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Abstract The Serbo-Macedonian Massit (SMM) rep-
resents a composite crystalline belt within the Eastern
European Alpine orogen, outcropping from the Pannon-
ian basin in the north to the Aegean Sea in the south. The
central parts of this massit (south-eastern Serbia) consist
of the medium- to high-grade Lower Complex and the
low-grade Vlasina Unit. Outcrop- and micro-scale duc-
tile structures in this area document three major stages
of ductile deformation. The earliest stage D, 1s related to
isoclinal folding, commonly preserved as up to decimetre-
scale quartz—teldspar rootless fold hinges. D, is associ-
ated with general south-eastward tectonic transport and
refolding of earlier structures into recumbent metre- to
kilometre-scale tight to isoclinal folds. Stages D, and D,
could not be temporally separated and probably took place
in close sequence. The age of these two ductile deforma-
tion stages was constrained to the Variscan orogeny based
on indirect geological evidence (1.e. ca. 408-ca. 328).
During this period, the SMM was 1nvolved in a transpres-
sional amalgamation of the western and eastern parts of
the Galatian super-terrane and subsequent collision with
Laurussia. Outcrop-scale evidence of the final stage D;
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1s Iimited to spaced and crenulation cleavage, which are
probably related to formation of large-scale open upright
folds as reported previously. *’Ar/°?Ar thermochronology
was applied on hornblende, muscovite, and biotite sam-
ples in order to constrain the age of tectonothermal events
and activity along major shear zones. These *’Ar/°”Ar data
reveal three major cooling episodes affecting the central
SMM. Cooling below greenschist facies conditions in
the western part of the Vlasina Unit took place in a post-
orogenic setting (extensional or transtensional) in the
early Permian (284 &= 1 Ma). The age of activity along the
top-to-the-west shear zone formed within the orthogneiss
in the BoZica area of the Vlasina Unit was constrained to
Middle Triassic (246 £ 1 Ma). This age coincides with
widespread extension related to the opening of the Meso-
zoic Tethys. The greenschist facies retrogression in the
Lower Complex probably occurred in the Early Jurassic
(195 == 1 Ma), and 1t was related to the thermal processes
in the overriding plate above the subducting slab of the
Mesozoic Tethys Ocean.

Keywords Serbo-Macedonian Massif - Ductile
deformation - **Ar/>” Ar thermochronology - Variscan
orogeny - Serbia

Introduction

Crystalline terranes within the Eastern Mediterranean
Alpine orogen (e.g. Tisza, Pelagonia, Rhodope, Serbo-
Macedonian Massif) commonly display a high degree of
structural complexity resulting from the interplay between
inherited structures and variable amount of Alpine defor-

mational overprint (e.g. Dimitrijjevi¢ 1972; Stampfli et al.
2002; Neubauer 2002; von Raumer et al. 2003, 2013; Burg
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2012). These basement units usually represent segments
of the North-Gondwanan margin that drifted along multi-
ple branching oceanic domains and subsequently accreted
to the Eurasian margin during the Variscan orogeny (e.g.
Neubauer 2002; Karamata 2006; Stampfli et al. 2013). A
similar evolution took place again during the Alpine orog-
eny with polyphase opening of the Mesozoic Tethys and its
consequent closure involving collision of multiple crustal
segments (e.g. Robertson et al. 1991; Ricou 1994; Schmid
et al. 2008; Stampfli and Hochard 2009). Therefore, to
reveal the tectonic evolution of these intra-Alpine crystal-
line units, their complex structural patterns need to be stud-
ied in detail together with determination of age of their pro-
toliths and timing of metamorphism.

The crystalline Serbo-Macedonian Massift (SMM;
Dimitrijevi¢ 1957) 1s lodged between the Dinaride and the
Carpatho-Balkanide chains of the Alpine orogen (Fig. 1).
Paucity of structural, geo-, and thermochronological data
has led to a number of contrasting tectonic interpretations
and structural subdivisions within the SMM (Popovic
1991, 1995; Ricou et al. 1998; Grubi¢ et al. 1999, 2005;
Kriautner and Krsti¢ 2002; Zagorchev and Milovanovi¢
2006). A similar degree of uncertainty also plagued the
neighbouring Rhodope metamorphic complex, until its tec-
tonic evolution was re-evaluated using combined detailed

structural and geochronological studies (e.g. Burg et al.
1995; Mukasa et al. 2003; Peytcheva et al. 2004; Liati

2005; Bosse et al. 2009; Bonev et al. 2010, 2015; Turpaud
and Reischmann 2010; Jahn-Awe et al. 2010, 2012; Him-
merkus et al. 2011; Froitzheim et al. 2014; Georgiev et al.
2016). Detailed reconstructions of the tectonic evolution
of areas surrounding the SMM (i.e. Southern Carpathians,
Internal Dinarides) have also been recently produced based
on reliable data sets (Dallmeyer et al. 1998; Matenco and
Schmid 1999; Fiigenschuh and Schmid 2005; Schmid
et al. 2008; Ustaszewski et al. 2009; Zelic et al. 2010;
Stojadinovic et al. 2013; Tolji¢ et al. 2013). Furthermore,
recent detailed studies in the southern part of the SMM
(1.e. Vertiskos Unit in Greece) have provided valuable
constraints on the magmatic and deformation events that
affected this unit (e.g. Hrmmerkus et al. 2009a, b; Mein-
hold et al. 2010; Kydonakis et al. 2014, 2015a, b). Due to
its particular position between the two divergent belts of
the Alpine orogen, unravelling of thermal and deformation
history of the SMM becomes essential for correct recon-
struction of the evolution of tectonic units in south-eastern
Europe. The central parts of the SMM (south-eastern Ser-
bia) were chosen for this study due to relative scarcity of
reliable data and relatively good condition of rock expo-
sures. This study provides new detailed structural data
and *’Ar/*’Ar thermochronology results from the central
SMM, which were used to unravel its long and complex
deformation history since the Palaeozoic.

@ Springer

Geological setting

The SMM represents a crystalline belt outcropping from
the Pannonian basin in the north to the Aegean Sea in the
south (Fig. 1). It should be noted that although our study
concerns both Variscan and Alpine tectonics in the SMM,
the names of the tectonic units discussed below only refer
to the later (i.e. Alpine) tectonics so that results presented
here could be correlated with the previously published tec-
tonic frameworks of south-eastern Europe. The Supragetic
nappe sequence of the South Carpathians 1s considered
to be the continuation of the SMM east and north-east of
the Pannonian basin (Sandulescu 1984; Dimitrijevi¢ 1997;
Schmid et al. 2008). As originally proposed by Dimitrijevic
(1957), the SMM 1n Serbia comprises a structurally lower
(the Lower Complex) and upper unit (Vlasina Unit).
These are commonly distinguished by their metamorphic
grade, 1.e. the Lower Complex underwent medium- to
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Fig. 1 Tectonic map of the Balkan Peninsula (modified after Schmid
et al. 2008; van Hinsbergen and Schmid 2012). Blue polygon outlines
the area of the map in Fig. 2, and the red polygon in Fig. 3
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lower-amphibolite facies metamorphism, whereas the
Vlasina Unit was metamorphosed at greenschist facies con-
ditions. In Bulgaria, the continuations of the Lower Com-
plex and the Vlasina Unit are referred to as the Ograzh-
den Unit (Dimitrijevi¢ 1967; Zagorchev 1984; Dabovski
et al. 2002) and Morava Unit (e.g. Zagorchev 1985, 1993),
respectively. The SMM can be followed farther southwards
into Greece, where the Vertiskos unit 1s usually correlated
with rocks of the Lower Complex (Kockel et al. 1971; Burg
et al. 1995; Himmerkus et al. 2006, 2009a). However, only
the central parts of the SMM (south-eastern Serbia) were
investigated during this study.

Lower Complex

The Lower Complex consists mainly of gneisses,
micaschists, quartzites, amphibolites, and occasionally
marbles and migmatites (Dimitrijevic 1963). These rocks
represent a Cadomian (late Neoproterozoic—earliest Cam-
brian) volcano-sedimentary complex developed along
the active margin of north Gondwana, which was subse-
quently intruded by 1gneous rocks during several magmatic
pulses (Anti¢ et al. 2015a, b). Although medium- to lower-
amphibolite facies metamorphism 1s characteristic for the
Lower Complex (Dimitrijevi¢ 1967; Milovanovi¢ 1990,
1992; Cvetkovi¢ 1992), relicts of eclogite facies rocks are
also reported as 1solated occurrences throughout this unit
(Balogh et al. 1994; Iancu et al. 1998; Korikovsky et al.
2003; Zidarov et al. 2003a; Macheva et al. 2005; Nenova
and Zidarov 2008; Ivanova and Zidarov 2011; Kydonakis
et al. 2015b). The timing of high-pressure (HP) metamor-
phism, deduced from overprinting relationships and whole-
rock Rb/Sr data, was reported to be of pre-Cadomian or
Cadomian age (ca. 750-550 Ma), with an amphibolite
facies overprint and locally migmatisation occurring in the
Variscan (Dimitrijevi¢ 1967; Balogh et al. 1994; Zagorchev
and Milovanovi¢ 2006; Nenova and Zidarov 2008; Peytch-
eva et al. 2009a; Anti¢ et al. 2015b). Additionally, U-Pb
dating of titanite and several K/Ar analyses have yielded

Early Cretaceous ages (Milovanovi¢ 1990; Balogh et al.
1994; Zidarov et al. 2003b).

