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Abstract: Upper Carboniferous—lower Permian plutonic rocks (i.e. the Kula pluton) are exposed in Istranca (Strandja)
Zone, NW Pontides on both sides of Turkish and Bulgarian border. The Kula pluton is composed of monzogranite,
granodiorite, and quartzmonzodiorite facies with a medium to coarse-grained, mylonitic—blasto mylonitic texture. It was
affected by low-grade greenschist facies metamorphism, and displays distinct foliation as a result of intense tectonism.
This pluton was classified as metaluminous and peraluminous (ASI values 0.95-1.13), I-type, calc-alkaline to high-K
calc-alkaline in character. Zircon U-Pb crystallization ages of the pluton are between 298.0.6+0.68 Ma (early Permian
— Asselian) and 311.91£1.34 Ma (late Carboniferous — Moscovian). Based on new geochemical and geochronological
data, the Kula pluton was generated from a subduction-related magmatic arc-setting during the late Carboniferious to
early Permian. This period corresponds to the closure of the Paleo-Tethys Ocean following northward subduction of

the Paleo-Tethyan oceanic lithosphere and development of a magmatic arc along the Eurasian continental margin.
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Introduction

The Istranca massif is located in the northwestern part of
Turkey, called the western Pontites, within the Alpine—
Himalayan orogenic belt (Okay & Tiiysiiz 1999). The western
continuation of the Istranca Massif was described as the
Rhodope and the Serbo-Macedonian Massif (Fig. 1), and these
massifs lie within the inner parts of Bulgaria and Greece
(Chatalov 1988; Yanev 2000; Natal’in et al. 2005a,b; Natal’in
2006; Sunal et al. 2006; Fig. 1). These pre-Alpine metamor-
phic basement rocks are quite similar to each other in terms of
degree of metamorphism and magmatic processes, and these
features can be correlated with the Sakarya zone of western
Turkey and the Pelogonian zone in northern Greece (Bonev et
al. 2021 and references therein). The Rhodope and Istranca
massifs are bounded by the Thrace Basin in the south (Okay et
al. 2001). While these massifs are separated from the Sredna
Gora zone by the Balkan reverse fault in the north, they are
separated from the Istanbul Zone by the Western Black Sea
fault in the east (Okay et al. 2001).

The Istranca Massif includes different sedimentary and
magmatic rocks in terms of tectonic setting, degree of meta-
morphism, age, protolith and structural features (Aydin 1982;
Chatalov 1988, 1991; Caglayan & Yurtsever 1998; Okay et
al. 2001; Sunal et al. 2011; Natal’in et al. 2012, 2016; Bedi et
al. 2013; Yilmaz Sahin et al. 2014; Aysal et al. 2018a; Bonev
et al. 2021 and references therein). The metamorphic units
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forming the Istranca Massif are represented by sedimentary
and igneous rocks that underwent poly-phase amphibolite
and greenschist facies metamorphism, and were affected by
intense deformation (Okay et al. 2001; Sunal et al. 2011;
Natal’in et al. 2012, 2016). The rocks contain traces of diffe-
rent orogenic events (i.e. Cadomian, Variscan, and Alpine oro-
genic events: Burchfiel 1980; Liati 1986; Burg et al. 1990,
1996; Dinter & Royden 1993; Ricou et al. 1998; Liati &
Gebauer 1999; Okay et al. 2001; Peytcheva et al. 2009, 2018;
Natal’in et al. 2012, 2016; Yilmaz Sahin et al. 2012, 2014;
Bedi et al. 2013; Machev et al. 2015; Aysal et al. 2018a; Bonev
etal. 2019a, 2021; Yilmaz et al. 2021).

According to previous studies, first magmatic activity is
represented by the Cadomian arc-related magmatism (Chen et
al. 2002; Ustadmer et al. 2005; Okay et al. 2008; Y1lmaz Sahin
et al. 2009, 2014, Natal’in et al. 2016; Yilmaz et al. 2021).
While the Precambrian—Cambrian magmatism in the Istranca
massif ranges between 548.7+2.3 Ma and 506.1+4.5 Ma, it
ranges between 560-590 Ma in the Istanbul zone (Chen et al.
2002; Ustadmer et al. 2005; Natal’in et al. 2016; Yilmaz et al.
2021). The second major magmatic activity is arc-related
magmatism, formed by the northward subduction of Paleo-
Tethys, represented by upper Carboniferous—lower Permian
(320 to 271 Ma; Okay et al. 2001; Sunal et al. 2006; Natal’in
et al. 2016; and this study) intrusive rocks, followed by
backarc related middle Permian—Early Triassic magmatism
(257-213 Ma) (Natal’in et al. 2006; Aysal et al. 2018a; Bonev
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Fig. 1. Major tectono-stratigraphic units and suture belts of the Eastern Mediterranean region (modified from Okay & Tiiystiz 1999; Bedi et al

2013; Candan et al. 2016; Okay & Topuz 2017 and references therein). Age data references: Anders et al. (2007), Bonev et al. (2019a), Okay
etal. (1996, 2001), Peytcheva et al. (2004; 2018), Sunal et al. (2006), Ustadmer et al. (2012), Xypolias et al. (2006), Zlatkin et al. (2014), Zulauf
etal. (2014), Sengtin et al. (2020), and this study. Abbreviations: IPS=Intra-Pontide suture, IAES=Izmir—Ankara—Erzincan suture, ITS=Inner-

Tauride suture.

et al. 2021 and references therein). Late Carboniferous—early
Permian magmatism was described in the Afyon Zone (331 to
315 Ma, Candan et al. 2016), and western—central parts of
Sakarya Zone (336.3+2.9 Ma to 320 Ma, Okay et al. 1996;
Ustadmer et al. 2016; Karshi et al. 2020; Sengiin et al. 2020)
(Table 1). The western continuation of late Carboniferous—
early Permian magmatism was described in Bulgaria with
a continuation in the Central Europe—Carpathian realm of
Serbia and Romania. In Bulgaria granitoids outcrop in different
regions, e.g., in Western Stara Planina (314+4.8 to 304.6
+4 Ma, Dimitrov 1946; Carrigan et al. 2005 and Kamenov et
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al. 2002), Sredna Gora (312+5.4 to 289.5+7.8 Ma, Zagorchev
et al. 1973; Carrigan et al. 2006), Rhodope Massif (328 to
256+2.7 Ma, Peytcheva et al. 2004; Fakiya granite 301.9+1.1
to 293.5+1.7 Ma, Machev et al. 2015), Petrohan-Mezdreya
(311.14£0.48 to 307.54+0.54 Ma, Peytcheva et al. 2018),
and the Sakar unit (305 to 295 Ma, Bonev et al. 2019a;
297-295 Ma, Bonev et al. 2021). In addition, upper Car-
boniferous and early Permian sedimentary, volcanic, and sub-
volcanic magmatic rocks in Bulgaria were defined in the
orogenic Balkanide Belt (Cortesogno et al. 2004; Vozarova
et al. 2009). These late Carboniferous—Permian sedimentary
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Table 1: Geochronological data from upper Carboniferous—lower Permian plutons in Turkey and Bulgaria.

