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Abstract in Central and Western Anatolia two continent-derived massifs simultaneously underthrusted an
oceanic lithosphere in the Cretaceous and ended up with very contrasting metamorphic grades: high
pressure, low temperature in the Tavsanh zone and the low pressure, high temperature in the Kirsehir Block.
To assess why, we reconstruct the Cretaceous paleogeography and plate configuration of Central Anatolia
using structural, metamorphic, and geochronological constraints and Africa-Europe plate reconstructions.
We review and provide new “°Ar/*°Ar and U/Pb ages from Central Anatolian metamorphic and magmatic
rocks and ophiolites and show new paleomagnetic data on the paleo-ridge orientation in a Central Anatolian
Ophiolite. Intraoceanic subduction that formed within the Neotethys around 100-90 Ma along connected
N-S and E-W striking segments was followed by overriding oceanic plate extension. Already during
suprasubduction zone ocean spreading, continental subduction started. We show that the complex geology
of central and southern Turkey can at first order be explained by a foreland-propagating thrusting of upper
crustal nappes derived from a downgoing, dominantly continental lithosphere: the Kirsehir Block and
Tavsanli zone accreted around 85 Ma, the Afyon zone around 65 Ma, and Taurides accretion continued
until after the middle Eocene. We find no argument for Late Cretaceous subduction initiation within a
conceptual “Inner Tauride Ocean” between the Kirsehir Block and the Afyon zone as widely inferred. We
propose that the major contrast in metamorphic grade between the Kirsehir Block and the Tavsanli zone
primarily results from a major contrast in subduction obliquity and the associated burial rates, higher
temperature being reached upon higher subduction obliquity.

1. Introduction

Convergence between the African/Arabian and Eurasian plates since Cretaceous time has formed an inten-
sely deformed and in places metamorphic collage of ophiolitic and continental rocks. Although these have
been intensely deformed in a highly noncylindrical fold and thrust belt, the geology of Turkey is at first order
what may be expected in a subduction-collision zone: it comprises a thin-skinned fold and thrust belt that in
places became subjected to high-pressure, low-temperature blueschist to eclogite facies metamorphism.
One striking exception is the Kirsehir Block in the heart of Anatolia, a 200 x 200 x 200 km triangular crystalline
massif of continental origin (Figure 1). It contains high-temperature metamorphic rocks and igneous intru-
sions of Late Cretaceous age. These rocks experienced regional high-grade metamorphism with conditions
up to 6-8 kbar and 700-800°C [Whitney and Dilek, 2001; Lefebvre, 2011; Lefebvre et al., 2015] at much higher
temperatures and much lower pressures than recorded by contemporaneous eclogite to blueschist facies con-
tinental metamorphic rocks of the Tavsanl zone (up to 24 kbar and only 500°C) only tens of kilometers to the
west [Sherlock et al., 1999; Davis and Whitney, 2008; Whitney et al., 2010; Plunder et al,, 2013, 2015] (Figure 1).
This paper explores a possible explanation for the high geothermal gradient that existed during the Cretaceous
metamorphism of the Kirsehir Block.

To this end, we attempt at constraining the plate kinematic context within which the Kirsehir Block meta-
morphism occurred. Paleogeographic reconstructions invariably suggest that the complex deformation

HINSBERGEN ET AL.

TECTONIC EVOLUTION OF CENTRAL ANATOLIA 983


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-9194
http://dx.doi.org/10.1002/2015TC004018
http://dx.doi.org/10.1002/2015TC004018
http://dx.doi.org/10.1002/2015TC004018
http://dx.doi.org/10.1002/2015TC004018
http://dx.doi.org/10.1002/2015TC004018

@AG U Tectonics 10.1002/2015TC004018

Black Sea

Izmir.,

riniaff:z.i&en_&:&w
<RSI N
B 2/1 20,7:\:'\
v L i Kirsehir .
Menderes
e —‘—Lﬂfﬂs\
S~a___A
N 369N
Mediterranean Sea \\
0 200 km

I undifferentiated Danubian/Rhodope metamorphic units Tavsanli zone

Istanbul zone Afyon zone (Bolkardag nappe)
I undifferentiated Aegean units Lycian Nappes/Taurides

Cycladic Blueschist/Dilek nappe [ Alanya/Antalya nappes
[ ] Bey Daglari zone Kirsehir Block

Menderes Massif East Anatolian flysch belt

Sakarya zone/Pontides Arabia
I Cretaceous Anatolian/Arabian ophiolites and mélanges Kyrenia range

Bornova Flysch Upper Cretaceous-Paleogene basins

Bitlis Massif on and around Kirsehir Block

Figure 1. Tectonic map of Turkey, modified after Advokaat et al. [2014]. BO = Beysehir Ophiolite; CkB = Cankiri Basin;
HB = Haymana Basin, SO = Sarikaraman ophiolite; TB = Tuzgoli Basin; and UB = Ulukisla Basin.

pattern of Anatolia is caused by subduction of oceanic lithosphere of the Neotethyan Ocean as well as of
continental lithosphere of the Anatolide-Tauride fragment that bordered the Neotethys to the south [e.g.,
Dewey and Sengdr, 1979; Sengdr and Yilmaz, 1981; Okay, 1986; Robertson, 2004; Barrier and Vrielynck, 2008;
Moix et al., 2008; Robertson et al., 2009; Pourteau et al., 2010; Lefebvre et al., 2013]. These reconstructions
show that a minimum of two subduction zones must have existed during the metamorphism of the
Tavsanli zone and the Kirsehir Block. In a northern one, Neotethyan oceanic lithosphere has subducted
below the Pontides—the southern Eurasian margin in northern Turkey—since at least Early Cretaceous
time [Okay et al., 2006, 2013].

South of the Pontides, the izmir-Ankara suture zone marks the former subduction zone. To the south lies a
fold and thrust belt of ophiolites and Anatolide-Tauride derived units. Detailed studies of these ophiolites
have led workers to interpret that at least one more subduction zone must have formed south of the
Pontides within the Neotethyan oceanic domain in Late Cretaceous time as attested by widespread circa
95-90 Ma ages of metamorphic soles [Sengér and Yilmaz, 1981; Okay, 1986; Robertson, 2002; Celik et al.,
2006; Dilek et al., 2007; Aldanmaz et al., 2009; Dilek and Furnes, 2011; Parlak et al., 2013]. The Anatolide-
Tauride units, originally located on the downgoing plate of this intraoceanic subduction zone, were under-
thrust below and accreted to Neotethyan oceanic lithosphere since Late Cretaceous time [Sengér and
Yilmaz, 1981; Robertson et al., 2009; Pourteau et al., 2010; van Hinsbergen et al., 2010; Plunder et al., 2013].
Relics of the overriding oceanic lithosphere are preserved as ophiolite klippen that form the highest structural
unit above a roof thrust bringing ophiolites in contact with all but the deepest major thrust units of the
Anatolide-Taurides. Collision of the Anatolide-Tauride fold and thrust belt and overlying ophiolites with the
Pontides formed the Izmir-Ankara suture zone in latest Cretaceous-Paleogene time [Kaymakci et al., 2009;
Meijers et al., 2010].
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To obtain a first-order kinematic reconstruction of Central Anatolia, we take the following approach: (i) we
review structural geological and paleomagnetic constraints on the burial, exhumation, and subsequent
deformation history of the Kirsehir Block since Cretaceous time, as well as from ophiolites that overlie the
Kirsehir Block; (ii) we assess the plate kinematic context in which the Kirsehir Block as well as the adjacent
Tavsanli zone were buried below the ophiolites and became metamorphosed; (iii) we assess the kinematic
history by reviewing the complex geology of Central Turkey and assessing the moment of onset of intra-
Neotethyan subduction by reviewing age constraints on the crystallization of ophiolites and the cooling of
their metamorphic soles; (iv) we provide new U/Pb ages on plagiogranites of the Sarikaraman ophiolite that
overlies the Kirsehir Block (SO in Figure 1) and determine a paleospreading direction through a paleomag-
netic analysis of sheeted dikes of this ophiolite, to be able to take into account in our plate model the orienta-
tion of the plate boundary at which the ophiolite formed; (v) we infer the moment of accretion and
subsequent exhumation of the metamorphic massifs of Central Anatolia by reviewing geochronological
constraints and by adding new U/Pb and “°Ar/3°Ar ages for rocks of the Kirsehir Block. Together, these con-
straints define the time window between the onset of intraoceanic subduction and the accretion of the meta-
morphic domains to the overriding Neotethyan oceanic plate lithosphere represented by the ophiolite
klippen; and (vi) we assess the net area loss during this time period from contemporaneous Africa-Europe
convergence using Atlantic ocean reconstructions [Seton et al., 2012; Torsvik et al., 2012]. The combined ana-
lysis determines the rate and direction at which the Tavsanli zone and Kirsehir Block were underthrust and
metamorphosed. A possible explanation for the metamorphic contrast between the two domains is offered.

2. Geological Setting

2.1. Cretaceous-Cenozoic Tectonic History of Central Anatolia

Anatolia evolved between the Eurasian and African plates (Figure 1) that have been converging since Early
Cretaceous time [e.g., Torsvik et al., 2012]. At present, most of Anatolia and the Aegean region can be approxi-
mated as a microplate that moves westward relative to Eurasia and Africa/Arabia along the North Anatolian
transform fault to the north, the Hellenic and Cyprus trenches in the south, and the East Anatolian fault in the
east [e.g., Reilinger et al., 2010] (Figure 1). Its plate boundary is diffuse in several places and poorly constrained
[e.g., Biryol et al,, 2011; van Hinsbergen and Schmid, 2012; Ozbakir et al., 2013], and the “microplate” is internally
deforming in many places [Reilinger et al., 2010; Kog et al., 2012, 2016b]. The formation of the microplate is
believed to relate to the indentation of Arabia into eastern Anatolia leading to a westward escape [Dewey
and Sengdr, 1979; Sengér and Kidd, 1979] and to slab retreat [Faccenna et al., 2006; Sternai et al., 2014] since
the Late Miocene [Keskin, 2003; Sengér et al., 2003; Faccenna et al., 2006; Hiising et al., 2009; Okay et al., 2010].

Prior to that time, Anatolia was not a coherent plate, but instead underwent distributed, major internal defor-
mation in the wider Africa-Europe plate boundary zone. At first order, Anatolia is subdivided into two
continent-derived fold and thrust belts and an intervening “izmir-Ankara” suture zone. The Pontide fold
and thrust belt in northern Turkey contains rocks that had been part of the southern Eurasian margin since
at least the mid-Mesozoic [Sengdr and Yilmaz, 1981; Okay and Nikishin, 2015]. The Anatolide-Tauride domain
in central and southern Turkey was derived from continental lithosphere that rifted and drifted away from
Gondwana since Triassic time [Sengér and Yilmaz, 1981; Altiner et al., 1999; Frizon de Lamotte et al., 2011]
and subsequently became part of the African plate. The Anatolides are comprised of metamorphosed and
exhumed massifs in Turkey (Kirsehir Block, Tavsanl zone, Afyon zone, and Menderes massif; Figure 1) and
the Taurides refer to a belt of non-metamorphosed sedimentary rocks (including large platform carbonates)
in southern Turkey. The Taurides are a thin-skinned fold and thrust belt formed below ophiolites from Late
Cretaceous until at least Eocene time [Ozgiil, 1984], and their Cretaceous nappes are likely the nonmetamor-
phosed equivalents of some of the metamorphosed “Anatolide” massifs.

