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Abstract

In this study we present an improved Cenozoic stratigraphy of the Biga Peninsula, NW
Anatolia, derived from a comprehensive set of U-Pb zircon age data obtained from the Eocene
to Lower Miocene volcanic units in the region. The timing of extension, granitic magmatism
and volcanic activity of the Biga region are then compared and correlated with the
northwesterly located Rhodope and Thrace and the easterly located Armutlu-Almacik-
Nallihan regions. The compiled radiometric age data show that calc-alkaline volcanic activity
occurred at ~43-15 Ma in the Biga Peninsula, ~43-17 Ma in the Rhodope and Thrace regions,
and ~53-38 Ma in the Armutlu-Almacik-Nallihan region. We discuss the possible cause for
the distinct Cenozoic geodynamic evolution of the eastern and western parts of the region, and
propose that the Rhodope, Thrace and Biga regions in the north Aegean share the same Late
Mesozoic to Cenozoic geodynamic evolution, which is consistent with continuous subduction,
crustal accretion, southwestward trench migration and accompanying extension; all preceded
by the Late Cretaceous — Paleocene collision along the Vardar suture zone. In contrast, the
Armutlu-Almacik-Nallthan region that lies to the east was shaped by slab break-off and
related processes following the Late Cretaceous — Paleocene collision along the Izmir-Ankara
suture zone. The eastern and western parts of the region are presently separated by a
northeast-southwest trending transfer zone that was likely originally present as a transform
fault in the subducted Tethys oceanic crust, and demonstrates that the regional geodynamic
evolution can be strongly influenced by the geographical distribution of geologic features on

the subducting plate.
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Highlights

Highlights
e U-Pb zircon ages of the Biga Peninsula volcanics are measured
e Tectono-magmatic evolution of the region investigated.
e Tectonic evolution of the Rhodope to Anatolia is compared

e Cenozoic geodynamics of the Aegean is discussed
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Abstract

In this study we present an improved Cenozoic stratigraphy of the Biga Peninsula, NW
Anatolia, derived from a comprehensive set of U-Pb zircon age data obtained from the Eocene
to Lower Miocene volcanic units in the region. The timing of extension, granitic magmatism
and volcanic activity of the Biga region are then compared and correlated with the
northwesterly located Rhodope and Thrace and the easterly located Armutlu-Almacik-
Nallihan regions. The compiled radiometric age data show that calc-alkaline volcanic activity
occurred at ~43-15 Ma in the Biga Peninsula, ~43-17 Ma in the Rhodope and Thrace regions,
and ~53-38 Ma in the Armutlu-Almacik-Nallihan region. We discuss the possible cause for
the distinct Cenozoic geodynamic evolution of the eastern and western parts of the region,
and propose that the Rhodope, Thrace and Biga regions in the north Aegean share the same
Late Mesozoic to Cenozoic geodynamic evolution, which is consistent with continuous
subduction, crustal accretion, southwestward trench migration and accompanying extension;
all preceded by the Late Cretaceous — Paleocene collision along the Vardar suture zone. In
contrast, the Armutlu-Almacik-Nallihan region that lies to the east was shaped by slab break-
off and related processes following the Late Cretaceous — Paleocene collision along the Izmit-
Ankara suture zone. The eastern and western parts of the region are presently separated by a
northeast-southwest trending transfer zone that was likely originally present as a transform
fault in the subducted Tethys oceanic crust, and demonstrates that the regional geodynamic
evolution can be strongly influenced by the geographical distribution of geologic features on

the subducting plate.
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1. Introduction
The northern Aegean region, including Rhodope, Thrace and the Biga peninsula of NW
Anatolia is a part of the Alpine orogenic belt, and was shaped by subduction, obduction,
collision, and post-collisional extension processes during consumption of Tethys oceans. The
region is characterized by magmatic associations developed from the Late Cretaceous to
Miocene. The Late Cretaceous subduction-related magmatic activity developed in response to
Late Mesozoic northward subduction of the northern branch of the Neotethys including the
Vardar basin and its eastern continuation in the Izmir-Ankara basins (Sengér and Yilmaz,
1981 and references therein). The subsequent Cenozoic magmatism in the region is regarded
as “post-collisional” with respect to the closure of this ocean and collision between the main
continental blocks (e.g., Yilmaz et al., 2001). This phase of magmatic activity produced
basaltic to rhyolitic volcanism with mainly medium- to high-K calc-alkaline, shoshonitic and
locally ultrapotassic associations that were followed by Na-alkaline intra-plate-like basaltic
eruptions in the whole region (see Ersoy and Palmer, 2013 and references therein). The
geochemical features of the calc-alkaline to ultrapotassic magmatic rocks are interpreted to
indicate derivation from mantle sources that had been modified by the previous subduction
events, i.e., they are “orogenic” in character. In the literature, the main geodynamic processes
proposed to account for this magmatic phase includes; (a) subduction and following roll-back,
(b) post-collisional extension with or without trench roll-back, (c) slab break-off, and (d)
delamination (Fytikas et al., 1984; Geng, 1998; Aldanmaz et al., 2000; Yilmaz et al., 2001;
Marchev et al., 2004; 2010; 2013; Altunkaynak and Geng, 2008; Karacik et al., 2008;
Kiirkgiioglu et al., 2008; Georgiev et al., 2009; Okay and Satir, 2000b; Altunkaynak et al.,
2012a, 2012b; Bonev et al 2013; Akal, 2013; Giulmez et al., 2013; Ersoy and Palmer, 2013;
Ersoy et al., 2014; Kasapoglu et al., 2016). However, which one(s) of these processes were

mainly responsible in shaping the geodynamic history of the region is still debated. On the
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basis of mantle tomographic images, that reveal the presence of a single subducting slab
beneath the west Aegean region, recent studies have proposed that the Hellenides and the
Anatolide-Taurides were accreted to the Eurasian southern active margin (Rhodope-Pontide
fragment) by continuous subduction of a single slab since at least the Late Cretaceous (e.g.,
Jolivet and Brun, 2010). This hypothesisi@)roblematic in the Anatolian area of this region,

however, because there are-strong-evidences for slab break-
interpreted-to contain evidence of accretion of tectonic units attributed to several distinct

subduction events of the oceanic branches of Neotethys (e.g., Pourteau et al., 2013).

Three regions in the northern Aegean, the Rhodope-Thrace, Biga Peninsula and Armutlu-
Almacik-Nallthan (the Central Sakarya), are characterized by extensive post-collisional
magmatic associations developed from the Eocene to Miocene. In the Biga Peninsula, the
Middle Eocene to Middle Miocene calc-alkaline to shoshonitic magmatic rocks (e.g.,
Aldanmaz et al., 2000; Yilmaz et al, 2001; Altunkaynak and Geng, 2008) show, great
geochemical and geochronological similarities to those of the Rhodope and Thrace regions
(e.g., Yilmaz and Polat, 1998; Christofides et al., 2004; Marchev et al., 2004; 2010; Ersoy et
al., 2014), while the Armutlu-Almacik-Nallithan region, that lies to the east of the Biga
Peninsula, contains mildly Na-alkaline, low-K (tholeiitic) to middle-K calc-alkaline magmatic
rocks, but are ~10 Myr older (Kiirkgtioglu et al., 2008; Gulmez et al., 2013; Kasapoglu et al.,

2016).

