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Abstract: The Neotectonic period of deformation in Anatolia has been embraced by a location between the complex interaction of
Afro-Arabian and Eurasia plates. During this ongoing deformation, the eastern part was under the continuing influence of subduction
by the Neotethyan Ocean in the Eastern Mediterranean Region resulting in the indentation of the Arabian Plate into Anatolia. As
the Red Sea opened deformation became increasingly focused on a fault system comprising the Dead Sea, North Anatolian, and East
Anatolian fault systems. To help constrain the age and deformation history of this last phase we have conducted a paleomagnetic study
from a total of 28 sites at Lower-Middle Miocene Mazgirt volcanic rocks and Pliocene Karakogan basalts in the Anatolian Plate, and the
Quaternary Cizre basalts of the Arabian Plate. The mean paleomagnetic direction in Early-Middle Miocene time identifies a clockwise
rotation of 12.38° + 5.1° in the Anatolian Plate. In contrast, counterclockwise rotation of 19.2° + 6.1° and 14.8° + 5.7° is obtained in
the Middle Miocene-Pliocene and Quaternary periods in the Anatolian and Arabian Plate, respectively. According to our findings, we
point to the importance of two distinct tectonic events. The first phase defines a period between Lower Miocene to Pliocene which is
defined by a clockwise rotation of 31.5°. It is concluded that during this time interval, the collision between Arabia and Eurasia and the
motion of Arabia in the northeast direction gave rise to the clockwise rotation of Anatolia. The North Anatolian Fault (NAF) is thought
to be inactive, while the East Anatolian Fault (EAF) was not generated in this time interval. In the second phase, the northwest-directed
movement of the Arabian Plate led to counterclockwise rotations both in the Anatolian and Arabian Plate. We suggest that the North
Anatolian Fault provided a contribution to this movement in the Pliocene, while the East Anatolian Fault accompanied this tectonic
westward escape of the Anatolian Plate after the Quaternary.
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1. Introduction

The Anatolian plate which occupies the 1500 km long
segment of the Alpine-Himalayan Mountain chain in
Tirkiye, is composed of different tectono-stratigraphic
domains showing several morphotectonic phases
during the Neotectonic period in which the northward
convergence between Arabia and Eurasia followed
by westward extrusion of the Anatolian region by
displacement along the North and East Anatolian Faults
(Figure 1a; Sengor and Yilmaz, 1981; Okay, 1984; Bozkurt,
2001; Sengor et al., 2005; Yilmaz, 2019). The contemporary
deformation of Anatolia is identified from GPS data which
show a westwards motion of 20-25 mm/yr (McClucky
et al., 2000; Reilinger et al., 1997a; Reilinger et al., 2006;
Ergintav et al., 2023). Western Anatolia shows a very fast
approximately N-S directed extension at a rate of 30-40
mm/yr (McKenzie, 1978; Jolivet et al., 2009), in contrast,
Eastern Anatolia (Figure 1b) is a plateau that shows

* Correspondence: mualla@istanbul.edu.tr

compression with high uplift rates of an average surface
elevation of ~2 km above the sea level today (Sengér and
Kidd, 1979; Pearce et al., 1990; Keskin, 2003). The collision
of Arabia with Eurasia along the Bitlis-Zagros Suture
Zone (BZSS) started shortly after the consumption of
the southern branch of the Neotethys Ocean (Hall, 1976;
Berberian and King, 1981; Dewey et al., 1986; Yilmaz,
1993; Jolivet and Faccenna, 2000; Robertson et al., 2007;
Lebedev et al., 2016). Thus, crustal shortening in Eastern
Anatolia and further north in Lesser/Great Caucasus has
continued at a velocity of 18 mm/yr and 10 + 2 mm/year,
respectively due to the NW-directed movement of the
Arabian Plate (McClusky et al., 2000).

