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Abstract The Central Pontides of N Turkey represents a mobile orogenic belt of the southern Eurasian
margin that experienced several phases of exhumation associated with the consumption of different
branches of the Neo-Tethys Ocean and the amalgamation of continental domains. Our new low-temperature
thermochronology data help to constrain the timing of these episodes, providing new insights into
associated geodynamic processes. In particular, our data suggest that exhumation occurred at (1) ~110 to
90 Ma, most likely during tectonic accretion and exhumation of metamorphic rocks from the subduction
zone; (2) from ~60 to 40 Ma, during the collision of the Kirsehir and Anatolide-Tauride microcontinental
domains with the Eurasian margin; (3) from ~40 to 25 Ma, either during the early stages of the Arabia-Eurasia
collision (soft collision) when the Arabian passive margin reached the trench, implying 70 to 530 km of
subduction of the Arabian passive margin, or during a phase of trench advance predating hard collision at
~20 Ma; and (4) ~11 Ma to the present, during transpression associated with the westward motion of
Anatolia. Our findings document the punctuated nature of fault-related exhumation, with episodes of fast
cooling followed by periods of slow cooling or subsidence, the role of inverted normal faults in controlling
the Paleogene exhumation pattern, and of the North Anatolian Fault in dictating the most recent pattern
of exhumation.

1. Introduction

Mobile belts are long-lived deformation zones that develop along continental margins and hence represent
first-order, lithospheric anisotropies that can favor strain localization under different tectonic regimes (e.g.,
Faccenna & Becker, 2010; Hyndman et al., 2005; McKenzie, 1972). Mobile belts may thus retain the finger-
prints of multiple deformation events, providing unique insights not only into deformation styles and
mechanisms but also mountain building processes and associated geodynamics. Such insights are particu-
larly compelling in the realm of the Neo-Tethys Ocean, where different episodes of rifting, oceanic spreading,
subduction, obduction, collision, oroclinal bending, and lateral extrusion of lithospheric blocks have occurred
since the Late Mesozoic.

Located between the Arabia-Eurasia continental collision and the Hellenic subduction zones, the Turkish
peninsula constitutes a mosaic of lithospheric blocks that have been progressively amalgamated since the
Paleozoic, through the subduction of oceanic and continental lithosphere in association with multiple
orogenic phases (Figure 1; e.g., Okay & Nikishin, 2015; Sengoér & Yilmaz, 1981). Alternatively, Turkey can be
considered a large Meso-Cenozoic accretionary orogen consisting of continental upper (and possibly lower)
crust decoupled from subducted lower crustal and mantle lithospheric underpinnings (Pourteau et al., 2016;
Van Hinsbergen et al., 2016). The Pontide mountains are one of the most prominent orogenic belts of Turkey,
which were built over the former southern continental margin of the Eurasian Plate (Figure 1; for a recent
review see Okay & Nikishin, 2015; Okay et al., 2017). This ~E-W oriented mountain range stretches along
the northern coast of Turkey between the oceanic Black Sea Basin and the Tauride-Anatolide and the
Kirsehir microcontinental domains (Figure 1; e.g., Okay et al., 2013; Pourteau et al., 2016; Van Hinsbergen et al.,
2016) and exhibits a gradual westward decrease in mean elevation from over 3 km to few hundreds of meters
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Figure 1. (a) Shuttle Radar Topographic Mission Digital Elevation Model (SRTM DEM) of middle east superimposed over a hillshade model. Black arrows and asso-
ciated numbers indicate Global Positioning System-derived plate velocities (mm/year) assuming a fixed Eurasian plate (Reilinger et al.,, 2006). (b) DEM of Turkey
including bathymetric data, showing the approximate location of major Tethyan sutures (Okay & Tiiysiiz, 1999). BSZ = Bitlis-Zagros Suture; IASZ = izmir-Ankara-
Erzincan Suture; ITS = Inner Tauride Suture; PAS = Pamphylia-Alanya Suture; DSF = Death Sea Fault; EAF = Eastern Anatolian Fault; NAF = North Anatolian Fault;
ATB = Anatolian-Tauride Block; BPM = Bitlis-Piitlirge continental Massif; KB = Kirsehir Block; PM = Pontide Mountains; TM = Tauride Mountains.

(Figures 1 and 2). The central sectors of the belt are composed of a suite of metamorphic, magmatic, and sedi-
mentary rocks, documenting a complex geological history with episodes of subduction-related metamorph-
ism, arc volcanism, and sedimentary basin development via normal faulting and lithospheric flexure
throughout the Phanerozoic (Figure 3, e.g., Okay & Nikishin, 2015; Okay et al., 2017, and references therein).
Although several studies have focused on this composite tectonostratigraphic, deformational, metamorphic,
and magmatic history (e.g., Aygiil et al.,, 2016; Cimen et al.,, 2017, 2018; Espurt et al., 2014; Frassi et al., 2018;
Okay et al., 2006, 2013, 2014, 2015; Ustadmer & Robertson, 1997; Yildirnm et al., 2011), the timing of major
Cenozoic events is only constrained by stratigraphic data. The spatially discontinuous nature of the sedimen-
tary deposits, sedimentary hiatuses (Hippolyte et al., 2010, 2015; Okay et al., 2006, 2013, 2017; Tuysiz et al.,
2012), and limited age information for continental sediments younger than the Late Eocene, however, does
not allow us to reconstruct the most recent history of the Pontides and link it to the major geodynamic
events. That history notably included the development of the North Anatolian Fault (NAF) and potential
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Figure 2. (a) Digital Elevation Model and (b) topographic relief map calculated over a 2-km circular radius superimposed over a hillshade model of the Central
Pontides, showing major faults (modified after Yildinm et al., 2011), Zircon U-Pb, AFT, and AHe ages. BF = Balifaki Fault; CF = Cide Fault; EF = Erikli Fault;

EkF = Ekinveren Fault; bEKF = Blind Ekinveren Fault; KF = Karabiik Fault; NAF = North Anatolian Fault; IR = llgaz Range; KrR = Karabiik Range; SR = Sinop Range;
BB = Boyabat Basin; DB = Devrekani Basin; KrB = Karabuk Basin; KB = Kastamonu Basin; DM = Daday Massif; KM = Kargi Massif. Note the arc-shaped, elevated, and
high-relief topography of the Sinop and Karabiik ranges (SR and KrR, respectively). These ranges are bounded by inward dipping reverse faults, extend parallel to the
cost and tend to merge with the NAF and associated topography. Moreover, they delimit a semicircular and elevated low relief area that includes metamorphic
massifs (DM and KM), Cretaceous to Eocene marine basins (BB, KrB, and DB) and a Mio-Pliocene continental basins (KB). (c) Age versus topographic elevation plots of
vertical profile shown in Figure 2a. The dashed lines show the inferred location of a blind thrust fault defined in the text as the bEkF and the offshore continuation of
the Erikli Fault.
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Figure 3. (a) Geologic map of Turkey redrawn after Senel (2002), Okay et al. (2010), and Aygil and Oberhansli (2015). (b) Cross section of the Central Pontides based
on seismic lines (redrawn after Espurt et al., 2014). Note that the Sinop Horst marks the transition between tectonically inverted and not inverted areas.

topographic growth of the Central Pontides associated with transpression (Ellero et al.,, 2015; Schildgen et al.,
2014; Yildirim et al., 2011; Yildirnm, Melnick, et al., 2013; Yildirim, Schildgen, et al., 2013).

To unravel the geological history of the Central Pontides in the framework of collisional tectonic and plateau
building processes, we have performed a geochronology and low-temperature thermochronology study
including zircon U-Pb, apatite fission track (AFT), zircon and apatite (U-Th-Sm)/He (AHe) dating of granitoides
exposed along five vertical profiles spanning up to 600 m of topographic relief. Overall, our new data docu-
ment the spatiotemporal pattern of fault-related exhumation during major Late Mesozoic to Cenozoic
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deformation events and the role of inherited structures in controlling those events. Furthermore, our data
provide new insights into the geodynamic processes that triggered fault-related exhumation.

