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a b s t r a c t

In the Central Vosges (France), we describe and model the structural relationships existing between
orthogneiss domains and their surrounding viscous migmatites. These domains show a structural and
anisotropy of magnetic susceptibility (AMS) zonation associated with an increasing amount of melt from
the core to their margins. A pre-extension oblate to plane strain fabric is preserved in the core of the
orthogneiss domains where the granite veins were emplaced along a dilated mechanical anisotropy. The
internal margin of the orthogneiss bodies exhibits development of a prolate fabric and active buckling of
an orthogneiss/granite multilayer. The external margin of the orthogneiss bodies is characterized by
oblate fabrics resulting from a layer perpendicular shortening of a melt-orthogneiss multilayer, pinch-
and-swell structures and extensional kink bands along which granite veins have been injected. The
surrounding metasedimentary migmatites show a similar structural history but the degree of fabric
resetting is significantly higher. This systematic fabric and structural succession is due to contrasting
rheological evolution between orthogneiss and metasedimentary migmatites during progressive melting
and continuously evolving degree of mechanical anisotropy in the stronger orthogneiss. Numerical
modeling confirms the role of the relationship between initial mechanical anisotropy and superimposed
deformation overprints on finite AMS fabrics in migmatites.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Anisotropy of magnetic susceptibility (AMS) is a popular petro-
physical method allowing quantification of various fabric parame-
ters in magmatic (e.g. Bouchez, 1997) and metamorphic rocks (e.g.
Borradaile and Henry, 1997). So far AMS was mostly used to provide
orientation data such as magnetic foliation and lineation which are
commonly correlated with sedimentary, magmatic and deformation
structures (e.g. Bouchez, 1997). Modern AMS studies show system-
atic relationships between strain, metamorphic degree, lithologies,
magnetic susceptibility and fabric (Borradaile and Jackson, 2004). In
addition, variations of fabric symmetry and intensity can arise from
complex deformation history like superposition of cleavage on
sedimentary fabrics and folding (Hrouda, 1991; Parés and Van der
Monash University, Clayton,
: þ61 (0) 3 99054903.

´ ).

ll rights reserved.
Pluijm, 2003; Debacker et al., 2004). This relationship between
intensity and shape of the magnetic susceptibility ellipsoid and
complex deformation overprints in some rocks is confirmed by
numerical fabric modeling (Housen et al., 1993; Benn, 1994).

Migmatites, because of their complexity, have been studied only
rarely using the AMS method which concentrated either on
methodological approaches (Ferré et al., 2003) or solution of basic
tectonic questions (e.g. Egydio-Silva et al., 2005). The main problem
of migmatites is the imprecisely defined transition between
mechanical behaviors of weakly molten rocks (metatexites) and
rocks with high melt proportion (diatexites). Brown et al. (1995)
discussed the transition from metatexites marked by a pervasive
flow of melt through a network of foliation-parallel veins, to melt-
dominated diatexites, marked by the disruption of a solid network
and development of true magmatic flow in granitic rocks. These
authors emphasized that in nature it is almost impossible to draw
a line between a solid network intruded by granitic veins and
gneissic enclaves transported by a viscous melt. Vanderhaeghe
(1999) suggested that in fertile metapelites the melt fraction may
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form a diffuse network of foliation-parallel veins. In contrast, in the
refractory lithologies the melt fraction migrated through a network
of fractures using mechanically weak foliation planes or along
fractures oriented at high angle to the main planar anisotropy. This
example emphasizes a qualitative difference between rheological
properties of hot country rocks that involve a ductily deforming
matrix and the formation of foliation-parallel veins. However, there
is no quantitative structural study which examines the relationship
between degree of partial melting and the mechanical behavior of
solids and melts during deformation.

The anisotropy of magnetic susceptibility (AMS) can be used to
address this problem, representing a well-suited method that
describes various fabric parameters in both the migmatitic veins
and the host rock (Ferré et al., 2003). However, the interpretation of
the AMS fabrics in migmatites is possible only if the fabric of the
solid state rocks is distinguished from that of granite veins, and if
the carriers of magnetic anisotropy are known.

The migmatites of the Vosges Mountains (France) offer an
adequate example of a crustal section of partially molten crust.
There, the structural relationships between a variety of migmatites
and adjacent granites were studied together with their AMS fabrics
which were found to correlate with melt proportion and intensity
of the bulk deformation. These data are used to discuss the role of
the mechanical anisotropy in the solid rock, the proportion of
granite melt and the viscosity contrast between the different types
of host rocks and granite veins on the rheology and deformation of
these rocks. Finally, the role of the relationship between initial
mechanical anisotropy and superimposed deformation overprints
is simulated by means of AMS fabric modeling.

2. Geological setting

The Vosges Mountains in eastern France represents an isolated
and relatively small outcrop of the European Variscan orogenic belt.
It contains a crystalline core consisting of high grade rocks in the
north and migmatites associated with crustal granitoids in the
central part of the chain (Fig. 1a). The metamorphism and mag-
matism are of Carboniferous age and occurred during two major
stages. The first one is characterized by development of granulite
(T¼w750 �C, P¼ 9–11 kbar; Rey et al., 1992) and amphibolite
facies rocks (T¼w650 �C, P¼ 6 kbar; Latouche et al., 1992). This
event is dated at w335 Ma (U–Pb zircon; Schaltegger et al., 1999)
and granulite polyphase fabrics are interpreted as a result of crustal
thickening (Schulmann et al., 2002) followed by vertical extrusion
of lower crustal rocks over mid-crustal schists and gneisses (Kra-
tinová et al., 2007). The second extensional event occurred in
amphibolites facies conditions (w700 �C, P¼ 3 kbar; Rey et al.,
1992) and is characterized by pervasive anatexis and intrusion of
voluminous anatectic granites dated at w325 Ma (U–Pb zircon;
Schaltegger et al., 1999).

