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Abstract Continental collisions exert a profound inﬂuence on the conﬁguration and evolution of orogenic
systems. The effects of Arabia-Eurasia collision on the geodynamics of the eastern Mediterranean are difﬁcult
to unravel, however, because the timing of initial collision (i.e., intercontinental contact) remains
controversial. We present the ﬁrst detrital and bedrock apatite ﬁssion track and (U-Th-Sm)/He
thermochronology, and detrital zircon U-Pb constraints from the Sivas Basin and eastern Taurides in central
Anatolia (Turkey), which provide a detailed record of Cenozoic orogenesis in the hinterland of the
Arabia-Eurasia collision zone. Our results indicate rapid middle Eocene burial followed by shortening, rapid
cooling (up to ~25–45 °C/myr), and initiation of the southern Sivas fold-thrust belt (SSFTB) during the late
Eocene (~40–34 Ma), consistent with evidence of a coeval basin-wide unconformity. We interpret that rapid
late Eocene cooling of the SSFTB reﬂects exhumation driven by the northward propagation of retroforeland
contraction into the Sivas Basin from the middle to late Eocene, and we propose that these events were
due to initial soft collision of the thinned Arabian passive margin by ~45 Ma. This timing of the inception of
collision is supported by a regional compilation of apatite ﬁssion track data that indicates rapid cooling
and hinterland exhumation throughout central and eastern Anatolia from ~45 to 20 Ma, which was
synchronous with a widespread magmatic lull from ~40 to 20 Ma. The data presented here are compatible
with a widely accepted transition to more mature or hard collision at ~20 Ma, probably related to the arrival of
thick Arabian crust along the Bitlis suture zone.
Plain Language Summary The continents of Arabia and Eurasia (Europe and Asia) comprise two
separate tectonic plates that are currently colliding with each other. We are uncertain when collision
started, which makes it difﬁcult to understand how the collision may have triggered other tectonic changes
throughout the region. We investigated the onset of collision by collecting rock samples near the boundary
between these continents in central Turkey and determining how their temperature has changed through
time (thermochronology). Our analyses tell us the rocks cooled down very quickly ~40 million years ago, from
temperatures greater than ~120 °C (i.e., several kilometers deep in the Earth) to much lower temperatures
similar to Earth’s surface. We infer that rapid cooling was due to the onset of tectonic activity and the creation
of a mountain chain with high rates of erosion that removed overlying rocks to bring these samples closer to
Earth’s surface. These new results agree well with several similar studies that show that rock cooling also
occurred at the same time throughout the entire region. We conclude that rock cooling was caused by
tectonic uplift and erosion triggered by initial collision of the thinned front of the Arabia plate with Turkey
~45 million years ago.

1. Introduction
The Arabia-Eurasia collision zone is a segment of the Alpine-Himalayan orogenic belt that can be traced more
than 2,000 km across the Middle East and includes the Bitlis suture in southeastern Turkey and the Zagros
suture in Iran (Figure 1). A long history of Mesozoic-Cenozoic convergence has resulted in widespread crustal
shortening, transpression and transtension, exhumation, and orogenic plateau development over a ~900-kmwide belt from the Bitlis-Zagros suture zone in the south to the Greater Caucasus and South Caspian Basin in
the north, and the Anatolian plateau to the west. This segment of the orogen is composed of a mosaic of former island arcs, rifted platforms, and microcontinents assembled through successive accretion and collision
events, culminating with the terminal collision of Arabia and closure of the Neotethys Ocean along the
Bitlis-Zagros suture zone during the Cenozoic. Estimates for the timing of the initiation of Arabia-Eurasia
collision vary widely and range from Late Cretaceous (Alavi, 1994; Berberian & King, 1981; Hall, 1976) to late
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Figure 1. Tectonic map of Anatolia and the eastern Mediterranean region showing the Sivas Basin study area (yellow) in central Anatolia, active plate boundaries
(solid black lines) and suture belts (red lines) separating tectonic blocks referred to in text. The inset map shows the location of the Anatolia plate (AN) within the
Arabia-Eurasia collision zone (red). White arrows show GPS-derived velocities in mm/year (Reilinger et al., 2006) of the Arabia plate (AR) and AN relative to a
stable Eurasia plate (EU). Abbreviations: AF = Africa plate; BSZ = Bitlis suture zone; CAFZ = Central Anatolia fault zone; DSFZ = Dead Sea fault zone; EAFZ = Eastern
Anatolia fault zone; EAP = eastern Anatolian Plateau; GCSZ = Greater Caucasus suture zone; IAESZ = Izmir-Ankara-Erzincan suture zone; ITS = Inner Tauride suture;
KB = Kırşehir Block; NAFZ = Northern Anatolia fault zone; SAB = South Armenia block (correlative with ATB).

Mio-Pliocene (Hüsing et al., 2009; Phillip et al., 1989; Zhang et al., 2017), yet most studies support an age of
either middle Eocene-Oligocene (Agard et al., 2005; Allen & Armstrong, 2008; Ballato et al., 2018; Boulton,
2009; Frizon de Lamotte et al., 2011; Hempton, 1987; Jolivet & Faccenna, 2000; McQuarrie & van Hinsbergen,
2013; Mouthereau et al., 2012; Rolland et al., 2012; Vincent et al., 2007; Yılmaz, 1993) or early to middle
Miocene (Cavazza et al., 2015, 2018; Okay et al., 2010; Şengör & Yılmaz, 1981). Much of this uncertainty is
due to the protracted collisional history involving polyphase deformation and progressive assembly of the
orogen, making it difﬁcult to differentiate between successive collision events across and along strike. A
hybrid model developed over the last several years instead suggests that collision occurred in two stages: an
early stage of immature or soft collision during the late Eocene-Oligocene, followed by mature or hard
collision during the Miocene (Ballato et al., 2011, 2018; Cowgill et al., 2016; Madanipour et al., 2017; Rolland,
2017). Other authors have suggested or implied that oblique collision resulted in diachronous initiation
along strike (Agard et al., 2005; Chiu et al., 2013; Hempton, 1987; Rolland, 2017; Stoneley, 1981), perhaps
permitting variable ages of collision initiation along different segments of the orogen.
Plate kinematic models indicate at least ~950 km of relative convergence between Arabia and Eurasia since
~40 Ma (McQuarrie et al., 2003), which must have been accommodated by a combination of oceanic or continental subduction, crustal shortening, and/or tectonic escape in Anatolia. Precise determination of the timing and location of initial Arabia-Eurasia collision is vitally important for understanding the spatial and
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temporal evolution of this collisional orogen, as well as changes in orogenic style during progressive collision,
including the onset of Aegean extension (Jolivet et al., 2013; Jolivet & Faccenna, 2000), Red Sea rifting
(Bosworth et al., 2005; Szymanski et al., 2016), Oligocene slowing of Africa (Jolivet & Faccenna, 2000;
McQuarrie et al., 2003), patterns of faunal exchange between Africa and Eurasia (Rögl, 1999; Sen, 2013), global
changes in climate and ocean chemistry (e.g., Allen & Armstrong, 2008), and the geodynamics of the transition from collision to tectonic escape.
In this study we focus on the Sivas Basin located at the northwestern end of the Arabia-Eurasia collision zone
in central Anatolia (Figure 1). The basin evolved from a remnant ocean basin during terminal closure of the
northern Neotethys Ocean to a retroforeland basin during the Eocene. Westward tectonic escape since the
latest Miocene has transferred the Sivas Basin to the Anatolia microplate, effectively shielding it from
the effects of ongoing collision in eastern Anatolia. The basin therefore preserves a detailed and accessible
record of Maastrichtian to Pliocene sedimentation and deformation in the Eurasian hinterland north of the
Bitlis suture zone.
Here we present the ﬁrst detrital and bedrock apatite ﬁssion track and (U-Th-Sm)/He data from the Sivas Basin
and the northern margin of the eastern Taurides to investigate the timing and rate of deformation during
orogenesis in central and eastern Anatolia. Thermochronologic data, supplemented by new detrital zircon
U-Pb data for maximum depositional age, provide valuable constraints on the upper crustal thermal history
of the collisional hinterland. These new data, along with a regional compilation of apatite ﬁssion track (AFT)
data from central and eastern Anatolia, provide key insights into the temporal and spatial patterns of deformation across the orogen; most importantly, that widespread exhumation occurred during the late Eocene
and Oligocene. We discuss several geodynamic mechanisms that may have been responsible for this, and
ultimately propose a model in which initial collision of the thinned Arabia passive margin in eastern
Anatolia occurred by the middle Eocene (~45 Ma).

