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Abstract onFebruary6,2023, two large earthquakes occurred near the Turkish town of Kahramanmaras.
The moment magnitude (Mw) 7.8 mainshock ruptured a 310 km-long segment of the left-lateral East Anatolian
Fault, propagating through multiple releasing step-overs. The Mw 7.6 aftershock involved nearby left-lateral
strike-slip faults of the East Anatolian Fault Zone, causing a 150 km-long rupture. We use remote-sensing ob-
servations to constrain the spatial distribution of coseismic slip for these two events and the February 20
Mw 6.4 aftershock near Antakya. Pixel tracking of optical and synthetic aperture radar data of the Sentinel-2
and Sentinel-1 satellites, respectively, provide near-field surface displacements. High-rate Global Navigation
Satellite System data constrain each event separately. Coseismic slip extends from the surface to about 15 km
depth with a shallow slip deficit. Most aftershocks cluster at major fault bends, surround the regions of high
coseismic slip, or extend outward of the ruptured faults. For the mainshock, rupture propagation stopped
southward at the diffuse termination of the East Anatolian fault and tapered off northward into the Pitiirge
segment, some 20 km south of the 2020 Mw 6.8 Elazig earthquake, highlighting a potential seismic gap. These
events underscore the high seismic potential of immature fault systems.

Non-technical summary On February 6, 2023, Turkey and Syria were shaken by powerful earth-
quakes that caused tremendous damage and loss of life. Earthquakes in this region occur naturally due to the
long-term motion of tectonic plates around the Mediterranean Basin. To better understand the circumstance
of these tragic events, we analyze remote sensing data that measure the ground displacement caused by these
earthquakes. We find that the mainshock was caused by up to 8 m of slip on the East Anatolian Fault, connect-
ing segments that historically ruptured individually. The Mw 7.6 aftershock produced more slip at depth, up
to 12m, on a separate fault. Alarmingly, the Piitiirge segment of the East Anatolian Fault remains unbroken,
bearing the potential for another Mw 6.8 earthquake.

Ozet (Turkish) 6 Subat 2023’te Tiirkiye’nin Kahramanmaras ilcesi yakinlarinda iki biiylik deprem mey-
dana geldi. Moment biiyiiklugii (Mw) 7,8 olan ana sok, sol yanal atimli Dogu Anadolu Fayr’nin 310 km uzunlu-
gundaki bir bolimni yirtti ve bircok adimda enerji bosalmasiylailerledi. Mw 7.6 artci soku, Dogu Anadolu Fay
Zonu’nun yakinindaki sol yanal dogrultu atimli faylar etkileyerek 150 km uzunlugunda bir yirtilmaya neden
oldu. Bu iki olay ve Antakya yakinlarindaki 20 Subat Mw 6.4 artci sarsintisi i¢in es-sismik kaymanin uzamsal
dagilimini sinirlamak icin uzaktan algilama gozlemlerini kullaniyoruz. Sirasiyla, Sentinel-2 ve Sentinel-1 uy-
dularmin optik ve sentetik aciklikli radar verilerinin piksel takibi, yakin alan ylizey yer degistirmelerini saglar.
Yiiksek oranli Kiiresel Navigasyon Uydu Sistemi (GNSS) verileri, her olayr ayri ayri sinirlar. Es sismik kayma,
si1g bir kayma acigi ile yiizeyden yaklasik 15 km derinlige kadar uzanir. Artgi soklarin ¢cogu, biiyiik fay kivrimla-
rinda kiimelenir, yliksek es-sismik kayma bolgelerini cevreler veya yirtilmis faylarin disina dogru uzanir. Ana
sok icin, yirtilma yayilimi Dogu Anadolu fayinin daginik son noktasinda glineye dogru durmus ve kuzeye, 2020
Mw 6.8 Elazig depreminin yaklasik 20 km giineyindeki Piitiirge segmentine dogru incelerek potansiyel bir sis-
mik bosluga dikkat cekmistir. Bu olaylar olgunlasmamis fay sistemlerinin yiiksek sismik potansiyelinin altini
cizmektedir.
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Introduction

The Mediterranean Basin sits in the western section of
the Alpine-Himalayan seismic belt, which was formed
by the closure of the Tethys Sea (Jackson and McKen-
zie, 1984; Taymaz et al., 1991; Bozkurt, 2001). The east-
ern Mediterranean region is the most seismically ac-
tive region in Europe due to the rapid movement of
small tectonic blocks (Malinverno and Ryan, 1986; Fac-
cenna and Becker, 2010; Le Pichon and Kreemer, 2010;
Nocquet, 2012). The indentation of the Arabian plate,
the tectonic escape of Anatolia, and the opening of the
Aegean Sea accompanied by slab rollback at the Hel-
lenic Trench orchestrate a large-scale rotation accom-
modated by major transform faults (Jolivet et al., 2013;
Faccenna et al., 2014; Barbot and Weiss, 2021). The in-
dentation of the Arabian plate forms a triple junction
with slip partitioning among the North Anatolian Fault
(NAF), the East Anatolian Fault (EAF), and the Main Re-
cent Fault (Talebian and Jackson, 2002; Vernant et al.,
2004; Reilinger et al., 2006). The NAF is a 1,200 km-long,
mature, right-lateral strike-slip fault extending from the
Karliova triple junction to the Sea of Marmara (Am-
braseys, 1970; Armijo et al., 1999; Hubert-Ferrari et al.,
2002; Le Pichon et al., 2016; Giivercin et al., 2022). The
EAF, a conjugate, 300 km-long left-lateral fault, extends
southwards and branches out diffusely to the Dead Sea
Fault (DSF) and the Cyprus Arc to the southwest (Du-
man and Emre, 2013). The EAF connects multiple seg-
ments with a low long-term slip rate (Aktug et al., 2016;
Cavalié and Jonsson, 2014) separated by major releasing
bends and step-overs (Duman and Emre, 2013; Giivercin
etal., 2022), making it relatively immature compared to
the NAF and other continental strike-slip faults (Wes-
nousky, 1988). Farther south, the left-lateral DSF is the
boundary fault accommodating the northward migra-
tion of the Arabian plate (Garfunkel et al., 1981; Hamiel
and Piatibratova, 2021).

