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Abstract: SE Anatolia is witnessing the final stage of the Wilson Cycle, where a continental collision
between the Tauride—Anatolide block and Arabian platform occurred, and a 1.5 km Eastern Tauride
mountain chain formed. We present new low-temperature thermochronology (LTT) ages, including
eight apatite fission track (AFT) and seven apatite and zircon U-Th-Sm/He (AHe, ZHe) ages, for the
metamorphic rocks from the Nappe Zone of the Southeast Anatolian Orogenic Belt. The ZHe ages
vary from 51.2 4+ 0.7 Ma to 30.4 £ 0.6 Ma, the AFT ages range from 33.1 + 1.6 Ma to 18.1 & 0.9 Ma, and
the AHe ages range from 23.6 & 2.5 Ma to 6 + 1.9 Ma. The LTT data show a continuous slow uplift
of the region. However, the thermal modeling results suggest an Eocene and middle-late Miocene
fast uplift of the region. Similar to our results, the LTT studies along the SAOB show that the vertical
movements initiated during the Eocene period have continued in a steady-state regime to recent
times. The Eocene epoch is identified by arc-back-arc setting in the region, whereas the Miocene
epoch is marked by the continental collision. Within this tectonic framework, vertical movements on
the overriding plate are controlled by both extensional and compressional tectonics. The LTT data
obtained along the SAOB show fingerprints of thrust propagation from north to south.

Keywords: SE Anatolia; low-temperature thermochronology; thrust propagation; uplift

1. Introduction

The convergence of continents fundamentally involves the subduction of oceanic crust,
leading to the collision of converging continental masses and the eventual ocean closure
between the continents. It encompasses a myriad of complex phenomena, influenced by
factors such as the subduction rate of the descending slab; the presence of seamounts or con-
tinental fragments within the convergence system; and the rollback, tearing, or detachment
of the subducting slab in the later stages of subduction. Since these convergence pro-
cesses occur over long geological periods and involve interactions between the subducting
oceanic crust (and latterly the continental crust?) and the converging continental blocks, the
recorded vertical movement, rate, and geothermal gradient at each moment and location
exhibit heterogeneous behavior. This variability leads to the formation of mountain ranges,
high plateaus, or depression areas at different times and locations within the convergent
system. Thermal models based on low-temperature thermochronology (LTT), which aim to
understand the time-dependent vertical (cooling) movements at different points within
a convergent system, provide powerful quantitative datasets for analyzing the temporal
and spatial evolution of such systems. In this context, the tectonic position of the LTT
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data collection point, the type of sampled units (magmatic, metamorphic, sedimentary,
etc.), and the last-recorded high-temperature (i.e., >200 °C) age at the sample location
are critically important for interpreting the thermal /uplift/exhumation evolution of the
point. Consequently, these factors are essential for understanding the evolution of the
convergence process that caused the thermal events affecting the sample point.

To understand the timing and upper-crustal effects of the convergence events between
the Arabian and Eurasian plates, the Permian Yoncayolu Formation in eastern Anatolia has
been sampled for low-temperature thermochronology. The deposition age of the Permian
Yoncayolu Formation coincides with the opening of the Neotethys Ocean. However, this
unit later moved along with a continental fragment located on the northern edge of the
opening ocean. It subsequently experienced subduction-related blueschist metamorphism
during the Cretaceous—Paleocene period, following the complete consumption of the Berit
Ocean’s subducting oceanic crust beneath the Eurasian plate to its north [1-4]. The main
uplift/exhumation/cooling events experienced by the unit after the subduction-related
metamorphism are expected to be associated with the ongoing convergence events between
the main Arabian plate, located on the southern margin of the Neotethys Ocean that
began opening in the Permian, and the Eurasian continent, which had amalgamated with
fragments of the Arabian plate located on the northern margin of the ocean.

In this context, the Southeast Anatolian Orogenic Belt (SAOB) can be defined as a
regional-scale tectonic belt that demonstrates the characteristics of a complete Wilson
Cycle, including (i) rifting during the Permo-Triassic, (ii) the development of an oceanic
environment extending over a width of 600 km [5,6], (iii) the subduction and demise of
oceanic crust, (iv) the growth of an imbrication zone and arc crust, and (v) continental
collisions from the late Cretaceous to recent times [1,2,7-10].

In this picture, three different major tectonic units are defined for the SAOB, namely
the Malatya—Keban-Binboga metamorphics (MKB) to the north, the Bitlis-Piittirge-Engizek
(BPE) metamorphics in the middle, and the Arabian platform to the south, which once
formed the northern margin of the Gondwana (Figure 1) [4,11-13]. The Berit Ocean
was located in the north, separating the MKB and BTE, whereas the southern branch of
the Neotethyan Ocean was located in the south, separating the Arabian platform and
the BTE. The collision of the MKB (eastern Taurides) and the BTE occurred during the
late Cretaceous, which led to the juxtaposition of these two continental crusts. The BTE
experienced blueschist metamorphism during the subduction beneath the eastern Taurides
in a north-dipping setting, and were exhumed during the late Cretaceous—Paleocene at
some depths of 6-8 km [1,2,14,15]. After this period, the BPE became the southern margin
of the eastern Taurides and was the active margin, whereas the southern branch of the
Neotethyan Ocean was consumed in a north-dipping subduction setting.

The post-Paleocene convergence events for the study area are supported by numerous
studies, indicating their significant role in (i) the formation of Eocene-Miocene arc mag-
matism [16-19], (ii) the termination of the connection between the Indian Ocean and the
Mediterranean Sea approximately 20 million years ago [7,20-23], (iii) the formation of the
Eastern Anatolian high plateau (with an average elevation of 1.5 km) [21] and the formation
of the Bitlis—Zagros orogenic belt [7,15,18,24-26], and (iv) the collision along the SAOB that
continues and deforms the crust, forming the neotectonics and active tectonic structures for
the whole of Anatolia [27-34]. The westward escape of the Anatolian plate was facilitated
by the formation of the North Anatolian and East Anatolian fault zones [27,28,35,36].