Region Method Age (Ma) References

Southern part of the Kula pluton (Turkey) U-Pb 298.1+1.7,310.1+£2.0 This study

Southern part of the Kula pluton (Turkey) Pb—Pb 271+11 Okay et al. 2001
Northern part of the Kula pluton (Bulgaria) U-Pb 293.5+1.7,301.9+1.1 Machev et al. 2015
Uskiip pluton in the Istranca Massif (Turkey) Pb-Pb 309+24 Okay et al. 2001
Uskiip pluton in the Istranca Massif (Turkey) U-Pb 299.1+2.7,300.6+2.8 Natal’in et al. 2016
Vize Unit in the Istranca Massif (Turkey — Kaletepe Region) U-Pb 311.3+3.1 Natal’in et al. 2016
Vize Unit in the Istranca Massif (Turkey — Kasatura Region) U-Pb 312.5+2.4 Natal’in et al. 2016
Yavuzdere Unit in the Istranca Massif (Turkey — Yavuzdere Region) U-Pb 303.6+2.5 Natal’in et al. 2016
Orthogneisses in the Istranca Massif (Turkey) Pb-Pb 310 to 320 Sunal et al. 2006
Metagranites in the Sakarya Zone (Turkey) U-Pb 325t0 320 Ustadmer et al. 2016
Metagranites in the Sakarya Zone (Turkey) U-Pb 310 to 308 Okay et al. 1996
Felsic vein in the Central Sakarya Zone (Turkey) U-Pb 319+5 Topuz et al. 2020
Metagranite and amphibolite in the Central Sakarya Zone (Turkey) U-Pb 378.8+10.2 to 418.75+6.5 Topuz et al. 2020
Metagranites in the Western Sakarya Zone (Turkey) U-Pb 389.1+2.6 to 401.5+4.8 Aysal et al. 2012a,b
Metagranites in the Western Sakarya Zone (Turkey) U-Pb 336.3+2.9 Sengiin et al. 2020
Metagranites in the Central Sakarya Zone (Turkey) U-Pb 403.943.5 to 405.9+2.5 Karsli et al. 2020
Metagranites in the Central Sakarya Zone (Turkey) U-Pb 319.5+1.1 to 327.2£1.9 Ustadmer et al. 2012
Western Stara Planina (Bulgaria) 304.6 +4 Dimitrov 1946
Western Stara Planina (Bulgaria) 314+4.8 Carrigan et al. 2005; Kamenov et al. 2002
Sredna Gora granites (Bulgaria) 289.5+7.8 Zagorchev et al. 1973
Sredna Gora granites (Bulgaria) U-Pb 312454 Carrigan et al. 2006
Rhodope Massif granites (Bulgaria) U-Pb 328 Peytcheva et al. 2004
Petrohan—Mezdreya pluton (Bulgaria) U-Pb 311.14+0.48, 307.54+0.54  Peytcheva et al. 2018
Sakar unit (Bulgaria) U-Pb 305 to 295 Bonev et al. 2019a
Sakar unit (Bulgaria) U-Pb 294.6+2.2 Bonev et al. 2021
Sakar unit (Bulgaria) U-Pb 296.7+1.7 Bonev et al. 2021

sequences and volcanism in the Central Europe were com-
pared with the Caucasus (Yanev & Adamia 2009).

The Kula pluton (southern part of the Kula pluton) is one of
the upper Carboniferous—lower Permian plutons in the Istranca
Zone (Fig. 2), and it is called the Fakiya Granite (northern part
of the Kula pluton) on the Bulgarian site over the border
(Machev et al. 2015). In previous studies, different ages were
reported for the Kula pluton. The obtained ages are 271+2 Ma
(Okay et al. 2001) and 301.9+1.1 to 293.5+1.7 Ma (Machev
et al. 2015). Also, ages between 305 and 295 million years
were obtained by Bonev et al. (2019a) from igneous rocks of
the Sakar Unit. According to Dias & Ribeiro (1995), Okay et
al. (2001), Weil et al. (2001), Abalos et al. (2002) and Martinez
Catalan et al. (2009), the Kula pluton, Fakiya granite and gra-
nitoids of the Sakar Unit were evaluated as products of the
Variscan orogeny, which developed as a result of the conver-
gence and subsequent collision of two major paleocontinents,
Laurasia and Gondwana, during the Late Paleozoic. However,
Candan et al. (2016), and Bonev et al. (2019a) suggested that
upper Carboniferous—lower Permian magmatic rocks in Turkey
and Bulgaria were produced in a continental arc margins asso-
ciated with northward subduction of Paleo-Tethyan oceanic
lithosphere, rather than post-collisional or post-orogenic
magmatism. Although Carboniferous magmatism is widely
described in the Istranca Massif and the Central Sakarya Zone
(Ustadmer et al. 2012; Natal’in et al. 2016; Topuz et al. 2020;
Karsl et al. 2020), no Carboniferous magmatism is observed
in the Istanbul zone, but significant Carboniferous zircon
populations reported by Okay et al. (2011) in the upper parts

of the Istanbul Paleozoic Sequence (i.e. Trakya formation).
Although Devonian magmatic activity was widely defined in
the basement rocks of the Central Sakarya zone in a belt star-
ting from the east of Kazdag Massif and continuing to the
north and east of Uludag Massif (Okay et al. 2006; Aysal et
al. 2012a,b; Sunal 2012; Karsli et al. 2020; Topuz et al. 2020)
in Western Anatolia, Devonian magmatism was not described
in the Istranca Massif. The third and final stage is formed by
arc-related magmatism in the northward subduction of Neo-
Tethys during the Late Cretaceous (Delaloye & Bingdl 2000;
Karacik & Tiiysiiz 2010; Aysal et al. 2018b and references
therein).

In this study, we present new zircon U-Pb geochronological
and geochemical data from Kula pluton to interpret its origin
and magmatic evolution. Furthermore, it is correlated with
similar magmatic rocks in the Rhodope Massif, SE Bulgaria,
and western Sakarya zone in Turkey. Consequently, the main
purpose of the manuscript is to reveal the geodynamic setting
and tectono—magmatic evolution of late Carboniferous—early
Permian magmatism in the Istranca Zone.

Geological background
Regional geology
The basement rocks of the Istranca Massif are represented
by the Cadomian arc-related meta-igneous rocks (Yilmaz
Sahin et al. 2014; Natal’in et al. 2016; Yilmaz et al. 2021), and
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meta-sedimentary rocks (i.e. Tekedere group; Bedi et al. 2013).
These meta-igneous rocks are represented by the Catalca
(534.5+£4.7 Ma to 546.0+3.9 Ma, Yilmaz Sahin et al. 2014),
Ihsaniye (535.5+3.6 Ma, Yilmaz Sahin et al. 2014), Kazandere
(535.8£4.2 Ma to 542.6+£3.5 Ma, Natal’in et al. 2016), Lala
(546.4+£4.7 Ma, Natal’in et al. 2016), Binkili¢ (548.7+2.3
to 525.3£3.5 Ma, Yilmaz et al. 2021), Safaalan (543.3+£2.8
to 534+2.6 Ma, Yilmaz et al. 2021), and Vize plutons
(506.1£4.5 Ma, Natal’in et al. 2016). These rocks were
covered by an Ordovician—Carboniferous metasedimentary
complex (Natal’in et al. 2016). This metasedimentary com-
plex includes the Tekedere Group, Korukdy and Evciler
gneisses, and Kocabayir metaclastics.

Tekedere Group mainly consists of biotite schist, biotite—
muscovite schist, amphibolite, quartz—chlorite—biotite—
muscovite schist and gneisses (Caglayan & Yurtsever 1998;
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Natal’in et al. 2012; Bedi et al. 2013). The Kocabayir meta-
clastics consists of metaconglomerate, metasandstone, quar-
tzite and rarely calc-schist. It outcrops in the western and
central parts of the massif, and is cut by late Carboniferous
plutons representing subduction-related characteristics (Natal’in
et al. 2012, 2016). These plutons are described as the Uskiip
metagranite (Okay et al. 2001; Natal’in et al. 2016), Kula
pluton (this study) and orthogneiss (Sunal et al. 2006).

The Pb—Pb age from the Uskiip metagranite is 309+24 Ma
(Okay et al. 2001), while U-Pb ages are 299.1+2.7 and
300.6+2.8 Ma (Natal’in et al. 2016). Reported Pb—Pb ages
from the orthogneisses are from 310 to 320 Ma (Sunal et al.
2006). The U-Pb ages from the Kula pluton are 298.06+0.68
and 311.91+£1.34 Ma in this study, respectively (Table 1).
In addition, similar plutonic rocks formed in this period
extend towards Bulgaria, Western Stara Planina, Sredna Gora,



GEOCHRONOLOGY OF THE KULA PLUTON IN THE ISTRANCA MASSIF, TURKEY

Rhodope Massif, and Sakar unit. The metamorphic rocks of
the Istranca Massif are cut by Permo—Triassic plutons (Okay
et al. 2001; Aysal et al. 2018a), and covered by Triassic—
Middle Jurassic metasedimentary sequences (Aydin 1974,
1982; Chatalov 1988, 1991; Caglayan & Yurtsever 1998;
Okay et al. 2001; Bedi et al. 2013). This metasedimentary
sequence is a transgressive sequence that starts with metacon-
glomerates and metasandstones and transitions to carbonate
rocks towards the top of the succession (Okay et al. 2001).

