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Abstract
The Strandja massif consists of metamorphic basement intruded by large Early Permian plutons of the Kırklareli type and overlain by Triassic 
metasedimentary cover. Together with its continuation in Bulgaria this massif forms an important link between the Pontides and the orogenic 
belts of Europe. Various types of orthogneisses constitute a significant part of the metamorphic basement however these rocks have until now 
escaped a particular study and therefore the Paleozoic history of the massif is essentially unknown. In this study these rocks are classified 
and mapped as hornblende-biotite, biotite-muscovite, and leucocratic orthogneisses. Their modal compositions correspond to quartz diorite, 
tonalite, granodiorite and trondhjemite. Geochemical data suggest a calc-alkaline trend of differentiation and metaluminous character of the 
parent magmas. Isotopic dating using the single zircon evaporation method has shown that magmatic ages of these orthogneisses cluster 
within a short time interval between 312±2 and 315 ±5 Ma in the Carboniferous. At the same time inherited ages of magmatic zircons in 
these rocks record a long lived magmatic activity between 340 and 650 Ma. We infer that the Carboniferous orthogneisses were formed in 
a magmatic arc that evolved atop of a mature continental basement. Previously established ([1, 2]) Early Permian magmatic event has been 
confirmed by additional age determinations constraining it at 257±6 Ma. Tectonic setting of this episode is also interpreted as subduction 
related taking into consideration its geochemical features and relationships with surrounding tectonic units.

© 2006 Lavoisier SAS. All rights reserved
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1. Introduction

The Strandja massif occupies the northern half of the 
Thrace province of northwestern Turkey and neighboring 
regions of Bulgaria (Fig. 1b). In Bulgaria, its continuation is 
known as a Balkan terrane consisting of Paleozoic rocks [3-5). 
In Turkey, the Strandja massif is interpreted as a part of the 
Pontides [6] that is an orogenic belt consisting of fragments of 
the Cimmerian microcontinent of Gondwanian origin, which 
collided with Eurasia during the early Mesozoic Cimmerian 
orogeny [7]. This interpretation of the Pontides is still shared 

by many researches while others infer that the Strandja massif 
along with the Istanbul zone belonged to the Laurasian margin 
during the Late Paleozoic and Mesozoic [8, 9]. 

Summaries on geology of the massif have been provided 
by [1, 2, 10-12]. According to these studies the Strandja mas-
sif consists of the metamorphosed basement that is intruded 
by granites and unconformably overlain by the Triassic to 
Jurassic metasedimentary cover. Timing of tectonic events 
was constrained by the following isotopic age determina-
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tions. Aydın [1] reported 244±11 Ma 
Rb-Sr whole-rock age for the Kırklareli 
metagranites that intrude the basement. 
Using zircon evaporation method Okay 
et al. [2] dated the same granites as well 
as the Kula pluton located to the north as 
271±2 Ma old (mean of 5 and 2 grains 
respectively). The Üskup metagranites that 
are exposed to the east of the Kırklareli 
pluton yielded 309±24 Ma (ages obtained 
from a single grain). Zircons from country 
rock gneisses yielded somewhat younger 
ages – 266±14, 239±16 Ma (single grain), 
and 278±19 Ma (single grain). A single 
zircon from migmatites associated with the 
metagranites yielded four different ages 
299±15, 276±12, 239±12, and 221±14 Ma. 
Two last age determinations have been 
considered as unreliable because of the 
inferred Triassic age of the sedimentary 
cover (Okay et al., 2001). The Kırklareli 
granites also yielded biotite K-Ar ages of 
150-149 Ma, Rb-Sr biotite whole-rocks 
age of 144 Ma [1, 10], and Rb-Sr biotite 
and whole-rock age of 155±2 Ma [2]. All 
of these ages were interpreted as the age 
of regional metamorphism. 

This limited database explains why 
the Paleozoic tectonic history of the 
Strandja massif was never discussed in 
detail. Concerning the Permian mag-
matism, Şengör et al. [13] interpret it as 
subduction-related paired with a south-
dipping subduction zone while Okay  
et al. [2] consider it as collisional. 

Various gneisses and schists meta-
morphosed in amphibolite facies have 
been described in the Paleozoic basement  
[1, 12]. Interpretations of their ages vary 
from the Precambrian [11, 14] to “late 
Variscan” [2]. A significant part of these 
rocks is represented by orthogneisses some 
which were interpreted as metamorphic 
equivalents of the early Permian granites 
[12]. Our geological mapping and structural 
studies have shown that the main part of the so-called Teke Dere 
group that unites all country rocks of the early Permian granites 
[12] consists of orthogneisses suggesting a long magmatic history 
of the Strandja massif in a magmatic arc tectonic setting [15]. 

The goal of this study is to present new data on geochronol-
ogy and petrology of orthogneisses constituting a significant 
portion of the Paleozoic basement of the Strandja massif. Using 
zircon evaporation method and conventional U-Pb method we 
have established a prolonged history of the Paleozoic magmatic 
activity with peaks at 314.7±2.6, 312.3 ±1.7, and 257 ± 6.2 Ma. 
Inherited zircons in orthogneisses suggest an additional magmatic 

episode around 350 Ma. These data allow a better correlation 
of the tectonic activity of the Strandja massif with surrounding 
regions and newly obtained geochemical data impose constraints 
on tectonic settings of the massif in the Paleozoic. 