Vlasina Unit

The Vlasina Unit represents a Cadomian volcano-sedimen-
tary sequence, which, although similar to the protoliths of
the Lower Complex, 1s generally dominated by ocean-floor
sediments (Panti¢ et al. 1967; Petrovi¢ 1969), intruded by
late Cadomian 1gneous rocks (Anti¢ et al. 2015b), covered
by a Lower Ordovician to lower Carboniferous sedimentary

sequence (post-Cambrian in Fig. 2; Pavlovi¢ 1962; Babovic
et al. 1977; Kriautner and Krsti¢ 2002), and finally intruded
by late Palacogene magmatic rocks (Anti¢ et al. 2015a).

The pre-Ordovician Vlasina (Anti¢ et al. 2015b) 1s typi-
cally represented by various schists, phyllites, and quartz-
ites (Dimitrijevi¢ 1967). Peak metamorphic conditions of
450-500 °C at 3-5 kbar (0.3-0.5 GPa) were reported in the
pre-Ordovician Vlasina (Milovanovi€ et al. 1988; Vaskovic
2002). However, relicts of metamorphic assemblages
indicative of conditions exceeding greenschist facies have
been reported 1n the vicinity of the BoZica magmatic com-
plex and Vranjska Banja area (Fig. 2; Petrovi¢ 1969, 1977;
Vujanovic et al. 1974; Babovic et al. 1977; Vaskovi¢ 1998;
Vaskovié et al. 2003).

Post-Cambrian Vlasina (Anti¢ et al. 2015b) com-
prises Ordovician schists, phyllites, calcschists, argillites,
quartzite and marbles, Silurian graptolitic schists, Middle
Devonian carbonates and argillites, and Upper Devonian
to lower Carboniferous turbidites with spilites (Pavlovié
1962, 1977; Petrovi¢ et al. 1973; Spassov 1973; Babovi¢
et al. 1977; Zagorev and Boncleva 1988; Banjac 2004;
Lakova 2009). These rocks are considered to have experi-
enced very-low-grade metamorphism with only occasional
occurrences of greenschist facies assemblages (Petrovid
et al. 1973; Spassov 1973; Babovi¢ et al. 1977; Graf 2001 ;
Krsti¢ et al. 2002).

The tectonic contact of the Lower Complex with the
Vlasina Unit 1s reported as the Vrvi Kobila shear zone
(Fig. 2). It was previously considered as a pre-Mesozoic
west-vergent thrust juxtaposing the Vlasina Unit over the
Lower Complex (Vukanovi¢ et al. 1973; Krsti¢ and Kara-
mata 1992), or, alternatively, as a post-Late Cretaceous
dextral shear zone (Krdutner and Krsti¢ 2002). Addition-
ally, several reports suggest that these units originally had a
stratigraphic contact, which was later tectonically reworked
(Petrovi¢ and Karamata 1965; Petrovi¢ 1969; Dimitrijevic

1997).
Eastern Veles series

South-west of Bujanovac (Fig. 2), the Lower Complex
overlies the eastern part of the Veles series. This contact
was previously considered as a strike-slip fault (MaleSevic
et al. 1980; Vukanovi€ et al. 1982), an east-vergent thrust
(Krsti¢ and Karamata 1992), or a westward thrust reacti-
vated as dextral strike slip in the Neogene (Kriutner and
Krsti¢ 2002). It has been recently interpreted as a ductile
shear zone (Stefan M. Schmid, personal communica-
tion, September 2014), along which no significant verti-
cal movement occurred since the Late Cretaceous (Anti¢
et al. 2015a). Jurassic ophiolites of the Eastern Vardar
oceanic domain together with the Upper Cretaceous fly-
sch (Vukanovi¢ et al. 1977; Pavi¢ et al. 1983; Karamata
and Krsti¢c 1996) divide the Veles series into eastern and
western part. The Eastern Veles series (EVS) 1s largely
composed of a lower Palacozoic sedimentary sequence and
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Early Ordovician meta-granites (Pavlovi¢ 1977; Anti¢ et al.
2015b), with minor Triassic sedimentary cover (Pavic€ et al.
1983). These rocks underwent amphibolite facies metamor-
phism, followed by a post-Triassic intensive retrogression
in greenschist facies (Dimitrijevi¢ 1997). In contrast, Devo-
nian to Triassic greenschist facies meta-sedimentary rocks
constitute the majority of the Western Veles series (Pavic
et al. 1983; Grubi¢ and Ercegovac 2002). The Veles series
1s considered to be a part of the Circum-Rhodope belt
(Zagorchev and Milovanovi¢ 2006; Schmid et al. 2008),
or the “internal Vardar zone” (Dimitrijevi¢c and Drakulic
1958; Robertson et al. 2009). This study only addresses
the lower Palaeozoic-dominated EVS, which was recently

attributed to the Palaeozoic Galatian supra-terrane together
with the SMM (Antic et al. 2015b).

Struma unit and Crnook—0Osogovo-Lisets complex

During the late Early Cretaceous, the Vlasina Unit was
thrust to the east onto the Struma and other Getic units
along a system of east- to north-east-vergent thrusts
(Petkovi¢ 1930; Mihailescu et al. 1967; Petrovi¢ 1969;
Zagorchev and Ruseva 1982; Lilov and Zagorchev 1993;
Kounov et al. 2010). The Struma Unit consists of a base-
ment represented by variably deformed continent- and
ocean-derived rocks of Ediacaran to early Cambrian age
(Kounov et al. 2012), and a transgressive Permian to Lower
Cretaceous sedimentary cover (Zagorchev 1981).

The Crnook—Osogovo—Lisets (COL) complex in south-
eastern part of the study area represents an extensional
dome exhumed from below Struma and Vlasina Units dur-
ing middle Eocene to Oligocene (Kounov et al. 2004; Antic
et al. 2015a). It consists of micaschists, gneisses, amphi-
bolites, and quartzites (Dimitrova 1964; Dimitrijevi¢ 1972;
Babovic et al. 1977). Magmatic rocks of the COL complex
and the basement of Struma Unit are derived from the same
calc-alkaline magma source associated with a magmatic-
arc complex formed during Ediacaran to early Cambrian
(Kounov et al. 2012; Anti¢ et al. 2015b). These rocks have
experienced lower-amphibolite facies metamorphism dur-

ing an early Late Cretaceous compressional event (Kounov
et al. 2010).

Sedimentary cover and brittle tectonics

The oldest undeformed and non-metamorphosed rocks in
the study area are the Santonian to lower Maastrichtian sedi-
mentary rocks (86—70 Ma, Fig. 2). These relatively shallow
Late Cretaceous basins were filled with predominantly ter-
rigenous clastic deposits with subordinate marls and lime-
stones (Petrovic et al. 1973). Palacogene sedimentary rocks
in the area are represented by middle Eocene carbonate
continental deposits (Petrovi¢ et al. 1973; Vukanovic et al.

1973; Andelkovi¢ and Andelkovi¢ 1995), upper Eocene tur-
bidites (Vukanovic et al. 1977; Dimitrijevi¢ and Dimitrijevic¢
1987), and Oligocene marine to lacustrine sedimentary
rocks (Vukanovi¢ et al. 1973, 1977) deposited in exten-
sional basins that were coeval with the exhumation of the
COL core complex. Palacogene sedimentary rocks are often
intercalated with various pyroclastic rocks or intruded by
small dacitic or andesitic bodies that also intrude the base-
ment. The most prominent igneous complexes in the study
area are the Surdulica granodiorite (Anti€ et al. 2015a), and
the Lece andesitic complex (Karamata et al. 1992).

Neogene sedimentary rocks in the area are represented
by middle Miocene clastic deposits and freshwater marls,
which were continually deposited during the Pliocene
(Vukanovi€ et al. 1973, 1977). These rocks are intercalated
with dacitic and andesitic volcanoclastic rocks (Vukanovi¢
et al. 1977).

Apart from the Early Cretaceous compression discussed
above, brittle deformation in central SMM also includes
Late Cretaceous normal faulting, Eocene—Oligocene
extension (Anti¢ et al. 2015a), and dextral strike-slip and
oblique faulting during Miocene to recent wrench tecton-
ics (Petrovi¢ 1969; Marovi¢ et al. 2007; Burchfiel et al.
2008; Kounov et al. 2011; Tranos and Lacombe 2014;
Mladenovi¢ et al. 2014).

Structural data

No coherent ductile fabric could be followed throughout
the entire study area (i.e. central SMM), as abrupt changes
in orientation of structural elements occur even within rela-
tively small areas (Fig. 3). These changes are considered to
result from a much younger brittle tectonic overprint. The
structural observations were hampered further by gener-
ally poor exposure and highly weathered state of rocks in
the study area. Despite these difficulties, three major stages
of ductile deformation affecting the entire study area were
identified based on overprinting relationships and inter-
nal geometries of the resulting structures (i.e. style of
deformation).

Lower Complex

Due to complex structural patterns, the deformation in the
Lower Complex will be described in five separate domains
that display some degree of structural homogeneity (Fig. 4).
Western part of the Lower Complex

The area west of the brittle Tupale fault 1s characterised by

a predominantly east-dipping main foliation S,, which rep-
resents the axial-plane cleavage of overturned to recumbent
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metre- to kilometre-scale i1soclinal F, folds (Fig. 4a). Fold
axes b, are shallowly plunging in the north to north-west—
south to south-east direction (Figs. 4a, 5a), and are gener-
ally perpendicular to subhorizontal fold axes b, of earlier
folds F, (Fig. 4a). Refolding of decimetre-scale isoclinal
F, folds (i.e. folded quartz-feldspar bands with fold axis b,
perpendicular to the plane of image in Fig. 5b), by 1socli-
nal folds F, at high to almost right angles (parallel to the
plane of image in Fig. 5b) has been observed at several
outcrops. Therefore, an earlier foliation (S,) 1s presumed to
be initially folded into F; and subsequently refolded into
F, folds. Away from the hinges of F, folds, the supposed
initial foliation S, and foliation S, formed during D, were
completely transposed during D, such that the main fabric
represents a S;/S,/S, composite foliation, which is desig-
nated as S, for convenience. Apart from the rare outcrops
where the relationships between folds F, and F, could be
directly observed, the early folds F, are usually found as

@ Springer

rootless fold hinges in the microlithons bound by folia-
tion S,. A clear distinction between fold structures related
to deformation stages D, and D, 1s only possible in areas
where their respective fold axes intersect at high angles.