The lithospheric deformation inside the collision zone
in Eastern Anatolia has been investigated by numerous
studies (Zor et al., 2003; Tiirkoglu et al., 2008; Skobeltsyn
et al., 2014; Mahatsente et al., 2018; Medved et al., 2021;
Sengiil Uluocak et al., 2021), however, the most surprising
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evidence was the result of Sandvol et al.,, (2003), who
argued that the lithospheric mantle is very thin under the
collision zone in a wide area and that the~45 km thick
crust is present directly almost above the asthenosphere.
The most common model involves slab steepening and
the break-off of a northward subducting slab, which
allows retention of the molten asthenospheric material
beneath Eastern Anatolia (Keskin, 2003; Sengér et al,
2003; Facenna et al., 2006). During the late Miocene-
Quaternary period, the whole of Eastern Anatolia was
subject to intensive magmatic activity related to collision
(Figure 1b) (Innocenti et al., 1976; Pearce et al., 1990;
Yilmaz, 1990b; Yilmaz et al.,, 1998; Keskin et al., 1998;
Ozdemir and Giileg, 2014; Karaoglu et al, 2020). The
ongoing northward motion of Arabia into the Anatolian
collage led to the generation of the North Anatolian Fault
(NAF), the East Anatolian Fault (EAF), and the Dead Sea
Fault (DSF).

45°N — | [
EURASIA

Black Sea

R0 fideis

Acgean Sea
W.ARolia

35°N —| %

.
RN
7
%

74
71
Uiean Ririce

| ' AFRICA
25°N —|'

Otk

500

1000 km.

|
15°E 25°E

40°

“Trabzon
&
0(\\‘6 Erzurumo) ¢ |
g ° B
o -~ — g .Q’ GirekoEt N
M"a"’”a\'ﬁa,_,,, Bingdl 3 ‘f
3\3\‘ Study ." arliova ‘\
& Qe f Van : ﬁ
? % ép . Mug Nemrt A S
(kepezdad W ” O Bitlis [l
A S/

Estimates for the age of initiation of the NAF range
from late (middle) Miocene ($engér and Kidd, 1979), 13-
11 Myr. (Sengor et al., 2005) or 5 Myr (Barka and Kadinsky
Cade, 1988; Bozkurt and Kogyigit, 1996). The age of the
East Anatolian Fault is reported to be Late Miocene-
Early Pliocene (Sengor et al., 1985; Hempton, 1987) or
less than 4 Ma (e.g. Saroglu and Yilmaz, 1990b; Westaway
and Arger, 1996; Emre and Duman, 2007; Hubert Ferrari
et al., 2009). The NAF and EAF intersect at the Karliova
region define a triple junction and accommodate in the
east the continental shortening which is transformed into
the westward escape in Western Anatolia (Figures 1a,1b).
Another triple junction was defined between Anatolia-
Arabia-Africain the Maras region where the northernmost
branch of the DSF intersects the EAF (e.g., Karig and
Kozlu, 1990). The development of these faults has created
an escape tectonism of Anatolia along the Aegean arc in
which the north-south compression was compensated.
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Figure 1. a) Tectonic map of the Anatolia and surrounding (after National Oceanic and Atmospheric Administration
(NOAA)), showing the GPS vectors together with their error ellipses at 95%confidence level after Reilinger et al.,
(1997b) (the study area is shown as a rectangle). b) Neotectonic map of Eastern Anatolia (gray areas indicate the
distribution of Neogene volcanic rocks) (modified after MTA, geological map of 1/500,000 scale).
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Significant paleomagnetic data have been provided in
the Anatolian and Arabian Plates between the BZSZ,
showing the presence of the westwards excursion of the
Anatolia during the Miocene (Kissel et al., 2003; Tatar et
al, 2004; Glrsoy et al., 2009). The paleomagnetic study of
Kogbulut et al. (2013), however, showed that consistent
counterclockwise rotation in the range of 5°-10° occurred
off the Arabian Plate and was concentrated within the
last 2-3 Myr with insignificant rotation from Miocene to
the present. The collision between Arabia and Anatolia
along the BZSZ and the behavior of the continental blocks
during this time is still debated (Jolivet and Facenna,
2000; Cavazza et al., 2015; Darin and Umbhoefer, 2022). To
improve our understanding of the geodynamic evolution
of the Arabian and Anatolian plates during Lower-Middle
Miocene present we have undertaken new paleomagnetic
studies in the region lying immediately to the west of the
NAEF-EAF junction (Figure 2a).

