
1. Introduction
The East Anatolian Fault (EAF), located in southeastern Turkey, is a northeast-southwest trending and about 
700 km long sinistral strike-slip fault. It regulates the relative movement between the Arabian and Anatolian 
blocks (Güvercin et al., 2022). It connects the tectonically active dextral North Anatolian Fault (NAF) to the 
northeast and boarder on the sinistral Dead Sea Fault (DSF) to the southwest. Seven major earthquakes (M > 6.0) 
occurred here had broken some segments of the EAF since the twentieth century (Figure 1), leaving two seis-
mic gaps (Duman & Emre, 2013). One is the Pütürge segment, on which the 2020 Mw6.8 Sivrice earthquake 
broke a ∼45 km long rupture (Konca et al., 2021). The other is the Pazarcık segment (longitude between 36.9°E 
and 37.7°E), the most potential segment to generate Mw ≥ 7.3 destructive earthquakes as supposed by Nalbant 
et al. (2002) and Sunbul (2019) based on the Coulomb stress analysis.

The EAF trends northeastward between the Pazarcık and Palu segments, but trends north-northeastward on the 
Amanos segment. The strike-slip rate along the EAF decreases from 10 to 13 mm/yr on the Pütürge-Palu segment 
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Plain Language Summary The middle and northern sections of the East Anatolian Fault 
(EAF) have experienced seven major earthquakes (M > 6.0) since the twentieth century, in accordance 
with the fast slip rate (∼10.5 mm/yr) and shallow locking depth (∼5 km) (Bletery et al., 2020, https://
doi.org/10.1029/2020gl087775), leaving a well-known seismic gap, the Pazarcık segment in the southern 
section of the EAF. Stress analysis by Nalbant et al. (2002, https://doi.org/10.1016/s0012-821x(01)00592-1) 
suggested that this seismic gap has potential to produce an Mw ≥ 7.3 earthquake. The 2023 Mw7.8 and Mw7.7 
Kahramanmaras, Turkey earthquake sequence ruptured the Pazarcık segment. This earthquake sequence offers 
a valuable opportunity to explore the critical stage of the seismic cycle from interseismic strain accumulation 
to coseismic rupture. We extract the surface fault traces from the deformation maps derived from the ALOS-2 
interferometric synthetic aperture radar (InSAR), pixel offset and Sentinel-2 sub-pixel offset measurements, 
and then construct a seven-segment fault geometric model according to the fault segmentation based on Duman 
and Emre (2013, https://doi.org/10.1144/SP372.14). By inverting the coseismic interferograms and pixel 
offsets and  the interseismic LOS velocities from Weiss et al. (2020, https://doi.org/10.1029/2020GL087376), 
we determine the coseismic slip model of Mw7.8 and Mw7.7 earthquakes, and relate it to the interseismic 
kinematics.
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(east of 38.2°E) to 4∼7 mm/yr on the Pazarcık-Erkenek segment (36.9°E–38.2°E) and then drop to 1∼3 mm/
yr on the Amanos segment (west of 36.9°E), according to some geological (e.g., Allen et al., 2004; Duman & 
Emre, 2013; Westaway, 1994, 2004) and geodetic (e.g., Aktug et al., 2016; Bletery et al., 2020; Cavalié & Jons-
son, 2014; Reilinger et al., 2006; Walters et al., 2014) measurements. Such a decrease from northeast to southwest 
suggests that the interseismic strain accumulated on the main fault (e.g., Hussain et al., 2018; Weiss et al., 2020) 
is assigned to some large subsidiary faults (e.g., the Cardak fault). Therefore, some segments in the southwest of 
the EAF, such as the Amanos, Pazarcık, and Erkenek segments, have the potential to produce large earthquakes 
even though their long-term slip rate is low.

