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Abstract: On 6 February 2023, a devastating doublet of earthquakes with magnitudes of Mw 7.8 and
Mw 7.6 successively struck southeastern Turkey near the border of Syria. The earthquake sequence
represents the strongest earthquakes in Turkey during the past 80 years and caused an extensive loss
of life and property. In this study, we processed Sentinel-1 and GPS data to derive the complete surface
displacement caused by the earthquake sequence. The surface displacements were adopted to invert
for the fault geometry and coseismic slip distribution on the seismogenic faults of the earthquake
sequence. The results indicate that the coseismic rupture of the Turkey earthquake sequence was
dominated by left-lateral strike slips with a maximum slip of ~10 m on the East Anatolian Fault Zone
(EAFZ) and the Sürgü fault (SF). Significant surface ruptures are recognized based on the geodetic
inversion, which is consistent with the analysis of post-earthquake satellite images. The cumulative
released moment of the two earthquakes reached 9.62 × 1020 Nm, which corresponds to an event
of Mw 7.95. Additionally, the interseismic fault slip rates and locking depths along the central and
western segments of the EAFZ were estimated using the high-resolution long-term velocity field.
The results reveal significant lateral variations of fault slip rates and locking depths along the central
and western segments of the EAFZ. Generally, the estimated fault locking zone showed good spatial
consistency with the coseismic fault rupture of the Mw 7.8 shock on the EAFZ. The static coulomb
failure stress (CFS) change due to the Mw 7.8 earthquakes suggests that the subsequent Mw 7.6 event
was certainly promoted by the Mw 7.8 shock. The stress transfers from the fault EAFZ to the fault SF
were realized by unclamping the interface of the fault SF, which significantly reduces the effective
normal stress on the fault plane. Large CFS increases in the western Puturge segment of the EAFZ,
which was not ruptured in the 2020 Mw 6.8 and the 2023 Mw 7.8 earthquakes, highlight the future
earthquake risk in this fault segment.

Keywords: Turkey earthquake sequence; GPS; slip distribution; East Anatolian Fault Zone

1. Introduction

The East Anatolian Fault Zone (EAFZ), which lies between the Arabian plate and
the Anatolian plateau, is one of the most active transform fault zones in the world, and
it accommodates the westward extrusion of the Anatolian plate from the continental
collision between the Arabian and Eurasian plates of the Late Miocene (∼11 Ma) [1].
The NE-trending EAFZ intersects the North Anatolian Fault (NAF) at the Karliova triple
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junction and then extends southwestwards about 700 km to the Kahramanmaras triple
junction near Antakya, where it joins the Dead Sea Fault Zone (DSFZ) (Figure 1a) [2]. In
geomorphology, the EAFZ is characterized by many distinct strands and splay faults with
conjugate fractures and pull-apart basins, exhibiting a very complicated structure among
different fault segments [3–5]. Geological and geodetic studies suggest that the EAFZ is a
major left-lateral strike-slip fault with current slip rates varying between 4 and 10 mm/yr
based on different measurement techniques, which is much smaller than the slip rates of
21~25 mm/yr on the NAF [6–8]. In the past century, only two large earthquakes (1905 Ms
6.8 and 2020 Mw 6.8) occurred on the EAFZ, indicating a quiescent characteristic of seismic
activity in the EAFZ compared to the strong earthquake productivity on the NAF [9].
The space–time distribution of the long-term seismicity indicates that the southwestern
segment of the EAFZ shows relatively lower seismicity levels than the northeastern segment,
suggesting highly heterogeneous seismic behavior along the EAFZ [2,10]. Many studies
suggest that the highly segmented and heterogeneous fault zone of the EAFZ could be
related to the geometric complexities, the fault coupling variations, and the low fault
maturity [10,11]. However, our understanding of the heterogeneous fault behavior along
the EAFZ is still limited due to a lack of well-recorded large earthquakes in this region.
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Figure 1. Tectonic setting of the 2023 Turkey earthquake sequence. (a) The main active faults and
historical earthquakes in south-central Turkey. The black solid lines indicate the main active faults.
The black beach balls indicate instrumental earthquakes in south-central Turkey with Mw > 4.5 in
1976~2023. The blue and red beach balls denote fault plane solutions of the 2023 Turkey earthquake
sequence derived from the GCMT ad USGS, respectively. The blue squares show the locations of
GPS stations from the CORS of Turkey. The upper left insert shows the block boundaries near
Turkey from Bird [12]. The lower right insert outlines the SAR data coverage of the two Sentinel-1
image pairs. (b) The preliminary surface ruptures (blue squares) of the Turkey earthquake sequence
based on analysis of post-seismic satellite data. The pink stars show the location of large historical
earthquakes in the EAFZ [4]. Two red stars mark the locations of the epicenters of the earthquake
sequence. (c) The aftershock distributions of the 2023 Turkey earthquake sequence derived from
Lomax [13]. Abbreviations are: DSFZ: Dead Sea Fault Zone, EAFZ: East Anatolian Fault zone, KMTJ:
Kahramanmaras triple junction, MF: Malatya Fault, NAF: North Anatolian Fault, NF: Nurdagi-
Pazircik Fault, and SF: Sürgü fault.
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On 6 February 2023, a destructive Mw 7.8 earthquake struck south-central Turkey near
the Syrian border. The epicenter of the earthquake is located at (37.226◦N, 37.014◦E) and
10 km deep according to the report of the U.S. Geological Survey (USGS). Approximately
nine hours later, an Mw 7.6 earthquake occurred about 100 km away from the north of
the epicenter of the first Mw 7.8 shock. The two earthquakes are the strongest earthquake
sequence in Turkey in more than 80 years and the fifth-deadliest earthquake of the 21st cen-
tury, as a total of over 52,000 casualties in Turkey and Syria were caused by the earthquake
sequence according to the Disaster and Emergency Management Authority of Turkey [14].
The moment tensor derived from both the Global Centroid Moment Tensor (GCMT) and
USGS solutions suggest that the Mw 7.8 shock was driven by oblique left-lateral strike-slip
on an NE–SW trend of fault (Figure 1a). For the Mw 7.6 shock, the fault-plane solution
indicates that the rupture was predominantly a strike-slip on a nearly EW-trending fault.
More than 12,000 aftershocks caused by the Turkey earthquake sequence were recorded
using the enhanced, absolute-timing earthquake location procedure (Figure 1c) [15]. Both
the rapid moment solutions and relocated aftershocks suggest that the Mw 7.8 event mainly
ruptured the western segment of the EAFZ and the Mw 7.6 event mainly failed the Sürgü
fault (SF) that represents the northern strand of the EAFZ. This result is consistent with
the mapped surface ruptures based on analysis of the post-earthquake satellite images
(Figure 1b) [16].

