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Abstract Following the catastrophic 6 February 2023 Mw 7.8 and Mw 7.6 Kahramanmaras earthquakes in
the East Anatolian Fault Zone (EAFZ; southeast Tiirkiye), numerous aftershocks occurred along the major
branches of this left-lateral shear zone. The spatio-temporal distribution of the earthquakes implied the stress-
triggering effects of co-seismic ruptures on closely connected fault segments over large distances. On the 20
February 2023 two earthquakes with Mw 6.4 and Mw 5.2 struck Hatay (Tiirkiye) located near the Samandag-
Antakya segment of the EAFZ. To understand the rupture evolution of these earthquakes, we first re-located the
aftershock sequence that occurred over a 3-month period in the Hatay-Syria region. A normal faulting
mechanism with a significant amount of left-lateral strike-slip component at a shallow focal depth of 12 km was
estimated for the 2023 Mw 6.4 earthquake from the inversion of seismological data. Our slip models describe a
relatively simple and unilateral rupture propagation along about 36 km-long active segments of the EAFZ. The
co-seismic horizontal displacements inferred from the Global Navigation Satellite System data are compatible
with the oblique slip kinematics. Furthermore, we suggest that this earthquake did not produce notable tsunami
waves on the adjacent coasts since the rupture plane did not extend to the seafloor of the Eastern Mediterranean
with substantial amount of vertical displacement. We reckon that a future large earthquake (Mw > 7.0) in the
Hatay-Syria region where increased stress was transferred to the fault segments of the EAFZ and the Dead Sea
Fault Zone (DSFZ) after the 2023 earthquakes will be a probable source of tsunami at the coastal plains of the
Eastern Mediterranean Sea region.

Plain Language Summary The destructive 6 February 2023 Mw 7.8 and Mw 7.6 SE Tiirkiye
earthquakes triggered an intense seismic activity along the major segments of the East Anatolian Fault Zone
(EAFZ) in SE Tiirkiye. On 20 February 2023, distinct earthquake clusters occurred along the Amanos and
Samandag-Antakya segments in the southwest edge of the EAFZ. In this manuscript, source characteristics and
rupture kinematics of the 20 February 2023 Mw 6.4 Hatay (Tiirkiye) earthquake were estimated by analyzing
seismological and geodetic data. Our results mainly indicate a normal faulting mechanism with a significant
amount of left-lateral strike-slip component for this earthquake. The slip models show a simple slip distribution
pattern along the strike of the fault plane that lasted about 10-12 s. The analyzed time series of the available
Global Navigation Satellite System stations present horizontal co-seismic displacements consistent with oblique
slip kinematics of the rupture. We finally suggest that this earthquake serves as a reminder of the seismic and
tsunami hazard potential in the Hatay-Syria area.

1. Introduction

In February 2023, intense seismicity including catastrophic earthquakes (Mw > 7.5) occurred along the major
segments of the left-lateral strike-slip EAFZ in SE Tiirkiye, which forms a part of the collisional boundary be-
tween the Arabian and the Anatolian plates. The 6 February 2023 Mw 7.8 Nurdagi-Pazarcik and Mw 7.6 Ekinozii-
Elbistan (Kahramanmaras) earthquakes that are the largest seismic events that have occurred in Tiirkiye since
1939 are located on the Pazarcik and Siirgii-Cardak segments of the EAFZ, respectively. They initiated numerous
aftershock sequences, and produced large-scale surface ruptures with significant amount of horizontal dis-
placements up to 8—10 m on the faulting area (Goldberg, Taymaz, Reitman, et al., 2023; Goldberg, Taymaz, Yeck,
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et al., 2023; Li et al., 2023; Liu et al., 2023; Mai et al., 2023; Melgar et al., 2023; Okuwaki et al., 2023;
USGS, 2023a, 2023b; Z. Wang et al., 2023; Wu et al., 2023; C. Xu et al., 2023; Zahradnik et al., 2023; Zhang
etal., 2023). The horizontal ground accelerations were recorded to be locally up to 2 g during the Mw 7.8 Nurdagi-
Pazarcik earthquake, and it caused severe and widespread shaking in the Hatay-Antakya area with values of about
0.5 g with evident mapped cracks and surface ruptures before the 2023 Mw 6.4 earthquake (Mai et al., 2023).

Two weeks later, on the 20 February 2023 (OT: 17:04:27 and OT: 17:07:33 UTC), moderate-to-large earthquakes
with Mw 6.4 and Mw 5.5 hit the Defne, Yayladag: and Samandag (Hatay, southern Tiirkiye) provinces at the
southwestern end of the EAFZ (AFAD, 2023a, 2023b; KOERI, 2023a, 2023b; MTA, 2023; USGS, 2023c, 2023d;
Figure 1 and Table 1). These earthquakes were strongly felt in several cities in the south-eastern and south-central
Anatolia by causing severe damage and destruction with causalities near the epicentral area. The occurrence of
both earthquakes within a remarkably brief timeframe, accompanied by nearly identical source mechanisms, has
attracted great interest, in particular, due to their potential to yield valuable insights into the most recent types of
deformation and triggering effects observed within the closely interconnected segments of the EAFZ. This type of
earthquake occurrence has been recently observed along the North Anatolian Fault Zone, the EAFZ, and other
well-known strike-slip faults in the Eastern Mediterranean Sea region, such as the 2020 Yedisu-Karliova and the
2020 Qotur-Ravian earthquake doublets (e.g., Taymaz, Ganas, et al., 2022). Fast and automatic focal mechanism
solutions of the 20 February 2023 Mw 6.4 and Mw 5.5 earthquakes were reported by several national and in-
ternational seismological institutes (Table S1 in Supporting Information S1). However, there is a slight confusion
about the existence and magnitude of the second largest earthquake on the 20 February 2023. While
USGS (2023c) and AFAD (2023a) reported a magnitude of 5.5 for this earthquake (OT: 17:07:33 UTC),
KOERI (2023a) released an earthquake magnitude of 4.5 at the same time and location. The others (e.g., GFZ,
INGV, GCMT as such) did not provide any information about this event. The reported solutions clearly indicated
normal faulting mechanisms with significant left-lateral strike slip components at shallow focal depths for both
events as compatible with the active tectonic structures in the study region. The epicenters of the earthquakes are
very close to the intersection area of the EAFZ, the DSFZ and Cyprus arc where the significant stress increases
were transferred to the segments of these faults after the 6 February 2023 earthquakes (Dai et al., 2024; Liu
et al., 2023; Melgar et al., 2023; Stein et al., 2023; Toda et al., 2023). Furthermore, these provinces hosted several
large and strong historical earthquakes (M,, > 7.0) that produced damaging tsunami waves along the eastern
Mediterranean coastal plains (Table 2). Following the Mw 7.8 and Mw 7.6 SE Tiirkiye earthquakes, ~15-20 cm
sea level rise was recorded at four tide gauge stations, for example, Iskenderun-Arsuz, Mersin-Erdemli, Gaz-
imagusa and Girne (Cyprus) in the Eastern Mediterranean Sea region (Heidarzadeh et al., 2023; Hu et al., 2023;
Medvedeva et al., 2023; METU-EERC, 2023). Therefore, a tsunami warning was given by the national seis-
mological and tsunami centers of Tiirkiye to the adjacent coastal plains (e.g., Iskenderun bay and Levantine basin)
immediately after the 2023 Mw 6.4 earthquake. Tsunami amplitudes of about 0.2 and 0.5 m were initially esti-
mated for the Hatay-Syria coastal plains (KOERI, 2023b). But the warning was withdrawn in a short time (about
2 hr) later due to the lack of evident observation for tsunami generation at the nearby Eastern Mediterranean
coasts.

The study area is located on the south-eastern part of the Anatolian plate, adjacent to the collisional borders
between the African, the Arabian, and Anatolian plates (Figure 1). Due to the interaction of these three major
lithospheric plates, the active tectonics of SE Tiirkiye is highly complex with many large-scale geological
structures such as the EAFZ, the DSFZ and the Cyprus arc. They are mainly responsible for the generation of
destructive earthquakes in the region (e.g., Arpat & Saroglu, 1972; Bozkurt, 2001; Hempton et al., 1981; Jack-
son & McKenzie, 1984; Lyberis et al., 1992; Sengor et al., 1985; Taymaz et al., 1991; Taymaz, Ganas, et al., 2022;
Taymaz, Yolsal-Cevikbilen, et al., 2022; Tiirkelli et al., 2003). The 580 km-long the EAFZ is a left-lateral strike-
slip fault zone extending between Karliova in northeast and Antakya, which links to the DSFZ and the Cyprus Arc
around the Amik Triple Junction (ATJ) in the southern Tiirkiye. It has several segments along its strike such as
Stirgii-Cardak (StF), Narli, Sakcagdz, Amanos (AS), Samandag-Antakya (SAFZ), Yesemek (YS) and Karasu
Valley Fault (KV). The 350 km-long major segment of EAFZ is associated to the fault partitioning toward the
Siirgii-Cardak (StF) and then it merges with Kozan-Misis fault system (KoFZ and KFZ) in the Gulf of Iskenderun
(e.g., Duman & Emre, 2013; Emre et al., 2012, 2013, 2018; McKenzie, 1976; Saroglu et al., 1992a, 1992b; Tar1
et al., 2014; Taymaz et al., 1991, 2021) (Figures 1 and 2).