The 6 February 2023 Kahramanmaras, Turkey earthquake sequence consists of three destructive left-lateral earth-
quakes in southeastern Turkey, close to the northern border of Syria, resulting in more than fifty thousand deaths 
in Turkey and Syria, where local roads and buildings were severely damaged. The earthquake sequence initiated 
at 1:17 a.m. (UTC time) with a Mw7.8 devastating earthquake that broken the Amanos, Pazarcık, and Erkenek 
segments of the EAF (Figure 1). The surface rupture extends over 300 km along the northeast-southwest direction. 
About 11 min later (1:28 a.m., UTC time), an Mw6.8 early aftershock occurred on the south-southwest trending, 
∼140 km long Amanos segment of the EAF. Approximately 9 hr after the Mw7.8 event (10:24 a.m., UTC time), 
an Mw7.7 earthquake, happened about 95 km northwest of the Mw7.8 event. It struck the nearly east-west trending 
Cardak and northeast trending Dogansehir faults, two subsidiary faults with the surface rupture length of ∼180 km. 
The occurrence of the 2023 Kahramanmaras earthquake sequence filled the seismic gap on the Pazarcık segment.

The 2023 Kahramanmaras earthquake sequence showed a synchronization phenomenon between the main fault 
segments of the EAF and nearby subsidiary faults. Earthquake synchronization within a short time interval (hours 
to days) has been observed in some strike-slip fault systems, such as the case for the 1987 Superstition Hills (e.g., 
Hudnut et al., 1989) and the 2019 Ridgecrest earthquake sequences (e.g., Barnhart et al., 2019; Ross et al., 2019), 
but it is rare in the EAF system. The Kahramanmaras earthquake sequence offers a precious opportunity for using 
space-based geodetic data to understand the coseismic slip behaviors of such events, the interplay between co- 
and inter-seismic kinematics, and the influence of static stress transfer on rupture propagation.

In this study, we use InSAR and pixel-offset measurements of ALOS-2 SAR data and sub-pixel correlation of 
Sentinel-2 optical data to derive the complete coseismic deformation maps and constrain the coseismic fault geomet-
rics and kinematics of the 2023 Kahramanmaras earthquakes. We compute the static stress changes on the seismo-
genic faults and nearby active faults based on the inferred slip model. We take the interseismic LOS velocity map 
around the seismogenic area from Weiss et al. (2020) for profile inversion, so as to investigate fault motion at depth. 
We make interpretations for the coseismic slip and discuss the interplay between the co- and inter-seismic kinematics.

2. Geodetic Data and Methods
The geodetic data sets are comprised of SAR and optical coseismic observations, and interseismic LOS velocity 
map across the southwest section of the EAF. The SAR data sets contain two ascending and two descending 
L-band ALOS-2 images (Table S1 in the Supporting Information S1). The optical data sets consist of nine pairs 
of Sentinel-2 images. The interseismic LOS velocity map is processed by Weiss et al. (2020).

To measure the line-of-sight (LOS) coseismic deformation maps of the 2023 Kahramanmaras earthquakes, we 
process the ALOS-2 single look complex (SLC) images with the GAMMA software (Werner et al., 2000). In the 
differential InSAR (DInSAR) processing, we set 3 range and 16 azimuth looks. The Shuttle Radar Topographic 
Mission (SRTM) Digital Elevation Model (DEM) at 30 m resolution is used to coregister SLC image pairs and 
remove topographic phase in interferograms. The improved Goldstein filter method (Li et  al.,  2008) and the 
minimum cost flow method (Chen & Zebker, 2002) are used for filtering interferograms and unwrapping phase, 
respectively. We take the ascending images as an example to describe the detailed data processing strategy for the 
ALOS-2 Scanning SAR (ScanSAR) mode data (Text S1 in the Supporting Information S1). The derived ascend-
ing and descending ALOS-2 coseismic interferograms are shown in Figures 2a and 2e, respectively.

To obtain the pixel-offset maps of the 2023 Kahramanmaras earthquakes, we utilize the pixel offset-tracking 
(POT) method to process the amplitude images of ALOS-2 data (Michel et al., 1999). The matching window size 
is set as 60 pixels in range and 320 pixels in azimuth with a moving step of 3×16 pixels. The range and azimuth 
offset maps are shown in Figures 2b, 2c, 2f, and 2g. We calculate the three-dimensional (3-D) deformation map 
of the 2023 Kahramanmaras earthquakes by jointly using the two InSAR-derived LOS deformations and four 
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POT-derived pixel offsets with a weighted least squares method (Hu et al., 2014). For simplicity, we utilize the 
uncertainties determined from the observations in the far-field non-deformed areas to weight different data sets 
(He, Feng, Li, et al., 2019). The derived 3-D deformation map is shown in Figures 2i−2k.

