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Abstract

The 6 February 2023 MW 7.8 and MW 7.6 earthquakes in southeastern Türkiye ruptured
more than 400 km of the East Anatolian Fault Zone (EAFZ), producing one of the most
destructive seismic sequences in recent history. Here, we integrate InSAR data, a new GNSS
velocity field, and small-magnitude earthquakes to investigate the coseismic deformation,
rupture geometry, and interseismic strain accumulation along the EAFZ. Using elastic
dislocation modeling with a variable-strike, multi-segment fault geometry, we constrain
the slip distribution of the mainshocks, showing improved fits to the surface displacement
compared to the planar fault model. The MW 7.8 event ruptured a number of fault segments
over ~300 km, while the MW 7.6 event activated a more localized fault system with a peak
slip exceeding 15 m. We also model two moderate events (MW 5.6 in 2020 and MW 5.3 in
2022) along the southwestern part of the Pütürge segment—an area not ruptured during
the 2020 or 2023 sequences. GNSS-derived strain-rate and locking depth estimates reveal
strong interseismic coupling and significant strain accumulation in this region, suggesting
the potential for a future large earthquake (MW 6.6–7.1). Similarly, the Hatay region, at the
southwestern termination of the 2023 rupture, shows a persistent strain accumulation and
complex fault interactions involving the Dead Sea Fault and the Cyprus Arc. Our results
demonstrate the importance of combining remote sensing and geodetic data to constrain
fault kinematics, evaluate rupture segmentation, and assess the seismic hazard in tectoni-
cally active regions. Targeted monitoring at rupture terminations—such as the Pütürge and
Hatay sectors—may be crucial for anticipating future large-magnitude earthquakes.

Keywords: source modeling; InSAR; GNSS; Kahramanmaraş earthquake; strike-slip fault;
Pütürge; Hatay; Türkiye

1. Introduction
Türkiye, located at the convergence of the African, Arabian, Eurasian, and Anatolian

plates, is considered one of the regions with the highest seismic activity in the world.
This tectonic setting leads to the existence of two major fault systems in Türkiye: the
North Anatolian Fault Zone (NAFZ) and the East Anatolian Fault Zone (EAFZ). These
fault systems account for most of the seismic hazards of the region. In particular, the
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~1500 km long strike-slip NAFZ extends from the Marmara Sea in the W to Karliova in
the E, accommodating about 18–25 mm/yr of right-lateral motion (e.g., [1]). The EAFZ is
instead an ENE-striking ~600 km long left-lateral strike-slip fault, which accommodates the
relative motion between the Arabian and Anatolian plates. This relative motion increased
from 4 to 5 mm/yr in the southwest to approximately 10 mm/yr in the northeast (e.g., [1–3]).
The EAFZ joins the NAFZ at the Karliova region, defining a triple junction (i.e., the Karliova
triple junction). In regards to the EAFZ, which is the focus of our study, it consists of a
major NE-trending transcurrent shear zone and a secondary E–W strand. As suggested
by different authors (e.g., [4–7]), the former can be divided into a number of segments:
from SW to NE they are the Amanos, Pazarcik, Erkenek, Pütürge, Palu, Ilica, and Karliova
segments; while the major segments of the strand are, from W to E, the Savrun, Çardak,
and Sürgü ones (Figure 1). Segment lengths vary, spanning from 30 km up to 100 km.

Many damaging earthquakes have been reported along both fault systems (e.g., [8])
over the past centuries as a result of the continuous interaction among the African, Arabian,
Eurasian, and Anatolian plates. (Figure 1). While the NAFZ has been the source of many
major surface-rupturing earthquakes, following a westward migration trend throughout
the last hundred years (e.g., [5]), the EAFZ has experienced fewer such events (e.g., [8]).
This difference in seismic activity between the North and East Anatolian Fault Zones can
be attributed to several factors. One of the main reasons is that slip-rates along the NAFZ
are significantly higher compared to the EAFZ, leading to a more rapid strain accumulation
and more frequent releases associated with large earthquakes. Additionally, some studies
have suggested that the EAFZ exhibits a more heterogeneous fault coupling (e.g., [9]),
which may result in a more complex stress distribution and longer recurrence intervals
for major earthquakes. For this reason, prior to the recent seismic sequences of Elazığ in
2020 (e.g., [10]) and the devastating Kahramanmaraş events in 2023 (e.g., [11–24]), some
authors suggested the occurrence of significant seismic gaps along the EAFZ (e.g., [3,7,25]),
including the 100 km long Amanos, the 80 km long Pazarcik, and the 95 km long Pütürge
segments of the major strand, as well as the Sürgü (55 km long), Çardak (85 km long), and
Savrun (60 km long) segments along the northern E–W strand (Figure 1). These gaps were
considered potential sites for future large earthquakes, emphasizing the importance of
ongoing monitoring to improve seismic hazard assessments.

The recent 2020 MW 6.8 Elazığ earthquake and the 2023 Kahramanmaraş doublet (MW

7.8 and MW 7.6) have ruptured almost all predicted segments of the EAFZ, except for the
southwestern sector of the Pütürge segment (e.g., [10,12]). This unruptured section may still
represent a seismic gap where accumulated stress could lead to a future earthquake, em-
phasizing the importance of further and more specific investigations. Historical earthquake
studies indicate that large events have affected multiple segments of the EAFZ in the past.
For instance, the Amanos segment experienced the 1822 M7.5 earthquake [26], the Pazarcık
segment ruptured during the 1513 M7.4 event [27], the Erkenek segment was affected by
the 1893 M7.2 earthquake [26], the Çardak segment on the northern strand experienced the
1544 M6.8 event [28], and the Palu segment experienced the 1789 M7.2 and the 1874 M7.1
earthquakes [26]. In contrast, the Pütürge segment may not have been fully ruptured by
any linear morphogenic earthquake [29] in the last century, with only its eastern 45 km
affected by the 2020 MW 6.8 Elazığ event [10]. The 2023 Kahramanmaraş seismic sequence
also halted at the southwestern termination of the Pütürge segment (e.g., [12]), suggesting
that this section could still store significant tectonic stress and remains a potential source for
future seismic activity. In order to improve the evaluation of the seismic potential along the
East Anatolian Fault Zone (EAFZ), it is therefore essential to define in detail the geometry of
the rupture and the slip distribution from the 2020 Elazığ and 2023 Kahramanmaraş earth-
quakes, which have affected much of the EAFZ system, as these factors have a significant
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impact on ground motion amplitudes. Additionally, evaluating the strain accumulation
and analyzing the recent seismicity in the area are essential steps for understanding its
future seismic hazard.

In this study, we first examine a detailed dataset from Interferometric Synthetic Aper-
ture Radar (InSAR) using ALOS-2 and Sentinel-1 satellite data and Global Navigation
Satellite Systems (GNSSs) measurements to investigate the ground displacement field and
to constrain, using elastic dislocation modeling, the geometry and slip distribution of the
fault segments responsible for the main seismic events of the 2023 Kahramanmaraş seismic
sequence. This analysis is validated by including data on the aftershock distribution and
the known tectonic features of the region. Additionally, we examine two minor seismic
events—the MW 5.6 earthquake on 4 August 2020 and the MW 5.3 earthquake on 9 April
2022—that occurred in the area between the February 2023 seismic sequence and the previ-
ous January 2020 MW 6.8 Elazığ earthquake. These smaller events were selected for analysis
as they represent significant stress perturbations along the fault system yet notably did
not trigger larger seismic events. By analyzing these earthquakes within the context of the
2020 and 2023 seismic sequences and evaluating the localized strain accumulation through
interseismic velocity measurements from GNSS data, we aim to enhance our understanding
of the region’s current seismotectonic behavior. This approach allows us to shed some light
on how strain is accumulating along specific fault segments and provides insights into
why certain segments, such as the Pütürge fault, may be particularly susceptible to future
significant seismic events.