A younger spaced cleavage S, 1s usually perpendicular
or at a high angle to S,, and generally strikes north-west—
south-east (Fig. 4a).

A subhorizontal stretching lineation defined by biotite
and elongated quartz-feldspar aggregates trends north to
north-east—south to south-west (Fig. 4a). Polycrystalline
sigmoids and §-type aggregates observed in XZ planes at
two locations indicate a top-to-the-north to north-east and a
top-to-the-south sense of shear (Fig. 6).

Central part of the Lower Complex

A relatively large area in the central part of the Lower Com-
plex 1s characterised by predominantly shallow dipping
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penetrative foliation with a preferred dip direction in the
south-western quadrant (S,; Fig. 4b). This fabric 1s pre-
dominantly formed by flattened quartz—feldspar aggregates
and biotite. The earlier foliation S, 1s preserved only at the
hinges of large-scale (Dm to km) 1soclinal recumbent folds
F,. In these hinge zones, S, 1s often folded into metre-size
parasitic F, folds, whereas S, represents the axial-plane
cleavage. As the foliation S; was observed only at hinges
of folds F,, its statistical distribution (Fig. 4b) reflects the
geometry of limbs of large recumbent folds F,. The subhor-
izontal maximum of S, 1s related to the shallow inclination

Kobila area. For structural data in Vranjska Banja area, please see
Fig. 8. Inset shows the relative scale and position in Fig. 3

of one of the limbs, whereas the generally steeply inclined
foliations are measured along the other limb of F, folds.
Occasionally observed steep inclination of the composite
foliation (S,) 1s probably caused by rotation during a later
brittle deformation rather than representing a feature intrin-
sic to the D, style of deformation in the area. Axes b, of
centimetre-scale rootless fold hinges F, are commonly per-
pendicular or at a high angle to b, (Fig. 4b), although sev-
eral exceptions were also noted.

The stretching lineation observed on the main folia-
tion S,, represented by preferential growth of biotite and
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Fig.5 a Folded alternation of gneiss, schists, and amphibo-
lite in the western part of the Lower Complex (21°38'16.153"E,
42°45'8.295"N). Earlier foliation S, preserved in the competent
amphibolites 1s folded into metre-scale isoclinal folds F, and para-
sitic folds F,,. Minor transposition of limbs of F, folds along the
axial-plane cleavage S, can also be observed. Late cleavage S; nearly
perpendicular to the composite foliation S,/S, 1s weakly developed.
Length of hammer ca. 60 cm. b Micaschists in the western part of
the Lower Complex (21°37'47.381"E, 42°45'8.195”"N). Older iso-
clinal folds F, with fold axes b, perpendicular to the plane of image
are refolded by 1soclinal fold F, with fold axis parallel to the plane
of image. Length of pencil 143 mm. ¢ Polycrystalline sigmoid indi-
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cating top-to-the-south-west shear sense, west of the Vrvi Kobila
shear zone (Fig. 3; 21°5525.176"E, 42°49'19.199”N). Length of
metal tip on a pencil 21 mm. d C’ shear bands indicating top-to-
the-east sense of shear in micaschists of the southern Lower Com-
plex (21°53'27.018"E, 42°34’46.569"N). Coin diameter 24 mm. e
Isoclinal folds F, from Vranjska Banja area refolded by asymmetric
fold F, with axes b, perpendicular to the axis b, (22°4'38.741"E,
42°30'33.75"N). S, represents an axial-plane cleavage of folds F,.
f Layer-parallel train of asymmetric tapered boudins from Vran-
jska Banja area indicating top-to-the-south-west sense of shear

(22°7"7.324"E, 42°29'57.556"N). Length of hammer 330 mm
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elongate ribbons of quartz, plunges gently in north-west—
south-east direction (L, 1n Fig. 4b). The fold axes b, of
large recumbent folds F, generally exhibit a shallow to
moderate plunge in virtually all directions, with a maxi-
mum towards the south to south-east (Fig. 4b). The appar-
ent parallelism between stretching lineation and maximum
of b, fold axes suggests that both structures are related to
the same deformation stage (D,). Later rotation of blocks in
the brittle regime has caused further dispersion in the orien-
tation of b, fold axes.

Crenulation cleavage S; intersects foliation S, at high
angles and 1s generally subvertical to steep with appar-
ently no preferred orientation (Fig. 4b). The orientation
of b; axes 1s determined by calculating the intersection of
foliation S, folded into large open folds in outcrop scale,
or by scarce intersection lineation between S, and crenula-
tion cleavage S;. These axes are generally plunging in the
south-western quadrant (Fig. 4b).

Kinematic indicators such as shear bands, polycrystal-
line sigmoids, and asymmetric clasts on outcrops, as well
as biotite fish in thin sections, were observed in the XZ
plane and indicate generally top-to-the-south to south-east
sense of shear. Additionally, a number of o-type mantled
clasts and sigmoids in the same area show top-to-the-south-
west sense of shear (Fig. 5c¢).

Low-grade retrogression of amphibolite-grade assem-
blage in this area 1s suggested by evidence of dynamic
recrystallization of quartz by bulging (BLG) and late

muscovite and sericite growth at the boundaries of feldspar
grains.

Southern part of the Lower Complex

Penetrative foliation S, in the area surrounding the Bujano-
vac magmatic complex (Figs. 3, 4¢) 1s generally dipping
towards the east to south-east at moderate angles (Fig. 4¢).
It 1s commonly defined by biotite, muscovite, and flat-
tened quartz—feldspar aggregates. Variation in orientation
of S, 1s observed, but no apparent structural pattern could
be established (Fig. 4c¢). The subhorizontal to shallow fold
axes b, of tight to 1soclinal folds F, are plunging towards
the south-west and the north-east (Fig. 4c). Subvertical
older foliation S; was observed only in the broad planar
hinges of decametre-scale recumbent F, folds (Fig. 4c).
Fold axes b, of small-scale rootless fold hinges F, are usu-
ally perpendicular to b, (Fig. 4c¢), with the exception of a
single locality where the observed b, and b, are subpar-
allel. Rarely observed stretching lineation defined by bio-
tite and elongated quartz—feldspar aggregates 1s generally
shallow to moderately plunging towards the south-east
(Fig. 4c).

Cleavage S, related to large-scale open folds F; was
observed at several locations, whereas north—south-directed
subhorizontal plunge of fold axes b; was inferred from

intersection lineation or calculated from the orientations of
the limbs of gently folded S, (Fig. 4¢).
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Fig. 7 a Cross-section EF through the Vrvi Kobila area. b Detail
of the map 1n Fig. 2 with a trace of the cross-section EF. Location
of the map relative to Fig. 3 and the Lower Complex (black silhou-
ette) 1s indicated by a black rectangle 1n the inset. ¢ Thin section of a

C’ shear bands observed in gneiss north of Vranje
show top-to-the-south-east direction of tectonic transport
(Figs. 3d, 6). C’ shear bands, §-type mantled clasts, and
polycrystalline sigmoids observed in the western periphery
of the Permo-Triassic pluton within the Bujanovac mag-
matic complex show top-to-the-E sense of shear, although a
top-to-the-north-west shearing was also observed.

Vrvi Kobila area

Previous studies in the Vrvi Kobila area describe a 3-km-
thick zone of intensive deformation, composed of phyllon-
ites and mylonites (Vrvi Kobila fault zone, Petrovic¢ et al.
1973), along which the Vlasina Unit has been thrust onto
the Lower Complex (Dimitrijevié¢ 1963; Vukanovi¢ et al.
1973; Krsti¢ and Karamata 1992; Kriutner and Krstié
2002). Our studies 1n the area suggest the existence of a
major ductile east-dipping shear zone with top-to-the-east
to south-east sense of tectonic transport (Fig. 6). How-
ever, our observations also show that the hanging wall of
the Vrvi Kobila shear zone is predominantly composed of
two-mica gneiss and mica schists, which deviates from the
typical lithological description of low-grade Vlasina Unit.
Therefore, this shear zone does not separate the Lower
Complex from the Vlasina Unit, as previously reported,
and 1t 1s entirely developed within the former (Fig. 7). The
presence of high-grade metamorphic rocks in the hang-
ing wall was previously explained by the “granitisation
effect” on the schists of Vlasina Unit in the hanging wall,
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mylonite within the Vrvi Kobila shear zone (SMOI; 21°59'15.981"E,
42°42'27.645"N). Red arrow points to an asymmetric myrme-
kite. Large black half-arrows indicate sense of shear. Crossed
nicols. Width of image 5.9 mm

exerted by the intrusion of Vlajna granite in the footwall
(Petrovi¢ 1969; Vujanovi€ et al. 1974). Our studies show
that the emplacement of Vlajna granite (Anti€ et al. 2015b)
predates the activity along the Vrvi Kobila shear zone, as
a large part of this granite 1s deformed and transformed
into coarse-grained gneiss that 1s observed within the zone
and its hanging wall (Fig. 7a). Therefore, the extent of the
Vlajna magmatic complex present on maps (Figs. 2, 3) and
previous reports corresponds only to the weakly or unde-
formed part of the complex.