2. Geologic Background
2.1. Regional Geologic Setting
Anatolia is situated at the western end of the Arabia-Eurasia collision zone (Figure 1). This intercontinental
collision zone is characterized by high topography of the Turkish-Iranian Plateau (~1.5-km average elevation)
and is comprised of several component orogens including the Anatolia plateau and the Caucasus, Talysh,
Alborz, and Zagros mountains. Modern geodetic studies reveal the westward translation or lateral escape
of Anatolia away from the ongoing Arabia-Eurasia collision to the east, the latter involving oblique convergence and crustal shortening across eastern Anatolia, Armenia, and northwestern Iran (Aktuğ et al., 2013;
Djamour et al., 2011; Reilinger et al., 2006; Walters et al., 2014).
The geology of Anatolia is intimately linked with the evolution of the Tethys Ocean, which involved the
growth and closure via northward subduction of several remnant oceanic basins separated by various rifted
continental fragments derived from the northern margin of Gondwana (e.g., Berra & Angiolini, 2014;
Robertson et al., 2012; Şengör & Yılmaz, 1981). The Jurassic-Paleogene closure of Neotethyan Ocean subbasins
included successive continental collision and accretion events, and consequent orogenic processes including
slab break off, diffuse magmatism, plateau uplift, and escape tectonics (Dilek & Sandvol, 2009; Okay, 2008;
Şengör & Yılmaz, 1981). Excluding some smaller and more speculative continental fragments (e.g., Bitlis,
Pütürge, and Kyrenia Massifs), the Anatolian collage can be divided from north to south into three principal
continental domains bordered by suture zones: the Pontides, the Kırşehir Block, and the Anatolide-Tauride
block (Figure 1; Dilek & Sandvol, 2009; Görür et al., 1984; Robertson et al., 2012; Şengör & Yılmaz, 1981).
The Pontides (Sakarya zone) consist of a Jurassic-Cretaceous submarine magmatic arc constructed on a composite basement of Carboniferous to Triassic metamorphic rocks and Permian-Cretaceous subductionaccretion complex related to northward subduction of the northern Neotethys Ocean (Okay et al., 2013;
Okay & Şahintürk, 1997; Okay & Tüysüz, 1999; Topuz et al., 2013; Yılmaz et al., 1997). The Izmir-AnkaraErzincan suture zone (IAESZ) marks the former location of the northern Neotethys Ocean and separates
the Pontides to the north from the Kırşehir Block (KB) and Anatolide-Tauride Block (ATB) to the south
(Figure 1). The ATB is characterized by a Neoproterozoic-Cambrian crystalline basement overlain by thick
Paleozoic-early Cenozoic carbonate-dominated successions (e.g., Okay, 2008; Robertson et al., 2012); the
terms Anatolide and Tauride refer to the metamorphic and nonmetamorphic domains, respectively. Based
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on its similar Paleozoic-Mesozoic stratigraphy and history of metamorphism, the Kırşehir Block is regarded
either as the metamorphosed northern margin of the ATB (Poisson et al., 1996; Şengör & Yılmaz, 1981;
Yalınız et al., 2000) or more controversially as a distinct terrane separated from the ATB by the Inner
Tauride suture (e.g., Görür et al., 1984; Parlak et al., 2013). Recent work also demonstrates that eastern
Anatolia is underlain by a continental basement with a similar lithology and age to that of the ATB to the west
(Topuz et al., 2017; Yılmaz et al., 2010). This continental block, commonly referred to as the South Armenia
Block (SAB in Figure 1; e.g., Meijers et al., 2015), is hereafter correlated with and included as part of the ATB.
All tectonic blocks south of the IAESZ, including Arabia, experienced southward obduction of suprasubduction zone ophiolites during the middle to Late Cretaceous (e.g., Parlak, 2016). Collision of the KB and ATB with
the Pontides occurred during the Maastrichtian-Paleocene (Kaymakci et al., 2009; Meijers et al., 2010, 2015;
Okay & Tüysüz, 1999; Parlak et al., 2013; Rice et al., 2009; Rolland et al., 2012; Yılmaz et al., 1997), coincident
with a widespread magmatic lull along the southern Eurasian margin (Schleiffarth et al., 2018). The timing and
kinematics of collision and closure of southern Neotethys are more controversial, as discussed in the
previous section.
2.2. Tectonostratigraphy of Central Anatolian Basins
Central Anatolia is host to numerous Late Cretaceous to Cenozoic sedimentary basins that were deposited on
basement consisting of Cretaceous Neotethyan ophiolites and autochthonous Mesozoic-Paleozoic carbonate
platforms and share similar stratigraphic sequences (Booth et al., 2014; Cater et al., 1991; Görür et al., 1984,
1998; Gürer & Aldanmaz, 2002; Kaymakci et al., 2009; Poisson et al., 1996; Yılmaz & Yılmaz, 2006). The oldest
strata typically consist of Late Cretaceous-Paleocene shallow marine facies that transition up-section into
deepwater facies dominated by Eocene turbidites and marls (ﬂysch) with local volcanic intercalations. In most
basins, the sequences generally shoal upward to shallower or marginal marine facies and a regionally extensive latest Eocene to Oligocene unconformity with overlying nonmarine Oligo-Miocene redbeds (molasse;
Bilgiç & Terlemez, 2007; Görür et al., 1998). This extensive unconformity records signiﬁcant uplift and erosion
across much of central Anatolia. Widespread and coeval continental sedimentation during the Oligocene
continued into the Miocene in both the KB and western Sivas basin, whereas an enigmatic marine transgression occurred across some southern Anatolian basins and the eastern Sivas basin in the early to middle
Miocene (Hüsing et al., 2009; Kaymakci et al., 2006; Poisson et al., 1996, 2016; Yılmaz, 1993). Marine regression
during the middle to late Miocene, likely driven by crustal thickening and uplift related to ongoing ArabiaEurasia collision, disconnected most of the central Anatolian basins and led to ﬂuviolacustrine deposition
in isolated basins since the Pliocene (e.g., Görür et al., 1998).
2.3. Sivas Basin Stratigraphy and Structural Evolution
The greater Sivas Basin covers an area of ~22,000 km2 and overlaps the junction between the Pontides, KB,
and ATB and their bordering sutures (Figure 1). The tectonic setting of the Sivas Basin has been variably interpreted as a remnant intraoceanic basin (Cater et al., 1991; Kelling et al., 1989; Yılmaz et al., 1997), intracontinental extensional basin (Dirik et al., 1999; Poisson et al., 1996), piggy-back basin (Cater et al., 1991; Guezou
et al., 1996; Gürer & Aldanmaz, 2002), and postcollisional peripheral foreland basin (Görür et al., 1998; Yılmaz
& Yılmaz, 2006). This lack of consensus is primarily based on structural and stratigraphic complexities related
to a protracted history of continental accretion, reactivation of embedded suture zones, salt tectonic deformation, and escape-related strike-slip and oblique deformation along the Central Anatolian fault zone.
Like other central Anatolian basins, the stratigraphic record of the Sivas Basin shows a typical evolution from
Paleocene-Eocene marine to Oligocene continental clastic sedimentation (Figure 2; Bilgiç & Terlemez, 2007;
Gökten, 1983; Kurtman, 1973; Poisson et al., 1996; Yılmaz & Yılmaz, 2006). The marine-nonmarine transition is
everywhere marked by a presumably latest Eocene-early Oligocene massive gypsum unit that is unconformable across the basin (Hafık Fm: Kurtman, 1973; Poisson et al., 1996; Temiz, 1996; Tütüncü & Aktimur, 1988;
Yılmaz & Yılmaz, 2006; Tuzhisar Fm: Kergaravat et al., 2016), although it is apparently conformable near
Ortaköy (Figures 2 and 3; Küçüktuzhisar Fm: Bilgiç & Terlemez, 2007; Yılmaz & Yılmaz, 2006).
The complexity of post-Eocene stratigraphic and structural relationships in the northern part of the basin,
especially the ages of the evaporites that occur at multiple stratigraphic levels, has confounded most geologists who have studied the region. However, recent studies have revealed that much of this complexity is due
to the predominant inﬂuence of later salt tectonic processes such as salt mobilization and evacuation,
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Figure 2. Chronostratigraphic correlation panel for the Sivas Basin showing stratigraphic positions of low-temperature thermochronology (black circles) and detrital
zircon samples (blue asterisks) in this study. Vertically ruled lines represent unconformities. Cross-hatched pattern represents evaporate deposits. See Figure 3 for
approximate and relative locations of each section; colors in the stratigraphic columns correspond with the geologic map. Sources of data are listed beneath
each column. Samples placed outside of a column are from age-equivalent strata on the basin margins. K = Cretaceous; Oph = Ophiolitic mélange.

diapirism, nappe emplacement, and suprasalt basin (i.e. minibasin) formation (Kergaravat et al., 2016; Ribes
et al., 2015). The southern Sivas Basin is characterized by the ~300-km-long southern Sivas fold-thrust belt
(SSFTB) involving Paleocene-Miocene strata (Figure 3; Cater et al., 1991; Gökten, 1983; Guezou et al., 1996;
Kergaravat et al., 2016; Kurtman, 1973; Poisson et al., 1996). Basin-wide contraction started in the late
Eocene and continued intermittently into the Miocene, as evidenced by folding of all pre-late Miocene
strata (Guezou et al., 1996; Kurtman, 1973; Legeay, 2017; Poisson et al., 1996; Temiz, 1996). Presumably
thicker evaporite deposits in the northern Sivas Basin decoupled contractional strain between the
underlying Paleocene-Eocene marine strata and overlying Oligo-Miocene red beds, the latter of which are
characterized by more open, longer-wavelength, symmetric folds related to salt mobilization and
detachment folding (Kergaravat et al., 2016; Temiz, 1996; see also Davis & Engelder, 1985). A basin-wide
unconformity, above which Pliocene-Quaternary strata are relatively undeformed, demonstrates that
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Figure 3. Simpliﬁed geologic map of the Sivas Basin showing faults (red lines), generalized folds (dashed black lines), sample locations and apatite ﬁssion track (AFT)
and (U-Th-Sm)/He (AHe) cooling ages. Ages are reported only for samples that have been thermally reset (i.e., cooling age less than depositional age) because they
reﬂect the timing of in situ cooling within the basin. See supporting information (Figure S1 and Table S1) for data from samples that are not thermally reset.
CAFZ = Central Anatolian fault zone; K = Cretaceous; Malatya-Ovacık fault zone; Mio. = Miocene; Mz = Mesozoic; NAFZ = Northern Anatolian fault zone;
Olig. = Oligocene; Plio. = Pliocene; sed. = sedimentary rocks.

collision-related shortening in the Sivas Basin had ended by the late Miocene (Figure 2) (Aktimur et al., 1990;
Guezou et al., 1996; Temiz, 1996), coincident with the earliest activity on the eastern Northern Anatolia fault
zone and tectonic escape (Hubert-Ferrari et al., 2009).
Neotectonic strain in the Sivas Basin since the Pliocene has been relatively minor and related to sinistral transpression along the northern segment of the Central Anatolian fault zone (CAFZ; Aktug et al., 2013; Akyuz
et al., 2012; Dirik, 2001; Emre et al., 2013; Gürsoy et al., 1997; Koc̡yiğit & Beyhan, 1998). Geodetic studies
and low historical seismicity suggest that the northern segment of the CAFZ accommodates only a small
amount of strain in the western Sivas Basin (Aktuğ et al., 2013; Reilinger et al., 2006). A single paleoseismic
study found evidence of two surface-rupturing events over the last 8 kyr and inferred a sinistral slip rate of
~1 mm/year for the CAFZ in the western SSFTB (Akyuz et al., 2012).

3. Methods
Fine- to medium-grained sedimentary and igneous rock samples (~1–3 kg each) were collected in situ for
geo/thermochronologic analyses. Apatite and zircon mineral separation involved standard procedures of
crushing and sieving followed by separation using a Gemini table, Frantz magnetic separator, and heavy
liquids. Eocene and older rock units were speciﬁcally targeted for low-temperature thermochronology following initial reconnaissance sampling and analysis of the entire stratigraphic sequence (Late Cretaceous to
Pliocene) that indicated that Oligocene and younger sedimentary units preserved a detrital (source area)
rather than in situ record of cooling.
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Table 1
Maximum Depositional Ages Based on Detrital Zircon U-Pb Geochronology
Sample
CAT15-5
12CATST4
CAT15-32
CAT15-15
CAT15-25

Latitude (°N)

Longitude (°E)

Formation

Depositional age

N

Youngest single grain
(Ma; ±2σ)

Maximum depositional age
(Ma; ±2σ)

39.584309
39.57554
39.593695
39.942738
39.555713

37.2231
37.73555
37.483814
37.411146
38.168755

Benlikaya
Bözbel
Sögütlü/Bözbel
Bahçecik
Çerpacindere

Miocene-Pliocene
Middle Eocene
Maastrichtian-middle Eocene
middle Eocene
Maastrichtian-Paleocene

202
82
197
171
229

36.5 ± 1.1
41.6 ± 4.6
42.0 ± 1.7
47.2 ± 1.3
72.7 ± 1.8

44.0 ± 0.7
44.1 ± 0.7
43.6 ± 0.2
50.8 ± 0.4
76.5 ± 0.8

Note. N = total number grains analyzed. Maximum depositional ages were calculated using the YC3 + (2σ) method of Dickinson and Gehrels (2009).

