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ARTICLE INFO ABSTRACT

Keywords: The Central Pontides in northern Anatolia is located on the accretionary complex formed by the closure of
Intra-Pontide ocean Neotethyan Intra-Pontide Ocean between the southern Eurasian margin (Istanbul-Zonguldak Terrane) and the
Jurassic

Cimmerian Sakarya Composite Terrane. Among other components of the oceanic lithosphere, it comprises not
yet well-dated felsic igneous rocks formed in arc-basin as well as continent margin settings. In-situ U-Pb age
results for zircons from the arc-basin system (6angaldag Metamorphic Complex) and the continental arc
(Devrekani Metadiorite and Granitoid) yield ages of 176 = 6 Ma, 163 + 9Ma and 165 *= 3 Ma, respectively.
Corresponding in-situ average (initial) '”®Hf/!””Hf initial ratios are 0.28261 + 0.00003, 0.28267 *+ 0.00002
and 0.28290 + 0.00004 for these units and indicative of a subduction-modified mantle source. The new U-Pb
ages and Hf isotope data from these oceanic and continental arc units together with regional geological con-
straints support the presence of a multiple subduction system within the Intra-Pontide Ocean during the Middle

Arc magmatism
Central Pontides
N Turkey

Jurassic.

1. Introduction

The closure of the Tethyan oceanic branches along the Alpine-
Himalayan orogenic belt resulted in accretion of a number of oceanic
and continental micro-plates (e.g. Sengor and Yilmaz, 1981) or terranes
(e.g. Gonciioglu et al., 1997; Okay and Tuysuz, 1999; Stampfli and
Borel, 2002). In the Eastern Mediterranean and especially in Anatolia,
the sutures of these oceanic branches existing during the mid-Mesozoic
are known as the Neotethyan suture belts (e.g. Gonctioglu, 2010). From
these (Fig. 1), the southernmost (the Bitlis-Zagros Suture) and the
middle (the Izmir-Ankara-Erzincan-Sevan-Akera Suture) are relatively
well-studied (for a brief review see Robertson et al., 2013). However,
the tectonic and geodynamic history of northernmost suture, the Intra-
Pontide Suture (IPS), is still a matter of debate. It was initially suggested
by Sengor and Yilmaz (1981) that the IPS is bound to the north by the
Rhodope-Pontide fragment and by the Sakarya Continent to the south.
However, the location, opening and closure ages, subduction polarity,
even the existence of the corresponding oceanic branch (the Neo-
tethyan Intra-Pontide Ocean (IPO)) is still disputed (e.g., Robertson and
Ustadmer, 2004). Recent field studies in the central part of the IPS,
supported by new and precise radiometric age data (Okay et al., 2014;
Cimen, 2016) indicate that the IPS formed by the closure of the IPO
during the Mid- Late Mesozoic resulting from N-ward subduction and

stepwise accretion of oceanic/continent margin assemblages to the
Eurasian margin (e.g. Okay et al., 2006; Gonciioglu et al., 2014; Sayit
et al., 2016; Cimen et al., 2016, 2017). In the Central Pontides (CP), the
very thick structural complex comprising mainly oceanic assemblages is
referred to as the Central Pontide Structural Complex (CPSC; Tekin
et al.,, 2012). It is mainly represented by variably metamorphosed
supra-subduction type basic volcanic rocks and associated sediments. A
comparatively less-voluminous member of the IPS is characterized by
felsic, intermediate and mafic extrusive and intrusive rocks (e.g.
Ustadmer and Robertson, 1999; Okay et al., 2013; Cimen et al., 2016),
of island-arc (Cangaldag Metamorphic Complex), and continental arc
(Cangaldag Pluton; Cimen et al., 2017) origins. In contrast to the
oceanic basalts, the tectono-magmatic evolutions as well as the ages of
these arc-assemblages have yet to be studied in detail. Moreover, dis-
tinct arc-type magmatism of Jurassic age is reported (McCann et al.,
2010; Meijers et al., 2010; Dokuz et al., 2017) from the neighbouring
terranes such as the Eastern Pontides, Crimea and Greater Caucasus
(Figs. 1 and 2). However, a reliable correlation of the age and tectono-
magmatic setting of this arc-type magmatism with the rock assemblages
present within the CP is hampered by the scarcity of radiometric age
data.

In this paper, new radiometric age and Hf isotope data are reported
from the widespread oceanic arc (Cangaldag Metamorphic Complex; a
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Fig 1. Tectonic map of the Black Sea region with the main alpine terranes (modified from Okay and Nikishin, 2015; Cimen et al., 2017); CPSC: Central Pontide Structural Complex. SCT:
Sakarya Composite Terrane. IZT: istanbul-Zonguldak Terrane. IAESASB: izmir-Ankara-Erzincan-Sevan-Akera Suture Belt.

part of the CPSC) and continental margin (Devrekani Granitoid and
Metadiorite) magmatism in the CP. The aim is to provide useful in-
ferences and insights into the geological evolution of the CP and the
Black Sea region during the Middle Jurassic.

2. Geological framework

The “Central Pontides” is a geographical term comprising several
units with geographical (e.g. Devrekani Massif, Kargi Massif, Daday
Massif, Ilgaz Massif) or tectonic (e.g. Kiire Complex, Geme Complex,
Devrekani Metamorphics, CMC, Elekdag Complex, Domuzdag-Saraycik
Complex) origin (Yilmaz and Tiiysiiz; 1984; Ustaomer and Robertson,
1999; Kozur et al., 2000; Gonciioglu et al., 2012,2014; Okay et al.,
2006, 2013, 2014, 2015; Okay and Nikishin, 2015; Aygiil et al., 2016;
Sayit et al., 2016; Cimen et al., 2016; Giicer et al., 2016) (Fig. 2a). It
includes the tectonic boundary between the Gondwana-derived Is-
tanbul-Zonguldak Terrane (IZT) in the N, the Cimmerian Sakarya
Composite Terrane (SCT) in the S and remnants of the Neotethyan IPS
Belt (Figs. 1, 2a) between them (e.g. Gonciioglu, 2010). The large area
of metamorphic rocks in the southern part of the CP, previously inter-
preted as the remnant of Paleotethys (e.g. Gonciioglu et al., 1997; Okay
and Tuysuz, 1999) has been recently proven to be Mid-Jurassic-Cre-
taceous in age (e.g. Okay et al., 2006), and defined as the CPSC (Tekin
et al., 2012; Frassi et al., 2016; Cimen et al., 2016) of the IPS. It com-
prises the Daday Massif in the west, the Elekdag-Domuzdag and Kargi
massifs in the east, and the Cangaldag Metamorphic Complex (CMC) in
the north (Fig. 2a). The CMC is bounded in the north by the Cangaldag
Pluton that intrudes the southern Eurasian continental margin.