We suggest that comparison of the Cenozoic magmatic events of these three regions may give
us-some-clues-to-expore the Late Mesozoic to Cenozoic tectonic evolution of the Aegean.
With this aim, in this study, we present an improved Cenozoic stratigraphy of the Biga
Peninsula derived from a new comprehensive set of U-Pb zircon age data obtained from the
Eocene to Miocene volcanic units in the region. We also compiled a large dataset of

radiometric ages obtained from the magmatic series, and from the metamorphic rocks which
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were synchronously deformed under the extensional tectonic regime that extends from
Rhodope to western Anatolia. These data have been used to carry out a regional comparison
of the magmatic associations of the Biga Peninsula with those of the westerly located
Rhodope region and the easterly located Armutlu-Almacik-Nallihan (Central Sakarya) region.
The results are also used to propose a new tectonic scenario involving Mesozoic - Cenozoic

geodynamic evolution of the Aegean region.

2. Regional Geology

Basement of the north Aegean region is made up of Eurasia- and Gondwana-derived
continental fragments and intervening oceanic units (Figure 1). The continental blocks with
Eurasian affinity form the Rhodope-Pontide fragment and include the Rhodope and Strandja
massifs in the west, and the Istanbul and Sakarya zones in the east, with the latter being
separated by the Intra-Pontide suture. The Rhodope-Pontide fragment is separated from the
southerly located Gondwana-derived Hellenides and Anatolide-Taurides along the Vardar and
Izmir-Ankara suture zones. The geological features of the north Aegean region (Figure 1) can
be divided into three sub-regions: (1) the Rhodope and Thrace region to the west, (2) the Biga

Peninsula and (3) the Armutlu-Almacik-Nallihan region to the east.

2.1. Rhodope and Thrace Region

The pre-Cenozoic basement rocks of the Rhodope to Thrace region, from north to south, is
made up of the Balkanides, the Srednogorie Zone, the Strandja and Rhodope massifs, the
Circum-Rhodope Belt and the Vardar Zone (Figure 1). Together, the Balkanides and the
Srednogorie zone represent an Andean-type arc and the north-verging fold-and-thrust belt of
the southern Eurasian margin with a continental basement (Boccaletti et al., 1974), along
which the Tethys Ocean was consumed by north-dipping subduction. The Strandja Massif

links the Rhodope and Balkanides to the Pontides in northern Turkey (Figure 1), and consists
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of Paleozoic basement and Lower to Middle Triassic - Middle Jurassic cover (Sunal et al.,
2011). The Balkanides and Strandja Massif are cut by magmatic rocks of the Srednogorie arc,
which is the eastern part of the Apuseni—Banat-Timok—Srednogorie calc-alkaline magmatic
belt. Granitic plutons within the Srednogorie arc yielded 92.1+0.3 to 75.6+1.1 Ma zircon U-
Pb and 92.5£3.0 to 62.0+4.0 Ma Ar-Ar and K-Ar ages, indicating that the plutons were
intruded and cooled between ~92 and ~62 Ma (e.g., Kamenov et al., 2000; von Quadt et al.,
2005; Peytcheva et al., 2008; Georgiev et al., 2012) (Figure 2). Similarly, the volcanic
products of the arc yielded 94.7+£0.4 to 78.9+0.3 Ma zircon U-Pb ages (e.g., Rieser et al.,
2008; Marchev et al., 2009; Georgiev et al., 2012). The eastern continuity of this belt is

known as Pontide magmatic arc in Turkey (e.g., Sengor and Yilmaz, 1981).

The Rhodope Massif is separated from the northerly located Srednogorie zone by the dextral
Maritza strike-slip shear zone, which is interpreted as a crustal-scale transpressional shear
zone (e.g., Burg et al., 1996). According to Naydenov et al. (2013) the ductile shearing along
the Maritza shear zone occurred between 130 and 82-78 Ma, with the younger ages being
related to late-stage intrusions within the Srednogorie zone. The Rhodope Massif represents a
south-vergent Mesozoic nappe stack progressively grown on a north-dipping subduction front
(e.g., Ricou et al., 1998). Several stratigraphic schemes have been proposed for the Rhodope
Massif (e.g., Burg et al., 1996; Ricou et al., 1998; Bonev et al., 2006; Jahn-Awe et al., 2012).
Overall, it is composed of lower (also known as the Drama nappe) and upper terranes
separated by intermediate thrust sheets with both continental and oceanic units (Burg et al.,
1996; Ricou et al., 1998). The lower and upper terrains, along with the imbricate unit, were
amalgamated by the latest Jurassic to Early Cretaceous (Ricou et al., 1998). The Rhodope
Massif experienced high- to ultra-high pressure metamorphism, which yielded three groups of
Jurassic-Early Cretaceous, Late Cretaceous and Eocene ages (Wawrzenitz and Mposkos,

1997; Mposkos and Kostopoulos, 2001; Liati et al., 2002).
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The Circum-Rhodope Belt includes low-grade metamorphic rocks that tectonically overly the
Rhodope Massif (Figure 1). Further southwest, the Rhodope Massif is separated from the
Pelagonian Zone by the Vardar Zone, which is the main suture zone of the Hellenides (see
Zachariadis, 2007 and references therein). The Vardar zone contains ophiolite slivers mainly
obducted during Jurassic times, and was formed during the Late Cretaceous. The Pelagonian
Zone and its Eocene-Miocene HP metamorphic equivalents, the Cyclades (e.g., Ring and

Layer, 2003), lie further southwest (Figure 1).

Since, at least, the Eocene, the nappe package forming the Rhodope Massif has undergone
tectonic extension in association with migmatisation and magmatism (Dinter, 1998; Kilias et
al., 1999; Lips et al., 2000; Bonev et al., 2006; Brun and Sokoutis, 2012). Extensional
deformation of the Rhodopes, with a top-to-southwest sense of shear, produced several
extensional metamorphic complexes, including the Central Rhodope, the Kesebir-Kardamos,
and Byala-Reka Kechros domes, and the South Rhodope Core Complex (Figure 1; Lips et al.,
2000; Bonev et al., 2013). Radiometric age data from the first three domes, which are located
to the north-northeast, indicate an early to late Eocene exhumation and cooling history (e.g.,
Dinter, 1998; Lips et al., 2000; Peytcheva et al., 2004; Bonev et al., 2006, 2013).
Extensionally deformed rocks of the South Rhodope Core Complex, yield mainly Oligocene-
Miocene cooling ages (e.g., Wawrzenitz and Krohe, 1998; Lips et al., 2000). Extensional
deformation in the Rhodopes was accompanied by intense magmatic activity producing syn-
to post-extensional granitoids with ~55 to 20 Ma intrusion ages, calc-alkaline (CA) to
shoshonitic/ultrapotassic (SHO-UK) volcanic rocks with ~43 to 26 Ma ages, and Na-alkaline,
Na-alkaline OIB-like intra-plate basalts with ~28-26 Ma ages (Figure 2; Singer and Marchev,

2000; Marchev et al., 2004; 2010; Christofides et al., 2004).