3.1. Detrital Zircon U-Pb Geochronology
Detrital zircon (DZ) U-Pb isotopic analyses were performed on ﬁve sandstone samples via laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) using a ThermoFisher Element2 single-collector
high-resolution ICP-MS at the University of Arizona LaserChron Center in Tucson, Arizona, United States
(Gehrels et al., 2008; Pullen et al., 2014). The best age for each grain was selected as either the 206Pb*/238U
or the 206Pb*/207Pb* age for grains younger or older than 1.5 Ga, respectively (Spencer et al., 2016). Grain ages
that do not overlap concordia within the 2σ limits of uncertainty are regarded as discordant and excluded
from consideration. Age discordance was evaluated only for grains older than 400 Ma due to the inherent
difﬁculty in determining reliable 206Pb*/207Pb ages for young grains (Gehrels, 2012; Spencer et al., 2016).
Maximum depositional ages were calculated using the YC2σ(3+) (mean age of the youngest three or more
grains that overlap in age at 2σ) methodology of Dickinson and Gehrels (2009), which provides a more robust
and conservative estimate of maximum depositional age than alternate measures presented therein.
U-Pb data are summarized in Table 1 and Figure 4. All errors are reported at the 2σ level of analytical uncertainty. Distributions of detrital zircon U-Pb ages are visualized using both probability density plots and kernel
density estimators (KDE) generated using DensityPlotter software (Vermeesch, 2012), which employs algorithms for adaptive bandwidth selection for KDE (Botev et al., 2010). Weighted mean age plots for maximum
depositional ages were generated using Isoplot v. 4.1 (Ludwig, 2012).
3.2. AFT Thermochronology
Apatite grains were mounted in epoxy resin and ground and polished using alumina and diamond powders
to expose internal crystal surfaces. Spontaneous ﬁssion tracks (FT) were revealed by etching with 5.5 M HNO3
at 20 °C for 20 s. Samples were analyzed using the external detector method (Gleadow, 1981) using very low
uranium, annealed muscovite detectors, and irradiated at the Oregon State University Triga Reactor in
Corvallis, Oregon, United States. The neutron ﬂuence was monitored using European Institute for
Reference Materials and Measurements (IRMM) uranium-dosed glass IRMM 540R. Following irradiation,
induced FT in the mica external detectors were revealed by etching with 48% hydroﬂuoric acid for 20 min.
Spontaneous and induced FT densities were counted using an Olympus BX61 microscope at 1250 × magniﬁcation with an automated Kinetek Stage system. AFT lengths and Dpar values were measured using FTStage
software and an attached drawing tube and digitizing tablet supplied by Trevor Dumitru of Stanford
University calibrated against a stage micrometer.
AFT data for thermally reset samples are shown in Table 2 and Figure 5; additional data are provided in the
supporting information. Central ages (Galbraith, 2005; Galbraith & Laslett, 1993) were calculated using the
International Union of Geological Sciences- recommended zeta calibration approach of Hurford and Green
(1983) and are reported at the 1σ level of uncertainty. Apatite IRMM 540R zetacalibration factors of
329.5 ± 8.7 (Darin) and 368.1 ± 14.9 (Thomson) were obtained by repeated calibration against a number of
internationally agreed age standards (e.g., Durango and Fish Canyon apatites) according to the recommendations of Hurford (1990).
3.3. Apatite (U-Th-Sm)/He (AHe) Thermochronology
AHe analyses of ﬁve samples were conducted at the University of Arizona following the method of Guenthner
et al. (2016). Three to ﬁve crystals were handpicked from each sample, and the dimensions of each were measured to approximate crystal volume and to ensure a tetragonal prism diameter of greater than 60 μm. Each crystal was then packed in a separate Nb foil tube and individually heated to 900–1300 °C for several minutes to
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Figure 4. Detrital zircon (DZ) U-Pb data from the Sivas Basin. Probability density functions (left) of Phanerozoic grain ages
are shown as both kernel density estimators (red ﬁlled) and probability density plots (blue line; Vermeesch, 2012). All DZ
data, including Precambrian grain ages, are provided in the supporting information (Data Set S1). Maximum depositional
ages (right side; see Table 1) were calculated using a weighted mean of the youngest cluster of 3 or more grains that
overlap within the 2σ limits of analytical uncertainty (YC3+(2σ) method of Dickinson & Gehrels, 2009). Single grain ages
shown in blue (a, b) are excluded from the weighted mean calculations.

release 4He. The extracted gas was then spiked with 3He, cryogenically concentrated and puriﬁed, and expanded
and measured with a quadrupole mass spectrometer. Molar contents of parent nuclides in apatite (U, Th, Sm)
were measured following 4He extraction and measurement via Ca isotope dilution ICP-MS (Guenthner et al.,
2016). All AHe data are reported in Table 3, and weighted mean ages are reported at the 2σ level of uncertainty.
3.4. Thermal History Modeling
In order to constrain the thermal history of the Sivas Basin that is consistent with AFT ages and length distributions and AHe ages, we used the thermal history modeling software HeFTy (software version 1.9.1;
Ketcham, 2005). The software uses formalized statistical hypothesis tests to assess the goodness of ﬁt
between the input data and data predicted using a ﬁssion track annealing model (Ketcham et al., 2007)
and He diffusion model (Flowers et al., 2009) from random thermal histories produced using an iterative
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38.168755

38.388563
38.741155

37.427724

37.969358

Eastern Sivas Basin
CAT15-25
39.555713

39.481028
39.615244

Eastern Taurides
CAT15-8
39.00532

39.171882

38.911831

CAT15-26
CAT15-27

CAT15-10

CAT15-11

1192

1664

1475

1208
1326

2029

1478
1376
1743
1645
1638

1514
1406
1433
1463
1543

1683
1535

Elevation
(m)

sandstone
sandstone
sandstone
sandstone
sandstone

tuff
sandstone
sandstone
sandstone
sandstone

sandstone
syenite

YpresianLutetian
CampanianMaastrichtian
Campanian
syenite

syenite

sandstone

20

20

19

20
20

20

50
22
20
20
20

20
9
41
11
26

14
20

No. of
Lithology crystals

Campaniansandstone
Lutetian
Lutetian
sandstone
Maastrichtian- sandstone
Lutetian

Lutetian
Lutetian
Lutetian
Lutetian
Lutetian

Lutetian
YpresianLutetian
Ypresian
Ypresian
Lutetian
Lutetian
YpresianLutetian

Age of
deposition or
emplacement

2.536 [1813]

1.824 [2466]
0.6605 [1285]
1.292 [1257]
1.495 [1249]
1.119 [1019]

0.9318 [922]
2.2211 [532]
0.3152 [567]
1.056 [223]
0.7653 [720]

1.12 [654]
1.298 [1055]

ρi [Ni]

1.679 [10748]

1.476 [4722]
1.714 [10972]
1.627 [10412]
1.609 [10301]
1.592 [10189]

1.557 [9965]
1.339 [4283]
1.534 [4910]
1.329 [4254]
1.269 [4060]

1.697 [10860]
1.574 [10077]

ρd [Nd]

2

0.7689 [436]

0.3939 [271]

0.4335 [253]

5.259 [2982]

4.192 [2884]

3.773 [2202]

1.767 [11308]

1.802 [11531]

1.819 [11643]

0.06588 [113] 0.6221 [1067] 1.662 [10636]
0.1447 [171] 1.524 [1801] 1.644 [10524]

0.2812 [201]

0.2337 [316]
0.07967 [155]
0.1861 [181]
0.2011 [168]
0.1362 [124]

0.1405 [139]
0.2826 [68]
0.0434 [78]
0.161 [34]
0.1084 [102]

0.1285 [75]
0.1858 [151]

ρs [Ns]

6

Track density (× 10 tracks/cm )
[no. of tracks counted]

1.69

1.33

1.93

2.47
2.88

2.33

2.14
2.64
2.51
3.23
5.12

8.16
2.07
2.74
3.02
3.05

3.33
2.75

Mean
Dpar
(μm)

2

42.4 ± 2.5 13.1 [104]

27.8 ± 1.9 13.8 [50]

<0.01% [96.9%]
0.60% [73.0%]

34.3 ± 2.5 13.6 [83]

<0.01% [96.0%]

1.6

1.0

1.10

1.6
1.8

1.3
—
1.2
1.8
—

<0.01% [>99.9%] 28.9 ± 3.0 14.0 [15]
<0.01% [94.0%]
25.7 ± 2.2 14.4 [16]

13.9 [29]
—
13.8 [34]
13.4 [31]
—

0.87

34.7 ± 2.6
34.0 ± 3.0
38.5 ± 3.3
35.6 ± 3.1
31.8 ± 3.2

<0.01% [>99.9%] 30.6 ± 2.4 14.0 [21]

3.65% [60.6%]
<0.01% [99.7%]
0.03% [>99.9%]
<0.01% [>99.9%]
<0.01% [>99.9%]

—
—
—
—
—

—
—
—
—
—
38.6 ± 3.7
31.4 ± 4.3
38.7 ± 5.0
37.2 ± 7.0
33.0 ± 3.8

<0.01% [>99.9%]
<0.01% [99.7%]
<0.01% [>99.9%]
<0.01% [>99.9%]
<0.01% [>99.9%]

Mean
track
length
S.D.
(μm)
—
1.1

Mean
track
length
(μm) [no.
of tracks]

<0.01 [99.7%]
32.0 ± 4.0 —
<0.01% [>99.9%] 37.0 ± 3.4 14.1 [24]

Age dispersion
2
[Pχ ]

AFT
central
age (Ma;
±1σ)

Note. Analyses by external detector method using 0.5 for the 4π/2π geometry correction factor. Ages calculated using dosimeter glass: IRMM540R with ζ540R = 329.5 ± 8.7 (Darin). Pχ is the chi2
square probability (Galbraith, 2005) of obtaining a χ value for v degrees of freedom, where v = no. of crystals—1. Values >5% are considered to pass the test and represent a homogeneous population. SD = standard deviation.
a
IRMM540R with ζ540R = 368.1 ± 14.9 (Thomson).

37.885092

37.73555
37.812276
37.738515
37.483814
37.48983

Central Sivas Basin
a
39.57554
12CATST4
CAT15-18
39.91302
CAT15-28
39.634152
CAT15-32
39.593695
CAT15-33
39.586486

CAT16-18
a
MD14-9
a
MD14-20
a
MD14-21
a
MD14-38

39.277134 36.673828
39.568712 36.262205
39.220463 36.4809455
39.212416 36.489166
39.280152 36.612709

36.786068
36.43329

Western Sivas Basin
CAT15-19
39.424772
CAT16-4
39.23131

Sample

Longitude
(°E)

Latitude
(°N)
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Figure 5. Apatite ﬁssion track (AFT) data from the Sivas Basin and eastern Taurides showing the weighted mean (black
curve) of single grain ages (blue bars), and AFT central age (green) for each sample. The gray bar in each plot represents
the depositional age of the sample. Note that in all cases, the AFT age is younger than the depositional age of the sample.
Therefore, each AFT age represents the timing of in situ cooling within the basin, rather than cooling in the sediment source
area. All data are listed in Table 2. Data from samples that are either not reset or only partially reset are reported in the
supporting information (Figure S1 and Table S1).

Monte Carlo approach (Vermeesch & Tian, 2014). Model inputs include all single grain AFT ages and track
length distributions, AHe ages (where available), and independent temporal geologic constraints (e.g., age
of crystallization, deposition, and unconformity). The model output consists of time-temperature paths
representing thermal histories that either cannot be excluded by the measured data (acceptable ﬁt) or
that are supported by the measured data (good ﬁt). In all cases, simulations were run until 100 good ﬁt
paths were found, and only good ﬁt paths are shown in Figure 6. For samples in which thermal history
modeling involved both AFT and AHe data (n = 3), the weighted mean AHe age was used as a model
constraint rather than single grain AHe ages owing to the statistical similarity of most AHe ages (Table 3)
and the excessive computational power required to complete model runs using multiple single-grain AHe
ages (Ketcham, 2005). See the supporting information for details regarding model constraints.
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Table 3
Apatite (U-Th-Sm)/He (AHe) Dating Results
Sample
no.