2.1. Pre-middle Jurassic structural units of the Eurasian margin

The Paleozoic Terranes of the Eurasian margin are represented by
the Devrekani Metamorphics and Geme Complex (Okay et al., 2015;
Giicer et al., 2016), and Permo-Carboniferous Sivrikaya and Deliktag
Granitoids (Nzegge, 2008) in the CP (Fig. 2a, d).

2.1.1. Geme Complex, Sivrikaya and Deliktas granitoids

The Geme Complex has been recently studied by Okay et al. (2014).
The complex comprises gneisses and migmatites with minor amphibo-
lite and marble. It is intruded by the Middle Jurassic (163 Ma + 4 Ma)
Dikmen Porphyry and unconformably overlain by Lower Cretaceous
sandstone and shale (Fig. 2a). The cross-cutting relations indicate a pre-
Callovian metamorphic age for the complex. Okay et al. (2014) suggests
that the Geme Complex represents the remobilized basement of the CP.

The Late Carboniferous Sivrikaya (300 + 1Ma) and the Early
Permian Deliktas (295 + 1 Ma) granitoids (Fig. 2a) have been studied
by Nzegge (2008). The Sivrikaya granitoid is composed of granodior-
ites, tonalites and two-mica granites, generated by mixing of partially
melted lower continental crust and subcrustal lithospheric mantle. The
Deliktas pluton includes only muscovite-rich monzogranites displaying
geochemical characteristics of S-type granites. Both granitoids have
been interpreted as magmatic products of orogenic collisional tectonics,
and crustal thickening during northward subduction of a Paleozoic
ocean (the Paleotethys Ocean in Nzegge, 2008).

2.1.2. Devrekani Metamorphics

The Devrekani Metamorphics terrane is structurally located be-
tween the Kiire Complex and the CMC (Figs. 2 and 3). It comprises
medium-to high-grade metamorphic rocks including paragneiss,
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Fig. 2. Geological maps of the (A) Central Pontides (modified after Okay et al., 2015; Gonciioglu et al., 2012,2014; Ustadmer and Robertson, 1999; Cimen et al., 2017). CMC: Cangaldag
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and Rogov, 2010 and (C) Caucasus (McCann et al., 2010) regions (D) Sketch cross section of the main tectonic units in the Central Pontides (modified from Ustadmer and Robertson,

1999; Cimen, 2016; Cimen et al., 2017).

amphibolite and marbles, which have been metamorphosed to amphi-
bolite and granulite facies conditions (Boztug and Yilmaz, 1995; Boztug
et al., 1995; Ustaomer and Robertson, 1999). The unit is intruded by
variably deformed and metamorphosed granitoids (Fig. 4a), which are
referred to as “orthogneisses” in this study. The presence of such meta-
granitoids is a common feature of different Variscan basements
(Gonciioglu, 2010) in northern Turkey.

The protoliths of the amphibolites, orthogneisses and paragneisses
have been interpreted as island-arc tholeiitic basalts, I-type calc-alka-
line volcanic arc granitoids and clastic sediments (shale-wackestone),
respectively (Giicer et al., 2016). The Devrekani Metamorphics have
been evaluated as the products of Permo-Carboniferous
(316 = 9Ma-252 + 9Ma) arc affected by Jurassic metamorphism
(Giicer et al., 2016). Yilmaz and Bonhomme (1991) reported an age of
metamorphism for the Devrekani Metamorphics of 149 = 4Ma to
170 = 10 Ma on the basis of K-Ar mica and amphibole ages. Recently,
similar Jurassic Ar-Ar mica ages of 151 = 1Maand 156 + 2 Ma were
reported by Okay et al. (2014) and Giicer et al. (2016), respectively.

Moreover, metaophiolite slices (Dibekdere metaophiolite of Yilmaz,
1980) are tectonically intercalated within the Devrekani Metamorphics
(Fig. 3) and sandwiched between the Devrekani Metamorphics and the
CMC. The metaophiolite slice within the Devrekani Metamorphics in
the studied area is about 3.5km thick and stretches for more than 15
kms in NE-SW direction (Fig. 3). It mainly comprises harzburgites and
dunites with chromite veins. The other metaophiolite slice between the
Devrekani and CMC is located in the SW corner of the study area
(Fig. 3). The slice is more than 2 km thick and mainly includes highly
deformed cumulate metagabbros, plagiogranites, dolerites and

25

metabasalts adjacent to serpentinites. The formation age of these me-
taophiolites as well as the age of their imbrication with the Devrekani
Metamorphics is unknown, and to date there are no published radio-
metric age data. In the former slice, two metadiorite bodies were ob-
served to cross-cut the metaophiolite body in different locations
(Fig. 4b). The metadiorites display holocrystalline/porphyritic texture
and include plagioclase, amphibole, biotite, chlorite and quartz as
phenocrysts.

2.2. Middle Jurassic continental arc magmatics at the Eurasian margin

The Middle Jurassic magmatism is represented by several intrusive
bodies in the CP (e.g. Devrekani Granitoid, Asarcik Diorite, Dikmen
Porphyry, Karaman and Cangaldag Plutons; Fig. 2a). This widespread
magmatism (e.g. Cangaldag and Karaman Plutons) cuts the Paleozoic
basement units and the Kiire Complex at several locations. All of these
assemblages are unconformably overlain by cover units such as the Late
Jurassic Inalti, Early Cretaceous Gaglayan and Tertiary Units, respec-
tively.

2.2.1. Asarcik Diorite, Karaman Pluton and Dikmen Porphyry

The Asarcik diorite (Fig. 2a) intrudes the Devrekani Metamorphics
and the first radiometric age data are reported as Middle Jurassic age
(176 = 7Maand 162 + 5Ma) with the K-Ar method (Bonhomme and
Yilmaz, 1984; Yilmaz and Bonhomme, 1991). Recently, the radiometric
age and geological data from the Karaman Pluton and the Dikmen
Porphyry have been published by Okay et al. (2014). According to this
study, the Karaman Pluton intrudes the Triassic Kiire Complex and is
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unconformably overlain by the Early Cretaceous turbidites (Fig. 2a). It
displays a zoned structure with a core of medium-grained micro-gran-
odiorite to micro-diorite surrounded by dacite porphyry. The Ar-Ar
dating of biotite from a dacite-porphyry sample yields a Middle Jur-
assic age (162 = 4 Ma, Okay et al., 2014).