These cover units are cut by Late Cretaceous plutons
(Demirkdy pluton; Karacik & Tiiysiiz 2010), and are uncon-
formably overlain by volcanic-sedimentary rocks around the
Igneada region along the southern Black Sea coastline (Okay
et al. 2001). Upper Cretaceous magmatism continued in the
Istanbul zone (Delaloye & Bing6l 2000), and is represented
by a pluton (i.e. Cavusbasi granodiorite; Yilmaz Sahin et al.
2012), mafic-intermediate dykes and volcanic counterparts
(Aysal et al. 2018b and references therein). The Istranca
Massif is separated from the Istanbul Paleozoic units by a tec-
tonic contact west of Istanbul (near Catalca), and it is covered
by sedimentary rocks of the Thracian Basin in the south.

Field geology and petrography

The Kula pluton outcrops on both sides of the border
between Turkey (southern part of the Kula pluton) and
Bulgaria (northern part of the Kula pluton) in the north-wes-
tern part of the Istranca massif (Figs. 1 and 2). This pluton has
an intrusive contact with the metamorphic basement rocks of
the Istranca Zone, and is unconformably overlain by Triassic—
Upper Cretaceous sedimentary rocks in the southern (Turkey)
and northern (Bulgaria) parts of the pluton (Fig. 2; Machev et
al. 2015). Metamorphic basement rocks are represented by
migmatites, two-mica gneisses, leucocratic gneisses, marbles
and amphibolites (Bedi et al. 2013).

The southern part of the Kula pluton is separated from the
Triassic metasedimentary sequence by a fault zone (the Kula
fault) around Kula village toward the Turkish—Bulgarian
border (Fig. 2). This fault zone starts from east of Caglayik
Village, passes through Kula village, and extends towards
the north of Terzidere village (Fig. 2). It can be observed
approximately 20 km long at the surface, consisting of dextral
strike-slip faults and oblique normal faults that strikes NE-SW
and E-W. Because of the intense tectonism and deformation,
the Kula pluton exhibits diverse textural features such as
mylonitic—cataclastic textures, oblique foliation, and mineral
lineations in different areas (Fig. 3).

The well-developed foliation is depicted by the planar
arrangement of large K-feldspar porphyroclasts and biotite
flakes (Fig. 3a,b), which are conform with the magmatic pla-
nar-linear and foliated structures in the host rock. The Kula
pluton is a light coloured and medium- to coarse-grained
pluton. The primary igneous texture of the pluton is partly
preserved in some places, and quartz, plagioclase, and
K-feldspar porphyroclasts can be observed in hand specimens
(Fig. 3¢).
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The main mineral composition of the pluton consists of
quartz (20-25 %), plagioclase (45-50 %), K-feldspar (10—
20 %) and mica (muscovite, and biotite). The accessory mine-
ral phase is represented by zircon, titanite, apatite and opaque
minerals, and the secondary mineral phase is made up of chlo-
rite, epidote, calcite, sericite, and clay minerals (Fig. 3d,e).
Plagioclase is the dominant mineral in the pluton, being repre-
sented by coarse-idiomorphic-grains with albite and Carlsbad
twinning (Fig. 3d). The boundaries of prismatic plagioclase
are surrounded by small quartz grains and fine-grained white
mica (sericite, muscovite), and rarely chlorite and epidote
(Fig. 3d) due to dynamic recrystallization, which occurred
along the plagioclase porphyroclasts (Fig. 3d,e). Also, plagio-
clase crystals are locally replaced by sericite, epidote, and
calcite minerals. Quartz exhibits elongated bands including
fine grains with undulose extinction, and sub-grain formation
along the fault zones (Fig. 3¢). Primary quartz crystals were
recrystallized in quartz ribbons (Fig. 3e). In addition, the main
foliation of the pluton is defined by the preferred orientation of
the muscovite and biotite minerals.

K-feldspar porphyroclasts are characterized by small pris-
matic crystals, and their boundaries are replaced by small
quartz, and mica minerals related to dynamic recrystallization.
They also show weak perthitic structure especially in highly
deformed porphyroclasts. In addition, rarely observed mic-
rocline is represented by large idiomorphic shapes with
perthitic textures, and plagioclase, biotite, muscovite and
sericite inclusions. Mica minerals are represented by small
subidiomorphic grains, and turn into chlorite because of the
low-grade metamorphism and/or alteration affecting the plu-
ton. On the basis of the equilibrium mineral assemblages, it
can be concluded that the degree of metamorphism is low-
grade greenschist facies. Similar metamorphic effects were
reported from the other plutons (i.e. Uskiip, Kirklareli,
Diizoba, and etc.) in the Istranca Massif, the Fakiya granite,
and metagranites of Sakar Unit on the Bulgarian side of the
border (Okay et al. 2001; Machev et al. 2015; Bonev et al.
2019a).

Analytical methods
Major and trace element geochemistry

Whole-rock geochemistry analyses were carried out on
fourteen samples taken from the Kula pluton (Table 2). Major,
trace and rare earth elements were conducted at the ACME
Analytical Laboratories, Canada. Major oxides were analysed
by using an inductively coupled plasma atomic emission spec-
trometry (ICP-AES), and trace — rare earth elements were
analysed by using an inductively coupled plasma mass spec-
trometry (ICP-MS). The major oxides had a detection limit of
0.01 %, while trace — rare earth elements had detection limits
of 0.01-1 ppm. Major and trace element abundances were
determined on 0.2 g aliquots of samples following LiBO,
fusion and HNO, acid digestion. Loss on ignition (LOI) is

GEOLOGICA CARPATHICA, 2021, 72, 5, 373-394
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Fig. 3. a, b— Foliated and banded image of Kula pluton near tectonic lineaments (north of Kula village, location KL-14). ¢ — Light-coloured,
medium- to coarse-grained appearance of Kula pluton (location KL-3). d — Twinned prismatic plagioclase grains and small quartz grains along
the long edge of plagioclase porphyroclasts (location KL-6). e — Quartz ribbons with aligned muscovite and biotite minerals along the main
foliation plane (location KL 8). Abbreviations: Ab=albite, Q=quartz, Mc=mica.
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the weight difference after ignition at 1000 °C. The results are
given in Table 2.

U-Pb zircon dating

U-Pb geochronology analyses were carried out on two sam-
ples taken from the Kula pluton (Fig. 2). In order to determine
the age of the pluton, two samples (KI-2 and KL-6) were taken
at different times and dated. In addition, the continuation of
the pluton in Bulgaria was compared with the two age data (L1
and L2) produced by Machev et al. (2015). The zircon grains
were separated by using traditional heavy liquid techniques
after crushing, grinding, sieving and cleaning processes.
The selected zircon grains were polished after mounting in
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epoxy resin, and its cathodoluminescence (CL) images were
taken at the Belgrade University SEM laboratory using JEOL
JSM-6610LV. CL images of the KL-2 sample were taken
before analysis, and analysis was performed after the points
were selected on the CL images. In the KL6 sample, however,
Cl imaging was performed after analysis. The U-Pb isotope
analyses were carried out at the Geological Institute of
the Bulgarian Academy of Sciences in Sofia (Bulgaria) by
using a Perkin-Elmer ELAN DRC-e ICP-MS with the
NewWave UP-193FX 193 nm laser ablation unit attached.
Generally, zircon grains between 150-250 um in size were
selected. GEMOC GJ-1 zircon standard was used as primary
zircon reference material during the analyses. The results
of the geochronological analyses calculated by using

Table 2: Results of whole-rock major (wt. %), trace and REE (ppm) for the Kula pluton.