In this context, the post-Paleocene convergence in the region could have led to up-
lift/exhumation events during the period when ongoing subduction experienced slab
rollback, potentially resulting in an extensional exhumation in the back-arc or fore-arc
depression areas of the active margin. As convergence continued, the continents amal-
gamated, causing the entire region to experience compressional regime effects and uplift.
During these amalgamation events, the propagation of nappe stacks could be expected
to move towards the subducting continent, similar to what is observed in the Himalayas
(i.e., Li et al. [37]). However, to date, low-temperature thermochronology (LTT) studies
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conducted in the region have not been able to distinguish between the periods of subduc-
tion (potentially an extensional period) and collision (potentially a compressional period).
Additionally, these studies have been insufficient for determining the pace and mode of
nappe stack movements.

In this regard, this study aims to develop high-resolution exhumation/uplift models
for a setting characterized by multiple tectonic events, specifically for the active margin
where upper-crustal scale exhumation has occurred during the post-Paleocene period. The
primary aim is to determine which of the aforementioned major tectonic events can be
traced through high-resolution thermal models fed by zircon U-Th-Sm/He (ZHe), apatite
fission track (AFT), and apatite U-Th-Sm/He (AHe) data, and to better constrain the timing
of these events with new datasets.

Geological Setting

The Southeast Anatolian Orogenic Belt was formed by three major tectonic units
separated by sutures, from south to north: the Arabian plate, the accretionary zone, and the
Nappe Zone (Figure 1) [18]. The Bitlis, Piittirge, and Engizek metamorphics (BPE) formed
the lower metamorphic units. They were located between the Arabian platform to the
south and the Anatolide-Tauride platform to the north during the late Cretaceous [4,11,38].

The study area is located north of Kahramanmaras city, SE Turkey, and comprises
Cretaceous and older rocks, including metamorphic and magmatic rocks. The basement
rocks are represented by late Paleozoic-Triassic-aged Engizek metamorphics, comprising
phyllite, mica gneiss, mica schists, metasandstone, quartz schist, amphibolite, amphibole
schist, marble, and calcschist. A meta-granite intruded into these rock associations in the
region. These units are thrusted over by Jurassic-Lower Cretaceous carbonate rocks [39].
These rocks are overlain by early-late Cretaceous-aged turbiditic limestones intercalated
with sandstone, shale, claystone, cherty limestone, limestone volcano-sedimentary rocks,
and serpentinite. An ophiolitic mélange, including serpentinite, peridotite, gabbro, diabase,
and volcanic olistostrome with limestone blocks, tectonically overlies these units. To
the west of the study area, an ophiolitic sequence (Goksun ophiolite) intruded by the
granitoid body Esence Granitoid tectonically overlies all these units. The middle Eocene-
aged Maden mélange and Neogene units conformably overlie all the units in the region
(Figures 1 and 2) [39-41].

The Yoncayolu formation is exposed in the Engizek metamorphics, part of the Nappe
Zone of the SAOB. The unit consists of phyllite, mica gneiss, mica schists, metasandstone,
quartz schist, amphibolite, amphibole schist, marble, and calcschist, and regarding the
fossil content of the unmetamorphosed parts of the unit, a pre-Permian—-Permian age has
been assigned to the unit by previous studies [41] (Figures 1 and 2). The unit overlies the
Goksun ophiolite in the study area and is tectonically overlain by the Permian Cayderesi
formation (Figures 1 and 2) [39,41,42]. The active Stirgii-Cardak fault, which produced
one of the biggest earthquakes (M: 7.8; 6 February 2023) in Turkey during the instrumental
period, bounds the northern margin of the Yoncayolu formation.
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Figure 1. (a) Generalized geological map of the Southeast Anatolian Orogenic Belt, SE Turkey.
The inset map shows the major tectonic units of Anatolia [18,43-48]. The numbers show the LTT
data along the SAOB. The LTT data are from Okay, Zattin, and Cavazza [7]; Karaoglan, Parlak,
Hejl, Neubauer, and Klotzli [11]; Cavazza, Catto, Zattin, Okay, and Reiners [15]; Topak [25]; and
Whitney, Delph, Thomson, Beck, Brocard, Cosca, Darin, Kaymakci, Meijers, Okay, Rojay, Teyssier,
and Umbhoefer [34]. (b) Geological map of the study area, including the sampling sites. The map is
modified from Hozathioglu, Bozkaya, and Yalgin [39]. A-A’: cross-section in Figure 1c, (c) Cross-section
showing the sampling points.
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2. Materials and Methods

Nine samples were collected from the Yoncayolu formation for applying LTT and
zircon U-Pb analyses (Table 1, Figures 1-3). All the samples were collected to the south
of the Siirgii fault zone, where the Yoncayolu formation outcropped. All the samples
showed schistosity in the field (Figure 3a—j). Samples FK637, FK638, FK639a,b, FK640,
and FK641 were collected at the same elevation in the Nergile Valley, south of Ekinozii
county, Figures 1, 2 and 3a—j). Samples SG1, SG2, and SG3 were collected on a ridge to
test the age—elevation relation (Table 1). The petrographic thin sections were prepared
at the laboratories of the Geological Engineering Department of Cukurova University
(Adana, Turkey).

Table 1. Samples collected for LTT and zircon U-Pb analyses (see Supplementary File S1 for petro-

graphic description).

Sample Lithology Lat Long Altitude (m)
FK637 mica—quartz schist 38.021438 37.17277 1180
FK638 muscovite schist 38.019075 37.1873 1181
FK639a amphibole schist 38.017914 37.18866 1180

FK639b mica—quartz schist 38.017914 37.18866 1180
FK640 mica—-quartz schist 38.018566 37.19313 1185
FK641 mica—quartz schist 38.092591 37.14769 1157

SG-1 plg + bio + quartz schist 38.00113 37.12302 1275
5G-2 bio + chlorite schist 38.001756 37.11594 1190
5G-3 bio + plg + quartz schist 38.000647 37.11036 1130

The zircon U-Pb analyses were performed at the Geology Institute of the Czech
Academy of Sciences (Prague) using a Teledyne Cetac excimer laser with a HelEx II 2-
Volume sample chamber attached to a Thermo Scientific™ Element XR™ HR-ICP-MS.
Zék et al. [49] presented detailed analytical conditions for zircon U-Pb analyses, which are
also presented in Supplementary File S1.