In recent years, the rapid developments of space geodesy technologies, such as the
Global Positioning System (GPS) and Interferometric Synthetic Aperture Radar (InSAR),
have made it much more convenient to map the surface deformation caused by moderate
and large earthquakes [17,18]. For the 2023 Turkey earthquake sequence, both GPS and
InSAR measurements provided unprecedented data coverage of the main deformation
zone, thus providing a rare opportunity to investigate the characteristics of coseismic fault
slip and the heterogeneous fault behavior along the EAFZ. In this paper, we first process the
GPS and InSAR observations to derive a complete three-dimensional (3D) displacement of
the Turkey earthquake sequence. Then we invert for the coseismic fault slip distribution of
the earthquake sequence using the GPS and InSAR measurements. Moreover, we estimate
the interseismic fault motion parameters (slip rate and locking depth) along the EAFZ
constrained by the recently published high-resolution surface velocity field [19]. Finally,
we discuss the heterogeneous fault behavior of the EAFZ and the implication for future
seismic hazards.

2. Geodetic Measurements
2.1. GPS Data

We collected high-rate (1 Hz) GPS data from the Continuously Operating Reference
Stations of Turkey (CORS-TR), which are located within 300 km of the epicenter of the
Mw 7.8 event. The raw GPS data of 25 GPS stations were processed using the open-source
PRIDE PPP-AR software based on a precise point positioning ambiguity resolution [20].
In the detailed processing strategy, we used the precise orbit products (sp3) provided by
the CODE (Centre for Orbit Determination in Europe) final products to determine the
precise satellite orbit and clock parameters. The ionospheric-free combinative observation
was adopted to remove the first-order ionospheric effects. The impact of tropospheric
delays was corrected using the Saastamoinen model for a priori wet and dry delays [21].
Then the Global Mapping Function (GMF) model was utilized to estimate the residual
zenith delays [22]. In the undifferenced processing module, the station coordinates, receiver
clocks, zenith tropospheric delay, horizontal tropospheric gradients, and float ambiguity
parameters were estimated using the least-squares adjustment method. After this step,
the module of integer ambiguity resolution was then used to fix the ambiguities and
generate the integer ambiguity parameters. Finally, these integer ambiguities were treated
as hard constraints in the parameter estimation process to obtain ambiguity-fixed solutions.
Figure 2a–f shows the deformation time series for sites ANTP and MLY1, which are located
close to the epicenters of the two earthquakes. Clear horizontal offsets on the two sites
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could be recognized for both the Mw 7.8 and the Mw 7.6 events, while the vertical offsets
for the Mw 7.6 event were not obvious. The coseismic offsets caused by the two events
were estimated after fitting the deformation time series before and after the earthquakes
separately (Figure 2g,h). The mean uncertainties of the coseismic displacements are 0.53 cm
and 0.64 cm for the east and north components, respectively. For the Mw 7.8 event, the
maximum displacements occurred on site MLY1 with a movement of 0.3 m along the
southwest direction. The coseismic deformation shows significant extension along the
E–W direction and contraction along the N–S direction, indicating that the rupture is likely
dominated by strike slips along a NE-trending fault. For the Mw 7.6 shock, the site EKZ1
recorded the largest westward displacements with a magnitude of 4.4 m. The westward
displacements on the north side of the epicenter and the eastward movements on the south
side of the epicenter suggest that the earthquake could be characterized by left-lateral slip
on an EW-striking fault, which corresponds well with the moment tensor derived from
USGS and GCMT solutions. To make a better comparison with the InSAR measurements
that cannot distinguish the independent deformation of the two events, we also calculated
the cumulative displacements due to the two earthquakes at ~25 GPS sites that are located
close to the epicenters (Figure 2i).
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Figure 2. GPS deformation time series and coseismic horizontal displacements of the 2023 Turkey
earthquake sequence. Panels (a–c) and (d–f) show the deformation time series along the east, north,
and vertical directions for the sites MLY1 and ANTP, respectively. Panels (g,h) indicate the coseismic
horizontal offsets for the Mw 7.8 and Mw 7.6 earthquakes, respectively. The blue and red arrows
indicate the coseismic horizontal displacements. Panel (i) shows the cumulative coseismic horizontal
offsets due to the two earthquakes. The error ellipse indicates the 95% confidence interval.
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2.2. InSAR Data

The utilization of InSAR observations to monitor the surface deformation due to
moderate and large earthquakes has become routine in recent decades [23,24]. As the
C-band SAR constellation in the European Copernicus program operated by the European
Space Agency (ESA), Sentinel-1A/1B has become the major SAR data source for regular
earth observations thanks to its global data coverage and friendly data policy. After the
Turkey earthquake, we quickly collected the Sentinel-1A SAR data through the ESA data
hub interface. There are two tracks flying over the epicenters of the earthquake sequence
(T014A and T021D). The details of the interferometry pair used in this study are listed in
Table 1. For the ascending track (T014), the master and slave images were acquired on 28
January 2023 and 9 February 2023 with an apart time of 12 days. For the descending track
T021, we chose the image pairs on 28 January 2023 and 10 February 2023, respectively. It
should be noted that both the ascending and descending image pairs cannot distinguish the
deformation due to the Mw 7.8 and Mw 7.6 events even though we chose the interferometric
pairs with the shortest temporal baselines.

Table 1. The parameters of Sentinel-1 image pairs used in the POT processing.