2. Tectonostratigraphic Evolution of the Central Pontides

The Central Pontide mountains are characterized by a suite of metamorphic, magmatic, sedimentary, and
mantle rocks, which recorded a prolonged and complex Late Paleozoic to Early Cenozoic history of subduc-
tion, microcontinent collision, and backarc extension (Figure 3; e.g., Aygil & Oberhansli, 2015; Aygiil et al.,
2016; Cimen et al,, 2018, 2017; Okay et al., 2017, 2013, 2006; Okay & Nikishin, 2015). The Late Paleozoic epi-
sodes include the northward subduction of the Paleo-Tethys oceanic lithosphere beneath southern
Laurasia, in association with arc magmatism at ~350 to 300 Ma and the Carboniferous to Permian collision with
Armorica type terrains (Variscan orogeny) that led to the development of Pangea (e.g., Okay & Nikishin, 2015;
Stampfli & Borel, 2002, and references therein). These events were followed by Late Permian to Early Triassic
rifting and volcanism that caused opening of the Neo-Tethys Ocean and the establishment of new subduction
zone (s), with the ultimate amalgamation of the Cimmerian blocks to the southern Eurasian margin
(Cimmerian orogeny; e.g., Sengdr, 1991; Sengor & Yilmaz, 1981; Stampfli & Borel, 2002; Zanchi et al., 2009).
In the Central Pontides, this amalgamation is thought to have caused the Late Triassic accretion of an oceanic
plateau without the involvement of continental lithosphere (e.g., Okay et al., 2006; Okay & Nikishin, 2015;
Ustadmer & Robertson, 1994, 1997). The oldest rocks recording this orogenic episode are Upper Triassic to pos-
sibly Lower Jurassic distal trench turbidites of the Akgdl Formation (~210 to 199 Ma), which were deposited
onto basaltic pillow lavas (Okay et al., 2006, 2015). These synorogenic deposits are exposed in the Sinop range
and form the Kiire Complex (Figure 3; Ustadmer & Robertson, 1994), which was intruded by Middle-Upper
Jurassic (post Cymmerian) granitoids (~174 to 158 Ma; e.g., Okay et al.,, 2006, 2013, 2014, 2015, 2017).

From the Late Jurassic to the Early Cretaceous, a marine transgression occurred, leading to the deposition of
the shallow-water marine limestones of the inalti Formation (Kimmeridgian to Berresian, ~155 to 140 Ma, up to
1 km of thickness; Derman & iztan, 1997), a regional stratigraphic marker that can be followed from Crimea to
Iran (e.g., Okay & Nikishin, 2015). After the deposition of the Inalti Formation, a Middle Jurassic oceanic volcanic
complex (Cangaldag Complex; Cimen et al.,, 2018, 2017; Okay et al., 2014; Ustadmer & Robertson, 1997), which
experienced Early Cretaceous (Valanginian to Barremian, ~135 to 122 Ma) low-greenschist facies metamorph-
ism, was accreted to the southern margin of the Eurasian plate during northward directed subduction (Figure 3;
e.g., Okay et al., 2006, 2013). Over a similar time interval (Barremian to earliest Albian, ~130 to 110 Ma), a
sequence of turbidites reflecting a submarine fan system at least 3-km thick (Caglayan Formation) was depos-
ited over a wide region of the modern Central Pontides. These sedimentary deposits contain kilometers-scale
olistoliths (mostly from the inalti Formation) sourced from the north and therefore have been interpreted to
represent deposition in a forearc and trench setting, most likely during a nonmagmatic rifting episode that pre-
dated the opening of the back-arc Black Sea Basin (e.g.,, Derman & iztan, 1997; Gériir & Tilysiiz, 1997; Hippolyte
et al, 2010, 2015; Okay et al., 2006, 2013; Tliysiz et al., 2012). Subsequently, an Albian to Coniacian (~113 to
90 Ma) phase of tilting caused erosion of the Caglayan Formation turbidites. This episode has been linked to
tectonic accretion and exhumation of an imbricated, south verging system of metamorphosed (high pressure
and low temperature) oceanic and mantle rocks (Domuzdag Complex) and Lower Cretaceous metasediments
(blueschist and greenschist of the Esenler and the Martin complexes) between 110 and 92 Ma (Central
Pontides Supercomplex, Figure 3; Aygil et al., 2016; Okay et al., 2006, 2013). Farther south, the occurrence
of ~95 Ma volcanic and sedimentary rocks that recorded low-grade metamorphism at ~70 Ma suggests the
development of a magmatic arc, most likely associated with a northward dipping, intraoceanic subduction
zone between the Central Pontides Supercomplex and Gondwana-derived blocks of Central Anatolia
(Figure 3; Kosdag paleoarc, Aygiil & Oberhansli, 2015; see also Giirer et al., 2016; Van Hinsbergen et al., 2016).

At the same time, backarc extension and rifting led to the fragmentation of the former southern Eurasian
margin with the opening of the Black Sea (Espurt et al., 2014; Gorlr & Tlysiiz, 1997; Nikishin et al., 2003;
Nikishin, Okay, Tilysiiz, Demirer, Amelin, & Petrov, 2015; Nikishin, Okay, Tiysliz, Demirer, Wannier, et al.,
2015; Okay et al., 1994, 2013; Tliys(iz et al., 2012; Zonenshain & Le Pichon, 1986). This event is well documen-
ted by the deposition in unconformity of an up to 160-m-thick package of Late Coniacian to Santonian red-
dish pelagic mudstone (Kapanbogazi Formation; ~88 to 84 Ma) and an up to 2-km-thick sequence of latest
Santonian to earliest Campanian volcaniclastic turbidites (Yemislicay Formation; ~84 to 82 Ma; Figure 3;
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Derman & iztan, 1997; Hippolyte et al., 2015; Leren et al., 2007; Okay et al., 2006, 2013), sourced from submar-
ine volcanos located north of the modern shoreline (Nikishin, Okay, Tiiysliz, Demirer, Amelin, & Petrov, 2015;
Nikishin, Okay, Tlysiiz, Demirer, Wannier, et al., 2015). Along the northern flank of the Sinop Range, volcani-
clastic sedimentation was followed by the deposition of an up to 5-km-thick sequence of calcareous and sili-
ciclastic deep-water turbidites passing southward to shallow-water marine limestone that postdates oceanic
spreading in the Black Sea (Gurksokd, Akveren, Atbasi, and Kusuri formations; Campanian to the Middle
Eocene; ~83 to 40 Ma; Figure 3; Derman & iztan, 1997; Goriir & Tlysiiz, 1997; Hippolyte et al.,, 2010, 2015;
Janbu et al, 2007; Leren et al, 2007; Nikishin, Okay, Tlysiiz, Demirer, Amelin, & Petrov, 2015; Nikishin,
Okay, Tilysliz, Demirer, Wannier, et al., 2015; Okay et al., 2013; Ozcan et al,, 2012). Along the southern flank
of the Sinop Range, these sediments are thinner (possibly up to 1- to 2-km thick) and contain angular uncon-
formities and disconformities that testify to episodic contractional deformation throughout the Late
Cretaceous to Early Cenozoic (Hippolyte et al., 2015; Okay et al., 2006, 2013).

Thick (> 4 km) Upper Cretaceous to Eocene marine sediments are currently exposed in the hanging wall of
the north dipping Ekinveren and Karabiik thrust faults (Figure 3). To the south, in their footwalls, a discontin-
uous and thinner sequence including Upper Cretaceous, Paleocene, and Lower to Middle Eocene (Ypresian to
Priabonian; ~53-50 to 40 Ma) shallow-water marine clastics and limestones unconformably cover rocks of the
Central Pontides Supercomplex (Figure 3; Gorir & Tiysuiz, 1997; Hippolyte et al., 2010; Okay et al., 2013;
Ozgen-Erdem et al., 2005; Ozcan et al., 2007). This relationship suggests that the interior of the modern
Central Pontides must have been dominated by periods of erosion or nondeposition, at least until ~53—
50 Ma, when shallow-water marine conditions were established (Figure 3). Renewed subsidence has been
interpreted to reflect the development of piggyback basins (Hippolyte et al., 2010) during the inversion of
the Black Sea passive margin, which was triggered by the collision between the Kirsehir Block and the
Eurasian Plate (e.g., Cavazza et al.,, 2011; Espurt et al., 2014; Kaymakg et al.,, 2009; Okay et al.,, 2013; Ozcan
etal, 2007; Ozgen-Erdem et al., 2005; Van Hinsbergen et al., 2016). Furthermore, paleomagnetic data suggest
that oroclinal bending processes, which have been interpreted to reflect collision and indentation of the
Kirsehir Block, occurred between the latest Cretaceous and the earliest Paleocene (Meijers et al., 2010).
After the deposition of the ~53-50 to 40 Ma shallow-water marine clastics and limestones, the region experi-
enced widespread erosion at least until the development of the Kastamonu intermontane basin (Yildirnm
et al, 2011; Yildinm, Melnick, et al.,, 2013). This erosion has been linked to transpressional motion along the
northward convex sector of the North Anatolian Fault (NAF; Figure 1), which should have also promoted
renewed rock uplift, localized river incision, and overall topographic growth of the Central Pontides
(Figures 2 and 3; Ellero et al.,, 2015; Schildgen et al., 2014; Sengér et al., 2005; Yildirm et al., 2011; Yildinm,
Melnick, et al., 2013; Yildinm, Schildgen, et al., 2013). This renewed activity has been suggested to have
occurred during the last ~5 Ma (although the timing is weakly constrained) through the development of a
north verging orogenic wedge connected through a shallow dipping detachment to the NAF (Yildinm
etal, 2011).

3. Topography, Structural Setting, and Active Tectonics

The topography of the Central Pontide mountains rises from the Black Sea coast to ~1.5 to 1.8 km of elevation
over 25 to 50 km (Sinop and Karabiik ranges, Figure 2) and constitutes a prominent orographic barrier to
moist air masses sourced from the Black Sea (Figures 1 and 2; Schemmel et al,, 2013), which formed sometime
during the last 8 Ma (Mazzini et al., 2013). The arc-shaped range accommodates up to 6 mm/year of shorten-
ing with a strong E-W gradient between 31 and 35°E longitude (Reilinger et al., 2006; Yildinm et al., 2011),
which is accommodated along inward dipping thrusts.

