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A B S T R A C T   

Two consecutive earthquakes with the magnitudes of Mw 7.7 and 7.6 (February 06, 2023) occurred on the East 
Anatolian Fault Zone (EAFZ) segments and unfortunately resulted in significant devastation to human life and 
cities in Turkey and Syria. In this study, we aimed to analyse the co-seismic displacements and fault slip dis
tributions of these seismic events. Our unique high-spatial-resolution Global Navigation Satellite System (GNSS) 
network (comprising 73 permanent GNSS stations and 40 campaign observation sites), providing the recent 
geodetic dataset for the region, allows better constraint of the co-seismic surface displacements and slip distri
butions of both earthquakes. The three largest total displacements were identified as 466 cm, 362 cm, and 360 
cm. The Fault interactions along the EAFZ were obvious during the consecutive earthquakes. The ruptures 
mainly occurred in the left-lateral components of the fault segments, with the maximum slips of  7.25 m and  9.43 
m for the first event along the EAFZ and the second event on the Çardak Fault, respectively.   

1. Introduction 

The East Anatolian Fault Zone (EAFZ) is one of the major tectonic 
features in Anatolia that moves towards the west relative to the Eurasian 
plate due to the compressional behaviour of African, Sinai, and Arabian 
plates (Arpat and Şaroğlu, 1972; Bozkurt, 2001; Sengor et al., 1985; 
Şengör and Yılmaz, 1981). The sinistral strike-slip mechanism of the 
EAFZ and Dead Sea Fault Zone (DSFZ) together with the Cyprus Arc (CA) 
in southern Turkey, with the dextral strike-slip dominance along the 
North Anatolian Fault Zone (NAFZ) in the north, mostly accommodate 
the motion between the African, Sinai, Arabian, and Anatolian plates 

with respect to the Eurasian plate (Westaway, 2003). 
In recent years, geodetic networks consisting of permanent Global 

Navigation Satellite System (GNSS) stations and campaign observation 
sites have been widely used to determine interseismic deformations 
along the EAFZ and in the vicinity of Hatay Triple Junction (HTJ) at the 
northern end of the DSFZ, and also to reveal the seismic hazard for the 
region in terms of major earthquake potential of the main active faults 
(Aktug et al., 2016; Aktuğ et al., 2013; Alchalbi et al., 2010; Mahmoud 
et al., 2012; Meghraoui et al., 2011; Yıldız et al., 2020). More recently, 
Yıldız et al. (2020) argued that the strike-slip rate along the sinistral 
main branch of the EAFZ, specifically on the Türkoğlu-Gölbaşı segment, 
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was 7.5 mm/year. They also declared that the next probable major 
earthquake on this segment might occur with magnitudes of Mw 7.2–7.6, 
if this segment entirely ruptures over its total length of 90 km. In the 
same study, based on the estimations for strain accumulation ranging 
from 0.65 m to 1.70 m, the subsequent probable major earthquakes on 
the Karataş-Osmaniye Fault (KOF) and Karasu Fault (KF) segments 
(Fig. 1) were predicted with the magnitudes of Mw 6.8–7.2. In addition, 
the co-seismic displacements caused by the large earthquakes in Turkey 
were precisely determined with the help of high-spatial-resolution GNSS 
networks in recent studies (Tiryakioğlu et al., 2018; Tiryakioglu et al., 
2017a, 2017b). 

On February 06, 2023, the two devastating earthquakes occurred 
within 9 h (01.17 and 10.24, UTC Time) at epicentres in Pazarcık and 
Elbistan (Kahramanmaraş) with magnitudes of Mw 7.7 and 7.6, 
respectively (AFAD, 2023; KOERI, 2023) (Fig. 1). Unfortunately, these 
consecutive earthquakes caused a massive disaster in the region and 
devastated cities in Turkey and Syria. The preliminary studies revealed 
that these earthquakes had ruptured along 350 km and 160 km, 
respectively (Melgar et al., 2023). As of March 15, 2023, more than 
fifteen thousand aftershocks were recorded (KOERI, 2023). 

In this study, our goal was to determine the co-seismic pattern and 
slip distribution of these devastating earthquakes. Using our dense GNSS 
network consisting of 73 permanent GNSS stations and 40 campaign 
observation sites, it was possible to precisely constrain the co-seismic 
surface displacements through inverse modelling. 