The laser ablation fission track (LAFT) method was used for the AFT analyses. The
track counting, Dpar, and confined track length (TL) measurements were carried out by
an XYZ motorized stage attached to a Nikon LV100ND microscope in the laboratories of
the Geological Engineering Department of Cukurova University. The 22U concentration
was measured by an ESI NWR213 attached to a Perkin Elmer Nexion 2000P quadrupole
ICP-MS at the Central Research Laboratory (CUMERLAB) of Cukurova University (Adana,
Turkey). Readers may refer to Gulyuz [50] for the detailed methodology, which is also
presented in Supplementary File S1.

The apatite and zircon U-Th/He analyses were performed at the Institute of Rock
Structure and Mechanics of the Czech Academy of Sciences, Prague (Czech Republic).
Three to five grains were analyzed for each sample. Euhedral, optically fluid /mineral
inclusion-free zircon and apatite grains (length and width of >60 pm) were handpicked
under a binocular microscope. The dimensions of the selected grains were measured and
recorded, and their photomicrographs were taken in two different orientations to calculate
the x-ejection corrections (FT) factors [51,52] for the age calculations. A fully automated
Alphachron© He extraction instrument was used for measuring the *He concentrations. To
validate the measurements, Durango and Fish Canyon Tuff apatites were used during the
measurements. Durango apatite was used as the analytical standard to check the analytical
accuracy of the AHe ages, whereas Fish Canyon Tuff zircon was used for the ZHe ages.
After degassing, the grains were dissolved in concentrated HNO; and HF acidic solutions
and spiked with standards containing known quantities of U, Th, and Sm. The 2381y, 235,
232Th, and #7Sm concentrations of each dissolved grain were measured using a Thermo
Fisher Scientific ELEMENT 2 HR-ICP-MS at the Institute of Geology of the Czech Academy
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of Sciences. The age of each grain was calculated using the standard radioactive decay
equation, standardized by Farley [51], and the calculated ages were corrected by FT to
obtain the corrected ages [51,52].

Figure 3. Field photos of the samples. (a—i) General and close views of the samples; (j) general view of
the Nergile valley, showing the active Stirgii fault and sample locations. Msg: Goksun ophiolite.

The thermal history models were calculated using QTQt (v5.8.0) for each sample,
using inverse modeling based on the Bayesian trans-dimensional Markov Chain Monte
Carlo (MCMC) statistical method [53]. The single grain age data, confined track length
data with c-axis, Dpar values, and ZHe and AHe data were used as the input values
to reveal the cooling histories of the samples through the apatite PAZ and AHe partial
retention zone (APRZ) [53]. The published Ar-Ar ages (350 °C at 45 &= 1 Ma) [39] of the
Yoncayolu formation and the zircon U-Pb ages (700 °C at 60 + 2 Ma) from this study
were used as the geological constraints. The MCMC runs 250,000 burn-in and 250,000
post-burn-in iterations, whereas the annealing model of Ketcham et al. [54], the apatite
radiation damage accumulation and annealing model (RDAAM) of Flowers et al. [55], and
the zircon radiation damage accumulation and annealing model (ZRDAAM) of Guenthner
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et al. [56] with default spherical grain geometry were used for thermal history modeling.
QTOQt requires the uncorrected ages as the input for alpha ejection and calculates the He
ejection during the modeling process following Ketcham et al.’s [57] equations.

3. Results
3.1. Zircon U-Pb Dating

Four samples were subjected to LA-ICP-MS zircon U-Pb analyses to better determine
the source of the metamorphic rocks (Figure 4). Since the four samples belonged to the
same unit, 20 grains were analyzed from each sample (FK641 had only 11 grains), and all
the results were combined into one group.
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Figure 4. (a) Stacked Concordia diagrams of all samples; (b) Th/U ratio vs. age diagram for all

samples [51]; (c) zircon U-Pb age histogram of all grains [58,59]. Note that in (a) and (b), 5 grains
(ages > 1000 Ma) were not plotted to emphasize the distribution of the majority of the grains.
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The CL images show mostly oscillatory zoning, indicating a magmatic origin; however,
some grains show patchy zoning, indicating a metamorphic origin. The zircon grains have
either euhedral-shaped or rounded shards with a 1:1 to 1:3 length /width ratio (Supple-
mentary File S1, Figures S2-S5). The outermost rims show metamorphic growth (<1 um)
(Supplementary File S1, Figures 52-5S5). However, these parts were unable to be measured
by LA-ICP-MS. Twenty grains were analyzed, and all provided concordant ages (90-105%)
(Supplementary File S2). The U-Pb ages ranged between 380 and 2190 Ma, whereas the
Th/U ratios ranged between 0.1 and 3.4 (Supplementary File S2, Table S1, Figure 4).

The zircon U-Pb data show that two major sources fed the Yoncayolu formation. The
zircons with Gondwana affinity are the primary source, and Variscan magmatism is the
second source. However, there are zircons with ages clustered around 220 Ma (6%), 95
Ma (5%), and 60 Ma (6%). Those in the age clusters of 60 Ma and 95 Ma have Th/U ratios
ranging between 0.00 and 0.04 (except for one, which is 0.13), indicating a metamorphic
origin. However, the zircons in the 220 Ma cluster have Th/U ratios ranging between
0.2 and 0.57, indicating a felsic magmatic source (Figure 4, Supplementary File 52). A
Devonian-Permian age has been assigned to the Yoncayolu formation based on the fossil
content; however, the formation age of the unit may be late Triassic according to our
zircon U-Pb data. The 60 Ma metamorphic zircon cluster is consistent with the regional
metamorphism dated within the Bitlis—Piitiirge metamorphics [1,2].