Foliation S, in the Vrvi Kobila area is moderately to
steeply dipping towards the east (Fig. 4d). Variations in the
orientation of S, are probably caused by the younger brittle
deformation. The foliation S, 1s defined mostly by flattened
quartz—feldspar aggregates and syn-deformational growth
of muscovite and biotite. Several F, folds with axes b,
generally parallel to the strike of the shear zone have been
observed within low-strain domains in the area (Fig. 4d), as
well as anastomosing shear zones in the Vlajna magmatic
complex. Scarce subvertical to steep solution cleavage S, 1s
striking north-east—south-west (Fig. 4d).

The stretching lineation represented by quartz—feld-
spar ribbons, muscovite, and biotite forms an array with
two maximums, one towards the south-east and the other
to the north-east (Fig. 4d). The lineations showing a maxi-
mum towards the south-east together with outcrop-scale
sigmoids and asymmetrically stretched boudins which
indicate top-to-the-south-east sense of shear were mainly
observed along the Vrvi Kobila shear zone (Figs. 4d, 6).
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This south-eastward shearing and the general south-east—
north-west orientation of fold axes b, are considered to be
related to deformation stage D,. The lineations oriented dif-
ferently than the south-eastern maximum could represent
earlier structures not fully reworked during D, that were
preserved away from the Vrvi Kobila shear zone (Fig. 6).

Vranjska Banja area

Metamorphic rocks of Vranjska Banja area, located
between the Surdulica granodiorite and the JuZzna Morava
River (Fig. 2), were traditionally attributed to Vlasina Unit,
although they show evidence of higher metamorphic grade
than the greenschist facies typical for the Vlasina Unit
(Babovi¢ et al. 1977). Mineral assemblages in Vranjska
Banja area showing the peak metamorphic conditions of
530-585 °C at 5.2-6.1 kbar (0.52-0.61 GPa, 1.e. the bound-
ary conditions between greenschist and amphibolite facies)
are overprinting low-grade assemblages formed at 350-
450 °C and 3.5 kbar (Vaskovi¢ 1998; Vaskovi¢ et al. 2003).
As the division of central SMM into the Lower Complex
and Vlasina Unit 1s generally based on the metamorphic
grade, we designate the metamorphic rocks in Vranjska
Banja area as a part of the Lower Complex (Figs. 2, 3).

Structural fabric of Vranjska Banja area was mostly
examined along a Banjska river valley east of Vranje
(Figs. 3, 8). Foliation S, 1n this area, predominantly defined
by biotite, clinozoisite, and flattened quartz—feldspar aggre-
gates, dips shallowly to moderately towards the south,
with small populations dipping towards the south-east and
south-west (Fig. 8d). Metre-scale asymmetric parasitic
folds F, were observed 1n the limbs of presumed kilometre-
scale recumbent folds (Figs. Se, 8b), with shallowly plung-
Ing, east to south-east—west to south-west trending axes b,.
The earlier foliation S; was observed in the hinge areas of
parasitic folds F,, and it steeply dips towards the north-east
and south-west (Fig. 8c). The rootless hinges of small folds
F, are characterised by steep fold axes b, plunging towards
south to south-east (Fig. 8b). Two axes b, of large folds
F, were recognised based on the intersections of crenula-
tion cleavage with foliation S, (Fig. 8b), and their shal-
low plunge towards south to south-west coincides with the
m-axis of S, (Fig. 8d). The stretching lineation represented
by preferential growth of biotite and muscovite observed on
the main foliation S, plunges mainly towards the south-east
and south-west with considerable scatter (L, 1n Fig. 8a).
The north-west—south-east strike of steep to subvertical
spaced cleavage Sq. 18 nearly perpendicular to the trend of
b; and therefore could not be related to D5 but possibly rep-
resents much younger processes (Fig. 8e).

Two distinct zones of localised shear strain composed
of highly deformed mylonitic to ultramylonitic rocks were

=t Pl LA
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N=19
® mylonitic lineation

& pole to best-fit great circle

# mylonitic foliation

\ A Fig. 3

Fig. 8 Lower hemisphere equal-area plots of a mineral lineation, b
fold axes, ¢ poles to foliation related to D,, d poles to foliation related
to D,, and e poles to spaced cleavage in Vranjska Banja area. See text
for details. Symbol legend 1s given in Fig. 4. Relative scale and posi-
tion in reference to Fig. 3 1s given in the inset

observed in this area (Fig. 8d). Kinematic indicators such
as foliation-parallel asymmetric drawn boudins (Fig. 5f;
drawn- to shearband-boudin transition of Goscombe et al.
2004) and C’ shear bands suggest top-to-the-south-west
sense of shear (Fig. 6).

Vlasina Unit

Due to structural complexity encountered in the Vlasina
Unit, its deformation pattern will be presented in three
domains showing relative structural homogeneity (Fig. 9).

Southern part of Vlasina Unit

Penetrative foliation S, in the southern part of Vlasina Unit
1s subhorizontal to shallow dipping towards the south-east,
with south-westward moderate to steep dip in a narrow area
proximal to a belt of Eocene volcanic rocks south of Surdu-
lica pluton (Figs. 3, 9a). The foliation S, often represents
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Fig. 9 Lower hemisphere equal-area plots of structural elements from the a southern part of Vlasina Unit, b northern part of Vlasina unit, and ¢
BozZica area. Symbol legend 1s given in Fig. 4. Inset shows the relative scale and position in Fig. 3

the axial-plane cleavage of tight to isoclinal recumbent
folds F, (Fig. 10a). Due to their presumed kilometre-scale
size, these folds F, are discernible only in hinge areas or
by their decimetre- to metre-scale parasitic folds (Fig. 10a).
Axes b, of these folds are plunging at low angles generally
towards the south and south-east, and towards the north-
east in the western periphery of this area (Figs. 3, 9a). Ear-
lier folds F, are occasionally observed as 1soclinally folded
quartz—feldspar bands, refolded by F, (Fig. 10a). Due to
small number of measurements, significance of mineral
lineation and occurrences of late cleavage S; could not be
critically evaluated in this area (Fig. 9a).

@ Springer

Northern part of Vlasina Unit

Ductile structures in the northern part of the Vlasina Unit
were examined 1n the schists of the pre-Ordovician Vlasina
as well in the post-Cambrian meta-sediments (Fig. 9b).
Penetrative subhorizontal to shallow foliation S, i1s predom-
inantly dipping towards the north-west with minor popu-
lation dipping at moderate angles towards the north-east
(Fig. 9b). The variation 1n the orientation of S, 1s assigned
to subsequent brittle deformation, including Cretaceous
cast—north-eastward thrusting, especially prominent in
the eastern part of this area. The foliation S, generally



Int J Earth Sci (Geol Rundsch) (2017) 106:1665-1692

1677

Fig. 10 a Isoclinal fold F, refolded by later isoclinal fold F, with
axial-plane cleavage S, in chlorite-muscovite schists in the south-
ern part of the Vlasina Unit (22°5/52.149"E, 42°22'5.121”"N). Diam-
eter of coin 26 mm. b Quartz—feldspar bands folded into isoclinal
folds F, represented by rootless hinges in a matrix of chlorite—-mus-
covite schists in the northern part of Vlasina Unit (22°4'57.756"E,
42°53'43.306"N). Size of the head of hammer 136 mm. ¢ Fan-
ning axial-plane cleavage S, in the chlorite schists in the northern
part of Vlasina Unit (22°18'15.775"E, 42°48'21.52"N). Size of pen
152 mm. d Initial foliation S; folded in centimetre-scale chevron
folds F, preserved only as limbs due to strong reworking by the

represents axial-plane cleavage of recumbent decimetre-
to decametre-scale tight to isoclinal folds F, (Fig. 10b,
c¢). Foliation S, 1s defined by muscovite and chlorite. Fold
axes b, are predominantly subhorizontally to shallowly

axial-plane cleavage S,, with superimposed crenulation cleavage S,
in upper Silurian to Lower Devonian argillites of the northern part of
Vlasina Unit (22°32/33.657"E, 42°45'9.631"N). Size of metal tip of
a pen 17 mm. e Spaced cleavage S_ 1s observed in the early Silurian
coarse-grained Qz-monzonite (I") and Permo-Triassic fine-grained
granites (I"7), whereas the foliation S, can be seen only in the for-
mer (21°49'51.156"E, 42°21/30.213”N). Hammer length 330 mm. f
Refraction of S, in the folded granodiorite in the western part of the
Lower Complex (21°37'48.583"E, 42°45'9.15"N). Length of hammer

ca. 60 cm

plunging in north to north-west—south to south-east direc-
tion (Fig. 9b). An 1nitial foliation S; 1s defined by quartz—
feldspar bands that were 1soclinally folded into centimetre-
scale folds F, (Fig. 10b) and subsequently refolded into
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Fig. 11 a Folded train of drawn boudins within the Ordovician
meta-argillites in the northern part of Vlasina Unit (22°25'47.903"E,
42°51'49.239"N). Size of pencil 13.5 mm. b Evolution of structures
through deformation stages D, and D,. Shaded areas of strain ellip-
soids represent extensional quadrants, whereas blank areas represent
compressional quadrants

large recumbent folds F,. This initial foliation (S;) is better
observed 1n the thrust sheets composed of low- to very-low-
grade Lower Palacozoic meta-sediments (Fig. 3). In the
upper Silurian to Lower Devonian argillites, the foliation S;
is defined by sericite-rich bands folded in centimetre-scale
chevron folds F,, of which only limbs have remained due to
strong reworking by the axial-plane cleavage S,, whereas
the late S, represents a crenulation cleavage developed at a
high angle to S, (Fig. 10d).

The difference 1n orientation of strain axes during the
deformation stages D, and D, resulted in the formation of
folded drawn boudin trains in Ordovician meta-argillites
(Fig. 11). The boudin trains were initially formed in the
extensional domain of D, strain ellipsoid and were subse-
quently folded by simple shearing during D, (Fig. 11b).

