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Abstract The Rhodope Metamorphic Complex is a
stack of allochthons assembled during obduction, subduc-
tion, and collision processes from Jurassic to Paleogene
and overprinted by extensional detachment faults since
Middle Eocene. In the study area, the following nappes
occur in superposition (from base to top): an orthog-
neiss-dominated unit (Unit I), garnet-bearing schist with
amphibolite and serpentinite lenses (Unit II), greenschist,
phyllite, and calcschist with reported Jurassic microfos-
sils (Unit III), and muscovite-rich orthogneiss (Unit IV).
U-Pb dating of zircons from a K-feldspar augengneiss
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(Unit I) yielded a protolith age of ca. 300 Ma. Garnet-
bearing metasediment from Unit II yielded an age spec-
trum with distinct populations between 310 and 250 Ma
(detrital), ca. 150 Ma, and ca. 69 Ma (the last two of high-
grade metamorphic origin). An orthogneiss from Unit IV
yielded a wide spectrum of ages. The youngest popula-
tion gives a concordia age of 581 £ 5 Ma, interpreted
as the age of the granitic protolith. Unit I represents the
Lower Allochthon (Byala Reka-Kechros Dome), Unit II
the Upper Allochthon (Krumovitsa-Kimi Unit), Unit III
the Uppermost Allochthon (Circum-Rhodope Belt), and
Unit IV a still higher, far-travelled unit of unknown prov-
enance. Telescoping of the entire Rhodope nappe stack to
a thickness of only a few 100 m is due to Late Eocene
north directed extensional shearing along the newly
defined Kulidzhik Detachment which is part of a major
detachment system along the northern border of the Rho-
dopes. Older top-to-the south mylonites in Unit I indicate
that Tertiary extension evolved from asymmetric (top-to-
the-south) to symmetric (top-to-the-south and top-to-the-
north), bivergent unroofing.

Keywords Rhodope - Zircon dating - Tectonics -
Metamorphic core complex - Detachment fault

Introduction

The Rhodope Metamorphic Complex (Fig. 1) is a key
element for the tectonic and palaeogeographic recon-
struction of the Alpine orogeny in the Balkan Peninsula
and Eastern Mediterranean. Subduction of continen-
tal crust is recorded by the occurrence of metamorphic
microdiamond in gneisses of the Rhodopes (Mposkos
and Kostopoulos 2001; Perraki et al. 2006; Schmidt
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Fig. 1 Tectonic map of the Rhodope Metamorphic Complex (modi-
fied after Burg et al. 1996; Ricou et al. 1998; Bonev 2006b; Dixon
and Dimitriadis 1984): BRD Byala reka Detachment, KhD Kehros
Detachment, 7D Tokachka Detachment, EKaD East Kardamos

et al. 2010). Structural studies demonstrated Alpine
thrust imbrication as well as rollback-related crustal
extension, leading to the formation of extensional core
complexes (e.g. Burg et al. 1990; Dinter 1998; Burchfiel
et al. 2003; Bonev et al. 2006a; Brun and Sokoutis 2007;
Jahn-Awe et al. 2010; Nagel et al. 2011). Geochronology
suggests that there were several episodes of subduction-
related high- to ultrahigh-pressure metamorphism, with
ages ranging from Early Jurassic to Eocene (e.g. Liati
2005; Bauer et al. 2007; Kirchenbaur et al. 2012; Liati
et al. 2015). In order to reconstruct the complicated tec-
tonic history of the Rhodopes, it is of prime importance
to understand the nature of tectonic contacts, i.e. to dis-
tinguish between compression-related thrusts and exten-
sion-related low-angle normal faults. In the present arti-
cle, we describe the geological situation in the Kulidzhik
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Detachment, KHF Kyuse-Hasanlartepsi Fault, DD Dzherman Detach-
ment, RPNF Rila-Pastra Normal Fault, RF Ribnovo Fault, DF Dobro-
tino Fault, KdD Kerdilion Detachment, DS Strymon Detachment,
NSZ Nestos Shear Zone

River area of the eastern Rhodopes, where four tectonic
units occur in superposition. Previous tectonic interpre-
tations of the area were based on structural observations,
lithological correlations, two *°Ar—>°Ar white mica ages
(Bonev et al. 2010a), and the finding of fossils in one
of the units (Boyanov and Lipman 1973; Boyanov et al.
1990). The tectonic contacts were either interpreted as
thrusts (Boyanov 1969; Bonev 2006a) or detachment
faults (Ivanov 1998; Sarov et al. 2008). Here, we pre-
sent structural observations from field work and thin sec-
tions as well as U-Pb zircon data from three samples,
obtained by laser ablation inductively coupled plasma
mass spectrometry (LA-ICPMS). Based on these and
the published data, we propose a partially new tectonic
interpretation in which the importance of extensional
deformation is emphasised.
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Regional setting

The Rhodopes represent a complicated Alpine tectonic edi-
fice, composed of metamorphic nappes that were assem-
bled during a protracted tectono-metamorphic history from
Late Jurassic to Latest Eocene. The metamorphic nappes
are in an overall flat-lying position and partly separated by
thrusts, partly—and more often—by low-angle extensional
detachment faults. Depending on the particular structural
position, different nappes are intruded by Cretaceous to
Tertiary granitoid plutons. Twice, at the end of the nappe
stacking in the Eocene—Oligocene, and a second time in the
Miocene, the Rhodope edifice was affected and reshaped
by regional scale-extensional tectonics. This led to the
exhumation of high-grade metamorphic units (including
migmatites and eclogites) in several large domes and to
the formation of Palacogene to Neogene supra-detachment
basins. Several slightly differing subdivision schemes have
been proposed for the metamorphic nappes (Ricou et al.
1998; Dimov et al. 2000; Sarov et al. 2010; Jandk et al.
2011; Burg 2012). We use the subdivision into four nappe
systems or allochthons (Jandk et al. 2011; Pleuger et al.
2011), based mainly on the age of the pervasive deforma-
tion, the degree and age of metamorphism, and the age of
the oldest overlying sediments (Fig. 1). These ages gener-
ally increase from the Lower through the Middle and Upper
to the Uppermost Allochthon.

The Lower Allochthon occurs in four dome-shaped
core complexes (Pangaion-Pirin, Arda, Kesebir-Kardamos,
Byala Reka-Kechros). It consists mainly of orthogneisses
derived from Carboniferous to Permian granitoids (e.g. von
Quadt and Peytcheva 1995; Peytcheva and von Quadt 1995;
Liati and Gebauer 1999; Arkadakskiy et al. 2003; Cherneva
et al. 2003; Ovtcharova et al. 2002; Peytcheva et al. 2004;
Turpaud and Reischmann 2010). In the Pangaion-Pirin
Dome, the gneisses are associated with large volumes of
marble. Migmatisation affected the Lower Allochthon in
the Arda dome at ~38 Ma (Peytcheva et al. 2004 and refer-
ences therein). The migmatisation of the gneiss core of the
Kesebir-Kardamos dome (Bonev 2004; Sarov et al. 2007)
has not yet been dated. No migmatites have been reported
so far within the cores of the Pangaion-Pirin and Byala
Reka-Kechros Domes. In the Bulgarian part of the Eastern
Rhodopes, the gneisses of the Lower Allochthon are termed
Kesebir Lithotectonic Unit and Byala reka Lithotectonic
Unit (Sarov et al. 2008, 2010) or lower high-grade base-
ment unit (Bonev et al. 2010b).

The orthogneisses of the Lower Allochthon in the core
of Byala Reka-Kechros Dome, close to our study area, fol-
lowed a clockwise P-T path (Macheva 1998) including (1)
a high pressure/low temperature (HP/LT) stage at 1.3 GPa
and ~450 °C, related to crustal thickening during continent
collision, (2) a stage between 0.9 and 0.3 GPa and ~550 °C,

related to unroofing of the dome, and (3) a LP/LT stage at
0.3-0.2 GPa and ~400 °C preceding final cooling of the
rocks. Similar conditions (1.4—1.55 GPa, min 550 °C) were
determined for the peak-pressure stage in the Greek part of
the dome (Mposkos 1989). “°Ar/*Ar laser probe dating of
white mica yielded cooling ages of ca. 42-37 Ma for mica
porphyroclasts and ~36 Ma for fine-grained, syn-kinematic
mica (Lips et al. 2000). A more detailed “°Ar/*°Ar study
showed that the core of Byala Reka-Kechros Dome cooled
below 350-300 °C between 35.5 and 38 Ma (Bonev et al.
2010b).