The motion of these tectonic plates is modulated by
the frictional resistance of faults in the brittle crust,
leading to seismic cycles. The NAF ruptured in a long
sequence of earthquakes in the 20™ century, starting
with the 1939 Erzincan earthquake, and ending with the
1999 Mw 7.9 Izmit and Mw 7.2 Diizce earthquakes near
Istanbul in Western Turkey (Ambraseys, 1970; Hartleb
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et al., 2003; Bohnhoff et al., 2016). The EAF featured
several notable earthquakes during the last century,
with the 1905 Mw 6.8, the 1971 Mw 6.7, the 2010 Mw 6.1,
and the 2020 Mw 6.8 earthquakes, but the section south
of Elazig has remained locked for more than a cen-
tury (Hubert-Ferrari et al., 2020; Duman and Emre,
2013). Previous large earthquakes in this section in-
clude the 1114 M 6.9, 1795 Mw 7.0, 1872 Mw 7.2, and
1893 Mw 7.1 ruptures (Ambraseys, 2009; Giivercin et al.,
2022), all bounded by major (releasing) fault bends (Du-
man and Emre, 2013). Since then, the fault has re-
mained mostly locked, slowly accumulating stress, un-
til it finally unzipped in a continuous rupture in 2023,
generating a powerful Mw 7.8 earthquake (Dal Zilio and
Ampuero, 2023; Melgar et al., 2023).

The February 6, 2023 Kahramanmaras earthquake,
the largest seismic event in Turkey since 1939, rup-
tured the south-western segments of the EAF (Figure 1).
The powerful mainshock initiated a long aftershock se-
quence including the Mw 7.6 Elbistan earthquake just 9
hours later on the east-west trending left-lateral Cardak
fault in the East Anatolian Fault Zone (EAFZ) and the
February 20, Uzunba Mw 6.4 aftershock near Antakya
(hereafter, called the Antakya aftershock), where the
EAF bifurcates offshore towards the Cyprus arc. Such a
sequence of large earthquakes on nearby faults within
hours of each other has no equivalent in a continental
setting, especially considering the similar source mech-
anisms. The mainshock and its large aftershocks de-
stroyed or severely damaged some 160,000 buildings,
killed more than 50,000 people, displaced 200,000 more,
and affected 14 million people across Turkey and Syria.

In this study, we combine spaceborne geodesy and
seismological data to constrain the slip distribution of
the 2023 Kahramanmaras earthquake sequence to ad-
dress first-order questions regarding the mechanisms
of rupture propagation and arrest in the EAFZ. We
constrain the near-field deformation of the February 6
Mw 7.8 and Mw 7.6 earthquakes using cross-correlation
of Sentinel-2 optical data (ForM@Ter, 2023) and syn-
thetic aperture radar (SAR) images, and Advanced Land
Observing Satellite (ALOS) data before and after the
February 6 earthquakes. We use high-rate Global Navi-
gation Satellite Systems (GNSS) data to constrain the sur-
face displacement caused by these earthquakes within
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Figure1l Tectonic setting and crustal deformation of the East Anatolian Fault (EAF) on February 6,2023. a) The aftershocks
(black dots, Lomax, 2023) and the focal mechanisms of earthquakes of moment magnitude greater than 4 (beach balls) il-
luminate the ruptures of the Kahramanmaras Mw 7.8 (purple) and the Elbistan Mw 7.6 (blue) earthquakes. The fault off-
sets (Reitman et al., 2023) indicate the extent of the ruptures. The EAF and Dead Sea Fault (DSF), plate-boundary faults
are shown in red. Major and minor faults are shown in thick and thin black lines, respectively (Emre et al., 2018). The fo-
cal mechanisms are from the Disaster and Emergency Management Presidency (AFAD) catalog for the day of February 6,
2023 (https://deprem.afad.gov.tr/event-catalog). The topography is from the Global Multi-Resolution Topography Synthe-
sis (GMRT) v3.7 (Ryan et al., 2009). b) Time series of aftershocks magnitude in the days following the mainshock (purple for
aftershocks within 20 km of the EAF, blueish for aftershocks within 20 km of the Mw 7.6 rupture, and orange for earthquakes
within 20 km of the Mw 6.4 Antakya aftershock). The Mw 7.8 mainshock and the Mw 7.6 aftershock just 9 hours later form an
earthquake double. The February 20, 2023 Mw 6.3 aftershock occurs at the southern termination of the EAF.

