 259, 152–167.
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Hrubcová, P., Środa, P., Špičák, A. et al., 2005. Crustal and
uppermost mantle structure of the Bohemian Massif based on
CELEBRATION 2000 data. Journal of Geophysical Research-
Solid Earth, 110(B11), B11305.
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Janoušek, V., 2006. Saturnin, R language script for application
of accessory-mineral saturation models in igneous geochem-
istry. Geologica Carpathica, 57, 131–142.
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Dolejš, D., 2004b. Deciphering the petrogenesis of deeply
buried granites: whole-rock geochemical constraints on the
origin of largely undepleted felsic granulites from the Mol-
danubian Zone of the Bohemian Massif. Transactions of the
Royal Society of Edinburgh, Earth Sciences, 95, 141–159.
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sová, O., 2007. Inversion of travel times obtained during active
seismic refraction experiments CELEBRATION 2000, ALP
2002 and SUDETES 2003. Studia Geophysica et Geodaetica,
51, 141–164.

Scheuvens, D., 2002. Metamorphism and microstructures along
a high-temperature metamorphic field gradient: the north–
eastern boundary of the Královský Hvozd Unit (Bohemian
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Model of syn-convergent extrusion of orogenic lower crust in the
core of the Variscan belt: implications for exhumation of
high-pressure rocks in large hot orogens
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ABSTRACT Reflection seismic section, field structural analysis and gravimetric modelling of orogenic lower crust in
the core of a Carboniferous orogenic root reveal details of the polyphase process of exhumation.
Subvertical amphibolite facies fabrics strike parallel to former plate margins that collided in the NW.
The fabrics are developed in both mid-crustal and lower crustal high-pressure granulite units as a result
of intensive NW–SE intraroot horizontal shortening driven probably by the west-directed collision. In
granulites, the steep fabrics originated as a result of extrusion of orogenic lower crust in a �20 km wide
vertical ascent channel from lower crustal depths at 350–340 Ma. The large granulite bodies preserve
older granulite facies fabrics documenting a two-stage evolution during the exhumation process. Surface
exposures of granulites coincide with the absence of subhorizontal seismic reflectors at depth, suggesting
preservation of the �20 km wide subvertical tabular structure reaching Moho depths. Horizontal
seismic reflectors surrounding the vertical channel structure corroborate a dominant flat migmatitic
fabric developed in all tectonic units. This structural pattern is interpreted in terms of subhorizontal
spreading of partially molten orogenic lower crust in mid-crustal levels (765 �C and 0.76 GPa) at 342–
337 Ma. Large massifs of extruded and progressively dismembered felsic granulites disturbed mid-
crustal fabrics in the surrounding horizontally flowing partially molten crust. The horizontal mid-crustal
flow resulted in collapse of the supra-crustal Teplá-Barrandian Unit (interpreted as the orogenic lid)
along a large-scale crustal detachment above the extruded lower crustal dome. The presence of felsic
granulites at the bottom of the orogenic root is considered to be a key factor controlling the exhumation
of orogenic lower crust in large hot orogens.

Key words: exhumation; granulites; Moldanubian domain; orogenic lower crust; Variscan belt.

INTRODUCTION

Current models for the exhumation of deep-seated
crustal rocks often focus on processes along suture
zones that offer a pre-existing discontinuity along
which the deep-seated rocks can be transported up-
wards. These models mimic a classical concept of
buoyancy-driven exhumation of subducted crustal sli-
ces along the subduction channel (e.g. Chemenda
et al., 1995) simulated numerically by Gerya &
Stockhert (2006), Gerya et al. (2008) and Beaumont
et al. (2009) for orogens characterized by continental
subduction. In contrast, Platt (1993) proposed a corner
flow regime operating on a crustal scale between a
subduction zone and a rigid buttress of the overriding
plate, which evokes rise of lower crustal material along
its edge. Burg & Podladchikov (1999) offered numeri-
cal models of lithospheric-scale buckling, where the
buckled crust may undergo fragmentation via thrust

zones, which can exhume particular blocks >10 km
vertically (Sokoutis et al., 2005).

In many cases at the end of an orogeny the thickened
crust undergoes rapid tectonic thinning rather than
slow erosion-related decrease of crustal thickness (e.g.
Dewey et al., 1993). This process results from gravity
driven extensional collapse of the orogen causing
development of pervasive flat crustal fabrics (Koyi
et al., 1999). Additionally, heat redistribution leading
to weakening of the deep crustal rocks via partial
melting may facilitate collapse of a hot and thickened
orogenic root (Rey et al., 2001, 2009). Subsequent
lateral ductile- to channel-flow, driven by a combina-
tion of tectonic and overburden gravity force, may
result in exhumation from high pressure (HP) condi-
tions as modelled by Beaumont et al. (2004) and
Jamieson et al. (2007).The Variscan orogen in central
Europe is characterized by numerous occurrences of
HP rocks located far from a suture. The HP rocks are
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represented mostly by large bodies of HP felsic gran-
ulites which form areas sometimes several 100 km2 in
size (O�Brien & Carswell, 1993; Janoušek & Holub,
2007). These HP granulites are associated with other
HP rocks like mafic granulites, eclogites and garnet
peridotites collectively forming the so-called Gföhl
Unit (Fuchs, 1976). This unit does not form a contin-
uous HP body, but occurs in three major belts, which
are surrounded by medium-grade rocks (Schulmann
et al., 2009). The protolith of these rocks, their posi-
tion at lower crustal depths prior to exhumation and
the exhumation mechanisms represent major problems
of the Variscan belt (e.g. Behr, 1961, 1980). Schulmann
et al. (2005) proposed a multistage model of rapid
exhumation of orogenic lower crust associated with
development of subvertical ascent channels triggered
by rapid amplification of initial instabilities in front of
an advancing continental buttress. Such a process is
enabled by the extremely low viscosity of the Variscan
orogenic lower crust at the bottom of the orogenic root
due to its unusually hot thermal structure (e.g. O�Brien,
2008) combined with its felsic composition (Růžek
et al., 2007). This model is fundamentally similar to
that proposed by Weber & Behr (1983) who explained
the exhumation of the Saxonian HP granulites by
�diapiric folding�. In their model, the deep granulite
layer tends to amplify and pierce through the weaker
middle crust during crustal shortening, to form large-
scale steep folds bringing HP rocks to mid-crustal
levels.

The study region is located in the central part of the
orogenic root, far from both the easterly continental
buttress and westerly suture zone (Fig. 1). Here, we
examine a large portion of orogenic lower and middle
crust using both the published and unpublished part of
the 9HR seismic line of Tomek et al. (1997). The
seismic profile is combined with a detailed structural
study along a SE–NW traverse evaluating mutual
relationships between middle orogenic crust and the
three major granulite massifs of South Bohemia, which
completes an earlier study of one of these massifs
(Franěk et al., 2006). The profile line drawing is com-
bined with detailed gravity forward modelling allowing
estimation of a vertical ascent channel of orogenic
lower crustal rocks. Finally, we discuss the develop-
ment of flat-lying amphibolite facies fabrics throughout
the traverse, which provides evidence of mid-crustal
horizontal flow. It is shown that this episode is con-
nected with the collapse of the orogenic suprastructure
related to final upwelling of a lower crustal dome.
Despite disruption of the linear Variscan orogenic
trend by late large-scale transcurrent shear zones (Edel
et al., 2003), the wealth of quantitative geological data
makes the Bohemian Massif a suitable field laboratory
for understanding processes related to exhumation of
orogenic lower crust in large hot orogens. The field
results are suitable for testing the results from large-
scale exhumation-related numerical models referenced
above.

GEOLOGICAL SETTING

The Bohemian Massif (Fig. 1) is traditionally divided
into the Saxothuringian domain to the west, the Teplá-
Barrandian and Moldanubian domains in the central
part of the Massif (Kossmat, 1927) and the Bruno-
vistulian (Brunia) Neoproterozoic continent to the east
(Dudek, 1980). Schulmann et al. (2005, 2009) inter-
preted the Bohemian Massif as a Gondwana-derived
collisional domain characterized by: (i) relicts of a two-
stage SE-directed subduction at the Saxothuringian–
Teplá-Barrandian boundary; (ii) a magmatic arc
genetically related to the subduction represented by
the Central Bohemian Plutonic Complex in the centre;
and (iii) the rigid foreland represented by the Brunia
microplate in the SE. In this concept, the Teplá-
Barrandian between the suture zone and the magmatic
arc represents the fore-arc domain and the Moldanu-
bian domain between the magmatic arc and the Brunia
microplate constitutes the shortened and thickened
intracontinental back-arc region. Large Variscan
strike-slip zones (e.g. the Elbe Fault Zone, see
Fig. 1a,b) strike NW–SE and dismember the NNE
trending Variscan structure of the Bohemian Massif
(Edel & Weber, 1995).

Geology of the Saxothuringian, Teplá-Barrandian and
Moldanubian domains

The SE part of the Saxothuringian domain consists of
the antiformal Erzgebirge Crystalline Complex, which
can be divided into a lowermost para-autochtonous
domain that is overlain by crystalline nappes that
record peak HP metamorphism at 345–340 Ma
(e.g. Franke, 2000; Konopásek & Schulmann, 2005).
Towards the NW, the antiform passes into a Cam-
brian to Lower Carboniferous volcano-sedimentary
sequence, which crops out in several large-scale late
tectonic antiforms and synforms (Franke, 1993). These
supracrustal rocks are overthrust by oceanic crustal
units (Münchberg, Frankenberg and Wildenfels klip-
pen), metamorphosed at eclogite facies at c. 395–
380 Ma (e.g. Dallmayer et al., 1995; Franke, 2000).
The Saxonian granulite massif emerges as a large-scale
NE–SW elongated dome structure from below the
Saxothuringian Basin (Dürbaum et al., 1999) and
consists of HP felsic granulite, with subordinate lenses
of mafic granulite and serpentinized peridotite (Rötzler
& Romer, 2001). Kröner & Willner (1998) obtained
ages of 485–470 Ma from zircon cores interpreted to
date the protolith, while c. 340 Ma overgrowths were
interpreted to date the time of peak metamorphism.
The Teplá-Barrandian domain is separated from the

Saxothuringian domain by the Variscan SE-dipping
suture zone represented by the Mariánské Lázně
Complex (e.g. Zulauf et al., 1997). This unit consists
of serpentinites and metagabbros of Cambrian and
Ordovician age (Timmermann et al., 2004), which were
in part eclogitized before Devonian exhumation. The
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Teplá-Barrandian domain consists of primitive
Neoproterozoic siltstones to greywackes and volcanic
rocks deposited on an oceanic or transitional crust
(e.g. Cháb & Pelc, 1973) and weakly metamorphosed
during the Cadomian orogeny (Kettner, 1918). This
Cadomian basement is unconformably overlain by
Cambrian and Ordovician to mid-Devonian sedimen-
tary sequences that consist of greywackes, shales,
sandstones and limestones. The Variscan tectono-
metamorphic processes are most pronounced in the
western part, where they are restricted to 385–360 Ma
(Fig. 2; Appendix S1). The boundary to the east with
the migmatites of the Moldanubian domain is marked
by intense strike-slip deformation along the so-called
Central Bohemian Shear Zone (Rajlich, 1988; Pitra
et al., 1999; Scheuvens & Zulauf, 2000), however, the
true contact is often masked by 375–336 Ma (Fig. 2)
intrusions of the Central Bohemian Plutonic Complex
(e.g. Žák et al., 2005a). The boundary between
Moldanubian migmatites and the SW part of the
Teplá-Barrandian domain is marked by the so-called
West-Bohemian Shear Zone (Zulauf et al., 2002; Dörr
& Zulauf, 2008).

The Moldanubian domain corresponds to the
internal orogenic root zone of the Variscan orogen
(Suess, 1926). It is intruded by numerous Variscan
plutons ranging from I-type (e.g. specifically K–Mg
rich syenites or calc-alkaline arc-related rocks, Janou-
šek et al., 2000) to S-type granitoids (Finger & Steyer,
1995). The Moldanubian–Brunia boundary is marked
by a several-kilometres-wide zone of highly deformed
mélange derived from both the units (Konopásek
et al., 2002). The Moldanubian domain is traditionally
divided into three tectonic units (Fuchs, 1976). The
structurally deepest medium-grade Monotonous
Group is overlain by the medium-grade Varied Group
and the structurally highest high-grade Gföhl Unit.
The Monotonous Group consists of biotite-plagio-
clase paragneiss with minor orthogneiss, quartzite,
amphibolite and locally eclogite bodies (Medaris et al.,
1995; O�Brien & Vrána, 1995). It contains metagrani-
toids of Early Palaeozoic age (see Fig. 2), suggesting a
Precambrian age for the protolith of the surrounding
paragneiss (Finger & von Quadt, 1995; Friedl et al.,
2004). The Varied Group includes more pelitic proto-
liths and abundant amphibolite, quartzite, marble and

(a)

(b)

Fig. 1. (a) Principal divisions of the Variscan chain. RH, Rhenohercynian domain; SX, Saxothuringian domain; MO, Moldanubian
domain. (b) Simplified geological map of the Bohemian Massif modified after Franke (2000).
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calc-silicate intercalations. The protolith of the Varied
Group metasedimentary rocks is supposed to be at
least partly Devonian (Friedl et al., 1993) and Cam-
brian, based on the 509 ± 27 Ma Nd model age for
the amphibolite layers (Janoušek et al., 1997). The
Gföhl Unit consists of kyanite-bearing felsic granulite,
peridotite, eclogite and migmatitic Gföhl orthogneiss
of Cambrian to Early Ordovician protolith age (Friedl
et al., 2004; Schulmann et al., 2005).

Relevant P–T estimates

The petrological studies of granulites in the Bohe-
mian Massif (Fig. 3) have focused traditionally on
peak metamorphic conditions and amphibolite facies
retrogression involving almost isothermal decom-
pression followed by near isobaric cooling (e.g.
Vrána et al., 1995; O�Brien & Rötzler, 2003). Con-
ventional thermobarometry yields �1000 �C ⁄ 1.6 GPa
for the metamorphic peak, followed by retrogression

at 800–900 �C ⁄ 0.8–1.2 GPa (Vrána, 1989; O�Brien &
Seifert, 1992; Carswell & O’Brien, 1993; Cooke et al.,
2000) and 700–800 �C ⁄ 0.5–0.8 GPa (O�Brien &
Carswell, 1993; Vrána, 1997). However, Štı́pská &
Powell (2005), Racek et al. (2006) and Tajčmanová
et al. (2006) proposed significantly lower temperature
conditions of 750–850 �C at 1.6–1.8 GPa for the
peak metamorphic event followed by retrogression at
700–800 �C and 0.5–0.7 GPa. The mantle-derived
rocks enclosed in granulites yield a broad range of
P–T conditions of 800–1350 �C at 2.0–6.0 GPa (see
summary by Medaris et al., 2006). The P–T estimates
for the Moldanubian mid-crustal rocks yield peak
conditions of 750 �C ⁄ 0.7–1.2 GPa for the Varied
Group (Petrakakis, 1997; Racek et al., 2006) and
�780 �C ⁄ 0.75 GPa for the Monotonous Group
(Scheuvens, 2002), with retrogression to 650–720 �C ⁄
0.4–0.5 GPa recorded by both the mid-crustal groups
(Vrána et al., 1995; Pitra et al., 1999; Racek et al.,
2006).

Fig. 2. Summary of geochronology for the individual units in the Moldanubian, Teplá-Barrandian and Saxothuringian domains.
Histograms of larger datasets are mixed with shaded columns that contain individual age data combined with the stratigraphy of
associated Palaeozoic sedimentary rocks. Histograms represent the sum of Gaussian probability curves for each radiometric age
included. Citations for the 263 plotted ages are given in the Supporting information, Appendix S1. Significant ages are plotted
individually with corresponding blocking temperature. Apatite fission track dating in the Teplá-Barrandian was performed by
Glasmacher et al. (2002), the monazite U–Pb dating from the Moldanubian pegmatite is from Novák et al. (1998). Sx-TB, Saxo-
thuringian-Teplá-Barrandian; MLC, Mariánské Lázně Complex; MK, Münchberg Klippe; ZEV, Zone Erbendorf-Vohenstrauss; ECC,
Eger Crystalline Complex; CBPC, Central Bohemian Plutonic Complex; BPSZ, Bavarian Moldanubicum with Pfahl Shear Zone.
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Moldanubian geochronology

Most of the existing U–Pb zircon ages from the
Bohemian Massif granulites cluster at c. 340 Ma
(Fig. 2; for review, see e.g. Janoušek & Holub, 2007),
interpreted as a time of HP metamorphism and sub-
sequent retrogression. The older ages, widely scattered
between 450 and 350 Ma, are interpreted usually as
protolith ages (e.g. Wendt et al., 1994; Kröner et al.,
2000; Friedl et al., 2003). Sm–Nd garnet data reveal
slightly older ages than 340 Ma (e.g. Prince et al.,
2000), but their significance is problematic (Romer &
Rötzler, 2001). Janoušek et al. (2004) suggested an
Ordovician granitic protolith with a model age of
c. 450 Ma for the Variscan felsic granulites, supported
also by radiometric U–Pb zircon ages of Kröner et al.
(2000) and Friedl et al. (2004). The Rb–Sr biotite and
muscovite cooling ages span between 330 and 310 Ma

(Van Breemen et al., 1982; Svojtka et al., 2002) similar
to 40Ar–39Ar ages on amphibole, muscovite and biotite
(Košler et al., 1999). The exposed Moldanubian rocks
reached the surface during the Permian, when they
were locally covered by undeformed sedimentary
rocks. Moldanubian Varied and Monotonous Groups
record metamorphic events from 355 ± 2 Ma (U–Pb
on sphene, Wendt et al., 1993) or the 367 ± 19 Ma for
the Kaplice paragneiss (U–Pb on zircon, Kröner et al.,
1988). A minimum age for the ductile deformation
is restricted by syndeformational pegmatites that yield
an age of 331 ± 5 Ma (Rb–Sr on muscovite, Van
Breemen et al., 1982).

There is a range of syn- to post-tectonic granitoids
intruded into the Moldanubian rocks. The oldest calc-
alkaline intrusions of the Central Bohemian Plutonic
Complex were syntectonically emplaced into upper-
crustal levels during regional transpression from c. 354

Fig. 3. Relevant P–T data from Bohemian
granulites and surrounding metasedimen-
tary rocks; from the Moldanubian domain,
if not specified from some other unit
below. The P–T data and related radio-
metric ages (Ma) are assembled from the
publications 1–11, according to the labels
at each polygon. Citations for P–T data –
1, Kalt et al. (1999); 2, Kotková (1993) –
Eger Crystalline Complex; 3, Kröner et al.
(2000); 4, Linner (1996); 5, Pitra et al.
(1999); 6, Racek et al. (2006); 7, Štı́pská
et al. (2004); 8, Štı́pská & Powell (2005);
9, Tajčmanová et al. (2006); 10, Verner
et al. (2008); 11, Rötzler & Romer (2001) –
Saxonian Granulites. Citations for
geochronology: 1, Kalt et al. (1997); 2,
Kotková et al. (1996) – Eger Crystalline
Complex; 3, Kröner et al. (2000); 5,
Gebauer et al. (1989); 7, Štı́pská et al.
(2004); 9, Schulmann et al. (2005); 10,
Verner et al. (2008); 11, Romer & Rötzler
(2001) – Saxonian Granulites.
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to c. 346 Ma (Janoušek et al., 2004) and extension at c.
340 Ma (Žák et al., 2005a), followed by the intrusion
of undeformed granitoids along the boundary between
this complex and the Moldanubian domain at c.
337 Ma (e.g. Janoušek & Gerdes, 2003). This corrob-
orates ages of 338–314 Ma for intrusion into the
Monotonous Group of mostly post-tectonic granitoids
of the Moldanubian Pluton (e.g. Finger et al., 1997).

In northern Bavaria, the Moldanubian rocks exhibit
younger metamorphism associated with widespread
migmatitization dated by U–Pb on monazite at c.
326 Ma (Kalt et al., 1997) and c. 315 Ma (Schu-
lzschmalschlager, 1984). Syntectonic Bavarian grani-
toids yield ages comparable to the Moldanubian
Pluton (335–322 Ma; e.g. Siebel et al., 2006).

GEOLOGY AND STRUCTURAL GEOLOGY OF
SOUTH BOHEMIAN MOLDANUBIAN DOMAIN

This study focuses on a 130 · 30 km traverse through
the whole South Bohemian Moldanubian domain from
the Moldanubian Pluton in the SE to the Central
Bohemian Plutonic Complex in the NW following the
9HR seismic line (Fig. 4a). The SE part is character-
ized by the occurrence of three large neighbouring
bodies of felsic granulites (Blanský les, Křišťanov and
Prachatice granulite massifs, see Fig. 5a). Discontinu-
ous stripes of garnet or spinel peridotites and garnet
pyroxenites are systematically found along the margins
of all the granulite massifs, and the Blanský les gran-
ulite massif also contains numerous large bodies of
mantle-derived rocks in its interior.

The adjacentMoldanubian domain consists of Varied
Group rocks to the SE andMonotonousGroup rocks to
theNW.The individualmassifs are separated by narrow
zones of medium to high-grade paragneisses with
affinity to both Monotonous and Varied Groups. The
north-eastern margin of the Blanský les granulite massif
is marked by a complex association of medium and
high-grade rocks (Fig. 4a). Farther to the east all the
units become parallel to a major thrust zone defined by
the occurrence of eclogite bodies marking the ductile
thrust of the Varied Group over the underlying
Monotonous Group (Rajlich et al., 1986; Vrána &
Šrámek, 1999; Faryad et al., 2006). A zone of lower
grade muscovite-biotite paragneiss intruded by grani-
toids of the Moldanubian Pluton occurs in the eastern-
most extremity of the studied area. The Monotonous
Group in the north-western part of the traverse is
intercalated with several largeNE–SWelongated bodies
of Varied Group and Gföhl orthogneiss (Fig. 4a).

Earliest granulite facies fabrics S1 and S2

The oldest identified fabrics (S1 and S2) are excep-
tionally well preserved in an 8.4 · 2.5 km wide ellip-
tical domain in the southern part of the Blanský les
granulite massif (Figs 5a,b & 6a). Small relicts are
further present throughout this massif and rarely also

in the Prachatice granulite massif. In particular, in the
Blanský les relict elliptical area the granulites exhibit a
penetrative mylonitic foliation S2 (Fig. 5b) which
contains relicts of S1 compositional layering, both
bearing a stable granulite facies mineral assemblage
of Qtz + Kfs + Pl + Grt + Ky + Bt (Štı́pská &
Powell, 2005; Franěk et al., 2006). Mineral abbrevia-
tions are after Kretz (1983).
The onset of S2 fabric development is characterized

by pervasive recrystallization of the former coarse
grained S1 layered orthogneiss into a fine-grained
mosaic of plagioclase, K-feldspar and quartz, con-
taining a small volume of former partial melt, now
indicated, for example, by cuspate shapes of these
minerals, distributed along feldspar boundaries
(Franěk et al., 2010). The subsequent folding of S1 is
accompanied by progressive development of S2 axial-
plane cleavage and penetrative reworking of the S1
fabric into the fine-grained, K-feldspar dominated
matrix containing large quartz ribbons and biotite
flakes oriented into strong subhorizontal stretching
lineation (fig. 3e in Franěk et al., 2006). Plagioclase
coronas developed around kyanite and garnet in the
matrix were interpreted as a product of reaction during
decompression by Tajčmanová et al. (2007). The S2
foliation from the Blanský les granulite massif strikes
uniformly N–S showing variable dip of 50–90� to the
W or less commonly to the E (Figs 4e, 5b & 7).

Amphibolite facies D3 deformation

In all the Moldanubian rocks except the granulites, the
first well-defined metamorphic fabric is a steep
NE–SW trending amphibolite facies foliation
(Fig. 6b,d). It is assigned as S3 due to a common
structural concordance with a steep retrogressive S3
fabric developed in the granulites.
Because of strong later reworking, the S3 fabrics are

usually well preserved only in competent lithologies.
The only exceptions represent the southern part of the
Kaplice Zone muscovite paragneiss and the boundary
of the Moldanubian and the Teplá-Barrandian
domains where steep NW-dipping S3 is present. Rare
relicts of S3 in metasedimentary rocks throughout the
study area exhibit the same attitude. The S3 foliation
occasionally bears a weak mineral lineation or corru-
gations, both shallowly plunging NE and SW. In the
vicinity of the regionally folded granulite massifs, the
generally stable orientation of the S3 foliation is
modified by large wavelength late F3 folds.
The S3 is defined by preferred orientation of mica

and elongated quartz–feldspar aggregates in the Bt +
Qtz + Pl + Kfs ± Sil ± Grt ± Ms paragneiss of
the Monotonous and Varied Groups and by preferred
orientation of leucosomes in migmatitic paragneiss
and the anatectic Gföhl gneiss. In the medium-grade
Kaplice Zone paragneiss the S3 is defined by alignment
of muscovite and biotite and segregation of quartz
lenses with cordierite or aluminosilicates (Vrána et al.,
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(a)

(b) (c)

(d)

(e)

(f)

Fig. 4. (a) Structural map of the study region. Structural data from granitoids adopted from Žák et al. (2005a). (b) Location of
geological profiles across the granulites. All profiles are of the same scale and not exaggerated. (c) W–E view of Křišťanov granulite
massif. (d) N–S profile across Prachatice granulite massif, Libı́n Zone and Křišťanov granulite massif. (e) NW–SE Section of
Prachatice and Blanský les granulite massifs, roughly following the seismic reflection line 9HR. (f) N–S section of Blanský les granulite
massif. Part of profile (e) and profile (f) are modified after Franěk et al. (2006).
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1995; Vrána & Bártek, 2005). At the boundary of the
Moldanubian and Teplá-Barrandian domains the S3 is
defined by a higher modal muscovite in conjunction
with a decreasing intensity of partial melting.

In the granulites, the S3 represents the dominant
planar fabric in the Blanský les and Křišťanov granu-
lite massifs, whereas in the Prachatice granulite massif,
S3 is preserved only along its southern and eastern
margins. The S3 results from transposition of S2 via
outcrop-scale folding accompanied by development
of S3 axial-plane foliation. The stable assemblage of
Qtz + Kfs + Pl + Bt ± Sil ± Grt indicates syn-
deformational amphibolite facies retrogression com-
monly resulting in weak compositional layering.
Syn-D3 partial melting occurred in the outer parts of
the Blanský les and to some extent in the Křišťanov
granulite massif. At the transition from S2 to S3, the
D3 microstructures still resemble the granulitic struc-
ture, suggesting that the onset of the D3 deformation
occurred at the granulite–amphibolite facies transition.
The timing of D3 in the granulites is best bracketed by
the 337 ± 0.3 Ma crystallization age of a granulite

facies hyperpotassic dyke deformed by D3 (Aftalion
et al., 1989; Sláma et al., 2008) and the crystallization
age of 340 ± 3 Ma for post-D4 cordierite-bearing
leucosomes (Kröner et al., 2000).
In granulites the S3 exhibits arcuate geometry

(Figs 5a&7)withmoderate to steep dips (Kodym, 1972;
Franěk et al., 2006). The arrangement of poles of S3
along a great circle in each of the granulite massifs
suggests a cylindrical fold geometry. Changes in attitude
of S3 in all the granulite bodies appear as km-scale
flexures, or rarely as several km wide sequences of out-
crop-scale parasitic folds (Fig. 4b–f). Axial planes of
these large folds in all three granulite bodies reveal
similar orientation (Figs 5a&7). For the tight fold of the
Prachatice granulite massif, we have constructed a
subvertical NNW–SSE trending axial surface oriented
262 ⁄ 87 (dip direction ⁄ dip in degrees) which is similar in
orientation to the 246 ⁄ 89 axial planes of large-scale folds
defined previously in the Blanský les granulite massif
by Franěk et al. (2006). For the wide arcuate geometry
of S3 in the Křišťanov granulite massif we are only able
to estimate a steep axial-plane dipping to the W.

(a) (b)

(c)

(d)

Fig. 5. (a) Structural map of the SE part of transect, which is dominated by granulites. The S2 fabrics are depicted in the inset (b)
in a detail of the relict granulitic domain inside the Blanský les granulite massif. (c) Intensity of the L4 lineation in the Prachatice
granulite massif and surroundings interpolated from field data. (d) Steepness of the S4 foliation in the Prachatice granulite massif and
surroundings interpolated from field data.
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The biotite or sillimanite L3 mineral lineation
plunges north to northwest, parallel to the hinges of
these large folds in the Blanský les granulite massif
except for the northern part of this body, where they
vary from south to east. The well-developed L3 linea-
tion in the Prachatice granulite massif plunges shal-
lowly subparallel to the strike of the S3. In contrast,
the L3 lineation in the Křišťanov granulite massif is
poorly developed except in the NW corner, where the
plunge is generally to the SW (Fig. 8).

In the metasedimentary rocks separating the gran-
ulite massifs, the S3 fabrics are well preserved only in
the south, whereas towards the north and west only
rare outcrop-scale relicts of S3 occur. Ubiquitous syn-
deformational partial melting of paragneisses resulted
in stromatitic migmatitic layering parallel to the S3
schistosity. The S3 in these metasedimentary rocks
strikes parallel to the S3 in neighbouring granulites; in
the Lhenice Zone the S3 forms a tight vertical N–S
elongated fan-like pattern (Figs 4e & 5a) whereas in
the Libı́n Zone it dips steeply to the southwest
underneath the Křišťanov granulite massif (Figs 4d &
5a). Rocks of the Lhenice Zone have an intense shal-
lowly N–S-plunging lineation defined by biotite align-

ment, whereas in the Libı́n Zone a L3 lineation is not
developed.

Subhorizontal amphibolite facies fabric S4

The most prominent fabric in rocks of the traverse
is the S4 foliation that generally strikes NE–SW
subparallel to the Moldanubian–Teplá-Barrandian
boundary, in general dipping gently to the NW. Only
along the southern edge of the Central Bohemian
Plutonic Complex and �10 km northwest of the
Prachatice granulite massif does the S4 fabric dip to
the SE, forming large-scale open fold-like flexures in
the Monotonous and Varied Groups; a N–S to NE–
SW stretching lineation on the S4 fabric is subparallel
to the hinges of these flexures. Similar to the S3 fabric,
in the vicinity of the granulite massifs, the S4 fabric
exhibits significant perturbation as a result of defor-
mation partitioning and locally attains a steep attitude
subparallel to the S3 fabric (e.g. at the eastern margin
of the Blanský les granulite massif).

Partial melting associated with the S4 fabric in the
Monotonous and Varied metasedimentary rocks
(Fig. 6e,f) is of lower volume than that associated with

(a)

(d) (e) (f)

(b) (c)

Fig. 6. Field photographs of structures. (a) Development of S2 axial fabric during F2 passive folding in granulites. (b) Transposition
of S2–S3 via mesoscopic similar folds in granulites. (c) Initial S4 in discrete shear zones affecting S3 in the Prachatice granulite massif.
(d) Steep S3 only weakly affected by D4, lower grade Kaplice paragneiss in the SE of the transect. (e) S4 crenulation cleavage in a
migmatized paragneiss, Varied Group in the NW of the transect. (f) S3 transposed into S4 via crenulations and shear bands, which
are commonly filled with granitic leucosome. Orthogneiss in NW part of the transect.
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Fig. 7. Equal area lower hemisphere projections of S2, S3 and S4 fabrics in the granulite-dominated region of the transect contrasted
against the same fabrics developed in the Moldanubian domain outside the granulite-dominated region.

Fig. 8. A krigging interpolation to depict
the prevalence of particular fabrics inferred
from field study of individual outcrops.
Grey levels show the extent of reworking
by particular deformation phases (darkest =
S2, lightest = post-D4 late NW-SE crenu-
lation cleavage). Four generations of
corresponding lineations are depicted.
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the S3 fabric. In the granulites the S4 is marked by
transposition of the typical dm scale compositional
layering and syntectonic replacement of garnet by
biotite and sillimanite. The transition from S3 to S4
proceeds via development of shallowly dipping S4-
parallel shear zones, often accompanied by buckling of
S3 at various scales. Occasional cm to dm scale intra-
foliation pinch and swell structures with steep E–W
trending tensional cracks filled by undeformed granitic
leucosome develop in the S4 indicating vertical
shortening and N–S-oriented stretching operating at
temperatures around the granite solidus.

The S4 intensity systematically increases from the SE
to the NW towards the Central Bohemian Plutonic
Complex. Here, the deformation culminates in highly
non-coaxial shearing manifested by a shear zone
several kilometres wide intruded by syntectonic
granitoids (Žák et al., 2005a) dated at 342–337 Ma,
which corroborates a U–Pb age of 341 ± 3 Ma for
zircon from leucosome patches cross-cutting the S4
fabric of the Prachatice granulite massif (Kröner et al.,
2000). The ambient P–T conditions in this region
during formation of a flat fabric comparable with the
S4 fabric of this study were determined as >720 �C at
�0.4 GPa by Pitra et al. (1999) and Scheuvens (1999).
In the hangingwall paragneisses, at the Moldanubian–
Teplá-Barrandian boundary, the D4 imprint rapidly
dies out, documenting a block several kilometres wide
of lower grade rocks that are inferred to have sunk
between the Moldanubian and Teplá-Barrandian
domains.

In the east, the intensity of the D4 deformation
gradually decreases so that only the western part of the
granulite bodies shows relatively strong reworking by
the flat S4 fabrics at �765 �C and 0.76 GPa (Fig. 6c;
Verner et al., 2008). Whereas most of the Prachatice
granulite massif is strongly reworked by the subhori-
zontal S4 foliation and weak N–S lineation (Figs 5c,d
& 8), the Křišťanov granulite massif exhibits only
moderate reworking by a shallow WNW-dipping S4
foliation (Verner et al., 2008) and the Blanský les
granulite massif to the east is almost unaffected by D4
(Fig. 4b–f). In the Lhenice Zone the S4 forms an open
synform with horizontal N–S axis, and the rocks ex-
hibit a strongly developed, shallow N–S-plunging
stretching lineation. Within the Libı́n Zone the S4
fabric dips moderately to the SW below the Křišťanov
granulite massif; a weak lineation of variable attitude is
present. North of the Blanský les granulite massif the
S4 dips shallowly to the SSW. Further southeast the S4
is variable and generally has a steeper attitude indi-
cating that the D4 intensity decreases. Finally, in the
south of the medium-grade paragneiss of the Kaplice
Zone the S4 is only weakly developed.

NW–SE trending steep cleavage front

The SW part of the traverse is affected by late ductile
deformation resulting in development of a crenulation

cleavage, which develops into a new penetrative folia-
tion dipping moderately to steeply to the NE (Fig. 4a).
The intensity of this fabric generally increases south-
westward and it becomes the dominant fabric in the
Bavarian region characterized by coeval dextral shear
zones (e.g. Behrmann & Tanner, 1997; Finger et al.,
2007). There is no expression of such structures inside
the granulite massifs implying that the geometry and
internal structure of the granulites were not affected by
this late deformational event.

REFLECTION SEISMIC PROFILE

Most of the traverse is parallel to a deep seismic
reflection profile (9HR) which was shot in a NW–SE
direction through western half of the Bohemian Massif
using explosive sources. The seismic profile, which is
only partly published (Tomek et al., 1997), extends
across the region between the eastern boundary of the
Saxothuringian domain in the NW to the eastern edge
of the Blanský les granulite massif in the SE. This
study examines the SE half of the profile (Figs 9 & 10),
which offers a good quality record from 2 km below
the surface to the Moho at �40 km depth, exhibiting
in places also reflections in the upper mantle.

Characterization of reflection seismic data

For most of the traverse the seismic profile runs
perpendicular to the strike of rock fabrics, which
suggests that the dips of the reflectors are close to
true dips, at least in the upper crust. The line drawing
(Fig. 10) based on the migrated seismic record reveals
a striking difference between the seismic properties of
the Teplá-Barrandian and the Moldanubian crust.
Whereas the Moldanubian crust exhibits several
seismically different domains, the highly reflective
Teplá-Barrandian upper crust shows one single set of
parallel and very strong reflection packages (B1–B6)
dipping to the SE. These packages are interrupted at
depth along a NW-dipping virtual line, below which
the Teplá-Barrandian lower crust shows very poor
reflectivity, being constrained by subhorizontal, but
discontinuous Moho reflections (M1) at 11 s TWT
(two-way time). The Teplá-Barrandian–Moldanubian
boundary zone, intruded by granitoids of the Central
Bohemian Plutonic Complex, shows a sharp decrease
in reflectivity of the whole crust in a �10 km wide
column.

The Moldanubian crust shows contrasting seismic
characteristics in the eastern part, which is dominated
by granulites, and the western part, which is devoid of
these rocks. The western part is characterized by
stronger reflection packages (K1 and K2, V1–V4) and
anastomosing reflections down to 5 s TWT, which
resemble pinch and swell structures of �20 km wave-
length. The upper crust in the east of the seismic profile
is cross-cut by a strong and unusually straight reflec-
tion package (G2) dipping moderately to the SE.
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At the top, the package terminates abruptly at �1 s
TWT below the western edge of the Prachatice gran-
ulite massif, probably on a local N–S fault. The
strongest reflections in the profile appear below the
Prachatice granulite massif; they diminish to the SE at
�5 s TWT, below the centre of the Blanský les gran-
ulite massif. A parallel weaker package (G1) of
�12 km length appears attached to the top of this
package of strong reflections. Except for these features,
the crust below the granulites exhibits almost no
reflectivity and there is only a weakly defined Moho
(M4) at 12–13 s TWT. The reflections along the SE
edge of the seismic profile are probably just artefacts of
the migration procedure. This lack of reflections con-
trasts with a package of strong NW-dipping mantle
reflections below 12s TWT (Č. Tomek, personal com-
munication; not shown in Fig. 10). The western part of
the Moldanubian middle to lower crust exhibits uni-
formly distributed horizontal reflections designated as
LC, which appear in a lens-shaped domain
�60 · 15 km in size. There are several packages of
strong reflections (Z1–Z4) in the underlying lower
crust that show apparent dips of 30–40� to the SE and
continue through discontinuous MOHO reflections
(M2 and M3) into the uppermost mantle.

Interpretation of reflection seismic data

In the high-grade Moldanubian domain, which records
polyphase deformation, the reflection packages may
represent lithological layering, penetrative foliation,
faults or boundaries of intrusive bodies. We try to
overcome this ambiguity by careful comparison with
the surface extent of major lithological units and with
our structural interpretations.

The upper-crustal reflection packages (B1–B6) in the
Teplá-Barrandian Unit correspond to Proterozoic low-
grade sequence of siltstones interlayered with basalts
exposed on the surface that show SE-dipping schis-
tosity. Termination of these packages at the margin of
the Teplá-Barrandian Unit may document sideward
intrusions of granitoid bodies related to the Central
Bohemian Plutonic Complex, or reworking by later
Variscan deformation. The low reflectivity in the
crustal column directly below the Teplá-Barrandian–
Moldanubian boundary can be best explained by the
occurrence of Central Bohemian Plutonic Complex
granitoid intrusions at depth below the Monotonous
Group exposed at the surface.

The anastomosing reflections in the upper crust of
the western Moldanubian domain correlate well with
the geometry of the S4 fabrics as determined by our
field research (Fig. 10a). This conformity suggests that
all the anastomosing reflections can be related to the
subsurface continuation of the S4 fabrics. The V1–V4
reflection packages correlate well with surface expo-
sures of km-scale lenses of Varied Group rocks
suggesting that the reflectors in this case represent
interlayering of paragneisses with marbles, amphibo-

lites and other lithologies, which are oriented parallel
to the S4 fabric. The K1 and K2 reflection packages
document probable subsurface occurrence of varied
lithological intercalations at the western side of the
Moldanubian domain. The nature of the straight
reflection package (G2) dipping below the granulite
massifs remains ambiguous, because the observed high
amplitude and length of reflections may be caused
either by lithological layering similar to that of the
Varied Group or by a thick zone of intensive mylon-
itization. Based on the single seismic section, the
orientation of the G2 reflectors can vary between a
steeper dip to the NE through medium dips to the SE
to steeper dips to the SW. Such orientations cannot be
directly correlated to any structure mapped on the
surface. The straight geometry of the G2 package
suggests that the corresponding reflectors were not
significantly affected by the D4 deformation, or that
they may represent an anomalously oriented D4
structure. The low reflectivity in the crustal column
below the granulite massifs may be caused either by
lack of reflection inducing inhomogeneities or extreme
steepness of reflectors, which would not be detectable
by seismic survey. The low energy of the shots cannot
be responsible for the lack of crustal reflections,
because the much deeper mantle reflections have been
recorded below this seismically transparent zone. The
rest of the Moldanubian crystalline crust exhibits sig-
nificant reflectivity, suggesting that the Moldanubian
crust in general contains abundant reflectors that
would be recorded if they had a suitable attitude.
Below the granulites the reflectors may have been
partially destroyed by the rise of these HP rocks, but it
is argued that this crustal section likely still contains
numerous reflectors similar to the rest of the Mol-
danubian domain, but the attitude of these reflectors is
too steep to be detected by the seismic method. In
combination with the dominance of steep fabrics in the
exposed granulites, the lack of reflections serves as
indirect evidence for the dominance of steep foliations
in the seismically transparent zone throughout the
crust below the granulite massifs. The homogenously
distributed reflections in the middle to lower crust,
designated as LC in Fig. 10b, do not reach the surface
along the 9HR line. Such middle to lower crustal
reflections are classically, but without direct evidence,
ascribed to subhorizontal intrusions. These horizontal
reflections cannot represent the deeper continuation of
the S4 fabric, because of the sharp transition zone with
the anastomosing upper-crustal S4-related reflections
and the general dip of the S4 to the NW. The LC
reflections are unlikely to represent a fabric older than
S4, because the D3 phase of horizontal shortening
leads to development of steep NE–SW trending mostly
migmatitic fabrics along the traverse. The abrupt
transition in seismic fabric may also mark a rheological
transition between the Variscan upper and middle to
lower crust, with the age of the LC reflections
remaining unknown.
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The lower crustal reflections Z1–Z4, which are
concentrated in a triangular region in the NW part of
the Moldanubian domain, dip moderately to the SE

and their lower tips appear to cut through the Moho
into the uppermost mantle. Such characteristics are
comparable with seismic images of subduction sutures,

(a)

(b)

(d)

(c)

Fig. 11. (a, b) Three-dimensional gravity model of the Prachatice granulite massif, comparison of measured with modelled gravity
field. (c) Two most significant model sections through the granulite massif. Curves above depict the values of the measured Bouguer
anomalies (thick dashed) and those modelled in three-dimensional (solid). The thin dashed line shows the two-dimensional gravity
effect of the individual sections. Only 20 km of the horizontal extent of each section relevant to the Prachatice granulite massif are
shown. Section 3, which coincides with the reflection seismic profile, contains line drawing of corresponding reflections. White values in
section 4 refer to final densities used in the gravimetric model. (d) Map of Bouguer gravity anomalies (modified after J. Švancara,
unpublished data) with outlines of geological units, location of gravity model profiles and the 9HR seismic line.
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but the speculation that the observed seismic structure
may represent the remnant of a suture zone between
an unknown plate and the overlying Moldanubian
domain is very poorly constrained. The discontinuous
and weakly defined Moho reflections (M1–M4) below
the Moldanubian crust document systematic deepen-
ing of the Moho from �35 km in the NW to �42 km
in the SE. This deepening is in agreement with the
Moho geometry defined by the refraction study of
Hrubcová et al. (2005) and by the passive seismology
experiments of Plomerová et al. (2005).

GRAVITY MODELLING AND VERTICAL EXTENT
OF THE FELSIC GRANULITES

To decipher the vertical extent of the granulite massifs,
an interpolated grid of Bouguer anomalies covering
most of the traverse (provided by J. Švancara,
unpublished data; Fig. 11d) has been examined. The
area is dominated by large gravity lows related to
granitoids of the Moldanubian Pluton in the SE or to

unknown sources in the centre and NW parts. Positive
anomalies are all smaller scale and appear in the
southern part of the area.
Forward gravity modelling in three-dimensions has

been undertaken using the IGMAS software (Schmidt
& Götze, 1999), where geological bodies are repre-
sented by polyhedrons triangulated between manually
drawn sections. The only suitable body for such an
approach is the Prachatice granulite massif, the surface
extent of which correlates with a pronounced circular
negative anomaly. Its lithological homogeneity and the
smoothness of the gravity anomaly suggest that no
significantly denser bodies (e.g. ultrabasites) are
involved in this massif. The Křišťanov granulite massif
induces only a weak negative anomaly possibly
affected by neighbouring intrusion of denser K–Mg
syenites. The Blanský les granulite massif partially
correlates with a positive anomaly, despite the density
of the felsic granulites being lower than the sur-
rounding metasedimentary rocks (Appendix S2),
probably as a result of abundance of ultrabasic bodies

Fig. 12. Interpretative geochronological sketch of Variscan evolution in the Bohemian Massif, as it is related to the traverse.
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and underlying dense Varied Group rocks. The
anomalies involved in our gravity model have small
areal extent and exhibit high gradients at their edges,
implying that all of them are caused by upper-crustal
heterogeneities. Removal of regional long-wavelength
gravity components caused by deeper heterogeneities is
then unnecessary and the original values of the
Bouguer anomalies have been used in the modelling
that follows. For the same reason, the model concerns
only upper-crustal bodies down to 10 km depth.

The geometry of the Prachatice granulite massif has
been approximated in six vertical sections 40 km long
and 10 km deep, trending NW–SE parallel to the
seismic reflection line 9HR (Fig. 11a–c). Unlike the
two-dimensional gravity model of Vrána & Šrámek
(1999), the three-dimensional approach was chosen
because the relationship of this granulite massif with its
surroundings suggests a complex non-cylindrical
geometry of structures on the scale of our model and a
circular shape of the anomaly also means that a two-
dimensional approach is unsuitable. The model is
constrained by the surface extent of the geological
units, structural data extrapolated to 1–2 km depth
and the reflection seismic line that cross-cuts the
Prachatice granulite massif and the centre of the neg-
ative anomaly. The database of rock densities
(Appendix S2) from Hanák et al. (unpublished data),
Chlupáčová et al. (unpublished data) and Bližkovský
et al. (unpublished data) provided starting guesses,
which were carefully adjusted when the constraints
discussed earlier in the article restricted changes of
geometry for the modelled bodies. This is a common
technique because rock densities vary in space, e.g. the
Varied Group in surface section exhibits significant
lithological change on a kilometre scale. The model was
designed to be as simple as possible to avoid ambiguous
solutions, but its simplicity naturally causes divergence
of the modelled gravity values from the measured val-
ues at the model edges. In our model, the Prachatice
granulite massif reaches a maximum depth of 5.7 km,
having a thick lensoidal shape. It cannot extend below
the strong reflection package, because such a package
of reflectors could not be expected in a lithologically
homogenous granulite massif. It also cannot form a
thinner lens, because then an unreasonably low density
for the felsic granulite would be needed to produce the
measured gravity low. A spectacular detail is the cusp
of high-density Varied Group rocks introduced into the
granulite massif from below in the hinge region of the
large fold (e.g. at 15 km in section 3 in Fig. 11c).
Inferring this structure is the only reasonable way to
produce the observed cranked gravity curves. It is
probably structurally analogous to a cusp at the SW
edge of the Blanský les granulite massif, where a sheet
of amphibolites with ultrabasites penetrates deeply in-
side the granulite massif along the large fold axial
plane. Our results differ from the two-dimensional
gravity model of the Prachatice granulite massif pub-
lished by Vrána & Šrámek (1999) who expected a

rectangular rather than lensoidal shape of the massif,
reaching to 9 km depth. The discrepancy is caused
partially by the different rock densities used and
partially by the two-dimensional approach. It is argued
that our model approximates better the reality as a
result of calculation in three-dimensions as well
as using better structural constraints from the near-
surface geology.

DISCUSSION – KINEMATIC AND MECHANICAL
SIGNIFICANCE OF THE DEFORMATION FABRICS

Tectonic significance of granulite facies fabrics

The granulite facies S1–S2 foliations represent a
unique example of lower crustal fabrics in respect of
the whole Bohemian Massif. The decompressional P–T
path indicates that the S2 fabric originated during
exhumation. The highly discordant relationship
between the S2 granulite facies fabric and the S3
amphibolite facies foliation is the most important
structural observation from the South Bohemian
granulites (Franěk et al., 2006). The HP granulites
record the early deformation, which are not recorded
in rocks of either the middle- or the upper-crustal
units. Therefore, there is a possibility that the granulite
facies D2 mylonitization is older and occurred in a
crustal unit that was geographically remote compared
to the Lower Carboniferous D3–D4 history recorded
in lower-, middle- and upper-crustal units (Fig. 12).

Horizontal shortening and development of the regional
vertical fabric

The distribution of the steep S3 foliation in the
granulite massifs shows important variations, which
can be interpreted as a result of large-scale folding of
granulite massifs with steep N–S axial planes (Fra-
něk et al., 2006). The granulite bodies were more
competent than the surrounding metasedimentary
rocks due to cooling after exhumation at later stages
of D3, which enabled fold amplification. The differ-
ence between the asymmetrically folded granulite S3
fabrics and the straight NE–SW S3 fabric homoge-
neously developed in middle-crustal host rocks indi-
cates a non-coaxial dextral shear operating during
D3 in both the middle- and lower crustal units. The
steep attitude of N–S axial planes rules out the
possibility that the S3 folding proceeded during the
development of the flat S4 foliation. The axial planes
lie close to the plane of maximum flattening of the
instantaneous D3 strain ellipsoid, while the general
NE–SW trend of the S3 fabric reflects the finite
strain orientation.
When the Z-shaped Blanský les, the symmetrical

Křišťanov and the V-shaped Prachatice granulite
massifs are unfolded to yield originally NE–SW strik-
ing sheets, then the S3 generally dips to the west in the
Blanský les, subvertically in the Křišťanov and to the

7 0 J . F R A N Ě K E T A L .
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east in the Prachatice granulite massif. Such spatial
variations in dip may be interpreted to reflect a
�20 km wide positive subvertical fan-like structure
striking NE–SW (Figs 13 & 14d). The distribution of
serpentinite stripes inside the Blanský les granulite
massif accompanied sometimes by Varied Group
metasedimentary rocks was interpreted by Franěk
et al. (2006) as a result of isoclinal folding of a gran-
ulite sheet and the host rocks accompanied by imbri-
cation during early D3. This observation indicates
overall isoclinal folding of lower- and mid-crustal units
that dismembered a coherent mass of exhuming gran-
ulite into several massifs.

The original NE–SW trending positive fan-like
structure along the boundary between the Varied and
Monotonous Groups can be interpreted as the core of
crustal-scale vertical extrusion of orogenic lower crust
over medium-grade rocks to the NW and SE (Figs 13
& 14). The fan-like geometry may result either from
development of a ductile positive flower structure
during extrusion or due to subsequent flattening and
ductile thinning, that is responsible for the following
D4 subhorizontal flow.

The D3 vertical fabric in the Moldanubian domain is
geometrically and kinematically consistent with the
fabrics that are developed in the arc-related Central

(a) (b)

(c) (d)

Fig. 14. Geotectonic model of granulite lower crustal exhumation with subsequent stacking and subhorizontal mid-crustal flow
depicted along a two-dimensional NW–SE lithospheric-scale profile. (a) Hypothetical formation of granulites, which are suggested to
have formed during SE-directed subduction leading to intermixing of distinct crustal levels, probably of Late Devonian age (based on
numerical models of, e.g. Gerya & Stockhert, 2006). (b) Early Carboniferous subduction stage with intensive arc magmatism and
shortening in the arc and back-arc domain. (c) Prolonged shortening leads to extrusion of the lower crustal rocks from below the arc
region, while the fore-arc block slides to the NW from the amplifying extrusion. (d) Detail of the (c) stage focused on the traverse
studied for this paper. Abbreviations used: UC, upper crust (above root); MC, middle crust; LC, lower crust; CC, continental crust
(Armorica); EC, eclogitized crust (Armorica); UM, upper mantle; Ast, asthenosphere; PG, Prachatice granulite massif; BLG, Blanský
les granulite massif.
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Bohemian Plutonic Complex as well as in the adjacent
supracrustal Teplá-Barrandian domain. The steep
NE–SW trending fabrics preserved in slates and vol-
canic rocks of the Neoproterozoic unit as well as in
syntectonic calc-alkaline (354–346 Ma) intrusions are
consistent with dextral transpression and coeval with
syntectonic contact metamorphism at 349–341 Ma
(Scheuvens & Zulauf, 2000; Žák et al., 2005a,b). The
spatial distribution of fabrics and metamorphic rocks
documenting D3 deformation reflects a significant
exhumation event of HP rocks up to �0.7 GPa. Dee-
per parts of the subvertical granulite fan-like structure
are expressed in the seismic section as a low reflectivity
region below the granulite massifs, which indicates the
probable existence of steep extrusion-related S3 fabrics
down to the Moho and marks the exhumation path of
the granulite-dominated belt. Thus, the present crustal
structure preserves the geometry of the subvertical
extrusion channel related to the flow of HP rocks from
the base of the crust. The existence of other granulite
bodies deeper in this channel is indirectly supported
by gravity modelling suggesting a significant thickness
for individual granulite bodies (Fig. 11c). In conclu-
sion, the D3 deformation reflects mechanical coupling
among the upper, middle and lower levels of the
orogenic crust approximately at 354–342 Ma.

Mid-crustal horizontal flow and crustal-scale detachment

The good correlation of the S4 fabric with the sub-
surface seismic reflections, especially in the NW part of
the traverse (Fig. 10a), implies that S4 extends at least
to 10 km depth. The surface fabric trajectories com-
bined with the anastomosing pattern of seismic
reflectors indicate that the large-scale geometry can be
interpreted as a set of 10–20 km wide pinch and swell
structures with subhorizontal NE–SW axes and shal-
lowly NW-dipping median planes. A characteristic
feature is the systematic decrease of D4 intensity from
the northwest to the southeast so that the central parts
of the granulite massifs are unaffected by this defor-
mation event, which is in accord with very limited
flattening of the Prachatice granulite massif inferred
from the gravity modelling. This tectonometamorphic
pattern can be interpreted as a result of a large-scale
detachment zone weakened by partial melting, along
which the supra-crustal Teplá-Barrandian Unit slid
down to the W–NW. Scheuvens & Zulauf (2000) and
Dörr & Zulauf (2008) suggested that sliding along the
Central Bohemian Shear Zone, supported by limited
diapiric ascent of migmatites, occurred at c. 340 Ma
under dextral transtension. We suggest that a notable
amount of vertical movement was achieved along S4
planes in the Moldanubian migmatites, based on the
extreme intensity of the S4 development and correla-
tion with the results of Žák et al. (2005a). The vertical
differential motion at the Moldanubian–Teplá-Bar-
randian boundary is estimated to �10–15 km, based
on data of Scheuvens & Zulauf (2000). The flat

geometry indicates also a component of lateral ductile
transport, which is consistent with numerical models of
late evolution in the core of hot orogens (e.g. Beau-
mont et al., 2006; Jamieson et al., 2007), but difficult
to quantify in the Moldanubian case.
D4 fabric maps (Figs 5c,d & 8) show that rheologi-

cally weaker host gneisses exhibit a structural pattern
consistent with viscous flow around granulite bodies,
which behaved as rigid ellipsoidal objects (e.g. in the
central part of the Prachatice granulite massif, the S4
exhibits a flat attitude interpreted as the apical part of
an ellipsoidal crustal-scale granulite boudin). At the
margins of this massif, the steeper and in the east also
synformal S4 fabrics represent �2 km wide neck zones.
The Varied and Monotonous Group rocks surround-
ing the granulites are devoid of (U)HP relicts. Thus,
the HP granulite boudins do not represent relicts of an
originally coherent HP metamorphic unit where the
Varied and Monotonous Group rocks would be com-
pletely retrogressed, unlike other orogenic root systems
(e.g. Engvik & Andersen, 2000). In conclusion, the S4
fabric corresponds to zone of coaxial vertical short-
ening, with the exception of a narrow highly non-
coaxial zone at the Moldanubian–Central Bohemian
Plutonic Complex boundary in the NW. Here, the D4
deformation is partially responsible for decoupling
of the Neoproterozoic upper-crustal lid from the
Moldanubian middle crust. Such deformation parti-
tioning is of common occurrence across large-scale
normal shear zones related to exhumation (e.g. Law
et al., 1994; Little et al., 1994). The subhorizontal flow
is responsible for vertical exhumation from 0.7–0.8
GPa to 0.3–0.4 GPa at 342–337 Ma.

TECTONIC MODEL

Devonian subduction of continental crust

In addition to the Carboniferous events, the following
evidence supports an earlier independent Variscan
tectonic regime throughout the N–NW Bohemian
Massif in the Devonian. Relicts of a mid-Devonian
oceanic subduction zone, e.g. the Münchberg Massif,
occur in the hangingwall of the main continental
Saxothuringian subduction zone (e.g. O�Brien, 1997;
Konopásek & Schulmann, 2005). Also, there are felsic
granulites of Devonian age with a granulite facies
layering reported from several places in the Bohemian
Massif (e.g. Sowie Góry Mountains, O�Brien et al.,
1997). Finally, there is a range of Devonian zircon
U–Pb and Pb–Pb ages from granulites (Wendt et al.,
1994; Schulmann et al., 2005).
Based on this evidence, it is suggested that the

granulite facies rocks in the Moldanubian domain
originated during a subduction event prior to the
Saxothuringian continental subduction, which culmi-
nated in the Carboniferous collisional event at c.
340 Ma. The S1–S2 fabrics, which are discordant to
the overall NE–SW Moldanubian trend, could have
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developed during such an older episode, possibly in
relation to the early arc history. This model is strongly
supported by the numerical simulations of Gerya &
Stockhert (2006), who proposed an origin for HP
granulites in a lithosphere-scale subduction wedge. In
this model, the rocks of the footwall plate are dragged
to depths corresponding to 2.0–2.5 GPa, exhumed
backwards by a return flow and accreted to the base of
the hangingwall crust (Fig. 14a). Other possible mod-
els include those of Gerya et al. (2008), Warren et al.
(2008) and Beaumont et al. (2009) for buoyancy-driven
exhumation of weakened continental rocks in a sub-
duction channel during the early stages of continental
collision. Janoušek & Holub (2007) suggested a similar
early evolution and pointed out the geochemical
affinity of the felsic granulites with numerous pre-
Variscan granitoids of the Saxothuringian domain, i.e.
in the footwall of the Saxothuringian subduction. We
infer that during the D2 deformation the granulites
were partially exhumed in such a tectonic setting from
the peak pressure of 1.8–2.0 GPa and accreted to the
base of the hangingwall lower crust (tentatively
depicted in Fig. 14a), because the following D3 defor-
mation commenced at lower granulite facies conditions
(Fig. 3). Buoyancy of the weak felsic granulites pre-
sumably played an important role during their trans-
port and exhumation. Alternatively, the low viscosity
and low density of the granulites could have allowed
their rise vertically, through the mantle wedge above the
subduction zone, as suggested for example by Oncken
(1998) for the Saxonian granulites. During the ascent,
the granulites would also trap the characteristic bodies
of garnet and spinel peridotites. The very limited record
of the early S1 and S2 fabrics precludes distinction
between exhumation along the suture zone or this
second case, as well as a more precise description of the
early granulite transport path.

Carboniferous extrusion of granulites and collapse of
crustal lid

The parallelism of the S3 and S4 strike with the two
main sutures in the Bohemian Massif – the Saxothu-
ringian subduction zone in the NW and the Moldan-
ubian–Brunia boundary in the SE (Fig. 1b), indicates
that at least one of these collisional zones generated
horizontal shortening inducing the D3 and D4 events.
Both of them could have acted as a stiff indentor
underthrusting below the already juxtaposed Teplá-
Barrandian and Moldanubian domains. Geochro-
nological arguments (e.g. Schmädicke et al., 1995)
indicate activity of the Saxothuringian subduction and
subsequent collision between 385 and 335 Ma (Figs 2
& 12; e.g. Konopásek & Schulmann, 2005), a time
range involving the radiometric ages of Moldanubian
deformation. The easterly Brunia margin documents
prolonged underthrusting from 330 to 310 Ma (e.g.
Hartley & Otava, 2001), too young to cause the
Moldanubian shortening.