3. Petrography and microstructures of the principal
rock types

The studied migmatitic complex (Fig. 1b, c) consists of two main
rock types: (i) metasedimentary migmatites connected to variable
proportions of anatectic granites surrounding (ii) two orthogneiss
domains.

Metasedimentary migmatites occur in the eastern and western
parts of the studied area (Fig. 1b, c) and can be divided in two types:
metatexites and diatexites (Fig. 2a). The metatexite (20–30% of
former melt; Table 1) is a medium to coarse grained rock consisting
of plagioclase, less abundant K-feldspar, quartz, biotite and musco-
vite. Zircon, monazite, magnetite and titanomagnetite are present
as accessory phases (<1%). The mineral assemblage of diatexite
(30–80% of former melt; Table 1) is plagioclase, K-feldspar, quartz,
biotite, muscovite with accessory amount of zircon, monazite,
magnetite and titanomagnetite. The diatexites (Fig. 3a) show idio-
morphic plagioclase and K-feldspar indicating crystallization from
melt. The migmatites are associated with medium grained anatectic
granite (>80% of former melt; Table 1), locally porphyritic (Fig. 2b). In
the anatectic granite the fabric is underlined by a weak alignment of
biotite and by a shape-preferred orientation of K-feldspar pheno-
crysts. Locally, boudins of restitic metagraywackes (<10% of former
melt; Table 1) occur (Fig. 2b).

Orthogneisses can be divided in two groups: orthogneiss and
migmatitic orthogneiss (Fig. 2c & Table 1). The statically recrystallized
orthogneiss with low melt fraction (<10% of former melt; Table 1) is
characterized by fine-grained plagioclase, quartz and K-feldspar
matrix (Fig. 3b) with minor biotite, muscovite and garnet and
accessory apatite, zircon and monazite. Plagioclase, K-feldspar
and quartz show irregular shapes with straight to slightly lobate
boundaries. Plagioclase grains display normal zoning with
andesine cores (An30–50) and thin distinct albite/oligoclase rims
(An10–18). Biotite (Ti¼ 0.12–0.16 p.f.u., XMg¼ 0.32–0.36) is
arranged into irregular elongate aggregates with a strong
preferred orientation (Fig. 3e). Poikilitic garnets are partially
replaced by biotite. This orthogneiss is interlayered with a more
isotropic migmatitic orthogneiss (Fig. 2c) that contains relatively
high melt fraction (10–30% of former melt; Table 1) and its
typical mineral assemblage is plagioclase, K-feldspar, quartz,
biotite and muscovite. The K-feldspar and plagioclase form
irregular corroded grains with highly lobate boundaries over-
grown with newly crystallized feldspars and quartz and myr-
mekites (Fig. 3c). Quartz occurs in large grains with
highly lobate boundaries (Fig. 3c). Zircon, monazite, apatite,
titanomagnetite and rutile are present as accessory phases
(Fig. 3d). Biotite (Ti¼ 0.15–0.18 p.f.u., XMg¼ 0.4–0.45) is evenly
dispersed in an equigranular matrix and shows strongly
corroded shapes (Fig. 3f). In several places both orthogneiss
types are cross-cut by leucogranite and anatectic granite dykes
with highly variable orientations with respect to host rock
fabric (Fig. 2d).

4. Macroscopic structures versus melt proportions

The migmatite complex represents a relatively voluminous
portion of formerly partially molten crust immersed in the anatectic
granites which show W- to SW-dipping magmatic foliation and S- to
SSE-plunging mineral lineation (Fig. 1b, c). The structural evolution is
characterized by two main fabric-forming events. The early defor-
mation D1 is represented by solid state deformation fabrics well
preserved in the orthogneiss and locally also in the metasedimentary
migmatites. These early structures are reworked by a sub-horizontal
D2 fabric associated with a subsequent extensional deformation and
extensive melting (Rey et al., 1992; Kratinová et al., 2007).

4.1. Metasedimentary migmatites and associated anatectic granites

The planar fabric of the meta- and diatexites is formed by
migmatite layering and a preferred orientation of dispersed biotite.
The rarely preserved S1 foliation in the metatexites is folded by
decimetre to metre scale F2 folds (Fig. 2a). The leucosomes are
commonly located in fold hinge regions or parallel to the meso-
some foliation. In highly molten regions, the enclaves of folded
metatexites and metagraywackes are concordant with the domi-
nant S2 fabric of the surrounding diatexites and anatectic granites
(Fig. 2b). Locally, a transition from magmatic to sub-magmatic and
up to solid state deformation was observed leading to the devel-
opment of C/S structures indicating a top to the SSE movement. In



Fig. 1. (a) Simplified geological map of the Vosges with the location of the study area (white rectangle). (b) Detailed map of the migmatitic complex in the southern Vosges. The
black dashed line corresponds to the location of the cross-section. NOD¼North Orthogneiss Domain; SOD¼ South Orthogneiss Domain. (c) Schematic N-S cross-section through
the migmatitic complex. Vertical axis not to scale.
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Fig. 2. Field photographs illustrating the main rock types in the study area and their structural characteristics. (a) Disharmonically folded biotite-rich meta- and diatexite. (b)
Heterogeneous enclaves of gneisses and metagreywackes arranged parallel to the magmatic fabric of the surrounding anatectic granite (black dashed line). (c) Alternation of the
orthogneiss and migmatitic orthogneiss in an outcrop scale. (f) Leucogranite vein (black dashed lines) cross-cutting migmatites.
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this case, the S2 foliation contains a strong stretching lineation
plunging to the SSE. The diatexites and associated anatectic granite
show a less pronounced mineral lineation. In these rocks the
regional stretching direction is defined by elongate ellipsoidal
boudins of metagraywackes which are elongated parallel to the SSE
trending L2 mineral lineation.