2. Regional geology and paleomagnetic sampling

The oldest rocks cropping out in the Eastern Taurides
comprise an allochthonous nappe succession of the
metamorphosed  Permian-Late  Cretaceous Keban
Formation (Peringek, 1979; Kaya, 2016). Upper
Cretaceous ophiolitic rocks resulted from the closure
of the northern and southern branches of the Neotethys
ocean surrounding the study area in the north (Sengér and
Yilmaz, 1981; Okay, 1984; Parlak et al., 2013) and south
(Parlak et al., 2009; Karaoglan et al., 2016) (Figure 2a). The
uplift and deposition of sedimentary units started with
conglomerates in the Lower Paleocene (Peringek, 1979).
The erosional surface consists of an Eocene-Oligocene
flysch succession up to early Miocene continental
sedimentary rocks (Peringek, 1979).

Geochronologicdata from Eastern Anatoliahave shown
that volcanism comprising andesite and rhyolite volcanic
suites commenced in the south of the region at 15.0-13.5
Ma (Lebedev et al., 2010). Volcanism with the eruption of
acid pyroclastic fall units and ignimbrites intensified in
the northeast from 8 to 6 Ma. Volcanism continued during
the Quaternary in the southern part of Eastern Anatolia
with the eruption of basalts and trachybasalts from several
eruption centers. From southwest to northwest, these are
the Nemrut volcano with a 7 km wide caldera, the Siiphan
strato-volcano, the Etriist strato and Girekol miniature
shield volcano, the Tendiirek shield volcano and the
Greater and Lesser Ararat peaks located by the Armenian-
Iranian border (Figure 1b). The last eruption in the region
occurred from an N-S extending fissure cutting a small
scoria cone in the north of the Nemrut caldera in 1441
AD (Yilmaz et al., 1998). During this historical eruption,
alkaline basaltic lavas erupted following blocky rhyolitic
lavas.

During this study, Lower Miocene-Middle Miocene
volcanic rocks from Mazgirt (GD6-10; SE 12-14, 16) and

Pliocene Karakogan basalts (GD11-15; SE 22-26) were
sampled around Tunceli, while Quaternary basalts were
sampled in Cizre (GD1-5; TL 27, 28, 33-34) (Figures 2a,
2b).

The earliest volcanic activity in Tunceli is defined by
andesites and volcanoclastic rocks, tuffs, and agglomerates
of the Mazgirt lavas (Herece and Acar, 2016; Agostini et
al., 2019). The Mazgirt volcanic rocks represent two main
phases including lava domes fractured with columnar
jointing/lava flows and associated pyroclastic products.
Above the Mazgirt volcanic succession, another distinct
volcanic phase is defined by the Tunceli volcanic rocks
which are composed largely of basaltic subhorizontal lava
flows with a total thickness of less than 100 m (Agostini et
al,, 2019). The last phase is represented by the Karakogan
volcanic rocks which contain alkali basalts, hawaiites, and
mugearites showing weakly porphyritic to subaphyric lavas
(Agostini et al., 2019). “°Ar-*Ar ages indicate an eruption
age of ~16.3 and 15.1 Ma for the Mazgirt volcanic activity.
The basaltic lava flows yield a “*Ar-**Ar age of ~11.4-11.0
Ma in Tunceli and ~4.1 Ma for the Karakogan volcanic
flow (Agostini et al., 2019).

The youngest lavas in the Southeastern Anatolia which
belong to the Arabian Plate are the Quaternary basalts in
Cizre (Figures 2a, 2b). The basalts uncomfortably overlie
the limestones of the Oligocene sedimentary succession
of the Midyat Group assigned to the beginning of the
Quaternary (Figure 2b). A possible source of the basalts
is Mount Alem in the vicinity of Cizre district (MTA,
2007). Pliocene deposits belong to the youngest lavas of
Southeastern Anatolia (Tolun, 1960) and the thickness
of this basalt is no more than 20 m. The thickness of this
basalt structure reaches 20 m in places.