The spatial abundance of S3 steep fabrics (Fig. 5)
and their vertical extent (Fig. 10b) suggest homoge-
neous development of the steep foliation throughout
the arc (the Central Bohemian Plutonic Complex) and
back-arc domains (Moldanubian domain in the sense
of Schulmann et al., 2005, 2009) in a NW–SE dextral
transpressional regime. In the Teplá-Barrandian Unit,
S3 is developed only at the eastern edge (e.g. Žák et al.,
2005a) suggesting that the remote part of western fore-
arc upper crust behaved as a stiff block during the D3.
Strain localization below the magmatic arc was
responsible for the unusually massive amplification of
F3 folds in the lower crust that resulted in localized
exhumation of the deep-seated granulites to mid-
crustal levels in the form of a �20 km wide ductile
isoclinally folded subvertical fan-like structure (Figs 13
& 14b–d). The adjacent mid-crustal units in this case
would be forced to develop marginal synclines around
the dome, to balance the voluminous vertical mass
transfer through the ductile crust (Fig. 14c,d), drag-
ging the upper-crustal Palaeozoic Varied sequences to
mid-crustal depths. This model for exhumation of the
granulites in many aspects is similar to that proposed
by Behr (1978), Weber (1984) or Franke & Stein (2000)
for exhumation of the Saxonian granulites, but it dif-
fers from the wide range of numerical models focused
on exhumation in collisional domains (e.g. Burg &
Podladchikov, 1999; Gerya & Stockhert, 2006; Jamie-
son et al., 2007).

The specific tectonic history during exhumation of
granulites in the Moldanubian domain results from a
combination of buoyancy and the felsic composition,
which together are responsible for their distinct and
transient mechanical behaviour (Franěk et al., 2011;
Lexa et al., 2011). The abundance of felsic granulites
among Variscan lower crustal rocks suggests that
their presence at the base of continental crust is
responsible for the unique tectonic style presented in
this work. The D4 vertical shortening followed
immediately after the D3 granulite ascent, being most
pronounced near the margin of the upper-crustal
Teplá-Barrandian block (Figs 13 & 14c,d). Here, the
S4 was lubricated by late arc-related magmas and
syenite magma and attained characteristics of a nor-
mal shear zone with a dip-slip lineation (Žák et al.,
2005a). This intensive vertical shortening in the
central parts of the orogenic root can be explained by
a ductile thinning mechanism in which the Teplá-
Barrandian suprastructure slid along the normal
shear zone to the NW from the mid- and lower
crustal D3 dome described above.

The D4 sliding was a mid-crustal expression of
gravitational spreading of the roof (suprastructure) of
the crustal-scale dome cored by the granulites (infra-
structure). The sliding was localized mainly at the
thermally weakened volcanic arc, being driven by the
final D3 dome amplification (Fig. 14c,d). Indeed,
recent work by Gerya et al. (2008) and Beaumont
et al. (2009) shows that rapidly exhumed, buoyant,

E X TR U S I O N O F L O W E R C R U S T I N VA R I S CA N O R O G E N 7 3

� 2010 Blackwell Publishing Ltd

225



weak lower and ⁄ or subducted HP crust is mechani-
cally decoupled from middle-crustal units until the
later stages of its ascent. This is potentially indicated
by the discordance of early structures in the granulites
with respect to the Monotonous and Varied Group
rocks. In these numerical models, rapid emplacement
of these weak, hot rocks as structural domes in the
middle crust drives lateral flow, leading to extension
and ductile thinning above and adjacent to the dome.
With these calculations in mind, the fan-like geometry
of the S3 fabrics could have been due to the ductile
thinning. Exhumation of the Moldanubian rocks
from below the Teplá-Barrandian Unit was suggested
by earlier authors (e.g. Scheuvens & Zulauf, 2000;
Dörr & Zulauf, 2008), but without the support of
structural or seismic data covering the broader
Moldanubian domain.

CONCLUSIONS

The structural evolution of the South Bohemian
granulites reveals a complexity not seen in the east-
ern part of the Moldanubian domain. The South
Bohemian granulites were exhumed along two distinct
fabrics, the S2 and S3, instead of in a single vertical
channel known from the eastern Moldanubian
(Schulmann et al., 2005, 2008). The S2 indicates a
distinct older tectonic episode possibly related to an
early subduction period and emplacement of orogenic
lower crust at the bottom of the orogenic root (Franěk
et al., 2011). The gravimetry and structural geology
indicate that the individual South Bohemian granulite
massifs reach several kilometres depth. A reflection
seismic profile additionally depicts a region of proba-
ble steep fabrics through the crust below granulites.
This vertical region of low reflectivity represents the
trace of the deformed granulite D3 crustal-scale ascent
channel that probably consists of additional deeper
granulite bodies.

Partially molten lower crust dominated by felsic
granulites was incorporated into middle crustal levels
in the form of a D3 syn-compressional crustal-scale
dome at 342–337 Ma. After emplacement, the dome
of felsic granulite deformed together with the sur-
rounding middle crust. The subhorizontal S4 fabric
immediately reworked the S3 during the interval
342–337 Ma, being induced by gravitational spreading
of the growing dome. During D4, the Teplá-Barran-
dian upper crust slid to the NW away from the dome
region and allowed ductile thinning of the mid-crustal
level in the Moldanubian domain.

This two-stage exhumation mechanism from HP
conditions through the orogenic crust for felsic gran-
ulites may be applicable to exhumation of other HP
felsic rocks. The initial low viscosity probably enabled
the buoyancy-driven rise, while cooling and continued
shearing resulted in development of a large-scale
mélange of granulite bodies dismembered within
mid-crustal rocks.

The presence of low-density felsic granulites at the
bottom of the crustal root is a key factor controlling
exhumation of the orogenic lower crust and the tec-
tonic style, both driven by buoyancy in addition to
tectonic far-field forces. The Bohemian Massif repre-
sents a field laboratory for many conceptual models to
explain the exhumation of orogenic lower crust in
general.
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Franěk, J., Schulmann, K., Lexa, O. et al., 2011. Origin of felsic
granulite microstructure by heterogeneous decomposition
of alkali feldspar and extreme weakening of orogenic lower
crust during the Variscan orogeny. Journal of Metamorphic
Geology, 29, 103–130.

Franke, W., 1993. The Saxonian granulites: a metamorphic core
complex? Geologische Rundschau, 82, 505–515.

Franke, W., 2000. The mid-European segment of the Variscides:
tectonostratigraphic units, terrane boundaries and plate tec-
tonic evolution. Geological Society Special Publication, 179,
35–56.

Franke, W. & Stein, E., 2000. Exhumation of high-grade rocks
in the Saxo-Thuringian Belt: geological constraints and geo-
dynamic concepts. Geological Society, London, Special Publi-
cations, 179, 337–354.

Friedl, G., von Quadt, A., Ochsner, A. & Finger, F., 1993.
Timing of the Variscan orogeny in the Southern Bohemian
Massif (NE Austria) deduced from new U-Pb zircon and
monazite dating, Terra Abstracts, 5, 235–236.

Friedl, G., Cooke, R., Finger, F., McNaughton, N.J. & Fletcher,
I., 2003. U-Pb shrimp dating and trace element investigations
on multiple zoned zircons from a South-
Bohemian granulite. Journal of the Czech Geological Society,
48, 51.

Friedl, G., Finger, F., Paquette, J.L., von Quadt, A.,
McNaughton, N.J. & Fletcher, I.R., 2004. Pre-Variscan geo-
logical events in the Austrian part of the Bohemian Massif
deduced from U-Pb zircon ages. International Journal of Earth
Sciences, 93, 802–823.

Fuchs, G., 1976. Zur Entwicklung der Böhmischen Masse.
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granulite massif (South Bohemia). Krystalinikum, 9, 91–105.
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sová, O., 2007. Inversion of travel times obtained during active
seismic refraction experiments CELEBRATION 2000, ALP
2002 and SUDETES 2003. Studia Geophysica et Geodaetica,
51, 141–164.

Scheuvens, D., 1999. Die tektonometamorphe und kinematische
Entwicklung im Westteil der Zentralbohmischen Scherzone
(Bohmische Masse): evidenz fur variscischen Kollaps. Frank-
furter Geowissenschaftliche Arbeiten, 18, 273.

Scheuvens, D., 2002. Metamorphism and microstructures along
a high-temperature metamorphic field gradient: the north-
eastern boundary of the Kralovsky hvozd unit (Bohemian
Massif, Czech Republic). Journal of Metamorphic Geology, 20,
413–428.

Scheuvens, D. & Zulauf, G., 2000. Exhumation, strain locali-
zation, and emplacement of granitoids along the western part
of the Central Bohemian shear zone (Bohemian Massif).
International Journal of Earth Sciences, 89, 617–630.
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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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Sláma, J.,Košler, J., Condon,D.J. et al., 2008. Plešovice zircon – a
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Vrána, S. & Bártek, J., 2005. Retrograde metamorphism in a
regional shear zone and related chemical changes: The Kaplice
Unit of muscovite-biotite gneisses in the Moldanubian Zone
of southern Bohemia, Czech Republic. Journal of the Czech
Geological Society, 50, 43–57.

Vrána, S. & Šrámek, J., 1999. Geological interpretation of
detailed gravity survey of the granulite complex in southern
Bohemia and its structure. Bulletine of Czech Geological
Survey, 74, 261–277.
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Žák, J., Schulmann, K. & Hrouda, F., 2005b. Multiple mag-
matic fabrics in the Sázava pluton (Bohemian Massif, Czech
Republic): a result of superposition of wrench-dominated
regional transpression on final emplacement. Journal of
Structural Geology, 27, 805–822.
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Contrasting textural record of two distinct metamorphic events of
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ABSTRACT A structural, metamorphic and geochronological study of the Staré Město belt implies the existence of
two distinct metamorphic events of similar peak P–T conditions (700–800 �C, 8–10 kbar) during the
Cambro-Ordovician and the Carboniferous tectonometamorphic events. The hypothesis of two distinct
periods of metamorphism was suggested on the basis of structural discordance between an undoubtedly
Carboniferous granodiorite sill intrusion and earlier Cambro-Ordovician fabrics of a banded
amphibolite complex. The analysis of crystal size distribution (CSD) shows high nucleation density
(N0) and low average growth rate (Gt) for Carboniferous mylonitic metagabbros and mylonitic
granodiorites. The parameter N0 decreases whereas the quantity Gt increases towards higher
temperatures progressively approaching the values obtained from the Cambro-Ordovician banded
amphibolite complex. The spatial distribution of amphibole and plagioclase shows intense mechanical
mixing for lower-temperature mylonitic metagabbros. In high-temperature mylonites a strong aggregate
distribution is developed. Cambro-Ordovician amphibolites unaffected by Carboniferous deformation
show a regular to anticlustered spatial distribution resulting from heterogeneous nucleation of individual
phases. This pattern, together with CSD, was subsequently modified by the grain growth and textural
equilibration controlled by diffusive mass transfer during Carboniferous metamorphism. The differences
between the observed textures of the amphibolites are interpreted to be a consequence of the different
durations of the Carboniferous and Cambro-Ordovician thermal events.

Key words: Cambro-Ordovician and Carboniferous metamorphism; quantitative textural analysis;
crystal size distributions; grain contact frequencies.

INTRODUCTION

Identifying distinct metamorphic episodes in domains
with a polymetamorphic history is possible providing
the P–T conditions of a younger metamorphic event
are markedly different from those of a preceding one.
The problem becomes more complex when the more
recent metamorphic event affects units which previ-
ously suffered a metamorphic event of a similar grade.
In this particular case it is only the geological context
and geochronological data that can indicate the exist-
ence of distinct tectonometamorphic episodes.

Polymetamorphic domains are commonly studied
using analysis of polyphase deformations and indi-
vidual tectonic events are attributed to distinct
deformational phases (Turner & Weiss, 1963). In
favourable situations tectonic regimes responsible for
the formation of two distinct deformational phases can
be distinguished. However, polyphase structures com-
monly result from the continuous activation of local
mechanical instabilities during a single deformation
event (Burg, 1999).

The tools of metamorphic petrology are able to
provide P–T estimates of peak metamorphic condi-

tions, and important fragments of P–T paths can be
reconstructed when thermodynamic modelling is
applied (Powell & Holland, 1988). However, meta-
morphic and phase petrology do not reveal infor-
mation about the duration of metamorphic events.
The time span between individual metamorphic-
deformation events and the duration of meta-
morphic reworking can be determined in principle by
geochronology.

When metamorphic rocks are reworked by a fol-
lowing tectonometamorphic event after a significant
period of time but under similar P–T conditions, it is
unlikely that the duration of events, strain rates and
kinematics of deformation are also the same. However,
the texture of metamorphic tectonites results from
nucleation, grain growth and various recrystallization
mechanisms that are strongly controlled by tempera-
ture, time and strain rate/stress ratio (Hickey & Bell,
1996). Therefore, the analysis of metamorphic textures
is a method that is capable of distinguishing between
two metamorphic events under similar P–T conditions
of different durations.

Here, we consider an example of Cambro-Ordovi-
cian metamorphism associated with crustal thinning
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followed by moderate crustal thickening and magma
underplating during the Carboniferous (Variscan)
orogeny (Štı́pská et al., 2001). The results of a struc-
tural, petrological and geochronological study allow a
preliminary distinction of two metamorphic events,
which exhibit similar P–T conditions. The structural
and geochronological arguments presented here are
not sufficiently unambiguous to distinguish between
metamorphic fabrics developed during the Cambro-
Ordovician thinning and the Carboniferous moderate
thickening. Therefore, quantitative textural analysis of
pairs of rock samples with similar mineralogical com-
positions has been used to show the influence of the
Cambro-Ordovician and Carboniferous events on final
textures.

GEOLOGICAL SETTING

The Staré Město belt was a Cambro-Ordovician rift,
separating high-grade gneisses of a thickened contin-
ental crust (Orlica-Snieznik dome) in the west from the
Neo-Proterozoic continental margin (Silesian domain)
in the east (Fig. 1), at the eastern margin of the
Bohemian Massif (Kröner et al., 2000a,b). The Staré
Město belt consists of a lower crustal complex which

was later affected by the Variscan collisional tectonics
(Kröner et al., 2000a,b; Štı́pská et al., 2001). The
overall structure of this unit is marked by NE–SW
trending lithologies generally dipping to the west
(Figs 2 & 3). The top of the tectonic sequence and the
boundary with the rocks of the Orlica-Snieznik dome is
represented by a layer of strongly sheared metagabbro
(504.9 ± 1.0 Ma; Kröner et al., 2000a,b). This
boundary represents a ductile shear zone along which a
Variscan granodiorite sill was emplaced (Parry et al.,
1997). Zircon from the northern and southern parts of
the granodiorite sill were dated at 339.4 ± 1.1 and
344.5 ± 0.4 Ma, respectively, reflecting the time of
magma crystallization. The banded amphibolite com-
plex located structurally below comprises a layered
sequence of alternating banded amphibolites and fine-
grained quartzofeldspathic rocks (503 ± 2 and
502.1 ± 1.7 Ma; Kröner et al., 2000a,b), subordinate
tonalitic gneisses (503.3 ± 0.8 and 501.9 ± 0.6 Ma;
Kröner et al., 2000a,b) and high-grade metasediments
showing evidence of anatexis (age of metamorphism –
c. 504 Ma; Kröner et al., 2000a,b). In the northern
part of the Staré Město belt the mylonitic metagabbros
are tectonically repeated underneath the banded
amphibolite complex (Fig. 1).

(a) (b)

Fig. 1. (a) The schematic outlines of the major units of the Bohemian Massif. The location of the studied area is indicated. Upper left
inset shows the position of the studied area in the frame of European Variscides. (b) Geological map of the Staré Město belt based on
geological maps 1:25 000 provided by courtesy of the Czech Geological Survey. Important thrust faults and normal faults are
indicated. Frames mark location of maps shown in Fig. 2.
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STRUCTURAL CHARACTERIZATION OF
VARISCAN AND CAMBRO-ORDOVICIAN
FABRICS

Structural relationships between the granodiorite sill,
mylonitic metagabbros and banded amphibolite
complex combined with geochronological data by
Kröner et al. (2000a,b) allowed Štı́pská et al. (2001)
to distinguish Cambro-Ordovician and Variscan

tectonometamorphic events in the study area. This
hypothesis was based on structural relationships
between the banded amphibolite complex and the
superposed granodiorite intrusion in the northern
part of the Staré Město belt (Štı́pská et al., 2001). In
the south, however, the presumed Variscan and
Cambro-Ordovician fabrics are concordant, and are
almost indistinguishable from each other in the field
(Fig. 3b).

(a) (b)

Fig. 2. Geological and structural maps of the Staré Město belt. Foliations, mineral lineations and major thrust and normal faults are
indicated. (a) Northern area, see Fig. 1 for location. A–A¢ is the cross-section shown in Fig. 4. (b) Southern area, see Fig. 1 for
location. B–B¢ is the cross-section shown in Fig. 3.
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Structures in Variscan granodiorite

The Variscan granodiorite sill is syntectonically
emplaced between the mylonitic metagabbro to the
west, and the banded amphibolite complex to the east
(Parry et al., 1997). The structural pattern of the
granodiorite sill varies from SW to NE along the
length of the intrusion (Figs 2 & 3). The magmatic to
subsolidus foliation (S2) dips to the NW and bears an
intense subhorizontal mineral lineation (L2) defined by
an alignment of amphibole (Fig. 3a,b). Rare lock-up
shear-bands filled with residual melt indicate a dextral
sense of shear. In the south, the granodiorite does not
form a continuous body but occurs as numerous sills in
surrounding amphibolites and anatectic metasediments
(Fig. 3b). The granodiorite locally forms dykes
emplaced along conjugate steep brittle–ductile NW–SE
or NE–SW trending shear zones at high angle to the
initially flat-lying S1 foliation (Fig. 3a,b).

Structures of mylonitic metagabbros

Although the western metagabbro belt was strongly
reworked during the Variscan orogeny, magmatic

structures are preserved in the low-strain domains
(Fig. 4c). Here, the metagabbro exhibits either a
medium-grained isotropic texture and homogeneous
composition, or layering marked by alternating layers
of variable grain size ranging from a few mm up to 2 cm
(Fig. 4c). The mylonitic metagabbros exhibit the
development of S2 mylonitic foliation, defined by
alternating monomineralic ribbons of recrystallized
plagioclase and amphibole (Figs 4c & 5c). This folia-
tion dips at medium to high angles to the WNW.
Towards the south, the foliation tends to become
subvertical (Fig. 2b). A strong mineral L2 lineation is
defined by recrystallized aggregates of amphibole and is
associated with numerous kinematic indicators sug-
gesting dextral shearing. The S2 foliation is locally
affected by late F3 folds with hinges sub-parallel to L2

lineation or by development of S3 crenulation cleavage.
The complete structural and kinematic coherency be-
tween the metagabbros and underlying granodiorite sill
suggests their common Variscan deformation history.

The eastern metagabbro was affected by heterogene-
ous shear zones (Fig. 4d) during the Variscan defor-
mation. The metagabbros are strongly mylonitized at
the upper and lower contacts with the hangingwall and

Fig. 4. Field photographs showing main structural features of important lithologies of the Staré Město belt. (a) Metamorphic layering
M1 of banded amphibolite complex. (b) Extensional melt-filled shear-bands D1 in tonalitic migmatitic gneiss of the banded amphibolite
complex. (c) Coarse-grained C-O metagabbro (left photograph) mylonitized during D2 (right photograph) from western belt. (d)
Coarse-grained C-O metagabbro mylonitized by localized shear zones during D2 from eastern belt.
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footwall metapelites, respectively, while magmatic
structures are preserved in the inner part. The geometry
of S2 fabric and kinematics of deformation are identical
with those of the western metagabbro sheet (Fig. 3).

Structures of the banded amphibolite complex

The banded amphibolite complex is affected by a high-
temperature metamorphic event characterized by a
range of melt-collecting structures. The S1 foliation is
marked by a metamorphic compositional layering best
seen in the banded amphibolites and in the tonalitic
migmatites (Figs 3a & 4a). In the northern part of the
study area, S1 dips to the NNE at shallow angles
(Figs 2a & 3a). To the south, the S1 moderately dips to
the west in the migmatitic metasediments and is gen-
erally flat-lying in the banded amphibolites (Figs 2b &
3b). The S1 compositional and metamorphic layering is
locally folded into rootless isoclinal F1 folds or is
affected by asymmetrical pinch and swell boudinage
with melt collecting in some neck-zones. In the tona-

litic gneisses and more rarely in the layered amphibo-
lites the planar fabric is affected by extensional shear
zones filled with an amphibole-bearing tonalitic melt,
or the planar fabric dissipates in coarse-grained melt
patches (Fig. 4b).
The Variscan D2 deformation in the banded

amphibolite complex is marked by folding of the
originally flat-lying Cambro-Ordovician S1 foliation.
These open to close F2 folds strike NE–SW with sub-
horizontal hinges and wavelengths ranging from a few
metres to several tens of metres (Fig. 3). Fold hinges
are locally cut by subvertical, NE–SW or NW–SE
trending, conjugated shear and fracture zones filled
with granitic melts. The internal foliation within these
shear zones bears a NE–SW trending stretching L2

lineation (Fig. 3). Similar to mylonitic metagabbros,
older foliations are locally affected by late F3 folds
with hinges sub-parallel to the L2 lineation or by
development of a late S3 crenulation cleavage sub-
parallel to the S2 foliation, indicating deformation
continuity towards lower metamorphic conditions.

(a)

(c) (d)

(b)

Fig. 5. Photomicrographs of characteristic mineral assemblages and textures from the Staré Město belt: (a) M1 assemblage Cpx–Amp–
Pl–Qtz of layered amphibolite showing equilibrated annealed texture. (b) M1 assemblage Grt–Bt–Sil in anatectic paragneiss. (c)
Variscan dynamic M2 recrystallization of C-O metagabbro from the western belt leading to strong mineral banding of amphibole and
plagioclase. (d) Variscan dynamic M2 recrystallization of amphibole and plagioclase in C-O metagabbro from the eastern belt marked
by strong cataclastic grain-size reduction.

654 O. LEXA ET AL .

� 2005 Blackwell Publishing Ltd

236



PETROLOGY, METAMORPHIC TEXTURES AND
P–T ESTIMATES

Sample selection for petrological study and analytical
procedures

The study samples were selected according to their
structural position with respect to assumed Cambro-
Ordovician and Variscan fabrics. Mineral analyses
were carried out on a CAMECA SX 50 at ETH Zürich
and a JEOL microprobe at the University of Mainz.
Operating conditions were 15 kV acceleration voltage
and beam current of 20 nA. Representative samples
with mineral assemblages are given in Table 1 and
corresponding mineral compositions are summarized
in Table 2. Mineral abbreviations used in text and
tables follow Kretz (1983). Representative mineral
analyses are listed in Tables 3–6. Amphibole formulae
were calculated after Holland & Blundy (1994) and
classified according to Leake et al. (1997). The geo-
thermometers and geobarometers used for calculations
are given in Table 7. For each sample, five to 10 sets of
analyses were used for P–T calculations and the results
are shown in Table 7 and Fig. 6.

Metamorphic textures and mineral compositions of the
granodiorite sill and mylonitic metagabbros

The granodiorite sill is composed of Pl + Qtz +
Amp + Bt + Kfs + Ttn + Mag + Ilm + Ap. It
shows magmatic, sub-magmatic and solid-state
microstructures marked by dynamic recrystallization
of plagioclase, amphibole and quartz (Parry et al.,
1997). Amphibole correspond to magnesiohornblende
and tschermakite (i.e. Si p.f.u. ¼ 6.3–6.7, XMg ¼ 0.54–
0.64) and plagioclase is An34)37 andesine.

The proportions of plagioclase and amphibole in the
western mylonitic metagabbro vary significantly and
the rock locally consists of up to 90% plagioclase or
90% amphibole. Minor clinopyroxene occurs in the
core of large amphibole. Titanite is an abundant
accessory mineral. Non-recrystallized amphibole is
interpreted as magmatic in origin and the composition
corresponds to a magnesiohornblende (i.e. Si p.f.u. ¼
7.00–7.25, XMg ¼ 0.84–0.89). The magmatic plagio-
clase is a An55)62 labradorite.

The mineral assemblage of highly reworked meta-
gabbro with banded mylonitic structure (Figs 4c & 5c)
includes Pl + Amp ± Cum ± Cpx ± Opx ± Grt ±
Ttn ± Rt ± Ilm. A granulite facies mineral assem-
blage, comprising saphirine and corundum, is
re-equilibrated during subsequent amphibolite facies
reworking (Baratoux et al., 2005). Both amphibole and
plagioclase show strong compositional variations
between those of old magmatic and metamorphic
grains (Table 1). Rare garnet-bearing amphibolite
developed through the deformation and metamor-
phism of a tonalitic migmatitic gneiss associated
with metagabbro in the lower part of the gabbroic
sheet. It exhibits mineral assemblage Hbl ±
Cum ± Grt + Pl + Qtz ± Mag ± Ilm (Table 1)
which allows the pressure during the Variscan meta-
morphism to be estimated.

Recrystallized plagioclase exhibits an increase in the
anorthite content from the core towards the rim in
the metagabbro (An37 fi 60) and garnet-amphibolite
(An15 fi 27). Recrystallized amphibole in the metagab-
bro corresponds to tschermakite, and tschermakite or
ferrotschermakite in the garnet-amphibolite. Garnet
shows an increase in almandine, grossular, pyrope and
XMg (Fig. 7d), accompanied by depletion of spessar-

Table 1. Mineral assemblages and textures of samples used for thermobarometry.

Sample Unit Locality Rock type Texture Grt Pl Hbl Cum Cpx Qtz Bt Kfs Sil Rt Ilm Ttn Mag Opx

Samples associated with D1 Cambro-Ordovician structure

LAC4a LAC 66 g Grt-amphibolite Preferred shape orientation,

annealed

· · · – – · – – – – · – · –

LAC4b LAC S149e Cpx-amphibolite Weak shape preferred orientation,

annealed

– · · – · · – – – – · – · –

LAC4c LAC S149f Melt patches within

amphibolite

Random orientation – · · – – · – – – – – – – –

TG1a LAC S24-1b Tonalitic migmatite Weak shape preferred orientation,

annealed

· · · – – · · – – – – – – –

TG1b LAC S24-5a Tonalitic migmatite Weak shape preferred orientation,

annealed

· · · – – · · – – – – – – –

TG1c LAC S24-6e Melt patches within

migmatite

Random orientation – · · – – · · · – – – · · –

MP1 LAC Heg3 Metapelite Weak shape preferred

orientation, annealed

· · – – – · · · · · · – – –

Samples associated with D2 Variscan structure

GAHT Western

gabbroic belt

S33b Grt-amphibolite Strong preferred orientation, dynamic

recrystalliation of Pl, Qtz

· · · · – · – – – – · – · –

GHT3 Western

gabbroic belt

S151 Metagabbro Strong preferred orientation of Amp,

dynamic recrystalliation of Pl, Amp

– · · · · – – – – – · · – ·

GLT2 Eastern

gabbroic belt

S130 Metagabbro Strong preferred orientation of Amp,

dynamic recrystalliation of Pl, Amp

– · · – – – – – – – · · – –

T3 Sill Granodiorite Dynamic recrystallization of Pl, Qtz – · · – – · · · – – · · · –
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tine from the core to the rim (i.e. Alm57 fi 70

Grs2 fi 15Py3 fi 12Sps12 fi 3; XMg ¼ 0.05 fi 0.15).
A relic magmatic assemblage in the eastern mylo-

nitic metagabbro is represented by Pl + Hbl ±
Cpx ± Ttn ± Ilm. Magmatic plagioclase (0.5–5 mm)
shows zoning marked by a rimward increase of
anorthite from 50 to 60%, whereas recrystallization of
the plagioclase (0.05–0.1 mm) is accompanied by a
decrease in anorthite content (i.e. An45). Magmatic
amphibole (0.5–5 mm) with pyroxene relics in the
cores is magnesiohornblende (6.8–7.0 Si p.f.u., XMg ¼
0.72–0.77). Recrystallized grains (0.02–0.1 mm) cor-
respond to magnesiohornblende with a slightly lower
content of Si and XMg (6.6–6.7 Si p.f.u., XMg ¼ 0.69–
0.74) in comparison with original grains.

P–T conditions of Variscan metamorphism

The pressure of crystallization of the granodiorite (T3)
was calculated as 6.5–7.0 kbar using the Al-content of
amphibole (Schmidt, 1992) at a temperature of 670–
725 �C inferred from the Pl–Hbl thermometer of
Holland & Blundy (1994). In the western mylonite
metagabbro the temperature was estimated as
770 ± 50 �C using the thermometer by Holland &
Blundy (1994) in metagabbro (GHT3), while in garnet-
amphibolite the temperature was estimated as 710–
740 �C (GAHT). A similar temperature of 750 ±
50 �C is reported by Baratoux et al. (2005) for 40
amphibole–plagioclase couples. Pressure conditions
between 8 and 10 kbar were calculated only in Qtz-
bearing garnet-amphibolite by means of the Kohn &
Spear (1990) barometer. Based on 30 amphibole–
plagioclase couples from the eastern mylonite meta-
gabbro, Baratoux et al. (2005) estimated temperature
as 650 ± 50 �C using the Pl–Hbl thermometer of
Holland & Blundy (1994). The pressure could not be
calculated because of the lack of garnet.

Mineral textures and mineral compositions of rocks of the
banded amphibolite complex

Mineral assemblages and selected mineral composi-
tions of all study rocks are given in Table 1 and sum-
marized in Table 2, respectively.
Banded amphibolites are characterized by the min-

eral assemblage Amp + Pl + Qtz ± Cpx ± Grt ±
Mag ± Ilm. Three types of microstructures marked by
straightened grain boundaries without indications of
dynamic recrystallization are distinguished: (1) Equi-
granular aggregates (grain size 0.05–1.0 mm) of
amphibole, plagioclase and quartz (Fig. 5a); (2)
amphibole-rich layers alternating with elongate
aggregates (grain size 0.05–1.0 mm) of quartz and
plagioclase; and (3) coarse-grained aggregates (grain
size 1–5 mm) of randomly distributed plagioclase
and quartz sometimes with amphibole occur in melt
patches. In types (1) and (2) the mineral grains are
aligned and elongated parallel to the compositionalT
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layering. Regardless of textural type, the minerals are
not zoned. Almandine-rich garnet reveals flat chemical
profiles (Alm62)65Grs11)21Py12)14Sps4)5; XMg ¼ 0.16–
0.18; Fig. 7a). Amphibole is magnesiohornblende or
tschermakite, rarely edenite or pargasite. Plagioclase is
andesine (An30)50) and XMg of rare clinopyroxene
equals 0.65–0.67.

Tonalitic migmatitic gneiss is made up of
Qtz + Pl + Bt + Amp ± Grt. Its structure is char-
acterized by alternations of leucosome, mesosome and
melanosome layers several mm to 1 cm in thickness.
Weak layering is defined by amphibole–plagioclase
aggregates alternating with quartz-rich domains
(Fig. 4b). Plagioclase and amphibole are elongated

(length 0.2–3 mm) in the leucosome and restitic layers,
whereas plagioclase is isometric (up to 3 mm). Biotite
(0.2–1 mm) is oriented parallel to the foliation together
with amphibole in melanosome. Garnet porphyroblasts
(0.3 mm) occur in mesosome and melanosome. Large
coarse-grained quartz aggregates occurs in leucosome.
Chemical profiles across garnet show slight zoning with
cores being more spessartine-rich; the XMg ratio is con-
stant (0.10–0.12) (Fig. 7c). Amphibole is homogeneous
ferropargasite or hastingsite, regardless of the textural
position and type of aggregate. XMg in biotite ranges
between 0.32 and 0.36, and the Ti content between 0.14
and 0.22 p.f.u. The composition of plagioclase in both
the leucosome and melt patches is An31)35 andesine.

Table 3. Representative electron probe analyses of garnet.

Garnet analyses recalculated to 12 oxygen

Event C-O Varis.

Sample/analyses TG1a/grt23-rim TG1a/grt44-core TG1b/grt27-rim LAC4a/grt43-rim MP1/grt379-corea MP1/grt313-rima GAHT/grt5-15-core GAHT/grt114-rim

SiO2 37.96 37.65 37.44 37.95 37.69 36.79 37.14 37.47

TiO2 0.06 0.13 0.14 0.07 0.08 0.08 0.07 0.04

Al2O3 20.64 20.53 20.77 20.46 21.21 20.82 21.17 20.98

FeO 26.47 24.70 27.05 30.02 32.60 35.12 25.97 32.46

MnO 4.28 5.78 5.19 1.84 0.56 2.25 6.15 1.25

MgO 1.80 1.54 1.75 3.06 6.54 3.62 0.85 3.12

CaO 10.05 10.28 8.31 7.34 1.33 1.33 9.92 5.28

Total 101.26 100.61 100.65 100.74 100.01 100.01 101.27 100.60

Si 2.99 2.98 2.98 3.00 2.97 2.97 2.94 2.97

Ti 0.00 0.08 0.01 0.00 0.00 0.00 0.00 0.00

Al 1.92 1.92 1.95 1.90 1.97 1.98 1.98 1.96

Fe3+ 0.10 0.11 0.09 0.09 0.00 0.00 0.13 0.09

Fe2+ 1.65 1.53 1.71 1.89 2.15 2.37 1.59 2.07

Mn 0.29 0.39 0.35 0.12 0.04 0.15 0.41 0.08

Mg 0.21 0.18 0.21 0.36 0.77 0.44 0.10 0.37

Ca 0.85 0.87 0.71 0.62 0.11 0.12 0.84 0.45

aFe3+ not calculated.

Table 4. Representative electron probe analyses of amphibole.

Amphibole analyses recalculated after Holland & Blundy (1994)

Event C-O Varis.

Sample/analyses LAC4a/amp37 LAC4b/amp16 LAC4c/amp482 TG1a/amp45 TG1b/amp12-6 TG1c/amp64 GAHT/amp115 GAHT/cum6-7a GHT3/amp48 GLT2/amp-102 T3/amp18

SiO2 42.06 45.27 42.58 39.82 39.12 39.38 41.64 51.85 43.34 45.11 43.59

TiO2 1.59 1.47 1.75 0.91 1.05 0.94 0.53 0.05 0.20 0.61 1.26

Al2O3 11.58 9.68 11.73 12.96 13.51 13.40 12.42 1.35 17.66 13.94 11.85

FeO 20.83 15.88 17.00 23.31 23.52 23.46 22.17 27.34 11.03 9.82 16.03

MnO 0.12 0.32 0.24 0.57 0.54 0.46 0.46 0.59 0.13 0.18 0.24

MgO 7.87 11.69 10.54 5.66 5.45 5.55 7.28 13.95 12.09 13.98 10.89

CaO 10.62 11.34 10.68 11.13 11.41 11.31 10.57 2.51 11.29 12.42 11.05

Na2O 2.11 1.50 1.86 1.45 1.33 1.39 1.77 0.18 1.95 1.71 1.25

K2O 0.07 0.55 0.78 1.47 1.65 1.63 0.23 0.01 0.27 0.32 1.48

Total 96.85 97.70 97.16 97.28 97.58 97.52 97.07 97.83 97.95 98.09 97.64

Si 6.38 6.65 6.34 6.16 6.05 6.09 6.30 7.75 6.15 6.43 6.44

Ti 0.18 0.16 0.20 0.11 0.12 0.11 0.06 0.01 0.02 0.07 0.14

Al 2.07 1.68 2.06 2.36 2.46 2.44 2.22 0.24 2.95 2.34 2.07

Fe3+ 0.58 0.50 0.61 0.66 0.70 0.67 0.91 0.19 0.70 0.34 0.51

Fe2+ 2.06 1.45 1.50 2.36 2.34 2.36 1.90 3.23 0.61 0.83 1.47

Mn 0.02 0.04 0.03 0.08 0.07 0.06 0.06 0.08 0.02 0.02 0.03

Mg 1.78 2.56 2.34 1.30 1.26 1.28 1.64 3.11 2.56 2.97 2.40

Ca 1.73 1.79 1.70 1.84 1.89 1.87 1.71 0.40 1.72 1.90 1.75

Na 0.62 0.43 0.54 0.44 0.40 0.42 0.52 0.05 0.54 0.47 0.36

K 0.01 0.10 0.15 0.29 0.33 0.32 0.04 0.00 0.05 0.06 0.28

aCummingtonite recalculated on the basis of 23 oxygen and 15 cations + Na + K.
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The mineral assemblage of the migmatitic paragn-
eisses is Pl + Bt + Qtz ± Grt ± Kfs ± Sil ± Rt ±
Ilm. Plagioclase and quartz form large isometric grains
up to 10 mm in size. With an increasing degree of
anatexis, quartz and plagioclase (0.3–5 mm) coalesce
to form lenses bordered by biotite-rich rims occasion-
ally containing sillimanite. Both the leucosome and
melanosome aggregates contain garnet. In the
nebulitic stage diffuse pockets of leucosome of differ-
ent size developed. Garnet forms poikilitic crystals
(0.1–1 cm) with inclusions of quartz and biotite. Scarce
K-feldspar occurs in leucosome lenses. The distribu-
tion of elements in garnet cores is homogeneous
(Alm69Grs4Py26Sps1; XMg ¼ 0.26–0.28) but within the
outer 100 lm rim or around biotite inclusions garnet is

enriched with almandine and spessartine and depleted
in pyrope (Alm75Grs4Py26Sps5; XMg ¼ 0.15; Fig. 7b).
This zoning is attributed to continuous Fe–Mg
re-equilibration between garnet and biotite during
cooling. The XMg of matrix biotite ranges from 0.50 to
0.53 and its Ti-content varies between 0.07 and
0.21 p.f.u. Plagioclase is a homogeneous An28)31
oligoclase-andesine.

P–T conditions of Cambro-Ordovician metamorphism

The temperature of metamorphism in amphibolites
(LAC4a, LAC4b and LAC4c) was estimated with the
Pl–Hbl thermometer by Holland & Blundy (1994). The
temperature ranges of 725–825 and 730–860 �C were
inferred for amphibolites and melt patches, respect-
ively. A comparable temperature span of 715–770 and
750–770 �C was established for the tonalitic gneiss
and associated melt patches, respectively (TG1a, TG1b
& TG1c). The pressure in amphibolites was estimated
as 8.5–10 kbar, and in tonalitic gneisses as 9–10 kbar
using the Grt–Hbl–Pl–Qtz barometer (Kohn & Spear,
1990). A similar range of 8–10 kbar was obtained from
the aluminium content of amphibole (Schmidt, 1992)
within the tonalitic gneisses. Similarly, a pressure 8–
9 kbar was estimated from melt patches crystallized in
the small-scale shear zones. A pressure of 7.5 kbar was
obtained from garnet core and matrix plagioclase using
the GASP barometer (Koziol, 1989), calculated by
means of the �Thermobarometry� software (Spear
et al., 1991). Pressure calculated using the GRAIL
barometer (Bohlen et al., 1983) gives a range of 7.5–
8 kbar for garnet cores containing rutile and ilmenite
inclusions.

QUANTITATIVE TEXTURAL ANALYSIS

A quantitative microstructural analysis was carried out
on three samples of the banded amphibolite complex,
assumed to be exclusively the result of the Cambro-

Table 5. Representative electron probe analyses of plagioclase.

Event C-O Varis

Sample/

analyses

LAC4b/

pl13

LAC4c/

pl82-1

LAC4a/

pl50

TG1a/

pl46-5

TG1b/

pl26

TG1c/

pl2-8

MP1/

pl137

GAHT/

pl113 -rim

GHT3/

pl122-core

GHT3/

pl101-rim

GLT2/

pl122-core

GLT2/

pl101-rim

GLT2/

pl79-core

T3/

pl19

SiO2 56.92 58.57 60.07 59.94 60.11 59.82 61.64 62.51 59.02 52.36 64.73 56.05 62.00 59.35

TiO2 0.00 0.03 0.00 0.01 0.01 0.00 0.01 0.03 0.00 0.00 0.00 0.00 0.01 0.01

Al2O3 27.18 26.20 25.01 25.54 25.26 25.09 24.01 23.64 25.92 30.48 22.01 27.73 23.42 26.19

FeO 0.22 0.13 0.35 0.05 0.17 0.17 0.00 0.35 0.00 0.00 0.07 0.18 0.00 0.05

CaO 9.74 8.53 6.60 7.09 6.99 7.31 5.28 4.95 7.17 12.18 3.27 10.09 5.26 7.02

Na2O 6.30 6.73 8.16 7.65 7.73 7.44 8.76 8.77 7.63 4.50 9.70 5.93 8.66 7.59

K2O 0.12 0.30 0.05 0.18 0.12 0.35 0.20 0.07 0.00 0.00 0.15 0.03 0.12 0.15

Total 100.48 100.49 100.19 100.46 100.39 100.18 99.90 100.32 99.74 99.52 99.93 100.01 99.47 100.36

Si 2.54 2.61 2.66 2.66 2.67 2.66 2.73 2.76 2.64 2.37 2.86 2.52 2.76 2.63

Ti 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 1.43 1.38 0.00 1.34 1.32 1.32 1.25 1.23 1.36 1.63 1.15 1.47 1.23 1.37

Fe3+ 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00

Ca 0.47 0.41 0.31 0.34 0.33 0.35 0.25 0.23 0.34 0.59 0.15 0.49 0.25 0.33

Na 0.55 0.58 0.70 0.66 0.66 0.64 0.75 0.75 0.66 0.40 0.83 0.52 0.75 0.65

K 0.01 0.02 0.00 0.01 0.01 0.02 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.01

Table 6. Representative electron probe analyses of biotite and
clinopyroxene.

Bt analyses recalculated to 11 oxygen, cpx to 6 oxygen

Event C-O

Mineral cpx bt

Sample/analyses LAC4b/cpx20 TG1a/bt25 TG1b/bt45 MP1/bt343

SiO2 50.88 33.95 35.10 36.06

TiO2 0.24 2.92 3.15 1.57

Al2O3 2.35 15.71 15.76 19.78

FeO 11.11 25.22 24.39 18.03

MnO 0.35 0.30 0.35 0.05

MgO 12.04 7.23 7.37 10.83

CaO 22.14 0.02 0.07 0.00

Na2O 0.58 0.04 0.05 0.22

K2O 0.01 9.51 9.40 9.03

Total 99.70 94.90 95.64 95.57

Si 1.93 2.74 2.80 2.75

Ti 0.01 0.18 0.19 0.09

Al 0.11 1.49 1.48 1.78

Fe3+ 0.03 0.00 0.00 0.00

Fe2+ 0.32 1.70 1.63 1.15

Mn 0.01 0.02 0.02 0.00

Mg 0.68 0.87 0.88 1.23

Ca 0.90 0.00 0.01 0.00

Na 0.04 0.01 0.01 0.03

K 0.00 0.98 0.96 0.88
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Ordodvician metamorphism. We investigated also six
samples representing the Variscan granodiorite, tona-
litic tectonites and mylonitic metagabbros, in which,
only the Variscan metamorphic history is assumed to
be preserved. Polished thin sections of the samples
parallel to lineation and perpendicular to foliation (XZ
section) were prepared for optical microscopy and
back-scattered electron image (BSEI) analysis. The
BSEI analysis was carried out using the Camscan S4
instrument fitted with a high-resolution backscatter
detector. Line drawings of optical microscopy photo-
graphs and BSE images were digitized (Fig. 8) and
processed in ESRI ArcView desktop GIS in order to
obtain a map of boundaries between individual grains
(Lexa, 2003). The analysis of crystal size distributions
(CSD), shape preferred orientation of grains (SPO)
and grain boundaries preferred orientation (GBPO), as
well as grain contact frequencies were carried out in
PolyLX MATLABTM Toolbox (Lexa, 2003).

Crystal size distributions

The theory of CSD is a well-established method in
chemical engineering, metallurgy and ceramics to
reveal information about nucleation, growth rates
and growth times of crystals (Randolph & Larson,
1971). CSD in many metamorphic and igneous rocks
show a loglinear relationship between grain size L
and population density N according to the following
equation

N ¼ N0 e
�L=Gt; ð1Þ
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Fig. 6. P–T diagram with blank boxes for C-O metamorphism.
P–T estimates for Variscan assemblages are presented in grey
boxes. Dashed lines show temperature estimates from meta-
gabbros and from metaperidotites. Numbers correspond to
samples presented in Tables 1, 2 and 7.
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where N0 and Gt are constants and may be related to
nucleation density and growth rate of crystal (Cash-
man & Ferry, 1988; Marsh, 1988).

CSD plots of all samples constructed according to
the method by Peterson (1996) exhibit linear corre-
lations between logarithm of population density (i.e.
number of crystals per size per volume) and crystal
size (Fig. 9b). Therefore, applying the theory of
CSD, such distributions could be parameterized by
zero size intercept N0 (nucleation density) and slope
Gt (growth rate multiplied by time). These two
parameters plotted in a N0–Gt space (Fig. 9) exhibit
an inverse correlation, and the samples with a
comparable metamorphic grade and deformation
history form distinct clusters. The metagabbros
(samples GLT1 & GLT2, Fig. 8b) sheared during the
Variscan episode from the eastern mylonitic belt
(c. 650 ± 50 �C) form a group with the highest N0

and lowest Gt values, while metagabbros (samples
GHT1 & GHT2) adjacent to the granodiorite sill
(c. 750 � ± 50 �C) exhibit a decrease in N0 in con-
junction with increasing Gt. The samples LAC1,
LAC3 and TG2 (Fig. 8a,d) of banded amphibo-
lites and amphibole-bearing tonalitic gneisses that
originated during the Cambro-Ordovician metamor-
phism (c. 750–850 �C) plot in the centre of the dia-
gram (lower N0, higher Gt). The undeformed
Variscan granodiorite (sample T1, Fig. 8c) exhibits
lowest values of N0 and highest values of Gt.

Grain shapes, shape preferred orientation and grain
boundary preferred orientation

Plagioclase is a low-symmetry mineral characterized
by weakly elongated to round shapes under most
metamorphic conditions. Degree of elongation of
plagioclase grains is therefore an indication of intra-
crystalline deformation. In contrast, amphibole is
highly elongate in low-metamorphic grade rocks, while
at high-grade ones it becomes spherical (Brodie &
Rutter, 1987). Therefore, shape analysis combined
with SPO provides information about the degree of
deformation of both plagioclase and amphibole
aggregates.
Both grain shapes and SPO were evaluated using the

PolyLX toolbox (Lexa, 2003). The grain shapes are
characterized by preferred orientation of the long axes
and by mean axial ratio R of the best-fit ellipse on the
individual grains using the area-moments ellipse fitting
method. To evaluate an overall single phase SPO,
individual linear segments of grain boundaries of
individual phases were treated as independent vectors
contributing to the bulk Scheidegger–Watson orienta-
tion-tensor. The eigenvalue analysis determines two
eigenvalues and assigns them to mutually perpen-
dicular directions. The ratio of eigenvalues Re is con-
sidered as a rough estimate of the degree of SPO for
the given phase. Grain boundary preferred orientation
was assessed by a similar technique, with the bulk

Fig. 7. Chemical profiles of garnet: (a) in
layered amphibolite showing flat patterns,
(b) in sillimanite-bearing paragneiss with
well-developed flat profiles in core and
margin affected by late diffusion, (c) in
tonalitic migmatitic gneiss and (d) in
Grt-amphibolite within metagabbro.
Numbering of samples corresponds to
numbers in Tables 1, 2 and 7. See text for
discussion.
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Scheidegger–Watson orientation-tensor formed from
the individual linear segments of boundary traces
between the chosen phases. Resulting eigenvalues ratio
Rb is considered as a rough estimate of the degree of
GBPO.

Results of the grain shape analysis and SPO analysis
are shown in Fig. 10. Both amphibole (Fig. 10b) and
plagioclase (Fig. 10a) show systematic changes. While
samples with preserved magmatic textures (T1) and
LAC samples (LAC1, TG2) exhibit very weak SPO
and lowest values of axial ratios (c. 1.5), samples of
mylonitic metagabbros show a significant increase in
the average axial ratio (2–3) and increase of the SPO
degree with decreasing temperature.

Grain contact frequencies

Grain contact frequencies allow the statistical devi-
ation from random spatial distribution of grain
boundaries to be examined (Kretz, 1994). So far, the
degree of deviation of grain boundaries distribution
from random distribution have been evaluated by
plotting observed/expected ratio of like–like contacts
of the two major minerals against each other. Here we
propose a diagram where v value

v ¼ Observed� Expected
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Expected
p ð2Þ

is plotted against the ratio of orientation-tensor
eigenvalues, i.e. the degree of GBPO. The major
advantage of this diagram is in simple visual evalua-
tion of the degree of deviation from an expected ran-
dom distribution of grain contacts (v ¼ 0).

Results of this analysis are presented in Fig. 10. The
amphibolite facies mylonitic metagabbros exhibit
almost a random distribution at higher strains (GLT2)
and tend to develop more of an aggregate-type of
microstructure (v values are positive for like–like and
negative for unlike contacts in Fig. 10c,d) at lower
strains (GLT1) accompanied by a significant decrease
of preferred orientation of amphibole–amphibole and
amphibole–plagioclase contacts. The high-grade
mylonitic metagabbros (GHT1 & GHT2) exhibit a
strong aggregate distribution and a moderate preferred
orientation of grain boundaries. Samples from the
banded amphibolite complex (TG2 & LAC1) show a
tendency towards a regular distribution (negative like–
like v values and positive unlike v values) and a low
degree of GBPO. The tonalitic gneiss weakly over-
printed by the Variscan deformation (LAC3) shows

(a) (b)

(d)(c) (d)

Fig. 8. Representative digitized microstructures used in textural analyses. See text for detailed sample description.
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transitional values of v and Rb between those of the
banded amphibolite complex and the mylonitic meta-
gabbro samples. The Variscan undeformed grano-
diorite sill shows nearly a random distribution of grain
contacts and an absence of GBPO.

DISCUSSION

The study samples of mafic lithologies from the
Cambro-Ordovician and Variscan structures exhibit
remarkably similar mineral assemblages. In addition,
the presence of garnet in metamorphosed mafic rocks
indicates the medium pressure conditions for both
Cambro-Ordovician and Variscan structures. Local
occurrence of orthopyroxene bearing mineral assem-
blages in the banded amphibolites as well as in the
western metagabbro mylonite belt (Table 1) indicates
that both Cambro-Ordovician and Variscan meta-
morphic events reached a boundary between granulite
and amphibolite facies conditions.

The metamorphic assemblages and P–T estimates of
the Cambro-Ordovician metamorphic conditions of
banded amphibolite complex calculated overlap within
the likely uncertainties with those of the Variscan
mylonitic metagabbros and granodiorite. Moreover, in
the southern part of the region studied, the Variscan
and Cambro-Ordovician fabrics are concordant and
therefore slight differences in metamorphic conditions
are indistinguishable. We suggest that in this case the
standard methods of metamorphic petrology cannot

discriminate the two distinct metamorphic events from
each other.

Interpretation of crystal size distributions

The grain-size distribution in metamorphic rocks
(Cashman & Ferry, 1988; Eberl et al., 1998) is pri-
marily controlled by the interaction between nuclea-
tion rate which is sensitive to temperature overstepping
(Cahn, 1957), and the growth rate which is an
approximately linear function of overstepping (Ridley
& Thompson, 1986). A further process that influences
CSD is textural coarsening driven by a tendency to
decrease the excess of interfacial energy to reach a
lower energy state (Voorhees, 1992). The transfer of
material from smaller grains to larger ones occurs by
diffusion and is commonly expressed by the Lifshitz–
Slyozov–Wagner (LSW) equation (Lifshitz & Slyozov,
1961) for Ostwald ripening, or by the communicating
neighbours theory (CN) by DeHoff (1991) where a
diffusion length scale is spatially dependent. This dif-
ference between the theories is expressed in the way
that the CSD is modified during coarsening (Higgins,
1998). In the case of LSW the descriptive parameters
N0 and Gt remain constant, while the CN theory
implies a decrease in N0 and Gt during coarsening.
Experimental studies have shown that the size of

dynamically recrystallized grains is strongly dependent
on recrystallization mechanisms that are controlled by
stress and temperature (Twiss, 1977). Low-temperature

Fig. 9. (a) Plot of crystal size distribution (CSD) parameters N0 and Gt. Parameters are obtained from CSD plots, where straight
line is fitted on plotted data. Gt represents the slope and N0 the intercept of fitted line. Shaded ellipses from upper left to lower
right corner mark domains of LT metagabbros, HT metagabbros, banded amphibolites and magmatic rocks. See discussion.
(b) Examples of CSD plots used for N0 and Gt parameter estimates.
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recrystallization mechanisms such as bulging and sub-
grain rotation recrystallization (Poirier & Guillope,
1979) are processes dominated by heterogeneous
nucleation and grain-size reduction. On the contrary,
grain-boundary migration recrystallization is often
connected with grain coarsening (Urai et al., 1986).
Hickey & Bell (1996) suggested that the syntectonic
growth of minerals is primarily controlled by gradients
in lattice strain energy, which results from inhomoge-
neous deformation involving dislocation creep.
Decreasing the strain rate to temperature ratio ( _e/T)
leads to a decrease in the ratio of nucleation to growth
rate (N/G), and coarser grain size can develops. On the
contrary, increase of _e/T ratio leads to increasing N/G,
and therefore the grain size decreases. This hypothesis
has been supported by Azpiroz & Fernández (2003)

who used CSD plots to analyse dynamically
recrystallized metabasites across a metamorphic gra-
dient.

The CSD in the mylonitic metagabbros studied are
characterized by a decrease in N0 and an increase in
Gt values with increasing metamorphic temperature
estimates, and are projected in areas of high N0

values and low Gt in the N0–Gt plot. If all these
results are interpreted in terms of CSD theory, the
above-described evolutionary trend indicates a
decreasing dominance of nucleation processes over
grain growth with increasing temperature. The cor-
relation of metamorphic temperature and grain-size
distribution could be explained as a result of textural
coarsening using the CN theory (Higgins, 1998).
However, the microstructural observations of the

Fig. 10. (a, b) Plot of grains shape preferred orientation (SPO) of amphibole and plagioclase in studied samples. The results are
summarized by a boxplot-type plot of axial ratios v. eigenvalue ratios for individual phases. Individual boxes showing median, first and
third quartile values. The whiskers represent statistical estimate of range of data while outliers are not shown. Vertical axis charac-
terizes a shape of grains, while horizontal axis represents area-weighted degree of preferred orientations. (c, d) Grain boundary
frequencies. Plots of deviations from random spatial distribution v. degree of preferred orientation. The value of deviation from
random spatial distribution is obtained by contact-frequency method (Kretz, 1969) and length-weighted degree of preferred orientation
is estimated as ratio of eigenvalues of bulk matrix of inertia. Plot of like–like and unlike boundaries is separated into two panels.
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onset of dynamic recrystallization in weakly
deformed metagabbros show that the lower-tem-
perature mylonites exhibit a smaller initial recrystal-
lization grain size than the new recrystallized grains
of the high-temperature mylonites (Baratoux et al.,
2005). In addition, inspection of the N0–Gt plot
shows that highly deformed samples (GLT2,
GHT2a,b, T2) exhibit higher N0 and lower Gt values
relative to weakly deformed samples (GLT1, GHT1).
Based on these two observations, we suggest that the
differences in CSD parameters are not the result of
textural coarsening but are merely controlled by
temperature- and strain rate-dependent mechanisms
of dynamic recrystallization. Azpiroz & Fernández
(2003) reported an increase in N0 but a constant Gt
(slope) with decreasing temperature and increasing Gt
values for constant N0 with increasing finite strain in
the Iberian Massif metabasites. However, it is pro-
posed that in our study the N0 and Gt change
simultaneously due to temperature and strain
intensity variations and that the temperature change
plays a key role in the resulting CSD shape.

Samples from the banded amphibolite complex are
marked by lower N0 and higher Gt values in compar-
ison with the mylonitic metagabbros. The CSD is
developed in both amphibolites and tonalitic gneiss,
which indicates that it is independent on a relative
proportion of amphibole and plagioclase in both rock
types. These data in the N0–Gt diagram show a con-
tinuous trend together with the above-described sam-
ples from the mylonitic metagabbros. In addition,
results of Hb–Pl thermometry reveal an increase in
estimated temperatures from the eastern mylonite
metagabbros, through the western mylonite metagab-
bros to the banded amphibolite complex. Such an
evolutionary trend is likely to be interpreted as the
result of a textural coarsening comparable with the
results of Cashman & Ferry (1988) reinterpreted by
Higgins (1998).

Interpretation of spatial distribution minerals and grain
boundaries

Seng (1936) and later DeVore (1959) proposed that the
spatial distribution of crystals in high-grade gneisses is
dominantly determined by interfacial energy. This
concept was adopted by Flinn (1969) who explained a
prevailing number of unlike boundaries in granulites
through the insertion of grains of one phase between
grains of other phases. Flinn (1969) suggested that this
feature is a consequence of a smaller interfacial energy
of unlike boundaries in comparison with like–like
boundaries. However, Ramberg (1952) suggested that
differences in interfacial energies are too small to drive
diffusional mass transfer in high-grade rocks.

Modern material science experimental studies show
that during the wetting process the low-energy (low-
misorientation angle) boundaries in one phase are
preserved while another phase preferentially precipi-

tates on high-energy (high-misorientation angle)
boundaries (e.g. Kim & Rohrer, 2004). In other words,
the highest energy boundaries are progressively elimi-
nated from an inherited population by �infiltration� of
the other phase. This is in agreement with the known
fact that in granular-polygonal aggregates the minor
phase precipitates on triple points to achieve lower
total interfacial energy (Spry, 1969; Vernon, 1974).
Such a tendency was documented by Dallain et al.
(1999) who showed that the predominance of unlike
contacts in polycrystalline aggregates originated
through wetting of grain boundaries by fluids or melts,
and subsequent precipitation of other phases on like–
like contacts.
In contrast, the solid-state differentiation resulting

from dynamic recrystallization leads to the develop-
ment of monomineralic aggregates or bands due to
coalescence of like phases at high strains (Schulmann
et al., 1996; Kruse & Stünitz, 1999). Therefore, the
like–like contacts prevail and the so-called aggregate-
type distribution develops, which is a typical feature of
high-temperature deformation of polyphase rocks such
as gabbros and granites (Dallain et al., 1999; Baratoux
et al., 2005).
The high-temperature mylonitic metagabbros from

the study area exhibit high-grain SPO and GPBO
associated with the development of a strong aggregate
distribution. The lower-temperature mylonitic meta-
gabbros are characterized by extreme values of SPO in
conjunction with an almost random grain distribution.
We suggest that in the case of high-temperature
mylonitic metagabbros the process controlling the
development of a strong aggregate distribution is solid-
state differentiation due to a different efficiency of
dislocation creep in hornblende and plagioclase. This
process is likely to be accompanied by some diffusional
mass transfer responsible for preferential heterogene-
ous nucleation (Kruse & Stünitz, 1999) of interstitial
plagioclase in coarse-grained amphibole aggregates
(Baratoux et al., 2005). On the contrary, in the lower-
temperature metagabbro mylonites, the random min-
eral distribution and the lack of crystallographic
preferred orientation of plagioclase were interpreted to
be the result of mechanical mixing due to grain-
boundary sliding during granular flow.
Samples from the banded amphibolite and tonalitic

gneiss show a low SPO, a very weak elongation of both
plagioclase and amphibole, a weak GBPO connected
with a weak dominance of unlike contacts indicating a
regular to anticlustered grain distribution. Such a grain
distribution and the large grain size of both phases
exclude mechanical mixing as a process explaining this
texture. We are of the opinion that the spatial distri-
bution of plagioclase and amphibole (e.g. sample
LAC1) can result from heterogeneous nucleation of
plagioclase in an amphibole aggregates. However, an
original grain-size distribution characteristic of nucle-
ation and growth processes is completely obliterated
by elimination of the small grains. Very low-grain
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elongation, SPO and GBPO, similar CSD of both
phases and regular grain distribution indicate that the
aggregates tend to achieve a state with a minimum
interfacial energy. As mentioned above, the processes
of heterogeneous nucleation of minor phase lead to
occupation of the high-energy grain boundaries at
early stages of the texture development. However, in
the rocks studied it is impossible to distinguish a minor
phase from the host aggregate, which indicates that the
process of interfacial energy reduction is more ad-
vanced due to significant diffusional mass transfer. As
the driving differences in bulk interfacial energies are
too small (Ramberg, 1952), the only plausible explan-
ation is the long time-scale of the process.