Geodetic measurements reveal that the slip rate is approximately 15 + 3 mm/yr along the EAFZ, 10.0 + 0.3 mm/
yr for the Palu—Hazar Lake segment and 9.9 + 0.2 mm/yr for the Hazar Lake—Tiirkoglu segment of the EAFZ
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Figure 1. A sketch map of plate boundaries (thick red lines) and tectonic structures in the Eastern Mediterranean Sea and
surroundings based on the studies of Garfunkel et al. (1981), Kempler and Garfunkel (1994), Salamon et al. (1996, 2003),
McClusky et al. (2000), Woodside et al. (2002), Zanchi et al. (2002), Tan and Taymaz (2006), Gardosh and

Druckman (2006), Schattner and Ben-Avraham (2007), Yolsal (2008), Ben-Avraham et al. (2008), Hall et al. (2008), Aksu
et al. (2008), Yolsal-Cevikbilen & Taymaz (2012), Emre et al. (2012, 2013, 2018), Duman and Emre (2013), and Taymaz
et al. (1991, 2021). The re-located epicenters of 6 February 2023 Mw 7.8 and Mw 7.6, and 20 February 2023 Mw 6.4 SE
Tiirkiye earthquakes are shown with the red stars. 15 arc-sec topography data are taken from USGS/NASA SRTMI1S5 + V2
(Tozer et al., 2019), and bathymetric compilations are after GEBCO_2020 Grid (https://www.gebco.net). The inset figure
shows the location of the study area. Abbreviations: AB, Antalya Basin; AKF, Akkar Fault; AKMB, Aksu, Koprii, Manavgat
Basin; AT, Aksu Thrust; ATJ, Amik Triple junction; AS, Amanos Segment; BiF, Bishri Fault; BGF, Beysehir Golii Fault;
BTT, Beirut-Tripoli Thrust, BV, Bekaa Valley; BZSZ, Bitlis-Zagros Suture Zone; CaFZ, Carmel Fault Zone; CF, Carmel
Fault; DSFZ, Dead Sea Fault Zone; EAFZ, East Anatolian Fault Zone; EcF, Ecemis Fault; ErF, Erciyes Fault; JF, Jhar Fault;
KFZ, Karatas Fault Zone; KoFZ, Kozan Fault Zone; KV, Karasu valley; MF, Malatya Fault; MTJ, Maras Triple Junction; PS,
Pazarcik Segment; PTF, Paphos Transform Fault; RB, Rhodes Basin; RF, Roum Fault; RTF, Rhodes Transform Fault; SF,
Serghaya Fault; SuF, Sultandaglari Fault; StF, Siirgii-Cardak Fault; TGF, Tuz Golii Fault; YF, Yammouneh Fault; YS,
Yesemek Segment.

(Reilinger et al., 2006). In addition, Yildiz et al. (2020) estimated a left-lateral 4.4-5.4 mm/yr and a normal
component slip rate of 3.0 mm/yr along the Karasu segment. They also emphasized the probability of a major
earthquake with a magnitude of 6.8—7.2 along this fault. The earthquakes along this segment predominantly
indicate normal faulting mechanism with large amount of left-lateral strike slip component at shallow focal
depths, which are closely linked to the transtensional deformation between the strike-slip fault segments of the
EAFZ and DSFZ (e.g., Salamon et al., 1996, 2003). Furthermore, Lattakia and Larnaka ridge segments of the
Cyprus arc, dominated by a left-lateral shear zone, play a key role in developing complex deformation styles in the
region and rupture kinematics of the earthquakes (Figures 1 and 2). Stress inversion studies primarily revealed
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Table 1

Source Parameters of Earthquakes (Mw > 4.9) That Have Occurred Along the Western Segments of the East Anatolian Fault Zone (EAFZ) at South-Central Tiirkiye and
Along the Dead Sea Fault Zone (DSFZ)

Date Origin time Lat. Lon. h Nodal Plane-1 ~ Nodal Plane-2 M, X 10" SV1 (®) SV2 (°) P (°) T (°)
(d.m.y) (UTC, hrm:s)  (°N)  (°E) Mw (km) (p°/3°/1°) ($°/5°/\°) Nm (Az/Pl) (Az/Pl)  (Az/Pl) (Az/Pl) References
24.06.1989 03:09:58 36.28 36.13 5.1 15 203/28/-93 27/62/—88 0.504 296/28 113/62  300/73  115/17 GCMT
22.03.1993 11:03:43 3470 3438 53 35 169/43/64 23/52/112 0.974 113/38 259/47 97/5 352/72 Y08
22.01.1997 17:57:23 36.19 3594 59 4 217/19/—-16 322/85/—108 8.880 232/5 127771 213/47 68/37 C02
26.03.1997 04:22:51 3339 3545 56 10 104/35/-167 4/83/-56 0.610 27317 14/55  306/42 66/29 INGV
27.06.1998 13:55:53 36.85 3533 6.1 20 5177117 317/73/166 29.20 47/17 141/13 18472 275/21 TO4
04.07.1998 02:15:51 36.63 3542 54 15 338/84/145 72/55/8 1.590 162/35 68/6 30/19  289/29 GCMT
29.03.2006 22:05:18 3541 3541 50 19.6 317/83/—132 219/43/—10 0.343 129/48 22717 190/37 79/26 GCMT
15.02.2008 10:36:21 3327 3532 51 121 336/78/-22 71/69/-167 0.656 341/21 246/12  292/24 25/6 GCMT
14.11.2010 23:08:26 36.58 36.02 49 10 203/34/—115 52/60/—74 0.340 322/30 113/56  359/71 131/13 INGV
11.05.2012 18:48:30 3425 34.17 55 20 116/74/—-1 206/89/—164 1.050 116/1 26/16 72/12  340/11 INGV
14.02.2014 00:33:39 36.23 36.07 49 18 155/36/—144 35/70/-59 0.251 305/20 65/54  343/55 102/19 GCMT
29.07.2015 22:00:55 36.56 3497 49 34 21/53/-53 149/51/—128 0.323 60/40 291/37  353/61 86/1 USGS-
RMT
15.04.2020 07:40:06 3573 3547 49 247  219/47/-10 316/83/—137 0.278 226/7 129/43 187/35 80/23 GCMT
10.06.2022 01:40:21 3483 33.87 5.0 405 351/35/101 158/55/82 0.452 248/34 81/55  253/10 41/78  USGS-W
Phase
16.02.2023 19:47:50 36.21 35.66 5.1 13 172/31/-99 3/58/-84 0.520 272/31 82/59  287/75 89/14 GFZ
20.02.2023 17:04:27 36.10 36.04 64 12 208/30/—28 323/76/-117 51.78 233/14 118/60  202/51 74/27 This study
20.02.2023 17:07:33 36.21 3593 5.2 12 244/50/-21 348/74/—-138 0.73 258/16 154/40  214/40 111/15 This study
23.02.2023 15:53:49 36.14 3592 49 13 221/58/-73 10/35/—115 0.310 281/54 131/32 172/71  299/11 GFZ

Note. The bold values display those of the 20 February 2023 earthquakes obtained in this study. Mw: Moment Magnitude, M,: Seismic Moment, h: Focal depth (km), ¢:
strike (°), &: dip (°), A: rake (°), SV: Slip Vector, Az/Pl: Azimuth/Plunge, P: P-axis, T: T-axis, Refs: References, C02: Caligkan (2002); T04: Tan (2004); YO8:
Yolsal (2008), GCMT: Global Centroid Moment Tensor; USGS-RMT United States Geological Survey; INGV: Istituto Nazionale di Geofisica e Vulcanologia (Italy)

(Figure 2).

extensional (with vertical ¢1) and left-lateral shear deformation patterns along the 145-km long NNE trending
Amanos Segment (AS; Lyberis et al., 1992) and the continuation of Cyprus Arc and Narli segment of the EAFZ,
respectively (Giivercin et al., 2022; Over et al., 2002, 2023).

The ~1,000 km long the left-lateral the DSFZ at south, which was another tectonic structure controlling the
intense deformation in the study area, accommodates the relative motion between the African and the Arabian
plates (Freund, 1965; Garfunkel et al., 1981; Hofstetter et al., 2007; Lyberis et al., 1992; Nur & Ben-
Avraham, 1978; Zanchi et al., 2002). It extends in the about N-S direction between the Red Sea spreading
center in the south and the northern boundary of the Arabian plate delineated by the EAFZ in SE Tiirkiye
(Figure 1). In general, there is much more earthquake activity in the southern parts of the DSFZ (e.g., Gulf of
Agaba) compared to its northern branches. Source mechanisms of the earthquakes along the DSFZ denoted to
left-lateral strike-slip faulting mechanisms with dip-slip components that are mostly associated with the en-
echelon faults and asymmetrical folding structures in the region (e.g., Hofstetter et al., 2007; Salamon
et al., 1996, 2003; Yolsal, 2008).

In this study, our main goal is to resolve the source and rupture characteristics of the 20 February 2023 Mw 6.4
earthquake and its major aftershock by analyzing the multi-scale seismological and geodetic data sets with routine
inversion processes. To achieve this aim, we first relocated the 3-month long earthquake sequence to constrain the
correlation between the aftershocks and the existing fault segments in the area. We obtained the rupture geometry
and source parameters of these earthquakes by inverting teleseismic and regional-distance waveforms. In addition
to these, Global Navigation Satellite System (GNSS) data was analyzed to quantify co-seismic displacements
observed along the faulted area, in particular related to the 2023 Mw 6.4 Hatay earthquake. To emphasize the
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Table 2
Large Historical Earthquakes Occurred Along the EAFZ and DSFZ and Surrounding Regions
Date (dd-mm-yyyy) Lat (°N) Lon (°E) I, or M, Location/Affected region References
EAFZ, EAFZ + DSFZ combined, and the Cyprus arc
BC-69 36.25 36.10 IX Antakya, Syria KOERI
37 36.00 36.30 VIII  Antakya, Dafneh AJ98, S05
53 36.20 36.50 VIII Antakya, Afamia, Lattakia S05
13-12-115 35.80 36.30 X-XI  Antakya, Orontes River (Syria) P80, AJ98
110 36.20 36.00 VIII  Antakya, Samandag E67
245 36.25 36.10 X Antakya KOERI
334 36.25 36.10 X Antakya, Beirut, Cyprus KOERI
14-09-458 36.25 36.10 IX Antakya, Samandag (80.000 deaths) P80, KOERI
10-09-506 36.25 36.10 IX Antakya, Samandag KOERI
29-05-526 36.25 36.10 IX Antakya, Samandag P80, KOERI
527-529 36.23 36.10 X Antakya E67, P8O
587-588 36.25 36.10 IX Antakya (60.000 deaths) P80, KOERI
20-03-713 36.23 36.10 IX Antakya E67, P8O
08-04-859 36.25 36.10 X Antakya P80, KOERI
867 36.25 36.10 IX Antakya KOERI
10-08-1114 36.50 35.50 IX Ceyhan, Antakya, Maras (Tsunami) KOERI
12/15-08-1157 35.00 36.50 7.8 Hama, Syria, Lebanon AB89, AJ98, G04
29-07-1170 35.90 36.40 IX-X  Idlib, Aleppo (80.000 deaths) P80, AB89
11/22-02-1404 35.90 36.30 IX Hatab, Aleppo P80, AB89, S05
1407-1408 35.66 36.17 IX-XI  Lattakia, Syria (Tsunami) P80, AB89, AJ9S8, Y07
21-01-1626 36.50 37.10 IX Aleppo, Gaziantep, Hama S05
26-04-1796 35.50 36.00 6.6 Latakia (Syria) AB89, AJ98, S05
13-08-1822 36.70 36.90 74 Antakya (200 km faulting), Tsunami P80, AB89, AJ98, S05, Y07
02-04-1872 36.25 36.10 X Antakya, Samandag (1800 deaths) P80, KOERI
03-04-1872 36.40 36.50 72 Hatay, Halep, Beirut, Iskenderun, Amik Golii (20 km faulting and Tsunami)  A89, AB89, AJ98, S05, Y07
14-07-1936 36.50 36.00 VII Near Antakya E67, P8O
20-01-1941 35.20 33.60 IX Cyprus E67
08-04-1951 36.60 36.30 VII Near Antakya E67, P8O
Dead Sea Fault Zone (DSFZ) only
303-304 33.80 34.30 7.1 Saida, Sur, Syria S05
22-08-502 33.00 34.80 7.2 Akka, Sur, Saida, Beirut, Safad S05
18-01-747 32.50 35.60 72 Mt. Tabor, Bosra, Damascus S05
29-05-1068 32.56 35.28 IX Ramia, Kudus GC05, S00
20-05-1202 33.43 35.75 X Syria-Lebanon AB89, AJ98, S05, GCO5
30-10-1759 33.10 35.60 VIII  Hatay, Gaza, Cyprus, Trablus BM79, AB89, A89, S05, Y07
25-11-1759 33.70 35.90 7.4 Bekaa, Lattakia, Gaza, Beirut (Destruction and Tsunami) BM79, AB89, AJ98, S05, YO7
01-01-1837 33.20 35.50 7.4 Bshara (Lebanon) AJ98
16-03-1956 33.30 35.70 X Lebanon (138 deaths, 30.000 homeless) E67