Within the Central Pontides, along the E-W to WNW-ESE oriented Sinop Range, the northward dipping
Ekinveren Thrust appears to have accommodated a significant fraction of Cenozoic shortening and uplift,
which in turn has led to the erosion of the Upper Cretaceous-Lower Eocene sequence and the exposure of
the Cangaldag and Kiire complexes (Figure 3). Moreover, the Ekinveren Thrust is associated with a system
of north dipping splay faults on both its hanging wall and footwall, especially in proximity to the Boyabat
and Kastamonu basins (Figures 2 and 3; Espurt et al., 2014; Goriir & Tuysliz, 1997; Okay et al.,, 2006; Yildirim
et al, 2011). Conversely, the system of southward dipping faults exposed near the shoreline (Erikli and
Balifaki faults and their possible westward offshore continuation) have accommodated a minor amount of
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dip-slip motion and hence appear to constitute second-order structures (Figures 2 and 3). In the NE-SW
oriented Karabiik Range (Ulus Basin; e.g., Hippolyte et al., 2010), motion along the NW dipping Karabiik
Fault has led to the erosion of the Upper Cretaceous-Lower Eocene synrift to postrift sedimentary sequence
and the exposure of Upper Jurassic-Lower Cretaceous sediments (Figure 3). Toward the shoreline, a system of
southward-, shallow-dipping thrusts has led to folding and exhumation of Permian clastic sediments
(Figures 2 and 3; e.g., Cide Fault). Deformation continues offshore along the Central Pontides through a sys-
tem of southward-dipping thrust faults, as suggested by uplifted marine terraces (Yildinm, Melnick, et al.,
2013), instrumental seismicity (the 1968 Bartin earthquake, Alptekin et al., 1986) and seismic reflection lines
(Yildinm et al., 2011, and references therein). It should be noted, however, that this submarine fold and thrust
belt appears to have accommodated limited shortening (e.g., Nikishin, Okay, Tiysliz, Demirer, Amelin, &
Petrov, 2015; Nikishin, Okay, Tlysiiz, Demirer, Wannier, et al.,, 2015; Rangin et al., 2002) and hence cannot
be associated with significant underthrusting of the Black Sea Basin beneath the Pontides. Furthermore,
these contractional structures seem to be rather localized, because east and north of the Sinop Basin
(Figure 3), normal faults cut supposed Early Cenozoic contractional structures (Ozhan, 1989; Rangin
et al., 2002).

The eastern sector of the Sinop Range and parts of the Karabiik Range (hanging wall of the Ekinveren and
Karabiik thrust faults, respectively) are capped by low-relief (<300 m) erosional remnants that have been
uplifted to elevations >1,000 m and locally tilted (Figure 2; Yildirm et al., 2011). These patches, which are
thought to represent the vestige of a regional, low-elevation paleosurface that experienced differential uplift
(Yilmaz, 2007), are also found to the south of these ranges, in the footwall of the Ekinveren and Karabuik thrust
faults at elevations of 600 to 1,000 m (Figure 2). In the Devrekani Basin (hanging wall of the Ekinveren Thrust),
these erosional remnants cut Middle-Late Eocene shallow-water marine sediments (Figures 2 and 3), imply-
ing that they must have formed after ~40 Ma.

Farther south, the E-W to WNW-ESE and the NE-SW oriented Sinop and Karabiik ranges merge into an E-W
oriented system of high ridges (including the >2-km-high llgaz Range), which are bounded to the south
by the NAF. These mountain ranges arose from transpressional deformation across the restraining bend of
the NAF and exhibit northward-directed thrusting (Ellero et al,, 2015; Yildinm et al,, 2011).

4, Methodology

To unravel the Cenozoic spatiotemporal pattern of fault-related exhumation, we have combined low-
temperature thermochronology, including apatite fission track (AFT), zircon and apatite (U-Th-Sm)/He (ZHe
and AHe, respectively), and geochronology (zircon U-Pb) with thermal modeling using HeFTy (Ketcham,
2005; Ketcham et al., 2017). Thirty-six samples were collected from five elevation profiles spanning 400 to
800 m of topographic relief along the Sinop Range (Sakarya Zone; Figures 2 and 3). Most of the sampled gran-
itoids were mapped as Jurassic or Cretaceous (Senel, 2002), but according to recent isotopic ages (Okay &
Nikishin, 2015, and references therein), the rocks we sampled have Carboniferous (RTZ and SEL samples)
and Middle-Late Jurassic emplacement ages (Kire Complex, KUR samples; Cangaldag Complex, HAN sam-
ples; Devrakani Basin, DVK samples). Rocks from the easternmost profile (KOZ samples) have not been dated,
but available geological maps assign them a Late Cretaceous age (Senel, 2002). Mineral separation was per-
formed at the University of Potsdam following standard protocols including crushing, sieving, water table,
magnetic, and heavy-liquid separation. Although most of the samples were relatively rich in zircons, only
50% of the samples yielded enough apatite grains for analysis.

4.1. Zircon U-Pb Analysis

Six samples (one from each elevation profile and one from the Devrekani Basin) were selected for zircon U-Pb
dating with laser-ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), which was carried out
at the Institute of Geosciences of the University of Sdo Paulo (Brazil). Zircon grains were mounted into epoxy
resin discs and surveyed for internal compositional zonations and/or inclusions via cathodoluminescence
and transmitted light imaging. Fifteen to thirty-five zircon grains were measured for each sample according
to their abundance and age reproducibility. The U-Pb isotope analyses were performed using a Thermo-
Fisher Neptune LA-ICP-MS equipped with a 193 Photon laser system (Sato et al., 2010). The analytical routine
included three measurements of GJ standard, two blanks, and two NIST 612 standards, followed by 13 ana-
lyses of zircons with unknown age, and two additional analysis of GJ standard, two blanks, and two NIST
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Figure 4. Time-temperature diagram showing the constraint boxes used in the thermal modeling according to major
depositional and erosional events (see section 4.4 for details).

considering the most elevated sample to be at 0-m elevation (equivalent to the top of a well) and the lower
samples as down-well samples. Although thermal histories from inverse models do not directly consider
perturbations of the geothermal gradient associated with topographic changes, variations in erosional
efficiency, or shear heating and advection during faulting (e.g., Ehlers & Farley, 2003; Willett & Brandon,
2013), they appear to provide robust and consistent thermal histories (Ketcham et al., 2017).

To constrain the Cenozoic cooling history of the Central Pontides, we performed single and multisample ther-
mal modeling with HeFTy by integrating available stratigraphic information, paleothermometric data, and
additional geological constraints with our new geochronology and low-temperature thermochronology data.
Our input parameters included AFT (single grain ages, projected track lengths, and Dpar values), ZHe, and
AHe data (mean age of at least two aliquots with 2c error). We assumed a mean surface temperature of
10 + 5 °C, and for the multisample modeling, the present-day temperature of each sample was calculated
according to their relative down-well position (see above) assuming a geothermal gradient of 25 °C/km
(Starostenko et al., 2014). The segments between the constraint boxes were set to be monotonic consistent,
(gradual/episodic during heating/cooling) and in few cases monotonic variable (but only during cooling). The
AFT annealing model for AFT data is from Ketcham et al. (2007), whereas the diffusion model for AHe data is
from Farley (2000). Finally, the halving between paths was set to two or three depending on the supposed
complexity of the thermal history inferred by stratigraphic data. Each model was run until 100 good paths
(i.e., paths with goodness of fitness, GOF, greater than 0.5 were found). For some multisample modeling, how-
ever, it was not possible to obtain 100 good paths and hence models where stopped after 100 acceptable
paths (i.e., paths with GOF between 0.15 and 0.5).