2. Tectonic units of the studied area

Similar to previous studies we recognized in the studied 
area the Paleozoic basement, early Permian Kırklareli granites, 
and overlying them the Triassic metasedimentary cover. The 
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basement consists of biotite-muscovite paragneisses, biotite 
schists, amphibolites, and several types of orthogneisses three 
of which were formed before the emplacement of the Kırklareli 
granites (Fig. 1a, [16]). These rocks strike northwest and have 
consistent moderate dips to the southwest. The Kırklareli granites 
form a large (25x14 km) pluton slightly elongated in the east-
west direction. Along its margins, the granites are converted to 
mylonitic gneisses. The Triassic metasedimentary cover starts 
with metaconglomerates containing clasts of granite gneisses, 
quartzites, quartz, and schists. They grade up into quartz-rich 
metasandstones containing lens-shape bodies of metaconglomer-

ates and diamictites. These rocks are metamorphosed in green-
schist facies. Clasts in metaconglomerates and diamictites have 
their own foliation indicating an episode of metamorphism and 
deformation preceding the accumulation of the massif cover. The 
age of cover rocks is inferred from long-distance correlations 
with Bulgarian part of the Strandja massif [12, 2] where Triassic 
fossils have been found in rocks of a similar lithology [3, 17]. 

Original relationships between tectonic units are almost 
completely obliterated by the late Mesozoic deformations and 
metamorphism that occurred between late Jurassic and early 
Cretaceous (136-171 Ma) (Natal’in et al., in preparation). 
The late Mesozoic deformation and metamorphism formed 
penetrative foliation that in many places strikes at a high angle 
to lithological boundaries. It reworked earlier formed fabric 
and mineral assemblages hindering the reconstruction of the 
Paleozoic-early Mesozoic history of the Strandja massif. 

In following sections we give a description of the orthog-
neisses in the basement and Kırklareli granite. Information 
on other rock units and structural history of the region will be 
published elsewhere (Natal’in et al., in preparation).

 
2.1. Hornblende- biotite orthogneisses 

The hornblende-biotite orthogneisses constitute two elon-
gated bodies in the western part of the studied area (Fig. 1a). 
Generally, these rocks reveal strong foliation and mineral 
lineation, but in places they are massive and preserve their 
original magmatic fabric. The orthogneisses are medium 
grained rocks, greenish gray to gray in color. They consist of 
quartz (10-25 %), albite-oligoclase (35-40 %), biotite (5-15 %), 
hornblende-actinolite (5-10 %), epidote (15-20 %), chlorite 
(3-5 %), and muscovite (5 %) with ratio between light and 
dark minerals similar to granite-granodiorite. Mafic dykes 
and schlierens of amphibolite are common feature of these 
rocks. Composition of amphibolites varies from dioritic to 
gabbroic (Hbl-Bt schlieren in Table 1 and Fig. 2). Amphibole 
is bluish-green in color; plagioclase is strongly decomposed. 
The schlierens vary in shape form equidemensional to strongly 
elongate. The elongated schlierens occurring in weakly foliated 
and lineated rocks suggest their origin because of magma flow 
[18, 19]. The schlierens and mafic dykes may be interpreted 
as evidence of magma mixing during the formation of the 
parent granitoids [20, 19]. In places, xenoliths of biotite schists 
similar to country rocks were observed. 

2.2. Biotite-muscovite orthogneisses 

The biotite-muscovite orthogneisses form a large body 
in the northern part of the mapped area (Fig. 1a). Similar to 
the hornblende-biotite orthogneisses they are represented by 

Figure 1: 
a- Simplified geological map of the study area (after Natal’in et al. [16]), 
b- Map shows main tectonic divisions and the position of the Strandja 
Massif in Marmara region. 
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foliated and weakly foliated or unfoliated rocks. The later 
preserve good evidence for magmatic origin of rocks. The 
weakly to unfoliated granite constitute lens shape bodies that 
vary from ten meter to 500 m across. 

The biotite-muscovite granite gneisses are medium grained, 
greenish-gray to gray in color. Their mineral composition is 
similar to the hornblende-biotite orthogneisses except the 
absence of hornblende and a greater content of muscovite 
(5-10 %). Weakly strained rocks are very homogenous while 
foliated rocks sometimes reveal a vague compositional lay-
ering. In contrast to the hornblende-biotite granite gneisses 
schlierens and biotite xenoliths are absent in the biotite-mus-
covite granite gneisses.

 
2.3. Leucocratic orthogneisses and granites

The hornblende-biotite and biotite-muscovite orthogneisses 
as well as surrounding metasedimentary rocks are cut by 
dykes of leucocratic granite gneisses and granites. Thickness 
of these dykes varies from several centimeters to several tens 
meters. A closely spaced swarm of this rock is shown in Fig. 
1a. In places the leucocratic granitic rocks are strongly foliated 
and folded. At the same time some bodies are not foliated at 
all though they cut foliated granite gneisses. These rocks are 
enigmatic because foliation in granite gneisses is Mesozoic 
in age. Presence of metamorphic muscovite in the leucocratic 
rocks suggest that these rocks somehow were affected by 
metamorphism but resisted deformation. Leucocratic orthog-
neisses consist of quartz (35-45 %), plagioclase (35-45 %), 
K-feldspar (15-25 %), muscovite (10-15 %), chlorite (2-4 %), 
biotite (<1 %), and opaque minerals (1-2 %). 

The leucocratic granites and granite gneisses are mainly 
exposed within the medial Paleozoic gneisses and among 
Paleozoic metasediments to the south of the Kırklareli granites. 
They are absent within the Kırklareli pluton. 