One or more Neotethyan oceanic basin(s) once separated the Pontides and Anatolide-Taurides. Relics of this
ocean are found offscraped in mélanges, as well as in ophiolites. The oldest known radiolarian cherts found in
mélange along the izmir-Ankara suture have a mid-Triassic age showing a minimum age for the Neotethys
Ocean in Turkey [Tekin et al., 2002; Tekin and Génclioglu, 2007]. The ophiolites that are widespread south of
the Izmir-Ankara suture have as an added plate kinematic complexity, a suprasubduction zone (SSZ) geo-
chemical signature [Yaliniz et al., 2000b; Parlak et al., 2002; Dilek et al., 2007; Yaliniz, 2008; Aldanmaz et al.,
2009] suggesting that they formed by spreading above a subduction zone [Pearce et al., 1984]. Based on
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geochemical and metamorphic data SSZ ophiolites are widely interpreted to form shortly (<10 Myr) after
subduction initiation [Casey and Dewey, 1984; Stern and Bloomer, 1992; Stern et al., 2012; Dewey and Casey,
2013; Maffione et al,, 2015a; van Hinsbergen et al,, 2015]. After initiation of subduction, at least one spreading center
must therefore have existed within the Neotethyan domain between the subduction zone below the Pontides
and the intra-Neotethyan subduction zone(s), close to the intraoceanic trench. This spreading produced oceanic
crust, and the amount of lithosphere that subducted in the Anatolian subduction zones in Late Cretaceous
time must therefore have been higher than the amount of contemporaneous Africa-Eurasia convergence.

2.2. Upper Cretaceous Crystalline Units

The metamorphic units of western and central Anatolia are subdivided into three massifs based on their
metamorphic grade and structural position: the Kirsehir Block in the northeast, the Tavsanl zone in the north-
west, and the Afyon zone fringing both zones to the south (Figure 1).

2.2.1. Kirsehir Block and Central Anatolian Ophiolites

The Kirsehir Block occupies the heart of Anatolia and currently forms a triangular massif also known as the
Central Anatolian Crystalline Complex [Gdnctioglu et al., 1991; Lefebvre, 2011] (Figure 2). It is subdivided into
three submassifs, on the basis of common trends of stretching lineations, plutonic belts, and paleomagnetic
declinations, bounded by faults: the Akdag, Kirsehir, and Nigde-Agacéren-Hirkadag massifs [Lefebvre, 2011;
Lefebvre et al., 2013] (Figure 2). These are composed of Paleozoic to Mesozoic metasedimentary rocks,
intruded by a belt of granitoids [Kadioglu et al., 2006]. The metamorphic rocks are in places overlain by ultra-
mafic and mafic rocks of an ophiolite suite defined as the Central Anatolian Ophiolites, whereby all elements
of the Penrose sequence [Anonymous, 1972] can be found. They are, however, severely dismembered and
scattered across the Kirsehir Block: ophiolite blocks vary in size from hundreds of meters to tens of kilometers
and are only a few hundred meters thick [Yaliniz et al., 1996, 2000a, 2000b, 2000c; Yaliniz and Génciioglu,
1998; Floyd et al., 2000; Toksoy-Kdksal and Gonctioglu, 2001; Yaliniz, 2008]. It is generally assumed that these
ophiolite fragments are the remains of a once coherent oceanic lithosphere below which the Kirsehir
Block became underthrust and metamorphosed [Sengdr and Yilmaz, 1981; Yaliniz et al., 1996; Boztug et al.,
2009c]. These ophiolite blocks include well-studied occurrences of ultramafic and mafic bodies such as the
Sarikaraman ophiolite, the Cicekdagdi ophiolite, and the Kurancali metagabbro (Figure 2). These are the best
studied and most complete ophiolitic sequences in the region, and we review their structure and composi-
tion to infer the nature and evolution of the lithosphere below which the Kirsehir Block was underthrust.

The most prominent and best studied ophiolite on the Kirsehir Block is the Sarikaraman ophiolite (Figure 2). It
is composed of a crustal sequence of isotropic gabbros intruded by late stage plagiogranites that likely
resulted from fractional crystallization of basaltic magmas [Floyd et al., 1998; Yaliniz et al., 2000c; Toksoy-
Kéksal et al., 2001]. This sequence is overlain by sheeted dikes and pillow lavas, plagiogranite-related rhyolites
and Turonian-Santonian cherts [Floyd et al., 1998; Yaliniz, 2008]. The ophiolite is intruded by a quartz monzo-
nite pluton that also cuts the underlying high-grade metamorphic rocks of the Kirsehir Block [Yaliniz and
Glinctioglu, 1999; Yaliniz et al., 1999].

The Cicekdadi Ophiolite retains a fairly complete crustal sequence with gabbros, dikes, extrusives, and a
Turonian-Santonian epi-ophiolitic cover. The Sarikaraman and Cicekdagi ophiolites have geochemical
compositions consistent with formation at a suprasubduction zone spreading center [Yaliniz et al., 1996,
2000a; Yaliniz and Glinciioglu, 1999]. Mafic blocks in the subophiolitic mélanges, however, have mid-oceanic
ridge basalt or, to a lesser degree, ocean island basalt geochemical signatures [Floyd et al., 2000] reflecting
derivation from the original Neotethyan oceanic crust.

The Kurancali metagabbro (Figure 2) is a kilometer scale, isolated gabbro body described in detail by Toksoy-
Kéksal and Goénciioglu [2001] that is interpreted to be a remnant of the severely dismembered Central
Anatolian ophiolite sequence [Yaliniz and Génciioglu, 1998; ilbeyli, 2008]. It is an isolated body of compo-
sitionally layered pyroxene and hornblende gabbro with a calc-alkaline geochemical composition that
was interpreted to have formed in an incipient island arc above an intraoceanic subduction zone
[Toksoy-K6ksal and Génciioglu, 2001]. The gabbro body measures ~1km across and is separated from
the high-grade metamorphic rocks of the Kirsehir Block by an intensely sheared mélange zone with metao-
phiolitic and metacarbonate rocks. The gabbros, mélanges, and the Kirsehir Block metamorphic rocks are
all intruded by felsic dikes likely related to the nearby Baranadag granitoid [Toksoy-Kéksal and Génclioglu,
2001] (Figure 2).
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The metamorphic rocks of the Kirsehir Block were subjected to regional high-temperature, medium-pressure
(HT-MP) conditions and consist of greenschist to upper amphibolite-facies marbles, calcsilicates, metapelites, and
quartzites. Peak P-T (Pressure-Temperature) estimates throughout the massif are rather uniform. In the Akdag
massif peak metamorphic conditions were estimated around 5-8 kbar/550-675°C [Whitney et al., 2001] and
3.5-6.5 kbar/400-700°C [Sahin and Erkan, 1999]. The P-T estimates in the Kirsehir massif reach 6.5-7.5 kbar/
700-770°C [Whitney et al.,, 2001]. Parageneses associated with 7-8 kbar/700°C in the Hirkadag massif are over-
printed at 3-4 kbar/800°C during granite intrusion [Whitney and Dilek, 2001; Lefebvre, 2011; Lefebvre et al., 2015].
Analyses of schists of the Nigde massif have yielded metamorphic conditions varying from 5-6 kbar/>700°C to
3-4 kbar/640-650°C, of which the latter conditions likely prevailed during syn-decompressional granitoid intrusion
[Whitney and Dilek, 1998, 2001]. Similar pressures below 4 kbar were determined for rare schists in the Agacéren
massif close to the granitoid intrusions [Whitney et al,, 2001]. Regional peak metamorphism hence occurred under
conditions up to ~8 kbar/700°C, with local overprints at even higher temperatures up to 800°C but lower pressures
of 3-4 kbar during granitoid intrusion. The regional peak metamorphic mineral parageneses are found in a region-
ally pervasive, flat lying, and mildly undulating foliation [Seymen, 1983; Lefebvre, 2011].

The regional foliation was cut by a prominent belt of granitoids currently exposed along the western
and northern perimeter of the Kirsehir Block [Yaliniz et al., 1999; Kadioglu et al., 2003, 2006; Kéksal et al.,
2013] (Figure 2). These granitoids can be subdivided into belts with increasing alkalinity from west to east
lilbeyli, 2004a, 2005]. In the Agacéren massif felsic intrusions occur together with gabbro intrusions that
should not be confused with ophiolite-related gabbros [Kadioglu et al., 2003]. The granitoids’ geochemistry
shows that they were derived from a mantle source enriched by subduction-related fluids, further contami-
nated by partial melts of continental crust [Kadioglu et al., 2003; ilbeyli, 2004a, 2005; ilbeyli et al., 2009; Delibas
and Geng, 2012a; Kéksal et al., 2013]. Geochemical studies interpreted that melting was triggered by exten-
sion of an already hot Kirsehir Block and the decompression of an underlying, metasomatized mantle wedge
lilbeyli, 2005; Kéksal et al., 2013]. Processes such as lithospheric delamination or slab breakoff have been pro-
posed to explain the high temperatures and granitoid intrusions of the Kirsehir Block [ilbeyli, 2004a, 2004b,
2005; Kadioglu et al., 2006; llbeyli et al., 2009; Kéksal et al., 2012].

The granitoids are largely undeformed, clearly postdating the pervasive regional foliation, and intruded at
pressures varying from 2.6 to 5.3 kbar [ilbeyli, 2005]. In places, they are deformed by greenschist facies shear
zones, interpreted to be syn-exhumational [Isik et al., 2008; Isik, 2009]. Moreover, the granitoids intrude not
only the Kirsehir Block but also the overlying ophiolites and ophiolitic mélange (Figure 2) [e.g., Yaliniz et al.,
1999; ilbeyli, 2005]. A detachment fault in marbles near Kaman that accommodated exhumation of the
Kirsehir massif relative to anchimetamorphic ophiolitic mélange was intruded by and recrystallized around
the Baranadag granitoid [Lefebvre et al., 2011]. These crosscutting relationships show that the Kirsehir
Block was buried below oceanic lithosphere represented by the ophiolite remnants and was then intensely
deformed and metamorphosed. The block was subsequently intruded by the granitoid belt. These granitoids
were affected by and intrude exhumation-related retrograde shear zones. They thus appear to have formed
during regional extension and exhumation of the Kirsehir Block [see also Whitney and Dilek, 1998; Whitney
et al.,, 2003].