In the Western and Central Rhodopes, the Lower Alloch-
thon is overlain by the Middle Allochthon comprising
orthogneisses, often derived from Late Jurassic to Early
Cretaceous calc-alkaline granitoids, mixed with metaophi-
olites. Eocene eclogite-facies metamorphism has been
dated in the boundary zone between the Lower and Mid-
dle Allochthon (Liati 2005; Kirchenbaur et al. 2012). In
the Eastern Rhodopes, units representative of the Middle
Allochthon have not yet been identified with certainty.

The Upper Allochthon is dominated by gneisses but also
comprises mafic and ultramafic metaophiolites as well as
marbles and schists. It experienced HP and UHP metamor-
phism during the Jurassic and Cretaceous (e.g. Kirchen-
baur et al. 2012; Liati et al. 2015). In contrast to the Lower
and Middle allochthons which were intensely deformed
and metamorphosed in the Palaeogene, the tectonometa-
morphic evolution of the Upper Allochthon was largely
finished at the end of the Cretaceous, as can be seen from
ca. 62 Ma old, crosscutting and little-deformed pegmatites
(Liati et al. 2002) and 69-70 Ma old, discordant gran-
ite plutons (Marchev et al. 2006). The Upper Allochthon
mainly occurs in the Eastern Rhodopes, along the northern
border of the Central and Western Rhodopes, and in the
Rila, Pirin, and Serbo-Macedonian massifs further west.
In the Bulgarian part of the Eastern Rhodopes, the rocks
of the Upper Allochthon are termed Krumovitsa Lithotec-
tonic Unit (Sarov et al. 2008, 2010) or Upper high-grade
basement unit (Bonev et al. 2010c¢). On the Greek side, the
Upper Allochthon includes the Kimi Unit where diamond-
bearing gneisses occur (Mposkos and Kostopoulos 2001;
Perraki et al. 2006). “°Ar/*’ Ar muscovite dating of metape-
litic schist from a klippe of Upper Allochthon located in
the Byala Reka-Kechros dome shows that it cooled down
through ~350 °C at ~39 Ma (Mukasa et al. 2003).

The Uppermost Allochthon, also termed Circum-Rho-
dope Triassic-Jurassic Tectonic Zone (Jaranoff 1960) or
Circum-Rhodope Belt (Kauffmann et al. 1976), consists of
arc- and backarc-related ophiolites and sedimentary rocks.
The ophiolites are Mesozoic in age and the sedimentary
rocks range from Triassic to Cretaceous. The rocks of the
Uppermost Allochthon were partly metamorphosed in the
greenschist and locally blueschist-facies already in the
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Late Jurassic; younger sediments are unmetamorphosed
(Michard et al. 1994). In the Bulgarian part of the Eastern
Rhodopes, the Uppermost Allochthon corresponds to the
phyllite-schist section of the Mandritsa Lithotectonic Unit
(Sarov et al. 2008, 2010) or Low-grade Mesozoic unit”
(Boneyv et al. 2010c¢).

Tectonic units in the study area

The metamorphic rocks of the Kulidzhik area are located
north of the Byala Reka-Kechros dome in a separate, iso-
lated outcrop area where incision by the Arda River, the
small river Kulidzhik, and its tributaries has removed the
Paleogene sedimentary and volcanic cover (Fig. 2). The
metamorphic rocks form subhorizontal, slightly folded lith-
ological units.

Unit 1

The lowermost unit (Unit I) is part of the Lower Alloch-
thon of Jandk et al. (2011). It is formed by orthognesiss,
partly with augen structure, cropping out in an isolated area
north and northwest of the village Bryagovets (Figs. 2, 3a).
Foliation-parallel amphibolite lenses also occur in this unit.
A lens of serpentinised ultramafic rock is exposed on both
sides of the Kulidzhik River east of Bryagovets; this body
appears to belong to the uppermost part of Unit I or to be
situated at the boundary between units I and II. The bound-
ary with the overlying Unit II represents a top-to-the-north
(in the following abbreviated “top-north”), greenschist
facies shear zone that was previously described as the Bry-
agovets-Brusevtsi detachment fault (Ivanov 1998; Sarov
et al. 2008).

Unit 11

This unit corresponds to the Upper Allochthon of Jandk
et al. (2011) and comprises garnet-chlorite-mica schist as
the predominant rock type, amphibolite, thin layers of mar-
ble, and serpentinised ultramafic rocks (Fig. 2). The unit is
pervasively overprinted by deformation under greenschist
facies conditions. However, in the structurally lower part
of Unit II along the Kulidzhik River near Bryagovets, an
earlier, higher-grade fabric still occurs (Fig. 4). Garnet is
preserved in this area, whereas higher up, it is partly or
completely chloritised. Structurally upwards, Unit II is
increasingly overprinted by greenschist facies mylonitic
and, towards the top, cataclastic deformation. The struc-
tural overprinting is accompanied by upward-increasing
chloritization of the rock, making it difficult to distinguish
from the overlying greenschists of Unit III. The contact
between units II and III is tectonic, marked by a layer of
cataclasite (Fig. 3b).
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Unit 111

This unit is interpreted as a part of the Circum-Rhodope
Belt (Bonev et al. 2010a), i.e. the Uppermost Allochthon.
The unit comprises meta-volcanic greenschist, phyllite,
and calcschist (Fig. 2). The greenschist is mostly found
at the base of the unit. The metamorphic grade does not
exceed the greenschist facies; we did not find garnet in
this unit. The garnet-bearing rocks described by Bonev
et al. (2010a), belong in our interpretation to the underly-
ing Unit II. Unit III is of variable thickness between 0 and
ca. 200 m. Boyanov and Lipman (1973) found microfossils
in anchimetamorphic sediments in the upper part of Unit
IIT, which they identified as Early Cretaceous. Tikhomirova
et al. (1988) restudied the fossils dated by Boyanov and
Lipman (1973) and modified the age into Early Jurassic.
Boyanov et al. (1990) considered Unit III as a normal con-
tinuous sedimentary succession and the upward decrease in
metamorphism, from greenschist facies to anchimetamor-
phic, as a gradual temperature decrease in a regional meta-
morphic setting.

Unit IV

The uppermost unit of the study area is formed by tectonic
klippen of leucocratic, muscovite-rich orthogneiss, rest-
ing along a subhorizontal, gently folded contact either on
Unit III or where the latter is absent, on Unit II (Fig. 2).
Subordinate rock types occurring in this unit are amphibo-
lite and marble. In contrast to the underlying Unit II, the
gneiss of Unit IV is only little chloritised, so that its whit-
ish colour contrasts with the dark green to brown colour
of the underlying rocks. Bonev et al. (2010a) determined
I Ar-*Ar muscovite ages of ca. 154 Ma and ca. 157 Ma
on two samples from Unit IV, indicating cooling below ca.
350 °C already in the Jurassic. These are so far the only
geochronological data from the metamorphic rocks of the
study area.

The metamorphic units II, III, and IV are unconform-
ably overlain by Upper Eocene sediments (Fig. 2) of the
Podrumche Formation (Sarov et al. 2008), unsorted clas-
tic sediments with grain sizes varying between sand and
more than 5 metres large blocks. The components are
metamorphic rocks, partly the same types as occur in the
tectonic units of the study area. They are rounded to vari-
able degrees. The colour is red-brown to grey. The absence
of any sorting suggests deposition by debris flows from
nearby, steep slopes. The unconsolidated nature of the sedi-
ments shows that they were not deeply buried but remained
close to the surface since their deposition. To the east, the
sediments are overlain by volcanoclastic and volcanic rocks
of the ca. 32.7-32.2 Ma old Madjarovo volcanic complex
(Marchev and Singer 2002).
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Fig. 3 Field photographs of deformation structures in the study area.
a Augengneiss of Unit I, at the sampling locality of Kul-22 on the
road from Strandzhevo to Bryagovets. Diameter of coin is 23 mm. b
Cohesive, chlorite-rich cataclastic breccia at the top of Unit II. East-
ern slope of Kulidzhik valley, 1 km south of Bryagovets. ¢ Ductile
to brittle shear structure overprinting the augengneiss of Unit I. S-C’

mylonitization that has affected different parts of the Rho-
dope basement is viewed as an effect of postorogenic exten-
sional collapse and formation of asymmetric metamorphic
core complexes in the Tertiary (Ivanov 1989, 1998; Dimov
et al. 2000; Burg et al. 1996; Bonev 2006a; Bonev et al.
2006b). This traditional view has been challenged by Gerd-
jikov and Gautier (2005), Gerdjikov et al. (2010), Bosse et al.
(2009) and Gautier et al. (2010) and later by Jahn-Awe et al.
(2010) and Kirchenbaur et al. (2012), based on zircon dat-
ing and Lu-Hf eclogite dating, respectively. These authors
argued that the underthrusting of the Lower Allochthon, with
a top-south to -southwest shear sense, is Paleogene in age.
On the other hand, the top-north tectonic transport recorded
within the uppermost tectonic units of the Eastern Rhodope
area (Uppermost Allochthon) has been interpreted to reflect
the Late Jurassic—Early Cretaceous collision and north-
ward obduction of a Jurassic volcanic arc onto the high-
grade basement units of the Rhodope Metamorphic Complex
(Bonev et al. 2010a).
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structure with sigmoidally deformed foliation indicates sinistral, i.e.
top-to-the north displacement. Arda river bank north of Bryagovets.
Diameter of coin is 23 mm, north is to the left. d Badland erosion in
light-coloured, cohesionless kakirite formed from muscovite gneiss at
the base of Unit I'V, Kulidzhik valley 0.8 km east of Meche uho