KL-1 KL-2 KL-3 KL-4 KL-5 KL-6 KL-7
Latitude 42.011222° 42.024925° 42.030156° 42.023525° 42.012967° 42.005553° 42.030869°
Longitude 27.186225° 27.215544° 27.221494° 27.256633° 27.280794° 27.288833° 27.221364°
SiO, 59.32 66.45 75.09 74.58 75.14 69.20 62.89
ALO;, 17.15 16.83 12.78 12.92 12.91 16.25 16.47
Fe,O, 5.57 3.11 1.53 1.54 1.76 1.93 3.71
MgO 3.12 1.00 0.20 0.20 0.49 0.71 2.21
CaO 4.66 2.63 0.05 0.05 0.45 1.68 2.53
Na,O 4.13 4.95 1.45 1.45 3.41 5.15 6.49
K,0 2.60 2.17 8.12 8.28 4.62 3.12 1.59
TiO, 1.02 0.55 0.17 0.17 0.25 0.23 0.82
P,04 0.36 0.13 0.03 0.03 0.06 0.09 0.29
MnO 0.09 0.04 0.02 0.02 0.04 0.04 0.08
LOI 1.6 1.9 0.5 0.7 0.8 1.3 2.7
Sum 99.6 99.8 99.9 99.9 99.9 99.7 99.8
Ba 1336 995 414 427 271 1255 701
Sc 11 5 5 5 3 2 10
Ni 30.8 4.9 243 25.1 37.7 3.8 13.0
Co 13.8 8.0 1.6 1.3 2.6 3.5 8.1
Cs 0.6 1.7 1.5 1.9 0.8 0.4 0.1
Ga 22.7 19.6 14.0 14.7 17.0 15.2 16.5
Hf 55 3.8 52 5.7 4.8 3.1 5.9
Nb 14.1 7.1 11.3 113 11.0 45 6.4
Rb 76.0 67.1 351.9 367.3 223.8 68.8 352
Sr 968.8 848.7 50.7 56.1 81.7 591.9 369.2
Ta 1.6 0.6 1.1 1.2 1.5 0.5 0.5
Th 6.5 6.3 26.1 26.2 385 10.7 79
U 1.6 2.1 4.6 43 7.9 1.8 1.8
\4 103 59 8 9 22 24 83
W 51.3 0.6 56.2 44.1 49.8 0.5 0.5
Zr 213.1 143.6 163.5 184.5 147.8 112.4 242.4
Y 29.3 13.4 17.2 18.6 33.6 10.3 14.4
La 36.6 282 27.1 26.1 36.0 31.4 46.1
Ce 91.4 70.8 93.6 93.5 71.0 57.1 81.1
Pr 12.94 7.81 6.70 6.62 8.23 6.17 9.84
Nd 54.3 30.2 23.7 23.4 28.7 21.8 36.9
Sm 11.29 5.38 4.48 4.59 5.66 3.49 6.14
Eu 2.57 1.38 0.32 0.32 0.49 0.72 1.52
Gd 8.63 3.84 3.84 3.83 5.34 235 4.66
Tb 1.22 0.53 0.56 0.57 0.87 0.32 0.56
Dy 6.24 2.63 3.48 3.43 5.27 1.72 2.88
Ho 1.05 0.48 0.68 0.80 1.13 0.37 0.51
Er 2.79 1.21 222 1.98 3.39 0.99 1.32
Tm 0.38 0.17 0.33 0.35 0.53 0.14 0.19
Yb 2.37 1.11 2.36 2.34 3.49 0.91 1.16
Lu 0.33 0.14 0.34 0.35 0.52 0.14 0.16
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Table 2 (continued)
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KL-8 KL-9 KL-10 KL-11 KL-12 KL-13 KL- 14
Latitude 42.025928° 42.018233° 42.071814° 42.071839° 42.071928° 42.067403° 42.047372°
Longitude 27.234831° 27.232794° 27.240686° 27.273681° 27.291294° 27.294869° 27.289686°
SiO, 60.26 65.43 71.18 74.22 75.02 71.08 65.93
AlLO, 17.16 16.05 15.15 14.55 12.89 14.49 17.09
Fe,0, 5.05 3.75 1.82 0.51 1.55 2.09 2.72
MgO 3.10 1.73 0.64 0.10 0.26 0.67 1.01
CaO 3.33 3.24 1.62 0.38 0.53 1.53 3.24
Na,O 4.63 4.83 433 4.03 3.06 3.83 5.58
K,O 2.90 2.12 3.60 5.49 5.47 3.68 1.94
TiO, 0.81 0.59 0.28 0.05 0.22 0.24 0.49
P,04 0.27 0.21 0.11 0.03 0.05 0.07 0.17
MnO 0.08 0.06 0.03 0.01 0.02 0.04 0.04
LOI 2.0 1.7 0.9 0.6 0.8 2.1 1.5
Sum 99.6 99.7 99.7 100 99.9 99.8 99.71
Ba 1453 999 1965 471 235 1257 1060
Sc 9 7 3 2 4 2 4
Ni 14.4 59 1.7 0.8 0.8 1.6 3.4
Co 11.9 7.8 2.5 0.4 1.0 22 42
Cs 0.4 1.0 0.4 1.2 1.2 0.9 0.2
Ga 19.9 18.4 14.6 15.7 14.6 14.8 20.0
Hf 52 52 23 1.8 5.0 3.9 4.5
Nb 6.0 6.6 3.6 7.8 9.2 6.7 4.7
Rb 66.2 58.1 63.6 114.5 192.5 72.6 38.9
Sr 642.7 826.3 667.9 161.4 67.4 293.2 1131.5
Ta 0.4 0.6 0.3 1.7 0.8 0.3 0.4
Th 7.5 9.4 8.3 8.4 34.7 159 6.2
U 2.0 32 2.6 2.5 6.9 1.6 1.4
\ 95 68 28 8 12 21 45
W 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Zr 207.6 182.0 79.2 329 151.5 136.9 171.4
Y 12.7 13.0 5.6 7.6 22.7 7.7 10.1
La 41.0 38.7 22.4 7.6 43.0 37.2 34.6
Ce 75.9 70.7 39.6 12.9 84.4 64.4 66.9
Pr 8.70 8.56 433 1.62 9.64 6.56 8.08
Nd 32.3 31.8 159 5.6 329 21.5 30.1
Sm 5.36 5.23 2.59 1.21 5.75 3.01 5.31
Eu 1.46 1.35 0.70 0.30 0.34 0.77 1.28
Gd 4.15 3.93 1.85 1.06 4.61 2.02 3.59
Tb 0.52 0.48 0.22 0.19 0.70 0.26 0.41
Dy 2.71 2.56 1.19 1.22 4.28 1.44 1.93
Ho 0.47 0.44 0.20 0.27 0.80 0.28 0.34
Er 1.34 1.19 0.54 0.88 2.54 0.80 1.01
Tm 0.18 0.17 0.07 0.14 0.35 0.12 0.13
Yb 1.06 1.12 0.53 1.08 2.48 0.79 0.87
Lu 0.16 0.17 0.07 0.15 0.38 0.12 0.12

ISOPLOTR (http://www.isoplotr.com/isoplotr/), and are given
in Tables 3 and 4.

