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ABSTRACT
We provide the first comprehensive picture of the thermochronometric evolution of the
Cimmerian Strandja metamorphic massif of SE Bulgaria and NW Turkey, concluding that the
bulk of the massif has escaped significant Alpine-age deformation. Following Late Jurassic heat-
ing, the central part of the massif underwent a Kimmeridgian-Berriasian phase of relatively rapid
cooling followed by very slow cooling in Cretaceous-to-Early Eocene times. These results are
consistent with a Late Jurassic–Early Cretaceous Neocimmerian (palaeo-Alpine) phase of north-
verging thrust imbrication and regional metamorphism, followed by slow cooling/exhumation
driven by erosion. From a thermochronometric viewpoint, the bulk of the Cimmerian Strandja
orogen was largely unaffected by the compressional stress related to the closure of the Vardar–
İzmir–Ankara oceanic domain(s) to the south, contrary to the adjacent Rhodopes. Evidence of
Alpine-age deformation is recorded only in the northern sector of the Strandja massif, where both
basement and sedimentary rocks underwent cooling/exhumation associated with an important
phase of shortening of the East Balkan fold-and-thrust belt starting in the Middle–Late Eocene.
Such shortening focused in the former Srednogorie rift zone because this area had been rheolo-
gically weakened by Late Cretaceous extension.
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Introduction

The term ‘Cimmerian orogeny’ loosely refers to tectonic
deformation ranging in age from the Late Triassic to the
Early Cretaceous – a timespan of about 100 Ma – and
covering a wide area stretching west to east from the
eastern Alps to the Far East over a distance in excess of
8000 km (see Şengör 1984, for a review). The notion of
a continent–continent collision between a Gondwana-
derived ribbon continent and the southern margin of
Laurasia as the driving mechanism for Cimmerian defor-
mation was first proposed by Şengör (1979) and has
influenced geological thinking ever since, with minor
variations (e.g. Dercourt et al. 1993; Ricou 1995). More
recent geological research is pointing to a series of
discrete and largely diachronous Cimmerian deforma-
tion events (Stampfli and Borel 2004; Stampfli and
Hochard 2009; Okay et al. 2013, 2015; Topuz et al.
2013). From this viewpoint, the composite Cimmerian
tectonic belt comprises a variety of geological objects,
including the remnants of: (i) several oceanic basins,
which opened starting from the Middle Permian and
closed between the Late Triassic and the Cretaceous; (ii)

a number of amalgamated pre-Alpine continental ter-
ranes resulting from the rifting of the Gondwanan mar-
gin, northward drift, and accretion to the European
margin; and (iii) several oceanic volcanic arcs and pla-
teaux locally accreted to the Laurasian margin without
any large-scale continental collision. Such variety of
accreted objects agrees well with the diachroneity and
large geographic extent of the composite Cimmerian
tectonic belt.

Main orogenic events related to terrane accretion
along the southern Laurasian margin have been tradi-
tionally identified as Late Triassic – Liassic (Eocimmerian
orogeny), Late Jurassic – Early Cretaceous
(Neocimmerian orogeny), and Late Cretaceous –
Miocene (Alpine orogeny lato sensu) (Şengör 1984;
Khain 1994; Okay and Tüysüz 1999; Cavazza et al.
2004; Papanikolaou et al. 2004; Okay et al. 2010).
Broadly speaking, Cimmerian-age tectonic elements
are clearly distinguishable from the Far East to Iran,
whereas they are more difficult to recognize across
Asia Minor and the Balkan peninsula, where they were
overprinted during later orogenic pulses. The distinc-
tion between Cimmerian and Alpine structural patterns
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is rather difficult. The picture is further complicated by
back-arc oceanic basins (Halstatt-Meliata, Maliac,
Pindos, and Crimea-Svanetia) which opened along the
southern margin of Eurasia during subduction of
Palaeotethys and which were mostly destroyed during
the docking of the Cimmerian continental terranes (e.g.
Stampfli and Hochard 2009).

The southern Balkan region bears evidence of
Cimmerian-age deformation (e.g. Stampfli et al. 2001;
Papanikolaou et al. 2004; Stampfli and Kozur 2006). This
region features a large metamorphic assemblage com-
prising – west to east – the Serbo-Macedonian,

Rhodope, and Strandja massifs. The relationship
between these metamorphic domains, and their ages
of metamorphism are still poorly known (see Burchfiel
and Nakov 2015, for a review). Such southern Balkan
metamorphic assemblage is bound to the north by the
Eocene–Oligocene Balkan thrust belt and to the south
by the early Tertiary Vardar suture and the Intra-Pontide
suture (Figure 1). The least known portion of the south-
ern Balkan metamorphic province is the Strandja Massif
to the northeast. In this paper, we provide the first low-
temperature thermochronometric data along a transect
covering the whole width of the Strandja Massif, both
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Figure 1. (a) Simplified geological map of the Strandja Massif; location of study area (Figure 3) is shown as a dashed box. (b) Main
tectonic divisions and boundaries of the Aegean and periAegean region.
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in Bulgarian and Turkish territory. The integration of
apatite fission-track (AFT) data with preexisting struc-
tural and radiometric data shows that the bulk of the
massif did not undergo any significant thermal evolu-
tion during the Alpine tectonic cycle, thus basically
retaining its Cimmerian-age structure. Alpine-age con-
tractional deformation focused instead to the north of
the massif to create the East Balkan thrust belt, whereas
to the south late Eocene–Oligocene extension created
the accommodation space for the thick deposits of the
Thrace Basin (d’Atri et al. 2012; Cavazza et al. 2013)
(Figure 2). From this viewpoint, the Strandja Massif is
therefore one of very few areas in the perimediterra-
nean region where Cimmerian-age tectonics can be
studied without a significant Alpine structural overprint.