Orbit Track
(A/D)

Master
(Y-M-D)

Slave
(Y-M-D)

Incident
Angle (◦)

Azimuth
Angle (◦)

Window
Width

Window
Height

Ascend T014 2023-01-28 2023-02-09 36.2–41.9 −13.1 64 64
Descend T021 2023-01-29 2023-02-10 36.3–42.1 −166.8 64 64

The interferometric pairs were first processed with the traditional two-pass Differ-
ential InSAR (DInSAR) method by using the open-source GMTSAR software [25]. In the
processing, the topographic phase components were removed using the Shuttle Radar
Topography Mission (SRTM) 90 m-resolution digital elevation model [26]. The precise orbit
data were released by the ESA to allow the processing of the C-band data. To inhibit the
observation noise in the Sentinel-1 images, we adopted a multi-look factor of 20:4 in the
range and azimuth direction. We used a weighted power spectrum method to filter the
fringes to generate the wrapped interferograms. The parameter of filtering was set as 0.5,
a useful value that can generate interferograms with high correlation. We compared the
results with the interferograms that adopted low-pass filtering with a two-dimensional
Gaussian filter at a 200 m cutoff wavelength. They did not show significant differences.
Then, the interferograms were unwrapped using the Minimum Cost Flow algorithm (MCF)
in SNAPHU software [27]. The threshold of coherence was set as 0.1. The low-coherence
areas were masked out during the unwrapping. Finally, the unwrapped data were projected
from the satellite azimuth and range coordinates to the geographic Mercator coordinate
system to show the LOS (line-of-sight) range changes (Figure 3A). It can be seen that there
are many fringes and areas of decorrelation, which could largely disturb the unwrapping
result. Figure 3A shows the unwrapping result of the descending track (T021). Large
unwrapping errors can be found, especially in the near field of the source faults. Thus,
it might be difficult to obtain accurate surface displacements due to the two earthquakes
using the traditional two-pass interferogram. Therefore, the DInSAR results of the Sentinel
data were not analyzed and adopted in the source modeling.

The pixel offset tracking (POT) method is another popular technique that has been
widely adopted to obtain ground displacements caused by earthquakes and glacier move-
ments [28–30]. The POT technique uses the amplitude information of SAR images rather
than the phase signal to determine ground displacements in both azimuth and range direc-
tions. Therefore, the calculated surface deformation is not influenced by phase coherence
and was without the need for phase unwrapping. This method is especially suitable for the
Turkey earthquake sequence, as the phase unwrapping process almost failed in the near
field of the source fault. The accuracy of POT analysis is largely determined by the pixel
size and the quality of image coregistration. Previous studies suggest that the precision of
surface displacements derived from the POT method can generally reach 1/10~1/100 of
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pixel sizes [31,32]. In this study, the POT processing of both the ascending and descending
data were conducted by a software package ISCE developed by JPL [33]. In the detail
of processing, we first conducted a precise coregistration between the pre-seismic and
post-seismic images. The single-look SAR amplitude images were oversampled with a
factor of two to guarantee a good coregistration accuracy. Then we employed a matching
window with a size of 64 × 64 pixels (~480 m × 480 m on the ground) to determine the
range and azimuth offsets.
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Figure 3. Cumulative coseismic deformation of the 2023 Turkey earthquake sequence observed by
InSAR observations. (A) Coseismic line-of-sight (LOS) displacements of descending track T021 based
on the differential InSAR method. The black triangles mark the locations of GPS stations. The yellow
stars mark the epicenters of the Mw 7.8 and Mw 7.6 earthquakes. Panels (B,C) show the coseismic
deformation of the Turkey earthquake sequence for descending track T021 along the range and
azimuth directions using the POT technique. Panels (D,E) show the range and azimuth displacement
components of the coseismic deformation for ascending track T014.

Figure 3B–E indicate the estimated range and azimuth displacements from the de-
scending track (T021) and ascending track (T014), respectively. The POT analysis succeeded
in measuring the ground displacements near the fault traces, although the ascending image
(T014) only covered part of the deformation zone. The most notable feature of the range
displacements was the sharp color discontinuities over a length of ~280 km for the Mw
7.8 event and a length of ~100 km for the Mw 7.6 event. The ground movements on ei-
ther side of the source faults of the two earthquakes showed opposite directions. For the
descending track (T021), negative displacements along the range direction, which means
moving away from satellites, appeared on the northern wall of the source faults. The posi-
tive value of range displacements (moving towards the satellite) appeared on the southern
wall of the faults. In contrast, positive and negative components of range displacements
were located on the northern and southern walls of source faults for the ascending track
(T014). This deformation characteristic indicates left-lateral strike-slip motions for both the
Mw 7.8 and Mw 7.6 events. To illustrate whether there are many systematic biases in the
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range displacements, we used GPS-derived 3D displacements to evaluate the quality of
POT-derived range components. The cumulative 3D displacement components acquired
from GPS measurements were first projected into the range direction (dran) according to
the equation as follows:

dran = dn · sin ϕ·sin θ − de · cos ϕ· sinθ + du · cos θ + δdran (1)

where dn, de, and du are the ground displacement components in the north, east, and vertical
directions, respectively. ϕ and θ represent the flight azimuth angle and incidence angle,
respectively. δdran indicates the measurement noise. The comparison between GPS-derived
range displacements and the corresponding range displacements from POT technology
at the same pixel is shown in Figure 4. No systematic offset between the two kinds of
observations (GPS and POT) can be found, although the data consistency for the descending
track (T021) is slightly worse than the ascending track (T014). In addition, the quality of
range displacements from the POT technology appears to be better than the azimuth offset
components because the resolution in the range direction of the Sentinel-1 images is much
higher than that in the azimuth direction. The azimuth components of the POT technology
did not detect the strike-slip deformation near the source fault of the Mw 7.6 event because
the source fault here strikes to the EW direction, which is almost perpendicular to the flight
direction (Figure 3D,E).
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Figure 4. Comparison between the POT-derived range components of coseismic deformations with
the GPS-derived displacements after being projected into the range directions. Note that the blue
dashed lines have slopes of one. Most of the red circles are very close to the blue dashed line, which
indicates that the surface offsets estimated by the POT and GPS techniques show good consistency.