To measure the surface horizontal deformation map, we process the optical data by sub-pixel correlation (SPC) (e.g., 
Avouac et al., 2006; He et al., 2021). We cross-correlate the pre- and post-event Sentinel-2 images on Band 8 with 
the COSI-Corr software package (Leprince et al., 2007). We set the sliding window size, moving step and robustness 
iteration as 32×32 pixels, 3 pixels (∼30 m resolution) and 4 times, respectively. To mitigate the systematic error 
sources in optical observations, we post-process the raw Sentinel-2 horizontal deformation maps in the east-west and 
north-south directions (Figures S5a and S5b in the Supporting Information S1). The long-wavelength orbital ramp is 
determined from the observations in the far-field stable areas and detrended by the bilinear polynomial curve fitting 
method. The stripe artifacts and attitude jitter distortions are eliminated by the improved mean subtracting method 

Figure 1. (a) Early aftershock distribution and surface fault traces of the 2023 Kahramanmaras earthquake sequence. Red 
dots are the aftershocks occurred within the time span between the Mw7.8 and Mw7.7 events. Blue dots are the aftershocks 
occurred within the first month after the Mw7.8 event recorded by the European Mediterranean Seismological Center (EMSC) 
(https://www.emsc-csem.org/Earthquake/?filter=yes). The green dot is an M4.3 aftershock happened after the Mw7.8 event 
before the Mw7.7 event. The moment magnitude of the second largest event in the 2023 Kahramanmaras earthquake sequence 
is chosen as Mw7.7 recorded by the Global Centroid Moment Tensor (GCMT; https://www.globalcmt.org/CMTsearch.html) 
rather than Mw7.5 recorded by the U.S. Geological Survey (USGS; https://earthquake.usgs.gov/earthquakes/map/), because 
it is closer to the Mw7.71 estimated from our geodetic data inversion (see Section 4). Yellow heavy lines are the surface fault 
traces extracted from the SAR and optical pixel offset maps (Figure 2). Black lines are the regional active fault lines from 
Styron & Pagani (2020). The red, green and cyan beach balls and stars are the focal mechanism solutions and epicentral 
locations of M ≥ 5.5 events, respectively, given by the GCMT catalog. The magenta beach ball and star are the focal 
mechanism solutions and epicentral location of the 2020 Mw6.8 Sivrice earthquake. (b) Fault segmentation along the East 
Anatolian Fault (EAF) marked by color-coded bands based on Duman and Emre (2013). (c) Historical major earthquakes 
around the Anatolian block since the twentieth century and the coverage of the space-based geodetic data used in this study. 
Yellow dots are the epicentral location of six M > 6 earthquakes recorded by the USGS catalog. Red and cyan boxes are 
the coverage of the ascending and descending ALOS-2 SAR data, respectively. The nine coverage of the Sentinel-2 data are 
marked by the black boxes and they are marked by different colors shown in Figure S1 in the Supporting Information S1.
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(He, Feng, Feng, et  al.,  2019). We mask out the observations with signal-to-noise ratio (SNR) below 0.9. The 
corrected east-west and north-south components of surface horizontal deformation are shown in Figures 2d and 2h.

3. Modeling Strategy
Given that the fault ruptures of the 2023 Kahramanmaras earthquakes reach the surface according to the coseis-
mic deformation measurements (Figure 2), we thus only carry out the linear inversion for the coseismic slip distri-
bution. Before coseismic source modeling, to improve inversion efficiency, the InSAR-derived LOS deformations 
and POT-derived range and azimuth offsets are downsampled using the saliency-based quadtree sampling algo-
rithm (Gao et al., 2021). To weight the downsampled data, we construct a variance-covariance matrix considering 
the noise structure (He et al., 2022). In addition, we perform interseismic profile inversion for strike-slip rate, 
dip-slip rate, locking depth and dip angle on the main seismogenic faults.

In coseismic source modeling, we establish a seven-segment (named F1–F7) geometric model with changea-
ble fault strikes and dips according to the fault segmentation based on Duman and Emre (2013). The model is 

Figure 2. (a)–(k) Coseismic and (l) interseismic deformation maps of the 2023 Kahramanmaras earthquake sequence. (a)–(c) are the ascending ALOS-2 line-of-sight 
(LOS) deformation, azimuth and range pixel offset maps, respectively. (e)–(g) are the same as (a)–(c) but for the descending ALOS-2 observations. (i)–(k) are the 
SAR-derived three-dimensional deformation maps. (d) and (h) are the Sentinel-2 east-west and north-south components of horizontal deformation, respectively. (l) is 
the Sentinel-1 descending (track 21) LOS velocity map from Weiss et al. (2020). The black box is the profile location with 200 km long and 50 km wide.