With respect to the Kulidzhik area, only few tectonic
interpretations have been published (Boyanov 1969; Boy-
anov et al. 1969, 1990; Bonev 2006a; Bonev et al. 2010a;
Sarov et al. 2008). The map of Boyanov (1969) distin-
guished an autochthonous crystalline basement (including
our Units I and II), the “Diabaso-phyllitoid Formation”,
interpreted as the Late Proterozoic to Early Paleozoic cover
of the basement (our Unit III), and the allochthonous “Pro-
terozoic metamorphic rocks of the Allochthon” (our Unit
IV). Boyanov et al. (1969) interpreted Unit II as former
high-grade basement, transformed into phyllonite by shear-
ing and retrograde metamorphism. Later maps (Bonev
2006a; Bonev et al. 2010a; our Fig. 2) are still mainly
based on this detailed map. Boyanov (1969) assumed pre-
Paleogene thrust emplacement of Unit IV towards east-
northeast along a subhorizontal surface. After the finding
of fossils in Unit III, first determined as Early Cretaceous
(Boyanov and Lipman 1973) but then interpreted as Early
Jurassic (Tikhomirova et al. 1988), Boyanov et al. (1990)
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Fig. 4 Outcrop and thin-section photographs of (a) mylonitic gar-
net-bearing schist from the uppermost section of Unit II exhibit-
ing a clear S-C’ pattern and consistent top-to-the north sense of
shear (outcrop at the eastern end of Bryagovets village, coordinates:
41°38'51.95"N/25°47'39.24"E); b-f garnet-bearing schist in Unit
II, at the sampling locality of Kul-21. b Relationships between Sj;
Sy, and Sy3. Sy3 are developed as an axial cleavage of centimetre
scale open folds formed by Sy;,. Note the trace of the S;;, foliation
which also acted as an axial plane of older generation isoclinal folds
formed by Sy, (dashed line). The latter being underlined by differ-
ent in colour and composition “layers”. ¢ A polished hand specimen
of the same garnet-bearing schist, showing relationships between Sy,
and Sy;. Sy3 is developed as an axial cleavage of centimetre to mil-

limetre scale folds of Sy,. d Cracked and partly resorbed garnet from
the first generation. The inclusions within the former garnet porphyro-
blast form an older foliation (Sy;_;) that is at a high angle with respect
to the later main fabric of the rock. e A similar partly resorbed garnet
porphyroblast from the first generation that exhibits a clear s-shaped
older (Sy.;) foliation formed by different (mainly quartz) inclusions
and an elongated zone (centre to bottom of the garnet) filled with
polygonal quartz (the yellow arrow pointing the upper tip of that elon-
gated zone). f A microphotograph showing the relationships between
Sy, and Sy 5. Syp, is underlined by the second generation of small and
euhedral garnet porphyroblasts that form millimetre scale open folds.
Sy1.3 developed parallel to the axial plane of those folds and is under-
lined mostly by elongated and dynamically recrystallised quartz grains

@ Springer



1992

Int J Earth Sci (Geol Rundsch) (2016) 105:1985-2012

suggested that the thrusting of the Kulidzhik Nappe took
place in the “Austrian Phase” (Late Aptian).

Bonev (2006a) collectively correlated the high-grade
metamorphic rocks that comprise our units I and II to
the upper high-grade basement of the Eastern Rhodopes,
i.e. the Upper Allochthon. On the geological map of Bul-
garia M 1:50,000 (Sarov et al. 2008) Unit I is assigned to
the Krumovitsa Lithotectonic unit (Upper Allochthon)
and units II, III, and IV to the Mandritsa Lithotectonic
Unit (Uppermost Allochthon). Bonev et al. (2010a) corre-
lated Unit I with the gneisses exposed in the core of Byala
Reka-Kechros Dome south of the study area, i.e. the Lower
Allochthon. They merged the retrogressed high-grade rocks
from the Kulidzhik area (our Unit II) together with the
overlying low-grade rocks (our Unit III) and assigned both
to the Mesozoic low-grade unit, i.e. the Uppermost Alloch-
thon. Bonev (2006a) suggested that the high-grade rocks
of the Kulidzhik Nappe (Unit IV) were emplaced on Unit
IIT by amphibolite-facies shearing in a synmetamorphic,
top-southwest thrust of Cretaceous age. When the Juras-
sic cooling ages in Unit IV were determined, Bonev et al.
(2010a) changed the interpretation of the basal contact of
Unit IV into a top-north-northeast thrust, active during a
Jurassic-age arc-continent collision. These authors also
assumed that Unit IV is indistinguishable from the lower
high-grade basement of the Eastern Rhodopes (Lower
Allochthon), “thus representing an extension of this unit in
the study area”, although it is not at the base but at the top
of the tectonic pile. Most workers interpreted the nature of
the contact between units III and IV in terms of shorten-
ing and thrusting. Only Bonev et al. (2010a) mentioned the
importance of Tertiary extensional tectonics.

Results
Structural observations
Unit I

Unit I crops out along the Arda River in the northern part
of the study area (Fig. 2). The orthogneisses are partly
equigranular, partly typical augen gneisses (Fig. 3a) and
generally represent S-L tectonites. Unit I was affected by
two shearing deformation events with opposite kinemat-
ics, an older, penetrative one (top-south) and a younger,
more localised one (top-north). The older foliation, S;,
is pervasive in the entire outcrop area except at the top of
the unit where the younger fabric prevails. S, is defined
by quartz domains (ribbons), lens-shaped K-feldspar por-
phyroclasts (in the case of augengneiss), and layers rich in
muscovite and partly chloritised biotite. S_; dips southeast
to southwest at low to moderate angles (Fig. 5a). It bears
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a pronounced stretching lineation (L ). This stretching
lineation is defined by elongate quartz aggregates, len-
ticular feldspar porphyroclasts and elongate aggregates of
muscovite and biotite grains. Towards the structural top of
Unit I, biotite is more and more chloritised. The L; ; linea-
tion plunges south to southwest (Fig. 5a). Shear bands and
asymmetric K-feldspar porphyroclasts consistently indi-
cate top-south to top-southwest-directed mylonitic shear-
ing. Under the microscope, this shear sense is confirmed by
mica fishes (Fig. 6a), oblique grain shape of recrystallised
quartz (Fig. 6b), and small shear bands (Fig. 6¢). Quartz
shows recrystallization by subgrain rotation (Fig. 6b)
which suggests greenschist facies conditions (ca. 400-
500 °C) during deformation (Stipp et al. 2002). Dynami-
cally recrystallised feldspar, observed in porphyroclast
tails and as mantle around porphyroclasts, indicates tem-
peratures in the same range or higher. Some samples show
quartz recrystallization by grain-boundary migration, indi-
cating temperatures above ca. 500 °C during deformation.
However, a subsequent formation of smaller quartz grains
by the subgrain rotation mechanism (Fig. 6a, b) shows that
top-south-southwest shearing went on under decreasing
temperatures.

This fabric is overprinted by north-dipping, subhorizon-
tal or south-dipping, ductile to brittle shear zones which
locally formed a second foliation S;, and C’-type shear
bands that cut S, at moderate angles (Fig. 3c). Often S, is
dragged into parallelism with S;,. Fine-grained white mica
and chlorite are found along the S, foliation planes. S,
bears a new stretching lineation, L ,, defined by aggregates
of fine-grained white mica and chlorite and quartz slicken-
fibres. L, plunges shallowly north to north-northwest or
south to south-southeast (Fig. 5b). Flat or gently north-dip-
ping shear bands and progressive reorientation of the older
foliation, i.e. drag, indicate top-north to -north-northwest
shearing during this second deformation phase (Fig. 3c).