 

Figure 1. The seismotectonic setting of the study region. (a) The seismotectonic context prior to the
2020 Elazığ and 2023 Kahramanmaraş earthquake sequences. The solid lines represent the main fault
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segments of the East Anatolian Fault Zone (EAFZ), labeled as follows: (1) Amanos, (2) Pazarcık,
(3) Erkenek, (4) Pütürge, (5) Palu, (6) Ilica, and (7) Çardak–Savrun (after [7]). Yellow stars indicate the
epicenters of major historical earthquakes (M > 6.6), with labeled event dates [8,26,28]. Suggested
seismic gaps are shown as ellipses: gray ellipses refer to gaps along the main strand of the EAFZ,
while pink ellipses indicate gaps along its northern strand. White arrows indicate relative plate
motion directions. (b) The recent seismic activity related to the 2020 and 2023 sequences. The solid
red lines are the fault segments activated during the 2023 Kahramanmaraş seismic sequence [30],
while the pink one depicts the segment ruptured during the 2020 Elazığ earthquake [10]. Seismicity:
the blue circles are the relocated 2023 aftershock of the first month after the mainshock [31]; pink
dots are the relocated 2020 Elazığ seismicity [32]; the red stars represent the location of the 2020–2023
main events provided by the AFAD and their moment tensor solutions (red beachballs). The dashed
box highlights the area of the 2020 Elazığ earthquake. The inset shows the main fault systems in and
around Türkiye (modified from [33]): NAFZ is the North Anatolian Fault Zone; EAFZ is the East
Anatolian Fault Zone. Black arrows represent relative plate motions. The dashed box in the inset is
the area of the main figure.

2. Material and Methods
2.1. The 2020 MW 6.8 Elazığ and 2023 MW 7.8 and 7.6 Kahramanmaraş Seismic Sequences Along
the EAFZ

The MW 6.8 Elazığ earthquake struck on 24 January 2020, at 17:55 UTC in eastern
Türkiye, close to the town of Sivrice in Elazığ province. This earthquake was the first
significant seismic event along the EAFZ in modern times to be recorded by advanced
geodetic and seismological instruments, marking the end of a prolonged seismic quiescence
on the main branch of the fault zone. It also partially filled one of the major seismic gaps
previously identified by the authors (e.g., [7]) along the East Anatolian Fault’s main strand.

An intense sequence of aftershocks occurred following the mainshock [32], extending
over a 50–60 km stretch of the EAFZ, from Sivrice to Pütürge, both ENE and WSW of
the epicenter (Figure 1). Moment tensor solutions reveal left-lateral strike-slip faulting
along a north–northwest dipping focal plane (Figure 1), which align with the relative
movement between the Arabian and Anatolian plates, as shown by interseismic geodetic
data [1–3]. Inversion of InSAR data (e.g., [10]) provided crucial information on the seismic
source parameters of the mainshock: a left-lateral strike-slip fault with a 75◦N–NW dip
and a 242◦ ENE–WSW strike (50 km × 24 km), with an average coseismic slip of 1.3 m,
corresponding to the Pütürge fault segment. The slip distribution (e.g., [10,32,34,35]) along
the ~90 km long Pütürge segment reveals that the western part of the seismogenic fault
did not rupture during the 2020 Elazığ seismic sequence. Moreover, this fault segment was
subjected to positive stress as a result of the Coulomb stress increase following the MW

6.8 Elazığ mainshock [10].
The 2023 Kahramanmaraş seismic sequence began on 6 February at 01:17 UTC with

a MW 7.8 earthquake in the Kahramanmaraş province of southeastern Türkiye, followed
9 h later by a MW 7.6 seismic event about 100 km to the north (Figure 1). These events
caused significant casualties and widespread destruction in the areas around the epicenter.
Both the earthquakes were reported to have occurred along the left-lateral strike-slip
EAFZ (Figure 1). The epicenter of the MW 7.8 earthquake occurred near Pazarcık city in
Kahramanmaraş province, approximately 35 km WNW of Gaziantep (Figure 1), with a
focal depth ranging from 8 to 10 km (8.6 km according to AFAD and 10 km according to
the United States Geological Survey, USGS). The epicenter of the MW 7.6 s large shock was
located about 90 km to the north, near Elbistan city (Figure 1). Fault plane solutions for
both mainshocks [36] indicate the activation of left-lateral strike-slip faults, consistent with
the direction of crustal shear characterized by a rate of about 5–10 mm/yr in this sector of
southeastern Türkiye (e.g., [1]). The subsequent aftershock sequence was extensive, with
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thousands of events, spreading bilaterally along a 300–400 km stretch from the Antakya–
Hatay area to SW, to Pütürge to the ENE [31] (Figure 1). This suggests that multiple
segments of the main branch of the EAFZ were ruptured and contributed to the overall
seismic release.

The MW 7.6 Elbistan earthquake took place along the E–W trending northern branch
of the EAFZ, rupturing the ~150 km long Çardak–Savrun fault segments (Figure 1). The
spatial pattern of aftershocks follows the surface rupture [30,31], extending from the Goksun
releasing bend in the W to the Nurdag fault complex. Fault plane solutions to the west of
the Çardak segment show normal mechanisms, indicating a NE–SW oriented lineament
parallel to the extension direction of the Goksun bend [36].

The largest aftershocks of the 2023 seismic sequence occurred on 6 and 20 February
2023, near Gaziantep and in the Antakya–Hatay region, respectively, with magnitudes of
MW 6.7 and MW 6.4. The latter event occurred along the Antakya fault bordering to the
north of the Amik basin, at the southwestern end of the 2023 seismic sequence. This is
characterized by oblique-slip with left-lateral and extensional components (e.g., [37]).

The rupture plane and slip distribution of the 2023 Kahramanmaraş seismic sequences
have been extensively analyzed through the inversion of both geodetic and seismological
data (e.g., [11–24]), providing valuable information on the mainshocks’ seismic source
parameters. Regarding the MW 7.8 mainshock, which initiated on the Narli Fault Zone,
these studies highlight that the majority of the coseismic slip was concentrated within the
top 20 km of the seismogenic zone, with slip increasing from SW to the NE ends of the first
rupture. This rupture affected at least the three major vertical fault segments of the EAFZ
(the Amanos, Pazarcık, and Erkenek faults) over a total length of approximately 300 km,
propagating across geometric barriers, including bends and stepovers in the fault. The
largest slip was observed on the Pazarcık segment, where it was up to 10 m (e.g., [12,19]).
The area of significant slip extended to the NE, reaching the western edge of the Pütürge
segment, and to the SW, towards the Hatay region.

Regarding the second mainshock, the MW 7.6 Elbistan earthquake—which occurred on
the N-dipping, E–W trending Çardak–Savrun fault—caused a rupture along a total length
of about 150 km. Previous studies (e.g., [11–24]) characterized this event as having a more
concentrated slip distribution, with peak slip exceeding 10 m. Preliminary studies [11]
suggested that the MW 7.6 earthquake also ruptured the entire Sürgü fault, linking the
northern and the main strand of the EAFZ. However, aftershocks distributions [31], surface
ruptures mapping [30], and subsequent inversion of geodetic data (e.g., [12,15,19]) reveal
that the 2023 rupture did not extend to the eastern end of the Sürgü fault. Instead, the
rupture abruptly changed strike at the easternmost sector of the MW 7.6 earthquake,
propagating along a previously unknown structure parallel to the main strand of the
EAFZ, positioned halfway between the northern Malatya fault and the Sürgü fault. At the
western end of the MW 7.6 earthquake, the rupture also triggered a normal fault roughly
perpendicular to the main E–W trending Çardak–Savrun fault.

2.2. The 4 August 2020 MW 5.6 and the 9 April 2022 MW 5.3 Events Along the Pütürge Segment

The region separating the two recent seismic sequences of 2020 and 2023 along the
East Anatolian Fault Zone (EAFZ) is of particular interest, as it remained unruptured in
both cases. This segment of the EAFZ, known as the Pütürge segment, had previously been
identified as a potential seismic gap (e.g., [7]), capable of generating significant earthquakes.
For this reason, it is crucial to analyze not only the recent seismic sequences that have
partially affected this segment, but also the background seismicity and aftershocks from
previous events that occurred in the area. This analysis will help us to better understand the
mechanisms of seismic energy release within this region. Among the most significant events
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that occurred in this area between the two major sequences are the 4 August 2020 (MW

5.6) and 9 April 2022 (MW 5.3) earthquakes. These moderate-magnitude events produced
detectable surface deformation, making them valuable for further analyses.

The 4 August 2020 MW 5.6 earthquake occurred at 09:37:37 UTC, approximately 20 km
NNE of Sincik, in the Elazığ province. Moment tensor solutions reveal left-lateral strike-slip
faulting along a high-angle north–northwest dipping focal plane (Figure 2). This event
occurred at the WSW end of the Elazığ sequence, where a Coulomb stress increase had
been calculated following the coseismic rupture of 2020 [10]. The 9 April 2022 MW 5.3
earthquake occurred at 14:02:15 UTC. Moment tensor solutions also reveal left-lateral strike-
slip faulting along a high-angle north–northwest dipping focal plane (Figure 2). This event
took place further to the WSW, and both events, with their left-lateral strike-slip kinematics
and northward dipping focal planes, are in agreement with the activation of the Pütürge
segment, particularly its SW sector, which was not activated during the Elazığ sequence.