Different time-scales of Cambro-Ordovician and Variscan
metamorphic events

Štı́pská et al. (2001) proposed a tectonic model in
which the Cambro-Ordovician metamorphism is rela-
ted to large-scale rifting while the Variscan metamor-
phic event was connected with a thermal effect induced
by the syntectonic granodiorite sill intrusion, and was
spatially restricted to the host rocks of the intrusion.
The thermal time constant s is given by the relation-
ship:

s / l 2

j
; ð3Þ

where l is the characteristic length of thermal event and
j is the thermal diffusivity (Carlslaw & Jaeger, 1959).
This equation indicates that duration of thermal
equilibration increases with the square of the size of the
thermal anomaly. Based on the proposed tectonic
model, we assume that a relaxation of the perturbed
temperature field generated by the continental rift
differs in time-scale by at least one order of magnitude
from that generated by an intrusion of several km in
size. In other words, the metamorphic P–T conditions
attained at a similar depth level may yield similar
temperatures but the time required for metamorphic
equilibration and development of specific metamorphic
textures may differ substantially.
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Abstract: Deformation mechanisms of amphibole and plagioclase were investigated in two 
metagabbroic sheets (the eastern and western metagabbros from the Stars M~sto belt, 
eastern Bohemian Massif), using petrology, quantitative microstructural and electron back- 
scattered diffraction methods. After the gabbroic pyroxene was replaced by amphibole, both 
gabbroic bodies became progressively deformed. The eastern metagabbros were deformed 
under temperature of c. 650 ~ and the western metagabbros under c. 750 ~ Subgrain 
rotation and dislocation creep, characterized by strong crystallographic and shape preferred 
orientations, operated in plagioclase of the eastern belt during the early stages of defor- 
mation. Subsequent randomizing of plagioclase crystallographic preferred orientation is 
interpreted to be due to grain boundary sliding in the mylonitic stage. Large (50- 
150 ixm) grain sizes during the mylonitic stages are interpreted to be due to low strain 
rates. Amphibole is stronger and deforms cataclastically, leading to important grain size 
reduction when the bulk rock strength drops substantially. In the western belt, plagioclase 
deformed by dislocation creep accompanied by grain boundary migration (possibly chemi- 
cally induced) while heterogeneous nucleation and syndeformational grain growth in 
conjunction with dislocation creep were typical for amphiboles. 

Microstructural and rheological behaviour of 
natural polyphase rocks is a complex problem, 
which has been studied in detail mostly in 
quartzo-feldpathic rocks (e.g. Gapais 1989; 
Handy 1990). In these rocks, feldspars are gener- 
ally considered as strong minerals while quartz 
represents the weak phase. Handy (1994) proposed 
a scheme for rocks containing minerals of contrast- 
ing rheology with two end-members: load-beating 
framework (LBF) and interconnected weak layers 
(IWL), based on the assumption that at least one 
mineral (generally the weaker one) is deformed 
by the mechanism of dislocation creep. As 
pointed out by Jordan (1988) the LBF is not 
stable with increasing strain, resulting in mechani- 
cally induced compositional layering. The strength 

of a two-phase material depends on the proportion 
of the weak mineral and on the rheological contrast 
between the two phases (Jordan 1988; Handy 
1990, 1994). However, if the deformation mechan- 
ism switches from crystal plasticity to some grain 
size sensitive process, the strength of the bulk rock 
drops rapidly with respect to the preceding model 
due to strain softening (Knipe 1989). It was also 
shown that generally stronger feldspars may 
become even weaker than quartz if they deform 
by diffusional creep (e.g. Voll 1976; Simpson 
1985; Gapais 1989; Martelat et al. 1999). 

Equivalent comparative microstructural study 
of plagioclase and hornblende in naturally defor- 
med metabasic rocks as well as experimental 
studies of the rheology of amphibole-plagioclase 

From: GAPA1S, D., BRUN, J. P. & COBBOLD, P. R. (eds) 2005. Deformation Mechanisms, Rheology and 
Tectonics: from Minerals to the Lithosphere. Geological Society, London, Special Publications, 243, 97-125. 
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bearing rocks are rare (e.g. Hacker & Christie 
1990; Wilks & Carter 1990). However, meta- 
basites are considered to constitute a major part 
of the lower continental crust (Rutter & Brodie 
1992) and the study of deformation microstruc- 
tures and mechanisms is therefore crucial for 
understanding the deformation behaviour and 
rheology of mafic tectonites. Plagioclase rheology 
is believed to control the strength of the lower 
crust in several models (e.g. Carter & Tsenn 
1987; O r d &  Hobbs 1989). Hornblende is 
assumed to be a relatively strong phase and to 
behave passively during deformation unless it 
forms a load-supporting framework (Brodie & 
Rutter 1985). 

Many studies concerned with deformation 
mechanisms of plagioclase and hornblende 
have been published to date. Experiments suggest 
that plagioclase is deformed by dislocation creep 
under lower crustal conditions (e.g. Tullis & 
Yund 1987; Ji & Mainprice 1990; Kruse et al. 
2001) with commonly active (010)[001] princi- 
pal slip system (e.g. Olsen & Kohlstedt 1985; 
Kruhl 1987). Kruhl (1987) also observed a 
(001) [ 100] slip system in naturally deformed pla- 
gioclases and Stiinitz et al. (2003) have shown 
that slip on (001) and {111} in (110) direction 
are similarly active in experimentally deformed 
An60 crystals. Besides these examples, other 
less common slip systems were suggested by 
Marshall & McLaren (1977a, b), Montardi & 
Mainprice (1987), and Olsen & Kohlstedt 
(1984, 1985). In addition, grain size sensitive 
processes in plagioclases have been referred to 
in some studies (Boullier & Gu6guen 1975; 
Lapworth et al. 2002). Hornblende generally 
undergoes brittle deformation under low temp- 
erature conditions (e.g. Brodie & Rutter 1985; 
Nyman et al. 1992; Lafrance & Vernon 1993). 
Many studies document crystal plastic defor- 
mation of hornblende with a dominant (100) 
[001] slip system from experiments and natural 
rocks (e.g. Rooney et al. 1970; Cumbest et al. 
1989a, b; Hacker & Christie 1990). Volume dif- 
fusion rates are, however, slow in amphiboles 
(e.g. Freer 1981) implying that dislocation 
climb is limited even at geological strain rates. 

Syndeformational chemical reactions between 
hornblende and plagioclase are common in meta- 
basic rocks (Brodie 1981; Brodie & Rutter 1985) 
and involve deformation mechanisms such as 
chemically induced grain boundary migration 
(CIGM) (Cumbest et al. 1989a), on nucleation 
of new plagioclase (Rosenberg & Stfinitz 2003) 
or hornblende at plagioclase grain boundaries 
(Kruse & Sttinitz 1999). 

Metagabbros from the Star6 M6sto belt (east- 
ern margin of the Bohemian Massif) represent 

an example of a two-phase metabasic system 
deformed at different temperatures and strain 
gradients. The aim of this study is to show two 
types of progressive evolution of deformation 
microstructures and textures of dynamically 
recrystallized plagioclase-hornblende bearing 
metagabbros at amphibolite and upper amphibo- 
lite facies conditions with increasing bulk strain. 
Methods such as quantitative textural analysis, 
crystallographic preferred orientations (CPO) 
and study of mineral chemistry were used to 
constrain deformation mechanisms for both 
minerals. Finally, deformation mechanisms of 
rheologically contrasting plagioclase and horn- 
blende are correlated and the mechanical beha- 
viour of mafic rocks deformed under lower 
crustal metamorphic conditions is discussed. 

Geological setting 
The Star6 M6sto (SM) belt in the eastern mar- 
gin of the Bohemian Massif separates the high 
grade gneisses of thickened continental crust of 
the Lugian domain in the west from a Neo- 
Proterozoic continental margin in the east 
(Fig. l a). The SM domain was thinned during 
Cambro-Ordovician rifting and underwent gran- 
ulite facies metamorphism (Stfpskfi et al. 2001). 
Subsequent Variscan tectonics resulted in NE-  
SW trending structures dipping at relatively 
high angles to the west (Figs 1 a and b). 

Strongly deformed 'western' metagabbros of 
Cambro-Ordovician protolith ages occur at the 
top of the SM belt (Fig. 1) (Kr6ner et aL 2000), 
The metagabbros were pervasively affected by 
a ductile shear zone along which was emplaced 
syntectonically a Carboniferous tonalite sill 
dated at 340 Ma (Stfpskfi et aL 2004). A carbon- 
iferous metamorphism of adjacent metagabbros 
reached higher amphibolite facies conditions 
because of the strong heat input from the tonalite 
sill. A leptyno-amphibolite complex of Cambro- 
Ordovician age comprising a sequence of alter- 
nating amphibolites and tonalitic gneisses 
occurs in the footwall of the tonalite sill. This 
complex is underlined by the 'eastern' metagab- 
bro sheet, which is supposed to form part of the 
same lower crust as the western (upper) metagab- 
bro sheet (Stfpskfi et aL 2001). Amphibolite 
facies Carboniferous metamorphic conditions of 
the eastern (lower) metagabbro are also attribu- 
ted to the heat input of a more distant hanging- 
wall tonalite intrusion. 

Rocks of Cambro-Ordovician age suffered two 
deformations: D~ of Cambro-Ordovician age and 
D2 of Carboniferous age. The latter one prevails 
in most lithologies of the SM belt, marked by a 
penetrative west-dipping $2 foliation bearing a 
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Fig. 1. (a) Location of the studied area in the frame of the European Variscides. Geological map of the Star6 M~sto 
belt is based on unpublished geological maps at 1:25 000 provided by courtesy of the Czech Geological Survey 
(Dr. M. Opletal, author). Important thrusts and faults as well as location of samples and a cross-section A-A'  (Fig. lb) 
are indicated. (b) Schematic cross-section based on field observations shows major structures, lithology and major 
tectonic boundaries. (Vertical axis not to scale.) 

subhorizontal  or gently incl ined N - S  trending 
mineral  lineation. The eastern metagabbros in 
the hangingwal l  of  the high-grade rocks of  the 
Silesian domain  were  affected by localized D2 
shear zones that developed under  amphibol i te  

facies condit ions attained during the peak of  
the Carboniferous metamorphism.  Identical  geo- 
metry of  structures and kinematics  suggest that 
the eastern and western metagabbro belts were  
deformed under  a dextral transpressive shear 
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regime but under different thermal conditions 
(Stfpsk~i et al. 2001). 

Methods and techniques 

Mineral chemistry 

Minerals were analysed with a Cameca SX 100 
electron microprobe equipped with four WDS 
spectrometers at Blaize Pascal University, 
Clermont-Ferrand, France. Operating conditions 
were 15kV, 10hA beam current, 2-5p~m 
beam diameter, 20 s counting time, and natural 
mineral standards. Some hornblende and plagio- 
clase were analysed using a CamScan $4 
scanning electron microscope and attached 
Link EDX microanalytical system, at Charles 
University, Prague, Czech Republic. Operating 
conditions were 20 kV, 1.8 nA beam current, 
1-3 p,m beam diameter, 120 s counting time, 
and mineral standards Structure Probe Instru- 
ments (SPI). Ca maps from plagioclase were 
made at Claude Bernard University in Lyon, 
with operating conditions 15 kV, 15 nA beam 
current and spatial resolution of 512 x 512 
pixels. 

Quantitative microstructural analysis 

Quantitative microstructural analysis of grain 
boundaries was carried out on traced and digi- 
tized outlines of grains in ESRI ArcView 3.2 
Desktop GIS environment. The map of grain 
boundaries was generated using ArcView exten- 
sion Poly (Lexa 2003). The resulting polygons 
have been treated by MATLAB TM PolyLX 
Toolbox (http://petrol.natur.cuni.cz/~ ondro; 
Lexa 2003), in which grain shape and grain 
boundary preferred orientations (SPO and 
GBPO, respectively) were analysed using the 
moments of inertia ellipse fitting and eigenanaly- 
sis of bulk orientation tensor techniques (Lexa, 
2003; modified SURFOR technique by Panozzo 
(1983) for GBPO). Their degree is expressed as 
the eigenvalue ratio (r = E1/E2) of the weighted 
orientation tensor of grain shapes or boundaries. 
The orientation is defined by V~ and V2 eigen- 
vectors. The grain sizes of the minerals were 
calculated in terms of Ferret diameters of grain 
section without stereological corrections. 

Crystallographic preferred orientation 

Amphibole and plagioclase crystallographic pre- 
ferred orientations (CPO) were collected using a 
scanning electron microscope CamScan $4 in 
Prague and a JEOL JSM 5600 in Montpellier 
equipped with Channel5 electron backscatter 

diffraction (EBSD) system from HKL Technol- 
ogy (Prior et al. 1999). Thin sections were 
polished using 0.25 ~m diamond paste. To 
remove all surface damage and minimize relief 
between minerals, sections were chemically 
polished using a colloidal silica suspension. All 
thin sections were carbon-coated. The coating 
reduces the quality of the electron backscatter 
diffraction patterns (EBSP) so that automatic 
indexing mode of the EBSP system could not 
be used. Most data were therefore collected 
manually. Operating conditions were 20 kV in 
Prague and 15 kV in Montpellier, 5.6 nA beam 
current, working distance 39 ram, and 2-5  ~m 
beam diameter. For each measurement, three 
Euler angles (vl, 05, v2) characterizing the 
lattice orientation as well as the nature of the 
mineral were determined and stored. Practice 
shows that plagioclase diffraction patterns do 
not change significantly from albite up to at 
least An65 (Lapworth et al. 2002). Therefore, 
the Anorthite48 database was used for index- 
ing plagioclase. Pole figures and inverse pole 
figures were projected using the software devel- 
oped by D. Mainprice (ftp://ftp.dstu.univ- 
montp2.fr/pub/TPHY/david/pc). Projections 
of crystallographic axes ([a], [b] and [c]) or 
optical indicatrix (o~, /3, and 3/) are generally 
used for plagioclase (e.g. Jensen & Starkey 
1985; Olsen & Kohlstedt 1985; Ji & Mainprice 
1988, 1990; Prior & Wheeler 1999). 

The degree of CPO has been quantified using 
orientation tensor of crystallographic planes 
and directions (Mainprice, ftp://ftp.dstu.univ- 
montp2.fr/pub.TPHY/david/pc). The intensity 
of CPO is given by the I parameter (Lisle 1985): 

3 

I = 15/2 x Z ( E i  - 1/3) 2 
i=1 

where E~, E2, and E3 represent the eigenvalues of 
the preferred orientation of poles to planes and 
directions of amphibole and plagioclase grains 
plotted in pole figures. The values of I range 
between 0 (no preferred orientation) and 5 (all 
fabric elements perfectly parallel one to another). 

Microstructures 
The metagabbros from the eastern (lower) belt 
are affected by localized shear zones (Fig. lb) 
and all stages from non-deformed rock, pro- 
tomylonite, mylonite, and up to highly strained 
ultramylonite are present (Figs 2a, b, c and d). 
In the western metagabbro (upper) belt, the 
protolith stage is not preserved and only two 
deformational stages can be distinguished 
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Eastern belt (-650 ~ 

101 

Western belt (-750 ~ 

Fig. 2. Macro photographs of typical metagabbro structures from the eastern (a-d) and the western (e, t3 belts: 
(a) non-deformed metagabbro (E0); (b) protomylonite (El); (c) mylonite (E2); (d) ultramylonite (E3); (e) augen 
mylonite (W1); (f) banded mylonite (W2). 

(Figs 2e and f): mylonites with hornblende 
porphyroclasts related most probably to the 
Cambro-Ordovician metamorphic event and 
completely recrystallized mylonites characterized 
by a monomineral layering. 

Metagabbros of the eastern belt consist of pla- 
gioclase (40-60%),  amphibole (40-60%),  relict 
pyroxene in the cores of some large amphibole 
grains (less than 1%), and titanite (less than 
1%). No substantial change in modal proportions 
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is observed with increasing deformation. Modal 
proportions of amphibole and plagioclase in the 
western metagabbros are more variable than 
those in the eastern belt. Amphibole proportion 
may vary between 20 and 80%, most likely due 
to original magmatic compositional variations. 
For the purpose of our study, samples composed 
of c. 50% of amphibole and c. 50% of plagio- 
clase were chosen. 

Deformation of the eastern (lower) 
metagabbro sheet 
Non-deformed metagabbro (EO). At low strain, 
plagioclase and hornblende exhibit euhedral ran- 
domly oriented crystals of 0.5-3 mm in size. 
Tapering mechanical twins and local undulatory 
extinction occur in plagioclase. There is no evi- 
dence for any kind of dynamic recrystallization 
or crystallization of new grains. Undulatory 
extinction locally attests to some bending of 
amphibole grains. Amphibole porphyroclasts 
show random spatial distribution and they are 
generally not interconnected. 

Protomylonite (El). At higher strains, about 
20-25% of the total volume of plagioclase 
grains but only 8-10% of amphibole show 

evidence of strain, suggesting that the defor- 
mation was accommodated mostly by plagio- 
clase recrystallization and associated grain-size 
reduction. Plagioclase grains show polysynthetic 
twins according to albite and pericline laws 
(Tullis 1983) and patchy undulatory extinction. 
Large plagioclase porphyroclasts of 2 -5  mm 
are cut by brittle fractures (Fig. 3a) reducing 
the grain size to 0.5-1 mm. The fractures are 
filled with small twin-free recrystallized grains 
of 0.02-0.1 mm. Two recrystallization mechan- 
isms have been identified: bulging and subgrain 
rotation recrystallization (Fig. 3b), as proposed 
by Poirier & Guillop6 (1979) or Fitz Gerald & 
StiJnitz (1993), leading to core-mantle structures. 
Core and mantle structures were observed with 
an intermediate zone of subgrains and new 
grains of similar size developed along porphyro- 
clast boundaries. Boundaries between the neo- 
blasts become progressively straight, meeting at 
triple junctions of 120 ~ . 

Large porphyroclasts of hornblende reveal 
strong internal deformation such as kinking, 
bending leading to sweeping undulatory extinc- 
tion and (100) twinning. The twin planes are 
not regular and they locally form finger-like 
structures. Brittle fractures transecting large 
grains are often present. Randomly oriented 
porphyroclasts of 2 - 5 m m  in size rotate 

Fig. 3. Drawing and micrographs (XPL) of the eastern metagabbro protomylonite. (a) Initial stage of plagioclase 
deformation characterized by brittle fractures cross-cutting large porphyroclasts. Digitized drawing was used for the 
quantitative textural analysis. Arrows mark three clasts derived by fracturing of one porphyroclast and show 
corresponding grains in the digitized drawing and micrograph. Plagioclase is white, hornblende is light grey, and 
opaque minerals are black. (b) New grains develop preferentially along fractures by a mechanism of subgrain rotation 
(SR). Note that the neoblasts are twin-free. (P) refers to porphyroclast. 
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progressively their cleavage planes { 110} parallel 
to the foliation. Small needle-like grains (0.02-  
0.05 x 0.1-0.3 mm in size), arranged parallel 
to the mylonitic foliation, are present in high- 
strain domains. 

Mylonite (E2). Within the eastern metagabbros, 
plagioclase porphyroclasts are recrystallized into 
elongate aggregates or bands wrapped around 
hornblende clasts, and porphyroclasts represent 
only 5 - 1 0 %  of the total plagioclase volume. 
Elongate needle-like hornblende grains are 

arranged into aggregates or bands parallel to the 
main mylonitic foliation (Fig. 4a). Isolated horn- 
blende needles scattered within plagioclase-rich 
domains are inclined at an angle of 2 0 - 3 0  ~ with 
respect to the main fabric, indicating non- 
coaxial deformation (Figs 4a and b). Plagioclase 
grains attain 0.1-0.25 mm in size. Increase in 
grain size with respect to the protomylonite 
stage and common optical zoning of recrystal- 
lized grains due to increase in anorthite content 
suggest syndeformational growth. Matrix grains 
are often twin-free; the twinned grains represent 

Fig. 4. Digitized drawings and micrographs of the eastern mylonite. (a) Mylonitic foliation with alternating layers of 
amphibole and plagioclase aggregates (PPL). (b) Plagioclase of subequant shapes and grain size typical for the 
mylonitic stage (E2-pll). (c) High-strain plagioclase domain (E2-p12) adjacent to an amphibole porphyroclast is 
characterized by elongate shapes and strong SPO (XPL). (d) Amphibole porphyroclast (E2) cross-cut by microshear 
zones filled by small needle-like grains (XPL). Undulatory extinction documents strong internal deformation. Arrows 
mark corresponding grains in the digitized drawings and micrographs. 
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only 10-20% of the total plagioclase volume. 
Plagioclases generally exhibit subequant shapes 
with straight grain boundaries meeting at 120 ~ 
triple joints (Fig 4b). However, in the vicinity 
of amphibole porphyroclasts, the plagioclase 
grains are more elongate with higher aspect 
ratios up to 2.5 (Fig. 4c). 

Hornblende grains are arranged in anastomos- 
ing interconnected bands defining the mylonitic 
foliation. Most of the hornblende matrix grains, 
0.1-0.3 mm in length, are elongate in XZ sec- 
tions attaining high aspect ratios (up to 6) while 
they are lozenge-shaped in the YZ sections 
with aspect ratios of 1.5-3. A total of 10-20% 
of the hornblende is present in a form of 
locked-up porphyroclasts of 0.2-2 mm in size 
showing undulatory or patchy extinction charac- 
teristic of strong internal strain. These porp- 
hyroclasts are elongate parallel to the foliation. 
Porphyroclasts are often transected by micro- 
shear zones (Fig. 4d) and small needle-shaped 
grains consequently develop within these zones 
by activation of the weak cleavage system 
{110}. 

Ultramylonite (E3). The ultramylonitic meta- 
gabbros of the eastern sheet are marked by very 
uniform mineral banding of fine-grained hornble- 
nde and plagioclase layers ranging between 1 and 
5 mm in width (Fig. 5a). Asymmetric fabric of 
hornblende and plagioclase is no longer present. 
Plagioclase forms continuous bands including 
abundant interstitial grains of amphiboles 

(Fig. 5b). In contrast, amphibole-rich bands are 
almost monomineral. Plagioclase is completely 
recrystallized, varying in size between 0.05 and 
0.3mm. The grains have smooth rounded 
shapes locally elongate parallel to the foliation. 
Rounded grains of 0.5 mm in size, interpreted 
as relicts of original porphyroclasts, locally 
occur in the fine-grained matrix. Plagioclase 
grains are affected by strong retrograde sericitiza- 
tion and albitization. 

Interstitial and matrix grains of hornblende 
reach 0.03-0.1 x 0.1-0.3 mm in size. Locked- 
up porphyroclasts of amphibole (0.5-1 mm in 
size) occur parallel to the foliation. However, 
they are less common than in the mylonite 
(E2). All amphibole grains are characterized by 
very strong SPO (Fig. 5c). 

The mylonitic foliation is cross-cut by exten- 
sional veins filled by a mixture of epidote and 
amphibole. These veins show that fluid activity 
was high after the main mylonitic episode. Albi- 
tization and sericitization of plagioclase in some 
samples suggest that increased amount of water 
was present in these rocks also during late retro- 
gression, which is most likely not related to the 
main process of mylonitization. 

Deformation of the western (upper) 
metagabbro sheet 
Augen mylonite (W1). In the western meta- 
gabbro belt, the deformation was pervasive so 
that initial protomylonite stages of deformation 

Fig. 5. Drawings and micrograph of the eastern ultramylonite. (a) Plagioclase and amphibole banding (PPL). 
Plagioclase is darker than amphibole due to strong sericitization. (b) Plagioclase band in ultramylonite (E3) 
with abundant interstitial hornblende. Small grain size and subequant shapes are typical for these plagioclases. 
(c) Amphibole layer from ultramylonite (E3) is characterized by very fine grain size and strong SPO. 
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are absent. The least deformed rock represented 
by augen mylonite is marked by the presence 
of rare 2 -3  mm large porphyroclasts of plagio- 
clase (Fig. 6a) and by 1 -2 ram wide and 
4 -5  mm long porphyroclasts of hornblende 
within the recrystallized matrix (Fig. 6b). This 
rock type is preserved only in the southern part 
of the metagabbro belt. Plagioclase porphyro- 
clasts represent only 5-10% of the total plagio- 
clase volume and show deformational twins 
and undulatory extinction. Recrystallized plagio- 
clase grains show optical zoning. 

Modal proportion of amphibole porphyro- 
clasts cannot be estimated as they differ from 
the neoblasts only in their chemical composition, 
making them optically indiscernable. Amphibole 
porphyroclasts exhibit patchy or sweeping undu- 
latory extinction but deformation twins have not 
been observed. The local occurrence of twins is 
assumed to be growth-related, the twin planes 
being always perfectly straight. Prismatic por- 
phyroclasts attain higher aspect ratios than 
more rounded neoblasts. All rocks in the 
western belt are affected by amphibolite facies 
re-equilibration partly destroying the granulite 
facies peak metamorphic assemblages. 

Banded mylonite (W2). Distinct monomineral 
bands of 1-10 mm in width are typical of these 
highly deformed mylonites. Small hornblende 
grains of irregular shape are common within 
the plagioclase layers, but plagioclase is rarely 
included within amphibole bands. Both minerals 
are completely recrystallized. Hornblende is in 
some places replaced by later prisrnatic cum- 
mingtonite, which grows either parallel or 
obliquely to the mylonitic foliation and is 
locally included within the plagioclase layers. 

Two types of plagioclase microstructures 
occur within one plagioclase band. The first 
type is characterized by grain sizes ranging 
from 0.3 to 1 mm in diameter, subequant or 
slightly elongate, but always irregular, grain 
shapes with serrated boundaries (Fig. 7a), and 
growth-related optical zoning. Mechanical 
twins cross-cut the optical zoning in some 
cases (Fig. 7b), suggesting that at least some of 
them formed later. The second type is character- 
ized by narrow (c. 0.5 mm) high-strain zones 
trending parallel or slightly oblique to the layer- 
ing (Fig. 7c). Here, the grain size is reduced to 
0.05-0.2 ram. Plagioclase grains attain higher 
aspect ratios (up to 2) and exhibit undulatory 
extinction and subgrain boundaries elongate par- 
allel to the high-strain zone. The contact between 
these two deformational domains is either sharp 
or transitional. 

Hornblendes of 0.1 - 1 mm in size have straight 
grain boundaries locally meeting at high angles 
suggesting a high degree of textural equilibration 
(Vernon 1976) (Fig. 7d). No undulatory extinc- 
tion occurs and twinning is very rare. Where 
present, the twin planes are always very straight, 
indicating that twinning is growth-related rather 
than deformational. Aspect ratios vary between 
1.5 and 2.5, but some grains with aspect ratio 
close to 1 occur. Grains with high aspect ratios 
are not always parallel to the mylonitic foliation. 

Fig. 6. Drawings and micrographs of the western augen 
mylonite. (a) Digitized drawing of plagioclase (W1) 
used for the quantitative textural analysis. Large 
porphyroclasts are surrounded by a mantle of fine- 
grained matrix grains. (b) Hornblende (W 1) shows 
variable grain size and strong SPO. Plagioclase is white, 
hornblende is light grey, and opaque minerals are black. 

Bulk rock chemistry, mineral chemistry 
and zoning 

Bulk rock chemistry 

Table 1 presents bulk rock chemical analyses 
studied by X-ray fluorescence at Claude 
Bernard University, Lyon, France. The eastern 
and western metagabbro sheets are regarded to 
be a part of the same lower crustal unit prior to 
their involvement into the Variscan tectonics 
(Stfpskfi et al. 2001). However, their chemistry 
is not identical and bulk rock analyses 
(Table 1) show that western metagabbros are 
characterized by higher contents in A1 and Ca 
and lower contents in Na and Fe than their 
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Fig. 7. Drawings and micrographs of the western banded mylonite. (a) Lobate boundaries document grain boundary 
migration (GBM) in coarse-grained plagioclases of banded mylonite (XPL). (b) Mechanical twins (MT) transect the 
growth-related zoning (GZ) in banded mylonites documenting a later deformation phase (XPL). (c) Digitized drawing 
of two plagioclase domains (W2-pll and W2-p12) used for quantitative textural analysis. (d) Hornblendes (W2) are 
characterized by straight grain boundaries meeting occasionally at triple points at variable angles. Many small grains 
indicating high nucleation rate are present. SPO is rather low. Plagioclase is white, hornblende is light grey, pyroxene 
is dark grey, and opaque minerals are black in all drawings. 

eastern counterpart. The increase in Na and 
depletion in Ca in both metagabbro belts is 
related either to mylonitization or to primary 
variations due to postmagmatic processes. 

Trace elements show very similar trends for 
the eastern and western metagabbros, suggesting 
that they may originate from the same source. 
Metagabbros from both belts display a slightly 
negative Nb anomaly normalized to MORB 
(Sun & McDonough 1989). Augen mylonites 
from the western belt are depleted in Zr and Ti 
compared to eastern mylonites. Contents of Rb, 
Ba, and K are strongly variable in both belts, 
which is most probably related to postmagmatic 
alterations and/or mobility of these elements 
during metamorphism. 

Mineral chemistry and zoning 

Syndeformational chemical reactions are 
common in metabasic rocks (Brodie 1981; 
Brodie & Rutter 1985). Variations in plagioclase 
composition are shown in Figures 8 and 9. 
Amphibole compositions according to the classi- 
fication of Leake et al. (1997) are plotted in 
Figure 10. Representative analyses of mineral 
compositions are listed in Tables 2 and 3. 

Mineral abbreviations are according to Kretz 
(1983). 

It is likely that the studied metagabbros experi- 
enced a metamorphic event prior to the main 
deformation and metamorphism studied in this 
work. This is supported by existence of incom- 
pletely amphibolized pyroxenes in undeformed 
rocks of low-strain domains. In addition, the 
compositions of cores of large amphibole por- 
phyroclasts (actinolites to actinolitic magnesio- 
hornblendes) deviate from those of recrystallized 
magnesio-hornblendes in the eastern belt. Such 
compositions of primary amphiboles may indi- 
cate early greenschist to amphibolite facies con- 
ditions preceding the main higher grade 
Carboniferous deformation. 

The peak metamorphic assemblages within the 
eastern metagabbro consist of P1 + Hbl + Qtz + 
Ttn _+ Ilm __% Mag. The composition of plagio- 
clase porphyroclasts in protomylonite (El) 
varies between Anso and An6o (Fig. 8a). Small 
recrystallized grains show a composition similar 
to the mother host grain corresponding to 
Anso-6o. More albitic compositions (An4o_45) 
occur along grain boundaries or triple junctions 
of recrystallized grains (Fig. 9a). The geometry 
and sharp gradient in mineral zoning cross- 
cutting several grains is attributed to post-peak 
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Table 1. Representative analyses of bulk rock compositions 
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Eastern belt Western belt 

Protolith (E0) Mylonite (El) Ultramyl. (E3) Augen myl. (Wl) Banded myl. (W2) Banded myl. (W2) 

SiO2 48.61 49.20 52.69 46.23 50.20 48.92 
TiO2 0.71 0.82 0.94 0.10 0.35 0.37 
A1203 17.76 19.74 18.04 21.57 21.43 24.20 
FeO T 6.14 6.32 7.33 4.86 4.10 3.84 
MnO 0.12 0.10 0.13 0.10 0.08 0.06 
MgO 9.31 6.56 5.81 7.91 6.20 4.76 
CaO 12.47 9.22 8.60 13.15 12.08 11.58 
Na20 2.64 3.29 4.99 0.82 2.98 3.55 
K20 0.16 1.52 0.10 1.60 0.51 0.25 
P205 0.04 0.03 0.03 0.01 0.02 0.07 
LOI 0.88 1.91 0.57 2.76 1.21 1.65 
H20- 0.06 0.12 0.05 0.19 0.09 0.10 
Total 98.90 98.83 99.28 99.30 99.25 99.35 

Ba 32.1 149.0 52.0 374.3 5 2 . 3  54.6 
Rb 1.6 55.1 4.9 74.7 26.9 11.9 
Sr 409.4 742.0 226.9 219.1 346.3 397.4 
Zr 33.0 34.7 39.3 7.8 10.7 29.6 
Nb 1.3 1.3 1.7 0.6 1.3 1.2 
Y 12.2 9.4 20.2 3.3 7.2 6.4 
V 185.9 160.1 203.9 115.0 131.9 92.0 
Cr 550.5 214.7 222.4 136.0 622.9 269.9 
Ni 122.8 60.6 58.8 48.9 87.3 90.9 
CO 36.8 35.4 29.2 32.0 26.6 25.4 
Sc 42.3 24.9 30.4 41.3 33.6 16.8 
Cu 8.0 3.6 19.1 2.9 20.4 33.3 
Pb 0.8 4.5 2.5 6.0 2.4 2.3 
Ga 13.8 15.0 12.2 12.8 16.9 17.1 
XMg* 0.730 0.649 0.586 0.744 0.729 0.688 

Major elements are given in wt%, trace elements are given in ppm. *XMg = Mg/(Fe 2+ + Mg). 

a) 12- Porphyroclasts E a s t e r n  bel t  b) W e s t e r n  bel t  
Porphyroclasts 
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8 i . . . .  i i i , i , i i , i i , i i 
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Fig. 8. Composition of plagioclase in (a) the eastern and (b) the western belts. Porphyroclasts are depicted separately 
from matrix grains. Deformation grade increases from dark grey to white colour. 
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Fig. 9. BSE images of plagioclase and amphibole 
and representative chemical maps of plagioclase 
compositional variations. (a) Plagioclase in 
protomylonite from the eastern belt (El) suffers fluid- 
related chemical variations modifying the composition 
at triple points and grain boundaries. (b) Growth-related 
chemical zoning in mylonite from the eastern belt (E2). 
(c) Growth-related zoning in coarse-grained plagioclase 
of banded mylonite from the western belt (W2). 

fluid-phase activity along grain boundaries 
(McCaig & Knipe 1990). Recrystallized matrix 
plagioclases in the mylonite (E2) have andesitic 
compositions (An3o-5o) and show increases in 
anorthite content towards their rims (Fig. 9b), 
which is commonly ascribed to increasing 
metamorphic conditions. Rare rounded porphyro- 
clast, as well as matrix grains in ultramylonites 
(E3), underwent strong and irregularly developed 
late albitization. Matrix grains correspond to 
An3o_43 although oligoclase and albite compo- 
sitions (An6_ 15) are also common along fractures, 
cleavages and grain boundaries. These irregular 
compositional variations are attributed to late ret- 
rogression unrelated to the main deformation 
process. 

Amphibole porphyroclasts in protomylonites 
(El) are magnesio-hornblendes with variable 
content in Si but constant XMg (Fig. 10a). 

Amphiboles with more actinolitic composition 
replacing former magmatic pyroxenes can be 
found in the cores of some grains. Small amphi- 
bole grains show similar compositions compared 
to the porphyroclasts, some of them being more 
tschermakitic. The amphiboles in mylonites 
(E2) are magnesio-hornblendes with slightly 
lower Si contents than those in the protomylo- 
nites. High Si/low A1 domains documenting 
incomplete transformation of pyroxenes into 
hornblendes are present in the cores of large por- 
phyroclasts as well. Locked-up grains in the 
ultramylonites (E3) vary between magnesio- 
hornblende and tschermakitic composition. 
Small new grains have slightly lower A1 contents 
compared to the less deformed stages. 

In the western belt, the peak metamorphic 
assemblages correspond to P1 § Hbl _ Cpx _+ 
Opx +_ Grt ___ Ttn + Ilm. A granulite facies 
mineral assemblage, comprising also sapphirine 
and corundum, is not stable and re-equilibrated 
during subsequent upper amphibolite facies 
reworking. In the south, granulite facies assem- 
blages are absent and probably completely 
re-equilibrated. In the north, a late metamorphic 
phase is documented by the presence of prismatic 
orthoamphibole (gedrite). 

Plagioclase porphyroclast compositions are 
very similar to those of the eastern belt and vary 
between An4o and An65. Recrystallized matrix 
grains in the augen mylonite (W1) show locally 
increasing anorthite content up to An6o_9o com- 
pared to the porphyroclasts, indicating that 
chemical reactions took place during recrystalli- 
zation. Sharp limited domains of An4o_45 compo- 
sition along grain boundaries are also common, 
suggesting late fluid activity (Knipe & McCaig 
1994). Recrystallized plagioclase grains in 
banded mylonites (W2) show stronger variabil- 
ity in compositions (An35-9o). Growth-related 
zoning due to increasing metamorphic grade is 
documented in Figure 9c. The cores have more 
albitic composition (An34) compared to the rims 
(An6o_65) and are attributed to the early meta- 
morphic stage. Modifications of plagioclase 
composition characteristic of fluid-related com- 
positional changes are also developed in the 
banded mylonite. 

Amphibole porphyroclast compositions (Fig. 
10b) were analysed in two different thin sections 
of augen mylonite (W1) and the difference in 
their mineral chemistry may be explained by 
local bulk rock chemical variations. The amphi- 
bole porphyroclasts correspond to magnesio- 
hornblendes with similar compositions to those 
in the eastern belt. Porphyroclast rim com- 
positions show a decrease in Si content with 
respect to the cores. Neoblasts are marked 
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Fig. 10. Composition of amphiboles in (a) the eastern and (b) the western belts. (Classification of Leake et al. (1997) 
was used, (Na + K)A < 0.5.) 

by sharp compositional differences expressed 
by decreasing Si and XMg contents. In the 
banded mylonite (W2), larger grains show 
higher Si content than small neoblasts (very 
low Si content), both being of tschermakitic 
composition. 

Temperature (T) was calculated using the 
hornblende- plagioclase thermometer by 
Holland & Blundy (1994; thermometer B). 
Estimated temperatures are based on 30 and 40 
amphibole-plagioclase couples in the eastern 

and western belt, respectively. In the eastern 
(lower) sheet, calculated T was estimated to 
be 650 4-50~ while T in the west was 
750 + 50 ~ Deformation is interpreted to have 
taken place under or close to these metamorphic 
conditions. Pressure (P) could not be estimated as 
garnet is absent in the mineral assemblage of the 
metagabbros. However, P of 9 kbar was esti- 
mated at the lower contact between the meta- 
gabbro sheet and tonalitic sill, where garnets 
have been formed (St/pskfi e t  al .  2001). 
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Quantitative textural analysis 

Grain size distribution 

The average grain sizes are presented as median 
values of the Ferret diameter and the grain size 
spread is expressed by the difference of third 
and first quartile (Q3- Ql). The statistical 
values of the quantitative microstructural and 
grain size analyses are summarized in Table 4. 

Plagioclase. Plagioclase in XZ section of the 
protomylonit ic  stage in the eastern metagabbro 
belt is character ized by an average grain size of  

45 ixm (El) (Fig. l la). Matrix grains in mylo- 
nites are marked by an increase of  the average 
grain size, reaching 74 pore in less (E2-pl l )  and 
58 Ixm in more  (E2-p12) strained domains.  
Grain coarsening in the myloni te  is consistent 
with the syndeformational  growth of  grains origi- 
nated from subgrain rotation in the protomyloni-  
tic stage. This is supported by a greater amount  
of  larger grains in grain size f requency histo- 
grams. The grain size is reduced to ~ 4 5  Ixm in 
the ul tramylonite  (E3). 

Plagioclase grains in the augen myloni te  of  
the western metagabbro belt  (W1) are 43 Ixm 
on average, which is the statistical value 

Table 4, Statistical values of the quantitative textural analysis 

Eastern belt Western belt 

Protomyl. Mylonite Mylonite Ultramyl. Augen myl. Banded myl. Banded myl. 
pl amp, pll p12 amp, pl amp, pl amp, pll p12 

GBPO Pl-pl 1.23 1.30 1.58 1.44 1.39 1.24 1.59 
Eigenvalue Amp-amp 2.50 3.53 2.26 1.96 
r = el/e2 Amp-plt 1.41 1.94 2.60 2.18 1.55 1.50 
Eigenvector V1 Pl-pl 7 24 23 17 3 - 3 5 
Orientation (~ Amp-amp 11 2 4 - 2 

Amp-pl * 16 12 18 7 - 5  1 
SPO P1 1.45 1.46 1.73 1.85 1.86 1.38 1.64 
Eigenvalue Amp 1.83 4.40 2.89 2.21 
r = el/ea Amp t 1.81 2.67 3.43 3.26 1.96 1.76 
Eigenvector V1 P1 - 14 21 22 8 1 2 8 
Orientation (~ Amp 16 2 8 - 2 

Amp t 18 9 21 8 - 1 9 
Aspect ratio P1 1.59 1.56 1.82 1.84 1.68 1.50 1.72 

(median) Amp 4.46 3.79 2.36 2.12 
Amp ~ 2.67 2.59 3.02 3.00 2.28 1.84 

Grain size-Ferret diameter 
Median (Ixm) P1 45 74 58 45 43 92 

Amp 49 41 119 94 
Amp t 49 39 43 33 59 50 

Q1 (~m) P1 33 52 43 30 30 57 
Amp 36 30 62 61 
Amp t 38 29 31 24 34 35 

Q3 (~m) P1 63 103 80 72 63 147 
Amp 68 62 211 142 
Amp t 64 52 60 44 102 74 

Q3 - QJ (~m) P1 30 51 37 42 32 90 
Amp 33 32 150 81 
Amp t 26 23 29 20 68 39 

Skewness "+ PI 1.44 - 0.34 - 0.08 - 0.09 1.15 0.01 
Amp 0.62 0.25 0.02 0.36 

Kurtosis * P1 7.30 2.86 2.77 2.53 6.99 2.98 
Amp 4.86 3.12 2.43 2.74 

R 2 P1 0.9151 0.9909 0.9979 0.9951 0.9442 0.9977 
correlation Amp 0.9768 0.9942 0.9899 0.9883 

coef. 

72 

50 

106 

56 

*Positive values are oriented anticlockwise with respect to the horizontal line. 
tin plagioclase domains. 
*The R 2 values, skewness close to zero, and kurtosis close to 3 signify well-fitted lognormal distribution. 
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Fig. 11. Grain size evolution in the eastern (triangles) and western (circles) metagabbros. Degree of defomlation 
increases from dark to white colour. (a) Calculated medians and standard deviations. (b) Histograms showing the 
characteristic frequencies of grain size for each deformational stage. 

representing the size of the recrystallized matrix 
grains. Plagioclase grain size is substantially 
higher in the coarse-grained domain (W2-pll) 
of the banded mylonite (92 ~zm). The grain size 
is reduced to 72 ~m on average in the high- 
strain domain (W2-p12). 

The grain size distributions (Fig. 1 lb) in proto- 
mylonites of the eastern belt (El) show slightly 
bimodal distribution due to presence of large 
porphyroclasts surrounded by small recrystal- 
lized grains. A higher amount of large grains 
characterizes the western banded mylonite 
(W2) compared to the augen mylonite (W1) 
and eastern mylonites (El-E3).  Lognormal dis- 
tributions correlate with intensity of deformation 
in both belts. 

Amphibole. The amphibole grain size is 49 p~m 
in the eastern metagabbro mylonite (E2) and 
41 ~m in the ultramylonite (E3). However, the 
grain size spread is always lower than that of 
plagioclase in the same rock. 

The size of amphibole grains included within 
plagioclase domains decreases systematically 
with increasing deformation, from 49 ~m in the 
least deformed sample (El) to 39 ~m and 
43 ~m in the mylonite (E2-pll and E2-p12, 
respectively) and 33 p~m in the ultramylonite 
(E3). The grain sizes are always slightly lower 
than those of amphibole matrix grains in the 
same thin section. 

Amphibole grain size in the western meta- 
gabbro belt is highest in the sample including por- 
phyroclasts (W1), reaching 119 Fm on average. 
Very high variance is typical of this mylonite, 
which is due to a relatively low number of new 
grains and a high number of large porphyro- 
clasts. In the banded mylonites (W2), grain size 
decreases to 94 Fm on average. 

In the eastern belt, amphibole grain size distri- 
butions (Fig. 11 b) are similar to those of plagio- 
clase. They are characterized by well-developed 
lognormal distribution in both mylonite and 
ultramylonite stages. In contrast, the distribution 
of amphibole grain size in the western belt exhi- 
bits weaker fits of lognormal distribution with 
increasing deformation, which is attributed to a 
higher number of large grains of variable size 
(Table 4). 

Shape preferred orientation 
PIagioclase. Recrystallized plagioclase grains 
in the protomylonite of the eastern belt (El) 
and mylonite (E2-pll) have aspect ratio (AR) 
of 1.59 and 1.56, respectively (Fig. 12a). Both 
aspect ratio (AR = 1.82) and SPO increase in 
the analysed high-strain plagioclase aggregate 
adjacent to the rigid amphibole porphyroclast 
in mylonite (E2-pl2). The ultramylonite (E3) 
exhibits further strengthening of the SPO and 
similar high aspect ratios (AR = 1.84). 
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Plagioclase grains in augen mylonites of the 
western belt (W l) have the strongest SPO but 
similar aspect ratios (AR = 1.68). The SPO 
decreases significantly in the coarse-grained pla- 
gioclase layers of banded mylonite (W2-pll),  
which also have the lowest aspect ratio of all ana- 
lysed samples (AR = 1.50). Both aspect ratio 
and SPO further increase in the high-strain 
domain of banded mylonite (W2-p12). 

Amphibole. Amphibole grains in the mylonite of 
the eastern metagabbro belt (E2) have high aspect 
ratios (AR --- 4.46) but SPO is the lowest of all 
analysed amphibole domains (ram p = 1.83) 
(Fig. 12b). Aspect ratio in the ultramylonite 
(E3) is lower (AR = 3.79) but SPO is much 
h i g h e r  (ram p --- 4.40) and interpreted as due to pro- 
gressive rotation and elongation of most of the 
grains parallel to the mylonitic foliation. 

In the western belt, amphiboles are character- 
ized by low aspect ratios in the augen ( A R - -  
2.36; W1) and banded mylonites (AR = 2.12; 
W2). The SPO also decreases from augen 
(ram p = 2.89) to banded mylonite (ram p = 2.21). 

Grain boundary preferred orientation 

The degree of grain boundary preferred orien- 
tation (GBPO, Fig. 12c) of plagioclase-plagio- 
clase boundaries (rpl-p0 increases from 1.23 for 
the protomylonite (E 1) to 1.44 for the ultramylo- 
nite (E3). A maximum value (rpl_pl = 1 .58)  is 
achieved in the high-strain domain adjacent to 
the amphibole porphyroclast in mylonite (E2-p12). 
The orientation of the maximum eigenvector 
(VI) progressively deviates from the foliation 
direction with increasing strain (Table 4), 
which indicates an increasing effect of non- 
coaxial deformation. The r p l _ p l  in the western 
metagabbro belt is quite low in the augen mylo- 
nite (W1; rpl_pl = 1.39) and further decreases in 
the coarse-grained matrix of banded mylonite 
(W2-pll;  rpl_pl--1.24). The rpl_pl increases 
again in the localized sheared zone (W2-p12). 
Orientations of the maximum eigenvector V~ 
are more or less parallel to the foliation indi- 
cating a predominantly coaxial deformation 
(Table 4). 

The degree of preferred orientation of 
amphibole-  plagioclase boundaries (ramp_pl) 
shows a similar evolution but higher values of 
ramp-p1 compared to rp]_p] in both belts. 

The degree of amphibole-amphibole GBPO 
(ramp-amp) in the eastern belt reaches the 
highest values, which is due to the aggregate dis- 
tribution and elongate shape of grains. The 
ramp_am p increases from 2.5 in the mylonite 
(E2) to 3.53 in the ultramylonite (E3). The 
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maximum eigenvector V1 is only slightly 
inclined with respect to the foliation, suggesting 
minor component of non-coaxial deformation. In 
the western belt, ramp_am p weakens from 2.26 in 
the augen mylonite (W1) to 1.96 in the banded 
mylonite (W2), being still stronger than rpl-pl 
in similar rock types. The eigenvector V~ is par- 
allel to the foliation in both types of mylonites. 

Crystallographic preferred orientation 
Five thin sections, covering all the deformation 
stages, were analysed using the EBSD technique. 
In the eastern mylonite (E2) and the western 
banded mylonite (W2), two plagioclase domains 
were investigated. 

Besides pole figures of [100] directions and 
poles to (010) and (001) planes, inverse pole 
figures, calculated parallel to stretching lineation 
and pole to foliation, are used in the eastern belt in 
order to identify orientation maxima, which could 
correspond to less common slip systems reported 
in the literature. The inverse pole figures may be 
employed because the orientations of lineation 
and foliation follow strong SPO and CPO of 
amphibole. For the description of inverse pole 
figures, only the slip systems previously 
described in the literature will be mentioned 
(for summary see e.g. Kruse et al. 2001 ; Sttinitz 
et al. 2003). The I parameters representing the 
intensity of CPO are shown in Table 5. 

Plagioclase 

Within the protomylonite of the eastern belt (El), 
the plagioclase CPO is not random (Figs 13 and 
14a). In the inverse pole figure, the lineations are 
distributed subparallel to the horizontal plane 
with a maximum around [i 10]. Poles to foliation 
are arranged in a N-S  girdle with maxima 
around (001) and a* (100). The (001) [1 i0] slip 
system (Olsen & Kohlstedt 1984, 1985) could 

Table 5. Intensity I of crystallographic preferred 
orientation 

Hornblende Plagioclase 

(100) [001] {110} [1001 (010) (001) 

E1 1.51t 
E2-pl 1 
E2-p12 
E3 2.906 

Wl 1.422 
W2-pll 0.948 
W2-p12 

1.926 0.897 0.116 0.666 0.319 
0.095 0.109 0.100 
0.108 0.347 0.171 

1.591 1.454 0.083 0.033 0.178 

1.854 0.846 0.111 0.074 0.020 
1.606 0.653 0.457 0.552 0.948 

0.590 0.299 0.741 

thus be possibly active. The orientation of porphyr- 
oclasts is different from that of recrystallized 
grains, suggesting that the recrystallization was 
not host-controlled (e.g. Ji & Mainprice 1990; 
Kruse et al. 2001). The mylonite (E2-pll and 
E2-p12) shows weak CPO in both plagioclase 
domains. A weak maximum of lineations is situ- 
ated around [110] in the E2-pll _domain, and some 
clusters of lineation around [1_12] directions and 
poles to foliation close to (201) can be observed 
in the high-strain domain in sample E2-p12. These 
orie_ntationsmay indicate the possible activation of 
(201)1/21112] (Marshall & McLaren 1977a, b) in 
the high-strain fine-grained domain adjacent to the 
hornblende porphyroclast (Fig. 4d). The ultra- 
mylonite CPO (E3) displays maximum for poles 
to foliation clustering near the (021) and maxi- 
mum for lineations near the [112] direction. Such 
CPO would suggest activation of (021)1/21112] 
slip system (Olsen & Kohlstedt 1984; Montardi 
& Mainprice 1987). The I parameters attain lower 
values in more deformed stages for [100], (010), 
and (001), respectively. 

The CPO of the augen mylonite in the western 
belt (W1) (Fig. 15) is very weak and no slip 
systems could be extracted even by examining 
the inverse pole figures, which are not shown 
here. Within banded mylonite (W2-pll and W2- 
p12), both coarse-grained (pll) and fine-grained 
(p12) plagioclase domains exhibit strong maxima 
of [100] directions close to the lineation. Poles 
to (010) and (001) planes are distributed close to 
the pole of the foliation, which is defined by com- 
positional layering. The domain W2-p12 rep- 
resents late shear zones marked by important 
grain refinement (Fig. 7c). The 1 parameters are 
higher in the banded mylonite (W2) compared 
to the augen mylonite (W1), indicating strength- 
ening of plagioclase CPO. It is likely that this 
late shearing was not entirely coaxial with respect 
to the main flow represented by coarse-grained 
aggregate fabrics (W2-pl 1). Therefore, the differ- 
ence of (010) and (001) maxima in pole figures 
could result from slightly oblique orientation of 
late shear plane with respect to dominant compo- 
sitional layering. The shear zone (W2-p12) is 
marked by an inclination of [100] maximum of 
about 10 ~ with respect to the lineation, which 
could be attributed to non-coaxial deformation (Ji 
et al. 1988). Activity of slip systems (001)[100] 
(Marshall & McLaren 1977a, b) and (010)[100] 
(Montardi & Mainprice 1987) may be inferred 
from such orientation patterns. 

Amphibole 

Small recrystallized hornblendes adjacent to 
their host grain in the eastern protomylonite 
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projections). Diagrams are contom'ed as multiples (0.5, 1.0, 1.5, 2.0, 2.5 . . . .  x ) of uniform distribution. MD is 
maximum density of data in the contour diagrams. Foliation is represented by the horizontal line, lineation is 
trending E-W. 

(El) show progressive reorientation of the crys- 
tallographic planes (100) towards the foliation 
direction and c-axes [001] towards the lineation 
(Fig. t6a). Cleavage planes { 110} cluster parallel 
to the foliation as well. The asymmetry of the 
CPO fabric is consistent with the dextral shear 
zone cross-cutting the porphyroclast under the 
angle of ~ 2 0  ~ with respect to the mylonitic foli- 
ation. The CPO of hornblende in the ultramylo- 
nite (E3) displays a strong maximum of poles 
to the (100) and {110} planes (Fig. 16b) cluster- 
ing normal to the foliation ( I - - 2 . 9  for (100)). 
The c-axes trend in the direction of lineation. 
Such CPO patterns suggest that the (100)[001] 
slip system could be activated. Inclination of 
data with respect to the mylonitic foliation due 
to dextral shear is present. Similar fabric asym- 
metry, interpreted as the result of a non-coaxial 
strain, has been described in eclogite facies 
glaucophanites (Zucali et al. 2002). 

Hornblende CPO in the augen mylonite (W 1) 
from the western belt form a cluster of (100) 

planes subparallel to the mylonitic foliation 
and c-axes parallel to the lineation. However, a 
few grains occur with a different orientation 
(Fig. 16c). In the banded mylonite (W2), the 
(100) planes and c-axes reveal similar orientation 
as in the augen mylonite but the maxima are less 
pronounced (Fig. 16d). The I parameters are 
slightly lower in the banded mylonite (W2) com- 
pared to the augen mylonite (W1). This CPO 
pattern is consistent with activation of the 
(100)[001] slip system. No asymmetry with 
respect to the shear plane occurs. 

D i s c u s s i o n  a n d  c o n c l u s i o n s  

Recrystallization and deformation 
mechanisms of plagioclase 

The early deformation stage in plagioclase in the 
eastern amphibolite facies metagabbro belt is 
marked by undulatory extinction, twinning, and 
fracturing, which are typical for low temperature 
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Fig. 14. (a) Inverse pole figures of plagioclase CPO in the eastern belt (upper hemisphere, equal area projections). 
Projections of lineations are presented as point and contour diagrams in the left, projections of poles to foliations are in 
the fight side of the figure. N is the number of plotted points. Diagrams are contoured as multiples (0.5, 1.0, 1.5, 2.0, 
2.5 . . . .  • ) of uniform distribution. MD is maximum density of data in the contour diagrams. Large circle and square in 
the protomylonite represent two porpbyroclasts. (b) The crystallographic reference frame. 

and/or  high differential stress (Tullis & Yund 
1987, 1992; Rosenberg & Sttinitz 2003). Small 
grains concentrated in these fractures exhibit 
typical features of dynamic recrystallization 
such as bulging and subgrain rotation. How- 
ever, some of them might have developed by 
crushing of the host grain or by heterogeneous 
nucleation (StiJnitz et al. 2003; Rosenberg & 
Sttinitz 2003). Twin-free grains adjacent to 
twinned host grains (see Fig. 3b), compositional 

resemblance of recrystallized grains to host 
grains, and strong CPO (Lister et al. 1978) may 
indicate a recrystallization mechanism by sub- 
grain rotation. This recrystallization mechanism 
is also supported by small average grain sizes, 
small aspect ratios and weak SPO of new 
grains. A fairly small degree of GBPO for plagi- 
oclase-plagioclase boundaries is in agreement 
with subequant shapes of equidimensional new 
grains, thus favouring the hypothesis of subgrain 
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Fig. 15. Point and contour pole figures of plagioclase CPO in the western belt (lower hemisphere, equal area 
projections). Diagrams are contoured as multiples (0.5, 1.0, 1.5, 2.0, 2.5 .... • ) of uniform distribution. MD is 
maximum density of data in the contour diagrams. Foliation is represented by the horizontal line, lineation is trending 
E-W. 

rotation recrystallization mechanisms. The CPO 
is strong and indicates a possible activity of 
the (001)[110] slip system. 

The mylonitic stage is characterized by sub- 
equant shapes of recrystallized plagioclase 
grains (low aspect ratios) with straight bound- 
aries, weak shape preferred orientation and 
slightly higher degree of GBPO compared to 
the protomylonite. Recrystallized grains show 
increasing grain sizes compared to protomyloni- 
tic stage. Compositional zoning in plagioclase 
indicates syndeformational growth of matrix 
grains (Sodre Borges & White 1980). The plagi- 
oclase CPO in the mylonite is fairly weak. These 
observations suggest that grain boundary sliding 
(Boullier & Gu6guen 1975; Lapworth et al. 
2002), accompanied by some component of 
crystal plastic deformation in plagioclase, was 
the dominant deformation mechanism. Mixing 
of amphibole and ptagioclase grains could be 
another argument for the presence of grain 
boundary sliding. Rosenberg & Sttinitz (2003) 
suggested for the syntectonically cooled and 
deformed Bergell tonalite that mixing of plagio- 
clase and biotite in a fine-grained matrix together 
with weakening of CPO implied a mechanism of 
diffusion-accommodated grain boundary sliding. 

A switch of deformation mechanism from dis- 
location creep to grain size sensitive (GSS) flow 

due to strain softening and grain size reduction is 
well known from quartzo-feldspathic rocks (e.g. 
Walker et al. 1990; Tullis & Yund 1991). Very 
small grain size is required for activation of 
GSS deformation: 'less than 10 ~m' by 
Boullier & Gu~guen (1975), 2-16 &m by Tullis 
& Yund (1991), and 3-30 p~m by Stfinitz & 
Fitz Gerald (1993). However, some studies 
suggest grain boundary sliding deformation for 
grain sizes of 100-150 I-~m for plagioclase 
(Jensen & Starkey 1985), 24-41 I~m for mixed 
plagioclase-hornblende layers (Kruse & Stfinitz 
1999), and 100-250 p,m for plagioclase 
(Lapworth et al. 2002). In our samples with 
weak or random CPO, the grain size varies 
between 30 and 150 txm. The occurrence of 
grain-boundary diffusion creep for such grain 
size may be explained by very low strain rates 
(Fliervoet et al. 1999; Lapworth et al. 2002). 

Fine-grained plagioclases from high-strain 
domains adjacent to amphibole porphyroclasts 
and matrix plagioclase grains in ultramylonites 
show a decrease in average grain size coupled 
with increased aspect ratios, strong SPO and 
GBPO. The CPO is strong for the ultramylon_ite 
sample, suggesting activation of a (021) 1/2 [ 112] 
slip system. These features may indicate that 
at very high strains the grain size sensitive 
flow becomes less important in plagioclase. 
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MD is maximum density of data in the contour diagrams. Foliation is represented by the horizontal line, lineation 
is trending E-W. The CPO of porphyroclast is marked by a circle. 