4

Analysis
no.

Mass
(μg)

c axis perpendicular
half width (μm)

Length
(μm)

U
(ppm)

Th
(ppm)

Sm
(ppm)

He
(nmol/g)

eU
(ppm)

Raw
age (Ma)

Corrected
age (Ma)

2σ
error (Ma)

1
2
3
1
2
3
1
2
3
4
5
1
2
3
4
5
1
2
3
4

1.84
1.28
2.05
2.29
1.36
1.56
6.92
2.19
3.04
1.54
2.09
2.85
7.06
1.88
2.03
1.54
1.46
5.99
0.873
1.49

37.0
36.6
37.3
38.5
32.6
32.3
68.7
44.3
47.8
38.6
42.6
48.9
68.9
40.2
44.3
40.0
40.6
65.1
32.5
39.9

182.0
152.8
206.3
246.6
204.1
209.5
243.8
157.6
208.0
159.2
162.0
173.5
277.0
170.9
162.3
154.7
131.1
190.5
93.6
135.3

37.1
22.5
27.2
53.2
50.8
56.5
8.08
7.28
6.71
7.09
8.31
8.73
6.99
3.77
4.68
5.59
25
24.5
11.8
8.51

125
57.2
87.2
90.9
84.1
91.7
27.9
24.2
22.9
29.3
39.2
20.9
47.4
23.8
24.4
34.9
323
214
168
150

55
33.5
37.8
210
189
197
118
144
114
126
176
167
241
129
143
148
479
477
269
207

6.66
3.49
4.58
13.5
4.57
5.26
0.941
0.884
0.502
0.864
1.05
0.874
0.974
0.525
0.540
0.775
9.46
10.2
3.39
4.58

66.5
36.0
47.8
75.5
71.4
78.9
15.2
13.6
12.6
14.6
18.3
14.4
19.2
9.94
11.0
14.4
102.7
76.9
52.4
44.7

18.5
17.9
17.7
33.2
11.9
12.4
11.8
12.4
7.59
11.3
11.0
11.7
9.75
10.2
9.43
10.2
17.2
24.9
12.1
19.1

28.9
28.4
27.4
a
49.5
19.4
20.2
15.0
18.3
10.7
17.5
16.4
16.4
12.4
15.5
13.9
15.8
27.1
32.8
a
20.5
29.3

0.68
0.80
0.67
1.2
0.52
1.1
0.37
0.62
0.78
0.62
0.48
0.41
0.28
0.48
0.47
0.54
0.66
0.74
0.57
0.76

CAT15-10

CAT15-11

CAT15-28

CAT15-32

CAT16-4

Weighted
mean age
(Ma; ±2σ)
28.2 ± 0.4

19.5 ± 0.5

15.8 ± 0.2

14.2 ± 0.2

29.5 ± 0.4

Note. See Table 2 for sample locations. Crystal mass and elemental concentrations were determined using the isotope dilution method of Guenthner et al. (2016).
eU is calculated from U, Th, and Sm concentrations.
a
Anomalous age compared with other analyses from this sample; excluded from weighted mean age calculation.

4. Results
4.1. Detrital Zircon U-Pb Geochronology
We conducted U-Pb dating of detrital zircons to determine the maximum depositional age (MDA) of several
stratigraphic units by independent methods. Samples were collected from formations with uncertain absolute age constraints that were also sampled for low-temperature thermochronology. These results were used
as constraints for thermal history modeling of AFT and AHe data.
One sample from the Çerpaçindere Fm (CAT15-25) was collected ~20-km north of Divriği. The Çerpaçindere
Fm (Kozluca Fm of Kurtman, 1973) is a ~900- to 1,500-m-thick sequence of intercalated marine mudstone and
sandstone interpreted as part of a Maastrichtian to early Eocene shelfal to deep marine turbidite system on
the basis of biostratigraphic data (Figure 2; Aktimur et al., 1990; Kurtman, 1973; Tütüncü & Aktimur, 1988).
Detrital zircons are dominated by a Campanian (~82 Ma) age population (Figure 4a), suggesting substantial
sediment input from the Late Cretaceous Pontides arc to the north. We infer a MDA of 76.5 ± 0.8 Ma for the
lower part of this unit. However, because the base of the unit is unexposed in the region, the relative stratigraphic position of the sample is uncertain.
Sample CAT15-15 was collected from the early to middle Eocene Bahçecik Fm along the northern margin of
the Sivas Basin (Figure 3; Aktimur et al., 1990; Kurtman, 1973). The DZ age distribution contains Late
Cretaceous and middle Eocene age populations (Figure 4b). The consistency of these age populations with
the timing of distinct magmatic episodes in the adjacent Pontides arc (Schleiffarth et al., 2018) suggests it
was a major sediment source area for the northern Sivas Basin. We determined a MDA of 50.8 ± 0.4 Ma for
the middle and upper parts of this unit.
Sample CAT15-32 was collected from the Söğütlü Conglomerate, which is only exposed locally in the Gürlevik
Dağ (Aktimur et al., 1990; Kurtman, 1973). This unit consists of black poorly sorted conglomerate and sandstone of maﬁc to ultramaﬁc composition deposited during the Eocene, according to biostratigraphic data
(Aktimur et al., 1990; Kurtman, 1973). Our DZ U-Pb data reveal the presence of abundant middle Eocene zircons that indicate a MDA of 43.6 ± 0.2 Ma for this unit (Figure 4c).
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Figure 6. Inverse thermal history models based on apatite ﬁssion track (AFT) and (U-Th-Sm)/He (AHe) data from the Sivas Basin indicating rapid cooling during the
late Eocene-Oligocene (AFT: ~40–26 Ma) and late Oligocene to middle Miocene (AHe: ~29–14 Ma). The best ﬁt path for each model (black line) is shown as a solid line
where constrained by the data within the AFT partial annealing zone (PAZ) and AHE partial retention zone (PRZ), and as a dashed line where not constrained by
the data. Best ﬁt model data are italicized. Histograms show the ﬁssion track length distributions, with the modeled mean track length (MTL) indicated by the green
line (±1σ). Because the thermochronologic data inherently reﬂect only the most recent cooling/exhumation event, earlier apparent thermal events are grayed out to
indicate that they are not directly constrained by the data.
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Sample 12CATST4 was collected from the lower member of the Bözbel Fm, which consists of dark gray, medium to very thick bedded volcaniclastic mudstone, sandstone, and agglomerate. Similar to CAT15-32, abundant middle Eocene zircons indicate a MDA of 44.1 ± 0.7 Ma (Figure 4d). In addition to the striking similarities
in composition, facies, and relative stratigraphic positions of the lower Bözbel Fm and the Söğütlü
Conglomerate, DZ data from these units are virtually identical, including both their MDAs and bimodal age
distributions with peaks at ~73 and ~44 Ma (cf. Figures 4c and 4d). Considering these similarities, we propose
a correlation between the Söğütlü Conglomerate and the lower member of the Bözbel Fm, with the former
possibly representing a more proximal facies of the latter in the eastern Sivas Basin.
Sample CAT15-5 was collected 25 km southeast of the town of Sivas from the base of a 20-m-thick sequence
of thinly bedded sandstone and pebbly conglomerate above an angular unconformity with subvertical ﬂuvial
strata of the Oligocene Selimiye Fm. Although previous workers assigned it a Pliocene age (Zöhrep Fm:
Aktimur, 1988b; Aktimur et al., 1990), more recent detailed mapping (Kergaravat et al., 2016; Legeay, 2017;
Ribes et al., 2015) and our own ﬁeld observations support a correlation with the middle Miocene Benlikaya
Fm. DZ U-Pb data reveal a prominent late Paleocene-middle Eocene age population along with subordinate
Late Cretaceous and Pennsylvanian populations (Figure 4e), consistent with derivation from northerly
sources in the Pontides (Okay et al., 2013). The MDA of 44.0 ± 0.7 Ma for this unit does not improve existing
age constraints, which was deposited after the early Oligocene (~34–28 Ma) Selimiye Fm. The lack of late
Eocene to early Miocene zircons in this sample is consistent with geochronologic evidence of a widespread
magmatic lull from ~40–20 Ma across central and eastern Anatolia (Schleiffarth et al., 2018).
4.2. Apatite Low-Temperature Thermochronology
The apatite ﬁssion track (AFT) and (U-Th-Sm)/He (AHe) thermochronometers have closure temperatures of
~120 °C and ~70 °C, respectively, for moderate to fast (~10 °C/myr) cooling rates (Reiners & Brandon,
2006). Thus, they provide useful information about cooling and exhumation through the upper ~4–5 km
of crust (assuming a typical geothermal gradient of 25–30 °C/km). For the AFT system, detrital samples that
have not experienced postdepositional heating above ~60 °C will preserve a signal reﬂecting primary exhumation of the sediment source areas, with single grain AFT ages greater than the depositional age of the sample. In contrast, postdepositional heating to temperatures within or greater than the AFT partial annealing
zone (PAZ; ~120–60 °C) will cause ﬁssion tracks to partially or completely anneal, rendering the sample thermally reset. Fission tracks formed after cooling to temperatures below that of the AFT PAZ (<~60 °C) are fully
retained. Thus, thermal resetting erases the detrital signal of the primary source area cooling history contained within each apatite grain and instead preserves a record of in situ postdepositional cooling of the sedimentary rock. Reset in situ cooling ages typically reﬂect cooling related to tectonic or erosional exhumation,
or reduction of the geothermal gradient following postdepositional heating related to either sedimentary or
structural burial.
In this section we report new AFT and AHe data and thermal history modeling from the Sivas Basin and eastern Tauride block. Analyzed AFT and AHe samples do not show any particular age-elevation correlation, and
all AFT samples pass the chi-square test, indicating a single population of grains (Galbraith, 2005). Several
Eocene and all Oligocene and younger detrital samples were not buried and heated enough to thermally
reset the AFT system (Figure 2), as indicated by single grain age distributions that are consistently older than
their sample depositional ages (see supporting information); these samples will not be discussed hereafter as
they do not bear on the timing or magnitude of basin exhumation. Nevertheless, remarkably consistent AFT
and AHe data from in situ and unequivocally reset detrital samples indicate rapid cooling and exhumation of
the SSFTB and eastern Taurides during the late Eocene, Oligocene, and middle Miocene (Figure 3), as discussed in detail below.
4.2.1. Western Sivas Basin
Postdepositional reset AFT data from Paleocene to middle Eocene marine strata in the western Sivas Basin
indicate rapid cooling below ~120 °C from ~39 to 31 Ma (Figure 5 and Table 2). Sample CAT16-4 is from a
syenite dike intruding Paleocene submarine lava ﬂows and volcaniclastic strata of the Kalaköy Fm ~13 km
south of Şarkışla (Figures 2 and 3). Although a reliable constraint on the age of emplacement is lacking for
this sample, compositional and petrographic similarities with other interbedded tuffs and alkaline lava ﬂows
suggest it was coeval with locally voluminous submarine magmatism in the area during the Paleocene
(Gökten, 1986; Gökten & Floyd, 1987). This sample has an AFT cooling age of 37.0 ± 3.4 Ma and a weighted
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mean AHe age of 29.5 ± 0.4 Ma. Joint thermal history modeling of both AFT and AHe data for this sample
reveal a single phase of moderate to rapid cooling (~6–26 °C/myr) from ~40 to 30 Ma, followed by slow cooling (~1–2 °C/myr) since then (Figure 6). Rapid cooling is also supported by a long mean track length of
14.1 μm for this sample (Table 2).
Sample MD14-9 was collected along the northwestern margin of the Sivas Basin from early Eocene shallow
marine strata of the Tokus Fm, which unconformably overlie metamorphic basement of the Kırşehir Block
(Inan & Inan, 1999). Our new reset AFT cooling age of 31.4 ± 4.3 Ma for this sample is consistent with nearby
AFT ages of 31.6 ± 1.6 and 35.1 ± 1.8 Ma from Late Cretaceous schist and granite in the northeastern Kırşehir
Block (Fayon et al., 2001).
4.2.2. Central Sivas Basin
Reset AFT ages from Maastrichtian to middle Eocene marine strata in the central and eastern Sivas Basin reveal
rapid cooling below ~120 °C from 39 to 32 Ma (Figures 3 and 5). Sample CAT15-28 was collected from the lower
volcaniclastic member of the Bözbel Fm located in the hanging wall of a south-vergent reverse fault. This sample has an AFT age of 38.5 ± 3.3 Ma and an AHe age of 15.8 ± 0.2 Ma. Thermal history modeling constrained by
both AFT and AHe data indicates moderate to rapid late Eocene cooling (~8–23 °C/myr), followed by late
Oligocene-early Miocene reheating and secondary cooling during the middle to late Miocene (Figure 6).
CAT15-32 is from the Söğütlü Conglomerate, which we correlate with the uppermost part of the lower member
of the Bözbel Fm (see section 4.1). This sample reveals an AFT age of 35.6 ± 3.1 Ma and an AHe age of
14.2 ± 0.2 Ma. The best ﬁt thermal history model for CAT15-32 is very similar to that of CAT15-28 and indicates
rapid late Eocene cooling (~15 °C/myr) followed by a second heating event in the late Oligocene-early Miocene
and ﬁnal cooling during the middle to late Miocene (Figure 6). Long mean track lengths (13.4–13.8 μm) in both
of these samples imply minimal partial track annealing, suggesting that the second heating event probably did
not exceed 60–70 °C, which would have been hot enough to reset the AHe age after initial late Eocene cooling,
but not the AFT age. At both sample locations, early Oligocene gypsum and ﬂuvial strata of the Tuzhisar and
Selimiye formations unconformably overlie the lower Bözbel Fm (Figure 2). This key constraint supports a twophase cooling history involving rapid late Eocene exhumation to surface temperatures, followed by reburial
and then secondary cooling and exhumation since the middle Miocene.
12CATST4 was also collected from the lower member of the Bözbel Fm in the hanging wall of a prominent
north-vergent thrust fault exposed along the main road between Zara and Divriği (Figure 3). Long mean track
lengths (13.9 μm) and thermal history modeling of AFT data reﬂect very rapid cooling (~40 °C/myr) during the
latest Eocene (~36–34 Ma) (Figure 6). Sample CAT15-18, which was collected near the northern margin of the
Sivas Basin, has an AFT age of 34.0 ± 3.0 Ma (Figures 3 and 5). This result is compatible, within 2σ uncertainty
(±6.0 Ma), with AFT data from the middle Eocene Kösedağ pluton located ~15 km to the northeast indicating
rapid cooling at ~31–28 Ma (Boztuğ & Jonckheere, 2007).
4.2.3. Eastern Sivas Basin
Reset AFT cooling ages from three sandstone samples in the eastern SSFTB range from 30.6 ± 2.4 to
25.7 ± 2.2 Ma and are progressively younger from west to east, as well as younger than the samples from
the western and central Sivas Basin (Figure 3 and Table 2). Long mean track lengths (14.0–14.4 μm) and
AFT thermal history modeling from all three samples indicate very rapid cooling (~32–40 °C/myr; Figure 6).
The best ﬁt model paths for CAT15-25 and CAT15-26 indicate that rapid cooling occurred during the early
Oligocene from 33–30 Ma and 30–28 Ma, respectively. Sample CAT15-27, the easternmost sample in this
study, has a best ﬁt path indicating cooling during the late Oligocene at ~25–23 Ma.
4.2.4. Eastern Taurides
Sample CAT15-8 was collected from early to middle Eocene shallow marine strata on the southern margin of
the Sivas Basin and has an AFT cooling age of 34.3 ± 2.5 Ma. AFT ages from several other samples along the
northern margin of the eastern Taurides have very high analytical uncertainties due to low apatite yield leading to a limited number of countable grains (see Figure 2 for locations).
Samples CAT15-10 and CAT15-11 were collected from separate syenite intrusions south of Divriği (Figure 3).
Zircon U-Pb dating reveals an emplacement age of 78–73 Ma for CAT15-11 (Kuşcu et al., 2013). Although the
crystallization age of CAT15-10 is not directly constrained, a similar age can be presumed based on U-Pb and
Ar/Ar ages of 78–65 Ma from compositionally similar syenite intrusions located ~20–30 km north of this sample (Boztuğ et al., 2007; Kuşcu et al., 2013; Parlak et al., 2013). CAT15-10 has statistically identical AFT and AHe
cooling ages of 27.8 ± 1.9 and 28.2 ± 0.4 Ma, respectively (Figure 6). Thermal history modeling based on AFT
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data indicate very rapid cooling (~45 °C/myr) during the middle Oligocene (~30–27 Ma). CAT15-11 has an AFT
cooling age of 42.4 ± 2.5 Ma and a mean AHe age of 19.5 ± 0.5 Ma (Figure 6). A single-grain AHe age of
49.5 ± 1.2 Ma was excluded from the weighted mean age on the basis that it is older than the AFT age, which
may be due to alpha injection and/or the presence of undetected inclusions enriched in U-Th-Sm. These data,
combined with thermal history modeling of the AFT age and track lengths, suggest moderate to rapid cooling (~16 °C/myr) during the middle Eocene, followed by reheating below the AHe partial retention zone (PRZ;
~70 °C) during the Oligocene and a second phase of cooling during the early Miocene (Figure 6).