3.2. Apatite Fission Track Dating

A summary of the AFT analyses is given in Table 2, and radial plots are presented
in the Supplementary File S1 Figure S6. The AFT central ages range from 18.1 &+ 0.9 to
33.1 £ 1.6 Ma (Table 2). All the ages are significantly younger than either the formation or
the defined metamorphism ages, indicating a cooling event related to exhumation. The
altitudes of samples FK637, FK638, FK639b, FK640, and FK641 are similar. However, the
AFT ages show dispersion, indicating that the Yoncayolu formation was shaped after
exhumation. Samples SG1, SG2, and SG3 were collected on a ridge to test the altitude-age
relation. However, the analytical data quality was not good due to the grain numbers
and grain quality; the ages become younger from top to bottom, indicating a single-phase
exhumation. SG1 passed the P(x2) test (<0.05), whereas SG2 and SG3 failed the P(x2) test
(<0.05), indicating multiple populations; however, these samples should be interpreted
with caution due to the number of analyzed grains. The rest of the samples passed the P(x2)
test (>0.05), indicating a single population. Three samples yielded sufficient track length
(TL) measurements, but we used the TL measurements of FK640 and FK641. The mean
track length (MTL) values of the samples FK637, FK638, FK639b, FK640, and FK641 are
similar to each other and range between 10.61 and 11.57, with standard deviations ranging
from 1.92 to 2.29, with an unimodal distribution indicating a slow cooling within the Partial
Annealing Zone (PAZ) (Table 3).

Table 2. Summary table of apatite fission track analytical data for metamorphic rocks. Ng: number of
spontaneous tracks counted; ps: spontaneous track density; 238J; average uranium concentration; N :
number of confined track lengths measured; MTL: mean confined track length; SD: standard deviation
of the track length distribution; Dpar: mean track etch pit diameter parallel to the crystallographic
c-axis; Durango: standard apatite.

Sample No. of N, s 28y Dpar PO2) Pooled Age  Central Age Ny MTL SD
Number Grains (10° cm—2) (ugl/g) (um) (Ma + 10) (Ma + 10) (um) (um)
FK637 33 583 0.29 29.24 1.96 0.19 241+11 26.6 £1.2 91 11.26 2.08
FK638 40 3562 0.12 86.24 1.94 0.26 179 £ 0.3 21.3+04 163 11.04 2.02
FK639b 43 1019 0.39 103.54 1.31 0.12 153+ 0.5 18.0 £ 0.7 208 11.32 1.92
FK640 47 737 0.26 30.82 1.64 0.95 23.5+09 262 0.9 79 11.57 1.99
FK641 35 707 0.30 36.87 1.54 0.08 291+13 31.0£15 79 10.61 2.29
SG-1 42 711 0.27 28.30 1.64 0.03 296 £1.2 331+£1.6 44 11.38 2.38
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Table 2. Cont.
Sample No. of N Ps B8y Dpar Px2) Pooled Age  Central Age MTL SD
Number Grains s (105 cm~—2) (uglg) (um) X (Ma =+ 10) (Ma =+ 10) L (um) (um)
SG-2 14 168 0.22 17.71 1.98 0.40 169 £3.2 300£54 5 11.03 293
SG-3 13 181 0.15 20.31 1.96 0.87 17.7 £28 228 £34 20 11.27 241
Durango 39 2036 1.97 12.90 0.98 28.9 +1.29 293+ 13

3.3. U-Th/He Dating

We analyzed seven AHe samples and seven ZHe samples comprising 40 grains (22 ap-
atite and 18 zircon grains). The apparent AHe ages of all the grains are significantly younger
than either the formation or metamorphism ages, indicating a full reset of the AHe system.
FK637 has a high intrasample dispersion, with ages between 15.5 & 9.1 and 56.8 4= 23.5 Ma
and with a low eU ranging from 34.9 to 47.5 (Table 3). The eU-age and equivalent spherical
radius (ESR)-age diagrams show no correlation (Supplementary File S1, Figure S7). These
types of samples may indicate rapid cooling, and the youngest AHe age may reflect a
time of fast cooling [60]. The single grain AHe ages of FK638 range from 16.2 = 1.3 to
26.0 = 5.0 Ma (Table 3). The eU-age and ESR-age diagrams show a positive correlation
(Supplementary File S1, Figure S7), and the mean age of the sample is 21.1 4= 4.9 Ma. The
single grain AHe ages of FK639b range from 14.9 £ 25.3 to 22.1 &+ 2.6 Ma (Table 3). We
neglect the youngest age, which has a high error. The eU-age and ESR-age diagrams
show a positive correlation (Supplementary File S1, Figure S3), and the mean age of the
sample is 19.9 & 2.2 Ma. FK640 has low intrasample dispersion and has single grain ages
of 20.7 £ 11.6, 23.4 £ 10.4, and 26.7 + 12.5 Ma, respectively. The eU-age and ESR-age
diagrams show a positive correlation (Supplementary File S1, Figure S7), and the mean
age of the sample is 23.6 + 2.5 Ma. FK641 is similar to FK640 and shows low intragrain
dispersion. The single grain ages are 15.6 £ 5.3, 14.7 &+ 6.7, and 14.3 & 1.3 Ma, respectively.
The eU-age diagram shows a positive correlation, whereas the ESR-age diagram shows
no correlation (Supplementary File S1, Figure S7), and the mean age of the sample is
14.9 £ 0.5 Ma (Table 3). We could not measure the apatite crystals for SG1; however, SG2
has low intrasample dispersion and has single grain ages of 16.3 £ 0.3, 10.5 & 0.6, and
15.5 + 0.8 Ma (Table 3). The eU-age diagram shows a positive correlation, whereas the
ESR-age diagram shows no correlation (Supplementary File S1, Figure S7), and the mean
age of the sample is 14.1 &= 2.5 Ma (Table 3). SG3 was collected at the lowest altitude and
has the youngest single grain AHe ages, ranging from 4.3 = 1.0 to 11.9 & 3.1 Ma (Table 3).
The eU-age and ESR-age diagrams show no correlation (Supplementary File S1, Figure S7)
and, as mentioned, the youngest single grain age (4.3 &= 1.0 Ma) may reflect a cooling age.