3. Methodology

Orientated core samples were taken with a motorized
portable drill and cut into cylindrical specimens of 2.5
cm diameter and 2.2 cm length. Sample orientation was
determined using both magnetic and sun compasses. The
differences of about 2°-10° of the readings between the
magnetic and sun compass were recalculated by the strike
orientation. The majority of a total of 266 specimens from
28 sites was subjected to stepwise alternating field (AF)
demagnetization , while thermal demagnetization showed
anomalous behavior. The directions and intensities of the
natural remanent magnetization (NRM) were measured
using a JR-6 spinner magnetometer (AGICO) in the
Yilmaz Ispir Paleomagnetism Laboratory of Istanbul
University-Cerrahpasa, Tiirkiye. A decaying alternating
field between 2.5 and 150 mT was applied using a 2G600
AF demagnetizer, while temperatures between 50 °C and
700 °C were applied using a Magnetic Measurements
MTD-80 oven. An orthogonal vector projection was used
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Figure 2. a) Geological map of the study area (modified after MTA, 2002; geological map
of 1/500,000 scale). Paleomagnetic samples are collected from the Mazgirt, Karakogan, and
Cizre volcanic areas. b) Stratigraphic column section of the study area in Tunceli and Cizre.
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to identify the magnetization components (Zijderveld,
1967) and the magnetization directions were calculated
using principal component analysis (Kirschvink, 1980).
Mean directions and statistical analysis were applied
using Fisher’s (1953) analysis. The paleosecular variation
(PSV) test was applied by using the criteria of Deenen et
al. (2011). Thermomagnetic measurements in low field
susceptibility were applied to each pilot sample using an
MS2 Bartington susceptibility meter. Isothermal remanent
magnetization (IRM) was conducted by applying fields
up to 1 T. The Lowrie test (Lowrie, 1990) was performed
by applying fields of 1 T along the sample Z-axis (hard
component), 0.4 T (medium component) along the Y-axis,
and 0.12 T (soft component) along the X-axis. Afterward,
these samples were thermally demagnetized to determine
their unblocking temperatures.

4. Laboratory analysis

4.1. Rock magnetism

Thermomagnetic results of basalt samples are characterised
by nearly reversible susceptibility curves confirming no

3007

mineralogical alteration. Curie temperatures are between
500 and 580 °C, indicating that Ti-poor titanomagnetite is
most probably the dominant ferromagnet (Figures 3a, 3b,
3c). Representative IRM acquisition (Figures 3a, 3b, 3c)
and thermal decay (Figures 3d, 3e, 3f) experiments indicate
a rapid rise of magnetization to about 300 mT in general
(Figures 3d, 3f), or a slower increase to 500 mT (Figure
3e) suggesting the existence of low-coercivity minerals.
Thermal demagnetization of three-component IRM shows
that the low-coercivity component unblocked by 500 °C
and 550 °C, showing the presence of Ti-poor magnetite
(Figures 3g, 3h, 3i). In site SE34 (Figure 3i), however, a
decrease from 75 °C to 150 °C could be associated with the
existence of goethite, as seen by a similar decrease on the
Curie curve (Figure 3c¢).

4.2. Demagnetization

Initial magnetic intensities of the basalt and andesites are
in the range of 200-9000 mA/m. Lower remnant intensities
are compatible with mineralogy, being lower in higher
Na+K compositions. Characteristic remanence (ChRM)
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Figure 3. Typical thermomagnetic curves for representative samples (a, b, ¢). Normalized IRM acquisition curves (d, e, f).
Thermal demagnetization of three-axis IRM imposed with the direct field of 1 T along the z-axis (circles), 0.4 T along the

y-axis (triangle), and 0.12 T along the x-axis (square) (g, h, 1).
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directions are resolved with Medium Destructive Field
(MDF) values of 10-30 mT (Figure 4) and their directions
identified from vector endpoint diagram segments
converging towards the projection origins (Figures 4a—4g)
following the removal of low coercivity components.

The relatively lower intensity values are compatible
with the mineral compositions containing higher Na+K
composition, i.e. the Karakogan basalts (Agostini et al.,
2019). Characteristic remanence (ChRM) directions are
defined with a Medium Destructive Field (MDF) value of

10-30 mT (Figure 4). The ChRM direction is identified in
the vector endpoint diagrams (Zijderveld, 1968) aligned
toward the origin (Figures 4a-4g) following the removal of
a low coercivity remanence (0-10 mT) (Figures 4h-4l, 4n,
40) during demagnetization. Thermal demagnetization
yielded less satisfactory results probably due to narrow
unblocking temperatures and therefore less satisfactory
component definitions on vector diagrams (Figure 4o).
Results from AF demagnetization have therefore been
mostly used in this analysis.
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Figure 4. NRM intensities and orthogonal vectors of representative samples during stepwise alternating field (a-n) and
thermal (o) demagnetization (in miliTesla (mT) and degrees Celsius). The solid symbols correspond to projections onto the
horizontal plane, while the open symbols are projections onto the vertical plane.
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5. Discussion

5.1. Paleomagnetic directions

Stable ChRM site mean directions were obtained with
confidence circles (a,) of less than 8° (Table). The
inclinations for several sites indicate mixed polarities in
several sites (Figure 5). Coherent inclination values are
comparable with the present predicted field direction in
this region (Table).