A possible switch from diffusion-dominated flow 
in the mylonite to dislocation creep in the ultra- 
mylonite may be due to a decrease in temperature 
of deformation as described from felsic granu- 
lites by Martelat et  al. (1999). The switch from 
the GSS to the GSI regime for decreased grain 
size is possible and implies an increase of 
strain rate and/or a decrease of temperature in 
the shear zone (Handy 1990). A similar transition 
from diffusion-dominated creep in plagioclase 
aggregates in augen mylonites to dislocation 
creep in banded ultramylonites was reported 
by Schulmann et  al. (1996) from deformed 
metagranitoids. 

Dominant (010)[001] slip was identified in 
plagioclase from both CPO patterns and/or 
TEM observations (e.g. Olsen & Kohlstedt 
1984, 1985; Montardi & Mainprice 1987; Ji & 
Mainprice 1988, 1990). However, the observed 
CPO patterns for amphibolite facies metagabbros 
are not compatible with activation of the classic 
slip system. Various other slip systems, which 
may be activated in plagioclase also, were 
described by Marshall & McLaren (1977a, b), 
Olsen & Kohlstedt (1984, 1985), and Montardi 
& Mainprice (1987). In addition, St(initz et  al. 
(2003) concluded that during experimental 
deformation of plagioclase several slip systems 
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are contemporaneously activated. The presence 
of several maxima in inverse pole figures of 
our samples may indicate that several slip 
systems probably operated simultaneously and 
their unequivocal identification from CPO 
patterns is therefore difficult. 

In the western augen mylonites, plagioclase 
recrystallizes dynamically by subgrain rotation. 
Aggregates of plagioclase matrix grains show 
microstrnctures indicative for dislocation creep, 
such as subgrain formation, strong SPO, high 
aspect ratios and relatively strong GBPO of 
plagioclase boundaries. Large differences in 
chemical compositions between porphyroclast 
and matrix may imply that some of the grains ori- 
ginated by heterogeneous nucleation (Rosenberg 
& Sttinitz 2003). Surprisingly, the CPO of 
recrystallized grains is very weak, which may 
suggest that some GSS process took place at 
this stage of deformation. 

In the banded mylonites, the plagioclase 
matrix grains show strongly migrated bound- 
aries, and lower SPO, aspect ratios and GBPO 
compared to the augen mylonite. Plagioclase is 
characterized by a relatively high average grain 
size and a common growth-related, chemically 
zoned composition. The plagioclase cores are 
overgrown by a new plagioclase with a more 
calcic composition at upper amphibolite to gran- 
ulite facies conditions. A similar mechanism was 
numerically modelled by Jessell et al. (2003) 
showing that some original grain cores are 
directly in contact with rims of new grains due 
to preferential growth of grains at the expense 
of others. This sharp compositional difference 
must necessarily introduce a strong chemical 
potential between these two grains. Serrated 
boundaries indicate a mechanism of grain bound- 
ary migration. A process called chemically 
induced grain boundary migration (CIGM) was 
introduced by Hillert & Purdy (1978) and in 
the case of naturally deformed amphiboles 
described by Cumbest et al. (1989a). Such a 
process requires a strong chemical potential and 
is driven by a reduction in the free chemical 
energy associated with the chemical change 
(Yund & Tullis 1991). However, Yund & 
Tullis (1991) observed important compositional 
changes in experimentally deformed plagioclase, 
which were not assumed to be the driving force 
for associated dynamic recrystallization. The 
CPO in banded mylonites is relatively strong 
and (001)[100] and (010)[100] slip may be 
inferred from the pole figures. Martelat et al. 
(1999) reported a strong CPO in plagioclase 
deformed by high-temperature diffusion creep 
in coarse-grained felsic granulites. We propose, 
however, that a difference in chemical potential 

could have been one of the main driving forces 
for grain boundary migration in the banded 
mylonites. 

Fine-grained shear zones, cross-cutting the 
coarse-grained plagioclase bands, developed 
later at somewhat lower temperatures. This 
is supported by the mechanical twins cross- 
cutting chemically zoned plagioclases from 
these shear zones. Higher aspect ratio, stronger 
SPO and GBPO, and strong CPO suggest domi- 
nant activity of dislocation creep with activation 
of (001)[100] slip in these domains. 

Deformat ion  mechan i sms  o f  amphibole  

Microstructural evidence for cataclastic flow was 
presented by Nyman et al. (1992) from amphi- 
bolites that were previously interpreted to have 
been deformed plastically. Amphiboles are relati- 
vely resistant to crystal plastic deformation even 
at high metamorphic grades (Brodie & Rutter 
1985). The dominant slip system (100)[001] in 
amphibole was inferred from both experimental 
and natural studies (Dollinger & Blacic 1975; 
Rooney et al. 1975; Cumbest et al. 1989b; 
Hacker & Christie 1990; Skrotzki 1990). The 
(hk0)[001] slip system was determined by 
Biermann & Van Roermund (1983) and 
Morrison-Smith (1976). The (010)[100] and 
(001)[100] slip systems were observed by 
Morrison-Smith (1976) in experimental studies 
but not in nature. All these studies concluded 
that the only possible active Burgers vector 
operating in amphiboles WaSoin [001], which is 
also the shortest one (5.299 A). [100] and [010] 
Burgers vectors (9.885 A and 18.169 A, respec- 
tively) were thought to be too long to be activated 
(Rooney et al. 1970). 

Hornblende microstructures from the eastern 
metagabbro belt (protomylonite and mylonite) 
exhibit twinning on (100) planes (Rooney et al. 
1975), kinking, and strong undulatory extinction 
related to bending/twins of the crystalline lattice. 
Microshear zones transect large porphyroclasts 
into bookshelf-like segments and these segments 
subsequently rotate with their c-axes parallel to 
the shear direction. This is consistent with pole 
figures showing CPOs of small grains that are 
different from the host porphyroclast. In YZ sec- 
tions, the grains have lozenge shapes, with their 
grain boundaries parallel to the {110} cleavage. 
The SPO and GBPO are relatively weak for 
these strongly elongate grains when compared 
to grains from more advanced stages of defor- 
mation. This is interpreted to be the result of 
development of new grains along intracrystal- 
line microshear zones and along margins of 
porphyroclasts. 
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Some observations are consistent with brittle 
deformation of amphibole. For instance, horn- 
blende host grains are often rimmed by 'sub- 
grains' forming core-mantle-like structures. 
Grain boundaries between new grains and por- 
phyroclasts are very sharp, indicating that new 
grains formed by fracturing rather than by sub- 
grain rotation (Nyman et al. 1992). Interstitial 
plagioclase decorate grain boundaries between 
small recrystallized grains demonstrating opening 
of spaces between amphiboles. However, the 
operating deformation mechanism in hornblende 
cannot be unequivocally determined from 
optical observations and EBSD data alone. The 
strong CPO patterns may be interpreted by 
(100)[001] slip with dislocation creep being the 
major operative deformation mechanism, by 
translation gliding along {110} planes indicating 
dominant microfracturing or by mechanical 
rotation of anisotropic grains. The strong asym- 
metry of CPO reflects the development of 
antithetic microshear zones operating during 
bookshelf-like rotations associated with dextral 
shear. 

Hornblende crystals in ultramylonites are 
characterized by higher aspect ratios, more 
uniform grain sizes, and stronger SPO and 
GBPOs compared to amphiboles from proto 
mylonites and mylonites. Strong CPO of (100) 
and { 110} cleavage planes subparallel to the foli- 
ation and c-axes subparallel to the lineation are 
consistent with activation of the (100)[001 ] and 
{110}[001] slip systems. As mentioned above, a 
strong CPO of amphibole may also be produced 
by rigid body rotation. 

The most important observation in the western 
augen mylonitic hornblendes is that the original 
porphyroclasts and new grains have different 
chemical compositions (magnesio-hornblende 
and tschermakite with higher Na and K content, 
respectively). Chemical differences between old 
and new grains suggest that new grains origi- 
nated by heterogeneous nucleation under higher 
metamorphic conditions (e.g. Binns 1965; Laird 
& Albee 1981), which may be chemically and/ 
or deformationally induced (Berger & Sttinitz 
1996). The porphyroclasts show high aspect 
ratios and SPO, GBPO, and CPO maxima 
oriented parallel to the mylonitic foliation. A 
rigid body rotation of large porphyroclasts in 
the weaker plagioclase matrix is the most likely 
mechanism to explain the strong preferred orien- 
tation of these grains. New grains have signifi- 
cantly lower aspect ratios, strong SPO, CPO 
and high degrees of GBPO of like-like bound- 
aries. The orientation of CPO maxima is consist- 
ent with the possible activation of (100)[001] 
slip. 

In the banded mylonites, primary hornblende 
porphyroclasts are missing; however, slight 
chemical zoning within large and smaller new 
grains indicates their syndeformational growth. 
Amphiboles, in monomineral hornblende bands, 
show straight boundaries decorated with small 
amounts of tiny interstitial plagioclase. Amphi- 
bole grains show no signs of internal deformation 
and have straight to lobate grain boundaries, 
which is indicative of high degrees of textural 
equilibration (Brodie & Rutter 1985). The grain 
sizes and the degree of SPO and GBPO decrease 
with respect to less deformed rocks (augen mylo- 
nite). However, the CPO is strong and very 
similar to that from less deformed augen mylo- 
nite, indicating possible activation of (100) [001 ] 
slip. Hornblende grains, which occur in plagio- 
clase aggregates, are marked by significantly 
smaller grain sizes compared to host matrix crys- 
tals (Fig. 7c). They are often located at high- 
energy surfaces or unstable triple points, and 
show globular shapes typical for a very different 
structure of host and inclusion grain. In some 
places, where the minor phase becomes abun- 
dant, it is forced to occupy less favourable 
planar interfaces (Vernon 1976). All these cri- 
teria suggest that these grains developed by 
heterogeneous nucleation, namely in a high 
surface energy plagioclase aggregate (Spry 
1969; Dallain et al. 1999). The mechanism of 
syndeformational growth is more pronounced 
in hornblende layers. This is supported by 
shapes of grain size distribution histograms that 
show important numbers of large grains. Possible 
mechanisms to explain strong CPO in the studied 
rocks is a nucleation and growth of new horn- 
blende grains in a non-lithostatic stress field as 
was proposed for pyroxenes by Helmstaedt 
et al. (1972) or Mauler et al. (2001). 

Implications for the theology of  a 

two-phase amphibole-plagioclase system 

Experimental deformation of amphibolite and 
granulite facies natural samples of metabasites 
(Wilks & Carter 1990) reveals that the rheology 
of such polyphase systems depends on tempera- 
ture, rock composition, deformation mechan- 
isms, water content, and to a minor extent, 
pressure. The relationship between these factors 
and differential stress and strain is, however, 
complex and Wilks & Carter (1990) concluded 
that it is necessary to estimate the contribution 
of each phase to the creep rate of the bulk rock 
in order to establish a convenient flow law. 

Rosenberg & Sttinitz (2003) proposed that 
interconnected monomineralic networks of 
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recrystallized plagioclase in middle or deep 
crustal metabasic rocks are rare and restricted 
to rocks with very high plagioclase modal abun- 
dances such as anorthosites (Ji et al. 1988). 
However, as mentioned by other authors (e.g. 
Brodie & Rutter 1985), banded metabasic mylo- 
nites are common, which is confirmed by this 
work. We show that plagioclase may easily 
form interconnected weak layer networks in 
hornblende gabbros under upper amphibolite 
facies conditions. 

Our microstructural study of an amphibolite 
facies metagabbro (650 _+ 50 ~ shows that 
the load-bearing framework structure (Handy 
1990, 1994) is restricted to the lowest deforma- 
tion intensities. The non-deformed metagabbro 
shows coarse-grained ophitic structure composed 
of randomly distributed hornblende and plagio- 
clase, where amphibole grains are only locally 
in contact. With ongoing strain, the deformation 
is mostly concentrated in the plagioclase, which 
is at the transient region between brittle and 
plastic behaviour, leading to development of a 
fine-grained matrix (Tullis & Yund 1987). 
Amphibole grains showing high internal strain 
and local fracturing behave as rigid bodies sur- 
rounded by interconnected layers of plagioclase 
grains. Such microstructures may be interpreted 
as an interconnected weak layer structure 
(IWL) with a high viscosity contrast between 
rigid clasts of amphibole and weaker, fine- 
grained plagioclase layers (Handy et al. 1999). 

In the amphibolite facies metagabbroic mylo- 
hires, the monomineralic hornblende layers are 
observed, while plagioclase-rich layers show 
almost perfect mixing with hornblende. The 
grain size of plagioclase and amphibole in the 
plagioclase-rich matrix areas is fairly similar, 
the latter showing slightly higher elongation. The 
phase distribution of plagioclase-hornblende 
mixture, the absence of CPO in plagioclase, 
and its aspect ratio suggest that the dominant 
mechanism is granular flow (grain boundary 
sliding). Based on this interpretation, we 
suggest that the phase mixing is probably a 
mechanical process. The microstructures and 
CPO of amphibole forming monomineralic 
layers indicate either dislocation creep or cata- 
clastic flow. The absence of boudinage and pro- 
gressive mixing of plagioclase and amphibole 
suggest that the diffusion-dominated flow 
process operating in plagioclase aggregates is 
mechanically as efficient as dislocation or cata- 
clastic flow in the hornblende layers. The final 
structure resembles the interconnected weak 
layer structure with low viscosity contrast 
(Handy 1994). A switch in deformation mechan- 
ism from dislocation creep towards a grain size 

sensitive process is thought to be responsible 
for the convergence of mechanical properties of 
amphibole and plagioclase in the mylonite, 
resulting in a drop of bulk rock strength 
(Etheridge & Wilkie 1979; Kirby 1985; Rutter & 
Brodie 1988). 

Two deformation stages were observed in the 
upper amphibolite facies (750 -t- 50 ~ metagab- 
bros: (1) augen mylonite with locally preserved 
porphyroclasts of both plagioclase and horn- 
blende; and (2) banded mylonites with comple- 
tely recrystallized amphibole and plagioclase, 
each arranged in monomineralic layers. The 
initial stages of deformation are characterized 
by tectonic grain size reduction of plagioclase 
while hornblendes represent strong objects float- 
ing in the weak plagioclase matrix. The defor- 
mation of the metagabbro is interpreted to have 
occurred via dislocation creep accompanied by 
diffusion mass transfer mechanisms, responsible 
for moderate mixing of plagioclase and amphi- 
bole. The banded fabric, only developed at high 
strains, can be defined as an interconnected 
weak layer structure with low viscosity contrast 
(Handy et al. 1999). The layered structure 
shows that the strengths of amphibole monorni- 
neralic aggregates and plagioclase-rich bands 
are similar, suggesting convergence of rheolo- 
gies of both minerals at high strains (Jordan 
1988; Handy 1994). 

In conclusion, amphibolite and upper amphi- 
bolite facies metagabbroic mylonites are charac- 
terized by layered low-viscosity IWL structures. 
This indicates that at high strains this banded 
structure in metagabbros forms a so-called 
steady-state foliation (Means 1990). Mechanical 
mixing of phases is more important in lower 
temperature (eastern belt) than in higher temp- 
erature (western belt) amphibolite facies mylo- 
nites. The bulk strength of amphibolite and 
upper amphibolite facies mylonitic metagabbros 
is controlled by an equal contribution of both 
rock-forming minerals showing contrasting but 
equally efficient deformation mechanisms. 
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[1] High-grade orthogneisses from granulite-bearing lower crustal unit show extreme
finite strains of both K-feldspar and plagioclase with respect to weakly deformed
quartz aggregates. K-feldspar aggregate in the most intensely deformed sample
shows interstitial grains of quartz and albite, which also mark some intragranular fractures
within K-feldspar grains. Both interstitial grains and fractures are oriented mostly
perpendicular to the sample stretching lineation. Quartz and albite grains within
K-feldspar bands are interpreted as crystallized from interstitial melt and the petrology
study shows that the melt was produced by a metamorphic reaction in
plagioclase-mica bands. Thermodynamic Perple_X modeling shows that melt volume
increase was negligible and melt amount was too small to generate considerable
melt overpressure for calculated PT conditions. It is therefore suggested that dilation of
K-feldspar aggregates and fracturing of its grains represent a final creep failure state,
which resulted from the cavitation process accompanying grain boundary sliding
controlled diffusion creep. The consequence of cavitation-driven dilation of K-feldspar
aggregates is the local underpressure resulting in infiltration of melt from plagioclase
bands. Analogy with metallurgy experiments shows that the cavitation process,
exclusively developed in cryptoperthitic K-feldspar, can be attributed to its lower purity
compared to more pure plagioclase. Contrasting rheological behavior of feldspars
with respect to quartz prior to fracturing is attributed to different deformation
mechanisms. Feldspars appear weaker due to grain boundary sliding accommodated by
coupled melt-enhanced diffusion creep along grain boundaries and dislocation creep
within grains, in contrast to quartz deforming via grain boundary migration
accommodated dislocation creep.

Citation: Závada, P., K. Schulmann, J. Konopásek, S. Ulrich, and O. Lexa (2007), Extreme ductility of feldspar aggregates—Melt-

enhanced grain boundary sliding and creep failure: Rheological implications for felsic lower crust, J. Geophys. Res., 112, B10210,

doi:10.1029/2006JB004820.

1. Introduction

[2] It has been experimentally demonstrated that small
amount of interstitial melt increases creep rates of deform-
ing rocks and can induce switch of deformation mechanisms
[Cooper and Kohlstedt, 1984; Dell’Angelo et al., 1987;
Dell’Angelo and Tullis, 1988]. Dell’Angelo et al. [1987]
have shown transition from dislocation creep to melt-
enhanced diffusion creep in fine-grained granitic aggregates

at small volume fractions of melt F = 0.01–0.03 contem-
poraneously with strength drop below the limit of detection.
Rosenberg and Handy [2005] have shown that the ‘‘melt
connectivity transition’’ marked by melt fraction F = 0.07 is
critical in mineral aggregate strength drop at experimental
conditions. These results imply that small amount of melt
can be responsible for considerable weakening of crustal
rocks, which can explain, e.g., the development of large-
scale shear zones bounding regions of rapid uplift [Hollister
and Crawford, 1986].
[3] Melt bearing microstructures in deformed rocks can

be also used for reconstruction of grain-scale melt migration
pathways, because deformation and melt extraction are
coupled [Brown and Rushmer, 1997; Rosenberg and Handy,
2000; Rosenberg, 2001]. A typical feature of deformation
experiments at low melt volumes is the preferential distri-
bution of melt along grain boundaries oriented at low angle
to principal compressive stress direction [Dell’Angelo et al.,
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1987; Daines and Kohlstedt, 1997; Gleason et al., 1999;
Rosenberg and Handy, 2000]. This phenomenon can be
explained either by dilation of granular aggregates due to
melt overpressure [Renner et al., 2000], when hydrostatic
melt pressure overcomes the confining pressure, or by
passive melt migration into the incipient voids during grain
boundary sliding (GBS) [Čadek, 1988].
[4] However, studies of natural microstructures showing

evidence of large finite strains and interstitial quenched
melt, which would be indicative for pronounced melt-
enhanced weakening and grain-scale melt migration are
practically absent. This is due to two reasons: (1) Natural
melt-bearing microstructures equilibrated at high-grade con-
ditions are likely to be overprinted by subsequent static or
dynamic recrystallization [Rosenberg and Riller, 2000;
Rosenberg, 2001]. (2) High finite strains, slow creep rates
and high homologous temperatures necessary to introduce
high-temperature melt-enhanced deformation mechanisms
(e.g., diffusion creep or dislocation climb accommodated
GBS [Boullier and Gueguen, 1975]) cannot be attained
using conventional experimental facilities. There are three
approaches that may help to understand the rheological
behavior of minerals deformed at high-grade conditions in
the presence of melt and their influence on rheology of
polyphase rocks: (1) Investigation of high-grade rocks,
where microstructural record was preserved due to rapid
cooling rates, (2) comparison of high-grade rock micro-
structures with results of various experiments on creep
properties of metals, alloys and steels, and (3) application
of more efficient rock deformation laboratory facilities (e.g.,
Paterson rig apparatus).
[5] In this work, we characterize deformation microstruc-

tures in a strongly deformed high-grade banded orthogneiss,
where melting was concurrent with deformation. Melt
bearing microstructures have been preserved due to rapid
cooling that effectively increased quenching of melt in
studied rocks [Zulauf et al., 2002]. Deformation mecha-

nisms of constituent mineral phases are investigated using
quantitative microstructural analysis. The mechanism re-
sponsible for preferred distribution of interstitial melt in
sample with maximum strain intensity is critically evaluated
using modeling of melt volume produced by a metamorphic
reaction and molar volume change of the system. The effect
of mobile melt phase on deformation mechanisms and bulk
rock rheology is discussed. Finally, we consider the appar-
ent strength relationship between quartz and feldspars.

2. Geological Setting

[6] The rocks studied belong to a lower crustal high-
temperature metamorphic unit that was rapidly exhumed
along the major Variscan tectonic boundary in the Bohemi-
an Massif called the North Bohemian Shear Zone (NBSZ of
Zulauf et al. [2002]). The trend and spatial limits of the
NBSZ are not defined in the field, because it is mostly
covered by Neogene volcanics and sedimentary sequences
(Figure 1). The sampled unit forms the uppermost thrust
sheet within a crustal nappe stack that displays typical
metamorphic inversion and is called the ‘‘Upper Crystalline
Nappe’’ (UCN) [Konopásek and Schulmann, 2005]. The
UCN in the studied area consists of banded orthogneisses,
high-pressure granulites and migmatites (Figure 1). PT
calculations of metamorphic conditions for the partially
molten orthogneisses in this study reveal pressures of
900 MPa and temperatures 700 ± 20�C. In contrast,
the granulites exhibit peak metamorphic conditions of
1600 MPa and 800�C [Kotková et al., 1996] indicating that
the granulites and orthogneisses have been juxtaposed at
middle crustal levels during differential exhumation. Fur-
thermore, very fast cooling rates of 50�C + 25�C/�17�C
Ma�1 were deduced [Zulauf et al., 2002] from the U-Pb
dating of formation of zircons and monazites (342 ± 1 Ma)
and 40Ar-39Ar cooling ages of muscovites and biotites
(341 ± 4 Ma) from the orthogneisses.

Figure 1. Simplified geological map of the studied area around the Eger river valley, NE of Stráž nad
Ohřı́ town [Hradecký, 2002] (scale 1:25000) and the position of the studied area in the Bohemian Massif
[Franke, 2000] and European Variscides. AM, Armorican massif; MC, Massif Central; BM, Bohemian
massif.
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[7] Intensive north-south Variscan compression resulted
in the development of vertical foliations in both the UCN
and adjacent middle crustal rocks (LCN, Lower Crystalline
Nappe) [Konopásek et al., 2001] and also vertical stretching
lineations in the UCN. Zulauf et al. [2002] proposed that
this vertical fabric is related to the rapid vertical motion of
lower crustal rocks along the NBSZ and to intense defor-
mation of gneisses and granulites. The UCN orthogneiss
shows significantly higher finite strains of feldspars com-
pared to relatively weakly deformed quartz suggesting
extreme ductility of feldspars. In this work we focus on
the evaluation of the competency relationship between
feldspars and quartz, which can be of great importance for
the rheology of felsic lower crust.

3. Finite Strain Analysis

[8] In order to evaluate the influence of individual min-
erals on the rheology of UCN orthogneiss, the specimens
have been sampled according to the degree of finite strain.
Plates cut along the XZ and YZ planes of the rock fabric
ellipsoid (XZ, parallel to lineation and perpendicular to
foliation; YZ, perpendicular to lineation and foliation) were
colored [Gabriel and Cox, 1929] in order to distinguish K-
feldspar from plagioclase aggregates. The boundaries of
mineral phases in both XZ and YZ sections were then
manually traced and digitized from photographs in ArcView
GIS environment (Figure 2a). The phase aggregate objects
were then statistically evaluated using the PolyLX Matlab
toolbox [Lexa et al., 2005] (http://petrol.natur.cuni.cz/
�ondro/polylx:home). Because both feldspars in banded
orthogneiss samples formed apparent infinite prolate-shaped
aggregates, their strain was calculated using a method based
on normalization of their volume by the mean volume of the
phase aggregates in sample with low finite strain intensity
(where the phase objects are closed, sample B108). It is
assumed that initially nonbanded feldspar aggregates coa-

lesced together during the deformation. Quartz aggregates
in the XZ section appeared to retain similar cross-sectional
area as in the sample with lowest strain intensity. We
therefore suggest that quartz aggregates did not undergo
extensive pinching by other phases during deformation,
which would decrease their cross-sectional area and finite
strain estimate. Bulk deformation was calculated from all
phases together as object area weighted geometrical mean.
[9] Results of shape analysis are demonstrated in the

Flinn diagram [Flinn, 1962] (Figure 2b). Sample B108
shows the lowest degree of deformation and represents a
‘‘metagranite’’ type 1. The ‘‘banded orthogneisses’’ type 2
(samples B13, B109-2) show rod-shaped aggregates of both
feldspars and plane strain to slightly prolate symmetry of
quartz. This type shows bulk intensities around D = 5 (D =
(Rxy

2 + Ryz
2 )1/2 [Ramsay and Huber, 1983], D of K-feldspar

close to 10 and of plagioclase around 6. Maximum bulk
intensity D = 16 was attained in sample B109 with K-
feldspar and plagioclase reaching D = 26 and D = 50,
respectively. This sample represents the final member of
microstructural evolution and will be designated the
‘‘mylonite’’ type 3 sample. All stages of deformation show
higher finite strains in K-feldspar and plagioclase aggre-
gates compared to quartz.

4. Deformation Microstructures

[10] Microstructures and mineral textures of all rock
‘‘types’’ were studied in detail in order to evaluate the
evolution of deformation mechanisms with respect to in-
creasing bulk rock strain. Quantitative microstructural anal-
ysis was carried out using manually digitized grain
boundaries [see Lexa et al., 2005] from several sequential
microphotographs of colored XZ thin sections. Textural
analysis comprises quantification of the grain size and grain
size spread, grain shape (axial ratio) and shape preferred
orientation (SPO), expressed as the ratio of eigenvalues of

Figure 2. (a) Traced and digitized mineral phase boundaries in XZ and YZ rock sections of the
mylonite type 3 sample (B109) and XZ section of a metagranite type 1 sample (B108) for comparison
(mineral abbreviations after Kretz [1983], Mat means matrix and represents indiscernible mineral phases).
(b) Flinn diagram of the phase aggregate’s shapes. Rxy and Ryz designate X/Y and Y/Z ratios of the strain
ellipsoid axes, respectively [Flinn, 1962].
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the shape preferred orientation tensor [Lexa et al., 2005].
These are important parameters when determining the
deformation mechanisms in deformed rocks [Kruse et al.,
2001; Schmid et al., 1999; Ulrich et al., 2002].
[11] Crystallographic preferred orientation (CPO) of quartz,

plagioclase and K-feldspar was determined using the electron
backscattered diffraction method (EBSD using the CHAN-
NEL5 software) in manual mode. Each thin section was
calibrated by a silicone monocrystal and only measurements
withmean angular deviation below 1were accepted and saved.
The output data were plotted in pole figures (ftp://www.gm.
univ-montp2.fr/mainprice//CareWare_Unicef_Programs/) and
presented on lower hemisphere stereographic projections in
which the trace of foliation is oriented inE-Wdirection. In case
of K-feldspar and plagioclase, pole figures of published slip
planes and slip directions [Tullis, 1983; Kruse et al., 2001]
were plotted in order to select and present possible operative
slip systems.

4.1. Microstructural Analysis

[12] Microscopic observations, grain size and shape char-
acteristics are described below for three different types
marked by increasing degree of strain intensity. The type
1 (metagranite) and type 2 (banded orthogneiss) reveal
completely recrystallized equigranular mineral aggregates
with similar shapes of mineral grains without relics of
original magmatic porphyroclasts. Quartz aggregates consist
of large grains with highly lobate mutual quartz boundaries
and numerous ‘‘left-over grains’’ [Jessell, 1987]. Grain
boundaries with neighboring feldspars as well as feldspar
inclusions in quartz exhibit cuspate-lobate phase bound-
aries, typical for diffusional mass transfer along interphase
boundaries in high-temperature quartzo-feldspathic rocks
[Gower and Simpson, 1992; Martelat et al., 1999]. Mono-
mineralic feldspar ribbons are composed of equidimensional
recrystallized grains marked by straight grain boundaries
showing 120� triple point junctions. Average grain size,
expressed as geometrical mean, ranges between 0.26 and
0.32 mm for K-feldspar and between 0.17 and 0.26 mm for
plagioclase. Grain size distribution of these minerals is
marked by low grain size spread (K-feldspar 0.2–0.21
mm and plagioclase 0.15–0.18 mm) quantified as the
difference between third and first quartile (Table 1). Quartz

exhibits average grain size ranging between 0.42 and 0.47
mm and significantly larger grain size spread (Q3–Q1 =
0.23–0.35 mm) in comparison with feldspars. Axial ratio of
all mineral phases is very low in conjunction with low SPO
(see Table 1).
[13] The microstructure of type 3 sample shows alternat-

ing bands of feldspars and quartz. Elongate quartz aggre-
gates and one-grain thick ribbons consist of large quartz
grains with gently curved to straight mutual boundaries
perpendicular to ribbon boundaries. Both feldspars form
monomineralic bands with polygonal mosaic of feldspar
grains with a triple junction network similar to microstruc-
ture of types 1 and 2. Grain size of both minerals has
considerably decreased to 0.12 mm and 0.9 mm for K-
feldspar and plagioclase in comparison with type 1 and 2
samples. The grain size spread also decreased (from average
Q3–Q1 = 0.21–0.07 mm for K-feldspar and from average
Q3–Q1 = 0.16 mm to 0.05 mm for plagioclase) and the axial
ratio together with SPO remain low (Table 1). In contrast,
quartz exhibits significant increase in grain size (from
0.47 mm in type 2 to 0.9 mm in type 3), grain size spread
(from average 0.28 in types 1 and 2 to 0.93 in type 3) and
SPO (Table 1).

4.2. Crystallographic Preferred Orientations

[14] The crystallographic preferred orientation of grains
of all mineral phases was measured in two samples; a
moderately deformed type 2 banded orthogneiss and a
highly strained type 3 mylonite using the EBSD method.
Only quartz texture in sample B13 (type 2) was measured
using the U stage.
[15] K-feldspar and plagioclase in type 2 sample exhibit

weak CPO that do not show any coincidence with published
slip systems [Kruse et al., 2001; Tullis, 1983] (Figure 3).
The only exception can be seen in case of K-feldspar that
shows maxima compatible with the activity of [110](001)
slip system [Willaime et al., 1979]. C axes pattern of quartz
is characterized by incomplete crossed girdles with two
maxima distributed along the periphery of the diagram
having mutual distance of 90� and weak central submax-
imum. This type of quartz CPO corresponds to type I cross
girdle pattern of Lister and Hobbs [1980] that is typical for
combination of basal hai and prism hai slip systems active at
high-temperature plane strain deformation [Lister and
Dornsiepen, 1982; Morgan and Law, 2004]. The form of
quartz c axes pattern is consistent with the shape of
measured plane strain ellipsoid of quartz aggregates
(Figure 2b) [Passchier and Trouw, 1996].
[16] K-feldspar in the type 3 sample shows crystallo-

graphic preferred orientation marked by [100] directions
forming weak maximum close to the lineation (Figure 4).
This slip direction operates on (010) planes [Willaime et al.,
1979] that exhibit weak maximum in the YZ plane at an
angle of 30� with respect to Y axis of the specimen’s
coordinate system. Inspection of K-feldspar CPO pattern
revealed that [001](120) slip system can be also active
[Willaime and Gandais, 1977]. Plagioclase grains show
weak CPO and reveal some activity of three slip directions,
namely, [201], [100] and [101] on the (010) slip plane
reported by Marshall and McLaren [1977] and Olsen and
Kohlstedt [1984]. Quartz CPO is characterized by two broad
vertical parallel girdles of c axes indicating again combined

Table 1. Microstructural Analysis Data From Digitized Thin

Sectionsa

Ferret, mm Axial Ratio

Kfs Pl Qtz Kfs Pl Qtz

B108 0.32 0.25 0.47 1.40 1.44 1.51
B13 0.30 0.26 0.42 1.48 1.42 1.49
B109-2 0.26 0.17 0.47 1.42 1.45 1.65
B109 0.12 0.09 0.90 1.43 1.49 1.58

Q3–Q1, mm SPO

Kfs Pl Qtz Kfs Pl Qtz

B108 0.21 0.16 0.35 1.20 1.18 1.14
B13 0.22 0.18 0.23 1.30 1.21 1.08
B109-2 0.20 0.15 0.25 1.17 1.07 1.12
B109 0.07 0.05 0.93 1.18 1.13 1.45

aThe grain size represented by the Ferret diameter is the diameter of
circles with the same area as the measured grain. SPO is the eigenvalue
ratio of the shape preferred orientation tensor. Q3–Q1 designates grain size
spread quantified as the difference between third and first quartile.
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Figure 3. CPO data for K-feldspar, plagioclase and quartz from the type 2 (banded orthogneiss) sample
(B13). Contoured at multiples of uniform distribution, lower hemisphere, equal-area projection. X and Z
designate direction of lineation and pole to the foliation, respectively. Mineral abbreviations are after
Kretz [1983].

Figure 4. CPO data for K-feldspar, plagioclase, and quartz from the type 3 (mylonite) sample (B109).
Contoured at multiples of uniform distribution, lower hemisphere, equal-area projection. X and Z
designate direction of lineation and pole to the foliation, respectively. Mineral abbreviations are after
Kretz [1983].

B10210 ZÁVADA ET AL.: EXTREME DUCTILITY OF FELDSPAR AGGREGATES

5 of 15

B10210

283



activity of basal hai and prism hai slip systems [Lister and
Hobbs, 1980]. This CPO pattern is typical of constrictional
type of deformation that is consistent with prolate symmetry
of quartz aggregates from this sample [Passchier and
Trouw, 1996].

5. Melt Topology

[17] Investigation of melt topology is important for un-
derstanding the possible influence of melt phase on opera-
tive deformation mechanisms of its host aggregates. Melt
topology also reflects grain-scale melt migration pathways
[Marchildon and Brown, 2001; Rosenberg, 2001]. Sawyer
[2001] reviewed criteria for recognition of former presence
of melt on grain scale in deformed rocks. A typical feature
of some rapidly quenched melting experiments is the
development of melt pools with cuspate margins [Jurewicz
and Watson, 1984] or thin melt films along crystal faces
[Daines and Kohlstedt, 1997]. Melt phase crystallized as
albite, quartz or K-feldspar grains at triple point junctions or
at crystal faces in residual aggregates have been commonly
reported from natural examples and interpreted in terms of
melt topology in partially molten granite [e.g., Brown et al.,
1999; Rosenberg and Riller, 2000; Marchildon and Brown,
2001; Rosenberg, 2001].
[18] In our study, polygonal mosaic of K-feldspar grains

contains numerous interstitial quartz and albite grains up to
50 mm wide (Figures 5 and 6a) that extend along single
K-feldspar facets in the XZ section. Locally, narrow
albites (An0.02) margin residual oligoclase (An0,17) grains

Figure 5. BSE image of the type 3 (mylonite) banded
microstructure. Note the circular inclusions of K-feldspar in
quartz. Scale bar is 500 mm. Inset shows plagioclase
composition (Or, orthoclase component; Ab, albite compo-
nent). Rhombs indicate band-forming plagioclase of
oligoclase composition. Triangles indicate interstitial albite
in K-feldspar aggregates or oligoclase rims. Mineral
abbreviations are after Kretz [1983].

Figure 6. Details of BSE images (type 3, mylonite) showing microstructures interpreted to mimic the
topology of crystallized interstitial melt. (a) Interstitial grains of quartz and albite between grains of K-
feldspar aggregate developed especially on grain boundaries perpendicular to lineation (L). K-feldspar,
light grey; quartz and albite, dark grey; scale bar 500 mm; XZ section. (b) Scarce triangular grain of K-
feldspar between mica and oligoclase grain. Note fine exsolution lamella of albite adjacent to oligoclase
grain (arrow). K-feldspar, white; scale bar 250 mm; XZ section. (c) Albite rims on residual oligoclase
grains adjacent to K-feldspar aggregates (arrow 1), partial replacement of oligoclase grain by K-feldspar
(arrow 2), amoeboid quartz grains at triple point junctions of plagioclase, adjacent to K-feldspar
aggregates (arrow 3). Scale bar 250 mm; XZ section. (d) K-feldspar in host plagioclase grains (arrow 1),
wedge-shaped albite grains within muscovite grains (arrow 2). Dark patches, holes in the specimen; scale
bar 250 mm; XZ section. Mineral abbreviations are after Kretz [1983].
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(Figure 6c). Numerous interstitial round quartz grains with
high dihedral angle occur in triple point junctions of the
host plagioclase aggregates often close to adjacent K-
feldspar bands (Figure 6c). We suggest that these grains
do not represent crystallized melt but resulted from annealing
of disintegrated myrmekite fronts [Hanmer, 1982]. Locally,
triangular K-feldspar grains with thin albitic ‘‘exsolution’’
rim adjacent to oligoclase grains occur in plagioclase
bands (Figure 6b). Thin wedge-shaped albite grains are
developed along (001) cleavage planes of muscovite grains
in plagioclase aggregates (Figure 6d). Plagioclase grains
adjacent to muscovite grains exhibit a rectangular network
of K-feldspar and albite, which is interpreted in terms of
melt penetration along the cleavage planes of plagioclase
(Figure 6d) [Mehnert et al., 1973; Dell’Angelo and Tullis,
1988]. Quartz–K-feldspar boundaries show cuspate-lobate
shapes and these boundaries are decorated with numerous
small amoeboid grains of K-feldspar with high dihedral angle
adjacent to the K-feldspar cusps (Figure 5).
[19] Quartz and albite grains in K-feldspar aggregate,

albite rims and scarce K-feldspar ‘‘pools’’ with albite
‘‘exsolutions’’ in plagioclase bands, K-feldspar in plagio-
clase grains, together with albite grains within mica crystals
and amoeboid grains of K-feldspar in quartz bands satisfy
the criteria for presence of crystallized mineral phases
assumed to mimic residual melt topology [Rosenberg and
Riller, 2000; Sawyer, 2001] and will be designated as ‘‘the
melt’’ for simplicity. K-feldspar component crystallized
from melt probably grew mostly onto the older grains
within K-feldspar bands, which would also explain their
perthite-free margins [Zulauf et al., 2002]. The crystalliza-
tion of melt as unlike phases in residual aggregates com-
monly results in disappearance of the banded rock texture.
Transitions from a banded orthogneiss into a homogeneous
nonfoliated rock can be observed on a single outcrop in the
studied area. However, in type 2 and type 3 samples, the
melt distributes preferentially in K-feldspar bands.
[20] The SEM imagery allowed identifying melt topology

along intergranular voids as well as in intragranular frac-
tures (Figures 5 and 6a). Quantitative analysis of melt

pockets and their orientations allows creating a three-
dimensional (3-D) geometrical reconstruction of melt distri-
bution in K-feldspar aggregates and analysis. Furthermore,
we can define the geometrical relationship of intragranular
fractures with crystal orientation and rock fabric.

5.1. Intergranular Melt Topology

[21] In order to depict and evaluate in detail the grain-
scale melt distribution, grain boundaries on backscattered
electron (BSE) images were traced and digitized from both
XZ and YZ sections (Figure 7). In moderately deformed
orthogneiss type 2, melt in K-feldspar aggregate in XZ
section occupies triple point junctions and extends into thin
wedge-shaped melt films (maximum 30 mm in width) along
grain faces perpendicular to the stretching lineation. In
highly deformed orthogneiss type 3, the intergranular melt
pockets (or seams [Rosenberg and Riller, 2000]) of aspect
ratio 2–3 show two submaxima in Rf/f graph inclined at
±20� relative to the apparent Z axis of the rock fabric
ellipsoid (Figure 8). Melt topology in YZ section of type
3 orthogneiss is characterized by presence of melt ‘‘drop-
lets’’ at triple point junctions of K-feldspar grains. Rarely,
the melt forms seams (30 mm in width) that line grain
boundaries perpendicular to the foliation. These wide pock-
ets are likely to result from oblique sections of seams
oriented at high angle to the principle stretching direction.
The melt topology from two perpendicular sections allows
creating a simplified 3-D geometrical model of interstitial
melt distribution in K-feldspar aggregate. This model is
characterized as an interconnected network marked by
melt walls parallel to YZ plane, connected by tubes parallel
to X direction along triple point boundaries between three
grains (Figure 9).

5.2. Intragranular Fractures Locally Filled by Melt

[22] A closer observation of XZ section BSE images of
the type 3 (mylonite) sample revealed that some K-feldspar
grains are crosscut by intragranular fractures (Figure 10a)
and some of these fractures are filled with wedge-shaped
melt films. Orientations of traces in XZ section of these

Figure 7. Block diagram of the mylonite sample micro-
structure. The melt field in the legend represents grains of
phases assumed to have crystallized from interstitial melt.
Note the melt topology; grain face pockets in XZ section
and triple-point pockets in YZ section. Mineral abbrevia-
tions are after Kretz [1983].

Figure 8. Rf/f diagram of the intergranular melt pockets
within the K-feldspar aggregate from the XZ section.
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fractures are represented by a rose diagram in Figure 10b
and show strong maximum subparallel to the Z direction of
the rock fabric ellipsoid and perpendicular to the horizontal
stretching lineation (X direction). Furthermore, we have
measured the CPO of grains affected by intragranular
fractures, which exhibit clustering of poles to (001) planes
in stretching lineation direction, while poles to (010) reveal
maximum in the Y direction of the sample coordinate
system (Figure 11). In order to evaluate relationship be-
tween orientations of crystallographic directions and intra-
granular fractures within corresponding grains, the
orientations of fractures measured by U stage and grain
crystallographic orientations obtained by means of EBSD
have been compared. Poles to all measured fractures exhibit
strong maximum close to the X direction, which is extended
toward the Z direction (Figure 11). Analysis of angles
between pole of fracture and pole to (001) of K-feldspar
crystal shows that small angles characterize grains with their

poles to (001) planes subparallel to the stretching lineation.
In contrast, this angle is high for grains with (001) poles at
high angle to the stretching lineation (Figure 11). The
statistics of angles between fracture orientations and (001)
planes clearly shows that the majority of fractures are
subparallel to the (001) plane (in 52% of the fractured
grains the angle is less than 30�, see Figure 12). Morphol-
ogy of the fractures shows distinctive features for both
groups of grains with low (<30�) and high (>60�) angle.
In group 1 (<30�), the grains are usually affected by several
(more than 2) parallel and straight intragranular fractures. In
group 2 (>60�), the grains show single curved fractures or
inward tapering melt intrusions (Figure 10a). In addition,
there exist intragranular curved fractures that were initiated
from triple point junctions and locally adjoin to the cleavage
of the grain at their tips (Figure 10c).

6. Melt Producing Reaction and Melt Volume
Estimates

[23] An important issue is the origin of the interstitial melt
described in section 5. The melt could have been produced
by in situ melting reaction or by infiltration from external
sources, which is reflected by the melt composition under
estimated PT conditions and possible reaction textures
[Sawyer, 2001]. Another important issue is the melt volume
produced and volume change of the melting reaction, as
both these variables control the embrittlement of rock at
dynamic conditions during breakdown reactions of some
hydrous phase and/or at sufficient heating rates [Connolly et
al., 1997; Rosenberg, 2001; Rushmer, 2001; Holyoke and
Rushmer, 2002]. These data have critical impact on the
described melt topology, deformation mechanisms and
rheology of studied orthogneiss and will be further discussed.

Figure 9. Simplified 3-D melt topology model in K-
feldspar aggregate of the mylonite type 3 orthogneiss. See
text for explanation.

Figure 10. (a) Detail of two fractured grains. Arrows and numbers designate group 1 and 2 fractured
grains. Scale bar 100 mm. (b) Rose diagram of traces of the intragranular fracture orientations in K-
feldspar bands (XZ section of the sample coordinate system). (c) Sketch of curved and splitting
intragranular fractures initiated from triple point junctions. Melt is gray; straight lines in the grains mark
the cleavage.
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[24] The rocks studied are represented by banded orthog-
neisses consisting of K-feldspar (Kfs) (39%), plagioclase
(Pl) (25%), quartz (Qtz) (26%), biotite (Bt), and muscovite
(Ms) (9%) and minor garnet (Grt) (1%). P-T pseudosection
for this rock was calculated with the Perple_X software set
[Connolly, 1990; Connolly and Petrini, 2002] using phase
end-members thermodynamic data by Holland and Powell
[1998]. Mixing properties of phases used for the calculation
were taken from Berman [1990] for garnet, Newton et al.
[1980] for plagioclase, Thompson and Hovis [1979] for K-
feldspar, Powell and Holland [1999] for biotite and clino-
pyroxene, and White et al. [2001] for melt.
[25] The obtained pseudosection calculated in

NCKFMASH system with composition taken from the
whole rock analysis of a typical banded orthogneiss (sample
B13) is shown in Figure 13a. Stable mineral assemblage
Kfs-Pl-Qtz-Ms-Bt-Grt-melt, and composition of coexisting
Fe-Mg phases suggest that the highest metamorphic temper-
atures associated with melting are �700�C at a pressure of
�9.5 kbar. Calculated isopleths of the melt mode indicate
that for the given melt model and estimated P-T conditions,
the rock contained �2–4 vol % of the melt phase
(Figure 13a) at its metamorphic peak. This is, however, a
minimum estimate, because the chosen system composition
does not take into account the amount of water released
during melt crystallization. The model ofWhite et al. [2001]
anticipates that the melt does not contain any CaO compo-
nent at the estimated PT conditions, which is in good
agreement with albitic composition of plagioclase crystal-
lized from the interstitial melt in the rock. Generalized
reaction leading to melt production in the stability field of
assemblage Kfs-Pl-Qtz-Ms-Bt-Grt-melt can be derived from
the changes in modal proportions of phases in the stability
field of interest (Figure 13b). Such changes suggest that the
increase in melt content is associated with the crystallization
of garnet as a result of the reaction: Bt +Ms + Pl +Qtz = Grt +
Kfs + melt.
[26] The inferred melt-producing reaction corresponds

well with the distribution of mineral phases in the rock
microstructure. Small garnet grains (50 mm) form clusters on
boundaries between plagioclase bands and mica aggregates
in the vicinity of quartz grains (Figure 14). Agreement of
modeled melt composition with that encountered in inter-
granular voids of K-feldspar indicates that the melt migrated
only in between adjacent feldspar aggregates. Therefore we
can exclude melt loss or melt infiltration from external

sources, which would produce different reaction textures
and could result in crystallization of interstitial plagioclase
with different composition.

7. Deformation Mechanisms

[27] Microstructural features in quartz observed in sam-
ples of all strain intensities reveal migrated grain boundaries
and large grain size that increases even more during the
development of type 3 microstructure. Microstructures and
CPO patterns of quartz in type 2 and 3 samples show clear
activity of grain boundary migration (GBM) accommodated
dislocation creep mechanism [Jessell, 1987; Hirth and
Tullis, 1992] and CPO patterns correspond to the shapes
of deformation inferred from the strain analysis.
[28] Microstructural data show isometric shapes of po-

lygonal feldspar grains, absence of shape preferred orienta-
tion and weak or no CPO for both feldspars in type 2
sample. These microstructural features and high finite strain
intensities attained are indicative for grain boundary diffu-
sion accommodated grain boundary sliding (Dgb-GBS) in
both feldspars [Poirier, 1985; Wadsworth et al., 1999].
Although large grain size (K-feldspar 300 mm and plagio-
clase 200 mm) is not characteristic for such deformation
mechanism at experimental strain rates [Tullis and Yund,

Figure 11. Stereographic projection of CPO data and fracture poles of 100 fractured grains. X and Z
designate direction of lineation and pole to the foliation, respectively. Symbols in the center projection
designate the misorientation angle of (001) planes with respect to the corresponding fracture pole (right).
Lower hemisphere, equal-area projection, contoured at multiples of uniform distribution.

Figure 12. Statistics of angles between poles to (001)
planes and corresponding fractures crosscutting the grains
represented by frequency histogram and a doughnut
diagram. Colors in the doughnut diagram represent the
three groups of grains as depicted in the histogram.
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1991], at natural conditions and presence of melt, which
effectively enhances diffusion creep, it may be possible
[Dell’Angelo et al., 1987]. In type 3 microstructure, increase
of finite strain in both K-feldspar and plagioclase is asso-
ciated with significant reduction of grain size (in contrast to
quartz) and an important strengthening of CPO, which is
remarkable especially in K-feldspar, while the shape pre-
ferred orientation (SPO) remains low. This is explained by
increased activity of dislocation creep [e.g., Tullis, 1983] of
both feldspars in comparison with type 2 orthogneiss. The
opposite trend of grain size increase in quartz probably
reflects lower relative stress and strain dissipation in quartz
with respect to both feldspars. However, strong contribution
of GBS accommodated by grain boundary diffusion flow
(Dgb-GBS) is considered to be responsible for accommoda-
tion of extreme finite strains in feldspars.
[29] The suggested operative deformation mechanism in

feldspars of type 3 sample (Dgb-GBS + dislocation creep
and climb within grains) was reported to result in extreme
finite strains in several alloys deformed at relatively high
strain rates [Wadsworth et al., 1999; Wei et al., 2003]. Fine-
grained alloys undergoing Dgb-GBS mechanism can be
elongated up to several hundreds percents prior to creep
failure [Poirier, 1985; Čadek, 1988]. This behavior is called
‘‘superplasticity’’ and it was also attributed to be responsible
for deformation of some natural mylonitic rock bands com-
posed of fine (�10 mm), isometricaly shaped and CPO
lacking grains [Boullier and Gueguen, 1975; Behrmann
and Mainprice, 1987]. In general, it is very little known
about high-temperature GBS mechanism operating in
quartzo-feldspathic rocks, although it is regarded as one of
the most important strain accommodation mechanisms active

in mineral aggregates (Langdon and Vastava [1982] as cited
by Zhang et al. [1994]; also Ranalli [1995]).

8. Discussion

[30] Detailed analyses of different microstructural types
presented in this work provided a unique view on processes
operating in the studied rock at high metamorphic condi-
tions and extreme finite strains. The mylonite type 3
microstructure shows intergranular voids filled by melt
and intragranular fractures both developed exclusively in
K-feldspar aggregates. Microstructural observations show

Figure 14. Micrograph of the studied orthogneiss indicat-
ing the melting reaction; scale bar 500 mm. Mineral abbrevia-
tions are after Kretz [1983].

Figure 13. (a) P-T pseudosection for the sample B13 of granitic orthogneiss calculated in the
NCKFMASH system and presented with quartz in excess. Isopleths of the volume percent of the melt in
the system are shown as solid black lines. Estimated PT conditions based on the position of composition
isopleths of coexisting garnet and biotite in the Kfs-Pl-Ms-Bt-Grt-melt stability field are marked by the
black field in the lower right inset. (b) Isobaric section (at 9 kbar) showing changes in modal proportions
of stable phases with increasing temperature. Changes in stable mineral assemblages are shown as labeled
solid vertical lines. Mineral abbreviations are after Kretz [1983].
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that melt was present in both plagioclase and K-feldspar
aggregates during deformation. At first, origin of melt-filled
seams and intragranular fractures developed within K-feld-
spar aggregates is critically discussed using petrological
data. We further consider the processes responsible for
enhancement of solid-state flow, given by the presence of
melt phase, and the role of its redistribution on the rheology
of polyphase and strongly deformed rock in terms of
draining and accumulation of melt in different mineral
aggregates. Finally, we discuss the apparent rheological
relationship between ‘‘weak’’ feldspars and ‘‘strong’’
quartz.

8.1. Cavitation Versus Fracturing Driven by Melt
Overpressure

[31] In studied rocks, the melt topology is characterized
by preferential distribution of melt in K-feldspar intergran-
ular pockets, which is similar to experiments conducted
with low amounts of melt and at relatively high differential
stress [Daines and Kohlstedt, 1997; Gleason et al., 1999;
Rosenberg, 2001; Holtzman et al., 2003]. In addition, K-
feldspar grains are affected by fractures of the same orien-
tation, which show affinity to the (001) cleavage. Our
petrological investigations have shown that the melt was
produced by metamorphic reaction within mica-plagioclase
bands (source) and migrated into K-feldspar bands (sink).
This implies that individual mineral aggregates building the
rock can be characterized as open systems (Figure 15).
There are two possible mechanisms, which could have
produced the observed melt topology and intragranular
fractures in K-feldspar.
[32] If a fluid is introduced to the rock, e.g., by melt

producing metamorphic reaction, its pressure may over-
come the least principal stress s3 as well as cohesion or
tensile strength of suitably oriented planes in the aggregate
[Hubbert and Rubey, 1959; Price and Cosgrove, 1990].
These planes would in our case be represented by grain

boundaries and (001) crystallographic planes oriented per-
pendicular to the stretching lineation (s3 direction). As a
result of melt overpressure, the K-feldspar aggregate dilates
and the melt is accumulated in intergranular pockets and
some intragranular fractures. The aggregate hardens due to
increased frictional stress on melt free boundaries, because
modeling of melt productivity suggests that no significant
amount of melt was gained from external sources (‘‘dilation
hardening’’ of Renner et al. [2000]).
[33] The second model, explaining production of inter-

granular melt pockets and intragranular fractures is the
process of cavitation. Cavitation, formation of submicro-
scopic cavities driven primarily by diffusion and accumu-
lation of vacancies, is the direct consequence of GBS. When
GBS cannot be fully compensated by diffusion and/or
dislocation creep controlled grain shape change, cavities
nucleate at first on grain boundaries at high angle to the
tensional direction (direction of s3) [Čadek, 1988; Kassner
and Hayes, 2003]. Cavities then grow and coalesce with
each other to form intergranular voids. Further cavity
coalescence can be caused by nucleation and growth of
cavities on grain boundaries at low angle to the tensional
direction due to (1) formation of tensile and compressive
ledges, where boundaries are not straight due to inhomoge-
neous plastic deformation of the grains or (2) dislocation
pileups at grain boundaries (Zener-Stroh mechanism) or
around impurities in crystal lattice (Figure 16) [Vollbrecht et
al., 1999; Kassner and Hayes, 2003]. Plastic deformation is
further being localized to the ‘‘bridges’’ (intact grain bound-
ary segments) affected by further cavitation. The bridges
loose its stability and locally contract to form finally a
fracture which is driven by coalescence of cavities at its tip
(Figure 16). In this way, clear macroscopic intragranular
fractures develop [Čadek, 1988].
[34] According to the cavitation model, opening of inter-

granular voids and intragranular fractures during GBS
produces local underpressure (the volume of the system
increases due to creation of voids in K-feldspar and the
grains support the voids as a load bearing framework),

Figure 15. Illustration of the dilatancy mechanism and
fracturing of K-feldspar grains. Lineation parallel to s3 is
vertical in geographic coordinates. (a) Low proportion of
melt shuffled in intergranular spaces during GBS accom-
modated by melt-enhanced diffusion creep along grain
boundaries and dislocation creep within grains in both
feldspars. (b) Dilatancy driven by cavitation or by melt
overpressure in K-feldspar that extracts the melt from
plagioclase intergranular films. Arrows designate the
direction of melt flux.

Figure 16. (a) Illustration of the cavitation mechanism
generated by GBS (grain boundary sliding) and formation
of intergranular and intragranular fractures at the onset of
final creep failure of the aggregate. T and C designate the
tensional and compressive sector of a grain boundary ledge.
Z-S designates illustration of the Zener-Stroh mechanism of
cavity formation [Kassner and Hayes, 2003]. See descrip-
tion in text.
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which soaks up the melt produced within plagioclase bands
(themelt is passively redistributed, Figure 15). Consequently,
plagioclase could not deform any further due to the loss of
intergranular melt that worked as a creep enhancing medium.
[35] It has been shown that creation of melt-bearing

porosity can be induced by fast melt production due to
breakdown of some hydrous phase in the rock (e.g., via
discontinuous reaction) or due to high heating rate causing
substantial overstepping of continuous melting reactions
and thus fast melt production as a result of the system’s
effort to reach equilibrium state [e.g., Connolly et al., 1997;
Rushmer, 2001]. In contrast, change in molar volume of the
rock during slow progress of continuous reactions will be
probably small.
[36] In order to test this hypothesis, the P-T phase

diagram section in Figure 13a was contoured for molar
volume of the system to see, whether the observed melting
reaction at estimated PT conditions may lead to rapid
volume increase. The result (Figure 17) shows that the only
rapid increase in molar volume of the rock in given PT
range results from dehydration melting of muscovite at PT
conditions higher than those reached by studied orthogneiss
samples. In addition, the role of melt volume change and
velocity of the reaction is speculative for aggregates with
‘‘incoherent’’ grain boundaries like both feldspars undergo-
ing GBS in studied orthogneiss than rather ‘‘intact’’ solid
phases around reaction sites in the experiments of Connolly
et al. [1997].
[37] The calculated volume of melt (2–4 vol %) suggests

that the melt formed isolated melt films, pools or pockets. In
the case of ‘‘overpressure’’ model, sufficient amount of melt
needs to be produced to induce considerable melt overpres-
sure and melt redistribution. This critical melt volume
corresponds to creation of interconnected network of melt
between the framework of grains, so that the melt can start
increasing its hydrostatic pressure toward the level of
maximum compressive stress [Renner et al., 2000]. This
melt volume is given by the melt connectivity transition
(MCT) of F = 0.07 [Rosenberg and Handy, 2005] or similar
‘‘liquid percolation threshold’’ (LPT) ofF = 0.08 [Vigneresse

et al., 1996], although this critical level is likely to depend on
several variables (e.g., dihedral angles). It is possible that the
melt migrates from locally overpressured isolated pockets at
high angle to the maximum compressive stress (s1) to
intergranular boundaries subparallel with this direction
(s1). However, it is unlikely that the cohesion of grain
boundaries and tensile strength of (001) intragranular cleav-
age of K-feldspar are significantly smaller than intergranular
cohesion of plagioclase, which would be necessary condition
for preferential hydraulic failure of K-feldspar, although the
melt was produced in plagioclase bands.
[38] In contrast, during cavitation, underpressure arising

from opening of incipient intergranular voids in K-feldspar
is theoretically susceptible to ‘‘extract’’ melt from isolated
pools and films within plagioclase aggregates, in spite of its
little amount. If distortion of plagioclase grains is easier
than for K-feldspar grains to accommodate GBS, then pla-
gioclase aggregates should also ‘‘extrude’’ excessive inter-
granular melt into possible sink sites. This is in agreement
with analogue modeling results ofWalte et al. [2005], where
aggregates composed of ‘‘weaker’’ grains (more susceptible
to plastic deformation) show higher ‘‘GBS locking transi-
tion’’ than relatively stronger grains. Melt migration along
mutual boundaries of quartz was probably negligible in
comparison to both feldspars. This is again controlled by
relative ‘‘weakness’’ of quartz grains with respect to ‘‘stron-
ger’’ grains of both feldspars and ‘‘welded’’ boundaries of
quartz. The viscosity ratio between melt and host aggregate
grains thus increases from quartz to plagioclase and is
highest for K-feldspar [Walte et al., 2005].
[39] Considering little amount of melt produced by the

melting reaction and absence of intergranular melt pockets
perpendicular to the stretching lineation in plagioclase, we
consider the ‘‘cavitation’’ model to be the most likely
microphysical mechanism explaining the dilation, micro-
fracturation and preferential melt distribution in K-feldspar
aggregates of type 3 microstructure.