and Antakya Fault that propagates into the Mediter-
ranean Basin (Figure 2). We constrain the rupture of
the Mw 6.4 aftershock using synthetic aperture radar in-

a 200km radius. We ensure that the fault geome-
try at depth follows the distribution of relocated af-
tershocks (Lomax, 2023). The mainshock rupture is

bounded to the south by the February 20, Mw 6.4 An-
takya earthquake and the transition between the EAF

terferometry (InSAR). The mainshock rupture stopped
south of the Piitiirge segment some 30 km south of the
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Figure 2 Simplified tectonic map of the East Anatolian Fault Zone after Duman and Emre (2013) and Emre et al. (2018).
The East Anatolian Fault consists of a succession of discontinuous segments. The Mw 7.8 mainshock ruptured the Amanos,
Pazarcik, and Erkenek segments and stopped at the Yarpuzlu restraining bend. The Mw 7.6 aftershock ruptured the Savrun
Fault, the Cardak Fault, and propagated toward Malataya along a structure between the Siirgl Fault and the Malatya Fault.
Faultis abbreviated to “F.” to save space. The February 20, 2023 Mw 6.4 aftershock took place near the Antakya Fault towards
the Mediterranean Basin. The background seismicity represents the aftershocks within 2 days of the mainshock (Lomax,

2023).

2020 Mw 6.8 Elazig earthquake (Pousse-Beltran et al.,
2020a; Ragon et al., 2021; Konca et al., 2021), leaving a
potential seismic gap in the intervening region.

The coseismic slip of these earthquakes illuminates
some important characteristics of the brittle crustin the
EAFZ. Along the EAF, the slip distribution is character-
ized by a shallow slip deficit, a maximum coseismic slip
of 8m between 3 and 7km depth, and a bottom depth
of 18 km depth — presumably including much afterslip.
Along the strike direction, coseismic slip is maximum at
the center of planar segments and tapers at the segment
boundaries. The small-magnitude aftershocks cluster at
the segment boundaries and at the periphery of regions
of high coseismic slip. Along the Cardak fault, the co-
seismic slip of the Mw 7.6 aftershock is relatively uni-
form with 11 m from the surface to 7 km depth, vanish-
ing at 12km depth.

Data processing methods

We constrain the slip distribution of the Kahraman-
maras and the Elbistan earthquakes using space-

4

geodetic data from the Sentinel-1 and Sentinel-2 satel-
lites and from GNSS measurements. Sentinel-1 SAR pro-
vides amplitude and phase images of the crustal de-
formation surrounding the earthquakes. Although the
phase measurements are more sensitive, they are some-
times unavailable near the fault trace due to decorre-
lation. In this case, the cross-correlation of amplitude
data provides key constraints for the near-field surface
displacements and fault slip. Cross-correlation of op-
tical Sentinel-2 data provides similar constraints. Un-
like the space geodetic data, the temporal resolution
of the GNSS data allows us to constrain the displace-
ments caused by individual earthquakes. For the An-
takya Mw 6.4 aftershock, we make use of the greater
sensitivity of the Sentinel-1 SAR phase and constrain the
slip distribution with the inversion of the Sentinel-1 in-
terferograms. Below, we describe the data processing
to constrain crustal deformation.

GNSS data processing

We use GNSS observations from 51 Continuously Oper-
ating Reference Stations in Turkey (CORS-TR) with 1 Hz
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Figure 3 Surface displacement by cross-correlation of Sentinel-1 synthetic aperture radar (SAR) data in the satellite range
and azimuth directions. A) Range (line-of-sight) offsets of Sentinel-1 ascending track 14 acquired on January 28, 2023, and
February 9, 2023. B) Azimuthal (track-parallel) offsets for track 14. C) Range offsets for ascending track 116. D) Azimuthal
offsets for track 116. E) Range offsets for descending track 21. F) Azimuthal offsets for track 21. The displacement component
measured by the offsets is indicated by the black arrow.
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frequency and additional 17 continuous stations around
Turkey, twelve of which belonging to the International
GNSS Service (IGS) network. For the GNSS raw data
processing, we use the GAMIT/GLOBK package, version
10.71 (Herring et al., 2018). GAMIT uses a priori data
of satellite and station locations and obtains the posi-
tion and baseline solutions for each session (a day or
less). GLOBK uses a Kalman filter, combines all data,
and creates a time-series solution for the positions of all
stations.

We processed all GNSS data between February 3 and
February 9 and obtained daily positions for the first
three days before the first Mw 7.8 earthquake on Febru-
ary 6, 01:17 (UTC time) and for the last three days af-
ter the second Mw 7.6 earthquake on 10:24 (UTC time)
(Figure S1). The February 6™ data was divided into sev-
eral sessions. The first session was until 01:16 (UTC
time). The time between the two earthquakes was di-
vided into four hours sessions and the same was done
after the second earthquake. We calculate the coseis-
mic displacements using the differences in station posi-
tions obtained by the before- and after-earthquake ses-
sions. For the first earthquake, we averaged the pre-
earthquake session solution with the February 5% daily
solution. The resulting coseismic displacements are
shown in Figure 1. The coseismic offsets for the Kahra-
manmaras mainshock and the Mw 7.6 Elbistan after-
shock are listed in Tables S1 and S2, respectively.

The displacement field is compatible with a left-
lateral motion for both events. Station EKZ1 near El-
bistan is located 2 km from the Cardak fault that hosted
the Mw 7.6 aftershock, revealing up to 4.4 m of westward
displacement.