 

Figure 2. A close view of the Pütürge segment along the EAFZ. Contouring lines (in cm) represent
the major estimated coseismic slip regions of the 2020 MW 6.8 Elazığ earthquake [10]. The red stars
are the locations of the 2020 Elazığ mainshock and of the 4 August 2020 MW 5.6 and the 9 April
2022 MW 5.3 seismic events along the southwestern termination of the Pütürge segment (violet solid
line). Yellow stars are major historical events [8,26,28]. Pink dots represent the relocated 2020 Elazığ
seismicity [32], while blue dots represent the relocated 2023 aftershocks [31].

2.3. The Ground Deformation from InSAR and GNSS During the 2023 Kahramanmaraş
Seismic Sequence

We employed InSAR data from multiple satellites to derive the coseismic displacement
field related to the main events of the 2023 Kahramanmaraş seismic sequence. Specifically,
we used both ascending and descending observations, exploiting the ALOS-2 (L-band,
operated by the Japan Exploration Agency, JAXA) (Figures 3 and 4) and the Sentinel-1 (C-
band, operated by the European Space Agency, ESA) (Figures 5 and 6) sensors, respectively,
to quantify the cumulative surface displacement field related to both the MW 7.8 and
7.6 earthquakes. For the 20 February MW 6.4 Antakya aftershock we used Sentinel-1
InSAR phase.
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Figure 3. The ALOS-2 descending orbit displacement map relative to the 2023 MW 7.8 and 7.6 earth-
quake doublet. The data (a), model (b), and residual points (c) from the unwrapped interferogram
depicting the coseismic displacement pattern. The red stars indicate the mainshock epicenters
provided by the AFAD. White triangles represent the location of the GNSS stations.

 

Figure 4. The ALOS-2 ascending orbit displacement map relative to the 2023 MW 7.8 and 7.6 earth-
quake doublet. The data (a), model (b), and residual points (c) from the unwrapped interferogram
depicting the coseismic displacement pattern. The red stars indicate the mainshock epicenters
provided by the AFAD. White triangles represent the location of the GNSS stations.

Two pairs of ALOS-2 images, acquired along both descending and ascending orbits,
were processed to generate coseismic displacement maps using the standard two-step In-
SAR approach [38], within the SARscape software (version 6.1.0), which is part of the ENVI
package (version 6.1). The image pairs used for the coseismic analysis are as follows: the de-
scending track 077 and the ascending track 184, which had the pre-event image acquisitions
on 16 and 5 September 2022 and the post-event acquisitions on 17 and 20 February 2023,
respectively, with a perpendicular baseline of 48 m and a temporal baseline of 154 days.
The images were acquired in SCANSAR WD mode with HH polarization. A multilook
factor of 2 × 15 was applied in both the range and azimuth directions, which yielded a final
ground resolution of approximately 30 m × 30 m. The ALOS-3D Digital Elevation Model
(30 m resolution) was used to subtract the topographic effect [39]. Goldstein filtering [40]
with a 32-pixel window width was applied to enhance the visibility of coseismic fringes.
To facilitate phase unwrapping, the coherence map was masked along the causative fault
trace of the second seismic event (MW 7.6). The Minimum Cost Flow algorithm [41] was
employed to unwrap the phase, and residual orbital phase errors were removed using
quadratic polynomial fitting. A ramp correction was then applied to estimate and mitigate
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ionospheric effects, particularly obliquely oriented fringes, by analyzing a narrow Region
of Interest located at the frame borders and distant from the expected displacement field.
Finally, the unwrapped phase was transformed into displacement and geocoded in the
WGS84 coordinate system.

 

Figure 5. Sentinel-1 descending orbit offset displacement maps relative to the 2023 MW 7.8 and
7.6 earthquake doublet. The data (a), model (b), and residual points (c) from the range offset
interferograms depicting the coseismic displacement pattern. The red stars indicate the mainshock
epicenters provided by the AFAD. White triangles represent the location of the GNSS stations.

 

Figure 6. Sentinel-1 ascending orbit offset displacement maps relative to the 2023 MW 7.8 and
7.6 earthquake doublet. The data (a), model (b), and residual points (c) from the range offset
interferograms depicting the coseismic displacement pattern. The red stars indicate the mainshock
epicenters provided by the AFAD. White triangles represent the location of the GNSS stations.

In addition, we utilized InSAR data obtained from Sentinel-1 satellites, processed
by [19]. Due to the high decorrelation of Sentinel-1 interferograms caused by the shorter
wavelength compared to ALOS-2, which makes the unwrapping process of the earthquake
doublet unreliable, they show the coseismic surface deformation using range pixel-offsets.
These offsets were derived from both one ascending (track 116) and one descending (track
021) interferogram, acquired in TOPS mode. The pixel-offsets were calculated through
cross-correlating the radar amplitude of full-resolution Single Look Complex (SLC) images
acquired before and after the earthquake doublet.

The cumulative ground deformation of the earthquake doublet (MW 7.8 and 7.6)
retrieved from the ALOS-2 unwrapped interferograms (Figures 3 and 4) and Sentinel-1
pixel-offsets (Figures 5 and 6) is characterized by the presence of deformation lobes located
on either side of the EAFZ alignment, with maximum LOS (Line-Of-Sight) displacement
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of more than 3 m. The differences observed in the ascending and descending LOS maps
indicate a combination of primarily horizontal movements, consistent with the left-lateral
strike-slip kinematics of the EAFZ. The LOS displacements obtained align well with previ-
ous studies (e.g., [12,15,19]). The unwrapped Sentinel-1 interferograms related to the 20
February MW 6.4 Antakya aftershock highlight crustal deformation at the southwestern
end of the MW 7.8 mainshock rupture (Figure 7), reaching a maximum LOS exceeding
10 cm.

 

Figure 7. Sentinel-1 InSAR displacement maps relative to the 2023 MW 6.4 aftershock. The data (left
panels), model (middle panels), and residual points (right panels) from the unwrapped interfero-
grams depicting the coseismic displacement pattern from the Sentinel-1 descending (top panels) and
ascending (bottom panels) tracks. The red star indicates the 20 February 2023 MW 6.4 aftershock
epicenter provided by the AFAD.

In addition, we included GNSS data from the CORS network stations located near the
epicenters, processed by the Nevada Geodetic Laboratory (NGL), to retrieve the full 3-D
displacement field related to both the 6 February 2023 MW 7.8 and 7.6 mainshocks, thus
allowing us to separate the contribution of the two individual earthquakes. Specifically,
they derived three-component coseismic offsets for over 100 stations for both the two main
events (Figure 8). Movement in opposite directions is seen from stations on opposite sides
of the rupture fault traces, as expected from each of these strike-slip earthquakes. The most
significant horizontal static displacements were observed at MLY1 site, with approximately
40 cm of displacement directed toward SSW measured during the first event (MW 7.8), and
at EKZ1 site, where about 4.5 m towards WNW was calculated during the second event
(MW 7.6) (Figure 8).
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Figure 8. GNSS coseismic offsets relative to the 2023 MW 7.8 and 7.6 earthquake doublet. Observed
(blue) and modeled (yellow) horizontal displacements: (a) for the MW 7.8 and (b) for the MW

7.6 earthquake, respectively. The red stars represent the mainshock epicenters (AFAD). Note that in
panel (b) the scale of the displacement at the EKZ1 station, close to the Çardak fault trace, is different
(violet arrow).

2.4. The Ground Deformation from InSAR During the 2020 MW 5.6 and the 2022 MW
5.3 Earthquakes

We analyzed Sentinel-1 InSAR imagery to determine the coseismic displacement fields
of both the 2020 MW 5.6 and the 2022 MW 5.3 earthquakes that occurred on the EAFZ,
situated between 2020 Elazığ and 2023 Kahramanmaraş seismic sequences. Also in this
case, the interferograms were processed using the conventional two-step differential SAR
interferometry approach. In particular, for the MW 5.6 earthquake we exploited four inter-
ferograms acquired around the time of the seismic event, on both ascending (track 116)
and descending (track 021) orbits. For the MW 5.3 earthquake we processed descending
(track 021) interferogram. Despite their moderate magnitudes, the interferograms reveal
clear fringe patterns corresponding to coseismic ground displacements. The deformation
maps derived from the unwrapped interferograms (Figures 9 and 10) exhibit small de-
formation lobes oriented ENE–WSW, positioned across the EAFZ trace, with maximum
LOS displacements of about several centimeters (Figures 9 and 10), consistent with the
strike-slip left-lateral kinematics of the EAFZ.