Geological setting

The Strandja (Strandhza, Istranca) Massif is a poly-
deformed, deeply eroded orogenic belt cropping out in
a W–E direction in NW Turkey and SE Bulgaria over a
distance of about 230 km and a width of about 60 km
(Figure 1). Its internal structure results from the super-
posed effects of the Variscan, Cimmerian, and Alpine
orogenic cycles (Okay et al. 2001; Lilov et al. 2004;
Gerdjikov et al. 2005; Elmas et al. 2011; Sunal et al.
2011; Natal’in et al. 2012; Şahin et al. 2013; Machev
et al. 2015). To the north, the Strandja Massif is thrust
over the volcanics/volcaniclastics of the Late Cretaceous
Eastern Srednogorie extensional basin (Georgiev et al.
2001; Stampfli et al. 2001) (Figure 2). The Western Black
Sea fault, a NS-trending dextral strike–slip fault, which
originated in the Cretaceous (Okay et al. 1994), defines
the eastern boundary of the massif, separating it from
the Western Black Sea basin and from the İstanbul exotic
terrane (Figure 1). To the south, the thick Eocene-to-
present sediments of the Thrace Basin lie non-conform-
ably over the metamorphic rocks of the Strandja Massif

(Turgut et al. 1991; Less et al. 2011) (Figure 2). The
western Strandja has been interpreted as thrust over
the Eastern Rhodope Massif to the west (Papanikolaou
et al. 2004) but the contact is covered by the sediments
of the northwestern propagation of the Thrace Basin.

Despite several studies tackling the stratigraphy and
structure of the Strandja Massif (e.g. Aydın 1974; Chatalov
1980, 1988, 1990, 1982; Gocev 1985; Dabovski and Savov
1988; Çağlayan 1996; Çağlayan and Yurtsever 1998; Okay
et al. 2001; Dabovski et al. 2002; Gerdjikov 2005; Vasilev
and Dabovski 2010; Natal’in et al. 2012, 2016), structural
correlations and age attributions are still uncertain. An
integrated, supranational overview of the Strandja
Massif as a whole has been hindered by the scarce colla-
boration among the researchers from the two neighbour-
ing countries. Most previous studies, often in native
language, focus on either the Turkish or the Bulgarian
side, ultimately preventing correlation between units
and structures. Official maps published by the
Committee of Geology and Mineral Resources (Sofia)
and the General Directorate of Mineral Research and
Exploration (MTA, Ankara) do not match across the bor-
der. Limited bilateral mapping and correlation by Bedı
et al. (2013) somewhat improved the situation but as of
today there is still no consensus as to the overall strati-
graphy, structural arrangement, and palaeogeographic
interpretation of the massif. Our geological sketch map
(Figure 3) and cross-section (Figure 4) is modified after
Okay et al. (2001), Sunal et al. (2006), Natal’in et al. (2012)
for the Turkish side and based on Chatalov et al. (1995) for
the Bulgarian side, with few modifications. More detailed
explanations about the petrography and the stratigraphy
of the units are provided in those works.

The overall structure of the massif has been tradi-
tionally interpreted as a Palaeozoic basement intruded
by Permian granitoids and overlain by a Permo-Jurassic
metasedimentary cover deposited in an amagmatic epi-
continental basin (Aydin 1974, 1982; Çağlayan and

Figure 2. Schematic structural cross-section across the northern Thrace Basin, the Strandja Massif, the Srednogorie rift zone, and the
southern Moesian Platform. Modified from Görür and Okay (1996), Georgiev et al. (2001), and Natal’in et al. (2012). Location of cross-
section is shown in Figure 1.
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Figure 3. Geological map of the study area, modified after Chatalov et al. (1995), Çağlayan and Yurtsever (1998), Okay et al. (2001),
Sunal et al. (2006), Natal’in et al. (2012), and Bedı et al. (2013). Diamonds indicate sample sites, numbers, and apatite fission-track
mean ages in Ma ±1 standard deviation from the mean.
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Yurtsever 1998; Okay et al. 2001). More recent studies
have proved that the oldest rocks of the Strandja Massif
are Precambrian (e.g. Lilov et al. 2004; Şahin et al. 2014;
Natal’in et al. 2016).

The older tectonic history of the massif is loosely
constrained due to intense Cimmerian-age structural
overprint. Nonetheless, several studies locate the
Strandja Massif along the northern margin of
Gondwana in Late Proterozoic–Early Cambrian times
(Yanev et al. 2006; Sunal et al. 2008; Şahin et al. 2014).
A number of continental blocks rifted from Gondwana
during the Devonian and drifted towards Eurasia
(Stampfli and Borel 2002). Collision of these blocks
and their accretion along the southern Eurasian margin
took place during the Middle-to-Late Carboniferous
with the development of the central European
Variscan belt of which the Strandja Massif arguably
represents the eastern continuation (Okay et al. 2001).
A widespread episode of magmatism occurred in the
Late Permian (Okay et al. 2001; Sunal et al. 2006) with
the emplacement of the Kırklareli-type plutons along a
subduction-related magmatic arc (Sunal et al. 2006;
Natal’in et al. 2012).