2. Tectonic setting and seismotectonic characteristics of the 
EAFZ 

The collision between the Arabian and Eurasian plates along the 
Bitlis-Zagros suture zone in the mid-late Miocene resulted in the for
mation of the EAFZ (Şengör and Yılmaz, 1981). Despite the debate about 
the time of transition between compressional and transtensional tecto
nism in the region (e.g., ~11 Ma, Sengor et al., 1985; ~3 Ma, Faccenna 
et al., 2006; Hubert-Ferrari et al., 2009; Westaway and Arger, 1996), the 
main neotectonic feature of the EAFZ (Fig. 1) is a left-lateral strike-slip 
fault with a NE-SW trend, extending at least 500 km along the Anatolian, 
Sinai, Arabian, and Eurasian plate boundaries (Aktug et al., 2016; Arpat 
and Şaroğlu, 1972; Bulut et al., 2012; Duman and Emre, 2013; Lyberis 
et al., 1992; Reilinger et al., 1997; Sengor et al., 1985; Taymaz et al., 

Fig. 1. The map for the study region shows fault segments with coloured stripes and the epicentres of the February 6th, 2023 Kahramanmaraş earthquakes (red star 
and beach ball for the first event at 01.17 UTC Time, blue star and beach ball for the second event at 10.24 UTC Time). Abbreviations are HTJ: Hatay Triple Junction; 
KTJ: Kahramanmaraş Triple Junction; KOTJ: Karlıova Triple Junction; EAF: East Anatolian Fault (blue stripes); DSF: Dead Sea Fault; KOF: Karataş-Osmaniye Fault 
(yellow stripe); CA: Cyprus Arc; KF: Karasu Fault (cyan stripe); CF: Çardak Fault (green stripe); SF: Sürgü Fault (white stripe), MF: Malatya Fault (purple stripe). 
Faults in red are mapped from GEM GAF-DB (Styron and Pagani, 2020). Black arrows representing the plate velocities are provided by Reilinger et al. (2006). Focal 
mechanism solutions were obtained from the AFAD (Disaster and Emergency Management Presidency) earthquake catalogue. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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1991; Westaway, 2003). 
The changes in geodynamic processes (e.g., tectonic regime, crustal 

deformation) since mid-late Miocene mostly shaped the tectonic fea
tures of the EAFZ (Dewey et al., 1986; Duman and Emre, 2013; Kiratzi, 
1993; Koçyiğit et al., 2001; Mahmoud et al., 2012; Tatar et al., 2004). 
The EAFZ is juxtaposed with the NAFZ at Karlıova Triple Junction 
(KOTJ; Fig. 1), but there is still no consensus about its southwestern end. 
There are three different claims related to this subject: the relatively 
earlier studies assert that the EAFZ continues directly through the 
Cyprus Arc (Bozkurt, 2001; Koçyiğit et al., 2001; Taymaz et al., 1991; 
Westaway, 1994); other studies suggest that Kahramanmaraş (near 
Türkoğlu, Fig. 1) is a triple junction (KTJ) (Barka and Kadinsky-Cade, 
1988; Gülen et al., 1987); while a more southern continuation of the 
EAFZ, where it meets with the DSFZ at HTJ, was also suggested (Alp 
et al., 2011; Duman and Emre, 2013; Karig and Kozlu, 1990; Saroglu 
et al., 1992; Şengör et al., 2018; Yıldız et al., 2020). 

The EAFZ is divided into different segments along a main sinistral 
strike-slip component (Arpat and Şaroğlu, 1972; Barka and Kadinsky- 

Cade, 1988; Duman and Emre, 2013). There are also different asser
tions about the number of segments, but here the recent study of Duman 
and Emre (2013) is followed, which is mostly based on field observa
tions, for consistency throughout the manuscript in referring to seg
ments and strands along the EAFZ (Fig. 1). The Karlıova, Ilıca, Palu, 
Pütürge, Erkenek, Pazarcık, and Amanos segments along NE-SW direc
tion constitute the main strand of the EAFZ, while the Sürgü, Çardak and 
Savrun segments are along the northern strand (Duman and Emre, 
2013). 