 

Figure 9. Sentinel-1 InSAR displacement maps relative to the 4 August 2020 MW 5.6 earthquake. The
data (left panels), model (middle panels), and residual points (right panels) from the unwrapped
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interferograms depicting the coseismic displacement pattern from the Sentinel-1 descending (top
panels) and ascending (bottom panels) tracks. The red star indicates the MW 5.6 epicenter provided
by the AFAD.

 

Figure 10. Sentinel-1 InSAR displacement maps relative to the 9 April 2022 MW 5.3 earthquake.
The data (a), model (b), and residual points (c) from the unwrapped interferograms depicting the
coseismic displacement pattern from the Sentinel-1 descending track. The yellow star indicates the
MW 5.3 epicenter provided by the AFAD.

2.5. Geodetic Modeling

To reconstruct the fault geometry and slip distribution of the 2023 Kahramanmaraş
seismic sequence, as well as the small events in the southwestern portion of the Pütürge
segment, we employed fault slip modeling using rectangular dislocations embedded in an
elastic, homogeneous, and isotropic half-space [42]. Prior to modeling, the InSAR displace-
ment maps were down-sampled to reduce the number of data points from several million
to a few thousand. This was achieved using a resolution-based resampling algorithm [43].
For the 2023 Kahramanmaraş MW 7.8 and 7.6 earthquake doublet the geodetic data is
therefore inverted to determine the slip magnitude on each fault patch with a constant
rake constraining the overall optimal fault geometry on the basis of the mapped surface
traces [30], relocated aftershocks [31], and InSAR surface discontinuities (e.g., [12]) iterating
over dips and rake angles of the fault planes jointly inverting InSAR LOS and range offsets
and GNSS displacements. Relative weights were applied during the modeling process to
appropriately integrate the different datasets, taking into account the significantly larger
number of InSAR sampling points compared to the GNSS observations. Following the
approach of [44,45], we determined the optimal weighting factors by analyzing the re-
duction in misfit for each dataset as a function of their relative weight (see Figure S1 in
the Supplementary Material). Based on these tests, we found it reasonable to assign a
higher weight to the GNSS data, adopting a GNSS-to-InSAR weighting ratio of 3. For the
smaller events (the 2023 MW 6.4 aftershock and the 2020 MW 5.6 and 2022 MW 5.3 Pütürge
events) we also performed non-linear inversions to constrain the geometry of the causative
fault segments, following a standard two-step procedure (e.g., [46–48]). In the inversion
process, we applied positivity constraints using a bounded-value weighted least-squares
algorithm [49], which enforces non-negative slip values. Regularization was implemented
through spatial smoothing to stabilize the linear inversion. Additionally, we included linear
ramp terms for each InSAR dataset to mitigate the influence of residual long-wavelength
orbital signals.

3. Results
3.1. The 6 February 2023 MW 7.8 and 7.6 Kahramanmaraş Earthquake Doublet

The rupture surface trace of the earthquake pair was constrained by examining the
displacement discontinuity in the near-field InSAR results, extending the fault planes to a
depth of 20 km, passing through the relocated seismicity, and using vertical fault segments
for the MW 7.8 mainshock and N-dipping faults (60–70◦) for the MW 7.6 event. Unlike
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previous geodetic studies that assumed a constant geometry for the fault segments, we
modeled the different fault segments with a variable strike to better match the surface
expression of the EAFZ, as deduced from the surface deformation maps [30]. In particular,
similar to previous geodetic studies (e.g., [12,19]), the followed inversion scheme considers
three primary fault segments for the MW 7.8 mainshock: the Amanos (F1, 140 km-long),
Pazarcık (F2, 75 km), and Erkenek (F3, 85 km) segments (Figures 11 and 12). For the MW

7.6 earthquake, two primary segments were included: the Çardak–Savrun fault (F7, 110 km)
and an eastward fault (F8, 60 km) located along the Nurdag complexity (Figures 11 and 12).
Additionally, we incorporated a fault segment (F4, 35 km-long) within the Narli Fault Zone,
where the first mainshock nucleated [11], as well as the Pütürge segment (F5, 35 km), a 79◦

N-dipping fault located between the 2020 Elazığ earthquake sequence and the northeastern
termination of the 2023 Kahramanmaraş earthquake. Furthermore, we included a small
splay fault (F6, 20 km) between the Pazarcık and Erkenek segments, along with a normal
fault (F9, 25 km) dipping 50◦ at the western end of the Çardak fault (Figures 11 and 12). To
ensure accuracy in our modeling, we divided the dislocation planes into small sub-faults of
a uniform size and rake (left-lateral strike-slip), covering a total extent of 350 km × 20 km
for the first earthquake and 175 km × 20 km for the second shock, resulting in a total of
1860 sub-faults.

 

Figure 11. A map view of the proposed fault geometry network activated during the 2023 earthquake
sequence. Red stars show the epicenter locations of the 2020 and 2023 main shocks, with their focal
mechanism solutions. The relocated aftershocks from the 2023 sequence [31] and the 2020 Elazığ
seismicity [32] are represented by blue and pink dots, respectively. The yellow and blue boxes
indicate the USGS finite-fault models for the earthquake doublet. Solid lines along the main branch
of the EAFZ represent our vertically modeled fault segments: violet for F1 (Amanos), red for F2
(Pazarcık), and green for F3 (Erkenek). Black boxes denote the NNW-dipping modeled segments
corresponding to the Narli fault (F4), the Pütürge fault (F5), a small splay fault (F6) between F2 and
F3, the Çardak–Savrun fault (F7), the fault associated with the Nurdag complexity (F8), and a normal
fault (F9) located at the western end of the Çardak fault. The northeastern most light-green box is the
eastern portion of the Pütürge fault segment that was involved in the 2020 Elazığ earthquake.



Remote Sens. 2025, 17, 2270 13 of 28

 

Figure 12. A three-dimensional perspective view of the preferred slip model for the 2023 earthquake
pair and the MW 6.4 aftershock. Red solid lines represent the fault traces of the EAFZ that ruptured
during the 2023 seismic sequence. Red stars show the epicenter locations of the 2020 and 2023 main
shocks. The blue dots represent the relocated aftershocks of the 2023 sequence [31], while the pink
ones are related to the previous 24 January 2020 MW 6.8 Elazığ earthquake [32].

The geodetic displacement inversion accurately reproduces both the observed SAR
data—with RMSE values of about 18 cm and 20 cm for the ALOS-2 displacements and
Sentinel-1 offsets, respectively (Figures 3–6)—and the GNSS offset measurements, with
an RMSE of about 2.5 cm (Figure 8). Some persistent residuals remain in the ALOS-2 dis-
placement data, particularly along the fault traces of our preferred model (Figures 3 and 4).
These residuals may partly correspond to areas of interferometric incoherence. However,
they may also reflect localized complexities, such as minor variations in the strike along
the main fault, secondary structural features in the shallow portions of the fault system,
and/or the topography effects that are not captured by the elastic modeling adopted in
our simulations. Additionally, residual atmospheric noise in the ALOS-2 data may con-
tribute to these patterns. In contrast, the residuals in the Sentinel-1 offset tracking results
(Figures 5 and 6) appear to be more spatially scattered and lack a clear correlation with
the modeled fault geometry. This more random distribution is likely due to the lower
resolution and precision of the offset tracking method compared to InSAR and to its higher
sensitivity to noise from the image decorrelation and to surface changes unrelated to the
earthquake-induced deformation.

The assumed coseismic slip model, based on the preferred fault network geometry,
confirms the activation of several fault segments during the earthquake pair. In detail,
the estimated magnitudes for each fault segment during the earthquake doublet vary,
reflecting the localized slip distribution along the fault system. For the magnitude of MW

7.8, the rupture was characterized by varying magnitudes across different fault segments.
The Amanos segment, with an estimated magnitude of MW 7.46, experienced a moderate
slip, while the Pazarcık segment, with a magnitude of MW 7.52, exhibited the largest slip,
reaching up to > 10 m. The Erkenek segment had a slightly lower magnitude of MW 7.39,
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indicating less displacement in comparison. The Narli segment, where the mainshock
nucleated, experienced minimal slip, with a significantly lower magnitude of MW 6.49,
in line with the reduced displacement observed in this area. The total geodetic moment,
integrating these segmental magnitudes, corresponds to an overall magnitude of MW 7.80,
which is consistent with previous studies (e.g., [11,12,19]).

