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Abstract

We present an up-to-date velocity field around the north of the eastern
Mediterranean, southern Turkey, Cyprus, Levant, and East Anatolian faults
therein and discuss its tectonic implications. We perform a block model in-
version to calculate rigid block motion, slip rates on the dislocation sources
along block boundaries. Our best fitting model locates the Sinai-Anatolia
Euler pole at 32.04+1.8°N, 38.21+2.4°E with a 0.596+0.084 clockwise rota-
tion rate. Convergence rate on the Cyprus arc is ~3-6 mm/yr, progressively
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decreasing from west to east. Kyrenia range has a left lateral slip behavior
with a 3-4 mm/yr rate. We thus show that there is shear partitioning between
the Cyprus subduction and Kyrenia fault zone. The northeast prolongation
of the Kyrenia fault east of the Adana basin accommodates extensional and
strike-slip motion, which is consistent with focal mechanisms. Further East,
the relative strike-slip motion between Arabia and Anatolia is partitioned
between the East Anatolian Fault (slip rates 5-6 mm/yr) and the Cardak
and Malatya faults (slip rates 1.7-1.8 mm/yr), and also causes distributed
deformation between these two fault systems. The Levant fault has a 3.2-4.0
mm /yr left-lateral slip rate, decreasing northward. A continuum kinematic
model shows a compressional to transpressional strain accumulation across
the Cyprus arc that is also compatible with its progressive change of orienta-
tion. The largest values for the second invariant of strain rate tensor define a
region from Hatay to Malatya corresponding to a 50-60 km wide East Anato-
lian shear zone. The whole area north of the Kahramanmarag triple junction
appear to be under E-W extension. Strain rates appear relatively small in
the Taurus and vary from extensional to compressional along the mountain
range.

Keywords: Deformation in plate boundary zones, Kahramanmarag triple
junction, Cyprus Arc, East Anatolian Fault, Kinematic Modeling




Highlights

Highlights

e Block and continuum models indicate a zone of distributed deformation
around Kahramanmarag triple junction

e The Cyprus arc accommodates 3-6 mm/yr convergence rate

e New GPS observations shed some light on the shear partitioning be-
tween the Cyprus arc and Kyrenia Range

e The Kyrenia fault zone connects to the East Anatolian Shear zone
where Arabia-Anatolia motion is partitioned between the East Anato-
lian Fault and several other faults.
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1 1. Introduction

2 The purpose of this paper is to present a new interpretation of the neotec-
3 tonics of the northeastern Mediterranean. The region of interest is shown in
+ Fig. 1. We are specifically interested in the deformation of southern Turkey;,
s particularly around the Kahramanmaras triple junction, and Cyprus and the
s effect of the motion of Cyprus on the Adana/Cilicia Basin and southernmost
7 Turkey. Our principal aim is the way in which the perturbation of the rel-
s ative Nubia motion by the presence of Cyprus shapes the regional tectonics
o in terms of the tectonic boundary conditions in southernmost Turkey. To
10 this end, understanding the mechanics of Adana Cilicia Basin is of utmost
u importance. The basin and its frame have been interpreted as elements of
1 a ‘forearc’ (e.g., Aksu et al., 2005, 2021, and the extensive literature cited
13 therein; Fernandez-Blanco, 2014), but it has not been made clear how, or even
1 whether, this alleged position has influenced its tectonic evolution. Burton-
15 Ferguson et al. (2005) and Aksu et al. (2021) pointed out the role of the
16 escape of the Anatolian block in inducing a strike-slip component onto the
17 basin evolution, but they seem to imply that it was in the form of transten-
18 sion without presenting a thorough kinematic analysis of the area, especially
v how the long fold trains in the middle of the Adana/Cilicia Basin fit into the
2 transtension interpretation, which, actually, they do not (cf. Dewey, 2002).
a1 Other recent studies concentrate on the sedimentological and stratigraphic
» evolution of the basin without setting it into its tectonic ecology (e.g., Aksu
2 et al., 2014a,b). Fernandez-Blanco et al. (2020) presented model a forearc
2 atop a subduction zone, but neither the geometry, nor the direction and
»s amount of subduction can support their model. It seems therefore clear that
% a more thorough investigation of the region is in order.

27 Figurel

28 The importance of this area is not that it sits in a fore-arc position with
2 respect to the Cyprus Subduction Zone, but whether that alleged setting or
s the influence of the independent orogenic evolution of the Central Taurus
a1 ranges to the north and the subsequent escape of Central and Western Ana-
2 tolia southwestward with respect to Africa have been the decisive factors in
1 its development. Sengor et al. (1980) pointed out that the Kahramanmarag
s triple junction, where the Levant and the East Anatolian Faults (EAF here-
55 after) and the plate boundary extending south of Turkey, gives rise to a very
s complex pattern of deformation in the northeastern Mediterranean because
;7 of the meeting at the triple junction of two non-subductable continental
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plates, namely Arabia and Anatolia. Sengor et al. (1985, see especially their
fig. 16) elaborated on that theme, but the lack of sufficient number and
quality of observations relating to the direction and amount of the motions
around the triple junction prevented them from discussing the issue further.
Sengor et al. (2019) later noticed, from a hint by Fuat Saroglu (Saroglu pers.
comm. 1990) that not one, but two triple junctions are currently active
in the area, namely those of Kahramanmarag and Hatay (Fig. 2) making
the tectonics of the region even more complicated than previously believed.
Triple junctions involving non-subductable plates have more than just local
significance. During the final phases of continental collisions, the colliding
continental plates often fall apart and the resulting pieces tend to move
with different velocities with respect to one another (e.g., McKenzie, 1972;
Roman, 1973; Dewey, 1977; Molnar and Tapponnier, 1975; Sengor, 1976,
1979; Sengor, 1995; Sengor et al., 2019). In such situations, incompatibility
basins such as those in the Karhova in eastern Turkey (see especially Sengor,
1979; Sengor et al., 1985; Sengor et al., 2019, for an Himalayan example, see
Van Buer et al., 2015) and the Adana/Cilicia between Cyprus and Turkey
(Sengdr et al., 1985; Sengor et al., 2019, for similar situations, see Ruther-
ford et al., 2001 for the Sumba island and Wandrey, 2004, for the much more
squashed Assam Basin) inevitably arise, a fact commonly not taken into ac-
count (e.g., Fernandez-Blanco et al., 2020; Aksu et al., 2021). During the
advanced stages of the intracontinental shortening, many such basins do not
survive intact and many become severely deformed out of recognition (Fig.
3; for some of the Central European examples, see Sengor, 1995). Their pres-
ence can only be recognised if one is aware of the possibility of their presence
and characteristics (e.g., Van Buer et al., 2015). It is therefore of some im-
portance to know their characteristics for studies of the historical geology of
the continental convergent plate boundary zones.

Figure2

The northward motion of Africa, together with that of Arabia is a major
factor that shapes the tectonics of the Eastern Mediterranean (McKenzie,
1972; Sengor, 1979; Sengor et al., 1985; Sengor et al., 2019; Ozeren and
Holt, 2010). Africa has recently been divided in the Eastern Mediterranean
into a Nubian and a Sinai plate or block (Mahmoud et al., 2005). The
relative velocities reported between them, amounting to hardly a cm/yr, are
insufficient to define separate plates. We use the Sinai block here, as defined
by Mahmoud et al. (2005), only to define a practical block geometry to be
able to model, albeit crudely, the current motions. Ozeren and Holt (2010)
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in their kinematic model which they used as the principal constraint for the
dynamical model did not use any GPS data to the south of Turkey (Because
there was not any except the single station, NICO, in Cyprus). This probably
led them to obtain, in their inversion, unrealistic stress boundary conditions
along the southern boundary of their study region which roughly follows the
southern coast of Turkey and the Hellenic Trench (fig. 7 in their study).

Figure3

The kinematic problem of the Eastern Mediterranean is complicated by
the fact that huge expanses of the region is under the Mediterranean Sea
and thus inaccessible to direct field observation to measure the present-day
motions. The only place within the Eastern Mediterranean Sea Basin, where
one can anchor the GPS-based kinematic deformation models is the Island of
Cyprus where the GPS data have been very inadequate so far, however. To
remedy this situation, we conducted GPS surveys in Cyprus and revisited 18
points that have been previously measured in 1998 and 2001. Furthermore,
we processed data from seven permanent GPS sites in the southern part of
the island. For the first time, we now have a reasonable spatial coverage of
space geodetic data in Cyprus enabling us to construct a kinematic model
of the easternmost Mediterranean alongside a more detailed understanding
of the deformation within Cyprus. We also revisited several GPS survey
sites in the Turkish mainland to constrain the kinematics from the north.
Furthermore, we also utilized the GPS velocities from previous studies that
are mentioned in detail in the relevant sections below.