 19448007, 2023, 17, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
104693 by C

entral South U
niversity, W

iley O
nline L

ibrary on [09/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geophysical Research Letters

HE ET AL.

10.1029/2023GL104693

5 of 11

constrained by the surface rupture traces extracted from offset maps (Figure 2). The strike- and dip-slip senses 
are constrained by the horizontal (Figures 2i and 2j) and vertical (Figure 2k) deformation patterns. We enlarge 
the down-dip depth to 30 km, and discretize the fault planes into a series of rectangle dislocations embedded 
in a uniform elastic half space (Okada, 1992). For the rectangle patches, we set a constant length (4 km) and 
an increasing width with depth by a factor of 1.4, because the patches located at deep depth are usually poorly 
constrained by geodetic data. The predefined dip bounds of each segment vary from 60°W to 60°E, except for 
segment F7 which vary from 50°S to 50°N. We set the dip increment as 1°, and explore the optimal value by a grid 
search method (Figure S6 in the Supporting Information S1). The second-order Laplace smoothing constraint is 
imposed to avoid oscillations of slip solution (Jónsson et al., 2002). To choose a proper smoothing factor, we test 
30 different values that are equally divided in logarithmic form from 0.01 to 10 (Figure S7 in the Supporting Infor-
mation S1). Based on the bounded variable least squares algorithm (Stark & Parker, 1995), we jointly invert the 
LOS and pixel-offset observations to simultaneously solve the coseismic slip distributions of the Mw7.8 and Mw7.7 
earthquakes. In addition, we carry out slip uncertainty analysis and resolution tests to investigate the robustness 
and resolving power of the best-fitting slip model (Text S2 in the Supporting Information S1). We calculate the 
static Coulomb failure stress (CFS) changes on segments F1–F7 and the unbroken Sürgü fault between segments 
F3 and F6 based on the preferred coseismic slips on segments F1–F5 (Text S3 in the Supporting Information S1).

To investigate the interseismic fault motion at depth on the main rupture (i.e., Pazarcık fault; PF) of the Mw7.8 
event and that (i.e., Cardak fault; CF) of the Mw7.7 event, we create a profile (200 km long and 50 km wide) that 
crosses the PF and CF. We extract the velocity profile from the Sentinel-1 descending (track 21) line-of-sight 
(LOS) velocity map processed by Weiss et al. (2020) (Figure 2l), and then invert it to estimate the strike-slip rate, 
dip-slip rate, locking depth and dip angle of each segment according to an adjusted elastic dislocation model. The 
detailed interseismic modeling strategy and uncertainty analysis are described in Texts S4 and S5 in the Support-
ing Information S1, respectively.

4. Inversion Results
The Mw7.8 event is dominated by left-lateral strike-slip motions and accompanied by thrust dip-slip components. 
Most coseismic slips occur within 10 km depth (Figure 3). The maximum strike-slip/dip-slip motions on segments 
F1–F5 reach 5.2/1.7 m, 7.7/5.1 m, 7.6/2.1 m, 5.8/1.4 m, and 3.7/1.5 m, respectively. For the Mw7.7 event, the main 
segment F6 is dominated by left-lateral strike-slip motions (up to 8.4 m) and accompanied by normal dip-slip 
components (up to 6 m) on its west section and thrust dip-slip components (up to 2 m) on its east section. Major-
ity of coseismic slips are concentrated at 0∼12 km depth. The branch segment F7 is dominated by pure normal 
dip-slip with a peak value of 1.5 m. The geodetic observations are well restored by the preferred coseismic slip 
model (Figures S14 and S15 in the Supporting Information S1). The LOS residual maps show a few deformation 
fringes near the fault rupture. The possible explanations include: (a) the delayed InSAR data acquisitions may have 
included early post-seismic deformation (e.g., afterslip), which could be solved together with the coseismic model 
in the kinematic inversion, but the poro- or visco-elastic processes cannot be modeled elasticly; (b) the un-modeled 
small shallow structures near the rupture; (c) the plastic deformation or damaged surface near the rupture.