The second earthquake, with a magnitude of MW 7.6, originated along the E–W trend-
ing Çardak–Savrun fault, propagating westward towards the Savrun fault and eastward
into the Nurdag complexity. The rupture along the Çardak fault was particularly signif-
icant, with a maximum slip of up to 12 m, corresponding to an estimated magnitude of
MW 7.59 for this segment. However, instead of following the expected E–W Sürgü seg-
ment, the rupture deviated northeastwards along an unmapped fault within the Nurdag
complexity, between the Sürgü and Malatya faults. This previously unmapped fault thus
represents a key structural element, revealing a more intricate and interconnected fault
network than previously recognized in the region. Its presence suggests complex fault inter-
actions, with multiple strands influencing the rupture pathways and seismic energy release.
Such complexity can result in unexpected rupture deviations, multi-segment ruptures,
and variable slip distributions, all critical factors for accurate seismic hazard assessments.
These influences are evident in varying slip patterns observed in the area, including the
Gök Hill–Söğüt segment, which experienced a magnitude of MW 7.17. The total geodetic
moment for this second event corresponds to an overall magnitude of MW 7.64, which is
consistent with previous studies (e.g., [11,12,19]).

In addition, we carried out a quantitative assessment of the model uncertainties by
employing a Monte Carlo simulation based on 300 stochastic inversions of perturbed
datasets. In each realization, we added Gaussian noise to the original datasets (5 mm
for GNSS, 25 mm for InSAR) while keeping all inversion parameters fixed. This allowed
us to compute the mean and standard deviation of the slip on each fault patch (Figure
S2). Results show relatively low standard deviations (typically 15–20 cm) even in areas
of large slip, with an average slip uncertainty exceeding 50:1, in agreement with previous
studies [15]. This suggests that the inferred rupture characteristics are robust with respect
to observational noise.

3.2. The 20 February 2023 MW 6.4 Antakya–Hatay Aftershock

In the first step for the 2023 MW 6.4 aftershock, we performed a non-linear optimization
of the fault geometry responsible for the seismic event, employing a simulated annealing
algorithm [50]. The optimal uniform slip solution corresponds to a 226◦ striking and
47◦ WNW-dipping fault (rake about −14◦) with 14 km × 9 km dimensions (Figure 13),
which is in good agreement with the seismological focal solution and a previous inversion
of geodetic data (e.g., [12]). The average uniform slip is 0.7 m, and assuming a rigidity of
30 GPa, this results in an estimated geodetic moment of 2.88 × 1018 Nm, corresponding to
a MW 6.3 earthquake. In the second step, we extend the uniform slip fault to encompass
the area impacted by aftershocks (35 km × 25 km) and divide the fault into smaller patches.
The optimal slip distribution on the extended fault plane is shown in Figure 13. The
coseismic slip distribution reveals a major asperity with a peak slip of approximately 1 m,
primarily located within the uniform-slip fault. In this case as well, the resulting magnitude
is consistent with a MW 6.3 earthquake.
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Figure 13. The map view of the geodetic model of the 24 February 2023 MW 6.4 Hatay aftershock.
Blue dots represent the relocated aftershocks from the 2023 sequence [31]. The red box indicates our
optimal uniform slip solution. Other symbols as in Figure 1.

3.3. The Source Modeling of the Smaller Seismic Events Along the Pütürge Segment (2020
and 2022)

The inversion method applied for the smaller seismic events of 2020 and 2022 follows
the same approach used in the previous section. The optimal uniform slip solution for
the August 2020 MW 5.6 earthquake corresponds to a 237◦ striking and 89◦ WNE-dipping
fault (rake about 0◦) with 6.6 km × 5.3 km dimensions (Figure 14). The average uniform
slip is 0.3 m, and assuming a rigidity of 30 GPa, this results in an estimated geodetic
moment of 3.29 × 1017 Nm, corresponding to a MW 5.6 earthquake. For the April 2022 MW

5.3 earthquake, the optimal solution is represented by a 244◦ striking and 84◦ WNE-dipping
fault (rake about −11◦) with a 4.2 km × 5.9 km dimension (Figure 14). The average uniform
slip is 0.12 m, and assuming a rigidity of 30 GPa, this results in an estimated geodetic
moment of 0.92 × 1017 Nm, corresponding to a MW 5.3 earthquake. In both cases, the
modeled fault planes align with predominantly pure left-lateral strike-slip kinematics,
rupturing small shallow sections of the western part of the Pütürge segment. This area was
positively stressed by the prior Elazığ earthquake [10].

 

Figure 14. The rupture geometry of the August 2020 MW 5.6 and April 2022 MW 5.3 earthquakes
along the western part of the Pütürge segment and the 2020 MW 6.8 Elazığ earthquake. Red solid
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lines represent our best-fit uniform slip solutions (sub-vertical faults) of both the seismic events.
The red and yellow stars located west of Pütürge represent the hypocenters of the August 2020 and
April 2022 events, respectively, while the red star located above the slip distribution (colored area)
corresponds to the 24 January 2020 MW 6.8 Elazığ earthquake. The blue dots represent the relocated
aftershocks of the 2023 sequence [31], while the pink ones are related to the previous 24 January 2020,
MW 6.8 Elazığ earthquake [32].

3.4. Strain-Rate Estimation and Dislocation Modeling from GNSS Data

Understanding the seismogenic potential of the EAFZ is essential for evaluating
the seismic hazard in Türkiye and the broader Eastern Mediterranean region. Recent
earthquakes, such as the 2020 Elazığ and the 2023 Kahramanmaraş sequences, highlight
the importance of monitoring and modeling the strain accumulation along the EAFZ and
neighboring structures, particularly in areas that have experienced decades of seismic
quiescence. We aim to assess the seismogenic potential of the EAFZ by focusing on both the
Pütürge fault segment at the NE termination and the region near the Dead Sea Fault (DSF) at
the SW termination, employing a two-stage method. Firstly, we estimate the strain-rate field,
followed by dislocation modeling to evaluate the interseismic locking depth and the rate of
slip. In particular, the southwestern part of the Pütürge fault was not affected by coseismic
ruptures during either the 2020 Elazığ seismic sequence [10] or the 2023 Kahramanmaraş
sequence [12]. The strain-rate field reveals how the deformation is distributed across
the fault zone, allowing us to identify areas of higher rates along the EAFZ, which may
suggest significant strain accumulation. Dislocation modeling provides insight into the
coupling degree of these segments and allows the estimation of key parameters such
as the locking depth and rate of slip, which are essential for understanding the fault’s
seismogenic potential.

To estimate the strain-rate field along the EAFZ, we analyzed GNSS data from a
network of 836 stations [51], which offers enhanced spatial coverage of both near- and far-
field areas compared to previous studies (Figures 15 and 16) (e.g., [1–3,52]). In the Eurasian
reference frame, the GNSS velocities south of the NAFZ show motions approximately
directed in a WNW direction, highlighting the right-lateral kinematics characterizing the
NAFZ (Figure 15).

 

Figure 15. The interseismic velocity field relative to the Eurasian plate (modified from [51]). The
dashed box highlights the area shown in Figures 16 and 17.
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Figure 16. A map of the second invariant of the strain-rate tensor along the EAFZ and part of the
NAFZ. Red (compressional) and blue (extensional) bars represent the principal strain directions.
Other symbols as in Figure 1.

 

Figure 17. A detailed view of the GNSS horizontal velocity field across the EAFZ. (a) The GNSS
velocity field in the reference frame fixed to Eurasia. (b) The GNSS velocity field across the EAFZ
in the Arabian block-fixed reference frame. The boxes enclose velocities projected onto a direction
perpendicular to the strike of each fault segment (lowercase letters indicate different velocity profiles).
Red boxes highlight the cross-sections drawn across the Pütürge fault segment and the Hatay region,
situated at the northeastern and southwestern terminations of the 2023 seismic sequence, respectively.
The solid lines represent the main fault segments of the East Anatolian Fault Zone (EAFZ), labeled as
follows: (1) Amanos, (2) Pazarcık, (3) Erkenek, (4) Pütürge, (5) Palu, (6) Ilica, and (7) Çardak–Savrun
(after [7]).