The ground 3D displacements due to the Turkey earthquake sequence could provide
important information that constrains fault slip and earthquake rupture mechanisms.
Benefiting from the different acquisition geometries of the ascending and descending
SAR satellites, four independent observations (two range components and two azimuth
components) were obtained using the POT technology. These data could be used to invert a
complete 3D displacement field with high spatial resolution. In Equation (1), the measured
range displacements are composited by the surface displacement components in the east,
north, and vertical directions. Moreover, the azimuth displacements can also be expressed
by the displacement components in the east and north directions. This relationship is
shown as follows:

dazi = dn · cos ϕ + de · sin ϕ + δdazi
(2)
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where dazi is the azimuth displacement component. dn and de represent ground displace-
ment in the north and east directions, respectively. ϕ is the azimuth angle of the satellite
orbit. δdazi

indicates the noise within the azimuth measurement. In theory, the ground
displacements in east, north, and vertical directions (i.e., dn, de, and du) can be uniquely
determined if more than three independent observations are provided. Constrained by
the four independent displacement components deriving from the POT technology, the
surface 3D displacement components were estimated by using the weighted least-squares
(WLS) method [34,35]. Figure 5 shows the estimated 3D coseismic displacements in the
overlap region of the ascending and descending images caused by the Mw 7.8 and Mw
7.6 earthquake sequence. Obvious horizontal displacements are shown in the epicenter
region of the earthquake sequence, while the vertical deformation is not significant. The
deformation in the eastern segment of the EAFZ cannot be imaged because the ascending
SAR image did not cover this region. It can be seen that the E–W and vertical components
are much clearer than the N–S components, which can be attributed to the noisier azimuth
displacements that contribute most to the north–south components. It is surprising to note
that the maximum surface fault offset occurred in the region close to the epicenter of the
Mw 7.6 event with an offset of ~8 m, which is much larger than the maximum fault offset
caused by the Mw 7.8 event, although the length of the ground deformation zone due to
the Mw 7.6 event is much shorter than the Mw 7.8 shock. One possible explanation is that
many aseismic slips in several hours following the Mw 7.8 event, such as the early afterslip,
might contribute to generating large ground deformation in this region.
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Figure 5. The estimated EW, NS, and vertical displacement components constrained by the range
and azimuth components of both ascending (T014) and descending (T021) tracks using the weighted
least-squares method. The yellow stars mark the epicenters of the Mw 7.8 and Mw 7.6 earthquakes.

3. Coseismic Slip Model
3.1. Fault Geometry and Inversion Method

Ground displacements derived from POT technology reveal clear surface ruptures
of the Mw 7.8 and the Mw 7.6 earthquakes on the traces of the EAFZ and the SF, respec-
tively, which is consistent with the mapped surface ruptures based on analysis of the
post-earthquake satellite data [16]. The surface ruptures and the aftershock distributions
suggest the existence of strike variations along the fault traces of both earthquakes. In
conjunction with the surface rupture analysis according to post-earthquake satellite data
and the relocated aftershock distributions (Figure 1c), we constructed the geometries of
the EAFZ and the SF in detail. The geometry of the EAFZ is composed of four fault seg-
ments (faults S1~S4). The strike of each segment was determined according to the surface
rupture and aftershock distribution. In addition, we inferred that there is an NE-trending
fault structure (Nurdagi-Pazircik fault, NF) where the hypocenter of the Mw 7.8 main-
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shock is located, which could be involved in the earthquake rupture. The strike of this
new fault was estimated according to the general trend of the aftershocks and a small,
mapped surface rupture (Figure 1b). The fault SF included two segments with varying
fault strikes, which is supported by the aftershock distributions. We also considered an
NE-trending fault segment (the Malatya fault, MF), which is almost parallel to the EAF,
intersecting with the eastern segment of the fault SF based on the mapped surface offsets
and aftershock clustering. We did not consider the mapped fault segment that connects
the eastern terminate of the SF and the EAFZ in the modeling, as the aftershocks along
this fault are rarely distributed (Figure 1c). The fault dips of faults EAFZ and SF cannot
be constrained independently using the cumulative displacement field based on InSAR
and GPS measurements, so we adopted a two-dimensional (2D) grid search method to
simultaneously estimate the preferred fault dips of the two faults. In the grid search, all
the other parameters, except for the fault dips, were fixed to their preferred values and
we assumed that the different segments of the faults SF and MF had the same fault dip
to reduce the number of unknown parameters. The search range of fault dips for faults
EAFZ and SF were set between 60◦ and 90◦ with a step size of 2◦ according to the moment
tensor solution from USGS. The grid search result is shown in Figure 6a. The preferred fault
dips with minimal data misfit for faults EAF and NF are 86◦and 89◦, respectively, which
are generally consistent with the focal mechanism solutions and the spatial distribution
of aftershocks.
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Figure 6. (a) Determination of fault dips of the East Anatolian Fault (EAF) and the Sürgü fault (SF)
based on a 2D grid searching method that minimized the WRSS. The red star shows the optimal
fault dips of the fault EAF (86◦) and the fault SF (89◦). (b) The trade-off curve between the WRSS of
observations and the model roughness. The red star marks the preferred smoothing factor adopted
in the inversion.

After determining the geometry of source faults for the Mw 7.8 and Mw 7.6 earth-
quakes, we inverted the coseismic slip distributions on the source faults constrained by
both GPS and POT measurements. For the ground measurements derived from POT
technology, we only used the range components from both ascending and descending
tracks in the modeling due to the relatively low accuracy and large noise of the azimuth
components. To reduce modeling computation costs, the range offsets were resampled
before the modeling [36]. The total number of resampled points ultimately involved in the
inversion were 2076 and 1032 for tracks T021 and T014, respectively. The mathematical
objective function of the slip inversion (f(s)) is summarized as follows:

f(s) =‖W(Gs− d)‖2 + k2‖∇2s‖2
(3)
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where d is the surface geodetic measurements caused by the coseismic slip (s) on each fault
patch. G represents Green’s function matrix, which means the induced surface displacement
at the observation point due to the unit slip of each fault patch with a size of 2 km × 2 km.
The Green’s functions are calculated using the elastic dislocation model in a homogeneous,
isotropic half-space assuming a Poisson ratio of 0.25 [37]. k2 is the smoothing factor that
balances the slip roughness and the data misfit. The preferred value of k2 is determined
by analyzing the trade-off curve between the weighted residual sum of squares (WRSS)
and the slip roughness (Figure 6b). We constructed the weight matrices for the GPS and
POT measurement according to their formal errors, and the Helmert variance component
estimation (HVCE) method was adopted to determine the relative weights between the
GPS and POT measurements in the joint inversion [38].

3.2. Coseismic Slip Distribution

The preferred cumulative slip distribution of the Mw 7.8 and Mw 7.6 earthquake
sequence is illustrated in Figure 7. The surface GPS measurements are explained satis-
factorily in the joint inversion, with an average misfit of 1.4 cm (Figure 8). Both of the
ascending and descending tracks of POT range displacements were generally retrieved
well by the coseismic slip model, with a maximum misfit up to dozens of centimeters
(Figure 9). The remaining residuals might be related to observation noise, the simplification
of fault geometry, and many possible inelastic displacements that could occur near the fault
traces. It should be noted that the time spans of GPS and SAR image pairs are not strictly
consistent, as the post-earthquake SAR measurements are carried out 3–4 days after the
earthquake sequence. Thus, a portion of post-seismic displacements could be included in
the POT measurements.