The metamorphic rocks of the Rhodope Massif and the Strandja zone are covered by the

Eocene to Pliocene sedimentary rocks of the Thrace Basin, which is the largest sedimentary
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basin in the region (Figure 1; Siyako and Huvaz, 2007; Elmas, 2012; Kilias et al., 2013).
Thrace basin, with its triangular shape, contains sedimentary infill up to ~9 km thick (e.qg.,
Elmas, 2012 and references therein). The sedimentary succession of the Thrace basin includes
CA to SHO-UK volcanic intercalations with Oligocene — Early Miocene ages (Ercan et al.,
1995; 1998; Christofides et al., 2004; Ersoy et al., 2014). Na-alkaline basalts of ~15-5 Ma

also occur in Turkish part of the basin (Figure 2; Ercan et al., 1998; Aldanmaz et al., 2006).

2.2. Biga Peninsula

The stratigraphy of the Biga Peninsula, located south of the Thrace basin (Figure 1),
comprises; (1) metamorphic rocks of the Ezine Group and (2) metamorphic/non-metamorphic
rocks of the Sakarya Zone, which are separated by (3) ophiolitic Cetmi mélange, and (4)
Eocene to Upper Miocene volcano-plutonic complex and sedimentary rocks (Okay et al.,

1991; Beccaletto et al., 2007; Figure 3).

The Ezine Group is composed of schists, marbles and amphibolites with eclogitic relics,
which were dated at 69-65 Ma (Okay and Satir, 2000a). The Cetmi mélange includes several
slices/blocks including eclogites (with 100.3+2.8 Ma RDb-Sr age; Okay and Satir, 2000b)
embedded in a late Early Cretaceous greywacke—shale matrix (Beccaletto et al., 2005). On the
basis of the lithology and age determinations, Beccaletto et al. (2005) correlated this unit with
the mélange-like units in the Rhodope Massif. The Sakarya Zone consists of (1) the gneisses,
amphibolites, marbles, high-grade schists, and meta-ophiolites of the Kazdag Massif (Duru et
al, 2004; Erdogan et al., 2013 and references therein) and (2) the Karakaya Complex, with a
common cover of Jurassic-Cretaceous sedimentary rocks. The Karakaya Complex is made up
of; (a) Permian-Triassic oceanic assemblages and Late Triassic HP rocks, and (b) strongly
deformed and relatively non-metamorphic sedimentary and volcano-sedimentary units (Okay

and Gonctioglu, 2004 and references therein).
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Similarly to the Rhodope region, the Biga Peninsula underwent-a regional extension since the
earliest Eocene, at-least. The metamorphic rocks are characterized by ductile-to-brittle
deformation structures, which are consistent with a regional NE-SW-oriented extension
(Beccaletto et al., 2007; Aygil et al, 2012). The undeformed Karabiga pluton, with a 52.7+1.9
U-Pb zircon age, intrudes the Kemer metamorphics (Figure 3; Beccaletto et al., 2007). The
metamorphic rocks of the Kazdag Massif were also extensionally exhumed along the Selale
and Alakeci detachment faults during the Late Oligocene — Early Miocene (Cavazza et al.,
2009; Okay and Satir, 2000b). The Evciler pluton with ~28 Ma intrusion (amphibole Ar/Ar)
and 28-20 Ma cooling (biotite Ar/Ar and Rb-Sr) ages (Delaloye and Bingdl, 2000; Okay and
Satir, 2000b; Altunkaynak et al., 2012a) was emplaced coeval with the exhumation of the
Kazdag Massif. In addition to the extension-related plutons, the ilyasdag meta-granitoid in
Marmara Island was associated with northward thrust sheeting and yielded a 47.6£2 Ma
intrusion (U-Pb zircon) age (Ustadmer et al., 2009). Dextral strike-slip shearing in the
Kapidag peninsula was also associated with intrusion of the northern Kapidag pluton, which
yielded ~45-38 Ma intrusion (K-Ar amphibole) and ~45-38 Ma cooling (biotite K-Ar) ages
(Delaloye and Bingdl, 2000; Altunkaynak et al., 2012a; Tirkoglu et al., 2016). The other
plutons in the Biga Peninsula are generally Oligocene — Miocene in age (with 28-23 Ma
intrusion ages) which are widely exposed in the southeast part of the peninsula (Delaloye and
Bing6l, 2000; Karacik et al., 2008; Altunkaynak et al., 2012b; Aysal, 2015). The pre-
Cenozoic basement rocks of the Biga Peninsula are covered by the Paleogene-Neogene units

that comprise mainly volcanic rocks and more scarce sedimentary units.

2.3. Armutlu-Almacik-Nallthan (Central Sakarya) region

The pre-Cenozoic basement of the region along the Armutlu Peninsula to Almacik Mountains
and Nallihan is characterized by; (1) the Palaeozoic sedimentary rocks of the Istanbul Zone,

(2) the Sakarya Zone, (3) the rocks of the Intra-Pontide zone as a mixture of (1) and (2), (4)
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ophiolite and mélange rocks of both the Izmir-Ankara and Intra-Pontide suture zones, and (5)
high-pressure (HP) metamorphic rocks of the Tavsanli Zone of the Anatolides (Figures 1 and
4). The Istanbul Zone is separated from the Sakarya zone along the Intra-Pontide suture
(Robertson and Ustadmer, 2004), which is overprinted today by segments of the dextral North
Anatolian Fault system (Figure 4). Akbayram et al., (2013) provided 158-111 Ma (Late
Jurassic—Early Cretaceous) Rb—Sr mica and Sm—Nd garnet ages from the metamorphic rocks

that date the amalgamation of the Sakarya and Istanbul zones.

The Sakarya zone in this region is made up of a Variscan basement, Permo-Triassic Karakaya
Complex and Liassic to Lower Cretaceous non-metamorphic sedimentary cover. The Uludag
Massif is made up of gneiss and marble with ~49 and 36-30 Ma cooling ages, and represents
an Oligocene ductile strike-slip shear zone which was active between 38-27 Ma (Okay et al.,

2008).

In the southern parts of this area, between Bilecik and Nallthan (known as the Central Sakarya
Basin), the Upper Jurassic - Lower Cretaceous limestones are overlain by the Upper
Cretaceous flysch-type sediments and then by the Paleocene reef limestones (Kasapoglu et al.,
2016). To the north, these formations pass into deep sea turbidites with pyroclastic
intercalations (Figure 5) (Ozcan et al., 2012). The Upper Cretaceous — Paleocene sedimentary
units are overlain by the terrestrial sediments, which contain basaltic to rhyolitic Eocene
volcanic rocks of Kizderbent volcanics (~53-38 Ma) in the north and the Nallthan volcanics
(~52-47 Ma) in the south (Geng and Yilmaz, 1997; Kiirk¢iioglu et al., 2008; Gulmez et al.,

2013; Kasapoglu et al., 2016).