4.2. South and north orthogneiss domains

Two orthogneiss bodies represent large scale anisotropic bou-
dins surrounded by metasedimentary migmatites and anatectic
granites. The structural relationships between both boudins and
surrounding rocks are shown in the schematic model (Fig. 4).

4.2.1. South orthogneiss domain (SOD)
This NE–SW elongated orthogneiss domain (SOD) is surrounded

by metasedimentary migmatites to the east and anatectic granites
to the west (Fig. 1b). In order to quantify the relationship between
deformation and melt proportion, amount of former melt in indi-
vidual outcrops based on macroscopic and microscopic observa-
tions was estimated. This analysis shows that the SOD can be
divided into three zones according to proportion of former melt
(Figs. 4 and 5): (A) the central zone, 3 km wide made of w10–30% of
Table 1
Mineral assemblages and melt proportions in present lithologies.

Rock type Miner

Metasedimentary migmatites and
associated granites

Metagraywacke Plþ K
Metatexite Plþ K
Diatexite Plþ K
Anatectic granite Plþ K
Leucogranite Plþ K

Orthogneiss/migmatites Orthogneiss Plþ K
Migmatitic orthogneiss Plþ K
former melt; (B) the internal margin, up to 1 km wide, made of
w30–50% of former melt; and (C) a narrow 0.5–1 km wide external
margin characterized by 50–80% of former melt. Accordingly, the
amount of melt is systematically increasing from east to the west
and from north to the south (Fig. 5). Moreover, the central zone of
SOD consist of 80% of orthogneiss and 20% of migmatitic orthog-
neiss, while the percentage of migmatitic orthogneiss increases up
to 40% in the internal marginal zone and up to 70% in the external
marginal zone.

The general structure of the orthogneiss domain is characterized
by dominant layer parallel gneissosity S1 formed by arrangement of
planar biotite aggregates (Fig. 2c). The S1 is steeply dipping to the
south or to the southwest in central part of the SOD (Figs. 1 and 4).
In some places leucogranite veins without any apparent internal
fabric intrude sub-parallel to the S1 foliation of the host rock or
occasionally cross-cut the orthogneisses at a high angle to the
foliation (Fig. 4). In the internal margin of the SOD (B in Fig. 4) the S1

foliation dips either to the south or to the west at medium to steep
angles thus forming large scale asymmetrical folds. The fabric of the
orthogneiss is cross-cut by zones of migmatitic orthogneiss, which
are either parallel to or at high angle to the S1 fabric of the host rock.
The westerly dipping layers of both orthogneisses are interlayered
with and/or cross-cut by leucogranitic veins several decimetres to
al assemblage Melt % in the rock

fsþQtzþ Bt�Mag� Ti-Mag <10%
fsþQtzþ BtþMs� Zrn�Mnz�Ap� Ti-Mag 20–30%
fsþQtzþ BtþMs� Zrn�Mnz�Ap�Mag� Ti-Mag 30–80%
fsþQtzþ BtþMs�Mag� Ilm >80%
fsþQtzþ BtþMs� Zrn�Mag 100%
fsþQtzþ BtþMs�Grt� Zrn�Mnz�Ap w10%
fsþQtzþ Bt�Ms� Zrn�Mnz�Ap� Ti-Mag� Rt 10–30%



Fig. 3. Principal microtextures of the rock types. (a) Diatexite showing the idiomorphic shapes of plagioclase and K-feldspars and incipient recrystallization of quartz (white arrow).
(b) Orthogneiss showing an equilibrated mosaic of feldspars and quartz and interstitial feldspars and quartz (white arrow). (c) Migmatitic orthogneiss composed of irregular
corroded feldspars traced out by newly crystallized interstitial feldspars and quartz grains. (d) BSE image of typical titanomagnetite appearance in migmatitic orthogneiss. (e) Biotite
aligned into elongate aggregates with a strong preferred orientation. Inset shows decussate biotite structure. (f) Dispersed biotite in a migmatitic orthogneiss. Inset show biotite
with corroded shapes.
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metres in width. Further to the west, in the external margin of the
SOD (C in Fig. 4), the layers of orthogneisses are parallel to the
magmatic fabric of thick granite veins (Fig. 4).

4.2.2. North orthogneiss domain (NOD)
The centre of the north orthogneiss domain is characterized by

30–50% of former melt (equivalent to the internal margin of the
SOD), whilst most of the NOD surface exhibits 50–80% of former
melt corresponding to the external margin of the SOD (Fig. 5). The
S1 foliation is preserved only locally in orthogneiss sheets and is
parallel to the dominant S2 fabric of surrounding diatexites and
granites (Fig. 4). This composite S1–2 foliation dips mostly to the
south and southwest at a gentle to medium angle (Figs. 1 and 4). In
some places, the compositional layering formed by sheets of



Fig. 4. Schematic representation of orthogneiss domains surrounded by the migmatites and anatectic granites. The central domain (A) suffers layer parallel D2 dilation. The internal
margin of the SOD (B) shows buckling of the orthogneiss/melt multilayer (detail given in the small block diagram); the external margin of the SOD (C) exhibits structures compatible
with layer perpendicular shortening. The significantly more deformed NOD with a well developed S2 fabric accompanied by shear bands filled by leucogranites is shown in an
enlarged inset. The lower right inset displays the evolution of anisotropy of magnetic susceptibility (expressed by P0 versus T) in the different parts of the migmatitic complex. The
upper left inset shows microstructural appearance of both orthogneisses types.
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orthogneiss, migmatitic orthogneiss and granites is cross-cut by
conjugate set of leucogranite veins (Fig. 2d). Locally, large granitic
veins cross-cut interlayered orthogneiss and granite at a high angle
to the foliation.