Pervasive stretching lineation orientations were mapped in detail by Lefebvre [2011] and Lefebvre et al.
[2011, 2015] for the Akdag, Kirsehir, and Hirkadag massifs and by Gautier et al. [2008] and Isik [2009] for
the Nigde and Agacoren massifs, respectively (Figure 2). The lineations demonstrate that the pervasive
regional foliation is associated with a top-to-the-SW sense of shear in the center of the Akdag massif, a
top-to-the-S sense of shear in the center of the Kirsehir massif, and a top-to-the-SSE sense of shear in
the center of the Nigde massif. Toward the edges of each massif, however, shear senses in lower grade
metamorphic rocks are nearly orthogonal to the syn-regional metamorphic stretching lineations and point
from the core of the massifs outward: top-to-the-N in the north and top-to-the-S in the south of the Akdag
massif; top-to-the-NW in the northwest; top-to-the-SE in the southeast of the Kirsehir massif [Isik et al.,
2008; Lefebvre, 2011; Lefebvre et al., 2011]; top-to-the-SW in the Agac6ren massif [/sik, 2009]; and top-to-
the-ENE in the Hirkadag and Nigde massifs [Whitney and Dilek, 2000; Gautier et al., 2008; Lefebvre et al.,
2015]. The lower grade and outward pointing shear senses are in contrast with the main structural trend
defined by the Kirsehir Block’s granitoid belts and top-to-the-SW lineations that characterize the deeper,
central part of the Block and coincide with those on syn-exhumational shear zones and extensional detach-
ments [Gautier et al., 2008; Isik et al., 2008; Isik, 2009; Lefebvre et al., 2011, 2015]. They formed during a
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second phase of deformation postdating formation of the main regional metamorphism and synchro-
nously with granitoid intrusion.

Finally, the Hirkadag detachment was associated with the formation of the syn-kinematic Ayhan sedimentary
basin [Advokaat et al, 2014]. In the deepest, syn-extensional part of the stratigraphy a series of upper
Cretaceous volcanics yielded a “°Ar/>°Ar plagioclase age of 72.1+1.5 Ma and extensional faults are uncon-
formably covered by Lutetian limestones [Advokaat et al., 2014], which provide the best stratigraphic con-
straint on the extensional exhumation history of the Kirsehir Block.

2.2.2. Tavsanh and Afyon Zones

The Tavsanl zone was defined by Okay [1984] and forms an ~EW trending, 300 km long and 50 km wide
belt of high-pressure, low-temperature metamorphic rocks. It contains continent-derived metasediments
ascribed to the northern margin of the Anatolide-Tauride continent. Tavsanh rocks were subducted below
an oceanic lithosphere in the Cretaceous. Dismembered relics of this lithosphere have been preserved as
ophiolites [Okay and Tiiysiiz, 1999; Okay and Whitney, 2010]. The Tavsanh zone sensu stricto is a Paleozoic
to Mesozoic sedimentary sequence, composed of detrital sediments at the base grading into platform carbo-
nates. These were metamorphosed under blueschist to eclogite facies conditions, up to 24 kbar/500°C [Okay,
2002; Davis and Whitney, 2008; Whitney et al., 2010; Plunder et al., 2013, 2015] during the Late Cretaceous
[Okay and Kelley, 1994; Sherlock et al., 1999; Sherlock and Kelley, 2002]. The continental unit that recorded
these conditions is also known as the Orhaneli sequence or unit [Okay, 1986; Plunder et al., 2013].

The Orhaneli sequence is overlain by an accretionary complex, derived from the Neotethyan Ocean. The
sequence is mostly made of basalt, tuff, and chert and was divided into three main tectonometamorphic
units with increasing metamorphic grade at increasing structural depth from 4-8 kbar/250-300°C to
17 kbar/450°C [Okay, 1980a, 1980b, 1982; Plunder et al., 2013, 2015]. These ocean-derived units are frequently
included in the Tavsanh zone, but in Figure 3 they are separately indicated, as they do not belong to the
passive margin sequence and are also found also atop the Afyon zone. The Tavsanh and ocean-derived
high-pressure units are overlain by ophiolites, and in places they include a metamorphic sole [Lisenbee,
1972; Onen and Hall, 1993; Okay et al., 1998].

To the east, the Tavsanli zone becomes poorly defined. Blueschist facies continent-derived rocks were
reported in numerous places in Anatolia [e.g., van der Kaaden, 1966; Okay, 1986; Pourteau et al., 2010], but
these may also be part of the Afyon zone [van der Kaaden, 1966; Okay, 1986; Dilek and Whitney, 1997,
Pourteau et al., 2010]. The Orhaneli sequence has not been documented to the east or south of the
Sivrihisar massif (Figure 3). In the region of Altinekin, blueschist has been described questioning the extent
of the Tavsanli zone [Droop et al., 2005]. Most of the rocks described are similar to the oceanic complex
described in the Tavsanli region and share similar P-T conditions at 10.5 kbar/440°C. The HP-LT conditions
in the continental rocks of this area at 9.4 kbar/400°C [Droop et al., 2005] are identical to some documented
in the Afyon zone [Pourteau et al., 2014]. Unfortunately, no published data regarding the age of those blues-
chists are available.

The Afyon zone, part of the Bolkardag nappe, was originally defined by Okay [1984, 1986] as a passive margin
sequence metamorphosed under greenschist facies conditions. It is a ~800 km long belt wrapped around the
Kirsehir Block to its western, southern, and eastern side (Figure 1). The Afyon zone is overlying the Menderes
massif [Pourteau et al., 2010]. The Tavsanli zone structurally overlies the Afyon zone, whereas the exact struc-
tural relationships between the Kirsehir Block and the Tavsanli and Afyon zones cannot be directly observed
in the field as they are covered by sedimentary basins. The Tavsanh and Afyon zones are also structurally
overlain by Cretaceous SSZ ophiolites (Figure 3). The discovery of glaucophane in metagabbros of the
Pan-African basement units and of Fe-Mg carpholite in conglomerates of the metasedimentary cover
interpreted as Permo-Triassic in age constrain the burial history of the Afyon zone with peak pressure-
temperature conditions at 10 kbar and 350-400°C [Rimmelé et al., 2003; Candan et al., 2005; Pourteau
etal., 2010, 2014].

2.2.3. Post Cretaceous Tectonic History of Central Anatolia

After its exhumation, the Kirsehir Block was broken into three massifs that underwent significant differential
vertical axis rotations as shown by paleomagnetic data from Upper Cretaceous granitoids [Lefebvre et al.,
2013]. Post Lutetian contractional fold and thrust zones with possible strike-slip components accommodated
these rotations [Giilytiz et al., 2013; Lefebvre et al.,, 2013; Advokaat et al.,, 2014] and remained active until
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Table 1. Overview of Available Geochronological Constraints From Anatolian Ophiolites and Their Soles, and the Kirsehir Block, the Tavsanl and Afyon Zones, and
the Alanya Nappes®

Number Sample Code Rock Type Mineral Method Age (Ma) Error Reference
Ophiolite Crust
1 FEM 093 gabbro hornblende Ar/Ar 150.5 1.5 a
2 FEM 173 gabbro hornblende Ar/Ar 150.0 39 a
3 FK69 gabbro zircon U/Pb 69.1 2.1 b
4 FK57 gabbro zircon U/Pb 82.8 4.0 b
5 K27099) plagiogranite zircon U/Pb 90.5 0.2 C
6 K27099C plagiogranite zircon U/Pb 89.4 0.6 c
74 K05107J gabbro plagioclase Ar/Ar 835 57 c

Metamorphic Sole

7 P349 amphibolite hornblende Ar/Ar 93.0 2.0 d
8 P534 garnet amphibolite hornblende Ar/Ar 90.0 3.0 e
9 YLK-228 amphibolite hornblende Ar/Ar 93.1 0.9 f
10 YLK 229 amphibolite hornblende Ar/Ar 93.0 0.9 f
11 YLK 253 metamorphic sole schist muscovite Ar/Ar 93.0 1.0 f
12 YLK-255 metamorphic sole schist muscovite Ar/Ar 91.7 0.7 f
13 YLK266 metamorphic sole schist muscovite Ar/Ar 93.6 0.8 f
14 YL-103 amphibolite hornblende Ar/Ar 90.7 0.5 f
15 YL-134 amphibolite hornblende Ar/Ar 913 0.9 f
16 YL-106 amphibolite hornblende Ar/Ar 91.2 23 f
17 A-292 amphibolite hornblende Ar/Ar 93.0 1.0 f
18 A-295 amphibolite hornblende Ar/Ar 93.8 1.7 f
19 B-192 amphibolite hornblende Ar/Ar 90.9 13 f
20 B-194 amphibolite hornblende Ar/Ar 91.5 1.9 f
21 A2 amphibolite hornblende Ar/Ar 85.6 0.3 g
22 A8 amphibolite hornblende Ar/Ar 87.0 0.4 g
23 A12 amphibolite hornblende Ar/Ar 853 0.2 g
24 A13 amphibolite hornblende Ar/Ar 84.7 0.3 g
25 94-PO-65 amphibolite hornblende Ar/Ar 90.6 0.9 h
26 93-MO-5 amphibolite hornblende Ar/Ar 91.0 0.8 h
27 93-MO-22 amphibolite hornblende Ar/Ar 91.3 0.4 h
28 OP 257 amphibolite hornblende Ar/Ar 93.7 0.3 j
29 OP 256 amphibolite hornblende Ar/Ar 96.1 0.3 j
30 OP 255 amphibolite hornblende Ar/Ar 93.6 0.4 j
31 OP 254 amphibolite hornblende Ar/Ar 93.9 0.4 j
32 OP 253 amphibolite hornblende Ar/Ar 91.8 0.3 j
33 OP 132 amphibolite hornblende Ar/Ar 92.7 0.3 j
34 OP 131 amphibolite hornblende Ar/Ar 919 0.3 j
35 PK-20 metamorphic sole schist muscovite Ar/Ar 924 13 f
36 EY-92-2 amphibolite hornblende Ar/Ar 90.4 0.9 h
37 93-A0-3 amphibolite hornblende Ar/Ar 91.7 0.6 h
38 FEM-076 amphibolite hornblende Ar/Ar 166.9 1.1 k
39 FEM-068 amphibolite hornblende Ar/Ar 177.1 1.0 k
40 FEM-067 amphibolite hornblende Ar/Ar 174.1 0.9 k
41 FEM-084 amphibolite hornblende Ar/Ar 169.9 1.0 k
Kirsehir Block
42 BAL 76 syenite biotite Ar/Ar 64.9 03 I,m
43 BAL 78 syenite biotite Ar/Ar 66.6 0.2 m
44 BAL 72 leucogranite biotite Ar/Ar 73.6 0.3 |
45 BAL 69 leucogranite biotite Ar/Ar 71.5 0.3 |
46 BAL 66 granitoid hornblende Ar/Ar 67.1 0.3 |
47 BAL 66 granitoid biotite Ar/Ar 65.7 0.2 |
48 A22109C schist biotite Ar/Ar 75.2 0.5 c
49 A191098B schist biotite Ar/Ar 75.0 0.3 c
50 A19109B schist K-feldspar Ar/Ar 734 04 C
51 03V-34 mylonitized granite hornblende Ar/Ar 724 0.2 n
52 03V-34 mylonitized granite K-feldspar Ar/Ar 71.6 0.2 n
53 03 V-56 granite hornblende Ar/Ar 81.2 0.5 n
54 03 V-56 granite K-feldspar Ar/Ar 824 0.3 n
55 03 V-47 mylonitized granite hornblende Ar/Ar 71.6 0.3 n
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Table 1. (continued)