We performed a block model approach to calculate the rigid block mo-
tions, and coupling on the block boundaries that are defined as dislocation
sources (McCaffrey et al., 2007). Our model also allows internal deformation
of the blocks, but the deformation within the individual blocks is not allowed
to vary spatially. After obtaining the slip rates, we employed a continuum
kinematic approach (Haines and Holt, 1993; Beavan and Haines, 2001) to
monitor the strain rate field of the study area. It also enables us to get a han-
dle on the finite strain geometry since the Miocene with a view to interpreting
the way in which the kinematic field may have changed spatially to the north
of Cyprus. This concerns the type of faulting in the Cilicia Basin and Adana
Basin to the northeast, which is largely buried under the thick delta deposits
of the rivers Seyhan (classical Saros) and Ceyhan (classical Pyramos) (e.g.
Aksu et al., 2014b). The proper modeling of the region using additional GPS
constraints is not only important for understanding the regional kinematics
but it is also imperative to understand the nature of the boundary condi-
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tions imposed on Anatolia from the south. For instance, the styles of the
dynamically calculated strain rate tensors by England et al. (2016) just to
the north of the Gulf of Iskenderun show almost no compressional component
possibly due to the misrepresentation of the boundary forcing in the lack of
GPS constraints further south (see fig 9 in their manuscript; for a critique
of the dynamics represented in that paper, see). This has very significant
consequences for the deformation field in southernmost Turkey as we show
below. Another problem with the tectonic interpretations published so far is
the scant attention paid to the migration of shortening southwards from the
Inner Tauride suture in Turkey (see Sengor et al., 2019).

In the meantime, the availability and the quality of earthquake data have
improved dramatically and now we have a large number of fault mechanism
solutions and earthquake hypocentre locations. We have plotted the available
earthquake hypocenter data on a roughly north-south cross-section to be able
to see the location of the active loci of deformation. We further looked at the
Pleistocene and Holocene rates of uplift obtained from palaeontology. We
summarise all these data in the next section, before we present the new GPS
data with a view to combining them into a synthesis. The following section
reviews briefly the geological development of the area since the Oligocene,
which is the earliest date when the Arabian plate collided with the East Ana-
tolian Accretionary Complex to eliminate the Neo-Tethys in Eastern Turkey
and initiated the neotectonic episode in Turkey (Sengor et al., 1980; Sengor
et al., 1985; Sengor et al., 2003, 2008). Our review shows the relationship
between the events associated with the Neo-Tethyan closure along the Inner
Tauride Ocean and those related to the activity of the Kahramanmarag triple
junction. The elucidation of that relationship is one of the main points of
our paper.

2. Regional Geology of the Study Area

Our area of interest forms the frame of the northeastern corner of the
Eastern Mediterranean and includes southern Turkey and Cyprus plus the
intervening marine basin of Adana/Cilicia. Fig. 4 is a geological map showing
only the rocks and structures younger than the Oligocene, the time interval
relevant to this paper. All blank areas on land are pre-Miocene rocks and
structures. The submarine areas are also left blank.

Figure4
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Initially, near the end of the Oligocene, area shown in Fig. 4 was uplifted
and became a site of erosion or, locally, non-marine clastic deposition (Demir-
tasli, 1984; Ozgiil, 1976; Gedik et al., 1979; Ketin, 1983), in a few places dot-
ted with lakes that localised lacustrine sedimentation, as, for example, in the
case of the Ermenek Basin (Ilgar and Nemec, 2005). An irregular topography,
dissected by numerous river valleys of diverse sizes, was invaded by the sea
beginning in the Burdigalian. Widespread carbonate deposition, in places
laterally interfingering with clastics and passing southward into deep-water
turbidites, as in the Adana basin, became established with the onset of the
sedimentation of the so-called Silifke Formation of Middle to Upper Miocene
age (Gorur, 2014, 1994); correlative with it is the Tepekdy limestones, which,
in places, have a conglomeratic base that may reach into the Lower Miocene,
in places even into the uppermost Oligocene (Demirtasli, 1984; Demirtasli
et al., 1984; Gedik et al., 1979; Ozgiil, 1976; Ketin, 1983; Safak et al., 2005;
Bassant et al., 2005, see the summary diagram for the entire area in Kelling
et al., 2005 fig. 5).

The sedimentation in the area shown in Fig. 4 has been interpreted in
terms of global sea-level changes caused by 400-Ka orbital eccentricity cycles
indicated by third-order sequences, and the parasequences that allegedly re-
sponded to 100 Ka orbital eccentricity cycles. All of this was claimed without
taking the local tectonics into account in a tectonically highly mobile foreland
environment (Bassant et al., 2005, e.g.). Miall (2010, p. 283) pointed out,
after a study by Naylor and Sinclair (2007), that episodicity of thrust belt
activity ranges between 0.1 and 5 Ma. This is of importance in interpreting
the sedimentary sequence development in the Goksu-Taseli plateau, because
they form the upper surface of hanging wall of thrusts that have been active
since the early Miocene. Therefore, we find it impossible to agree with the
global sea-level implications claimed by Bassant et al. (2005) and ascribe the
facies shifts in the Mut Basin to tectonic mobility that is even more com-
plicated in this area than the models discussed by Miall (2010, section 10.3)
for the reasons discussed using Fig. 5 as a guide. Fig. 5 is a schematic rep-
resentation of the outlines of the Miocene tectonics of the Central Taurus.
Fig. 5A shows the situation before the closure of the Inner Tauride Ocean,
i.e., before the Bartonian. In 5B the Inner Tauride Ocean has closed by
the collision of the Kirsehir Block with the Menderes-Taurus Block, which
bent the latter in the manner shown, creating the southern ‘belly’ of Ana-
tolia (Sengér et al., 2019, see). The growth of the ‘belly’ was most likely
helped by the formation of tear fault systems represented schematically by

5
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the two strike-slip lineaments as shown in Fig. 5C, now expressed mainly
by two prominent negative Bouger gravity anomaly lineaments, indicating
the presence of young sedimentary basins along them (Makris et al., 1998).
They are now inactive, as the shortening has already migrated south into
the Adana/Cilicia Basin and Cyprus. The one in the west is the Mut Basin
(Gedik et al., 1979; Bassant et al., 2005; Eris et al., 2005; Safak et al., 2005).
Fig. 5C shows how such a basin may have come into existence, although
surface evidence of faulting, in the form of steep normal faults that cut the
entire outcrop in the Mut Gorge, is rare, but present nevertheless. The Mut
Basin is here interpreted as a strike-slip related basin, although whether it
is a pull-apart basin, or a constraining bend flexural basin, or even a wedge
basin in unknown, because neither its sedimentary geometry, nor its bound-
ing faults have been mapped in any detail. The best existing map is that
by Gedik et al. (1979, fig. 2), published at a scale of 1/500,000. The dis-
tribution of the Burdigalian Deringay Formation on that map (see our Fig.
4) vaguely indicates a constraining bend basin geometry as depicted in Fig.
5C, but it could almost equally well be a pull-apart basin. The point here is,
however, that the tectonic ground motion in the Mut Basin must have been
a combination of the motion of a thrust fault hanging wall and strike-slip
basin subsidence atop it

Figureb

Studies on the vertical motions since the Miocene support this inter-
pretation. Several researchers have investigated the uplift dynamics of the
southern Central Anatolian Plateau in the light of a multi-phased uplift sce-
nario since the Miocene (Cosentino et al., 2012; Schildgen et al., 2012, 2014;
Cipollari et al., 2013; Radeff et al., 2017; Ogretmen et al., 2018; Racano
et al., 2020) involving lithospheric mantle delamination, slab roll-back and
break-off, and consequent asthenospheric upwelling. These studies relied on
cosmogenic exposure ages of gravels from the Goksu River terraces (Schildgen
et al., 2012), micropaleontological data from the marine deposits in Mut and
Adana basins (Cosentino et al., 2012; Schildgen et al., 2012; Cipollari et al.,
2013; Ogretmen et al., 2018), Miocene-aged fluvial conglomerates (Cosentino
et al., 2010; Radeff et al., 2017), and abandoned marine platforms (Racano
et al., 2020).