A latest Permian–Jurassic sedimentary succession
was deposited on the Variscan basement complex
along the northern margin of the Palaeotethys
(Chatalov 1990; Stampfli and Hochard 2009). The
Triassic succession shows affinities to the central
European Germanic facies, with a basal continental
clastic series overlain by Middle Triassic shallow-marine
carbonates (Chatalov 1988, 1990). On the other hand, in
the so-called Strandja-type allochthonous tectonic units
(Figure 3), the Triassic is deep marine (Chatalov 1988,
1990; Zagorchev and Budurov 1997; Dabovski et al.
2002; Tchoumatchenco and Tronkov 2010). Marine sedi-
mentation continued into the mid-Jurassic (Bathonian),
and came to an end in the Late Jurassic, when the
continuing opening of the İzmir–Ankara ocean to the

south – forcing the Sakarya zone northward – led even-
tually to continental collision and thick-skinned thrusts
imbrication (Stampfli and Hochard 2009). Ensuing
regional metamorphism was of lower amphibolite and
greenschist facies but locally the Variscan basement
and its covers were brought at depths >20 km (Okay
et al. 2001). The northward vergence of the nappes and
the absence of Late Jurassic–Early Cretaceous back-arc
magmatism in the area corroborate the idea of a
Rhodope–Strandja passive margin involved in the
S-dipping subduction of Küre oceanic crust under the
Sakarya terrane, followed by continent–continent colli-
sion (Figure 5(a,b)).

The non-metamorphic Late Cretaceous volcano-sedi-
mentary cover of the Srednogorie Zone overlies with an
angular unconformity the older units all along the
northern margin of the Strandja Massif, providing a
Cenomanian minimum age limit for the mid-Mesozoic
regional metamorphism. This cover is widespread in
Bulgaria (Vâršilo, Grudovo, and Mičurin groups) and
crops out more sparsely in Turkey (İğneada Group),
outside the study area (e.g. Okay et al. 2001). The
volcano-sedimentary succession sequence as well as
all older units are intruded by scattered Late
Santonian–Campanian biotite- and hornblende-bearing
granodiorite stocks (Dereköy-Demirköy granite).

The Cenozoic sediments of the Thrace Basin lap on
the eroded metamorphic basement along the southern
limb of the Strandja Massif (Figures 2 and 3). The
sequence starts with Upper Eocene basal medium-to-
coarse conglomerate and sandstone on the margin of
the basin, switching to fine-to-medium sandstone inter-
bedded with shale moving towards the centre, topped
by a partly dolomitized reef complex (Less et al. 2011).
These sediments are overlain by Oligocene marls inter-
bedded with tuff and followed upsection by shale,
micritic limestone, and tuff, switching gradationally to
fine-to-medium sandstone intercalated with shale and

Figure 4. Geological cross-section of the Strandja Massif (see Figure 3 for the location of the trace of the section). Numbers in
ellipses are apatite fission-track mean ages in Ma ±1 standard deviation from the mean. Modified after Natal’in et al. (2012).
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thin lignite layers and lacustrine claystone and siltstone
(Çağlayan and Yurtsever 1998).

From a structural viewpoint, the Strandja Massif can
be broadly defined as a metamorphosed, north-verging
imbricated orogenic belt (Figures 2–4) made of a poly-
deformed Variscan basement and its Late Permian-to-

Jurassic cover. The massif was then deeply eroded in
Early Cretaceous time and intruded in the Late
Cretaceous (Okay et al. 2001; Gerdjikov 2005; Elmas
et al. 2011; Natal’in et al. 2012; Şahin et al. 2014;
Machev et al. 2015). Pre-Cretaceous units were meta-
morphosed into greenschist to low-grade amphibolite

Pel

Ana

Tau

Moe

Sak

(a)

Pel

Ana

Tau

Moe

Sak

(b)

l

Ana

Tau

e

PIM
 

Sak

(c) (d)

Pel

Moe

SakStrandja

(e)

TB

Moe

Sak
Strandja

(f)

Figure 5. Palaeostructural/palaeoenvironmental reconstructions of the western Tethyan region from the earliest Jurassic (200 Ma) to
the Early Eocene (48 Ma) (modified after Stampfli and Hochard 2009). Symbols: 1: passive margins; 2: magmatic or synthetic
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facies during Late Jurassic–Early Cretaceous times
(Aydın 1982; Okay et al. 2001; Lilov et al. 2004; Sunal
et al. 2011). Peak-metamorphism reached temperatures
ranging between ~500°C in the south (Sunal et al. 2011)
and ~400°C in the north (Lilov et al. 2004). The
Palaeozoic basement complex as well as the Permo-
Jurassic metasedimentary cover display a strong, pene-
trative SW-dipping foliation reworking all previous
structures (Figure 4), in addition to a stretching linea-
tion displaying top-to-north, northwest, or northeast
sense of shear (Sunal et al. 2006, 2008; Natal’in et al.
2012, 2016). This foliation is late Middle Jurassic–Early
Cretaceous (Natal'in et al. 2012; Sunal et al. 2011) and it
is consistent with a phase of thick-skinned deformation,
nappe imbrication, and metamorphism.