Spaced and crenulation cleavage S; was distinguished
only where 1t intersects composite foliation at high angles
in medium- to low-grade rocks, generally in areas close to
Juzna Morava River (Fig. 3). Maximum of S; 1s dipping
towards the north-east at a moderate angle, but a significant
population of subvertical cleavage striking north to north-
east—south to south-west 1s also observed (Fig. 9b). A sin-
gle axis b; moderately plunging towards the south-west of
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a large open fold F; was measured in an area away from the
thrust front (Fig. 9b).

BoZica area

Bozica area comprises the BoZica magmatic complex and
the post-Cambrian meta-sedimentary succession (Lisina
series of Dimitrijevi¢ 1963; Babovic et al. 1977), south of
the magmatic complex (Figs. 3, 9c¢). In this area, foliation
S, 1s generally dipping at moderate to low angles towards
the north (Fig. 9). Fold axes b, of decimetre-scale asymmet-
ric parasitic folds F, are trending east to south-east—west to
north-west (Figs. 9¢, 12a). Foliation S, represents an axial-
plane cleavage of folds F, (Fig. 12a). Earlier centimetre-
scale 1soclinal folds F, are preserved as rootless fold hinges,
refolded by F, at various intersection angles (Figs. 9¢, 12a).

Late crenulation (Fig. 12b) or spaced cleavage S; is
usually distinguished by high intersection angles with S,,
and 1t 1s moderately to steeply dipping with no preferen-
tial direction (Fig. 9¢). Subhorizontal to shallow fold axes
b; trending north to north-west—south to south-east are
inferred from intersection lineation of S; on S, and cren-
ulation lineation (Fig. 9c¢). The mineral lineation statisti-
cally forms a girdle with approximate orientation 000/30
having a single maximum at 304/20 (Dip direction/Dip
angle; Fig. 9¢). Although neatly aligned in the spherical
projection, these lineations are anisotropically distributed
throughout the BozZica area.

The presence of mylonite, ultramylonite, and discrete
anastomosing shear zones developed in the southern part of
Bozica magmatic complex indicates that these rocks have
experienced considerable amount of shear strain (Fig. 12¢).
Foliation 1s defined by syn-deformational muscovite, bio-
tite, and clinozoisite. Kinematic indicators such as &- and
o-type mantled clasts of feldspar (Fig. 12d) indicate top-to-
the-west to south-west sense of shear (Fig. 6).

Eastern Veles series

Structural data from the EVS were collected only along a
single transect across the contact with the Lower Complex,
north of PreSevo (Figs. 2, 3). Although the contact itself
could not be directly observed, it was established that the
penetrative foliation in the EVS 1is steeply dipping towards
east to north-east (Fig. 13a) being parallel to the orienta-
tion of S, in the Lower Complex near the contact (Fig. 4).
Structural concordance between these penetrative fabrics
suggests a ductile character of the contact. The foliation in
gneisses of the EVS 1s defined by flattened quartz—feldspar
aggregates, biotite, and muscovite. Asymmetric K-feldspar
grains (sheared boudin trains, sigmoids, and 6-like clasts) in
late Cambrian leucocratic orthogneiss (Anti¢ et al. 2015b)
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Fig. 12 Structural features in the BoZica area: a Rootless hinges
of folds F, in the hinge of isoclinal fold F, in Ordovician sericite—
chlorite schists (22°23'8.132"E, 42°33/6.694"N). Minor transposi-
tion of S, along axial-plane cleavage S, can also be observed. Size

of pen 145 mm. b Crenulation cleavage S; in the mylonites formed
in the Bozica magmatic complex (22°23/40.552"E, 42°35'28.461"N).

indicate top-to-the-south-west sense of shear (Figs. 6, 13b).
Replacement of K-feldspar by muscovite and sericite is
widespread (Fig. 13b). Quartz grains show sweeping undu-
lose extinction and deformation lamellae as well as evi-
dence of dynamic recrystallisation predominantly by grain
boundary migration (GBM) with less prominent evidence
of subgrain rotation (SGR; Fig. 13b).

Permo-Triassic Bujanovac pluton

The Bujanovac magmatic complex encompasses two dis-
tinct generations of igneous rocks: (1) a coarse-grained
quartz—monzonite emplaced in early Silurian intruded by
(2) a fine-grained granite in late Permian to Early Trias-
sic (Anti¢ et al. 2015b). The early Silurtan monzonite 1s
strongly deformed and transformed into gneiss with a pen-
etrative regional foliation S,. Field observations revealed
a weakly developed cleavage S in both the younger and
the older magmatic rocks (Fig. 10e). Occasionally, this
late cleavage S in the old quartz—monzonite intersects
the older foliation S, at low angles, resulting in a structure
similar to pencil cleavage (Fig. 10e). Late cleavage S pre-
dominantly dips at moderate angles towards the north-east

Length of pencil 143 mm. ¢ Ultramylonites within the BoZica mag-
matic complex (22°23/40.552"E, 42°35'28.461"N). Diameter of the
coin 24 mm. d A o-type K-feldspar mantled porphyroblasts indicat-
ing top-to-the-south-west sense of shear (SM272-1; 22°24/50.956"E,
42°35'42.182"N). Crossed nicols. Width of image 5.9 mm

(Fig. 13c¢). Macroscopic S—C fabric observed in central
parts of the younger fine-grained granite shows a general
top-to-the-north shear direction. Additionally, a number of
anastomosing shear zones separating low-strain domains
were observed 1n the younger granite.

WA/’ Ar thermochronology

An overview of the **Ar/°’Ar thermochronology method is
given 1n online Appendix A together with a detailed descrip-
tion of the analysed material and complete “’Ar/*’Ar data.
A brief overview of critical sample information is given in
Table 1, while relevant *°Ar/*°Ar date spectra, K/Ca dia-
grams, and isotope correlation plots are shown 1n Fig. 14.
Additionally, the *“’Ar/*’Ar dates are presented in Fig. 2
along with previously published K/Ar, Rb/Sr, and *’Ar/*’Ar
dates. Plateau date 1s defined by at least three contiguous
heating steps with indistinguishable dates spanning more
than 50 % of the *’Ar released (Dalrymple and Lanphere
1974). The **Ar/’Ar date is considered robust only if the
plateau age overlaps with the inverse 1sochron date. When
these conditions are not met, the weighted mean date 1s
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Fig. 13 Lower hemisphere equal-area plot of a the measured folia-
tion S, in the EVS. b Asymmetric K-feldspar grains indicating top-
to-the-south-west sense of shear in leucocratic orthogneiss in the
EVS (SM315; 21°38/37.896"E, 42°20'43.603”N). Crossed nicols.
Width of the image 5.9 mm. ¢ Lower hemisphere equal-area plot
of spaced cleavage S, in Permo-Triassic magmatic rocks (i.e. fine-
grained Bujanovac granite)

used, which i1s defined by at least three contiguous heating
steps that yield dates that differ by less than 5 %, and span
at least 50 % of *”Ar released. Mineral names are abbrevi-
ated according to Whitney and Evans (2010).

Newly formed muscovite (i.e. without 1nherited
domains) that defines a mylonitic foliation within the Vrvi
Kobila shear zone yielded an early Carboniferous plateau
date (351 &= 1 Ma; SMO1; Table 1; Figs. 2, 7c, 14). Ther-
mal history of the Vlasina Unit was examined by analys-
ing undeformed muscovite from chlorite schists, which
showed a lower Permian plateau date (284 = 1 Ma; SMO5;
Table 1; Figs. 2, 14). An aliquot of syn-tectonic biotite
from a mylonite formed under higher-greenschist facies
conditions, sampled within a shear zone with a top-to-the-
west sense of shear formed in the BoZica magmatic com-
plex, yielded a Middle Triassic plateau date (246 == 1 Ma;
SM499-1; Table 1; Figs. 2, 14). Thermal evolution of a
Lower Complex gneiss that experienced retrogression was
investigated by analysis of biotite grains that are forming
the foliation in these rocks and have not been affected by
retrogression. These biotites showed Lower Jurassic pla-
teau date (195 &= 1 Ma; SM248-1; Table 1; Figs. 2, 14).
Two remaining biotite samples (SM437-1 and SM250-2)
and a hornblende concentrate (SM250-1) yielded more
ambiguous results reported only as weighted mean dates
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(338 £ 2, 182 £ 6, and 290 £ 8 Ma, respectively). These
results are interpreted only by consideration of additional
geological observations (Table 1; Figs. 2, 14).

Discussion

The results of structural analysis and *"Ar/>”Ar thermo-
chronology revealed a sequence of major tectonothermal
events that atfected the central SMM. The individual stages
of deformational and thermal evolution are discussed below
in chronological order.

Variscan Orogeny
First deformation stage D,

Evidence of deformation stage D, i1s generally scarce, as
the resulting structures have been strongly overprinted
during the subsequent deformation stage D,. Structures
formed during D, were documented in both the Lower
Complex (e.g. Fig. 5b) and the Vlasina Unit (e.g. Figs. 5f,
12a). The most common structural elements preserved
from this stage are centimetre-scale rootless hinges of folds
F, in the microlithons bound by foliation S,, with fold axes
b, usually at high angles to axes b, of younger folds F,.
Rarely, refolded decimetre-scale folds F, could be observed
in the hinge areas of larger folds F, (Fig. 5e). As an excep-
tion, structures related to D, were better preserved in the
low-grade meta-sediments of the post-Cambrian Vlasina,
located in the Cretaceous thrust sheets in the north-eastern
part of the study area (Fig. 3). These structures include
folds F, and drawn boudin trains showing only minor
deformational overprint related to D, (Figs. 10d, 1la,
respectively).