5. Discussion
5.1. Thermal Evolution of the Sivas Basin
5.1.1. Rapid Middle Eocene Heating
Our new AFT data from reset samples and maximum depositional age of ~44 Ma for the lower member of the
Bözbel Fm imply relatively rapid heating to above ~120 °C (below the AFT PAZ) during the middle to late
Eocene (Figures 4 and 5). Using the reset AFT ages (~39–31 Ma) as a minimum depositional age constraint
implies late Eocene heating at a rate of up to ~8–20 °C/myr (assuming a late Eocene surface temperature
of ~20 °C at sea level). However, whether this postdepositional heating was related to only sedimentary burial, or additional structural burial and/or elevated geothermal gradients due to nearby magmatism is unclear.
The total thickness of middle-late Eocene deposits in the Sivas Basin is difﬁcult to determine because of
signiﬁcant postdepositional contraction and erosion. Despite this, the thickness of the middle Eocene ﬂysch
(Bözbel or Gülandere formations; Figure 2) has been estimated at ~2,000–3,250 m (Aktimur et al., 1990; Artan
& Sestini, 1971; Kurtman, 1973). Furthermore, Aktimur et al. (1990) estimated that preserved PaleoceneEocene strata in the Sivas Basin reach a maximum thickness of ~4,500 m, suggesting that stratigraphic burial
alone may have been sufﬁcient to account for thermal resetting of the AFT thermochronometer.
Late Cretaceous to Paleocene collision along the IAESZ (Figure 1) involved contractional deformation and
ﬂexural subsidence, which created considerable accommodation space during early ﬁlling of the Sivas
Basin. Subsidence may have been partly driven by ﬂexural loading related to north-vergent thrusting in
the eastern Taurides to the south (Figure 3). In both the eastern Taurides and in the Maden Complex along
the Bitlis suture zone, the youngest biostratigraphically dated marine deposits below a regional unconformity
are middle Eocene, implying that thrust stacking south of the Sivas Basin began as early as ~50–45 Ma
(Hempton, 1985, 1987; Robertson, Parlak, Metin, et al., 2013; Rolland et al., 2012; Yılmaz, 1993). This timing
also corresponds with a conspicuous transition from shallow shelf carbonates to deep marine turbidite facies
across the Sivas Basin during the Eocene (Aktimur et al., 1990; Artan & Sestini, 1971; Poisson et al., 2016).
Laterally extensive olistostromes within the Bözbel Fm and correlative units indicate that the basin margins
were unstable and tectonically active, leading some workers to interpret a period of extension within the
basin, despite a lack of corroborating structural or kinematic evidence (Dirik et al., 1999; Poisson et al.,
2016). Alternatively, we suggest that basin deepening and olistostromal deposits may reﬂect ﬂexural subsidence and mass wasting due to contraction along the basin margins.
5.1.2. Rapid Late Eocene to Early Oligocene Cooling and Initiation of the SSFTB
AFT data across the entire Sivas Basin indicate that rapid cooling at rates up to ~45 °C/myr initiated during the
late Eocene to early Oligocene. This implies an exhumation rate of up to ~1.5–1.8 mm/yr, assuming a typical
geothermal gradient of 25–30 °C/km. A widespread magmatic lull across central and eastern Anatolia from
~40 to 20 Ma (Schleiffarth et al., 2018) means that primary crystallization of apatite from magmatic sources
was restricted during this time. Thus, rather than primary cooling and direct input from magmatic source
areas, we interpret the abundance and consistency of late Eocene to early Oligocene AFT and AHe dates
to reﬂect reset ages that record postdepositional, exhumation-related cooling in the Sivas Basin.
Thermochronologic data inherently represent minimum timing constraints for the initiation of exhumationrelated cooling. For thermally reset detrital samples, however, the depositional age of the strata provides a
true maximum timing constraint for initial exhumation, since samples must be buried to at least ~3- to 4km depth (assuming typical geothermal gradients of ~25–30 °C/km) in order to be reset. Considering that
our reset AFT data from the SSFTB are only a few million years younger than their depositional ages
(Figure 5), initial cooling and exhumation must have started soon after deposition. While we could not sample vertical transects to test the onset of rapid cooling and the depth of reset samples relative to the apatite
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PAZ, we note that in most areas, stratigraphically younger samples are either not reset or partially reset
(Figure 2), indicating that the reset Paleocene-middle Eocene samples probably resided just below the apatite PAZ prior to late Eocene exhumation. Furthermore, a basin-wide angular unconformity representing an
abrupt transition from middle Eocene deep marine (Bözbel Fm) to Oligocene marginal and nonmarine sedimentation (Altınyayla/Selimiye formations) strongly supports basin shallowing during the late Eocene, consistent with late Eocene rapid cooling revealed by our thermochronologic results. Thus, we interpret that
rapid late Eocene cooling was the result of structural basin inversion and erosional exhumation during initiation of the SSFTB at ~40–35 Ma.
Our new data seem to suggest that initial exhumation and contraction was diachronous along the SSFTB and
propagated from west to east during the late Eocene to late Oligocene (Figure 3). In the eastern SSFTB, however, both the maximum depositional ages of marine deposits and the maximum burial depths of the samples are poorly constrained, the latter owing to exhumation and erosion of much of the overlying deposits.
Thus, it is uncertain whether younger AFT ages in the eastern SSFTB reﬂect (1) an eastward migration of
deformation during the late Oligocene or (2) a thicker sedimentary package in the east that took longer to
exhume and cool through the AFT PAZ following initial late Eocene exhumation, as in the western SSFTB.
5.2. Geodynamic Explanations for Late Eocene-Oligocene Contraction in Central Anatolia
The tectonic and geodynamic mechanisms responsible for late Eocene to early Miocene contraction in the
Sivas Basin and eastern Taurides are not well understood. Coeval contraction and exhumation have been
documented or inferred in all major central Anatolian basins of middle to late Eocene age (e.g., Görür
et al., 1998; Kaymakci et al., 2010), suggesting that contraction was widespread and likely driven by regional
rather than local tectonic processes. Before we present our preferred model at the end of this section, we discuss several previously suggested geodynamic mechanisms that may have been responsible for EoceneOligocene contraction across central Anatolia (Figure 7), including convergence along the IAESZ, back-arc
compression, shallow or ﬂat subduction of the Arabia slab, and initial Arabia collision. These mechanisms
are not mutually exclusive in that one or more of them may have played a role in upper plate deformation
at some point during the collision process.
5.2.1. Syncollisional or Postcollisional Convergence (Suture Tightening) Along the IAESZ
There is general agreement that collision and suturing along the IAESZ occurred during the Maastrichtian
to Paleocene, as evinced by diffuse contraction at this time on both sides of the suture zone (Boztuğ,
Güney, et al., 2009; Boztuğ, Türksever, et al., 2009; Kaymakci et al., 2009; Meijers et al., 2010; Okay &
Tüysüz, 1999; Rice et al., 2009; Rolland et al., 2012; Yılmaz et al., 1997) and a coeval magmatic lull from
~72 to 58 Ma (Schleiffarth et al., 2018). Along-strike heterogeneity in the geometry and afﬁnity (e.g., oceanic, transitional, and continental) of tectonic elements in northern Neotethys make it difﬁcult to precisely
determine when subduction and convergence ceased along the IAESZ. However, geochemical data from
Eocene-age igneous rocks north of the IAESZ indicate a transition to intraplate magmatism and melting
of an enriched mantle source in the absence of active subduction (e.g., Altunkaynak & Dilek, 2013;
Aydınçakır & Şen, 2013). Furthermore, there is no evidence of sedimentation directly on true oceanic lithosphere in the Sivas Basin (Yılmaz & Yılmaz, 2006). Therefore, collision and suturing were probably complete
prior to signiﬁcant Eocene sedimentation and deformation in the Sivas Basin.
While initial collision and suturing along the IAESZ could not have been responsible for Eocene-Oligocene
deformation in central Anatolia, other workers have attributed the latter to suture tightening (Figure 7a;
Booth et al., 2014; Rice et al., 2009; Robertson et al., 2012; Şengör & Yılmaz, 1981; Yılmaz & Yılmaz, 2006).
This concept implies that convergence between the ATB/KB and Pontides continued for >30 myr along
the IAESZ and ITS following Late Cretaceous-Paleocene initial collision. This explanation seems plausible
based on the typically prolonged process of collision in many active orogens (e.g., Alpine and Himalaya),
which can last for several tens of millions of years. However, continued convergence along the IAESZ implies
northward underthrusting of the ATB beneath the Pontides (Eurasia) and the generation of south-vergent
structures in the Sivas Basin, which is inconsistent with the dominantly north-vergent kinematics of the
SSFTB (Kergaravat et al., 2016; Legeay, 2017; Figure 3), as discussed in more detail below (see section 5.2.5).
5.2.2. Back-Arc Compression
Some workers have suggested that diffuse late Eocene-Oligocene contraction and diminished magmatism
along the southern Eurasian margin may have been caused by a transition from an extensional to a
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Figure 7. Schematic cross sections showing four different proposed mechanisms responsible for late Eocene (and
Oligocene) contraction in central Anatolia; see text for discussion and references therein. Refer to Figure 9 for approximate location. (a) Postcollisional convergence and suture tightening along the Izmir-Ankara-Erzincan suture zone (IAESZ)
would result in south-vergent structures, which is inconsistent with predominantly north-vergent contraction in the Sivas
Basin. (b) Back-arc compression implies northward subduction of Neotethyan ocean lithosphere and associated arc
magmatism, similar to (a), despite evidence of magmatic quiescence across central-eastern Anatolia. (c) Flat subduction of
the oceanic Arabia (Neotethys) slab. (d) Our preferred model in which north-vergent contraction in the Sivas Basin was
caused by retroforeland thrusting due to initial soft collision of the thinned Arabia passive margin, which also drove slab
ﬂattening (see also Figure 9). Note that slab ﬂattening and/or continental underthrusting in (c) and (d) can explain
widespread amagmatism starting in the late Eocene. ATB = Anatolide-Tauride block.