Opbhiolitic rocks occur within the izmir-Ankara zone as south-verging tectonic slices between
the Sakarya zone of the Pontides and the Tavsanli zone of the Anatolides (Figure 4). The
metamorphic sole rocks of these bodies yield ~100-90 Ma Ar-Ar amphibole ages that

represent the initial stage of intra-oceanic subduction along the Neo-Tethys (e.g., Onen, 2003
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and references therein). The ophiolite and ophiolitic mélange rocks of the izmir-Ankara suture
zone are tectonically underlain by the HP micaschist-marble sequence of the Tavsanli Zone,
which represents the subducted passive northernmost margin of the Anatolide-Tauride Block
(Okay et al., 2001). Recently, Fornash et al. (2016) presented; (a) 93-90 Ma Ar/Ar phengite
ages from the lawsonite eclogite and (b) 82+2 Ma Ar/Ar phengite ages from the retrogressed,
epidote-eclogite from an eclogite-bearing slice, which are interpreted as the age of peak and
retrograde metamorphism, respectively. All the pre-Cenozoic rock units in this region,
especially those of the Tavsanli Zone, are cut by undeformed Eocene granitoids with intrusion

ages of ~53 — 46 Ma (e.g., Altunkaynak et al., 2012a).

3. Eocene-Miocene Volcano-Sedimentary Stratigraphy of the Biga Peninsula

The pre-Cenozoic basement rocks of the Biga Peninsula are covered by Paleogene-Neogene
volcanic and sedimentary units, which are essentially the southward continuation of the
Thrace Basin and of the sedimentary succession in the Gelibolu Peninsula (Figure 3).
Volcanic intercalations are scarce in the Thrace Basin, whereas the Cenozoic cover in the
Biga Peninsula is characterized by the widespread volcanic rocks (e.g., Ercan et al., 1995;

1998; Elmas, 2012; llgar et al., 2012).

In the Biga Peninsula, the Eocene sedimentary series begin with the conglomerates of the
Figitepe formation, which are interpreted as braided fluvial and flood plain deposits (Elmas et
al., 2016; llgar et al., 2012). On the basis of fossil associations, llgar et al. (2012) suggested a
middle Eocene age. The Figitepe Formation is transitionally overlain by the shallow marine
limestones of the Sogucak Formation in the Gelibolu Peninsula that lies to the north (Elmas,
2012), but in the Biga Peninsula the Sogucak Formation has very limited outcrops. The
Sogucak Formation in the Gelibolu Peninsula is transitionally overlain by the marl, sandstone,
shale and tuff alternation of the Ceylan Formation (Elmas, 2012). The Ceylan Formation is

made up of sandstone-claystone alternations and greenish tuff intercalations in the Biga
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Peninsula (Elmas et al., 2016). llgar et al. (2012) suggested that the Ceylan Formation is Late
Eocene in age. The Figitepe, Sogucak and Ceylan formations alternate with several volcanic

units, from which ~43-34 ages are reported (e.g., Ercan et al., 1995).

Oligocene sedimentary units of the Thrace Basin and Gelibolu Peninsula have not been
reported on the Biga Peninsula. Instead, the Oligocene is represented by widespread volcanic
and plutonic rocks (Figure 3). Higher in the stratigraphic section there are Miocene coal-
bearing fluvial to lacustrine sediments (such as Kig¢ikkuyu, Can and Soma formations; llgar
et al., [2012] and references therein), that are interfingered with widespread volcanic rocks

which are generally located to the south of the region (Figure 3).

The volcanic stratigraphy of the Eocene-Oligocene volcanic rocks in the Biga region is
difficult to establish, because the region is heavily forested and the Cenozoic volcanic rocks
are widely affected by hydrothermal alteration. In order to address this problem, we collected
a large set of volcanic rocks from both fresh and highly altered outcrops, from which we
selected 24 samples for dating from rock units in which the stratigraphy was previously
ambiguous. Our data were then combined with age data from previous radiometric studies to
produce a revised volcano-stratigraphy of the Biga Peninsula. A large number of local unit
names have been included in recently presented stratigraphic sections (e.g., Donmez et al.,
2005), so these have been simplified by combining them as members of a single unit. We
have also preferred to use the early-suggested unit names (e.g., Baliklicesme and Kirazl
volcanics of Ercan et al., [1995], Hallaglar volcanics of Krushensky [1976]). Because this
study has concentrated on the Eocene-Oligocene volcanic rocks, the Lower-Middle Miocene
volcanic units around Ezine, Ayvacik and Giilpinar (Figure 3) are collectively grouped as the
Ezine-Ayvacik volcanics. The other units identified here are the Lower Miocene Dedetepe

volcanics and the Upper Miocene Tastepe volcanics.
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In the Biga Peninsula, the volcanic rocks emplaced between ~43 and ~36 Ma (upper Lutetian
— lower Priabonian) are grouped under the name of Balikligesme volcanics which term was
first used by Ercan et al. (1995) for the Eocene volcanic rocks around Biga. The Balikligesme
volcanics consists of various members, which were previously assigned as separate units by
Donmez et al., (2005) and Geng et al. (2012). The Kirazli volcanics include andesitic to
rhyolitic rocks of several members. The rhyolitic rocks cropping out around the Dededag
volcanic centre were previously correlated with the marine ignimbrites in the Ceylan
Formation, and hence, were assigned as Eocene (Donmez et al., 2005; Gen¢ et al. 2012).
However, the new age data indicates that the rhyolitic volcanics are Oligocene in age, and
therefore are included as a member in the Kirazli volcanics. The Hallaclar volcanics,
described first by Krushensky (1976), are composed of andesitic to dacitic volcanic
associations located between Havran and Goénen towns (Figure 3). The Miocene andesitic to
rhyolitic rocks overlying the Hallaclar Formation around Yenice are known as Dedetepe
volcanics (Krushensky, 1976) (Figure 3). The details of the Lower-Middle Miocene andesitic
to rhyolitic volcanic units of the Ezine and Ayvacik volcanics are given by Geng (1998), Akal
(2013) and Aldanmaz et al. (2000). In the Biga Peninsula, the last phase of magmatic activity
is represented by the Late Miocene Tastepe basalts emplaced around Ezine (Aldanmaz et al.,
2000; Figure 3). Overall, therefore, the volcanic units of the Biga Peninsula comprise; (1) the
upper Lutetian — lower Priabonian Balikligesme volcanics, (2) the Oligocene Kirazli
volcanics, (3) the Upper Oligocene Hallaglar volcanics, (4) the Lower Miocene Dedetepe
volcanics, (5) the Lower — Middle Miocene Ezine-Ayvacik volcanics, and (6) the Upper

Miocene Tastepe volcanics (Figures 3 and 9).

4. Zircon Geochronology
In this study, eight samples from the Balikligesme volcanics, ten samples from the Kirazli

volcanics, five samples from the Hallaglar volcanics and one sample from the Dedetepe
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volcanics were collected for dating by the U-Pb zircon method. The locations, stratigraphic
positions, petrographic features, zircon characteristics and the obtained ages are summarized

in Table 1.