Note. The numerical tsunami simulations of the 13 August 1822 earthquake marked in bold discussed in the Supporting Information S1. I_: Intensity, Mg: magnitude,
E67: Ergin et al. (1967), BM79: Ben-Menahem (1979), P80: Poirier et al. (1980); AB89: Ambraseys and Barazangi (1989); A89: Ambraseys (1989); A94: Ambraseys
et al. (1994); AJ98: Ambraseys and Jackson (1998), S00: Soloviev et al. (2000); G04: Guidoboni et al. (2004); SO5: Sbeinati et al. (2005); GC05: Guidoboni and
Comastri (2005); YO07: Yolsal et al. (2007); KOERI: KOERI-UDIM (2012).
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Figure 2. (a) Main tectonic structures and seismicity of the Eastern Mediterranean region (USGS-NEIC; 1973-2023; Mw > 3.0). The relocated epicenters of 6 February
2023 Pazarcik and Ekinozii (Kahramanmaras; Mw 7.8 and Mw 7.6) and 20 February 2023 Hatay (Mw 6.4 and Mw 5.2) earthquakes are shown with red stars, (b) Focal
mechanism solutions of earthquakes (Mw > 4.9) occurred along the EAFZ, east of Cyprus arc and DSFZ in the southernmost part of Tiirkiye. The red, yellow and black
focal spheres indicate source mechanisms of earthquakes obtained by this study, other inversion-based studies (Caliskan, 2002; Tan, 2004; Yolsal, 2008) and
international seismological institutes (e.g., INGV, GCMT, USGS, GFZ; see Table 1), respectively. Historical earthquakes are also presented with red circles (see
Table 2 for details). The dates of historical events concentrated at a one location, shown by a blue circle, are written on the lower-right side of the figure (b). For the inset
figure, NAF, North Anatolian Fault; EAF, East Anatolian Fault; DSF, Dead Sea Fault. The GPS slip rates in mm/yr by the black arrows are taken from McClusky

et al. (2000).

potential tsunami risk along the coastal plains of the Eastern Mediterranean near the 2023 Mw 6.4 epicentral area,
we presented some of the results from the tsunami simulation of the historical 13 August 1822 Hatay-Syria
tsunamigenic earthquake (Mw > 7.0-7.5) earlier performed by Yolsal (2008) and Yolsal-Cevikbilen & Tay-
maz (2012) in Supporting Information S1.

1.1. Recent and Historical Seismicity

The crustal and lithospheric structures beneath the EAFZ, the DSFZ and seismicity, source mechanisms and
kinematic slip models of the earthquakes along these fault systems have been examined by numerous esteemed
geological and seismological studies (e.g., Akyiiz et al., 2006; Ambraseys & Barazangi, 1989; Dewey et al., 1986;
Hubert-Ferrari et al., 2020; Khair et al., 2000; Melgar et al., 2020, 2023; Okuwaki et al., 2023; Ragon et al., 2021;
Taymaz et al., 1991, 2021; Toda et al., 2023; H. Wang et al., 2020; Zor et al., 2003). In Hatay-Syria region, large
and moderate-size (Mw > 5.0) earthquakes mainly occur along the major segments of the EAFZ and the DSFZ
(e.g., Samandag-Antakya, Amanos, Yesemek, Sak¢agdz and Narli segments, Amik Basin, Karasu Valley;
Figures 1 and 2). Generally, they are characterized by shallow seismic activity in the 15-25 km of the upper crust,
which associates to normal and/or left-lateral strike-slip faulting mechanisms with substantial dip-slip compo-
nents (e.g., Caligkan, 2002). The majority of earthquakes presented oblique normal faulting mechanisms that are
presumably developed in response to nearly E-W, NE-SW and NW-SE extensional tectonic forces in the Amik
Basin and the Karasu Valley area (e.g., Hofstetter et al., 2007; Salamon et al., 2003; Taymaz et al., 1991, 2021;
Over et al., 2002, 2023). It is observed that the 20 February 2023 Mw 6.4 Hatay earthquake ruptured the NE-SW
trending Samandag-Antakya segment (SAFZ) of the EAFZ with numerous aftershocks located just close to the
AT]J area that connects the EAFZ and the DSFZ to the Cyprus Arc in southern Tiirkiye (Table 1 and Figure 2).
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In connection with the 2023 Mw 7.8 and Mw 7.6 SE Tiirkiye earthquakes, very frequent aftershock activity
occurred along the major segments of the EAFZ and the DSFZ in Hatay-Syria region as documented by several
studies (e.g., Ding et al., 2023; Inbal et al., 2023; Karabulut et al., 2023; Liu et al., 2023; Melgar et al., 2023;
Petersen et al., 2023; Z. Wang et al., 2023) and many national and international agencies (e.g., USGS, GFZ,
AFAD, GCMT, OCA, KOERI as such). The 20 February 2023 Mw 6.4 earthquake can be called as one of the
largest aftershocks of these catastrophic events. On 16 February 2023, four days before the 2023 Mw 6.4
earthquake, a moderate-sized earthquake (Mw 5.1) occurred along the SAFZ. GFZ (2023) reported an obvious
normal faulting mechanism for this event (strike: 172°; dip: 31°, rake: —99°, focal depth: 13 km; Table 1 and
Figure 2). Similarly, OCA (2023) implied an oblique fault mechanism with strike of 29°, dip of 55° and rake angle
of —25° at a 9-km focal depth for this earthquake. After the 20 February 2023 Mw 6.4 earthquake in Samandag-
Hatay province, another moderate-size event with Mw 5.5 occurred on the same day (OT: 17:07:33 UTC), and we
examined its faulting geometry in this study. For this earthquake, USGS (2023d) reported a body-wave magnitude
of mb 5.5 and an epicenter location of Latitude: 36.159°N and Longitude: 35.935°E. Additionally, AFAD (2023a)
shared a moment tensor solution that suggests a normal faulting mechanism at a 25-km depth with a moment
magnitude (Mw) of 5.5 (Table 1 and Table S1 in Supporting Information S1). Since we estimated a Mw of 5.2 for
this earthquake by performing Regional Moment Tensor (RMT) inversion, we called this event the Mw 5.2
aftershock hereafter throughout the text.

Historical documents and catalogs emphasized several significant earthquakes with an intensity value of I, = IX—
X occurred in the Antakya-Hatay and Syria provinces in the eastern Mediterranean region in the past (e.g.,
Ambraseys, 1989; Ambraseys & Barazangi, 1989; Ambraseys & Jackson, 1998; Ambraseys & Melville, 1995;
Ambraseys et al., 1994; Amiran et al., 1994; Ben-Menahem, 1979; Ergin et al., 1967; Guidoboni & Comas-
tri, 2005; Guidoboni et al., 2004; Plassard & Kogoj, 1981; Poirier et al., 1980; Sbeinati et al., 2005; Soloviev
etal., 2000; Yolsal et al., 2007; Yolsal-Cevikbilen & Taymaz, 2012). Ambraseys and Barazangi (1989) suggested
a recurrence interval of destructive earthquakes in the Karasu Valley (KV) region as about 450-700 years. From
palaeoseismological trench studies and field observations, Akyiiz et al. (2006) defined three historical earth-
quakes (e.g., 859, 1408, and 1872) along the northern branch of the DSFZ near the ~30 km-wide Amik Basin
(AmB; Lyberis et al., 1992), and the probable recurrence interval for a large earthquake was suggested to be
506 + 42 years along this segment of the fault. The earthquake epicenters in the Beqaa region are generally
concentrated on the Yammouneh Fault (YF) in Lebanon, and the recurrence interval of large earthquakes for this
region was obtained to be approximately 550-650 years (Khair et al., 2000). The source parameters of earth-
quakes (Mw > 4.9) reported by prior studies are summarized in Table 1, while destructive historical earthquakes
and associated tsunamis that largely affected the Antakya, Hatay, Syria and Levantine areas are listed in Table 2.
We classified the source faults of these historical earthquakes as EAFZ, Cyprus arc, EAFZ 4+ DSFZ and DSFZ
only (Table 2), based primarily on their locations reported in the above-mentioned reliable catalogs/documents,
and also on previous studies based on paleo- and archaeo-seismological analyses (e.g., Akyiiz et al., 2006; Carena
et al., 2023; Duman et al., 2020).