Methods

Apatite fission-track analysis and modelling

Fission tracks are radiation damages within the crystal
lattice, caused by nuclear fission of radioactive isotope
238U that can be etched and counted under an optical
microscope. Concurrently, neutron irradiation is
employed to induce the decay of 235U, eliciting radia-
tion damages on the surface of an external detector.
Grain-by-grain determination of both spontaneous and
induced fission-track densities yields a single-grain age
representing the cooling of the grain below a closure
temperature of ~100°C. Fission-track dating is a useful
tool to unravel the cooling histories experienced by
rocks in the upper crustal levels and to give a measure
of their exhumation (for a review of the method, see
Donelick et al. 2005). Fission tracks in apatites all have
the same initial length of about 16 μm (the specific
length depending on composition; e.g. Ketcham et al.
1999) but anneal at rates proportional to temperatures,
starting from about 60°C. Over geological time periods,
partial annealing of fission tracks occurs at tempera-
tures between about 60°C and 125°C (i.e. the partial-
annealing zone: PAZ; Gleadow and Fitzgerald 1987).
Because tracks shorten in relation to the degree and
duration of heating, the measurement of fission track
lengths gives information about the thermal evolution
in the PAZ temperature range. A quantitative evalua-
tion of the thermal history can be carried out through
modelling procedures, which find a range of cooling
paths compatible with the AFT data (Ketcham 2005). In
this work, inverse modelling of track length data was
performed using the HeFTy program (Ehlers et al. 2005),
which generates the possible T–t paths by a Monte
Carlo algorithm. Predicted AFT data were calculated
according to the Ketcham et al. (2007) annealing

model for fission tracks revealed by etching. Dpar values
(i.e. the etch pit length) were used to define the anneal-
ing kinetic parameters of the grains and the original
track length.

Sampling strategy and sample preparation

Twenty-one samples were taken from the metamor-
phosed late-Variscan intrusives and Triassic sedimentary
cover of the massif, and from the Late Cretaceous
volcaniclastics and granitoid intrusions (Table 1). The
samples were collected along a N–S transect (see
Figures 3 and 4 for the exact location) perpendicular
to the strike of the main tectonic structures. Apatite
grains were concentrated by crushing and sieving, fol-
lowed by hydrodynamic, magnetic, and heavy-liquid
separation. Apatites were embedded in epoxy resin,
polished in order to expose the internal surfaces within
the grains, and the spontaneous FT were revealed by
etching with 5N HNO3 at 20°C for 20 s. The mounts
were then coupled with a low-uranium fission-track-free
muscovite mica sheet (external detector method) and
sent for irradiation with thermal neutrons (see Donelick
et al. 2005, for details) at the Radiation Center of
Oregon State University. Nominal fluence of
9 × 1015 n cm−2 was monitored with a CN5 uranium-
doped silicate glass dosimeter. Induced fission tracks
were revealed by etching of the mica sheets in 40%
HF for 45 min at 20°C. Spontaneous and induced fission
tracks were counted under optical microscope at 1250×
magnification, using an automatic stage (FTStage sys-
tem) plus a digitizing tablet.

Central ages were calculated with the zeta calibra-
tion approach (Hurford and Green 1983), using
Durango (31.3 ± 0.3 Ma) and Fish Canyon Tuff
(27.8 ± 0.2 Ma) age standards within grains exposing
c-axis-parallel crystallographic planes. Thirteen samples
of the original set yielded suitable apatites. Track-length
distributions were calculated by measuring horizontal
confined tracks together with the angle between the
track and the c-axis. Confined tracks constitute a small
part of the FT population, therefore additional concen-
trates were mounted, polished, and etched for the
analysis. Ultimately, eight samples contained a statisti-
cally significant number of confined tracks.

Geological constraints for thermochronometric
modelling

All available geological constraints (intrusion ages,
metamorphic events, depositional ages, and strati-
graphic relationships) were incorporated into the mod-
elling. The intrusion age of the Kırklareli and Kula
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metagranites (samples TU414, TU423, TU428, TU432) is
~271 Ma (Okay et al. 2001), while their temperature of
emplacement was between 750°C and 850°C (Miller
et al. 2003). Triassic metasandstones (e.g. sample
TU419) are Olenekian-Induan in age (Evciler Formation
in Bedı et al. 2013). By extension, we assumed wide-
spread Early Triassic subaerial/shallow-marine sedimen-
tation above the Permian granitoids, implying that in
Olenekian-Induan times samples TU414, TU423, TU428,
TU432 were also near the surface (~20°C). Sunal et al.
(2011) constrained the peak of Late Jurassic–Early
Cretaceous regional metamorphism in the Turkish part
of the Strandja Massif between 162.3 ± 1.6 and
157.7 ± 1.5 Ma with progressively younger cooling
ages from south to north. Estimated temperature con-
ditions reached 485–530°C in the south and 450–500°C
in the northern part (within epidote-amphibolite facies
conditions). As to the Bulgarian part, Lilov et al. (2004)
proposed a peak of regional greenschist–facies meta-
morphism at 160–170 Ma, with temperatures ranging
between 350°C and 450°C.