The entire geodetic moment generated by the coseismic slip on segments F1–F5 is about 5.30  ×  10 20  N  m, 
corresponding to an Mw7.78 earthquake (Table S2 in the Supporting Information S1). This is larger than the 
moment magnitude estimates of USGS (Mw7.75), but smaller than that of GCMT (Mw7.8). The geodetic moment 
released from the coseismic slip on the Pazarcık fault (i.e., segment F2) is 1.75 × 10 20 N m, leading to an Mw7.46 
earthquake, which matches with the magnitude Mw ≥ 7.3 earthquake speculated by Nalbant et al.  (2002) and 
Sunbul (2019) based on the Coulomb stress analysis. The total geodetic moment produced by the coseismic slip 
on segments F6 and F7 is about 4.06 × 10 20 N m, leading to an Mw7.71 earthquake. This is consistent with the 
moment magnitude determined by GCMT (Mw7.7), but larger than that inferred by USGS (Mw7.55). The average 
dip angle (80°) of the main segments (F1–F3) of the Mw7.8 event is larger than that (59°) of the main segment 
(F6) of the Mw7.7 event. They are both at a compromise value between the dip angles given by USGS and GCMT 
(Table S3 in the Supporting Information S1). The average rake angles on segments F1–F3, and F6 are 6° and −4°, 
respectively, basically in consonance with the 11° and −8° recorded by GCMT.

5. Discussion
We compare the coseismic slip models of the 2023 Kahramanmaras earthquakes with three other models (Barbot 
et al., 2023; Mai et al., 2023; U.S. Geological Survey, 2023) in terms of the fault geometry and coseismic slip 
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distribution (Text S6 and Table S4 in the Supporting Information S1). Our inversion results are consistent with 
others, but show some obvious differences in the dip-slip on the main fault ruptures (i.e., Cardak and Dogansehir 
faults) of the Mw7.7 event. The slip model of Barbot et al. (2023) indicated that no obvious dip-slip is seen on 
the Cardak fault (CF) and Dogansehir fault (DF). Their model shows a normal dip-slip (∼1 m) on the Yeşilköy 
fault (i.e., segment F7), a NS-trending branch segment perpendicular to the CF. However, our results show that 

Figure 3. (a) Coseismic total-slip distribution of the Mw7.8 event on segments F1–F5 and of the Mw7.7 event on segments 
F6–F7 in the 2023 Kahramanmaras earthquake sequence. Black arrows show the slip vectors. Magenta star on F2 and blue 
star on F6 are the epicentral location of the Mw7.8 and Mw7.7 events, respectively. (b)–(d) are the three-dimensional (3-D) 
view of the strike- and dip-slip distributions on F1–F7 and the Coulomb stress changes on F1–F7 and Sürgü fault (SF), 
respectively. The azimuth and elevation view angles are 50° and 15°, respectively.
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the CF has different dip-slip sense on the bilateral side, its western and eastern sections have a normal dip-slip 
(up to 6 m) and a thrust dip-slip (up to 2 m), respectively (Figure S18 in the Supporting Information S1). Single 
releasing bend formed at a left-lateral strike-slip fault is often site of normal structures with transtensional defor-
mation (Cunningham & Mann, 2007). This could explain the normal dip-slip motion in the western section of 
the CF. According to Duman and Emre (2013), a right fault stepover (∼0.5 km-wide) exists in the Nurhak area of 
fault complexity (Figure S18 in the Supporting Information S1). It happens to be located in the place that divides 
the inferred dip-slip of the CF into two different senses. The sinistral strike-slip CF with such a right step-over 
usually produces transpressional deformation to form thrust structures (Oglesby, 2005). This could interpret the 
thrust dip-slip motion in the eastern section of the CF. In addition, we observe some thrust dip-slip components 
(up to 2 m) on the transpressional Dogansehir fault (Duman & Emre 2013). Compared with the ALOS-2 InSAR 
observations predicted by our preferred slip model (Figures S14 and S15 in the Supporting Information S1), 
Barbot et al. (2023) model has difficulties to fit the corresponding observations near the Dogansehir fault. It is 
likely due to the fact that their model has no obvious thrust dip-slip motion on this fault.