Many destructive historical earthquakes (Ms ≥ 6.0) were recorded in 
the vicinity of EAFZ (Fig. 2). A substantial number of these earthquakes 
caused great devastation in southern Turkey and northern Syria. When 
these historical records are examined, the November 29, 1114 earth
quake (Ms 6.9, Ambraseys, 2009; Ms ≥ 7.8, Ambraseys and Jackson, 
1998; Ms 7.7, Sbeinati et al., 2005) associated with the Türkoğlu-Gölbaşı 
segment is noteworthy. Similarly, the 1513 earthquake (Ms 7.4) is pro
posed to have occurred on the KOF (Fig. 2) located southwest of Tür
koğlu (Ambraseys, 2009, 1989). Apart from these, two major 

Fig. 2. Seismotectonic map of southern Turkey. Blue dots show the epicentres of the instrumental earthquakes from 01/01/1976 to 06/02/2023 and red stars 
represent the epicentres of the recent earthquakes that occurred within 3 weeks after February 6th, 2023 Kahramanmaraş earthquakes (All instrumental earthquakes 
with magnitudes of Mw ≥ 4.5 have focal mechanism solutions here). Blue starsrepresent the historical earthquakes in the region. For the details and numbering of 
instrumental earthquakes, see Table S1. The focal mechanism solutions and the earthquake epicentres were obtained from the Global Centroid-Moment-Tensor 
(CMT) Catalogue, 2023. Abbreviations are the same as in Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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earthquakes affecting Hatay and its surroundings in the recent past were 
the August 13, 1822 (Ms 7.4) and April 3, 1872 (Ms 7.2) tremors 
(Ambraseys, 2009, 2006, 1989; Ambraseys and Jackson, 1998; Sbeinati 
et al., 2005). During the instrumental earthquake period in the region, 
several major earthquakes with various depths were recorded (Ambra
seys, 1989; Hubert-Ferrari et al., 2020) (Figs. 2 and 3): May 22, 1971, 
Bingöl (Mw 6.8, KOERI); May 1, 2003, Bingöl (Mw 6.4, KOERI & Mw 6.4, 
USGS); March 8, 2010, Elazığ, Kovancılar (Mw 6.1, KOERI & USGS), and 
January 24, 2020, Elazığ, Sivrice (Mw 6.5, KOERI & Mw 6.7, USGS). 
Accordingly, apart from some exceptional cases, it can be argued that 
the main faults in southern Turkey, particularly the EAFZ, have pre
dominantly strike-slip mechanisms that cause significant seismic activ
ity in the region. However, there are also some earthquakes that 
occurred due to normal faulting (e.g., earthquakes labelled 34, 37 and 
62 in Table S1 and Fig. 2) in the vicinity of KOF and KF. This indicates 
the faulting pattern and the features of the tectonic mechanism along 
different segments in Kahramanmaraş and the surrounding region. 

2.1. February 6th, 2023, Kahramanmaraş Earthquakes 

On February 06, 2023, two major earthquakes occurred in districts of 
Kahramanmaraş (Pazarcık and Elbistan) with magnitudes of Mw 7.7 and 
7.6, respectively (AFAD, 2023; KOERI, 2023; Fig. 3). The first earth
quake (Pazarcık) coincided with the Narlı segment at the northern end 
of the DSFZ around Karasu Rift (Rojay et al., 2001; Tatar et al., 2004), 

while the second earthquake (Elbistan) was along the Çardak Segment of 
the northern strand of EAFZ (Figs. 1 and 2). The focal depths published 
by different institutions revealed that both earthquakes were shallow, 
with average depths of 16 km and 13 km, respectively (KOERI, 2023) 
(Figs. 2 and 3). The earthquakes affected the neighbouring provinces 
and the countryside around the epicentres, resulting in substantial 
destruction and extensive damage. Subsequent to the two main shocks 
on February 06, 2023 (at 01.17 and 10.24 UTC Time) in 
Kahramanmaraş, by March 15, 2023, the region witnessed approxi
mately 318 aftershocks (Mw ≥ 4.5) (Fig. 3, Table S2). The most pro
nounced of these aftershocks (Mw 6.6) occurred in Nurdağı, Gaziantep, 
on February 06, 2023, approximately eleven minutes after the first main 
shock. One of the largest aftershocks was recorded in Hatay on February 
20, 2023, with magnitude of Mw 6.4 (AFAD, 2023; KOERI, 2023; 
Table S2). 