Results
Whole-rock geochemistry

The samples from the Kula pluton have variable contents of
Si0, (59.32-75.14 wt. %), AL,0, (12.89-17.15 wt. %), Na,O
(1.45-6.49 wt. %), K,O (1.59-8.28 wt. %) and low contents of
CaO (0.05-4.66 wt. %), TiO, (0.05-1.02 wt. %), P,O; (0.03—
0.36 wt. %) and MgO (0.10-3.12 wt. %). Some samples
(KL-1, 2,7, 8,9, and 14) have low SiO, (59.32-66.45 wt. %)
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ratios while others (KL-3, 4, 5, 6, 10, 11, 12, and 13) have
higher SiO, (69.20-75.14 wt. %) ratios. The Kula pluton sam-
ples are intermediate to felsic magma character due to SiO,
content (59.32-75.14 wt. %), and their magnesium number
(Mg#t=100xMolar MgO/(MgO+FeO)) between 20 and 55).
Based on modal mineral compositions, the Kula pluton sam-
ples fall into the syenogranite, monzogranite, granodiorite,
and quartzmonzodiorite fields (Fig. 4a) on the Quartz—
Alkali Feldspar—Plagioclase (QAP) classification diagram of
Streckeisen (1974). On the total alkali-silica versus SiO,
(TAS) diagram (Middlemost 1994) for plutonic rocks, sam-
ples of the pluton plot in monzonite, quartzmonzonite,
granodiorite, and granite fields (Fig. 4b). The aluminium satu-
ration index (ASI) values of the Kula pluton vary between
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0.95 and 1.13. On the A/NK (Al,0,/Na,0+K,0) versus
A/CNK (ALO,/Ca0O+Na,0+K,0) diagram (Shand 1947),
the samples plot in the peraluminous, and metaluminous
fields. They show mainly I-type and slightly S-type affinity
(Fig. 4c). On the K,O versus SiO, classification diagram of
Peccerillo & Taylor (1976), samples from the Kula pluton
fall into the calc-alkaline and high-K calc-alkaline fields
(Fig. 4d).

Table 3: Results of zircon LA-ICP-MS age determination for sample
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Zircon U-Pb geochronology

An average of twenty—twenty-five zircon grains was sepa-
rated from each sample for dating. Most of the selected zircon
grains have euhedral prismatic shape, and are usually trans-
parent, and light brown to honey-coloured. Their cathodo-
luminescence (CL) images (Fig. Sa,c) show that they are
typically igneous zircon with fine oscillatory zoning that is

KL-2 from the Kula pluton.

) Isotope ratios Age, Ma Ratio
KL W7pp/>SU 2SE - MPb/¥U  2SE RHO  *™Pb/*’Th 1SE  *7Pb/**Pb 1SE WTPh/>5U 28 pp/AsU 28 Th/U
Ir 0.3599  0.0252  0.04976  0.0014  0.40 0.0152 0.0007 0.0524 0.0019 312.14 9.41 313.05 43 0.474
2r 0.362  0.0326  0.04995  0.0016  0.36 0.0157 0.0008 0.0526  0.0024 313.7 122 31421 491 | 0416
4rc 03612  0.0284  0.04981 0.0014 0.36 0.0159 0.0007 0.0526 0.0021 313.1 10.6 313.36 43 0.426
Ser 0.3581  0.0226  0.04946  0.0014  0.45 0.0145 0.0007 0.0525  0.0017 310.8 845 31121 43 | 0.651
Sr-rec | 0.3296  0.0790  0.04563  0.0036  0.33 0.0175 0.0018 0.0524  0.0064 289.3 30.2 287.6 11.1 | 0.153
Tr 0.3807  0.0284  0.04996  0.0016  0.43 0.0148 0.0008 0.0553  0.0021 327.6 104 31428 491 | 0427
Ter 0.4401  0.0602  0.05911  0.0028 0.35 0.0207 0.0014 0.0540  0.0038 370.3 212 37021 852 | 0.265
8re 0.3817  0.0292  0.05114  0.0018  0.46 0.0150 0.0009 0.0541 0.0021 3283 107 321.52 552 | 0.544
9r 0.3613  0.0402  0.04963  0.0024  0.43 0.0157 0.0012 0.0528  0.0030 313.2 15 31225 7.37 | 0.156
10rc 0.3859  0.0286  0.04986  0.0020  0.54 0.0152 0.0010 0.0561 0.0021 3314 10.5 313.66  6.14 | 0.652
10c 0.3568  0.0318  0.04924  0.0020  0.46 0.0147 0.0010 0.0526  0.0024 309.8 119  309.85  6.14 | 0.615
Ir 0.3647  0.0388  0.05003  0.0022  0.41 0.0150 0.0011 0.0529 0.0029 315.7 14.4 314.71 6.75 | 0.238
I1rc 0.3605  0.0248  0.04818  0.0022  0.66 0.0151 0.0011 0.0543  0.0019 312.59 9.25  303.34  6.77 | 0.722
13r 0.3671 0.0366  0.04864  0.0022  0.45 0.0150 0.0011 0.0547 0.0028 317.5 13.6 306.17 6.76 | 0.423
16r 0.3424  0.0232  0.04911  0.0016  0.48 0.0146 0.0008 0.0506  0.0017 298.99 877  309.06 492 | 0.209
17r 0.3682  0.0358 0.05071  0.0022  0.45 0.0165 0.0011 0.0527 0.0026 3183 13.3 318.88 6.75 | 0.471
17rc 0.3708  0.0294  0.04921  0.0020  0.51 0.0152 0.0010 0.0547  0.0022 320.2 10.9  309.67  6.14 | 0.148
19tr 0.3449  0.0356  0.04864  0.0026  0.52 0.0164 0.0013 0.0514 0.0027 300.9 13.4 306.17 7.99 | 1.972
19¢ 0.3228  0.019  0.03875 0.00080 0.36 0.0060 0.0004 0.0604  0.0018 284.05 729 24508 248 | 0.170
21r 0.355 0.0384  0.04818  0.0026  0.50 0.0153 0.0013 0.0534 0.0030 308.5 14.4 303.34 8 0.518
21rc 0.3527  0.0332  0.04831  0.0024  0.53 0.0144 0.0012 0.0530  0.0026 306.7 125 304.14 738 | 0.030
Table 4: Results of zircon LA-ICP-MS age determination for sample KL-6 from the Kula pluton.
Isotope ratios Age (Ma) Ratio
KL-6 WppSU 2SE MPb/¥U 2SE RHO ™Pb/*’Th 1ISE  *Pb/*™Pb 1SE WTPh/ASU 28 2pp/U  2S | Th/U
Ir 0.388 0.038 0.0487 0.001 0.21 0.0177 0.0012 0.0549 0.0027 3329 13.9 306.54 3.07 | 0.13
Ic 0.694 0.046 0.0368  0.0016  0.66 0.0362 0.0026 0.1263 0.0024 5352 13.8 23297 497 | 027
3 0.388 0.036 0.0486  0.001  0.22 0.0203 0.0016 0.0545  0.0027 332.9 132 30592 3.07 | 0.06
4 0.378 0.03 0.047 0.0008  0.21 0.0158 0.0009 0.0549 0.0021 325.6 11.1 296.08 246 | 0.11
7 0.368 0.032 0.0472  0.0008  0.19 0.0152 0.0007 0.0536  0.0024 318.2 11.9 29731 246 | 0.21
10 0.3614 0.02 0.0461 0.0006  0.24 0.0157 0.0004 0.0551 0.0016 313.26 7.46 290.53 1.85 | 0.28
8¢ 0.779 0.16 0.0855  0.0046  0.26 0.0297 0.0019 0.0654  0.0060 584.9 45.7 528.9 13.7| 028
11 0.401 0.026 0.0469  0.0008  0.26 0.0235 0.0014 0.0631 0.0021 34237 9.42 29546 246 | 0.24
13 0.519 0.028 0.0455  0.0008  0.33 0.0352 0.0010 0.0851 0.0024 | 424.48 936  286.83 247 | 0.16
15 0.36 0.036 0.049 0.0012  0.24 0.0173 0.0007 0.0553 0.0029 312.2 13.4 308.38 3.69 | 0.27
17 0.339 0.028 0.0483  0.001 0.5 0.0156 0.0008 0.0529  0.0022 296.4 10.6 30408 3.07 | 0.15
21 0.335 0.046 0.047 0.0016  0.25 0.0157 0.0022 0.0538 0.0038 293.4 17.5 296.08 493 | 0.06
20 0.331 0.034  0.0474  0.001  0.21 0.0172 0.0017 0.0533  0.0028 290.3 13 298.54  3.08 | 0.06
19 0.351 0.04 0.0473  0.0012  0.22 0.0224 0.0021 0.0566  0.0033 305.5 15 29792 3.69 | 0.07
24 0.339 0.03 0.0489  0.001 0.3 0.0157 0.0013 0.0523  0.0024 296.4 114 307.76  3.07 | 0.08
27 0.33 0.026 0.047 0.0008  0.22 0.0129 0.0007 0.0515 0.0021 289.57 9.92 296.08 246 | 0.14
28 0.351 0.032 0.047 0.001  0.23 0.0135 0.0009 0.0535  0.0024 305.5 12 296.08  3.08 | 0.15
32 0.345 0.026 0.0477  0.0008  0.22 0.0142 0.0004 0.0524  0.0020 | 300.95 9.81 30039 246 | 030
33 0.378 0.032 0.0465  0.0008  0.20 0.0248 0.0023 0.0581 0.0026 325.6 11.8 293 2.46 | 0.08
35 0.612 0.06 0.0791  0.0036  0.46 0.0255 0.0011 0.0579  0.0024 484.8 18.9 490.7 10.8 | 0.23
5 0.462 0.038 0.0471 0.0012  0.31 0.0415 0.0024 0.0699 0.0031 385.6 13.2 296.69  3.69 | 0.06
9 0.323 0.05 0.0473 0.0016  0.22 0.0166 0.0016 0.0505 0.0040 284.2 19.2 29792 492 | 0.14
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Fig. 4. a— QAP classification diagram (Streckeisen 1974) based on modal mineral composition. b — Total alkali versus silica (TAS) diagram
(Middlemost 1994). ¢ — A/NK—A/CNK diagram (Shand 1947; Maniar & Piccoli 1989). d — K,0-SiO, diagram (Peccerillo & Taylor 1976)
for the Kula pluton (geochemistry data for the other Carboniferous plutons of Istranca Massif and northern part of the Kula pluton were taken

