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Abstract Earthquake interaction across multiple time scales can reveal complex stress evolution and
rupture patterns. Here, we investigate the role of static stress change in the 2023 Mw 7.8 and 7.6 earthquake
doublet along the East Anatolian Fault (EAF), using simulations of 19 historical earthquakes (M ≥ 6.1) and the
2023 earthquake doublet from 1822 to 2023. Focusing on six cascading sub‐events during the 2023
Kahramanmaraş earthquake doublet, we reveal how one sub‐event's stress alteration can impact the emergence
and rupture of subsequent sub‐events. Our analysis unveils that the 2023 Mw 7.8 earthquake was delayed due to
stress shadow effects from historical events, while the 2023 Mw 7.6 earthquake was accelerated as a result of
stress increases from historical events and ultimately triggered by the 2023 Mw 7.8 earthquake. This study
underscores the importance of grasping earthquake preparation, rupture initiation, propagation, and termination
in the context of intricate fault systems worldwide. Based on these results, we draw attention to increased
seismic hazards in the Elazig‐Bingol seismic gap of the EAF and the northern section of the Dead Sea Fault
(DSF), necessitating increased monitoring and preparedness efforts.

Plain Language Summary On 6 February 2023, a doublet of earthquakes (Mw 7.8 and 7.6) struck
the borders between southeastern Turkey and northern Syria. Aiming to discover the influence of past
earthquakes on the initiation, propagation, and termination of the doublet, as well as the prospective seismic
hazards of the seismic gaps in the targeted region, we demonstrated spatiotemporal variations in stress along the
EAF before, during, and after 2023 using the earthquake data during the past two centuries.We revealed how the
stress changes induced by one sub‐event can influence the occurrence and behavior of subsequent sub‐events,
and consequently on how the rupture process evolves over time and space. Our research is crucial for gaining
insights into underlying mechanisms governing earthquake preparation, rupturing and propagation in
earthquake sequences, and migration within the EAF. We also suggest special attention should be paid to the
raised seismic hazards between the Palu and Ilica cities in the Elazig‐Bingol seismic gap of the EAF and the
northern section of the DSF due to stress loading. This might be helpful in the development of effective
strategies for disaster prevention and relief in the regions of southeastern Turkey, northern Syria, and Lebanon.

1. Introduction
On 6 February 2023, a devastating earthquake doublet (Mw 7.8 and Mw 7.6) shook southeastern Türkiye and
northern Syria (U.S. Geological Survey [USGS] Earthquake Hazards Program, 2017; see Data and Resources),
causing widespread damage, homelessness, and over fifty thousand fatalities (Dal Zilio & Ampuero, 2023). The
first earthquake, with a magnitude of Mw 7.8, occurred along the East Anatolian Fault (EAF) at coordinates
37.226°N, 37.014°E. The second, a Mw 7.6 event, took place on the Cardak Fault (CF), located at 38.011°N,
37.196°E, a splay fault linked to the EAF's Erkenek segment (Duman & Emre, 2013) (Figure 1). Both shallow‐
depth main shocks (10–14.5 km) generated intense ground motion, leading to catastrophic regional impacts (Dal
Zilio & Ampuero, 2023; USGS Earthquake Hazards Program, 2017).

Previous studies have investigated the fault slip and dynamics rupture processes of the Mw 7.8 and Mw 7.6
earthquakes using Global Navigation Satellite System (GNSS), synthetic aperture radar (SAR), strong motion
(SM), and seismic data (Barbot et al., 2023; K. Chen et al., 2024; Delouis et al., 2023; Gabriel et al., 2023;
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Goldberg et al., 2023; He et al., 2023; Jia et al., 2023; Li et al., 2023; Liu et al., 2023; Mai et al., 2023; Melgar
et al., 2023; Okuwaki et al., 2023; Ren et al., 2024; USGS Earthquake Hazards Program, 2017; Wang et al., 2023;
Xu et al., 2023; Zahradnik et al., 2023; Zhang et al., 2023). These studies suggest that each main shock involved
three sub‐events, rupturing three segments in the 2023 earthquake doublet (Tables S1 and S2 in Supporting
Information S1). The rare occurrence of such large magnitude earthquake doublets with multiple sub‐events
within 9 hr warrants investigation into their interactions. Understanding how stress changes induced by pre-
ceding sub‐events influence the occurrence and behavior of subsequent sub‐events can provide insights into the
rupture process's spatiotemporal evolution. However, limited research has explored the interactions between
cascading sub‐events in earthquake sequences or doublets.