3. Methodology 

3.1. GNSS network 

A total of 73 permanent GNSS stations and 40 campaign observation 
sites (Fig. 4) were used to investigate co-seismic displacements and slip 
distributions of the Kahramanmaraş earthquakes. The permanent sta
tions of the Turkish National Permanent GNSS Network-Active 
(TUSAGA-Active) close to the epicentres of the recent devastating 

Fig. 3. Distribution and basic statistics for the instrumental earthquakes (01/01/1990–15/03/2023; AFAD and KOERI Catalogues) with magnitudes of Mw ≥ 4.5 
occurring near the Kahramanmaraş region (Table S2). The symbol size and colour represent the magnitude and focal depth of the earthquakes, respectively. The 
histograms display the number of earthquakes versus magnitude (Mw) and focal depth in km. 
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earthquakes are operated by the Ministry of National Defence (Turkey) 
General Directorate of Mapping and other institutions. The campaign 
observation sites, which were previously studied in the region (~7 km 
away from the first earthquake epicentre) by our team (Yıldız et al., 
2020), were used here to perform GNSS measurements for six days 
(12–19 February 2023) after the earthquakes. In this study, the co- 
seismic zones with sparse site distribution were densified by inte
grating periodically observed Turkish National Fundamental GPS 
Network (TUTGA) sites (Fig. 4). The minimum 4-h static GNSS mea
surements were performed with the 30-s sampling rate, and the cut-off 
angle was 10 degrees in elevation. 

3.2. Co-seismic displacement analysis 

There is a close relationship between co-seismic displacements and 
time series models. The utilization of permanent GNSS stations is 
promising for devising both short-term and long-term solutions to 
mitigate displacement (e.g., Aktuğ et al., 2010; Tiryakioglu et al., 
2017a). Evaluation of long-term time series can yield insights into the 
motions of a station, which may manifest as linear, periodic, irregular, 
or episodic behaviours. 

The precise coordinates of the sites in our GNSS network before (Day 
of Year-DOY 036, February 05, 2023) and after (DOY 038, February 07, 
2023) the Kahramanmaraş earthquakes on February 06, 2023 were 
calculated using the GAMIT/GLOBK software (Herring et al., 2015a, 
2015b). In order to process the GNSS data using the GAMIT software, the 
rapid orbit product, earth rotation parameters, and absolute antenna 
phase centres were obtained from Scripps Orbit and Permanent Array 
Centre (SOPAC) (Jamason et al., 2004). Moreover, the antenna phase 
centres were based on the height-dependent model (Herring et al., 
2015b). The FES2004 Ocean Tide Loading (OTL) grid and the 
ionosphere-free linear combinations (LC) of L1 and L2 carrier phases 
were also introduced in the GNSS data processing (Gülal et al., 2013; 
Herring et al., 2015b; Tiryakioğlu et al., 2013). The daily coordinates 

were estimated by integrating the selected International GNSS Service 
(IGS) stations with stable position time series as detailed in the following 
studies (Aktug et al., 2016; Tiryakioglu et al., 2017a; Yavasoglu et al., 
2021; Yıldız et al., 2020). 

The velocities obtained from a long-term time series analysis of 
campaign sites within the GNSS network were published by Kurt et al. 
(2023) and Yıldız et al. (2020). Specifically, Kurt et al. (2023) proposed 
a model encompassing 836 sites pertinent to the national velocity field 
of Turkey. This model provided the annual interseismic velocities for 
each respective site. Given that most of the sites within the scope of this 
study were long-term campaign sites, epochs were adjusted using their 
own velocities. The pre-earthquake coordinates of these sites were 
adjusted to the earthquake epoch by using the velocity of each site. This 
entailed scaling the velocity of each site by the temporal discrepancy 
between its last observation and the earthquake epoch, with the ob
tained values being integrated into the site coordinates. For the per
manent GNSS stations, the displacements were calculated by taking the 
differences of the coordinates before and after the earthquakes, without 
any epoch adjustment. 

In order to accurately determine the total co-seismic displacements 
that occurred with the Kahramanmaraş earthquakes, the coordinates of 
each observation site obtained from the daily solutions before and after 
the earthquakes (DOY 036 and DOY 038) were compared. The total co- 
seismic displacements from the short-term solutions were determined 
using Eq. (1). 