2.4. Kırklareli metagranites 

The Kırklareli monzogranites constitute a large pluton 
located to the north of Kırklareli (Fig. 1b). Geological 
structure of its western part is shown on the map (Fig. 1a). 
The Kırklareli monzogranites consist of quartz (25-30 %), 
plagioclase (13-20 %), K-feldspar (35-47 %), biotite (5-
10 %), muscovite (2-4 %), epidote, chlorite and others 
(1-2 %). The characteristic feature of these rocks is por-
phyric fabric with large (4 cm) pink crystals of K-feldspar. 
These crystals make the magmatic origin of rocks obvious 
however the granites usually reveal clear metamorphic 
foliation dipping to the south at moderate angles. Quartz 
always has undulose extinction and often recrystallized into 
fine-grained aggregates. Plagioclase is strongly altered. K-
feldspar is often characterized by microcline twining and 
marginal replacement by myrmekites. Biotite is brown to 
dark green in color. Kinking and bending of its crystal, 
grains shredding along cleavage planes, displaced cleav-
age fragments of former grains that form wedge shape 
terminations are very common for biotites in thin sections. 
Some times biotite forms typical folia wrapping around 
K-feldspar. All of these structural features indicate solid 
state deformation of the Kırklareli granites in accord with 
criteria described by Vernon [20]. Muscovite replaces the 
biotite and we disagree with a previously published con-
clusion on its magmatic origin [2]. 

Migmatites are widespread along the southern margin 
of the Kırklareli pluton. There, intrusive contacts of the 
granites and country rocks were also observed. In the 
north and northwest the Kırklareli granites are framed by 

Figure 2:
Plot of normative compositions of the orthogneisses and granitoids in 
a- quartz-alkalifeldspar-plagioclase (Q-A-P) diagram (LeMaitre [28]), 
b- The normative anorthite-albite-orthoclase compositions of the units 
(O’Connor [29]). Hbl-Bt: hornblende-biotite; Bt-Ms: biotite-muscovite.
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Figure 3: 
a- Tholeiitic-calc-alkaline 
description of the Irvine 
and Baragar [69]. Note 
that all of orthogneisses 
follow a single trend on the 
AFM diagram being within 
the calc-alkaline field. 
Abbreviations are the same 
as in figure 2.

b- Plot of the Shand’s index 
for granitoids in the study 
area. Discrimination fields 
for different types of 
granitoids (Maniar and 
Piccoli [67], Shand [68]) 
are shown. 
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mylonitic granite gneisses (Fig. 1a). These fine- to medium-
grained rocks are very homogeneous in composition and 
often contain floating porphyroblasts of pink K-feldspar as 
well as lower strained lenses of porphyric granites similar 
to the Kırklareli type. We interpret them as a part of the 
pluton affected by ductile shearing. 

3. Two episodes of magmatic activity

All orthogneisses and Kırklareli metagranites reveal 
penetrative foliation that has consistent attitude (Fig. 1a). 
This foliation has Mesozoic age as it is evident from 
available isotopic dating [1, 10, 2]. In places, the horn-
blende-biotite and biotite-muscovite granite gneisses 
preserve two foliations made of biotite. There is only one 
foliation in the Kırklareli granites. The earlier foliation 
indicates an episode of metamorphism and deformation 
separating emplacement of the will be added hornblende- 
and biotite-muscovite orthogneisses and the intrusion of 
the Kırklareli granites. The absence of leucocratic granite 
gneisses in the Kırklareli pluton suggests that they were 
formed together with the hornblende-biotite and bio-
tite-muscovite orthogneisses. Geological relationships 
have been confirmed by isotopic dating indicating the 
Carboniferous age of the hornblende-biotite, the biotite-
muscovite and the leucocratic orthogneisses (see below) 
and the Permian age of the Kırklareli granite (our data 
and data presented by Aydın [10] and Okay et al. [2]). 
These two groups of rocks are distinct in terms of their 
geochemical signature. 

4. Analytical techniques

The whole-rock powders were split from 1-5 kg of crushed 
rocks. Major and trace elements were determined by x-ray fluo-
rescence spectrometry at the University of Tübingen, Germany. 
For this study rock powders was mixed with Li2B2O7 (1.5:7.5) 
and then were fused at 1150ºC into glass discs. Total iron is 
expressed as Fe2O3. Loss of ignition (LOI) was calculated 
after heating the sample powder to 1000ºC for 1 hour. 

Zircons were extracted from rock samples by standard 
mineral separation techniques, Wilfley table, heavy liquids, 
Frantz isodynamic separator and were finally handpicked 
under a binocular microscope. Then a fraction with grain 
sizes 63-200 μm was classified according to crystal proper-
ties (i.e. euhedral morphology, lack of overgrowth and visible 
inclusions). For cathodoluminescence (CL) studies, zircons 
were mounted in epoxy resin and polished down to expose 
grain interiors. CL images were obtained by Technocyn 8200 
Mk 4 Luminascope fitted with an Alcatel Vacuum Pump. The 
chamber is mounted on a Zeiss Microscope which has had 
the normal stage replaced by CL chamber. 

For single-zircon Pb-evaporation, chemically untreated, 
grains were analyzed using a double Re filament configuration 
suggested by Kober [21, 22]. Note that a group of zircons 
used for the evaporation is not the same that was used for CL 
studies. We simply rely of identity of these two groups in our 
interpretations of ages. Each zircon was embedded in a Re 
evaporation filament and placed in front of a 1 mm wide Re 
ionization filament. Then it was heated first at 1350 °C for 
5-10 min for removal of common and radiogenic Pb hosted in 
less stable phases (e.g. in crystal domains affected by radiation 
damage), which have low activation energies [21]. During 
repeated evaporation-deposition cycles in 20 °C steps Pb is 
deposited to ionization filament for the measurements starting 
at about 1380 °C. Only high counts, generally 20.000-200.000 
per second for 206Pb were used for age evaluations. Pb isotopes 

Figure 4: Summary chart of the ages of the units derived from single 
grain evaporation method. Ages older than 1.3 Ga. are not plotted in 
this diagram. Errors bars represent two-sigma standard deviations (2σ). 
Abbreviations are the same as in figure 2.
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were dynamically measured in a sequence of 206-207-208-
204-206-207 with a secondary electron multiplier. Correction 
of the common lead contribution to measured 207Pb/206Pb ratios 
is made in accord with the two-stage growth model of Stacey 
and Kramers [23]. Further detailed information on method 
is given in Chen et al. [24], Okay et al. [2], and Siebel et al. 
[25]. All isotopic ratios were measured in static mode on a 
Finnigan-MAT 262 multicollector mass spectrometer at the 
Tübingen University, Germany. 