The single grain ZHe ages of FK637 show low dispersion and are significantly younger
than the metamorphic zircon ages, but Hozathoglu, Bozkaya, and Yalgin [39] found similar
biotite and muscovite Ar-Ar ages from the same unit. The single grain ages are 37.1 £ 0.3,
38.4 £ 0.9, and 38.1 £ 0.4 Ma, with a mean age of 37.9 & 0.6 Ma (Table 3). The eU-age
and ESR-age diagrams show no correlation (Supplementary File S1, Figure S8). Only two
zircon grains were analyzed from FK638, yielding ages of 30.4 &= 0.6 and 153.8 £ 16.6 Ma,
respectively. The younger ZHe age was used as the ZHe cooling age, and the older ZHe
age was neglected, as its age is much older than the metamorphism age (Table 3). The
single grain ZHe ages of FK640 show high dispersion, yielding 30.4 £ 0.6, 59.8 & 0.5, and
142.3 4 13.2 Ma, respectively. The eU-age and ESR-age diagrams show no correlation
(Supplementary File S1, Figure S8), indicating a fast cooling. Similar to FK638, the youngest
age was used as the ZHe cooling age. Two zircon grains from FK641 were measured,
yielding 44.7 £ 0.8 and 40.7 & 1.8 Ma, respectively (Table 3). The sample has a mean
ZHe age of 42.7 = 2.0 Ma. SG1 has a high intrasample ZHe age dispersion, yielding
51.2+0.7,81.7 £ 1.0, and 209.1 & 6.5 Ma, respectively. The eU-age and ESR-age diagrams
correlate negatively (Supplementary File S1, Figure S8), indicating fast cooling, and the
youngest ZHE age was used as the cooling time. SG2 yields ZHe ages of 40.5 + 0.4,
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45.3 + 0.4, and 68.1 = 0.5 Ma, respectively. The eU-age and the ESR-age diagrams show a
positive correlation (Supplementary File S1, Figure S8). The oldest ZHe age is similar to the
metamorphism age found in this study, and the two younger ZHe ages are interpreted as
cooling ages, with a mean age of 42.9 &+ 2.4 Ma (Table 3). Two zircon grains were analyzed
from SG3, and only one yielded a meaningful ZHe age of 32.5 & 0.7 Ma (Table 3).

Table 3. Summary of apatite (U-Th)/He data for metamorphic rocks. # FT: alpha-ejection correction
after Farley, Wolf, and Silver [52]; ® eU: effective uranium concentration (U ppm + 0.235 Th ppm);
¢ ESR: equivalent spherical radius. Ages and uncertainties in bold text denote weighted mean values.
Note that some grains are not included in mean value calculations.