Δe cos = e 38 − e 36;Δn cos = n 38 − n 36;Δh cos = h 38 − h 36 (1)  

where Δe_cos, Δn_cos, Δh_cos are the total co-seismic displacements for 
each component, e_36, n_36, h_36 and e_38, n_38, and h_38 denote the 
positions estimated from GNSS solutions for DOY 036 and 038, respec
tively. The co-seismic displacement time series were derived within the 
reference frame of ITRF2014. The uncertainties associated with the 
coordinate differences were calculated using standard error propagation 

Fig. 4. The GNSS network used in this study. Yellow triangles and blue circles represent the permanent GNSS stations and campaign observation sites, respectively. 
Abbreviations are the same as in Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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considering the uncertainties of the east and north horizontal position 
components estimated based on GNSS observations before and after the 
earthquakes (Table S3). 

3.3. Inversion 

The GNSS-derived co-seismic displacements were modelled as the 
surface displacements of a finite dislocation in an elastic half-space 
(Okada, 1985). The relationship between surface displacements and 
fault geometry parameters is inherently nonlinear, characterized by 
numerous local minima. In order to invert the displacements for the fault 
geometry and slip rates, a hybrid optimization scheme was adopted 
involving global and local optimization. The details of the optimization 
strategy can be found in Aktuğ et al. (2010). The objective function was 
the Weighted Residual Sum of Squares (WRSS) between the observed 
and the modelled displacements. The main advantage of employing this 
hybrid approach lies in its capability to avoid local minima while 
simultaneously providing an efficient solution. A two-step approach was 
followed for the inversion (Aktuğ et al., 2010). Initially, an inversion of 
the co-seismic displacements was performed to derive the fault geome
try, whereby a homogeneous slip distribution was assumed over the 
initial fault model. The subsequent phase was dedicated to estimation of 
the slip components with fixed fault geometry ascertained from the first 
step. 

Since the fault geometry parameters are non-linear with respect to 
the surface displacements, the inversion of the fault geometry requires 
meticulous consideration. The algorithm for the inversion method 
should be able to reach the global minimum while concurrently pro
ducing efficient estimations. To this end, we employed the Simulated 
Annealing method (Kirkpatrick et al., 1983), which is a global optimi
zation scheme adapted to avoid local minima. While global optimization 
methods can reach global minima, they often lack the efficiency of 
quasi-Newton methods in proximity to these minima. Therefore, after 
obtaining parameters in the vicinity of global minimum, the parameters 
were further refined by utilizing the Boyden-Fletcher-Goldfarb-Shanno 
(BFGS) algorithm. 

Snow cover partially allows for the use of satellite radar observations 
for the determination of the rupture. Hence, most of the apriori fault 
geometry and rupture are sourced from on-site geological field obser
vations of the rupture. The USGS (USGS, 2023a, 2023b) provided a set of 
six-segment fault geometry, which was employed as apriori in our 
inversion (Fig. S3). The geometry resulting from the inversion closely 
aligns with the apriori model. 

The average interstation distance for the permanent stations within 
the TUSAGA-Active network is ~100 km, which provides a relatively 
low spatial resolution. However, the campaign GNSS observations pro
vide saturation-free near-field data to resolve the geometry and the slips 
for the Kahramanmaraş earthquakes. In fact, one of the main advantages 
of the seismogeodetic GNSS observations is that it is saturation-free even 
at the closest distances to the rupture enabling better capture of the co- 
seismic deformation pattern. Contrary to this, seismic sensors such as 
seismometers and accelerometers may be weak in detecting larger 
magnitudes with more energy at low frequencies. This might cause the 
magnitude of the earthquake to be underestimated or saturated. The 

obtained parameters are given below in Table 1. 
After inverting the fault geometry and unit slips in the first step, the 

observed displacements were inverted for the individual slips by solving 
the equation using the elastostatic green functions given in Okada 
(1985). 
⎡

⎣
u
0
0

⎤

⎦ =

⎡

⎣
Gss Gds
κL 0
0 κL

⎤

⎦

[
Sss
Sds

]