5. Magnetic fabrics

In order to propose a consistent model of (i) melt behavior with
respect to the solid network of the host and (ii) relationship between
magma flow and deformation of solid enclaves, a detailed fabric
characterization is needed. For this reason, we carried out an AMS
study of the main lithologies with variable proportions of melt.

5.1. Sampling strategy and magnetic measurements

Measurement of the bulk magnetic susceptibility and of the
anisotropy of magnetic susceptibility was performed on 1321
specimens (2.5 cm diameter, 2.25 cm length) from 108 sites
distributed regularly in the whole migmatitic complex and the
adjacent granites. For the purpose of the AMS study meta- and
diatexites, orthogneisses, anatectic granites and leucogranites were
evaluated separately. The statistical processing and evaluation was
carried out using the ANISOFT programs (Jelı́nek, 1978). The
magnetic susceptibility and anisotropy were measured with AGICO
instruments. Susceptibility versus temperature variations was
obtained using a CS-3 apparatus and a KLY-3S Kappabridge.
There is a fairly developed trend in increasing average suscep-
tibility (Km) from leucogranite via orthogneisses to meta- and
diatexite (Fig. 6a). The leucogranite is characterized by the weakest
susceptibilities (Km¼ 88� 10�6 SI, s¼ 61�10�6; Fig. 6a) and the
K/t thermomagnetic curve (Fig. 6b) reveals the coexistence of
paramagnetic minerals and scarce magnetite that is characterized
by a drop of the susceptibility around 580 �C.

Both orthogneiss and migmatitic orthogneiss show similar
distribution of susceptibilities as the leucogranite with a slightly
higher mean (Km¼ 103�10�6 SI, s¼ 35�10�6; Fig. 6a). The K/t
thermomagnetic curves indicate that paramagnetic minerals,
specifically biotite, are the main carriers of the magnetization
(Fig. 6b). However the mean intensity of Natural Remanent
Magnetization (NRM) of 9�10�4 Am�1 indicates that some ferro-
magnetic minerals are also present. For the orthogneiss the mean
NRM is slightly lower i.e. 5.5�10�4 Am�1 compared to migmatitic
orthogneiss. In the orthogneiss the thermal demagnetization of the
normalized NRM J/t curves mostly show a decrease in the range
320–400 �C (Fig. 6c), which suggests minor presence of titano-
magnetite, pyrrhotite or maghemite. This is compatible with
a small drop of the susceptibility in the range of 300–350� on K/t
curves of these rocks (Fig. 6b). Above these temperatures the
remanence and the susceptibility increase which is due to the
formation of magnetite during heating. In one case the thermo-
magnetic curves indicate hematite as carrier of the induced and
remanent magnetizations in orthogneiss.



Fig. 5. Synoptic map of the studied area showing the melt proportions within both
orthogneiss domains (SOD and NOD) and the surrounding metasedimentary migma-
tites. The histograms with proportions of individual lithologies are presented for
different parts of the studied area. Note increasing amount of melt from east to the
west and from north to the south.
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In contrast, the K/t and J/t curves of migmatitic orthogneiss
(Fig. 6b,c) show higher Curie temperatures in the range from 480�

to 580 �C indicating a presence of magnetite corroborating the
appearance of titanomagnetite determined by SEM (Fig. 3d).

Anatectic granites and diatexites display high susceptibilities
with Km¼ 152�10�6 and s¼ 53�10�6 (Fig. 6a) which, according to
the thermomagnetic curves, is due to the coexistence of para-
magnetic biotite with a weak amount of ferromagnetic minerals
(Fig. 6b). The drop of J/t curves in the range 320–400� or 580� indi-
cates that these minerals can be titanomagnetite, sulphides or
magnetite. The metatexites show the highest bulk susceptibility
(Km¼ 242�10�6, s¼ 65�10�6; Fig. 6a) and the thermomagnetic
curves indicate high amounts of biotite as well as significant pres-
ence of magnetite (Fig. 6b). In these rocks the intensity of NRM
exceeds 20�10�4 Am�1 (Fig. 6c).

This magnetic mineralogy study is consistent with the
microscopically determined presence of Ti-rich biotite (10–15%)
in orthogneiss. SEM and microprobe study of migmatitic orthog-
neiss reveals intergrowths of partly resorbed biotite (5–10%) with
new titanomagnetite, locally associated with rutile (Fig. 3d).
Magnetic mineralogy also confirms the presence of common
magnetite and titanomagnetite in anatectic granite and meta-
sedimentary migmatites.
5.2. Magnetic fabric of the metasedimentary migmatites and
anatectic granites

The magnetic fabric trajectories (Fig. 7) exhibit consistent
fabric patterns: the foliations dip gently to the southwest in the
east and at a moderate to steep angle in the west and the
magnetic lineations are sub-horizontal and oriented NNW-SSE.
This trend changes into E–W in the northern part of the area.
The degree of AMS expressed by the P’ parameter (Jelı́nek, 1981;

P0 ¼ exp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðln K1 � ln KmÞ2 þ ðln K2 � ln KmÞ2 þ ðln K3 � ln KmÞ2�

q
)

is generally low (P0 ¼ 1–1.08) in the diatexites, anatectic granites
and leucogranites, and the shape ellipsoid of these rocks is mostly
prolate to oblate (Fig. 7). As a rule the metatexites yield higher
anisotropy degrees (P0 ¼ 1.05–1.1) and have more oblate magnetic
ellipsoids compared to diatexites. The more competent meta-
graywackes show the same magnetic fabric as surrounding dia-
texites and granites but show highest degree of magnetic
susceptibility and the most oblate shapes of AMS ellipsoid from all
studied rocks (Fig. 7).