The Dikmen Porphyry intrudes the Geme Complex and is un-
conformably overlain by the Lower Cretaceous turbidites (Fig. 2a). It is
a shallow-level intrusion and composed of porphyritic grey andesite
and dacite. Ar-Ar dating of biotite from one dacite porphyry sample
yields a Middle Jurassic age as well (163Ma + 4Ma; Okay et al,

2014). Another Late Jurassic (160.5Ma =+ 1.2Ma) whole rock Ar-Ar
data is reported from “basic dikes” cross-cutting the Devrekani Meta-
morphics, and interpreted as a cooling age, reset by the intrusion of
Middle Jurassic granitoids (Sarifakioglu et al., 2017).

2.2.2. Gangaldag Pluton

Three different rock groups, gabbroic diorite, dacite porphyry and
granite, were noted within the Cangaldag Pluton. This intrusive body
intrudes the Triassic Kiire Complex in the east and is overlain by the
inalti Formation (Fig. 3). There is an oblique fault between the

Fig. 4. (A) An image of the cross-cutting relation
between the Devrekani Orthogneiss and the

Devrekani Metamorphics

Devrekani Metaophiolite
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I3

Devrekani Metamorphics (Locality P1). (B) An image
of the cross-cutting relation between the Devrekani
Metadiorite and the Devrekani Metaophiolite
(Locality P2). (C) Field image of the granite body
within the Devrekani Granitoid (Locality P3). (D) An
image of the cross-cutting relation between the me-
tabasic rocks and metarhyodacites within the CMC
(Locality P4).
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Cangaldag Pluton and the CMC units according to field observations.
Based upon the cross-cutting relation between the Cangaldag Pluton
and the Kiire Complex, its age must be between Triassic and Late Jur-
assic; this observation was recently confirmed by in-situ U-Pb zircon
ages of Middle Jurassic (161 = 5Ma and 170 *+ 2 Ma; Cimen et al.,
2017). Overall, the geological and petrological data reported by Cimen
et al. (2017) indicate that the CP represents a Middle Jurassic arc
system, and propose that the Cangaldag Pluton formed within a con-
tinental arc during northward subduction of the IPO.

2.2.3. Devrekani Granitoid

The Devrekani Granitoid outcrops to the south Devrekani town of
Kastamonu (Figs. 2a, 3) and is mainly composed of diorites and granites
(Fig. 4c). Additionally, Nzegge (2008) has geochemically identified the
presence of tonalite bodies within this unit. They are characterized by a
medium grain size and whitish/greenish color. The igneous body has
been affected by intense alteration processes and it is therefore difficult
to differentiate the rock types in the field. Geologically, the Devrekani
Granitoid cuts the Triassic Kiire Complex in the south and the Devre-
kani Metamorphics to the east of Devrekani. It is disconformably cov-
ered by the Tertiary units in the north (Fig. 3). The geochemical sys-
tematics of the Devrekani Granitoid shows the typical characteristics of
subduction-related magmatism (Nzegge, 2008). Also, the age of the unit
was dated as Middle Jurassic (from 170 + 2Ma to 165 = 5Ma) using
single zircon evaporation method (Nzegge, 2008). In this study, one
granite sample (DVK-13) was taken from the Devrekani Granitoid for
geochronological investigation. It displays porphyritic texture and
contains plagioclase, K-feldspar and quartz phenocrysts embedded in a
medium-grained groundmass that includes biotite, chlorite and am-
phibole. Here, we present new radiometric age data for this unit using
an in-situ LA-ICP-MS U-Pb dating method.

2.3. Early Jurassic island arc of the IPS

The oceanic assemblages of the IPS are included in the CPSC (Figs.
1, 2a,d) consisting of several tectonic units such as the CMC, Domuzdag
Unit, Emirkdy Unit, Ayl Dag Unit, Arkot Dag Unit, Saka Unit and
Daday Unit (for details see Sayit et al., 2016 and Frassi et al., 2016,
2018). From these the northerly located (Fig. 2a) CMC is the only unit
with felsic to intermediate rocks representing an island arc within the
IPO. All others outcrop in the southern part of the CPSC and include a
structural pile of supra-subduction type metabasic rocks (e.g. Ustaomer
and Robertson, 1999; Okay et al., 2006, 2013, Gonciioglu et al.,
2012,2014; Tekin et al., 2012; Marroni et al., 2014; Sayit et al., 2016;
Frassi et al., 2016).

2.3.1. Gangaldag Metamorphic Complex

The CMC is tectonically bounded by the Devrekani Metamorphics in
the north and the Tagkoprii-Boyabat Tertiary basin to the south (Figs.
2a, d, 3). Initially, the CMC had been defined as a metaophiolitic body
by several authors (Yilmaz, 1980, 1983; Yilmaz and Tiiysiiz, 1984;
Sengiin et al., 1988; Tiiysiiz, 1985,1990; Boztug and Yilmaz, 1995).
Later, it was ascribed to a structurally thickened pile of mainly volcanic
rocks and subordinate volcaniclastic rocks that overlie a basement of
sheeted dykes in the north and basic extrusives in the south (Ustaomer
and Robertson, 1999).

According to a recent study (Cimen et al., 2016); the CMC is com-
posed of low-grade metamorphic rocks of intrusive, extrusive, and
volcanoclastic origin that exhibit a wide range of felsic to mafic com-
positions. Petrographically, it consists of basalts-andesites-rhyodacites
and tuffs with minor amount of gabbros and diabases. Most of these
magmatic rocks are metamorphosed to greenschist facies conditions
(Cimen et al., 2016). In the field, the contacts between the main igneous
rock bodies are sheared whereas intrusive relations are observed be-
tween the metavolcanoclastic/metabasic rocks and the meta-rhyoda-
cites (Fig. 4d). The thickness of these metarhyodacite bodies within the
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CMC vary between 3 and 15m. They display white and slightly
brownish colors and mostly porphyritic and microcrystalline textures.
The phenocryst phases are characterized by quartz, feldspar and minor
biotite in a fine-grained groundmass. Quartz phenocrysts exhibit un-
dulatory extinction and the feldspar minerals mostly have been altered
to sericite.