moderately compressional back-arc during continued northward subduction of the southern branch of
Neotethys (Figure 7b; e.g., Ballato et al., 2018; McQuarrie & van Hinsbergen, 2013). Such changes in upper
plate stress may be produced by subduction hinge or trench advance, which can also lead to stagnation in
the mantle wedge and amagmatism (see Ballato et al., 2018, and references therein). For example, trench
advance has been proposed as a potential mechanism responsible for episodic magmatism during
uninterrupted subduction beneath the Sunda Arc in the Miocene (e.g., Hall & Smyth, 2008). In Anatolia,
however, we are not aware of any direct evidence of either pre-40 Ma crustal thickening sufﬁcient enough
to inhibit magmatism or subduction-related processes (e.g., coeval HP-LT metamorphism, trench advance
due to accelerated relative plate convergence, and arc-related sedimentation) along the southern Eurasian
(ATB) margin during the late Eocene-Oligocene (Ballato et al., 2018; Schleiffarth et al., 2018).
5.2.3. Flat Slab Subduction
Enhanced plate coupling and stress transfer into the upper plate during shallow-angle or ﬂat subduction may
also drive hinterland contraction, as proposed for the Laramide Orogeny of the western United States (e.g.,
Bird, 1988; Dickinson & Snyder, 1978). Although direct evidence of this process is lacking in Anatolia, it has
been invoked or implied during the late Eocene-Oligocene by various workers (e.g., Bartol & Govers, 2014;
Kaymakci et al., 2010). Nevertheless, several observations provide support for a model involving ﬂat
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Figure 8. Spatiotemporal patterns of exhumation and magmatism across central and eastern Anatolia based on regional compilations of thermochronologic (blue)
and geochronologic data (red). (a) Map showing the locations of new and published apatite ﬁssion track (AFT) data. Note that exhumation-related cooling occurred
throughout the Sivas Basin (yellow) and across the entire Eurasian hinterland in central and eastern Anatolia from the middle Eocene to Oligocene (blue squares).
(b) Age versus longitude plot (left) and normalized probability density plot (right) illustrating that rapid cooling and exhumation primarily from ~40 to 20 Ma was
synchronous with a margin-wide lull in magmatism (Schleiffarth et al., 2018), which we interpret as effects of incipient and progressive Arabia collision by ~45–40 Ma
(dashed black line). Error bars for AFT data are shown at 2σ. Abundant Quaternary crystallization ages are intentionally excluded from all plots in order to emphasize
the earlier magmatic pulses. Abbreviations as in Figure 1. Sources of published AFT data: Albino et al. (2014), Ballato et al. (2018), Boztuğ & Jonckheere (2007),
Boztuğ et al. (2004), (Boztuğ, Güney, et al. (2009), Boztuğ, Türksever, et al. (2009), Cavazza et al. (2015), Fayon et al. (2001), Karaoğlan et al. (2016), and Okay et al. (2010).