The 207Pb/206Pb ages are based on the means of all measure-
ments evaluated and the errors are given by the 2σ (2 sigma) 
standard deviation. The age and error for several grains from 
the same sample are given as weighted mean and error of the 
weighted mean, respectively. 207Pb/206Pb evaporation ages 

during the course of measurements 
for Redwitzites granites yielded an 
average age of 322.8 ± 4.1 Ma, similar 
to those age ranges reported by Siebel 
[26] and Siebel [25].

For conventional U–Pb analysis, 
non-magnetic zircon populations con-
sisting of morphologically identical 
grains were washed in hot 6N HCl 
and hot 7N HNO3 prior to remove sur-
face contamination. Further detailed 
information on method is given in 
Chen et al. [24], Siebel et al. [25], 
and Nguyen [27].

5. Results

5.1. Major and trace element 
 geochemistry

5.1.1. Carboniferous
magmatism
Chemical composition of the horn-

blende-biotite and biotite-muscovite 
granite gneisses is shown in (Table 1). 
Modal compositions the hornblende-
biotite granite gneisses fall in the tonal-
ites and quartz monzodiorite fields 
when plotted on quartz – alkali-feldspar 
– plagioclase (QAP) diagram (Fig. 2a, 
[28]). Compositions of the biotite-mus-
covite and leucocratic orthogneisses 
form a cluster within the granodiorite 
field (Fig.2a). On the anorthite – albite 

– orthoclase (AAO) diagram [29] the hornblende-biotite orthog-
neisses are within the tonalite and granodiorite fields (Fig. 2b). 
The biotite-muscovite orthogneisses are scattered in the granite, 
trondhjemite, and granodiorite fields while leucocratic orthog-
neisses fall in the trondhjemite field (Fig. 2b). 

The hornblende-biotite gneisses contain about 50-
60 wt. % SiO2 and 14-19 wt. % Al2O3. Low content of 
SiO2 was obtained from schlierens. The biotite-muscovite 
orthogneisses are more felsic in composition. Their SiO2 
content in the biotite-muscovite gneisses range between 
66-76 wt. % and they have relatively low Al2O3 contents of 
14-15 wt. %. The leucocratic gneiss reveal yet higher SiO2 
contents (76-80 wt. %) and further decrease of the Al2O3 
contents between 12 and 15 wt. %. 

 1 2 3 4 

a

b

c

Figure 5: CL images of selected grains of; 
a- biotite-muscovite orthogneiss, 
b- hornblende-biotite orthogneiss,  
c- Kırklareli metagranite. All of the grains 
show oscillatory magmatic zoning. 
Figures 1a and 1b have core structures 
(for discussion see text). 
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Figure 6: Histograms showing the frequency distributions of radiogenic 
207Pb/206Pb ratios derived from evaporation of single zircon grains: 
a- biotite-muscovite orthogneiss,  
b- hornblende-biotite orthogneiss,  
c- Kırklareli metagranite. 

d- U–Pb concordia plots for zircon analyses of the hornblende-biotite 
orthogneiss (Gk 35). The upper intercept ages are calculated from zircon 
fractions taking a forced regression through 310 Ma. Ellipses indicate 2σ 
errors. The data were calculated with ISOPLOT program (Ludwig [70]). 
Abbreviations are the same as in figure 2. 

XMgO [MgO/(Fe2O3 tot *0.9+MgO)] values vary 
between 0.51 and 0.68 in the hornblende-biotite gneisses, 
and between 0.39 and 0.51 in the biotite-muscovite gneiss 
(Table 1). The aluminum saturation index [ASI = molecular 
Al2O3/(CaO+Na2O+K2O)] ranges from 0.63 to 0.91 in the 
hornblende-biotite gneisses, and from 1.07 to 2.26 in the bio-
tite-muscovite gneisses (Fig. 3b and Table 1). XMgO [MgO/( 
Fe2O3 tot *0.9+MgO)] values of the leucocratic gneisses vary 
between 0.33 and 0.56, and ASI values between 1.1 and 1.2 

(Fig. 3b and Table 1). Note that all three types of orthogneisses 
follow a single trend on the AFM diagram being within the 
calc-alcalkaline field (Fig. 3a)

 
5.1.2. Permian magmatism
In a ternary Quartz-Alkalifeldspar- Plagioclase (Q-A-P) 

diagram (Fig. 2a, [28]), the Kırklareli K-feldspar metagran-
ites form a tight group within the monzogranite field. On the 
normative anorthite– albite–orthoclase diagram [29] they are 
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Table 2. Age of biotite-muscovite orthogneisses derived from single grain evaporation method. Errors are two-sigma standard 
deviations (2σ).