Number Sample Code Rock Type Mineral Method Age (Ma) Error Reference
56 03 V-47 mylonitized granite K-feldspar Ar/Ar 71.1 0.2 n
57 03 V-51 mylonitized granite hornblende Ar/Ar 71.7 0.2 n
58 03V-51 mylonitized granite K-feldspar Ar/Ar 81.3 0.2 n
59 BAL 1 leucogranite biotite Ar/Ar 79.9 0.2 |
60 BAL 6 leucogranite biotite Ar/Ar 79.8 0.2 |
61 BM-2-16B Mo-Cu deposit molybdenite Re/Os 78.0 0.4 o
62 BM-2-11 Mo-Cu deposit molybdenite Re/Os 77.1 0.4 o
63 BAL 14 monzogranite hornblende Ar/Ar 725 0.2 |
64 BAL 13 monzogranite hornblende Ar/Ar 725 0.3 |
65 BLSH-1 Mo-Cu deposit molybdenite Re/Os 73.6 0.4 o
66 LK43 quartz monzonite zircon U/Pb 73.1 22 p
67 K2-60 Mo-Cu deposit molybdenite Re/Os 76.2 0.4 o
68 K3-39 Mo-Cu deposit molybdenite Re/Os 738 0.4 o
69 BAL 48 quartz syenite hornblende Ar/Ar 729 0.3 |
70 BAL 47 quartz syenite hornblende Ar/Ar 729 0.3 |
71 cs quartz syenite zircon U/Pb 74.1 0.7 q
72 BR quartz monzonite zircon U/Pb 740 2.8 q
73 KM94-2 migmatitic gneiss monazite U/Pb 84.1 0.8 r
75 K21099A schist biotite Ar/Ar 73.2 0.6 c
76 K06108H rhyolite K-feldspar Ar/Ar 726 0.6 C
77 BAL 61 quartz monzonite hornblende Ar/Ar 68.3 0.2 I, s
78 BAL 34 quartz syenite hornblende Ar/Ar 67.1 0.4 |
79 BAL 57 quartz monzonite hornblende Ar/Ar 71.6 0.2 l,s
80 K16107A schist biotite Ar/Ar 80.3 1.6 d
81 K18099B schist biotite Ar/Ar 65.1 1.0 c
82 6 monzonite zircon U/Pb 73.6 0.4 t
83 5 granite dike zircon U/Pb 75.0 1.0 t
84 4 granite dike zircon U/Pb 79.1 2.1 t
85 2 granite zircon U/Pb 823 0.8 t
86 1 granite zircon U/Pb 84.1 1.0 t
87 12 gabbro amphibole Ar/Ar 823 1.0 u
88 10 gabbro amphibole Ar/Ar 78.0 0.9 u
89 5 granite biotite Ar/Ar 78.6 0.9 u
90 SMS monzonite zircon U/Pb 744 0.6 v
91 H191007H schist biotite Ar/Ar 68.0 0.6 C
92 H191007H schist K-feldspar Ar/Ar 66.8 0.6 c
93 H2699C granitoid titanite U/Pb 77.2 0.4 c
94 21-05 andesite K-feldspar Ar/Ar 721 1.5 w
95 N44 mylonitic gneiss muscovite Ar/Ar 759 0.9 X
96 N16 granite muscovite Ar/Ar 78.1 0.8 X
97 ND98-2 migmatitic gneiss zircon U/Pb 91.0 2.0 y
98 ND95-22C schist monazite U/Pb 84.7 0.7 y
99 NDO1-30 migmatitic gneiss biotite Ar/Ar 740 0.8 y
100 N13 granite biotite Ar/Ar 75.0 0.8 X
101 ND95-34 schist hornblende Ar/Ar 80.7 0.5 y
102 NDO01-32 schist hornblende Ar/Ar 788 0.2 y
103 N8 schist amphibole Ar/Ar 81.7 1.1 X
104 N49 granite biotite Ar/Ar 75.1 1.0 X
105 ND95-59 migmatitic gneiss biotite Ar/Ar 76.2 0.2 y
106 11-TR-03 gneiss muscovite Ar/Ar 84.2 0.5 z
107 N67 granite muscovite Ar/Ar 76.0 0.8 X
108 11-TR-18 gneiss muscovite Ar/Ar 78.2 0.3 z
109 11-TR-17 gneiss muscovite Ar/Ar 71.8 04 z
110 11-TR-16 gneiss muscovite Ar/Ar 75.7 0.5 z
Tavsanh Zone

111 2449 jadeite schist phengite Ar/Ar 88.5 0.5 aa
112 96/12 blueschist multiple Rb/Sr 78.5 1.6 bb
113 69/198 blueschist multiple Rb/Sr 79.7 1.6 bb
114 96/134 blueschist multiple Rb/Sr 80.1 1.6 bb
115 96/158 blueschist multiple Rb/Sr 82.8 1.7 bb
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Table 1. (continued)

Number Sample Code Rock Type Mineral Method Age (Ma) Error Reference
116 SV02-15 marble phengite Ar/Ar 879 0.3 cc
117 SV-1-21 marble muscovite Ar/Ar 58.8 0.1 cc
118 SV12-01b blueschist garnet Lu/Hf 833 1.8 dd
119 SV12-13F eclogite garnet Lu/Hf 91.1 13 dd
120 SV03A29A quartzite phengite Ar/Ar 90.0 0.9 ee
121 SV03-95 quartzite phengite Ar/Ar 553 0.3 ee
122 SV03A150 quartzite phengite Ar/Ar 63.0 04 ee
123 SV03A31 quartzite phengite Ar/Ar 60.4 1.1 ee
124 SV01-01 marble phengite Ar/Ar 589 0.2 ee
125 SV02-32C quartzite phengite Ar/Ar 69.4 0.7 ee
126 SVO1-21A quartzite phengite Ar/Ar 59.5 0.1 ee
127 SV02-15E marble phengite Ar/Ar 88.8 0.3 ee
128 SV02-08 quartzite phengite Ar/Ar 82.1 0.3 ee
129 SV02-18 quartzite phengite Ar/Ar 82.7 0.3 ee
Afyon Zone
130 Kiit0815 carpholite-quartz vein phengite Ar/Ar 65.9 2.8 ff
131 Afy0206 phyllite phengite Ar/Ar 62.8 1.5 ff
132 Afy0212 phylite phengite Ar/Ar 61.5 8.0 ff
133 Oren001 carpholite-quartz vein phengite Ar/Ar 60.3 0.3 ff
134 Oren001 carpholite-quartz vein phengite Ar/Ar 59.4 0.7 ff
135 OK 4 metarhyolite phengite Ar/Ar 63.7 0.1 a9
136 OK 2 metarhyolite phengite Ar/Ar 62.7 0.1 fe]s]
137 Yah04 carpholite-quartz vein phengite Ar/Ar 64.8 0.4 ff
138 Yah04 carpholite-quartz vein phengite Ar/Ar 65.7 0.2 ff
Alanya Nappes
139 198/1B eclogite zircon U/Pb 84.7 1.5 hh
140 5/9 eclogite rutile U/Pb 82.1 37 hh

See Figure 2 for sample locations on the Kirsehir Block and Figure 3 for the locations of all other sample locations. Key to references: a = Celik et al. [2013];
b = Parlak et al. [2013]; c=this study, see supporting information; d = Onen and Hall [1993]; e = Onen [2003]; f= Celik et al. [2006]; g = Dasc¢I et al. [2014];
h = Dilek et al. [1999]; j = Parlak and Delaloye [1999]; k = Celik et al. [2011]; | = Boztug et al. [2009c]; m = Boztug et al. [2009a]; n = Isik et al. [2008]; o = Delibas and
Geng [2012b]; p = Delibas et al. [2011]; q = Kdksal et al. [2004]; r = Whitney and Hamilton [2004]; s = Boztug et al. [2009b]; t = K6ksal et al. [2012]; u=Kadioglu
et al. [2003]; v = Kbksal et al. [2013]; w = Advokaat et al. [2014]; x = Gautier et al. [2008]; y = Whitney et al. [2003]; z=Idleman et al. [2014]; aa = Okay and Kelley
[1994]; bb = Sherlock et al. [1999]; cc = Seaton et al. [2009]; dd = Mulcahy et al. [2014]; ee = Seaton et al. [2014]; ff = Pourteau et al. [2013]; gg = Ozdamar et al.
[2013]; and hh = Cetinkaplan et al. [2016].

30-20 Ma [Isik et al., 2014]. Indentation of the Kirsehir Block into the Pontides led to formation of a Paleogene
northward convex orocline [Meijers et al., 2010] in the center of which N-S contraction inverted Cretaceous
normal faults related to the opening of the Black Sea [Espurt et al., 2014]. Contractional deformation in the
Cankin basin in the center of this orocline shows that the northward indentation of the Kirsehir Block lasted
until the early Miocene [Kaymakci et al., 2003, 2009].

In the northernmost Kirsehir Block, apatite fission track ages of circa 67-58 Ma were obtained from the Yozgat
Batholith, the Cicekdagi granitoid, and the Karacayir granitoid [Boztug and Jonckheere, 2007] (Figure 2). These
ages are older than the oldest dated sediments of Lutetian age that unconformably overlie these meta-
morphic rocks and likely date extensional exhumation of the Kirsehir Block. In the Baranadag granitoid close
to the Kaman Detachment (Figure 2), apatite fission track ages of 47.0+6.2 and 39.2 + 12.0 Ma [Fayon et al.,,
2001] are synchronous with the oldest unconformable cover sediments. In the Akdag massif, apatite fission
track ages of 31.6 £ 3.2 and 31.6 + 3.6 Ma are significantly younger than the oldest sediments that unconform-
ably overlie the metamorphic basement rocks in this area [Fayon et al.,, 2001] and coincide with and likely
relate to late Eocene-Oligocene shortening recorded in sedimentary basins on the Kirsehir Block [Giilytiz
et al.,, 2013; Advokaat et al., 2014]. In the southernmost part of the Kirsehir Block, in the southeastern Nigde
massif, very young apatite fission track ages of 11.1+1.8 and 9.4+2.2 Ma were obtained [Fayon et al.,
2001], and this part of the massif was interpreted to have been exhumed in the Late Cretaceous, then over-
thrust and reburied in Oligocene time, and exhumed again in the late Miocene along a top-to-the-SE brittle
detachment [Umhoefer et al., 2007; Whitney et al., 2007, 2008; Idleman et al., 2014].
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Figure 4. Geological map of the Sarikaraman ophiolite, modified from Yaliniz et al. [1996], with sampling locations. Vertical
scale exaggerated.