5.3. Magnetic fabric of the SOD and NOD orthogneiss bodies

The foliations of the orthogneiss in the centre of the SOD are
generally dipping to the SSW or SW at steep to gentle angles and
contain magnetic lineations plunging to the SSW at variable angles
(Fig. 8). Their degree of anisotropy is rather low (P0 ¼ 1.03–1.08) and
the shape of their fabric ellipsoids varies from oblate to plane. The
leucogranite veins show magnetic foliation sub-parallel to that of
surrounding orthogneiss and sub-horizontal magnetic lineation
plunging to the SSW.

At the internal margin of the SOD, the orthogneiss shows
magnetic foliations dipping either to the S or to the W defining
a broad girdle (Fig. 8). The magnetic lineation forms also a broad
girdle with steep to moderate plunges ranging from the west to the
SSW. The magnetic ellipsoids of the orthogneiss have predomi-
nantly prolate shapes and weak anisotropy degrees (P0 ¼ 1.01–
1.08). Rare orthogneiss samples with strongly oblate shapes show
orientations characteristic for the central zone of the SOD (dark
grey symbols in Fig. 8B). The magnetic foliations of the migmatitic
orthogneiss dip to the W or SW and carry a sub-horizontal and S
plunging magnetic lineation. Their degree of anisotropy is rather
low (P0 ¼ 1.03–1.06) along with plane strain to prolate magnetic
ellipsoids (Fig. 8).

In the external margin of the SOD the magnetic foliations of both
orthogneisses dip to the SW and W. The magnetic lineation shows
plunges that progressively evolve towards the SSW direction
typical for adjacent diatexites and anatectic granites (Figs. 7 and 8).
The magnetic ellipsoid is weakly prolate to oblate with degree of
magnetic susceptibility higher compared to internal margin of the
SOD (P0 ¼ 1.04–1.1). The migmatitic orthogneiss layers show
magnetic fabric parallel to S2 foliation in adjacent anatectic granite
and exhibit dominantly prolate shape of AMS ellipsoid (Figs. 7 and
8). Granite veins cross-cutting well aligned orthogneiss and ana-
tectic granite layering show steep E–W or N–S trending magnetic
foliation and vertical magnetic lineation (Fig. 8).

In the NOD, both orthogneisses displays magnetic foliations
dipping to the S or to the W at moderate to steep angles and is
coherent with that of the surrounding granites (Figs. 7 and 8). The
magnetic lineations of the migmatitic orthogneiss form a southeast
plunging maximum sub-parallel to the regional lineation (Fig. 7)
compared to orthogneiss that shows a larger spread of lineations
(Fig. 8). The shapes of the fabric ellipsoids of the orthogneiss are
oblate with a stronger degree of anisotropy (P0 ¼ 1.02–1.11)
compared to orthogneiss samples of the centre and internal margin
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of the SOD. In contrast, in the migmatitic orthogneiss the magnetic
anisotropy ellipsoids show weakly oblate to prolate shapes and
the anisotropy degree is slightly weaker (P0 < 1.07) than that in the
orthogneiss (Fig. 8). The magnetic fabric patterns of the veins of the
NOD can be subdivided into two main groups according to their
orientations and composition. The first group, the leucogranite
veins, is characterized by two sets of sub-vertical magnetic folia-
tions striking NW–SE and NE–SW, containing weakly inclined
magnetic lineations and exhibiting oblate to plane shapes of the
magnetic ellipsoids (Fig. 8). The second group, the anatectic granite
veins, exhibit a dominantly plane fabric and is represented by SE
dipping planes which contain a gently S plunging lineation (Fig. 8).
Less developed veins show sub-horizontal magnetic foliation and
NE trending sub-horizontal lineation.
6. Discussion

In the following we will discuss the bulk flow parameters of the
host metasedimentary migmatites and granites controlling
complex deformation of the orthogneiss bodies which are regarded
as anisotropic inclusions surrounded by these viscous, melt-
bearing rocks. The resulting deformation overprints recorded in
three zones of orthogneiss domains will be numerically modeled to
simulate the variations in shape and degree of anisotropy of the
AMS ellipsoid.
6.1. A model of melt proportion-dependent deformation of the
migmatitic complex

6.1.1. Kinematic interpretation of the magnetic fabrics in host
metasedimentary migmatites and granites

The magnetic fabrics measured in the metasedimentary
migmatites and anatectic granites are identical but the anisot-
ropy degree and degree of oblateness decrease with increasing
melt proportion (Figs. 7 and 9). The variations of the magnetic
fabric and melt proportion during the deformation of partially
molten rocks could be explained by the model of strain parti-
tioning suggested by Vigneresse and Tikoff (1999). These authors
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propose that when the melt escape threshold (Vigneresse et al.,
1996) is achieved, the melt segregates into continuous layer, such
that the bulk strain partitioned into a coaxial part of the restite
and a non-coaxial part in the melt. In such a model the anisot-
ropy degree of the ‘‘weakly deformed’’ restites (metagraywackes
boudins in our case) should be lower than that of the ‘‘strongly
deformed’’ melt (diatexites and anatectic granites). This is not
the case in the studied area where the metagraywacke boudins
show highest degree of magnetic susceptibility from all studied
rocks and are strongly elongated parallel to the anatectic granite
lineation in contrast to the oblate shapes of their magnetic
ellipsoids (Fig. 7). This incompatibility suggests that the struc-
tural and fabric pattern result from a complex D1 and D2 history
and cannot be explained by the strain partitioning model of
Vigneresse and Tikoff (1999).