Cipollari et al. (2013) placed the maximum age of the surface uplift to ~8
My based on calcareous nannoplankton ages from the Mut Basin. Cosentino
et al. (2010) and Radeff et al. (2017) interpreted the Upper Messinian-Lower
Pliocene (5.45-5.33 My) fluvial conglomerate deposits of the Handere For-

6
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mation (Adana Basin) as uplift-related and resulting in ~4 mm/yr uplift.
The latest uplift-phase was later revised by Ogretmen et al. (2018) through
detailed biostratigraphic age and paleodepth reconstructions from the Early-
Middle Pleistocene aged marine deposits found at ~1 km asl in the Mut
Basin pointing to ~3.2-3.4 mm/yr uplift rate since 0.46 My (Fig. 6B). Ma-
rine terraces developed after the deposition of these marine deposits yielded
similar uplift rates from 3.8-3.4 mm/yr to 1.6-1.1 mm/yr for the present-day
(Racano et al., 2020). Some other researchers proposed an alternative opin-
ion as well. For example, Ferndndez-Blanco et al. (2019, 2020) suggested a
monoclinal flexural system driven by lower crustal flow resulting in forearc
high uplift due to Cyprus-Anatolian subduction. However, they state that
their model does not account for the uplift rates documented by Ogretmen
et al. (2018).

In order to understand the geometry and the cause of the vertical motions
in the Central Taurus, we have compiled the available earthquake data and
the tomographic models of the mantle beneath it. The long-term seismicity
catalogue between 1905 and 2019 is obtained from KOERI (KOERI:, 2001;
http://www.koeri.boun.edu.tr). The magnitude of completeness of the cat-
alogue is ~Mc=4. The mean horizontal location uncertainty is less than 5.0
km in NS and E-W directions. The mean of the depth uncertainty is ~3.5
km, varying between 2.0 and 8 km. The seismicity cross-section along the
profile in Fig. 6B is filtered based on the quality factors such as horizontal
location uncertainty < 5 km and RMS < 0.5 s. For the crustal and upper
mantle structure, we used a cross section along a N-S profile at 34° from the
new high-resolution tomographic of Karabulut et al. (2019). This model is
computed using 860 broadband seismic stations providing an improved im-
age of the slab structure in the Aegean-Anatolia domain (Karabulut et al.,
2019). The model exhibits major discontinuities of subducting slabs from
Hellenic to Cyprus subduction zones.

Fig. 6 shows a simplified structural cross-section across Central Turkey
and Cyprus together with the earthquake hypocentres in the grey area where
the hypocentres are projected onto the profile line shown on the same fig-
ure. The surprising feature of this figure is the high concentration of the
earthquakes in the Central Taurus from where it decreases both south into
the Eastern Mediterranean and northward into the Ova Province of Central
Turkey underlain by the Kirgehir Massif (Sengor et al., 1985, for the defi-
nition of the ova province, see). However, as this seismic activity is of low
magnitude and no focal mechanisms are available we will have to rely on

7
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the geodetic strain to infer the deformation style. The overall geometry is
strongly reminiscent of the Western and Central Alps, also shown in our Fig.
6A. In this scenario, the Bolkardag Massif is the tectonic equivalent of the
Lepontine nappes, the Taurus Nappes of the Helvetic Nappes, the Central
Taurus foreland and the Cilicia Basin the equivalent of the Molasse basin
and the Kyrenia ranges in Cyprus the equivalent of the Jura Mountains. An
analogy may also be considered regarding convergence and uplift rates. Con-
vergence has ceased in the Western Alps and is less than 1 mm/yr along the
Central Alps cross section here considered (Walpersdorf et al., 2018; Serpel-
loni et al., 2016). Yet, uplifts rates of 1 mm/yr to 2.5 mm/yr are observed
in the core of the Alps and the widely accepted view is that post-glacial re-
bound and erosion cannot fully explain them, suggesting an involvement of
the mantle (Sternai et al., 2019). The possibility of a recent slab break-off
below the Western Alps has been proposed, but is disputed (Lippitsch et al.,
2003; Zhao et al., 2016). Nevertheless slab break-off is unlikely to provide a
satisfactory explanation for the Central Alps where a continuous lithospheric
slab is well imaged.

Figure6

Seismic tomography down-dip of the Cyprus Arc subduction shows very
different distributions of mantle velocity anomalies over its western part be-
tween Antalya and Cyprus where a slab of subducting lithosphere is indeed
observed to a depth of at least 300 km, and its eastern part where the slab ap-
pears to be interrupted. Recent studies (Portner and Hayes, 2018; Kounoudis
et al., 2020) confirmed cold regions in the upper mantle are under the area
between the Bolkar culmination, the coastal areas of Adana, Mersin and be-
neath the Cilicia basin. The northern edge of this zone 300 km north of
the subduction trench, coincides with southern edge of the Cappadocia vol-
canic province, where the upper mantle is anomalously hot. Below this hot
zone a high velocity body extends vertically in the mantle from 200-300 km
down to 600 km depth and has been interpreted as resulting from slab break
off. One may wonder if this volume of lithospheric material can be truly
attributed to the Cyprus Arc subduction. The total convergence between
Africa and Eurasia since the beginning of the Oligocene in this region is at
least 400 km (Rosenbaum et al., 2002) and this value does not account for
additional convergence due to the motion of Anatolia since about 13 Ma
that could amount to a maximum of about 100 km. However, part of the
total convergence has been accommodated by intracontinental shortening in
Anatolia and the initiation of subduction could have happened anytime be-
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tween the Eocene Tauride collision and the Miocene initiation of Anatolian
extrusion. This leaves a large uncertainty on the amount of lithosphere sub-
ducted. Moreover, the limit between the western and eastern domains of
the Cyprus Arc also corresponds to the limit between subduction of oceanic
crust and subduction of thinned continental crust (Le Pichon et al., 2019)
and it appears likely that a vertical slab tear is present between these two do-
mains in the prolongation of the Paphos Fault (Guvercin et al., 2021). There
are thus several possibilities to explain the tomographic images. The most
commonly proposed interpretation is an ongoing slab break off along an hor-
izontal tear propagating westward (Biryol et al., 2011; Portner and Hayes,
2018; Kounoudis et al., 2020) and the history of magmatism suggests this
process may have started during the Middle Miocene from a tear between
the Cyprus and the Bitlis slabs (Reid et al., 2019). Another is to consider
that the Eastern part of the Cyprus Arc has not, or only briefly functioned
as an oceanic subduction. In this case, the high velocity zone observed in the
deeper mantle may represent continental lithosphere dropped from below the
Central Anatolian Plateau (Gogiis et al., 2017), combined with slabs from
older subductions north of the Taurus block.

The question now becomes, how this ‘orogenic’ model relates to the
present-day motions in the area. The following section utilizes the new GPS
data in addition to the existing data to construct two kinematic models (a
block model and a continuum model) to shed light on the present-day be-
havior of this enigmatic region.

3. GPS Observations and Analysis

3.1. GPS Data

The data assessment was performed with a combination of GAMIT/GLOBK
software Herring et al. (2018) and a stochastic approach we adopted. In order
to determine the coordinates of all stations for each session (day), Interna-
tional GNSS Service (IGS) final orbit and clock products were used. We
also preferred to incorporate the IGS sites into the evaluation to apply more
reliable constraints. This is because there were fewer permanent stations
before 2009. GAMIT/GLOBK software integrates the double differences
method and some combinations of the different carrier phases to eliminate
both geometric and non-dispersive delays into the solution. We also utilized
the VMF1 mapping function to minimize the effect of the tropospheric delay
(Boehm et al., 2006). Once the daily evaluation of the dataset was performed
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successfully, we handled the time series analysis step by treating the cam-
paign and continuous sites differently. For those have 24 hr observations for
365 day in a year, instead of applying a Global Kalman filter (the GLOBK
part of the above-mentioned software), we adopted a different strategy to
obtain a revised position time series and associated errors. We explain the
details of this below.

The signals at two thirds of the continuous GPS sites used in our study
consist of uniform velocities with repetitive seasonal signatures superim-
posed. They are well matched by linear terms, accounting for the velocities,
combined with sinusoids having yearly and half-yearly periods. Seasonal
signals are yearly but tend to be asymmetric about their maximum and min-
imum values, indicating that higher order harmonics contribute. Adding
lower amplitude sinusoids with half-yearly periods proved sufficient to ob-
tain good fits. For such sites there is no need to follow standard practice of
adding random noise to obscure seasonal effects, because the seasonal con-
tributions are predictable. However, without large amplitude noise that is
statistically independent at each time sample, conventional regression anal-
ysis tends to underestimate velocity standard errors. Our remedy for this
problem is explained below.