Sentinel-1 data processing

We collect Sentinel-1 SAR images spanning the 2023
Mw 7.8 and Mw 7.6 earthquakes in the ascending tracks
14 (AT14) acquired on January 28, 2023, and Febru-
ary 9, 2023, and 116 (AT116) acquired on February 4,
2023, and February 28, 2023, and the descending track
21 (DT21) acquired on January 29, 2023 and February
10, 2023. Because of the large-magnitude deformation
caused by the two main events, the near-field fringes
in the InSAR interferograms are too dense to unwrap
reliably. Therefore, we rely on pixel-offset tracking to
measure the coseismic surface deformation caused by
these two events (Wang et al., 2014, 2018). The cross-
correlation of the Sentinel-1 SAR amplitude images is
shown in Figure 3. For the purpose of inversion, we
ignore the regions with a correlation coefficient lower
than 0.3. Track DT21 captures the surface trace of the
two ruptures continuously. Track AT14 provides addi-
tional coverage of the western half of the affected re-
gion. The slightly different look directions of tracks
DT21 and AT14 allow us to constrain two components of
surface deformation. Track AT116 is particularly useful
because it constrains crustal deformation along the EAF
on the Piitlirge segment from Malatya to Lake Hazar
that separates the 2023 Mw 7.8 mainshock from the 2020
Mw 6.8 Elaz1g ruptures, allowing us to probe the mech-
anism of northeast rupture arrest.

6
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For the February 20, 2023 Mw 6.4 aftershock near An-
takya, we use the interferogram based on SAR images
acquired on February 9, 2023, and February 21, 2023,
along the ascending track 14 (AT14) and the interfero-
gram based on SAR images acquired on February 10,
2023, and February 22, 2023, on descending track 21
(DT21). With these acquisition dates, the observed de-
formation includes also the local Mw 5.5 aftershock.
We produce the interferograms through the LicSBAS
platform (Morishita et al., 2020; Lazecky et al., 2020)
and correct for atmospheric perturbations using the
GPS-based iterative tropospheric decomposition model
GACOS (Yu et al., 2018b,a). We apply the topographic
phase correction included in LicSBAS, which uses the
digital elevation model from the Shuttle Topography
Radar Mission (Farr et al., 2007). The unwrapping is
done with the Statistical-cost, Network-flow Algorithm
for Phase Unwrapping (Chen and Zebker, 2002). The un-
wrapped interferograms are shown in Figure 4, reveal-
ing crustal deformation to the southwest of the Mw 7.8
mainshock rupture, indicating the propagation of seis-
mic unrest toward the Cyprus Arc, compatible with the
distribution of aftershocks (Figures 1 and 2).

ALOS-2 data processing

We process the ALOS-2 SAR images provided by Japan
Aerospace Exploration Agency (JAXA) using the In-
SAR Scientific Computing Environment (ISCE) soft-
ware (Rosen et al., 2012). Thanks to the large ground
coverage with a swath width of ~350 km of ScanSAR
mode, the whole deformed area of the Mw7.8 and
Mw 7.6 events is imaged by single interferograms in as-
cending track on September 5, 2022, and February 20,
2023, and descending track on September 16, 2022, and
February 17, 2023 (Figure 5). The post-seismic ALOS-2
ascending image was acquired at 21:28 on February 20,
2023 (UTC), after the Mw 6.4 aftershock that occurred at
17:04 on the same day. However, this ascending ALOS-2
interferogram does not cover area most affected by the
Mw 6.4 event, which is farther to the south. The topo-
graphic component in the interferogram is calculated
and removed using the Shuttle Topography Radar Mis-
sion digital elevation model. The ionospheric effects
are corrected using the split-spectrum method (Barbot
et al., 2008b; Liang et al., 2019). The large wavelength
of the ALOS-2 data (~24 cm versus 5.5 cm for Sentinel-
1) reduces the phase gradient, allowing phase unwrap-
ping near the fault trace. We unwrap the phase using the
Statistical-cost, Network-flow Algorithm for Phase Un-
wrapping (Chen and Zebker, 2002), masking the regions
with coherenceless than 0.3 or phase aliasing, and man-
ually correcting the unwrapping errors.

Sentinel-2 data

We use cross-correlation of Copernicus Sentinel-2 satel-
lite imagery at 10 m spatial resolution before and af-
ter February 6, 2023, to estimate the surface horizon-
tal displacements caused by the Mw 7.8 and Mw 7.6
earthquakes (ForM@Ter, 2023). These data are pro-
vided by Data Terra and its solid-Earth data hub
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indicates the region most affected by crustal deformation.

ForM@Ter (Provost et al., 2022). The pixel tracking
dataset was created with the open-source photogram-
metry library MicMac (Rosu et al., 2015; Rupnik et al.,
2018). The displacement field is a composite of 10 im-
ages acquired on January 25, 2023, and February 9, 2023,
consisting of the tiles T36SYF, T36SYG, T37SBA, T37SBB,
T37SBC, T37SBV, T37SCB, T37SCC, T37SDB T37SDC.

Pixel tracking of Sentinel-2 optical images provides a
continuous measurement of the Mw 7.8 mainshock rup-
ture and of most of the Mw 7.6 aftershock surface trace
(Figure S2). However, the data seem affected by non-
tectonic signals, presumably due to changes in cloud
cover and snow between the two acquisitions. There-
fore, we limit the use of these data to constrain the fault
trace and the amount of near-surface slip.