Zircons were separated in the sample preparation laboratory at the Geological Engineering
Department of Dokuz Eylil University from 15-20 kg samples using standard mineral
separation techniques. The rocks were crushed to coarse sand size with a tungsten carbide jaw
crusher. Subsequently, zircons were concentrated by flotation on a shaking table, sieving,
magnetic separation and heavy liquids. A representative batch of 60 zircon crystals with grain
sizes of 150 - 300 um was manually picked and mounted in Araldite 2020 resin. After
polishing, cathodoluminescence (CL) images were taken using a CL detector connected to a
Jeol JX A-8900RL electron microprobe at the Institute for Geosciences, University of Mainz.
U, Th and Pb isotopes were measured by LA-ICP-MS (Institute for Geosciences, University
of Mainz) using an Agilent 7500ce quadrupole ICP-MS system coupled to an ESINWR193
ArF excimer laser system with a 193 nm output wavelength. The laser system is equipped
with a two volume sample chamber (10 cm x 10 cm). After pre-ablation, analyses were
conducted using a spot size of 30 um, 20 s warm up time, 30 s dwell time and 20 s washout
time. The repetition rate was 10 Hz at pulse energy of 3.5 Jcm™. The instrument was tuned for
maximum sensitivity at low oxide formation rates of <0.5 %. The dwell times for individual
masses are 10 ms for masses 232 and 238, and 30 ms for 202, 204 and 208. Dwell times of 40
and 60 ms were used for masses 206 and 207, respectively. For a first step data reduction, the
time-resolved signal was processed using the program GLITTER 4.4.1 (www.glitter-
gemoc.com, Macquarie University, Sydney, Australia). Time-dependent laser and mass
spectrometer induced inter-element fractionation (Pb/U), mass fractionation, as well as
common lead, were corrected afterwards using an Excel spreadsheet of ComPbcorr#318

(Andersen, 2002). The inter-element fractionation during ablation was corrected linearly. For
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this purpose, ablation conditions such as spot sizes and ablation times were kept constant
during each session. The interference of ***Hg on 2**Pb was corrected by measuring *Hg and
calculating ***Hg using the natural **Hg/*®’Hg ratio of 0.2299. Ages, uncertainties and
concordia diagrams were produced using Isoplot3 for Excel (Ludwig, 2003). Concordia ages
are plotted with 2o uncertainty ellipses and discordia intercept ages are given at 95%
confidence (Supplementary Material 2). Analyses were calibrated using a GJ-1 (GEMOC)
zircon (Slama et al., 2008). Reproducibility and accuracy were controlled by repeated
analyses of Plesovice and 91500 reference zircons, from Jackson et al. (2004) and
Wiedenbeck et al. (1995), respectively, treated as unknown samples; measured values deviate

<2% from the published values.

6. Discussion

In this section, the geochronology of the magmatic rocks of the Biga Peninsula will be
compared and correlated with those of; (a) the Rhodope and Thrace region in the west and (b)
the Armutlu-Almacik-Nallithan region in the east. We propose that the differences and
similarities between the Cenozoic magmatic events and volcanic stratigraphy of these regions
were related to their distinct geodynamic evolution since, at least, Late Cretaceous. Hence, the
Eocene to Miocene tectono-magmatic events of these regions will then be discussed in terms

of the Late Cretaceous to Miocene regional geodynamic events in the wider Aegean region.

6.1. Correlation and Comparison of the Eocene-Miocene Magmatic Events

In this study, the Eocene to Miocene volcanic rock units in the Biga Peninsula yielded U-Pb
zircon ages ranging from 43.15 to 22.47 Ma. The Balikligesme volcanics were emplaced
between ~43-35 Ma (Middle-Late Eocene), the Kirazli volcanics between ~33-25 Ma (Early-
Late Oligocene), and the Hallaglar volcanics between 28-23 Ma (Late Oligocene). These units

are overlain by the Ezine-Ayvacik and Dedetepe volcanics of ~22-15 Ma (Early-Middle
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Miocene). All these units are composed of calc-alkaline to shoshonitic series volcanics with
subduction-related geochemical features (i.e., orogenic) (e.g., Ercan et al., 1998; Aldanmaz et
al., 2000; Altunkaynak and Geng, 2008; Geng et al., 2012; Akal, 2013) and with their
emplacements being restricted to the ~43-15 Ma interval. These are followed by the eruption
of the Na-alkaline, OIB-type Tastepe basalts between 11.0 to 8.3 Ma (Late Miocene). These
age data indicate that the orogenic volcanic activity in the Biga Peninsula was continued
almost without interruption from the Middle Eocene (Lutetian) to the Middle Miocene

(Figures 9 and 10a).

To the NW of the Biga Peninsula, throughout the Rhodope Massif and the Thrace Basin, the
Cenozoic orogenic volcanic rocks yield ~43 to 17 Ma ages that completely overlap those of
the Biga Peninsula (Figure 10a). Furthermore, two pulses of Na-alkaline intraplate basaltic
volcanism developed at ~28-26 Ma in the Rhodope Massif and 15-8 Ma in the Thrace Basin

(Marchev et al., 2004; Ersoy et al., 2014).

Along the northern part of the Biga peninsula (the southern Marmara), Eocene plutons with
52 to 37 Ma intrusion ages are exposed (Figures 3 and 10a). Among these, the undeformed
Karabiga pluton intruded into the extensionally deformed Kemer micaschist at ~52 Ma
(Beccaletto et al., 2007). However, the northern Kapidag pluton with a 48-42 Ma intrusion
age is associated with the NW-SE-trending strike-slip shear zone (Kapidag shear zone;
Tiirkoglu et al., 2016; Figure 3). Synchronously with this activity, the Ilyasdag meta-granitoid
with a ~48 Ma intrusion age is also associated with northward thrusting of several units of
high-grade rocks (Ustatmer et al., 2009). The other granitoid plutons of the Biga Peninsula
generally yield Oligocene to Miocene intrusion ages (~28 to 22 Ma; Figures 9 and 10a).
Overall, therefore, granitoid magmatism in the Biga Peninsula developed between ~52 and 22
Ma. In the Rhodope region, the cooling age data from the metamorphic rocks exhumed along

the detachment faults coincide well with those obtained from the granitoid intrusions (Figure
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10a) (Dinter, 1998; Wawrzenitz and Krohe, 1998; Kilias et al., 1999; Lips et al., 2000;
Peytcheva et al., 2004; Bonev et al., 2006, 2013). In this case, the granitoid magmatism in
both the Biga and Rhodope regions were synchronously related to extensional tectonics.
Exceptionally, the data from the syn-kinematic ilyasdag meta-granitoid and the northern
Kapidag pluton indicate that they were emplaced along a transpressional field. Therefore, the
extensional tectonics in the Biga Peninsula was also coeval with Jocal transpressional regime

(Kapidag shear) along the SW continuation of the Maritza fault.

Overall, the geochronological data and the regional distribution of magmatic rocks in the Biga
Peninsula and the Rhodope-Thrace regions reveal that both regions are characterized by; (1)
extensive “orogenic” volcanic activity developed between ~43-15 Ma with decreasing ages
from north-northeast to south-southwest (see Figures 2 and 10a), and (2) syn-extensional
granitoid magmatism that commenced in the earliest Eocene. Hence, these data suggest that
the Biga Peninsula and the Rhodope-Thrace region share the same Eocene to Miocene
tectono-magmatic evolution that is characterized by post-collisional extension. Considering
the mantle tomographic images (e.g., Jolivet and Brun, 2010) and the southward migration of
deformation and magmatic activity, the extensional tectonics in this region can be attributed
to southward-migration of the Aegean subduction zone (see also Jolivet and Brun, 2010; van

Hinsbergen et al., 2005; Brun and Sokoutis, 2012).