Depositional ages of Late Cretaceous sedimentary
rocks, namely the Vârŝilo (TU430) and Grudovo groups
(TU433) are reckoned as Cenomanian–Turonian and
Turonian–Coniacian, respectively (Chatalov et al. 1995).
We considered that those samples were in subaerial
conditions (~20°C) alongside sample TU432 from the
underlying Permian bedrock being eroded. Finally, the
Permian metagranite cropping out along the margin of
the Thrace Basin is non-conformably overlain by Late
Bartonian to Oligocene basal conglomerate, sandstone,
and limestone (Less et al. 2011), thus implying that
sample TU414 was near the surface (~20°C) during
that time.

Analytical results

Table 1 and Figure 6 provide a summary of the AFT
data. Central ages range from 74.4 ± 7.8 to
55.7 ± 5.7 Ma (Late Campanian–Early Ypresian), without
any particular geographic trend or age-elevation corre-
lation. All the samples passed the χ2 test indicating a
single population of grains. Such central ages could be
mistaken as evidence of an Alpine phase of cooling/
exhumation, but the results of thermochronometric
modelling based on statistical analysis of fission-track
length distributions indicate slow cooling throughout
the Late Cretaceous and the Palaeocene for most sam-
ples (Figure 7). In such a case, central ages are not
significant and only the statistical modelling of fission-
track length distributions can constrain the T–t paths, as
discussed below.

The southernmost sample TU414 is a late Palaeozoic
metagranite from the Kırklareli pluton (Figures 3 and 4,
Table 1). Its bimodal track-length distribution indicates
that sample TU414 underwent a complex thermal his-
tory. Inverse modelling best-fit path shows rapid cool-
ing through the PAZ between 145 and 138 Ma (earliest
Cretaceous; Figure 7), followed by a long period at
near-surface conditions. In the Late Oligocene, a new
episode of moderate heating brought the sample back
in the PAZ, followed by Neogene cooling.

Moving northward, sample TU417 (Early Triassic
metasandstone) also yielded an earliest Cretaceous cen-
tral age, similar to sample TU414. This sample did not
contain enough confined FT for inverse modelling.
Sample TU419 (Early Triassic metasandstone) yielded a
tight cluster of single-grain ages (80–70 Ma), a central
age of 74.0 ± 6.7 Ma, and a leptokurtic track-length
distribution with a single peak and relatively long
mean track length of 13.81 ± 0.15 µm. The best-fit t–T
path shows slow cooling through the PAZ between ca.
105 and 65 Ma (Figure 7). Both samples TU420 (Triassic
metasandstone) and TU422 (metagranite) did not con-
tain enough confined tracks for inverse modelling.

Sample TU423 (metagranite; Kula pluton) yielded
relatively broad single-grain age and track-length dis-
tributions. The modelling indicates extremely slow cool-
ing through the PAZ from ca. 110 to 30 Ma (Figure 7).
Samples TU424 and TU425 are also from the Kula plu-
ton and are both characterized by the virtual absence
of confined tracks, hindering inverse modelling. Sample
TU434 was taken from a Santonian granitic intrusion
(Aydın 1982) ~10 km west of the transect line. It yielded
the oldest AFT central age of the set (74.4 ± 7.8 Ma) and
displayed relatively long confined tracks (mean track
length = 13.92 ± 0.19 µm). In accordance with the
overall trend, slow cooling within the PAZ occurred
between 95 and 50 Ma, with an acceleration in the
cooling rate at ~50 Ma (Figure 7).

Sample TU428 (Permian metagranite in the northern
part of the Kula pluton) is characterized by a platykurtic
(and bimodal) track-length frequency distribution
(Figure 6). Inverse modelling of this sample describes
a very slow cooling and a long residence time within
the PAZ (Figure 7), with an acceleration in the cooling
rate since the mid-Eocene (from ~40 Ma). Sample
TU430 was collected from a mélange derived from
tectonic disruption of Cenomanian sandstone in the
footwall of a major north-verging nappe (Figures 3
and 4). This sample yielded a broad track-length distri-
bution with two scarcely distinguishable peaks. Inverse
modelling indicates slow heating from surficial condi-
tions at about 95 Ma (depositional age), entering the
60°C isotherm at 70 Ma, maximum heating (~110°C) at
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Figure 6. Radial plots of single-grain apatite fission-track ages. Histograms show the confined-track length distributions of the eight
samples whose time–temperature paths are shown in Figure 7.
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60–45 Ma, followed by progressive cooling (Figure 7).
Sample TU430 never suffered temperatures higher than
120°C (i.e. the base of the partial annealing zone), none-
theless no single grain-ages older than 75 Ma were

determined from this detrital sample, possibly the result
of the long residence time within the PAZ and the
maximum temperature very close to the 120°C iso-
therm. Alternatively, considering the envelopes of

TU414  - Permian metagranite
Model age = 59.2  Ma
Measured age = 60.7 ± 5.9 Ma
Age GOF = 0.79
Model length = 11.99 µm
Measured length = 11.62 ± 0.25 µm
Length GOF = 0.77

TU419  -  Lower Triassic metasandstone
Model age = 73.9  Ma
Measured age = 74.0 ± 6.7 Ma
Age GOF = 1.0
Model length = 14.02 µm
Measured length = 13.81 ± 0.15 µm
Length GOF = 0.91

TU423  -  Permian metagranite 
Model age = 68.2  Ma
Measured age = 68.4 ± 6.6 Ma
Age GOF = 0.98
Model length = 13.15 µm
Measured length = 12.94 ± 0.17 µm
Length GOF = 0.89