Among these historical earthquakes, the 13 August 1822 M, 7.4 Hatay-Syria earthquake is one of the large and
devastating events that occurred along the segments of the EAFZ and the DSFZ (Table 2). We noticed that the
fault geometry assumed by Yolsal et al. (2007) and Yolsal (2008) for this historical earthquake is rather
compatible with that of recent earthquakes that occurred along the SAFZ and Amanos Segment (AS) of the EAFZ
(Figure S1 in Supporting Information S1). They numerically simulated the 1822 earthquake and its tsunami, and
obtained large amplitude tsunami waves within 10-30 min in the Iskenderun Gulf, Levantine coasts and eastern
part of the Cyprus Island, where destructive tsunami waves were also documented by historical records.
Maximum positive tsunami amplitudes of ~2—-3 m along the Antakya-Hatay, Syria (tide gauges # 1, 2, 3, 11) and
~2.5 m along the Adana coastal plains (#4, 5, 6, 7) were reported by these studies. In addition, they suggested
~1.0-1.3 m tsunami waves arrived on Cyprus Island (tide gauges #8, 9, 10) in about 15 min, and ~1.25 m at Gaza
(Israel) coasts in ~70 min (#12; Figure S1 in Supporting Information S1). However, any large amplitude tsunami
waves were not estimated along the other Eastern Mediterranean coasts such as SW Anatolia, the Nile Delta and
African coastal plains due to the dissipation of wave energy related to the long propagation distances, and the
significant effects of natural bathymetrical barriers such as Cyprus Island and Eratosthenes Sea Mountains in the
sea-bottom of the Eastern Mediterranean Sea (Figure S1 in Supporting Information S1). The other details about
the tsunami simulation results can be found in Supporting Information S1.
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2. Data

We analyzed seismological and HR-GNSS geodetic data using conventional methods to resolve the details of
faulting geometry, rupture characteristics and kinematic finite-fault slip models of the 2023 Hatay (Mw 6.4 and
Mw 5.2) earthquakes. We initially downloaded teleseismic (between 30° and 90°) long-period and broadband P-
and SH- waveforms of the earthquake, recorded by seismic stations of FDSN-GDSN networks of the Data
Management Center of the Incorporated Research Institutions for Seismology (IRIS-DMC) for point-source P-
and SH-waveforms and kinematic finite-fault slip inversions (see Figures S2, S3, Tables S2, S3, and S4 in
Supporting Information S1). We also retrieved strong ground-motion data and broadband three-component
waveforms recorded at regional distance stations (1° < A < 10°) from the national seismological institutions
(e.g., AFAD and KOERI) for RMT inverse modeling and joint slip inversion (Figure S3, Tables S4, and S5 in
Supporting Information S1). The selected stations for RMT analysis have the complete body and surface
waveforms with good S/N ratios. To relocate the 2023 SE Tiirkiye earthquakes, including the 20 February 2023
Mw 6.4 and Mw 5.2 Samandag - Hatay earthquakes and other aftershocks that occurred between the time period of
6 February 2023 and 8 May 2023, we further acquired the phase data from the Disaster and Emergency Man-
agement Presidency of Tiirkiye (AFAD). This includes P- and S- arrivals from available stations selected by an
automatized earthquake detection based on the LTA/STA algorithm (Figure S4 and Table S6 in Supporting
Information S1). The first 11 days of relocated aftershocks belonging to the 6 February 2023 SE Tiirkiye
earthquakes were already published by Melgar et al. (2023). In addition, dual frequency high-rate GNSS ob-
servations of 11 stations from four different networks were analyzed (see Table S7 in Supporting Information S1;
CORS-TR, ASKI, ELYA and TUDES) to obtain position time series for the 20 February 2023 Mw 6.4 Hatay
earthquake occurred at OT: 17:04:27 (UTC). The distances between the GNSS stations and the earthquake
epicenter span a range of ~12—~156 km. Data from 3 days before and 3 days after the earthquake were used to
calculate displacements. In the processing step, the sampling interval was chosen as 30s and the positions were
obtained in the ITRF2020 datum using an elevation mask of 7.5°. Then, the coordinates and their variance
covariance matrices were transformed into topocentric coordinate system. In order to calculate horizontal and
vertical displacements and their formal errors, the average values of the 3 days of data before and after the
earthquake were calculated for each station.

3. Methods

In this section, we briefly summarized the seismological and geodetic approaches we employed and the relevant
procedures in detail.

3.1. Earthquake Relocation Process

We relocated a total of 777 earthquakes, moment magnitudes ranging from 2.5 to 6.4, that occurred along the
EAFZ in SE Tiirkiye for the duration of the three months after the 6 February 2023 Mw 7.8 and Mw 7.6 cata-
strophic Kahramanmaras earthquakes. The analyzed data includes phase information from weak and strong
ground-motion station networks. Initial absolute event locations were estimated by the Hypolnverse algorithm
(Klein, 2014). The majority of initial event locations focused on a depth range varying from 6.9 to 7.1 km. This
almost constant depth distribution reflects a poor depth resolution for the aftershocks in such a complex fault
regime. We performed hypoDD (Waldhauser & Ellsworth, 2000), a relative earthquake location algorithm, in
order to calculate the more precise depth locations. The ZypoDD uses the relative hypocenter locations and origin
times for all observed event-station pairs, and then iteratively minimizes the difference between observed and
calculated travel time residuals. It overcomes the potential bias caused by insufficient knowledge of structural
complexities and velocity heterogeneities along the source-receiver path, and enables more robust and reliable
hypocenter locations compared to traditional earthquake location algorithms (Waldhauser & Ellsworth, 2000).
We created event pairs with inter-event distances of less than 10 km and with a minimum of 8 links to define up to
10 neighbors at all available stations located within 200 km distance from the center of the cluster. Relative
locations and origin times were obtained from a single set of 15 iterations in which large residuals were
underestimated to suppress potential bias on the solution. The initial 1D velocity model in hypoDD calculation
was taken from Melgar et al. (2020) and Taymaz et al. (2021). The velocity model was modified using the 24
January 2020 Mw 6.7 Doganyol-Sivrice earthquake and its aftershock sequences by inverting and updating phase
arrivals (Kissling et al., 1994). As a result of the hypoDD calculations, we estimated high-resolution locations of
February 2023 main and aftershocks that occurred in SE Tiirkiye (Figure 3).
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Figure 3. The relocated epicenters of the Hatay-Syria earthquake sequence between the 6 February 2023 and 8 May 2023.
Active faults are taken from Emre et al. (2012, 2013, 2018) and Duman and Emre (2013). The size of the circles is scaled by
the magnitude, and they are colored by their focal depths. The vertical cross-sections taken along the seven different
directions are plotted to indicate the depth variations of the earthquake sequence. Topography is displayed on top of each
cross-section. Abbreviations: AfS, Afrin Segment; ArS, Armanaz Segment; AS, Amanos Segment; DSFZ, Dead Sea Fault
Zone; HS, Hacipasa Segment; KFZ, Karatag Fault Zone; KV, Karasu Valley; MiF, Misis Fault; SAFZ, Samandag-Antakya
Fault Zone.
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3.2. Point-Source P- and SH- Teleseismic Body Waveform Inversion

We obtained source parameters of the 20 February 2023 Mw 6.4 Hatay earthquake by inverting teleseismic long-
period 31 P- and 14 SH- and broadband P- displacement waveforms. MT5 (Moment Tensor 5) algorithm of
McCaffrey et al. (1991) and Zwick et al. (1994) for the point-source double-couple body-waveform inversion that
is based on a comparison of the amplitudes and shapes of the observed and synthetic waveforms was used in this
study. It assumes that an earthquake source can be represented as a point in space, but not in time. For this
moderate size earthquake, we used eight overlapping isosceles triangles with a rise time of 1.0 s for describing the
source time function (STF). Before the inversion, velocity responses were de-convolved from the records and
then we re-convolved them with the response of old WWSSN 15-100 long-period instruments that have a suitable
bandwidth for the resolution of shallow, moderate-sized events (McCaffrey & Nabélek, 1987; Tan & Tay-
maz, 2006). A simplified half-space 1D crustal velocity model given by Zwick et al. (1994) for teleseismic
waveform modeling was used for the Green's function calculation. Theoretical arrival times of seismic phases
were calculated based on the Jeffreys—Bullen travel-time tables (Jeffreys & Bullen, 1958). We also verified the
minimum misfit solution by visually analyzing the distribution of P- wave first motion polarities on the focal
spheres, that are recorded by near-field, regional and teleseismic stations. Unfortunately, we could not obtain the
best-fitting solution of the 20 February 2023 Mw 5.2 Hatay earthquake from teleseismic P- and SH- waveform
inversion due to the poor data quality with low S/N ratios. However, we analyzed the existing P-wave first motion
polarities with the FOCMEC algorithm (Snoke et al., 1984) to estimate the faulting geometry of this aftershock.
Additional information about the methods and following procedures for estimating uncertainties of source pa-
rameters can be found in McCaffrey and Abers (1988), Taymaz et al. (1991, 2021), Taymaz, Ganas, et al. (2022),
Taymaz, Yolsal-Cevikbilen, et al. (2022), Maggi et al. (2000), Yolsal-Cevikbilen & Taymaz (2012, 2019), and in
Supporting Information S1.