First, we tidy outlying observations by adding the squares of the misfits to
the predictions to the variances of all observations. This perturbs the weights
assigned to the observations, so we iterate until convergence is achieved. It
increases the regression-analysis velocity variances by a factor of ~2, given
typical misfits to the observations of order one standard error. Our median
and mean root-mean-square normalized misfits for good sites are 0.99 and
1.10. For the other third of sites (discussed below) these numbers increase
to 2.03 and 2.22. Even increasing variances by factors of 5 or 10 is far
from enough to get round the key issue with conventional regression. Linear
regression analyses work from the premise that observations are statistically
independent. GPS observations, however, are strongly correlated one way
for 6 months of each year and strongly correlated the other way for the other
6 months.

How many truly independent observations are there in a continuous GPS
time series? Our conservative presumption for the number of truly inde-
pendent observations in a continuous GPS time series is that there are only
two per year when seasonal terms are the dominant nonlinear contribution.
True velocity variances are inversely proportional to the number of statisti-
cally independent observations. Our main step is to multiply the increased
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regression-analysis variances from the first step by the total number of ob-
servations and then divide by the number of 6-monthly periods. The net
result for time series of order 10 years is velocity standard errors of order 0.1
mm/year, versus standard errors of order 0.01 mm/year without our main
step. In comparison, velocity standard errors from adding noise to obscure
seasonal effects are 5-10 times larger than our final values.

To validate our simple estimates of velocity standard errors, we performed
Monte Carlo trials with 100,000 randomly chosen subsets of the observations
at each site. Observations in each subset were restricted to be at least 6
months apart. Otherwise, all observations had the same chance of being
chosen, and the subsets were expanded until no more observations could be
added without violating the restriction. Then velocity estimates were ob-
tained from the subsets by simple straight-line regression. For each site that
gave a probability distribution of velocities. Even at bad sites the velocity
standard deviations agreed with our simple standard error estimates. Apart
from generally having worse misfits in our original regression analysis, what
distinguished bad sites from good sites most clearly was the shapes of their
velocity probability distributions. Good sites have distributions close to be-
ing normal in the statistical sense, whereas bad sites overall do not.

The third of continuous GPS sites we are referring to as bad have one or
more of the following issues: non-repetitive seasonal signals, short-term per-
turbation to the pattern of movement, and long-lasting changes in apparent
velocity. With less than a handful of exceptions, the conventional approach
of adding sufficient random noise to obscure deviations from straight-line fit
gives velocity standard errors large enough to cover whatever the true veloci-
ties might be at these sites. The few exceptions are dealt with by hand. The
worst case ANKR has apparent changes in velocity 10 times larger than the
noise added GLOBK standard error. To bring those apparent changes within
two standard deviations we have increased the GLOBK standard errors by
a factor of 5.

The raw position time series of survey mode sites, on the other hand, has
been assessed with two main steps. We adopted a first-order Gauss Markov
Extrapolation (Herring et al., 2018), embedded into GAMIT/GLOBK soft-
ware, whereby we generated the velocities and their raw sigma values for each
survet mode site. Once we obtained those, in the second step we followed
another route to obtain more realistic standard errors by appropriately scal-
ing them. The scaling was carried out by anchoring the campaign sites to
the continuous network by using a block model inversion that involves very
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small blocks. At that point we would like to refer that this block model does
not aim to approach any tectonic problem but rather invert for the poles of
rotations for small collections of GPS sites sufficiently close to each other so
that they are almost guaranteed to obey the same rotation. The aim here
is to do a grid search (Press et al., 2007) for a scaling factor for the errors
of the campaign sites by keeping the errors of the continuous sites constant.
The result indicates a necessary increase of errors by a factor of 2.2. A quite
similar approach was adopted by Beavan et al. (2016) and they documented
a very similar error scaling factor as well.

3.2. Unifying Velocity Fields

This study mainly focused on the southern part of Turkey and Cyprus,
boundary conditions, therefore, coming from giant plates such as Nubia and
Arabia, are the key factors to address this problem in the kinematic context.
To utilize these additional constraints the region of interest was expanded
towards both south and east directions. To do so, we incorporated the previ-
ously published velocities into our model once the data processing was carried
out successfully. Not only in terms of areal expansion, this also enables higher
spatial resolution within Cyprus and Anatolia.

The Levant fault, which has an approximately N-S orientation from the
south of the Sinai Peninsula to Kahramanmarag triple junction, is the one
of the most known tectonic features and there are various studies have been
performed to present its strain regime by taking advantage of space based
measurement systems. Alchalbi et al. (2010), for instance, aims to deter-
mine the current kinematic behavior of the northern part of the fault with
survey-mode GPS sites. Their velocity field lies down the western part of
the Arabian plate and east of the Sinai. On the other hand, Le Beon et al.
(2008) has concentrated on the southern part of this fault system and it ad-
dressed the slip behavior along the fault. Al Tarazi et al. (2011) revealed the
locking regime through both Wadi Arabia and Jordan Valley segments, and
Sadeh et al. (2012) derives the slip rates along the various segments of the
Levant fault by using both permanent and survey-mode GPS sites. Gomez
et al. (2020) is a recent study constructing a block based kinematic model
with their new GPS dataset and claim that the northern part of the fault
accumulates lower elastic strain compared to the southern part.

In addition, Viltres et al. (2022) has released a high resolution velocity
field that shows present-day kinematic of the Arabian plate. Their results
pointed out both stable behavior of Arabian plate and relatively small and
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local deformation patterns within the plate. Kurt et al. (2022) also presented
an updated velocity field that covers whole Anatolia.

We utilized some of the station velocities published by studies mentioned
above. In order for minimizing the effect of the some well-known noises
such as different data evaluation strategies, pre-defined reference frames from
different studies etc. we rotated all these velocity fields individually with
respect to our dataset.

The rotation is based on a least-square approach that aims to optimize
the transformation matrix of common stations for each velocity field pair.
Though this approach has been applied by several studies to combine ve-
locities coming from different evaluations, we made some critical changes to
the weight matrix of the objective function (see Ozbey et al., 2021, eq. 4).
We define a new parameter r; ' to re-weight the covariance matrix by C;r; !
771 has been constructed as the function of both distance and number of
observation. According to this;

Lo e e 1< Di<5 )
v e—l/nx*ny, Dz <1

where D; is the distance between ith common site pair and n,andn, is
the number of observations for the related stations. Our algorithm allows
utilizing a maximum of 5 km distance to decide that two sites fall into the
same region. It also behaves as if they are exactly the same points for pairs
of stations closer than 1km. Besides, our approach takes into account the
plate boundaries during its decision-making process as well. If the related
station pair is in different blocks, it directly rejects it. The second parameter
is the number of epochs for each site. Here it is important to note that the
number of observations of permanent sites has been postulated as 365 for a
year. Each velocity field has been rotated separately by taking the velocity
field obtained by this study as the reference system. The statistical outcomes
of these processes were tabulated in Table 7.

Figure7

4. Modeling

Our first model, aims to determine the kinematic behavior of the Nubia-
Cyprus-Anatolia tectonic system in the context of an elastic block based
approach (McCaffrey et al., 2007). Such a block model involves an inverse
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Table 1: The first column indicates the initial reference frame of the velocity fields coming
from different studies. RMS column includes the sum of the root mean square root of the
horizontal components of each common station velocity pair.

N. of

Reference  Common  RMS
Study Frame Stations  (mm/yr)
Le Beon et al. (2008)  ITRF00 21 0.69
Alchalbi et al. (2010) EURAI00 11 0.39
Al Tarazi et al. (2011) ITRFO05 22 0.93
Sadeh et al. (2012) ITRFO05 24 0.77
Viltres et al. (2022) ARAB_114 13 0.22
Kurt et al. (2022) EURA_I14 65 0.57
Gomez et al. (2020) ITRFO8 20 0.96

problem where the unknowns are, rotations for individual blocks, spatially
non-varying strain rates for each individual block, and coupling ratios on
the fault node points. The model can in principle be constrained by GPS
velocities, geological fault slip rates and the azimuth of these rates, and focal
mechanisms. We here only used GPS data. Velocity vectors used in the
inversion are shown Fig. 7 in the Arabian plate reference frame (Altamimi
et al., 2017).