Simultaneously with the N-S contraction history, western Central Anatolia underwent ~ E-W extension, form-
ing sedimentary basins. The high-grade metamorphic rocks of the Kirsehir Block, which prior to Paleogene
rotations formed a N-S elongated body [Lefebvre et al., 2013], were exhumed along both top-to-the-east
and top-to-the-west extensional shear zones and detachments [Gautier et al., 2002, 2008; Isik et al., 2008;
Istk, 2009; Lefebvre et al., 2011, 2015]. Eocene and younger extension opened the major NE-SW extensional
Tuzgo6ll basin system in central Anatolia (Figure 1). Up to 8 km of sediments were deposited [Cemen et al.,
1999; Aydemir and Ates, 2006, 2008; Fernandez-Blanco et al., 2013] above ophiolites and Upper Cretaceous
fore-arc basin sediments, as well as exhumed metamorphic rocks of the Afyon zone [Gériir et al., 1984].
Middle Miocene to presently active multidirectional (E-W and N-S) extension has controlled the formation
of basins farther to the west, on top of the Central Taurides [Kog et al., 2012, 2016b]. The area between the
Taurides and Pontides was thus much wider than today in a N-S direction, and at the onset of the
Cenozoic the distance between the Central Taurides and the Kirsehir Block in an E-W direction was likely con-
siderably narrower than today.

3. Review of Geochronological Constraints on Central Anatolian Ophiolites and
Magmatic and Metamorphic Rocks

In this section, we review published *°Ar/*’Ar, U/Pb, Lu/Hf, and Re/Os ages of Central Anatolia, details of
which are provided in Figures 2 and 3 and Table 1. We include all ages obtained with these techniques from
the ophiolites south of the izmir-Ankara suture, the metamorphic rocks of the Tavsanh and Afyon zones, and
the metamorphic and igneous rocks of the Kirsehir Block and overlying volcanics. This compilation includes
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9.0 MSWD = 0.6

previously unpublished “°Ar/*°Ar and
U/Pb ages mentioned in the PhD thesis
of Lefebvre [2011]. Technical details of
these analyses are given in the online
Appendix A.

Metamorphism in the Menderes massif
is Cenozoic and Precambrian in age
[Oberhdnsli et al., 1997; Gessner et al.,
2004; Candan et al., 2015] and is not
included in further detail in the overview
in Figure 3. We focus our review on high-
precision analytical techniques and for
that reason (Figures 2 and 3) we have
not incorporated K-Ar ages, such as

207pp/235(J

1840 Ma

those from metamorphic soles of Celik
[2008]. We note that those ages gener-
ally cluster in the same age range: K-Ar
ages from the Afyon zone of Ozdamar
et al. [2012] are similar to *°Ar/>?Ar ages
of 60-65Ma reported by the same
authors [Ozdamar et al.,, 2013]. The first
radiometric age constraints for the
metamorphism and magmatism of the
Kirsehir Block were also derived from
K-Ar and Rb-Sr dating techniques on
whole-rock samples or mineral sepa-
rates [e.g., GOnclioglu, 1986; Zeck and
Unlii, 1988; Giilec, 1994; Yaliniz et al.,
1999; ilbeyli, 2004a; Tatar and Boztug,
2005; Boztug and Harlavan, 2007].
These ages, interpreted to reflect grani-
toid intrusion and/or cooling of the
Kirsehir Block during exhumation, are
generally in the same ranges as the
more modern, higher precision OparAAr
and U/Pb ages that are compiled in Table 1 and Figure 2. They show intrusion and cooling ages in the circa
85-65 Ma range, but also include some outliers, particularly toward older ages (110+5 and 110+ 14 Ma Rb/Sr
whole rock granitoid ages [Zeck and Unlii, 1988; Giilec, 1994]), which have not been confirmed by more
modern techniques.

0.0143
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206pPp/238Y

plagiogranite,
Sarikaraman ophiolite
(C-10-2¢ = K27099C )

mean “*Pb/**U (4 points)
89.29 + 0.40 Ma

MSWD = 5.2

0.0139

207Pp, /235 U

Figure 5. Concordia diagram displaying zircon U-Pb data from plagiogra-
nites of the Sarikaraman ophiolite. Ellipses indicate the 2o uncertainty.

We also do not take into account a series of 2°’Pb/2°®Pb single zircon evaporation ages from granitoids of the
Kirsehir Block that were reported by Boztug et al. [2007], ranging from 99.0 + 11.0 Ma to 74.1 £4.9 Ma. These
ages are mostly within error of the U/Pb ages obtained from the same granite bodies summarized in Table 1
and Figure 2. Three ages of 95.7+5.1 Ma, 97.0+ 12.0 Ma, and 99.0+ 11.0 Ma were reported by Boztug et al.
[2007] from granitoids cutting the syn-regional metamorphism foliation. These are significantly older than
U/Pb monazite ages of a migmatite from the Kirsehir massif and a sillimanite schist from the Nigde massif that
were deformed by the regional foliation around 84.1 +£0.8 Ma and 84.7 £ 0.7 Ma [Whitney et al., 2003; Whitney
and Hamilton, 2004]. These 2°”Pb/?°Pb ages violate crosscutting relationships, and given their large error bars
and the lack of corroboration by higher precision U/Pb zircon dating techniques, we disregard these age results.

4, Sarikaraman Ophiolite

To include the formation of the Central Anatolian Ophiolites in the plate tectonic context we here provide new
data on the age and paleospreading direction of the ridge at which the Sarikaraman ophiolite formed (Figure 4).
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Figure 6. Orthogonal vector plots [Zijderveld, 1967] of representative samples (in situ coordinates) from (a) the sheeted dike complex and (b) the pillow basalts. Solid
and open dots represent projections on the horizontal and vertical planes, respectively. Demagnetization step values in mT are shown. (c, d) Results from the Curie
balance experiments for two representative specimens from the sheeted dikes and pillow basalts.

oceanic spreading center and are therefore parallel to it. For many years geologists have used the sheeted dikes in
ophiolites to reconstruct the orientation the spreading ridge and from this the paleospreading directions [Nicolas
et al.,, 1988; Morris et al., 1998; Nicolas et al., 2000; Maffione et al,, 2015a]. However, it has been demonstrated that
using the strike of the dikes alone can produce critical errors in the estimate of the spreading directions [Kirker
and McClelland, 1996]. A better approach requires the use of both structural geological and paleomagnetic
constraints.

To this aim, paleomagnetic samples were collected from doleritic sheeted dikes (six sites and 51 samples) and
pillow basalts (four sites and 66 samples) within the Sarikaraman ophiolite (Table 3 and Figure 4) to determine
the paleospreading direction of the Sarikaraman ophiolite around the time of crystallization of the plagiogra-
nites dated in the previous section. Pillow basalts are relatively abundant and well preserved in the sampling
area, while sheeted dikes are scarce. Dikes were sampled only where clear chilled margins were identified so
that their orientations could be conclusively determined. Layering of the pillow basalts could be clearly iden-
tified in the field, also thanks to local occurrence of radiolarian cherts (Site SAR09) overlying the basalts. Both
dikes and lavas are affected by seafloor low-temperature greenschist facies metamorphism associated to
hydrothermal alteration at the spreading ridge.

Magnetic remanence was analyzed with a stepwise alternating field demagnetization treatment using a robot-
ized cryogenic magnetometer (2G Enterprises) installed in the paleomagnetic laboratory “Fort Hoofddijk”
(Utrecht University). Remanence components were isolated via principal component analysis [Kirschvink,
1980] using Remasoft 3.0 software [Chadima and Hrouda, 2006]. Site mean paleomagnetic directions were cal-
culated using a Fisherian [Fisher, 1953] statistics on virtual geomagnetic poles (VGPs) after applying a fixed 45°
cutoff [Johnson et al., 2008]. Variation of the magnetic remanence during stepwise heating-cooling cycles was
measured in representative samples using a modified horizontal translation Curie balance [Mullender et al,
1993] to identify the nature of the magnetic carriers.

4.2.2. Net Tectonic Rotation Analysis

In sheeted dike complexes where paleohorizontal constraints are commonly absent, as well as in regions
affected by multiple phases of deformations, a net tectonic rotation approach [Allerton and Vine, 1987] has
been demonstrated to be a more suitable and reliable method to investigate tectonic rotations using paleo-
magnetic constraints [Morris et al., 1990; Hurst et al., 1992; Morris et al., 1998; Inwood et al., 2009; Maffione et al.,
2015al. The robustness of this analysis lies in the fact that rocks are not just restored to their predeformation
orientation (i.e., vertical for dikes) as in classical paleomagnetic approach but also their in situ paleomagnetic
directions are restored parallel to the expected predeformation directions (i.e., the reference direction).
Independently from the number of tectonic phases that occurred, net tectonic rotation analysis can calculate
the direction of the rotation axis and the amount and sense of the rotation responsible for the (net) deforma-
tion and restores the rock units to their original (predeformation) orientation.

4.2.3. Results

High-stability characteristic remanent magnetizations (ChRMs) were effectively isolated in all samples
between 20 and 100 mT (Figures 6a and 6b), excluding the occurrence of secondary high-coercivity mag-
netic phases like iron sulphides or hematite. Curie temperatures of 560-570°C determined from the Curie
balance experiments (Figures 6c and 6d) confirmed that the main magnetic carriers are low-coercivity
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ChRM VGP ChRM VGP

\

SARO07-08

tilt-corrected

Figure 7. Stereographic projection (lower hemisphere) of the in situ characteristic remanent magnetizations (ChRMs) and
correspondent virtual geomagnetic poles (VGPs) for the sampled sites. Site mean remanence directions (large black dots)
and associated 95% cones of confidence around them (ellipses) are shown. Solid/open dots correspond to normal/reversed
magnetic polarity. Grey star indicates the direction of the present-day geomagnetic field (D// = 000°/58.1°) at the sampling
locality. Grey dots are the direction discarded after filtering with a 45° cutoff (circle in the VGP plots).

nearly pure magnetite grains. Curie temperatures ranging from ~350°C to 560°C were also observed, sug-
gesting minor occurrence of high-Ti titanomagnetite [Dunlop and Ozdemir, 1997].

The ChRMs/VGP scatter is consistent with a typical paleosecular variation-induced scatter (Agsmin < Ags < Aosmax
sensu Deenen et al.[2011]) (Table 3 and Figure 7). This supports a primary (pre-tilt) origin of the remanence, and
making both remagnetization (resulting in Ags < Agsmin) and high-internal rotations (resulting in Ags > Agsmax)
unlikely. A recent remagnetization of the studied rocks can also be excluded because the in situ site
mean directions are substantially different from the present-day field at the sampling locality (declination/
inclination = 000°/58°; Figure 7). Based on this evidence, we consider the magnetization of the studied rocks
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to be pre-tilt (and likely primary). This has

geographic
been confirmed at least for the pillow
' basalts by the positive result of a nonpara-
U Sl metric fold test [Tauxe and Watson, 1994],
o® indicating maximum clustering between
tilt corrected 80 and 100% unfolding (Figure 8).

We exclude that the seafloor metamorph-
ism affecting these rocks could have over-
95%( 13, 138) printed the original remanence, due to the

low temperature of this process (<300°C)
4 compared to the high Curie temperatures
of the sampled rocks (>350°C). More
importantly, magnetizations acquired dur-
ing seafloor metamorphism can be con-
sidered as primary because this process
operates soon after rocks have acquired
a (primary) thermoremanent magnetiza-
0 tion at the spreading ridge.