The preferred slip model suggests that the Turkey earthquake sequence mainly rup-
tured the EAFZ, SF, and MF, while the slips on the NF were not significant. The total
released moment magnitude reached 9.62 × 1020 Nm, corresponding to an event of Mw
7.95, assuming a shear modulus of 30 GPa. The coseismic slips on the EAFZ were caused by
the Mw 7.8 shock, and the slips on the MF and SF were mainly related to the Mw 7.6 event.
The EAFZ was failed by the Mw 7.8 earthquake, with a total length of surface rupture of
~280 km. The rupture on the EAFZ is characterized by a left-lateral strike-slip motion with
neglected dip-slip components, which is generally consistent with the long-term fault slip
pattern on the EAFZ [39]. The maximum magnitude of coseismic slip on the EAFZ reached
~9 m, located in the shallow portion of the fault segments S1 and S2. Overall, the rupture
depths on fault segments S2 and S3 were generally higher than the fault segments S1 and
S4. The aftershocks on the EAFZ following the Mw 7.8 earthquake mainly occurred in
the depth of 0~15 km, which is spatially consistent with the rupture depth on the EAFZ.
Moreover, the aftershocks on fault segments S1 and S4 were mainly confined to the bottom
of the coseismic rupture on these two fault segments, indicating that these aftershocks
could be promoted by stress loading due to the coseismic rupture. However, the aftershock
activity in the bottom of the rupture zone on the fault segments of S2 and S3 was rela-
tively weak. We inferred that this phenomenon could be related to the rate-strengthening
frictional properties below the locking depth [40]. Generally, the rupture on the NF fault
was very weak, with an average slip smaller than 1 m, although the Mw 7.8 earthquake
is suggested to nucleate on this fault. The estimated geodetic moment on the EAFZ and
NF was 6.39 × 1020 Nm, which is equivalent to an Mw 7.84 event, coinciding well with the
USGS and GCMT solutions.
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Figure 7. Coseismic slip distribution of the Turkey earthquake sequence. Panels (a–d) denote the
coseismic slip distribution on the fault segments of the EAF. Panel (e) shows the slips on the fault NF.
Panel (f) shows the slip distribution on the fault MF. Panels (g,h) indicate the slip distributions on the
two segments of the fault SF. Panel (i) shows the 3D distribution of cumulative coseismic fault slips.
The black dots mark the locations of aftershocks.
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Figure 9. The observations (left column; (a,d)), simulations (middle column; (b,e)), and residuals
(right column; (c,f)) of the descending track (T021) and ascending track (T014) of InSAR observations.
The black solid lines indicate the fault segments used in the inversion. The yellow stars mark the
epicenters of the Mw 7.8 and Mw 7.6 earthquakes.

The length of surface rupture on the faults MF and SF due to the Mw 7.6 event was
about 150 km, which is much shorter than that on the EAFZ. The ruptures on the MF and
SF faults were mainly governed by left-lateral strike-slip motion, with minor thrust slips on
the MF fault, which is consistent with the focal mechanism solutions of M > 3.5 in the SF
between 2007 and 2020 [10]. The rupture depths along the MF and SF faults were between
20–25 km, without showing significant lateral variations along fault strikes. Three large
slip regions (slip > 8 m) could be found along the MF and SF faults. One large slip region
was located in the conjunction zone between the MF and SF faults. It should be noted that
this area was only covered by the descending SAR images. Another two large slip areas
were located in the central and western segments of the SF fault with a maximum slip of
about 10 m. The joint inversion yielded a total seismic moment of 3.23 × 1020 Nm on the
MF and SF faults, which corresponds to an Mw 7.64 event.

4. Interseismic Fault Slip in the EAFZ
4.1. 3D Velocity Field and Modeling Approach

It is well known that interseismic strain accumulation due to fault locking plays
an important role in the nucleation and rupture extension of devastating continental
earthquakes [40,41]. In the EAFZ, the general features of strain field and fault motion have
been fully investigated through geological and geodetic measurements [6,7,42–44]. The
increase in geodetic observation and development of data quality in recent years provides
spatial continuous measurements in the EAFZ with higher precision, allowing us to reveal
the character of fault motion in more detail. For instance, Weiss et al. [19] processed the
Sentinel-1 SAR data acquired on 14 overlapping tracks from 2014 to 2019 to measure the
surface deformation in the Anatolian region. A comprehensive InSAR LOS velocity in
both ascending and descending models was acquired using the LiCSBAS analysis package
(Figure 10a,b) [45]. By combining the discretely distributed GPS measurements in the
EAFZ, a new 3D velocity field with high resolution and accuracy was obtained to show



Remote Sens. 2023, 15, 2618 13 of 22

the details of strain accumulation in the EAFZ. One can refer to Weiss et al. [19] to get a
detailed strategy for 3D velocity field estimation. We used the 3D velocity field derived
from Weiss et al. [19] to analyze the characteristics of interseismic fault motion in the EAFZ.
To account for the block rotation of the Anatolia block with respect to the Arabia block,
we first transformed the velocity field under the Eurasia-fixed reference frame into the
Anatolia-fixed velocity field by subtracting the rotation components using the Euler pole
determined by Reilinger et al. [7].
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Figure 10. Interseismic surface velocity field in the EAFZ and estimation of fault slip parameters.
Panels (a,b) show the GPS and LOS velocities of descending and ascending tracks in the EAFZ in
a Eurasia-fixed reference frame. The white arrows indicate the horizontal velocities derived from
Aktug et al. [44]. The black boxes outline the location of velocity profiles. Two yellow stars mark
the epicenters of the 2023 Turkey earthquake sequence. Panel (c1) shows the fault-parallel velocity
components and the uncertainties along the profile (p1). The red dashed line represents the model
prediction. Panels (c2–c4) show the posterior probability distributions for fault slip rate, locking
depth, and the constant offset. The red lines indicate the preferred parameter estimation. Panels
of (d1–d4), (e1–e4), (f1–f4), (g1–g4), (h1–h4), and (i1–i4) are the same as (c1–c4), but they are the
velocity profiles of p2–p7, respectively.
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Fault-parallel velocity components for seven velocity profiles along the strike of the
EAFZ were projected to reveal the lateral variations of strain accumulation along the fault.
We applied a vertical buried 2D screw dislocation to model the interseismic velocities in
the EAFZ [46]. In the model, the fault-parallel velocity component (Vpar) can be estimated
by the formulation as follows:

Vpar = −
Vs

π
arctan

( x
D

)
+ c (4)

where Vs represents the constant strike-slip rate in a homogeneous, isotropic elastic half-
space below the locking depth (D), and x denotes the perpendicular distance from the
fault trace. c is a scalar offset between the observed velocity and model prediction cor-
responding to a choice of reference frame. We estimated the best-fit values for three
model parameters (Vs, D, and c) using a Bayesian Markov Chain Monte Carlo (MCMC)
sampler [47–49]. The random walks of a given number of walkers are adopted by the
Bayesian method to obtain the posterior probability distribution of the parameters based
upon known prior constraints. In the modeling, the parameter space is constrained by
0 < Vs (mm/yr) < 20, 0 < D (km) < 30, and −10 < c (mm/yr) < 0. We applied 100 walkers
to perform 500,000 iterations and produce an acceptance rate of ∼10% of the posterior
distribution, from which we estimated both the maximum a posteriori probability solution
and corresponding parameter uncertainties.

4.2. Modeling Result

Figure 10 shows the posterior probability distributions for each parameter constrained
by the seven fault-perpendicular velocity profiles. The estimated parameters with their
formal uncertainties are listed in Table 2. Generally, the velocity profiles across the EAFZ
provided a tighter constrain on the slip rates and constant velocity offsets than the lock-
ing depth. Significant lateral variations for fault slip rate and locking depth along the
EAFZ were revealed by the inversion of fault-parallel velocities. In the Sivrice segment
of the EAFZ (profiles p1 and p2), the fault slip rates were estimated to be 8.7 ± 0.12 and
8.2 ± 0.14 mm/yr, which is generally consistent with the estimation from only GPS mea-
surements [44]. Meanwhile, Aktug et al. [44] suggested a nearly constant left-lateral slip
rate (~10 mm/yr) for the whole segments between Pazarcik and Sivrice, which was not
supported by our inversion result. The discrepancy might be attributed to different types
of observations adopted in the modeling, as only GPS data were used in their block model.
The estimated locking depth in the Sivrice segment is much smaller (only 3.4 ± 0.3 and
5.6 ± 0.5 km for the profiles p1 and p2, respectively), which coincides with the locking
depth of 4.5 km estimated by Cavalié and Jónsson [42]. The shallow locking depth in this
region suggests that there could be many creep zones in the shallow part of the fault, which
was confirmed recently by Cakir et al. [50] according to the InSAR time series measure-
ments. The locking depth in the Puturge segment of the EAFZ (profile p3) was estimated
to be 10.8 ± 1.5 km with a left-lateral slip rate of 6.1 ± 0.24 mm/yr. The slip rate in this
segment is slightly smaller than that in the Sivrice segment, but the optimal locking depth is
much higher than in the east. To the further west, the locking depth in the Erkenek segment
(profile p4) reduces to only 5.4 ± 0.9 km with a slip rate of 4.5 ± 0.16 mm/yr. The shallow
locking depth in the Erkenek segment is consistent with the low seismicity levels in this
region, as no M > 3.7 earthquakes ever occurred in this segment during the observation
period from 2007 to 2019 [10].

In the Pazircik segment of the EAFZ, we estimated left-lateral slip rates of 5.5 ± 0.31
and 2.4 ± 0.33 mm/yr for the profiles p5 and p6, respectively. The slip rate in this segment
was roughly 1/4~1/2 of the slip rate in the Sivrice segment, suggesting a decreasing
trend of fault slip rates along the EAFZ from east to west. The estimated locking depths
for profiles p5 and p6 were 21.5 ± 3.0 and 16.3 ± 6.5 km, respectively. The estimated
locking depths along this segment are generally comparable with the rupture depth of the
Mw 7.8 event of the 2023 Turkey earthquake sequence (segments S2 and S3 in Figure 7),
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although the uncertainties of estimated locking depth in the Pazircik segment are relatively
large. To the south of the Pazircik segment (profile p7), the left-lateral slip rate of the
Amonas fault was estimated to be 3.9 ± 0.35 mm/yr, which is generally comparable with
the slip rate of 4.94 ± 0.13 mm/yr for the same segment based on the offset of a pre-
Quaternary basin [51]. It should be noted that the upper bound of locking depth in the
Amonas fault cannot be constrained effectively as shown by the posterior distribution for
the parameter (Figure 10(i3)). Therefore, the locking depth of the Amonas fault may be
considered unbounded within the parameter range we have chosen, tending toward a very
high locking depth.

Table 2. The estimated fault slip parameters (slip rate, locking depth, and scalar offset) and their
standard deviations for each velocity profile based on the Bayesian method.

Velocity Profile p1 p2 p3 p4 p5 p6 p7

Slip rate (Vs) (mm/yr) 8.7 8.2 6.1 4.5 5.5 2.4 3.9
±0.12 ±0.14 ±0.24 ±0.16 ±0.31 ±0.33 ±0.35

Locking depth (D) (km) 3.4 5.6 10.8 5.4 21.5 16.3 26.0
±0.32 ±0.53 ±1.50 ±0.9 ±3.0 ±6.5 ±3.8

Scalar offset (c) (mm/yr) −3.61 −3.31 −3.45 −3.54 −4.2 −3.85 −3.01
±0.03 ±0.03 ±0.04 ±0.04 ±0.04 ±0.04 ±0.06