The western and eastern domains of the metasedimentary
migmatites and anatectic granites can be considered as regions that
accommodated the same deformation during melt production and
magma flow with increasing proportion of melt towards west
(Fig. 5). Our magnetic fabric data also show that from east to west
the shape of the magnetic ellipsoid evolves from weakly oblate to
plane strain or weakly prolate along with a decrease in the
anisotropy degree (Fig. 9). Kinematic indicators suggest that the
major D2 deformation was non-coaxial with a normal component
of movement compatible with crustal scale extension in SSE-NNW
direction (Kratinová et al., 2007).

This D2 framework allows estimating the orientations of the
instantaneous ð _S1;

_S2;
_S3Þ and finite (S1, S2, S3) stretching axes

(Fig. 10). Assuming, that the S1, S2 plane dips generally 20� to the
southwest, the stretching S1 direction plunges 10� to the southeast
and the deformation is a sinistral simple shear flow, the instanta-
neous _S3 direction can be defined as shown in Fig. 10. Consequently,
the instantaneous strain axis _S3 is deduced to plunge 50� to east
and _S1 to plunge 15� to the north. In the case of combined simple
and constrictional pure shear, which is more compatible with
weakly prolate magnetic ellipsoid in diatexites and granites, _S3 will
rotate towards the direction of S3.

6.1.2. Kinematic interpretation of the magnetic fabrics at low to
intermediate melt proportions (centre and internal margin of SOD)

The AMS fabric of veins in the centre of the SOD (Fig. 8) is
compatible with the orientation of the tensile fractures that would
be generated for principal shortening directions S1, S3 defined
previously for the external flow. Fig. 10a shows that the instanta-
neous stretching axis _S3 approximately parallels the internal
anisotropy of the orthogneiss domain. We therefore suggest that the
leucogranite veins in the central part of orthogneiss body originated
as a result of interfolial dilation by the principal compressive stress
being oriented sub-parallel to the mechanical anisotropy, similar to
that described by Barraud et al. (2004). The AMS also shows that the
leucogranite flowed parallel to the S1 planar anisotropy of the host
orthogneiss in the direction of D2 stretching.

Magnetic fabric orientations in the orthogneiss of the internal
margin of the SOD are compatible with the rotation of the S1

gneissosity as a result of buckling of the originally east–west
trending steep mechanical anisotropy into folds with wavelengths
on the order of 100 m (Fig. 4). The intersections of the magnetic
foliations from the different parts of orthogneiss domain plunge to
the SSW or to the W at angles less than 40–50� and coincide with
the hinges of the large scale folds (Fig. 8). We argue that the folding
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of the orthogneiss foliation was easy to initiate because of the
favorable orientation of the mechanical anisotropy with respect to
the S3 direction. An example of these large scale folds with interlimb
angles of 90� and with axial planes parallel to the external S1S3 plane
of the magmatic flow is given in Fig. 10a. We observe that magnetic
lineations are rotated together with the foliation planes around the
fold hinge and, when represented on a stereoplot, they are found to
lie on a small circle. This indicates that the folding was governed by
active amplification, namely by flexural slip folding without any
contribution of post-buckle flattening. Post-buckle flattening would
rotate the lineations in such a manner that they would tend to lie on
a great circle. With continued deformation the folds tightened with
interlimb angles of w30�, the axial planes became close to the
external granite flow plane and the hinges rotated towards the
direction of the regional stretching (Fig. 10b). The lineations are still
distributed along small circles suggesting that active buckling rather
than flattening dominated up to high strains.

Our study shows, that with an increasing melt fraction the
anisotropic rock compressed parallel to layering significantly
weakens and that the melt-solid rock multilayer starts to buckle. Such
an active amplification of large scale folds points to a high mechanical
anisotropy and/or a strong viscosity contrast between melt and rock
(Fig. 4). The fabric of the folded domain becomes discordant to that of
the migmatitic orthogneiss whose orientation, anisotropy degree
and shape parameter coincides with the fabric of the surrounding
granites (Figs. 4 and 8). This fabric behavior of the migmatitic
orthogneiss is similar to that of the axial plane leucosomes, as shown
by Vernon & Paterson (2001). The axial planar orientation of the
magnetic foliation and the orientation of the magnetic lineation with
respect to the geometry of the open and closed folds (Fig.10) suggest
that these fabric elements are completely transposed with respect of
the original orthogneiss fabric.

6.1.3. Kinematic interpretation of the magnetic fabric at high melt
fractions (external margin of the SOD and the NOD)

We suggest that orthogneisses formed a layered system in
which the orientation of the layering was sub-parallel to the
general flow direction of the surrounding and interlayered granites
and metasedimentary migmatites. This interpretation is supported
by the presence of recumbent, often rootless folds (Fig. 2a), sug-
gesting that the whole system was an isoclinally folded migmatite-
orthogneiss multilayer with fold hinges rotated into direction of
regional stretching. Ongoing shortening and an increase in the melt
fraction further weakened the melt-solid rock multilayer which
progressively developed a marked planar anisotropy perpendicular
to the main shortening direction. Because of vertical shortening,
the process of extension induces a sub-horizontal planar anisotropy
in the felsic orthogneiss (Fig. 4). Layer perpendicular shortening of
layered rocks develops pinch-and-swell structures in the relatively
competent layers and conjugate normal kink bands (extensional
shears) in the mechanically anisotropic matrix (Kidan and Cos-
grove, 1996).