The strong overprint during D, in most of the study
area and the subsequent brittle deformation do not allow
reconstruction of either the general orientation of main
stress axes, or the direction of tectonic transport during D,.
Likewise, none of the observed stretching lineations could
be unequivocally attributed to D,. At locations where the
stretching lineations were considered as related to D, due
to their misalignment to the perceived general trend (e.g.
Vrvi Kobila area), their original orientation was not pre-
served due to reworking during D, as shown by the com-
plete transposition of S,. However, the intersection angles
between fold axes b, and b,, ranging within 90° (Figs. 4,
8b, 9), could be interpreted as a consequence of the initial
orientation of b, or exclusively a result of varying intensity
of the later deformational overprint(s).

Based on the similarities in structural style, the deforma-
tion stage D, corresponds to the “phase I’ from the detailed
structural study of the Vlasina Unit by Petrovi¢ (1969). The
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Fig. 14 Relevant “’Ar/””Ar date spectra, K/Ca yield diagrams, and
isotope correlation plots for samples from the central SMM. All
uncertainties are +2o0. Plateau dates are defined according to Dal-

youngest rocks containing the effects of D, are the upper
Silurian to Lower Devonian meta-sediments (Marinova
et al. 2010) in the thrust sheets of post-Cambrian Vlasina

(Fig. 10d), thus constraining a maximum age of D, to the
lower Emsian (ca. 408 £+ 3 Ma; Cohen et al. 2013). Mini-
mum age constraints on D, could not be clearly defined,
but 1t certainly predates the onset of the deformation stage
D,, which is discussed below.

Second deformation stage D,
Penetrative foliation S, shows predominantly subhorizon-

tal to shallow dip since 1t formed as an axial-plane cleav-
age to the kilometre-scale recumbent folds F, (Figs. 4, 8b,

@ Springer

rymple and Lanphere (1974). WM weighted mean date. See online
Appendix A for further details

9, 13a). These large folds could be detected only by the
asymmetric parasitic folds at decimetre- to metre-scales
(e.g. Figs. Se, 8b, 10a, c¢). Foliation S, 1n the hinge areas of
these folds 1s observed as axial-plane cleavage (Fig. 10f),
whereas 1n the limbs, the older foliation(s) are completely
transposed.

Although its orientation generally varies in individual
domains presented above, the fold axes b, of recumbent
isoclinal folds F, most often show similar orientation to
that of the stretching lineation, which 1s assumed to be
formed during D, (Fig. 4a, b). This parallelism 1s com-
monly reported in domains deformed by recumbent folds
(Bastida et al. 2014 and references therein), and it could
result from a progressive deformation during D, (sensu
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Tobisch and Paterson 1988), implying a relatively constant
orientation of the regional stress field in a geologically
short period of time producing various sets of structures
with similar orientation, sense of movement, style, and pre-
vailing metamorphic conditions. It 1s possible that during
the early stages of D,, the i1soclinal folds F, were initiated,
whereas these folds were amplified into recumbent and less
cylindrical forms in the later stage of the same deformation
stage. A progressive non-coaxial deformation would cause
an amplification of folds while increasing the curvature of
hinge lines leading to the reorientation of fold axes b,, and
eventually to transposition of older structures along S, dur-
ing the late D,. The suggested partial reorientation of fold
axes b, could explain the observed dispersion in their orien-
tation (e.g. Figs. 4, 8b, 9). Alternatively, the parallelism of
linear elements (1.e. fold axes b, and stretching lineation) to
the direction of tectonic transport could be explained by the
laterally constricted thrusting (Fossen 1993; Passchier et al.
1997; Fernandez et al. 2007). In this case, the western part
of the Lower Complex seems to be affected the most based
on the uniformity of linear structures it displays (Fig. 4a).
This might be a consequence of the lowermost position in
the crust 1t held during the Variscan orogeny and thus the
least rheological competence. The effects of this mode of
deformation (i.e. parallelism between the stretching linea-
tion and the fold axes b,) are less evident in the remaining
arcas of the central SMM, which were presumably at rela-
tively shallower depths during D,. Additionally, local vari-
ations 1in geometry of all structural elements formed during
D, were probably disturbed further during the subsequent
events involving magmatic intrusions and block rotations in
the brittle regime.

The majority of the observed kinematic indicators in
central SMM suggest south-eastward direction of tectonic
transport (Fig. 6). This transport direction 1S most prob-
ably related to the last high-strain event in the area—D,,
together with the corresponding mineral lineation trending
north-west—south-east (Figs. 4, 8a, 9c¢). Several exceptions
are observed 1n the western domain of the Lower Complex
and the Vranjska Banja area (Figs. 4a, 8a). In the west-
ern part of the Lower Complex (1.e. west of Tupale fault;
Fig. 4a), stretching lineation L_. and fold axes b, trend
generally north—south. The misalignment of these struc-
tures with the prevailing north-west—south-east trend could
be caused by a local difference in D, strain field or repre-
sents mineral lineation from an early D, that were incom-
pletely rotated during progressive deformation. Similar
south to south-westward plunge of stretching lineation
together with south-westward sense of shear was observed
in the Vranjska Banja area. Furthermore, the observed scat-
ter in the orientation of stretching lineation and shear sense
indicators could be a result of block rotation in the brittle
regime during the Alpine orogeny, which had considerably

reshaped this area (Anti¢ et al. 2015a). Additionally, the
rheological contrast between adjacent domains could have
caused the observed opposite senses of shear (Burg 1987).
The stretching lineations and shear sense indicators were
rarely observed in the Vlasina Unit, except for the deforma-
tion 1in BozZica area, which will be discussed below.

The metamorphic grade and strain intensity within the
central SMM are observed to decrease eastwards (in pre-
sent coordinates, 1.e. from the Lower Complex to the meta-
sediments in the post-Cambrian Vlasina). A probable cause
for this trend could be the structural level of these units
within the Variscan orogen. The amphibolite-grade Lower
Complex was in a mid-crustal position, whereas the pre-
Ordovician Vlasina with mineral assemblages indicating
greenschist facies peak conditions was located within the
upper crust, below the anchimetamorphosed rocks of the
post-Cambrian Vlasina. Vranjska Banja and BozZica areas
with transitional metamorphic grade between amphibolite
and greenschists facies probably held intermediate crustal
positions. Abrupt changes 1in metamorphic grade observed
across brittle thrusts in the eastern part of the study area
could be explained by telescoping during the Cretaceous
compression.

The general south-eastward tectonic transport during D,
cannot explain the increase in the metamorphic grade from
east to west observed in the studied area. This metamor-
phic pattern must be related to a general westward thrust-
ing and thickening of the crust. Therefore, we suggest that
the westward sense of tectonic transport was most probably
related to stage D, when the peak metamorphic conditions
were attained in the central SMM.

The minimum age of deformation stage D, 1s con-
strained by the undeformed Slatinska Reka granite, which
intruded the Lower Complex gneisses in the Vrvi Kob-
ila region at 328 == 5 Ma (U-Pb zircon age; Anti¢ et al.
2015b). At the contact with these granites, the hinge of F,
open fold with well-developed axial-plane cleavage S, was
observed together with rootless hinge of fold F, generated
during the earlier deformation stage D, (Fig. 15). These
observations clearly show that the granite intrusion post-
dates both D, and D, deformation stages.

Based on the style of deformation, structures generated
during progressive deformation of D, are comparable to
those of “phases II and III” previously established as syn-
metamorphic folding stages in the Vlasina Unit (Petrovic
1969).

Indirect constraints on the age of both deformation
stages D, and D, presented above suggest that they have
taken place during the Variscan orogeny (1.e. between 408
and 328 Ma, lower age limit 1s discussed further below). At
this time, the central SMM was 1nvolved 1n a series of tec-
tonic events related to amalgamation of eastern and west-
ern parts of the Galatian super-terrane and its final collision
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Fig. 15 a Intrusive contact of Slatinska Reka granite (I') and Lower
Complex gneiss (G) in the Slatinska Reka Valley (22°1'30.716"E,

42°50'53.365"N). Trace of the contact plane is indicated by black
line. S| foliation formed during D, and folded into 1soclinal folds F,;
S, axial-plane cleavage related to folds F, during D,. Length of ham-
mer ca. 60 cm. b Detail from a. Diameter of the coin 26 mm. ¢ Detail
from a showing the quartzitic rootless hinge of fold F, and axial-
plane cleavage S, of fold F,. Hammer head length 134 mm

with Laurussia (Stampfli et al. 2013; Anti¢ et al. 2015b).
Variscan age of the peak metamorphism and high-strain
deformation has been reported for a number of crystal-
line units in the Carpatho-Balkanide orogen (Dimitrijevié
1958; Dallmeyer et al. 1998; Ilic et al. 2005; Carrigan et al.
2005; Karamata 2006). North—south-oriented compres-
sion (in present orientation) related to the Variscan orog-
eny was previously reported for the crystalline basement of
the Getic tectonic zone 1n Romania (Plissart et al. 2012).
Farther east in the Central Stara Planina Unit of the Balkan
belt, Gerdjikov et al. (2010a, b) reported an Early Carbonif-
erous (336-315 Ma) km-scale transpressional ductile shear
zone trending east—west that juxtaposes higher-grade over
lower-grade Variscan metamorphic rocks. The remnants of
the Variscan orogen in the Balkan belt represent a direct
prolongation of the Variscan metamorphic rocks from the
Getic zone and the SMM that have experienced clockwise
rotation and dextral strike-slip tectonics during the Alpine
orogeny (e.g. Csontos and Voros 2004; Filigenschuh and
Schmid 2005).

The evidence of pre-Variscan deformation and HP
metamorphism proposed previously (Dimitrijevi¢ 1959;
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Petrovié¢ 1969; Milovanovi¢ 1989; Balogh et al. 1994; Kar-
amata and Krsti¢ 1996; Zagorchev and Milovanovi¢ 2006)
was not observed during this study.