7

Slip distribution

The Mw 7.8 mainshock initiated on the Narli Fault Zone
that bounds the Narli basin, north of the Karasu trough
(Figures 1 and 2). The rupture continued along the
East Anatolian Fault, propagating bilaterally into the
Amanos segment to the south and into the Pazarcik and
Erkenek segments to the north (Melgar et al., 2023).
The surface rupture stopped just northeast of the Yarpu-
zlu restraining bend. There is no visible surface break
along the Piitlirge segment even though aftershocks ex-
tend to the southern limit of the 2020 Mw 6.8 Elazig rup-
ture.

The Mw 7.6 aftershock nucleated in the middle of the
Cardak Fault and propagated westward to the Savrun
Fault and eastward across the so-called Nurhak com-
plexity (Duman and Emre, 2013) along an immature
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fault between the Malatya and the Siirgu faults (Mel-
gar et al., 2023). The Mw7.6 aftershock triggered a
sequence of additional aftershocks including normal
faulting earthquakes near the Savrun Fault (Figure 1).
The aftershocks cluster north of the Cardak Fault, indi-
cating a north dipping fault.

We constrain the trace of the rupture surface of the
February 6 earthquakes by examination of the displace-
ment discontinuity in the near-field optical and SAR am-
plitude pixel-tracking, and InSAR data (Figures 3, S2,
and 5). There is no indication of slip on the Siirgu

8

fault connecting the Cardak fault to the EAF. The Mw 7.8
mainshock and the Mw 7.6 aftershock occurred on dis-
connected faults. The long streak of seismicity east of
the Karasu trough and south of the Narli Basin is not as-
sociated with detectable surface displacements.

We simplify the geometry by considering 8 and 5 seg-
ments of uniform orientation for the Mw 7.8 mainshock
and the Mw 7.6 aftershock, respectively (Table 1). We
extend the fault planes to a depth of 20km running
through the relocated seismicity (Lomax, 2023). For the
Mw 7.8 mainshock, we extend the model to include the
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Segment name Longitude  Latitude Length (km)  Width (km)  Strike (°)  Dip (°)
Kahramanmaras Mw 7.8 mainshock

S.Amanos 36.204930  36.265216 104 20 25 90
N. Amanos 36.668276  37.124694 40 20 35 90
Pazarcik 36.895917  37.415278 50 20 64 90
Pazarcik 37.399309  37.620637 34 20 50 90
Erkenek 37.668186  37.820997 50 20 69 90
Putlrge 38.196738  37.987298 58 20 63 90
izci 38.318033  38.037183 20 20 79 90
Narli 37.129175  37.337908 14 20 20 90
Elbistan Mw 7.6 aftershock

Savrun 36.520130  38.005252 28 20 74 110
Cardak 36.824423  38.080845 70 20 102 110
Gok Hill 37.607312  37.961607 24 20 59 90
Sogut 37.839693  38.075523 46 20 54 90
Yesilkoy 36.728407  37.898624 18 20 0 130
Antakya Mw 6.4 aftershock

Antakya 36.229999  36.207670 25 25 237 55

Table1 List of segments of uniform orientation used for the finite slip distribution of the February 6, 2023 Kahramanmaras
Mw 7.8 mainshock and Elbistan Mw 7.6 aftershock, for the February 20, 2023 Antakya Mw 6.4 aftershock. The width is for the

down-dip distance.

Piitiirge segment to test whether any blind slip occurred
north of the surface rupture. We use vertical faults for
the Mw 7.8 mainshock, which is sufficient to follow the
distribution of aftershocks. However, small variations
of dip of +15° are admissible.

For the Mw 7.6 aftershock, we include a normal fault
at the western end of the Cardak Fault to capture a
displacement discontinuity perpendicular to the main
trace compatible with the concentration of aftershock
with a normal faulting focal mechanism (Figure 1). We
assume a dip angle of 60° for the Gardak Fault, compat-
ible with the distribution of aftershocks in this location.
We use a dip angle of 50° for the normal fault south of
the Savrun Fault, also compatible with the distribution
of aftershocks.

We discretize the fault planes with 2 x 2km? patches
and use the Green’s function relating the fault strike-slip
and dip-slip components to surface displacement for an
elastic half-space (Okada, 1992). To reduce the number
of data points used in finite-source modeling, we down-
sample the observations using a quadtree (e.g., Jénsson
et al., 2002; Fialko, 2004). We invert for the slip dis-
tribution using regularized least-squares by imposing a
smooth distribution of slip enforced by a Laplacian op-
erator (Huiskamp, 1991). We use an L-curve (Figure S3)
to estimate the optimal smoothing constraints (Aster
etal., 2012). The resolution of the inversion deteriorates
rapidly with depth, with an average of 45% in the first
2km dropping to 1-3% at 6-7 km depth, as is typical with
geodetic constraints (Barbot et al., 2008a, 2013; Sathi-
akumar et al., 2017). The inferred slip distribution rep-
resents a spatial average that masks short-wavelength
variations. However, the bulk features of the model,
such as the along-strike variations, can be determined
more reliably.