5. Discussion
5.1. Heterogeneity of Fault Slip Behavior along the Central and Western Segments of the EAFZ

A realistic assessment of earthquake hazards in the EAFZ requires a better under-
standing of fault behavior over the earthquake cycle [52,53]. The 2023 Mw 7.8 earthquake
ruptured the western segment of the EAFZ with a total length of ~300 km. Significant
lateral variations of the coseismic rupture zone were revealed by the inversion of geodetic
measurements (Figure 7). Similarly, interseismic fault modeling also showed obvious
spatial variations of slip rates and locking depths along the central and western segments
of the EAFZ (Figure 11). The interseismic slip rate of the western segment of the EAFZ
was only 2–5 mm/yr, which is much smaller than the central and eastern segment of the
EAFZ. Taking account of the large amount of elapsed time from the latest events, previous
studies suggested that the long-term seismic risk in the western segment of the EAFZ is still
very high despite its low fault slip rate [10]. A similar scenario is the 2008 Wenchuan Mw
7.9 earthquake that occurred on the Longmenshan fault, which also had a low slip rate of
fewer than 3 mm/yr [54,55]. We compared the coseismic fault rupture associated with the
Mw 7.8 event with the interseismic fault locking depth and aftershock distributions to shed
light on the fault slip behavior in the EAFZ. Overall, the coseismic rupture zone showed
good spatial consistency with the interseismic fault locking area although the uncertainty
of the inverted locking depth is relatively large, and the 2D model cannot constrain the
partly coupled transition zone (Figure 11) [11]. In the Pazarcik and the western Erkenek
segments, nearly all the locking patches with an average depth larger than 20 km were
ruptured during the Mw 7.8 event. Most of the aftershocks in this segment occurred in the
conjunction zone between the Pazarcik and the Amonas segments with a depth shallower
than 15 km, and few aftershocks were found in the downdip edge of the rupture zone.
In contrast, the aftershocks in the Amonas segment and the eastern Erkenek segment
were mainly confined to the downdip edge of the rupture zones, suggesting that these
aftershocks could be triggered by the deep afterslip due to coseismic stress loading of the
Mw 7.8 shock.
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Figure 11. Spatial correlation between coseismic fault rupture, the interseismic fault locking zone,
and the aftershock distributions on the central and western segments of the EAFZ. In the upper panel,
the pink dashed line indicates the estimated fault slip rates of each velocity profile. The location of
each profile is shown in Figure 10. In the bottom panel, the two blue lines represent the slip contours
with magnitudes of 1 m and 2 m of the coseismic rupture of the Mw 7.8 earthquake. The black line
outlines the rupture zone of the 2020 Mw 6.8 Sivrice earthquake derived from Konca et al. [56]. The
red dashed line indicates the locking depth of each fault segment. The error bars mark the standard
deviations of the estimated locking depth. The gray and pink dots denote the relocated aftershocks
of the 2023 Mw 7.8 event and the 2020 Mw 6.8 event.

Further to the east, significant aftershock activities were triggered in the western seg-
ment of the Puturge segment, although this segment did not fail in the Mw 7.8 earthquake.
The aftershocks were mainly located at the downdip edge of the inverted locking zone. The
aftershocks in the shallow portion (0–5 km) of the western Puturge segment were relatively
sparse. Actually, the western Puturge segment was adjacent to the rupture zone of the
2020 Mw 6.8 Sivrice earthquake. Geodetic and seismological observations suggest that the
rupture zone of the 2020 Mw 6.8 earthquake was mainly concentrated between the depths
of 5–20 km, which is much higher than the estimated locking depth of 5.6 km here [56].
Moreover, the coseismic fault slip of the Mw 6.8 event tapered abruptly toward the surface
without showing any surface slip [57–59]. The rupture characteristic of no surface offset
associated with the 2020 Mw 6.8 event was different from the 2023 Mw 7.8 earthquake, as
nearly continuous surface rupture zones were found for the Mw 7.8 event according to
geodetic observations. For the 2020 Mw 6.8 earthquake, geodetic observations suggest that
the striking coseismic slip deficit along the uppermost section of the fault was spatially
compensated by interseismic creep and postseismic afterslip [50]. However, for the 2023
Mw 7.8 earthquake, the nearly continuous surface ruptures suggest that the shallow slip
deficit might be not significant. This implies that the shallow section of the western segment
of the EAFZ, at least for the fault segments that ruptured in the Mw 7.8 event, might not
show obvious creep behavior. In general, the interseismic fault motion, the coseismic fault
rupture, and the aftershock activities suggest strong heterogeneity of fault slip behavior
along the central and western segments of the EAFZ. The strong heterogeneity of the fault
slip probably implies a relatively low degree of fault maturity for the western and central
segments of the EAFZ [10].
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5.2. Earthquake Triggering and Implications for Future Seismic Hazards

A close spatiotemporal correlation between the 2023 Turkey Mw 7.8 and Mw 7.6
earthquake sequence is suggestive of a cause-and-effect relationship between the two
events. This raises several questions that whether the subsequent Mw 7.6 earthquake
was significantly triggered by the Mw 7.8 event and what was the possible triggering
mechanism between them. The triggering mechanisms between moderate and large earth-
quake sequences have been widely explored through many well-recorded earthquake cases,
such as the 2015 Gorkha (Nepal) Mw 7.8 and Mw 7.2 earthquake sequence [60] and the
2019 Ridgecrest Mw 6.4 and Mw 7.1 earthquake sequence [61–63]. For the 2023 Turkey
earthquake sequence, we first calculated the Coulomb stress change in the surrounding
region caused by the Mw 7.8 event using the Coulomb 3.4 software [64] to test whether
it encouraged the subsequent Mw 7.6 earthquake. According to the coulomb failure law,
the static coulomb failure stress (CFS) change on a given receiver fault plane following an
event is defined as follows [65]:

∆σf = ∆τ + µ′∆σn (5)

where ∆σf denotes the CFS change on a specific receiver fault, ∆τ and ∆σn indicate the
shear and normal stress change, respectively, and µ′ is the effective friction coefficient. ∆τ