As a rule, the S, foliation is more penetratively devel-
oped towards the contact with Unit II. At the contact itself,
the S;, fabric is predominant. Locally, at some distance
from the contact, two competing stretching lineations L ;
and L;, were observed on the same foliation surface, L.
| trending more northeasterly and L, , more northwesterly.
The complete chloritization of biotite in shear zones with a
strong Sy ,/L;, fabric indicates that this second deformation
phase took place under conditions of the lower greenschist
facies.

Unit 11

Unit II consists of high-grade metamorphic rocks that were
affected by mylonitization under greenschist facies condi-
tions. These produced the main foliation (Sy; 3). Sy is the
only penetrative foliation in the intensely sheared upper



Int J Earth Sci (Geol Rundsch) (2016) 105:1985-2012

1993

Fig. 5 Schmidt nets represent-
ing the orientations of structural
elements in the study area
(equal area projection, lower
hemisphere, N is up). a Folia-
tion Sy_; and stretching lineation
Ly, from Unit I. b Foliation

S, and stretching lineation

L;, from Unit L. ¢ Foliation
S5 and stretching lineation
Lj; from Unit II. d Structural
elements of cataclasite from
Unit II. e Structural elements of
Unit III. f Secondary rank fault
surfaces and related slickensides
and slickenfibres within the
ultracataclastic domain of the
Kulidzhik Detachment Fault. g
Foliation in Unit IV. h Orienta-
tion of late normal fault planes
and striations
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270~
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270°
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part of Unit II, close to the contact with the overlying Unit
III (Fig. 4a). In the lower part, Sy; 5 is less strongly devel-
oped and metapelitic schists have preserved two older foli-
ations from an earlier metamorphic event (Fig. 4). There,
Sy 1s the axial planar foliation of open folds deforming
an older foliation, Sy, (Fig. 4b, c, f). This older foliation

oCdem

m foliation
@ stretching lineation
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90°
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@ stretching lineation
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is itself axial planar with respect to isoclinal folds which
deform a still older planar fabric (S; ;) marked by the
alternation of dark, mica-rich and light, quartz-rich layers
(Fig. 4b).

Two generations of garnet are present in the schists
from Unit II. The older garnets are larger (up to several
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Unit IV

Unit 1

Unit Il

Fig. 6 Thin-section photographs of deformation structures in the
study area: a Muscovite mica fishes within the augengneiss from
Unit I. The asymmetry of the muscovite clast shows dextral (top-
to-the southwest) sense of shear. b A shape preferred orientation of
dynamically recrystallised subgrains in quartz oblique to the main
S,.; foliation of the orthogneisses from Unit I. The oblique position
of the subgrains points to the top-to-the southwest shearing in upper
greenschist facies conditions (ca. 400-500 °C). ¢ A microphotograph
of a sheared orthogneiss from Unit I with dipping to the right (south-
west) shear bands underlined by newly formed white mica and small
grained quartz and feldspar clasts. The small angle between the main
foliation and the shear band points to a top-to-the southwest sense

millimetres), strongly resorbed and fractured, and contain
inclusions of quartz, biotite, muscovite, plagioclase and
rutile (Fig. 4d, e). The inclusions form an internal folia-
tion oriented at high angle to the external foliation Sy ,.
We tentatively correlate this internal foliation with Sy;. In

@ Springer

of shear. d—f Top-to-the north greenschist facies mylonites from the
upper structural section of Unit II, note the garnet is still preserved
and forms clear asymmetric sigma-shaped clasts. g Foliated catacla-
site with dipping to the north, synthetic to the main cataclastic foli-
ation Riedel failures that indicate top-to-the north sense of shear. h
Cohesive cataclasite of the detachment fault zone located between
units II and III. i Mylonites of Unit III containing asymmetric mica
fishes (muscovite) that indicate top-to-the north sense of shear in the
entire outcrop area of the unit. j A protomylonite fabric of the orthog-
neiss from Unit IV (the klippen). Note the ductile deformation of the
K-feldspar which dynamic recrystallization points to a higher grade
(at least high-greenschist to lower amphibolite facies conditions)

some first-generation garnet grains, larger inclusions are
filled with polycrystalline quartz showing polygonal grain
boundaries (Fig. 4e). Such polycrystalline, polygonal
quartz is not found outside these garnet grains and points
either to static recrystallization at elevated temperatures
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or to recovery after the transformation of coesite to quartz
(Wain et al. 2000). The latter would be a first, albeit weak
hint to correlate Unit II with the ultrahigh-pressure Kru-
movitsa-Kimi unit of the Upper Allochthon, a correlation
strongly supported by our zircon dating (see below).

The garnet porphyroblasts of the second generation are
smaller (ca. 200 ) and euhedral. In some places, they trace
the Sy, foliation (Fig. 4f). At outcrop-scale and under the
microscope, Sy, is intensely folded. The axial planar cleav-
age of these folds, Sy 3, is defined by reoriented older mica
flakes, newly grown white mica and chlorite, and the grain
shape of dynamically recrystallised quartz (Fig. 4f). The
recrystallization mechanism in quartz is low-temperature
bulging which, together with the abundance of deforma-
tion bands and undulose extinction in quartz as well as the
growth of chlorite, suggests temperatures of 300400 °C
(Stipp et al. 2002) during the deformation process that
resulted in Sy ; formation.

Towards higher structural levels within Unit II, the Sy,
foliation becomes more pronounced and attains a subhori-
zontal to shallowly dipping orientation (Fig. 5c). The rock
is progressively transformed into a mylonite, and older
deformation structures become indistinguishable. The
foliation bears a stretching lineation plunging shallowly
south or north (Fig. 5c). In schists the lineation is defined
by aligned white mica and chlorite flakes, stretched quartz
ribbons, and pressure shadows of garnet crystals, whereas
in amphibolites it is defined by elongated needles of dark
amphibole, partly retrogressed to actinolite, and replaced
by epidote and chlorite.

Viewed in surfaces perpendicular to the foliation and
parallel to the lineation, the mylonites exhibit a consist-
ent top-north shear sense, documented by abundant shear
bands, mica fishes, and asymmetric garnet porphyroclasts
(Fig. 6d-1).

Since the rocks were originally rich in biotite, garnet,
and amphibole, mylonitization under lower greenschist
facies conditions turned them into chlorite-rich phyl-
lonites and retrograde greenschists. However, lower-
strain domains with strongly chloritised garnet can still
be observed also in structurally higher parts of Unit II.
The contact zone with the overlying Unit III represents
an up to several metres thick, flat-lying layer of partly
foliated cataclasites (Figs. 3b, 6g, h). The cataclastic
foliation is roughly parallel to the contact and bears a
slickenside lineation plunging shallowly north or south
(Fig. 5d). Where the shear sense of the cataclasites can
be determined from slicken fibre steps, synthetic Riedel
shears (Fig. 6g), and drag, it is consistently top-north.
The progressive mylonitization and subsequent catacla-
sis recorded in the rocks of Unit II point to a gradual
temperature decrease and to the extensional nature of the
contact with the overlying Unit III.

Unit 11

The rocks of Unit III are greenschists, phyllites, and calcs-
chists. It is not easy to distinguish the first two rock types
from the phyllonites and retro-greenschists of Unit II,
which is probably the reason why Sarov et al. (2008) and
later Bonev et al. (2010a) made no distinction between the
two units. On the map of Boyanov (1969), however, the
boundary is mapped and our own observations confirmed
its location. Our field observations also confirmed that
the metamorphic grade in Unit III decreases up-section,
whereas greenschist facies rocks (greenschists and phyl-
lites) prevail, unmetamorphic or anchizonal slate and silt-
stone locally occur at the top of Unit III.

The rocks have a moderately dipping foliation and
locally a N-S- to NE-SW-oriented stretching lineation
(Fig. 5e). The stretching lineation is best developed in the
calcschists, probably because calcite is most easily dynami-
cally recrystallised at low temperatures. The sense of shear
as indicated by shear bands at outcrop scale and mica fish
and shear bands at microscopic scale (Fig. 6i) is top-north.
The ductile fabric is in many places overprinted by brittle
deformation, which prevails within the upper structural lev-
els of Unit III close to the contact with Unit IV. The con-
tact represents an up to several metres thick layer of brittle
fault rocks (Fig. 3b) represented by non-cohesive breccia
(kakirite). The kakirite represents the lowermost and tec-
tonically crushed rocks of Unit I'V. Despite the lack of kin-
ematic indicators, due to the similar style, we assume that
the shearing deformation belongs to the same (extensional)
process as the one that formed the mylonites and catacla-
sites in Unit II. Extensional shearing may also explain the
above-mentioned upward transition from greenschist facies
to anchizonal on a very small vertical distance of only a
few tens of metres.