TU428  -  Permian granitoid
Model age = 58.1  Ma
Measured age = 57.2 ± 8.0 Ma
Age GOF = 0.97
Model length = 13.52 µm
Measured length = 13.1 ± 0.28 µm
Length GOF = 0.89

TU430 - Cenomanian ss.
Model age = 55.7  Ma

Measured age = 55.7 ± 5.7 Ma
Age GOF = 1.0

Model length = 13.27 µm
Measured length = 13.24 ± 0.25 µm

Length GOF = 0.91

TU434  -  Cretaceous granite
Model age = 73.9  Ma

Measured age = 74.4 ± 7.8 Ma
Age GOF = 0.95

Model length = 13.96 µm
Measured length = 13.92 ± 0.19 µm

Length GOF = 0.89

TU432  -  Permian granite
Model age = 65.7  Ma
Measured age = 65.7 ± 6.2 Ma
Age GOF = 0.99
Model length = 14.06 µm
Measured length = 13.76 ± 0.18 µm
Length GOF = 0.99

TU433 - Turonian sandstone
Model age = 68.5  Ma

Measured age = 68.8 ± 8.2 Ma
Age GOF = 0.97

Model length = 14.06 µm
Measured length = 14.13 ± 0.23 µm

Length GOF = 0.94
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Figure 7. Time–temperature paths obtained from inverse modelling of apatite fission-track data. Graphs in the central column are
enlargements of portions of those to the left. X-axes and Y-axes of all diagrams refer to age (Ma) and temperature (°C), respectively.
Yellow areas mark envelopes of statistically acceptable fit, and the thicker lines correspond to the most probable thermal histories
(best-fit curves). Boxes represent T–t domains constrained by available data (radiometric ages, stratigraphic relationships, AFT
analyses). Parameters related to inverse modelling are reported: n, number of measured track lengths; GOF, goodness-of-fit gives an
indication about the fit between observed and predicted data (values closer to 1 are best).

INTERNATIONAL GEOLOGY REVIEW 523

D
ow

nl
oa

de
d 

by
 [

Is
ta

nb
ul

 T
ec

hn
ic

al
 U

ni
ve

rs
ity

] 
at

 0
0:

32
 1

5 
Ja

nu
ar

y 
20

18
 



statistically acceptable fit in Figure 6, one might con-
clude that total annealing might have occurred below
the bottom of the PAZ.

The two northernmost samples display a fairly similar
thermochronometric evolution. Sample TU432 was
taken from the northern rim of the Kula pluton, sepa-
rated from the main body by a thrust fault (Figures 3
and 4), and yielded a unimodal track-length distribution
(Figure 6). The thermochronometric modelling con-
strains two discrete phases of cooling, in the
Campanian and in the Middle–Late Eocene (Figure 7).
The northernmost sample (TU433) was taken from the
Turonian sandstones at the base of the Yambol–Burgas
basin fill (Figure 3). The sample yielded a range of
single-grain ages, from 110 to 45 Ma. Again, two dis-
crete phases of cooling occurred: in the Late Cretaceous
and in the Late Eocene (Figure 7). The slight difference
in the reconstructed thermochronometric evolution of
the two samples may result from their relative position
within the north-verging Strandja orogenic wedge, with
somewhat higher temperatures and earlier deformation
to the south.

Discussion

The extent of the late stage of the Cimmerian orogenic
cycle in the Rhodopes and the Strandja Massif has been
a matter of much debate, to the point of being under-
estimated or ignored altogether in several palaeostruc-
tural/palaeoenvironmental reconstructions (e.g.
Dercourt et al. 1985, 1993, 2000; Barrier and Vrielynck
2008). In the Strandja massif, geochronological evi-
dences and field observations (Tchoumatchenco et al.
1989; Okay et al. 2001; Lilov et al. 2004; Sunal et al.
2011; Natal’in et al. 2012) contrast with these recon-
structions and entail the occurrence of significant short-
ening – plausibly the result of collision – at the Jurassic–
Cretaceous boundary. Such shortening induced thick-
skinned thrust imbrication and metamorphism in the
area. Peak metamorphic temperatures, amount of
deformation, and kinematic indicators indicate north-
ward propagation of the orogeny (Okay et al. 2001;
Lilov et al. 2004; Sunal et al. 2011). As for the tectonic
setting in that period, the Strandja massif underwent an
initial condition of passive continental margin along the
Eurasian plate, followed by collision with the northwes-
tern end of the Sakarya continental element (Figure 5(b,
c)). This event determined the main internal structure of
the massif and of the western Pontides as well.

Many uncertainties persist on the geological evolu-
tion of the Strandja Massif and its palaeogeographic
position through time as the area was affected by
multiple deformations during the Variscan, Cimmerian,

and Alpine orogenic cycles (Okay et al. 2001; Stampfli
et al. 2001; Stampfli and Borel 2002; Stampfli and Kozur
2006; Sunal et al. 2008; Von Raumer and Stampfli 2008;
Stampfli and Hochard 2009; Natal’in et al. 2012). Despite
the complexities introduced by single geological struc-
tures, broad-scale low-temperature thermochrono-
metric patterns provide first-order information on the
tectonic processes that cause rock cooling. The AFT
analyses presented in this paper place a number of
compelling constraints which needs to be integrated
in any reconstruction of the tectonic evolution of the
Strandja Massif.