is positive along the slipping direction of the fault, and ∆σn is positive when reducing the
effective normal stress by unclamping the fault. The finite slip distributions on the faults
EAFZ and NF caused by the Mw 7.8 event were adopted to calculate the CFS change in
the surrounding region. The receiver fault mechanism (strike = 277◦, dip = 78◦, rake = 4◦)
was set to the same as the moment tensor of the Mw 7.6 earthquake based on the USGS
solution. We calculated the shear stress change, the normal stress change, and the CFS
change at a depth of 13 km, which is consistent with the epicenter depth of the Mw 7.6
earthquake. The effective friction coefficient was determined to be 0.4, which is a typical
value for continental strike-slip faults [66]. As shown in Figure 12a, the static stress change
simulations indicate that the CFS change at the hypocenter of the Mw 7.6 rupture was much
higher than the 0.1–0.5 bar triggering threshold that is sufficient to bring critically stressed
faults to failure [67,68]. The estimation is robust in the range of friction coefficient between
0.2 and 0.6, suggesting that the occurrence of the Mw 7.6 earthquake was almost certainly
promoted by the Mw 7.8 earthquake. Furthermore, the computed shear stress change
at the epicenter of the Mw 7.6 earthquake (Figure 12b) is negligible compared with the
effective normal stress change in this region (Figure 12c), suggesting that the stress between
the source faults of EAFZ and SF were mainly transferred by unclamping the interface
of the fault SF rather than increasing the shear stress on the fault SF. The unclamping
of the fault SF significantly reduces the effective normal stress on the fault plane, which
brings the fault closer to failure. Additionally, many aftershocks that occurred after the
Mw 7.8 earthquake and before the subsequent Mw 7.6 earthquake may also contribute to
encouraging the Mw 7.6 event. These aftershocks mainly occurred in the region with a
positive CFS change, suggesting that they were largely promoted by the stress disturbance
due to the Mw 7.8 earthquake.
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Figure 12. (a) Coulomb Failure Stress (CFS) change at a depth of 13 km due to the Mw 7.8 earthquake.
The receiver fault mechanism was chosen as (strike = 277◦, dip = 78◦, rake = 4◦), which is the same as
the moment tensor of the Mw 7.6 earthquake. The gray circles indicate the aftershocks that occurred
prior to the Mw 7.6 earthquake. The two yellow stars mark the epicenters of the Mw 7.8 and Mw
7.6 earthquakes. Panels (b,c) show the calculated shear stress change and the normal stress change
on the same receiver fault as panel (a). Panel (d) shows the CFS change on the surrounding faults.
The abbreviations of fault names are: DF: Deliler Fault, DSFZ: Dead Sea Fault Zone, EAFZ: East
Anatolian Fault Zone, EF: Ecemis Fault, MF: Malatya Fault, NAF: North Anatolian Fault, SF: Sürgü
Fault, 1: Gürün fault, 2: Beyyurdu fault, 3: Engizek fault, 4: Maras fault, 5: Düzici-Osmaniye
fault, 6: Toprakkale fault, 7: Cokak fault, 8: Savrun fault, 9: Misis fault, 10: Yumurtalik fault, and
11: Yesemek fault.

To evaluate the impact of the 2023 Turkey earthquake sequence on the seismic activity
of surrounding faults and to analyze future earthquake potential, we need to identify
which faults are encouraged by the stress change caused by the earthquake sequence. We
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calculated the CFS change on the surrounding faults due to the cumulative slip of the 2023
Turkey earthquake sequence. The geometries of the nearby receiver faults were simplified
using single fault planes with dips of 90◦ and 60◦ for strike-slip fault and thrust fault,
respectively, based on the active fault map of the Eastern Mediterranean region [4]. The
rake angles of the sinistral, dextral, and thrust faults were fixed at 0◦, 180◦, and 90◦ in the
simulation, respectively. The result shows significant stress perturbation on surrounding
active faults caused by the Turkey earthquake sequence (Figure 12d). Significant positive
stress changes were estimated in the central and eastern segments of the EAFZ, the southern
segment of the Malatya fault (MF), the eastern segment of the Deliler fault (DF), the central
segment of the NAF, and the northern segment of DSFZ. This suggests that the future
earthquake potential on these faults is increased. It is worth noting that the ~50 km long
western Puturge segment of the EAFZ, which was not ruptured in either the 2023 Mw
7.8 earthquake or the 2020 Mw 6.8 Sivrice earthquake, showed a large CFS increase. This
segment has not undergone any moderate or large earthquakes at least during the past
100 years since the 1905 Ms 6.8 earthquake [4]. The slip deficit of this segment in the past
century could generate an Mw 6.6~6.8 earthquake if this segment is completely ruptured.
However, if the shallow section of the western Puturge segment exhibits extensive creep
behavior, similar to the eastern Puturge segment [50], the earthquake potential in this
segment could be overestimated.

6. Conclusions

In this study, we used two pairs of Sentinel-1 images and GPS measurements to fully
map the surface displacements caused by the 2023 Turkey earthquake sequence. The surface
displacements were then adopted to invert for the coseismic fault slip distribution on the
seismogenic faults of the earthquake sequence. Additionally, we estimated the interseismic
fault slip rates and locking depths of the EAFZ constrained by a high-resolution velocity
field. We discussed the spatial correlation between the coseismic fault rupture, interseismic
strain accumulation, and aftershock distribution on the central and southern segments of
the EAFZ to shed light on the heterogeneous fault behavior along the EAFZ. The main
conclusions are summarized as follows:

(1) Both the Mw 7.8 and Mw 7.6 earthquakes were dominated by left-lateral strike slips
on nearly vertical seismogenic faults with a maximum slip of ~10 m. Significant
surface ruptures on the EAFZ were revealed by geodetic measurements, suggesting
that the shallow slip deficits are not obvious. The cumulative released moment of the
earthquake sequence reached 9.62 × 1020 Nm, corresponding to an Mw 7.95 event;

(2) The estimated fault slip rate and locking depth showed significant lateral variations
along the central and western segments of the EAFZ. The fault slip rate generally
decreased from 8~9 mm/yr in the central segment to 3~5 mm/yr in the western
segment of the EAFZ. In contrast, the locking depths increased from 3~6 km in the
central segment to 16~22 km in the western segment of the EAFZ. The shallow locking
depth in the central segment of the EAFZ implies the probable existence of shallow
fault creep behavior. Generally, the rupture depth of the Mw 7.8 earthquake shows
spatial consistency with the estimated interseismic fault locking zone;

(3) Coulomb failure stress calculation suggests that the Mw 7.8 earthquake largely pro-
moted the subsequent Mw 7.6 event. The stress transfer from the fault EAFZ to the
fault SF was realized by unclamping the interface of the fault SF, which significantly
reduced the effective normal stress on the fault plane. A large CFS increase in the west-
ern Puturge segment of the EAFZ, which was not ruptured in the 2020 Mw 6.8 or 2023
Mw 7.8 earthquakes, indicates that its future seismic risk deserves special attention.
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3. Taymaz, T.; Eyidoǧan, H.; Jackson, J. Source parameters of large earthquakes in the East Anatolian Fault Zone (Turkey). Geophys.

J. Int. 1991, 106, 537–550. [CrossRef]
4. Duman Tamer, Y.; Emre, Ö. The East Anatolian Fault: Geometry, segmentation and jog characteristics. Geol. Soc. Lond. Spec. Publ.

2013, 372, 495–529. [CrossRef]
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50. Cakir, Z.; Doğan, U.; Akoğlu, A.M.; Ergintav, S.; Özarpacı, S.; Özdemir, A.; Nozadkhalil, T.; Çakir, N.; Zabcı, C.; Erkoç, M.H.; et al.
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