Unit 1V

The muscovite gneisses of Unit IV are rather similar to
augengneisses of Unit I but are distinguished by the fre-
quent occurrence of up to cm large muscovite flakes. In thin
section, these are set between partly dynamically recrystal-
lised, perthitic, augen-shaped K-feldspar porphyroclasts,
forming a protomylonitic fabric (Fig. 6j). The dynamic
recrystallization of feldspar suggests amphibolite-facies or
at least upper greenschist facies conditions for the deforma-
tion. The gneiss foliation is variably oriented, partly steep,
and folded. The measurements suggest a north—south ori-
ented fold axis (Fig. 5f). The foliation is often oriented at a
high angle to the basal contact of the unit. It is overprinted
by wide-spread and pervasive brittle deformation, particu-
larly intense along the base. In many places the gneiss is
transformed into a non-cohesive tectonic breccia, i.e. a
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kakirite, of cm-sized fragments. These rocks form badlands
reminiscent of those in non-cohesive sediments (Fig. 3d).
Even where the rocks are strongly shattered, the fragments
look rather fresh under the microscope and chloritization is
only weak or absent. This contrasts strongly with the per-
vasive alteration and chloritization in Unit II. Therefore, it
appears that the brittle deformation of Unit IV took place at
a shallow level near the Earth’s surface. It is clear that the
protomylonitic structure of the gneisses is unrelated to the
basal fault horizon along which Unit IV now rests on the
deeper units.

The entire metamorphic pile as well as the Eocene sedi-
ments is cut by brittle, mostly north-dipping, normal faults
(Figs. 2, 5g).

Geochronology
Sample description

Sample Kul-22 is a mylonitic augengneiss from Unit
I. It was collected along the road between the vil-
lages Bryagovets and Strandzhevo (sample coordinates:
41°39/05.7"N/25°46'48.0"E, see also Fig. 2). This sample
is composed of perthitic potassium feldspar forming up to
cm-sized augen, plagioclase, quartz, white mica, chlorite
after biotite, opaque phases and accessory zircon.

Sample Kul-21 is a garnet-chlorite-mica-schist from
Unit II. It was collected at an outcrop in the Kulidzhik River
bed (sample coordinates: 41°38'37.10"N/25°47'25.82"E,
see also Fig. 2). The sample comprises: major quartz
(>50 %vol, garnet, white mica, biotite, plagioclase and
chlorite; minor tourmaline and opaque mineral; and acces-
sory rutile, epidote, apatite and zircon. Three principal
mineral assemblages, which indicate different stages of
the metamorphic evolution, have been distinguished in this
sample. The earliest assemblage is composed of garnet por-
phyroblasts (2—4 mm size) and inclusions of quartz, biotite,
white mica, plagioclase and rutile within garnet. The por-
phyroblasts are rotated, fractured, and strongly resorbed
(Fig. 4c, d). Their formation predates the penetrative folia-
tion of the sample. The second assemblage forms the folia-
tion Sy,. It includes small euhedral garnet (< 1 mm) and
tourmaline (<0.5 mm) in a matrix of abundant quartz and
white mica, minor biotite and plagioclase. The third assem-
blage corresponds to the foliation Sy ; and represents lower
greenschist facies retrogression with chlorite replacing
garnet and biotite, accompanied by white mica, sagenite
rutile in chlorite and in white mica, opaque Fe-oxide phase
around resorbed garnets, epidote, and quartz. Brittle frac-
tures filled with chlorite and minor carbonate mark a final
stage of retrogression.

Sample Kul-6 is a protomylonitic muscovite gneiss
from Unit IV. It was collected on the large klippe
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southeast of Bryagovets village (sample coordinates:
41°38/23.82""N/25°47'53.58"E, see also Fig. 2). The rock is
composed of perthitic K-feldspar forming augen and partly
dynamically recrystallised, plagioclase, quartz, large (up
to cm) muscovite flakes, little chlorite, zircon and opaque
phases.

Analytical methods and sample preparation

The samples were studied using: LA-ICPMS for U-Pb
zircon dating and trace elements contents in dated zir-
con grains, EMP for chemical composition of mineral
inclusions in zircon, and XRF for whole-rock chemis-
try. Details for sample preparation and analytical proce-
dures are provided in Appendix A (ESM), operational
parameters of instruments used for LA-ICP-MS dating in
Appendix B (ESM). The results of zircon dating are pre-
sented in Tables 1, 2 and 3. Geochemical data are pro-
vided in Appendices, namely: Appendix C (ESM) for REE
and other trace elements contents (ppm) in dated zircons;
Appendix D (ESM) for contents of major oxides (wt%) and
trace elements (ppm) in whole-rock samples; and Appendix
E (ESM) for chemical composition (major oxides, wt%) of
mineral inclusions in zircon grains.

Results
Kul-22 (K-feldspar augengneiss from Unit I)

The zircon separate from the augengneiss contains colour-
less to pale beige and transparent to translucent euhedral
grains of uniform prismatic morphology with length/width
ratios >2 commonly. The CL images display fine oscilla-
tory zoning, frequently obscured and homogenised with
decreasing CL intensity towards crystal rims (Fig. 7a). Few
grains contain xenocrystic (image 11) or antecrystic cores
of unzoned, patchy or chaotic textures. Some cores are CL
dark (metamict, image 23) with radial fissures in the sur-
rounding oscillatory zoned domains. Inclusions of quartz,
K-feldspar, muscovite and apatite were found both in ante-
crystic and oscillatory zoned domains.

The zircon ages vary between 278 and 334 Ma except for
one xenocrystic core that is 567 Ma old (Table 1). Similar
age variation was found for cores (334-287 Ma), oscilla-
tory zoned domains (315-289 Ma) and rims (318-278 Ma).
Most of the data are concordant, scattering along the con-
cordia and clustering around 300 Ma on the probability
density diagram (Fig. 7b). The weighted mean 2°Pb/?%%U
age is 300.7 £ 2.6 Ma, excluding the youngest and the old-
est zircons (Isoplot outlier rejection via a modified 2-sigma
set of criteria). Seven results that overlap within 20 age
error yield a concordia age of 301.9 + 2.4 Ma (Fig. 7c).
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Fig. 7 Selected CL images (a) and dating results (b, ¢) of zircons
from sample Kul-22, the augengneiss from Unit 1. a Circles and
nearby numbers denote analysis spots and ages (*°°Pb/***U Ma). The
numbers in white rectangles correspond to zircon analysis in Table 1:
grains with xenocrystic cores (images 11, 15); mineral inclusions

Data on trace elements in selected spots from dated
zircons [Appendix C (ESM)] help understanding the ori-
gin of the zircons. Chondrite-normalised REE patterns
(Fig. 8) show uniform distribution with negative Eu- and
positive Ce-anomalies, and steep HREE enrichment (LuN/
GdN from 22 to 66). These are characteristic of continen-
tal crustal zircon populations of igneous or anatectic origin
(Hoskin and Schaltegger 2003). We suggest a magmatic
protolith origin since there are no signs of migmatisation

@ Springer
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(images 11, 14, 8); homogenised oscillatory domains (images 1, 3,
14); anomalously old age of zircon rims (images 23, 5, 8, 77). The
scale bar is 100 um. b Probability density plot of 2°Pb/>*U ages. ¢
Concordia diagram of Late Paleozoic protolithic zircon

in the rock. The variation of Th/U ratios between 1.67 and
0.01 with core-to rim decrease in the majority of dated
grains (Table 1) indicates partial redistribution of Th and U
due to metamorphism and/or interaction with metamorphic
fluids.

The whole-rock major element geochemistry corre-
sponds to peraluminous granite with high silica content of
70.97 %, a sum of alkali oxides of 7.45 % (TAS diagram
not shown), and A/CNK of 1.14 [Appendix D (ESM)]. Two
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Fig. 8 Chondrite-normalised REE patterns of zircon from sample
Kul-22

muscovite inclusions [Si 3.10 and 3.34 pfu; Appendix E
(ESM)] in oscillatory zoned domains of dated zircons indi-
cate pressure conditions of zircon growth or metamorphic
overprint of 0.5-1.1 GPa above granite solidus temperature
of 650 °C (based on Simpson et al. 2000). The contents of
Ti [Appendix C (ESM)] are below detection limits, which
precludes an application of Ti-in-zircon thermometry and
better estimate of thermal conditions.