Focusing on the study area, the strain-rate was obtained by applying the optimal
interpolation of the spatially discretized geodetic data algorithm [53]. This method allowed
us to generate a continuous strain field that clearly delineates the major fault zones in
eastern Türkiye (Figure 16), in agreement with previous studies (e.g., [54]). Notably, the
strike directions of the dextral minimum shear coincides with the NW-striking strike-slip
fault segments of the NAFZ, and the strike directions of the sinistral maximum shear
align well with the fault segments of the strike-slip EAFZ (Figure 16). High strain-rates,
up to 120 nanostr/yr, were found across the NAFZ, and another region with rates up to
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70 nanostr/yr was identified at the Karliova junction, where the NAFZ and EAFZ meet.
Along the EAFZ, the strain-rates vary, with values of 50–70 nanostr/yr along the Palu
and Pütürge segments, decreasing further SW across the Erkenek and Pazarcık segments
(30–50 nanostr/yr), and transitioning to a trans-tensional regime in correspondence with
the Amanos segment and the Hatay region. Along the northern EAFZ strand, where the
MW 7.6 Elbistan earthquake occurred, shear strain-rates of 20–25 nanostr/yr have been
interpolated (Figure 16).

The relatively lower strain accumulation we observe along the segments of the EAFZ
compared to the NAFZ is in agreement with previous InSAR-based studies (e.g., [54,55]).
Our results are also consistent with the findings of [56], who reported elevated strain-rates
in the order of ~70 nanostr/yr and a marked east–west velocity gradient along the Pütürge
segment, the portion of the EAFZ where the 24 January 2020 Mw 6.7 Elazığ earthquake
occurred [10].

In the second step, we applied dislocation modeling to estimate the interseismic
locking depth and the rate of slip along the identified segments of the EAFZ. To do this, the
GNSS velocity field has been transformed into a reference frame defined by minimizing
the residual horizontal velocities of stations situated on the Arabian plate, sufficiently
far from the active EAFZ (gray squares in the Figure 17b). This reference frame allows
us to examine the crustal motion across the EAFZ and identify areas of potential strain
accumulation. Accordingly, the motion of stations across the main strand of the EAFZ
shows a direction consistent with an average 8 mm/yr of cumulative left-lateral shear
along the EAFZ (Figure 17b), which is consistent with previous studies (e.g., [54]).

We then constructed a series of profiles across the EAFZ, perpendicular to the various
fault segments, by projecting the velocity vectors within a 70–80 km swath. These profiles
extend over a length of 250 km to capture both near- and far-field data. By comparing
the GNSS horizontal velocities with the topographic swath profiles, it is evident that the
highest strain-rate is concentrated along the primary branch of the EAFZ, aligning with
the seismic activity (M > 6.5) observed in this region (Figure 18). The observed horizontal
velocities were also compared with the surface deformation resulting from the slip on a
two-dimensional planar NNW-dipping vertical dislocation, locked at a specific depth. The
simplest model geometry consists of five parameters: the horizontal and vertical positions
of the dislocation tip (i.e., the locking depth), the dip angle, the fault slip-rate, and the rake.
Rather than exploring the entire parameter space to minimize an assumed cost function,
we fixed the location of the interseismic dislocations at the mapped trace of the EAFZ and
tested different locking depths (2, 15 and 25 km). The chosen locking depths were selected
based on prior geophysical and geological studies indicating that the seismogenic zone in
the EAFZ typically extends within this depth range (e.g., [9]), with a maximum locking
depth around 20–25 km that is supported by the observed distribution of aftershocks from
the 2023 seismic sequence, which do not extend below this depth. This allowed us to assess
how well the projected interseismic velocities along the profiles matched specific locking
depths, a crucial parameter for evaluating their seismogenic potential, assuming sub-
vertical north-dipping dislocations and a slip-rate of 10 mm/yr (a value consistent with the
computed, ∼10–13 mm/yr interplate velocity suggested in previous studies for the EAFZ
(e.g., [1,2,9,55])). Although we fixed the slip-rate at 10 mm/yr in the models presented
here, variations in slip-rate within the range 8–12 mm/yr would proportionally affect the
magnitude of the surface velocities without significantly altering the overall profile shape.
Thus, while slip-rate uncertainties influence the velocity amplitude, the locking depth
remains the dominant parameter controlling the velocity gradient and pattern.
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Figure 18. (a–f) Comparison of observed fault-parallel velocities, dislocation models, topography,
and seismicity along selected profiles across the EAFZ. The panels show the observed fault-parallel
component velocities (blue dots) along selected velocity profiles (from SSW to NNE) compared
with the dislocation models (solid red, gray, and black lines), topographic data (average altitude),
interseismic model geometry (red dashed lines), seismicity (the blue dots represent the relocated
2023 aftershock of the first month after the mainshock [31]; pink dots are the relocated 2020 Elazığ
seismicity [32]), and 2020–2023 coseismic fault planes (solid black lines on profiles b–e). The vertical
red dashed lines indicate the points of intersection with the EAFZ trace.

Our analysis indicates that, on average, the EAFZ is subjected to aseismic slip at the
base of the brittle (velocity-weakening) section of the fault at approximately 15–20 km
depths (Figure 18b–d), except for the Hazar–Palu segment (Figure 18f). Specifically, the
abrupt change in the interseismic fault-parallel velocity field observed in profile f suggests
aseismic creep at the surface, in agreement with previous studies (e.g., [34,57]). Moving
westward, the other profiles instead show a velocity gradient across the EAFZ, indicating
that the fault segments (i.e., the Pütürge, Erkenek, Pazarcık, and Amanos) are locked
below a certain depth. At the southwestern termination, in the Hatay region, additional
complexities in fault behavior may be present. In fact, the EAFZ, the Cyprus Arc, and
Dead Sea Fault intersect at the Hatay triple junction, which is a tectonically complex zone,
with deformation partitioned along different fault segments. Additionally, the normal
component of the rake increases in the southwestern profiles (profiles a and b) compared to
the others, where a transcurrent kinematic dominates.

Our results are generally consistent with the findings of [9], who identified the most
uncoupled shallow portion of the central EAFZ near Elazığ, coinciding with the pull-apart
basin of Lake Hazar. Similarly, our model indicates a very shallow locking depth along
the Hazar–Palu segment, suggesting aseismic behavior at or near the surface (Figure 18f).
However, notable differences arise along the Pütürge segment, where [9] inferred a shallow
coupling depth, whereas our results suggest a deeper locking depth of approximately
15 km (Figure 18e). This estimate aligns more closely with the coseismic slip distribution
of the 2020 Elazığ earthquake [10] and the spatial pattern of aftershocks. Further west,
along the Erkenek and Pazarcık segments, we also infer relatively deep locking depths
(~15 km), which are broadly consistent with the coupling inferred by [9], although their
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model (limited only to a portion of the Erkenek segment) in this region is associated with
high uncertainty, indicating the limited reliability in those estimates.

The geometry of the interseismic dislocations predicted by our preferred solutions
aligns well with the distribution of the aftershock seismicity from 2020 and 2023, which
is mostly located above the 20–25 km depth (Figure 18). It also matches our preferred
2023 coseismic planes and the 2020 Elazığ rupture (10), which are located near the upper
edge of the interseismic dislocation model (Figure 18). This supports the hypothesis
that the interseismic slip on the creeping dislocation leads to strain accumulation on the
shallow, locked sections of the EAFZ, resulting in earthquakes similar to those of 2020–
2023. Along profiles c and d, which intersect the northern branch of the EAFZ (i.e., the
Çardak–Savrun fault, activated during the MW 7.6 Elbistan earthquake), we tested the
addition of a secondary interseismic dislocation, in addition to the main one located along
the principal strand of the EAFZ. This choice was motivated by the location of the MW

7.6 rupture, which nucleated near profile c. Our results show that, for profile c, including an
additional dislocation accommodating ~2 mm/yr of slip improves the fit to the observed
interseismic velocities. In contrast, for profile d, the inclusion of a second dislocation does
not lead to a significant improvement, suggesting a more limited role of the northern strand
in accommodating the interseismic deformation in that area.

4. Discussion
4.1. Source Modeling of the 6 February 2023 MW 7.8 and 7.6 Kahramanmaraş Earthquake Doublet

Our preferred best-fitting dislocation model of the first shock of the 2023 seismic
sequence is composed of three primary vertical fault segments along the main branch of the
EAFZ, releasing a total geodetic moment corresponding to an overall magnitude of MW 7.80.
The second earthquake nucleated on the E–W trending Çardak–Savrun fault, located along
the northern branch of the EAFZ, and released a total geodetic moment corresponding to
a magnitude of MW 7.64. The fault locations and geometries are broadly consistent with
those determined in previous geodetic inversion studies (e.g., [12,15,19]). Nevertheless,
unlike earlier models, we implemented a variable strike for each fault segment, better
capturing the surface expression of the EAFZ as inferred from surface deformation patterns
and aftershock distribution.