(2)  

where G, u, κ and L are green functions which relate the slip components 
to the surface displacements, the observed surface displacements, the 
smoothing constant and the finite-difference approximation of the 
Laplacian operator. The Laplacian operator serves as a dual purpose: it 
constrains the slip rate variations along both the strike and the dip di
rections and stabilizes the underdetermined linear systems of equations. 
While Eq. (2) can also be solved by the simple least squares method, it is 
necessary to ensure non-negativity for the slips. A quasi-Newton opti
mization scheme was applied, incorporating constraints to prevent the 
back-slip on individual patches. The patch size of 6 km was selected. The 
slip distributions on the fault planes were estimated using a constrained 
optimization scheme (Wang et al., 2009). Using the inverted fault ge
ometry, a distributed slip model was obtained by the steepest descent 
method. For the slip distribution, SDM software (Wang et al., 2009) was 
used, which utilizes Modified Lanczos Inverse. This methodology as
certains a model proximate to one with minimum roughness. 

4. Results 

The horizontal co-seismic surface displacements were calculated for 
the earthquake series in Kahramanmaraş, Turkey using our dense GNSS 
network (Fig. 4, Table S3). The inversion was carried out by using 3D 
measurements, including vertical displacements. However, the hori
zontal displacements were 10–40 times larger than the vertical dis
placements even at the closest sites to the earthquake epicentres 
(Figs. S5–S7), and about 5 times noisier than the horizontal components. 
Therefore, the vertical co-seismic offsets were automatically de- 
weighted in the inversion according to their covariance and the inver
sion results were dominated by the horizontal co-seismic displacements. 
The co-seismic displacements decomposed into the east (E) and north 
(N) components at the selected permanent GNSS stations were illus
trated in Fig. 5. Starting from 10 days before the earthquakes, the time 
series were derived by processing the data of a minimum of 20 days at all 
permanent stations considering the data availability. The maximum 
total co-seismic displacements for the E and N components individually 
were 4638 ± 3 mm and 2765 ± 4 mm at the EKZ1 and FEVZ sites, 
respectively (Fig. 5, Table S3). The total co-seismic displacement varies 
at different sites (≥1 m at 17 sites, ≥50 cm at 13 sites, ≥10 cm at 12 
sites, and <10 cm at 71 sites) (Figs. S1, S2, and S3). 

The closest sites to the first earthquake epicentre were SRLR (~12 
km) and BOYN (~13 km). The recorded co-seismic displacements for the 
E components at these sites (SRLR and BOYN) were 704 ± 6 mm and 
501 ± 6 mm, while the N components were 964 ± 5 mm and 554 ± 6 
mm, respectively. However, the FEVZ site, situated ~42 km west of the 

Table 1 
The obtained geometry and slip parameters along the fault segments (1–6).  

Segment number Lon.a (◦) Lat.a (◦) Strike (◦) Depth (km) Dip (◦) Length (km) Left-lateral slip (m) Reverse slip (m)b 

1 37.0791 37.25 33.01 10.42 80.15 45.32 1.52 1.41 
2 36.6656 37.31 59.90 18.27 85.02 169.85 4.94 − 0.29 
3 36.1031 36.16 24.91 13.89 88.14 149.34 3.73 0.11 
4 37.5570 37.96 − 82.91 9.85 89.62 85.20 3.91 − 1.41 
5 36.8301 38.09 − 104.81 9.66 86.89 30.24 0.72 1.49 
6 37.6020 37.99 54.82 15.47 82.63 85.02 4.07 − 0.52  

a Starting position of the segment. 
b Negative values correspond to normal slip. 
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epicentre (Fig. 4) and within the seismic zone of the first earthquake, 
exhibited a total co-seismic displacement of 1028 ± 4 mm and 2765 ± 4 
mm for the E and N components, respectively. 

The closest sites to the second earthquake epicentre, which were 
EKZ1 (~7 km) and KAND (~15 km) (Fig. 4), experienced larger offsets. 
The total co-seismic displacements at the EKZ1 and KAND sites were 
4638 ± 2 mm and 2160 ± 7 mm on the E components and 496 ± 3 and 
1019 ± 11 mm on the N components, respectively (Fig. 5, Table S3). 
Additionally, the total co-seismic displacements on the E components at 
the MLY1 and HAT2 sites were 381 ± 2 mm and 141 ± 2 mm, respec
tively. However, the N component displacement at the MLY1 site was 
638 ± 2 mm, while it was only 88 ± 2 mm at the HAT2 site (Fig. 5, 

Table S3). 
The goodness-of-fit of our inversion model was validated through a 

comparison between the observed and modelled co-seismic displace
ments (Fig. 6). The total magnitude of the two major earthquakes that 
occurred within 9 h was calculated as Mw 8.0. 