The intersecting fault in a fault network can limit rupture propagation of individual earthquake (e.g., Pizzi 
et al., 2017; Walters et al., 2018). We infer that the transverse unbroken Sürgü fault between segments F3 and 
F6 may act as a barrier to impede northeastward rupture propagation of the Mw7.8 event. This inference can be 
validated by the following evidence. In a strike-slip faulting context, a slip curve that starts with gradual increase 
and ends with abrupt decrease has been recognized as a distinctive characteristic of a structural barrier that can 
stop seismic rupture suddenly (e.g., Klinger et al., 2006). Here, we find that the coseismic slip gradually increases 
northeastward from 2.9 to 7.6 m in ∼36 km along the south part of segment F3 (Figure S19 in the Supporting 
Information S1). After passing through the interaction between segment F3 and the Sürgü fault, the coseismic 
slip abruptly decreases to 0.1 m in ∼36 km along the north part of segment F3. We infer that a structural barrier 
is formed at the relay zone where the ruptured main fault has no direct physical contact with the unbroken subsid-
iary fault, which may be responsible for the rapid slip decrease.

We discuss the interplay between the inter- and co-seismic kinematics on the main ruptures of the 2023 Kahram-
anmaras earthquakes. For the ∼85 km long main segment (i.e., Cardak fault; CF) of the Mw7.7 event, the inferred 
locking depth (11.1 ± 3.1 km) (Figure 4a) is in consonance with the rupture depth (0∼12 km) where most coseis-
mic slips distributed at (Figure 3a). For the ∼82 km long main segment (i.e., Pazarcık fault; PF) of the Mw7.8 
event, the inferred locking depth (10.4 ± 3.3 km) is smaller than that of the CF. This is compatible with the  shal-
lower rupture depth (0∼10 km) on the PF. Besides, the ratio of the interseismic strike-slip rate (4.6 ± 0.7 mm/yr 
vs. 3.9 ± 0.7 mm/yr) between the CF and PF is basically coincide with the ratio of the maximum coseismic slip 
(7.7 vs. 8.4 m). This suggests that the interseismic kinematics on the main ruptures of the 2023 Kahramanmaras 
earthquakes show a good correlation with the coseismic slip behaviors.

We analyze the seismic moment variation from the interseismic strain accumulation to coseismic rupture. Given 
a fully locked fault, the CF has accumulated a slip deficit of 1.9 m since the previous M6.8 event in 1,544, leading 
to a moment deficit of 5.28 × 10 19 N m (Mw7.12), assuming the shear modulus, strike-slip rate, down-dip width 
and along-strike length of 30 GPa, 3.9 mm/yr, 11.1 and 85 km, respectively (Text S7 in the Supporting Informa-
tion S1). Similarly, since the last M7.4 event in 1,513, the slip deficit and seismic moment accumulated on the PF 
are 2.3 m and 6.0 × 10 19 N m, respectively, corresponding to an Mw7.15 earthquake. The seismic moment deficit 
calculations show that the ratio between the seismic moment on the CF and PF accumulated in the interseismic 
period is almost consistent with the 2.51 × 10 20 N m (Mw7.56) and 1.75 × 10 20 N m (Mw7.46) released by the 
coseismic rupture. This suggests that the interseismic strain accumulation on the CF and PF is almost the same 
proportion as that released by the coseismic rupture. The interseismic accumulated seismic moment on individual 
segments is underestimated as it is smaller than the coseismic rupture released. This is likely due to that these 
segments are not completely relocked since the last earthquakes.

Fault failure can be affected by the seismic cycle effect, that is, whether a fault is close to the terminus of the seis-
mic cycle. Scholz (2010) suggested that adjacent faults with similar interseismic slip rates can rupture synchro-
nously. They suggested a possible physical mechanism for the fault synchronization: the long term (decades or 
longer) dynamic stress transfer on surrounding faults brings their seismic cycle to the end simultaneously. In the 
2023 Kahramanmaras earthquake sequence, similar interseismic slip rates (∼4.6 mm/yr vs. ∼3.9 mm/yr) are 
inferred on the main ruptures (i.e., PF and CF) of the Mw7.8 and Mw7.7 events. This provides favorable conditions 
for the synchronization of the two events. Compared with the North Anatolian fault, the seismogenic faults of this 
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earthquake sequence have relatively low interseismic slip rate and strain accumulation, but still have the possibil-
ity to cause large earthquakes. The fault synchronization of this earthquake sequence suggest that more attention 
should be paid to the potential seismic disasters on the fault groups with low slip rate.