8.2. Impact of Impurities and Mechanical
Anisotropy of Crystals on GBS

[40] Experiments with aluminum in GBS regime with
relatively high-purity metals (e.g., aluminum of purity 4N
(where N expresses the degree of purity of a material; 2N =
99% purity, 4N = 99.99% purity, etc.), 650�K, strain rate
10�9 s�1) or at high strain rates (e.g., 4N copper at 10�2 s�1,
873�K [Čadek, 1988]) are marked by high relative elon-
gations e, distinct contraction at the area of failure (neck-
ing) associated with intracrystalline fracturing. On the
other hand, experiments with relatively low-purity metals
(2N aluminum at 10�9 s�1, 650�K) or at low strain rates
(4N copper at 10�9 s�1, 873 K) show small relative
elongations to failure, regular contraction along the de-
formed specimen (homogeneous strain) and intergranular
fracturing (Figure 18) [Sklenička et al., 1977; Čadek, 1988;
Mohamed, 2002]. Therefore the higher purity material can
withstand higher relative elongations to creep failure (and at
faster strain rates) than its lower purity equivalent. In
contrast, stress accumulations around impurities and grain
boundary ledges enhance diffusion-driven cavitation, cavi-
ties easily form at dislocation pileups around impurities
within the grains and creep failure will occur after smaller
relative elongations (and slower strain rates).

Figure 17. PT plot with contours of molar volume in J
bar�1 (equivalent to 10�1 cm�1 mol�1) calculated for the
same system as shown in Figure 13. Mineral abbreviations
are after Kretz [1983].
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[41] These results can be compared with different inten-
sities of deformation and microstructures of both feldspars in
the studied orthogneiss (type 3 microstructure) sample.
Feldspars can be also regarded as solid solutions like alloys
or impure metals. We consider the three component K-
feldspar with clearly defined solvus as a ‘‘less pure’’ equiv-
alent to the two component oligoclase. This interpretation is
supported by the presence of cryptoperthite exsolutions
within some K-feldspar grains (lower left part of
Figure 10a), along which the tips of cavitation driven
fractures could nucleate and propagate. The perthite inter-
growths are commonly oriented along (001) plane [Spry,
1969], which is fully compatible with orientation of most of
the intragranular fractures reported in this work. In contrast,
plagioclase shows higher finite strains in type 3 orthogneiss
than K-feldspar and no intragranular fractures, which is
consistent with higher purity aluminum experiments or
higher purity metals in general [Čadek, 1988; Mohamed,
2002]. Fractured grains in K-feldspar exhibit strong crystal-
lographic preferred orientation marked by (001) planes
perpendicular to the axis of stretching direction (X direction)
and their (010) plane coinciding with the Y direction of the
rock fabric’s coordinate system. Because propagation of
fractures (group 1 fractures, Figure 10a) driven by coales-
cence of cavities is initiated from boundaries oriented at high
angles to the maximum principal compressive stress direc-
tion, we can suggest that cavity coalescence was most
effective along the K-feldspar (001) plane in [100] crystal-
lographic direction. Selection of suitably oriented K-feldspar
grains for intragranular cavitation reflects the strong me-
chanical crystallographic anisotropy of K-feldspar [Smith,
1974]. Group 2 fractures (Figure 10a) and curved or splitting
fractures (Figure 10c) could develop due to cavitation and
propagation of fractures from triple-point junction bound-
aries. The propagation of fractures in K-feldspars in the case
of ‘‘melt overpressure’’ model would probably follow sim-
ilar pathways as cavitation-driven fractures.

8.3. Effect of Melt Phase on GBS

[42] Several tensile experiments on creep properties of
metals have shown dominantly GBS accommodated super-
plastic behavior with peak of finite elongations at temperatures
coinciding with occurrence of melt phase along grain bound-
aries [Mabuchi et al., 1997]. This weakening was associated
with effective contribution of the melt phase to annihilation of
gliding dislocations, therefore prevention of dislocation pile-
ups, increased velocity of diffusive mass transfer and accom-
modation of stress concentrations that was also reflected by

lower cavity densities in comparison with ‘‘melt-free’’ experi-
ments [Koike et al., 1998]. Melt-enhanced weakening is
favored by low wettability of melt (high dihedral angles) and
its relatively small amount. In contrast, high wettability (low
dihedral angle) melts thickly coating grain boundaries pro-
duced premature necking and creep failure due to the loss of
grain boundary cohesion [Mabuchi et al., 1997; Koike et al.,
1998]. The same transition from superplastic flow to prema-
ture failure coinciding with almost complete wetting of grain
boundaries (at length proportion of 70%) was demonstrated
also during compressive experiments [Pharr et al., 1989;
Baudelet et al., 1992].
[43] In summary, the material science experimental

results show distinct rheological transition between melt
(liquid)–enhanced GBS and collapse marked by increased
cavitation velocities at a melt volume threshold coinciding
with complete wetting of grain boundaries. This threshold is
similar to the concept of melt embrittlement at the onset of
melt connectivity transition (MCT) proposed by Rosenberg
and Handy [2005] from experimental data on quartzo-
feldspathic rocks. Collapse (rather than weakening) at the
MCT was associated with localized intergranular and intra-
granular microcracking, frictional sliding and limited body
rotation leading to the development of cataclastic zones
and produces heterogeneous and restricted deformation
[Rutter and Neumann, 1995; Rosenberg and Handy,
2005]. Rosenberg and Handy [2005] have regarded MCT
as a rheological threshold even more important than the
previously emphasized rheological critical melt percentage
(RCMP) at F = 0.1–0.3 [Arzi, 1978; van der Molen and
Paterson, 1979] at experimental conditions. However, the
weakening mechanisms associated with MCT are incom-
patible with our observations.
[44] Our strain measurements and material science exper-

imental results show that weakening associated with melt-
enhanced GBS at low melt volumes (below the MCT) is
substantial and the aggregate is deformed relatively homo-
geneously. We therefore suggest that the degree of weak-
ening induced by melt-enhanced GBS can be higher and
more important on large scales at natural conditions than the
weakening mechanisms operative at experimental strain
rates at the onset of melt connectivity transition as proposed
by Rosenberg and Handy [2005].
[45] The critical melt volume for transition from melt-

enhanced GBS to premature creep failure due to increased
melt volume is likely to depend on several variables, such as
differential stress [e.g., Bordeaux et al., 1994; Rosenberg,
2001], strain rate, grain size [Bordeaux et al., 1994; Renner et
al., 2000], melt volume and melt framework viscosity ratio
[McKenzie, 1984; Pharr et al., 1989; Walte et al., 2005].
[46] The presence of water without melt in the system

could effectively enhance diffusion and dislocation creep
accommodated GBS of feldspars and produce similar
microstructures as in this study [Tullis and Yund, 1991].
However, microstructural observations and petrological data
show that melt was present in the system during deforma-
tion. The combined effect of water and melt on GBS
enhancement is speculative (according to the weakening
mechanisms of melt discussed above), because the influence
of water on dihedral angles of melt in quartzo-feldspathic
rocks is not yet well understood [Rushmer, 1996].

Figure 18. Final creep failure microstructure and speci-
men distortion from tensile experiments with metals at
constant strain rate. [Sklenička et al., 1977; Čadek, 1988].
Material of purity 2N contains more impurities than 4N
material.
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8.4. Comparative Rheology Between Feldspars and
Quartz

[47] Experimental studies show that the creep strength of
feldspars deformed at dislocation creep is higher than that of
quartz for the entire range of temperature conditions inves-
tigated [Shelton and Tullis, 1981; Jaoul et al., 1984; Handy,
1994]. This assumption is essential in assessing rheology of
polyphase rocks with different proportion of weak quartz
and ‘‘strong skeleton’’ formed by feldspars in both load-
bearing framework and interconnected weak layer micro-
structures [Handy, 1990, 1994; Schulmann et al., 1996; Ji et
al., 2004; Rybacki and Dresen, 2004]. However, change of
deformation mechanism in feldspars from dislocation to
diffusion creep has never been considered in term of
mineral strength contrast between quartz and feldspars.
Exceptionally high finite strains of both feldspars surround-
ing much less elongated quartz ribbons shows well that
quartz represents the strong phase according to Handy
[1990, 1994] and feldspars form interconnected weak
layers. The explanation is seen in important contribution
of dislocation creep accommodated GBS mechanism to the
dominant melt-enhanced grain boundary diffusion creep
operative in both feldspars that significantly decreases their
strength with respect to quartz simultaneously deforming via
dislocation creep-controlled recrystallization mechanisms.
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Konopásek, J., and K. Schulmann (2005), Contrasting Early Carboniferous
field geotherms: Evidence for accretion of a thickened orogenic root and
subducted Saxothuringian crust (central European Variscides), J. Geol.
Soc., 162, 463–470.
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trasting textural record of two distinct metamorphic events of similar P-T
conditions and different durations, J. Metamorph. Geol., 23(8), 649–666.

Lister, G. S., and U. F. Dornsiepen (1982), Fabric transitions in the Saxony
granulite terrain, J. Struct. Geol., 4, 81–92.

Lister, G. S., and B. E. Hobbs (1980), The simulation of fabric development
during plastic deformation and its application to quartzite: The influence
of deformation history, J. Struct. Geol., 2, 355–370.

Mabuchi, M., H. G. Jeong, K. Hiraga, and K. Higashi (1997), Partial
melting at interfaces and grain boundaries for high-strain-rate superplastic
materials, Interface Sci., 4(3–4), 357–368.

Marchildon, N., and M. Brown (2001), Melt segregation in late syn-tectonic
anatectic migmatites: An example from the Onawa contact aureole,
Maine, USA, Phys. Chem. Earth, Part A, 26(4–5), 225–229.

Marshall, D. B., and A. C. McLaren (1977), Deformation mechanisms in
experimentally deformed plagioclase feldspars, Phys. Chem. Mineral., 1,
351–370.

Martelat, J. E., K. Schulmann, J. M. Lardeaux, C. Nicollet, and H. Cardon
(1999), Granulite microfabrics and deformation mechanisms in southern
Madagascar, J. Struct. Geol., 21, 671–687.

McKenzie, D. (1984), The generation and compaction of partially molten
rock, J. Petrol., 25(3), 713–765.

Mehnert, K. R., W. Busch, and G. Schneider (1973), Initial melting at grain
boundaries of quartz and feldspar in gneisses and granulites, Neues Jahb.
Mineral., 4, 165–183.

Mohamed, F. A. (2002), The role of impurities during creep and super-
plasticity at very low stresses, Metall. Mater. Trans. A., 33, 261–278.

Morgan, S. S., and R. D. Law (2004), Unusual transition in quartzite dis-
location creep regimes and crystal slip systems in the aureole of the
Eureka Valley-Joshua Flat-Beer Creek pluton, California: a case for an-
hydrous conditions created by decarbonation reactions, Tectonophysics,
384(1–4), 209–231.

Newton, R.C., T. V.Charlu, andO. J.Kleppa (1980), Thermochemistry of high
structural state plagioclases, Geochim. Cosmochim. Acta, 44, 933–941.

Olsen, T. S., and D. L. Kohlstedt (1984), Analysis of dislocations in some
naturally deformed plagioclase feldspars, Phys. Earth Planet. Inter., 11,
153–160.

Passchier, C. W., and R. A. J. Trouw (1996), Microtectonics, 325 pp.,
Springer Verlag, Berlin.

Pharr, G. M., P. S. Godavarti, and B. L. Vaandrager (1989), Effects of
wetting on the compression creep behaviour of metals containing low
melting intergranular phases, J. Mater. Sci., 24, 784–792.

Poirier, J. P. (1985), Creep of Crystals, 260 pp., Cambridge Univ. Press,
Cambridge, U.K.

Powell, R., and T. J.B. Holland (1999), Relating formulations of the ther-
modynamics of mineral solid solutions; activity modeling of pyroxenes,
amphiboles and micas, Am. Mineral., 84, 1–14.

Price, N. J., and J. W. Cosgrove (1990), Analysis of Geological Structures,
502 pp, Cambridge Univ. Press, Cambridge, U.K.

Ramsay, J. G., and M. I. Huber (1983), The Techniques of Modern Struc-
tural Geology, vol. 1, 307 pp., Academic, London.

Ranalli, G. (1995), Rheology of the Earth, 2nd ed., 413 pp., Chapmann and
Hall, New York.

Renner, J., B. Evans, and G. Hirth (2000), On the rheologically critical melt
fraction, Earth Planet. Sci. Lett., 181(4), 585–594.

Rosenberg, C. L. (2001), Deformation of partially molten granite: A review
and comparison of experimental and natural case studies, Int. J. Earth
Sci., 90(1), 60–76.

Rosenberg, C. L., and M. R. Handy (2000), Syntectonic melt pathways dur-
ing simple shearing of a partially molten rock analogue (Norcamphor-
Benzamide), J. Geophys. Res., 105, 3135–3149.

Rosenberg, C. L., and M. R. Handy (2005), Experimental deformation
of partially melted granite revisited: implications for the continental crust,
J. Metamorph. Geol., 23(1), 19–28.

Rosenberg, C. L., and U. Riller (2000), Partial-melt topology in statically
and dynamically recrystallized granite, Geology, 28(1), 7–10.

Rushmer, T. (1996), Melt segregation in the lower crust: How have ex-
periments helped us?, Trans. R. Soc. Edinburgh Earth Sci., 87(1–2),
73–83.

Rushmer, T. (2001), Volume change during partial melting reactions: im-
plications for melt extraction, melt geochemistry and crustal rheology,
Tectonophysics, 342(3–4), 389–405.

Rutter, E. H., and D. H. K. Neumann (1995), Experimental deformation of
partially molten Westerly granite under fluid-absent conditions, with im-
plications for the extraction of granitic magmas, J. Geophys. Res., 100,
15,697–15,715.

Rybacki, E., and G. Dresen (2004), Deformation mechanism maps for
feldspar rocks, Tectonophysics, 382(3–4), 173–187.

Sawyer, E. W. (2001), Melt segregation in the continental crust: Distribu-
tion and movement of melt in anatectic rocks, J. Metamorph. Geol.,
19(3), 291–309.

Schmid, S. M., R. Heilbronner, and H. Stünitz (1999), Deformation me-
chanisms in nature and experiment, Tectonophysics, 303(1–4), vii – ix.

Schulmann, K., R. Melka, and B. Mlčoch (1996), High-temperature micro-
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[1] The deformation study of midcrustal porphyritic granite reveals exceptionally high
strain intensities of feldspar aggregates compared to stronger quartz. Three types of
microstructures corresponding to evolutionary stages of deformed granite were
recognized: (1) the metagranite marked by viscous flow of plagioclase around strong
alkali feldspar and quartz, (2) quartz augen orthogneiss characterized by development of
banded mylonitic structure of recrystallized plagioclase and K-feldspar surrounding
augens of quartz, and (3) banded mylonite characterized by alternation of quartz ribbons
and mixed aggregates of feldspars and quartz. The original weakening of alkali feldspar is
achieved by decomposition into albite chains and K-feldspar resulting from a
heterogeneous nucleation process. The subsequent collapse of alkaline feldspar and
development of monomineralic layering is attributed to the onset of syn-deformational
dehydration melting of Mu-Bi layers associated with production of �2% melt. The final
deformation stage is marked by mixing of feldspars which is explained by higher melt
production due to introduction of external water. An already small amount of melt is
responsible for extreme weakening of the feldspar because of Melt Connectivity
Threshold effect triggering grain boundary sliding deformation mechanisms. The grain
boundary sliding controls diffusion creep at small melt fraction and evolves to particulate
flow at high melt fractions. Strong quartz shows a dislocation creep deformation
mechanism throughout the whole deformation history marked by variations in the activity
of the slip systems, which are attributed to variations in stress and strain rate partitioning
with regard to changing rheological properties of the deforming feldspars.

Citation: Schulmann, K., J.-E. Martelat, S. Ulrich, O. Lexa, P. Štı́pská, and J. K. Becker (2008), Evolution of microstructure and melt

topology in partially molten granitic mylonite: Implications for rheology of felsic middle crust, J. Geophys. Res., 113, B10406,

doi:10.1029/2007JB005508.

1. Introduction

[2] Rheology of the continental crust is dominated by
quartzo-feldspathic rocks, which are represented mainly by
metagranitoids, orthogneisses and felsic volcanics [Carter
and Tsenn, 1987]. To date, the models of crustal rheology
use laboratory derived laws described by constitutive equa-
tions that are established for minerals or monomineralic
rocks such as quartzites and anorthosites [Ranalli, 1995].
Most of laboratory experiments show that the quartz is

weaker than plagioclase for the same homologous temper-
atures [Ranalli and Murphy, 1987; Schmid, 1982]. How-
ever, the natural quartzo-feldspathic rocks are mixtures with
different proportions of strong feldspars and weak quartz
with variable grain shapes and grain size distributions. The
deformation of such natural rocks leads to strain partitioning
between the different components and nonuniform defor-
mation [Handy, 1990]. Handy [1994a] defined the load-
bearing framework structure and interconnected weak layer
structure and proposed comprehensive empirical equations
that determine the strength of polyphase composites. Handy
[1994a] applied this concept to quartzo-feldspathic rocks
and concluded that the proportion of weaker quartz controls
the bulk rheology. The basis of these models is the coex-
istence of two nonlinear viscous phases; the bulk rheology
is a consequence of the rock structure and the relative
proportions of the two mineral phases [Ji and Zhao, 1994].
[3] Microstructural studies show that the progressive

orthogneiss deformation is associated with strain partition-
ing and variations in the deformation mechanisms of
feldspars and quartz [Handy et al., 1999; Schulmann et
al., 1996; Simpson, 1985]. For instance Gapais [1989] and

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 113, B10406, doi:10.1029/2007JB005508, 2008
Click
Here

for

Full
Article
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Schulmann et al. [1996] have shown that at amphibolite
facies the feldspars show evolution from dislocation creep
to grain boundary sliding with increasing strain intensity in
conjunction with variations in the activity of the quartz slip
systems. Therefore, the viscosity contrast between feldspars
and quartz was not constant but varied with increasing
degree of strain as the rheological role of individual
minerals evolved as shown by a range of experimental
and natural studies [Handy, 1994b; Ji et al., 2000; Rybacki
and Dresen, 2004; Stünitz and Fitz Gerald, 1993]. How-
ever, the aforementioned studies all neglect a possible role
of the melt on the deformation of the polyphase rocks.
[4] The aim of this paper is to show, through detailed

microstructural study and thermodynamical modeling, the
contribution of interstitial melt to the rheology of progres-
sively deformed granites under midcrustal conditions. We
use natural examples of a sequence of granite mylonites to
document the melt enhanced rheological inversion of dis-
proportionately stronger quartz compared to the weak
feldspars in midcrustal rocks. This work also shows that
with increasing melt fraction the deformation mechanisms
of feldspars varies from the grain boundary sliding accom-
modated dislocation creep to granular flow while the quartz
is only deformed in the dislocation creep field.

2. Geological Setting

[5] The study area located in the central part of the
Bohemian Massif in the Czech Republic is known for the
extreme deformation of porphyritic granites in a crustal-
scale shear zone [Synek and Oliverová, 1993]. The porphy-
ritic granite mylonites studied are of Cambro-Ordovician
protolith age and come from an orthogneiss-bearing, mid-
crustal unit that overlies kyanite micaschists in the west
(Figure 1). In the east a similar rock assemblage occurs in
an equivalent structural unit, although these orthogneiss
bodies exist within kyanite-sillimanite bearing micaschists.
According to Schulmann et al. [2005] both units record a

Carboniferous tectono-metamorphic history between 340
and 325 Ma. The midcrustal unit is overlain by kyanite
bearing migmatites and granulites of the orogenic lower
crustal unit that contain eclogite lenses with estimated
minimum pressures of 18–19 kbar and temperatures of
800–900�C [Medaris et al., 1998]. The P-T conditions of
the kyanite bearing micaschists in the footwall of the
mylonitic orthogneiss sheet have experienced temperatures
of 620–710�C at pressures of 6.5–9.5 kbar [Kachlı́k, 1999]
similarly to 8–9 kbar and 610–660�C estimated in the
micaschists in the eastern part of the studied area [Pitra and
Guiraud, 1996].
[6] The geological structure of the studied rocks was

described by Synek and Oliverová [1993] who interpreted
the middle crustal orthogneiss-bearing unit and the overly-
ing orogenic lower crustal unit as a crustal nappe stack
resulting from a Carboniferous deformation. On the basis of
the structural position of the midcrustal orthogneiss and the
regional metamorphic field gradient, the PT conditions of
metamorphism and deformation of the studied rocks are
estimated to be between 9 and 18 kbar and 650–850�C.
More precise P-T estimations were not established because
of the lack of pressure and temperature sensitive mineral
assemblages that are necessary for standard thermobaro-
metric methods.

3. Shape Analysis of Quartz and Feldspars

[7] Undeformed porphyritic granitoids may serve as an
excellent example of multiphase mixtures of originally
spherical (ellipsoidal) clasts with constant phase fractions.
When these rocks are subjected to deformation, mineral
grains reach different strain intensities, which can be easily
quantified using standard finite strain techniques [Ramsay
and Huber, 1983]. Measurement of the shapes of naturally
deformed minerals in originally coarse-grained and porphy-
ritic granitoids may thus help to track the viscous behavior
of individual phases for different bulk strain intensities

Figure 1. Geological map of the central part of Bohemian Massif modified after Beneš [1964] and
Synek and Oliverová [1993]. Black stars and capitalized letters refer to studied samples (B, D, H, M, R, S,
T, and V). (a) Lower crustal rocks (granulites and eclogites), (b) the midcrustal monotonous
metasedimentary unit, (c) the midcrustal orthogneiss unit, (d) the kyanite micaschist unit, (e) the
intrusives, (f) Cretaceous and Quaternary rocks, (g) the undifferenciated Lower Palaeozoic rocks, and
(h) the Neo-Proterozoic metasediments.

B10406 SCHULMANN ET AL.: RHEOLOGY OF PARTIALLY MOLTEN GNEISSES

2 of 20

B10406

296



[Treagus, 2002]. This allows constraining the degree of
strain partitioning in rocks and the viscosity ratios between
the individual mineral phases.
[8] The shape analysis of the feldspars and the quartz

polycrystalline aggregates was carried out on 17 sections
cut both perpendicular to the foliation and parallel to the
stretching lineation and perpendicular to both the foliation
and the lineation, i.e., parallel to the XZ and YZ sections of
the finite strain ellipsoid (Figure 2). The K-feldspar cannot
be distinguished from plagioclase in highly deformed mac-
roscopic samples and therefore both minerals were grouped
together for finite strain measurements. All studied samples
are composed on average of 60–70% feldspars, 35–25%
quartz and up to 10% of biotite and muscovite. The almost
constant mineral composition for highly variable strain
intensities and constant bulk rock chemistry shows the lack
of chemical variations with strain (Table 1).
[9] In our study we classified three major types of

deformed orthogneiss according to the deformation intensi-
ties at the macroscopic scale: Type I is represented by
weakly deformed metagranite (Figure 2a); Type II corre-
sponds to augen orthogneiss with quartz porphyroclast
(Figures 2b and 2c); Type III is a banded mylonite orthog-
neiss (Figures 2d and 2e).

[10] Mineral shape data are plotted into a Flinn diagram
[Flinn, 1965] (Figure 3). The analyses of feldspar polycrys-
talline aggregates and quartz of the individual samples are
connected by tie lines with the vertical ellipse representing
the bulk strain value of the whole rock. An important
feature of all the studied samples is that feldspars show
higher strain intensities than quartz for any bulk strain
(Figures 3a and 3b). In several samples of the so-called
Doubravčany pencil gneiss, the strain intensities cannot be
identified because the stretching of feldspar and quartz
layers exceeds the length of the samples (Figure 2d). The
strain symmetry, represented by the K values of Flinn
[1965], varies from prolate to oblate shapes (K = 2.7 to
0.3). For quartz with prolate shapes, the corresponding
feldspar strain symmetry is close to plane strain, while for
oblate quartz, the feldspars show the same shape or slightly
more oblate shapes (Figure 3b). Strain intensities are
expressed using Ramsay’s D value, which is an alternative
expression of viscosity ratio values ofGay [1968a, 1968b] also
used by Schulmann et al. [1996]. The inspection of the diagram
in Figure 3b shows that the highest strain ratios are achieved
between Dfel/Dqtz for Type III orthogneiss and some Type II
orthogneiss samplesmarked by high bulk strain intensities. The
relatively small ratio between Dfel/Dqtz suggests similar yield-

Figure 2. Macroscopic samples of deformed metagranite divided in three types according to the
deformation intensity and the macroscopic appearance. X, Y, and Z refer to the axes of the finite strain
ellipsoid. (a) Sample S1 is a weakly deformed metagranite with large centimeter-sized grains of quartz
and feldspar representing Type I rock. (b, c) Sample M1 is an augen orthogneiss corresponding to Type II
rocks and intermediate strain intensity (equivalent to samples T1, T2, M2, and R4), (d, e) Sample V1 is a
banded mylonite corresponding to Type III rock and the highest intensity of deformation (equivalent to
other highly strained samples R5, R3, V2, and H1).
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ing of both mineral phases for low bulk strains for several
samples of weakly deformed Type II orthogneiss.

4. Microstructure Development of Deformed
Metagranitoids

[11] The microstructural investigations covered the quali-
tative description of the rock and mineral structure using
optical microscope and scanning electron microscope imag-
ing. Themicroprobework complements the scanning electron
microscope (SEM) study to identify compositional variations
of the recrystallized feldspars (Tables 2a, 2b, and 2c).

4.1. Type I: Metagranite and Weakly Deformed
Orthogneiss

[12] The metagranite samples show K-feldspar phenoc-
rysts up to 10 cm in size surrounded by quartz blebs.
Elongated plagioclase polycrystalline aggregates range from
1 to 3 cm in size (Figure 2a). Light and SEM microscopies

show that the plagioclase forming recrystallized aggregates
(labeled Pl1 in Figure 4) corresponds to oligoclase An15.
The Pl1 plagioclase has an average grain size of 50
�70 mm, straight boundaries and subequant shapes (Figure 4
andTable 2c). The quartz blebs consist of large grains (�400
mm in size) with irregular and highly serrated boundaries.
Biotite and muscovite are present as elongated recrystallized
aggregates. The plagioclase grains within alkaline feldspar
phenocrysts are labeled Pl1b here. These plagioclases are 10
to 50 mm in size, correspond to albite An1–8 and are usually
arranged into chains mostly parallel to (100) or locally
along (010) planes of the host K-feldspar (Figures 4a and
4b and Table 2c). The K-feldspars themselves show sub-
grains of �80 mm in size. Subgrain boundaries are straight
and meet in triple point junctions. At a smaller scale, the
feldspars show kinked domains along which the Pl1b chains
are rotated (Figure 4a). These kinked domains show internal
strain marked by irregular undulatory extinction. Micro-
probe analyses show that K-feldspar cores exhibit rather
constant composition revealing approximately 10 mol % of
albite (Table 2a). Only around enclosed Pl1b chains the
alkali feldspar shows a rapid decrease of the albite compo-
nent (Figure 5).

4.2. Type II: Orthogneiss With Quartz Augens

[13] This rock is characterized by the presence of isolated
and elongated quartz augens surrounded by highly elongated
K-feldspar and plagioclase polycrystalline aggregates form-
ing almost monomineralic layers (Figure 6). Biotite and
muscovite are forming elongated monomineralic aggregates
located at boundaries between feldspars and quartz or
within plagioclase layers. Quartz augens are composed of
grains 150–1000 mm in size with serrated boundaries.
Plagioclase (Pl1) polycrystalline aggregates are composed
of oligoclase An10–20 subequant grains (50–150 mm in

Table 1. Bulk Rock Chemistry of Midcrustal Orthogneisses

Sample S1 M1 V1 D1

SiO2 72, 9 70, 9 73, 0 70, 2
TiO2 0, 3 0, 3 0, 2 0, 4
Al2O3 13, 3 14, 7 13, 7 14, 7
Fe2O3 1, 9 1, 4 1, 8 2, 6
FeO 0, 9 1, 0 0, 7 0, 7
MnO 0, 0 0, 1 0, 0 0, 0
MgO 0, 5 0, 6 0, 4 0, 8
CaO 1, 1 1, 4 0, 8 1, 0
Na2O 2, 3 2, 6 2, 5 1, 8
K2O 4, 5 4, 7 4, 7 4, 6
P2O5 0, 2 0, 2 0, 2 0, 2
H2O- 0, 2 0, 3 0, 3 0, 2
H2O

+ 1, 0 1, 2 1, 0 2, 1
CO2 0, 2 0, 2 0, 4 0, 2
Total 99, 5 99, 5 99, 7 99, 6

Figure 3. (a) Flinn diagram after Ramsay and Huber [1983] shows the shapes of deformation ellipsoids
represented as projections of X/Y axial ratios on the ordinate and Y/Z ratios on the abscissa in the graph.
This diagram allows to visualize the shapes of the strain ellipsoid and the intensity of deformation in the
2-D diagram. (b) Diagram showing strain intensity expressed as the D parameter on the abscissa against
shape K parameter on the ordinate; K = (X/Y-1)/(Y/Z-1) varies from 0 for oblate shapes, to 1 for plane
strain shapes, and to infinity for prolate shapes, D = (((X/Y-1)2 + ((Y/Z-1)2)1/2. The values are obtained
by measuring 30 ellipses (harmonic sum) from XZ and YZ sections (principal planes of finite strain
ellipsoid). Squares show quartz, and circles show undifferentiated feldspar. Rock types are determined
according to the bulk strain intensity and macroscopic appearance (Figure 2) from weakly deformed
metagranite S1; intermediate strained augen orthogneiss samples T1, T2, M2, M1, and R4; and highly
strained banded orthogneiss samples H1, T5, V1, and V2.
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size) with straight boundaries meeting at triple point junc-
tions (Figures 5 and 6c and Table 2c). Plagioclase poly-
crystalline aggregates often contain biotite flakes parallel to
the foliation or interstitial quartz and new plagioclase
An1–10 (Pl2). K-feldspar polycrystalline aggregates are
composed of slightly elongate to subequant grains with
straight boundaries forming a well developed triple point
network lined by narrow films of pure albite An1–10 (Pl2).
Disintegration of the K-feldspar layers into elongate aggre-
gates surrounded by fine-grained Pl1 matrix was observed
in some samples. This process is connected to the develop-
ment of bands filled with recrystallized Pl1 grains up to
150 mm wide oblique with respect to the long axis of the
feldspar polycrystalline aggregates (Figure 6b). Finally,
elongated thin aggregates of Pl1 are smeared out in the
K-feldspar rich matrix. Quartz also forms weakly elon-
gated polymineralic aggregates characterized by highly
irregular boundaries with the surrounding feldspar matrix.
Common feature are the lobes of quartz and cusps of the
K-feldspar pointing in the direction perpendicular to the
long face of the aggregate and to the macroscopic foliation.

4.3. Type III: Banded Mylonitic Orthogneiss and
Ultramylonite

[14] Banded mylonitic orthogneiss is marked by thin
quartz ribbons less than 1000 mm wide. They are sur-
rounded by polymineralic layers of plagioclase, quartz and

K-feldspar (Figure 7b). Micas are generally dispersed in the
matrix or form narrow layers parallel to the foliation
(Figures 7c and 7d). Disintegrated relics of plagioclase
aggregates are composed of Pl1 grains An14–20 (Figure 5
and Table 2c) and of K-feldspar grains 50–100 mm in size
(rarely 200 mm) and of irregular shapes. The interfacial
boundaries with K-feldspar are generally straight and com-
monly lined by rims of Pl2 (An4–12) or thin layers of quartz.
Locally, relics of the K-feldspar layers that are a few grains
wide (�250 mm) occur with straight mutual boundaries lined
by Pl2 films. The quartz commonly occurs in the form of
isolated grains with serrated boundaries and cusps pointing
perpendicular and parallel to the macroscopic foliation. How-
ever, the most common are few hundred microns wide quartz
ribbons composed by elongate, 200–300 mm wide and up to
1000 mm long grains with highly serrated boundaries.
[15] A rather exceptional kind of Type III microstructure

is represented by the exceptionally coarse-grained, mylo-
nitic orthogneiss sample B2. This rock type is characterized
by polyminerallic layers with poorly defined boundaries and
a large average grain size of plagioclase and K-feldspar
ranging from 160 to 200 mm. The Pl1 grains in relict
plagioclase aggregates show sutured boundaries and wide
Pl2 rims while the interstitial Pl2 grains in the K-feldspar
rich aggregates form wide films and cuspate pools. The
interstitial quartz (100 mm in size) occurs in the form of
serrated grains in triple point junctions of K-feldspar and
Pl1 relict aggregates.

4.4. Topology of Interstitial Phases in Plagioclase and
K-Feldspar Aggregates

[16] The most common interstitial phase at the grain scale
are thin films of Pl2 and quartz up to 50 mm long and 10 mm
wide located along the mutual plagioclase boundaries, often
at high angle to the foliation or in the form of cuspate pools
at triple point junctions. The mutual boundaries of Pl1
aggregate grains are often lined by narrow rims of new
plagioclase An1–10 (Pl2). In Type II orthogneiss samples
showing strongly elongated recrystallized K-feldspar and
Pl1 grains (samples T1, T2), the Pl2 films exhibit preferred
orientation parallel to the direction of maximum stretching,
i.e., along the crystal faces parallel to the foliation (Figure 8).
In the M1, M2 samples of the orthogneiss Type II, the shape
preferred orientation of the recrystallized feldspar is low,

Table 2a. K-Feldspar Compositionsa

Sample S1 S1 M1 M1 V1 V1

Analysis 50 48 71 79 92 104
SiO2 65, 27 64, 07 64, 09 65, 05 64, 63 64, 96
Al2O3 18, 69 18, 42 18, 22 18, 56 18, 73 18, 71
CaO 0, 00 0, 03 0, 04 0, 00 0, 03 0, 04
Na2O 1, 20 0, 49 0, 29 1, 37 1, 10 0, 59
K2O 15, 87 16, 46 16, 86 15, 52 15, 90 16, 48
Total 101, 04 99, 49 99, 50 100, 54 100, 40 100, 82
Si 2, 986 2, 985 2, 990 2, 988 2, 978 2, 984
Al 1, 008 1, 011 1, 002 1, 005 1, 017 1, 013
Ca 0, 000 0, 002 0, 002 0, 000 0, 002 0, 002
Na 0, 106 0, 044 0, 026 0, 122 0, 098 0, 053
K 0, 926 0, 978 1, 004 0, 910 0, 935 0, 966
Total 5, 026 5, 020 5, 024 5, 024 5, 030 5, 017
XOr 89, 69 95, 53 97, 27 88, 17 90, 36 94, 66
XAb 10, 31 4, 32 2, 54 11, 83 9, 50 5, 15
XAn 0, 00 0, 15 0, 19 0, 00 0, 14 0, 19

aStructural formulae calculated on the basis of 8(O).

Table 2b. Isolated Plagioclase Pl1b and Pl2 Compositionsa

Sample S1 T1 T1 M1 V1

Analysis 52 119 115 77 105
SiO2 68, 72 69, 06 67, 94 68, 67 67, 69
Al2O3 19, 70 19, 74 20, 19 19, 78 20, 69
CaO 0, 31 0, 10 0, 78 0, 22 1, 28
Na2O 11, 84 12, 14 11, 27 11, 77 11, 19
K2O 0, 05 0, 12 0, 12 0, 54 0, 23
Total 100, 62 101, 19 100, 30 101, 01 101, 09
Si 2, 986 2, 986 2, 963 2, 980 2, 938
Al 1, 009 1, 006 1, 038 1, 012 1, 058
Ca 0, 014 0, 005 0, 037 0, 010 0, 060
Na 0, 998 1, 018 0, 953 0, 991 0, 942
K 0, 003 0, 007 0, 007 0, 030 0, 013
Total 5, 010 5, 022 4, 998 5, 023 5, 010
XOr 0, 28 0, 64 0, 67 2, 90 1, 26
XAb 98, 30 98, 91 95, 67 96, 11 92, 87
XAn 1, 42 0, 45 3, 66 0, 99 5, 87

aStructural formulae calculated on the basis of 8(O).

Table 2c. Large or Interconnected Plagioclase: Pl1 Compositionsa

Sample S1 T1 M1 M1 V1

Analysis 43 114 67 91 109
SiO2 64, 60 64, 70 65, 62 63, 75 65, 55
Al2O3 22, 72 22, 84 21, 43 23, 06 22, 22
CaO 3, 48 3, 76 2, 36 4, 38 3, 07
Na2O 9, 88 10, 03 11, 03 9, 48 10, 23
K2O 0, 23 0, 13 0, 10 0, 27 0, 22
Total 100, 91 101, 46 100, 56 100, 97 101, 30
Si 2, 827 2, 819 2, 878 2, 797 2, 854
Al 1, 172 1, 173 1, 108 1, 192 1, 140
Ca 0, 163 0, 176 0, 111 0, 206 0, 143
Na 0, 838 0, 847 0, 938 0, 806 0, 864
K 0, 013 0, 007 0, 006 0, 015 0, 012
Total 5, 013 5, 022 5, 040 5, 017 5, 013
XOr 1, 26 0, 70 0, 53 1, 47 1, 20
XAb 82, 65 82, 26 88, 95 78, 49 84, 75
XAn 16, 09 17, 04 10, 52 20, 04 14, 05

aStructural formulae calculated on the basis of 8(O).
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which corroborates the development of thin albite-quartz
films along the feldspar faces oriented along two maxima
with respect to the macroscopic layering (Figure 8). The
mean orientation of the Pl2 and quartz seams form an angle
of 10–15� with respect to the foliation trace. Interstitial
convex quartz grains often occur at triple point junctions
but locally line the feldspar boundaries as narrow films
(Figures 6c and 6d).
[17] The presence of interstitial phases is the most pro-

nounced in Type III orthogneiss (samples R3, V1 and B2 in
particular) where the recrystallized feldspar grains exhibit
no shape preferred orientation. Here, wider cuspate-lobate
pools and narrow films of Pl2 and quartz occur at a high
angle to the macroscopic foliation. The B2 sample shows an
extreme orientation of Pl2 seams which form an angle of up
to 70� with the foliation trace.

[18] Another important feature is the development of intra-
granular, wedge shaped fractures that are predominantly
developed in elongated feldspar grains with stronger SPO
in samples T1 and T2 (Figure 8). These gently curved
fractures often originate at the foliation-parallel grain bound-
aries or triple point junctions, terminate in the interior of the
grains and are oriented at low angles (15–30�) to the
maximum stretching. In Type III orthogneiss samples (e.g.,
sample B2) the intragranular fractures occur as well being
oriented at high angle to the principal stretching direction.

5. Quantitative Textural Analysis

[19] The quantitative analysis of grain shapes and bound-
aries was carried out in an ArcView GIS environment.
Examples of analyzed samples are shown in Figures 4d,
6d, and 7d. The statistical parameters involving grains size
distributions, shape preferred orientation, degree of grain
elongation and grain contact frequencies were performed
using the MATLAB PolyLX toolbox [Lexa et al., 2005] in
order to quantify the above described microstructural se-
quence of rock types. The grain size distribution was
evaluated as an important parameter in deformed rocks
because of its sensitivity to stress and temperature [Schmid
et al., 1999]. The correct determination of grain size is
essential in polyphase systems, where stress and strain rate
partitioning are expected [Handy, 1990]. Another important
parameter is the shape of recrystallized grains, which is
strongly dependent on the type of deformation mechanisms
and grain growth history [Boullier and Guéguen, 1975;
Schmid et al., 1987]. Grain contact distribution in the rock
yields information about the evolution of spatial distribution
of the different minerals in rocks with deformation or
melting [Lexa et al., 2005; Hasalová et al., 2008]. This is
expressed by the grain contact frequency (GCF) that statis-
tically quantifies the deviation of the grain contact distribu-
tion from random [Kretz, 1969]. The aggregate distribution,
marked by the dominant presence of like-like contacts,
represents one end-member of the spatial distribution of
grain boundaries that is resulting from the solid state
differentiation process [McLellan, 1983]. The regular dis-
tribution is characterized by the predominance of unlike
contacts in rock and is considered as a second end-member

Figure 5. Ternary diagrams showing the composition of
feldspars in different samples. Pl1 corresponds to isolated
plagioclase aggregate (see text for explanation).

Figure 4. Type I microstructure (S1 sample). (a) Type I
metagranite marked by large alkaline feldspar clasts decom-
posed into albite chains and K-feldspar and (b) scanning
electron microscope (SEM) image of alkaline feldspar
decomposition. Rectangle indicates the position of the detailed
SEM image. (c) The detail of the SEM image showing the
shapes of new bulbous albite grains. (d) Corresponding
ArcViewGeographical Information Systems (GIS) image used
for the quantitative mirostructural analysis. Scanning electron
microscope images obtained in backscattered electron mode
(Camscan microscope, Institute of Petrology and Structural
Geology Prague). K-feldspar is represented in light gray,
biotite is represented as white laths, quartz and plagioclase are
shown in dark gray, and rectangular white mica laths are
shown in light gray. In ArcView GIS images the K-feldspar is
represented in white, white mica and biotite are represented in
black, plagioclase is represented in light gray, and quartz is
represented in dark gray. The ArcView Geographical
Information System was used as an ideal environment for
digitizing mineral shapes [Lexa et al., 2005]. Mineral
abbreviations correspond to those of Kretz [1983].
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of the spatial distribution of the grain boundaries that
develops mostly because of solid state annealing [Flinn,
1969], mechanical mixing [Kruse and Stünitz, 1999] or
crystallization of the interstitial melt [Dallain et al., 1999;
Hasalová et al., 2008].

5.1. Crystal Size Distribution

[20] The grain size distributions of recrystallized quartz,
K-feldspar and of plagioclase have been determined on the
basis of more than 500 measured grains per thin section for
each sample (except of about 200 measurements in coarse-
grained sample B2). Because of the ubiquitous lognormal
distribution of the grain populations, the median value was
considered to be the most reliable statistical value and the
spread of the grain size distribution was evaluated as a
difference between the third and first quartile instead of the
standard deviation.
[21] The K-feldspar shows a similar grain size distribu-

tion for all rock types and is characterized by the median
grain size ranging from 60 to 180 mm (Figure 9a). Except
sample B2 with exceptionally large grain size, the grain size
spread does not follow any systematic pattern. However, the
interstitial quartz shows an increasing median grain size
value from 20 to 50 mm in the Type II orthogneiss to 80–
100 mm in Type III orthogneiss. The plagioclase was

examined for the interstitial and aggregate positions sepa-
rately. The most striking feature is a progressive increase of
the aggregate plagioclase grain size from 60 mm (median
value) in metagranite to 90 mm in augen orthogneiss to
110 mm in banded orthogneiss, and to 170 mm for
sample B2 (Figure 9a). We also observe a systematically
higher grain size of aggregate grains compared to the
interstitial plagioclase grains for all rock types. In addi-
tion, the median value of the aggregate plagioclase grains
is shifted toward the third quartile value, while in the
interstitial grains it is closer to the first quartile value.
[22] In order to obtain information about the crystal nucle-

ation and growth, the crystal size distribution (CSD) method
was applied in the studied samples. The theory of CSD is a
well-established technique in metallurgy, ceramics and chem-
ical engineering to reveal information about nucleation,
growth rates and growth times of crystals [Randolph and
Larson, 1971]. CSD in many metamorphic and igneous rocks
show a log linear relationship between the grain size L and the
population density N according to the equation

N ¼ N0e
�L=Gt

where N0 and Gt are constants and may be related to the
nucleation density and growth rate of the crystals [Higgins,
1998]. This technique was previously successfully applied
to the metamorphic rocks by Cashman and Ferry [1988],
Hasalová et al. [2008], and Lexa et al. [2005]. CSD plots of

Figure 6. Type II microstructure. (a) Micrograph of
sample M2 Type II microstructure characterized by large
quartz ribbons and fine-grained feldspar matrix, (b) SEM
image of the M2 sample showing typical monominerallic
layering and plagioclase aggregate bridges, and (c) detailed
SEM image of the T1 sample showing K-feldspar and
plagioclase polycrystalline aggregate microstructure. The
characteristic feature is the high elongation of feldspar
grains lined with Pl2 films, (d) corresponding ArcView GIS
drawing of Type II microstructure of the T1 sample. The
SEM and ArcView GIS colors are the same as in Figure 4.

Figure 7. Type III microstructure of banded orthogneiss.
(a) Micrograph of sample D1 showing layers of quartz
alternating with mixed layers of feldspars and quartz, (b)
SEM image of the sample V1 showing quartz and feldspar
mixing and poor definition of layer boundaries, (c) detailed
SEM image of K-feldspar and plagioclase mixing in the
matrix, and (d) corresponding ArcView GIS drawing. The
SEM and ArcView GIS colors are the same as in Figure 4.
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all the samples constructed according to the method by
Peterson [1996] exhibit linear correlations between the
logarithm of the population density (i.e., the number of
crystals per size per volume) and the crystal size (Figure 9b).
Applying the theory of CSD, such distributions could be
parameterized by the zero size intercept N0 (nucleation
density) and slope Gt (growth rate multiplied by time).
These two parameters are plotted in a N0-Gt diagram
[Lexa et al., 2005] where the samples form a distinct
trend. Trends in the grain size distributions using CSD
method are visualized in Figure 9b. The crystal size
distribution plot of the plagioclase aggregates is the most
pronounced and shows a systematic decrease of N0 and an
increase of the Gt values with increasing degree of
deformation i.e., from Type I to Type III rocks.

5.2. Grain Shapes and Shape Preferred Orientation
(SPO)

[23] The aspect ratio median value of plagioclase and
K-feldspar varies between 1.5 to 3.1 and no systematic

pattern related to the type of rocks and the degree of
deformation is obvious (Figure 10). However, the SPO of
plagioclase and K-feldspar in most of Type II and III
orthogneiss samples is higher compared to the Type I
sample with exceptionally high SPO for samples T1 and
T2. There is a difference between the aggregate plagioclase
(Pl1) and the interstitial albite (Pl2) marked by a systemat-
ically higher SPO for the former compared to the latter.

5.3. Grain Contact Frequencies (GCF) and Grain
Boundary Preferred Orientation (GBPO)

[24] The combination of the GCF analysis with the
studies of the preferred orientation of the like-like (like–
like contacts = boundaries of minerals of the same species)
and unlike grain boundaries (GBPO) yields important
information about the organization of the grain boundaries
with respect to the deformation processes [Lexa et al.,
2005]. So far the degree of deviation of the grain boundary
distributions from the random distribution has been evalu-
ated by plotting the observed/expected ratio of the like–like

Figure 8. (a) Detail from the backscattered scanning electron image of sample T1 (location of Figure 8a
is shown in SEM image in Figure 6c). The image shows the distribution of albite seams along boundaries
of K-feldspar grains, character of compositional zoning of the plagioclase in the top left, and intragranular
fractures filled with albite (I.F.). (b) Rose diagrams show preferred orientation of �100 interstitial quartz
and Pl2 seams in K-feldspar aggregate. The mean direction and standard circular deviation are shown in
the bottom of each diagram. The thick horizontal line represents the orientation of lineation (X), and the
thin line shows the orientation of the mean direction.
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contacts of the two major minerals against each other [e.g.,
McLellan, 1983]. Lexa et al. [2005] proposed a new
diagram where the c value

c ¼ Observed � Expected
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Expected
p

is plotted against the ratio of orientation tensor eigenvalues
that represent the degree of GBPO. If the solidified melt is
identified in a rock the GBPO may yield information about
the types of channel networks as defined by Sawyer [2001]
and quantified by Hasalová et al. [2008] and Závada et al.
[2007].
[25] In this work we use a method proposed by Lexa et al.

[2005] where the grain contact frequencies are used to
assess the character of the spatial distributions of grain
boundaries. Figure 11a shows that the plagioclase like-like
contacts for the Type I metagranite plots in an intermediate
part of the diagram and is characterized by a rather small
aggregate distribution. This is due to the presence of the two
plagioclase populations resulting from the recrystallization
of the large plagioclase crystals (high aggregate distribu-
tion) and from the disintegration of the large alkaline
feldspar crystals into a mixture of albite and K-feldspar
(Figure 4). With increasing deformation a clear evolution of
the grain contact frequency toward strongly aggregated

distribution for weakly deformed samples of the Type II
microstructure can be observed. This is probably due to the
coalescence of feldspar and plagioclase layers. At very high
strain intensities the plagioclase grain contact frequencies
evolve toward the random or regular types of distribution in
Type III microstructure. This type of evolution indicates an
almost perfect mixing of the plagioclase with other mineral
phases. The degree of GBPO of the like-like boundaries for
plagioclase does not evolve with the above described trend
but remains rather constant for any degree of the finite
strain. The K-feldspar grain contact frequency shows a
similar behavior to the plagioclase but for some samples a
rather strong GBPO coupled with a decreasing grain contact
frequency was observed. The evolution of the unlike
plagioclase-K-feldspar grain boundaries exactly mirrors
the evolution of the plagioclase like-like contact frequency
behavior (Figure 11b). For the observed constant grain size
it is a geometrical necessity that an increase of the like-like
contacts causes a corresponding decrease of the unlike
contacts of feldspars.

6. Crystallographic Preferred Orientation

[26] The lattice-preferred orientation (LPO) of quartz,
plagioclase and K-feldspar was determined using the elec-
tron backscatter diffraction (EBSD) technique [Bascou et

Figure 9. (a) Grain size statistics for the studied samples presented in box-and-whiskers diagrams.
Horizontal axis corresponds to the ferret diameter of grain size in micrometers, and the thick bar
represents the median of grain size distribution. Vertical axis shows samples arranged according to the
degree of deformation from least deformed S1 to most intensely deformed sample V1. B2 represents an
exceptionally coarse-grained mylonitic banded orthogneiss. For each sample the plagioclase grain size
statistics for interstitial phases (I = Pl2 grains), and for recrystallized grains forming aggregates (A = Pl1
grains) are shown. The number of grains is indicated. Grain size distributions of isolated quartz in the
matrix and quartz grains forming centimetric ribbons or augen are also differentiated. This diagram shows
progressive coarsening of both Pl1 (aggregate) and Pl2 (interstitial) grains. (b) Plot of crystal size
distribution (CSD) for plagioclases (I = Pl2 interstitial grain, A = Pl1 recrystallized grains in aggregates).
N0 ln(mm�4) values on vertical axis represent density of grains per volume, and dimensionless Gt values
reflect the grain size frequency distribution. This diagrams show decrease of N0 values and increase of Gt
values which in classical CSD plots represent decreasing values of the intercept of the CSD curve with
vertical axis associated with decreasing slope [Higgins, 1998]. In the CSD theory this evolution means
decreasing nucleation rate and increasing growth rate contribution to the shape of the grain size frequency
histogram [Lexa et al., 2005].
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al., 2001]. The lattice preferred orientation of quartz is
presented in the pole figures of the crystallographic direc-
tions < c > and < a > (Figure 12). In the case of plagioclase
and K-feldspar, the list of operative slip systems [Kruse et
al., 2001; Tullis, 1983] has been used and measured data has
been plotted in the pole figures of these crystallographic
planes and directions. Pole figures of principal slip direc-
tions and slip planes showing the best coincidence with the
main axes of the finite strain ellipsoid of every sample are
presented (Figure 13). In the assessment of the maxima
position in the pole figures, it has been taken into account
that samples M1, V1 reveal prolate shapes of the strain
ellipsoid. Hence the maxima of poles in the slip planes might
occur along a girdle perpendicular to the slip direction.

6.1. Quartz Augens and Ribbons Crystallographic
Preferred Orientation (CPO)

[27] The quartz c axis fabric for Type I microstructure
(sample S1) shows a strong central maximum and weaker
submaxima close to the periphery of the diagram suggesting
an ill-defined oblique cross girdle pattern with opening
angles of around 45� (Figure 12). The fabric is a result of
the dominant prism < a > and subordinate basal < a > slip
systems and a plane strain noncoaxial deformation. Type II
microstructures (samples T2 and M1) show strong, central c
axis maxima. There is also a tendency to form a single

girdle of c axes distribution oriented oblique to the foliation
(T2). This c axis pattern is commonly interpreted as a result
of a prism < a > slip activity and a noncoaxial deformation
[Schmid and Casey, 1986]. The Type III microstructure
(samples R3 and V1) is characterized by maxima located
either at the periphery of the diagram or in an intermediate
position. The maxima are organized either along single
girdles oblique to the foliation (sample R3) or symmetri-
cally in case of sample V1. These c axis patterns developed
from combined activity of the basal < a > and rhomb < a + c
> slip systems with a minor contribution of the prism < a >
slip during the noncoaxial deformation.

6.2. Plagioclase and K-Feldspar CPO

[28] Plagioclase CPO shows a weakening and an in-
creased activity of secondary and tentative slip systems
with microstructural evolution from Type I to Type III
microstructures (Figure 13). A frequently described slip
system (010)[100] [Kruhl, 1996; Martelat et al., 1999;
Schulmann et al., 1996] has been observed only in the Type
I microstructures (S1) and shows an asymmetry of the
position of the maxima with respect to the foliation. The
plagioclase from the Type II and III microstructures showed
less common slip systems that are supposed to be secondary
or tentative [Kruse et al., 2001]. In the Type II microstruc-
ture (T2 and M1), the CPO shows active slip systems with
dissociated Burgers vectors [Montardi and Mainprice,
1987; Olsen and Kohlstedt, 1985] namely 1/2[112](11�1)
and 1/2[111](10�1) in the sample T2, and 1/2[1�12](110) and
1/2[1�12](20�1) in the sample M1. Brief inspection of
both pairs of slip systems shows that each pair occupies a
close position in the plagioclase crystal [Kruse et al., 2001,
Figure 2] and it is very likely that they operated simulta-
neously. The Type III microstructures show very weak crystal-
lographic preferred orientation of the plagioclase and sample
R3 again reveals an activity on the 1/2[1�12](110) slip systems
with dissociated Burgers vector (Figure 13).
[29] The K-feldspar phenocryst and albite neoblasts of

Type I orthogneiss show the same crystallographic orienta-
tions (sample S1, Figure 13) that do not coincide with any
known slip systems. Albite neoblasts originate along the
strings that are parallel to (100) planes. In the Types II and
III microstructures, the CPO of K-feldspar recrystallized
grains reveal similar pattern indicative of the slip direction
parallel to the 1/2[110] in all samples that operate on the
(001), (1�11) slip planes (Figure 13). A less pronounced slip
system [101](10�1) has been recognized in the augen gneiss
sample T2 from the Type II microstructure.

7. Petrological Modeling

[30] The structural position and shapes of interstitial
phases, the character of mineral zoning and the composi-
tional variations of the plagioclase (Pl2) in both Type II and
III microstructures indicate the presence of some kind of
fluid during the deformation [Fitz Gerald and Stünitz, 1993;
Sawyer, 2001; Hasalová et al., 2008; Závada et al., 2007].
Therefore, the pseudosection modeling was performed in
order to examine whether the deformation process in the
studied orthogneisses occurred in the presence of a melt or
an aqueous fluid.

Figure 10. Plot of the grain shape preferred orientations (SPO)
of plagioclase and K-feldspar in studied samples. The results
are summarized by a box-type plot of axial ratios versus
eigenvalue ratios of bulk shape preferred orientation for
individual phases. Individual boxes show median and first
and third quartile values. The whiskers represent a statistical
estimate of the range of data, while outliers are not shown.
Vertical axis characterizes the shape of grains, while horizontal
axis represents the area-weighted degree of preferred orientation.
Plagioclase (I = interstitial Pl2 grains,A= recrystallizedPl1 grains
forming aggregates). This diagram shows generally low aspect
ratios of plagioclase grains for all samples and exceptionally
strong SPO of some samples of Type II and III microstructures.
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7.1. Modeling Method

[31] The pseudosections were calculated in the system Na2O-
CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O (NCKFMASH). All the
Fe was treated as FeO and molar amounts of the considered
oxides were recalculated to 100 mol %. The calculations
were performed using THERMOCALC 3.25 [Powell et al.,
1998] and the data set 5.5 [Holland and Powell, 1998]. The
mixing models for the most solid solutions were taken
from White et al. [2001] and the THERMOCALC docu-
mentation [Powell and Holland, 2004]. The feldspars are
formulated using the model of Holland and Powell [2003],
the paragonite-muscovite solution is after Coggon and
Holland [2002]. The quartz, K-feldspar and plagioclase
are in excess and the pseudosections are contoured for
liquid mole isopleths.

7.2. Results

[32] The first pseudosection is calculated with the amount
of H2O, M(H2O) = 2.68 mol % in the whole rock compo-
sition, which is the amount of H2O tied in micas in the
assemblage biotite-muscovite-plagioclase-K-feldspar-quartz
(Bt-Ms-Pl-Kfs-Qtz) at 8 kbar and 600�C (Figure 14a). The
limiting maximum pressure for the studied rock with the
assemblage Bt-Ms-Pl-Kfs-Qtz is the appearance of garnet at
8–9 kbar, the maximum temperature limit is the beginning
of biotite dehydration melting marked by the appearance of
garnet at temperatures of 680–700�C and the breakdown of
muscovite at 680–700�C below 6 kbar that is not observed.

The minimum pressure and temperature conditions cannot
be determined from the assemblage of the studied sample,
therefore, we used the P-T path of Pitra and Guiraud [1996]
that was determined in the neighboring metapelites. It is
characterized by decompression from 8–9 kbar and 610–
660�C to 4–5 kbar and 600–650�C. Path 1 (Figure 14a) is
characterized first by heating followed by decompression.
Melting in the assemblage Bt-Ms-Pl-Kfs-Qtz without exter-
nal H2O starts at c. 660�C and 8 kbars and the maximum
amount of melt produced in the field of Bt-Ms-Pl-Kfs-Qtz-
Liq is less then 1 mol %.
[33] The evolution of assemblages that the rock compo-

sition produces with a varying amount of H2O (M(H2O) =
0–4.78 mol %) on heating at 8 kbar is examined in
Figure 14b. The evolution for the amount of H2O tied in
micas (=2.68 mol %) in a rock with the starting assemblage
Bt-Ms-Pl-Kfs-Qtz is indicated by path 1, and is equivalent
to the isobaric heating path in Figure 14a. The assemblage
Bt-Ms-Pl-Kfs-Qtz starts to melt at c. 660�C, and produces
less then 0.5% of melt at c. 685�C (path 1 in Figure 14b).
The upper temperature limit is the appearance of garnet at c.
690�C that is not observed in the studied rocks. The lower
amount of H2O in the rock stabilizes the anhydrous phases
such as the garnet or kyanite and higher amounts of H2O
indicates the presence of free aqueous fluid below 630�C.
[34] If above the temperature of c. 630�C appears free

H2O in the rock that follows the path 1, the rock compo-
sition is immediately drawn to the right side, and starts to

Figure 11. Plot of the grain boundary frequencies. Plots of the deviations from random spatial
distribution versus the degree of grain boundary preferred orientation. The value of the deviation from
random spatial distribution is obtained by the contact frequency method [Kretz, 1969], and the length-
weighted degree of preferred orientation is estimated as the ratio of eigenvalues of the bulk matrix of
inertia. The plot of the like-like and unlike boundaries is separated. (a) The diagram of feldspars like-like
boundaries shows a trend from the weak aggregate distribution of Type 1 microstructure, to the highly
aggregate distribution in Type II microstructures, and almost random distribution in highly mixed Type
III microstructures. (b) The diagram of feldspar unlike boundaries mirrors the like-like evolutionary
trend.
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melt (for example path 2 in Figure 14a). This leucocratic
melt is generated by the water released by the dehydration
process in which water migrates upward into the melt-fertile
rocks that are above the wet-solidus temperature [Scaillet et
al., 1990; Thompson and Connolly, 1995]. The quantity of
produced melt depends on the amount of available external
H2O. For example the total amount of H2O for path 2 is
M(H2O) = 4.28 mol %, which is 1.60 mol % of H2O added

to 2.68 mol % H2O already present in the micas. Such H2O
addition results in the production of 5 mol % of melt at
660�C and 8 kbar.
[35] The evolution during decompression was also stud-

ied in P-M(H2O) sections at 660�C. Following a decom-
pression from 8 to 4.5 kbar, the rock with the original H2O
tied in micas increases the amount of melt to 1 mol %. In a
rock that contains added H2O, the melt fraction increases by
1–2.5%, for example for path 2 the total amount of melt at
4.5 kbar is 7.5 mol % because of 1.6 mol % added H2O on
the prograde path.