The overall geochemical characteristics of the CMC indicate its
derivation from a subduction modified mantle source (Ustadomer and
Robertson, 1999; Cimen, 2016). Overall, the CMC was presumably
formed in both arc and back-arc regions above an intra-oceanic sub-
duction within the IPO (Cimen et al., 2016). Specifically, the me-
tarhyodacites are variably depleted in Nb compared to LREEs and dis-
play geochemical similarities to dacites from oceanic arcs, such as
Mariana (Cimen et al., 2016).

Three metarhyodacite samples (AK-7, AK-14 and AK-22) were taken
from the CMC from the central part of the study area (Fig. 3) in order to
date the intrusion by zircon U-Pb laser ablation-multicollector-in-
ductively coupled plasma mass spectrometry (LA-MC-ICP-MS) method.
Previous studies have reported K-Ar ages of Middle Jurassic
(153Ma =+ 16 Ma) and Early Cretaceous metamorphism
(126 +* 4Ma-110 * 5Ma) for the CMC’s metabasic rocks and phyl-
lites, respectively (Yilmaz and Bonhomme, 1991). Early Cretaceous
metamorphic ages have been corroborated by Okay et al. (2013) for the
complex with more reliable white-mica Ar-Ar age determinations of
136 + 4Ma and 125 + 1 Ma. Moreover, Okay et al. (2014) published
a single Middle Jurassic (169 = 2Ma) U-Pb radiometric age determi-
nation for a metadacite sample, which represents the protolith of the
CMC.

2.4. Cover units

The sedimentary cover units are grouped as the “first allochthonous
cover” comprising the Late Jurassic Biirniik and inalt1 formations, the
“second allochthonous cover” consisting of the Early Crateceous
Caglayan and Late Cretaceous/Early Paleocene Gokceagac formations
(Uguz and Sevin, 2007), and the Tertiary cover of the Taskoprii-Boy-
abat Basin (Fig. 3).

3. Analytical methods

Three metarhyodacite samples (AK-7, AK-14, AK-22) from the CMC,
one sample of metadiorite (DV-11) intruding the Devrekani
Metaophiolite, and one granite sample from the Devrekani Granitoid
(DVK-13) were examined for U-Pb age determinations. The detailed
sample preparation process including heavy mineral separation and
hand-picking of crystals using a petrographic microscope are reported
in Cimen et al. (2017). In total, ~ 60 zircon grains were embedded on a
glass slide and polished in order to observe their internal structures.
The zircons were imaged by cathodoluminesence using a Cameca SX50
electron microprobe instrument before LA-MC-ICP-MS analysis (Figs. 5
and 6). In order to validate the accuracy of the U-Pb age results re-
ported here (Tables 1-3), three well established zircon standards, Ple-
Sovice (Slama et al., 2008), 91500 (Wiedenbeck et al., 1995), and GJ-1
(Jackson et al., 2004) were also analysed throughout the analytical
sessions. The detailed analytical procedure is included in the Appendix
file.

In situ Hf isotope measurements were conducted on the same zircon
grains investigated for U-Pb age determinations. As used for the in-situ
U-Pb analyses, the same LA-MC-ICP-MS instrument configuration was
employed for the in-situ Hf analyses. Three well characterized zircon
standards for their Hf isotope compositions, PleSovice (Slama et al.,
2008), 91500 (Woodhead and Hergt, 2005), and BR266 (Woodhead
et al., 2004) were analyzed at the start of each analytical session in
order to ensure the accuracy of the in-situ Hf results reported here
(Tables 4-6). The detailed analytical procedure is included in the Ap-
pendix file.
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AK-7-4

Fig. 5. CL images of zircon grains from Gangaldag Metamorphic Complex samples AK-7, AK-14 and AK-22 (Red circles: U-Pb (**’Pb/?**U in Ma) spots-35 um, Blue circles: Hf spots-
35um). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Results and discussion

4.1. U-Pb geochronology

4.1.1. Cangaldag Metamorphic Complex

The U-Pb zircon geochronometer is amongst the most reliable

Table 1

radiometric methods for determining the age of igneous rocks (e.g.,
Simonetti et al., 2005). Zircon grains (n = 16) from three metarhyo-
dacite samples (AK-7, AK-14 and AK-22) within the CMC were analyzed
and the U-Pb age results are reported in Table 1. The morphology of the
analyzed zircons ranges from rounded to euhedral in shape, and in-
ternal structures may be diffused, oscillatory, laminated and unzoned

U-Pb isotopic data for zircons in the metarhyodacite samples from the Cangaldag Metamorphic Complex.

Grain # 2387 (volts) 2°°Pb (cps) 2°°Pb/?*Pb 2°°Pb/?38U 20 207pb/33y 20 207pp/206pp 20 206ph/238y Age  27Pb/*°U Age  27Pb/?°°Pb Age
(Ma) (Ma) (Ma)