Accordingly the leucogranite veins oriented at low angles to
the main anisotropy of the gneiss-migmatite multilayer (Fig. 4)
are interpreted as conjugate normal kink bands or extensional
shears filled by granitic magma (Cosgrove, 1997). The orientations
of the magnetic lineations (Fig. 8) suggest that the extensional
shears developed in the same kinematic framework as the main
foliation, i.e. vertical shortening and SE-NW extension. The
general oblateness of the magnetic ellipsoids (Fig. 8) corresponds
to the combined pure and simple shear that operated during
movement along shears and their filling by melt. The geometrical
relationship observed between the leucogranite veins and the
fabric of both orthogneiss types multilayers, is fully compatible
with the model of shear band development during layer
perpendicular shortening of a highly anisotropic multilayer (Kidan
and Cosgrove, 1996). The implication of the normal kink bands
and the other structures discussed above is that the rocks of the
external margin of the SOD and the bulk of the NOD were highly
anisotropic during their deformation and that these partially
molten orthogneisses contained units with highly different
strengths, i.e. less competent migmatitic orthogneiss and granites
and competent orthogneiss.

7. A numerical model for the polyphase magnetic fabrics

Numerical modeling was used to determine whether it was
possible to develop the observed prolate fabrics of the orthogneiss
in the internal margin of the SOD and the oblate fabrics in the outer
margin of the SOD and NOD by an extensional deformation (D2)
superimposed on a previous plane strain or oblate fabric. We used
the software of Je�zek and Hrouda (2002). As shown by magnetic
mineralogy study the magnetic carriers in the modeled orthogneiss
were biotite grains with highly oblate shapes of aspect ratio 5, with
a shape magnetic anisotropy and a magnetic intensity P0 ¼ 1.3
(Martı́n-Hernández and Hirt, 2003).

The early deformation D1 was modeled by reorienting the initial
isotropic grain population through plane strain or axial flattening.
This generates a fabric comparable to that observed in the central
part of the SOD (Fig. 8). D2 was then superposed onto D1 as a weak
constrictional deformation derived from the magnetic fabrics
observed in the anatectic granites. As mentioned earlier, this defor-
mation regime is considered to characterize the regional extension
D2. A range of different mutual orientations of D1 and D2 in



Fig. 10. Orientation diagrams showing the relationship between the external mig-
matite flow and the fabric within (a) the internal and (b) the external SOD margin. The
diagram is separated into extension (dark) and shortening (white) sectors of instan-
taneous strain for sinistral simple shear. The thin dashed line bisecting the shortening
sector represents the S2 and S3 plane of instantaneous D2 deformation. The two thin
full curves represent the rotated limbs of the large fold and the circles represents the
rotated lineations (open circle for the original position and black circle for the finite
position). (b) The rotated foliations are close to the main flow plane (white dashed
curve) and the fold axes (intersection of planes) rotate towards the direction of the
regional stretching (white star).
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association with the large scale buckling of the S1 fabric was
considered, and deformation overprints in the locked short limbs of
the large scale folds (layer parallel shortening) and in the highly
rotated long limbs (layer perpendicular shortening) were examined.

Four examples are shown (Fig. 11) in which numerical modeling
reproduces the fabrics observed in the internal and external
margins of the SOD margin and in the NOD. Fig. 11a shows the P0–T
graphs during the development of the different fabrics. Steps,
marked on the graph in Fig. 11a, of fabric development are illus-
trated in Fig. 11b by the equal area projections of the biotite. Case A
shows the fabric development of D2 from an originally isotropic
biotite orientation towards a weakly prolate geometry in the range
of the observed P0 values of around 1.05 (Figs. 7 and 8). The
deformation that created this fabric was then used to overprint
different D1 fabrics illustrated in cases B to E. In case B, D1 was
chosen so in order to cause a vertical lineation parallel to the D2

shortening direction (open square in Fig. 11b). Such an orthogonal
superimposition of two plane strains produces P0 and T parameters
in the range of the observed values in the internal margin of the
SOD (Fig. 8). The P0–T path evolves towards oblateness during the
first strain increments followed by prolateness with increasing
deformation (Fig. 11a curve B). Case C considers D1 and D2 fabric
ellipsoids similar to the previous case B but with an initial L1

horizontal lineation. In contrast to case B, the P0-T trajectory is
towards prolateness followed by the development of plane strain
fabrics at high strain intensities. Case D represents the superim-
position of D2 on a vertically oriented oblate fabric. The result is
a rapid evolution towards prolateness for a minimum change in the
anisotropy degree, followed by a weakly prolate fabric. The results
modeled by case E illustrate a case in which a low angle exists
between the D2 shortening axis and the pole to S1, while L1 and the
D2 stretching direction initially formed a relatively high angle. The
resulting P0–T trajectory remains oblate for the whole D2 defor-
mation history.

Because of the variable dips of S1 in the centre of the SOD (Fig. 8)
and the high angle between S1 and the shortening in the NOD we
have modeled the influence of the dip angle on the P0–T trajectory
of D1þD2. Numerical simulations revealed high sensitivity to the
resulting fabric on the orientation of D2 with respect to D1. Fig 12
shows that prolate fabrics can be produced only if S1 is at a high
angle (>70�) to the D2 shortening direction.