3.3. Time-Domain RMT Inversion

We implemented the Time Domain Moment Tensor Inversion technique (TDMT_INVC) of Dreger and Helm-
berger (1993) to acquire the source parameters of the 20 February 2023 Mw 6.4 and Mw 5.2 Hatay earthquakes.
The least squares approach of Dreger and Helmberger (1993) and Dreger (2003) was used for inversion of the
seismic moment tensor, which has been proven to be reliable for events with local magnitudes (M;) as small as
3.5. We analyzed three-component body waveforms recorded by broadband and strong ground-motion stations at
local and regional distances (Figure S3 in Supporting Information S1; 104—409 km for the Mw 6.4 and 30-32 km
for the Mw 5.2 earthquakes). First, the linear trend of the data was removed, and the data was converted into
displacement utilizing the related instrument responses of each seismic station. After tapering and rotating them
into radial, transverse and vertical components, we filtered the waveforms of 2023 Mw 6.4 event between 0.01 and
0.05 Hz, and the Mw 5.2 aftershock waveforms between 0.05 and 0.1 Hz, following the methodology described in
Dreger et al. (1995) and Pasyanos et al. (1996). Additionally, we re-sampled the waveforms to 1 s for both events.
The seismic source was assumed to be represented by a deviatoric solution that can be decomposed into a double-
couple (DC) and a CLVD, while the volume changes (isotropic component) are not resolved. The STF was
assumed to be a Dirac delta function (Dreger, 2003). The source depth was found iteratively by finding the
solution that yields the largest variance reduction (VR). The Green's functions were calculated using a modified
Haskell algorithm (FKRPROG) in the frequency-wavenumber domain (Saikia, 1994). The sampling rate was
fixed at 1 Hz. We used an average 1-D velocity model representing the source area (Dreger, 2003; Kalafat
et al., 1987) for the forward prediction of synthetic waveforms. The quality of the inversion was checked by
several parameters such as double-couple percentage (DC%) and VR that is known as the goodness-of-fit
parameter calculated between the observed and synthetic waveforms (Pasyanos et al., 1996; Templeton &
Dreger, 2006). The other details of the processing steps can be found in the articles of Cubuk et al. (2014),
Irmak (2013), Irmak et al. (2020, 2021), Taymaz, Ganas, et al. (2022), and Taymaz, Yolsal-Cevikbilen,
et al. (2022).

3.4. Kinematic Finite-Fault Slip Inversion

To model the spatial co-seismic slip distribution and time evolution of the 20 February 2023 Mw 6.4 Hatay
earthquake, we used the kinematic slip inversion algorithm of Yagi & Kikuchi (2000) and Yagi et al. (2012,
2014). A finite-fault slip model of this earthquake was estimated from a joint inversion of 36 teleseismic
broadband P-wave displacement and 21 near-field strong ground motion (SGM) data, as well as from a separate
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inversion of 40 teleseismic broadband P-wave velocity data. For both inversions, seismic stations were carefully
selected so as to provide a good azimuthal coverage on the focal sphere for constructing a stable finite-fault slip
model of the earthquake. We set the input parameters of the slip inversion (e.g., strike and dip angles of the fault,
focal depth, rise time) considering the inversion result of point-source P- and SH- body waveform modeling. The
strike, dip angles, and focal depth were established as fixed, while the rake angle was allowed to change +25° in
the inversion. We assumed that faulting occurs on a single fault plane and rupture started at the hypocenter. The
rupture process was presented as a spatiotemporal slip distribution on a fault plane, which was divided into M X N
sub-faults with length dx and width dy. To define the optimum fault dimensions, we checked numerous initial
models with varied grid-sizes (dx, dy), and numbers of sub-faults in numerical test inversions. We also considered
the spatial distribution of relocated aftershocks in the study area. For joint slip inversion, the NE-SW oriented
fault plane was divided into 12 X 5 sub-faults along the strike and dip directions with a cell size of 3 km X 3 km,
respectively. The hypocenter was located at 7 X 3 grid cells at a depth of 12 km that was presented by a white star
on the slip model. The slip-rate function of each sub-fault was composed of seven overlapping isosceles triangle
functions with a rise time (z) of 1.0 s.

We manually picked the P- wave first arrivals to estimate an alternative slip model with the inversion of only
teleseismic P- velocity waveforms. Before the inversion, theoretical Green's functions with a sampling rate of
0.1 s were calculated using the method of Kikuchi and Kanamori (1991) and the Preliminary Reference Earth
Model (PREM; Dziewonski & Anderson, 1981). We divided the fault plane into 180 sub-faults with 18 X 10
sub-faults along the strike and dip directions, respectively, and the area of each sub-fault cell size was set as
2 km X 2 km. We positioned the hypocenter at 10 X 5 grid cells at a depth of 12 km, and we defined the
slip-rate function of each sub-fault that was composed of six overlapping isosceles triangle functions
interpolated with linear B-splines with a rise time (7) of 1.0 s. In addition, we presumed the rupture velocity
(Vr) to be 3.2 km/s after performing a series of inversions with a constant Vr ranging from 2.5 to 3.4 km/s.
For each inversion, we checked the variance value of the inversion result, and accepted the optimum slip
model by considering the minimum variance value. We also applied smoothing constraints to the slip dis-
tribution with respect to time and space in order to avoid the instability, which may occur when there are
many unconstrained parameters in an inversion. In this study, an optimized ABIC, the Akaike's Bayesian
Information Criteria (Akaike, 1980; Fukahata et al., 2003; Yagi & Fukahata, 2011; Yagi et al.,, 2004;
Yoshida, 1992) was used to determine the smoothness parameter for the inversion process. Average slip on
the fault plane was then calculated susing the size of the fault plane, seismic moment and conventional
equations of Aki (1972) and Kanamori (1994). More comprehensive information about the finite-fault slip
inversion procedures can be found in earlier studies (e.g., Fielding et al., 2013; Taymaz et al., 2021; Taymaz,
Ganas, et al., 2022; Taymaz, Yolsal-Cevikbilen, et al., 2022; Yagi et al., 2012, 2014; Yolsal-Cevikbilen &
Taymaz, 2019; Yoshida et al., 1996).

3.5. Moment Magnitude Estimation From Coda Wave Analysis

This work also examines the seismic moment and moment magnitude (Mw) associated with the 20 February 2023
(OT: 17:04:27 UTC) Hatay earthquake using a comprehensive analysis of coda waves. To achieve this, we
adopted a methodology originally developed by Sens-Schonfelder and Wegler (2006), and further refined it in
Eulenfeld and Wegler (2016). The approach involves an iterative inversion process where we progressively
minimize the differences between observed and synthetic envelope data to simultaneously model the effects of the
geological site, seismic wave propagation path, and earthquake source characteristics (e.g., Eken, 2019). The
analytical expression of the coda wave approach during forward calculation relies on the principles of Radiative
Transfer Theory. This theory is based on the computation of energy density within a specific frequency range,
assuming an isotropic seismic source, as originally outlined by Sens-Schonfelder and Wegler (2006). The out-
comes of the coda envelope inversion process include various source-and structural parameters. These are the
frequency-varying spectral source energy term (W), the site response (R;), and the parameters related to intrinsic
(b) and scattering attenuation (g). We gathered coda wavefield data observed on the digital waveform recordings
of seven permanent broadband stations operated by BU-KOERI.

3.6. GNSS Data Analysis

The GNSS is one of the most efficient techniques for monitoring deformation and tectonic movements and
determining the co-seismic displacements because it can provide highly accurate position information in all
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weather conditions and 24 hr a day. Conventionally, the Relative Point Positioning (RPP) technique is
preferred to analyze GNSS observations by establishing a network structure. Since the differencing obser-
vation is used to eliminate GNSS errors (e.g., orbit and clock errors and atmospheric delays), other effects
such as local deformations on the reference station(s) can affect the analysis and lead to incorrect in-
terpretations. Over the last two decades, another technique, the so-called Precise Point Positioning (PPP)
technique, has emerged to determine precise positions of stations using a single GNSS receiver (Zumberge
et al., 1997). However, in this technique, longer observation durations and precise orbit and clock products are
required to achieve precise positioning. It has been shown in the literature that the PPP technique might be
preferred to determine the displacements, and tectonic movements, and also to monitor deformations. For
instance, Larson and Miyazaki (2008) analyzed high-rate GPS observations to determine the co-seismic and
post-seismic deformations for the 2003 Mw 8.3 Tokachi-Oki earthquake. P. Xu et al. (2013) showed that high-
rate PPP is capable of detecting absolute seismic displacement waveforms with the same high accuracy as
RPP. Martin et al. (2015) investigated the usability of real-time kinematic PPP for deformation monitoring,
and they concluded that this technique can be an efficient tool for monitoring the deformations. Dogan
et al. (2018) further reported that the PPP technique with both static and kinematic solutions gives applicable
results for detecting the displacements during the 21 July 2017 Mw 6.6 Kos-Bodrum earthquake. In this study,
PPP technique was preferred when analyzing GNSS observations to determine co-seismic displacements using
an online GNSS data processing service, the so-called Canadian Spatial Reference System Precise Point
Positioning (CSRS-PPP). The service uses precise satellite ephemerides, clock products, and satellite phase
biases provided by NRCan/IGS services with dual-frequency GNSS observations. Moreover, the updated
version of the service (as of 20 October 2020) has included PPP with ambiguity resolution (PPP-AR) for
carrier phase observations (Ocalan et al., 2022).

4. Results

Here, our main findings obtained from the conventional modeling approaches based on seismological and
geodetic data and observations are presented. Besides, some of the results are given in Supporting Information S1
in detail.

4.1. Relocated Earthquakes

The distribution of 777 relocated earthquakes that occurred along the segments of the EAFZ (e.g., Amanos,
Yesemek segments) and SAFZ between the time period of 6 February 2023 and 8 May 2023 in the Hatay-Syria
area (Lat: 35.75°-37.20°N, Lon: 35.00° —37.00°E) are presented in Figure 3. Among them, 23 events have a
magnitude greater than 4.0, and three of the earthquakes have a magnitude greater than 5.0. On 20 February 2023,
there are 52 notable earthquakes (M > 2.5) occurred in our study region, including the 2023 Mw 6.4 Hatay
earthquake (Figure 1). We obtained the relocated hypocenter of the Mw 6.4 earthquake at a latitude of 36.103°N
and a longitude of 36.045°E at a depth of 10.43 km from the detailed analysis with ~zypoDD algorithm. We also
relocated its major aftershock (Mw 5.2) that occurred on 20 February 2023 at the NW of the earthquake with
epicentral coordinates of 36.210°N and 35.930°E (Table 1). To better underline the rupture extent along-dip
direction and the spatial distribution of relocated aftershock clusters, we prepared 7 vertical cross-sections
along various directions as labeled from A-A’ to G-G’. Subsequently, we examined the geometric orientation
of the fault segments and correlation between earthquake clusters and tectonic features in the study area (e.g.,
major fault segments, valleys as such) (Figure 3).