from Sunal et al. 2006 and Machev et al. 2015).

informative for high zirconium saturation (Hoskin &
Schaltegger 2003). Although most zircons in our study are
clearly igneous zircon, some zircon grains in KL-6 have bright
CL spots and rims that are informative for solid-state or
fluid-induced recrystallization around fractutes, inclusions or
in the outher parts of the crystals (Pidgeon 1992; Pidgeon et al.
1998; Corfu et al. 2003; Hoskin & Schaltegger 2003). Also,
these samples have low Th/U values (Tables 3 and 4).

Sample KL-2

A total of twenty-one points were dated on fourteen selected
zircon grains from the KL-2 sample. KL-2 sample yielded
a population of zircons composed mainly of regular grains
with few typical crystal faces (Fig. 5a). In CL images regular
magmatic oscillatory growth zoning of KL-2 is dominant but
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there is also evidence for resorption and over growth (Fig. 5a)
or for changes in the chemistry of the magma (e.g., dark CL
low-luminescent and trace-elemnt rich internal parts are follo-
wed by lighter parts). Twenty-one analyses of the KL-2 sample
yielded 2°Pb/?**U ages ranging mainly from 303.34+6.77 Ma
to 321.52+5.52 Ma (Fig. 5a) with few exceptions — one youn-
ger age related to Pb-loss from a U-rich part 245.08+2.48 Ma,
and one inherited core dated at 370.21£8.52 Ma (Table 3 and
Fig. 5a). Excluding the outliers and using all other analyses
a concordia age of 311.91+1.34 Ma is defined (Fig. 5b).

Sample KL-6
A total of twenty-two points were dated on twenty-one

selected zircon grains from the KL-6 sample. KL-6 sample has
relatively sparse zircons that are generally short-prismatic and
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relatively enriched in U (105-2370 ppm). Some grains do
not show oscillatory zoning (Fig. 5c) or it is obliterated.
Only one of the zircon grains has an inherited core age of
528.9413.7 Ma (Table 4). This age is similar to the Cadomian
magmatic events for the basement rocks of the Istranca Massif
(Y1lmaz Sahin et al. 2014; Okay & Nikishin 2015). Twenty-
two analyses were made on zircons belonging to sample KL-6
from the cores and rims. The analyses yielded **Pb/**8U ages
ranging generally between 286.83+2.47 Ma and 308.38+
3.69 Ma (Table 4, Fig. 5d) with two outliers, the latter either
pointing to Pb-loss in the U-rich (dark in CL) parts (232.97+
4.97 Ma), or to inheritance (the Cadomian core with an age
528.9413.7 Ma) (Table 4). Excluding the outliers, a concordia
age of 298.06+£0.68 Ma is calculated (Fig. 5d).
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Discussion
Petrogenesis

The geochemical data of the Kula pluton has similar charac-
teristics to some of the upper Carboniferous—lower Permian
plutons in Turkey and the Istranca massif in the south-eastern
part of Bulgaria (Sunal et al. 2006; Machev et al. 2015). We
compared our new geochemical data with published data for
these plutons. Upper Carboniferous—lower Permian plutonic
rocks in western Turkey and SE Bulgaria were evaluated on
Harker diagrams that show variations of major oxide values
against SiO, values. The Kula pluton samples generally show
compatible and complementary features on Harker diagrams
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Fig. 5. a, c — CL images, and analysis points on zircon grains. b, d — Concordia diagrams for sample KL 2 and KL 6 from the Kula pluton.
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compared with the other upper Carboniferous—lower Permian
plutons in the Istranca Zone. Major oxides, and some trace
elements versus SiO, Harker diagrams (Fig. 6) for the Kula
pluton can be used to track some magma chamber processes
(i.e. fractional crystallization (FC), and mixing). While Al,O,,
Fe,0,, MgO, CaO, and TiO, contents of the pluton decrease
with increasing SiO, contents, Na,O and K,O contents show
disseminated patterns with increasing SiO, content. Similarly,
the concentrations of Rb decrease with increasing SiO, con-
tents, whereas sudden decreases in Ba and Sr over 70 wt. %
Si0O, indicates feldspar and accessory mineral crystallization.
(Fig. 6). Despite the SiO, increase, the Sr content decrease
(not shown in figure) can be explained by crystallization of
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K-feldspar and plagioclase, while decreasing Ba content can
be explained by crystallization of plagioclase, biotite and
K-feldspar. The Rb content, which increases with increasing
Si0,, may indicate fractional crystallization and/or magma
mixing events. Although the Zr and Nb elements generally
present a scattered pattern, most of the samples fall between
the lower and the upper continental crust values.

On the Nb versus Y, and Rb versus Y+Nb tectonic discrimi-
nation diagram (Pearce et al. 1984), samples for the Kula
pluton (northern and southern parts), and other upper
Carboniferous—lower Permian plutons of Istranca Massif
mainly plot into the field of volcanic arc (VAG) and syn-col-
lisional (syn-COLG) granites (Fig. 7a). Also, a very small
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number of samples of these plutons plot into the within-plate
granite (WPG) on the Rb versus Y+Nb discrimination dia-
gram (Fig. 7b). In addition, using the Th/Yb versus Ta/Yb, and
Th/Hf versus Ta/Hf tectonic discrimination diagrams of
Schandl & Gorton (2002), samples from the Kula pluton
clearly fall in the field of the active continental margin (ACM)
and oceainic arc (OA) except for two samples falling into
the within plate volcanic zone (WPVZ) (Fig. 7c,d).