However, the Eocene volcanic rocks of the Armutlu-Almacik-Nallthan region show some
distinctions from the Biga and Rhodope regions; (1) except for the Miocene volcanism of the
Galatean and Afyon-Isparta regions, and local Miocene basaltic extrusions (see Giilmez et al.
2013; Figure 10), the volcanic activity here is restricted to 53-38 Ma in the north and 52-47
Ma in the south (see Figures 2, 4, 5 and 10), (2) the Eocene volcanism did not migrate
southward, (3) the volcanic (and plutonic) rocks display pronounced alignments along E-W-

trending narrow zones (Figure 2), and (4) the geochemical features of the Eocene volcanics
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reflects the effects of an asthenospheric source (with sodic alkaline character) in the southern
region, with all of these features being attributed to slab-break-off processes (see Gilmez et

al., 2013; Kasapoglu et al., 2016).

6.2. Regional Geodynamic Implications for the Aegean

In this section, we construct a Late Cretaceous to Miocene geodynamic model for the
evolution of the Aegean region that includes the Rhodope-Thrace-Biga area in the west and
Armutlu-Almacik-Nallihan area in the east (Figures 1 and 11). The model illustrated in Figure
11, combines our age data with the histories of the consumption of oceanic branch(es) of the
Tethys, the tectonic settings of the magmatic units, the tectonic significance of the Bornova

Flysh zone (Okay et al., 2012) and the metamorphic evolution of the continental units.

Following the latest Jurassic—Early Cretaceous amalgamation of the Rhodopes and
Balkanides in the west (e.g., Bonev et al., 2006; Ricou et al.1998) and the Early Cretaceous
closure of the Intra-Pontide ocean in the east (e.g., Akbayram et al., 2013), a magmatic arc,
the Srednogorie - Pontide arc, developed in response to the Late Cretaceous subduction of the
Vardar — izmir-Ankara oceans (e.g., Georgiev et al., 2012; Giilmez et al., 2016) (Figure 11).
Intra-oceanic subduction at ~100-90 Ma (e.g., Onen, 2003) preceded the Pontide magmatic
activity of ~92-70 Ma, while the Srednogorie was probably Andean-type (e.g., Gallhofer et
al., 2015). These distinct settings, might be accommodated by a transform fault zone, as

illustrated on Figure 11a.

As proposed by Naydenov et al. (2013), Late Cretaceous amalgamation of a micro-continent
along the Rhodopes may have led to ~N-S compression, which then resulted in dextral
shearing along the Maritza shear zone (MSZ) and related granitoid emplacement at 82-78 Ma
(Figure 11b). However, the Late Cretaceous - Early Paleogene evolution in the east displays

some differences. During this interval, ophiolite obduction onto the Anatolide - Tauride block
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was followed by deep subduction of the northern edge of this platform, giving rise to HP
metamorphism of the Tavsanli Zone at ~90-80 Ma (Pourteau et al., 2016 and references
therein). The tectonic position and deposition age of the Bornova flysch zone are of particular
interest regarding the distinct geodynamic evolutions of the eastern and western Aegean
domains because it is believed to have been deposited along a strike-slip transfer zone at the
western margin of the Taurides during the Latest Cretaceous to Danian (Okay et al., 2012),

coeval with the HP metamorphism of the Tavsanli Zone.

During the Latest Cretaceous to Paleocene times, the oceanic lithosphere of the Vardar and
Izmir-Ankara ocean(s) was completely consumed (see Okay et al., 2001 and Zachariadis,
2007 and references therein). It is important to note that this time is one of the most critical
periods in the geodynamic history of the region, and holds a key in understanding the distinct
evolution of the both sides. While, the subduction along the Vardar Ocean migrated towards
the southwest by accretion of the overlying continental blocks (i.e., Pelagonian zone) via
mantle-crust decoupling on a single subducting plate (see van Hinsbergen et al., 2005 and
Jolivet and Brun, 2010), the subducted oceanic lithosphere of the izmir-Ankara ocean broke-
off and gave rise to exhumation of the Tavsanli Zone (e.g., Okay et al., 2001) (Figure 11c).
The Afyon zone then underwent HP metamorphism during the latest Cretaceous as a result of

internal imbrications of the Anatolide-Tauride platform (Candan et al., 2005).

During the Early Eocene, the crustal accretion and southward migration on the single
subduction zone in the west created back-arc extension across the Rhodope — Thrace — Biga
region (e.g., Jolivet and Brun, 2010; van Hinsbergen et al., 2005; Brun and Sokoutis, 2012;
Figure 11d). During this time, syn-extensional plutons of Rhodope were emplaced in the
footwalls of the detachment faults (Bonev et al., 2016; 2013; Dinter, 1998; Peytcheva et al.,
2004), and the Thrace basin is developed. In addition, strike-slip shearing along the Maritza

fault likely migrated further southeast, as evidenced by the 48-42 Ma Kapidag shear zone
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(KSZ) (Tirkoglu et al., 2016) due to local compression in the region, as a consequence of

ongoing continental contraction between the Pontides and the Anatolide-Taurides.

Breaking-off of the subducted slab of the Izmir-Ankara ocean in the east caused
asthenospheric upwelling and mafic magmatism at ~53-47 Ma along the Armutlu-Almacik -
Nallihan region (Gilmez et al., 2013; Kasapoglu et al., 2016), with the western boundary
marked by the transfer fault zone (Figure 11d). The Eocene HP metamorphism of the
Cyclades has been attributed to closure of the Pindos Ocean (e.g., Ring and Layer, 2003) is
also reported in the westernmost Menderes Massif (Candan et al., 1997), revealing that Pindos
ocean continued to the east in western Anatolia (Figure 11d). During the Middle to Late
Eocene, the Menderes Massif was buried and underwent Barrovian metamorphism (~43-35

Ma; Schmidt et al., 2015) (Figure 11e).

Southwestward migration of the subduction in the west of the area led to an increase in the
degree of extensional tectonics in the Rhodope-Thrace (and Biga) regions (e.g., Brun and
Sokoutis, 2012). As a consequence, extensive “orogenic” volcanic activity and syn-
extensional plutons developed during the Middle Eocene to Late Oligocene (Figure 11e). The
clockwise rotation of the western part of the Aegean since 45 Ma (Brun and Sokoutis, 2012)
also meant that the magmatism that had been restricted to the Rhodope, Thrace and Biga
regions, now migrated southwestward due to the rotational roll-back that continued until the
Late Miocene (see Ersoy and Palmer, 2013 for a review). This rotational movement is
bordered by the transfer fault that was formed in the Tethys Ocean. During the Miocene to
Recent period this fault was reactivated and resulted in strike-slip deformation along the
Izmir-Balikesir transfer zone (Erkil et al., 2005) (see inset map in Figure 2). Accretion of the
external Hellenides caused the transfer zone to migrate south during the Oligocene (Figure

11e).
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The Oligocene ~N-S compression in the northeast of the region resulted in dextral shearing
and granitoid intrusion along the Uludag shear zone (USZ) (Figure 11e). The dextral offset
along the younger North Anatolian Fault zone (NAFZ, Fig. 1) (Yaltirak, 2002) indicates that
the compressional deformation and related NW-SE-trending dextral shearing migrated from
the northwest to southeast; from Maritza at ~80 Ma to Kapidag at ~50 Ma, and eventually to

Uludag shearing at ~27 Ma.