For the oldest part of the thermal histories, we considered the simplest possible scenario with monotonic
cooling starting from our U-Pb ages at ~500 °C to temperatures of 20-60 °C (shallow depths) during the
Late Jurassic to Early Cretaceous. This time-temperature window corresponds to the deposition of the
shallow-water marine limestones of the Inalti Formation (~155-135 Ma) over a heterogeneous substratum
comprising our analyzed granitoids (Figure 4). The pre-Late Jurassic time-temperature paths are not dis-
cussed in the text because a detailed characterization of the oldest thermal history of our samples is beyond
the scope of this study, and the multisample thermal modeling does not allow modeling thermal histories
from temperatures of zircon crystallization (>750 °C; Harrison et al., 2007). The subsequent constraint box
was placed between 110 and 90 Ma when a first phase of basin uplift and erosion occurred after the
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Figure 5. Inverse thermal modeling results for sample KOZ-01 (a), the KOZ vertical profile (b, lowermost sample of the profile) and sample HAN-03 (c) with acceptable
(green) and good (magenta, 100 paths) time-temperature paths and the best fit model (black line). The data set used for each modeling and the mean GOF is
indicated in the plot heading (with TL indicating track lengths). The insets of Figures 5a and 5c¢ show constraint points (i.e., points marking the onset of cooling) for
the 60- to 30-Ma constrain box, measured (gray histograms) and modeled (red line) track length distributions. For the multisample modeling (b), the inset represents
the vertical profile considering a down-well setting (i.e., with the topmost sample at 0 m of elevation), with modeled and measured ages. Each model started
from our U-Pb ages (Table 1) at ~500 °C.

deposition of the Caglayan Formation (Figure 4; e.g., Hippolyte et al., 2010, 2015; Okay et al., 2013, 2017). This
constraint box was imposed on all models including those (HAN, KOZ, and SEL samples) where our deepest
thermochronometer was reset during the Late Cretaceous-Paleocene burial (Figure 4). The next constraint
box was placed between 90 and 80 Ma, when rifting associated with the opening of the Black Sea started
(Kapanbogazi Formation; Figure 4). Finally, a constraint box marking the onset of basin inversion was
imposed between 60 and 30 Ma (Figure 4; Espurt et al., 2014; Hippolyte et al., 2010, 2015; Okay et al., 2013,
2017). The modeling was then implemented according to vitrinite reflectance and organic geochemistry
(e.g., rock-eval pyrolysis, total organic carbon, and n-alkane distribution) data from the Lower Cretaceous
turbidites of the Caglayan Formation (Derman & iztan, 1997; Gérir & Tiysiiz, 1997; Korkmaz et al., 2013).
Although sparse, these data document an overall westward increase of peak temperatures at the base of
the Caglayan Formation from ~100 °C in the eastern sectors of the study area (HAN and KOZ samples;
Figure 5) to temperatures of ~160 °C in central sectors (RTZ and SEL samples; Figure 6).
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Figure 6. Inverse thermal modeling results for samples SEL (a = single sample and b = multisample modeling) and RTZ (c = single sample and d = multisample mod-
eling; see caption of Figure 5 for details). Note that multisample modeling of SEL and RTZ vertical profile modeling was interrupted after 100 acceptable paths
because it was not possible to find 100 good paths despite the large number of tried paths.

5. Results

5.1. Geochronology and Low-Temperature Thermochronology Data

5.1.1. KOZ Profile

The easternmost profile includes four granodiorite samples spanning ~400 m of relief (KOZ samples;
Figures 2 and 3). This intrusive body has been dated for the first time in this study through zircon U-Pb ana-
lysis and has yielded multiple ages (KOZ04). A few zircon crystals appear to be older than 300 Ma, while one
population of five grains has a concordant U-Pb age of 298.2 + 1.9 Ma (MSWD = 0.21), most likely reflecting
recycling of Late Carboniferous zircons associated with the Variscan orogenesis. The youngest population
(seven grains) has a concordant U-Pb age of 2394 + 1.3 Ma (MSWD = 0.54), which correlates with the
Triassic arc magmatism that occurred regionally during the Cimmerian orogenesis (Okay & Nikishin, 2015).
Interestingly, although Triassic zircons are the dominant clastic population in coeval turbidites (e.g., Okay
& Nikishin, 2015), our sampled granitoid appears to be the first documented Triassic intrusive body of the
Black Sea region. Along the same transect, one sample was analyzed with AFT and four with AHe. The
AFT cooling age is 81.8 + 1.5 Ma, with a mean track length of 13.55 + 2.02 pm based on 99 measurements.
The four AHe ages exhibit relatively good reproducibility, with cooling ages ranging from 47.6 + 7.1
to 40.3 £ 6.7 Ma.

5.1.2. HAN Profile

Located ~50 km west of the KOZ profile and with an elevation range of ~600 m, the HAN profile (Cangaldag
Complex; Figures 2 and 3) yielded a U-Pb zircon population of 12 grains (out of 26 analyzed) with a
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concordant age of 173.5 + 1.5 Ma (MSWD = 0.02). This age correlates with the regional Jurassic magmatism
postdating the Cimmerian orogeny and agrees with published magmatic ages (e.g., Cimen et al., 2018, 2017;
Okay & Nikishin, 2015, and reference therein). Along the same transect, one sample was dated with AFT and
three with AHe. The AFT cooling age is 53.6 £ 5.1 Ma, with a mean track length of 12.61 + 2.44 pm based on 21
measurements. The AHe data reproduce well with cooling ages of 45.8 + 6.6, 25.4 + 3.3, and 29.5 + 3.8 Ma
from the highest to lowest sample.

5.1.3. RTZ and SEL Profiles

About 50 km west of the HAN profile, samples from two closely spaced vertical profiles (RTZ and SEL,
Figures 2 and 3) yielded concordant U-Pb ages of 322.2 + 2.7 and 309.8 + 1.0 Ma (MSWD of 1.3 and 0.35,
respectively, both from over 20 grains) in agreement with published geochronological data (e.g., Okay &
Nikishin, 2015, and reference therein). The RTZ samples exhibit a ZHe cooling age of 113.5 + 3.3 Ma and
AFT cooling ages of 30.2 + 1.6 and 27.4 + 1.7 Ma, with mean track lengths of 13.30 + 2.15 um (100 measure-
ments) and 13.02 £ 2.10 um (84 measurements), respectively. These ages are comparable to three AHe cool-
ing ages ranging from 33.2 + 4.4 to 24 + 2.1 Ma. The SEL profile yielded a ZHe cooling age of 66 + 1.6 Ma and
two AFT cooling ages of 352 + 1.8 (mean track length of 13.79 + 1.47 um, 100 measurements) and
28.5 + 2.7 Ma (mean track length of 12.84 + 2.63 pm, but with only eight measurements), which overlap with
three AHe cooling ages of 32.8 + 4.0, 31.4 + 3.7, and 30.9 + 4.2 Ma.

5.1.4. KUR Profile

With an elevation range of ~500 m, the westernmost profile of the Kiire Complex (KUR samples, Figures 2 and
3) yielded a zircon U-Pb concordant age of 169.4 + 0.6 Ma (MSWD = 0.023, 26 grains) in agreement with pub-
lished magmatic ages (e.g., Okay & Nikishin, 2015, and reference therein). AFT and AHe cooling ages exhibit a
crude age-elevation relationship (Figures 2 and 3), with sample KUR-01 yielding AFT and AHe cooling ages of
70.6 + 4.4 and 54.3 + 10.6 Ma, respectively; KUR-11, having an AFT age of 64.5 + 7.5 Ma (mean track length of
13.70 £ 3.12 um from only 14 measurements) and an AHe age of 24.2 + 3.2 Ma; KUR-04, with an AFT central
age of 56.5 + 4.9 Ma (mean track length of 13.76 + 1.12 um over 47 measurements; note that this sample did
not pass the chi-square test; however, the age makes sense with the rest of the vertical profile, therefore we
treat it as a single population) and an AHe age of 17.4 + 2.5 Ma; and KUR-08, with an AFT pooled age of
34.8 £ 1.9 Ma and an AHe age of 11.4 = 1.9 Ma. Unfortunately, the lowermost sample had few grains of rela-
tively good quality with very low U and Th content and therefore was discarded, although it yielded two ali-
quots with a mean age of ~11 Ma (see supporting information).

5.1.5. Devrekani Basin

One sample was collected from the Devrekani Basin (DVK-03) and yielded a concordant Middle Jurassic U-Pb
age of 169.4 + 0.61 Ma (MSWD = 0.44, 13 grains) in agreement with published magmatic ages (Cimen et al.,
2018, 2017); AFT and AHe cooling ages are 106.7 + 5.1 and 81.5 + 8.1 Ma, respectively (Figures 2 and 3). The
mean track length is 15.51 + 0.83 pm but was obtained from only 13 measurements.

5.2. Single and Multisample Thermal History Modeling

5.2.1. KOZ Profile

Single-sample and multisample thermal histories from the easternmost vertical profile depict major
Cretaceous and Paleogene cooling episodes (Figures 5a and 5b). The amount of cooling during the
Cretaceous event is poorly constrained; however, the peak temperature from the base of the Caglayan
Formation exposed near our granitoid samples is estimated to be ~100 °C (Derman & iztan, 1997).
Therefore, if we consider an additional 1- to 3-km-thick section of rocks between the Caglayan Formation
and the granitoid, our samples may have experienced burial heating up to 130-160 °C. After that episode,
samples remained within the AFT Partial Annealing Zone (PAZ) but below the AHe Partial Retention Zone
(PRZ) until ~40 Ma, as recorded by a short-track population in the track-length distribution (Figure 5a).
Between ~40 and 30 Ma, a second pulse of 70 to 90 °C of rapid cooling occurred (Figures 5a and 5b). This
pulse was followed by a period of very slow cooling until the present (Figures 5a and 5b).