The numerical simulations produce oblate to a plane strain
magnetic fabrics in the core of the SOD whereas the internal
margin of the SOD the fabrics are dominantly prolate and subor-
dinately oblate. Another result is that the sub-horizontal short-
ening of the original plane strain or oblate vertical S1 foliation may
result in prolate D1þD2 fabrics. This agrees with the proposed
strain history involving large scale folding and the progressive
shortening of the short limbs of the asymmetrical folds rotated
toward the shortening axis. Such a deformation may occur either
via homogeneous shortening of the short limbs or by the devel-
opment of an incipient cleavage. Whatever the deformation
mechanism, the resultant prolate fabric will develop either
a ‘‘true’’ stretching lineation or an intersection lineation. These
possibilities cannot be distinguished from each other using the
AMS technique but the most likely mechanism is a combination of
passive reorientation and dynamic recrystallization of the micas,
as supported by the experimental fabric studies (Nicolas and
Poirier, 1976). These studies showed that at high temperatures
dynamic recrystallization favors an intense fabric development
along the path predicted by the passive marker model of March
(1932) even if the role of the initial preferred orientation in such
a process is unclear. The combination of dynamic recrystallization
and passive reorientation of biotite can be also accompanied with
melt-assisted grain boundary sliding of matrix minerals (Hasalová
et al., 2008a).

Finally, the predominance of oblate fabrics in the external SOD
margin and in the NOD can be explained by the numerical simu-
lation. Case E of Fig. 11 and the associated oblate P0–T paths of
Fig. 12 show that a low angle between the D2 shortening axis and
the pole to S1 leads to oblate fabrics for whatever the type of the
pre- D2 deformation fabric ellipsoid. It is therefore proposed that
these oblate fabrics reflect shortening at a high angle to the limbs
of large folds (Fig. 10), typical for a mechanism of post-buckle
flattening.
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8. Origin of migmatitic orthogneiss mineralogy and
AMS fabric

The remaining problem is the explanation of the weakly to
moderately prolate fabrics in the migmatitic orthogneiss. As these
fabrics are developed either at a high angle to S1 in the external SOD
margin or parallel to S1 in the NOD, their symmetry cannot be
explained by fabric overprints like in the previous section.

The topology of the new feldspars and quartz in migmatitic
orthogneiss indicates that they crystallized from a former melt
(Sawyer, 1999) and biotite and feldspars resorption indicates
a disequilibrium reaction with the melt (Büsch et al., 1974). Slight
increase of XMg and Ti content in the biotite indicate that this event
took place at slightly higher temperatures compared to the
orthogneiss formation. Importantly, the migmatitic orthogneiss
reveals crystallization of magnetic accessory phases (titano-
magnetite) which is incompatible with in-situ partial melting
model of felsic orthogneiss because of obvious lack of Ti content in
this rock. Therefore, the crystallization of titanomagnetite but also
of other minerals like albite overgrowths, new K-feldspar and
quartz grains, could reflect an external source of the melt (Hasalová
et al., 2008a,b). It is likely that surrounding metasedimentary
migmatites, because of their composition and high content of Ti–Fe
bearing phases, represent sources of melt infiltrating into
progressively deforming orthogneiss bodies.

The deformation of migmatitic orthogneiss is marked by
complete mixing and randomization of biotite in the matrix,
reduction in the aspect ratio of biotite and its compositional
changes associated with a complete reworking and resetting of the
original aggregate structure of the orthogneiss. Thus the bulk
deformation mechanisms in these migmatitic orthogneiss may be
significantly different from those operating in orthogneiss and in
surrounding granites. The most likely mechanisms are a passive
rotation of biotite and titanomagnetite grains during independent
particulate flow accommodated by melt enhanced grain boundary
sliding (Paterson, 2001; Borradaile and Jackson, 2004). Therefore
the AMS fabric originated as a result of D2 flow and can be modeled
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only for complex magnetic mineralogy including both biotite and
titanomagnetite.
9. Rheological considerations

In the proposed kinematic model, the two orthogneiss domains
are considered as two giant anisotropic inclusions immersed in
homogeneously flowing metasedimentary migmatites and granites
(Figs. 4 and 13). Because the internal parts of the orthogneiss
domains preserved their original solid state fabrics and foliation-
parallel veins we assume that the anisotropy parallel dilation of the
cores of the orthogneiss likely occurred when the whole system
was strong and contained only a relatively small amount of melt
(Fig. 13a).

In contrast the buckling of the orthogneiss-melt multilayer took
place when the surrounding metasediments became more molten
(metatexite stage) but were still capable of transmitting the
contractional stress across the whole metasedimentary and
orthogneiss domain. Layer parallel shortening in the internal SOD
margin lead to the reorientation of magnetic minerals documented
by the development of prolate fabrics in the orthogneiss. At this stage
the deformation affected only highly molten margins of the other-
wise rigid orthogneiss domains, thus preserving original fabrics in
the core of the SOD (Fig. 13b).
With ongoing shortening and melting the relic solid state layers
in the isoclinally folded orthogneiss-melt multilayer became
perpendicular to the bulk contraction and further homogeneous
shortening produced oblate strains in the orthogneiss. Increased
melting of the host rock probably increased the rheological contrast
between the surrounding anatectic granites and the orthogneiss
domains that become relatively rigid and almost undeformable. It is
only the external margin of the SOD and the whole NOD that
experienced continuous deformation similar to the adjacent
homogeneously deforming migmatites and granites, while the core
and internal margin of the SOD remained relatively stiff (Fig. 13c).
Acknowledgements

This work was financially supported by the UMR 7516-7517
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