Fraction of maxima

—40 0 ;OUnmmg 80 120 A mean tilt-corrected direction with decli-

nation (D)=3484°+4.5° and inclination

Figure 8. Nonparametric fold test [Tauxe and Watson, 1994] for the ()=33.2°£6.7° (K=20.6; Ags=4.3°) was
extrusive sequence of the Sarikaraman ophiolite. Stereonets show the calculated for the extrusive sequence by
site mean ChRM directions before (geographic) and after tilt correction combining sites SARO7, SAR08, SAR09
for the four pillow lava sites. Below is th It of the fol ith :
or the four pi ow lava sites. Below is the result of the fold test Wlt. and SAR10 (Table 3 and Figure 7). This indi-
bootstrapped statistics on the first eigenvalues (z1) upon progressive . o .
untilting. The 95% bootstrap error interval is indicated. Best grouping is ~ ates a minor (~12°) counterclockwise ver-
reached between 80 and 100% unfolding. tical axis rotation of the ophiolite since

circa 90 Ma, which is comparable to the
rotation of the African plate in the same
time span [Torsvik et al,, 2012].

The tilt-corrected direction from the pillow basalts was used to select the reference direction for the net
tectonic rotation analysis (D =000° and | =33.2° 095 = 4.6°). Net tectonic rotation analysis was performed
using single site mean paleomagnetic directions from the sheeted dike sites. Given the consistency of
their directions, a mean paleomagnetic direction for sites SAR01, SAR02, and SARO3 was used instead
of their single directions (Table 3). Two permissible solutions were obtained at all sites except SAR06,
where the dikes could not be restored to the vertical (Table 4). Site SAR06 was therefore discarded from
further analyses.

Preferred solutions were selected based on the regional tectonics (minor counterclockwise rotations and
overall northward tilt) inferred from the pillow basalts, as well as the distribution of the different ophiolite
units within the sampling area (gabbros to the south, sheeted dikes in the center, and lavas to the north).
The preferred net tectonic rotation solutions (Table 4) indicate counterclockwise rotations by 35-65° around

Table 4. Solutions of the Net Tectonic Rotation Analysis are Expressed as Azimuth and Plunge of the Rotation Axis, Amount and Sense of Rotation, and Strike and

Dip of the Restored Dikes®

Preferred Solution Alternative Solution
Azimuth  Plunge Rotation Initial Strike  Initial Dip  Azimuth  Plunge Rotation Initial Strike  Initial Dip
Site Lithology (deg) (deg) (deg) Sense (deg) (deg) (deg) (deg) (deg) Sense (deg) (deg)
SAR01-02-03  Sheeted dikes 017.0 42.8 65.8 CccW 020 90 353.8 413 139.2 cw 160 920
SARO4 Sheeted dikes 075.1 36.7 68.2 ccwW 012 90 340.5 59.9 159.0 cw 167 920
SARO5 Sheeted dikes 198.5 53.9 35.1 cw 352 90 021.2 36.0 170.9 ccw 008 920
SARO6* Sheeted dikes 140.3 20.0 93.5 ccwW 090 70 = = = = = =

@Rotation sense as clockwise (CW) or counterclockwise (CCW) is indicated. The initial dike strike and dip obtained from the analysis at each site (or group of sites)

is shown.
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moderately plunging (40-55°) axes. The initial dike orienta-
tions from the preferred solutions are strongly consistent,
and when the errors are modeled following method
described by Morris et al. [1998], they show a predominant

All sites ~N-S (azimuth = 008 + 15°) direction (Table 4 and Figure 9).

N =375 The results from the net tectonic rotation analysis therefore
indicate a ~ N-S trending paleo-ridge with a ~ E-W spread-
ing direction.

5. Discussion

Initial dyke strike:
008.3° £ 15.3°

5.1. Timing of Subduction Initiation and Accretion of
the Central Anatolian Metamorphic Belts

Our compilation of geochronological data was used to con-
strain the timing of plutonism and metamorphism in the
crystalline massifs of Central Anatolia contains (i) U/Pb ages
Figure 9. Rose diagram distribution of the permissi-  from zircon in granitoids, Re/Os molybdenite ages, and
ble initial dike strike of the Sarikaraman ophiolite Lu/Hf garnet ages, which were all interpreted as mineral
obtained from the net tectonic rotation analysis . L
once the errors on the paleomagnetic vectors, dike growth ages by the original authors; (i) Titanite U/Pb ages
orientation, and reference direction are considered. ~ are assumed to represent cooling below ~660-700°C [Scott
and St-Onge, 1995]; (iii) “°Ar/*°Ar ages are interpreted as
cooling ages, with assumed closure temperatures of ~500°C for hornblende [Harrison, 1981], ~400°C for mus-
covite and phengite [Harrison et al., 2009], ~300-350°C for biotite [Grove and Harrison, 1996], and ~200-250°C
[Harrison and McDougall, 1982; McDougall and Harrison, 1999] or ~300-375°C for K feldspar [Cassata and Renne,
2013] (Table 1).

The overview of age constraints in Figures 2 and 3, and Table 1, shows a consistent pattern. First, meta-
morphic soles below widespread klippen of ophiolites give hornblende and locally muscovite “OAr/*°Ar cool-
ing ages of circa 93 + 3 Ma across most of Turkey. Subophiolitic metamorphic soles are widely interpreted
to start forming shortly after subduction initiation, at temperatures up to 800°C and pressures up to 10-
15 kbar [Onen and Hall, 1993; Dilek and Whitney, 1997; Hacker and Gnos, 1997; Plunder et al., 2015]. The ages
recorded by “°Ar/3°Ar thermochronology on hornblende represent cooling below ~500°C, i.e., at greens-
chist facies conditions, during decompression and exhumation of the metamorphic soles, likely related
to SSZ spreading and subsequent tectonic thinning and attenuation of the mantle wedge [van
Hinsbergen et al., 2015]. Formation of SSZ oceanic crust occurs at the expense of a still hot mantle close
to the trench and therefore appears limited to the first 5-10 Myr of an intraoceanic subduction zone [e.
g., Stern et al., 2012]; similar time periods after subduction initiation were estimated for the formation of
metamorphic soles [Hacker, 1990]. From this, it follows that subduction initiation below the Anatolian ophio-
lites probably occurred at circa 100 Ma.

A few outlier ages are clear from Figure 3. Ophiolites north of the Kirsehir Block yield Jurassic metamorphic
sole and gabbro ages and may relate to an earlier obducted ophiolite that connected to the contempora-
neous Hellenic-Dinaric ophiolites [Celik et al., 2013; Topuz et al., 2013]. Parlak et al. [2013] reported a circa
69 Ma U/Pb zircon age from a gabbro in the Karsanti ophiolite and interpreted this to reflect the age of ocean
floor formation. In several places, however, post kinematic mafic dikes intrude the metamorphic soles and the
Anatolian ophiolites [Cakir et al., 1978; Lytwyn and Casey, 1993; Parlak and Delaloyle, 1996; Parlak, 2000; Celik
and Delaloyle, 2003; Parlak et al., 2006; Celik, 2008], with ages ranging from circa 90 to 65 Ma [Parlak and
Delaloyle, 1996; Celik, 2007, 2008]. We suspect that the young U/Pb age represents post kinematic gabbroic
intrusions fed by the Upper Cretaceous dikes that cut the metamorphic soles and do not reflect the spreading
stage of the oceanic crust of the ophiolites.

The circa 85 Ma U/Pb ages on monazite in the migmatites from the Kirsehir Massif are interpreted as ages of
peak regional metamorphism [Whitney et al., 2003; Whitney and Hamilton, 2004]. In addition, a migmatitic
gneiss in Nigde massif yielded a circa 91 Ma U/Pb age [Whitney and Hamilton, 2004], suggesting that by that
time the Kirsehir Block was already undergoing metamorphism. Regional pervasive shearing ceased at the
peak of regional metamorphism. Subsequently, granitoids with U/Pb ages of 85-73 Ma cut the regional
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foliation, accompanied between 78 and 73 Ma by molybdenite mineralizations [Delibas and Geng, 2012b].
“OAr/*°Ar cooling ages of granitoids and schists regionally range between circa 80 and 65 Ma (Figure 2 and
Table 1) and thus show significant overlap with the ages of granitoid intrusion, consistent with a syn-
exhumational character of the granitoids inferred from geochemical arguments [ilbeyli, 2005; Koksal et al,
2013] and structural crosscutting relationships [Lefebvre et al., 2011]. Nonmetamorphosed “Karahidir volcanics”
in the Ayhan basin [Advokaat et al.,, 2014] and in the northwest of the Kirsehir massif (point 76, Figure 2) give
ages of circa 72 Ma and were likely deposited in supradetachment basins during extensional exhumation.

The ophiolites overlying the Kirsehir Block give ages overlapping with or older than peak regional meta-
morphic ages. They also give ages older than the granitoid intrusion and regional cooling ages: plagiogranite
U/Pb crystallization ages in plagiogranite from the Sarikaraman ophiolite are 89-90 Ma. Plagioclase yielded a
85 Ma “°Ar/*°Ar age for the Kurancali gabbro (Figure 2 and Table 1). The nonmetamorphic character of the
Sarikaraman ophiolite (dikes, pillow lavas, and sediments) and 10-15 Ma older cooling age of the Kurancal
gabbro compared to the cooling ages of the underlying Kirsehir metamorphics demonstrate that these crus-
tal ophiolitic rocks did not share the burial and metamorphic history of the Kirsehir Block. Instead, they
remained at much shallower crustal levels. Their present-day contact with the Kirsehir metamorphics must
represent an extensional detachment, intruded by granitoids, as well documented for the Kaman detach-
ment west of Kurancali [Lefebvre et al., 2011]. The 89-90 Ma ages of the plagiogranites of the Sarikaraman
ophiolite (Figure 5), moreover, show that the ophiolite still underwent magmatic spreading when most of
the metamorphic soles to the west and south in ophiolites overlying the Taurides were already exhumed
to depths corresponding to greenschist facies conditions.

As little as 4-5 Myr after the magmatic spreading of the Sarikaraman ophiolitic crust ceased, the Kirsehir
Block reached peak pressure conditions and stopped being regionally sheared. We interpret this moment
as its final decoupling from the downgoing plate and its accretion to the overriding oceanic lithosphere of
which the Sarikaraman ophiolite is a relict. Subsequently, both the host to a magmatic arc that remained
stable for circa 15 Myr (Figure 2), showing that mantle influx became possible when the Kirsehir Block crust
decoupled from its original underlying lithospheric mantle, which continued to subduct and formed
the slab. Modern typical arc-trench distances are on the order of 150-200km [e.g., Gill, 1981]; the
Sarikaraman ophiolite thus likely formed in a location close to that distance away from the trench. The
age difference between the crystallization of this ophiolite and the cooling ages of the metamorphic soles
likely reflects the hinterland migration of the spreading center away from the subduction zone above
which the Anatolian SSZ ophiolites were forming [van Hinsbergen et al., 2015]. This relationship also sug-
gests that the subduction angle at which the Kirsehir Block underthrusted the Sarikaraman Plate was very
low: the Kirsehir Block reached a depth of only ~25 km but was already in an arc position, hence some
150 km away from the trench, immediately after its decoupling from the downgoing plate and at the
inception of extensional exhumation.