KUL-21 (garnet-chlorite-mica-schist from Unit II)

The scanty zircon population from Kul-21 comprises
small fragments and rounded short-prismatic whole grains
(<0.15 mm commonly, elongation <2), colourless to
pale yellowish and transparent. The CL and BSE images
show complex internal structures (Fig. 9a): xenocrystic
cores (image 110); sector and oscillatory zoning cut off
by areas of re-homogenised zircon (image 105), bands of
homogeneously textured zircon (image 110); patchy zon-
ing (images 63, 66, 47, 70a) with bright seams indicating
altered fractures disrupting original zoning (images 63, 660,
110). Most of the internal structures reflect variations in the
physico-chemical conditions and are caused by modifica-
tions of pre-existing structures and/or by growth of new
zircon.

The zircon ages vary between ca. 1600 Ma and ca.
70 Ma (Table 2), clustering at 69 Ma, 150 Ma, and
from 220 to 310 Ma (Fig. 9b). Older ages appear in sin-
gle detrital zircon grains (Fig. 9a; images 50, 107) or
xenocrystic cores (image 11). The detrital zircons sug-
gest different source lithologies among which domi-
nated Late Paleozoic igneous or anatectic ones. The ages
scattering between 310 and 250 Ma belong to zircons
that keep partially magmatic oscillatory or sector zon-
ing, strongly affected by recrystallization or new meta-
morphic growth (Fig. 9a). Some of them contain inclu-
sions of quartz, plagioclase, biotite and muscovite. Six

spots, whose U-Pb data overlap within 2o error, yield a
weighted mean age of 299.7 + 3.2 Ma and a concordia
age 299.9 £ 1.8 Ma (Fig. 9c; Table 2). Other three grains
yield a concordia age of 273.6 £ 2.0 Ma (1o, MSWD
1.2; not shown). The variation of Th/U ratio values
between 0.2 and 0.7 in these zircons (Table 2) are con-
sistent with magmatic origin. One chondrite-normalised
REE pattern of 300 Ma old grain [Fig. 10, zircon grain
66 in Appendix C (ESM)] shows features of magmatic
or anatectic zircon with positive Ce- and negative Eu-
anomaly 0.42, and HREE enrichment with LuN/GdN 32.

The Late Jurassic zircons are present as single grains
or domains in composite grains of metamorphic internal
structure (Fig. 9a, images 43, 47, 48, 57). Quartz and
apatite inclusions are common. The ages scatter between
120 and 160 Ma (Table 2). Five spots in three grains
yield a concordia age of 149.7 & 0.97 Ma (Fig. 9d).The
contents of trace elements [data in Appendix C (ESM)]
resemble magmatic or high-grade metamorphic zircons
that have grown in the presence of melt (Rubatto 2002).
Chondrite-normalised REE patterns (Fig. 10) show posi-
tive Ce-and negative Eu-anomaly (0.14-0.37), variable
LuN/GdN (8-63) and Th/U ratios (0.15-2.2; Table 2).
The contents of Ti are below the detection limit, except
for one zircon grain [analysis 69, with 22.7 ppm Ti;
Appendix C (ESM)]. The result of Ti-in zircon ther-
mometry for this grain is 854 °C (after Ferry and Watson
2007).

Three grains only represent the youngest zircon gen-
eration of metamorphic internal structures and origin
(Fig. 9a, images 51, 58, 67). Five spots in these grains have
weighted mean age of 69.9 & 3.2 and four of them yield
two concordant ages at 74 and 68-69 Ma (Fig. 9e; Table 2).
The composition [Appendix C (ESM)] is distinguished by
low contents of trace elements, except for Hf, variable U
contents and low Th/U ratios (<0.1; Table 2). The distribu-
tion of REE (Fig. 10) exhibits different patterns. The older
zircon (grain 67) differs with negative Eu-anomaly and
low LuN/GdN = 2.4, suggesting crystallization in com-
petition with feldspar and HREE-rich garnet, e.g. upper
amphibolite or granulite facies. Two spots in the younger
zircon grain 51 show no or very weak Eu anomalies and
high LuN/GdN values (163 and 223), suggesting growth at
high pressure outside the feldspar stability field. The zircon
grain 58 has similar features (LuN/GdN = 140), though all
REE contents are lower. The content of Ti is 16.5 ppm in
zircon grain 51, corresponding to 819 °C (after Ferry and
Watson 2007).

The whole-rock geochemistry [Appendix D (ESM)]
suggests a sedimentary protolith of greywacke to
litharenite composition. The PerpleX-generated pseu-
dosection (Connolly 2005) predicts a large stabil-
ity field for the higher-grade chlorite-free assemblages
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Fig. 9 Selected CL images (a) and dating results (b—e) of zircons
from sample Kul-21, the garnet-bearing schist from Unit II. a The CL
images show old detrital single grains (46, 50, 107) and xenocrystic
core (110); Late Paleozoic detrital grains (63, 66, 105) with younger
metamorphic overgrowth (70a); metamorphic Late Jurassic zircon
(47, 48, 43) with younger metamorphic rim (57); metamorphic Late
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Fig. 10 Chondrite-normalised REE patterns of zircon from sample
Kul-21

(570-850 °C/0.4-2.0 GPa; Fig. 11) corresponding with
amphibolite to high-pressure granulite facies. Chlo-
rite appears below 550 °C. The calculated retrograde

assemblage contains ilmenite and zoisite, the participa-
tion of which in the sample is not supported by strong
evidence, except for the observation of opaque minerals
and epidote. Tourmaline was not considered because of
the lack of thermodynamic data. The comparison between
calculated phengite component (Fig. 11), the composi-
tion of muscovite inclusions [Si 3.26 pfu; Appendix E
(ESM)] and the result of Ti-in-zircon thermometry sug-
gests 850 °C/1.6 GPa as conditions of Late Jurassic zir-
con growth, most probably in the presence of melt and
related with the first mineral assemblage of garnet por-
phyroblasts. Although contradictory, data available on the
youngest zircon generations (74 and 68—-69 Ma) support
an interpretation of changing metamorphic conditions and
a transition from a feldspar- and garnet-bearing assem-
blage for zircon core spot 67c (74 Ma) towards a feldspar-
free assemblage for zircon spots in grain 51 (68—69 Ma).
Having in mind the result of Ti-in zircon thermometry
(819 °C), such a PT path suggests cooling at ca. 2 GPa
(Fig. 11).
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Fig. 11 P-T pseudosection calculated with PERPLE_X for sample
Kul 21 (Table 3). Dashed lines denote Si-isopleths in phengite. The
red circles correspond to the estimates of possible zircon growth con-
ditions: a combination of Ti-in-zircon thermometry 850 °C and Si-
in-phengite isopleths (Si 3.26 pfu for muscovite inclusion in 150 Ma
old zircon); and Ti-in-zircon thermometry 819 °C for 68—-69 Ma old

zircon, whose REE pattern suggests feldspar-free environment of
growth. All assemblages contain quartz (Qtz) and garnet (Grt). Other
mineral abbreviations: ab albite, Am amphibole, and andalusite, Bt
biotite, Chl chlorite, Cpx clinopyroxene, Crd cordierite, /lm ilmenite,
ky kyanite, law lawsonite, M melt, Opx orthopyroxene, pa paragonite,
Phn phengite, ru rutile, sill sillimanite, sph titanite, W water, z zoisite
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Fig. 12 Backscattered-electron images of zircons (a) and dating results from Kul-6, the muscovite gneiss from Unit IV: b concordia diagram of

all dated grains; ¢ concordia diagram of the youngest zircon grains

KUL 6 (Muscovite gneiss from Unit IV)

Zircons from the muscovite gneiss are brownish-pink to
pale pink to colourless and almost inclusion-free. They
are short- to medium-prismatic and partly rounded. Many
crystals appear almost homogeneous in backscatter elec-
tron (BSE) images, others show weak, euhedral BSE zon-
ing, partly truncated by the rounded outline (Fig. 12). Some
zircons have BSE-light rims along their rounded outline,
suggesting a metamorphic rim. U contents vary between
43 and 759 ppm, Th/U ratios are strongly variable between
0.04 and 1.41 (Table 3) indicative of differences in the ori-
gin of zircon grains. The six zircons of the youngest age
population (see below) are of magmatic type based on their
BSE zoning (Fig. 12) and have U contents between 60 and
759 ppm, and Th/U ratios between 0.16 and 0.88. The zir-
con ages vary between ca. 580 Ma and ca. 2400 Ma but fall
into distinct age groups (Table 3). The youngest of these,
including six grains, is homogeneous and yields a very
well-defined concordia age of 581.1 &+ 5.3 Ma. It is inter-
preted as the crystallization age of the magmatic protolith.
The other grains are interpreted as inherited. Four of them
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have ages around 700 Ma, five grains fall between 1 and
1.4 Ga, nine grains are between 1.5 and 1.9 Ga old. Two
grains have ages between 2.4 and 2.5 Ga. The metamorphic
overprint that transformed the granite into a gneiss is prob-
ably recorded by the BSE-light rims (Fig. 12). These are,
however, too narrow for dating.