The slip distribution demonstrates very high concentration along the 
whole Segment-2, Segment-3, Segment-4 and Segment-6 (Figs. 7 and 
S3). The maximum slips were observed in Segment-4 and Segment-2 of 
9.43 m and 7.25 m, respectively. As opposed to the slips on the other 
segments, the slips were shallower in Segment-5. Given that our co- 
seismic dataset encompasses both earthquakes, the co-seismic dis
placements at the permanent GNSS stations were used to obtain the 

Fig. 5. The co-seismic displacements at the selected permanent GNSS stations (EKZ1, HAT2, MLY1, and MRSI) caused by the recent Kahramanmaraş earthquakes. 
For each row, the left and right figures represent the displacements on the north and east components at each station, respectively. 
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Fig. 6. The finite source model with the distributed slips obtained from the inversion of the observed displacements. Error ellipses are at 95% confidence level.  

Fig. 7. The slip distributions with their directions calculated using the co-seismic displacements of two consecutive earthquakes on February 06, 2023.  
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individual slip distributions for the Mw 7.7 and Mw 7.6 earthquakes 
(Fig. 8). These permanent stations provide at least 20 days of GNSS data 
in total including the last 10 days within the pre-earthquake period. The 
co-seismic displacements at the permanent stations were separated by 
splitting the RINEX data file of February 6th into two sessions: the first 
session covering the first event time and the second session containing 
the second event time. While these individual solutions present a similar 
pattern of slip distribution, they are not identical. 

Furthermore, Özkan et al. (2023) previously estimated the inter
seismic fully locking depths for Segment-2 and Segment-3 as 15 km and 
7 km, respectively (Fig. S7). The co-seismic model in our study here 
verifies that the maximum slips on these segments align with the fully 
locking depths estimated during the interseismic phase (Fig. 7). 

5. Discussion and conclusions 

In this study, in order to investigate the co-seismic pattern of the 
earthquakes that occurred on February 06, 2023 in the vicinity of 
Kahramanmaraş, Turkey, a high-spatial-resolution GNSS network was 
established consisting of 113 sites including permanent GNSS stations 
and campaign observation sites. Afterwards, inverse modelling for sur
face displacements of a finite dislocation in an elastic half-space was 
implemented for the GNSS–derived co-seismic displacements estimated 
at the 113 sites. The inversion process consisted of two steps: the initial 
phase focused on modelling the fault geometry with uniform slip and the 
subsequent phase was assigned to estimate the slip vectors at the tiles of 
patches on the fault plane by fixing the fault geometry. 

This study contains a unique geodetic dataset for southern Turkey 
that is not available anywhere else in terms of both spatial and temporal 
resolution. Apart from the dense structure of our GNSS network geom
etry, the temporal coverage of the network is also noteworthy to 

investigate strain accumulations on fault segments in the study region 
since most of the sites have an initial observation epoch in or before 
2009. Thus, the EAFZ, DSFZ, KF, and KOF were investigated in detail in 
the previous studies (Aktug et al., 2016; Mahmoud et al., 2012; Özkan, 
2021; Yıldız et al., 2020). The high seismic potentials of those fault 
segments were strongly emphasized, especially for the segments be
tween Çelikhan and Türkoğlu on the EAFZ and KF between Türkoğlu 
and Antakya in the further south. In fact, Aktug et al. (2016) and Yıldız 
et al. (2020) have suggested magnitude of Mw 7.7 and Mw 7.2–7.6 for 
potential future earthquake on the EAFZ, respectively. At the moment, 
the fact that the major earthquakes in Kahramanmaraş have realized our 
predictions on February 06, 2023, it has shown how significant those 
studies are. 