In general, earthquakes show a distinct pattern of clustered linear distribution that allows us to establish the
geometry of the re-activated fault segments around the Antakya-Hatay region. The vertical cross-sections of the
relocated aftershocks predominantly exhibited a seismogenic depth shallower than 25 km in the region. Most of
the earthquakes appear to concentrate on the depth range of 10-20 km of the crust (Figure 3).

4.2. Earthquake Source Characteristics From Body-Wave Inversions

The source parameters of the 20 February 2023 Hatay Mw 6.4 earthquake obtained from point-source double-
couple teleseismic, RMT and kinematic slip inversions are summarized in Table 3. Further, the estimated Mw
from coda-wave analysis for this earthquake is given in this table. We resolved reliable source parameters of
the Mw 6.4 earthquake from the inversion of teleseismic long-period 31 P- and 14 SH- waveforms (Figure 4),
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Table 3
Source Mechanism Parameters of the 20 February 2023 Mw 6.4 Hatay Earthquake Obtained From This Study

The 20 February 2023 Mw 6.4 Hatay earthquake (Lat: 36.103°N—Lon: 36.045°E—OT: 17:04:27 UTC)

Faulting geometry Finite-fault slip model
Source parameters Point-source double-couple Regional MT Joint inversion (Tele P + SGM) Teleseismic P- only
Strike (¢, ) 208 220 208" 208"
Dip (3, ©) 30 38 30" 30°
Rake (A, °) —28 —21 —24 —20
Focal depth (km) 12 12 12° 12°
Fault length (L, km) - - 36 36
Fault width (W, km) - - 15 20
Maximum slip (cm) - - 100 60
Average slip (cm) 22 10
Seismic Moment, Mo (x10'® Nm) 5.178 5.400 3518 2.092
Stress drop, Ao (bars) - - 7 3
Mw 6.4 6.43 6.3 6.2

Mw 6.2 from coda wave analysis

Note. The relocated epicenter coordinates and origin time of the earthquake are estimated by this study. “Denotes the input parameters of the kinematic finite-fault slip
inversion, which are estimated from the point-source minimum misfit solution, and are kept fixed in the inversion.

but we could not obtain an optimal source mechanism solution of the 2023 Mw 5.2 aftershock due to the
inadequate number of teleseismic data with good S/N ratios that disabled reasonably good matching between
observed and predicted data. Likewise, the Mw of this aftershock could not be estimated from the coda wave
analysis.

It is seen from Figure 4 that the azimuthal distribution of teleseismic stations on the focal sphere was adequate to
estimate a reliable solution for Mw 6.4 earthquake. The inversion result indicates an oblique slip faulting
mechanism consistent with the general tectonics of the region. It primarily revealed a NE-SW oriented fault plane
with a strike (¢p) of 208° + 5°, a dip (5) of 30° = 5° and a rake angle (1) of —28° + 5°. The focal depth, seismic
moment (M,) and source duration of this event were estimated to be 12 £ 2 km, 5.178 X 10" Nm and about 10's,
respectively. This solution was characterized by an R/D ratio (percent ratio of residual to data variance) of 27.8%
(Table 3 and Figure 4).

Likewise, we observed that this mechanism is consistent with the azimuthal distribution of P- wave first-motion
polarities on the focal sphere. Some of the stations efficiently constrained the nodal planes as they were located
very close to both nodal planes (e.g., up motions at DIV, IPM, KBS, ANTO stations). The downward P- wave
motions on the waveforms were also rather apparent at stations located in the dilatation part of the focal sphere
(see EIL, TAM, MACI, KMBO; Figure 5).

Consistently, RMT solutions of both earthquakes exhibited a normal faulting mechanism with a significant
amount of left-lateral strike-slip component at a shallow focal depth of 12 km (Figures S5 and S6 in Supporting
Information S1; Tables 1 and 3). The RMT solution of 2023 Mw 6.4 earthquake was relatively well-constrained
by a DC% of 86 and a VR value of 64%. However, we cannot claim a robust solution for its largest aftershock as it
is characterized by 61% DC and poor error minimization (e.g., VR of 44.5%) mainly due to the lack of the reliable
waveforms with a good quality signal (Table 3; Figures S5 and S6 in Supporting Information S1). We approx-
imately calculated a Mw of 5.2 for the 20 February 2023 (OT: 17:07:33 UTC) Hatay earthquake (Table 3), while
USGS (2023b) and AFAD (2023a) reported an earthquake magnitude of 5.5 for this event.

Since we consider that our RMT solution of this event, which was estimated using only two near-field stations, is
controversial, we attempt to constrain the faulting geometry based on a detailed analysis of P-wave first motion
polarities recorded at regional, local and teleseismic distances. For this purpose, P-wave first motions were
reliably identified on 20 vertical-component seismograms that have reasonable signal amplitudes, and then they
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Figure 4. Source mechanism solution of the 20 February 2023 Mw 6.4 Hatay (southern Tiirkiye) earthquake obtained from
the double-couple point-source inversion. The dashed red lines indicate synthetic waveform fits to each of the 31 P- and 14
SH- long-period observed waveforms (solid black lines) used in the inversion. The header at the top of the figure shows the
date and moment magnitude along with the strike, dip, and rake angles of the first and second nodal planes (NP), centroid
depth (h), and seismic moment (Mo). The source time function is shown beneath the header, while the time scale used for the
waveforms is given near the waveforms in the last row of the figure. Focal spheres are shown with P- (top) and SH- (bottom)
nodal planes in lower hemisphere projections. The vertical bar near the focal spheres shows the waveform displacement scale
in microns, with the lowercase letter identifying the instrument type (d: GDSN long-period). Station positions are indicated
by a capital letter and are arranged alphabetically clockwise, starting from the north. The P- and T-axes are marked by black
and white circles, respectively.

were analyzed using the FOCMEC algorithm (see Snoke et al., 1984). We obtained the focal mechanism solution
(strike/dip/rake angle: 230°/44°/—24°; Figure S7 in Supporting Information S1) as compatible with fault
orientation defined by the RMT inversion (Figure S6 in Supporting Information S1). The RMT solution agrees
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20 February 2023 Hatay — Southern Tiirkiye (Mw 6.4)
NP1:208°/30°/-28° NP2: 323°/ 76°/ -117°
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Figure 5. The azimuthal distribution of P- wave polarity data, recorded by seismic stations at teleseismic and regional
distances, on lower hemisphere equal area projection for the minimum misfit solution of the 20 February 2023 Mw 6.4 Hatay
earthquake obtained from the point-source inversion in this study. Station positions on the focal sphere have been plotted
using the same velocity structure that was used in the inversion procedure. Compressional and dilatational first motions are
depicted by closed and open circles, respectively. Station codes and epicentral distances, A (°), are given above the
waveforms. The P- and T-axes are marked by black and white diamonds, respectively.

well with the fault geometry estimated from the detailed analysis of P-wave first motions, as this indicates that the
obtained source parameters can be acceptable for interpretation. The details can be found in the SI file.

Figures 6a—6¢ presents an example of the coda wave fitting process performed on seven seismic stations. Our
primary focus here is to estimate the source term, W;, which allows us to further determine the source
displacement spectrum and moment magnitude of the 20 February 2023 (OT: 17:04:27 UTC) Hatay earthquake.
Figure 6c¢ exhibits the predicted model spectrum (see solid black curve) estimated through a curve fitting process
(Abercrombie, 1995). This was applied to the modeled frequency dependent spectral amplitudes (solid circles
color coded by the number of observations) derived from the resolved spectral source energy term W at each
frequency. We determined the seismic moment by examining the flat segment of the source displacement spectra.
Our analysis yielded a coda-derived seismic moment of 2.4 x 10'® Nm, corresponding to a Mw of 6.2. We noted
that our coda-derived Mw estimate is in good agreement with those obtained through double-couple point-source
and finite-fault slip inversions conducted in this study. This agreement indicates the effective usage of local coda
waves for modeling of source properties characterized by a flat region and spectral decay behavior, separated at a
corner frequency of 1.2 Hz (Figure 6c).
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Figure 6. (a) Plots for moment magnitude estimation using the coda wave analysis. The map on the left indicates the epicenter of the 20 February 2023 (OT: 17:04:27
UTC) earthquake (white star) and locations of seven broadband seismic stations shown by red triangles. (b) The actual amplitudes of observed source displacement
spectra (solid circles color coded by the number of observations) with its corresponding modeled curve (see solid black curve). The green dot representing the minimum
frequency has four observations and is colored to show its down-weighted contribution (c) The figure showing the performance of our coda wave envelope fitting
process at five different frequency bands observed for all seven stations.
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4.3. Finite-Fault Slip Models Obtained by Kinematic Slip Inversion
4.3.1. Joint Inversion of Teleseismic and SGM Data

From the joint inversion of 36 teleseismic broadband P-displacements and 21 strong ground-motion waveforms,
we obtained the best finite-fault slip model of the 2023 Mw 6.4 Hatay earthquake. During the inversion, we
attempted to achieve the best fit for both the onset and the amplitude of the waveforms. We modeled the NE-SW
oriented left-lateral fault plane with a 208° strike and 30° NW dip as defined by the P- and SH- waveform in-
versions. The obtained model primarily implied a normal faulting mechanism with a significant amount of left-
lateral horizontal displacement (Figures 7a—7c).

The inversion result gave a total seismic moment of 3.518 X 10'® Nm (Mw 6.3), and a rupture duration of 12 s. The
inverted rake angle was —24°, which is fairly consistent with the values from the RMT and P- and SH- waveform
inversions (Table 3). The size of the fault plane was estimated to be 36 km (fault length) X 15 km (fault width). We
clearly distinguished a uniform and single asperity involving a maximum displacement of 100 cm close to the
hypocenter. The slip vectors refer to a NE-SW oriented rupture propagation with co-seismic horizontal dis-
placements along the strike of the fault plane, and they indicated a notable component of dip-slip displacement
that was largely concentrated at the shallow part of the fault plane to the NE of the hypocenter (Figure 7a). A
unilateral rupture is evident as the ruptured area is spread predominantly confined to only one side of the hy-
pocenter on the fault plane. The mean displacement on the fault plane and static stress drop of the earthquake were
calculated to be 20 cm and 7 bars, respectively (Figures 7a, Table 3).