From a total of 28 sites, group mean directions were
calculated for three distinct ages and areas. There is a
clear difference in paleomagnetic directions according to
age (Table). In the Anatolian Plate, Lower Miocene-Late
Miocene lavas show an average group mean direction of
D =18.7°and I = 49.9° (k = 113.1, a,, = 4.9°, N:9 sites)
and Pliocene lavas in the same area show a group mean
direction of D = 342.3° and I = 49.6° (k = 58.0, a,, = 6.4°,
N:10 sites). In the Arabian Plate, a group mean direction of
D =346.6°and I = 57.2° (k =121.9, a,, = 4.7°, N:9 sites) is
calculated for Quaternary lavas. When these group mean
directions are compared with their respective reference
geomagnetic dipole fields of Eurasia for 0-10 and 20 Ma
(Torsvik et al., 2012), rotations of 12.3° + 5.1°, -19.2° +
6.1°, and -14.8° + 5.7° were detected, respectively (Table).

The mean inclinations (paleolatitude) from this study,
however, indicate values in the order of 49.9° (30.7°N),
49.6° (30.4°N), and 57.2° (37.8°N) from Lower Miocene,
Pliocene, and Quaternary rocks, respectively (Table).
Although Abou Deeb and Tarling (2005) reported low
inclination values from Miocene lavas in Syria and
suggested that they were influenced by a strong and
nondipole magnetic field of this age, we find no significant
inclination flattening compared with the expected
inclinations from the 0-10 and 20 Ma Eurasian Apparent
Polar Wander Path (APWP) (Table).

5.2. Paleosecular variation

The temporal and spatial behavior of the palaeosecular
variation (PSV) of the geomagnetic field can be estimated
by the angular standard deviation of VGPs (Virtual
geomagnetic pole) for a given locality of individual lava
flows. The geomagnetic dispersion was calculated by the

formula §$, =8, -8, and Z S = [(%_1)i512]2 (Cox,
1969). The dispersion (S,) is derived by subtracting the
circular standard deviation of the VGP (S,) from the total
dispersion (S,) (Cox, 1969) and the PMAG software
(Tauxe, 2005). N defines the number in the
calculation, while 61 is the angular distance between
the i VGP and the reference axial dipole, and S_is the
within-site dispersion (McElhinny and McFadden, 1997).
The PSV is averaged out if the A95 angle lies between the
lower (A95min) and upper (A95max) limits. In some sites
where A, values were lower than A, min, the specimen

numbers were reduced to pass the Deenen et al., (2011)
criteria, the lava flows from the three separated areas were
emplaced over time intervals sufficiently long to embrace
both normal and reverse geomagnetic field polarities and
A95 values fall within the reliability envelope of Deenen et
al., (2011) (Table).

5.3. Kinematic model

The collision of Arabia with Anatolia along the BZSS
is inferred to have taken place by early to the middle
Miocene (Sengér and Yilmaz, 1981; Dewey et al., 1986;
Robertson et al., 2007; Okay et al., 2010; Cavazza et al.,
2015, 2018; Lebedev et al., 2016). This age is supported
by thermochronometric evidence for evolution along
the Bitlis-Piitiirge zone with the Oligocene rocks studied
by Cavazza et al. (2018) indicating that the continental
collision started in the mid-Miocene. However, several
studies have inferred earlier ages of collision ranging from
the Late Cretaceous (Hall, 1976; Berberian and King,
1981), middle Eocene, and late Oligocene time (Yilmaz,
1993; Jolivet and Faccenna, 2000; Vincent et al., 2007; Allen
and Armstrong, 2008; Rolland et al., 2012; McQuarrie
and van Hinsbergen, 2013) or a later Pliocene collision
(Philip et al., 1989). McClusky et al. (2003) concluded that
independent motion of the Arabian plate began in the late
Oligocene.

Darin and Umbhoefer (2022) suggested an initial “soft
collision”, of the thinned continental crust of the Arabian
passive margin with Eurasia at ca. 42 Ma along the Eastern
Bitlis Suture zone and continuing into a “hard collision” by
ca. 25-12 Ma.