High occurrence of mylonites observed in the Vrvi
Kobila area together with anastomosing shear zones in
the competent magmatic rocks of the Vlajna magmatic
complex (Figs. 2, 7) constitutes an important shear zone
characterised by south-eastward direction of tectonic
transport. Evidence of dynamically recrystallised quartz
by GBM and SGR (Stipp et al. 2002), along with asym-
metric myrmekite (Fig. 7c¢; Simpson and Wintsch 1989),
indicates that this shear zone was active during high-grade
conditions. Folding within this area was observed only in
isolated low-strain zones and in the periphery of the shear
zone (Figs. 7a, 15). Observations made during this study
show that this shear zone does not separate the Lower
Complex from the Vlasina Unit as previously reported, but
it 1s entirely formed within the former (discussed above).
Discrete contact between these two units was not directly
observed in the study area. However, the proximity of
amphibolite facies gneisses of Lower Complex and green-
schist facies rocks of Vlasina Unit in the hanging wall of
the Vrvi Kobila shear zone, and relative structural concord-
ance of foliation S, in both rock types suggest that some
telescoping must have occurred prior to the end of stage
D, (Fig. 7a, b). It must be noted that apart from difference
in metamorphic grade, the metamorphic rocks of Lower
Complex and Vlasina Unit also had different protoliths.
Therefore, the speculative structure that had telescoped the
metamorphic sequence, also had juxtaposed two contrast-
ing protolith lithologies.

An early Carboniferous *“’Ar/°’Ar plateau date of mus-
covite from the Vrvi Kobila area (SMO1: 351 £+ 1 Ma) is
interpreted as the minimum age of activity along this shear
zone which most probably took place during deformation
stage D, (Figs. 2, 14, 16). A similar Rb—Sr date of 349 Ma
was reported for muscovite from the leucocratic vein in
the Lower Complex, north of the research area (1.e. north
of Lece volcanic complex in Fig. 2; Deleon 1969). Nev-
ertheless, the possibility that the Vrvi Kobila shear zone
1s related to a post-D, late orogenic extension cannot be
entirely ruled out. This shear zone was previously consid-
ered as a continuation of the Gabrov Dol detachment in
Bulgaria, which was reported as a Cretaceous extensional
boundary between the Bulgarian equivalent of Lower Com-
plex (i.e. Ograzhden unit) and Vlasina Unit (i.e. low-grade
ophiolitic rocks of Struma unit; Zagorchev 1984; Bonev
et al. 1995; Ricou et al. 1998). Later, the Cretaceous age
of this complex structure was rejected, and 1t was related
to the Variscan orogeny (Kounov et al. 2010; Gerdjikov
et al. 2013; Anti¢ et al. 2015a, b). However, Vrvi Kobila
and Gabrov Dol shear zones do not share the same tec-
tonic position nor the same metamorphic grade of the
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Fig. 16 Altitude versus 1200
WArA?Ar dates of samples
from this study. Symbols with
blue fill represent plateau dates,
whereas those with red fill
represent weighted mean dates.
Inferred durations of major
deformation stages are given

as blue, red, and green fields,
whereas durations of thermal

events are shown as fields in
light blue colour. Vertical bars
indicate indirect geological time
constraints on duration of the
deformation stages (in case of
magmatic ages, the width of the
bar represents 2o uncertainty).
See text for details
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deformation, as the Gabrov Dol zone was formed under
greenschist facies conditions and it unequivocally separates
high-grade from lower-grade metamorphic rocks (Bonev
et al. 1995; Gerdjikov et al. 2013).

Biotite from a mylonitic zone in the Vranjska Banja area
with a top-to-the-south-west sense of shear (Figs. 3, 8d)
yielded a disturbed pattern with an average ““Ar/°’Ar date
of 338 &= 2 Ma (SM437-1; Figs. 2, 14). The older musco-
vite **Ar/*’Ar plateau date in Vrvi Kobila area compared
to the biotite date in Vranjska Banja area could be related
to different closure temperatures of the two mineral phases
(online Appendix A), which record regional cooling during
the early Carboniferous. Although the *“’Ar/°’Ar data from
the latter sample do not satisty the criteria for a plateau date,
it makes considerable geological sense that these two shear
zones were both active during the deformation stage D,.

Post-Variscan cooling
Early Permian cooling

An early Permian *’Ar/*’Ar date of muscovite from
the chlorite schists of Vlasina Unit south of Vlasotince
(SMO5; 284 == 1 Ma; Table 1; Figs. 2, 14) is interpreted
as the time of cooling below the greenschist facies condi-
tions to which this area was exposed during the Variscan
orogeny (Karamata and Krsti¢ 1996; Graf 2001). Simi-
lar dates were obtained from a majority of the high-tem-
perature heating steps in a disturbed *’Ar/*’Ar date spec-
trum yielded by hornblende from the amphibolites in the
Lower Complex west to south-west of the Vlajna magmatic
complex (weighted mean date of 290 &= 8 Ma; SM250-1;
Table 1; Figs. 2, 14). The elevated dates of higher tempera-
ture steps are almost certainly a result of excess “’Ar. Late
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Carboniferous to early Permian “’Ar/°’Ar dates of detrital
white mica have been previously reported as a prominent
population in the Mesozoic sedimentary rocks of the Dinar-
ides of western Serbia (332-281 Ma; Ilic et al. 2005) and
Struma Unit east of the study area (Fig. 2; Kounov 2002),
confirming the regional extent of this cooling event. Similar
long-lasting cooling and exhumation following the Variscan
orogeny 1s already known in the Supragetic, Getic, and
Danubian basement units of the South Carpathians (330
300 Ma; Fig. 2; Zagorchev 1980; Dallmeyer et al. 1998;
Kounov 2002). Additionally, this time period corresponds
to extensional tectonics reported throughout Europe result-
ing in the opening of fault-bound Stephanian—Permian
sedimentary basins (Proti¢ 1966; Maslarevic and Krstic
1999; Yanev et al. 2001; McCann et al. 2006). Dallmeyer
et al. (1998) report early Permian dextral strike-slip tecton-
ics in Variscan Units of the Romanian South Carpathians.
Therefore, the early Permian cooling in Vlasina Unit could
have also taken place 1n a transtensional setting rather than
a purely extensional one. Retention of older *’Ar/’Ar
dates (samples SMO1 and SM437-1; Table 1; Fig. 2) in
central parts of the study area shows that this region had
already cooled below ca. 310 °C (closure temperature of
biotite; Harrison et al. 1985) during the early Carbonifer-
ous and was not affected by the early Permian extension
and/or transtension. This area must have been juxtaposed
to the vicinity of sample SMOS5 during strike-slip or com-
pressional Alpine tectonics. Alternatively, it 1s possible that
the entire central SMM had cooled down to temperatures
below ca. 310 °C in Carboniferous, and only certain areas
were reheated to temperatures above ca. 405 °C (closure
temperature of muscovite; Harrison et al. 2009) during the
early Permian rifting. In either case, the extent of unaf-
fected and affected areas could not be exactly determined
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due to low spatial resolution of thermochronological data.
Deformational structures related to this tectonothermal
stage 1n the study area were not recognised and the dated
minerals belong to structures formed during Variscan
tectonics.

Westward shear in BoZica area

A relatively wide shear zone with top-to-the-west sense of
shear formed within the BoZica magmatic complex was
recognised, although its exact regional extent and signifi-
cance could not be evaluated. Mylonitic foliation is formed
by clinozoisite and biotite with topotactic chlorite, sug-
gesting that the shear zone was active under greenschist
facies conditions. A biotite from this mylonite yielded an
YA/’ Ar plateau date of 246 £+ 1 Ma (SM499-1), repre-
senting a minimum time-constraint for activity along the
shear zone (Table 1; Figs. 2, 14, 16). It must be noted that
relicts of high-grade deformation (augen gneiss) have been
observed 1n the BoZica area, and its peak metamorphic con-
ditions are somewhat higher (transitional high-greenschist
to low-amphibolite facies) than in the majority of Vlasina
Unit. Unfortunately, boundaries and exact relationship of
the rocks in BoZica area with the schists of Vlasina Unit
could not be directly observed. A vast scatter in orienta-
tion of mineral lineation observed in this area potentially
represents the effects of incomplete reworking of previous
structures by the westward shearing event (Fig. 9¢). Middle
Triassic shearing in the BoZica area closely postdates wide-
spread extension along the European margin (ca. 250 Ma;
De Wet et al. 1989; Himmerkus et al. 2009b; Peytcheva
et al. 2009b) that eventually led to the opening of the Mes-
ozoic Tethys west of the SMM (Robertson et al. 1991; Kar-
amata and Krsti¢ 1996; Pe-Piper 1998; Stampfli et al. 2002;
Burg 2012). In western part of the central SMM, this exten-
sional event 1s manifested by the Permo-Triassic granitic
intrusion in the Bujanovac magmatic complex (Antic et al.
2015b). Therefore, this regional extensional event was most
probably responsible for the formation of the shear zone
in BoZica area, whereas the evolution of this area since the
end of Variscan orogeny until the Middle Triassic remains
unresolved.