In our study area, the integration of available
Neocimmerian peak-metamorphic ages/temperatures
with our AFT-derived thermochronologic modelling
points to a rapid Late Jurassic heating followed by
similarly rapid cooling (Figure 7). Integrated thermo-
chronometric modelling shows a slightly diachronous
inception of Neocimmerian peak metamorphism from
south to north. Following Neocimmerian metamorph-
ism, cooling of the southernmost sample (TU414; Late
Permian metagranite from the Kırklareli pluton) across
the PAZ is well constrained in the Berriasian.
Conversely, samples TU419 and TU423 from the central
portion of the massif both entered the PAZ later in the
Early Cretaceous. Despite coming from different struc-
tural positions (Figures 3 and 4), these two samples
display a very similar subsequent thermochronometric
evolution, characterized by a long residence time within
the PAZ (>55 Ma) during the Late Cretaceous and most
of the Palaeogene. Sample TU428 in the Bulgarian por-
tion of the massif resembles TU414, with lower tem-
perature of metamorphism (Lilov et al. 2004), drastic
cooling in Berriasian as well, but never exiting the PAZ.

During the Aptian–Albian rifting began in the wes-
tern Black Sea back-arc (Zonenshein and Le Pichon
1986; Nikishin et al. 2015) due to progressive southward
slab roll-back within the context of continued north-
ward subduction of the Vardar–İzmir–Ankara oceanic
domain underneath the southern Eurasian continental
margin. Black Sea extensional tectonics extended west-
ward into the Srednogorie zone of central Bulgaria
(Figure 5(d)) (Georgiev et al. 2001), where rift-related
Cenomanian–Turonian conglomerate and sandstone
overlie non-conformably the basement complex
(Figures 3 and 4) and grade upsection into the thick
volcano-sedimentary succession of the Yambol–-Burgas
basin. Continued extension led to the intrusion of a
number of shallow latest Cretaceous stocks piercing
both the basement complex and its Cretaceous sedi-
mentary cover (Georgiev et al. 2012). This thermal event
is registered in the northernmost portion of the study
area where samples TU432 (Permian granite) and TU433
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(Turonian sandstone) both show a discrete episode of
heating in the Campanian, in agreement with available
U-Pb zircon ages from plutonic rocks of the same
region clustering at ~80 Ma (Georgiev et al. 2012).
Sample TU434 – taken from a Late Cretaceous shallow
intrusion (Figure 3) – resided within the apatite PAZ
(~60–120°C) from the latest Cretaceous until the late
Early Eocene when it started to undergo rapid cooling/
exhumation (Figure 7).

North of Golyamo Bukovo in Bulgaria (Figure 3) the
basal Cenomanian–Turonian sedimentary rocks suffered
intense deformation along a prominent brittle shear
zone trending west-east and dipping to the SSW at an
angle of about 45°, to become a tectonic mélange.
Sample TU430 was taken from the mélange: it shows
(i) progressive burial-driven heating during the Late
Cretaceous, followed by (ii) permanence at the base of
the PAZ in the Palaeocene–Early Eocene, and (iii) pro-
gressive cooling/exhumation since the Middle Eocene
(Figure 7). From a broader perspective, all samples from
the northern part of the study area underwent cooling
starting from the late Early–Middle Eocene. This
matches an important phase of thrusting in the devel-
opment of the East Balkan thrust belt (Banks 1997;
Sinclair et al. 1997; Stewart et al. 2011). Considering
the pervasive Late Jurassic–Early Cretaceous structural
fabric of the Strandja Massif, the Golyamo Bukovo and
the other major N-verging overthrusts of the northern
massif likely have an older Neocimmerian thermal sig-
nature which was overprinted and erased by younger
deformation.

Immediately south of the study area lies the Thrace
Basin, a large Middle Eocene to Quaternary sedimentary
basin. Basin-floor geometry features a number of struc-
tural highs and deep depocenters; as a consequence
the sedimentary fill – reaching a maximum thickness of
9000 m – is characterized by abrupt lateral variations in
thickness and facies types (Turgut and Eseller 2000;
Siyako and Huvaz 2007; d’Atri et al. 2012; Cavazza
et al. 2013). Limited deep borehole information as well
as geophysical data indicate that the floor of the Thrace
Basin is made of basement rocks similar to those of the
Strandja and Rhodope massifs, which raises the ques-
tion of the true areal extent of the Cimmerian orogenic
wedge to the south. (The same consideration applies
for its northern termination, concealed by the volcano-
sedimentary succession of the Yambol–Burgas basin of
the Srednogorie zone.)

The geodynamic setting and structural evolution of
the Thrace Basin is far from being understood.
Following Görür and Okay (1996), it was long inter-
preted as a forearc basin which developed in a context
of northward subduction. This interpretation was

challenged by more recent data emphasizing the lack
of both a coeval magmatic arc and a subduction com-
plex associated with the basin (d’Atri et al. 2012;
Cavazza et al. 2013). All these elements – along with
the correspondence between subsidence pulses in the
basin and lithospheric stretching in the metamorphic
core complexes of southern Bulgaria and the northern
Aegean region – indicate instead that the Thrace Basin
was likely the result of post-orogenic collapse after the
continental collision related to the closure of the
Vardar–İzmir–Ankara ocean in the latest Cretaceous
(Figure 5(e)). The role of the structural inversion of
preexisting Cimmerian structures in the development
of the basin should also be considered.