Sample/Grain
Evaporation 
temp. C No. of scans

Mean ratio of 
207Pb/206Pb/error Age (Ma)

Error 
(Ma)±

Gk117     
grain1 1400 110 0.05620 ±18 460.3 7.1
grain1 1420 177 0.05652 ±18 472.9 6.9
grain2 1380 66 0.05352 ±19 350.9 7.9
grain3 1380 110 0.05277 ±21 318.9 9.1 
grain3 1400 180 0.05372 ±14 359.3 5.9
grain4 1380  146 0.055397 ±41 428.3 1.7
grain4 1400 36 0.05627 ±54 463 21
grain6 1400 148 0.053645 ±80 356.2 3.2
grain6 1420 144 0.05725 ±11 501.2 4.4
grain7 1380 145 0.05251 ±16 307.7 7.1
grain7 1400 105 0.052782 ±82 319.4 3.6
grain10 1380 74 0.05259 ±19 311.2 8.4
grain10 1400 37 0.05283 ±41 321.5 17
grain11 1380 33 0.05249 ±30 306.8 13
grain11 1400 111 0.05264 ±14 313.3 5
grain11 1420 108 0.052733 ±82 317.3 3.6
grain12 1380 145 0.052604 ±64 311.8 2.7
grain12 1400 147 0.052681 ±85 315.5 3.6
grain13 1380 34 0.05348 ±55 349.2 23

in the granite field (Fig. 2b). Comparing with the previously 
described rock types the Kırklareli metagranites have a more 
restricted content of SiO2 – 70-74 wt. % and Al2O3 – 13-
15 wt. % (Table 1). Their XMgO [MgO/( Fe2O3 tot *0.9+MgO)] 
values vary between 0.28 and 0.36 (Table 1) and ASI values 
between 0.9-1 (Fig. 3b and Table 1). Similar to hornblende-
biotite, biotite-muscovite, and leucocratic orthogneisses the 
K-feldspar metagranites shows calc-alkaline affinity, occur-
ring on the trend defined for the older magmatic complexes 
(Fig. 3a). 

5.2 Geochronology

Figure 4 shows the general distribution of ages obtained by 
single grain evaporation method in the Strandja Massif. Scattered 
and inherited ages are also indicated in this diagram. 

5.2.1. Carboniferous granitoids
5.2.1.1. Biotite-muscovite gneiss
Only one sample Gk117 has been used for isotopic age 

determinations of these rocks (see Fig. 1 for location). All 
zircons extracted from this sample have prismatic partly 
corroded crystals with 1:2 and 1:3 aspect ratios (Fig. 5a). 
Their cathodoluminescence (CL) images show magmatic 

oscillatory zoning indicating a magmatic origin (Fig. 5a). 
Three distinct populations have been recognized: 1) dark 
brown, semi-transparent; 2) colorless to light brown, trans-
parent; and 3) greenish, semi-transparent. The only grain of 
the first population yields 460±7 and 472±7 Ma ages (grain 
1 in Table 2). The second population has mixed ages vary-
ing from 319±9 to 463±21 Ma (grains 2, 3, 4, 13 in Table 2) 
increasing with an increase of the evaporation temperature. 
Greenish and semi-transparent crystals yield ages of 307±13 
and 319±4 Ma (grains 7, 10, 11, 12 in Table 2). The Cl images 
of zircons do not exhibit any inherited core except grain 1a in 
Fig. 5 that shows a dark body which is difficult to interpret. 
However old ages especially those obtained with the increase 
of evaporation temperature suggest the presence of inherited 
core in the analyzed zircons. 

Consistent ages of greenish zircons reflect the magmatic 
ages of the biotite-muscovite orthogneisses. It has a weighted 
average mean of 314.7 ± 2.6 Ma (mean of 6 grains and 9 
heating steps, Table 2, Fig. 6a). In all of the zircon images 
a high CL zone is surrounded by low CL on the outer side 
which is parallel with oscillatory zoning in the inner parts 
of crystals. Both of these zones may indicate a metamorphic 
overprint [30] and thus explain a scatter of magmatic ages 
between 309 and 319 Ma. 
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Table 3. Ages of hornblende-biotite orthogneisses derived from single grain evaporation method. Errors are two-sigma 
standard deviations (2σ).

Sample/Grain
Evaporation 
temp. C No. of scans

Mean ratio of 207Pb/
206Pb/error Age (Ma) Error (Ma)±

Gk35     
grain1 1380 72 0.05378 ±19 361.9 7.9
grain2 1380 36 0.05333 ±18 342.9 7.7
grain2 1420 249 0.05761 ±11 515 4.2
grain2 1440 36 0.06626 ±34 814.6 11
grain3 1380 36 0.05280 ±54 320.2 23
grain3 1400 143 0.054751 ±81 402.5 3.4
grain3 1420 109 0.05626 ±12 462.6 4.7
grain4 1420 107 0.055750 ±47 442.4 19
grain5 1400 37 0.05361 ±42 354.7 17
grain5 1450 70 0.05382 ±15 363.5 6.1
grain6 1400 107 0.052756 ±78 318.3 3.4
grain7 1390 37 0.05260 ±28 311.6 12
grain7 1430 37 0.05473 ±34 401.2 14
grain8 1400 36 0.06113 ±36 643.8 13
grain9 1400 74 0.05317±23 336.1 9.1
Gk115     
gr1 1380 145 0.052581 ±53  310.8 2.3
gr1 1400 148 0.052573 ±47 310.4 2
gr3 1380 144 0.052327 ±82 299.7 3.6
gr3 1400 146 0.052324 ±43 299.6 1.8
gr4 1380 184 0.052544 ±42 309.2 1.8
gr5 1380 74 0.05252 ±14  308.1 6.1
gr6 1380 111 0.052668 ±86 314.5 3.6
gr6 1400 109 0.052667 ±90 314.5 3.9
gr7 1450 141 0.058991 ±68 566.8 2.6
gr8 1380 109 0.13429 ±28 2154.8 3.7
gr8 1400 72 0.16275 ±17 2484.4 1.7
gr9 1420 107 0.05946 ±13 584.0 4.8
gr9 1450 109 0.11581 ±22 1892.5 3.4
gr10 1400 145 0.052483 ±45 306.5 2.0
gr10 1420 73 0.05243 ±11 304.2 4.6
gr11 1380 146 0.052661 ±33 314.2 1.4
gr11 1400 73 0.05336 ±11 344.1 4.8
gr11 1420 36 0.05435 ±13 385.6 5.4
gr12 1380 108 0.052694 ±61 315.7 2.7
gr12 1400 146 0.052569 ±40 310.2 1.8
gr13 1380 142 0.052722 ± 52 316.9 2.3
gr13 1400 145 0.052668 ±66 314.5 3.0
gr13 1420 108 0.052668 ±90 314.5 3.9
gr14 1380 144 0.052708 ±52 316.3 2.3
gr14 1400 145 0.053413 ±65 346.4 2.7
gr14 1420 112 0.05731 ±11 503.5 4.2
gr16 1400 74 0.058136 ±97 534.9 3.7
gr16 1420 103 0.06044 ±14 619.4 4.7
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Table 4. U–Pb zircon analytical data of hornblende-biotite orthogneisses (sample Gk 35). All errors are two-sigma standard 
deviations (2σ). Measured U–Pb data were calculated ISOPLOT program (Ludwig, 2003) using  
2 σ errors. See text for discussion.