AK-7-1 0.5110 578125 40000 0.0262 0.0013 0.2100 0.0105 0.0581 0.0029 166 = 9 193 = 10 533 + 27
AK-7-2 0.4680 573125 31000 0.0301 0.0015 0.2680 0.0134 0.0635 0.0032 191 * 10 239 + 12 693 * 35
AK-7-3 0.4090 486250 36200 0.0280 0.0014 0.2220 0.0111 0.0575 0.0029 178 = 9 203 + 11 506 + 26
AK-7-4 0.2309 270313 0.000 0.0273 0.0014 0.1932 0.0097 0.0517 0.0026 173 = 9 179 = 9 270 + 14
AK-14-1-1 0.1510 113750 16470 0.0169 0.0003 0.3867 0.0062 0.1692 0.0020 107 % 2 331 +5 2544 + 20
AK-14-1-2  0.1772 171250 480 0.0220 0.0003 0.3653 0.0057 0.1195 0.0009 140 * 2 315 + 5 1946 + 13
AK-14-2  0.0718 80313 26000 0.0241 0.0003 0.2030 0.0022 0.0612 0.0007 153 * 2 187 + 2 641 + 23
AK-14-3  0.2821 316813 30000 0.0256 0.0003 0.1854 0.0018 0.0527 0.0003 162 % 2 172 = 2 315 + 13
AK-14-4  0.4100 461250 69700 0.0258 0.0003 0.2164 0.0015 0.0607 0.0005 164 * 2 198 + 2 626 = 16
AK-14-5  0.1097 220000 11770 0.0431 0.0004 0.7940 0.0130 0.1340 0.0018 272 + 3 592 + 8 2145 + 24
AK-14-6  0.0924 520625 infinite 0.1260 0.0025 2.0840 0.0430 0.1196 0.0006 767 * 14 1144 + 14 1949 + 9
AK-147  0.2570 451875 18450 0.0397 0.0005 0.4288 0.0047 0.0789 0.0007 250 + 3 362 + 4 1164 + 18
AK-14-8  0.3559 398750 21000 0.0256 0.0002 0.1870 0.0012 0.0530 0.0003 162 * 2 174 + 2 329 + 11
AK-22-1  0.5932 697500 10460 0.0271 0.0022 0.3084 0.0247 0.0826 0.0066 172 * 14 272 + 22 1257 + 100
AK-22-2  0.3790 436250 15000 0.0263 0.0021 0.2279 0.0182 0.0628 0.0050 167 = 14 208 + 17 686 = 54
AK-22-3  0.4040 438125 20500 0.0248 0.0020 0.2344 0.0188 0.0685 0.0055 158 * 13 213 + 18 878 + 70
AK-22-4  0.1115 140188 41000 0.0276 0.0022 0.2393 0.0191 0.0628 0.0050 175 * 14 217 + 18 680 * 54
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Table 2
U-Pb isotopic data for zircons in the Devrekani metadiorite.

Journal of Geodynamics 116 (2018) 23-36

Grain # 238U (volts) 2°°Pb (cps) 2°°Pb/?**Pb 2°°Pb/?*®U 20 207ph/235y 20 207ph206ph 20 206ph/238y Age  297Pb/**°U Age  2°7Pb/?°°Pb nAge
(Ma) (Ma) (Ma)
DV-11-1  0.0074 17188 2300 0.0274 0.0005 0.3020 0.0180 0.0799 0.0047 174 + 4 264 * 13 1086 + 94
DV-11-2  0.0610 82813 60000 0.0275 0.0005 0.1979 0.0040 0.0522 0.0016 174 + 4 183 + 4 289 + 69
DV-11-3  0.0302 44188 4400 0.0277 0.0005 0.2200 0.0054 0.0577 0.0020 176 * 4 201 =5 499 + 69
DV-11-4  0.0946 233750 36000 0.0510 0.0009 0.3743 0.0071 0.0536 0.0016 320 + 6 322 * 6 352 + 68
DV-11-5  0.0626 83188 13000 0.0268 0.0005 0.2010 0.0049  0.0547 0.0019 170 * 4 185 + 5 378 + 71
DV-11-6  0.0695 196875 11340 0.0590 0.0014 0.5083 0.0100 0.0636 0.0021 369 * 9 417 = 7 713 + 71
DV-117  0.0813 109563 70000 0.0281 0.0005 0.1992 0.0039 0.0517 0.0016 178 + 4 184 + 4 269 * 68
DV-11-8  0.1442 744375 60000 0.1253 0.0062 1.4670 0.0840 0.0836 0.0026 757 + 35 893 * 34 1277 * 61
DV-11-9  0.2027 465000 12000 0.0496 0.0009 0.3641 0.0069 0.0531 0.0016 312 * 6 315 + 6 331 + 68
DV-11-10 0.0225 35375 infinite 0.0276 0.0006 0.2065 0.0048 0.0540 0.0018 175 * 4 190 * 4 360 + 74
DV-11-11 0.0449 59688 2000 0.0262 0.0005 0.1932 0.0050 0.0537 0.0018 166 + 4 179 + 5 348 + 74
Table 3

U-Pb isotopic data for zircons in the granite sample from the Devrekani Granitoid.

Grain #  2°%U (volts) 2°°Pb (cps) 2°°Pb/2°Pb 2°°Pb/?*°U 20 207ph/235y 20 207ph,/296ph 20 206ph/238y Age  2°7Pb/2%°U Age  2°7Pb/2°°Pb Age
(Ma) (Ma) (Ma)
DVK-13-1 0.2753 318313 19000 0.0262 0.0002 0.1892 0.0024 0.0524 0.0005 166 + 2 175 + 2 295 + 18
DVK-13-2 0.3698 431875 15000 0.0262 0.0002 0.2235 0.0080 0.0627 0.0021 166 * 2 204 = 7 641 * 63
DVK-13-3 0.7870 906250 15530 0.0260 0.0002 0.2400 0.0042 0.0672 0.0013 165 * 2 218 + 4 822 + 37
DVK-13-4 0.2640 300000 21700 0.0262 0.0002 0.2165 0.0043 0.0595 0.0006 166 + 2 198 + 4 578 + 23
DVK-13-5 0.2740 316875 22700 0.0261 0.0002 0.2101 0.0019 0.0583 0.0004 166 + 2 193 + 2 541 + 15
DVK-13-6 0.0740 99063 3000 0.0292 0.0010 0.7030 0.0790 0.1590 0.0120 185 + 6 495 + 43 2200 + 140
DVK-13-7 0.3540 386250 16400 0.0250 0.0003 0.2189 0.0052 0.0638 0.0011 159 * 2 201 + 5 726 + 36
DVK-13-8 0.5210 590625 23400 0.0259 0.0002 0.2309 0.0032 0.0644 0.0004 165 * 2 210 + 3 754 + 14
DVK-13-9 0.3566 402125 25000 0.0257 0.0002 0.1935 0.0021 0.0545 0.0004 163 + 1 179 + 2 387 + 17
Table 4

Hf isotope data for zircons in the metarhyodacite samples from the Cangaldag Metamorphic Complex.