5.2.2. HAN Profile

Time-temperature paths of sample HAN-03 do not provide accurate information on the Cretaceous thermal
history, but they illustrate the Paleocene cooling that started at ~60 to 50 Ma (Figure 5¢). The amount of cool-
ing associated with this event is poorly constrained; however, considering peak temperatures for the
Caglayan Formation of ~100 °C (Ekinveren oil seep; Derman & iztan, 1997; Korkmaz et al., 2013) and assuming
an additional 2- to 4-km-thick section of rocks below it, the Cenozoic peak temperatures of our granitoid
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Figure 7. Inverse thermal modeling results for samples KUR (a-c) and the DVK (d; see caption of Figure 5 for details). The lack of track length data for sample KUR 08
(c) forced us to introduce an additional constraint box to simulate a path similar to those obtained for samples KUR 01 and 04.

should be 140-180 °C (see also constraint points in Figure 5c). Regarding the multisample modeling, it was
not possible to obtain good or acceptable solutions, most likely because our AHe ages do not exhibit a
typical age elevation relationship, but rather a scattered pattern (Figure 2c).

5.2.3. RTZ and SEL Profiles

Single-sample and multisample thermal modeling from the SEL elevation profile do not allow unraveling the
Cretaceous thermal history. The occurrence of a ~66-My-old ZHe age, however, constrains the Paleocene
peak temperatures to 190 to 210 °C (Figures 6a and 6b), in agreement with vitrinite reflectance and organic
geochemistry data from the overlaying Caglayan Formation (~165 °C; Derman & iztan, 1997; Goriir & Tiiysiiz,
1997). For the RTZ vertical profile, the presence of a ~118 Ma ZHe cooling age limits Paleocene burial heating
to temperatures <180 °C (Figures 6¢ and 6d). In both cases, this burial event was followed by 150 to 170 °C
(SEL) and 110 to 140 °C (RTZ) cooling starting sometime between 60 and 40 Ma and accelerating from 40 to
25 Ma (Figures 6a and 6b).

5.2.4. KUR Profile

Samples from the KUR elevation profile exhibit high variability in AFT and AHe cooling ages with ~40-Myr
difference over an elevation span of only 450 m (Table 1 and Figures 2 and 3). Unfortunately, the limited num-
ber of apatite crystals did not allow performing heavy-ion irradiations, and hence, thermal modeling was con-
ducted using only AFT and AHe cooling ages, except for sample KUR-04, where about 50 track lengths were
measured (Figure 7). While the software could not find acceptable paths in the multisample thermal model-
ing, single-sample thermal histories from the highest sample suggest 80-100 °C of rapid cooling across the
PAZ and AHe PRZ between ~60 and 40 Ma followed by slow cooling from ~30 Ma to the present (KUR-01,
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Figure 7a). Such an amount of cooling provides also constraints on the peak temperatures of the underlying
samples that should be lower than 130 °C given the limited elevation range of the entire transect.

Paleogene cooling was also recorded by samples KUR-04 and KUR-08. Sample KUR-04 remained at the top of
the AHe PRZ until ~15 Ma, when renewed rapid cooling started (~50 °C; Figure 7b). For sample KUR-08, the
lack of track lengths prevented HeFTy from finding time-temperature paths similar to those obtained for
sample KUR-01 and KUR-04, and hence, an additional constraint box at shallow depth was added between
40 and 30 Ma (Figures 7b and 7c). In any case, thermal histories from sample KUR-08 document at least
~60 °C of rapid cooling over the last ~11 Ma (Figure 7c), which is the most recent pulse of cooling recorded
by our samples (Figure 8).

5.2.5. Devrekani Basin

Thermal histories of sample DVK-03 document burial heating of up to 110-120 °C in association with the
deposition of Caglayan Formation. This heating was followed by 60 to 100 °C of fast cooling between ~110
and 90 Ma, and subsequently by very slow cooling (10 to 50 °C) up to the present (Figure 7d). During the last
80 Myr, however, episodes of subsidence should have occurred, as documented by the occurrence of shallow
to relatively deep marine, Upper Cretaceous to Eocene deposits in the Devrekani Basin (Figures 3 and 8). The
occurrence of an ~80 Ma AHe cooling age suggests that any reheating would have not resulted in T > 60 °C to
reset the AHe system, and hence, the post-80 Ma cooling history cannot be resolved by thermal modeling.

6. Discussion

Our new low-temperature thermochronology data and thermal modeling reveal at least three major pulses
of rapid cooling (Figures 5-7). These events occurred during the Cretaceous (~110 to 90 Ma), the Paleogene
(from ~60 to 40 Ma, followed by an acceleration from ~40 to 25 Ma), and the Late Miocene to Quaternary
(<11 Ma) and were separated by phases of limited cooling or reheating (Figure 8). In the following sections,
we will compare the spatiotemporal pattern of exhumation and burial with available stratigraphic data, and
we will discuss the regional and local significance of our data in the framework of major Meso-Cenozoic
geodynamic processes.

6.1. Late Cretaceous Cooling (~110 to 90 Ma): Exhumation of the Central Pontides Supercomplex
Along the Central Pontides Active Margin

Time-temperature paths of the KOZ and DVK samples clearly document for the first time in the Central
Pontides ~50 to 110 °C of Late Cretaceous cooling (Figures 5a, 5b, and 7d). This event appears to roughly
coincide with regional tilting and erosion of the Barremian to earliest Albian (~130 to 110 Ma) Caglayan
Formation, which should have occurred sometime between 110 and 90 Ma (Albian to Coniacian; Figure 8).
Such a tilting has been interpreted to represent the following: (1) long wavelength, thermally induced
uplift (doming) along rift flanks preceding magmatic rifting (Hippolyte et al., 2010), (2) localized footwall
uplift during the development of a horst and graben morphology associated with the opening of the
Black Sea (Tuysiiz et al, 2012), or (3) uplift during accretion and exhumation of the Central Pontides
Supercomplex along the southern Eurasian margin (Aygil et al., 2016; Frassi et al, 2018; Okay et al,
2013). Although doming may have produced surface uplift and tilting, it seems unlikely that it may have
also caused erosion of a 2- to 5-km-thick crustal section (see, e.g., the Central Kenya Dome, Spiegel et al.,,
2007). Furthermore, the cooling event recorded by our data predates rifting; it is not associated with syn-
rift deposition, but rather with a sedimentary hiatus (Figure 8). Instead, our cooling ages could reflect
exhumation of the HP-LT Central Pontides Supercomplex, possibly during trench roll back, slab steepen-
ing, and wedge extension (Aygll et al., 2016; Frassi et al., 2018; Okay et al., 2013). This interpretation is
consistent with a coeval sedimentary hiatus, because tectonic denudation does not require significant ero-
sional exhumation and accumulation of sediments in adjacent basins (e.g., Reiners & Brandon, 2006).

6.2. Late Cretaceous to Paleogene (~90 to 60 Ma) Synrift and Postrift Burial Heating

Our thermal histories show that the Late Cretaceous to Paleogene spatial pattern of burial heating was con-
trolled by rifting processes associated with the opening of the Black Sea. For example, both the Devrekani
Basin and the Sinop Range are in the hanging wall of the Ekinveren Fault (Figures 2 and 3); however, sample
DVK underwent <60 °C of Cretaceous-Paleogene burial heating (Figure 7d), while most of samples from the
Sinop Range experienced burial heating >120 °C (HAN samples, Figure 5¢; SEL and RTZ samples, Figure 6;
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Figure 8. Simplified late Jurassic to Quaternary stratigraphy for the northern and southern slope of the Sinop range (with the thickness of each formation in
parenthesis; Derman & iztan, 1997; Gériir & Tiiysiiz, 1997; Hippolyte et al., 2010, 2015; ligar, 2014; Janbu et al., 2007; Leren et al., 2007; Okay et al., 2006, 2013,

2017; Tuysiiz et al., 2012). Major r

egional and local tectonomagmatic, metamorphic, and geodynamic events are reported with a thin black line (from: 1, Okay et al.,

2013; 2, Aygul et al,, 2016; 3, Meijers et al., 2010; 4, Aygil & Oberhansli, 2015; 5, Okay et al., 2006; 6, Kaymakgi et al.,, 2009; 7 Van Hinsbergen et al,, 2016; 8,
Ozcan et al,, 2013; 9, Dinger, 2016; 10, Topuz et al., 2005; 11, G6¢mengil et al., 2018; 12, Lefebvre et al., 2013; 13, Giirer et al., 2016; 14, Boztug & Jonckheere, 2007;
15, Okay et al., 2010; 16, Sengor et al., 2005), while the timing and magnitude of cooling obtained in this study is shown with a thicker black line. Gray trans-
parent polygons show major cooling events depicted by our modeling.

KUR sampiles, Figures 7b and 7c). This difference suggests the presence of a master normal fault between the
Devrekani Basin and the Sinop Range, separating the interior of the Pontides from the southern margin of the
Black Sea (Figures 2 and 3). Moreover, within the Sinop Range, there should have been a few horsts as
documented by samples that experienced burial only up to peak temperatures of 100-120 °C (KOZ

BALLATO ET AL.