Third deformation stage D,

Detailed structural investigations completed during the
geological mapping of the central SMM 1n the 1970s pro-
vide evidence of kilometre-scale open folds in both the
Lower Complex and the Vlasina Unit (Petrovi¢c 1969;
Petrovié et al. 1973; Vukanovi€ et al. 1973, 1977; Babovié
et al. 1977). Statistical analysis of the structural data
obtained during this study did not provide clear evidence
of such a pattern, probably due to the relatively restricted
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number of observation points (e.g. Figs. 4, 9, 13a). How-
ever, foliation S, in western and central parts of the
Lower Complex (Fig. 4a, b) possibly indicates orienta-
tion of limbs of a large-scale fold F;. Additionally, scarce
spaced and crenulation cleavage, subperpendicular or at a
high angle to the earlier foliation S, (Fig. 12b), provides
outcrop-scale evidence for a third deformation stage (D,).
Crenulation cleavage formed in the Early Triassic syn-
metamorphic mylonites in the BoZica magmatic complex
(biotite **Ar/>°Ar plateau date 246 £+ 1 Ma; SM499-1;
Table 1; Fig. 14) provides a maximum age constraint on
D, (Fig. 16). Minimum age constraint is given by zircon
fission-track age from the orthogneiss of the Bozica mag-
matic complex suggesting temperatures below 250 °C in
the Late Cretaceous (Anti¢ et al. 2015a).

Deformation in the Permo-Triassic Bujanovac pluton

The predominantly north-eastward dipping spaced cleav-
age and S—C fabric formed in the Permo-Triassic Bujano-
vac granite (U-Pb zircon ages of 255 = 3 and 253 = 2 Ma;
Anti¢ et al. 2015b) 1s clear evidence for Mesozoic ductile
deformation (Figs. 10e, 13b). Due to a relatively small
number of observations, these structures could not be
clearly attributed to any of the deformation stages dis-
cussed above. The structural evidence for this deforma-
tion was not recognised farther away from the Bujanovac
magmatic complex, probably due to generally low strain
exerted during this event or the very low angle between
the new cleavage S. (Fig. 13c) and the older penetrative
foliation S, (Fig. 4c). Likewise, the area affected by this
deformation could not be clearly determined. Deformation
of much higher intensity than that observed in Bujanovac
granite has been reported in the Arnea granite in Greece
(Kydonakis et al. 2015a). This granite 1s of similar age as
Bujanovac (De Wet et al. 1989; Himmerkus et al. 2009b),
and 1ts deformation is reported to be related to Early Creta-
ceous south-westward thrusting.

Jurassic cooling

Evidence of retrogression of the mineral assemblages
in the Lower Complex and the EVS 1s provided by the
commonly observed replacement of K-feldspar by mus-
covite and sericite. No ductile deformation accompanied
this retrogression. The Early Jurassic *’Ar/°’Ar plateau
date of biotite from gneiss west of the Vlajna magmatic
complex 1n central parts of the Lower Complex (SM248-
1; 195 = 1 Ma; Table 1; Figs. 2, 14) suggests that some
local reheating to temperatures above ca. 310 °C (closure
temperature of biotite; online Appendix A) took place in
Early Jurassic. During this local thermal event, which
could explain the evidence of retrogression observed in
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the Lower Complex gneisses (protolith U-Pb zircon age
of 569 4+ 9 Ma; Anti¢ et al. 2015b), no ductile deformation
occurred as the dated biotite forms foliation S, that was
related to Variscan orogeny and shows no signs of subse-
quent recrystallisation. In this case, the *’Ar/>’Ar plateau
date of 195 == 1 Ma represents cooling below temperatures
that caused retrogression, thus setting a minimum age
constraint on the low-grade overprint (Fig. 16). Although
exhibiting a disturbed step-date spectrum, the Early Juras-
sic mean “Ar/°?Ar date of biotite from a Lower Complex
gneiss west to south-west of Vlajna magmatic complex
(182 £ 6 Ma; SM250-2; Table 1; Figs. 2, 14) highlights the
regional importance of this thermal event. The low-grade
overprint in Lower Complex of central SMM 1s probably
contemporaneous to the greenschist metamorphism and
deformation of Triassic sedimentary cover in north-west-
ern corner of the EVS (Novo Brdo schists; Pavi¢ et al.
1983; Antic et al. 2015b). In this case, the Triassic age of
sedimentary protoliths of Novo Brdo schists represents the
maximum age constraint on the retrogression observed in
the Lower Complex.

Previous Rb—Sr dating of biotite in BoZica orthogneiss
yielded dates of 166, 203, and 241 Ma (uncertainties not
reported; Babovi¢ et al. 1977), which are interpreted as
partial resetting of an original Permo-Triassic cooling age
by the Jurassic low-grade event. Younger K—Ar cooling
dates were previously reported for the whole-rock sam-
ples from the western part of the Lower Complex (137-
122 Ma; Milovanovi¢ 1990) and mica from the same unit
north of the study area (151-127 Ma; Balogh et al. 1994).

West of SMM (in present coordinates), the Early to
Middle Jurassic intra-oceanic subduction of the Triassic
Vardar ocean (Kostopoulos et al. 2001; Brown and Rob-
ertson 2003; Zachariadis 2007) led to opening of a supra-
subduction-zone basin in Middle Jurassic (Channell and
Kozur 1997; Bozovié et al. 2013). The effects of thermal
convection in the mantle wedge on the overriding conti-
nental crust along with penetration of the dehydration flu-
ids from the subducted slab of Vardar might have caused
the initial thermal event, locally resetting the argon 1so-
topic system of mica in gneisses of the Lower Complex.
Alternatively, this thermal event could be related to shoul-
der extension and exhumation during the rifting stage of
Ceahlau-Severin Ocean, which had completely opened in
the Middle Jurassic (Dallmeyer et al. 1998; Iancu et al.
2005). However, given the lack of evidence of Ceahlau-
Severin Ocean south of Kula Unit in north-western Bul-
garia, the subduction of Vardar represents a more prob-
able cause for the Jurassic thermal event in central SMM.
General Early Jurassic hiatus in sedimentary sequences of
Supragetic and Getic units in Serbia and Bulgaria may rep-
resent a further evidence for the regional exhumation and

cooling at that time (e.g. Andelkovi¢ 1967; Tchoumatch-
enco 2006).

Although they share similar pre-Variscan evolution
(Anti¢ et al. 2015b), the Vertiskos unit in northern Greece
and the Ograzhden Unit in south-western Bulgaria and
eastern Macedonia, which are traditionally considered as
parts of the SMM, show somewhat different Alpine evolu-
tion compared to the central SMM. After Variscan meta-
morphism (e.g. Zidarov et al. 2004, 2007; Peytcheva et al.
2005; Kounov et al. 2012), the rocks of Ograzhden Unit
south-east of Kjustendil were brought to shallower crustal
levels during Late Jurassic (muscovite *’Ar/°”’ Ar mean date
of ca. 160 Ma; Fig. 2; Kounov et al. 2010). The rocks of
Vertiskos Unit were also initially metamorphosed during
Variscan orogeny (Borsi et al. 1965; Kockel et al. 1977),
whereas they have suffered local HP metamorphism dur-
ing Early Jurassic (Reischmann and Kostopoulos 2001;
Kydonakis et al. 2015b) followed by Barrovian metamor-
phism and intensive ductile deformation during Cretaceous,
which almost completely reworked the older fabric (Dixon
and Dimitriadis 1984; De Wet et al. 1989; Burg et al. 1995;
Kilias et al. 1997, 1999; Kostopoulos et al. 2001; Kydona-
kis et al. 2015a).

Conclusions

Structural investigations provided evidence of at least three
major stages of ductile deformation in the central SMM.
Despite different peak metamorphic conditions in the
Lower Complex and the Vlasina Unit, both units experi-
enced a common deformational evolution. *’Ar/*’Ar data
helped refine the established deformational evolution and
asses the regional importance of the determined tectonic
events.

e The earliest stage of deformation D, in the central SMM
1s related to 1soclinal folding, commonly preserved as
decimetre-scale quartz—feldspar rootless fold hinges.

e The second deformation stage D, is associated with
general south-eastward direction of tectonic transport
and refolding of older structures into recumbent metre-
to kilometre-scale tight to 1soclinal folds.

e Deformation stages D, and D, could not be tempo-
rally separated and probably have taken place in close
sequence. Based on the stratigraphic age of the young-
est affected sediments, and the intrusion ages of the old-
est undeformed magmatic rocks, the age of these two
ductile deformation stages is constrained to the Variscan
orogeny (1.e. ca. 408-ca. 328). During this time, the
SMM was involved in a transpressional amalgamation
of the western and eastern parts of the Galatian super-
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terrane and subsequent collision with Laurussia, which
could account for the changes in direction of strain axes
during D, and D,.

e A trend of diminishing strain and metamorphic grade
from amphibolite facies in the Lower Complex, across
greenschist facies in the pre-Ordovician Vlasina to
anchimetamorphism in the post-Cambrian Vlasina sug-
gests different crustal positions of the constituents of
central SMM during the Variscan orogeny.

e Cooling below greenschist facies conditions in the
western part of Vlasina Unit has taken place in a post-
orogenic setting (extensional or transtensional) in early
Permian (284 4= 1 Ma).

e The age of activity along top-to-the-west shear zone
formed within orthogneiss in BoZica area of the Vlasina
Unit was constrained to Middle Triassic (246 == 1 Ma).
This age coincides with widespread extension related to
the opening of the Mesozoic Tethys.

e Rare outcrop-scale evidence of the final stage of duc-
tile deformation Dj; i1s limited to spaced and crenulation
cleavage. These structures are probably related to the
large-scale folding reported by earlier studies. The max-
imum age of this event i1s constrained by crenulation of
the Middle Triassic mylonitic foliation in BoZica area.

e Anastomosing shear zones, S—-C fabric, and spaced
cleavage developed in the Permo-Triassic Bujanovac
granite provide evidence of an additional post-Triassic
ductile deformation event. Additional data are needed to
constrain the area affected by this deformation and its
exact timing.

e A greenschist facies retrogression in the Lower Com-
plex had probably occurred in Early Jurassic, and it is
probably related to thermal processes in the overriding
plate above subducting slab of the Mesozoic Tethys
Ocean.
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