Grain# 176Hf /177 HE SE Tpm (Ma) eHf 17eLu /M7 HE 173yb/M77HE 178Hf/177HE SE Total Hf Int (V)
AK-7-2 0.28215 0.00002 1416 -22.5 0.00106 0.04997 1.46724 0.00003 3.67
AK-7-3 0.28267 0.00003 782 -4.0 0.00060 0.02676 1.46734 0.00005 2.86
AK-7-4 0.28276 0.00003 678 -1.0 0.00126 0.05913 1.46738 0.00004 3.56
AK-14-1 0.28277 0.00002 676 -0.6 0.00202 0.10426 1.46730 0.00004 4.05
AK-14-2 0.28280 0.00003 620 0.6 0.00135 0.05155 1.46725 0.00005 2.56
AK-14-3 0.28296 0.00003 413 6.2 0.00235 0.10601 1.46717 0.00006 2.77
AK-14-4 0.28281 0.00003 606 1.0 0.00149 0.06054 1.46729 0.00006 2.50
AK-14-5 0.28171 0.00004 2067 -38.1 0.00071 0.02710 1.46739 0.00005 2.71
AK-14-6 0.28204 0.00003 1623 —26.2 0.00071 0.03091 1.46736 0.00004 3.14
AK-22-1 0.28284 0.00003 566 2.0 0.00144 0.05791 1.46742 0.00005 1.99
AK-22-2 0.28272 0.00003 724 -21 0.00128 0.05549 1.46718 0.00005 3.02
AK-22-3 0.28281 0.00003 607 0.8 0.00109 0.04822 1.46747 0.00005 2.85
AK-22-4 0.28286 0.00004 538 2.7 0.00136 0.05842 1.46748 0.00006 2.19
Table 5
Hf isotope data for zircons in the Devrekani Metadiorite.
Grain# 1761t/ 77Hf SE Tpm (Ma) eHf 176 Lu/ Y77 HE 173Yb/ 7 7HE 178Hf/177HE SE Total Hf Int (V)
DV-11-1 0.28278 0.00003 671 -0.2 0.00257 0.09876 1.46723 0.00004 1.79
DV-11-3 0.28277 0.00003 660 -0.7 0.00084 0.03122 1.46732 0.00004 2.12
DV-11-4 0.28262 0.00002 864 -5.9 0.00111 0.04369 1.46726 0.00004 2.46
DV-11-5 0.28289 0.00003 517 3.8 0.00291 0.11981 1.46723 0.00004 2.01
DV-11-6 0.28263 0.00002 844 -5.5 0.00079 0.03274 1.46717 0.00004 3.12
DV-11-7 0.28281 0.00002 614 0.7 0.00141 0.05997 1.46725 0.00003 2.46
DV-11-8 0.28199 0.00002 1715 -28.1 0.00119 0.05208 1.46724 0.00003 3.06
DV-11-9 0.28262 0.00002 855 -5.7 0.00091 0.03548 1.46723 0.00003 2.64
DV-11-10 0.28279 0.00003 636 0.1 0.00126 0.04567 1.46730 0.00005 2.19
DV-11-11 0.28278 0.00002 658 -0.3 0.00167 0.06406 1.46725 0.00004 2.19

(Fig. 5); also shown in Fig. 5 is the position of the laser ablation spots
and associated U-Pb ages. As shown on the Concordia (*°°Pb/?*8U vs
207ph/2%5() diagrams (Fig. 7), three similar Middle Jurassic ages of
176.4 = 5.9 Ma for AK-7 (concordant age), 156.3 + 2.9 Ma for AK-14
(lower intercept age), and 161 = 12Ma-164 + 13Ma for AK-22
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(weighted mean 206py, /23y ages) were determined (Fig. 7). Recently, a
U-Pb Middle Jurassic age of (169 = 2 Ma) was also published for a
single sample of metadacite from the CMC (Okay et al., 2014), and is
consistent with the age determinations reported here. In addition to the
Middle Jurassic ages, the presence of inherited/older zircons
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Table 6
Hf isotope data for zircons in the granite sample from the Devrekani Granitoid.

Grain# 176Hf/177HE SE Tpm (Ma) eHf 176Lu/Y 77 HE 173yb/ 177 HE 1781/ 77 HE SE Total Hf Int (V)
DVK-13-1 0.28292 0.00003 463 4.9 0.00226 0.10018 1.46733 0.00005 2.17
DVK-13-3 0.28289 0.00002 493 3.8 0.00125 0.05383 1.46732 0.00004 213
DVK-13-4 0.28289 0.00003 551 3.9 0.00531 0.24329 1.46729 0.00004 1.85
DVK-13-5 0.28282 0.00004 590 1.2 0.00101 0.04511 1.46735 0.00006 1.34
DVK-13-6 0.28294 0.00005 434 5.6 0.00206 0.09090 1.46736 0.00007 1.45
DVK-13-7 0.28292 0.00005 456 4.9 0.00180 0.07666 1.46732 0.00007 1.03
DVK-13-8 0.28289 0.00006 513 3.8 0.00272 0.13028 1.46725 0.00007 1.49

DV-11-2 DV-11-3 DV-11-4

DV-11-6

DV-11-11

Devrekani Metadiorite

DVK-13-1

Devrekani Granitoid

Fig. 6. CL images of zircon grains from metadiorite (sample DV-11) intruding the Devrekani Metaophiolite (Red circles: U-Pb (**’Pb/***U in Ma) spots-25 um, Blue circles: Hf spots-
35um) and from the Devrekani Granitoid (sample DVK-13)(Red circles: U-Pb (®*7Pb/?35U in Ma) spots-35 um, Blue circles: Hf spots-35um) samples. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. 2°°Pb/2%8U vs 27Pb/2*5U diagrams for AK-7, AK-14 and AK-22 samples (Gangaldag Metamorphic Complex). (A) Concordia age for AK-7 (B) Lower intercept age for AK-14 (C, D)

Weighted mean age (analysis # 4) for AK-22.

(250 + 3Ma, 272 + 2Ma and 767 * 14 Ma) implies that Triassic,
Permian and Neoproterozoic rocks were present within the source of
the protolith during arc magmatism.

4.1.2. Devrekani Metadiorite intruding the Devrekani Metaophiolite

On the basis of field relations, two metadiorite bodies intrude the
Devrekani Metaophiolite (Fig. 4b). From these, metadiorite sample DV-
11 yielded 11 zircon grains for analysis. The morphology of the ana-
lyzed zircons ranges from rounded to euhedral; structures may be dif-
fused, oscillatory, laminated or unzoned; laser ablation spots and as-
sociated U-Pb ages are given in Fig. 6. The analytical data are reported
in Table 2 and shown on the Concordia (2°°Pb/?38U vs 2°7Pb/2350)
diagram (Fig. 8a). A Middle Jurassic age of 163.3 + 8.8 Ma (lower
intercept age) was determined for the metadiorite. This age also pro-
vides a pre-Middle Jurassic relative age for the Devrekani Metaophio-
lite. The other important result is the evidence for post-Middle Jurassic-
aged metamorphism since both units are metamorphosed. Also, the
ages of inherited zircons vary from 312 = 6Ma to 757 * 35, which
indicate the involvement of older crustal rocks (Late Carboniferous to
Neoproterozoic).