1845

8SUB017 SUOWIWOD dAFeR1D) 3| jdde au) Aq paueAob 28 S O 88N JO S9N 40y AR TaUIUO A1 UO (SUORIPUOD-PUR-SWIBIAL0Y" A 1M Areld Ul UO//SdNY) SUORIPUOD PUe Swid | 8U) 885 *[e202/c0/0T ] uo AriqTaulluo Ao |Im ‘|1Zeig - olned 0es Jo AluN AQ 8081000 LLTOZ/620T OT/I0p/wod Ao |m-Aeiq putjuo sgndnBe;/sdny wouy pepeojumoq ‘9 ‘8T0Z ‘v6T6v6T



nnnnnnnnnnnnnn
'AND SPACE SCiENCE

Tectonics 10.1029/2017TC004808

samples, Figures 5a and 5b; KUR-01; Figure 7a). These differences in the Late Cretaceous and Paleogene burial
history in the hanging wall of the Ekinveren Fault are consistent with stratigraphic data showing variable
thicknesses (from more than ~4 km to less than ~2 km) of synrift to postrift Upper Cretaceous to Cenozoic
sediments (Figure 8). Furthermore, a complex horst and graben configuration is still visible in seismic lines
across the Black Sea shelf, where basin uplift and erosion has not occurred yet (e.g., the Sinop horst shown in
Figure 3b; Espurt et al.,, 2014).

6.3. Paleocene Cooling (~60 to 40 Ma): Collision and Closure of the Northern Branch of the
Neo-Tethys Ocean

Time-temperature paths of most of our samples document an onset of cooling from ~60 to 50 Ma
(Figures 5-7). This event roughly correlates with tilting and erosion of the Gorsoku and Akeveren formations
and older strata (Figure 8; Okay et al., 2006, 2013, 2017) and appears to roughly coincide with the syndepo-
sitional deformation recorded by Lower Eocene shallow-water marine limestones and clastic sediments
deposited in the syncompressional piggyback Kastamonu and Karabiik basins (Figures 2 and 8; Hippolyte
et al, 2010). Our new cooling ages are also consistent with two AFT ages presented by Espurt et al. (2014;
Figure 2) and Frassi et al. (2018; Figure 9), which have been used for documenting basin inversion of the
Black Sea margin by 55 Ma. Furthermore, our ages are similar to sparse AFT cooling ages from the Western
and the Central-Eastern Pontides (Figure 9; Boztug et al.,, 2004; Cavazza et al., 2011). Collectively, our data
agree with previous studies suggesting that the final closure of the izmir-Ankara-Erzincan branch of the north-
ern Neo-Tethyan Ocean and the consequent collision between the southern Eurasian margin (Pontides) and
the Kirsehir and Tauride-Anatolide microcontinental domains choked the subduction zone, leading to
increased plate coupling, oroclinal bending, and widespread fault-related rock uplift and exhumation. (e.g.,
Boztug et al., 2004; Boztug & Jonckheere, 2007; Espurt et al., 2014; Hippolyte et al., 2010, 2015; Kaymakgi
et al, 2009; Okay & Nikishin, 2015; Okay et al., 2006; Pourteau et al., 2016; Van Hinsbergen et al., 2016). It
should be noted, however, that such a collision seems to postdate the Late Cretaceous (83 to 65 Ma) oroclinal
bending in the Central Pontides (Meijers et al., 2010). A possible explanation could be that oroclinal bending
processes took place during the collision between the intraoceanic Kosdag magmatic arc (Aygul & Oberhansli,
2015) and the active Southern Eurasian margin. This scenario would imply that the Paleocene collision with
the Kirsehir Block did not produce significant indentation and rotations along a vertical axis as previously
thought (Kaymakgi et al., 2009; Meijers et al., 2010), but rather only fault-related exhumation.

6.4. Late Eocene to Late Oligocene Acceleration in Cooling (~40 to 25 Ma): Onset of the Arabia-Eurasia
Continental Collision or Trench Advance?

Time-temperature paths of the KOZ, SEL, RTZ, and KUR samples document an acceleration in cooling rates
from ~40 to 25 Ma. A similar pattern has been observed in the western Pontides (Figure 9; Cavazza et al.,
2011; Okay et al., 2006), where it has been interpreted to reflect renewed tectonic activity along the izmir-
Ankara-Erzincan Suture zone during the final collision between the Kirsehir and Anatolide-Tauride microcon-
tinental domains with the Pontides. As an alternative, the occurrence of Early Oligocene AFT cooling ages in
the Késedag batholith to the east of the Kirsehir Block (Figure 9; Boztug & Jonckheere, 2007) and along the
southern margin of the Anatolides and Taurides (e.g., Dogansehir and Essence granitoids, Figure 9;
Karaoglan et al, 2016) has been interpreted to record the onset of continental collision between the
Eurasian and Arabian plates (see also Rolland, 2017, and references therein). The occurrence of a regional
compressional event that triggered an acceleration in fault-related exhumation from ~40 Ma, in association
with syndepositional deformation, surface uplift, and oroclinal bending processes in the Kirsehir and Tauride-
Anatolide microcontinental domains, is also documented by cross-cutting relationships, paleomagnetic,
stratigraphic, and structural data (Figure 8; e.g., Advokaat et al., 2014; Aktas & Robertson, 1984; Cetinkaplan
et al, 2014; Clark & Robertson, 2002, 2005; Elmas & Yilmaz, 2003; Girer et al, 2016, 2017; Jaffey &
Robertson, 2005; Karaoglan et al., 2013; Lefebvre et al, 2013; Nairn et al, 2013; Onal & Kaya, 2007;
Pourteau et al., 2010; Robertson et al., 2006, 2007; Rolland, 2017). For example, stratigraphic data from the
Kirsehir Block document compressional deformation from ~40 Ma after a phase of tectonic quiescence
marked by a regional marine transgression associated with the deposition of nummulitic limestones
(Figure 8; ~55-50 to 40-38 Ma; e.g., Advokaat et al., 2014; Clark & Robertson, 2002, 2005; Dincer, 2016;
Giirer et al., 2016, 2017; Jaffey & Robertson, 2005; Lefebvre et al., 2013; Licht et al., 2017; Ozcan et al,, 2013;
Pourteau et al,, 2010).
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Figure 9. Digital Elevation Model of Turkey with available AFT cooling ages and representative time-temperature paths of granitoids and metamorphic samples with
gray areas and black lines representing the envelope of good paths (GOF > 0.5) and best fit models, respectively. Data and paths are from the sources cited in
the legend except for the cooling history of the Baranadag Granitoids, which is from Lefebvre et al. (2011). For each time-temperature path, a summary of available
data, including zircon U-Pb (Zr U-Pb), mica Ar-Ar, zircon fission track (ZFT) and for our AHe sample ages is also provided. In the case of multiple ages, the age range is
presented according to the error reported in the original publication with numbers in parenthesis representing the number of data points. Thermal modeling of
samples from Okay et al. (2010), was obtained integrating AFT ages with unpublished AHe ages (Cavazza, personal communication).

To explore the regional spatial distribution of this erosional cooling event and its possible causes, we have
compiled available AFT cooling ages and revised the most representative cooling histories from meta-
morphic and intrusive rocks throughout Anatolia (Figure 9). To differentiate magmatic from erosional cooling,
we have included available ages from deeper thermochronometers or zircon U-Pb dating (Figure 9).
Although S and SW Turkey are less represented, our compilation shows the occurrence of (1) a rapid cooling
event at ~40 Ma across different terrains and (2) an additional acceleration of cooling at ~20 Ma mostly in
eastern and western Turkey (but in W Turkey this cooling is related to extensional tectonics associated with
the evolution of the Hellenic subduction zone; e.g., Faccenna et al., 2006). Given the widespread distribution
of this latest Eocene cooling event, and considering that most terrains forming the Eurasian margin
were already amalgamated by that time (e.g., Oberhansli et al., 2012; Pourteau et al., 2016; Rolland, 2017;
Van Hinsbergen et al,, 2016), we favor the hypothesis that fault-related exhumation must have been triggered
by major geodynamic changes along the southern Tethys subduction zone (which at that time extended
from Makran to the Aegean Sea; e.g., Barrier & Vrielynck, 2008; Moix et al., 2008), rather than along the north-
ern Tethys subduction zone which at that time was probably inactive (i.e., the izmir-Ankara-Erzincan Suture
Zone). This interpretation is consistent with the occurrence of Eocene volcanic rocks along the izmir-
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Table 2
Area Lost During Plate Convergence Over the Last 40 Ma
Minimum Maximum

Region values (km) values (km) References

Distance between N Arabia and S Taurides at 35 Ma (no margins included) 510 600 Van der Boon et al. (2018)

Distance between N Arabia and S Taurides from 40 to 35 Ma (no margins included) 150 160 McQuarrie and van Hinsbergen (2013)

Distance between Lesser and Greater Caucasus (Greater Caucasus Basin) 200 280 Van der Boon et al. (2018)