Our slip model indicates that the maximum coseismic slip during the MW 7.8 event
occurred on the Pazarcik segment, reaching a maximum slip of approximately 10 m. The
area of significant slip extends northeastward onto the Erkenek segment (~8 m slip),
tapering off toward the western tip of the Pütürge segment (Figure 12). In contrast, the
Amanos segment southwest of Pazarcık shows a substantially lower average slip. During
the second MW 7.6 event, the slip was strongly concentrated near the hypocentral patch of
the Çardak–Savrun fault, with a peak slip of ~12 m (Figure 12). Toward both the western
and eastern extremities of the rupture, the coseismic slip decreases sharply, likely due to
significant changes in the fault strike. Notably, on the eastern side, the rupture does not
extend along the Sürgü fault, which links the main branch of the EAFZ to its northern
strand, but instead deviates along a previously unmapped structure within the tectonically
complex Nurdag region.

Our slip distributions and rupture segmentation are in overall agreement with sev-
eral recent models (e.g., [12,15,19]), particularly with respect to rupture lengths and slip
gradients. However, in contrast to models such as [11,13,14], which tend to report lower
peak slip values (~8–9 m) and smoother slip distributions due to coarser segmentation or
kinematic averaging, our model resolves more localized high-slip patches, especially along
the Çardak–Savrun fault. These findings are consistent with other studies (e.g., [12,15,19])
that report peak slip values of 12 m or more based on geodetic and/or seismological data
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along the same fault segment, confirming that our estimated maximum slip is within
the plausible range supported by multiple datasets and methods. Similarly, while some
studies [12,15,19] present comparable total moment releases, their fault geometries are
simplified relative to ours, which explicitly includes the variable strike and curvature along
nine fault segments. This higher geometric fidelity allows our model to more accurately
capture the transition zones and segment boundaries, particularly at the southwestern and
northeastern terminations of both mainshocks. Additionally, the shallow slip deficit noted,
for example, by [12] is consistent with our model’s reduced slip at the surface along specific
segments. Furthermore, regions with the highest slip correlate well with areas of elevated
peak ground velocities and strong ground motions observed during the events [58]. Finally,
our geodetic modeling of the MW 6.4 aftershock that occurred on February 20 indicates
that the rupture affected a fault segment roughly 15 to 20 km in length, located at the
southwestern tip of the February 6 MW 7.8 rupture (Figure 12). This segment lies along the
southwestern most portion of the EAFZ, in the Hatay–Antakya region.

4.2. The Northeastern Termination of the 2023 Rupture: The Pütürge Segment

Our slip distribution, combined with the rupture model of the preceding 2020 MW

6.8 Elazığ earthquake [10], suggests that a potential 40–50 km long seismic gap remains at
the southwestern termination of the Pütürge fault segment (Figure 12). Indeed, examin-
ing the slip distribution from both seismic sequences emphasizes that the southwestern
segment of this fault did not experience significant coseismic slip. In contrast, the spatial
distribution of the 2023 seismicity (blue circle in Figure 14) terminates closely to where
the 2020 rupture and seismicity ends (pink dots in Figure 14). Moreover, previous studies
show that the SW portion of the Pütürge segment has been stressed by both the 2020 Elazığ
earthquake [10] and the 2023 seismic sequence [15]. This area draws particular attention
due to the unresolved question surrounding the 1905 Ms 6.8 earthquake, whose rupture
is debated to have occurred either along the Yarpuzlu restraining bend or further west
on the Pütürge fault [8]. If the latter hypothesis proves incorrect, it would imply that the
western section of the Pütürge segment has remained unruptured for centuries—pointing
to a possible seismic gap and associated hazard.

To more accurately evaluate the seismic potential of this region and the deformation
release mechanism, we conducted a detailed analysis of this segment, considering a number
of moderate-size earthquakes (M 5.0–5.6) taking place along the western section of the
Pütürge fault in recent years and observed by InSAR and a brand new GNSS interseismic
velocity field [51] for the EAFZ region; focusing on the interseismic strain-rate analysis
and dislocation modeling; and estimating the accumulation of the seismic moment on this
segment of the fault system. In regard to the minor seismic events (MW 5.6 in August
2020 and MW 5.3 in April 2022), the modeled fault planes align with a predominantly
pure left-lateral strike-slip faulting mechanism, rupturing only very small and shallow
portions of the western part of the Pütürge fault, thus releasing a small amount of the
seismic moment. The analysis of a brand new GNSS velocity field for the EAFZ region
shows that along the EAFZ the strain-rates vary, with values of 50–70 nanostr/yr along
the Palu and Pütürge segments, decreasing further SW across the Erkenek and Pazarcık
segments, and transitioning to a transtensional regime in correspondence with the Amanos
segment and the Hatay region (Figure 16). In particular, along the Pütürge segment, high
strain-rate values (50–70 nanostr/yr) were observed, in agreement with previous studies
suggesting an elevated strain-rate in this area [56]. To investigate how this deformation
may be accommodated along the Pütürge segment, we subsequently performed dislocation
modeling of interseismic GNSS velocities to estimate the slip-rate and interseismic locking
depth on the different segments of the EAFZ. Our results indicate that the Pütürge segment
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is locked at approximately a 15–20 km depth (Figure 18), suggesting strong coupling across
this segment and the potential accumulation of elastic energy along this portion of the
EAFZ. This is consistent with prior studies that analyzed InSAR and GNSS data, which
had suggested high coupling along the western section of the Pütürge segment, although
their results were affected by significant uncertainties [9] and a clear east–west velocity
gradient across the Pütürge segment.

For an individual fault, where the slip-rate, ṡ, is uniform over the depth, D, and the
length, L, of the fault, the moment rate accumulation, Ṁ, is [59]

Ṁ = µ × ṡ × D × L

where µ is the assumed shear modulus. Using a shear modulus of 30 GPa, a locking depth of
15 km, a fault length of 40 km, and a uniform slip-rate of 10 mm/yr, we calculate a moment
accumulation of 1.8 × 1017 Nm/yr (equivalent to a MW 5.4 earthquake/yr) for the western
part of the Pütürge fault. If we assume that the 1905 Ms 6.8 event occurred on this segment,
the accumulated seismic moment up to the present would correspond to 2.16 × 1018 Nm.
Even if we subtract the contribution of the two smaller events that occurred in 2020 and 2022,
with magnitudes of MW 5.6 and 5.3, respectively, most of the accumulated seismic moment
should remain. Therefore, the fault retains the potential to generate an event exceeding
MW 6.8 if all this energy is released in a single earthquake. Considering the variability
in input parameters—specifically a locking depth between 10 and 20 km, a fault length
between 40 and 50 km, and a slip-rate between 8 and 12 mm/yr—the total accumulated
seismic moment since 1905 ranges from a minimum of 1.15 × 1018 Nm to a maximum of
4.32 × 1018 Nm. These values correspond to equivalent single-event magnitudes ranging
from MW 6.61 to MW 7.12.

The ranges of the accumulated seismic moment and associated magnitudes presented
above incorporate the variability in key input parameters such as the slip-rate, fault length,
and locking depth. However, additional sources of uncertainty should be considered to
fully characterize the reliability of these estimates. For example, varying the slip-rate
between 8 and 12 mm/yr (±20%) results in a proportional change in the estimated moment
accumulation rate of ±20%, given its linear relationship to the slip. Changing the locking
depth from 10 to 20 km effectively doubles the fault area and, consequently, the moment
rate, since the depth is a first-order control on the fault surface area. Similarly, a fault length
variation between 40 and 50 km introduces a 25% difference in the moment accumulation,
assuming a uniform slip and depth. When all parameters vary simultaneously within their
respective plausible ranges, the combined uncertainty in the moment accumulation spans
nearly a factor of four, corresponding to an estimated magnitude variation from MW 6.6
to MW 7.1. Altogether, these uncertainties do not invalidate the moment accumulation
estimates but rather provide a realistic envelope around them.

It should be noted, however, that part of this accumulated energy could have been
released aseismically through fault creep, thereby reducing the amount available for a
possible seismic rupture. In this regard, previous studies [34,60] have suggested that
the Pütürge segment exhibits both temporal and spatial variability in creep behavior.
In particular, Refs. [34,60] highlight the presence of significant surface creep near the
eastern termination of the 2020 Elazığ earthquake rupture, close to Lake Hazar, and further
east along the Palu segment. In contrast, the western part of the fault appears to have
experienced only a limited interseismic creep near the surface, both before and after the
2020 Elazığ event, leaving most of the fault likely unaffected by aseismic deformation.
More recently, following the 6 February 2023 MW 7.8 earthquake, only about 10 cm of
surface creep was observed within the following 8 months along the far southwestern
section of the Pütürge segment [60]. Given our estimates of the interseismic locking along
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this segment and the limited evidence of aseismic creep in its western portion, we can
reasonably conclude that a substantial portion of the accumulated strain is elastic and has
probably not been released yet. This supports the hypothesis that the western Pütürge
segment remains capable of generating a strong earthquake if the locked portion of the
fault ruptures seismically in a single event.