Our thermochronometric transect across the
Strandja Massif spans the transition between a region
of Eocene compression (i.e. the eastern Balkans) to the
north and a region of marked Eocene subsidence (the
Thrace Basin) to the south (Figure 2). The AFT dataset
presented in this paper records such transition. Late
Early–Middle Eocene contraction was thermochronolo-
gically recorded only in the northern part of the
Strandja Massif. As discussed above, all northern sam-
ples show a phase of contractional cooling/exhumation
during the Eocene. Conversely, irrespective of their
lithologic nature, the samples from the central and
southern portions of the massif underwent slow ero-
sional cooling throughout the Cenozoic (Figure 7). The
southernmost sample (TU414; Figure 3), a Palaeozoic
metagranite along the northern margin of the Thrace
Basin, is the only sample in the entire dataset showing a
phase of heating in the Oligocene (Figure 7), the result
of regional basinal subsidence and progressive sedi-
ment burial. This sample was then exhumed during
the Neogene, possibly due to the activity of a complex
array of blind strike-slip faults forming the main pre-
sent-day boundary between the outcropping portion of
the Strandja Massif and the Thrace Basin (Perinçek
1991; Turgut et al. 1991).

Alpine-age orogenic events in the Balkan peninsula
are related to the successive closures of the Vardar
(latest Cretaceous) and Pindos (Middle–Late Eocene)
oceans and the associated accretion of the Pelagonian
and Greater Apulia continental blocks along the south-
ern Eurasian margin (Stampfli and Hochard 2009)
(Figure 5). The Cimmerian orogenic wedge of the
Strandja Massif has not registered these events in
terms of low-temperature thermochronology as our
AFT analyses and modelling from the main body of
the massif do not show any significant thermal event
coeval with these collisional orogenies. Most Alpine-age
deformation focused instead to the north, with the
development of the thin-skinned thrust belt of the
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Eastern Balkans and coeval widespread syntectonic
deposition within a foreland basin (e.g. Nachev 1981;
Doglioni et al. 1996; Bergerat et al. 2010; Stewart et al.
2011). Alpine-age deformation focused in the
Srednogorie region because it had been rheologically
weakened by Late Cretaceous back-arc extension. Other
studies described Late Eocene–Miocene inversion struc-
tures in various locations along the western Black Sea
margin (Doglioni et al. 1996; Stovba et al. 2009).
Munteanu et al. (2011) identified a coherent thick-
skinned thrust system with northward vergence in the
Romanian offshore. In this region, thrusting inverted a
number of Cretaceous grabens; shortening started dur-
ing the Late Eocene and affected all areas of the
Western Black Sea Basin during Oligocene and
Miocene times, gradually migrating northward.

It cannot be excluded that the basement floor of the
Thrace Basin was deformed following the closure of the
Vardar–İzmir–Ankara oceanic domain before experien-
cing subsidence from the Middle Eocene due to oro-
genic collapse induced by slab rollback. In particular,
the role of the blind Terzili strike-slip fault system for
the geodynamics of the whole southern Balkan region
might has been greatly underestimated as such system
might represent a long-lived major tectonic contact
repeatedly reactivated with different kinematics.
Further thermochronological and structural works in
the region are needed to clarify these issues.

Conclusions

This work presents the first low-temperature thermo-
chronology results for the Strandja Massif, based on
AFT analysis of Permian, Triassic, and Cretaceous rock
samples. Thermal evolution was investigated along a
transect extending from the Cenozoic sediments of
the Thrace Basin in the south to the Late Cretaceous
volcanics/volcaniclastics of the Srednogorie zone in the
north. The integration of our new thermochronometric
data with radiometric, structural, and stratigraphic data
from the literature provides cogent constraints on the
geological evolution of the Strandja Massif and the
palaeogeographic/palaeotectonic reconstructions of
the entire Balkan region.

Following Late Jurassic crustal shortening and regio-
nal metamorphism, the central part of the Strandja
Massif underwent a Kimmeridgian-Berriasian phase of
relatively rapid cooling/exhumation. Conversely, the
overall thermal evolution in the massif during the Late
Cretaceous is one of slow erosional cooling – possibly
driven by erosion – with the exception of its northern-
most part which was involved in Srednogorie back-arc
rifting. In this region, the intrusion of small plutons at

shallow crustal levels (cooling ages of ca. 80 Ma;
Campanian) reset locally the AFT system, as shown by
our thermochrologic modelling. If the local thermal
effects of such plutonism are filtered from the models,
the entire post-Cimmerian thermochrometric evolution
of the Strandja Massif indicates tectonic quiescence
from the Late Cretaceous to the Early Eocene. Such
tectonic inactivity continued in the central portion of
the Strandja Massif, whereas its northern portion and
the southern Srednogorie back-arc basin underwent
rapid contractional exhumation starting between 50
and 40 Ma (Middle Eocene). Alpine-age stresses related
to the closure of the northern branch of Neotethys and
the ensuing development of the Vardar–İzmir–Ankara
suture zone were transmitted over a long distance
through the Strandja Cimmerian orogenic wedge and
focused preferentially to the north, in the area pre-
viously weakened by Srednogorie extensional tectonics.
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