The Aegean region lies in the western part of the Alpine-Himalayan orogenic belt, so that its
overall geodynamic evolution is ultimately driven by consumption of the Tethys Ocean and
the associated processes of subduction, continental collision, crustal subduction and accretion
(see Ersoy and Palmer, 2013 and references therein for a recent review). While this overall
pattern is well-characterized, the detailed controls over the geodynamic evolution of
individual segments of the orogenic belt are far more varied. Detailed analysis of the ages and
styles of volcanism in the Aegean (summarized in Figure 11) reveal that important
characteristics of the regional geodynamic evolution were driven by the geographical
distribution of features of the Tethys Ocean. In particular, the jumping of the subduction zone
in the western part of the region likely resulted from the successive addition of
microcontinents (Pelagonia and the External Hellenides) to the Balkanides and Strandja
Massif. In addition, the slab break-off in the eastern part of the region was likely strongly
influenced by the presence of a pre-existing transfer fault in the Tethys Ocean that led to the

separate geodynamic evolution of the eastern and western parts of the region.

6. Conclusions

New zircon U-Pb ages have shown that the Cenozoic calc-alkaline volcanism in the Biga
Peninsula, NW Anatolia developed interruptedly between ~43 and 15 Ma. These ages overlap
completely with those for similar volcanic products of the Rhodope and Thrace regions

further NW. Collectively, the timing and style of volcanic activity of these regions
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significantly differ from post-collisional volcanism in the easterly located Armutlu-Almacik
and Nallithan regions, where the Lower Eocene volcanic activity show a clear Na-alkaline
signature that is indicative of asthenospheric contributions. Hence, western portion of this
area of the Aegean, that includes the Rhodope to Biga region in the west, has a distinct
geodynamic history from the Armutlu-Almacik-Nallihan region in the east. Following the
Late Cretaceous — Paleocene collision along the Vardar suture zone, the Rhodope, Thrace and
Biga regions in the west experienced a geodynamic regime, involving crustal accretion,
southwestward migration of the subduction and related extension processes. In the Armutlu-
Almacik-Nallthan region to the east, however, the geodynamic evolution was shaped by slab
break-off and related processes following the Late Cretaceous — Paleocene collision along the
[zmir-Ankara suture zone. The western area of the region was rotated clock-wise yolled-back
into the present day position by the continued accretion of continental fragments. The distinct
geodynamics of the eastern and western domains was initially marked by a transfer fault that
was inherited from the Tethys Ocean in the Late Cretaceous, and was subsequently
reactivated as crustal transfer zone in the Eocene. These observations suggest that the
distribution of geologic features on the subducting plate (the distribution of microcontinents
and transfer faults) can play a significant role in continental geodynamic evolution long after

the oceanic lithosphere has been subducted.
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Figure Captions

Figure 1. Simplified geological map of NW Anatolia — Northern Aegean region showing the
main tectonic units and tectonic elements of the region. Dark green colors represent the
ophiolitic rocks. The major extensional detachment faults are Mesta (or Ribonovo) (MDF),
Strymon (StDF) and Kerdilion detachment faults (KDF) in the Rhodope extensional province
and Gediz (GDF) and Simav (SiDF) detachment faults in the West Anatolia extensional
province. The major extensional domes (or core complexes) are Central Rhodope (or Arda)
Dome (CRD), Kesebir-Kardamos Dome (KKD), Byala-Reka Kechros Dome (BRKD) and
Southern Rhodope Core Complex (SRCC) in the Rhodopes, and Menderes Massif and
Kazdag Core Complexes (KCC) in Western Anatolia. VVS: Vardar suture, IPS: Intra-Pontide
suture; IAS: Izmir-Ankara suture; MSZ: Maritza Shear Zone, USZ: Uludag shear zone; EFZ:
Eskisehir fault zone; NAFZ: North Anatolian Fault zone. Compiled from the studies

referenced in the Geological Setting section in the text.

Figure 2. Simplified geological map of the NW Anatolia — Northern Aegean region showing
the distribution of the Upper Cretaceous to Recent magmatic products and the major tectonic
elements in the region. The numbers on the magmatic units represent the ranges of published
radiometric age data. The red numbers refer to the Na-alkaline OIB-type basaltic products.
Abbreviations are same as in the Figure 1 (additionally: IBTZ: izmir-Balikesir Transfer zone,

FBFZ: Fethiye-Burdur fault zone).

Figure 3. Geological map of the Biga Peninsula and its environs in NW Anatolia. ADF and
SDF refer to Alakaci and Selale detachment faults which controlled the Late Oligocene to
Miocene exhumation of the Kazdag metamorphic massif. U-Pb zircon ages of this study are
shown in squares. ADF: Alakeci detachment fault, SDF: Selale detachment fault, KSZ:

Kapidag shear zone. The plutons are EVP: Evciler, KBP: Krabiga, IDP: Ilyasdag, KDP:
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Kapidag, KSP: Kestanbol, EYP: Eybek and ILP: Ilica plutons. See Supplementary Material 1

for the age references.

Figure 4. Simplified geological map of the Armutlu-Almacik-Nallihan region. The plutons
are: Ar: Armutlu, Gy: Giirgenyayla, Or: Orhaneli, Te: Tepeldag, Tk: Topkaya, To: Topuk, Ul:
Uludag granitoids. USZ: Uludag shear zone. See Supplementary Material 1 for the age

references.

Figure 5. Generalized columnar sections for the Late Mesozoic to Cenozoic stratigraphy of

the Armutlu-Almacik and Nallthan regions.

Figure 6. U-Pb isotopic compositions for zircons from the samples of the Balikligesme

volcanics. See Supplementary Material 2 for the data.

Figure 7. U-Pb isotopic compositions for zircons from the samples of the Kirazli volcanics.

See Supplementary Material 2 for the data.

Figure 8. U-Pb isotopic compositions for zircons from the samples of the Hallaglar and

Dedetepe volcanics. See Supplementary Material 2 for the data.

Figure 9. Generalized columnar section of the Cenozoic stratigraphy of the Biga peninsula.

See Supplementary Material 1 for the age references.

Figure 10. Compilation of the radiometric age data from the metamorphic, plutonic and
volcanic rocks from the Rhodope, Biga, Thrace and Armutlu-Almacik-Nallthan regions. See

text for details.

Figure 11. Late Cretaceous to Oligocene geodynamic model for the northern Aegean region.