Sample 206Pb*/204Pb U (ppm) Pb* (ppm) 208Pb*/
206Pb*

206Pb*/238U 207Pb*/235U 207Pb*/206Pb* Apparent ages (Ma)
206Pb*/238U   207Pb*/235U  207Pb*/206Pb*

Hb-Bt gneiss
Gk35-1 9212 334 16.7 0.15 0.05021±27 0.3554±27 0.05134±27 308.8 315.8 256.2
Gk35-2 4230 444 27.3 0.10 0.06152±78 0.5589±30 0.06589±79 450.8 384.9 802.9
Gk35-3 484 329 20.4 0.18 0.06234±96 0.4817±40 0.05603±66 399.2 389.8 453.9
Gk35-4 119180 249 13.8 0.08 0.05640±120 0.4970±38 0.06391±153 409.7 353.7 738.6
Gk35-5 2681 364 19.2 0.12 0.05267±58 0.39076±28 0.05380±75 334.9 330.9 362.7

5.2.1.2. Hornblende- biotite gneiss
Two samples (Gk115 and Gk35) of the hornblende-biotite 

gneisses have been dated using single-zircon 207Pb/206Pb step-
wise-evaporation method (see Fig. 1 for location). All zircons 
in these samples are idiomorphic and prismatic. They are 
classified into two groups: 1) colorless or light brown, trans-
parent and translucent (Fig. 5 b-1 and 2), and 2) dark brown, 
semi-transparent, euhedral prismatic grains (Fig. b-3 and 4). 
Cathodoluminescence images show that all grains exhibit 
oscillatory magmatic zoning testifying the magmatic origin of 
the zircons. A presence of inherited rounded core in the grain 
b1 (Fig. 5b1) suggests that some zircons contain older cores 
incorporated during the formation and emplacement of the 
hornblende-biotite granites. Note that the inherited core also 
has the oscillatory magmatic zoning. All of the grains exhibit 
low CL outer rims representing a metamorphic overprint. 

Six grains in the sample Gk115 gave young ages between 
300 and 320 Ma at all evaporation steps. All of these grains 
belong to the first morphological group. Grains 11 and 14 of 
the same group revealed increasing of ages with increase of 
the evaporation temperature. Grains 3 and 7 (first group) of 
the sample Gk35 have similar behavior. The increase of ages 
in these grains reflects the presence of inherited cores. Old 
dates in these grains are difficult to interpret because they 
may indicate ages of inherited cores or mixed ages of the 
cores and young magmatic overgrowth. Zircons of the second 
group (grains 8, 9 and 16 in the sample Gk115 and grains 3 
and 7 in sample Gk35) yielded ages older than 340 Ma at all 
heating steps (Table 3). These zircons represent xenocrysts 
incorporated by granitic magma from older intrusions. 

Fig. 6b shows a histogram of 206Pb/207Pb ratios obtained 
from both samples and plotted on the same diagram. Note 
that peaks of the sample Gk 115 and Gk 35 fit each other 
giving age of 312.3 ±1.7 Ma (weighted mean of 13 grains, 
20 heating steps). We accept this date as the magmatic age 
of the hornblende-biotite orthogneisses.

Beside the single zircon evaporation method, we used a 
conventional U-Pb method (Table 4, Fig. 6d). Each fraction 
consists of four to seven zircons of the same morphological 
features. Fractions 1-3, and 5 represent the first group and 

fraction 4 belongs to the second one (Table 4). Obtained ages 
do not form a reliable single discordia line (Fig. 6d). Calculated 
upper and lower intercept ages gave high errors and high a 
MSWD value. Three fractions lie near the concordia. The 
fraction 1 reveals U loss and gives U-Pb ages of 308 and 315 
Ma which is in accordance with the magmatic ages obtained 
by the single zircon evaporation method. Fractions 3 and 5 
yield U-Pb ages of 330/334 and 390/399 Ma, respectively. 
These ages are more concordant than the ages of the previ-
ous fraction. The age of the fraction 3 may have a geologi-
cal meaning because some of the evaporated zircons have 
similar ages of 330-355 Ma. These ages may reflect a long 
time interval during which the hornblende- biotite granites 
were forming. We interpret the age of the fraction 5 (399 Ma) 
as the age of inherited zircons or as a mixed age of several 
zircons. Fractions 2 and 4 (Table 4) reflect inherited or mixed 
zircon ages. Following [31] we calculated forced regressions 
through 308 Ma to evaluate a possible age range of inherited 
zircons (Fig. 6d). This gives a range between 650 and 1300 
Ma which is in accordance with the inherited zircon ages 
obtained by the single zircon evaporation method.