The comparison between the observations and the
forward model associated with the finite-source inver-
sion is shown in Figures S4 and S5. There are high-
frequency residuals along the fault traces (e.g., Fig-
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ures S4c,f) due to the simplifying assumption of a piece-
wise linear fault trace. In reality, the faults run through
numerous bends and jogs at fine scales that are not cap-
tured by our geometrically simple model. There are
one-sided residuals in the near field of the Cardak fault
and the central EAF in the Sentinel-1 DT21 range offset
(Figure S4c) that would imply a different fault dip an-
gle. However, the other datasets are explained well in
the same location.

Overall, there is a good agreement between the vari-
ous datasets considered. The model explains the GNSS
displacements for the Mw 7.8 mainshock and Mw 7.6 af-
tershock particularly well, with a variance reduction of
85% and 97%, respectively (Figure S4a-f). The model
variance reduction for the Sentinel-1 pixel-tracking data
ranges from 37 to 61% due to a large background noise
that is common for this type of data (Leprince et al.,
2007). The variance reduction for the ALOS-2 interfer-
ograms is 73% and 80% for the ascending and descend-
ing tracks, respectively. The variance reduction for the
Sentinel-2 optical data is only 12%, due to large mea-
surement errors associated with cloud and snow cover
(Figure S6). However, these data are useful to constrain
the distribution of shallow fault slip.

The resulting slip distributions for the Mw 7.8 main-
shock and the Mw 7.6 aftershock are shown in Figure 6.
Along the EAF, coseismic slip is maximum between 3
and 7km depth, tapering off from 8 to 14km depth.
Fault slip is mostly left-lateral with small changes of dip
near the surface. Assuming a uniform shear modulus of
30 GPa, we find a geodetic moment of 5.4 x 102° Nm cor-
responding to Mw=7.8. The slip distribution is highly
segmented and relatively uniform within segments of
uniform strike angle, revealing asperities of large slip
within the South Amanos, North Amanos, Pazarcik, and
Erkenek segments. Slip is the largest along the Pazarcik
segment, reaching a maximum of 8 m. Along the South
Amanos segment, slip reaches 4m, tapering off to the
southwest. To the northeast, the surface rupture shows
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of high coseismic slip.

a bifurcation to the Izci segment. However, this is not
accompanied by much fault slip at depth.

The rupture of the Mw 7.6 aftershock is more com-
pact, mostly confined to the Cardak fault with a maxi-
mum slip of 12m from the surface to 7km depth. The
slip tapers off from 8 to 12km, shallower than along
the EAF. Slip along the northeast-striking Gok Hill and
Sogiit segments between the Malatya and Siirgii faults
is limited to at most 5m. Slip on the south-striking
Yesilkdy normal fault reaches 2 m. Assuming a uniform
shear modulus of 30 GPa, we find a geodetic moment of
3.3 x 10%° Nm corresponding to Mw=7.6.

The February 20, 2023, Mw 6.4 Antakya
aftershock

We now examine the southern termination of the main-
shock rupture, which is associated with a large cluster
of aftershocks. Specifically, we focus on the crustal de-
formation caused by the February 20, 2023, Mw 6.4 af-

10

tershock near Antakya that was captured by Sentinel-1
data. Focusing on the small footprint most affected by
the Mw 6.4 aftershock, we determine the position, ori-
entation, dimension, and slip vector based on the In-
SAR data in a Bayesian inversion (Bagnardi and Hooper,
2018; Javed et al., 2022). These data can be explained
well by a fault striking 237+5°N with a dip angle of
55+5°. The fault orientation falls within the large cloud
of aftershock hypocenters and aligns well with the An-
takya Fault that runs toward the Cyprus Arc.

Using the inferred geometry, we invert for a finite slip
distribution applying a non-negative least square inver-
sion (Jénsson et al., 2002), with a discretization of the
fault into 1 x 1km? patches. Slip is allowed to have
along-strike and down-dip components. We use the L-
curve (Aster etal., 2012) to resolve the trade-off between
misfit and roughness (Figure S8). The data used for
the inversion are defined by the dashed frame in Fig-
ure 4. We use the ascending and descending interfer-
ograms jointly to constrain the slip distribution. The
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rupture extends along the strike with a length of 25km,
and a downdip distance of 25km. The maximum slip
of 0.93m occurs at a depth of 8.3km, with a rake of -
12°, corresponding to dominantly left-lateral slip, with
the area affected by greater slip extending down-dip to-
wards the northeast (Figure 6). The comparison be-
tween the Sentinel-1 observations for tracks AT14 and
DT21 and the forward model for the Mw 6.4 Antakya af-
tershock is shown in Figure S7.

Discussion

The slip distribution of the Kahramanmaras seismic se-
quence brings light into the processes of earthquake
rupture propagation and arrest and the properties of the
seismogenic zone in the continental crust. Even though
the rupture reaches the surface in many locations, the
slip distribution is overall characterized by a shallow
slip deficit (Figure 7), similar to many large earthquakes
in the continental crust (Fialko et al., 2005; Wei et al.,
2015; Qiu et al., 2020). For the EAF, the slip reaches a
maximum between 3 and 7 km depth. While the maxi-
mum slip reaches 8 m at depth, the surface slip peaks
only at 6 m, indicating a 25% slip deficit. The coseis-
mic slip of the 2020 Mw 6.8 Elazig earthquake is even
more confined, leading to a 60% slip deficit (Figure 7f).
The peak of 12m of slip at 4km depth on the Cardak
fault leads to a 25% slip deficit as well (Figure 7e). For
the system to conserve mass, slip must accumulate at
different parts of the seismic cycle as afterslip (Barbot
et al., 2009a; Rousset et al., 2012; Rollins et al., 2015;
Tang et al., 2020) or more slowly during the interseis-
mic phase (Barbot et al., 2013; Kaneko et al., 2013; Cetin
et al., 2014; Bilham et al., 2016; Rollins et al., 2018), or
by straining a wider region surrounding the fault. It
is possible that much of the shallow slip occurs aseis-
mically during the intervening days between the main-
shock and the remote-sensing data acquisition.