Uncorr. Corr.
b c
Numpey  4He (mo) 1:/ﬁ‘g,s)s T (p]IaJm) (p?;) (pspmm) ThU Sh) Ase Age oo (EI?II){
PP (Ma) (Ma)
Apatite
FK-637-1 6.45 x 1074 27.21 0.757 32.51 27.27 35.97 0.85 38.7 11.8 155 9.1 50.9
FK-637-3 9.28 x 107 33.38 0.745 33.25 8.09 29.94 0.25 34.9 15.2 20.4 3.7 55.6
FK-637-2 3.03 x 1073 29.07 0.731 47.42 1.64 34.88 0.03 47.5 415 56.8 23.5 52.4
18.0 2.4
FK-638-1 1.28 x 1073 15.55 0.68 115.61 0.49 44.02 0.00 114.9 13.6 19.9 31.0 44.2
FK-638-2 488 x 1073 24.33 0.718 199.78 3.45 57.02 0.02 199.1 18.7 26.0 5.0 50.8
FK-638-3 471 x 1074 12.48 0.66 63.81 21.43 51.33 0.34 68.4 10.7 16.2 13 414
21.1 4.9
FK-639B-1 3.86 x 1074 19.00 0.696 29.68 12.85 34.77 0.44 32.5 12.3 17.7 3.2 46.1
FK-639B-2 398 x 1074 6.18 0.571 146.75 1.12 46.71 0.01 1459 8.5 149 253 31.5
FK-639B-3 2.60 x 1073 13.11 0.653 255.40 11.65 46.88 0.05 256.3 14.4 22.1 2.6 40.0
19.9 2.2
FK-640-1 1.93 x 1073 44.35 0.749 41.20 0.59 23.89 0.01 41.0 20.0 26.7 12.5 56.9
FK-640-2 6.07 x 10~* 13.61 0.647 50.74 59.83 31.61 1.19 64.4 13.4 20.7 11.6 39.3
FK-640-3 7.26 x 1074 17.66 0.674 49.58 497 29.95 0.10 50.4 15.8 23.4 10.4 42.8
23.6 2.5
FK-641-1 8.27 x 10~ 17.23 0.685 85.18 2.61 41.64 0.03 85.2 10.7 15.6 53 45.0
FK-641-2 1.30 x 1073 36.75 0.75 60.53 0.75 32.98 0.01 60.3 11.0 14.7 6.7 56.7
FK-641-3 353 x 1074 19.12 0.687 33.78 13.95 27.66 0.42 36.8 9.8 14.3 1.3 44.6
14.9 0.5
SG-2-1 6.14 x 10~ 16.74 0.687 52.37 46.44 12.14 0.89 62.9 11.2 16.3 0.3 453
SG-2-2 5.66 x 107> 27.23 0.719 5.12 6.36 3.78 1.25 6.6 7.6 10.5 0.6 50.3
SG-2-3 313 x 107 15.70 0.675 35.06 12.02 17.76 0.35 37.6 10.5 15.5 0.8 429
14.1 2.5
SG-3-1 3.50 x 10> 9.38 0.626 19.78 28.33 4.23 1.44 26.3 3.1 5.0 0.3 37.4
SG-3-2 431 x 10~ 24.96 0.73 43.75 37.10 9.92 0.85 52.1 6.3 8.6 3.3 52.9
SG-3-3 9.47 x 107> 13.66 0.646 46.66 12.51 7.53 0.27 49.2 2.8 4.3 1.0 39.1
SG-3-4 1.60 x 10~% 14.90 0.664 27.14 4.36 4.09 0.16 27.9 79 11.9 3.1 42.1
6.0 1.9
Zircon
FKZ-637-1 1.14 x 1072 27.21 0.757 239.54 164.99 0.97 0.69 276.6 28.1 37.1 0.3 37.6
FKZ-637-2 1.05 x 1072 29.07 0.731 228.76 44.40 0.72 0.20 237.5 28.1 38.4 0.9 37.5
FKZ-637-3 1.87 x 1072 33.38 0.745 343.01 98.24 1.03 0.29 363.6 28.4 38.1 0.4 415
379 0.6
FKZ-638-1 1.23 x 1072 15.55 0.68 697.61 66.31 2.34 0.10 708.1 20.7 304 0.6 31.8
FKZ-638-2 1.02 x 1073 24.33 0.718 6.94 7.44 1.09 1.08 8.6 110.4 153.8 16.6 37.5
FKZ-640-1 1.38 x 1072 44.35 0.749 250.81 17.98 0.37 0.07 253.2 22.7 30.4 0.6 60.8
FKZ-640-2 1.35 x 1072 13.61 0.647 418.68 251.72 1.61 0.61 474.8 38.7 59.8 0.5 415
FKZ-640-3 1.16 x 1073 17.66 0.674 12.61 10.21 4.17 0.82 14.9 95.9 142.3 13.2 449
45.1 14.7
FKZ-641-1 1.21 x 1072 17.23 0.685 413.64 56.13 1.38 0.14 423.8 30.6 447 0.8 47.6
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Table 3. Cont.
Sample Mass U Th Sm bey Uncorn  Cormo 5 cpgg
Number 4He (nmol) (ug) 2FT (ppm) (ppm) (ppm) Th/U ( ) Age Age (Ma) (um)
ug PP PP PP ppm (Ma) (Ma) |5
FKZ-641-2 5.82 x 1072 36.75 0.75 956.96 26.67 0.55 0.03 956.2 30.5 40.7 1.8 54.9
42.7 2.0
SGZ-1-1 6.08 x 1072 18.84 0.751  1519.39 158.67 0.68 0.11 1545.6 384 51.2 0.7 45.7
SGZ-1-2 6.08 x 1072 17.11 0.738 1039.36 216.72 1.09 0.21 1082.7 60.3 81.7 1.0 43.1
SGZ-1-3 6.08 x 1072 9.70 0.695 764.81 128.30 241 0.17 789.4 145.3 209.1 6.5 36.8
66.5 15.3
SGZ-2-1 6.08 x 1072 53.02 0.821 615.98 98.11 045 0.16 634.5 333 40.5 04 64.4
SGZ-2-3 3.32 x 1072 16.44 0.731 988.08 610.67 1.74 0.62 1124.4 33.1 45.3 0.4 36.2
SGZ-2-2 6.08 x 1072 11.02 0.692 1922.78 1047.15 2.87 0.55 2154.8 47.1 68.1 0.5 41.8
42.9 24
—5.63 x
SGZ-3-1 10-6 5.54 0.639 9.02 24.25 5.23 2.73 14.6 —-2.6 —4.1 -17 30.6
SGZ-3-2 241 x 1072 14.69 0.732 1258.40 100.58 2.33 0.08 1272.8 23.8 32.5 0.7 42.2

Overall, the samples show a decrease in age from a high closure temperature (ZHe)
to low temperature (AHe), showing a single-phase cooling from the Eocene to the late
Miocene (Tables 2—4). The age—elevation profiles of SG1, SG2, and SG3 prove the same
hypothesis, and either the AHe, AFT, and ZHe ages or the altitude changes indicate a slow
cooling from the Eocene to the late Miocene in the region (Figure 5).

Table 4. Summary table of LTT data.

Sample  Altitude (m) AHe Age +10 (Ma) AFT Age + 10 (Ma)

ZHe Age + 10 (Ma)

FK637 1180 18+2.4 26.7 £ 1.6 379+ 0.6
FK638 1181 21.14+4.9 204+ 1.3 30.4 £ 0.6
FK639b 1180 199 +2.2 181+ 09
FK640 1185 23.6 £ 2.5 258 £0.9 304 £+ 0.6
FK641 1157 149 £ 0.5 3115 427 £ 2
SG1 1275 331+1.6 51.2+0.7
SG2 1185 141+ 25 323+99 429 +24
SG3 1130 6+19 234+49 325+0.7
FPBO  vn s 3 50w 5 5w 5 5 7. v 1 £ w6 9 e PEERRE
12 o)
: ...............................................................
=
S DO 2 v 5 o 5 7o 5 5 i 65 e 55 i 55 o 85 A S5 e PR i A B A R SRS B TR AiEE T
&
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Figure 5. Age—elevation profile of SG1, SG2, and SG3.
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3.4. Thermal History Modeling

The thermal history modeling of all the samples shows that they cooled below the
Partial Annealing Zone (PAZ) during the Eocene, except for FK639a and FK640; these
samples cooled below the PAZ during the Oligocene. All the samples stayed in the PAZ
until the middle-late Miocene and left the PAZ during this period (Figure 6). QTQt
produces four different models, and mostly, the expected models are used to show the
cooling profiles; however, in such cases other models, such as the maximum likelihood,
maximum posterior, and maximum mode models, may be more useful to depict the
cooling profiles. The expected model shows the weighted mean time—temperature path,
the maximum likelihood model shows the best predicted thermal histories, the maximum
posterior model shows the maximum probability of the thermal history, and the maximum
mode model shows the maximum peak of the probability distribution. Here, we choose
the expected mode models, which show the weighted mean time—temperature path of the
thermal models (Figure 6).