The Lower Miocene-Middle Miocene paleomagnetic
result obtained from this study in the Anatolian Plate
indicates a clockwise rotation of 12.3° + 5.1° in the Lower-
Middle Miocene. A significant amount of 31.5° clockwise
relative rotation with respect to Africa is obtained between
Lower-Middle Miocene and Pliocene contrasting with an
inferred Pliocene rotation of -19.2° £ 6.1° in the same area.

Previous Neogene paleomagnetic results from the east
of the Karliova triple junction showed a significant amount
of clockwise rotations, besides counterclockwise rotations
in Miocene volcanic rocks (Hisarli et al., 2016). The origin
of the contrasting sense of rotations in East Anatolia was
interpreted by wedge-shaped crustal blocks separated
by strike-slip faults during the Miocene to Quaternary
(Hisarli et al., 2016). Kayin and Isseven (2023), however,
paid attention to smaller blocks which moved in different
directions, both clockwise and counterclockwise in this
area.

Further northeast in the Talysh Mountains of NW
Iran, van der Boon et al., (2017) reported a ~15° clockwise
since the Eocene which is in the same direction as the
Lower-Middle Miocene results of this study. In other
words, the northern part of the BZSS has exhibited a
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regional clockwise character along the NE part of Iran
and the Anatolian plate. In contrast, the southern part
of this zone exhibited counterclockwise rotation during
the Neogene Period which is as follows: In the Arabian
Plate, Giirsoy et al., (2009) calculated a mean direction of
8.4/44.7 in Quaternary lavas, 350.0/50.3 in Late Miocene
East Euphrates lavas and 356.8/51.5 in Gaziantep lavas.
Kogbulut et al., (2013) calculated mean directions in the
Arabian Plate which are as follows; D/I = 175°/-50.5° for
the 11.1-6.7 Ma Siverek group, D/I = 173.4°/-46.0° for the
3.3 Ma central Karacadag group and D/I = 167.7°/-47.6°
for the ~ 1.9 Ma-present Ovabag group.

We interpret the contrasting sense of rotations between
the northern and the eastern part of the BZSS as a result
of the opening of the Red Sea and the evolution of the
Dead Sea Fault due to the movement between Africa and
Arabia which affected most of the western margin of the
Arabijan Plate. Several paleomagnetic studies show both
clockwise and counterclockwise rotation from Lebanon,
Jordan, and Israel (Henry et al., 2010; Dembo et al., 2021),
while in the south of the Arabian Plate, paleomagnetic
results from Saudi Arabia and Syria are directed close to
an N-S azimuth during the Lower Miocene and show no
signature of significant rotation (Kellogg and Reynolds,
1983; Roperch and Bonhommet, 1986).

In the Anatolian Plate, Miocene data from the Anatolian
Plate report a general counterclockwise rotation east of the
Isparta angle (e.g., Glirsoy et al., 1997; Kissel et al., 2003;
Giirsoy et al., 2011). In the study of Giirsoy et al., (2011)
volcanic rocks dated ~15- 13.5 Ma in the area between the
Central Anatolian and East Anatolian Fault Zones identify
counterclockwise rotation of 29.3 + 5.2° and 26.0 + 11.8°
from the Yamadag and Kepezdag complexes (Figure 1b)
respectively relative to Eurasia. The new paleomagnetic
results from the western border of the Eastern Anatolia
plate show clockwise rotation in Lower-Middle Miocene
and counterclockwise rotation in Pliocene and Quaternary
time (Figure 6a). The results display a dominant clockwise
rotation of ca. 33° between Lower- Middle Miocene and
Pliocene. The contrasting senses of rotation identified
from two different time intervals are interpreted in terms
of two distinct tectonic phases affecting the area.