The block geometry, the surface part in fact, follows the main active fault
zones (Levant fault, Cyprus Arc subduction, Kyrenia range, East Anatolian
fault), which are thought to be critical in shaping the regional tectonics. The
distribution of seismicity is another key feature defining some block bound-
aries. Our block architecture is comparable with that in previous studies
(Reilinger et al., 2006; Gomez et al., 2020) but with some differences. The
older studies considered Cyprus as part of Anatolia and did not feature the
Kyrenia range as a block boundary. This is justifiable as it would not have
been possible to constrain the motion of a Cyprus block with the very lim-
ited GPS data available on the island. The Kyrenia arc continues offshore
toward Iskenderun Gulf but the Cyprus block probably does not continue
further east on-shore. A concentrations of mostly extensional focal mecha-
nisms is observed along a NS trend crossing Iskenderun Gulf, 30 km west
of the Levant fault. We assumed this trend delineates a block boundary,
separating Anatolia and the Cyprus block on its western side from a zone
of complex deformation along the Levant and East Anatolian faults. As in-
ternal block deformation is taken into account in the model (approximated
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as a uniform strain field in each block) this deforming zone can defined as
a block. The block extends eastward along the East Anatolian fault toward
Malatya. The northern boundary of the block is composed of the Cardak
Malatya faults, which are considered active (Westaway, 2003; Sangar et al.,
2019; Acarel et al., 2019)(Fig. 8).

To the south of Cyprus lies the Sinai block which is largely under water.
Its motion is crucial for the kinematics of the Cyprus Arc subduction but
can only be constrained by velocities along the Levant coast and in Sinai.
However, GPS velocity fields in Levant and in Southern Sinai do not fit in the
same rigid block reference frame. The Levant fragment of the Sinai block may
be affected by deformation along the Levant fault while south Sinai may be
affected by extension around the Agaba gulf. This extension cannot be well
accounted for in our model, which simplifies the prolongation of the Levant
fault into the Agaba gulf as a vertical fault, and the subduction motion along
the northern edge of the block should be better constrained by the northern
stations. We thus removed velocity data below 30°N.

Figure8

Along the block boundaries, we defined 5 main dislocation sources, as
capable of accumulating elastic deformation, on which the coupling ratio will
be calculated by inversion. The Levant and East Anatolian faults, which obey
nearly pure strike-slip motion, are modeled as vertical planar sources. The
boundary between Anatolia and Malatya block is also simplified as a vertical
fault. However, to generate the geometry of dipping faults, such as the
Cyprus subduction and Kyrenia fault, we followed published interpretations
of seismic profiles (Aksu et al., 2005, 2021; Burton-Ferguson et al., 2005; Aksu
et al., 2014a; Calon et al., 2005; Hall et al., 2005; Welford et al., 2015; Feld
et al., 2017). We employed, moreover, the seismicity of the region, compiling
the earthquakes greater than M,, = 2.8. The earthquake locations validate
the geometry of the main subduction seismogenic zone between Sinai and
Cyprus down to 40 km but do not help define the geometry at depth of
Kyrenia fault between Cyprus and Anatolia.

We performed a series of synthetic tests to determine the optimal spatial
resolution of the node points for the slip rate distribution dictated by the
spatial coverage of the GPS data along both strikes and dip directions. To
this end, we used a checkerboard test whereby the main thrust interface to
the south of Cyprus is divided into planar cells for which we monitored the
level of recovery of the given slip rate boundary conditions using synthetic
GPS velocities at the same geographic locations as our data. We tested two
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Table 2: Euler Pole Parameters estimated by this study and those coming from previous
studies. Uncertainty of the parameters only available for the poles calculated directly.

Pole Lat (°) Lon (°) Q (°/Myr)  Reference
SIN - AN 32.04+£1.8 38.21£2.4 -0.596+0.084 this study
SIN - AN 31.99 36.01 -1.185 Reilinger et al. (2006)
NU - AN 31.80 35.16 -1.026 this study, Altamimi et al.
NU - AN 31.67 34.83 -1.205 Reilinger et al. (2006)
CY - AN 37.06£1.4 32.65+1.9 0.7264+0.116 this study

Abbrevations: SIN: Sinai, AN: Anatolia,

NU: Nubia, CY:Cyprus

different average cell sizes for the thrust interface. The first involved an av-
erage cell size of 35km? and the second is 10km?. These interface geometries
are given in Fig. 9A-B. The tests involved no synthetic observation noises.
The results suggest that the test carried out with bigger patches given in
Fig. 9C give better result than one consisting of the finer patch resolution
(Fig. 9D). Here, it is also important to note that we applied a secondary test
to document the contribution of the new observations in Cyprus by keeping
the same grid resolution and only using a single GPS observation in Cyprus
(NICO, the only site that was available prior to this study) lead to a much

poorer recovery in the tests.
Figure9

Once we determined the block geometry and the node distribution through-
out the planar fault surfaces, we carried out the inversion in two steps using
TDEFNODE. First, block rotation and strain rate parameters are deter-
mined by leveraging a least square inversion taking into consideration the
earth’s curvature (Savage et al., 2001). Table 2 summarizes the Euler pole
parameters estimated in this study as well as those given by previous studies.

Determining robust Euler pole parameters is of utmost importance for
addressing the motion of the Cyprus arc subduction. This problem is com-
plicated by the fact that a large part of the Sinai plate is underwater and
that the prolongation of the Sinai plate along the Levant coast (where GPS
stations are located) may be deforming. Euler poles of Sinai relative to Ana-
tolia and to Arabia were obtained by the block model inversion. In order to
estimate the Euler pole of the Nubia plate with respect to Anatolia we com-
bined our determination of the Arabia-Anatolia pole with a Nubia-Arabia
pole calculated in the ITRF No Net Rotation reference frame by Altamimi
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et al. (2017). The Nubia poles from this study and Reilinger et al. (2006)
are similar to each other albeit with a slight difference in the rotation rates.
The location of the Euler pole of Reilinger et al. (2006) for Sinai relative
to Anatolia and ours are also close to each other. The rotation rate of the
Reilinger et al. (2006) pole, however, is markedly faster resulting in a slower
subduction velocity in our model. The data we used to constrain the motion
of the Sinai block are essentially the same as in the previous studies, but we
excluded data from South Sinai (below 30°N) as these cannot be fit in the
same rigid reference frame, and this explains in large part the differences.
The pole we determined provides a better fit of GPS data along the Lev-
ant coast, but a worse fit of the GPS data in the southern part of Sinai.
We believe that this pole provides a better description of the motion of the
Mediterranean seafloor as it subducts beneath Cyprus.

In the second step, on the other hand, rather than a linear inversion, a
series of nonlinear inversions such as grid search and simulated annealing
(Press et al., 2007) has been run iteratively to solve the coupling ratio on
each node point. The green functions that coincide with the location of
the GPS stations on the surface are determined with a rigorous approach
designating the planar fault into rectangular patches (Okada, 1992). For the
parametrization of fault coupling, we express the coupling ratio as constant
between the surface and depth z1 (an inversion parameter at each node) and
decaying exponentially below, as proposed presented by Wang et al. (2003).

Figs. 10 and 11 represent the block motions and locking distributions
along the boundaries defined as dislocation sources in the model. The Cyprus
arc accommodates 3-6 mm/yr convergent slip rates reducing progressively
from west to east. The inversion estimates z1 value around 20-25 km depth,
however, due to the fact that there is no GPS data for the offshore part,
the uncertainties of the coupling coefficient are directly associated with the
distance between the node points and Cyprus, which is the closest location
including data. The motion of the Kyrenia arc, on the other hand, is mainly
the left lateral strike-slip from the northwesternmost tip to the east of the
island with rates 3-4 mm/yr. Although the slip rates along the western
prolongation of the Kyrenia arc also obey a left lateral strike-slip behavior,
the spatial distribution of our dataset may not be considered capable of
resolving this particular region. Along the boundary between the Anatolian
and Cyprus blocks on one side and the so called Malatya block on the other
side, the inversion also indicates a ~1.3 mm/yr extensional motion, which is
also in agreement with the predominantly extensional style of the earthquakes
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(see Fig. 8). Meanwhile, there are relatively larger velocity residuals on the
left side of the boundary, roughly coinciding with Adana Basin, that may
represent active deformation not properly modeled with the assumed block
geometry. Where the block boundary changes its azimuth from N-S to E-
W and along the Cardak fault behaves as an almost left lateral strike slip
behavior with a 1.8 mm/yr rate. The Malatya fault, which extends from the
eastern tip of the Cardak fault towards the north, has also left lateral strike
slip motion accounting for 1.7 mm/yr. The motion on the East Anatolian
fault zone, on the other hand, decreases from 6.2 to 5 mm/yr from Elazig
to Kahramanmarag triple junction where it connects with the Levant fault.
Some additional shear is taken up by internal deformation of the Malatya
block.