Static Coulomb stress transfer after a destructive earthquake may further trigger large earthquake on surrounding 
active faults. Given the hypothetical earthquake triggering threshold of 0.1∼0.5 bar (Hardebeck et  al.,  1998; 
King et al., 1994), the Mw7.7 event is likely brought to the brink of failure by ∼2 bar positive stress change on the 
central section of segment F6 generated by the Mw7.8 event (Figure 3d). We also observe that the unbroken Sürgü 
fault experienced the stress shadow (∼2 bar) caused by the Mw7.8 event, which may arrest the rupture and mini-
mize the possibility of triggering earthquake along this fault. The stress triggering relationship between two main 
events with short time interval can also been found in other strike-slip fault systems. Such as the 2019 Ridgecrest 
earthquake sequence, the stress perturbation due to the Mw6.4 foreshock appears to be responsible for the rupture 
of the Mw7.1 mainshock ∼34 hr latter (e.g., Barnhart et al., 2019). The aforementioned triggering threshold is 

Figure 4. (a) The trade-off relationship of the strike-slip rate (SS), dip-slip rate (DS), locking depth (D) and fault dip (δ) between the Pazarcık fault (PF) and Cardak 
fault (CF). The inferred mean and uncertainty values of individual parameters are labeled in red in the corresponding histograms. The 96,200 solutions of each 
parameter obtained from stages 1–4 are shown by gray dots. The 3,000 optimal solutions with small misfits obtained from stages 1, 2, 3, and 4 are color coded by black, 
green, blue and red dots, respectively. (b) The Sentinel-1 descending line-of-sight (LOS) velocities within the profile marked by the black box in (c). All velocity points 
in the profile are shown by gray dots. The red line is fitted by the preferred interseismic model.
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controversial (Ziv & Rubin, 2000) and it is not considered in some studies on Coulomb stress triggering (e.g., 
Mildon et al., 2019; Wang et al., 2014). Mildon et al. (2019) introduced two measures (i.e., the proportion of 
fault with positive CFS and the peak magnitude of CFS on fault) to evaluate the earthquake triggering hypothe-
sis. Wang et al. (2014) related the magnitude of CFS changes to the advance or delay of earthquake recurrence 
time. These studies used different strategies to evaluate the potential earthquake risks, and their combined effects 
should be considered in regional seismic hazard assessment.

6. Conclusions
We determine the detailed coseismic slip distribution of the 2023 Kahramanmaras earthquakes by jointly invert-
ing the near-field pixel offsets and the intermediate-field LOS deformations. Inversion results show that both the 
Mw7.8 and Mw7.7 events are dominated by the sinistral strike-slip motion, and the former is accompanied with the 
thrust dip-slip motion along the main rupture, and the latter with the normal dip-slip motion in the western section 
and the thrust dip-slip motion in the eastern section of the Cardak fault (CF). Coseismic slip interpretation shows 
that the Sürgü fault (SF) may act as a barrier to impede northeastward rupture propagation of the Mw7.8 event. We 
analyze the interplay between the inter- and co-seismic kinematics along the CF and Pazarcık fault (PF). Analysis 
results indicate that the coseismic slip behaviors correlate with the interseismic kinematics, and the interseismic 
strain accumulation on the CF and PF is almost the same proportion as that released by the coseismic rupture. 
Similar strike-slip rates are inferred on the CF and PF, which may play a role in expediting synchronization of 
the Mw7.8 and Mw7.7 events. Coulomb stress calculation results show that the SF and the epicenter of the Mw7.7 
event experience stress decrease and increase caused by the Mw7.8 event, respectively, suggesting that the Mw7.8 
event may arrest the rupture on the SF and brought the Mw7.7 event to the brink of failure.

Data Availability Statement
The aftershocks of the 2023 Kahramanmaras earthquake sequence come from the European Mediterranean 
Seismological Center (EMSC) (https://www.emsc-csem.org/Earthquake/?filter=yes). The ALOS-2/PALSAR-2 
data used in this study are publicly downloaded from https://www.eorc.jaxa.jp/ALOS/jp/dataset/open_and_free/
JAXA_ALOS-2_PALSAR-2_ScanSAR_turkey_L1.1_Link_20230228.html.
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