5.2.1.3. Leucocratic gneiss
The age of the leucocratic gneisses is poorly constrained 

because of fewer amounts of zircons. Only two grains have 
been extracted from the sample Gk39 (see Fig. 1 for location). 
The grain 1 (Table 5) gave 313.3±10 Ma in the first heating step 
and older (~350 Ma) ages at higher evaporation temperatures. 
The grain 2 yielded only old ages more than 650 Ma (Table 5). 
Taking the geological relationships into account we infer that 
313±10 Ma is a magmatic age of the leucocratic orthogneisses. 
The scatter of older inherited or mixed ages in the sample Gk 
39 is similar to the scatter in hornblende-biotite and biotite-
muscovite orthogneisses. This feature makes the leucocratic 
gneisses different from the Kırklareli granites. 

5.2.2. Permian granitoids
The Kırklareli granites have already been dated by Aydın [1, 

10] and Okay et al. [2] as 245 Ma and ~271 Ma accordingly. In 
this study we have obtained ages intermediate between these 
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Table 5. Ages of leucocratic gneisses derived from single grain evaporation method. Errors are two-sigma standard 
deviations (2σ).

Sample/Grain
Evaporation 

temperature C
No. of 
scans

Mean ratio of 207Pb/
206Pb/error Age (Ma) Error (Ma)

Gk 39     
grain1 1380 145 0.05349 ±39 313.3 10
grain1 1400 108 0.05264 ±23 349.6 17
grain1 1420 144 0.05359 ±25 353.9 11
grain2 1380 109 0.06125 ±41 648 14
grain2 1400 111 0.06747 ±24 852.3 7.3
grain2 1420 36 0.07351 ±60 1028 16

reported dates. Only one sample (Gk 18) has been used for 
single zircon evaporation method. This sample is an augen 
gneiss consisting of quartz, porphyroblasts of strongly altered 
and in places completely recrystallized K-feldspar, altered 
plagioclase, brown muscovite, epidote, sphene, and rutile. 

Zircons of this sample form a uniform population repre-
sented by brown, semi-transparent, and euhedral, prismatic 
crystals. Cl images of selected grains are shown in Figure 
5c. Clear oscillatory magmatic zoning is characteristic for 
all selected grains. 

All evaporated grains yielded ages between 253.8 and 
276.1 Ma (Table 6) which give weighted average mean of 
257 ± 6.2 Ma (Fig. 6c) that is similar to Okay et al. [2] data. 
Neither ours nor Okay et al. [2] studies who used the same 
zircon evaporation technique have revealed a large scatter 
of ages typical for the presence of inherited zircon core. 
Interestingly, grains 1 and 2 show decrease of ages with the 
rise of the evaporation temperature. 

6. Discussion

Geological mapping, structural and geochemical stud-
ies, and isotopic dating indicate that the Paleozoic history 
of the Strandja massif included Carboniferous and Permian 
episodes of magmatic activity. The Permian magmatic epi-
sode has been established by previous studies [1, 10, 12, 2] 
and confirmed by this study. The Carboniferous episode is 
described for the first time. 

The Carboniferous hornblende-biotite, biotite-muscovite, 
and leucocratic orthogneisses yield approximately same ages 
of 312-314 Ma. These rocks have not been mapped in the 
previous studies [12, 2] therefore it is difficult to estimate their 
total volume in the basement of the Strandja massif. However, 
it is worth noting that in the studied area they constitute about 
70 % of the basement thus indicating that deciphering their 
nature is crucial for the understanding of the tectonic history 
of the Strandja massif. 

Geochemical data suggest the evolution of Carboniferous 
magmas followed a calc-alkaline trend starting with granitoids 
from which the hornblende-biotite orthogneisses were formed 

and ending with the granites that now occur as the leuco-
cratic gneisses. Crosscutting relationships of the leucocratic 
gneisses with the hornblende-biotite and biotite-muscovite 
orthogneisses supports this inference however relationships 
between two later types are reworked by Mesozoic deforma-
tions. Relationships between major elements indicate similarity 
of the hornblende-biotite orthogneisses with metaluminous 
I-type granitoids. The abundance of mafic schlierens suggests 
repeated injections of mafic magmas into an evolving magmatic 
chamber. The biotite-muscovite orthogneisses reveal peralu-
minous features and intermediate character between I- and 
S- types of granitoids. Finally, the leucocratic orthogneisses 
exhibits peraluminous, and S-type character. Taken together 
all of these features suggest that Carboniferous magmatic 
rocks evolved within a mature magmatic arc. 

The mature crust of the Carboniferous arc can be inferred 
from abundant inherited zircon ages that have been detected in 
all of the Carboniferous metamorphic rocks. Some magmatic 
zircons from these rocks reveal consistent ages at all heating 
steps suggesting that these zircons are xenocrysts inherited from 
previously emplaced magmatic rocks. Zircon ages between 320 
and 370 Ma obtained in this study (Fig. 4 and 5, Table 2, 3, 
4, and 5) are correlative with magmatic ages of granitoids in 
neighboring regions of Bulgaria [32, 5] and they correspond 
to ages of magmatic rocks that are known as early Variscan 
granitoids in Europe [33, 34]. The time interval between 
420 and 600 Ma is also almost completely covered by our 
dates (Fig. 4). Similar ages (~450, 560, 665, and 975 Ma) of 
inherited zircons have been reported by Carrigan et al. [35] 
in the Balkan tectonic unit of Bulgaria. These correlations 
suggest that inherited or mixed ages obtained in this study 
indicate a long-lived magmatic activity within the Strandja 
massif. The long-lived magmatic activity is a characteristic 
feature of the arc tectonic setting.