Total 860 1040
Ankara-Erzincan Suture Zone, which have been interpreted to represent postcollisional magmatism triggered
either by lithospheric delamination or slab break off (Figure 8; e.g., Go¢mengil et al., 2018; Keskin et al., 2008;
Topuz et al., 2005).
The regional exhumation event at ~40 Ma may be due to crustal shortening linked to (1) an increase in plate
coupling during the subduction of the southern branch of the Neo-Tethys Ocean in association with trench
advance (e.g., Heuret & Lallemand, 2005) or (2) the initial stages of the Arabia-Eurasia collision, when the
stretched Arabian passive margin reached the subduction zone (soft collision) as proposed for Iran (Ballato
etal,, 2011). Possible reasons responsible for trench advance include lithosphere/upper mantle viscosity con-
trast between ~10% and 10% (Funicello et al., 2008), rapid motion of the upper plate away from the trench
(Heuret & Lallemand, 2005), rapid motion of the subducting plate toward the trench (Schellart et al., 2008),
subduction of wide slabs (trench parallel extent >4,000 km; Schellart et al., 2008), double subduction systems
(Cizkova & Bina, 2015), buckling of the subducting slab at the ~660 km mantle discontinuity (Cizkové & Bina,
2015), and subduction of buoyant lithosphere (e.g., aseismic ridges, plateaus, and continental crust; Schellart
et al,, 2008, and references therein). In the case of the Late Eocene Neo-Tethys subduction system, some of
these mechanisms appear to be unlikely (i.e., wide trench and double slab subduction), while others are dif-
ficult to prove given the lack of rheologic and kinematic constraints, and of indications on the paleo-oceanic
floor and the paleodepth of the slab tip. With this respect, it should be noted that mantle tomography data
suggest the occurrence of a positive seismic wave speed anomaly below the Bitlis Suture Zone up to
850 + 100 km of depth, which may represent the Neo-Tethys slab (Van der Meer et al., 2018). This would sug-
gest possible interactions between the slab tip and the 660 km mantle discontinuity, which may have
induced changes in the kinematic regime of the overriding plate during the Cenozoic (Faccenna et al., 2013).
Regarding the second option, a recent plate-tectonic reconstruction suggests that the distance between
northern Arabia and the southern Taurides-Anatolides at 35 Ma would have been 510 to 600 km (approxi-
mately 4.5 to 5.7° latitude, based on the position of continental edges that are currently in contact along
the suture; Van der Boon et al,, 2018), while at 40 Ma, such a distance would have been 660 to 760 km if
we consider an additional 5 Myr of plate convergence at 30-32 mm/year (McQuarrie & van Hinsbergen,
2013). Furthermore, recent evidences suggest that suturing of Arabia with Eurasia was followed by the initia-
tion of a new subduction zone south of the Greater Caucasus (Cowgill et al., 2016) in association with oroclinal
bending in the Eastern Pontides-Lesser Caucasus and the closure of a supposed 200- to 280-km wide oceanic
basin (Table 2; Van der Boon et al., 2018), which was in continuity with the Black and Caspian seas back-arc
basins (Greater Caucasus Basin; Cowgill et al., 2016). Therefore, over the last 40 Myr, 860 to 1,040 km (Table 2)
of plate convergence must have been accommodated in front of the Arabian indenter via different mechan-
isms (Table 3) such as (1) 80 to 230 km of upper plate shortening in the Bitlis, Taurides-Anatolides, Pontides,

Table 3

Mechanisms and Magnitude of Plate Convergence Accommodated in Front of the Arabian Indenter Over the Last 40 Ma

Minimum Maximum

Deformation mechanisms values (km) values (km) References

Greater Caucasus shortening 130 130 Cowgill et al. (2016)

Shortening in the Bitlis, Taurides-Anatolides, Pontides, and Lesser Caucasus 80 230 See text for details

Oroclinal bending and closure of the Greater Caucasus Basin 200 280 Van der Boon et al. (2018)

Arabian Plate shortening 50 80 Omar et al. (2015, and references therein)

Extrusion of Anatolia 50 70 See text for details

Total 510 790

Note. The difference between the total plate convergence of Table 2 and the values below suggest 70 to 530 km of subduction of the Arabian passive margin.
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and Lesser Caucasus, for a crustal thickening of 10 to 16 km, respectively (from 34 to 44 and 32 to 48 km,
where both estimates include a ~2-km gain in elevation; Vanacore et al.,, 2013), and a current width (strike
perpendicular) of the deformed collision zone in front of Arabia of 270 to 460 km, by assuming conservation
of mass and in-plane pure shear deformation (with no erosion); (2) at least 130 km of upper plate shortening
in the western Greater Caucasus (Cowdill et al., 2016); (3) 50 to 80 km of lower plate shortening as proposed
for the Zagros Fold and Thrust Belt from NW Iran and Iraq (e.g., Omar et al., 2015, and references therein),
which may be a lower limit, because if include shortening in the basement that so far has been documented
only in Iran, we would have 150-180 km of lower plate shortening (Vergés et al., 2011); (4) 50 to 70 km from
the extrusion of Anatolia, for a cumulative offset along the North Anatolian Fault of 85 + 5 km (Sengor et al.,
2005); and (5) 200 to 280 km of oroclinal bending in the Eastern Pontides-Lesser Caucasus and subduction
below the Greater Caucasus (Van der Boon et al, 2018). These mechanisms would account for 510 to
790 km of plate convergence, while the remaining 70 to 530 km should have been accommodated through
the subduction of the Arabian passive margin (Table 3). At the upper limit, 530 km of continental subduction
should require a peculiar configuration, like an overthickened upper plate favoring eclogitization of the sub-
ducting plate, as recently suggested for the Indian margin (Ingalls et al., 2016), but this is not the case for
Eastern Turkey. Conversely, 70 km of continental subduction is feasible, especially for a margin attached to
a long oceanic slab (Ranalli et al., 2000; Regard et al., 2003; Royden, 1993), for a relatively rigid continental
crust (i.e., with higher effective elastic thickness; Mouthereau et al., 2013) and for a high viscosity lower crust
(i.e., with high coupling between lower crust and mantle lithosphere; Magni et al., 2012). The occurrence of a
margin at least 70-km wide is also consistent with ophiolite obduction in Oman (~200 km over the Arabian
margin; McQuarrie & van Hinsbergen, 2013) and with recent estimates on the length of the Arabian plate
underthrust beneath Eurasia in Iran (150 km; Pirouz et al., 2017).

These estimations indicate that widespread exhumation at ~40 Ma could be related to the subduction of
the stretched Arabian margin during the early stages of continental collision. Accordingly, accurate esti-
mates of the magnitude of shortening and the width of the subducted Arabian continental margin prior
to collision are crucial for decoding the collisional history of Arabia and Eurasia (Tables 2 and 3). In this
context, the <20-Ma cooling event recorded between the Arabian Indenter and the Black Sea (Figure 9)
and all around Iran (e.g., Ballato et al., 2013, 2015; Calzolari et al, 2015; Francois et al., 2014; Gavillot
et al,, 2010; Homke et al., 2010; Khadivi et al., 2012; Madanipour et al., 2017; Rezaeian et al., 2012) should
represent a more advanced stage of collision, when subduction processes could not have accommodated
any further plate convergence, and hence collision and indentation (hard collision, Ballato et al., 2011)
became dominant.

Stratigraphic data from the suture zone (upper plate) and the Arabian foreland (lower plate) also indicate that
shortening could have started by ~40 Ma. In the upper plate, an elongated (along strike), possibly continuous
basin developed over the Bitlis-Piitlirge continental Massif (Mus and Elazi§ basins) and along the southern
margin of the Taurides-Anatolides (Malatya Basin; Aksoy et al., 2005; Elmas & Yilmaz, 2003; Karaoglan et al.,
2013; Onal & Kaya, 2007; Robertson et al., 2006, 2007) during a short-lived phase of arc magmatism associated
with extensional tectonics from ~52 to 45-40 Ma (Maden Group and Helete volcanics; EImas & Yilmaz, 2003,
and references therein). Sedimentation in these basins continued in a relatively deep marine system with the
deposition of turbidites sourced from the N and NE throughout the Oligocene, and in a shallow marine sys-
tem until the Early Miocene, when basin uplift and erosion occurred (Aksoy et al., 2005; Hising, et al., 2009;
Rodelli et al., 2016). The presence of Oligocene deep-marine conditions has been interpreted to record either
flexural subsidence during thrusting along the Bitlis-Zagros Suture Zone or extensional deformation
associated with the late stages of Eocene extension (Hising, et al., 2009). Based on the lack of Oligocene vol-
canism and the regional cooling pattern highlighted in Figure 9, we favor the contractional option, which
would agree with both hypotheses: trench advance and initial collision of the passive margin. Regarding
the stratigraphy of the lower plate, the deposition of Middle Eocene shallow-marine limestones on the pas-
sive margin at the modern longitude of ~36°E was followed by a phase of regional uplift, tilting, and erosion
until subsidence resumed with the deposition of unconformable Lower Miocene fluvial deposits (Boulton,
2009; Boulton & Robertson, 2007). Furthermore, the occurrence of ~16- to 11-M foreland-basin deposits in
the footwall of the subduction thrust along the suture zone indicates that the contact between Eurasia
and Arabia lithosphere must have occurred earlier than 16 Ma (Kahramanmaras and Lice basins, Okay et al.,
2010; Hising, et al., 2009, respectively). These observations would be consistent either with Late Eocene soft
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collision followed by Early Miocene hard collision or trench advance with far-field transmission of regional
stress during the Late Eocene followed by Early Miocene collision and plate suturing.