The Kula pluton samples were evaluated on multi-element
and REE spider diagrams normalized to N-MORB, Lower
Crust, Upper Crust, and Chondrite in order to investigate the
properties of the source from which the magma was derived
(Fig. 8). In the N-MORB normalized multi-element spider
diagram (Fig. 8a), all samples of the Kula pluton show enrich-
ment of large ion lithophile (LIL) elements (Sr, K, Rb, Ba and
Th) and relatively depletion of high field strength (HFS)
elements (Nb, Y, Ta, Ti). At the same time, prominent Ta, Nb,
P and Ti negative anomalies can be observed in all samples.
On this diagram, the Kula pluton displays a subduction-related
signature of relatively enriched LIL elements with relatively
depleted HFS elements (Ta and Nb) (Fig. 8a). High incompa-
tible element abundances (e.g., K, Rb, and Ba) and strong
depletions of Sr, Ta, Nb, P and Ti are also typical of subduc-
tion zone enrichment, assimilation and crustal contamination.
In the Lower Crust — normalized diagram (Fig. 8b), all of
the trace elements show similar trends with the N-MORB

normalized patterns. Although all trace elements in the Lower
Crust normalized spider diagram show similar patterns to
N-MORB, in the Upper Crust normalized spider diagram,
almost all elements follow a horizontal trend in accordance
with the Upper Crust values (Fig. 8c).

Chondrite-normalized rare-earth element diagram for the
Kula pluton show enriched light rare earth elements (LREE)
and flat HREE trend (Fig. 8d). Kula pluton samples show two
different behaviours in terms of Eu anomaly (Eu/Eu* values
are between 0.2 and 0.98). Some of the samples show strong
negative Eu anomalies (KL-3, 4, 5 and 12), while others
exhibit slightly negative Eu anomalies. These samples contain
common feldspar minerals, such as plagioclase and ortho-
clase, and have been affected by sericitic alteration (Fig. 3d,e).

Eu anomalies are controlled by feldspar crystallization in
igneous rocks and may be due to fractional crystallization of
plagioclase and contamination from continental crust derived
melts that has undergone considerable Eu consumption. It is
seen that the samples, except for a few, follow a horizontal
trend in the SiO, versus Ew/Eu* diagram (Fig. 9a). This may
be a reflection of magma mixing and / or source melting rather
than plagioclase fractionation. The fractional crystallization
process is modelled on Ba versus Eu, Ba versus Sr, and Rb
versus Sr and Ba binnary plots (Fig. 9b—d) by using the
FC-Modeler excel spreadsheet (Keskin 2002). In the model,
the Kd values for plagioclase, K-feldspar, biotite and
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amphibole are those for felsic magma compositions. On the
Ba versus Eu and Ba versus Sr diagrams, the increase in Ba
contents with increasing Eu and Sr concentrations is possibly
related to the fractionation of K-feldspar, while the decrease
in Rb contents with increasing Sr concentrations is due to
the fractionation of K-feldspar and plagioclase. However, on
the Rb versus Sr diagram, the decrease in Rb contents with
increasing Sr concentrations is possibly reflected to the frac-
tionation of K-feldspar and plagioclase with biotite (Fig. 9d).
At the same time, Permo—Carboniferous plutons in the Istranca
Massif and northern part of the Kula pluton show compatible
trends with the sothern part of the pluton. The Th/Nd versus
Th diagram is a useful tool for monitoring magma mixing,
partial melting and fractional crystallization processes. In this
diagram, it is seen that majority of the samples are mostly
aligned along the magma mixing and partly along the partial
melting line rather than fractional crystallization line (Fig. 9e).
Consequently, these geochemical trends from the Kula pluton
must be produced by different degrees of magma mixing
and/or partial melting. It defines curving arrays, which can be
interpreted as mixing hyperbolas. Furthermore, the data on
straight lines are discernible from mixing of sources (i.e.
source contamination or metasomatism) (Schiano et al. 2010).
Assimilation and fractional crystallization (AFC) process is
modelled on Nb vs Nb/Zr diagram (Fig. 9f) by using the
AFC-Modeler excel spreadsheet (Keskin 2013). The calcula-
ted vectors show that the pluton samples plot along a slightly
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interpreted as the assimilation is much more prominent regar-
ding to the fractionation processes (» (Ma/Mc)=0.0-0.4).
Trace element modelling shows that the Kula pluton is consis-
tent with magma mixing, fractional crystallization and partial
melting processes. Magma mixing of chemically contrasting
compositions produces intermediate magmas in some arcs
(e.g., Kuno 1950; Anderson 1976). Zaraisky et al. (2008)
suggested that the Zr/Hf ratio in a granite intrusion related
to single magma chamber regularly changes from granodiorite
to biotite granite, leucogranite and Li—F granite (from 45-30
to 10-2) during the fractional crystallization processes.
According to the Zaraisky et al. (2008) diagram (Fig. 9g), it is
seen that the Kula pluton is located in the area of Barren gra-
nites, which gradually evolved from a mafic end member to
leucogranites in accordance with the crystallization processes,
and it can be said that these granites are poor granites in terms
of Sn—W-Mo-Be mineralization.

Experimental petrology studies on different rock types have
provided important clues in determining the primary source of
the granitic magmas (Patifio Douce 1999; Altherr et al. 2000;
Altherr & Siebel 2002; Castro et al. 2010; Laurent et al. 2014).
Mg# values in Kula metagranitoid rock samples are between
20-55 and can be generated by crustal material with involve-
ment of a mantle component. On the Mg# versus SiO, and
molar ALO,/(MgO+FeO;) versus CaO/(MgO+FeO,) dia-
grams (Fig. 10a,b) of Altherr & Siebel (2002), samples of
the Kula pluton plot within the fields of melts derived from
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mixtures, with trends suggesting the possible involvement
of felsic components (Fig. 10a,b). On the AL,O,/(FeO,+MgO)
—3#%Ca0—5%(K,0/Na,0) ternary diagram (Laurent et al.
(2014), the Kula pluton samples fall mainly into the field of
partial melting of low-K mafic rocks and tonalite fields, and
some of the samples fall into the field of partial melting of
high-K mafic rocks and metasediments fields (Fig. 10c).
Similarly, on the F~An—Or diagram (Castro 2013), all samples
coherent with the low-pressure water-undersaturated granites
field derived from the primary andesitic magma (Fig. 10d).

As a result, geochemical data for the studied plutonic rocks
imply that these plutons formed by a crustal-derived mafic
melts in a subduction-related tectonic settings at the lower—
upper crust. These rocks mixed with sub continental litho-
spheric mantle and/or mafic lower crustal melts and were
contaminated by felsic crustal melts.

Regional comparisons and geodynamics
The Permo—Carboniferous time was a geologically crucial

time for Central Europe (including Rhodope, Serbo Mace-
donian, and Istranca Massifs), and Pontides (Schmid et al.
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2020 and references therein). The Paleo-Tethys Ocean, which
separated the Gondwana and Laurasia continents, underwent
the last stages of subduction or closure in this period. Follo-
wing the closure of the ocean, the Variscan orogeny developed
in Europe with the collision of the Gondwana and Laurasia
continents (Stampfli & Borel 2002; Cocks & Torsvik 2006;
Okay & Topuz 2017). This orogen is characterized by the
juxtaposition of blocks of continental crust where these Cado-
mian blocks are separated by high strain zones containing
the record of subduction-related processes. These zones are
interpreted as sutures between one or more postulated litho-
spheric microplates sandwiched between two major plates
(Kroner & Romer 2013).

In Western and Central Europe, the Variscan orogeny ended
in the Late Carboniferous with the collision of the main
body of Gondwana with the amalgamated Laurussia (Tait et
al. 1997; Stampfli & Borel 2002; Cocks & Torsvik 2006;
Schulmann et al. 2014). The Variscan orogen in central Europe
also involved Carboniferous low-pressure high-temperature
(LP—HT) metamorphism and partial melting (Ivanov et al.
2000; von Quadt et al. 2006; Naydenov et al. 2009; Okay &
Topuz 2017). These metamorphic rocks are closely associated
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of source of magma.
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with syn- and post-tectonic granites. The metamorphism is
restricted to a narrow range (340-325 Ma, e.g., Henk et al.
2000; O’Brien 2000; Carrigan et al. 2006; Mayringer et al.
2011; Okay & Topuz 2017) in the Black Sea region.