Major elements ratios show that the Kırklareli meta-
granites are of I-type being transitional between metalumi-
nous and peraluminous granitoids (Fig. 2 and 3, Table 1). 
Similar to the Carboniferous orthogneisses the Kırklareli 
metagranites show the calc-alkaline trend of differentiation 
(Fig. 3). These geochemical features are not too decisive for 
an interpretation of a possible tectonic setting. Considering 
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Table 6. Ages of Kırklareli metagranites derived from single grain evaporation method. Errors are two-sigma 
standard deviations (2σ)

Sample/Grain
Evaporation 

temperature C No. of Scans
Mean ratio of 207Pb/

206Pb/error Age (Ma) Error (Ma)

Gk18	     
grain1 1370 144 0.05130±28 254.3 7.9
grain1 1390 142 0.051272±44 253.8 2.1
gran2 1380 106 0.05179±19 276.1 8.2
grain2 1400 107 0.051503±98 263.4 4.4
grain3 1380 73 0.05179±15 276.1 6.6
grain4 1380 146 0.0513±11 254.3 5.1
grain4 1400 142 0.051202±85 259.9 3.9
grain4 1420 142 0.051494±99 263 4.4

tectonic evolution of Tethysides, Şengör et al. [13] interpret 
the Permian and Triassic magmatism of the Strandja massif 
as subduction related. Taking into consideration correlations 
with the Variscan belt Okay et al. [2] infer a post-collisional 
setting of the Kırklareli granites. 

Okay et al. [2] also suggest the anatectic nature of these 
granites. We disagree with this conclusion for following 
reasons. 1) Migmatization relevant to the Kırklareli pluton 
occurs only along the southern margin of the intrusion where 
amount of migmatites rarely exceeds 10 % of total volume of 
country rocks. 2) Xenoliths of country rocks were observed 
only at margins of the pluton but they are absent in its internal 
parts. 3) The composition of the pluton is very homogenous 
suggesting that it represents a single magmatic phase. 

In accord with this observation we want to add that all 
studied zircons in the Kırklareli metagranite (Table 6) reveal 
no inherited or mixed ages. Zircons studied by Okay et al. 
[2] both in Kırklareli and other plutons of this type have the 
same character. At the same time, crosscutting relationships 
of the Kırklareli pluton with the country rocks are obvious 
from the geological map (Fig. 1). We infer that the formation 
of the Kırklareli magmas was due to influx of the high tem-
perature mantle magmas to the base of the crust where it was 
contaminated with crustal components or facilitate generation 
of crustal melt at elevated temperatures that remelted earlier 
formed zircons. The following emplacement of such magmas 
to high crustal levels caused the formation of the Kırklareli 
type plutons in the Strandja massif. The mechanism outlined 
is more suitable for subduction related tectonic setting. The 
presence of oceanic and arc related rocks within a Strandja 
type of Triassic in Bulgaria, in which a stratigraphic confor-
mity with Paleozoic rocks is admitted, is another argument 
in favor of this inference [3, 17, 36, 13]. 

There is abundant literature on tectonic settings of the 
granitoids, their ages, and the timing of metamorphism in the 
Variscan belt of Europe [33-35, 37-47]. Magmatic activity 
there [25, 35, 40, 48-63] occurred over a time interval (320 
to 290 Ma) which is similar to those in the Strandja massif. 
Taking into consideration S-type of intrusions the majority of 

researches assigned them to post-collisional tectonic settings. 
However, some researchers consider a possibility of subduc-
tion-related tectonic setting pointing to the presence of calc-
alkaline character of some intrusions and their definite I-type  
(.e.g [51]) for magmatic rocks of 310 Ma in Bulgaria). 
Moreover, Matte [64] infers that during the Westphalian 
time (~318-303 Ma) the western part Variscan belt was 
characterized by the Himalayan-type mountain building 
while its eastern part was still represented by an Andean-
type of active margins. Typical I-type granitoids in Variscan 
belt, their isotopic composition and REE abundances show 
either continental contribution to mantle derived magmas or 
remelting of lower continental crust. Some differentiation 
diagrams have been proposed to determine the tectonic 
settings of granitoids [65] but generally our samples fall 
to the junction subduction-related and syn-collisional 
granites [16]. This matter was discussed in detail by Förster 
et al. [66]. 

This correlation indicates that more work needs to be 
done for the solution of the first order questions concerning 
tectonic setting of the Carboniferous and Permian magmatism 
both in Strandja massif and surrounding regions. 

7. Conclusions

The Pb/Pb zircon evaporation studies of the orthogneisses 
constituting the Paleozoic basement of the Strandja massif 
have revealed a voluminous Carboniferous magmatic episode 
at 310 to 320 Ma. After an episode of metamorphism and 
deformation it was followed by emplacement of the early 
Permian (257±6 Ma) monzogranites of the Kırklareli type. 

The Carboniferous magmatic rocks have geochemical 
features that allow considering them as subduction related. 
Ages of inherited magmatic zircons indicate a long lived 
magmatic activity within the Strandja massive that collaborate 
the inference about subduction nature of the medial Paleozoic 
magmatism. It also testifies that the basement of the arc was 
continental and included Precambrian protoliths. 
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The Permian magmatic rocks belong to calc-alkaline series 
but in contrast to the Carboniferous they have a narrower com-
positional range and on discrimination diagrams are located 
close the metaluminous/peraluminous boundary. Tectonic 
setting of these rocks in conjunction with geochemical features 
also allows interpreting them as subduction related. 
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