Phengite “°Ar/>°Ar and Rb/Sr ages of the Tavsanli zone of 88-78 Ma, likely just postdate peak pressure meta-
morphism, and the end of burial and accretion of the Tavsanli zone to the overriding plate (Figure 3 and
Table 1). A recent Lu/Hf garnet ages from a lawsonite eclogite of the Tavsanh zone yielded a circa 91 Ma
age [Mulcahy et al., 2014]. This age is synchronous with the oldest U/Pb age of zircon in high-grade migma-
tites of the Kirsehir Block [Whitney and Hamilton, 2004]. Younger ages close to 60 Ma may result from reheat-
ing by Barovian metamorphism [Seaton et al., 2009, 2014]. The age of HP-LT metamorphism of the Tavsanl
zone therefore overlaps with the ages of peak regional metamorphism and magmatism in the Kirsehir
Block. The two complexes were buried and metamorphosed simultaneously below ophiolites of similar
age. With metamorphic sole ages around 95 Ma and subduction having started a few million years before
that continental subduction burying the Kirsehir Block and Tavsanl zone must have occurred within 10 Ma
after intraoceanic subduction initation [Kaymakci et al., 2009].

Finally, the Afyon zone yielded phengite *°Ar/>*’Ar ages of 60-65 Ma [Ozdamar et al,, 2013; Pourteau et al.,
2013], interpreted to reflect postpeak metamorphism cooling during the early stages of exhumation follow-
ing the accretion of the Afyon zone from the downgoing to the overriding plate. The underthrusting of the
Afyon zone and its subsequent accretion to the overriding orogen thus occurred simultaneously with the
exhumation of the Kirsehir Block along E-W extensional detachments [Gautier et al., 2008; Lefebvre et al.,
2011, 2015].
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The youngest sediments incorporated in the structurally deepest units of the Taurides (Figure 1) are Eocene
platform carbonates and overlying flysch [Monod, 1977; Ozgiil, 1984]. It shows that the continental subduc-
tion continued until at least this time, after which oceanic lithosphere of the eastern Mediterranean basin,
south of the Taurides, became subducted. The thin-skinned nature of deformation throughout Anatolia
shows that the lower crustal and mantle underpinnings of the original Anatolide-Tauride continent must
have subducted and that the arrival of continental lithosphere in the southern Anatolian trench in the
Cretaceous did not lead to arrest of subduction and slab breakoff.

5.2. Burial and Exhumation History of the Kirsehir Block

During the 15 Myr between subduction initiation and the onset of post kinematic granitoid intrusion in the
Kirsehir Block the regional foliation and lineation of the Kirsehir metamorphics were formed. We postulate
that the regional foliation and sense of shear developed during the northeastward underthrusting of the
Kirsehir Block, as part of the African Plate, below the oceanic lithosphere of the Anatolian ophiolites. In other
words, we interpret the regional peak metamorphic conditions of the Kirsehir Block as prograde metamorph-
ism reaching 7-8 kbar and 700°C, which for a subduction zone is anomalously hot. These hot conditions wea-
kened the Kirsehir metamorphic rocks and distributed the underthrusting-related shear throughout the block
leading to the regional shear foliation and the consistent top-to-the-SW sense of shear (corrected for
Cenozoic vertical axis rotations).

The ophiolites that overlie the Kirsehir Block currently only form isolated fragments, no more than some 100 s
of meters thick, and with a highly dismembered ophiolitic pseudostratigraphy. These ophiolites must have
formed part of a 20-25 km thick oceanic plate and underlying mantle wedge when the Kirsehir metamorphic
rocks recorded their peak pressure conditions (7-8 kbar). This oceanic lithosphere and mantle wedge must
thus have been dramatically stretched and thinned, to the extent that the rocks underlying the wedge, i.e.,
the Kirsehir Block, became exhumed to the surface. In that context it is interesting to note that the E-W
extension direction during spreading of the oceanic crust of the Sarikaraman ophiolite as inferred from our
paleomagnetic work (Figure 9) is similar to the extension direction associated with the extensional detach-
ments between Kirsehir metamorphic rocks and the Central Anatolian Opbhiolites [Gautier et al., 2008;
Lefebvre et al., 2011, 2015; Advokaat et al., 2014].

Gautier et al. [2008] and Lefebvre [2011] previously interpreted the regional foliation and top-to-the-SW shearing
to have formed coevally with top-to-the-E and top-to-the-W detachments and considered the former the result
of lower crustal flow into exhuming domes. Although we instead invoke that the top-to-the-SW sense of shear
reflects the burial of the Kirsehir metamorphics, we note that E-W overriding plate extension and top-to-the-SW
sense of shear associated with burial were indeed coeval, at least around 90 Ma. The Kirsehir Block was essen-
tially subducted below an active spreading ridge that was spreading at high angles relative to the subduction
direction. At around 90 Ma, E-W overriding plate extension still caused magmatic spreading, but soon thereafter
it was likely accommodated by nonmagmatic “ophiolite hyperextension” [Maffione et al., 2015b], fragmenting
and dismembering the Anatolian ophiolites to such an extent that subophiolitic mélange, and even underlying
Kirsehir metamorphic rocks were exhumed to the surface. This may explain in part why the Kirsehir Block was
never buried deeply: spreading in the overriding lithosphere thinned the mantle wedge during underthrusting
led to formation of a flat slab. A similar mechanism was recently proposed to explain syn-formational exhuma-
tion of metamorphic soles [van Hinsbergen et al., 2015].

For the Kirsehir Block, formation of the regional foliation was completed prior to the 85 Ma onset of granitoid
intrusion, at which time the crust of the Kirsehir Block must have been decoupled from its mantle lithosphere,
and transferred as a nappe from the downgoing African plate to the base of the overriding oceanic plate as
already proposed for the Aegean region [van Hinsbergen et al., 2005]. The Kirsehir Block was intruded by arc
magmas soon after its mantle lithosphere delaminated from the crust, and the slab must thus have stee-
pened rapidly, allowing inflow and decompression of already hydrated mantle below the Kirsehir Block.
This caused the melting and intrusion of the granitoid belts, consistent with previous inferences from geo-
chemistry [flbeyli, 2004a, 2004b, 2005; Kadiodlu et al., 2006; ilbeyli et al., 2009; Kéksal et al., 2012]. Slab steepen-
ing further enhanced E-W overriding plate extension which in the Kirsehir Block continued until after 66 Ma
and before the mid-Eocene [Advokaat et al., 2014]. The locus of extension then migrated westward toward
the Tuzgolii Basin [Cemen et al., 1999; Aydemir and Ates, 2006, 2008; Fernandez-Blanco et al., 2013] and the
Konya area [Kog et al., 2012, 2016b].
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Figure 10. Paleogeography and plate boundary configuration of Central Anatolia between from 110 to 60 Ma. Paleogeography of the Aegean and west Anatolian
region after van Hinsbergen and Schmid [2012], Gaina et al. [2013], and Vissers et al. [2013]; Antalya nappe emplacement history after Moix et al. [2008] and Cetinkaplan
et al. [2016]; see text for further explanation. AFR = Africa; AN = Antalya nappes; Bal = Balkanides; BD = Bey Daglari; BS = Black Sea; EUR = Europa; ITB = conceptual
Intra-Tauride basin; Kir = Kirsehir Massif; Men = Menderes massif; MP = Moesian platform; NOP = Neotethyan Oceanic Plate(s); Or-Af-Bol = Oren-Afyon-Bolkardag
zone; Pel = Pelagonian platform; Pi = Pindos basin; Pon = Pontides; Rho = Rhodope; SAR = Sarikaraman microplate; Tau = Tauride carbonate platform; Tav = Tavsanli
zone; and Tri = Tripolitza; inset in Figure 10c: possible plate motion vectors in velocity space [see Cox and Hart, 1986], illustrating the relative motions between the
minimum of four (micro-)plates that governed the kinematic history of Central Anatolia around 90 Ma; see text for further explanation.

5.3. Cretaceous Plate Kinematics and Central Anatolian Tectonics

Using the Eurasia-North America-Africa plate circuit of Torsvik et al. [2012], the total amount of plate conver-
gence between 100 and 60 Ma for a location in south-central Turkey (modern coordinate 30°N/35°E) is
~1000 km, with Africa moving to the NE relative to Eurasia. The bulk of this convergence is accommodated
between 100 and 80 Ma (~750 km, i.e., 3.8 cm/yr) and decreased to ~1.3 cm/yr after 80 Ma. Between 80 Ma
and the present, ~1100 km of convergence have occurred, 250 km of which took place during the time span
in which the Afyon zone was buried, sometime between 80 and 60 Ma (Figure 10).

At least two other plates must have existed between the African and Eurasian plates, when the Sarikaraman
ophiolite was forming at a spreading center, i.e., around 90 Ma (Figure 10). These two conceptual plates,
depicted as “Sarikaraman microplate (SAR)” and the “Neotethyan Oceanic Plate (system) (NOP)” that must
have underlain the remainder of the Neotethyan oceanic realm (Figure 10) were separated by a N-S striking
ridge paleomagnetically reconstructed from the Sarikaraman sheeted dikes (Figure 9). The Sarikaraman
microplate was separated from the African plate by a trench at which the African plate subducted
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northnortheastward, and the Neotethyan Oceanic Plate subducted below Eurasia south of the Pontides.
We illustrate the relative motions of these plates in a conceptual plate motion diagram in velocity space
(Figure 10f). NOP moves eastward relative to SAR as determined by the N-S orientation of the Sarikaraman
sheeted dikes. The shear sense indicators that formed on the foliation during burial and regional metamorph-
ism of the Kirsehir Block, when corrected for Cenozoic vertical axis rotations, are consistently top-to-the-SW
[Lefebvre, 2011; Lefebvre et al., 2013]. We interpret this to indicate the relative motion between Africa (AFR)
and SAR, from which it follows that the convergence angle between AFR and NOP was more or less N-S,
and the convergence angle between NOP and Europe (EUR) was NE-SW, with the exact angle depending
on the spreading rate between SAR and NOP.

The sharp kink in the strike of the Cretaceous intraoceanic subduction zone, between ~ N-S and ~ E-W seg-
ments proposed earlier [Advokaat et al., 2014] was interpreted to result from subduction initiation along
an ~ E-W ridge and ~ N-S transform system [van Hinsbergen et al., 2015] (Figure 10). This subduction zone geo-
metry would result in a highly oblique N-S trending subduction zone in Central Anatolia along which the
Kirsehir Block was underthrust, whereas the Tavsanli zone subducted nearly orthogonally along an E-W
trending trench. If our inferences of the spreading direction between SAR and NOP are correct, subduction
below the Pontides was, at least around 90 Ma, also sinistral oblique.

5.4. Central Anatolian Paleogeography

Some authors view the Kirsehir Block as the contiguous northern promontory of the Tauride platform [e.g.,
Boztug et al., 2009¢; Kéksal et al., 2013], but most suggested that the Kirsehir Block was separated from the
Tauride block by an oceanic basin, conceptually termed the “Intra-Tauride Ocean” [Sengdr and Yilmaz,
1981; Goriir et al., 1984; Okay, 1984; Okay et al., 1996]. Moreover, the ophiolites that overlie the Taurides as
well as the Afyon zone (Figure 3) are widely interpreted to have formed following intraoceanic subduction
within this intra-Tauride Ocean, whereas the Central Anatolian Ophiolites overlying the Kirsehir Block are
interpreted to result from a time equivalent but separate subduction zone within the Neotethys Ocean
[Dilek et al., 1999; Andrew and Robertson, 2002; Barrier and Vrielynck, 2008; Robertson et al., 2009; Pourteau
et al., 2010; Parlak et al., 2013].