FigurelO

Figurell

4.1. Strain rates

In this section, we will determine a contemporary strain rate field to
characterize deformation styles in the region that comprises northeast Nubia,
eastern Mediterranean Sea, Dead Sea fault zone, Cyprus, Cilicia basin and
neighboring southern Turkey. Our aim is to shed light on its kinematics.
This can be useful for future dynamical models as kinematic constraints. In
the kinematic continuum model, which is based on the method described
by Haines and Holt (1993); Beavan and Haines (2001), we aim to find the
minimum strain rate field that best fits the GPS velocity field for the model
region by minimizing the following objective function:

S (4250 +5) S 2)

cells

—obs —obs —obs . .

where €, , €49, and £y, . are strain rate tensor components with respect
to longitude # and latitude ¢ for each cell, S corresponds to the surface area of
the related cell. Even though there is a possibility to prescribe the v value,
which is a weighting factor associated with the rheology of the deforming
material, for each cell individually, we employed a single uniform v value for
all the cells within the domain. In practice however the weak form of the
function mentioned above can be expressed as

> [[vE o) as 3)

elements
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Eq.3 represents the simplified penalty function of this rigorous approach,
further details can be found in Beavan and Haines (2001), Appendix 5.

Here, we solely utilized the GPS velocity field without imposing any plate
motion boundary conditions Fig 12. As mentioned above, we prescribed a
homogeneous v value to achieve a ¥? score around unity. Experiments were
made using larger v values in the grid cells in SW Cyprus and further offshore
where seismic catalogues show the clustering of earthquakes. If these are
“damage” zones their bulk deformability might be higher than other zones.
However these experiments did not significantly improve the fit to the GPS
velocities even in the near field sites in southern Cyprus.

Figurel2

The solution indicates, in general, small strain rates within Cyprus, the
second invariant rarely exceeding 20 nanostrains per year. However there
is a clear spatial variability of deformation styles on the island. To the
south of the Kyrenia range roughly N-S compression dominates while to the
north transpressive strike slip regime is found. On a larger scale, this strain
partitioning within Cyprus seems to act as a diffuse transition that rotates
the predominant compression from NW-SE in the Sinai block onto NE-SW
in the Cilicia basin immediately to the north of Cyprus. The solution does
not resolve strike slip deformation in the southwest of Cyprus where some
studies suggest the presence of two active shear zones, NNE trending Gazibaf
Transform to the west of Cyprus and Biruni fault trending NW offshore to
the NW of Cyprus (Seyitoglu et al., 2022). The lack of GPS data probably
leads us to a strain rate field much smoother than the reality in Cilicia basin
but on the large scale, the solution shows a compressive to transpressive
regime with NE-SW to N-S compression offshore to the northwest of Cyprus.
The shortening integrated along the principal strain axis between the coasts
of Cyprus and Turkey amounts to a maximum of 0.8 mm/yr. In Turkiye, a
swath of higher strain rate (more than 30 nanostrain/yr) over a width of 50-60
km is found NW of Iskenderun Gulf along the EAF trend, thus defining a Fast
Anatolian shear zone. There, principal strain directions (E-W extension and
N-S compression) are consistent with left lateral strike-slip motion and they
retain the same orientation westward all the way to Taurus and Adana/Cilicia
Basin. The areal strain is positive except at a few locations, indicating
transtensive to extensional deformation, consistent with focal mechanisms.
In the Taurus itself, strain is low (less than 10 nanonstrain/year) but display
consistent principal axis with NE-SW compression and NW-SE extension,
respectively parallel and perpendicular to the mountain range trend. Zones
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of higher strain appear to correlate with zone of higher seismic activity Fig.
13. In the East Anatolian shear zone, seismicity appears maximal on the
sides of the zones, where the block boundaries were drawn. In the Taurus,
seismicity is comparatively lower but one occurs in the prolongation of the
Tuz Golii Fault (Ozbey et al., 2022), two others are located along the coast.
Areal strain is dominantly positive, but changes sign in Mut Basin. This is
the only part of Taurus where compressive strain is observed, and this occurs
at a slow rate. Some transpression may also occur beneath Adana Basin.
From south of Turkey along the coast towards Israel, there is very poor GPS
coverage. The dominating principal strain orientations are consistent with
left-lateral shear on the levant fault. In Israel where the GPS coverage is
very dense, but still mostly located on the western side of the Levant fault,
we see some short wavelength variability of the strain rate field with the
compressional axes trending largely NW-SE. The strain rates become less
coherent towards the southern tip of Israel.
Figurel3

5. Discussion

This study mainly focuses on the present-day kinematics around Kahra-
manmaras triple junction, in particular Cyprus, southern Turkey, and the
Adana/Cilicia Basin therein. To this end, we densified the current GPS net-
work and performed periodical observations to gather further information
about the current tectonic situation of the area. Furthermore, we enriched
our dataset with published velocities by several studies carried out recently.
The geologic evolution of the region has been rigorously addressed in the
second chapter. Here, we discuss our model outcomes by comparing them
with previous studies.

5.1. Kinematics

Block based model inversion indicates that the Levant fault accommo-
dates 3-4 mm/yr slip rate, and it also increases, slightly but steadily, from
north to south. Our results mainly coincide with older studies such as
Wdowinski et al. (2004); Gomez et al. (2007); Sadeh et al. (2012), but some-
what differs with other studies which found slightly faster motion (Alchalbi
et al., 2010; Gomez et al., 2020). Meanwhile, it is important to remind that
we have no new observations in the vicinity of the Levant Fault, aside from
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new IGS sites, and our inversion leveraged the combination of published ve-
locities. In our results, slip from Gulf of Agaba to Dead Sea accounts for 3.9
mm/yr with an almost purely left lateral strike slip regime. However, the
fault orients to the northeast, towards Palmyra mountains in fact, although
the slip rate has still a strike domination with a 3.4 mm/yr rate, it also
accommodates a 1.2 mm/yr compressional rate. Gomez et al. (2020) find
a decreasing motion northward from 5.0 mm/yr to 2.5-3.5 mm/yr as they
consider 2 additional blocks transferring part of the Levant fault motion to
hypothetical offshore structures Gomez et al. (2020). In fact, we do not find
that these additional boundaries are needed to fit the GPS data acquired be-
tween the Levant fault and the Mediterranean coast. However, the removal
of data from South Sinai in our analysis may explain some of the differences
between the modeling results.

The new observations within Cyprus shed some light to comprehend not
only the deformation within Cyprus but also the current behavior of the
subduction. The slip characteristic both on Cyprus arc and Kyrenia range
indicates that an ongoing shear partitioning is the dominant regime for the
area. The subduction is still active in spite of the incipient collision with the
Eratosthenes Seamount, with near frontal convergence at a 6.0 mm/yr rate
southwest of Cyprus. The locking depth (z1) extends from the surface to 20
km depth, which is consistent with Welford et al. (2015); Feld et al. (2017).
We find a nearly pure left-lateral strike-slip motion on Kyrenia range with
a rate of 4.2 mm/yr, suggesting a nearly perfect shear partitioning between
the subduction and Kyrenia range. Previous block models (Reilinger et al.,
2006; Gomez et al., 2020) have a Sinai/Anatolia rotation pole close to ours
but treated Cyprus as part of the Anatolia block because of insufficient GPS
data on Cyprus. This pole only predicts moderate obliquity on the Cyprus
subduction, about 20° south of Cyprus, which corresponds to the critical
obliquity threshold for the onset shear partitioning above a subduction zone
(McCaffrey, 1992). The rotation motion of Anatolia vs Sinai and the arc
shape of the subduction cause a lateral variations of obliquity so that 20° is
a minimum value, but shear partitioning above a subduction should should
not in principle lower slip vector obliquity below 15-20° (McCaffrey, 1992).
It is thus possible that forces applied on the E and W boundaries of Cyprus
block play a role. the Cyprus block interacts with the Malatya block at its
NE end and conditions on this boundary are extensional. It is thus possible
that the forces applied in this zone near the triple junction influence the
motion of the Cyprus block and particularly the amount of strike-slip taken
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up in Kyrenia range.