4.1.3. Devrekani Granitoid

The Devrekani Granitoid is located to the south of the Devrekani
town (Fig. 3). A total of 9 zircon grains were extracted from granite
sample DVK-13. The morphology of the analysed zircons ranges from
rounded to euhedral and internal structures may be diffuse, oscillatory,
laminated or unzoned. The in-situ U-Pb age results and locations of
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laser ablation spots are shown in Fig. 6. The data are given in Table 3
and shown on the Concordia diagram (Fig. 8b). A Middle Jurassic age of
164.9 + 2.9 Ma (weighted mean 2°°Pb/?38U age) was determined for
this granite as well (Fig. 8c).

4.2. Hf isotope systematics

4.2.1. Cangaldag Metamorphic Complex

The Lu-Hf geochronometer is one of the useful isotope systems in
order to evaluate mantle source(s) and determine depleted mantle
(Tpm) model age(s) (e.g., Schmidberger et al., 2005; Simonetti and
Neal, 2010). Zircon grains from three meta-rhyodacite samples (AK-7,
AK-14, and AK-22) within the CMC were analyzed and the results are
shown on initial 7®Hf/*””Hf (and eHf) vs time diagrams (Fig. 9). The
initial '7®Hf/Y”7Hf ratios, Tpy model ages, eHf values and corre-
sponding laser ablation spots are given in Table 4. In-situ '7®Hf/*””Hf
initial ratios  range  between 0.28171 + 0.00004 and
0.28296 * 0.00003, and correspond to Tpy model ages between 2067
and 413 Ma. Of interest, the effect of low-grade metamorphism
(greenschist facies) and hydrothermal alteration may cause Pb-loss
within zircon, and leads to shifting points to the left (horizontally)
within Fig. 9, which may result in misinterpretation of the data; i.e.,
imply derivation from a more radiogenic (enriched) source region. The
calculated eHf values are between —38.1 and 6.2 for the metarhyo-
dacite samples (AK-7, AK-14 and AK-22), which may be attributed to
the mixing of magmas derived from both depleted mantle and oceanic
crustal sources (Vervoort et al., 1999; Kroner et al., 2014; Cimen et al.,
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Fig. 8. 2°Pb/?38U vs 2°7Pb/?*U diagrams for DV-11 (Metadiorite intruding Devrekani
Metaophiolite) and DVK-13 (Devrekani Granitoid) samples. (A) Lower intercept age for
DV-11 (B, C) Weighted mean age (analysis # 9) for DVK-13.

2017).

4.2.2. Devrekani Metadiorite and Granitoid

The Hf isotope results for zircon grains from the metadiorite (DV-
11) and granite (DVK-13) are shown in Fig. 10. The Y7®Hf/Y7”Hf initial
ratios, Tpy model ages, eHf values and laser ablation spots are given in
Tables 5 and 6. The average in-situ '"®Hf/!”7Hf initial ratio is
0.28267 = 0.00002 for the metadiorite sample, which corresponds to
a 803 Ma Tpy model age. The average eHf value is ~ —4 for this
sample. In addition, the average '”®Hf/!”7Hf initial ratio for the granite
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is 0.28289 = 0.00004, and corresponds to a 500 Ma Tpy model age;
the calculated average ¢Hf value is also ~ +4 for the granite sample,
and this value indicates derivation from a more depleted mantle source
compared to the metadiorite sample. The calculated Tpy model ages for
these units indicate that Middle Jurassic magmatism resulted from
partial melting of Cambrian and Neoproterozoic rocks. Similar ages
were reported from cores of zircons derived from the Cangaldag pluton
intruding the pre-Middle Jurassic structural units of the Eurasian
margin (Cimen et al., 2017).

4.3. Geological and geodynamic constraints

The new petrological data including U-Pb geochronology and Lu-Hf
systematics reported in this paper in relation to the CMC, Devrekani
Metadiorite and Granitoid play an important role towards under-
standing the geodynamic evolution of the CP and Black Sea region. The
CP (Fig. 2a) consists of pre-Jurassic basement units (e.g. Devrekani
Metamorphics, Geme Complex and Permo-Carboniferous Deliktas-Siv-
rikaya Granitoids), the Early Jurassic accretionary prism (Kiire Com-
plex), and the widespread Middle Jurassic continental magmatism (e.g.,
Devrekani Granitoid, Cangaldag and Karaman Plutons).

The CP includes several oceanic units such as the CMC, Domuzdag,
Ayl Dag, Arkot Dag, Emirkdy, Saka and Daday (e.g. Ustadmer and
Robertson, 1999; Okay et al., 2006, 2013, Gonciioglu et al., 2012,2014;
Tekin et al., 2012; Marroni et al., 2014; Sayit et al., 2016; Frassi et al.,
2016). Late Jurassic-Early Cretaceous metamorphic ages have been
assigned for some tectonic units (e.g. Domuzdag Unit, Saka Unit, Daday
Unit, Okay et al., 2006, 2013; Marroni et al., 2014). Additionally,
Middle Bathonian to Callovian ages have been determined for radi-
olarian cherts within the Ayli Dag Unit (Gonciioglu et al., 2012).
Overall, geochemical and tectono-metamorphic characteristics of the
oceanic assemblages (e.g. CMC, Domuz Dag, Ayli Dag and Daday Units)
indicate that they could have formed in a supra-subduction zone (Okay
et al., 2006, 2013; Giinay et al., 2016; Sayit et al., 2016; Frassi et al.,
2016; Cimen et al., 2016). The age and isotope data from the CMC also
support the interpretation that magmatism may have formed in an
intra-oceanic subduction zone generated by mixing of mantle and
oceanic crustal rocks during the Middle Jurassic.