subduction of the Arabia (i.e., southern Neotethys) slab during the late Eocene and Oligocene (Figure 7c). A
comprehensive geochronology compilation by Schleiffarth et al. (2018) reveals a pronounced magmatic lull
from ~40 to 20 Ma across central and eastern Anatolia, which they speculate was caused by either break off or
ﬂat subduction of the Arabia slab. This timing overlaps remarkably well with our new thermochronologic data
indicating rapid cooling across the Sivas Basin during the late Eocene and Oligocene (Figure 8). In this case,
rapid cooling may have been a combined effect of tectonically driven erosional exhumation and/or a
diminished geothermal gradient in the upper plate due to the insulating effect of the ﬂat Arabia slab,
similar to what has been proposed for the Laramide Orogeny (Dumitru et al., 1991).
5.2.4. Initial Arabia Collision
Progressive Arabia collision is an appealing hypothesis to explain widespread contraction and exhumation
across central Anatolia since the middle Eocene (Figure 7d), although the timing of initial Arabia-Eurasia collision is debated. One end-member model proposes a single-stage of collision that initiated during the early to
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middle Miocene based on structural and stratigraphic data, primarily from the Bitlis suture zone, that indicate
signiﬁcant active deformation since that time (Cavazza et al., 2018; Hüsing et al., 2009; Okay et al., 2010;
Şengör & Yılmaz, 1981). AFT and AHe data along the Bitlis suture zone have also been interpreted to reﬂect
rapid exhumation associated with initial Arabia collision during the Miocene (Cavazza et al., 2018; Okay et al.,
2010). These cooling ages and much of the structural and stratigraphic constraints, however, only represent
minimum timing constraints for the onset of exhumation, thus permitting the initiation of collisional orogenesis at any time prior.
This realization, along with increasing evidence of contractional deformation prior to the Miocene, has led to
the development of a competing two-stage or progressive model for Arabia-Eurasia collision in which early
soft collision during the middle to late Eocene and Oligocene was later followed by hard or mature continental collision since the early Miocene (Figure 9). According to this model, soft collision involved initial contact
or subduction of the thinned continental crust of the Arabia plate below Eurasia, the initiation of northward
oceanic subduction of the Greater Caucasus Basin, and the far-ﬁeld transmission of tectonic stresses and distributed contraction across the collision zone (Ballato et al., 2011; Cowgill et al., 2016; Madanipour et al., 2017;
Rolland, 2017). Hard or mature collision then involves rapid crustal thickening and exhumation primarily
along major suture belts (Avdeev & Niemi, 2011; Cavazza et al., 2015, 2018; Okay et al., 2010; Rolland,
2017) driven by (1) the arrival of full-thickness continental crust of the Arabia plate resulting in ﬁnal collision
and formation of the Bitlis-Zagros suture zone (e.g., Ballato et al., 2011) and/or (2) the terminal closure of the
Greater Caucasus Basin, which marked the consumption of the last remaining ocean lithosphere in this segment of the orogen (Cowgill et al., 2016).
Geologic studies from the Anatolia segment of the orogen support this model for incipient continental collision between the thinned margin of Arabia and the newly accreted blocks along the southern margin of
Eurasia (i.e., ATB, KB, and SAB; Figure 1), and the terminal subduction of oceanic lithosphere in the southern
Neotethys Ocean during the middle to late Eocene (Boulton, 2009; Hempton, 1987; Rolland et al., 2012;
Yılmaz, 1993). Much of the evidence supporting this interpretation comes from tectonic domains south of
the Sivas Basin, which include from north to south: the ATB, the southeast Anatolian metamorphic massifs
(i.e., Bitlis, Pütürge, Malatya, and Keban), and the northern margin of the Arabia platform. Rolland et al.
(2012) interpreted that Arabia collision initiated during the middle Eocene based on an Ar/Ar age of
~48 Ma from amphibolite exhumed in the sole thrust beneath the Pütürge tectonic unit along the Bitlis
suture, which experienced HP metamorphism during the Late Cretaceous. Paleostress reconstructions based
on fault kinematic data from this region, including Arabia, indicate a switch from extension to diffuse contraction during the late Eocene (Kaymakci et al., 2010). Furthermore, all of these domains share a very similar tectonostratigraphy in which the youngest strata below a regional angular unconformity with overlying early
Miocene rocks are middle Eocene (Lutetian) in the ATB (Robertson, Parlak, Metin, et al., 2013), along the
Bitlis suture (Hempton, 1985) and on the northwestern margin of Arabia (Boulton, 2009). These comparable
records of widespread contraction involving imbricate thrusting and nappe emplacement on both margins
of the southern Neotethys Ocean during the late Eocene to late Oligocene strongly support initial ArabiaEurasia collision during this time.
5.2.5. Preferred Tectonic Model for Central Anatolia
Each of the geodynamic mechanisms discussed above (Figure 7) can explain the ﬁrst-order observations of
widespread contraction in the Sivas Basin and eastern Taurides. However, we favor initial Arabia soft collision
(Figure 7d) driving slab ﬂattening under Anatolia (Bitlis and ATB) because this combination of mechanisms is
(1) the most compatible with the kinematics and style of deformation in the SSFTB and eastern Taurides; (2)
compatible with widespread amagmatism from the late Eocene to early Miocene; and (3) corroborated by the
evidence from the Bitlis region summarized next.
Detailed geologic mapping and seismic reﬂection data characterize the geometry and kinematics of the
SSFTB as a north-vergent imbricate thrust wedge (triangle zone) involving all pre-Oligocene strata
(Kergaravat et al., 2016; Legeay, 2017). North-vergent thrusting and nappe transport appear to dominate
based on geologic mapping and sparse structural observations (Figure 3), although reliable kinematic data
are limited along the northern Tauride margin and just south of the SSFTB (Atabey et al., 1997; Kaymakci
et al., 2010; Yılmaz et al., 1991; Yılmaz et al., 1994). In contrast, along the southern margin of the Taurides,
mesoscale and macroscale structural relationships and kinematic data indicate southward emplacement of
thrust sheets along the Bitlis suture since the middle Eocene (Hempton, 1985; Robertson, Parlak, Ustaömer,
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Figure 9. Conceptual diagrams illustrating our proposed tectonic model for progressive (soft then hard) Arabia-Eurasia collision. (a) Northward subduction of the
southern Neotethys Ocean and marine sedimentation in the remnant Sivas Basin during the early to middle Eocene. (b) Initial soft collision of the thinned Arabia
passive margin by ~45–40 Ma. We speculate that subduction of the buoyant continental margin may have promoted ﬂattening of the Arabia slab. (c) Progressive
soft collision and slab ﬂattening drove widespread contraction and amagmatism across the Anatolide-Tauride block (ATB). The northward propagation of
retroforeland thrusting into the Sivas Basin triggered development of the Southern Sivas Fold-Thrust Belt (SSFTB) and onset of rapid exhumation. (d) Early to middle
Miocene hard collision of relatively thick, unextended Arabia crust led to strong plate coupling and enhanced exhumation along the Bitlis suture zone (BSZ) and the
Izmir-Ankara-Erzincan suture zone (IAESZ). BC-GCB = Black Sea-Greater Caucasus back-arc basin; KB = Kırşehir Block; PB = Pontide Block.