Late Carboniferous—early Permian (328 to 271 Ma) grani-
toid magmatism in the Central Europe, the Rhodopes, Serbo-
Macedonian Massifs and Istranca Zone, is defined as different
orogenic and subduction processes by some researchers
(Dimitrov 1946; Zagorchev et al. 1973; Okay et al. 2001;
Kamenov et al. 2002; Peytcheva et al. 2004, 2018; Carrigan et
al. 2005; Carrigan et al. 2006; Sunal et al. 2006; Machev et al.
2015; Okay & Topuz 2017; Bonev et al. 2019a; Table 1). This
zone may be correlated with Central Europe due to magma-
tism and metamorphism.

There are different opinions about the tectonic setting of
plutons in the late Carboniferous—early Permian period, which
outcrop in the Istranca Massif. While some studies suggest
that these rocks are products of the Variscan orogeny follo-
wing the closure of the Paleo-Tethys ocean (Okay et al. 2001;
Sunal et al. 2006; Machev et al. 2015), others emphasize that
these metagranitoids were an active continental arc magmatic
developing on the northern edge of the Paleo-Tethys, north of
the N-dipping and still open basin (Natal’in et al. 2016; Bonev
et al. 2019a). In addition, recent studies of upper Carbonife-
rous granitoids in the Sakarya Zone and the Afyon zone,
located in north-western Turkey, indicate that these granitoids
are from a magmatic arc environment associated with the sub-
duction of the Paleo-Tethys ocean (Ustadmer et al. 2012;
Candan et al. 2016). For the Variscan-related arc granites in
the Pelagonian and Sakarya zones on the active southern
margin of Laurasia, a dual subduction of Paleo-Tethys can be
envisaged between early Carboniferous and late Permian
(Candan et al. 2016). On the other hand, the late-Variscan
orogeny in the Istranca massif in the eastern part of Europe
was defined during the early Permian period (Okay et al.
2001). Early Permian zircon ages are obtained from both the
deep-level granites and the surrounding gneisses and migma-
tites (Okay et al. 2001). Younger ages were found for the
Kirklareli metagranite (268.3+2.1 Ma), Tepecik cataclastic
granite at the eastern end of the Istranca massif and Sancaktepe
granite in Istanbul Zone (249.4+1.5 Ma SHRIMP U-Pb for
the Tepecik pluton and 257.3+1.5 Ma and 253.7+1.75 Ma for
the Sancaktepe pluton; Aysal et al. 2018a). The ages obtained
were compared to relatively younger ages (Y1ilmaz Sahin et al.
2009; Aysal et al. 2018a) at the most south-eastern part of
the Istranca Zone of 249.4+1.5 Ma and 253.6+1.75 Ma. These
middle Permian—Lower Triassic (268.3+2.1 Ma to 249.4
+1.5 Ma) plutons were formed in a subduction-relating setting
(Aysal et al. 2018a). In addition, younger ages (243-238 Ma;
Bonev et al. 2019b) of Triassic magmatism were obtained
from igneous rocks in the westernmost parts of the Sakar-
Istranca zone in Bulgaria. This middle Triassic igneous acti-
vity, following the late Carboniferous—Permian magmatism, is
linked to the northward subduction of the Paleo-Tethys Ocean
(Bonev et al. 2019b). It can be interpreted that the continental
arc magmatism was more effective in the Sakar-Istranca Zone
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during the late Carboniferous—Middle Triassic and demon-
strates that the Paleo-Tethys subduction under the Eurasia is
still on-going at that time.

In previous studies, ages of 293.5+1.7 and 301.9+1.1 Ma
were obtained from the continuation of the Kula pluton in
Bulgaria (Machev et al. 2015), while an age of 27111 Ma
was reported for the metagranite in Turkey (Okay et al. 2001).
In this study, concordia ages of 298.06+0.68 Ma (early
Permian — Asselian) and 311.91+1.34 Ma (late Carboniferous
— Pennsylvanian) were obtained with U-Pb methods for mag-
matic zircons (KL-6 and KL-2) from the Kula pluton in NW
Turkey (Fig. 2). Since the KL-6 sample was subjected to mode-
rate deformation, it has textural differences compared to the
KL-2 sample. Furthermore, younger ages (298.06+£0.68 Ma)
than the KL-2 sample (311.91+1.34 Ma) were obtained,
located in the older area in the centre (Fig. 11). Based on
these geochronology data, the Kula pluton was affected by
the Variscan orogeny and related tectonic events. As is known,
the Variscan orogeny in Western and Central Europe consists
of two phases; an early phase between 340 and 325 Ma, and
a late phase between 315 and 290 Ma (Finger et al. 1997;
Bonev et al. 2019a). Late Carboniferous—Permian igneous
activity in the Istranca Massif was interpreted in terms of
Variscan evolution involving metamorphism and plutonism
comparable to Central Europe (Okay et al. 2001; Okay &
Topuz 2017). These different ages (from 271 to 310 Ma;
Fig. 10) for the granitoids of that pluton might be due to incre-
mental growth and by subsequents plutonic phases. The pluton
was formed by several different magma pulses following
the metamorphism of the host rocks. 296279 Ma Rb—Sr ages
obtained from Carboniferous metagranitoids in the Istranca
Zone indicate the metamorphism at the Carboniferous—Per-
mian boundary (Sunal et al. 2011). Also, these igneous rocks
were affected by the early Alpine metamorphism that pro-
gressed from amphibolite facies to greenschist facies during
the Late Jurassic—Early Cretaceous period (Sunal et al. 2011;
Bonev et al. 2020). The different magma pulses in Istranca
zone, including granitoids in Bulgaria, can be partly defined
according to dating results and some geological and geoche-
mical properties. Contacts, enclaves or xenoliths of granitoids,
which are the most important evidences of different magma
pulses in the field, could not be observed due to effects of
dense forest, matemorphism and alteration. However, geoche-
mically, it was observed that some samples contained high Ba
and Sr against low Rb (KL-1, 2, 6. 7, 8, 9, 10, 13, 14), while
some samples, on the contrary, contained low Ba and Sr
against high Rb (KL-3, 4, 5,11, 12). Further work is also
needed to distinguish the textural differences among the
magmatic pulses, i.e. fabric orientations and fabric types of
the Kula pluton.

New geochemical and geochronological data indicate that
the Kula pluton can be considered a product of a subduc-
tion-related tectonic setting to the north of Paleo-Tethys,
which is commonly observed in the Istranca—Rhodope—Serbo-
Macedonian Massifs, during the late Carboniferous—early Per-
mian period (Fig. 12). According to these features, the Istranca
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Massif may be also assigned to the late
Paleozoic—early Mesozoic Silk Road
Arc (Natal’in & Sengor 2005) evolving
on the southern margin of Eurasia due to
the northward subduction of the Paleo-
Tethys. Arguments for such assumption
provide the Ordovician granitoids in the
Sakar—Strandja zone that has been
reported (Bonev et al. 2019a). The pro-
ducts of this Ordovician magmatism
developing in the back-arc environment
also point to the existence of a subduction
system during the Ordovician (Bonev et
al. 2013). According to Bonev et al.
(2021), Sakar—Istranca zone shows a con-
tinental arc major magmatic pulse in the
late Carboniferous—Permian connected
with Paleo-Tethys subduction. According
to all these data, The Istranca Massif
might be also interpreted as a fragment of
the long-lived Ordovician—Triassic mag-
matic arc, which evolved on the northern
side of the Paleo-Tethys.

Conclusion

Kula pluton has metaluminous, I-type,
high-K calc-alkaline geochemical pro-
perties and it exhibits a hybrid magma
character formed by fractional crystalli-
zation (FC) and magma mixing processes
involving crustal and mantle material.

New U-Pb zircon ages of 298.06+
0.68 Ma (early Permian — Asselian) and
311.91+£1.34 Ma (late Carboniferous —
Pennsylvanian) were obtained from Kula
pluton in the north-western part of the
Istranca massif along the Turkey—Bul-
garia border.

The different ages of the pluton might
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