4.3.2. Inversion of Teleseismic P-Wave Velocity Data Only

We also estimated an alternative finite-fault slip model from the inversion of only 40 teleseismic P-velocity
waveforms. Similar to the joint inversion model, it indicated a unilateral rupture mainly along the strike direction
with a maximum displacement of about 60 cm at the NE of the earthquake hypocenter. The model showed a
relatively simple rupture, which lasted about 10—12s without producing any surface break. Furthermore, both
horizontal and vertical slip motions were evident on the fault plane, which has about 36 km of the fault length and
20 km of the fault width. The vertical downward slip vectors were particularly dominant in the SW part of the fault
plane (Figures 8a and 8b). Nevertheless, we estimated a seismic moment (M,,) of 2.092 X 10'® Nm and Mw of 6.2
from the inversion of only teleseismic P- velocity data (Figure 8). They are slightly smaller than those from the
minimum misfit solution and the RMT inversion (Figure 4 and Figure S5 in Supporting Information S1). We
estimated the mean displacement on the fault plane and the value of the static stress drop to be 10 cm and 3 bars,
respectively (Table 3).

4.4. The Amount of Co-Seismic Displacements From GNSS Data Modeling

The overall distribution of the GNSS stations is reasonably sufficient to record both near-field (e.g., station
HATA¥*) and far-field effects (e.g., station ANTE). The analyzed time series of the available GNSS stations
indicated a pattern of co-seismic displacements consistent with the oblique slip kinematics of the rupture. As
stated in Section 3.6, station observations were processed using the PPP technique. Although this technique
requires a longer session duration than RPP to achieve a precise position, depending on the session duration, cm to
mm level accuracy can be achieved (Teunissen, 2021). We obtained significant vertical displacements of —2.64
and 1.87 cm at near-field stations HAT2 and ARST, respectively. The noteworthy horizontal co-seismic dis-
placements were only observed at two stations: —1.81 cm (HATA*) and —1.03 cm (HAT?2) located in Hatay
province. However, the results revealed rather large uncertainties in the calculations from the time series of the
GNSS stations. The obtained displacements and their standard deviations for each station are summarized in the
Table S7 in Supporting Information S1 and Figure 9.

Moreover, we analyzed kinematic time series from the three stations closest to the epicenter of the Mw 6.4
earthquake, namely HATA, HAT2 and ARST. Since there were no observations at HATA at the time of the
earthquake, the kinematic results for this station were not presented. As it can be seen from Figure 9, the dis-
placements obtained for ARST are approximately 5 cm in the east and north components. Furthermore, for the
HAT?2, the observed displacements are about 15 and 10 cm in the east and north components, respectively
(Figure 9).
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Figure 7. (a) Focal mechanism, co-seismic slip distribution and total moment rate function of the 20 February 2023 Mw 6.4 Hatay earthquake obtained from the joint
inversion of teleseismic and strong ground-motion data. The strike, dip and rake angles of the first and second nodal planes (NP) and focal depth obtained from the
minimum-misfit point-source solution are given in the header. The slip model is derived on NP1. The white star with blue dashed line shows the location of the initiation
of the rupture located at a focal depth of about 12 km (origin of the plot axes) obtained from minimum misfit solution. The slip vectors and the distribution of slip
magnitudes are also presented. Along-strike distances are shown on the top x axis, along-dip distances on the left y axis and depth beneath the surface on the right y axis.
The vertical-colored scale given on the right side shows the amount of slip values in cm, (b) Comparison of the observed (black solid lines) and synthetic (red dashed
lines) broadband 36 P- displacement waveforms used in the joint finite-fault slip inversion. The peak amplitude of the observed ground displacement is in pm,

(c) Comparison of the observed (black) and synthetic (red) 21 strong ground-motion waveforms used in the joint slip inversion. The peak amplitude of the observed
ground velocity is in cm/s. Station code, maximum amplitude, station azimuth and distance are given near the waveforms. The time scale used for the waveforms is
shown in seconds at the bottom.
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Figure 8. (a) Focal mechanism, co-seismic slip distribution and total moment rate function of the 20 February 2023 Mw 6.4 Hatay earthquake obtained from finite-fault
slip inversion with only teleseismic P- velocity data. The other details are as in Figure 7a. (b) Comparison of the observed (black) and synthetic (red) teleseismic
broadband 40 P- velocity waveforms used in the finite-fault slip inversion. Station code, maximum amplitude, station azimuth and distance are shown near the
waveforms. The peak amplitude of the observed ground velocity is in pm/s. The time scale used for the waveforms is shown in seconds at the bottom.

5. Discussion
5.1. Relocated Aftershocks and Source Characteristics of the 2023 Hatay Earthquakes

The source and rupture characteristics of the 20 February 2023 Mw 6.4 and Mw 5.2 Hatay earthquakes and the
relocated aftershocks that occurred over a 3-month period were examined to better understand the kinematics of
co-seismic rupture evolution and its relationship to the extent of the ruptured fault segments in the study area. It is
clear that these events are the aftershocks of the 6 February 2023 Mw 7.8 Nurdagi-Pazarcik and Mw 7.6 Ekinozii
(Kahramanmarag) earthquakes that ruptured the Pazarcik and Cardak-Siirgii segments of the EAFZ in the
northeast. This can be corroborated by several seismic activity that occurred along the AS and SAFZ between 06
February 2023 and 19 February 2023 (see earthquakes shown by red circles in Figure 10). In addition, the
aftershock area (e.g., up to a distance equal to the rupture length of the mainshock), the observed decay rate and
the possible largest magnitude of these aftershocks agree well with the general definitions of the Bath, Utsu-
Omori and Gutenberg-Richter laws (Bath, 1965; Gutenberg & Richter, 1954; Omori, 1894; Utsu, 1961). From
the teleseismic P- and SH-waveform modeling and RMT inversions, we estimated a normal faulting mechanism
with a significant amount of left-lateral strike slip component for both earthquakes (Figure 4; Figures S5 and S6 in
Supporting Information S1). Unfortunately, we could not estimate reliable source parameters for the 20 February
2023 Mw 5.2 aftershock from waveform inversions because most of the waveforms were significantly distorted
by the seismic phases released by the Mw 6.4 earthquake that occurred 3 min earlier. However, analysis of P-wave
first motion polarities recorded by stations at near-field, regional and teleseismic distances (Figure S7 in Sup-
porting Information S1) provide us a fault geometry compatible with the results of RMT inversion for both events
(Figures S5 and S6 in Supporting Information S1).

In addition, our slip models of the Mw 6.4 earthquake, derived from the joint inversion of teleseismic P- and SGM
data and from teleseismic P-data only, consistently showed a simple slip distribution pattern and rupture prop-
agation on the fault plane. They indicated a large amount of slip, which mainly concentrated to the NE of the
earthquake hypocenter (Figure 10). We also resolved a single circular-shape asperity with dominant oblique slip

YOLSAL-CEVIKBILEN ET AL.

19 of 29

3SUR0 |7 SUOWILIOD A8 1D 3|cedt|dde ay) Aq pausenob afe Sape YO ‘9N JO SanJ Joj ArIq 1T auluQ 4311\ UO (SUOIHPUOD-PUR-SWBYW0D AB | 1M AReIq 1 BU 1 |UO//SANY) SUOIPUOD pUe SWB | 83U} 88S *[GZ02/T0/90] Uo ARiqiauliuQ A31IM ‘Ariqi raueD Aq EGETTODODEZ0Z/620T OT/10p/ W00 Ao |1m Arelgipuluosgndnbe//sdiy wouy papeojumod ‘0T ‘v202 '2202S2ST



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems

10.1029/2023GC011353

-10 T
10 = :
5 | - :
£ o] | —10 T T
[&] -W% 10 | |
-5 ! 5 ' N
-10 1 5- i -
10 . i
B | 3 [ 0 3 B
0 WWMWWWW‘-s m\ﬁm\ﬁ~
=5 ] 1 B ! 3
-10 T 10 T T
16:00 17:00 18:00 17:00 17:05 17:10 17:15
35.0
MIF ®
. ASKI =
37.0° 1 @ADNZ & Gaziantep i
&
(OYURE %
KLS1
I e
{ &
\\\/1\1/ o
ARST
Mediterranean =
& Aleppo
Sea Saman‘\
36.0°

GNSS —>» 2cm

0 ;MMWWWMMWWWmm—_m;W_

=10 3 !
-20 — 20 — T
16:00 17:00 18:00 17:00 17:05 17:10 17:15

Figure 9. Examples of the analyzed kinematic time series of available Global Navigation Satellite System (GNSS) stations (e.g., ARST and HAT?2; see above and below
the map) and distribution of the analyzed GNSS stations displaying co-seismic horizontal displacements (indicated by blue arrows) resulted from the 20 February 2023
Mw 6.4 Hatay earthquake (marked by a red star). The focal sphere indicates the source mechanism solution of the earthquake obtained in this study. The GPS error
ellipses exhibit a 67% confidence interval (Table S7 in Supporting Information S1). The active faults are taken from Emre et al. (2012, 2013, 2018) and Duman and
Emre (2013). Abbreviations: AmB, Amik Basin; ArS, Armanaz Segment; DSFZ, Dead Sea Fault Zone; HS, Hacipasa Segment; KFZ, Karatas Fault Zone; KV, Karasu

Time [UTC+18s]

Valley; MiF, Misis Fault; SAFZ, Samandag-Antakya Fault Zone; SS, Sermada Segment.

on the fault plane with a maximum displacement of 60-100 cm located at about NE of the hypocenter, and a
unilateral rupture on the fault plane of the earthquake. An average rake angle of about —24° was estimated from
the inversions performed with various-scale seismological data in this study (Table 3). This confirmed that the

Time [UTC+18s]
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Figure 10. (a) Map-slip presentation obtained from joint inversion of teleseismic and strong ground-motion data, and (b) slip inversion of teleseismic P- data only. The
relocated aftershocks scaled by their magnitudes are shown in red and blue circles. The red and blue circles refer to relocated aftershocks in this study for the period of 6
February 2023—-19 February 2023 and 20 February 2023-8 May 2023, respectively. The active faults reported by Emre et al. (2012, 2013, 2018) and Duman and
Emre (2013) in the study area are plotted as gray lines. Abbreviations: ArS, Armanaz segment; HS, Hacipaga Segment; SAFZ, Samandag-Antakya Fault Zone.

main segments of the EAFZ, the DSFZ and the Cyprus arc in the Hatay-Syria region represent a continuation of a
transform plate boundary between the Anatolian, Arabian and African plates by implying a prominent strike-slip
shear zone associated with extensional deformation, as suggested by previous studies (e.g., Kempler & Gar-
funkel, 1994; Over et al., 2002, 2023). Both indicated a comparable size of the rupture area (approximately
700 km?), which was further well constrained by the spatial distribution of the relocated aftershocks. Conse-
quently, we proposed that the rupture of about 30-35 km long did not sufficiently reach the Eastern Mediterranean
Sea region with a notable amount of displacement as seen in Figure 10, and therefore this earthquake could not
generate tsunami waves at the nearby coastal plains as verified by field observations.