The shallow slip deficit is broadly compatible with
the thermal activation of rate-, state-, and temperature-
dependent friction in the continental crust (Barbot,
2019a; Wang and Barbot, 2020). Most rocks exhibit
steady-state velocity-strengthening behavior at room
temperature, transitioning to velocity-weakening at
temperatures relevant to the mid-crust, for example,
pyroxene (Tian and He, 2019), amphibole (Liu and He,
2020), blueschist (Sawai et al., 2016), granite (Mitchell
et al., 2016), serpentinite (Takahashi et al., 2011), bi-
otite (Lu and He, 2014, 2018), shale (An et al., 2020),
and samples of mixed composition taken from natu-
ral faults (Boulton et al., 2014; Rabinowitz et al., 2018;
Valdez II et al., 2019; den Hartog et al., 2021). The shal-
low velocity-strengthening layer can also be caused by
the presence of granular material associated with sed-
iments or a damage zone. Another explanation is the
broadening of the deformation zone surrounding the
fault, such as a flower structure or distributed plastic-
ity (Fialko et al., 2002; Hamiel and Fialko, 2007; Barbot
et al., 2008a, 2009b; Cochran et al., 2009). However, the
spatial resolution of the geodetic data considered is lim-
ited to 2km, and we cannot resolve the distribution of
deformation below this length scale.
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The distribution of seismicity spans a markedly
greater depth range than coseismic slip, extending
down to at least 20 km depth in this region (Bulut et al.,
2012; Pousse-Beltran et al., 2020b). It is therefore useful
to discriminate the seismic layer from the seismogenic
zone defined as the depth of nucleation and initial prop-
agation of large earthquakes. The seismic layer rep-
resents the maximum depth of micro-seismicity (e.g.,
Shearer et al., 2005; Nazareth and Hauksson, 2004),
which is caused by small-scale heterogeneities in com-
position, fluid pressure, normal stress, texture, and
fault orientation. Ultimately, the seismic layer may ter-
minate at the brittle-ductile transition. In contrast, the
seismogenic zone is controlled by the stability of fric-
tional sliding (Blanpied et al., 1995), which may be en-
tirely controlled by the distribution of frictional prop-
erties (Ruina, 1983; Rice and Ruina, 1983; Rubin and
Ampuero, 2005; Barbot, 2019b; Wang and Barbot, 2020,
2023).

The coseismic slip distribution constrains the depth
of the seismogenic zone. However, during the rupture
of large earthquakes, coseismic slip propagates into the
velocity-strengthening domains due to the concentra-
tion of static and dynamic stresses near the free sur-
face (e.g., Barbot et al., 2012; Jiang and Lapusta, 2016;
Jiang et al., 2022) and is affected by enhanced weaken-
ing mechanisms (Di Toro et al., 2011). As a result, the
unstable-weakening region that forms the seismogenic
zone is presumably much narrower than the depth ex-
tent of coseismic slip.

The distribution of aftershock hypocenters is shown
in cross-section in Figure 7 where the seismicity in the
surrounding 20 km of the EAF and the Cardak fault is
shown for the Mw 7.8 mainshock and the Mw 7.6 after-
shock, respectively. Despite uncertainties in hypocen-
ter location due to a sparse seismic network, the dis-
tribution of aftershocks exhibits a remarkable comple-
mentarity with the distribution of coseismic slip, sur-
rounding the regions of high slip, but also concentrat-
ing at segment boundaries. Additional aftershocks ex-
tend the ruptured faults outwards, past the rupture
tip. This is the case near Antakya, where seismicity
propagates towards the Cyprus Arc, east of the Karasu
trough, where seismicity propagates towards the Dead
Sea Fault, and north of the Siirgii fault, creating a new
fault structure running parallel to the EAF.

The complementarity of the distribution of coseismic
slip and aftershocks is another indication of the depth
extent of the seismogenic zone. For the Mw 7.8 main-
shock there is a dearth of aftershocks between 2 and
10 km depth. For the Mw 7.6 aftershock, the seismicity
is much less intense between 2 and 8 km depth. The lat-
eral variations in the depth extent of aftershocks may
be associated with differences in hydrothermal condi-
tions, such as geothermal gradients and pore fluid pres-
sure, or with different compositions of the fault zones.
We speculate that the seismogenic zone extends from 4
to 10 km depth in this region and that the coseismic slip
that occurred outside these bounds took place in a nom-
inally rate-strengthening region of the fault. Coseismic
slip commonly propagates in regions of stable sliding
because of dynamic effects (Barbot et al., 2012; Noda
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Figure 7 Shallow slip deficit and potential seismic gap along the Piitiirge segment. a) Coseismic slip distribution of the the
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aftershock. f) Same for the 2020 Mw 6.8 Elazig earthquake and its aftershocks.

and Lapusta, 2013; Salman et al., 2017; Barbot, 2019b;
Nanjundiah et al., 2020; Wang and Barbot, 2023).