The Malatya block is involved in shear partitioning in the East Anatolian
shear zone. Its southern boundary is the East Anatolian fault and Levant
fault zones. Its northern boundary corresponds to the Cardak and Malatya
faults. On the the East Anatolian fault (southern boundary of the Malatya
Block), we obtain 5-6.2 mm/yr strike-slip rates that are lower than previous
studies (Aktug et al., 2016; Reilinger et al., 2006). However, these studies
considered a single fault. The strike-slip rate on the Malatya fault we obtain
(1.7 mm/yr) is consistent with previous studies (Aktug et al., 2013). The
strike-slip rate on the Cardak fault we obtained from the block model is
1.8 mm/yr and is comparable with a 2 mm/yr slip rate calculated from
geomorphlogical offsets (Westaway, 2003). In addition, the principal strain
orientations between these two faults indicate left-lateral shear co-linear with
shear along the East Anatolian fault zone (see Figs. 11 and 12) with an
average rate of 35 nanostrain per year (the non-varying strain rate parameter
of the Malatya block). Assuming simple shear, the internal deformation of
the Malatya block over an average width of 50 km amounts to about 1.7
mm/yr. The strike-slip motion between Anatolia and Arabia thus appears
to be distributed between the East Anatolian fault, the faults defining the
northern boundary of the Malatya block and internal deformation of the
block. These three components add up to 8.5-9.7 mm/yr, which is consistent
with previous studies.

An earthquake sequence Feb 6 2023 ruptured both boundaries of the
deforming Malatya block. The main shock (M, 7.8) occurred on the East
Anatolian and Levant faults while a large M, 7.6 aftershock occurred on
(Cardak Faults, corresponding to a moment magnitude about half of that of
the main shock. However preliminary estimates of coseismic slip form finite
fault models and from optical image correlation indicate that the smaller
earthquake has in fact larger displacements but over a smaller rupture length.
The occurrence of these events shows that both boundaries are seismically
active and present a high seismic hazard but also suggest that recurrence
interval is very different on these two faults. Early estimates of surface slip
from Sentinel-2 image correlation are 4 m in average over a large part of the
main shock rupture with a local maximum of about 7 m, and 6 m in average
for the aftershock with a maximum of 8-9 m. Assuming these earthquakes
are characteristic of the segment they ruptured and using our interseismic
backslip estimates, recurrence intervals of 750 to 1500 year are inferred for
the East Anatolian Fault and from 3000 to 5000 years on the Cardak Fault.
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It thus appears that triggering of the Cardak Fault does not occur each
time a large earthquake occurs on the East Anatolian Fault, and probably
less than once every three cycle. It also appears likely that the M, 7.8
earthquake has a longer recurrence interval than characteristic earthquakes
on segments further east on the East Anatolian Fault. These segments are
shorter, with lower magnitude characteristic earthquakes (Aktug et al., 2016)
and the slip rate on the East Anatolian Fault increases eastward because
shear partitioning decreases away from the Kahramanmarag triple junction.

5.2. Tectonics

Fig. 12 shows the strain vector field and it has a nearly perfect agreement
with the active structures displayed in Fig. 4. In other words, two completely
independent data sets show precisely the same pattern of deformation. This
is quite astonishing in such a complexly deforming region. The basic message
they give is that the area between Lebanon and the Troodos mountains is
shortening essentially perpendicularly to the mapped active tectonic struc-
tures that strike generally east-west. Between Cyprus and Turkey the ver-
gence of the thrusts is northward. Offshore Lebanon they are north and west-
ward. When the strikes bend northward, shortening gives way to extension
because of the activity of the Kahramanmarag and the Hatay triple junctions,
as predicted by the model of Sengor et al. (1980); Sengor et al. (1985, 2019).
When we cross the Mesaoria plain, the strain vectors and the structures in-
dicate roughly north-south shortening and east-west stretching. However,
here the strain arrows refine the picture presented by the tectonic structures
by showing that in the Kyrenia Range the shortening is north-northeast and
the stretching is perpendicular to it; moreover the shortening strain increases
from east to west. Within the Adana-Cilicia basin the same pattern is main-
tained. In the western part of the basin the normal faults faithfully reflect the
stretching direction. Farther east the situation becomes more complicated
and the normal faults have increasing components of obliquity along them.
This is hardly surprising, as east of Mersin the faults closely follow the south-
ern continental margin of Turkey as it abuts against the common delta of
Seyhan and Ceyhan. The strain styles indicate some transpression in Adana
Basin but there is little evidence supporting active thrusting along the Tau-
rus range. But now, then north-south faults between the Hatay Rift and the
Misis-Andirin trend show normal faulting along west-dipping listric faults as
deduced from the locations of the earthquake epicentres and the fault out-
crops: when the fault dips are plotted against earthquake hypocentres they
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pass beneath them when continued westward. So, they must listrically bend
to meet the earthquake hypocentres (Jackson and McKenzie, 1983). When
we step outside the Adana/Cilicia basin to the north, onto the karst plateaux
of the central Taurus, the structures become much scarcer and there we are
entirely dependent on the strain vectors supplied by the GPS to obtain a
picture of the total deformation. As we argued above, this is not to say that
no deformation is taking place north of the Adana/Cilicia Basin. The earth-
quake hypocentres in our Fig. 6 also support that the deformation that once
used to be more widespread in the Taurus had migrated out southward into
the Adana/Cilicia basin and Cyprus thus diminishing the deformation inten-
sity under the karst plateaux. The gravity potential of Taurus plateau causes
compressive stresses within the Adana/Cilicia basin in front of it while the
basin is stretched east-west because of the westward escape of Central and
Western Anatolia with respect both to Eurasia and Afro-Arabia. Thus the
Adana/Cilicia basin is not a forearc basin, has never been one since the late
Cretaceous obduction in Cyprus (Sengor, 2014, see), but a flexural molasse
basin related to the closure of the Inner Tauride Ocean (Sengor et al., 2019)
that is being stretched east-west as a consequence of the escape of Anatolia.
The stretching even created some mafic magmatism in the eastern part of
the basin (Polat et al., 1997; Parlak et al., 1998). The only similar situation
that we know of is that of the Eastern Venezuelan basin within the Humboldt
keirogen, which is being shortened north-south and stretched east-west owing
to the eastward escape of the Caribbean plate with respect to South America
(Burke et al., 1978; Sengor et al., 2019). The Hegau volcanoes in the Molasse
of the Central Alps are also in a similar setting, in the far western part of
the Molasse Basin, but there we do not have the corresponding strike-slip
tectonics (see Hofmann, 1968, especially fig 1).

The continuum deformation field obtained in and around the Taurus
mountain range shows little shortening in the upper crust and does not
support active thrusting along its topographic front toward Adana Basin.
Cyprus/Anatolia motion in the block model is mostly strike-slip. This mo-
tion is in large part taken up on the Kyrenia range but residuals of the block
model suggest left lateral strike-slip motion is also taking place along the
coast of Cilicia Basin. In fact the Anatolia-Cyprus pole would predict pure
strike-slip relative motion on a fault running along this coast, which nearly
follows a small circle for the pole we determined. There is thus little con-
vergence left from the motion of Cyprus to explain the high uplift rates of
Taurus since mid-Pleistocene. It is possible that these high uplift rates are
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enhanced by erosion as they are measured near rivers that incise the southern
slope of the Taurus range at a very high rate. Notably the rapid incision of
the Goksu river in the Mut Basin may feed back on the uplift of the adjacent
plateaux, where the highest uplift rates were reported (see Ogretmen et al.,
2018). The convergence of Nubia and Anatolia may still play a significant
role. We pointed out that the lithosphere being subducted beneath Cyprus is
continental and hence that thinned continental crust is subducting beneath
Cyprus and possibly as far as beneath Central Taurus. The underthrusting
of continental lithosphere beneath Taurus may thus contribute to its contin-
ued uplift even in the apparent absence of convergence. Drawing again on
the comparison with the Alps, this situation may be analogous with the un-
derplating and exhumation of the Brianconais in the Oligocene (e.g. Jolivet
et al., 2003). It has been proposed that slab break off occurred concurrently
in the Alps, and also caused magmatism but this hypothesis may be consid-
ered untestable (Garzanti et al., 2018). In the Taurus as in the Alps, there
are other processes by which lower crust and mantle could influence the uplift
rates.