Besides, we obtained the best fit between the observed and synthetic waveforms and stable inversion results with
a rupture velocity of 3.0-3.2 km/s. The reasonably small static stress drop values (about 3—7 bars) can be
recognized as a feature of the inter-plate earthquakes (Kanamori & Anderson, 1975). We also found that our slip
models are fairly consistent with the slip model of Barbot et al. (2023), which was estimated from a joint inversion
of ascending and descending interferograms based on SAR images. They observed a rupture extending along the
strike direction of the 25-km long fault with a maximum slip of 0.93 m at a depth of about 8 km in the NE part of
the fault plane (Figure 10).

From the lateral distribution of the relocated earthquakes, we found that several NE-SW striking segments of the
EAFZ (e.g., AS, SAFZ), Cyprus arc and DSFZ were involved in the co-seismic rupture processes of the 2023
Hatay-Syria earthquakes. Several linear and fault-parallel (NE-trending) aftershock clusters (see cross-sections of
A-A’,B-B’, C-C’, D-D’, F-F’, and G-G’) were apparently observed along the segments of EAFZ and DSFZ, and
they can be correlated with the 2023 Mw 7.8 Nurdagi-Pazarcik, Mw 7.6 Ekinozii and Mw 6.4 Hatay earthquakes
(Figure 3). It appears that intense earthquake activity mostly clustered at the northwest of the 2023 Hatay
epicenter during the time period from 20 February 2023 to May 8, 2023 (blue circles in Figure 10). Since a large
number of earthquakes were located away from the 2023 Mw 6.4 rupture, we suggest that they may have been due
to the triggering of the fault segments already stressed by their neighboring faults (e.g., the Amanos segment of
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the EAFZ) after the 2023 Mw 7.8 and Mw 7.6 earthquakes (Figures 1 and 3). The apparently isolated NE-SW
trending aftershock clusters located at northeast of the study area (see D-D’, G-G’) may primarily belong to
the 6 February 2023 Mw 7.8 Nurdagi-Pazarcik earthquake that ruptured the Pazarcik segment of the EAFZ
(Figure 3). The NW-dipping left-lateral segment of the SAFZ was obviously defined by the vertical cross-section
taken along the E-E’. In addition, another NE-SW trending linear aftershock cluster (see F-F’) positioned at the
NW of the 2023 Mw 6.4 Hatay epicenter seems more compatible with the strike of the Larnaka ridge segment of
the Cyprus arc. We suggest that this cluster shown in F-F’, may be caused by reactivation of the segments of the
SAFZ and Latakia-Larnaka ridges along the Cyprus arc due to the calculated stress accumulation after the large
2023 SE Tiirkiye earthquakes by Toda et al. (2023) (Figures 1 and 3). However, it can be seen that a relatively
small number of aftershocks occurred on the fault plane of the 2023 Mw 6.4 Hatay earthquake. The area of
somewhat lower and distributed earthquake activity on the southern part of the fault plane, mostly associated with
the other segments of the EAFZ and DSFZ, could be defined as a seismically quiescent region undergoing recent
stress accumulation. We think that these segments in the Hatay-Syria region will define the potential future
earthquake zones.

We further observed that the focal depths of the earthquakes in the study region are generally rather shallow
(h <30 km) (Table 1). The depth distribution of aftershocks clearly indicates a seismogenic zone at about 20 km
depth along the SAFZ. This shallow depth is almost equal to half of the crustal thickness of about 40 km along the
EAFZ (e.g., Confal et al., 2020; Vanacore et al., 2013; Zor et al., 2003). Furthermore, an apparent low P- velocity
zone (2%-3%) at a depth range of 4 and 21 km along the EAFZ and BZSZ was obtained by H. Wang et al. (2020)
from the 3D local earthquake tomography study. This low velocity zone following the tectonic structures dis-
appears at a depth of 32 km, and in particular, the south of the EAFZ was represented by the high Vp anomalies
after this depth. Many studies have indicated that most earthquakes usually occur in the transition zones between
the low and high P-wave velocity anomalies by considering the locations of rupture zones in many tectonically
complex regions (e.g., Cheng et al., 2016; Taymaz et al., 2021; H. Wang & Huang, 2020; Yolsal-Cevikbilen
etal., 2012; Zhao et al., 2010). Accordingly, we found that the locations of the 20 February 2023 Mw 6.4 and Mw
5.2 earthquakes are adjacent to the distinct separation zone between the low and moderately high Vp anomalies at
12 km depth in the tomographic images of H. Wang et al. (2020). Similarly, some of the relatively deep after-
shocks (>20 km D-D’, F-F’, G-G’) shown in the cross-sections could be correlated with this Vp transition, which
is evident at depths between 4 and 21 km along the Amanos segment of the EAFZ. The identification of a close
correlation between the co-seismic slip evolution on a fault zone and the complex features of the crustal structures
beneath the regions can be a remarkable signature for estimating the possible locations of future earthquakes.

Furthermore, our results confirm the transtensional deformation associated with the left-lateral strike-slip fault
segments with a significant dip-slip component in the Hatay-Syria region. This deformation pattern plays an
important role in the earthquake generation process and the geodynamic evolution of the region. The dominant
motion in this area could also be inferred from the analysis of earthquake slip vectors and tensional (7') and
compressional (P) axis directions. Here, we calculated the T-axis directions from the focal mechanism solutions
of earthquakes in the study region (Table 1), and found that they apparently confirmed the ongoing NE-SW and E-
W oriented extensional deformation, as suggested by Over et al. (2002).

5.2. Implications From the GNSS Data Modeling

Near the epicenter of the 20 February 2023 Mw 6.4 Hatay earthquake, statistically significant displacements in the
southwest direction were observed at the nearby stations, while at the far-field stations, except for the station
ANTE, no significant displacements were observed. The SW oriented displacements quantified at near-field
stations confirm the left-lateral strike-slip character of the SAFZ. Due to the heterogeneous distribution of sta-
tions near the epicenter of the earthquake and the fact that these stations are mainly located at the west of the
strike-slip fault, the magnitudes of the displacements in the northeast direction could not be determined with this
approach. Nevertheless, the lateral variation of vector orientations observed at far-field stations implies a
consistent displacement direction within this region. Considering that the uncertainties in displacement estimates
obtained from GNSS data are below centimeters, increasing the point density and homogenizing the station
distribution in fault zones will enable better constrained fault models and help us in revealing the regional effects
of earthquake-induced displacements (Figure 9).
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6. Conclusion

The complex interaction between the Arabian, the African, and Anatolian plates is responsible for the devel-
opment of major tectonic structures (e.g., EAFZ, DSFZ, SAFZ) in SE Tiirkiye. After the 2023 destructive
earthquakes, stress accumulation on different segments of the EAFZ and re-activation of several faults with
intense seismicity have been observed in this tectonically complex area. The epicenters of the 2023 Hatay
earthquakes are close to the triple junction area in southern Tiirkiye, where the EAFZ, DSFZ and the Cyprus Arc
merge. In the present study, the type of deformation patterns in the region, the source characteristics and rupture
kinematics of the 20 February 2023 Mw6.4 Hatay (southern Tiirkiye) earthquake were estimated by analyzing
seismological data recorded at both near-field SGM and far-field weak motion broadband seismic stations, and
high-rate GNSS data. The results clearly reveal the transtensional deformation in the Hatay-Syria region, resulting
in recent earthquake sequences along the major faults in the southern part of Tiirkiye (e.g., SAFZ, EAFZ, DSFZ;
Figures 1 and 3). The analysis of limited GNSS data at the near-field stations revealed notable south-westerly co-
seismic displacements, confirming the oblique slip character of the SAFZ (Figures 9 and 10). In addition to
horizontal motions, significant vertical offsets were defined at near-field stations such as HAT2 and ARST,
indicating extensional motion in this region (Table S7 in Supporting Information S1).

The distribution of the relocated earthquakes (Figure 3) and the Coulomb stress calculation models reported in
previously published studies evidently indicate the earthquake-prone areas along the segments of EAFZ and
DSFZ in the future. Furthermore, earlier studies based on historical documents and numerical tsunami simulations
indicated noteworthy earthquake-induced tsunami waves along the coasts of Hatay, Syria, and the Levantine
basin in the Eastern Mediterranean. However, the 2023 Mw 6.4 earthquake did not produce notable tsunami waves
in the nearby coastal areas. The relatively small amount of released seismic energy and inadequate size of vertical
slip on the fault plane of the 2023 Mw 6.4 earthquake might not play critical roles in producing notable tsunami
waves at the nearby coasts. Nevertheless, it serves as a reminder of the seismic and tsunami hazard potential in the
area. In conclusion, the overall results help us to better understand the potential seismic and tsunami hazard of
earthquakes in the Tiirkiye-Syria region. We emphasize the continued high potential for large earthquakes and
associated tsunamis in the Hatay - Syria region due to the stress accumulation at the southern end of the EAFZ and
the northern part of the DSFZ following the 2023 SE Tiirkiye Mw 7.8 and Mw 7.6 earthquakes.

Data Availability Statement

Strong ground motion seismograms and initial catalogue of aftershocks and phase-arrival data acquired from their
bulletin resources for the period 6 February 2023—-8 May 2023 were downloaded from the web page of Disaster
and Emergency Management Presidency of Tiirkiye (AFAD-TK, https://tdvms.afad.gov.tr) and BU-KOERI.
Teleseismic body waveform data used are from the International Federation of Digital Seismograph Networks
(FDSN) and the Global Digital Seismograph Network (GDSN) stations and archived at the IRIS Data Man-
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