The distribution of coseismic slip reveals asperi-
ties of large slip centered along the South Amanos,
North Amanos, Pazarcik, and Erkenek segment sep-
arated by major releasing bends and step-overs (Du-
man and Emre, 2013). These segments ruptured in
smaller-magnitude earthquakes in the last millennia.
The Amanos segment hosted an Mw=7.5 earthquake in
521. The Pazarcik segment ruptured previously in 1513
in a Mw=7.4 earthquake. The Erkenek segment rup-
tured with a Mw=7.1 earthquake in 1893. Although all
these segments ruptured in a single event during the
Mw 7.8 mainshock, the waxing and waning of coseismic
slip along the strike direction follows the same segmen-
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tation, with tapering of fault slip near segment bound-
aries. This behavior is compatible with the start-stop
control of fault bends and morphological gradients on
seismicity (Qiu et al., 2016; Sathiakumar and Barbot,
2021).

A somewhat surprising behavior of the Kahraman-
maras earthquake sequence is the rupture of faults with
the same sense of motion — left-lateral strike-slip — de-
spite the high angle between the Cardak Fault and the
Pazarcik-Erkenek segment that hosted much coseismic
slip. Recent strike-slip earthquakes on oblique faults,
such as the 2012 Mw 8.6 Indian Ocean (Wei et al., 2013;
Masuti et al., 2016) or the 2019 Mw 7.2 Ridgecrest (Chen
et al., 2020; Qiu et al., 2020) earthquakes occurred on
conjugate faults, i.e., one being dextral while the other
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is sinistral. The activation of faults with the same sense
of motion is not uncommon within the context of es-
cape tectonics that operates in Anatolia. For example,
the oblique Altyn Tagh Fault and the Kunlun Fault in Ti-
bet accommodate the extrusion of southern Tibet.

A remaining question is how the Kahramanmaras
earthquake will affect future seismic unrest in the re-
gion. Of particular concern is the potential triggering
of large earthquakes along the DSF system. However,
the distribution of aftershocks and the fault orientation
of the Mw 6.4 aftershock indicate propagation of seis-
mic unrest toward the Cyprus Arc (Figures 1, 2, and 6).
Nevertheless, intense seismicity concentrates along the
eastern side of the Karasu trough, running parallel to
the Amanos segment in the direction of the DSF. Hence,
the potential of a southward propagation of seismicity is
not entirely excluded.

More alarmingly, the slip distribution indicates a
large remaining seismic gap in the Piitlirge segment that
separates the 2023 Mw 7.8 mainshock rupture and the
fault area involved in the 2020 Mw 6.8 Elazig earthquake
(Figure 7b). The aftershock distribution connects the
two ruptures between 10 and 20km depth, leaving a
40 km-long seismic gap between the surface and 10 km
depth. This area is similar to the 2020 rupture. Hence,
we raise concern for the possibility of another Mw 6.8
earthquake to occur in the Piitiirge segment of the EAF.
Analysis of geodetic data across the Piitiirge and Palu
segment of the EAF indicate high interseismic coupling
south of the 2020 Elazig rupture (Bletery et al., 2020).
Dedicated instrumentation is necessary to monitor the
fault behavior in this region.

Conclusions

Remote sensing data provide great insights into the
2023 Kahramanmaras earthquake sequence, including
the extent of the surface rupture and the distribution
of coseismic slip along various segments of the EAF
and Cardak fault during the Mw 7.8 mainshock and
the Mw 7.6 aftershock. The mainshock ruptured the
Amanos, Pazarcik, and Erkenek segments propagating
across fault bends and releasing step-overs. The south-
ward rupture termination was caused by the diffuse ter-
mination of the EAF as it bifurcates into the Antakya
Fault and the DSF. The second largest aftershock, the
Antakya Mw 6.4 earthquake extends the rupture along
the Antakya Fault toward the Mediterranean Basin, al-
leviating the risk of triggering large earthquakes on the
DSF. To the north, the rupture propagation was arrested
by the Yarpuzlu releasing bend at the southern bound-
ary of the Piitlirge segment of the EAF, leaving a 40 km-
long seismic gap to the rupture area of the 2020 Mw 6.8
Elazig earthquake. The Piitiirge segment must be in-
strumented to assess its seismic potential.

The Mw 7.6 Elbistan aftershock ruptured the nearby
Cardak and Savrun faults and a previously unidentified
fault situated across the Nurhak complexity between
the Siirgii Fault and the Malatya Fault. The Mw?7.8
mainshock and the Mw 7.6 aftershock share the same
sense of motion — left-lateral strike-slip faulting — de-
spite markedly different fault orientations. The dis-
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tribution of coseismic slip for both events highlights
a pronounced shallow slip deficit and a complemen-
tarity with the aftershock distribution. These observa-
tions provide constraints on the depth of the seismo-
genic zone, defined as the area where large earthquakes
nucleate and propagate. The depth distributions of af-
tershocks and of coseismic slip indicate an unstable-
weakening region between 4 and 10km depth. The
Kahramanmaras earthquake sequence reminds us of
the devastating potential of immature strike-slip faults.
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