6. Conclusion

Acquisition of new GPS data on Cyprus and Southern Turkey bring new
insight on the deformation of the Kahramanmarag triple junction, Cyprus
Arc, and Taurus. Although the modeling performed in this study is limited
by the large areas underwater around Cyprus, it shows that the present day
deformation of the island may be understood as a shear partitioning system
between the Cyprus arc subduction and the Kyrenia range, which appears
to be a dominantly strike-slip boundary. The incipient collision with the
Eratosthenes seamount may not have yet perturbed much the kinematics
of the Cyprus subduction. However, the northeastward prolongation of the
Cyprus block toward the Anatolia/Arabia collision zone, is a zone of complex
deformation north and east of the Levant fault and East Anatolian Fault.
The main conclusion of this study is thus the extreme complexity caused
by the collision of two continents one of which is flanked by an ocean. The
presence of oceanic lithosphere makes escape possible which creates a strike-
slip regime, where, in a case of flush collision, would not exist where it does
here. Pre-existing structures somewhat complicate this neat picture and it
is therefore important to be aware of them. When one imagines the further
complexity that will ensue when the collision is complete, i.e., all oceanic

25



ss lithosphere is consumed, one can appreciate how naive most of our orogenic
oo evolution models must be. No prét-a-porter model can be appropriate for
o0 any tectonic environment and interpretations must be based on all available
o1 local geological data, interpreted in the light of general models, which most
w2 likely would necessitate more or less extensive modifications. In our case
w3 the complete failure of the fore-arc model is a fine illustration of this princi-
sa  ple. Neither any numerical model can hope to be successful if it ignores the
ws geology on the ground.
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Figure 1: Neotectonics of the Eastern Mediterranean region. Compressional structures
denoted by blue lines, and extensional ones red. Those represented by the black lines
are strike-slip faults. Tectonic structures were compiled from Tekeli et al. (1987); Ayhan
(1988); Yetis et al. (1991); Ulu (2009); Dalkilic and Balci (2009); Bilgic (2009); Alan et al.
(2011, 2012); Bilgin (2013); Alan et al. (2013); Sengdr and Zabci (2019, and cited studies
therein). The structures around Adana-Cilicia Basins are taken from Aksu et al. (2005);
Burton-Ferguson et al. (2005); Aksu et al. (2014a, 2021, and cited studies therein). The
thick red arrows indicate the motion of giant plates and Anatolia schole. Thicker dashed
blue rectangle points out the region of interest of this study.

Figure 2: Triple junctions located around the area. Red stars are the location of M,, = 7.7
and M,, = 7.6 Pazarcik and Elbistan earthquakes. Abbreviations: K=Kahramanmarasg
triple junction, H=Hatay triple junction, ES=FEratosthenes seamount, CA=Cyprus arc,
KR=Kyrenia range, Mr=Mersin, Bo=Bolkardag, CB=Cilicia basin, AB=Adana basin,
MB=Mut basin, GTP=Goksu-Taseli plateau, CT-Me=Central Taurus Menderes block,
Is=Iskenderun gulf, Go=Goksu river, C=Ceyhan river, S=Seyhan river

Figure 3: Incompatibility basins arising from triple junctions and their fate: A. Continent
A and continent B are approaching at the expense of the intervening ocean, which is being
consumed beneath continent A creating an easily deformable cushion at its margin. B.
Continent B is divided into two pieces, B’ and B” by a north-south triking transform
fault. When continent B” collides with continent A’s easily deformable cushion, it creates
two strike-slip faults along which a portion of the easily deformable part of A is expelled
westward. This leads to the formation of a Karliova-type incompatibility basin at a, and an
Adana/Cilicia-type incompatibilty basin at b. C. When full collision occurs following the
elimination of all ocean between the two approaching continents, the previoubsly formed
incompatibility basins will also be squashed and obliterated out of recognition, except by
careful local geological studies. If one is not consciously looking for them, they may be
easy to miss amidst the complex structure of the ensuing collisional orogen and deprive
the geologist of precious clues for the origin of some of the unexpected fabric encoundered.

Figure 4: Geologic formations, digitized from (Ed. Senel, 2002, Geological Map of Turkey,
Adana), (Ed. Ulu, 2002, Geological Map of Turkey, Konya), and Geological Survey De-
partment of Cyprus (2009) younger than Oligocene and some formations were updated
according to Ogretmen et al. (2018, fig. 2).

Figure 5: A. Menderes-Taurus Block after the Bozkir ophiolite obduction B.Menderes-
Taurus block after the collision with the Kirgehir Massif along the Inner Tauride suture.
M is the Menderes wing and B is the Bolkardag wing. T is the ‘belly of the Taurus’. The
distribution of the Burdigarian deposits reveal the shape of the Mut Basin, a strike-slip
related basin (uncertain whether a pull-apart or a constrainig bend basin. We here prefer
the latter. C. The geometry of the ‘Mut type’ strike-slip basin forming on a bulge of the
hanging wall atop a thrust fault.
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Figure 6: A. Rate of current uplift in the Central Alps. Notice that the maximum uplift
coincides with the maximum thrust stacking under the Lepontine dome. B. Setting of the
Cilicia/Adana Basin as a molasse basin in front of the impinging Tauride thrusts from
the north. Notice that here too the maximum rate of uplift is atop the underthrusting of
the maximum thickness of the continental lithosphere, despite the cold mantle under it.
The lively seismicity shows that the thrusting of the Bolkardag allochthon is still active
albeit with a small rate of motion as judged from the small magnitude earthquakes.The
Cilicia/Adana Basin is here shown as an equivalent of the Alpine molasse basin.the Kyrenia
Range atop the Troodos/Paphos-Polis oceanic allochthon is an equivalent of the Jura
mountains. The Seyhan and Ceyhan delta gradually fills the Cilicia/Adana basin from
the eastern end just like the Shatt al-Arab delta in the Persian Gulf fills it from the
north and the Ganges/Brahmaputra delta fills the Gulf of Bengal from the north. Further
explanation is in the text

Figure 7: a) Unified Velocity field with respect to the Arabian fixed reference frame.
Blue arrows represent the processed stations and red arrows show unified stations taken
from previous studies. b)GPS sites around Cyprus and the southeastern coast of Turkey.
Triangles show continuous sites and hexagons are survey mode sites. Each color represents
different networks. c)Normalized and Weighted Root Mean Square histograms for the
north and east components of the processed stations.

Figure 8: a) Block geometry and seismic activity around the region. Blue line represents
the boundaries defined as dislocation sources, red lines, on the other hand, correspond
to the other block boundaries which do not accumulate elastic strain. Focal mechanisms,
derived from the Global Centroid Moment Tensor (Global CMT) catalog (Ekstrom and
Nettles, 1997), represents the earthquakes bigger than M, = 4.5 have occured as of 1976.
They were scaled according to their magnitudes. b) The cross sectional view from the
northern tip of the Cyprus Arc to the Kyrenia range (yellow line on the map). Focal
mechanisms and red dots, which are the earthquakes coincide with the domain of the
cross section, were projected onto the section.

Figure 9: Checkerboard test. a-c are the forward of model coupling distribution of the
test for low and high resolution patterns respectively. b-d shows the inversion results of
these two tests.

Figure 10: Coupling coefficient distribution on the dislocation sources.

Figure 11: a) Fault slip rates and residual velocities. The values with no parentheses are
the strike-slip rates (Positive means left lateral) and the slip rates within the parentheses
are convergence rates (positive means compression). Red arrows are the strain rate crosses
for each block. b) Cumulative histogram of the normalized residuals in Fig. 1la. The
black curve indicates the chi-square distribution of the north and east components.
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Figure 12: a) Strain rate field of the area. Arrow crosses are the principal strain rate
tensor components. Black arrow belongs to the compression component of each tensor
while white ones are the extensional component. The grid represents the areal strain
change that accounts for the trace of the tensor for each cell. Grey color indicates the
location out of the grid domain. b) Continuum Kinematic model solutions. Red arrows
are the observed velocites and blu arrows are the model result.

Figure 13: Seismicity and the second invariant of the strain rate tensor (obeying the

formula %(Eklgkl)). Grey color indicates the location out of the grid domain. Seismicity

catalog was taken from Karabulut et al. (2019).
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