8. Discussion

[36] Here we discuss the anomalously weak K-feldspar
and plagioclase compared to quartz in light of the strain data
and quantitative microstructural and textural analysis. The
quartz-feldspar rheology inversion is discussed as a result of
the alkaline feldspar breakdown and the formation of a fine-
grained feldspar matrix. Finally, we propose a model of
mixing of the recrystallized plagioclase and K-feldspar
grains with the silicate melt associated with grain boundary
sliding controlled diffusion creep followed by a granular
flow at higher melt proportions.

8.1. Comparative Quartz and K-Feldspar Rheology

[37] On the basis of the number of experimental data, the
quartz can be considered to be significantly weaker com-
pared to the K-feldspar and plagioclase for a wide range of
temperatures [Jaoul et al., 1984; Kronenberg and Tullis,
1984; Tullis, 1990]. This is supported by a number of
studies of quartzo-feldspathic rocks deformed at medium-
to high-temperature conditions [Gapais, 1989; Handy,
1994a; Schulmann et al., 1996]. It is only at greenschist
facies conditions and in the presence of hydrous fluids,
when feldspars become weaker than quartz via destabiliza-
tion and breakdown to mixture of retrograde fine-grained
reaction products as white mica, quartz (K-feldspar break-
down) and epidote, albite ± garnet (plagioclase breakdown)
[Fitz Gerald and Stünitz, 1993; Handy, 1990; Stünitz and
Fitz Gerald, 1993]. Nevertheless, it is assumed that the
strength of feldspars is generally several orders of magni-
tude higher than that of quartz [Handy, 1994a; Handy et al.,
1999; Ranalli and Murphy, 1987].
[38] The shapes of quartz and feldspar polycrystalline

aggregates measured in this work clearly show that for

Figure 12. Electron backscatter diffraction in situ mea-
surements on quartz ribbons. Pole diagrams showing
contoured crystallographic orientation (projected in lower
hemisphere equal area). Contoured at multiples of uniform
distribution (maximum 10 uniform). The foliation normal is
N-S, and the stretching lineation is E-W. Black squares
correspond to the pole of the mean orientation. The pole
figures show evolution of active slip systems with
increasing deformation from activity of combined prism <
a > and basal < a > slip systems for weakly deformed Type I
microstructures, via the activity of prism < a > slip system
in intermediate Type II microstructures to combined activity
of basal < a > and rhomb < a + c > slip systems in highly
strained Type III microstructures.
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various deformation intensities the quartz aggregates are
less deformed than the feldspar aggregates and the differ-
ence of D values between feldspar and quartz aggregates
increases with increasing bulk deformation. We suggest that
the studied samples reveal a higher competency of quartz
compared to the feldspar polycrystalline aggregates for all
examined strain intensities at high-temperature conditions.
The strength reversal between the quartz and feldspar in
experimentally deformed aplite was documented by
Dell’Angelo and Tullis [1996]. These authors showed

that at 700�C, the dispersed quartz grains in the aplite
remain less deformed than the feldspar grains while at
higher temperatures the interconnected quartz becomes
weaker than feldspars.

8.2. Structural Evolutionary Trends of Polyphase
Mylonites

[39] We discuss here a hypothesis of microstructural
evolutionary trend in which the Types I, II and III micro-
structures represent different deformation stages along a

Figure 13. Contoured pole figures of the most characteristic slip direction and slip plane of K-feldspar
and plagioclase from the Type I to the Type III microstructures. Equal area projection, lower hemisphere.
Contoured at interval 1.0 times of the uniform distribution. Foliation (full line) is horizontal, and lineation
is in this plane in the E-W direction. N is the number of measured grains. Maximum densities (black
square in the pole figures) are marked below the pole figure. Plagioclase shows commonly reported slip
system only for Type I microstructure and activity of secondary and tentative slip systems with
dissociated Burgers vectors for Type II and III microstructures. The top right pole figures show
dependency of CPO of the new exsolved albite grains Pl1b on the orientation of alkali feldspar host.
K-feldspar reveals also slip systems with dissociated Burgers vectors for Types II and III
microstructures. See text for discussion.
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progressive deformation path. Theoretically, the load-
bearing framework (LBF) minerals (LBF = interconnected
strong phase) should shield a weak phase from viscous
deformation for weak phase fractions lower than 20%
[Handy, 1990]. With increasing strain the weak phase starts
to interconnect along localized shear bands, leading finally
to the development of a banded structure of alternating
monomineralic layers [Jordan, 1988]. This corresponds to
an evolution from high-viscosity contrast toward low-
viscosity contrast interconnected weak layer (IWL) struc-
tures [Handy, 1994a].
[40] The microstructure of the Type I orthogneisses show

interconnected recrystallized aggregates of plagioclase (rep-
resenting the weakest phase) surrounding strong clasts of
quartz and alkali feldspar. This kind of microstructure
corresponds to IWL microstructure with the deformation
highly localized into rheologically weak plagioclase and a
relatively high volume (up to 60 vol. %) of strong fraction
(Figure 15a). This observation is valid for the macroscopic
scale, but different rheological behavior can be observed at
the scale of the individual feldspar clasts. The internal
structure of the alkali feldspar phenocrysts shows typical
characteristics for a LBF structure formed by K-feldspar and
aggregates of recrystallized plagioclase representing an
isolated weak phase [Eudier, 1962; Jordan, 1987; Tharp,
1983]. A rather high volume of weak pockets (20–30%)
indicates a low stability of the LBF structure for small strain
intensities [Handy, 1994a]. This is consistent with the
observed onset of coalescence of plagioclase chains along
microshear bands in Figure 6b [Jordan, 1988].

[41] The Type II microstructures are characterized by the
collapse of the internal LBF structure of alkali feldspar
through the interconnection of recrystallized plagioclase and
K-feldspar. This evolution is documented by the presence of
oblique ‘‘bridges’’ of recrystallized plagioclases crossing
recrystallized K-feldspar aggregates and connecting sur-
rounding plagioclase matrix (Figure 6b). From a rheological
point of view, the volume of the weak matrix increased from
� 30 to 60 vol. % through the addition of entirely recrystal-
lized plagioclase and K-feldspar from original phenocrysts
of Type I rock to already recrystallized plagioclase of
Type II orthogneiss (Figure 15b). This evolution leads to
the development of IWL structures at all scales marked by
a low volume of strong phases (quartz) and a moderate
viscosity contrast indicated by the elongated shapes of
quartz aggregates. An important feature of this stage is the
coalescence of K-feldspar and plagioclase leading to the
development of almost monomineralic layers (Figure 6).
[42] The Type III microstructure is characterized by the

destruction of feldspar monomineralic layering through
progressive mixing of the feldspars and the subordinate
small quartz grains forming a fine-grained matrix. The final
microstructure is represented by highly elongated quartz
ribbons surrounded by the homogeneously deformed feld-
spar-quartz matrix. This type of rock microstructure corre-
sponds to the IWL structures and is marked by a very
low-viscosity contrast between the quartz and the weak
phases. The stronger quartz can be seen as a deformable
inclusions in weak matrix (Figure 15c). In order to develop
such a microstructure the deformation mechanisms of feld-
spars have to evolve toward similar efficiency.

Figure 14. (a) Pseudosection showing the evolution of assemblages that the rock composition produces
with varying amounts of H2O (M(H2O) = 0–3.88 mol %) on heating at 8 kbar. (b) The pseudosection
calculated with the amount of H2O tied in micas, deduced from pseudosection (Figure 14a). The
pseudosection shows a prograde path between 7 and 8 kbar along which the melt appears above 640�C in
the stability of Bt-Ms-Liq-Pl-Ksp-Qtz. For comparison, the contours of melt production in other fields are
also shown. Mineral abbreviations correspond to those of Kretz [1983].
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8.3. Mechanism of Alkali Feldspar Breakdown:
Transition From Type I to II Rock

[43] The key element controlling the rheological devel-
opment of the bulk rock is the mechanism of decomposition
of originally large alkali feldspar phenocrysts into chains of
plagioclase grains and adjacent K-feldspar hosts (Figure 4).
EBSD measurements have shown that the texture of the
new plagioclase crystals in any structural position is almost
identical to that of the K-feldspar hosts (Figure 13), indi-
cating an orientation relationship between the host and the
inclusion.
[44] The above described features do not have an unam-

biguous explanation. The coherent texture of the plagioclase
and host K-feldspar grain may reflect a heterogeneous
nucleation process [Putnis et al., 2003; Ribbe, 1983]. The
Time-Temperature-Transformation diagrams for the feldspar
exsolution during cooling suggest that a process of hetero-
geneous nucleation is the most likely mechanism because of
the slow cooling rates (which are likely to occur in deep
seated intrusions) [Putnis et al., 2003]. Our microstructural
analyses show that the shape and size of the exsolution
patterns is determined by the structure of the host namely by
(100) and (010) planes of alkali feldspars. The experiments
of Putnis et al. [2003] show that the albite rich regions
originate as a monoclinic feldspar exsolution in the K-rich
host. With falling temperatures the albite changes to a high-
albite triclinic structure. The strain generated at the lamella
interface leads to the segmentation of the lamella by the
albite twinning reducing the strain energy across the inter-
face region. It is possible that such twinned lamellae coarsen
during the subsequent annealing which may lead to the
development of new albite grains. The process of coarsen-
ing may have been enhanced by the thermally induced
deformation so that first subgrains and subsequently devel-
oped new grains originated from the progressively deform-
ing twinned lamellae. All these processes may result in the
development of chains of albite grains subparallel to the
former exsolution domains. The process of the heteroge-

neous nucleation is supported by the compositional profiles
which show a decrease of albite components in the host
K-feldspar toward the albite boundary of rather constant
composition similarly to the profiles published by Putnis
et al. [2003]. In theory the exsolution process should be
related either to the cooling history of crystallization of
the granite or to the deformation-metamorphism process
as suggested by White and Mawer [1986, 1988]. How-
ever, the spatial distribution of plagioclase chains in the
feldspar host and the crystallographic coherency suggest
that the transformation of the original alkali feldspar was
achieved by heterogeneous nucleation.

8.4. Consequences of Feldspar Breakdown:
Monomineralic Layering in Type II Rocks

[45] The progressive textural evolution toward aggregate
distribution in the Type II microstructure is a typical feature
of the high-grade deformation of granitoids [Gapais, 1989;
Handy, 1994a; Schulmann et al., 1996]. The onset of granite
deformation is marked by the high stress concentrations in
the plagioclase grains due to the relative rheological inac-
tivity of the quartz and K-feldspar at the onset of the
metagranite deformation (Type I microstructure). The grain
size increase of the recrystallized plagioclase and K-feldspar
associated with the development of monomineralic layering
can be interpreted in terms of stress relaxation [Hobbs,
1981] coupled with a flow stress increase in the quartz
aggregates indicated by the activity of the prism < a > slip
system compared to the basal < a > in the Type I micro-
structure [Schmid and Casey, 1986]. Alternatively, the
evolution of the quartz slip system can be attributed to the
increasing strain intensity in the Type II microstructure
[Heilbronner and Tullis, 2006]. Rather unusual feldspar
slip systems like once in Type II rocks (Figure 13) have
been reported by Baratoux et al. [2005] from high-grade
mylonitic metagabbros and by Franěk et al. [2006] from
partially molten granulites. These authors interpreted the
observed slip systems as a result of a grain boundary sliding
accompanied with a crystal plastic deformation. All this

Figure 15. The evolutionary trend of the metagranite deformation. (a) Orthogneiss Type I showing
interconnected weak layer (IWL) structure with strain concentration in plagioclase. The K-feldspar shows
internal load-bearing framework structure with weak plagioclase strings, while quartz exhibits weak
CPO, both indicating shielding of quartz and feldspar from viscous flow. (b) Orthogneiss Type II is
marked by almost uniform flow in plagioclase and K-feldspar monomineralic layers around the strong
quartz-IWL structure with low viscosity contrast. The rock shows development of monomineralic
layering and intense yielding of quartz marked by strong CPO and activity of prism < a > slip.
(c) Orthogneiss Type III shows a uniform flow of all mineral phases and mixing of feldspars associated
with important crystal growth. The quartz texture exhibits weakening comparing to the previous stage
and activity of the basal < a > slip.
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implies a progressive homogenization of the stress field
during this stage. Differences in the efficiency of the
deformation mechanisms lead to the development of mono-
mineralic layering precluding effective mechanical mixing.
We emphasize that the involvement of feldspars in the
homogeneous flow increases the proportion of the weak
material up to 60%, which provided a significant drop of the
bulk strain rate or stress assuming constant far field stresses
or a bulk strain rate, respectively (Figure 15b). The effective
weakening mechanism could be regarded in the presence of
fluid or melt phase at grain boundaries in Type II rocks which
is represented by the interstitial albitic Pl2 and quartz forming
thin films parallel to the K-feldspar and Pl1 boundaries or as
small cuspate grains in triple point junctions.

8.5. Reasons for Transition From Type II to Type III
Rock: Melt-Assisted Mineral Mixing

[46] Type III microstructures correspond to a mixing of
fine-grained plagioclase and K-feldspar by two competitive
processes: a mechanical mixing accompanied by syn-
deformational mass transfer either by diffusion [Baratoux
et al., 2005; Kruse and Stünitz, 1999] or by melt/fluid
redistribution along grain boundaries during the in situ
melting [Závada et al., 2007; Hasalová et al., 2008] or
infiltration of hydrous fluids, respectively [Stünitz and Fitz
Gerald, 1993]. The mechanical mixing process is supported
by the progressive thinning of the plagioclase aggregates in
a K-feldspar matrix associated with the extreme stretching
of the rock at very high strains. This process is inevitably
associated with a grain boundary sliding mechanism and
diffusion dominated creep. The growth of albite and quartz
rims around the K-feldspar grains and the overall grain size
increase of both feldspars can result from the above men-
tioned mass transfer mechanisms.
[47] The intensity of quartz CPO in Type III microstruc-

tures decreases compared to Type II microstructures. This is
due to a switch of the active slip system from prism < a >
toward basal < a > and rhomb < a + c > slip systems in Type
III microstructure (Figure 15c). These slip systems are not
common in partially molten high-grade mylonites where the
activity of prism < c > glide is reported [e.g., Gapais and
Barbarin, 1986; Martelat et al., 1999]. Our observations do
not indicate a late reworking during a low-temperature event
and we therefore suggest that the activity of the ‘‘low-
temperature’’ slip systems in high-grade mylonites results
from strain rate or stress conditions which are currently
unconstrained [Závada et al., 2007; Hasalová et al., 2008].
Consequently, the deformation mechanism in quartz is the
dislocation creep and the evolution of slip systems suggest a
decrease of the flow stress or strain rate compared to
previous stages [Handy, 1990; Herwegh et al., 1997;
Schmid and Casey, 1986]. However, the diffusional creep
in the feldspar matrix supported by grain shapes and
crystallographic preferred orientations (Figure 13) shows
that the Type III microstructures represent a deformation
stage marked by the overall flow stress drop associated with
the increase of homogeneity of the strain distribution. This
overall weakening is consistent with interstitial phases
forming a substantial proportion of the rock volume and
shapes of pools or thick films of Pl2 and quartz grains that
are similar to the melt topology described by Sawyer [2001]
or Marchildon and Brown [2003].

8.6. Quantitative Microstructural and Petrological
Arguments for Syn-deformational Melting

[48] The CSD curves (Figure 9b) show decreasing N0 and
increasing Gt values in relict plagioclase aggregates toward
Type III rocks. The trend from Type II to Type III rocks
(Figure 9b) consistent with the rapid nucleation of intersti-
tial Pl2 is marked by the presence of thin isolated films in
SEM images of Type II microstructures (Figure 6, samples
T1 and M2, and Figure 8). The decrease of N0 and increase
of Gt values in Type III microstructures correspond to a
growth of Pl2 pools and large new Pl2 rims in a K-feldspar
dominated matrix (Figure 7, samples V1 and D1). This
evolution corrobarates the weakening of the aggregate
distribution in Type II microstructures toward an almost
random distribution in Type III microstructures and an
associated development of important proportion of the
interstitial phases (Figure 11).
[49] The pseudosection modeling indicates that the only

fluid that could be present during the deformation of the
orthogneiss at the estimated temperatures of 650–680�C is
a silicate melt (Figure 14). Either the temperature increase
or the pressure drop along the path estimated by Pitra and
Guiraud [1996] or Tajcmanová et al. [2006] for associated
metapelites can be responsible for the dehydration melting
of the muscovite-biotite bearing orthogneiss assemblage.
The amount of melting may even be increased by external
fluids introduced from the surrounding metapelites
[Thompson and Connolly, 1995].
[50] The nucleation dominated part of the deformation-

melting history in Type II microstructures is probably
associated with the onset of the melting reaction and
heterogeneous nucleation of the melt droplets at high-
energy triple points or noncoherent grain boundaries. The
growth dominated process associated with the Type III
microstructures reflects a more advanced melting leading
to the development of large pools and the coalescence of
small nuclei along all boundaries in deformed aggregates.
This process is best exemplified by the sample B2 which
resembles a migmatitic structure at the macroscopic scale.

8.7. Grain Boundary Sliding Diffusional Creep and
Variations in Melt Topology With Increasing Melt
Fraction

[51] The studied microstructural sequence is character-
ized by the increasing deformation intensity (Figure 3), the
increasing melt fraction (Figures 4, 6, and 7), grain size
(Figure 9) and random grain contact distribution as well as
the low aspect ratio of grains (Figures 10 and 11). This
evolutionary trend is accompanied by a change in orienta-
tion of the melt seams (Figures 8 and 16) from an orienta-
tion subparallel to the foliation to seams oriented at high
angle to the foliation.
[52] Melt seams preferentially located along grain bound-

aries parallel to the foliation in Type II microstructures are
commonly reported in natural samples [Sawyer, 2001;
Rosenberg and Berger, 2001] and in some experimental
or analog studies [Daines and Kohlstedt, 1997; Groebner
and Kohlstedt, 2006; Walte et al., 2005]. This geometry can
be observed in microstructures of the T1 and T2 samples
and is compatible with the combined activity of grain
boundary sliding and crystal-plastic deformation mecha-
nisms at very low melt fractions (<2%). Therefore, the
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orientation of melt seams can be explained by a loss of
cohesion at boundaries oriented parallel to the foliation.
Because of shearing, the melt concentrated at triple points
suffers an increasing overpressure. We suggest that the
combination of loss of cohesion and build up of melt
overpressure leads to the injection of melt between actively
moving grain boundaries oriented at a high angle to the
principal compressive stress, i.e., parallel to the macroscop-
ic foliation (Figure 16a). Oblique intragranular fractures can
be interpreted as Riedel shears channeling melt from over-
pressured, dilatant grain boundaries accompanying move-
ments along foliation-parallel grain boundaries [Rosenberg
and Handy, 2000]. The M1 and M2 samples are character-
ized by a general constrictional deformation, lower aspect
ratio of grains and low melt fraction (<2%). Similarly to the
T1 and T2 samples these grain aggregates exhibit micro-
scopic features compatible with grain boundary sliding and
plastic deformation. The preferred orientation of melt is
weaker compared to the T1 and T2 samples, which can be
explained by a smaller dimension of active grain boundaries
and also by a prolate shape of the strain ellipsoid.
[53] The overpressured melt is therefore injected in be-

tween grain boundaries of variable orientation with a mean
direction parallel to the foliation. This orientation is there-
fore a function of (1) melt fraction, where little melt behaves
as isolated weak pockets localizing strain (Figure 16a); and
(2) deformation mechanisms probably corresponding to the
grain boundary sliding–grain boundary locking transitional
regime defined by Walte et al. [2005]. This regime is
marked by the transition from grain boundary sliding to
crystal-plastic framework deformation promoting foliation
parallel to the elongation associated with the development

of a strong melt preferred orientation parallel to the princi-
pal stretching direction [Groebner and Kohlstedt, 2006].
[54] In Type III microstructures (samples R3, V1, B2) the

melt pools and intragranular melt filled fractures are orient-
ed at a high angle to the stretching direction but show rather
weak preferred orientations (Figure 16b). Experimental
studies by Dell’Angelo et al. [1987] and Dell’Angelo and
Tullis [1988] show that melt pockets are perpendicular to
the maximum stress direction for high differential stress and
relatively low melt fractions of 3–5%. Analogue studies of
Walte et al. [2005] and Park and Means [1996] show
comparable development of melt pockets oriented parallel
to the principal stress at melt fractions ranging from 4 to
10%. Consequently, we suggest that the Type III micro-
structures result from the distributed granular flow, which
operated at higher melt fractions between 5–10%, and
where the higher melt fraction and connectivity promote
grain boundary sliding and dynamic dilation (Figure 16b).
[55] Závada et al. [2007] explain the development of melt

films perpendicular to the stretching direction by the mech-
anisms of intergranular and/or intragranular fracturing dur-
ing grain boundary sliding at melt fractions between 2–5%.
They propose that the dilation represents a final creep
failure state which resulted from a cavitation process
accompanying the grain boundary sliding controlled diffu-
sion creep. They also suggested that, in analogy to the
experimental works of Sklenička et al. [1977] and Kassner
and Hayes [2003]; the distributed intergranular cavitation in
K-feldspar is consistent with relatively slow strain rates
typical for diffusion type creep. Another possible model
proposes that the melt is overpressured and therefore can
overcome the least principal stress as well as the cohesion of

Figure 16. The evolution of (a) shear plane-parallel melt preferred orientation at low melt fractions and
(b) shear plane-perpendicular melt preferred orientation at high melt fractions. At low melt fractions,
shear is accommodated by the grain boundary sliding parallel to the shear direction. Since grain boundary
sliding means a loss of the cohesion along these boundaries, they represent an easy path for melt which
accumulates at these boundaries (bottom left, Figure 16a). At higher melt fractions, a switch from shear
plane parallel to shear plane-perpendicular melt preferred orientation can be observed. This is probably
because of stress concentrations at grain boundaries oriented perpendicular to simple shear and
accompanying dilation/cavitation of these boundaries (bottom right, Figure 16b). See text for further
explanations.
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suitably oriented planes in the aggregate [Hubbert and
Rubey, 1959]. As a result of melt overpressure, the feldspar
aggregate dilates and the melt is accumulated in intergran-
ular and intragranular pockets and fractures.
[56] It is likely that the evolution in the orientation of melt

pockets is caused by the increasing melt fraction and/or by
the change in differential stress magnitude and orientation
[Cosgrove, 1997]. The implication of the increasing melt
fraction and connectivity certainly influences the distribu-
tion of local compressive and shear stress magnitudes
and orientations and the active deformation mechanism
(Figure 16). In this context, it is not likely that the melt
preferred orientation is controlled by the variations in
differential stress [Gleason et al., 1999], hydrostatic anneal-
ing [Daines and Kohlstedt, 1997] or variations in the
wetting angle [Walte et al., 2005]. In order to further explain
this relationship between melt seam orientations and melt
fractions more analogs and possibly numerical modeling is
needed.
[57] In Type II microstructures the diffusion creep rates

of both feldspars were effectively enhanced by the intersti-
tial melt phase wetting their boundaries and leading to a
rapid strength drop within the MCT field as proposed by
[Rosenberg and Handy, 2005]. This is consistent with a low
amount of melt <2% produced by the continuous meta-
morphic reaction in the absence of externally introduced
fluid as inferred from petrological modeling. However,
Type III microstructures are characterized by higher pro-
portions of melt which can be produced by the introduction
of external fluids into the system. The increase of the melt
fraction is responsible for a substantial modification of the
bulk deformation mechanism from crystalline plasticity
assisted grain boundary sliding to granular flow.

9. Conclusions

[58] 1. Extreme weakness of feldspars is reported in
midcrustal granite mylonite which is marked by dispropor-
tionately higher strain intensities of the feldspar polycrys-
talline aggregates compared to quartz.
[59] 2. Three types of microstructures corresponding to

the evolutionary stages of deformed granite were recog-
nized: Type I (metagranite marked by a viscous flow of
plagioclase around the strong alkali feldspar and quartz),
Type II (quartz augen orthogneiss characterized by the
development of a banded mylonitic structure of recrystal-
lized plagioclase and K-feldspar surrounding augens of
quartz), and Type III (banded orthogneiss characterized by
the alternation of quartz ribbons and mixed aggregates of
feldspars and quartz).
[60] 3. The weakening of the alkali feldspar is achieved

by the decomposition into albite chains and K-feldspar
resulting from a heterogeneous nucleation process.
[61] 4. The extreme deformation of feldspars and their

progressivemixing are attributed to syn-deformationalmelting
of muscovite-biotite rich layers associated with the grain
boundary sliding controlled diffusion creep of feldspars.
[62] 5. The strong quartz shows a dislocation creep

deformation mechanism throughout the deformation history
marked by the variations in activity of the slip systems,
which are attributed to variations in the stress and strain rate

partitioning with regard to changing rheological properties
of the deforming feldspars.
[63] 6. The orientation of melt seams varies with increas-

ing strain; this can be explained as a consequence of a
concomitant increase in the melt fraction associated with a
change in the far field and local stress field conditions.
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Origin of migmatites by deformation-enhanced melt infiltration
of orthogneiss: a new model based on quantitative
microstructural analysis
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3AGICO, Ječná 29a, 621 00 Brno, Czech Republic
4Institute of Geophysics, Czech Academy of Sciences, Bočnı́ II/1401, 14131 Praha 4, Czech Republic
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ABSTRACT A detailed field study reveals a gradual transition from high-grade solid-state banded orthogneiss via
stromatic migmatite and schlieren migmatite to irregular, foliation-parallel bodies of nebulitic migmatite
within the eastern part of the Gföhl Unit (Moldanubian domain, Bohemian Massif). The orthogneiss to
nebulitic migmatite sequence is characterized by progressive destruction of well-equilibrated banded
microstructure by crystallization of new interstitial phases (Kfs, Pl and Qtz) along feldspar boundaries
and by resorption of relict feldspar and biotite. The grain size of all felsic phases decreases continuously,
whereas the population density of new phases increases. The new phases preferentially nucleate along
high-energy like–like boundaries causing the development of a regular distribution of individual phases.
This evolutionary trend is accompanied by a decrease in grain shape preferred orientation of all felsic
phases. To explain these data, a new petrogenetic model is proposed for the origin of felsic migmatites by
melt infiltration from an external source into banded orthogneiss during deformation. In this model,
infiltrating melt passes pervasively along grain boundaries through the whole-rock volume and changes
completely its macro- and microscopic appearance. It is suggested that the individual migmatite types
represent different degrees of equilibration between the host rock and migrating melt during
exhumation. The melt topology mimicked by feldspar in banded orthogneiss forms elongate pockets
oriented at a high angle to the compositional banding, indicating that the melt distribution was
controlled by the deformation of the solid framework. The microstructure exhibits features compatible
with a combination of dislocation creep and grain boundary sliding deformation mechanisms. The
migmatite microstructures developed by granular flow accompanied by melt-enhanced diffusion and/or
melt flow. However, an AMS study and quartz microfabrics suggest that the amount of melt present did
not exceed a critical threshold during the deformation to allow free movements of grains.

Key words: crystal size distribution; melt infiltration; melt topology; migmatites; quantitative textural
analysis.

INTRODUCTION

Movement of a large volume of granitic melt is an
important factor in the compositional differentiation
of the continental crust (Fyfe, 1973; Collins & Sawyer,
1996; Brown & Rushmer, 2006) and the presence of
melt in rocks profoundly influences their rheology
(Arzi, 1978). The migration of melt through the crust is
controlled by melt buoyancy and pressure gradients
resulting from the combination of gravity forces and
deformation (Wickham, 1987; Sawyer, 1994). There
are three major mechanisms controlling melt migration
through the continental crust: (i) diapirism resulting in
upward motion of low-density magma through higher
density rocks (Chandrasekhar, 1961; Ramberg, 1981);
(ii) dyking that describes melt migration by hydro-

fracturing of the host rock and transport of melt
through narrow dykes (Lister & Kerr, 1991; Petford,
1995); (iii) and migration of a melt through a network
of interconnected pores during deformation or com-
paction of solid matrix (McKenzie, 1984; Wickham,
1987).

Brown & Solar (1998a) and Weinberg & Searle
(1998) proposed that during active deformation melt
moves by pervasive flow and it is essentially pumped
through the system parallel to the principal finite
elongation in the form of foliation-parallel veins.
Based on a number of field studies, pervasive melt
migration at outcrop scale controlled by regional
deformation has been suggested by various authors
(Collins & Sawyer, 1996; Brown & Solar, 1998b;
Vanderhaeghe, 1999; Marchildon & Brown, 2003).

J. metamorphic Geol., 2008, 26, 29–53 doi:10.1111/j.1525-1314.2007.00743.x
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These authors argued that magma intrudes perva-
sively, parallel to the main anisotropy represented by
foliation planes (John & Stünitz, 1997), fold hinges and
interboudin partitions (Brown, 1994; Brown et al.,
1995). It is also commonly observed that vein-like
leucosomes are injected into extensional structures
provided the magma pressure is high enough (Wick-
ham, 1987; Lucas & St.Onge, 1995) or parallel to axial
surfaces of folds (Vernon & Paterson, 2001).

Microscopic studies of natural rocks show orienta-
tions of former melt microstructures that are inter-
preted in terms of grain-scale channel networks
(Sawyer, 2001). Melt migration pathways at the grain
scale are commonly determined from distribution of
melt films and pools (now glass) in experimentally
prepared samples or by distribution of minerals sup-
posed to preserve the original melt topology in natural
rocks (Brown et al., 1999; Rosenberg & Riller, 2000;
Rosenberg, 2001). The melt topology in experiments is
controlled mainly by differential stress, confining
pressure and the amount of melt in the system
(Rosenberg, 2001). At static conditions, the melt
topology is characterized by equilibrium dihedral
(wetting) angles at triple point junctions (Jurewicz &
Watson, 1984; Laporte & Watson, 1995; Laporte
et al., 1997; Cmı́ral et al., 1998; Walte et al., 2003) and
the mobility of the melt remains very low, even if the
melt phase forms an interconnected network along
triple-junction grain edges at dihedral angles lower
than 60� (Laporte & Watson, 1995; Connolly et al.,
1997).

Experimental studies on rock analogues to investi-
gate grain-scale melt flow under laboratory conditions
show that during contemporaneous melting and
deformation melt connection allows the nucleation of
shear bands along which a melt is further segregated
(Rosenberg & Handy, 2000, 2001; Barraud et al.,
2001). Rosenberg (2001) reviewed the experimental
data and concluded that the melt migration and melt
flow direction are controlled by incremental shortening
and melt pressure gradients between source and areas
of melt accumulation.

There have only been a few attempts to quantify
melt distribution in rocks using methods of quantita-
tive and computer aided microstructural analysis
(Dallain et al., 1999; Tanner, 1999; Marchildon &
Brown, 2003). These studies commonly deal with grain
contact frequency distributions, grain size evolution
and orientation of former melt films (Dougan, 1983;
McLellan, 1983; Rosenberg & Riller, 2000). However,
modern quantitative microstructural analysis may
provide further important information about: (i)
reorganization of the rock structure associated with
melt migration in terms of grain contact distributions

(Lexa et al., 2005); (ii) characterization of dynamic or
static conditions of melt movement through rocks
using analysis of grain boundaries and shape orienta-
tions (Rosenberg & Riller, 2000; Marchildon & Brown,
2002); and (iii) cooling or heating histories of rocks
using crystal size distribution (CSD) theory (Higgins,
1998; Berger & Roselle, 2001).
In this work, a sequence of deformed felsic rocks is

studied, ranging from high-grade banded orthogneiss
to fine-grained isotropic migmatite both at macro- and
microscale using structural, petrographic and quanti-
tative microstructural analyses. It is shown that a
sequence of banded orthogneiss, stromatic, schlieren
and nebulitic migmatites results from progressive
deformation in a crustal-scale shear zone in the pres-
ence of melt. The microstructural and fabric modifi-
cations connected with disintegration of parental
banded orthogneiss and development of random min-
eral microstructure are quantified. The relationships of
the individual rocks types and the possible origin of
this sequence are discussed in terms of deformation
and migmatization of different protoliths, melt
infiltration from an external source or in situ melting of
the same protolith during progressive deformation. It
is argued that banded orthogneiss and nebulitic
migmatites can be interpreted as end-members of a
continuous sequence resulting from melt infiltration
from an external source during deformation. Finally,
the role of melt for activity of grain-scale deformation
mechanisms and bulk rheological behaviour of crustal
rocks during melt infiltration is discussed.

GEOLOGICAL SETTING

The Moldanubian zone represents the highest grade
unit of the Bohemian Massif and is interpreted as an
internal zone of the Variscan orogen developed during
the Variscan convergence (Matte et al., 1990). The
Moldanubian zone is comprised essentially of high-
grade gneisses and migmatites containing relicts of
high-pressure felsic granulites, eclogites and peridotites
that are intercalated with mid-crustal rocks (Fig. 1a).
Schulmann et al. (2005) described the structural and
metamorphic evolution of high-grade crustal rocks of
the so-called Gföhl Unit and of the adjacent middle
crustal units. For the mechanism of exhumation, they
proposed a model of vertical extrusion of orogenic
lower crust and its lateral spreading in mid-crustal
levels due to an indentation of the easterly Brunia
promontory. As a consequence of this process, the
high-pressure rocks were thrust over adjacent middle
crustal units in conjunction with retrogression of ori-
ginal mineral assemblages and partial melting of all the
rock types (Štı́pská et al., 2004).

Fig. 1. (a) Geological map of the eastern margin of the Bohemian Massif (modified after Schulmann et al., 2005) with the location of
the study area (black rectangle). The upper right inset shows the general location of the Bohemian Massif within the European
Variscides. (b) Schematic block diagram displaying the main structural features in the study area (modified after Schulmann et al.,
2005). Dominant S1 and S2 fabrics with their orientations are shown. This block diagram is not vertically scaled.
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The onset of the exhumation process is dated by
zircon U–Pb ages of c. 340 Ma on felsic granulites,
migmatites and mantle-derived syn-tectonically
emplaced plutons (van Breemen et al., 1982; Kröner
et al., 1988; Holub et al., 1997; Schulmann et al.,
2005). Tajčmanová et al. (2006) assigned metamorphic
conditions of 840 �C at 18–19 kbar and 760–790 �C at
10–13 kbar to relict steep granulitic fabrics which
originated by vertical extrusion of lower crust. These
authors also estimated the conditions of re-equilibra-
tion of granulites associated with horizontal spreading
stage to 720–770 �C and 4–4.5 kbar. High pressure
rocks of the Gföhl Unit are accompanied by large
bodies of biotite–sillimanite Gföhl orthogneiss spa-
tially associated with K-feldspar–sillimanite parag-
neisses and leucocratic migmatites for which P–T
conditions of 7–10 kbar and 750 �C were estimated by
Racek et al. (2006).

The area of this study is located at the easternmost
termination of the Gföhl Unit (Fig. 1a). The main rock
type is represented by the Gföhl orthogneiss with
protolith ages 488 ± 6 Ma (U–Pb SHRIMP: Friedl
et al., 2004) including small bodies of amphibolite,
granulite, eclogite, ultrabasic rock and paragneiss. The
Gföhl orthogneiss shows different stages of migmati-

zation characterized by the assemblage of Kfs +
Pl + Qtz + Bt ± Grt ± Sill. This migmatized
orthogneiss complex is heterogeneously deformed by
top to the NE shearing along a large-scale, gently
dipping shear zone (Schulmann et al., 1994). Conse-
quently, the northern margin of this complex is thrust
over a footwall comprised of the Náměšt� granulite
body and Neoproterozoic metagranites of the north-
eastern continental margin (Urban, 1992).

STRUCTURAL EVOLUTION

Mesoscopic structures

Two major deformation events are recognized. The
first event (D1) is represented by a steep, west-dipping
high-grade foliation S1 (Fig. 1b). This fabric is pre-
served in banded orthogneisses (type I), as an alter-
nation of recrystallized monomineralic K-feldspar,
plagioclase and quartz layers, separated by bands of
biotite ± sillimanite (Fig. 2a). Lineation L1 is locally
marked by alignment of biotite, sillimanite and by
elongation of quartz and feldspar aggregates. This
deformation is attributed to an early stage of exhu-
mation of the lower crust along a vertical channel

1.0 m

a

b

c

d

(b)

1cm

Type II

(c)

1 cm

Type III

2 cm

(d) Type IV

(a)

1cm

Type I

Fig. 2. Schematic representation of the rock relationships at an outcrop scale and photographs of the individual rock types. (a) Banded
orthogneiss (type I); (b) stromatic migmatite (type II); (c) schlieren migmatite (type III); and (d) nebulitic migmatite (type IV). The
position of this outcrop in the study area is shown in Fig. 1b.
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during horizontal shortening of the thickened orogenic
root (Schulmann et al., 2005).

The second deformation (D2) is associated with
reworking and folding of the S1 compositional layering
in banded orthogneiss, so that S1 is only preserved
locally in elongate relict domains (Fig. 2a). The D2

shearing is attributed to horizontal flow of hot lower
crust in a zone up to 10 km wide at a mid-crustal level
above the Brunia promontory over distances of several
tens of kilometres (Schulmann et al., 2005). Relic
domains with gently folded S1 fabric are surrounded by
highly deformed zones with tightly folded S1 fabric
(Fig. 2). The composite S1)2 fabric is characterized by
a banded structure with diffuse boundaries between
polymineralic K-feldspar- and plagioclase-rich
domains similar to a stromatic migmatite structure
(type II) (Fig. 2b). Locally the S1 fabric is completely
transposed and a new S2 foliation is dipping gently to
the SW (Fig. 1b). A sub-horizontal, gently S–SW
plunging L2 lineation (Fig. 1b) is mostly defined by
preferred orientation of sillimanite.

Detailed field observations reveal that with ongoing
deformation the type II rock gradually pass into more
isotropic rock (type III) composed of K-feldspar–
quartz and plagioclase–quartz aggregates (Fig. 2c) and
containing rootless folds of the deformed S1 fabric.
This rock type alternates with irregular bodies or
elongate lenses of fine-grained isotropic felsic rock
(type IV, Fig. 2d), which in this region traditionally
has been described as a nebulitic migmatite (Matějo-
vská, 1974). Such a structural sequence originated
through intense D2 deformation superimposed on an
older steep anisotropy and was identified in outcrop
scale along several sections. These observations are
supported by the existence of macroscopically visible
leucosomes or granitic veins that are also parallel to S2
and form isolated elongate pockets and lock-up shear
bands.

This area has been extensively studied by Matějo-
vská (1974) and Dudek et al. (1974) who used the
classical migmatite terminology of Mehnert (1971) for
the above-described rock types. These authors identi-
fied type I rock as banded orthogneiss, rock type II as
stromatic migmatite and rock type IV as nebulitic
migmatite. Rock type III resembles the schlieren
migmatite of Mehnert (1971). Because the Gföhl Unit
is considered as one of the largest migmatitic terranes
of the Variscan belt, the traditional migmatite termi-
nology was adapted to these rocks.

MICROSTRUCTURAL OBSERVATIONS

The microstructural characteristics including grain
size, grain shape and grain boundary geometry were
studied in each of the four rock types and in
K-feldspar- and plagioclase-rich domains. Thin sec-
tions were cut perpendicular to the foliation and
parallel to L2 lineation (XZ section). To discriminate
K-feldspar from plagioclase, the thin sections were

stained according to the method of Bailey & Stevens
(1960).

Type I: banded orthogneiss

This rock type is a fine-grained orthogneiss with 0.25-
to 2.0-mm-thick layers of recrystallized plagioclase
(30 modal%), K-feldspar (40 modal%) and quartz
(20 modal%), separated by discrete layers of biotite
(10 modal%) commonly associated with minor silli-
manite and garnet (Table 1, Fig. 3a).

K-feldspar forms completely recrystallized aggre-
gates (0.2–0.8 mm grain size) with straight grain
boundaries locally meeting in triple point junctions at
120� (Fig. 4a). Numerous rounded inclusions of quartz
(0.05 mm) occur preferentially at triple points, along
planar boundaries or in cores of feldspar (Fig. 4a).
Plagioclase (An10)20) is present in K-feldspar aggre-
gates as small interstitial grains or forms thin films
preferentially tracing those K-feldspar boundaries that
are oriented at a high angle to the foliation (Fig. 5a).
Rarely, tiny interstitial biotite is present in the K-
feldspar-rich bands.

Plagioclase aggregates (0.2–0.5 mm) are composed
of an equidimensional polygonal mosaic with straight
boundaries, and minor interstitial quartz and biotite
(Fig. 4b). The plagioclase grains show abundant
twinning and form a foam-like texture with a perfect
triple point network of grain boundaries. Plagioclase
exhibits normal zoning with homogeneous oligoclase
cores (An24)28) and more sodic (An10)18), clear,
2 to 10 lm-thick rims at boundaries with K-feldspar.
Plagioclase grain size continuously decreases from the
centre of an aggregate towards its borders. Quartz
occurs as small (0.01–0.05 mm) rounded inclusions or
interstitial grains, whereas K-feldspar exhibits charac-
teristic cuspate shapes (Fig. 5b). Tiny biotite grains
(0.1–0.5 mm in length; XFe ¼ 0.42–0.48, Ti ¼ 0.2–
0.27 p.f.u.) commonly occur along the plagioclase
boundaries that are sub-parallel to the foliation
(Fig. 3a).

Quartz ribbons 0.3–1.0 mm wide are composed of
elongate grains with straight grain boundaries per-
pendicular to the ribbon margin (Fig. 3a). Quartz–
feldspar boundaries are gently curved, with cusps that
point from feldspar to quartz. Biotite-rich layers
commonly show decussate microstructure, which is a
textural equivalent of the foam-like texture of the felsic
minerals (Vernon, 1976). Contacts between biotite-
and plagioclase-rich layers are marked by numerous
(<1 modal%) small idiomorphic garnets (0.05–
0.10 mm in size; XFe ¼ 0.77–0.85).

Type II: stromatic migmatite

This rock type is composed of plagioclase- and K-
feldspar-rich aggregates with subordinate quartz and
irregular quartz aggregates (Fig. 3b); modes are given
in Table 1. These aggregates are rimmed by relicts of
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biotite-rich layers commonly intergrown with fibrolitic
sillimanite. The ill-defined and rather diffuse bound-
aries between individual aggregates are characteristic
for this textural type (Fig. 3b).

K-feldspar-rich aggregates (0.2–0.8 mm grain size)
include abundant small interstitial plagioclase (An17)20
in the core and An4)10 at the rim) and quartz. K-
feldspar forms irregular grains with lobate boundaries.
Most of the K-feldspar grain boundaries are decorated
by thin interstitial plagioclase (An6)8). Quartz is pres-
ent as inclusions (0.01–0.06 mm) in K-feldspar or
forms irregular grains (0.1–0.2 mm) along the K-feld-
spar boundaries. In plagioclase-rich aggregates (0.1–
0.3 mm grain size, An17)20), plagioclase grains have
straight to lobate boundaries, whereas irregularly dis-
tributed interstitial quartz has irregular shapes. Similar
to the type I orthogneiss, interstitial K-feldspar shows
cuspate shapes.

Biotite (15 modal%; XFe ¼ 0.55–0.59, Ti ¼ 0.18–
0.26 p.f.u) is variable in size and appears along pla-
gioclase boundaries mostly parallel to the foliation
(Fig. 3b). Small idiomorphic garnet (0.07–0.2 mm in
size; XFe ¼ 0.84–0.91) occurs in the plagioclase-rich
aggregates and biotite-rich layers.

Type III: schlieren migmatite

This textural type does not show macroscopically vis-
ible feldspar-rich aggregates, but stained thin sections
reveal the presence of plagioclase–quartz and K-feld-
spar–quartz-enriched domains (Fig. 3c); modes are
given in Table 1. The foliation is marked by preferred
orientation of biotite and sillimanite dispersed in the
rock.
K-feldspar forms large irregularly shaped grains

(0.1–0.3 mm in size) (Figs 3c & 4c) or small cuspate
grains along plagioclase boundaries. The most char-
acteristic feature is the presence of irregular embay-
ments of quartz and plagioclase in the K-feldspar
grains (Fig. 4d). Myrmekitic aggregates are commonly
developed along the K-feldspar boundaries (Fig. 4c).
Plagioclase occurs as large irregular twinned grains
(An12)16 in the core, An2)4 at the rim) and as films
(An1)4) lining the K-feldspar boundaries (Fig. 5c).
Entirely dispersed quartz forms large relict grains
(0.7–1.0 mm) with undulatory extinction and highly
lobate boundaries, abundant irregular interstitial
grains lining the K-feldspar boundaries and
rounded inclusions (0.02–0.05 mm) in K-feldspar and

Table 1. Representative data for the quantitative textural analysis.

Banded orthogneiss Stromatic migmatite Schlieren migmatite Nebulitic migmatite

Kfs domain P1 domain Kfs domain P1 domain Kfs domain P1 domain

Grain size – Feret diameter (mm)

Median Kfs 0.430 0.121 0.345 0.065 0.172 0.138 0.137

P1 0.134 0.224 0.086 0.225 0.094 0.119 0.110

Qtz 0.079 0.076 0.071 0.079 0.070 0.076 0.074

Ql Kfs 0.120 0.065 0.194 0.042 0.103 0.082 0.085

P1 0.103 0.095 0.055 0.158 0.061 0.084 0.074

Qtz 0.046 0.051 0.044 0.050 0.046 0.047 0.039

Q3 Kfs 0.630 0.170 0.556 0.101 0.263 0.211 0.237

P1 0.257 0.373 0.161 0.350 0.172 0.164 0.160

Qtz 0.105 0.114 0.119 0.127 0.105 0.121 0.127

Q3 ) Q1 Kfs 0.510 0.105 0.362 0.059 0.161 0.129 0.152

P1 0.154 0.278 0.107 0.192 0.111 0.080 0.086

Qtz 0.059 0.063 0.075 0.077 0.060 0.074 0.089

Crystal size distribution (CSD)

N0. (mm)4) Kfs 0.0037 – 0.00487 – 0.053 – 0.2124

P1 – 0.0303 – 0.0733 – 0.06812 0.1857

Qtz 1.008 2.334 1.6448 3.73 2.093 0.6585 2.286

Gt Kfs 0.347 – 0.286 – 0.148 – 0.1127

P1 – 0.15731 – 0.1269 – 0.11 0.0689

Qtz 0.0736 0.0569 0.0669 0.0547 0.0644 0.0813 0.0623

Shape preferred orientation (SPO)

Eigenvalue ratio (Rg) Kfs 1.48 1.42 1.42 1.32 1.21 1.13 1.15

P1 1.17 1.42 1.1 1.23 1.21 1.14 1.13

Qtz 1.25 1.47 1 1.24 1.1 1.33 1.32

Aspect ratio (median) Kfs 1.66 1.69 1.6 1.5 1.59 1.6 1.55

P1 1.51 1.6 1.59 1.44 1.65 1.5 1.61

Qtz 1.5 1.5 1.46 1.5 1.5 1.5 1.49

Bt 2.14 2.7 2 2.2 2.2 2.35 2.2

Grain boundary preferred orientation (GBPO)

Eigenvalue ratio (Rb) Kfs–Kfs 1.34 – 1.25 – 1.06 – 1.5

Kfs–P1 1.15 1.18 1.09 1.13 1.14 1.13 1.12

Kfs–Qtz 1.17 – 1.15 – 1.17 – 1.17

P1–P1 – 1.18 – 1.15 – 1.15 1.36

Modal proportion (%)

Kfs 70–80 10 70–80 5 50 20–25 30

P1 10 60 10 60 20 40 30

Qtz 10–20 20 10–20 25 30 30 30

Bt <1 <10 <1 �10 <1 <10 10

Sill, Grt 0 <1 0 <1 0 <1 <2
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plagioclase (Fig. 4c). Biotite (10–15 modal%; XFe ¼
0.76–0.79, Ti ¼ 0.18–0.19 p.f.u.) is homogeneously
dispersed and is most prevalent in the plagioclase–
quartz domains. Atoll-shaped garnet (0.05–0.25 mm in
size; XFe ¼ 0.96–0.97) appears inside the felsic aggre-
gates, rather than along contacts with biotite.

Type IV: nebulitic migmatite

This type of rock is composed of almost equal amounts
of plagioclase, K-feldspar and quartz, and contains
minor biotite (XFe ¼ 0.91–0.93, Ti ¼ 0.01–0.04 p.f.u.),
sillimanite and garnet (XFe ¼ 0.98–1.00) (Fig. 3d),
with a weakly developed preferred orientation of the
biotite and sillimanite; modes are given in Table 1. K-
feldspar (0.10–0.25 mm in size) occurs in the form of
irregular grains embayed with quartz and plagioclase.
Commonly, the intensity of quartz and plagioclase
lobes correlates well with highly cuspate irregular
forms of corroded relics of K-feldspar (Fig. 4e). Sim-
ilarly, the relics of irregular plagioclase (0.05–0.15 mm
in size; An6)10 in the core and An0)4 at the rim) show
cuspate boundaries, but with curvature less pro-
nounced than that of the corroded relics of K-feldspar
grains. An important feature is the presence of new
plagioclase (An0)1)–K-feldspar intergrowths embaying
corroded relics of K-feldspar grains (Fig. 4f). Quartz
(0.04–0.07 mm) with highly lobate boundaries is uni-
formly distributed in the rock. Biotite of low aspect
ratio shows highly corroded cuspate forms filled with
quartz, K-feldspar and plagioclase.

Summary of modal changes

Modal composition of the feldspar aggregates in the
type II migmatite does not change significantly com-
pared with the type I orthogneiss. However, the type
III migmatite is characterized by an important increase
in quartz content in feldspar domains (up to 30 mod-
al%) associated with a slight increase in interstitial
plagioclase in K-feldspar-rich domains and K-feldspar
in plagioclase-rich domains. The proportions of the
felsic minerals are equal in the type IV migmatite.

1 mm

(a)

1 mm

(b)

1 mm

(c)

(d)

1 mm

Qtz
Pl
Kfs

Bt,Sill,Grt

Type II

Type III

Type IV

Type I

Fig. 3. Representative digitalized microstructures (XZ sections)
for individual textural types (note differences in scales when
making comparisons). (a) Banded orthogneiss (type I) with dis-
tinct monomineralic layers composed of a polygonal mosaic of
well-equilibrated plagioclase, K-feldspar and quartz polycrystal-
line ribbons separated by discrete layers of biotite ± sillima-
nite ± garnet (sample PH60/B). (b) Stromatic migmatite (type II)
composed of K-feldspar-rich, plagioclase-rich and quartz-rich
aggregates separated by relicts of biotite ± sillimanite-rich layers
(sample PH60/A). (c) Schlieren migmatite (type III) showing
alternation of K-feldspar- and plagioclase-rich domains inter-
preted to correspond to an original spatial distribution (K-feld-
spar domain is shown, sample PH90). (d) Isotropic nebulitic
migmatite without any gneissosity (type IV) composed of equal
amounts of K-feldspar, plagioclase and quartz (sample PH59/D).
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Evidence of melting

Sawyer (1999, 2001) summarized criteria for recogni-
tion of former melt at grain scale in metamorphic
rocks. The three most important features are: (i) min-

eral pseudomorphs after thin melt films along crystal
faces, a feature typically observed in melting experi-
ments under dynamic conditions (Jin et al., 1994); (ii)
rounded and corroded reactant minerals embayed by
surrounding mineral pseudomorphs after melt (Büsch

(d)

100 µm

Kfs

Qtz

Pl

Qtz

Pl

(f)

0.2 mm

  Kfs-Pl 
intergrowth

Kfs

PlBt

Qtz

Pl

(e)

100 µm

Pl

Qtz

Qtz

Kfs

Pl

Kfs

(a)

0.5 mm

Kfs

Q

(b)

Bt

Pl

Kfs

0.2 mm

(c)

0.5 mm

Kfs

Qtz

Kfs

Pl

Pl
Bt Kfs

Qtz

Kfs

Qtz Pl Irregular embayments of relict feldspar Myrmekites

3 6 P . H A S A L O V Á E T A L .
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Fig. 5. SEM backscatter images showing the inferred former melt topology (note differences in scales when making comparisons). (a)
Type I banded orthogneiss: interstitial plagioclase (An10)20), representing the plagioclase component crystallized from the anatectic
melt (grey arrow), tracing the K-feldspar boundaries sub-perpendicular to the foliation (sample PH60/B). Black arrows show small
rounded quartz grains crystallized along feldspar boundaries. (b) Type I banded orthogneiss: inferred former melt pools with cuspate
margins in a plagioclase band (sample PH60/B). The former melt has crystallized to K-feldspar (cuspate melt pools), plagioclase
(growing on the old plagioclase grains) and quartz (forming small rounded grains along the feldspar boundaries (black arrow)). (c)
Type III schlieren migmatite: more developed interstitial plagioclase (grey arrow) with normal zoning (core ¼ An12)16; rim ¼ An1)4)
and distinct albite rims (An1)4) on relict feldspar grains (white arrow) (sample PH90). The interstitial plagioclase is not in optical
continuity with any residual plagioclase grains adjacent to it and does not show any preferred orientation, in contrast to plagioclase in
types I and II. (d) Type III schlieren migmatite: new plagioclase inferred to have crystallized from melt (growing on an old plagioclase
grain in the form of the discrete albite rims (white arrow)) and quartz grains that resorb relict K-feldspar grains (sample PH14/D).

Fig. 4. Photomicrographs showing characteristic textures of the rock sequence (note differences in scales when making comparisons).
(a) Type I banded orthogneiss: recrystallized K-feldspar aggregate with straight grain boundaries and numerous smaller rounded
quartz grains (white triangles) along the boundaries or in the cores of feldspar (sample PH60/B). (b) Type I banded orthogneiss: well-
developed plagioclase polygonal foam-like texture with straight grain boundaries, interstitial quartz (white triangles) and biotite
(sample PH60/B). (c) Type III schlieren migmatite: typical microstructure with irregularly shaped feldspar and quartz grains with
highly lobate boundaries. Myrmekitic aggregates commonly develop along the K-feldspar boundaries (black arrow). New small
interstitial plagioclase (grey triangles), K-feldspar and quartz (white triangles) grains trace almost all the relict feldspar boundaries.
Interstitial quartz forms preferentially rounded shapes different from plagioclase which forms thin elongated grains/films coating
K-feldspar boundaries (sample PH90). Such a microstructure is typical also for the type IV. (d) Type III schlieren migmatite: irregular
cuspate K-feldspar grain embayed with newly crystallized quartz and plagioclase (sample PH90). (e) Type IV nebulitic migmatite:
corroded relics of K-feldspar grains (sample PH59/D). (f) Type III nebulitic migmatite: plagioclase-K-feldspar intergrowths embaying
relict K-feldspar grain (sample PH14/D). White arrows in (d), (e) and (f) point to irregular embayments of relict K-feldspar originated
through resorption of old K-feldspar grains by newly crystallized material.
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et al., 1974); and (iii) cuspate and lobate areas inferred
to represent pools of crystallized melt (Jurewicz &
Watson, 1984).

The former presence of melt at grain scale was in-
ferred from the following microstructures (Figs 4 & 5).
(i) Plagioclase films between adjacent K-feldspar
grains, inferred to represent a plagioclase component
crystallized from melt (Fig. 5a, c). This plagioclase is
characterized by more albitic composition and by dif-
ferent topology compared with original grains. (ii) Pl–
Kfs–Kfs and Kfs–Kfs–Pl dihedral angles commonly
lower than 30� (Fig. 5a, c), as observed in granitic melt
crystallized under experimental conditions (e.g.
Laporte et al., 1997). (iii) Cuspate K-feldspar pools in
plagioclase aggregates (Fig. 5b), inferred to represent a
K-feldspar component crystallized from melt (Jurewicz
& Watson, 1984; Sawyer, 1999, 2001). (iv) Normal
zoning of plagioclase from An10)30 to An0)15 (Sawyer,
1998; Marchildon & Brown, 2001) lining K-feldspar
boundaries (Fig. 5c, d). An important feature is the
preferential orientation of plagioclase films coating K-
feldspar boundaries in type I orthogneiss and type II
migmatite sub-perpendicular to the foliation (Fig. 5a),
in contrast to the types III and IV migmatites, where
these films are wider and do not show any optically
visible preferred orientation. Bulbous myrmekite
(Fig. 4d) and new highly irregular lobate grains that
overgrow partially resorbed corroded feldspar grains
(e.g. Fig. 4c) are similar to microstructures described
as typical of minerals reacting with melt (Mehnert
et al., 1973; Büsch et al., 1974; McLellan, 1983).

QUANTITATIVE TEXTURAL ANALYSIS

The quantitative analysis of texture is based on
statistical evaluation of grain size distributions

(Kretz, 1966, 1994; Ashworth, 1976; Ashworth &
McLellan, 1985; Cashman & Ferry, 1988; Cashman
& Marsh, 1988; Higgins, 1998; Berger & Roselle,
2001), spatial distribution of minerals and GBPOs
(Panozzo, 1983), and grain contact frequencies
(Flinn, 1969; Kretz, 1969; McLellan, 1983; Kruse &
Stünitz, 1999). In simple chemical systems, these
textural parameters are more sensitive to changes of
physical conditions than compositional characteris-
tics. This is due to the high activation energies of
chemical reactions needed to produce new crystal
growth compared with the small amount of lattice
strain energy and grain boundary energy required to
drive recrystallization processes (Spry, 1969; Stünitz,
1998).
In this study, the textures of three samples were

analysed from each rock type, and in each sample
more than 1000 grains were evaluated in thin section.
Due to significant textural variations, the individual
K-feldspar-rich and plagioclase-rich domains were
analysed separately. Maps of grains with full topol-
ogy were manually traced into the ESRI ArcView
Desktop GIS environment and grain boundaries were
generated using the ArcView PolyLX extension (Lexa,
2003). The �shapefiles� of individual digitalized thin
sections are attached in Appendix S1 (Supplementary
material). Analysis of grain size, CSD, grain shape
preferred orientation (SPO), grain boundary preferred
orientation (GBPO) and grain contact frequencies
were obtained using the MATLABMATLAB

TM PolyLX toolbox
(Lexa, 2003; http://petrol.natur.cuni.cz/ ondro/). The
grain sizes of the minerals were evaluated in terms
of Feret diameter (diameter of a circle having the
same area as the grain). Two methods were used to
determine the grain SPO: (1) mean directions using
circular statistics; and (2) eigenvalue analysis of
Scheidegger’s bulk orientation tensor calculated from
individual long axes weighted by grain size (Lexa
et al., 2005), where degree of SPO is expressed as the
eigenvalues ratio Rg. GBPO was assessed by similar
techniques, but the bulk orientation tensor is formed
from the decomposed grain boundaries between
chosen phases (Lexa et al., 2005) and the degree of
GBPO is expressed as the eigenvalues ratio Rb. Grain
contact frequency, used to examine statistical devia-
tion from a random spatial distribution of contact
relations between the individual minerals, was evalu-
ated in a manner similar to the method of Kretz
(1969, 1994), except that contact frequencies were
obtained directly from grain map topologies instead
of using line intercepts.
Results of the quantitative microstructural analyses

show an evolutionary trend from the banded orthog-
neiss, through the migmatite types II and III to the
nebulitic migmatite. Therefore, in the following sec-
tions the rock types are discussed as a sequence in
which the type I orthogneiss and type IV nebulitic
migmatite are considered to be end-members of a
continuous microstructural evolution.