1) Collision among Africa-Arabia-Anatolia: Kinematic
models of plate motion show a northeastward movement
of Africa-Arabia (Figure 6b). This movement is reported
as lasting until the Middle Miocene (Matthews et al,,
2016; Darin and Umhofer 2022) or Burdigalian with
an average velocity of 2.4 cm/yr (Cavazza et al, 2018).
The clockwise rotation in the Lower-Middle Miocene
confirms this direction (Figure 6c). Darin and Umhofer
(2022) reported a diachronous collision depending on the
irregular geometry of the Arabian margin as this region
experienced a confluence of major tectonism including

oceanic subduction, continental underthrusting, and
crustal shortening. The collision was along the BZSS from
ca. 35-20 Myr. The collision on the Zagros suture towards
the southeast, however, is reported as occurring between
27 and 18 Ma (McQuarrie et al., 2003; McQuarrie and van
Hinsbergen 2013; Su and Zhou 2020). The onset of the
continental hard collision along BZSZ is dated ~19 Myr
and the initiation of collision is related to the uplift in East
Anatolian (Giilyiz et al., 2020).

The African plate was broken up in the Oligocene-
early Miocene by the opening of the Red Sea (Hempton,
1987; Ibrahim et al., 2000). After this time, the Arabian
Plate moved faster than the African Plate (Africa / Eurasia
relative motion: 1.7 cm/yr, Arabia/Eurasia relative motion:
2.4 cm/yr; Cavazza et al, 2018). Jolivet and Faccenna
(2000) showed that the extension in the Mediterranean
due to the initiation of the Nubia/Arabia-Eurasia collision
caused the slowing of Nubia absolute plate motion.
Mantovani et al., (2006) reported that the shortening along
the BZSS was not restricted to the late Miocene-Pliocene
and an early-middle Miocene shortening should also be
considered. Our results indicate that the North and East
Anatolian Faults were either not formed or were not active,
since the paleomagnetic rotations are in accordance with
the motion of the Arabian-African Plate in a clockwise
sense during the Early-Middle Miocene.

2) Indentation of Arabia: The main source of Anatolian
escape is the northern indentation of Arabia along the
BZSZ. Hiising et al., (2009) date the youngest sediments
in the Arabian Plate beneath a subduction-related thrust
at ca. 11 Ma and suggest that the subduction of Arabia
ended during this time. Facenna et al., (2006) note that
collision had already been achieved before the onset of
the NAF, while Ergintav et al., (2023) reported that the
North and East Anatolian Faults controlled the recent
deformation of Anatolia during the interval 5-10 Myr.
Whitney et al., (2023) showed that the EAF in Southeast
Anatolia was active over the past ~5 m.y. and obtained
younger thermochronology data than in other fault zones
in the region. We conclude that after the Pliocene, the NAF
had gained its present characteristics, while later after the
Quaternary the EAF accommodated the deformation
attributed to the “tectonic escape” This was confirmed
by the clockwise rotations of 31.5° in the Anatolian Plate
during Lower-Middle Miocene to Pliocene (Figure 6¢)
and the counterclockwise rotations of 19.2° and 14.8°
during Pliocene and Quaternary resolved from both the
Arabian and Anatolian Plate, respectively (Figure 6d). The
difference between the rotations of Anatolia and Arabia in
Pliocene and Quaternary is 4°, respectively (Table). This
is interpreted in terms of a) active Neotectonic faulting
in Anatolia, while Arabia remained essentially stable; b)
motion of the Anatolian Plate reported at a rate of 1° per
1 mm/yr (Giirsoy et al. 2009), c¢) underthrusting of the
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African Plate along the Aegean-Cyprus arc (Vidal et al.,
2000; Schildgen et al., 2014; Ozbakir and Govers Wortel,
2017; McPhee PJ and van Hinsbergen, DJJ 2019; Van
Hinsbergen et al., 2020).

6. Conclusions

In this study, we have determined a clockwise rotation
of 31.5° during the Early Miocene-Pliocene interval
interpreted in terms of a NE-directed coherent movement
of Anatolia together with Africa-Arabia. The timing and
the oblique collision of the Arabian Plate with Anatolia
along the BZSS resulted in clockwise rotations towards
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the Anatolian Plate and further northeast along the
Caspian Sea, while the deformation of the African Plate
contributed to the counterclockwise rotations within
an area embraced by the Dead Sea, the Red Sea and to
the region up to the collision front. The Pliocene and
Quaternary counterclockwise rotations of 19.2° and 14.8°,
in both Anatolia and Arabia, respectively accord with the
indentation of the Arabian Plate towards the northwest
accompanying the westward tectonic escape of Anatolia.
Tectonic slip on the North and East Anatolian faults has
subsequently dominated motions influencing the region
during Pliocene and Quaternary times.
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