Discussion
Correlation of tectonic units

The dating results allow a rather clear correlation of Unit
I and II to certain levels of the Rhodope nappe stack. The
Late Carboniferous protolith age of the augengneiss from
Unit I, 301.9 + 2.4 Ma, supports its correlation with the
lower high-grade basement (Lower Allochthon) cropping
out south of the study area in the Byala Reka-Kechros
Dome. On orthogneiss from that area, an identical pro-
tolith age of 301 & 4 Ma was determined using U-Pb
SHRIMP on zircon (Carrigan et al. 2003). Similar ages
between 296 and 320 Ma with larger errors were obtained



Int J Earth Sci (Geol Rundsch) (2016) 105:1985-2012

2007

from orthogneisses of the Byala Reka-Kechros Dome by
Peytcheva et al. (1992, 1998) and Peytcheva and von Quadt
(1995). The top-south mylonite shear sense observed in
Unit I is also the same as observed in gneisses of the Byala
Reka-Kechros Dome (Bonev et al. 2010c).

The analysed garnet-bearing schist from Unit II is a
high-grade metamorphic rock of amphibolite to granulite
facies, as indicated by pseudosection modelling (Fig. 11)
and Ti-in-zircon thermometry. The whole-rock composition
identifies it as a metasediment. Zircons with typical mag-
matic features clustering at 310, 275, 250 and 150 Ma old
metamorphic zircons suggest that the clastic sedimentary
protolith formed between Permian and Jurassic from the
erosion of a source area rich in Late Variscan granitoids.
This rock was metamorphosed at ca. 150 Ma (Late Juras-
sic) under conditions of ca. 850 °C/1.4 GPa, probably in
the presence of anatectic melt. A second event of high-
grade metamorphism took place in the Late Cretaceous
between 74 and 68 Ma.

A migmatitic orthogneiss from the Krumovitsa-Kimi
Unit of the Upper Allochthon, 40 km southwest of our
study area, yielded an amazingly similar age spectrum as
our sample Kul-21 (Liati et al. 2015). These authors calcu-
lated concordia ages for the zircon domains in their sam-
ple at 268 &+ 7 Ma, 157.7 £ 2.3 Ma, and 73.8 £+ 0.8 Ma.
The Permian age is interpreted to date protolith crystalliza-
tion, the other two as representing HP to UHP metamor-
phism. Similar ages were determined in earlier studies of
the Krumovitsa-Kimi Unit (see review by Liati et al. 2011).
The difference between Kul-21 and the Liati et al. (2015)
sample is that the protoliths are sedimentary and magmatic
rocks, respectively, but the timing of the metamorphic over-
print is identical. We assume that the Jurassic and Late
Cretaceous zircon ages belong to two separate subduction-
exhumation cycles (see Liati et al. 2011 and Froitzheim
et al. 2014).

Because of the similar metamorphic history, the analo-
gous tectonic position on top of the Lower Allochthon, and
the similar lithological association (gneiss, amphibolite,
marble, ultramafic rock) we can firmly correlate Unit II
with the Krumovitsa-Kimi Unit of the Upper Allochthon.
A correlation with the low-grade Mesozoic unit or Upper-
most Allochthon, as suggested by Bonev et al. (2010a), is
not supported by our results. The Uppermost Allochthon is
in the Kulidzhik area only represented by Unit III.

The age spectrum from the muscovite gneiss of Unit
IV is strongly different from the one of Unit I and the
Lower Allochthon in the Eastern Rhodopes in general. It
is therefore improbable that the gneisses of the Kulidzhik
klippen (our Unit IV) were originally a piece of the lower
high-grade unit (our Lower Allochthon/Unit IV) as inter-
preted by Bonev et al. (2010c). Gneisses with a similar
age spectrum are unknown from the Eastern Rhodopes and

correlatives have to be sought for outside this area. In the
Circum-Rhodope Belt in Chalkidiki (Greece), an orthog-
neiss sliver cropping out at Pirgidakia yielded zircon pro-
tolith ages of 570.0 £ 7.0 Ma and 587.6 + 3.4 Ma (Him-
merkus et al. 2006), very similar to the crystallization age
of the protolith of our sample, 581 £ 5 Ma. Like Unit
IV, the orthogneiss sliver of Pirgadikia rests on strongly
deformed low-grade metamorphic rocks of the Uppermost
Allochthon and these in turn rest on the basement of the
Upper Allochthon, in this case, the Vertiskos Unit of the
Serbo-Macedonian Massiv (Fig. 2 of Himmerkus et al.
2006). Since the Uppermost Allochthon is assumed to be
derived from Jurassic-age arc- and backarc oceanic crust
of Neotethys which was emplaced northward on the Euro-
pean margin (Upper Allochthon) during an arc-continent
collision (e.g. Bonev et al. 2015; Froitzheim et al. 2014),
the origin of Unit IV and the Pirgadikia gneisses might be
a continental fragment in the Neotethys. However, this is
highly speculative. At some point, Unit IV must have been
thrust over the much younger rocks of Unit III, but we are
unable to reconstruct the kinematics of this thrusting due to
the pervasive brittle overprint related to extensional detach-
ment faulting (see below). Correlating Unit IV with other
gneiss units of the Rhodope Nappe stack (be it the Lower,
Middle, or Upper Allochthon) is also precluded by the
two Jurassic “°Ar—°Ar cooling ages, ca. 154 Ma and ca.
157 Ma, determined on Unit IV orthogneiss by Bonev et al.
(2010a). Such old cooling ages have never been reported
for the Lower, Middle, and Upper Allochthon.

Tectonic evolution

Unit I was pervasively mylonitised with a top-south to
-southwest shear sense. Orthogneisses with the same pene-
trative mylonitic structure and top-southwest sense of shear
compose the core of Byala Reka-Kechros Dome (Lower
Allochthon) further south. There the southward kinemat-
ics was previously correlated with two different events:
Late Cretaceous top-south thrusting (Burg et al. 1996;
Ivanov 1998; Bonev 2006b; Sarov et al. 2008) and Late
Eocene top-south extensional detachment faulting (Krohe
and Mposkos 2002; Bonev et al. 2006b). For our study
area, three options exist: either the top-south fabric entirely
results from Cretaceous or Paleogene thrusting, or it is
entirely related to Eocene extension, or it is related partly
to one, partly to the other process. We favour the second
option, an entirely extensional nature of the observed shear
fabric, for the following reasons: (1) there is no evidence
for a break in the evolution of top-south shearing; (2) the
mylonites developed under decreasing temperatures, begin-
ning under conditions that allowed dynamic recrystalliza-
tion of feldspar and grain-boundary migration in quartz, i.e.
conditions around 500 °C, and continuing under decreasing
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temperatures down to less than ca. 400 °C when biotite
was replaced by chlorite. This fits an extensional better
than a compressional process. Therefore, we link the top-
south shearing in Unit I with the top-southwest, mylonitic
to brittle, extensional, Paleogene-age Kechros Detachment
Fault (Krohe and Mposkos 2002; Bonev et al. 2006b) along
which the Byala Reka-Kechros Dome was exhumed further
south.

Unit II is dominated by greenschist facies, top-north
mylonitic to cataclastic shearing. The upward-increasing
intensity of mylonitisation, chloritisation, and cataclastic
overprint of the mylonites, eventually leading to the “cap”
of cataclasite at the top of Unit II, all suggest that these
phenomena belong to extensional shearing under decreas-
ing temperatures, progressively localised at the top of
Unit II which therefore represents a top-north extensional
detachment fault. The same top-north shearing also mod-
erately affected Unit I where it is represented by ductile
to brittle shear zones overprinting the top-south mylonites
(Fig. 2).