Nebulitic migmatite    (Type IV)

Banded orthogneiss   (Type I)
Stromatic migmatite (Type II)
Schlieren migmatite   (Type III)

Kfs70% 30%

30%

50%

Pl

Qtz

Fig. 6. Modal changes in both plagioclase (open symbols) and
K-feldspar (closed symbols) aggregates in different rock types
plotted in a quartz–plagioclase–K-feldspar triangle. Arrowed
dashed lines indicate evolutionary trend from type I banded
orthogneiss to type IV nebulitic migmatite.
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Grain size analysis

The CSD is an important tool to estimate residence
time of magmas in magma chambers, cooling rates in
rapidly quenched lavas, as well as to quantify textures
related to phenocrysts accumulation and fractionation
(Cashman & Marsh, 1988; Marsh, 1988; Higgins,
1998). In metamorphic petrology, CSD is used to
obtain quantitative information concerning crystal
nucleation and growth rates and nucleation density
and/or annealing (Randolph & Larson, 1971; Cash-
man & Ferry, 1988; Carlson, 1989; Waters & Love-
grove, 2002). Hickey & Bell (1996) proposed that
during dynamic recrystallization decreasing strain rate
to temperature ratio ( _e/T) leads to decrease in the ratio
of nucleation and growth rate (N/G) and development
of coarser grain size, whereas increasing _e/T leads to
increasing N/G and therefore to grain size decrease.
This hypothesis is well documented in experimental
studies with steel alloys (Sakai & Jonas, 1984) sup-
ported by Azpiroz & Fernández (2003) and Lexa et al.
(2005) in naturally deformed rocks. These authors
evaluate the role of recrystallization mechanisms on N/
G ratio of the CSD. The CSD is commonly used in
formerly partially molten rocks to evaluate combined
process of resorption and grain size decrease in react-
ing phases in mesosome and nucleation and grain
growth and coarsening of minerals crystallizing in
leucosomes (Dougan, 1983; McLellan, 1983; Ashworth
& McLellan, 1985; Dallain et al., 1999). Because the
processes controlling grain size distributions in the
crystallization of partially molten rocks are complex
and interpretations uncertain, CSD has only rarely
been used to describe textural evolution of migmatites
(Berger & Roselle, 2001). In this work, the CSD
methods are used as a practical approach to parame-
terize grain size frequency histograms and visualize
their trends in a simple manner.

Grain size statistics were evaluated for the four rock
types for plagioclase, K-feldspar and quartz and the
results are presented in the form of average grain size,
expressed as a median value of the Feret diameter, and
grain size range expressed as the difference between the
third and first quartiles instead of standard deviation
because of the log-normal distribution of measured
data (Fig. 7a, Table 1). The results are also summa-
rized as CSD curves (plot of logarithms of population
density against crystal size) that were constructed using
the method of Peterson (1996); values of the zero-size
intercept (N0 – population density interpreted as the
ratio of nucleation rate to growth rate) and negative
inverse of slope (Gt interpreted as a function of growth
rate) of the linear parts of the CSD curves are plotted
in Fig. 7b, c.

Both plagioclase and K-feldspar in the type I
orthogneiss are characterized by log-normal grain size
distribution exhibiting average grain size of �0.2 and
0.2–0.5 mm respectively. Interstitial quartz yields sig-
nificantly smaller average grain size of 0.05–0.1 mm in

both domains. Quartz grains from polycrystalline rib-
bons were not evaluated statistically but their grain size
of 0.5–2.0 mm was estimated using an optical micro-
scope. The grain size of new interstitial plagioclase in
the K-feldspar aggregates is close to 0.1 mm. The grain
size distributions from type I orthogneiss to type II,
type III and type IV migmatites are characterized by
the following features. The average grain size of pla-
gioclase and K-feldspar decreases compared with type
I orthogneiss (Fig. 7a, Table 1). This is accompanied
by a continuous decrease in grain size range for both
feldspars. The interstitial quartz grain size remains
fairly constant throughout all the stages of textural
evolution, ranging between 0.05 and 0.1 mm, being
larger in the K-feldspar than in the plagioclase
domains (Fig. 7a). The grain size of minor plagioclase
in the K-feldspar domains shows a bimodal distribu-
tion that is attributed to the presence of small newly
nucleated grains (0.06–0.1 mm) and to larger plagio-
clase grains (0.2 mm) already present in the feldspar
aggregates.

The CSD of plagioclase indicate continuous increase
in N0 (nucleation density) values coupled with a
decrease in Gt (growth rate) values from type I
orthogneiss towards type IV migmatite (Fig. 7b,
Table 1). By contrast, K-feldspar shows a decrease in
Gt values from type I orthogneiss to type III migmatite
without significant increase in N0 values, which remain
very low. From type III to type IV migmatite a dra-
matic increase in N0 values is observed for K-feldspar
at almost constant Gt values (Fig. 7c). This evolution
is clearly shown by steepening of the slopes of the CSD
curves accompanied by increase in their upper inter-
cept with the ordinate axis (insets in Fig. 7b, c).

Grain shapes and grain shape preferred orientation

Grain shape or grain aspect ratio together with grain
SPO analyses provide important information about
deformation during or after leucosome formation
(Mehnert, 1971; McLellan, 1983) or about degree of
inheritance of original anisotropy (Ashworth, 1979).
Measurements of preferred orientations of inferred
melt-filled grain boundaries in rocks give insights into
processes of melt draining and melt transfer (Rosen-
berg & Handy, 2000, 2001; Sawyer, 2001).

Grain shape and SPO statistics were evaluated in all
the textural types for plagioclase, K-feldspar, quartz
and biotite. The results of SPO statistic are summa-
rized in a boxplot-type diagram, where the axial ratios
of the individual minerals are plotted against bulk SPO
(Lexa et al., 2005) for the corresponding minerals
(Fig. 8).

Aspect ratios for both K-feldspar and plagioclase
show small median values ranging from 1.5 to 1.7
throughout the whole microstructural sequence
(Fig. 8, Table 1). Quartz exhibits slightly smaller and
stable aspect ratio close to 1.5. An important feature is
the continuous decrease in SPO of K-feldspar and

O R I G I N O F F E L S I C MI GM A T I T E S 3 9

� 2007 Blackwell Publishing Ltd

325



plagioclase from type I orthogneiss to type IV nebulitic
migmatite (Fig. 8, Table 1). Rose diagrams for the
rock types I, II and III show that K-feldspar and
plagioclase (Fig. 8b) have weakly inclined SPO with
respect to the aggregate elongation direction at an
angle of 15�–30�. Biotite shows a high aspect ratio for
type I orthogneiss (Table 1) and strong SPO parallel
with mesoscopic foliation for the types I, II and III
migmatites. In the type IV migmatite, biotite aspect
ratio and preferred orientation are lower and the latter
parameter shows bimodal distribution with one maxi-
mum sub-parallel to the main foliation and a second
one almost perpendicular to it. Interstitial K-feldspar,
plagioclase and quartz exhibit always small aspect

ratio and weakly developed SPO maxima at an angle
of 40�–60� to the foliation for types I, II and III. The
exception is type IV migmatite, where, in similar
fashion to biotite, the interstitial plagioclase shows two
maxima, one sub-parallel and one perpendicular to the
foliation.

Grain contact frequency analysis and grain boundary
preferred orientation

The grain contact frequency method (Kretz, 1969)
allows an examination of the statistical deviation
from the hypothesis of random distribution of phases
in rocks. In random distribution, the number of

(b) (c)

(a)

Fig. 7. Grain size statistics and CSD evolution for the rock sequence. (a) Calculated average grain size (median value of the Feret
diameter) and range (difference of third and first quartiles) for plagioclase, K-feldspar and quartz. (b,c) Plots of crystal size distribution
parameters N0 (corresponding to the nucleation density per size per volume) and Gt (non-dimensional value dependent on the growth
rate) with examples of linearized CSD curves (upper right insets) used for Gt and N0 estimates. (b) Plagioclase, (c) K-feldspar. The CSD
curves show single lines of four representative samples corresponding to the individual rock types.
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contacts of given phases depend only on the total
number of grains of each phase present. There are
two possible deviations from random distribution: (i)
aggregate distribution, where grains of the same
phase tend to occur in aggregates in which contacts
between grains of the same phase (like–like contacts)
predominate; and (ii) regular distribution, where the
grains tend to occur in a regular (chessboard-like)
pattern in which contacts between different phases
(unlike contacts) are more common. McLellan (1983)
reviewed processes responsible for different types of
grain distributions. A random distribution should
theoretically develop during rapid quenching of gra-
nitic melt, whereas regular distribution commonly is
interpreted as resulting from extensive solid-state
annealing under very high temperatures (Flinn, 1969;
Vernon, 1976; McLellan, 1983; Lexa et al., 2005).
These interpretations are based on the assumption of
reducing surface energy (Seng, 1936; DeVore, 1959)
by elimination of high-energy contacts (commonly
non-coherent like–like contacts) either by reduction of
grain boundary area or by nucleation and growth of
new phases along such a boundary (Kim & Rohrer,
2004). In addition, Kruse & Stünitz (1999) and Bar-
atoux et al. (2005) proposed that the regular distri-
bution was induced by mechanical mixing and
heterogeneous nucleation. According to Vernon
(1976) and McLellan (1983), an aggregate distribution
results from a solid-state differentiation associated
mostly with dynamic recrystallization where devel-
opment of monomineralic layers results from uneven
efficiency of deformation mechanisms simultaneously
operating in different phases (Jordan, 1988).

Grain contact frequency and the GBPO were eval-
uated for K-feldspar, plagioclase and quartz in all the
textural types over the full digitized area of individual
K-feldspar and plagioclase domains. The results are
presented in Fig. 9, where the v-value

v ¼ Observed� Expected
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Expected
p

or deviation from the random distribution is plotted
against the ratio of eigenvalues of the orientation
tensor or the degree of GBPO (Lexa et al., 2005).
Values of expected frequencies are estimated using
Lafeber’s method of testing for randomness (Lafeber,
1963; Kretz, 1969). This diagram offers a simple visual
evaluation of the relationship between degree of devi-
ation from expected random distribution of grain
contacts and GBPOs of like–like and unlike bound-
aries.

The type I orthogneiss is characterized by a rela-
tively small proportion of like–like K-feldspar and
plagioclase contacts indicating a weak regular dis-
tribution (slightly negative v-values for like–like and
positive v-values for unlike contacts; Fig. 9), despite
a macroscopically banded texture in which a strong
aggregate distribution should be observed. This fea-
ture is attributed to a great proportion of minor
interstitial grains (Qtz, Bt, Kfs and Pl) lining the
K-feldspar and the plagioclase boundaries. Addi-
tionally, the number of like–like K-feldspar and
plagioclase contacts continuously decreases from type
I orthogneiss to type IV migmatite, whereas the
number of Pl–Kfs, Kfs–Qtz and Pl–Qtz unlike

(b)(a)

Fig. 8. Plot of grain shape preferred orientation (SPO) of K-feldspar (a) and plagioclase (b). The results are summarized in a box plot
of aspect ratios (characterizing the shape of grains) v. eigenvalue ratios (showing the degree of preferred orientation). Individual boxes
show median, and first and third quartiles of the aspect ratio. The whiskers represent a statistical estimate of the data range where
outliers are not plotted. Representative rose diagrams for individual rock types show maxima orientation in respect to the aggregate
elongation direction. The degree of shading corresponds to the individual rock types.
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contact continuously increases (negative like–like v-
values and positive unlike v-values) (Fig. 9). This is
in a good accordance with the increasing amount of
interstitial phases towards the type IV migmatite.
Quartz exhibits the same strong regular distribution
from the type I orthogneiss to the type IV migmatite
in both feldspar domains.

In K-feldspar-rich aggregates, the degree of GBPO
of the K-feldspar like–like boundaries slightly de-
creases from type I orthogneiss to type III migmatite,
whereas type IV migmatite is characterized by an in-
crease in the degree of K-feldspar like–like GBPO
(Fig. 9, Table 1). The GBPO of plagioclase–plagio-
clase boundaries in the plagioclase-rich aggregates is
similar to the evolution of K-feldspar like–like
boundaries. The GBPO of the K-feldspar–quartz
boundaries as well as those of K-feldspar–plagioclase
boundaries are weak, and decrease throughout the
textural evolution (Fig. 9, Table 1).

MINERAL FABRIC

In rocks deformed in the presence of melt, the textures
of quartz and feldspar can be used to evaluate the
deformation mechanisms of the solid fraction as well
as the deformation of crystallizing intragranular melt
(Závada et al., 2007). The mineral fabrics of ferro-
magnesian phases can be indirectly assessed using
anisotropy of magnetic susceptibility (AMS). The
AMS method has been recently used to determine the
degree of susceptibility, shape of the fabric ellipsoid
and relative contribution of ferro- and para-magnetic
minerals to the bulk fabric in migmatites (Ferré et al.,
2003, 2004).

Anisotropy of magnetic susceptibility

Types III and IV migmatites are macroscopically close
to isotropic, so that the mineral alignment defined by
the orientation of dispersed biotite is poorly defined
(Fig. 2c, d). To better characterize the fabric, the AMS
method was used to determine the internal fabric of
these rocks. Oriented samples were collected using a
portable drill at four sampling sites covering a section
across the well-defined structural sequence. The AMS
data were statistically evaluated using the Anisoft
software package (Jelı́nek, 1978; Hrouda et al., 1990).
The low values of mean susceptibility (<250 · 10)6

SI) indicate that biotite is the main carrier of the
magnetic susceptibility (Ferré et al., 2003). The AMS
study reveals a homogeneous pattern of a south-dip-
ping magnetic foliation (Fig. 10b) and SW sub-hori-
zontally plunging magnetic lineation (Fig. 10b) that
are consistent with the mesoscopic D2 structural
pattern.
According to the degree of AMS (expressed by

parameter P¢, Jelı́nek, 1981) and shape of the AMS
ellipsoid (expressed by parameter T, Jelı́nek, 1981) the
samples are divided in two groups (Fig. 10a). The
banded orthogneiss and the type II migmatite exhibit a
strong degree of magnetic anisotropy (P¢ ¼ 1.14–1.2)
and planar shape of the ellipsoid of magnetic suscep-
tibility (T ¼ 0.4–1) (Fig. 10a). These values are typical
for metamorphic rocks with well-developed composi-
tional layering and biotite aligned in planar aggregates.
Samples from types III and IV migmatites occur in a
region of lower degree of anisotropy (P¢ ¼ 1.06–1.16)
and correspond to a planar–linear fabric (T ¼ 0.1–0.7)
(Fig. 10a) marked by more intense magnetic lineation.

Fig. 9. Grain boundary statistics plotted as the deviation from a random spatial distribution (grain contact frequency) v. degree of
grain boundary preferred orientation (GBPO). For details see text. The degree of shading corresponds to the individual rock types.
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Lattice preferred orientation

To understand the deformation behaviour of individ-
ual phases, we measured and evaluated statistically the
lattice preferred orientation (LPO) of aggregate grains
(Pl, Kfs and Qtz) and grains apparently crystallized
from melt (Pl, Kfs and Qtz) separately (Fig. 12g, h).
The LPO of quartz, plagioclase and K-feldspar were
measured on a scanning electron microscope Cam-
Scan3200 in the Czech Geological Survey using the
electron back-scattered diffraction technique (EBSD)
and HKL technology (Adams et al., 1993; Bascou
et al., 2001). Diffraction patterns were acquired at
20 kV of accelerating voltage, 5 nA of probe current
and working distance of �33 mm from the thin section
prepared from the structural XZ plane. The procedure
was carried out manually due to small differences in
diffraction patterns. The chemistry and orientation of
individual grains was controlled using a forescatter
detector with combination of orientation and chemical
contrast. Thus, each individual grain is represented by
only one orientation measurement. The resulting pole
figures are presented as lower hemisphere equal-area
projections in which the trace of foliation is oriented
along the equator and the stretching lineation is in the
E–W direction.

Old quartz grains in ribbons of the type I orthog-
neiss show c-axes distributed in weak sub-maxima ar-
ranged along weakly developed small circles close to
the S1 foliation trace. The most intense sub-maxima
are developed close to the lineation direction. This type
of c-axis pattern may indicate preferential prism Æcæ
slip-system activity and dominantly coaxial deforma-
tion. The c-axes of large quartz grains in types II, III
and IV migmatites reveal strong maxima either parallel
to the S2 foliation pole or close to the centre of the

diagram. These c-axis patterns indicate mainly activity
of basal Æaæ or rhomb Æa + cæ slip-systems and less
frequently prism Æaæ slip (Fig. 11a). Towards types III
and IV migmatites, the LPO of the matrix quartz be-
came less well developed, preserving activity of the
same slip-systems as in the previous microstructural
types (Fig. 11a). New quartz grains crystallized from
melt in type I orthogneiss, and type II migmatite show
very weak LPO and nearly random distribution of all
quartz axes (Fig. 11b). Whereas old grains show pro-
gressive weakening of the LPO from type II to type IV
migmatite, the new and randomly crystallized grains
tends to develop weak crystal preferred orientation
during the same microstructural evolution from type II
to type IV migmatite (Fig. 11). It is difficult to distin-
guish old from new quartz grains in the type IV rock
and therefore the LPO of quartz in this microstructure
links LPO evolution between old and new grains in the
final microstructural type.

K-feldspar and plagioclase commonly show weak
LPO in all rock types regardless the origin of grains.
K-feldspar shows crystallographic patterns which are
compatible with dominant activity of the 1/2 [110](001)
slip system (Willaime & Gandais, 1977; Willaime et al.,
1979) (Fig. 12a, c). Contribution of other slip systems
as [100](010) (Fig. 12b) and [100](001) (Fig. 12d) has
also been identified in both relict K-feldspar grains and
in K-feldspar grains apparently crystallized from melt
respectively.

Distribution of the main lattice directions of pla-
gioclase revealed slip parallel either to 1/2[1�10] on (001)
and (11�1) planes (Fig. 12e) or to 1/2 [110] on (001) and
(1�1�1) planes (Fig. 12f) for all types of rocks and both
aggregate grains and plagioclase inferred to have
crystallized from melt (Fig. 12g) (Olsen & Kohlstedt,
1984). The textures of plagioclase inferred to have

(a) (b) 

Fig. 10. Plots to show the anisotropy of magnetic susceptibility (AMS). (a) P¢–T plot, where the P¢ parameter represents the degree of
magnetic anisotropy and T is a shape parameter that describes the shape of the ellipsoid of magnetic susceptibility. T can take either
positive values (T > 0), characteristic for a planar fabric, or negative values (T < 0), typical for a linear fabric. Dashed ellipses show
two distinct datasets. For comparison, data obtained by Schulmann K., Edel J.-B., Hasalová P., Lexa O., Ježek J. & Cosgrove J. W.
(unpublished data) and Bouchez (1997) are shown. (b) Magnetic foliation (circles), plotted as the minimal susceptibility direction (K3),
perpendicular to the magnetic foliation, and magnetic lineation (squares), plotted as the maximal susceptibility direction (K1).
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crystallized from melt are commonly weak with the
exception of strong LPO of plagioclase in the type I
orthogneiss (Fig. 12f). Such slip-systems are supposed
to be secondary and active if grains are in unsuitable
(hard) orientation to the dominant slip-system
[100](010) (Kruse et al., 2001).

DISCUSSION

This study presents a detailed microstructural and
quantitative textural analysis of four types of migmat-
itic rocks identified in one of the largest (�5000 km2)
migmatitic complex of the eastern Variscan belt. The
rock types are interpreted as representing a textural
sequence from banded orthogneiss via stromatic and
schlieren migmatites to nebulitic migmatite. The pos-
sible mechanisms that could account for the origin of
this rock sequence involve: (i) genetically unrelated
migmatites that have originated from distinct proto-
liths; (ii) variable degree of in situ partial melting of a
single protolith or different protoliths; and (iii) melt
infiltration from an external source through solid rock
in which banded orthogneiss and nebulitic migmatite
represent genetically linked end-members. These
hypotheses are discussed further below.

Spatial relationships of individual migmatite types within
the shear zone

The structural sequence described in this work indi-
cates an intimate relationship between types I to III
migmatites and nebulitic type IV migmatite sheets that
can be interpreted in terms of a shear zone, which was
exploited by rising magma (Brown et al., 1995; Collins
& Sawyer, 1996; Brown & Solar, 1998b). We have
shown that the D2 flat fabrics that cross-cut the steep
foliation S1 developed at high-temperature solid-state
conditions (Fig. 1). Tajčmanová et al. (2006) and
Racek et al. (2006) described a similar sequence of
superposed fabrics in lower crustal rocks several tens
of kilometres to the north and south of the studied area
respectively. These authors proposed that the flat D2

deformation fabrics originated due to thrusting of
orogenic lower crust over middle crustal units along a
large-scale retrograde shear zone. In agreement with
these authors, we suggest that the D2 fabrics developed
in a thrust related crustal-scale shear zone reported
already by Urban (1992), Schulmann et al. (1994) and
redefined later by Schulmann et al. (2005). The main
difference between other regions is in the degree of D2

reworking, which is so high in the studied area that

(b)

(a)

Fig. 11. Characteristic c-axes preferred orientations of (a) old/relict quartz grains and (b) new quartz grains crystallized from areas of
inferred former melt for all rock types. The c-axis patterns of old/relict quartz grains in type I banded orthogneiss indicate prism Æcæ
slip system activity whereas in type II, III and IV migmatites basal Æaæ or rhomb Æa + cæ slip systems are dominant with minor
prism Æaæ slip. New quartz grains inferred to have crystallized from melt in type I banded orthogneiss to type IV nebulitic migmatite
show very weak LPO and nearly isotropic distribution of all quartz axes. Equal area projections, lower hemisphere, contoured at
interval of 0.5 times uniform distribution. Foliation is horizontal and lineation is in this plane in the E–W direction. N is the number of
measured grains. Maximum densities are marked on the bottom right of each pole figure. The dashed line represents the lowest contour
level and the grey circle corresponds to the minimum density value.
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Fig. 12. Characteristic LPO patterns of K-feldspar (a–d) and plagioclase (e,f). Both feldspars commonly show weak LPO in all rock
types regardless of the origin of the grains. An exception is the strong LPO of new plagioclase grains in the type I banded orthogneiss
(f). K-feldspar usually shows activity of 1/2[110](001) (a,c; type I), but also of [100](010) (b; type IV) and [100](001) (d; type IV) slip
systems. Plagioclase reveals activity of secondary slip systems such as 1/2[1�10] on (001) and (11�1) or 1/2 [1�10] on (001) and (1�1�1)
(e,f; type I). Equal area projections, lower hemisphere, contoured at intervals of 0.5 times uniform distribution. Foliation is horizontal
and lineation is in this plane in the E–W direction. N is the number of measured grains. Maximum densities are marked on the
bottom right of each pole figure. The dashed line represents the lowest contour level and the grey circle corresponds to the minimum
density value. (f,g) BSE images depicting the microstructural appearance of examples of the measured phases (sample PH60/B).
Original plagioclase (g) and K-feldspar (h) aggregates with newly crystallized quartz (white arrow), plagioclase (black arrows) and
K-feldspar (grey arrows) are shown.

O R I G I N O F F E L S I C MI GM A T I T E S 4 5

� 2007 Blackwell Publishing Ltd

331



steep D1 fabrics are preserved only as rare relics shown
in Fig. 2.

Our structural observations are compatible with
progressive transposition within the ductile shear zone
ranging from type I banded orthogneiss to highly
reworked type III schlieren migmatite. This interpre-
tation is based on progressive folding of early steep
orthogneiss fabric, development of isoclinal folds and
complete fabric transposition and development of type
III migmatite in a ductile shear zone (Fig. 2; Turner &
Weiss, 1963). In such a context, the elongated bodies of
type IV nebulitic migmatite can be seen as veins of
isotropic granite penetrating parallel to the main S2
mylonitic anisotropy (e.g. Cosgrove, 1997; Brown &
Solar, 1998a). Alternatively, the type IV nebulitic
migmatites could be interpreted in terms of injected
melt into hot country rocks (called also magma
wedging, Weinberg & Searle, 1998) preventing magma
freezing during D2 shearing. Finally, the nebulitic
migmatite can be also regarded as the most extreme
end-member of the structural sequence, i.e. completely
disintegrated parental orthogneiss.

In summary, the type I orthogneiss to type III mi-
gmatite show intimate spatial relationships suggesting
that they have originated from the same protolith and
that they are genetically linked. However, the macro-
scopic observations alone cannot distinguish the origin
of type IV migmatite and further arguments are
required.

Microstructural and petrological arguments for melt–rock
interaction during exhumation

We suggest, in agreement with Sawyer (1999, 2001),
that the position and topology of new plagioclase,
quartz and K-feldspar grains in type I orthogneiss and
type II migmatite may be interpreted in terms of melt
products crystallized along boundaries of the feldspar
in individual aggregates (Fig. 5a–c). The main differ-
ence between type I orthogneiss and type II migmatite
is a more albitic composition of plagioclase and a
greater modal content of new phases in the latter.
Types III and IV migmatites show development of
highly corroded shapes of K-feldspar, plagioclase and
biotite (Fig. 4c–f). This indicates that all rock types
exhibit features compatible with the presence of melt
and its interaction with the solid rock. Additionally,
the degree of melt–rock interaction is inferred to
increase from type I orthogneiss towards type IV
nebulitic migmatite (Fig. 4).

The structural sequence exhibits a distinct trend in
modal composition of originally monomineralic layers
that are progressively converted into polymineralic
aggregates of granitic composition (Fig. 6). The com-
positional paths show evolutionary trends from type I
orthogneiss to type III migmatite, interpreted as being
associated with crystallization of melt, culminating in
the type IV migmatite, which has equal amounts of
plagioclase, K-feldspar and quartz (Fig. 6).

Plagioclase shows systematic decrease in anorthite
content for both original plagioclase grains (An30 to
An25), their rims and inter-granular aggregates (An20
to An10) towards type IV nebulitic migmatite. Both
garnet and biotite exhibit systematically increasing XFe

towards type IV migmatite (from 0.7 to 1.00 and from
0.4 to 0.9 respectively) coupled with decrease in Ti
content in biotite (from 0.2 to 0.04 p.f.u.). The mineral
compositional data suggest systematic equilibration of
garnet, biotite and plagioclase compositions in the
stability field of sillimanite with decreasing tempera-
ture. The full petrological data and P–T estimates for
melt–rock interaction are presented in a companion
paper (Hasalová et al., 2008a). Here, we quote the P–T
estimates based on thermodynamic modelling using
THERMOCALC (Powell et al., 1998) to point out the
decrease in temperature from 790 to 850 �C at 7.5 kbar
for type I orthogneiss to 690–770 �C at 4.5 kbar for
type IV nebulitic migmatite.
Taken together, the microstructural and petrological

data show paradoxically an increasing degree of
apparent melt–rock interaction coupled with decreas-
ing equilibration temperature with textural evolution
from type I to type IV rock type. The microstructural
and modal composition data do not exclude either
partial melting or infiltration of melt from an external
source. However, the systematic modification of
chemical composition of minerals across the migmatite
sequence is in contradiction with the model of in situ
partial melting. Namely, as suggested by many field
and experimental studies, the composition of plagio-
clase would be shifted towards more anorthitic con-
tents and the XFe of garnet and biotite would decrease
during partial melting process (Le Breton & Thomp-
son, 1988; Vielzeuf & Holloway, 1988; Gardien et al.,
1995; Greenfield et al., 1998; Dallain et al., 1999).

Interpretation of quantitative microstructural data

Microstructural studies of partially molten rock have
revealed systematic changes in grain size, grain SPO
and spatial distribution of individual phases during
increasing degree of partial melting (e.g. Vernon, 1976;
McLellan, 1983; Dallain et al., 1999). Here these
trends are compared with our quantitative micro-
structural data, and the alternative origins that may
result in the observed microstructural sequence are
discussed.

Interpretation of crystal size distributions

The most significant result of this study is the sys-
tematic decrease in average grain size (Fig. 7a) and
systematic increase in a population density (nucleation
rate) associated with possible decrease in growth rate
for all feldspar from type I orthogneiss to type IV
migmatite (Fig. 7b, c).
Results from migmatitic terranes show that the CSD

associated with partial melting is characterized by
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production of coarse-grained felsic mineral aggregates
resulting from increase in temperature (e.g. Dougan,
1983; McLellan, 1983). This process is commonly fol-
lowed by textural coarsening (Ashworth & McLellan,
1985; Dallain et al., 1999; Berger & Roselle, 2001)
explained by two competing approaches: the Lifshitz–
Slyozov–Wagner (LSW) model (Lifshitz & Slyozov,
1961), and the communicating neighbour theory (CN
of DeHoff, 1991). Higgins (1998) showed that textural
coarsening results in progressive decrease in N0 value
and decrease in the slope of the CSD curve; he inter-
preted this trend as a result of rapid undercooling
during solidification of magma followed by reduced
undercooling, suppression of nucleation and textural
coarsening. However, our textural sequence exhibits
the opposite trend in evolution of CSD curves, which is
interpreted as indicating that in situ partial melting and
textural coarsening are not responsible for the origin of
observed CSDs.

The observed CSD trend may be explained by one of
three different mechanisms: (1) solid-state deformation
under decreasing temperature and or increasing strain
rate (Hickey & Bell, 1996; Azpiroz & Fernández, 2003;
Lexa et al., 2005); (2) a different degree of reaction
overstepping (Waters & Lovegrove, 2002; Moazzen &
Modjarrad, 2005); and (3) a different degree of und-
ercooling (Marsh, 1988).

The grain size for dynamically recrystallized grains
in a power-law creep regime is a function of differential
stress (Twiss, 1977). Such grains are characterized by
strong shape and LPO and commonly solid-state dif-
ferentiation (Baratoux et al., 2005; Lexa et al., 2005).
However, this microstructural study does not reveal
any features in quartz, plagioclase and K-feldspar of
rock types II, III and IV which may indicate a dynamic
recrystallization processes operating under decreasing
temperature. Differences in the degree of reaction
overstepping have been documented in contact aure-
oles, but may be rejected in this case due to the
regional nature of the metamorphism. However, the
role of different degrees of undercooling relating to an
overall decrease in equilibration temperature cannot be
excluded.

Our data indicate that the sequence of rock types
reflects the progressive resorption of residual grains
and crystallization of new grains from melt in inter-
granular spaces. Moreover, the trend of CSD curves
suggest a progressive increase in nucleation rate and
decrease in growth rate from type I orthogneiss to
type IV nebulitic migmatite. This trend could be
explained by an increase in undercooling consistent
with the decreasing equilibration temperature we
report.

The CSD trend is compatible with crystallization of
melt in a progressively exhuming and rapidly cooling
system. This is in accordance with exceptionally high
cooling rates up to several hundred degrees celsius per
million years estimated for nearby granulites by
Tajčmanová et al. (2006).

Interpretation of spatial distributions of phases

The quantitative analysis of spatial distributions of
individual phases shows that the intensification of
regular distribution (increasing amount of unlike
contacts; Fig. 9) correlates with an increasing degree of
host rock–melt equilibration. The process of melt
crystallization leads to new mineral growth on the
surfaces of residual grains. This is responsible for the
increase in unlike grain boundaries, which commonly
retain melt–solid geometries. Our case study shows
that the development of a regular distribution of felsic
phases is not related to solid-state annealing, as sup-
posed by some authors (Flinn, 1969; McLellan, 1983;
Lexa et al., 2005), but to the process of crystallization
of melt, consistent with precipitation of the minor
phase on triple points in granular polygonal aggregates
to achieve lower total interfacial energy (Spry, 1969;
Vernon, 1974). This process was documented by Dal-
lain et al. (1999), who showed that the predominance
of unlike contacts in polycrystalline aggregates origi-
nated through wetting of grain boundaries by fluids or
melt, and subsequent precipitation of other phases on
like–like contacts. However, we cannot exclude the
possibility that a regular distribution reported from
granulites and high-grade gneisses (Flinn, 1969; Kretz,
1994) results from solid-state annealing of rocks where
melt crystallized. Therefore, the regular distribution
developed during melt crystallization may be inherited
and perhaps further accentuated during later thermal
and textural re-equilibration.

Origin of microstructural and compositional trends

The sequence from type I orthogneiss to type IV
migmatite exhibit continuous trends in all quantitative
parameters (Table 1). The grain size decreases
(Fig. 7a) and there is a progressive development of a
regular distribution of all felsic phases (Fig. 9), which
is linked with mineral compositional trends indicating
temperature decrease. These clear evolutionary trends
are incompatible with a process of partial melting of
different protoliths. Partial melting of the same pro-
tolith may develop continuous trends, but these should
show increase in grain size of individual felsic phases
(Dallain et al., 1999) and different mineral composi-
tional evolution (e.g. Gardien et al., 1995; Greenfield
et al., 1998). Additionally, we show that the degree of
regular distribution for K-feldspar- and plagioclase-
dominated aggregates evolves in the same manner
throughout the microstructural sequence (Fig. 9).
However, Dallain et al. (1999) reported significantly
more advanced regular distribution of plagioclase-
compared with K-feldspar-rich aggregates in the
microstructural sequence originated by partial melting.
These authors proposed that this microstructural
contrast originated due to melting process preferen-
tially operating in mica–plagioclase rich aggregates,
whereas the K-feldspar-rich aggregates were more
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refractory. In the present case, Hasalová et al. (2008b)
report continuous trends in whole-rock geochemistry
and mineral compositions for the sequence of rock
types, but different Nd isotopic composition for the
type I orthogneiss compared with the rest of the se-
quence, which precludes of in situ anatexis in a closed
system.

Melt infiltration model

The discrepancies between the evolutionary trends we
report and generally accepted trends for anatectic
terranes require an appropriate explanation that is
consistent with the structural, quantitative micro-
structural and mineral compositional data. As a pos-
sible explanation, we introduce the concept of melt
infiltration from an external source, where melt passes
pervasively along grain boundaries through the whole-
rock volume and changes macroscopic (Fig. 2) and
microscopic (Fig. 3) appearance of the rock. This
process is characterized by resorption of old phases,
nucleation of new phases along high-energy like–like
grain boundaries and modification of mineral and
whole-rock compositions. These gradual changes are
accompanied by grain size reduction (Fig. 7) and
progressive disintegration of former aggregate (lay-
ered) distribution of original phases (Fig. 9). We sug-
gest that the individual migmatite types represent
different degrees of equilibration between the host rock
and migrating melt. It should be emphasized, that all
these processes occur along a retrograde path during
exhumation of the Gföhl Unit. We are aware that a
decrease in P–T conditions during melt infiltration is a
fundamental and limiting factor for the model pro-
posed.

The amount of melt and its connectivity are critical
parameters controlling melt mobility and the rheo-
logical behaviour of melt-present rocks. To constrain
these parameters both AMS and EBSD were used.
Using AMS, it is possible to distinguish between solid-
state dominated deformation mechanisms in the
melanosome and free rigid body particle rotation in the
leucosome (e.g. Ferré et al., 2003). On the other hand,
using the EBSD technique enables us to distinguish
deformation mechanisms in the solid framework and
to constrain the mechanical role of melt during the
deformation.

AMS fabric origin: solid framework or melt controlled
deformation

The AMS study shows that the magnetic anisotropy is
dominated by biotite. The oblate shape of magnetic
ellipsoid and high degree of anisotropy of type I or-
thogneiss and type II migmatite (Fig. 10a) are consis-
tent with strong preferred orientation of biotite and the
fact that biotite has a intrinsically oblate shape of the
single-grain magnetic ellipsoid (Zapletal, 1990; Martı́n-
Hernandéz & Hirth, 2003). The type III and IV mi-

gmatites reveal partly resorbed biotite flakes uniformly
dispersed in the rock marked by slightly weaker degree
of magnetic anisotropy and less oblate fabric ellipsoid
compared with types I and II migmatite (Fig. 10a).
This contrasts with common granites and diatexites
from other migmatitic terranes which show signifi-
cantly lower values of degree of anisotropy and highly
variable shapes of AMS ellipsoids (Fig. 10a; Bouchez,
1997; Ferré et al., 2003).
Numerous natural studies supported by numerical

modelling indicate that the magnetic susceptibility in
viscously flowing magmas is characterized by a very
low degree of anisotropy, pulsatory fabrics and dom-
inantly a plane strain AMS ellipsoid shape (Blumen-
feld & Bouchez, 1988; Hrouda et al., 1994; Arbaret
et al., 2000). A comparison of the AMS fabrics with
those of diatexites and results of numerical models
indicate that the intensity of the AMS fabric of types
III and IV migmatites does not originated from freely
rotated biotite in viscously flowing melt. On the con-
trary, we argue that the AMS fabric in all types of
migmatites resembles fabrics usually acquired through
solid-state deformation of a load-bearing framework,
similar to melanosomes in migmatites (Ferré et al.,
2003). To understand the mechanisms responsible for
development of such fabrics the grain-scale deforma-
tion mechanisms and melt behaviour in individual rock
types is discussed.

Deformation mechanisms

Experimental studies of low melt fraction rocks de-
formed under high differential stress show that matrix
minerals deform by grain boundary migration
accommodated dislocation creep (Dell� Angelo et al.,
1987; Walte et al., 2005). Strong shape and GBPO of
feldspar (Figs 8 & 9) as well as LPO of residual quartz
grains (Fig. 11a) in the type I orthogneiss may be
interpreted in terms of plastic deformation consistent
with a dislocation creep deformation mechanism
(Rosenberg & Berger, 2001). However, the weak LPO
of residual grains of both feldspars (Fig. 12a, e) in the
type I orthogneiss suggests a contribution of grain
boundary sliding during the development of the
microstructure. In other words, the type I micro-
structure corresponds to a transient microstructure in
terms of decreasing activity of dislocation creep and
enhancement of diffusion controlled processes.
Decrease in SPO and GBPO and constantly weak

LPO in feldspar of type II migmatite (Figs 8 & 9) may
be interpreted as a result of melt-enhanced diffusion
creep (Garlick & Gromet, 2004). However, the large
quartz grains reveal intense activity of basal Æaæ slip
suggesting important plastic yielding of this mineral
(Fig. 11a). Elongate pockets inferred to represent for-
mer melt oriented at a high angle to the stretching
lineation in the type I orthogneiss (Fig. 5a) and type II
migmatite indicate that the melt distribution was
controlled by the deformation. This is supported by the
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strong LPO of interstitial plagioclase (Fig. 12f).
Rosenberg & Riller (2000) reported that pockets within
quartz aggregates inferred to have been former melt
are oriented at high angle to the foliation plane, pos-
sibly close to r1. Melt distribution in our samples is
similar to their results and also to experiments at high
differential stresses (Dell� Angelo & Tullis, 1988) and
high confining pressures. In these experiments, melt
accumulated in pockets along faces of the grains sub-
parallel to the main compressional stress direction r1
(Dell� Angelo & Tullis, 1988; Daines & Kohlstedt,
1997). Such a melt topology is also termed �dynamic
wetting� (Jin et al., 1994).

In types III and IV migmatites both residual and
new grains of K-feldspar and plagioclase exhibit low
SPO, GBPO and LPO (Figs 8, 9 & 12), indicating
absence of dislocation creep, in contrast to quartz,
which exhibits relatively strong crystallographic pre-
ferred orientation (Fig. 11a). The topology of former
melt is poorly constrained in both types III and IV
migmatite but, the SPO of the minor phases inter-
preted to have crystallized from melt shows a bimodal
distribution sub-perpendicular and sub-parallel to the
S2 foliation. These observations are neither compatible
with high differential stress nor low differential stress
experiments, in which the melt occurs primarily in
triple point junctions without any SPO (Dell� Angelo
et al., 1987; Gleason et al., 1999). However, in some
natural samples, former melt pockets are preferentially
located along grain boundaries parallel to the foliation
(John & Stünitz, 1997; Sawyer, 1999; Rosenberg &
Berger, 2001), indicating that the orientation of melt
pocket in nature is not always in agreement with
experimental studies (Rosenberg, 2001). In this study,
the melt pocket orientation sub-parallel to the foliation
may indicate low differential stress and high fluid/melt
pressure as suggested by Cosgrove (1997).

We conclude that during evolution from type I
banded orthogneiss to type IV nebulitic migmatite melt
wetted a majority of grain contacts. The AMS study
and quartz microfabrics in types II to IV migmatites
suggest that the melt fraction did not exceed the critical
amount to allow free relative movement of grains
without interference, i.e. the melt fraction is below the
critical threshold (e.g. RCMP of Arzi, 1978; RPT of
Vigneresse et al., 1996). Rosenberg & Handy (2005)
argued that melt fractions of only / ¼ 0.07 (melt
connectivity threshold, MCT) will enable the forma-
tion of interconnected networks of melt under dynamic
conditions which will lead to a substantial strength
drop. These authors suggested that weakening at the
MCT probably involves localized, inter- and intra-
granular microcracking, as well as limited rigid body
rotation of grains, without an important contribution
of dislocation creep and diffusion processes at grain
boundaries. However, we do not observe any strain
localization associated with brittle failure and there-
fore it is suggested that the deformation has to be
accommodated by mechanisms operating homoge-

neously across significant rocks volumes. Material
science experiments (Mabuchi et al., 1997) show that
weakening due to melt-enhanced grain boundary slid-
ing at low melt fraction is an efficient mechanism
allowing homogeneous deformation. We suggest that
deformation of both feldspars and quartz in the type II
to type IV migmatites occurred by melt-enhanced grain
boundary sliding with a contribution to the overall
deformation by dislocation creep. These characteristics
are compatible with granular flow as described by
Paterson (2001) accompanied by melt-enhanced diffu-
sion and/or direct melt flow.

CONCLUSIONS

Based on a detail field and microstructural study, we
distinguish four types of gneiss/migmatite in the Gföhl
gneiss complex: (i) banded orthogneiss (type I), with
distinct layers of recrystallized plagioclase, K-feldspar
and quartz separated by layers of biotite; (ii) stromatic
migmatite (type II), composed of plagioclase and K-
feldspar aggregates with subordinate quartz and
irregular quartz aggregates – the boundaries between
individual aggregates are ill defined and rather diffuse;
(iii) schlieren migmatite (type III), which consists of
plagioclase–quartz- and K-feldspar–quartz-enriched
domains with a foliation marked only by preferred
orientation of biotite and sillimanite dispersed in the
rock; and, (iv) nebulitic migmatite (type IV), with no
relicts of gneissosity. It is demonstrated that this is a
continuous sequence developed by melt-present
deformation, in which the type I banded orthogneisses
and type IV nebulitic migmatites are end-members.

The progressive disintegration of the banded
microstructure and the development of nebulitic
migmatite is characterized by several systematic tex-
tural changes. The grain size of all felsic phases
continuously decrease whereas the population density
of precipitated phases increases. The new phases
preferentially nucleate along high-energy like–like
boundaries, causing the development of a regular dis-
tribution of individual phases. Simultaneously, the
modal proportions of felsic phases evolve towards a
�granite minimum� composition. Further, this evolu-
tionary trend is accompanied by a decrease in grain
SPO of all felsic phases. To explain these textural and
compositional changes we introduce a model of melt
infiltration from an external source in which melt is
argued to pass pervasively along grain boundaries
through the whole-rock volume. It is suggested that the
individual migmatite types represent different degrees
of equilibration between the host rock and migrating
melt during the retrograde metamorphic evolution.

The inferred melt topology in type I orthogneiss
exhibits elongated pockets of melt oriented at a high
angle to the compositional banding, indicating that the
melt distribution was controlled by deformation the
solid framework. Here, the microstructure exhibits
features compatible with a combination of dislocation
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creep and grain boundary sliding deformation mech-
anisms. The types II–IV microstructures developed by
granular flow accompanied by melt-enhanced diffusion
and/or melt flow. However, the amount of melt present
never exceeded a critical threshold during the defor-
mation to allow free rotation of biotite grains.

The model of melt infiltration based on structural
and microstructural observation is supported by ther-
modynamic (Hasalová et al., 2008a) and geochemical
modelling (Hasalová et al., 2008b). Although our data
seem to be consistent with such a model, there are still
a number of issues to be resolved (e.g. time-scale of the
process, the character of the melt and the grain-scale
deformation mechanisms enabling pervasive flow of
viscous melt). Nevertheless, our model has profound
consequences for the petrogenesis of migmatites, the
rheology of anatectic regions during syn-orogenic
exhumation and melt transport in the crust.
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evidence from the Náměšt� granulite massif. Tectonophysics,
201, 371–391.

Vanderhaeghe, O., 1999. Pervasive melt migration from mi-
gmatites to leucogranite in the Shuswap metamorphic core
complex, Canada: control of regional deformation. Tectono-
physics, 312, 35–55.

Vernon, R. H., 1974. Controls of mylonitic compositional lay-
ering during non-cataclastic ductile deformation. Geological
Magazine, 111, 121–123.

Vernon, R. H., 1976. Metamorphic Processes: Reactions and
Microstructure Development. Wiley, New York.

Vernon, R. H. & Paterson, S. R., 2001. Axial-surface leucosomes
in anatectic migmatites. Tectonophysics, 335, 183–192.

Vielzeuf, D. & Holloway, J. R., 1988. Experimental determina-
tion of the fluid-absent melting relations in the pelitic system-
consequences for crustal differentiation. Contributions to
Mineralogy and Petrology, 98, 257–276.

Vigneresse, J.-L., Barbey, P. & Cuney, M., 1996. Rheological
transitions during partial melting and crystallization with
application to felsic magma segregation and transfer. Journal
of Petrology, 37, 1579–1600.

Walte, N. P., Bons, P. D., Passchier, C. W. & Koehn, D., 2003.
Disequilibrium melt distribution during static recrystalliza-
tion. Geology, 31, 1009–1012.

Walte, N. P., Bons, P. D. & Passchier, C. W., 2005. Deformation
of melt-bearing systems – insight from in situ grain-scale
analogue experiments. Journal of Structural Geology, 27,
1666–1679.

Waters, D. J. & Lovegrove, D. P., 2002. Assessing the extent of
disequilibrium and overstepping of prograde metamorphic
reactions in metapelites from the Bushveld aureole. Journal of
Metamorphic Geology, 20, 135–149.

Weinberg, R. F. & Searle, M. P., 1998. The Pangong Injection
Complex, Indian Karakoram: a case of pervasive granite flow
through hot viscous crust. Journal of Geological Society, 155,
883–891.

Wickham, S. M., 1987. The segregation and emplacement of
granitic magmas. Journal of the Geological Society of London,
144, 281–297.

Willaime, C. & Gandais, M., 1977. Electron microscope study of
plastic defects in experimentally deformed alkali feldspars.
Bulletin de la Societe Francaise de Mineralogie et de Cristal-
lographie, 100, 263–271.

Willaime, C., Christie, J. M. & Kovacs, M.-P., 1979. Experi-
mental deformation of K-feldspar single crystals. Bulletin de
Mineralogie, 102, 168–177.

Zapletal, K., 1990. Low-field susceptibility anisotropy of some
biotite crystals. Physics of the Earth and Planetary Interiors,
63, 85–97.

Závada, P., Schulmann, K., Konopásek, J., Ulrich, S. & Lexa,
O., 2007. Extreme ductility of feldspar aggregates – melt
enhanced grain boundary sliding (GBS) and creep failure:
rheological implications for felsic lower crust. Journal of
Geophysical Research, doi: 10.1029/2006JB004820.2007

Received 14 February 2006; revision accepted 25 September 2007.

SUPPLEMENTARY MATERIAL

The following material is available online at http://
www.blackwell-synergy.com:

Appendix S1 Digitalized thin sections (separated
plagioclase and K-feldspar domains) that have been
used for the quantitative analyses.
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ABSTRACT This study answers the question of origin and evolution of a granulitic microstructure typically
developed in felsic granulites of the European Variscan belt. It shows that the precursor of the Variscan
felsic granulites was a high-pressure alkali feldspar-rich coarse-grained layered orthogneiss. Its S1
subhorizontal layering is defined by the alignment of alkali feldspar porphyroclasts alternating with
monomineralic bands of quartz and bands rich in plagioclase and garnet. The alkali feldspar
porphyroclasts contain inclusions of quartz, garnet, kyanite, biotite and rutile, reflecting peak P–T
conditions of 1.6–1.8 GPa and 850 �C during S1 formation. Superimposed steep folds and steep
cleavage, S2, are associated with recrystallization of alkali feldspar, plagioclase and quartz, and garnet
chemistry modifications that correspond to 0.9–1.0 GPa and 800 �C. During exhumation, involving
0.8 GPa decompression and cooling, the probably perthitic alkali feldspar underwent an unusual
process of heterogeneous decomposition along irregular reaction fronts forming a fine-grained matrix
composed of plagioclase and K-feldspar grains. Regular grain distributions in the matrix, nucleation-
dominated crystal size distribution and preservation of lattice orientation of the parental perthite
crystals are all explained by a discontinuous precipitation process. This heterogeneous decomposition of
alkali feldspar solid solution is controlled by chemically and strain induced grain-boundary migration.
During exhumation and decompression, the fine-grained matrix underwent viscous deformation,
forming the typical microstructure of the Variscan granulites. Random phase distributions, minor
coarsening and feldspar textures are interpreted as a result of strain softening due to diffusion creep-
accommodated grain-boundary sliding. Subordinate large quartz ribbons were rheologically stronger
than the feldspar-dominated matrix due to the activity of different deformational mechanisms. Finally,
in mid-crustal levels, the subvertical structure was overprinted by a perpendicular steep fabric associated
with the growth of sillimanite, heterogeneous hydration and local partial melting, development of
aggregate phase distributions and significant coarsening. This evolution is accompanied with the
development of a strong lattice preferred orientation of quartz, K-feldspar and plagioclase, reflecting a
switch to dislocation creep mechanism and a general hardening of the granulites under amphibolite
facies conditions.

Key words: felsic granulites; Moldanubian domain; quantitative microstructural analysis; quartz and
feldspar rheology; Variscan belt.

INTRODUCTION

Felsic high-pressure (HP) granulites represent the most
abundant deep crustal rocks exposed in the Palaeozoic
Variscan belt in Europe and form large accumulations
of the orogenic lower crust, e.g. in the Vosges Massif
(Gayk & Kleinschrodt, 2000) and the Bohemian
Massif (O�Brien & Carswell, 1993), where the classic
example is the Saxony Granulite Massif (Behr, 1961).
These rocks are characterized by a fine-grained
recrystallized matrix of K-feldspar and plagioclase
containing kyanite, garnet and quartz ribbons. These

highly deformed rocks have attracted the interest
of structural geologists for decades (e.g. Behr, 1961;
Lister & Dornsiepen, 1982), who have studied the
quartz textures and considered the granulite micro-
structure a testimony to deep crustal flow. However,
despite the generally accepted opinion that granulites
represent deep-seated tectonites reflecting deformation
in the deep crust, the parental rocks as well as physical
conditions and mechanism of deformation remain
matters of discussion. Therefore, the key issue of this
work is understanding the formation of the granulite
microstructures and related deformation mechanisms
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in terms of thermal conditions and deformational
processes. Unravelling the complex deformational
behaviour of the felsic granulites should assist broader
considerations of rheology and mechanical behaviour
of orogenic lower crust during various stages of
deformation and exhumation.

The deformation mechanisms governing rheology of
lower crustal rocks are often hard to determine due to
changes of the microstructures during exhumation,
recrystallization in later deformations or retrogres-
sion (e.g. Rutter & Brodie, 1992). At granulite facies
conditions, the ductile strain is usually accommodated
by dislocation creep, or diffusion creep that may be
complemented by grain-boundary sliding (GBS)
(Martelat et al., 1999; Garlick & Gromet, 2004),
each mechanism having variable importance. Grain-
boundary diffusion or the presence of silicate melts
may favour the diffusion creep or GBS according to
new results of Schulmann et al. (2008) and Závada
et al. (2007). The GBS may then operate at the expense
of other mechanisms and promote granular flow,
particularly in fine-grained rocks (Závada et al., 2007;
Schulmann et al., 2008).

Feldspar, the main constituent of the felsic granu-
lites, is an essential component of the Earth�s crust.
Nevertheless, its deformational behaviour is not yet
fully understood, mainly due to complex solid solution
mixing and variation in crystallographic structure with
cooling (e.g. Ribbe, 1983; Putnis et al., 2003; Abart
et al., 2009). A common process is exsolution with
cooling, which modifies the rheological behaviour of
alkali feldspar and may lead to drastic weakening of
the orogenic lower crust (Schulmann et al., 2008).

Feldspar recrystallization, driven mainly by chemi-
cal disequilibrium of the Or–Ab–An solid solution,
has been studied in natural examples (Stünitz, 1998;
Putnis, 2002) or experimentally (Stünitz & Tullis,
2001), but these studies have focused mainly on
medium-temperature water-assisted processes below
�500 �C. At these conditions the original chemically
unstable feldspar undergoes dissolution and precipi-
tates as two separate feldspars of different composi-
tion. Such results cannot be easily extrapolated to the
granulite water under-saturated HT conditions of at
least 850 �C (O�Brien & Rötzler, 2003; Štı́pská &
Powell, 2005), where the available fluid is represented
by silicate melt, rather than water.

In order to address the above-mentioned aspects, we
present a microstructural analysis of exceptionally
preserved samples of lower-crustal felsic granulites from
an 8.5 · 2.5 km domain (Franěk et al., 2006, 2011) with
well-preserved granulite facies fabrics. These rocks form
part of the Blanský les Granulite Massif (BLG) in
the southern Bohemian Moldanubian domain, which
belongs to the Variscan collisional chain in central
Europe. The combined microstructural and petrologi-
cal analysis shows evidence of a complex evolution of
alkali feldspar rheology during granulite formation and
exhumation. Changes in ductility are ascribed to

chemically and deformationally driven recrystalli-
zation, variations in grain size as well as changing
temperature and the amount of interstitial melt.

Geological setting

The Bohemian Massif (Fig. 1a,b) represents the eastern
exposure of the Variscan orogen in Europe. During
the Variscan orogenesis (380–300 Ma), involving
Saxothuringian oceanic subduction and subsequent
continental underthrusting, a �300-km wide orogenic
chain evolved. From the NW to the SE, the following
tectonic sequence is developed (Schulmann et al.,
2009): the Saxothuringian domain represented by
Neoproterozoic basement covered by Palaeozoic
sedimentary rocks, the Teplá suture zone and the
supra-crustal Teplá–Barrandian Unit. Further to
the SE, the arc-related granitoid plutons separate the
Teplá–Barrandian folded sedimentary rocks from the
high-grade Moldanubian Zone, which shows wide-
spread anatexis and contains slices of lower-crustal and
mantle rocks. This pervasively deformed root domain is
further to the east bounded by the Brunia microplate
(e.g. Schulmann et al., 2005), which is only marginally
affected by Variscan tectonometamorphic processes.
The Moldanubian Zone consists of middle- and

lower-crustal segments, offering an excellent opportu-
nity to examine evidence of the exhumation processes
operating in a collisional setting. The exhumed lower
crust, designated as the Gföhl Unit (Fuchs, 1976), is
represented by felsic granulites and anatectic gneisses
that enclose small bodies of mafic granulites, mantle
rocks and eclogites. The mid-crustal paragneiss-domi-
nated level has been divided according to the prevailing
lithology into the Monotonous Group, with only lim-
ited content of intercalations, such as amphibolites or
quartzites, and the Varied Group, bearing a large
proportion of intercalated amphibolites, quartzites
and marbles (Fuchs, 1976; Matte et al., 1990). The
studied BLG is the largest granulite body in Southern
Bohemia, and belongs to the Gföhl Unit, which is
located in a complex stack between the Monotonous
and Varied groups, being accompanied by several
neighbouring granulite bodies (Fig. 2).

Previous studies of South Bohemian granulites

P–T estimates (Fig. 3) of peak metamorphic conditions
have been calculated by various authors using either
conventional thermobarometry yielding �1000 �C ⁄
1.6 GPa (e.g. Vrána, 1989; O�Brien & Seifert, 1992;
Carswell & O�Brien, 1993; Cooke, 2000), thermo-
dynamic modelling in THERMOCALCTHERMOCALC software that yields
a maximum of 850 �C ⁄ 1.6–1.8 GPa (Štı́pská & Powell,
2005) or TWEEQU yielding 970–1000 �C ⁄ 1.6–1.7 GPa
(Kröner et al., 2000). The conditions for the amphibo-
lite facies overprint are estimated to 700–800 �C and
0.5–0.8 GPa (Kröner et al., 2000; Štı́pská & Powell,
2005; Verner et al., 2007).
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Radiometric ages ascribed to protolith crystallization
of the South Bohemian felsic granulites give between
469 ± 4 and 357 ± 2 Ma using the U–Pb method on
zircon (Wendt et al., 1994; Kröner et al., 2000). Sub-
sequent peak HP metamorphism took place between
351 ± 6 Ma (Wendt et al., 1994) and 341 ± 3Ma
(Kröner et al., 2000). Retrogression under amphibolite
facies conditions proceeded immediately after exhu-
mation to mid-crustal levels, between 340 ± 3 and
338 ± 3 Ma (both U–Pb on zircon, Kröner et al.,
2000). Cooling below �500 �C is constrained by the
331 ± 1 Ma 40Ar–39Ar age of hornblende from an
amphibolite adjacent to the BLG (Košler et al., 1999).

Protolith to the felsic granulites is still debated, but
the majority of studies consider the protolith to have
been a granitic igneous rock (e.g. Fiala et al., 1987;
Jakeš, 1997; Kotková & Harley, 1999; Finger et al.,
2003; Janoušek et al., 2004, 2006; Tropper et al., 2005;
Janoušek & Holub, 2007). Janoušek et al. (2004) sug-
gested an Ordovician granitic protolith with a model
age of c. 450 Ma, which is supported by the radio-
metric U–Pb zircon ages of Kröner et al. (2000) and
Friedl et al. (2003).

Franěk et al. (2006) reported a succession of three
ductile fabrics in the BLG (Fig. 2). The oldest
subhorizontal fabric S1 is preserved in an 8.5 km ·
2.5 km elliptical area of the BLG and macroscopically
is defined by an alternation of up to 1-cm thick
white bands formed by recrystallized alkali feldspar,
up to 1-cm thick quartz-rich bands and 1- to 3-mm
thick darker plagioclase–garnet-dominated bands
(Fig. 4a,b). Large perthite porphyroclasts, up to a
centimetre in diameter, are preserved in the feldspar-
rich bands. The S1 foliation is folded by metre-scale
passive F2 folds with steeply inclined axial planes
and pervasively developed penetrative cleavage S2,
which is macroscopically characterized by strong
subhorizontal elongation of quartz ribbons and
biotite aggregates. Within the limbs, the S1 compo-
sitional layering is stretched and progressively rotated
towards the N–S striking steep S2 cleavage, which
contains the subhorizontal L2 stretching and mineral
lineation. In strongly reworked areas, the only relicts
of the S1 fabric are highly attenuated remnants of the
S1 compositional layering parallel to S2. Macro-
scopically, the D2 structures are best seen in the form

(a)

(b)

Fig. 1. (a) Position of the Bohemian Massif in the Variscan chain in Europe. (b) Simplified geological architecture of the Bohemian
Massif. Rectangle marks the study area depicted in Fig. 2. Modified after Franke (2000).
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Fig. 2. Structural map of the Blanský les Granulite (modified after Franěk et al., 2006). Stereographic projections depict contoured
densities of foliation poles and dots mark corresponding lineations: S2 – 55 foliations and 24 lineations; S3 – west 51 foliations
and 35 lineations; S3 – east 51 foliations and 54 lineations. Note that in all cases the foliation poles are distributed along great circle(s)
whereas the lineations plunge subparallel to p-axes corresponding to these great circles.
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of the elongated quartz ribbons and biotite aggregates
that show a strong shape-preferred orientation. Both
the S1 and S2 foliations show a mineral assemblage
of Grt–Ky–Bt–Kfs–Pl–Qtz, indicating HP granulite
facies conditions. Mafic boudins enclosed in S2 are
crosscut by Grt–Ky–Kfs–Pl–Qtz felsic dykes. At the
marginal part of the elliptical structural relict domain,
the S2 foliation is folded by outcrop-scale F3 folds
with the formation of axial gneissosity S3 (Fig. 4c).
This gneissosity penetratively transposes all previous
fabrics in the majority of the BLG and shows
synkinematic retrogressive breakdown of garnet to
biotite and kyanite to sillimanite (Fig. 5f), constrain-
ing the deformation to mid-crustal conditions. The
detailed tectonic history and exhumation in a form
similar to a forced diapir are described in Franěk
et al. (2011) and Lexa et al. (2011).