2013; Rolland et al., 2012; Yılmaz, 1993). Thus, the area between the Sivas Basin and the Arabia plate
(Anatolide-Tauride Block, ATB; Figure 1) can be broadly characterized as a bivergent orogenic wedge that
has been active since at least the middle Eocene (Figure 7d); additional kinematic data, particularly from
the northern margin of the eastern Taurides, are required to test this hypothesis. Nevertheless, the
geometry and north-vergent kinematics of thrusting in the Sivas Basin and eastern Taurides suggest that
this region has been in a retroforeland position relative to the active convergent margin along the
southern ATB since the middle to late Eocene. This inference, along with compelling evidence from this
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study for contraction and exhumation in the southern Sivas Basin and Taurides, forms the basis for our proposed model in which structural inversion of the Sivas Basin and the initiation and development of the SSFTB
were driven by the northward propagation of retroforeland thrusting in the intervening ATB (Figure 7d).
Shallow or ﬂat slab subduction (Figure 7c) driven by initial Arabia collision in the middle to late Eocene can
further explain contraction and amagmatism during the late Eocene to early Miocene.
Suture tightening or continued convergence along the IAESZ (Figure 7a) would place Sivas in a proforeland
position characterized by south-vergent folding and thrusting, which is inconsistent with the dominantly
north-vergent kinematics of the SSFTB (Figure 3). Suture tightening was unlikely a major driver of initial deformation within the Sivas Basin, although its potential role in subsequent deformation cannot be ruled out.
Back-arc compression (Figure 7b) also remains a viable mechanism to explain regional trends in deformation
and potentially amagmatism (see Ballato et al., 2018, and references therein); although as mentioned above,
substantive evidence of late Eocene to Miocene subduction process along the Bitlis suture zone are required
to help support these hypotheses.
In summary, insights from our new thermochronologic data, the regional patterns of episodic magmatism
(Schleiffarth et al., 2018), and the arguments discussed herein suggest that the most compelling explanation
for middle to late Eocene contraction and exhumation across central Anatolia is incipient collision of the
thinned Arabia passive margin (soft collision) with Eurasia along the Bitlis suture zone (Ballato et al., 2018;
Boulton, 2009; Hempton, 1985, 1987; Rolland et al., 2012; Schleiffarth et al., 2018; Yılmaz, 1993) and slab ﬂattening under Anatolia. Furthermore, we propose that middle to late Eocene initial collision resulted in southward prowedge thrusting along the Bitlis suture zone and coeval northward retrowedge thrusting and nappe
emplacement in the eastern Taurides, which propagated into the Sivas Basin retroforeland basin by the late
Eocene to Oligocene (Figure 7d).
5.3. Regional Evidence for Eocene Initiation of Arabia Collision
Regional-scale data syntheses are useful resources for understanding the geodynamic evolution of collisional
orogens because they can reveal spatial and temporal trends in tectonic and magmatic activity (e.g., Paterson
& Ducea, 2015). Therefore, we compiled AFT data from the Anatolia segment of the Arabia-Eurasia collision
zone in order to compare our new results with previously published data and to evaluate potential regional
patterns within the orogen (Figure 8). This compilation is limited to AFT ages younger than ~80 Ma that represent in situ, exhumation-related cooling of the sample (see supporting information; Table S2); detrital AFT
samples that have not been thermally reset and/or have a low probability of representing a single age population (i.e., age dispersion >15%; Pχ 2 < 5%) are not included. Latest Cretaceous-Paleocene cooling ages occur
primarily along the IAESZ and reﬂect collision between the ATB and Pontides (e.g., Ballato et al., 2018;
Schleiffarth et al., 2018). The most compelling observation from this data set, however, is that the vast majority of available AFT data indicate that the entire Anatolian segment of the orogen experienced rapid cooling
and exhumation prior to the Miocene and during the middle Eocene to Oligocene (Figure 8). Rapid cooling
through the apatite PAZ is supported by consistently long mean track lengths (~13–15 μm) for the majority of
samples in the compilation; furthermore, mean track lengths reach a maximum (>14.5 μm) during the late
Eocene (~40–35 Ma) and middle Miocene (~16–12 Ma), suggesting slightly faster cooling rates during those
times (see supporting information and Figure S2). Widespread cooling and exhumation are revealed not only
by the AFT data but also by similar Eocene-Oligocene cooling revealed by other low-temperature thermochronometric data. AHe data in the Sivas Basin (this study) and central Pontides (Ballato et al., 2018) indicate
that rapid exhumation and cooling occurred during the middle Eocene to Oligocene. Likewise, the vast
majority of zircon (U-Th)/He data (closure temperature = ~140 °C) from the Bitlis suture zone indicate rapid
cooling/exhumation from the middle Eocene to Oligocene (Cavazza et al., 2018).
The ubiquity and broad spatial distribution of pre-Miocene cooling ages along this segment of the collision
zone (Figure 8) strongly implies that Eocene-Oligocene exhumation was driven by a regional, plate-scale process, rather than coincidental local tectonic mechanisms. During the Eocene, the Africa-Arabia continent was
the only tectonic element in the Neotethys realm that was not yet amalgamated with Eurasia (Figure 9a).
Considering this, as well as the previous discussion, we propose that incipient Arabia-Eurasia collision drove
widespread middle Eocene to Oligocene exhumation not only in central Anatolia but also along and across
the entire Anatolian segment of the collision zone, throughout eastern Anatolia and northward into the western Caucasus (Figures 8 and 9b).
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Middle-late Eocene Arabia collision and terminal oceanic subduction would have substantial effects on the
style and spatiotemporal patterns of magmatism in the upper plate (i.e., Eurasia). Early to middle Eocene
magmatism seems to have been sporadic along the southern margin of the ATB (Schleiffarth et al., 2018).
Similarly sporadic and unusually adakitic magmatism in the eastern Pontides during the late-early to middle
Eocene was probably the result of partial melting of overthickened and delaminated crust following ATBPontide collision during the Paleocene (e.g., Karsli et al., 2010; Topuz et al., 2011). Most importantly, this phase
of magmatism was followed by a distinct and widespread magmatic lull across central and eastern Anatolia
from the late Eocene to early Miocene ~40–20 Ma (Figure 8) (Schleiffarth et al., 2018). As discussed previously,
compelling evidence of widespread magmatic quiescence during this time conﬂicts with subduction-related
plate-scale mechanisms such as back-arc compression (Figure 7b) and suture tightening, both of which implicitly assume coeval northward oceanic subduction in the southern Neotethys Ocean (Figure 7a). Flat slab
(Figure 7c) or shallow continental subduction is a widely accepted mechanism responsible for amagmatism,
and we adopt a variation of that here (Figures 9b and 9c). However, there is no clear evidence in Anatolia that
magmatism migrated northward as would be expected during the preceding slab-ﬂattening stage
(Schleiffarth et al., 2018). Another speculative explanation for the 40–20 Ma magmatic lull is earlier (i.e.,
middle-late Eocene) steepening and amagmatic slab break off (see Niu, 2017) due to initial collision of the
relatively buoyant Arabia passive margin. Regardless, available data are insufﬁcient to evaluate and test these
various hypotheses regarding the fate of the subducted Arabia slab. However, we note that models involving
normal oceanic subduction beneath Eurasia are irreconcilable with compelling evidence that magmatism
ceased across the entire Eurasian margin at that time. Therefore, we interpret synchronous and widespread
late Eocene-early Miocene exhumation and amagmatism as the result of Arabia collision during the middlelate Eocene (Figures 8 and 9b), and attendant termination of normal subduction due to either slab break off,
steepening, or ﬂattening.
Miocene AFT data along the Bitlis suture zone (Okay et al., 2010) and AHe data in the hinterland (this study;
Ballato et al., 2018) indicate that crustal shortening and exhumation continued as collision progressed
(Figure 8). This probably reﬂects a more mature stage of hard collision characterized by stronger plate coupling and enhanced contraction and exhumation (e.g., Frizon de Lamotte et al., 2011), particularly along
the Bitlis suture zone as the Arabia crust of full thickness enters the collision zone (Figure 9d). A switch to hard
collision during the Miocene would have caused strain localization within the Bitlis suture zone and along
other major inherited structures such as the IAESZ (e.g., Albino et al., 2014; Madanipour et al., 2013;
Rolland, 2017). Such a change in orogenic style has been inferred based on a two-stage pattern of accelerating cooling rates from thermochronologic data (Mesalles et al., 2014). Following complete exhumation during the Eocene, most of our samples from the Sivas Basin were not reburied deep enough to record
subsequent exhumation during the Miocene. However, several samples (CAT15-11, CAT 15-28, CAT15-32;
Figure 6) indicate a second pulse of cooling during the Miocene, which may reﬂect hard collision involving
reactivation of the IAESZ (Figure 9d). Additional constraints on the relative magnitudes of exhumation and
crustal shortening and/or the degree of plate coupling from plate kinematic models may provide more direct
evidence of such a transition to more mature or hard collision during the Miocene.
5.4. Implications of the Progressive (Soft Then Hard) Arabia Collision Model
The transition from immature (soft) to mature (hard) collision is a common observation made in collisional
mountain belts. This progressive evolution has been documented from low-temperature thermochronology
in a variety of orogens including the Pyrenees (Mouthereau et al., 2014; Vacherat et al., 2016), Zagros
(Mouthereau et al., 2012), and Taiwan (Mesalles et al., 2014). Numerical modeling experiments suggest that
the architecture and rheology of rifted margins play a fundamental role in this evolution (Jammes &
Huismans, 2012; Schoettle-Greene & Pysklywec, 2014). The earliest stage of collision typically involves the
subduction of a ~50- to 300-km-wide zone of thinned or extremely thinned continental crust (e.g., Brune
et al., 2014) at the distal rifted margins (Figure 9b). Distal margins usually have an intermediate bulk density
due to the presence of exhumed mantle and/or rift-related magmatism and a mechanically weak sedimentary cover that is accreted leading to relatively low mechanical coupling between the plates and little coupling with surface processes while the margin remains submerged. As less thinned (necking zone) or
proximal margins with normal crustal thickness collide, hard or mature collision develops due to the positive
buoyancy of the lower plate (Figure 9d; e.g., Cloos, 1993).
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In Anatolia, the fundamental distinction between the Miocene (single-stage) and Eocene to Miocene (twostage or progressive) Arabia collision models lies in how and where plate convergence was accommodated
during the Eocene and Oligocene. Both models attribute intense, orogen-wide upper plate deformation since
the middle Miocene to strong plate coupling due to the arrival of unextended, normal-thickness Arabian
crust at the collision zone (Figure 9d). According to the single-stage model (e.g., Cavazza et al., 2018; Okay
et al., 2010), initial collision during the Miocene implies northward subduction of the southern Neotethys
Ocean along the southern margin of the ATB (i.e., Eurasia) throughout the Eocene and Oligocene.
However, this model is difﬁcult to rectify with a lack of substantiating evidence of attendant subduction processes such as arc magmatism, oceanic accretionary complexes, and HP metamorphism along the Bitlis
suture during this time. For example, upper plate magmatism largely ceased from ~40 to 20 Ma (Figure 8)
(Schleiffarth et al., 2018), and the presence of continental basement beneath the eastern Anatolian Plateau
precludes the existence of a Late-Cretaceous to Oligocene subduction-accretion complex there (Topuz
et al., 2017).
In contrast, the progressive collision model involves early soft collision during the Eocene and Oligocene in
which a wide, thinned Arabia passive margin was underthrust beneath southern Eurasia (Anatolia) causing
diffuse contraction throughout the ATB and Sivas Basin (Figures 9b and 9c). Numerical modeling suggests
an inverse relationship between passive margin width and the degree of plate coupling, with wider margins leading to a more decoupled collision involving less upper plate strain (Schoettle-Greene & Pysklywec,
2014). The rheology of the upper plate is also a key factor controlling deformation style during collision,
such that a weak upper crust may promote penetrative retrowedge deformation hundreds of kilometers
from the margin (Jammes & Huismans, 2012). Although the precollisional thickness and strength of the
ATB is not well constrained, continuous Late Cretaceous to middle Eocene marine sedimentation and
the thick carbonate platform in the eastern Taurides implies that the crust was probably relatively thin
in order to remain below sea level. Thus, we suggest that the ATB was likely a thin, nonrigid, and relatively
weak crustal block along the southern margin of Eurasia that accommodated diffuse contraction during
Arabia collision. A weak crustal rheology may also promote minimal vertical topographic growth during
spatially distributed retrowedge contraction (Jammes & Huismans, 2012). This latter point may also partly
explain how much of the collision zone remained close enough to sea level to permit an ephemeral and
poorly understood marine transgression across much of the Sivas Basin and central Anatolia during part of
the early Miocene (Figure 2). Although currently lacking, structural data regarding the timing, kinematics,
magnitude, and style of deformation in the eastern Taurides are crucial to provide constraints for testing
this hypothesis.
5.5. Implications for Eastern Mediterranean Geodynamics
Establishing the timing of initial Arabia collision is important for testing causal relationships between regional
and global phenomenon during the middle-late Cenozoic. Middle to late Eocene Arabia collision, as proposed
by the progressive model (Figure 9), offers an intriguing explanation for the Oligocene slowing of Africa and
coeval initiation of Red Sea rifting (Bosworth et al., 2005; Jolivet & Faccenna, 2000; McQuarrie et al., 2003;
Szymanski et al., 2016), faunal exchange between Africa and Eurasia as early as the latest Eocene-Oligocene
(Rögl, 1999; Sen, 2013), and late Eocene global cooling due to the disconnection of deep ocean circulation
between the Mediterranean Sea and Indian Ocean (Allen & Armstrong, 2008). It can also explain several key
aspects of the geodynamic evolution of the eastern Mediterranean region, particularly the signiﬁcant
along-strike variability from collision in the east to widespread extension and tectonic escape in the
Aegean and western and central Anatolia (e.g., Jolivet et al., 2013; Jolivet & Faccenna, 2000; Royden, 1993).
A ﬁrst-order effect of indenter-style collision is the segmentation or breakup of the down going slab due to
differential convergence along-strike of the margin (e.g., Wortel et al., 2009). Indenter-style collision leads to a
reduction in plate convergence at the collision zone that promotes the rapid retreat of the adjacent trench
where subduction continues, as well as extension and possibly lateral extrusion of the overriding plate
(Moresi et al., 2014; Royden, 1993; Sternai et al., 2014). A key factor controlling this process is the narrower
width of the segmented slab, which promotes toroidal or lateral ﬂow of subslab mantle around the slab
edges that drive slab rollback, trench retreat, and back-arc extension (Schellart et al., 2007; Schellart &
Moresi, 2013). In the case of Anatolia, progressive collision from the middle Eocene to Miocene probably
led to enhanced plate coupling, a gradual reduction in plate convergence, and accelerating trench retreat
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(Figure 9). These processes may have been integral in promoting slab tearing and rollback that triggered
major back-arc extension by the late Oligocene-early Miocene (~25–20 Ma) in the Aegean and western
Anatolia (e.g., Jolivet and Facenna, 2000), and during the early-middle Miocene (~22–15 Ma) in western
and central Anatolia (Thomson et al., 2016; Umhoefer et al., 2007).

6. Conclusions
Our new low-temperature thermochronologic and detrital zircon U-Pb data provide new insights into the
structural and stratigraphic evolution of the Sivas Basin in central Anatolia. Rapid middle Eocene marine sedimentation was abruptly followed by structural inversion of the southern Sivas Basin and rapid exhumation
and growth of the southern Sivas fold-thrust belt during the late Eocene (~40–34 Ma). This timing of widespread contraction is substantiated by stratigraphic evidence of a latest Eocene angular unconformity and
transition from marine to nonmarine sedimentation across the entire basin. We propose that basin inversion
and major contraction in the eastern Taurides and southern Sivas fold-thrust belt reﬂect the gradual northward propagation of retrowedge deformation associated with incipient Arabia collision by ~45 Ma accompanied by ﬂat slab subduction.
These new results, combined with the spatiotemporal patterns of exhumation and magmatism revealed
by regional-scale compilations of thermochronologic and geochronologic data (Schleiffarth et al., 2018),
respectively, inform our regional tectonic model. Consistent middle Eocene to Oligocene cooling ages
across Anatolia north of the Arabia plate suggests a plate-scale driving mechanism for rapid exhumation
and penetrative strain in the Eurasian hinterland. Additionally, average cooling ages correspond remarkably well with the timing of a distinct margin-wide magmatic lull from ~40 to 20 Ma (Schleiffarth et al.,
2018). Altogether, these results support a geodynamic model for the Arabia-Eurasia collision zone in which
early soft collision of the extended Arabia passive margin initiated in central and eastern Anatolia by
~45 Ma and drove subsequent widespread contraction there during the middle Eocene and Oligocene.
Early soft collision progressed to a more mature stage of hard collision by the early to middle Miocene,
presumably marked by the arrival of the thick, unextended Arabia margin at the Bitlis suture zone.
Middle Eocene-Oligocene soft collision and a gradual decrease in the rate of Arabia-Eurasia convergence
may have played a key role in triggering slab segmentation that facilitated slab rollback, southward retreat
of the Hellenic-Cyprean trenches and attendant upper-plate extension in the Aegean and western Anatolia
since the late Oligocene, as well as subsequent tectonic escape of the Anatolia microplate since the
late Miocene.
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Erratum
In the originally published version of this article, there were errors in ﬁgures and text. The following errors
have since been corrected and this version may be considered the authoritative version of record.
In the abstract, the second to last sentence was changed to “…eastern Anatolia from ~45 to 20 Ma…”
In the abstract, the last sentence was changed to “…more mature hard collision at ~20 Ma, probably related
to the arrival of thick Arabian crust along the Bitlis suture zone.”
In section 5.4, the heading for Section 5.4, the word “Two-Stage” was changed to “Progressive”
In section 5.5, in the second sentence, the word “two-stage” was changed to “progressive”
In section 5.5, in the last sentence of the ﬁrst paragraph, the word “the” was added before “geodynamic.”
In Figure 1, the location box for Figure 3 was not located precisely and has been adjusted.
In Figure 3, the unwanted gray lines around some map units were removed, and faults lines were changed
from red to black to improve overall contrast.
In Figure 8, a feature referred to on Figure 8b (“IAESZ”) was not shown on the map in Figure 8a, and has been
included for clarity.
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