We perceive no argument for a double Cretaceous subduction system in Central Anatolia. First, the age of
burial and metamorphism along a transect from the Tavsanl zone to the south or from the Kirsehir Block
to the west becomes progressively younger. This can be straightforwardly explained by progressive in-
sequence, foreland-propagating nappe stacking in a single subduction zone (Figure 11), similar to well-
documented Aegean and west Anatolian examples [van Hinsbergen et al., 2005, 2010], or to the Alps
[Handy et al., 2010]. Second, shortly after the accretion of the Kirsehir Block to the Sarikaraman microplate,
both became intruded by volcanic arc magmas. Typical arc-trench distances suggest that the underthrust
Kirsehir Block and overlying ophiolites were separated by a 150-200 km wide fore-arc floored by the
Sarikaraman microplate. Relics of this fore-arc are the Haymana, Tuzgdll, and Ulukigla basins fringing the
Kirsehir Block to the west and south [Gordir et al., 1984; Kocyigit, 1991; Clark and Robertson, 2002]. The present
distance between the Kirsehir Block and the ophiolites in the Tauride mountains, e.g., the Beysehir Ophiolite
(BO; Figure 3), is ~250 km, which represents this original fore-arc width plus the amount of extension that has
been accommodated in the Tuzgoli basin. This amount of extension remains unquantified, but given the
widespread exposure of exhumed HP-LT metamorphic Afyon zone rock, it may be considerable. As illustrated
in Figures 10 and 11, a single but kinked subduction zone below oceanic lithosphere formed an ophiolite
sheet as a roof thrust over a foreland-propagating series of nappes from the Tavsanli zone and Kirsehir
Block in the north and east, via the Afyon zone, to the Taurides in the south and west. This subduction zone
retreated relative to the overriding plate to the south and west and exhumed previously underthrusted units
in the back arc, comparable to, e.g., the Alboran domain, the Calabrian-Tyrrhenian system, or the Aegean-
west Anatolian region [Jolivet et al., 2003; Rosenbaum and Lister, 2004; Jolivet et al., 2009; van Hinsbergen
and Schmid, 2012; Faccenna et al., 2014; van Hinsbergen et al., 2014]. Contraction and extension migrated
toward the foreland, which has reached as far as the Bey Daglar platform [Kog et al., 2016a, 2016b] (Figure 1).
There is no evidence that ophiolites underthrust the Tavsanli zone or Kirsehir Block, nor are there parallel meta-
morphic zones of the same age or parallel arcs that would require a more complex subduction zone configura-
tion than the one outlined in Figure 10.

This, of course, does not exclude that an Intra-Tauride ocean basin once existed. If it did, it must have sub-
ducted in the period between the accretion of the Kirsehir Block around 85 Ma and the Afyon zone around
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Figure 11. Lithospheric cross sections shortly after subduction initiation and present-day. (a) N-S cross section from the
Tavsanli zone to the Taurides. (b) E-W cross section from the Kirsehir Block to the Taurides (present-day section oriented
NE-SW). See Figure 10a for approximate location. Dotted thrusts illustrate the foreland propagation of accretion of
the various zones through time to the overriding oceanic lithosphere of the south Anatolian subduction system.
(Abbreviations used: AD, Aladag; BD, Bey Daglari; GD, Geyikdag; LN, Lycian nappes; MM, Menderes massif, TGB, Tiz-Golu
basin; and UB, Ulukisla basin). For the interpretation of the present-day section, see van Hinsbergen et al. [2010] and
Biryol et al. [2011].

65 Ma (Figure 11), i.e., in the time interval of the formation of the granitoid belt that intruded the Kirsehir
Block and during its extensional exhumation. Our plate kinematic reconstruction demonstrates that in this
time period, a total of 450 km of Africa-Europe convergence was accommodated, and this was partitioned
over two subduction zones. The E-W subduction component of this convergence was ~200 km. The amount
of Cretaceous E-W extension that exhumed the Kirsehir Block, which is equal to its exhumed width of 100 km
may be added to this. This would give a maximum width of an Intra-Tauride ocean of ~300 km west of the
Kirsehir Block and a similar dimension south of the Kirsehir Block and between the Tavsanli and Afyon zones.
We are, however, not aware of any demonstrable geological record of such an ocean basin. The geochemistry
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of the granitoids may hold evidence for oceanic subduction below the Kirsehir Block. In addition, an Intra-
Tauride ocean would have to be invoked if oceanic sediments of 85-65 Ma would be found in the subophio-
litic mélange of the central Taurides.

5.5. Subduction Obliquity Determined Thermal Evolution of Plate Contact?

A final point of discussion is the major difference in prograde and peak metamorphic grade between the
Kirsehir Block and the Tavsanli zone. The magmatic arc that intruded the Kirsehir Block is not likely to have
caused the regional HT metamorphism: all arc-related plutons are essentially undeformed and intrude the
syn-HT regional foliation that appears to have only affected metasedimentary rocks. The intrusion of the
arc did cause a syn-decompressional thermal pulse at 3-4 kbar/650-800°C post dating peak pressure meta-
morphic conditions at 8 kbar [Whitney and Dilek, 1998, 2001; Lefebvre, 2011; Lefebvre et al., 2015]. We therefore
interpret the regional deformation to be caused by burial, and from that conclude that burial occurred at
much higher temperatures than normal for subduction systems, while at the same time to the west, the
Tavsanl zone experienced burial associated with regular HP/LT metamorphism.

The Kirsehir Block and the Tavsanli zone units likely being lateral equivalents of the same continental block
and in any case underthrust simultaneously below oceanic lithosphere of similar age. Why did the Kirsehir
Block experience high temperatures at medium pressures and the Tavsanli zone low temperatures at high
pressures? In addition, why is the younger Afyon zone more homogeneous in its metamorphic grade?
How can such high temperatures have been reached in the Kirsehir Block so soon after its burial, with so little
convergence and hence potential shortening and crustal thickening?

We suggest that the obliquity of subduction may have played a key role. The Kirsehir Block underthrust
highly obliquely below a N-S trending subduction zone, whereas the Tavsanli zone underthrust near ortho-
gonally (Figure 10). The rate of burial of the Tavsanl zone was therefore much higher than of the Kirsehir
Block, which consequently had more time to heat up due to underthrusting below a mantle that was hot
enough to partially melt and generate oceanic crust. In addition, the overriding plate extension by spreading
of the Sarikaraman ophiolite may have actively prevented the Kirsehir Block from underthrusting steeply. This
is strengthened by the back-arc spreading induced in high oblique convergence system as previously docu-
mented in the Sunda region [Kimura, 1986].

By the time the Afyon zone was underthrusting, several key factors may have changed. First, the plate con-
vergence rate had dropped to ~1cm/yr, which would have decreased the contrast in thermal history
between the N-S and E-W trending systems. In addition, the westward rollback of the N-S trending subduc-
tion zone, which caused E-W extension in the Kirsehir Block and the area to the west, may have accelerated
over time, which would have decreased the subduction obliquity. Finally, the temperature highest in a juve-
nile subduction zone decreases over time [e.g., Ldzaro et al., 2009; Plunder et al., 2013]. To further unravel the
causes of different thermal regimes in Anatolia, it is essential to accurately reconstruct the amount, timing,
and direction of extension associated with exhumation of metamorphic rocks in Central Anatolia, in particular
of the Afyon and Tavsanli zones.

6. Conclusions

In this paper, we review structural, metamorphic, and geochronological constraints on the tectonic history of
Central Anatolia and place them in a plate kinematic context of Africa-Europe convergence since the
Cretaceous to restore a first-order paleogeography of oceans and continents. To this review, we add new
“OAr/3°Ar and U/Pb ages from the Kirsehir Block and the overlying Sarikaraman suprasubduction zone ophio-
lite. We also show paleomagnetic evidence from the sheeted dike section of the Sarikaraman ophiolite to
restore the orientation of the spreading ridge during the formation of the oceanic crust. Our conclusions
are summarized as follows:

1. The geology of Central Anatolia can be successfully explained by the synchronous activity of two subduc-
tion zones, one below the Pontides and one intraoceanic subduction zone within the Neotethys. The lat-
ter likely started to form around 100 Myr and was associated with overriding plate spreading and
synchronous metamorphic sole exhumation until circa 90 Ma. The youngest oceanic crust is found in
the Sarikaraman ophiolite in an arc position, with new ages of circa 90 Ma. The intraoceanic subduction
zone had E-W and N-S striking segments, likely inherited from an inverted ridge-transform configuration.
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2. Continental subduction of the Anatolide-Tauride platform occurred below the oceanic lithosphere of the
southern subduction system. This led to accretion of crust from the downgoing plate to the overriding
plate in a foreland-propagating nappe stack with the oldest nappe system far underthrusted and meta-
morphosed below the oceanic lithosphere of the overriding plate. This lithosphere is preserved as exten-
sionally and erosionally dismembered ophiolites. The oldest nappes to accrete were the Kirsehir Block and
Tavsanl zone both accreting around 85 Ma, followed by the Afyon zone, which was accreted around
65 Ma, and the nappes of the nonmetamorphosed Taurides, which were accreted until at least Eocene
time. There is no argument to invoke yet another subduction system within the conceptual “Intra
Tauride ocean” between the Kirsehir Block/Tavsanli zone and the Afyon zone.

3. If an Intra Tauride Ocean existed, plate kinematic constraints limit its width to 300 km. It would have sub-
ducted between 85 Ma and 65 Ma. No geological record has been identified to date that demonstrates the
existence of such an ocean basin, but indications may be found in subduction-related plutons in the
Kirsehir Block that formed between 85 and 70 Ma.

4. Central Anatolia exhibits a long history of E-W overriding plate extension. Our paleomagnetic evidence
shows that the spreading center forming the Sarikaraman ophiolite at 90 Ma was E-W spreading. The
Kirsehir Block was exhumed by E-W extension, the Tuzgoli Basin formed by E-W extension in the
Paleogene onward, and E-W extension has been active since the Miocene in the Central Taurides, where
it remains active today. We ascribe this to the westward retreat of the ~ N-S striking Kirsehir subduction
segment since the Cretaceous.

5. High-temperature, low-pressure metamorphism in the Kirsehir Block and high-pressure, low-temperature
metamorphism in the Tavsanli zone were synchronous. We tentatively explain this difference by their
angle of subduction. The Tavsanl zone subducted at a high angle and was buried at plate convergence
rates leading to deep burial at low temperatures. The Kirsehir Block subducted highly obliquely at low bur-
ial rates, allowing a higher increase in temperature. Its underthrusting below the actively spreading
Sarikaraman ridge likely prevented deep burial and led to decompression and exhumation during
underthrusting.

Appendix A

Procedures and analytical details of previously unpublished “°Ar/*°Ar and U/Pb ages included in the
compilation of Table 1 and Figures 2 and 3.
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