FK637 : EXPECTED - :f::‘:‘!ﬂ»m Expected

fr—

o
13{°FK840 1185.m : Expectéa
ey

. Time (Ma) » o e 2

Figure 6. Thermal history modeling results of Yoncayolu formations samples. Here, expected models
and TL distributions are shown. The 60 °C and 120 °C lines define the upper and lower boundary of
the Partial Annealing Zone, respectively.
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Two samples (FK637 and FK641) cooled to above the lower limit (120 °C) of the
Partial Annealing Zone (PAZ) during the middle-late Eocene (42-39 Ma). FK637 cooled to
90-80 °C during this period and stayed within the PAZ until Plio-Quaternary in an almost
steady-state cooling regime. However, FK641 cooled very fast, left the PAZ during the same
period, and then heated to ~80 °C until 16-80 Ma, following a fast-cooling event during the
middle-late Miocene (12-8 Ma) (Figure 6).

The samples FK638, FK639, and FK640 passed the PAZ and cooled to the upper
margin (60 °C) of the PAZ during the late Oligocene (Figure 6). The samples resided at this
temperature and cooled above the PAZ during the middle-late Miocene (Figure 6).

4. Discussion

As a result of the convergence of the Eurasian and Arabian platforms, the 2400 km
long Bitlis—-Zagros thrust zone formed and is still growing due to the active northward
movement of the Arabian platform [61,62]. Due to this convergence, the Eastern Anatolian
region has hosted two distinct collision events since the Cretaceous. The first continental
collision along the Southeastern Anatolian Orogenic Belt (SAOB) occurred during the
late Cretaceous. This collision involved the Eastern Taurides to the north and the Bitlis—
Piittirge-Engizek (BPE) metamorphics to the south, following the consumption of the
Berit Ocean. This tectonic environment produced several geological features, including an
SSZ-type oceanic crust; late-Cretaceous arc-related magmatic, mélange formations; and a
late-Cretaceous subduction-related metamorphism on the BPE [1,2,14,63-65]. However,
Yilmaz [10] split the BPE from the Malatya—Keban-Binboga metamorphic massifs within
the Nappe Zone located at the lower Nappe, whereas other researchers have interpreted the
BPE as a micro-continent located between the Anatolide-Tauride and Arabian platforms.
This interpretation is based on the existence of unmetamorphosed equivalents of the BPE on
the Arabian platform, suggesting that the BPE represents the northern margin of the rifted
Arabian plate and is situated at the southern edge of the short-lived Berit Ocean [3,4,11].

The first record of the exhumation of the BPE, following the continental collision and
slab break-off, was determined to be ~60 Ma through the Zircon U-Th/He method applied
to samples taken from the BPE [15,66] (Figure 7). Similar-aged non-metamorphic dikes that
intruded into the Piitiirge metamorphics also confirm the exhumation of the BPE around
60 Ma [67,68].

The ongoing convergence of the Arabian and Anatolide-Tauride platforms has re-
sulted in a second subduction/collision system with various tectonic settings. These
settings are associated with the subduction of the oceanic crust north of the main Ara-
bian plate and the subsequent continental collision. This process can be understood by
examining the different regions from north to south, delineated by time slices marked by
regional unconformities /changes in the depositional settings of sedimentary basins, the
development of arc-related magmatism, and changes in deformational styles. The late
Cretaceous—Paleocene period was marked by the development of a subduction system
in the southern, active Eurasian margin. This process was marked by the deposition of
ophiolitic blocks bearing the Kastel Formation, which also served as a décollement surface
for the thrusts in the imbrication zone [63,69]. The growth of the imbrication zone in the
south and the simultaneous development of arc-related magmatism on the overriding
Eurasian plate indicate that the subduction setting began not much earlier than the late
Cretaceous in this convergence system [11]. The development of arc magmatism in the
overriding plate was interrupted between the middle-late Eocene and Oligocene periods.
This interruption and the subsequent re-initiation of magmatism can be explained by the
subduction of a mid-ocean ridge [33,69] along the subduction zone [16,70]. Before the
ridge subduction, the angle of the subducted plate increased, leading to the development
of an extensional setting in the north. In contrast, during and after the ridge subduction,
the angle of the slab rapidly decreased, resulting in a regional compressional setting and
the interruption of arc magmatism. Within this tectonic framework, both extensional and
compressional tectonics controlled the vertical movements of the over-riding plate [11,15].
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Extensional tectonics manifest as depressions in a region, forming extensional back-arc or
fore-arc basins. The location of arc magmatism defines the boundary between fore-arc and
back-arc regions. In this context, the study area lies in the arc-massif part of the fore-arc
region [71,72].

However, thermal models of the study area do not show any exhumation/uplift
records before the middle Eocene, which might be defined as an extensional period. On
the other hand, all the uplift and exhumation events are younger than the middle Eocene.
The presence of unmetamorphosed Paleocene dikes in the region [67,73], and the post—
middle Eocene uplift of dike-hosting metamorphics, suggest a thermal resetting of the
sample points before the middle Eocene and uplift/exhumation during a compressional
setting, which is still active in the region. Although the t-T models of some samples (FK638
and FK641) show some partial burial after the main uplift event (Figure 6), the general
trend indicates younger uplift ages towards the south. This burial might be related to
sediment deposition during fore-arc and later foreland settings or nappe stacking towards
the south. Some samples may not have recorded this burial due to their positions relative
to the basin margin; they likely were close to the basin margins where the sediment
thickness was insufficient to bury them to the temperatures detectable by low-temperature
thermochronology, or they were not affected by nappe stacking due to their positions
(Figure 7, Supplementary File S3). Aside from these general comments, an evaluation
considering the stratigraphic positions of the sample points (Figure 2) and the ZHe, AFT,
and AHe ages obtained from each sample point shows that, except for the SG3 and FK641
samples, the ZHe and AFT ages of the sample points increase as expected, stratigraphically
upwards. The SG3 sample point is very close to a thrust fault, suggesting that this point
could be influenced by the fault zone and exhibit outlier characteristics. The FK641 sample,
on the other hand, is located separately from all the other sample point clusters, and the
possibility of it being in a different structural block due to a currently unobservable fault
may cause this sample to show outlier characteristics. Although these two samples show
different characteristics, the ZHe and AFT ages that are consistent with their stratigraphic
positions indicate that the sample points have been slowly uplifted in a regionally rising area
between approximately 52 Ma (the oldest ZHe age) and approximately 18 Ma (the youngest
AFT age). This slow and long-lived regional uplift could be explained by the tectonic block
containing the sample points moving southward as a nappe during the ocean closure to
the south, with its vertical movement being much slower than its horizontal movement, as
expected in nappe movements. On the other hand, the AHe ages obtained from the sample
points are inconsistent with their stratigraphic positions. However, when the AHe ages are
examined, considering the geographical distribution of the sample points, it is observed
that the ages decrease towards the south. This indicates that the sample points were uplifted
between approximately 20 Ma and 6 Ma due to local structural elements rather than a
regional trend, resulting in younger ages towards the south. This southward, younger
aging trend aligns with the direction of thrust propagation in a northerly subduction setting.
The thrust propagation onset age of 20 Ma identified in this study closely matches the
widely accepted age of the continental collision between the Arabian platform and Eurasia
by numerous studies [7,10,18,20,26].