4.3. The Southwestern Termination of the 2023 Rupture: The Hatay Region

Considering the complex structural characteristics of the Hatay region where the
EAFZ interacts with the Dead Sea Fault Zone and the Cyprus Arc, therefore representing
a triple junction, the seismogenic behavior of this area may differ from that of the more
linear, strike-slip-dominated segments of the central EAFZ. In fact, this region appears to
be an area of diffuse deformation, where the major faults are the termination of the EAFZ
(i.e., the termination of the Pazarcik segment), the Amanos Fault (in the Karasu valley), the
Karatas–Osmaniye Fault (KOF), and to the south, the onshore termination of the Cyprus
Arc and the northernmost sector of the Dead Sea Fault.

To quantitatively assess the seismic potential of the fault segments in the Hatay re-
gion, located at the southwestern end of the 2023 rupture, we applied the same modeling
approach adopted for the Pütürge segment, combining GNSS velocity data and fault ge-
ometry constraints to estimate the interseismic strain-rates and moment accumulation.
Along the EAFZ, the strain-rates vary, with values of 50–70 nanostr/yr along the north-
eastern segments, decreasing further SW across the Erkenek and Pazarcık segments, and
transitioning to a trans-tensional regime in correspondence to the Hatay region. Here the
strain-rate appears to be distributed along different structures, and the interseismic GNSS
observations show at least two velocity gradients across the Amanos and the KOF, respec-
tively (see profile a in Figure 18), which is in agreement with the results in the literature
(e.g., [61,62]). The dislocation modeling results of interseismic velocities indicate that both
the Amanos and the KOF segments are locked at approximately a 15 km depth, with a
higher slip-rate along the KOF segment compared to the Amanos fault. Specifically, the
estimated slip-rate on the Amanos segment is about 4 mm/yr, while the KOF segment
shows a higher value of about 6 mm/yr. Moreover, in agreement with previous studies
(e.g., [62]), fully reproducing the observed GNSS velocities along this profile requires the
inclusion of an additional dislocation located approximately midway between the Amanos
and KOF segments. This suggests the presence of a secondary, potentially active structure
that contributes to the overall strain accommodation in the region. The slip-rate along the
Dead Sea Fault also varies geographically, ranging from approximately 2.8 mm/yr in its
northernmost section to about 5 mm/yr toward the south (e.g., [63]). However, this fault
is not covered by the interseismic velocity field used in this study, and therefore no direct
modeling was performed for this structure.

This area has experienced several large historical earthquakes, highlighting its high
seismic potential. Notable events include the M7.4 earthquake in 1513 along the KOF
segment, the M7.4 in 1822 and the M7.2 in 1872 along the Amanos segment, and the M7.4
earthquake in 1408 along the Dead Sea Fault (e.g., [8]). Using a shear modulus of 30 GPa, a
locking depth of 15 km, a fault length of 100 km, and a uniform slip-rate of 4 mm/yr, it is
possible to calculate a moment accumulation of 1.8 × 1018 Nm/yr for the entire Amanos
fault. Given that the estimated magnitude of the 2023 earthquake on the Amanos segment is
approximately M7.5, which is comparable to the moment accumulated since the last major
event in 1872, this suggests that this segment has released nearly all the strain accumulated
over the past 150 years.

Given a fault length of 50–60 km, a locking depth of 15 km, and an average slip-rate
ranging from 5 to 6 mm/yr, we estimate a moment rate accumulation along the KOF
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segment between 1.1 × 1018 and 1.6 × 1018 Nm/yr. Taking into account that the most
recent significant earthquake on this fault occurred in 1513 (M7.4), the accumulated moment
since then (~510 years) ranges between 5.7 × 1020 and 8.3 × 1020 Nm. This translates to
a moment magnitude of approximately MW 7.77−7.88, suggesting that the fault may be
approaching the end of its seismic cycle and is capable of generating another large event.
It is also likely that, between the Amanos fault and KOF, there is an additional offshore
structure that accommodates part of the deformation. This potential structure could be
crucial in distributing the strain in the region, potentially reducing the stress accumulation
on the onshore segments.

The entire Hatay region, which includes several active faults along with the northern
segment of the Dead Sea Fault, has been significantly stressed by the 2023 seismic sequence.
Historical records and numerical tsunami simulations have documented the occurrence of
significant earthquake-induced tsunamis along the coasts of Hatay, Syria, and the Levantine
Basin in the Eastern Mediterranean. Despite this, the 2023 seismic sequence did not trigger
a major earthquake along the Dead Sea Fault or the Cyprus Arc. As a result, these areas
likely represent potential sources for future large earthquakes, with the most recent major
event on the Dead Sea Fault being the M7.4 earthquake of 1408.

5. Conclusions
In this study, we provided an in-depth analysis of the 2023 Kahramanmaraş earthquake

sequence, focusing on the source modeling and the seismogenic behavior of the various
involved segments. To better assess the seismic potential along the East Anatolian Fault
Zone (EAFZ), it was essential to define in detail the rupture geometry and slip distribution,
as these factors have a significant impact on ground motion amplitudes.

The occurrence of large peak ground velocities and strong ground motions is closely
associated with areas of major slip, thus emphasizing the significance of the slip distribution
in seismic hazard evaluations. The complexity of the fault slip during an earthquake con-
tributes to the variability of the near-source ground motion and amplification, particularly
at sites located directly above the fault plane, where damage tends to be more severe [58,64].
Understanding these relationships is essential for enhancing our knowledge of ground
shaking behavior and the interaction between the causative fault and wave propagation
in a seismically active region. In this context, evaluating the strain accumulation and
analyzing recent seismicity are of utmost importance for assessing rupture characteristics
and associated ground motion patterns.

Our results emphasize the complex and heterogeneous nature of the region’s faulting,
with a distinct slip behavior and moment accumulation observed along the various seg-
ments of the EAFZ, particularly at the terminations of the 2023 and 2020 ruptures. Most
segments of the EAFZ experience aseismic slip at the base of the brittle, velocity-weakening
zone, at depths of approximately 15–20 km. Following the 2023 and 2020 seismic sequences,
much of the EAFZ has likely released the seismic deformation accumulated since the
previous major event. This release of strain has significantly impacted the distribution
of the seismic energy in the region, potentially altering the stress patterns along various
fault segments.

The Pütürge segment remains a region of significant interest, especially due to the
potential seismic gap observed along its southwestern portion. Our results indicate that the
western section of the Pütürge segment is strongly locked and may accumulate substantial
strain, which could lead to a large earthquake if this portion of the fault ruptures in the
future. The results point to a potentially high seismic hazard for this segment, with the
accumulated seismic moment corresponding to magnitudes in the range of MW 6.6 to
MW 7.1.
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In the Hatay region, the fault behavior appears more complex. The Amanos fault
likely released most of its accumulated strain during the 2023 rupture. In contrast, the
KOF segment, with a higher slip-rate, has shown substantial moment accumulation since
the 1513 M7.4 earthquake, suggesting a great potential for future seismic activity. The
presence of a possible additional offshore structure between the Amanos fault and KOF
could play a role in accommodating some of the region’s deformation, thus influencing
distribution of the strain and of possible future ruptures. The Hatay region, where the
EAFZ interacts with the Dead Sea Fault and the Cyprus Arc, remains an area of significant
seismic hazard. Despite the large 2023 seismic sequence, the region did not experience
major earthquakes along the Dead Sea Fault or the Cyprus Arc, which have historically
been sites of large events, including the M7.4 earthquake of 1408. Given the historical record
and the continuing accumulation of strain along these fault systems, as well as due to the
local impact on the stress field (Coulomb effect) of the 2023 seismic sequence, this sector of
the Middle East likely represents the source of future large-magnitude earthquakes.

Finally, the complexity of fault interactions, particularly the interplay between the
EAFZ, Dead Sea Fault, and Cyprus Arc, underscores the need for continued monitoring and
modeling efforts to better assess seismic risks in the region and refine our understanding of
the seismic cycles in this tectonically complex and seismically active area.
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