Only a few tens of metres above the detachment surface
capping Unit II, and locally less, follows the brittle basal
contact of Unit IV, characterised by cohesionless kakirites.
Both detachments, between units II and III and the one at
the base of Unit IV, were active under brittle conditions,
but the latter one at still lower temperatures, as can be seen
from the chlorite-poor and cohesionless fault rocks at the
upper detachment, in contrast to the pervasive chloritisa-
tion and cohesive cataclasite at the lower detachment. In
Unit III, low-temperature calcite mylonites with a top-north
shear sense are kinematically identical to the mylonites and
cataclasites in Unit II. Therefore, we assume that Unit III is
also part of the extensional fault system and that the “real”
top detachment is the one located at the base of Unit IV.
This fault juxtaposes either units III and IV or directly units
IT and IV. We propose to call the main extensional fault at
the bottom of Unit IV the Kulidzhik Detachment (Fig. 2—
the map and cross section). The Kulidzhik Detachment and
the fault zone at the top of Unit II are conjugated structures
that are in a kinematic continuum. These two faults must be
assumed as of the same age and most probably concomitant
with the top-to-the north greenschist facies shear zone at
the boundary between units I and II, whereas units I to III
were exhumed by the two detachments to variable amounts,
Unit IV, in the hanging wall of the Kulidzhik detachment,
was already at a shallow crustal level since it cooled in the
Late Jurassic.

An upper age limit for the detachment system is rep-
resented by the sealing sediments of the Podrumche For-
mation, presumably Late Eocene in age. The exact age of
these sediments is not biostratigraphically constrained in
the study area but the Madzharovo volcanic rocks, rest-
ing on top of the Podrumche Formation, are well dated
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(ca. 32.7-32.2 Ma; Marchev and Singer 2002) and clearly
postdate detachment faulting. On the other hand, 42-36 Ma
“OAr/Ar muscovite cooling ages from gneisses in the
Byala Reka-Kechros Dome (Lips et al. 2000) show that
extensional unroofing, with top-southwest kinematics in
the Byala Reka-Kechros area, was going on at that time
and probably started a few Ma earlier. We assume that the
extensional deformation in our study area, including top-
south shearing in Unit I and top-north shearing in units I,
II, and III, as well as the detachment surfaces at the top
of Unit II and at the base of Unit IV, was active between
ca. 45 and ca. 33 Ma. The greenschist facies mylonitiza-
tion of Unit II postdated the Late Cretaceous (~74-68 Ma)
high-grade metamorphic mineral assemblage. Due to the
similar kinematics and shearing conditions, the retrogres-
sion of Unit II must be linked to the extensional event that
exhumed the core of Byala Reka dome as was already pro-
posed by Sarov et al. (2008).

North-dipping extensional detachments, similar in
age and kinematics to the Kulidzhik detachment, occur
all along the northern border of the Rhodopes. These
include the Tokachka Detachment at the northern border
of the Kesebir-Kardamos Dome (Bonev et al. 2006a),
the Kyuse Hasanlartepesi Detachment in the eastern
Central Rhodopes (Pleuger et al. 2011), the Rila-Pastra
Normal Fault (Tueckmantel et al. 2008) and the Djer-
man Detachment (Shipkova and Ivanov 2000) in the Rila
area. South- and southwest-dipping detachments occur as
well: the Kerdilion and Mesta detachments (Kilias et al.
1999; Burchfiel et al. 2003; Brun and Sokoutis 2007;
Georgiev et al. 2010), the Kechros detachment (Krohe
and Mposkos 2002), and others. These are more typical
for the southern and southwestern parts of the Rhodopes.
However, since we correlated top-south shearing in Unit
I with Eocene extension, it follows that top-south exten-
sional shearing also occurs at the northern border of the
Rhodopes. The Kerdilion, Mesta, and Kechros detach-
ments are Late Eocene to Oligocene in age, just like the
Kulidzhik and other north-dipping detachments. In addi-
tion, a major southwest-dipping detachment southwest
of the Rhodopes was active in the Miocene, the Strymon
Valley Detachment Fault (Dinter 1998). Together, these
detachment systems accommodated the two-sided exhu-
mation of deep parts of the thickened orogenic crust,
resulting in the core complexes where the Lower Alloch-
thon became exposed.

The overprinting relations between top-south and
top-north fabrics observed in the Kulidzhik area sug-
gest that unroofing of deep orogenic crust in the East-
ern Rhodopes evolved from asymmetric to symmetric, as
schematically shown in Fig. 13. In an early stage, exten-
sion was asymmetric and governed by a south-dipping
detachment fault and related ductile shear zone. The



Int J Earth Sci (Geol Rundsch) (2016) 105:1985-2012

2009

N S

Kulidzhik area N

[ ] pre-extension upper crust
[ ] older top-south mylonite

I younger top-south mylonite
I top-north mylonite

Fig. 13 Sketch of the Late Eocene kinematic evolution of exten-
sional fault systems in the Eastern Rhodopes. Extension started asym-
metric with a south-dipping detachment system (middle section) and
went on symmetric with two outward-dipping detachment systems
(lower section). In the Kulidzhik area, Unit I shows top-to-the south
mylonites (pink) overprinted by top-to-the north shearing, whereas
Unit II and IIT show only top-to-the north mylonite (blue). Unit IV is
an extensional klippe on the detachment system (grey). Earlier thrust-
ing-related structures are not shown here

top-south mylonites in Unit I formed in this large-scale
shear zone. The unloaded footwall started to evolve into
a metamorphic core complex. In an advanced stage of
extension, an antithetic, top-north shear zone nucleated
on the up-dip side of the core complex and developed
into the Kulidzhik detachment. From now on, the exten-
sion and unroofing of the metamorphic core of the East-
ern Rhodopes went on in a symmetrical manner. In the
Kulidzhik area, this led to the observed overprinting
relations. Such nucleation of an antithetic, top-northeast
detachment (Dobrotino Fault) on the up-dip side of an
evolving core complex has also been shown by Georgiev
et al. (2010) for the Pirin Mountains.

Alternatively, it is also possible that in an early stage,
top-south shearing at a lower crustal level was coeval
with top-north shearing at a higher level, i.e. the thick-
ened orogenic crust was thinned by conjugate shear zones
as observed in passive continental margins (e.g. Brun and
Beslier 1996; Nagel and Buck 2004; Froitzheim et al.
2006) and in areas of postorogenic extension like the
Devonian-age Caledonides (Fossen et al. 2014). More pre-
cise cooling-age dating would be necessary to distinguish
between these options.

Conclusions

Our structural, petrographic, and geochronological study
allowed to correlate the tectonic units of the Kulidzhik
River valley with major tectonic elements of the Rho-
dope Metamorphic Complex. Unit I is mainly orthognesiss,
formed from Late Variscan granite (ca. 300 Ma), as is typi-
cal for the Lower Allochthon of the Rhodopes.

Garnet-bearing mica schists from Unit II were formed
from Permian or Early Mesozoic clastic sediments bearing
detrital, mainly Late Variscan (310-250 Ma) zircons. These
rocks were affected by high-grade (granulite-facies) meta-
morphism in the Jurassic (ca. 150 Ma) and a second time
in the Late Cretaceous (69 Ma). Unit II is equivalent to the
Krumovitsa-Kimi Unit (Upper Allochthon).

Low-grade metamorphic greenschist, phyllite, and
calcschist of Unit III represent the Uppermost Allochthon
or Circum-Rhodope Belt. The muscovite-rich, leucocratic
orthogneiss of Unit IV formed from a Proterozoic (ca.
581 Ma) granite and was metamorphosed before the Juras-
sic, as shown by published *Ar—*°Ar muscovite cooling
ages of ca. 154 and ca. 157 Ma (Boneyv et al. 2010a).

These units were deformed and variably retrograded
by Eocene-age extensional shearing and detachment fault-
ing. The newly defined, top-north Kulidzhik Detachment
is represented by a near-surface, kakiritic detachment fault
along the base of Unit IV, a second detachment fault with
chlorite-rich cataclasites at the top of Unit II, as well as
top-north, lower greenschist facies mylonites in Units I, II,
and III. The dominant fabric in Unit I, however, is related
to the top-south mylonitic shearing under decreasing tem-
peratures, starting in the higher greenschist or amphibolite
facies. These structures probably represent the transition
from asymmetric (top-south) extensional unroofing to sym-
metric, bivergent unroofing, accommodated by the top-
southwest Kechros Detachment to the south and the top-
north Kulidzhik Detachment along the northern border of
the Eastern Rhodopes.
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