PETROLOGY

Analytical procedures

The minerals were analysed using the scanning electron
microscopes Tescan VEGA\\ XMU at 15 kV and
0.4 nA at the Strasbourg University and CamScan CS
3200 at 15 kV and 3 nA at the LAREM laboratory of
the Czech Geological Survey in Prague. Compositional
maps of the feldspar were complemented by spot
or area analyses of representative places. Mineral
formulae and end-member proportions were calcu-
lated using the NORMNORM software (Ulmer, 1986). Micro-
structural types are qualitatively described according
to the deformational fabrics (S1–S3) and subse-
quently they were quantitatively evaluated using the
program PolyLX (Lexa et al., 2005) and by electron

Fig. 3. P–T estimates from Moldanubian
granulites accompanied by relevant
radiometric ages suggest almost isothermal
rapid exhumation from peak metamorphic
conditions to mid-crustal levels. Results
from south Bohemian bodies emphasized by
thick lines. For references, see fig. 3 in
Franěk et al. (2011).
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back-scattered diffraction (EBSD). To study the tran-
sition from the S1 fabric into the S2 cleavage and
the associated P–T path, the rocks were collected from
one locality within the elliptical relict structural
domain (outcrop H296; Fig. 2; 48�51¢52.343¢¢N, 14�19¢
14.135¢¢E). Sixty thin sections containing �350 large

perthite porphyroclasts were oriented with respect to
the penetrative S2 foliation and L2 lineation, repre-
senting XY, XZ and YZ sections.

Petrography of the granulites with the S1 fabric

Rocks at outcrop H296 are white-grey, fine-grained
granulites composed of alkali feldspar, quartz,
plagioclase and garnet (�0.2 mm), with minor biotite,
kyanite (�0.3 mm) and porphyroclasts (up to 17 mm)
of perthitic alkali feldspar. The rocks record evidence
of the complete granulite facies structural evolution
described above. Microscopically, S1 contains discon-
tinuous bands or lenses dominated by plagioclase that
contain numerous garnet, kyanite, some quartz and
biotite (Fig. 5b,d). The almost monomineralic S1
quartz bands are recrystallized into elongated S2
ribbons and only quartz accumulation into stripes
indicates the original S1 layering (Fig. 5c). Less elon-
gated quartz grains are rarely preserved in pressure
shadows of perthite porphyroclasts. Large perthite
porphyroclasts with numerous lensoidal to lamellar
oligoclase exsolutions are recrystallized at their grain
boundaries to a mixture of small K-feldspar grains
(�0.063 mm) with rare perthitic exsolution lamellae
and oligoclase grains (�0.047 mm). The feldspar-
dominated bands with rare garnet are predominantly
composed of this K-feldspar–plagioclase mixture with
minor quartz (�0.055 mm), ascribed to the D2
recrystallization process (Figs 5a & 6a,b). In the
recrystallized matrix composed of K-feldspar, plagio-
clase and quartz, minor garnet, kyanite, biotite, rutile,
ilmenite, zircon, monazite and apatite also occur
(Fig. 6g,h).
The perthitic porphyroclasts (up to 17 mm across)

contain inclusions of quartz, garnet and kyanite, and
more rarely biotite, rutile, ilmenite, zircon, monazite,
apatite and Fe-sulphide (Fig. 6a–f). Quartz inclusions
(up to 1 mm across) commonly consist of a single
crystal with oval or euhedral shape. Garnet (up to
1.2 mm across) enclosed in perthite is euhedral and is
commonly surrounded by a thin corona of plagioclase.
Subhedral kyanite inclusions are also separated from
perthite by a thick plagioclase corona. Biotite inclu-
sions in perthite have short prismatic habits, and are in
places partially retrogressed to chlorite.

Mineral chemistry

To specify the P–T path for the S1 and S2 fabrics, one
sample (H296-S1A) with the S1 layering affected by
the S2 cleavage, as described above, was analysed in
detail. It contains garnet, kyanite, perthitic K-feldspar,
plagioclase, quartz, biotite, rutile, ilmenite, apatite and
zircon. The composition of the minerals in the indi-
vidual bands is similar. Large perthite grains include
quartz, garnet, kyanite, rutile, ilmenite, apatite and
zircon. Garnet included in large perthite and garnet
from the matrix are zoned from core to rim with

(a)

(b)

(c)

Fig. 4. Field photographs of (a and b) passive F2 folds depicting
penetrative development of S2 axial cleavage across the folded
S1 compositional layering. (c) F3 folds reworking at amphibolite
facies conditions the granulite facies S2 mylonite.
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(a) (b)

(c) (d)

(e) (f)

Fig. 5. BSE images characterizing the three examined fabrics. (a) S1 compositional layering. (b) S1 rotated subparallel to S2 in a
fold limb; note quartz shapes in perthite and in the matrix. (c) Quartz-rich S1 band recrystallized to S2 ribbons. (d) Grt–Ky–Pl-rich S1
band affected by the D2 deformation. (e) Penetratively developed S2 granulitic mylonite; note plagioclase corona around kyanite.
(f) Amphibolite facies S3 fabric; note biotite with sillimanite growing around garnet and a relict kyanite.
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decreasing grossular, increasing pyrope and alman-
dine, and flat XFe (Alm0.52�0.61Grs0.23�0.04Prp0.22�0.28

Sps0.00–0.01; XFe = Fe ⁄ (Fe + Mg) = 0.70, Fig. 7b).
TheXFe of biotite in the matrix ranges from 0.33 to 0.35

with Ti = 0.21)0.26 (pfu based on 22 oxygen).
Recrystallized K-feldspar and plagioclase are zoned
from core to rim, with Or77 fi 97Ab23 fi 03An0.0 and
Or02 fi 01Ab81 fi 77An18 fi 21, respectively. Kyanite,

(a)

(c) (d) (f)

(e)

(g) (h)

(b)

Fig. 6. BSE images of S1 layering. (a–f) Inclusions in the large perthite grains reflect peak metamorphic assemblage. A microchemical
profile across garnet in (f) is presented in Fig. 7. (g) Grt–Ky–Pl-rich S1 band containing biotite, which grows parallel to S2. (h)
K-feldspar-rich band enclosing kyanite with typical well-developed plagioclase corona.
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both included in perthite and in the matrix, is
surrounded by a plagioclase corona.

The studied sample H296-S1A lacks biotite inclu-
sions in the perthite porphyroclasts, and because bio-
tite and garnet inclusions in perthite are generally rare,
the other five samples from the same macroscopically
homogeneous outcrop were analysed to test whether
there is a difference in composition between biotite and
garnet inclusions in perthite and those in the matrix.
The biotite XFe ranges from 0.23 to 0.40 and
Ti = 0.15)0.34 pfu, and there is no clear difference
between biotite inclusions and biotite in the matrix
(Table 1). Garnet in other thin sections shows the same
zoning as that from the sample H296-S1A, but addi-
tionally a decrease in XFe to 0.68 at some garnet rims
was detected.

The composition of the large unzoned perthite
grains was acquired in several samples from the same
outcrop by areal analyses performed by scanning of
regions containing �100 plagioclase exsolution lamel-
lae. It corresponds on average to 68.2% Or, 27.3% Ab
and 4.5% An (Fig. 7a). The K-feldspar domains of
perthite porphyroclasts contain on average 87.1% Or,
12.3% Ab and 0.6% An. The relict perthite porphyr-
oclasts reveal two generations of plagioclase exsolution
lamellae (e.g. Fig. 6c). The coarser exsolution lamellae,

presumably older, exhibit elongated braided shapes
and are 0.8% Or, 76.7% Ab and 22.5% An in com-
position. The second micro- to crypto-perthitic gener-
ation of exsolution lamellae was not analysed because
of its small thickness. Detailed feldspar compositions
studied in relation to the recrystallization mechanisms
for individual deformation episodes are given below.

P–T path for S1 and S2 fabrics

A pseudosection was calculated using THERMOCALCTHERMOCALC 3.30
(Powell & Holland, 1988) and DATASETDATASET 5.5 (Holland &
Powell, 1998; November 2003 upgrade), in the system
NCKFMASHTO (Na2O–CaO–K2O–FeO–MgO–
Al2O3–SiO2–H2O–TiO2–O) with biotite and melt
models from White et al. (2007), garnet from Diener
et al. (2008), ilmenite from White et al. (2000), feldspar
from Holland & Powell (2003), white mica from
Coggon & Holland (2002) and cordierite from the
THERMOCALCTHERMOCALC documentation (Powell & Holland, 2004).
Mineral composition isopleths x(g, bi) = Fe ⁄ (Fe +
Mg), z(g) = Ca ⁄ (Ca + Fe + Mg) and t(bi) =
XTi(M1) were plotted for garnet and biotite. The
analysed composition of the sample H296-S1A (in
wt% SiO2 = 71.98, TiO2 = 0.42, Al2O3 = 13.53,
FeO = 2.1, MnO = 0.03, MgO = 0.73, CaO = 1.93,

(a)

(b)

Fig. 7. (a) Ternary plot of feldspar compositions acquired from microchemical analyses of perthite recrystallization and S2 fabric.
Similar bulk compositions of parental perthites and shielded matrix are contrasted against areal analyses of deformed matrix. Zoning
of plagioclase and to a lesser extent also of K-feldspar are highlighted in the description of data clusters. (b) Microchemical profile
across garnet enclosed in large perthite showing a wide flat grossular-rich core, gradual compositional zoning at both rims and almost
constant XFe across the whole crystal.
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Na2O = 2.76, K2O = 4.01, P2O5 = 0.15, H2O) =
0.22, H2O+ = 0.56, CO2 = 0.03) was modified for
modelling by adding 1 mol.% of kyanite to enable
a small amount of aluminosilicate to be stable at
the estimated peak metamorphic conditions, as it is
observed in the thin section. The amount of H2O =
0.33 mol.% was chosen after the construction of
T–MH2O sections, as it allows the garnet XFe = 0.70 to
be stable in the pseudosection (not shown; see Hasalová
et al., 2008a for approach). The major features of the
pseudosection involve melt being stable above 810 �C,
biotite stable up to 1.6 GPa and 860 �C, ilmenite stable
below 1.26 GPa, cordierite stable below 0.7 GPa, and
a muscovite-out line heading from 750 �C to 810 �C
at 1.35 GPa and then continuing to 880 �C and
2.0 GPa (Fig. 8).

The textural features indicate that perthite and
minerals included in perthite (kyanite, garnet, biotite,
rutile and quartz) belong to the early assemblage,
whereas recrystallized plagioclase and K-feldspar,
matrix biotite, rutile, ilmenite and quartz belong to a
later assemblage. Because of intense D2 recrystalliza-
tion, the original plagioclase composition is not
known, but the recrystallized monomineralic plagio-
clase bands and lenses indicate the stability of plagio-
clase with alkali feldspar within the S1 structure.
Chloritized biotite and probably ilmenite in perthite
porphyroclasts are considered as resulting from

re-equilibration. The flat profile of garnet XFe is
interpreted as having equilibrated during the later
stage of metamorphism, even for the garnet included in
perthite porphyroclasts, whereas strong grossular
zoning is consistent with the core composition having
been preserved from the early metamorphic stage, and
the rim having equilibrated during the later stage.
In the pseudosection, the grossular compositional
isopleth of garnet z(g) = 23 occurs outside the biotite
stability field (Fig. 8), whereas biotite also belongs to
the observed peak assemblage. However, the biotite-
present field is only 0.15 GPa and 30 �C apart from the
compositional isopleth z(g) = 23, and the peak is
therefore estimated as the area between these lines,
to �1.6)1.8 GPa and 850)880 �C (area 1 in Fig. 8).
The XFe of the garnet (=70) and the grossular content
at the garnet rim (grs = 4) indicate conditions of
�0.9)1.0 GPa and 825 �C for the second stage (area
2 in Fig. 8). An attempt was made to correlate the
biotite composition with the two metamorphic stages,
but even if the compositions fit approximately the
calculated values in the pseudosection, it is likely
that the measured range (XFe = 0.29)0.36, and Ti =
0.19)0.26 pfu) reflects partial re-equilibration on
decompression, as does the XFe of garnet, and there-
fore cannot be used for more precise estimation of
P)T conditions. The feldspar from the pseudosec-
tion calculations is not used for thermobarometric

Table 1. Representative microchemical analyses of principal minerals constituting the sample H296-S1 used for calculation of the P–T
pseudosection in Fig. 8.

Mineral Grt Grt Bt Kfs Kfs Pl Pl Pl

Sample H296-S1A H296-S1A H296-S1A H296-S1A H296-S1A H296-S1A H296-S1A H296-S1A

Analysis 1 g-c 1 g-r 43 44 45 46 5 47

Position core matrix rim matrix matrix core rim core rim very rim

SiO2 38.67 38.79 39.40 65.54 64.95 63.46 63.02 67.40

TiO2 na na 4.37 0.00 0.00 0.00 0.00 0.00

Al2O3 21.51 21.48 16.88 18.66 18.34 22.66 23.06 20.41

FeO 24.93 29.93 12.37 0.00 0.00 0.35 0.00 0.00

MnO 0.40 0.44 )0.13 0.00 0.00 0.00 0.00 0.00

MgO 5.96 7.99 12.95 0.00 0.00 0.00 0.00 0.00

CaO 8.49 1.41 0.00 0.00 0.00 3.76 4.47 2.09

Na2O na na 0.34 2.48 0.32 9.41 9.17 10.31

K2O na na 9.73 12.87 15.80 0.16 0.32 0.22

Total 99.95 100.05 95.91 99.55 99.42 99.79 100.04 100.43

Si 3.00 3.01 3.00 3.01 3.03 2.81 2.79 2.96

Ti 0.00 0.00 0.25 0.00 0.00 0.00 0.00 0.00

Al 1.97 1.97 1.51 1.01 1.01 1.18 1.20 1.06

Fe3+ 0.04 0.00 0.00 0.00 0.00 0.01 0.00 0.00

Fe2+ 1.58 1.94 0.79 0.00 0.00 0.00 0.00 0.00

Mn 0.03 0.03 )0.01 0.00 0.00 0.00 0.00 0.00

Mg 0.69 0.93 1.47 0.00 0.00 0.00 0.00 0.00

Ca 0.70 0.12 0.00 0.00 0.00 0.18 0.21 0.10

Na 0.00 0.00 0.05 0.22 0.03 0.81 0.79 0.88

K 0.00 0.00 0.94 0.75 0.94 0.01 0.02 0.01

Total 8.00 8.00 8.00 5.00 5.00 5.00 5.01 5.00

Prp ⁄An 0.23 0.31 0.00 0.00 0.18 0.21 0.10

Alm ⁄Ab 0.53 0.64 0.23 0.03 0.81 0.77 0.89

Grs ⁄Or 0.23 0.04 0.77 0.97 0.01 0.02 0.01

Sps 0.01 0.01

XFe (Fe
2+) 0.70 0.68 0.35
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estimations, because recent models use significant
extrapolations from relatively low pressure and tem-
perature with respect to the conditions of formation of
the ternary feldspar of interest (see discussion in
Štı́pská & Powell, 2005). The lack of a clear difference
between the chemistry of biotite inclusions and matrix
biotite in the other studied thin sections is interpreted
as being due to partial chemical re-equilibration on
decompression, even within perthite porphyroclasts.
A decrease in XFe to 0.68 at some garnet rims in the

other studied thin sections (Fig. 7b) may be explained
by further decompression in liquid-absent conditions
where x(g) decreases, or by heating. Plagioclase coro-
nas around kyanite reflect decompression (Tajčma-
nová et al., 2007; Štı́pská et al., 2010).

In summary, the peak P–T conditions �1.6)1.8 GPa
and 850)880 �C are inferred for the stage when alkali
feldspar porphyroclasts were stable with garnet, kya-
nite, biotite, rutile, plagioclase and quartz, presumably
within the S1 layering. The S2 fabric started to develop

Fig. 8. P–T pseudosection calculated in THERMOCALCTHERMOCALC software for a felsic granulite sample H296-S1. The indicated P–T path reflects
coarse-grained alkali feldspar growth at peak conditions followed by decompression during S2 fabric development.
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at these P–T conditions and re-equilibrated to the
assemblage corresponding to the garnet rim composi-
tion, recrystallized K-feldspar, plagioclase, biotite,
rutile, ilmenite and quartz, whereas kyanite separated
by plagioclase from the equilibrated matrix was
metastable (see also Štı́pská et al., 2010). The P–T
estimate for the second stage is 0.9)1.0 GPa and
825 �C, showing �0.8 GPa of decompression associ-
ated with cooling within the S2 fabric.

Granular microstructures

Progressive recrystallization of the original coarse-
grained microstructure into the fine-grained granular
matrix is recorded in finger-like granular matrix
domains preserved in large perthite crystals shielded
from D2 deformation (Fig. 9a,b,e). In this context, the
S2 matrix originated by growth and coalescence of the
granular domains preserved in the perthites (Fig. 9a,b)
and the perthite grains, as well as the plagioclase
aggregates, represent precursors of the fine-grained
granular matrix (Fig. 9c,d). A penetratively developed
S2 mylonitic foliation is characterized by a granular
matrix composed of fine-grained K-feldspar, plagio-
clase and quartz, and elongated coarse-grained �platy�
quartz ribbons (Figs 5e & 9e). The S2–S3 transition
is marked by a substantial change of the granulite
mylonitic microstructure towards orthogneiss-like
rocks mainly by phase redistribution and grain coars-
ening (Franěk et al., 2006).

Type I: microstructure of granular domains within perthites

Development of the granular microstructure started
with the formation and growth of finger-like, fine-
grained domains inside the perthite porphyroclasts
(Type I microstructure, Fig. 9a,b). These domains
commonly show a lack of preferred orientation in all
the studied orthogonal sections; only in XZ sections
are they locally elongated subparallel to the X direc-
tion of the D2 strain. The Type I microstructure
developed dominantly inside perthite porphyroclasts
or along two adjacent perthite crystals and garnet–
perthite grain boundaries (Fig. 6f), whereas along
quartz–perthite or kyanite–perthite boundaries it
develops rarely.

The K-feldspar grains in the Type I microstructure
show mainly oval shapes of small axial ratio compared
with plagioclase. The plagioclase grains range from
circular at K-feldspar triple junctions to highly elon-
gated where it coats boundaries between either new
K-feldspar crystals or between relict perthite and new
K-feldspar (Figs 9b,f & 10a). At the recrystallization
front, the phase boundaries of K-feldspar and plagio-
clase are curved and irregular, whereas in the recrys-
tallized granular matrix the feldspar boundaries are
straighter (Fig. 10a,b).

Areal microchemical analyses of the Type I micro-
structure (regions containing �100 grains) yield an

average composition of 67.3% Or, 29.1% Ab and
3.6% An, similar to that of neighbouring parental
perthite grains. On average, the K-feldspar composi-
tion is 87.6% Or, 11.8% Ab and 0.6% An, and pla-
gioclase cores consist of 1.5% Or, 78.1% Ab and
20.4% An. Compositional maps reveal a sharp reac-
tion front separating parental perthite from the newly
formed Type I microstructure (Fig. 10a). The bound-
ary is easily distinguishable by crypto-perthitic exso-
lutions, which are abundant in the parental perthite
but absent from K-feldspar of the Type I microstruc-
ture. New K-feldspar grains reveal weak gradual zon-
ing from Or82 in cores to Or93 at grain boundaries. The
matrix plagioclase grains show strong zoning marked
by An18–23 cores surrounded by An11–12 rims. Locally,
irregular patches of pure albite occur at the edges of
plagioclase grains.
At the edges of the perthite grains, the new matrix is

weakly deformed, showing still the Type I micro-
structure. Nevertheless, increasing elongation of quartz
inclusions with weakly recrystallized Type I micro-
structure (Fig. 9a) documents the influence of D2
deformation. This Transitional type II microstructure
differs by the occurrence of quartz grains in the matrix,
which suggests exchange of chemical components with
the perthite surroundings. The feldspar composition of
this transitional type also shows significant differences
(Fig. 7a). Area analyses yield an average feldspar
composition of 46.5% Or, 42.0% Ab and 11.5% An,
which is significantly different from both the parental
perthites and the shielded recrystallized domains. The
K-feldspar grains are 90.9% Or, 8.1% Ab and 1.0%
An, and the plagioclase is on average 1.6% Or, 76.5%
Ab and 21.9% An.
The compositional map acquired at the outer edge

of a decomposing perthite also reflects the chemical
changes. Plagioclase zoning exhibits a distinct pattern,
in which An24 homogeneous grains contain only
isolated remnants of An11–13 outer domains. Weak
gradual zoning of K-feldspar, in which the rims are
depleted in albite, resembles K-feldspar in the matrix
shielded inside perthite.
Plagioclase aggregates at this stage are completely

recrystallized to an equi-dimensional mosaic marked
by equigranular grains with straight boundaries,
commonly meeting in triple point junctions (Fig. 9d).
Minor quartz and K-feldspar locally occur at triple
junctions. Quartz forms weakly elongated aggregates
surrounded by the feldspar matrix.

Type II: microstructure of penetrative fabric S2

The Type II microstructure is linked to D2 defor-
mation and it is the dominant microstructural
type throughout the 8.5-km wide relict granulite
facies domain. The Type II microstructure is defined
by a feldspar-dominated granular matrix enclosing
large quartz ribbons. The feldspar aggregate is a
mixture of plagioclase and K-feldspar, forming an
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(a) (b)

(c) (d)

(e) (f)

Fig. 9. BSE images documenting recrystallization of large perthite and formation of the fine-grained granular matrix. (a and b)
Heterogeneous recrystallization of the parental perthite at a sharp reaction front in domains partly parallel to trace of the S2 fabric.
Note the elongation of a quartz inclusion released from the perthite documenting D2 strain. (c and d) Recrystallized Pl–Grt-rich
band with interstitial quartz and cuspate geometry of several K-feldspar grains. (e) Recrystallization of a perthite grain partly exposed
to the D2 strain (top of the porphyroclast) and partly in a pressure shadow (right side). (f) Detail of a shape-preferred orientation
of plagioclase in a newly formed granular matrix adjacent to a parental perthite.
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(b)(a)

Fig. 10. Compositional maps of Ca and K from (a) matrix shielded inside parental perthite and (b) progressively deformed matrix in
the S2 fabric. For Ca, the K-feldspar and quartz grains are masked by white and black colour to emphasize the Ca zoning in
plagioclase. Similarly, the plagioclase and quartz grains are masked in the K distribution maps to demonstrate the K zoning in
K-feldspar. The BSE images are offered for better orientation in phase distribution.
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equi-dimensional mosaic (Fig. 5e). Transposition of S1
compositional layering into the S2 fabric via rotation
and attenuation suggests intense deformation during
D2 (Fig. 9a). The quartz bands inherited from S1
disintegrated to form the ribbons parallel to S2 and
were further dynamically recrystallized along ribbon
boundaries, leading to significant reduction of quartz
grain size (Fig. 11a). Numerous new small quartz
grains nucleated in triple junctions of feldspar grains in
the matrix. The garnet grains became dispersed in the
matrix and kyanite crystals deformed by kinking.
Isolated biotite flakes lie parallel to S2 and, together
with quartz ribbons, define a strong L > S fabric.

Areal analysis of a Type II matrix region covering
�100 feldspar grains yields an average feldspar com-
position of 56.4% Or, 35.9% Ab and 7.7% An
(Fig. 7a). The average composition of the K-feldspar is
84.7% Or, 13.5% Ab and 1.8% An, and the plagio-
clase is composed of 1.8% Or, 74.6% Ab and 23.6%
An.

Two compositional maps acquired from the feld-
spar-dominated matrix (one depicted in Fig. 10b)
reveal typical mild zoning of K-feldspar, reflecting
the loss of Na around grain boundaries. Plagioclase
exhibits uniform An23 composition with a weak
increase of 2–3% anorthite content towards rims.
Locally, thin films of albite occur along plagioclase–
K-feldspar and K-feldspar–K-feldspar boundaries;
they are significantly thinner than rims in the Type I
microstructure.

Type III: microstructure of S3 amphibolite facies fabric

The S3 fabrics prevailing in the felsic granulites of the
BLG reveal highly variable degrees of retrogression
of the previous mineral assemblage. Contemporaneous
hydration of granulites heterogeneously increases
towards the boundaries of the granulite massif, where
it is accompanied by widespread partial melting and
segregation of the melt into mm–dm thick bands
parallel to S3 (Kodym, 1972; Franěk et al., 2006). The
quartz, K-feldspar and plagioclase show irregular
grain boundaries and develop into monomineralic
aggregates (Fig. 12), whereas the quartz ribbons typi-
cal for the S2 entirely disappear. The aspect ratios of
quartz grains significantly decrease, compared with the
S2 fabric, in conjunction with coarsening of feldspar
mosaic (Figs 5f & 11b). The abundant biotite flakes
lie parallel to the foliation planes and sillimanite in
some instances defines the lineation. The resulting S3
microstructure resembles a common Bt + Sil ± Grt
orthogneiss more than a retrograde granulite.

In order to eliminate the effect of strain localization
into melt bands or biotite stripes that developed during
D3, only macroscopically homogeneous S3 samples
with dispersed biotite were studied. The petrology and
microchemistry of a steep fabric from a neighbouring
Křišťanov Granulite Massif, analogous to the S3 in the
BLG, are given in Verner et al. (2007).

Quantitative microstructural analysis

The previous section defined three types of micro-
structures developed from the coarse-grained precur-
sor of the felsic granulites: Type I corresponds to
granular microstructure inside coarse perthite and a
transitional type in the vicinity of coarse perthite
grains; Type II microstructure corresponds to the
pervasively developed granulitic S2 fabric; and Type
III microstructure corresponds to the S3 fabric devel-
oped under amphibolite facies conditions. According
to the principle of fabric superposition (Wilson, 1961),
the succession of microstructural types is seen as an
evolutionary microstructural trend reflecting defor-
mation stages along the exhumation path of the
granulites. The coarse-grained orthogneiss precursor
microstructure cannot be sufficiently described
using quantitative methods. In order to compare
the three microstructural stages, we have quantified
several parameters characterizing the microstructures
using the PolyLX toolbox (Lexa et al., 2005) for
the MATLABMATLAB

TM

software package and CSD-correction
program (e.g. Higgins, 1998). Four thin sections ori-
ented parallel to the lineation and perpendicular to the
foliation (XZ sections) from representative samples of
the S2 (956 & 1252 grains) and S3 fabrics (848 & 886
grains) were digitalized in an ArcView GIS environ-
ment (Fig. 11a,b) and analysed by the PolyLX and
CSD-correction software. In order to obtain statisti-
cally significant results, we have merged four areas of
the Type I microstructure yielding 801 grains. Before
merging, the individual areas were rotated with respect
to the trace of S2. In addition, the transitional matrix
area at the boundary between the perthite and D2
matrix was digitalized, covering 868 grains.

Different microstructural types have been quantified
in plots of bulk grain-boundary preferred orientation
(GBPO) against contact frequencies (Fig. 12) and
slope of linear regression from crystal size distribution
(CSD) analysis v. regression intercept (Fig. 13). The
grain size as well as other quantitative characteristics
are statistically evaluated in Table 2, more detailed
description of the quantitative data is given in
Appendix S1.

The contact frequency method (Kretz, 1969)
compares the observed (O) count of contacts between
two minerals with the value expected (E) for a perfectly
random distribution. The calculation involves modal
proportions of phases, only a scatter in grain size may
cause a limited uncertainty of the results. The bound-
aries are designated as �like–like� for contacts between
grains of one phase or �unlike� for the case of boundary
between two different phases. The resulting v2-value
(O ) E) ⁄ sqrt(E) is a measure of the deviation of
mineral spatial distribution from random. It is positive
for like–like contacts and negative for unlike contacts
if the corresponding microstructure tends to form
monomineralic aggregates (Lexa et al., 2005). On the
other hand, the unlike contacts exhibit positive values,
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(b)

(a)

Fig. 11. Microstructural character of XZ sections (X is parallel to lineation, Z normal to foliation) of the two fabrics quantified in
the felsic granulites: (a) the granulite facies S2 and (b) the amphibolite facies S3. The left column combines optical image under
crossed polarizers with its vectorized form used for statistical analysis in Fig. 12. The right column presents BSE images pointing out
phase distribution.
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whereas the like–like contacts are negative where the
phases tend to be regularly distributed.

Crystal size distributions measured in metamorphic
rocks yield quantitative information about crystal
nucleation and growth rates, growth times and the
degree of overstepping of reactions during meta-
morphism (Cashman & Ferry, 1988). The CSDs are
described as the population density function of the

cumulative number of crystals per unit volume per
linear crystal size. The data are plotted in log-normal
space and a linear regression of points is the charac-
teristic. The intercept values (N0) are proportional to
the nucleation density of the examined phase at the
onset of nucleation (size 0), and the slope (Gt) is pro-
portional to the modification of original grain-size
distribution by a variety of coarsening processes such

Fig. 12. Quantitative microstructural
analysis of the degree of grain boundary-
preferred orientation v. contact frequencies
for like and unlike boundaries of feldspars.
Numbers at individual data points refer to
the evolution stages defined in the section
Granular microstructures.

Fig. 13. Crystal size distribution curves for both feldspars. Values of slope and upper intercept of linear regression are plotted together
in the inset showing an evolutionary trend for both the feldspars. Numbers at individual data points refer to the evolution stages
defined in the section Granular microstructures.
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as Ostwald ripening or �communicating neighbours�
theory (Marsh, 1988). Although the individual abso-
lute values are meaningless without knowledge of
kinetic parameters, they can be used to compare indi-
vidual stages of the textural maturation history in a
single rock type (Lexa et al., 2005; Hasalová et al.,
2008b; Schulmann et al., 2008). The SPO and GBPO
are calculated as ratios of eigenvalues of the orienta-
tion tensors of long axes of minerals and grain
boundaries, respectively (Lexa et al., 2005), and their
values usually depend on types of active recrystalliza-
tion and ⁄ or deformation mechanisms. The aspect
ratio, SPO and GBPO are relatively high for dynami-
cally recrystallized grains deformed by dislocation
creep (Kruse et al., 2001; Ulrich et al., 2002; Baratoux
et al., 2005), whereas low values commonly charac-
terize GBS-controlled diffusion creep associated with
mutual rotation of individual grains (Boullier &
Gueguen, 1975; Behrmann & Mainprice, 1987).

Grain contact frequency evolution

The grain contact frequency method yields a well-
defined evolutionary trend of like–like contacts for
both Kfs and Pl. The two minerals reveal fairly similar
and highly negative values of (O ) E) ⁄ sqrt(E) ratio
()6) for Type I microstructure (Fig. 12), suggesting
highly regular spatial distribution of both feldspars.
Both feldspars also reveal distinct GBPO (1.07–1.15).
The Type II microstructure shows an important in-
crease of like–like grain contact frequency in Fig. 12,
reaching zero, which suggests an almost perfectly
random distribution of both feldspars, coupled with
almost complete loss of GBPO. Finally, the Type III
microstructure reveals a further increase of
(O ) E) ⁄ sqrt(E) values, suggesting a progressively
developing aggregate distribution (higher for plagio-
clase compared to K-feldspar) associated with an
increase of GBPO values. The evolution of K-feldspar–
plagioclase grain boundary frequencies mirrors the

trend of like–like contacts, but the GBPO remains
more developed for all stages, compared with like–like
boundaries, with peaks in Types I and III micro-
structures. The progressive evolution of rock structure
from a regular distribution of grains through random
to an aggregate distribution indicates a process of
solid-state differentiation and development of mineral
layering. The fluctuation of GBPO suggests destruc-
tion of the original preferred orientation of grain
boundaries by D2, whereas D3 was responsible for the
development of a new GBPO.

Grain-size evolution

The grain-size statistics (Table 2, Appendix S1) has a
rather constant and low value (55–70 lm) for recrys-
tallized K-feldspar of the Type I microstructure and
transitional microstructures adjacent to perthite crys-
tals, and a slightly larger grain size for the Types II and
III microstructures (84 & 67 lm, respectively). Simi-
larly, fine-grained plagioclase has a small and constant
grain size for the Type I microstructure (42 lm) and a
larger grain size for Types II and III (�66 lm). The
quartz grain size first decreases from the transitional
microstructure (26 lm) to the Type II microstructure
(23 lm), and increases in the Type III microstructure
(60 lm). In general, the K-feldspar recrystallized grain
size is the largest of all the studied minerals (�70 lm).
The CSD analyses reveal a two stage grain-size

evolution for both plagioclase and K-feldspar
(Fig. 13). Both minerals show decrease of N0 values
and increase of Gt values from the Type I to Types II
and III microstructures. For plagioclase the evolution
is marked by gradual decrease in the N0 value, coupled
with an increase in the Gt value from the Types II to
III microstructures. Importantly, although the evolu-
tion of the plagioclase and K-feldspar grain size starts
from very different positions in the Gt–N0 plot (higher
N0 and smaller Gt in plagioclase, compared with
K-feldspar), they end up with nearly the same values of
both parameters for the Type III microstructure. Both
minerals reach the greatest difference in grain-size
parameters for the Type II microstructure, for which
plagioclase shows significantly higher N0 values and
smaller Gt values compared with K-feldspar.

Shape-preferred orientation and grain elongation

The aspect ratio remains constant for both K-feldspar
and plagioclase during the whole deformation
sequence and the bulk shape-preferred orientation
(SPO) of plagioclase remains similarly low, whereas
K-feldspar SPO is slightly higher for Types II and
III microstructures (Table 2). Quartz reaches the
highest degree of SPO (mean value � 2–3) for Type II,
together with a relatively high aspect ratio. The Type
III microstructure is characterized by a decrease of the
quartz SPO in conjunction with a significant decrease
in the aspect ratio (Table 2).

Table 2. Quantitative characteristics of the microstructural
evolution.

EAD (lm) Bulk SPO Axial

ratio

CSD

intercept

CSD

slope
Q1 Median Q3

1-shielded granular

matrix

Kfs 33.7 56.3 84.4 1.21 1.53 11.57 )16.2
Pl 26.8 42.3 59.4 1.22 1.51 12.78 )22.6

2T-weakly deformed

matrix

Qtz 18.0 26.6 40.9 2.90 1.67

Kfs 44.8 67.1 90.8 1.40 1.49 11.57 )15.7
Pl 29.2 40.3 59.0 1.20 1.53 13.54 )26.0

2-S2 granulitic matrix Qtz 14.7 22.5 45.2 2.12 1.49

Kfs 56.5 83.9 126.7 1.30 1.43 10.40 )11.6
Pl 46.3 64.7 90.6 1.14 1.48 11.73 )16.7

3-S3 retrograde fabric Qtz 39.5 59.8 104.2 1.50 1.46

Kfs 42.7 67.4 109.2 1.40 1.54 10.07 )11.4
Pl 40.9 67.2 111.5 1.27 1.43 10.50 )12.5

Equal area diameter (EAD) statistical characteristics depicting K-feldspar, plagioclase and

quartz grain-size evolution from the perthite recrystallization process to amphibolite facies

syntectonic retrogression. Q1 and Q3 refer to 1st and 3rd quartiles. The bulk SPO is

calculated as the ratio of eigenvalues of bulk orientation tensor according to Lexa et al.

(2005), the axial ratio values represent modus of their lognormal distribution.
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Lattice-preferred orientation

Lattice-preferred orientation (LPO) measurements of
quartz, K-feldspar and plagioclase grains from all the
described microstructural types were additionally
carried out in order to evaluate operative deformation
mechanisms. A strong LPO usually originates during
plastic deformation via dislocation creep, whereas the
diffusion-accommodated GBS generally weakens
the LPO of deforming grains (e.g. Jiang et al., 2000).
The slip systems accommodating dislocation creep are
well known for quartz (e.g. Schmid & Casey, 1986) and
plagioclase (e.g. Tullis, 1983; Montardi & Mainprice,
1987; Kruse et al., 2001; Stünitz et al., 2003), but less
known for K-feldspar (Tullis, 1983). To ensure high
quality of measurements, the crystal lattice orien-
tations were collected manually via EBSD in the
LAREM laboratory of the Czech Geological Sur-
vey and at the Institute of Petrology and Structural
Geology at Charles University in Prague. LPO data for
each sample (XZ thin section) were plotted separately
as non-polar projections on a lower hemisphere and
important slip planes and directions for quartz,
K-feldspar and plagioclase were projected.

Type I microstructure

At first, the EBSD study was carried out in domains
consisting of perthite and the newly formed Type I
matrix enclosed within the perthite, therefore protected

from D2 and D3 deformation. The Type I K-feldspar
and plagioclase grains reveal roughly the same lattice
orientation as the K-feldspar host and plagioclase
exsolutions in parental perthite. When passing outside
the protected matrix into the Transitional type II
microstructure, a continuous increase of LPO scatter-
ing with respect to the parental perthite orientation
occurs in the matrix without any tendency to develop a
new LPO (Fig. 14).

Type II microstructure

The pole figures of matrix quartz show incomplete high-
angle Type II cross-girdle (Lister&Price, 1978) of c-axes
(Fig. 15a). High opening angle and central maximum
are consistent with dominance of prism<a>and<c>
slip systems, being variably accompanied by rhomb
<a> + <c> slip (e.g. Lister & Dornsiepen, 1982).
The large quartz ribbons have an irregular size and
distribution of subgrains, with inclined subgrain
boundaries and a strong central maximum sometimes
accompanied with minor submaxima oriented close
to the lineation. This typical granulite pattern (Behr,
1961) results from predominance of the prism <a>
slip, only rarely accompanied by subordinate prism
<c> slip (Schmid & Casey, 1986).

In plagioclase, the LPO shows an incomplete girdle
of (010) poles normal to the lineation direction and
maxima of [201], [101] and [001] subparallel to the
lineation. It indicates the activity of primary [001] (010)

Fig. 14. Electron back-scattered diffraction measurements of a perthite domain undergoing recrystallization to granular matrix and
initial D2 deformation. The crystal lattice orientation of both K-feldspar background and plagioclase exsolutions in parental perthite
are compared to both feldspars in the granulitic matrix located inside the perthite, at the edge of the perthite and in the deformed
matrix adjacent to the perthite grain. The elongation of quartz grains reflects D2 strain intensity and depicts orientation of S2 fabric.
Lower hemisphere non-polar equal-area projections.
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as well as secondary [101] (010) and [201] (010) slip
systems according to Kruse et al. (2001). The LPO of
K-feldspar is similar to that of plagioclase suggesting
activity of the same slip systems. Additional slip system

[100] (010) in K-feldspar makes the only difference
between both of the feldspars. It is noteworthy that
pole figures of both feldspars show double maxima of
single crystal orientations close to each other.

(a)

(b)

Fig. 15. Polar diagrams of lattice preferred orientation of quartz, K-feldspar and plagioclase from XZ sections of felsic granulites
exhibiting penetrative (a) S2 and (b) S3 fabrics. Only the slip planes significant for each mineral are presented; lower hemisphere
non-polar equal-area projections.
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Type III microstructure

The quartz LPO shows a high angle Type II cross-
girdle of c-axes distribution with a maximum either in
the centre or near edges of the girdle. The LPO is
similar to those measured from the S2 matrix micro-
structure and implies a combination of prism <a>
and rhomb <a> + <c> slip (Fig. 15b). Plagioclase
shows the (010) and (001) planes subparallel to folia-
tion and a girdle distribution of [100] and [201] along
the foliation with single maxima parallel to the linea-
tion. This pattern points to activity of three slip sys-
tems, namely [100] (010), [201] (010) and [100] (001). In
the case of K-feldspar, all samples show a pronounced
maximum of (010) planes parallel to foliation, whereas
other common slip planes do not show such relation-
ship. A girdle distribution is observed for the [001] and
[100] directions, with a maximum of the [001] direction
oriented parallel to the stretching lineation. These
attributes indicate that the activity of [100](010) slip
system is the characteristic for both feldspars.

DISCUSSION

We discuss the origin and petrological significance of
the S1 fabric as a precursor for development of char-
acteristic granular microstructure of Variscan felsic
granulites. Subsequently, an attempt is made to discuss
the origin of granular fabric, its specific quantitative
microstructural characteristics and its importance for
understanding deep crustal flow processes. Finally, the
petrology, microstructure and LPO of various types of
granulites are discussed in terms of the rheological
evolution of orogenic lower crust and its extrusion
(Franěk et al., 2011) during the Variscan orogeny in
Europe. Figure 16 puts the microstructural evolution
in context with the tectonic history.

Interpretation of S1 fabric: HP orthogneiss

The observed structural succession, field distribution
of the S1 relicts and microstructural relations imply
that the perthitic alkali feldspar, plagioclase and quartz
aggregates preserved locally within the S1 composi-
tional layering represent a remnant of the precursor of
the Blanský les felsic granulites. The best preserved
relicts of the S1 layering contain a substantial amount
of large alkali feldspar (presently perthite) and large
quartz grains in the microstructure. The inclusions of
kyanite, high-grossular garnet and rutile suggest that
the large alkali feldspar crystallized at HP conditions
(Figs 8 & 16). Despite diffusional re-equilibration of
most minerals, the peak P–T conditions related to the
growth of large alkali feldspar are estimated at
1.6)1.8 GPa and 850)880 �C. The abundant idio-
morphic or oval-shaped quartz inclusions in the large
perthite porphyroclasts point to a lack of plastic
deformation during alkali feldspar growth. Such
inclusions may develop either in granites, or during

melt-assisted recrystallization in migmatites (Mehnert,
1968, pp. 111, 192). The lenticular plagioclase-rich
aggregates are interpreted as completely recrystallized
remnants of large plagioclase grains complementary to
the alkali feldspar porphyroclasts (Figs 9c,d & 16, 3D
block diagram 1). Consequently, the original rock was a
coarse-grained granite ⁄ orthogneiss crystallized under
HP conditions in the kyanite stability field. Existence of
two complementary feldspars at peak conditions con-
trasts with laboratory experiments of Tropper et al.
(2005) focused on the South-Bohemian felsic granulites,
where only a single alkali feldspar existed above 850 �C.

The S1 layering of initially coarse-grained quartz,
K-feldspar and plagioclase-rich layers may be inter-
preted as a result of solid-state deformational segre-
gation of minerals with different plasticity at high
temperatures, a process common in formation of, e.g.
layered orthogneisses. The length of the bands then
indicates significant strain during the D1 phase.
Assuming growth of large alkali feldspar during the
D1 episode, the overgrowth of quartz, garnet and
biotite by the large feldspar indicates a dominance of
growth processes resulting in overall coarsening of the
gneiss (Higgins, 1998; Lexa et al., 2005). Such crystal
growth indicates that the temperature ⁄ strain rate ratio
was rather high and thermodynamic modelling (Fig. 8)
suggests contemporaneous partial melting. High-P
peak conditions (�1.6–1.8 GPa) indicate that the flow
occurred at the bottom of thickened crust as also
suggested by other studies (e.g. Štı́pská & Powell, 2005;
Racek et al., 2006; Tajčmanová et al., 2006). There-
fore, the S1 fabric probably originated during lower
crustal flow at the bottom of a thickened crustal root
and at progressively increasing temperatures (Fig. 16).

The inclusions within the perthite porphyroclasts,
the S1 compositional layering and the S2 mylonitic
foliation in the BLG are similar to the oldest structures
described from the Saxonian Granulitgebirge (Behr,
1961). In addition, all of the Variscan felsic granulites
reveal similar geochemistry and geochronology
(340 Ma peak). Consequently, both the mentioned
massifs and other Variscan felsic granulite massifs as
well may have evolved from such HP coarse-grained
orthogneisses.

Origin of granular matrix in granulites

The microchemical and textural relations indicate that
the initial large alkali feldspar underwent heteroge-
neous step-by-step recrystallization during the D2
event, which resulted in formation of a fine-grained
matrix. This recrystallization probably postdated
exsolution of the coarse perthitic plagioclase because
(i) the newly formed Type I K-feldspar in the granulitic
matrix is devoid of such large braided exsolutions, and
(ii) the perthite exsolutions reveal �1–2% higher
anorthite content than the cores of Type I matrix
plagioclase indicating a bit higher temperature of for-
mation (Fig. 16, 3D block diagram 2). Nevertheless, it
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Fig. 16. Interpretative 3D scheme of the microstructural evolution of felsic granulites from the coarse-grained layered HP granulite
precursor to granulite facies mylonite developed during exhumation in a crustal scale �diapiric� dome according to Franěk et al. (2011).
The block diagram 1 shows the tentative model of original layered orthogneiss microstructure with numerous kyanite, quartz and
garnet crystals in large feldspar porphyroblasts. The model of �diapiric� exhumation (Franěk et al., 2011; Lexa et al., 2011) shows the
position of this microstructure at the bottom of the crust and its P–T conditions (1). The extent of preservation of the S1 fabric is
marked by light shading at the bottom of diapiric extrusion. The block diagram (2) shows the development of perthites at the beginning
of exhumation with decompression and limited cooling. The block diagram (3) exhibits the development of typical granulite fabric,
such as platy quartz and granular microstructures of Types I and II. Relicts of kyanite preserved in perthite porphyroclasts and matrix
with decompression kelyphitic haloes are shown. This microstructure is developed in the main vertical channel of the �diapir� and is
marked by intermediate shading in the structural model. The �diapir� head shows the stability of Type III granular microstructure (dark
shading) and rotated relict domains preserving Type II microstructure.
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cannot be fully excluded that the large perthitic exso-
lutions in alkali feldspar porphyroclasts originated
during later stages of cooling and decompression along
the exhumation path.

The recrystallization must have initiated by defor-
mation-induced conversion of the (perthitic) parental
alkali feldspar directly into small K-feldspar grains by
an uncommon process, which is discussed in the next
paragraphs. Plagioclase was then gradually redistrib-
uted along the new K-feldspar grain boundaries (e.g.
Fig. 9b,f), presumably via grain-boundary diffusion.
The sharp compositional boundaries between An23
cores and An12 rims of the Type I plagioclase
(Fig. 10a) indicate that they did not develop by con-
tinuous growth and that they were not significantly
affected by later diffusion. We suggest that at first, the
An23 plagioclase grains coalesced in triple junctions of
the new K-feldspar grains by grain-boundary diffusion
mechanism. They originated by reduction of surface
and coalescence of preexisting coarse and composi-
tionally similar An24 plagioclase perthitic exsolutions,
assuming perthitic nature of the parental alkali feld-
spar. The new grain boundaries were subsequently
overgrown by An12 plagioclase, the components for
which were probably released from surrounding
K-feldspar by volume diffusion. This process is indi-
cated by gradual zoning at rims of adjacent K-feldspar
grains (Fig. 10a). The CSD patterns (Fig. 13) show
that the formation of the Type I K-feldspar–plagio-
clase mosaic originated by a nucleation-dominated
process accompanied by limited crystal growth, com-
pared with the later Types II and III microstructure
(Lexa et al., 2005; Hasalová et al., 2008b). The nucle-
ation density of plagioclase was significantly higher
than that of K-feldspar.

The most important manifestation of the perthite
recrystallization is redistribution of Or, Ab and An
components on a micro-scale in a chemically closed
system, resulting in development of the fine-grained
granular matrix (Fig. 16, 3D block diagram 3). The
high amount of unlike grain boundaries in the granular
matrix preserved inside parental perthite indicates a
tendency to regular distribution and thus active inter-
mixing of the K-feldspar and plagioclase. The regular
distribution represents the energetically lowest state of
such a polyphase material (Seng, 1936; DeVore, 1959)
and progressive straightening of grain boundary
geometries of K-feldspar and plagioclase further min-
imizes the surface energy by grain shape simplification
typical for grain boundary reduction (Passchier et al.,
1992). According to this model the recrystallization
then appears to be substantially driven by a decrease of
chemical and surface energy in the metastable (perth-
itic) alkali feldspar. The concept of surface energy
minimization was suggested by Flin (1969), who pro-
posed that the regular distribution is a consequence of
a smaller interfacial energy of unlike boundaries in
comparison with like–like boundaries. However,
Ramberg (1952) considered the interfacial energies to

be too small to drive diffusional mass transfer in
granulites.

The weak but systematic scatter of lattice orienta-
tions of new plagioclase and K-feldspar grains with
respect to the parental perthite (Fig. 14) points to
contribution of stress to the bulk recrystallization
process. Such a process of non-coherent decomposi-
tion of metastable alkali feldspar may be triggered
either by water addition or by the application of
external stress (Brown & Parsons, 1989 and references
therein). As a lack of hydrous phases and presumably
lack of water is typical for the granulite facies evo-
lution of these rocks, the activity of external stress
seems to be better candidate to trigger the recrystal-
lization process.

The almost identical LPO of plagioclase and
K-feldspar, regular grain distribution and high nucle-
ation density CSD pattern of the polymineralic
aggregate developed by recrystallization of solid
solution crystal has not been previously described in
nature. The sharp recrystallization front advancing
into parental perthites represents a moving grain
boundary driven by both chemical and deformational
processes. According to Stünitz (1998), such recrys-
tallization can be considered as a combination of
strain- and chemically induced grain boundary
migration processes. At the temperature and chemical
conditions given during the D2, the activation energy
of the grain boundary migration process was probably
lower than that of dynamic recrystallization of the
metastable (perthitic) alkali feldspar. Material science
literature (e.g. Saheb et al., 1995; Sennour et al., 2004)
has examples of sharp recrystallization fronts advanc-
ing gradually into intact grains of alloys (Fig. 9a,b,f)
explained by the chemically induced grain boundary
migration or a similar discontinuous precipitation
process, which in many aspects resembles the alkali
feldspar recrystallization. According to Yoon (1995),
the discontinuous precipitation in metastable alloys
represents largely autocatalytic recrystallization driven
mainly by coherency strain energy. Activation of this
process depends upon composition, temperature, stress
and strain, elastic anisotropy, crystallographic rela-
tions and boundary curvature of involved grains
(Yoon, 1995). Once triggered, e.g. by external strain, it
causes very efficient heterogeneous decomposition of
oversaturated solid solutions (like alkali feldspar) via
(mainly chemically driven) grain boundary migration
(Hay & Evans, 1987; Saheb et al., 1995; Sennour et al.,
2004).

In conclusion, the formation of the granular matrix
resembles the discontinuous precipitation triggered by
straining of the probably perthitic alkali feldspar
grains during D2 deformation (Fig. 16). The process
starts preferably on pre-existing grain boundaries with
other feldspar porphyroclasts or with garnet. The
migration of the recrystallization front is driven mainly
by the metastability of the (perthitic) alkali feldspar. In
turn, the metastability of parental feldspar controls the
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development of the irregular to amoeboid domains
(e.g. Fig. 9a,b) of fine-grained regularly distributed
K-feldspar and plagioclase matrix.

Lower crustal ascent and strength evolution of felsic
granulites

The onset of the D2 deformation is marked by highly
non-cylindrical folding of the S1 anisotropy prior to
the S2 cleavage development (Figs 4a,b & 16, block
diagram 3). The formation of a typical Variscan felsic
granulite fine-grained microstructure with highly
elongated quartz ribbons is the main result of the D2
deformation (Figs 5e & 9e) that is contemporaneous
with the development of the granular Type I micro-
structure. Petrological modelling and mineral zoning,
particularly the decrease of the grossular component
in garnet, suggest that between the perthite growth
and the end of the D2 there was significant decom-
pression of �0.8 GPa at slightly decreasing temper-
ature over a time span of several million years (Figs 8
& 16). That means the S2 microstructure developed
at slightly lower temperature compared with the S1
and under continuously decreasing pressure as indi-
cated by a number of decompression microstructures
such as plagioclase rims around kyanite and garnet
(Figs 5e & 6h). This conclusion agrees with the
observations of spinel–plagioclase and garnet coronas
developed around kyanite, which form characteristic
decompression microstructures in S2 (Štı́pská et al.,
2010). The common denominator of these coronas is
that they are elongated parallel to S2 foliation
(Fig. 6h) and therefore developed at the end of the
D2 deformation.

The small interstitial quartz grains, discontinuous
albite films at plagioclase or K-feldspar boundaries
and cuspate feldspar grain shapes (Fig. 9d) are con-
sistent with the presence of syn-deformational inter-
granular partial melt in the granulitic S2 matrix, a
conclusion previously suggested by Franěk et al.
(2006) and supported also by dykes of felsic granulite
crosscutting mafic boudins embedded in S2. Tajčma-
nová et al. (2006, 2007) inferred a low content of
partial melt (<5%) and very fast diffusion for Mol-
danubian felsic granulites, either at the peak conditions
(�850 �C ⁄ 1.8 GPa) or during decompressional event
equivalent to our D2 phase. Syn-deformational partial
melting during the rapid D2 decompression is in
agreement also with the laboratory experiments of
Tropper et al. (2005) who produced significant amount
of partial melt during simulated isothermal decom-
pression of a felsic rock from HP granulite facies
conditions.

The phase contact frequency analysis of highly
strained S2 microstructures (Fig. 12) reveals inter-
mixing of all the three major phases (quartz, K-feld-
spar and plagioclase) to almost ideally random
distribution. The SPO and GBPO of both feldspars
in S2 reach the lowest values from all the samples

analysed and the axial ratio of S2 matrix grains shows
low values as well (Fig. 12). CSD calculations show a
decrease in N0 values compared to Gt values of both
K-feldspar and plagioclase, when compared with the
Type I microstructure. This is in accord with increased
grain size of both the feldspars. In order to increase
the grain size at constant temperature, it is necessary
to either decrease strain rate, which is not very likely
during D2 deformation, or to decrease the flow stress
by, e.g. strain softening via activation of GBS (e.g.
Rutter & Brodie, 1988; Knipe, 1989). On the other
hand, the elongation of isolated quartz ribbons, their
curved like–like boundaries and adjacent small quartz
grains (Fig. 11a) suggest the importance of disloca-
tion creep and a combination of grain boundary
migration with grain-size reduction by a subgrain
rotation mechanism. Dominance of less-efficient dislo-
cation creep, grain-size reduction and non-connectivity
of the quartz ribbons imply that the quartz ribbons
were rheologically stronger than the surrounding feld-
spar matrix.
In conclusion, the quantitative microstructural

characteristics of the fine-grained matrix point to the
importance of diffusion-controlled GBS, which best
explains the studied microstructure (Schulmann et al.,
2008). Slow volume diffusion cannot accommodate
the high strains attained in the short time span of the
exhumation of the granulite, but the more efficient
grain boundary diffusion is likely to operate in such a
fine-grained matrix under granulite facies tempera-
tures. It usually enables GBS, which is also capable of
accommodating high strain rates in such a fine-
grained matrix. The grain boundary diffusion
accommodated GBS is certainly enhanced by the
presence of a small volume of silicate melt, which is
suggested by microscopic and microchemical obser-
vations. Rosenberg & Handy (2005) and the experi-
mental studies of Dell�Angelo et al. (1987) have shown
that the presence of several percent of silicate melt
may decrease the bulk strength of a rock by several
orders of magnitude.
The GBS activity in feldspar is also supported by

LPO scattering of newly formed matrix at the edges of
parental perthite (Fig. 14), instead of reorientation to
clusters, which is to be expected for dislocation creep.
However, the LPO developed in both feldspars in the
Type II microstructure indicates that some intracrys-
talline deformation, e.g. dislocation glide on easy slip
systems, still operated. Preservation of the LPO even
at high strains during GBS has been documented for
albite (Jiang et al., 2000) and calcite (Casey et al.,
1998) mylonites. The latter study proposed that the
partitioning of deformation between intra- and inter-
crystalline mechanisms results in a pulsating strain
state in the grains, contributing to the maintenance of
subequant grains. They argued that lattices of con-
stituent grains rotate continuously with no stable end
orientation and that this can lead to a steady-state
texture (Casey et al., 1998).
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D3 switch in rheology of feldspar v. quartz

The microstructural characteristics of the S3 microfa-
bric (Type III microstructure) differ significantly
compared with those of the S2. The high number of
like–like boundaries in the feldspar-dominated matrix
(Fig. 12) indicates significant coalescence of individual
phases into monomineralic aggregates, and the SPO,
GBPO and axial ratio of both feldspars also increase.
In contrast, quartz grains exhibit a decrease in SPO as
well as in axial ratio. The Type III microstructure is
clearly characterized by a growth-dominated process,
especially in the case of K-feldspar. The N0–Gt values
of Types I, II and III microstructures project on a
curve indicating simultaneous change of N0 and Gt
due to temperature and strain variations and suggest
that strain rate change probably plays a key role in the
resulting CSD shape. Such an evolutionary trend is
often interpreted as a result of grain coarsening, which
unusually occured at lower temperature related to
upper amphibolite facies metamorphism during D3
(700–800 �C) compared with the D2 granulite facies
conditions (800–850 �C) (Figs 3 & 8). Therefore, the
starting D2 recrystallized grain size was not in equi-
librium with the temperature-corrected strain rate
(Zener & Holomon, 1944, parameter Z), such that the
microstructure was located in the grain-coarsening
field (fig. 1 of Ulrich et al., 2006 modified after Sakai &
Jonas, 1984). In conclusion, only a significant strain
rate decrease can explain the observed S3 grain
coarsening at decreased temperature.

The S3 microstructure tendency for monomineralic
aggregate distribution, high SPO and the general
prevalence of grain growth over nucleation compared
with S2 are in agreement with the strong LPO, sug-
gesting that the quartz, K-feldspar and plagioclase
deformed predominantly by dislocation creep. The
irregular grain boundaries in the S3 microstructure are
also typical of dislocation creep rather than GBS or
diffusional mechanisms. The dominance of dislocation
creep indicates hardening of the felsic granulites, where
the less plastic feldspar forms a low viscosity contrast
load-bearing framework (LBF, Handy, 1990) that re-
sulted in high bulk strength of the retrograde felsic
rock in mid-crustal levels.

CONCLUSIONS

The precursor of the Blanský les felsic granulites was
an HP alkali feldspar–plagioclase–quartz–garnet–
biotite–kyanite bearing coarse-grained layered ortho-
gneiss that developed via deformational solid-state
segregation of quartz and feldspars. It records peak
P–T conditions of �1.6)1.8 GPa and 850)880 �C
(Fig. 16).

Granular matrix (Type I microstructure) formed by
recrystallization of �10 mm large and probably
perthitic strong alkali feldspar porphyroclasts into
a weak fine-grained (�0.055 mm) plagioclase–K-feld-

spar matrix. This transition occurred via a process
resembling discontinuous precipitation mechanism in
metal alloys. It was driven mainly by chemically and
strain induced grain boundary migration, but triggered
by stress build up during early stages of D2. Newly
formed matrix grains maintained roughly the lattice
orientation of the parental alkali feldspar crystal. They
have a sufficiently small grain size to allow flow by
GBS.

The fine-grained S2 granulitic matrix (Type II
microstructure) with a very low content of silicate
melt deformed predominantly via diffusion creep-
controlled GBS. The large quartz ribbons were rhe-
ologically stronger than the feldspar-dominated
matrix due to the activity of different deformational
mechanisms. During this stage, in only several million
years, the linearly viscous granulite matrix containing
low amount of interstitial melt was extruded upwards
through a vertical channel (Franěk et al., 2011) from
pressures of �1.7 GPa at 850 �C to �1.0 GPa at
800 �C (Fig. 16).

After cooling and crystallization of the syn-D2
partial melt along grain boundaries, the granulites
deformed at lower P–T conditions in the middle crust
during D3 episode by less-efficient dislocation creep.
Local hydration produced partial melt that segrega-
ted from solid matrix into isolated bands instead of
coating grain boundaries.

ACKNOWLEDGEMENTS

The work was supported by Grants of the Czech Sci-
ence Foundation (GACR 205 ⁄ 05 ⁄ 2187 and
205 ⁄ 09 ⁄ 0539) and the internal project of the Czech
Geological Survey (No. 326700). Stays of J. Franěk
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V. & Lexa, O., 2008a. Transforming mylonitic metagranite by
open-system interactions during melt flow. Journal of Meta-
morphic Geology, 26, 55–80.
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