In addition to the oceanic units, the Middle Jurassic continental
magmatism (e.g. Devrekani Granitoid, Cangaldag§ and Karaman
Plutons) intrudes the basement units (e.g. Devrekani and Geme
Complexes) and the Early Jurassic accretionary prism (Kiire Complex)
in the CP (Fig. 2a). Hence, the Cangaldag Pluton represents an active
arc located above the subducting slab of the IPO beneath the accreted
basement of the CP. It must be noted that the petrological data from the
Cangaldag Pluton imply that this arc magmatism may have involved
partial melting of Neoproterozoic/Mesoproterozoic crustal rocks
(Cimen et al., 2017), a common feature of Gondwana-derived terranes.
Similar to this unit, the age and isotope data reported here indicate that
the Devrekani Metadiorite and Devrekani Granitoid could have source
components formed by partial melting of Cambrian and Neoproterozoic
basement rocks of the Eurasian margin during the Middle Jurassic.

Jurassic magmatic rocks also outcrop in the western part of the SCT
and Eastern Pontides in Turkey (Fig. 1; Cimen et al., 2017). The Early to
Middle Jurassic Mudurnu volcanics in the western SCT display sub-
alkaline and calc-alkaline geochemical affinities and are akin to the rift-
related magmatism (Genc and Tuysuz, 2010). Moreover, the Early
Jurassic Demirkent Complex intrudes the Carboniferous metamorphic
basement rocks of the SCT in the Eastern Pontides (e.g. Artvin-Yusufeli
area), and these exhibit calc-alkaline and tholeiitic affinity, similar to
those found within a continental rift environment (Dokuz et al., 2010
and the references therein). According to a recent study (Dokuz et al.,
2017 and the references therein); the Late Jurassic magmatism in the
Eastern Sakarya Zone is possibly the result of slab breakoff of Paleo-
tethyan oceanic lithosphere.

Jurassic arc-type volcanic rocks have been defined in the Crimea
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Fig. 9. '7°Hf/'77Hf (A, C, E) and eHf (B, D, F) vs Time diagrams for AK-7, AK-14 and AK-22 samples (Gangaldag Metamorphic Complex). The eHf and TDM age values were calculated
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+11. Here, 7°Lu/"77Hf py = 0.0384 (Griffin et al., 2002). 7°Hf/Y77Hf py = 0.28325 (Griffin et al., 2002). 7°Hf/77Hf cuyyr = 0.282785 (Bouvier et al., 2008). For age correction:
Y7HE/\77HEy, = 7CHE/ Y Hf peas — 7 °Lu/Y77HE (€M — 1). A = 1.867 x 10~ yr~! (Scherer et al., 2001).

region (Fig. 2b; in the Bodrak/Simferopol areas). These volcanic rocks
could have formed in a subduction-related setting under an accreted
active margin of Eurasia (Meijers et al., 2010). Similar Jurassic volcanic
rocks (e.g. the Kirar diorite intruded into the Dizi Series; Somin, 2011),
which display geochemical characteristics of subduction-related rock
types have been reported in the Greater Caucasus (Fig. 2c; McCann
et al., 2010). All of these evidences from the CP, Crimea, the Great
Caucasus, the western SCT, Eastern Pontides and Lesser Caucasus sug-
gest that there was an active subduction system in these regions during
the Jurassic period.

Based upon all regional geological and petrological evidences and
our new age and Hf isotope data, the CP includes the remnants of the
IPO that was closed by multiple subduction systems (e.g. Cimen et al.,
2017) during the Middle Jurassic (Fig. 11). In this preferred model, the
Variscan Basement comprises the Devrekani Metamorphics, Geme
Complex and Permo-Carboniferous Deliktas-Sivrikaya Granitoids. The
southerly located subduction in this model may result in formation of
the supra-subduction type arc magmatics of the CMC generated on the
arc-back-arc volcanics (Ayli Dag ophiolite, Arkot Dag melange and the
Domuzdag, Saka and Daday units of Gonciioglu et al., 2012; Sayit et al.,
2016). The northern subduction system may have caused generation of
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the continental margin magmatism (e.g. Devrekani Granitoid, Can-
galdag and Karaman Plutons; Fig. 11). As evidenced by Ar—Ar white
mica ages (Okay et al., 2013), the accretion and metamorphism of the
volcanic assemblages from the fore-arc, the island arc and the back-arc
occurred during the Early Cretaceous (Valanginian-Barremian). The
final closure of the IPO occurred during the Late Paleocene-Early Eo-
cene time and its remnants have been tectonically emplaced to the
south onto the SCT (e.g. Gonciioglu et al., 2000; Catanzariti et al., 2013,
Ellero et al., 2015; Cimen et al., 2016).

5. Conclusions

The northern CP comprises pre-Jurassic basement units (e.g.
Devrekani Metamorphics, Geme Complex and Permo-Carboniferous
Deliktas-Sivrikaya Granitoids), the Early Jurassic accretionary prism
(Kiire Complex), and the widespread Middle Jurassic continental
magmatism (e.g. Devrekani Granitoid, Cangaldag and Karaman
Plutons). The basement units are cut by the widespread Middle Jurassic
magmatism at several locations, which represents a continental arc,
formed by the northward subduction of the IPO beneath the Eurasian
margin. In addition to the CP, the presence of similar Jurassic magmatic
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Fig. 11. Proposed geodynamic model for the Middle Jurassic oceanic and continental magmatism in the Central Pontides (modified from Cimen (2016) and Cimen et al. (2017); Variscan
Basement: Devrekani Units, Geme Complex, Sivrikaya and Deliktag Granitoids; LM: Lithospheric Mantle; IA: Island Arcs; BABB: Back-arc Basin Basalt; LC: Lower Crust).

rocks is also known in the western part of SCT, Eastern Pontides,
Crimea, Caucasus, and Iran. In contrast, the southern CP consists of the
CPSC, a large Early Cretaceous subduction-accretion complex (e.g.
CMC, Domuz Dag Unit, Ayl1 Dag Unit and Daday Unit), representing the
remnants of the IPO. From these, the CMC is characterized by im-
bricated metavolcanic and metasedimentary rocks of arc-basin origin.
Overall, radiometric age and isotope data from the oceanic (CMC) and
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continental arc (Devrekani Metadiorite and Granitoid) units in the CP
suggest the presence of a multiple subduction system within the Intra-
Pontide branch of Neotethyan Ocean during the Middle Jurassic. In
addition, the presence of similar Jurassic magmatic rocks in the regions
of Crimea, Great Caucasus, western SCT, Eastern Pontides, and Lesser
Caucasus are consistent with the occurrence of a subduction regime.
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