See text for detailed discussions.
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Table 1. Summary of the petrographic features and zircon U-Pb ages of the analysed samples

f Location ~
VoIganlc Member sample [UTM/UPS-europe Rock type Mineralogy Texture Alteration Zircon Morphology U-Pb Ages
Units 1979) (Ma)
0466010 Pl, Am, Qtz hypocyrstalline porphyritic weak chloritization of amphiboles euhedral -
Yenikoy C-42 | 355 |)3p014| Andesite-dacite Ap, Zr % ’ P Wi);h lass ':nafri;/ rare sosuritization of pla ?oclases magmatic zoning — 43152027
P, 21, Op glassy plag w/1:75-150/200-450 um
euhedral -
Bilaller C-12 | 35S giﬂg;g Cpx-andesite Pl, Cp)é Ap, 21, hypocyrstalline hyaloplitic - magmatic zoning 37.92+0.24
p w/1:100-150/200-400 pm
. . . s L euhedral -
oot | 10 | 55 (J00T5| pare | PHELGE AN | Decommnenti | vesk chortasion o otte
OP glassy plag W/1:75-200/200-350 pum
= 0500469 PI,Bi, Am, Qtz, | hypocyrstalline porphyritic euhedral -
2 Beysayn | B-11 | 358 [, cc0] Dacite a7 P Wi{h s Fr’nafrii’ fresh magmatic zoning 35.75+0.23
o P, 21, Op glassy W/1:60-150/150-320 um
3 ) euhedral -
% C-35 358 gigggg Andesite Pl, BZI,rACr)n, A hypocyrstalline microlitic highly altered biotites & amphiboles magmatic zoning 40.24 +0.34
< 9P w/1:100-150/150-300 pum
. . . . . . euhedral -
o7 | w5 (JISE| aste | PhEiATAS | eeommnesonyte | by st gl e | mamtezonng | s02a4022
) » IR EP glassy P Ww/1:80-150/200-400 pm
undefined euhedral -
c-41 | 358 gjgégég Dacite-rhyolite P/_'\' A?r' %‘Z' hyp“’,\c,i{ftalg's';e Fr’]f;fr?i’”"c slightly silicified magmatic zoning 37.29+0.77
P, 21, Op glassy Ww/1:70-150/100-320 um
0486294 Pl, Cpx, Ap, Zr hypocyrstalline porphyritic euhedral -
B20 | 35S [,,c000s Andesite ' po' p. 2T, yp Wi’;h Lot 'r’natprif(’ - magmatic zoning 35.00 +1.0
P glassy Ww/1:70-150/100-200 um
0461616 Pl, Cpx, Ap, Zr Intense sosuritization of plagioclase euhedral -
C-3/B | 35S 4435697 Basalt ’ po’ P, 20 hypocyrstalline microlitic henocrsyts plag magmatic zoning 32.71+0.65
P P w/1:70-100/200-400 pm
0479910 Pl, Sa, Bi, Qtz hypocrystalline vitrofiric euhedral -
Saraycik C-10 35S Rhyolite AR o S silicified magmatic zoning 32.04+0.31
4404004 Ap, Zr, Op spherulitic glassy matrix W/1:50-75/70-100 wm
. euhedral -
Atikhisar | C-1/B | 35S gjiggig Rhyolite Pl, Szar %" AP | hypocyrstalline hyalopilitic fresh magmatic zoning 31.05+0.22
O wi/l:60-150/150-600 um
S 0486093 Pl, Bi, Cpx, A| uite fresh and has slightly altered cpx eunedral -
5 Kizildam B-36 | 35S 4456158 Cpx-Andesite ’ Z’r g AP, hypocyrstalline porphyritic q henocrgstsy P magmatic zoning 30.54 +0.21
g »OP P Y w/1:60-200/100-310 um
. . . L euhedral -
Dededag | B-23 | 355 gjggggg Rhyolite Pl, Szar %" AP, Glassy matrix intensely i';i[fr?t'i;;'igﬂt'zat“’” & magmatic zoning 31.42+0.22
' Op w/1:50-200/150-600 um
0477628 Pl, Sa, Qtz, A| silisified glassy matrix and partly sosuritized euhedral -
Dededag | B21 | 358 |yy0,0c0 Rhyolite A P hypocyrstalline felsitic g A %odase hengcr ;{S magmatic zoning 29.74 +0.64
' Op Plag P Y w/1:100-150/100-200 um
. euhedral -
Dededag B-29 35S gﬂg?gg Andesite Pl B"OAP’ zr, hypocyrstalline porphyritic intensive sosuritization of plagioclase magmatic zoning 31.24+0.23
P w/1:70-150/100-300 um
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euhedral -

c46 | 355 gjgﬁé? Rhyolite Pl, s;,r Qct)z' AP, hypocyrstalline felsitic silicified magmatic zoning 3076+ 0.21
+OP w/1:75-150/100-300 um
. . euhedral -
) 0488913 . PI, Am, Bi, Ap, . . quite fresh . .
undefined C-18 358 Andesite hypocyrstalline trachytic . - - . magmatic zoning 27.47 +£0.18
4421387 Zr, Op, Ep slightly chloritized clinopyroxene microchryts W/1:50-100/100-200 pm
0489399 PI, Bi, Am, Ap hypocyrstalline porphyritic quite fresh euhedral -
C-20 35S Andesite B P ? . . . . . magmatic zoning 26.81+0.14
4422682 Zr, Op with glassy matrix slightly chloritized clinopyroxene microchryts WI1:70-100/150-300 um
. . . L euhedral -
HG-1 | 358 ggggggg Andesite-dacite PI, Bl,OAp, Zr, hypocyrstar:.:;r::zi)\:vnh glassy moderate sosurltlzat:](:gtlr?xplagoclase and glass magmatic zoning 24.09 + 055
P w/1:100-150/200-300 um
0530735 PI, Bi, Cpx, A\ hypocyrstalline porphyritic euhedral -
HG-2 | 35S 4307610 Andesite-dacite ! Z’r g » AP P wi{h lass Fr)na{)riz fresh magmatic zoning 24.75+0.17
« ' OP glassy w/1:100-210/200-320 um
| . euhedral -
%{ undefined HG-9 | 35S ziggggg Andesite-dacite Pl, Bérch’ AP, hypocyrstalline trachytic fresh magmatic zoning 23.59 + 0.49
4 ' Op w/1:100-150/150-300 pm
% 0524041 Pl, Bi, Am, A intensive sosuritization of plagioclase and euhedral -
HG-12 | 35S 4396570 Andesite-dacite ' Z'r o P AP, hypocyrstalline porphyritic oxidation of am r?ibc?les magmatic zoning 2474 +0.14
9P P w/1:100-200/100-300 um
0505751 PI, Bi, Qtz, A\ hypocyrstalline porphyritic euhedral -
HG-13 | 35S 4372830 Andesite-dacite ! Z’r o AP, yp W?{h lass rr)na{)rii/ chloritization in glass matrix magmatic zoning 2474 +0.23
Op glassy w/1:100-200/200-300 pm
DEDETEPE | undefined | HG-3 | 355 [220%47 | Andesite-dacite | " BliAM AP, | Nypocyrstalline porphyritic fresh agmetic sonn 22.47+052
1419204 Zr, Op with glassy microlitic matrix 9 9 T

w/1:100-250/200-310 pm
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Figure 9
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Figure 11

(a) Late Cretaceous
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