Similarly, the LTT ages along the SAOB (Supplementary File S3, Figure 7) become
younger towards the south, which may also be explained by thrust propagation direction.
In addition, all the modeling results using the LTT data suggest an Eocene and middle-late
Miocene fast uplift of the region, which can be tested by other methods, such as tectonic,
paleomagnetism, and sedimentology studies [7,10,20,24,26]. However, the distribution
of the LTT ages of the SAOB and their correlation does not show clear evidence for the
timing of the subduction-to-continental-collision transition, due to insufficient LTT data
for the region to differentiate between the uplift/exhumation trends of different tectonic
settings in the time slices. To determine where and during which periods this cooling is
related to compression and/or extension, a systematic LTT study of the region is needed.
Such a study would help to better understand the transition timing between subduction
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and continental collision. It would also clarify their influences on uplift and exhumation
trends at the upper-crustal level in different settings within a regional-scale subduction and
collision system.

AlEpoch | _Age  [Age(Ma) [ _AHe AFT ZHe S L LA
X b o A
MESSINAN :; ' “ 2 §\, .)’;5 2 \;it; =
% TORTONIAN () y /(\‘. ";(\2:/ .
W e e i Cake Va
(LI; 5 SERRAVALLIAN 11 @® * ‘ e Sa di \AS,;».-'E‘.
& s = STty
O o) LANGHIAN 16 . . ‘ ) é.( .
= ) 3 s e
= BURDIGALIAN oD A SF\ _Diyarvakr] =
20 F e §
AQUITANIAN 23 . t . \ -
z : .| a Yoo
CHATTIAN
g 27 Anatolid-Torid Block
8 e e [ (;::':lya
“sedimentary uni
2 RUPELIAN ® Bl e [] Katsadagaanics A sample locations -
34 - oophiolites EI Arabian Platform o e 150k}
PRIABONIAN “ ®
38
% BARTONIAN 'y ®
41
o 2 $ : FO—
oo | e A ® - continental collision
- 2 48 e " i
(2
YPRESIAN . A,
*®
56 A A
w
THANETIAN !
i 59 a a arc / back-arc setting
8 SELANDIAN =
o ] ] ]
= DANIAN o 4 ut X u X B °* A .
5 66 & = & H @ = distance - - - - > oZHe i AFT o AHe

Figure 7. LTT data obtained along the Southeast Anatolian Orogenic Belt. (A) LTT data are shown in
the Geological Time Scale [74], clustered into two groups. BPE: Bitlis-Piitiirge-Engizek metamorphics;
MKB: Malatya-Keban-Binboga metamorphics. (B,C) Distribution of LTT data along the Southeast
Anatolian Orogenic Belt both on the map and age—distance graph [18,75-83]. LTT data from Okay,
Zattin, and Cavazza [7]; Karaoglan, Parlak, Hejl, Neubauer, and Klotzli [11]; Cavazza, Catto, Zattin,
Okay, and Reiners [15]; Topak [25]; Whitney, Delph, Thomson, Beck, Brocard, Cosca, Darin, Kaymakei,
Meijers, Okay, Rojay, Teyssier, and Umhoefer [34], and this study. Note that in (C), the horizontal axis
has the same distance scale as in (B).

5. Conclusions

The LTT data obtained from the Nappe Zone along the SAOB suggest that the exhuma-
tion of the active margin was initiated during the Eocene. The Eocene epoch was identified
as the arc-back-arc setting in the region. The extensional regime in the region led to tectonic
denudation, and the magmatic/metamorphic rocks were exhumed first in the northern and
then in the southern part of the Nappe Zone of the SAOB. The region continued its uplifting
through the Oligocene during the growth of an accretionary prism and, finally, the Miocene
continental collision occurred without changing the uplift regime recorded by LTT. The
continental shortening and development of the mountain chain (Eastern Taurides) did not
affect the region dramatically. Hence, the LTT data record a slow but continuous uplift. The
LTT data show fingerprints of thrust propagation from north to south. Overall, the current
state of the LTT data suggest more systematic studies are needed to enlighten the timing
of the transition between subduction and continental collision and mountain-building
processes along the SAOB.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/min14060614/s1. Figure S1: Thin sections of the samples col-
lected from the Yoncayolu formation; Figure S2: Zircon cathodoluminescence images for sample
FK637; Figure S3: Zircon cathodoluminescence images for sample FK640; Figure S4: Zircon cathodo-
luminescence images for sample FK641; Figure S5: Zircon cathodoluminescence images for sample
SG2; Figure S6: The radial plots of the AFT analyses; Figure S7: The eU-age and ESR-age diagrams
for the AHe analyses of the samples from the Yoncayolu Formation; Figure S8: The eU-age and
ESR-age diagrams of the ZHe analyses of the samples from the Yoncayolu Formation; Supplementary
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File 2 Table S1: LA-ICP-MS Zircon U-Pb data; Google Earth File, S1: The geographic locations of the
LTT data the along Southeast Anatolian Orogenic Belt.
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