6.5. Late Miocene to Quaternary Cooling (<11 Ma): Extrusion of the Anatolian Microplate

Most of our thermal histories are characterized by a sharp decrease in Neogene cooling rates (Figures 5-7).
This decline could be associated with a reduction of tectonic activity and the development of low-relief ero-
sional surfaces, which are preserved in various locations along the Pontides (Figure 2). Samples from the KUR
elevation profile, however, are an exception, as shown by the 11-Ma AHe cooling age (Table 1 and Figure 2)
and thermal histories (Figure 6) that document ~50 °C of cooling since 11 Ma. This recent cooling event
appears to roughly correlate with the progressive onset of the westward motion of Anatolia along the
North Anatolian Fault, which is interpreted to have initiated in Eastern Anatolia at ~13 to 11 Ma (Sengér et al.,
2005, and references therein). The strain localization that created this major structure is thought to have fol-
lowed the termination of Arabia underthrusting beneath Eastern Anatolia (Hising et al., 2009) and slab break
off of the southern Neo-Tethys Ocean (e.g., Capitanio, 2016; Faccenna et al., 2006; Keskin, 2003). Moreover, it
may have also marked a decrease in oroclinal bending rates in the Eastern Pontides and Lesser Caucasus,
where 50% of the curvature has been acquired between the Middle Eocene and the Late Miocene (Meijers
et al, 2015). We suggest that our low-temperature thermochronology data document for the first time
fault-related exhumation associated with activity along the broad restraining bend of the NAF. These data
indicate that (1) deformation reached the Central Pontides shortly after the supposed onset of the westward
motion of Anatolia (13-11 Ma; Sengér et al.,, 2005) and (2) initial deformation occurred over a large area
around the NAF, as also documented in other sectors of the fault (i.e., the North Anatolian Shear Zone,
Sengor et al., 2005, and references therein).

6.6. Paleogene (~60 to 25 Ma) Versus Neogene (<11 Ma) Exhumation Pattern

Our new cooling ages document a complex spatiotemporal pattern of fault-related exhumation associated
with major Cenozoic shortening episodes. In particular, during the Paleogene, the highest magnitude of
exhumation occurred in the central sectors of the Sinop Range and decreased to the east and west
(Figure 10b). This cooling pattern suggests that exhumation was controlled by faulting along the
Ekinveren Fault (Figure 10b). Moreover, the combination of these observations with our new data on exhu-
mation and subsidence patterns during rifting and opening of the Black Sea (see sections 6.1 and 6.2) sug-
gests that the north dipping Ekinveren Fault must represent an inverted normal fault, as also documented
by published seismic lines along the easternmost sectors of the Sinop Range (Figure 3; Espurt et al., 2014).
Consequently, the occurrence of Cretaceous AHe and AFT cooling ages in the basement of the Devrekani
Basin (sample DVK) together with the occurrence of a thinner (<2 km), mostly postrift, sedimentary sequence
capped by an extensive relict erosional surface, points to the existence of a major north-dipping blind fault
(here called Blind Ekinveren Fault) north of the Devrekani Basin, where Cenozoic AHe and AFT cooling ages
have been recorded (Figures 2 and 3).

Conversely, the Late Miocene to Quaternary spatial pattern of cooling suggests a westward increase in exhu-
mation with virtually no exhumation in the eastern sectors of the Sinop Range (Figure 10b). This pattern is
consistent with the preservation of the relict erosional surface near the KOZ vertical profile (Figure 2).
There, thrusting along the Ekinveren Fault has produced only surface uplift with limited exhumation, while
in the central western Sinop range, the lack of preserved remnant surfaces and the presence of high topo-
graphic relief coincide with the occurrence of our 11 Ma AHe cooling age (and associated greater exhuma-
tion). This spatial exhumation pattern is also compatible with increasing fault-normal strain rates along the
western flank of the large restraining bend of the NAF (Yildinm et al,, 2011), where Global Positioning
System data show the occurrence of a shortening component of up to 5 mm/year (Figures 10c and 10d). If
we consider a modern surface temperature of ~10 °C, a geothermal gradient of ~25-30 °C, and a closure tem-
perature for the AHe system of ~60 °C, we can estimate up to 2 km of exhumation for the western Sinop
Range. This means that the relict low-relief erosional surface that has been eroded in the western Sinop
Range could be placed 2 km above the lowermost sample of the KUR profile (Figures 10a and 10b). If we con-
nect this inferred position of the relict surface with that one preserved in the eastern Sinop Range, we can
extrapolate the pattern of maximum rock uplift for the entire Sinop Range, which mimics the exhumation
pattern inferred from our cooling ages (Figure 10a). This reconstruction allows us to estimate not only the
magnitude of rock uplift but also the amount of recent exhumation along the entire Sinop Range,
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Figure 10. (a) Location of sampled vertical profiles (red thick line) projected over a topographic swath profile (see Figure 2 for location). The black dashed line repre-
sents the interpolation and the projection of the relict landscape (see Figure 2) for the eastern and western sectors, respectively (see text for further explanation). (b)
Cumulative Paleogene and Late Cenozoic cooling and supposed exhumation. Note that the Paleogene pattern of cooling is characterized by a maximum in the

central sectors of the Sinop Range, while in the Late Cenozoic, cooling was focused in the western sectors of the profile, where topographic relief is greater (see

Figure 2). (c and d) Close-up (see black thick frame of Figure 10d for location) and regional view of Global Positioning System-derived fault normal (blue) and fault
parallel (black) slip rates along the North Anatolian Fault (redrawn from Yildirnm et al,, 2011), with positive fault-normal values indicating compression. Note that the
Late Cenozoic cooling pattern roughly mimics the fault normal slip component of the North Anatolian Fault (NAF) and the inferred elevation of the relict landscape.

including areas that did not experience enough exhumation to yield Late Miocene or younger AHe cooling
ages (Figure 10b). This exhumation pattern suggests that the Ekinveren Fault and its westernmost
continuation (the Blind Ekinveren Fault) must have been reactivated as a pivotal fault pinned in its eastern
sectors. Furthermore, it suggests that the superficial expression of the Ekinveren Fault south of the
Devrekani Basin must represent a rather young fault, as also documented by deformed Quaternary
deposits in its footwall (Yildinm et al,, 2011). In particular, it could represent a footwall short cut associated
with Late Miocene to Quaternary faulting, and not a major fault responsible for the Cenozoic pattern of
exhumation along the central western Sinop range.

7. Conclusions

Our low-temperature thermochronology and geochronology study from the Central Pontides offers the pos-
sibility to investigate the timing of fault-related exhumation associated with different geodynamic processes
that occurred during the closure of the Neo-Tethys Ocean. In particular, we show that cooling (exhumation)
occurred during multiple episodes that were separated by periods of limited cooling (slow erosion) and sub-
sidence with sedimentation. The first cooling event occurred between ~110 and 90 Ma, most likely during
exhumation of metamorphic rocks of the Central Pontides Supercomplex along a northward subducting
branch of the northern Neo-Tethys Ocean. This event was followed by rifting and opening of the Black Sea
and the development of a horst-and-graben morphology, which controlled the latest Cretaceous to earliest
Cenozoic sedimentation and burial pattern along the Black Sea shelf. The Ekinveren Fault, which currently
bounds the Sinop Range to the south, seems to represent one of the southernmost faults of this rift system.
Renewed exhumation associated with basin inversion along the Ekinveren Fault took place during the
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Paleocene from ~60 Ma, most likely during the collision of the Kirsehir and Tauride-Anatolide microconti-
nental domains with the Eurasian margin. This event was followed by accelerated cooling from ~40 to
25 Ma. From a regional compilation of low-temperature thermochronology data, we interpret the ~40-Ma
event as a contractional deformation phase associated either with (1) the early stages of the Arabia-
Eurasia continental collision, when the stretched passive margin reached the trench (soft collision) or (2)
an increase in plate coupling triggered by trench advance, predating continental collision. Available short-
ening estimations can explain part of plate convergence history revealed by plate tectonic reconstructions,
but a deficit of 70 to 530 km of convergence remains, which could be explained by the subduction of a
stretched Arabian passive margin starting at ~40 Ma. The large uncertainty in the shortening-convergence
budget shows that more accurate estimates are needed to clearly document the width of the subducted
passive margin, and the main cause for this regional contractional event. In either case, our compilation
shows that a second exhumation event occurred at ~20 Ma, most likely during the hard collision and the
choking of the subduction zone. A final pulse of exhumation took place since ~11 Ma, possibly shortly after
slab break-off beneath eastern Anatolia, and the onset of the westward motion of Anatolia at 13 to 11 Ma.
This fault-related exhumation event appears to be controlled by the westward motion of Anatolia and the
occurrence of a restraining band along the Northern Anatolian Fault. To date, contractional deformation
along the Sinop Range associated with this deformation has produced widespread surface uplift, but
<2 km of exhumation, and hence, it cannot be easily detected by low-temperature thermochronology.
Collectively, our data highlight the importance of orogenic mobile belts as recorders of major geodynamic
changes and associated deformation processes.
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