As with the determination of interseismic deformations, our moti
vation in this study was to demonstrate the capability of our GNSS 
network to provide highly accurate geodetic data in order to precisely 
determine the co-seismic displacements and successfully model the fault 
slip distributions after the recent devastating earthquakes in 
Kahramanmaraş. Our detailed analysis by this dense GNSS network 
prompted us to conclude that:  

• In the aftermath of the Kahramanmaraş earthquakes on February 06, 
2023, at 01.17 UTC Time (Mw 7.7 KOERI; Mw 7.9 USGS) and at 10.24 
UTC Time (Mw 7.6 KOERI; Mw 7.5 USGS), the co-seismic displace
ments were ascertained across 113 sites. Of these, 73 sites were 
permanent GNSS stations, while, the remaining 40 sites were 
appropriate for campaign measurements.  

• The co-seismic displacements were mostly compatible with the fault 
slip directions. The lateral co-seismic displacements in the study 
region have confirmed the dominant left-lateral slip directions along 
the EAFZ and its oblique branches. The east component of the GNSS 

Fig. 8. The slip distributions calculated using only the co-seismic displacements of the first earthquake at 01.17 UTC Time (top) and only the second earthquake at 
10.24 UTC (bottom). 
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sites demonstrated relatively larger co-seismic displacements due to 
the fault strikes. 

• The largest total displacements caused by these two major earth
quakes were at the EKZ1, CRDK, and BNCA sites, with displacements 
of 466 cm, 362 cm, and 360 cm, respectively.  

• The largest displacement among the east component for all sites was 
464 cm at the EKZ1 site, which was only 7 km away from the epi
centre of the earthquake on February 06, 2023, at 10.24 UTC Time. 
However, the most significant displacement among the north com
ponents for all sites was 277 cm at the FEVZ site, which was 42 km 
away from the epicentre of the earthquake on February 06, 2023, at 
01.17 UTC Time. 

• The vertical displacements were relatively smaller than the hori
zontal displacements by about 10–40 times, even at the sites closest 
to the epicentres of the two consecutive earthquakes.  

• The first main shock (at 01.17 UTC Time) activated a rupture with 
three left-lateral slip patches connected to each other, namely 494 
cm along EAFZ, 373 cm along Amanos Segment, and 152 cm along 
Narlı Segment. However, the fault mechanism on the Narlı segment, 
45 km in length and dipping down to 10 km depth, was reverse slip of 
141 cm.  

• The main ruptures caused by the second main shock (at 10.24 UTC 
Time) were on the Çardak Fault with 391 cm left-lateral strike-slip 
and 141 cm normal slip, on the Doğanşehir Fault Zone with 407 cm 
left-lateral strike-slip and 52 cm normal slip, and on the Savrun Fault 
with 72 cm left-lateral strike-slip and 149 reverse slip. 

Finally, the post-seismic deformations after these earthquakes and 
the transition to the interseismic phase, in which the strains on fault 
segments will accumulate, should be monitored by permanent GNSS 
stations and periodic campaign measurements, and the seismic model
ling studies should be carried out to better understand the fault mech
anisms in the vicinity of the study region. 
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Duman, T.Y., Emre, Ö., 2013. The east anatolian fault: geometry, segmentation and jog 
characteristics. Geol. Soc. Spec. Pub. 372, 495–529. https://doi.org/10.1144/ 
SP372.14. 

Faccenna, C., Bellier, O., Martinod, J., Piromallo, C., Regard, V., 2006. Slab detachment 
beneath eastern Anatolia: a possible cause for the formation of the North Anatolian 
fault. Earth Planet. Sci. Lett. 242, 85–97. https://doi.org/10.1016/j. 
epsl.2005.11.046. 
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Yönlü, O., Daoud, M., Ergintav, S., Inan, S., 2012. Kinematic study at the junction of 
the east anatolian fault and the dead sea fault from GPS measurements. J. Geodyn. 
67, 30–39. https://doi.org/10.1016/j.jog.2012.05.006. 

Meghraoui, M., Cakir, Z., Masson, F., Mahmood, Y., Ergintav, S., Alchalbi, A., Inan, S., 
Daoud, M., Yonlu, O., Altunel, E., 2011. Kinematic modelling at the triple junction 
between the Anatolian, Arabian, African plates (NW Syria and in SE Turkey). 
Geophys. Res. Abstr. 13, 12599. 

Melgar, D., Taymaz, T., Ganas, A., Crowell, B.W., Öcalan, T., Kahraman, M., Tsironi, V., 
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