Sunbul (2019) previously identified that the 2023 Mw 7.8 earthquake's Pazarcik segment of the EAF was stress‐
loaded by historical earthquakes before 2019. Notably, the 2020 Mw 6.7 Elazig earthquake, which occurred near
the 2023 Mw 7.8 earthquake rupture's northeastern end (Güvercin et al., 2023; Okuwaki et al., 2023; USGS
Earthquake Hazards Program, 2017), was absent from Sunbul's (2019) stress calculations (Figure 1). This raises
questions about the Elazig earthquake's potential impact on the 2023 Mw 7.8 earthquake rupture process.
Considering the Elazig earthquake's magnitude, proximity to the 2023 Mw 7.8 earthquake rupture, and exclusion
from previous stress calculations, it's crucial to evaluate its stress change contribution along the EAF. Further-
more, the stress change on the CF caused by pre‐2023 historical earthquakes and its influence on the 2023Mw 7.6
earthquake remain unclear.

The EAF, a critical tectonic boundary separating the Arabian and Anatolian plates, spans approximately 580 km
from its intersection with the North Anatolian Fault (NAF) in the northeast to its connection with the Dead Sea
Fault (DSF) in the southwest (Arpat and Şaroğlu, 1972; Hempton et al., 1981; Jackson & McKenzie, 1984;
Lyberis et al., 1982; Muehlberger & Gordon, 1987; Reilinger et al., 2006; Sunbul, 2019; Taymaz et al., 2021;
Türkelli et al., 2003). Two seismic gaps, the Kahramanmaras‐Malatya and Elazig‐Bingol gaps, have been
identified on the EAF based on seismic data from 1822 to 2019 (Güvercin et al., 2022; Nalbant et al., 2002;
Sunbul, 2019). The 2023 Mw 7.8 earthquake filled the Kahramanmaras‐Malatya gap (Mai et al., 2023; Melgar
et al., 2023; Okuwaki et al., 2023; USGS Earthquake Hazards Program, 2017) (Figure 1).

Numerous large strike‐slip earthquakes (M ≥ 6.1) have occurred within and near the EAF over the past two
centuries, as evidenced by the historical earthquake catalog (Table 1). A key question arises: how do stress
perturbations resulting from these earthquakes influence seismic activity and hazards along the EAF? Another
essential question is how the stress changes induced by past earthquakes affected the initiation, propagation, and
termination of the 2023 earthquake doublet.

Nalbant et al. (2002) and Sunbul (2019) computed stress changes on different segments of the EAF induced by 18
historical earthquakes (Nos. 1–10, 14–21) predating 2019. Their work preliminarily identified two stress loaded
seismic gaps: the Kahramanmaras‐Malatya segment in the EAF, the Yedisu Segment in the NAF. Notably, their
earthquake catalog did not include three significant events: the 2020 Mw 6.7 Elazig earthquake and the 2023 Mw
7.8 and 7.6 earthquake doublet. Their study also did not account for the stress changes on the CF, which was
ruptured by the Mw 7.6 earthquake, nor its impact on each sub‐event of the 2023 earthquake doublet. The stress
change in the seismic gap Elazig‐Bingol still remains unclear (Figure 1). Toda and Stein (2024) found that theMw
7.6 earthquake was promoted by the Mw 7.8 earthquake by investigating the interactions of the three large
earthquakes (Mw ≥ 6.8) on the EAF since 2020. However, their earthquake catalog lacked 18 significant events in
and around the EAF before 2020. Consequently, they missed the opportunity to investigate the stress changes on
different segments of the EAF and CF caused by those 18 historical earthquakes, as well as the interaction
processes between the six cascading sub‐events during the 2023 earthquake doublet.

Here, we address these questions using simulations of the Coulomb Failure Stress (ΔCFS) before, during, and
after the 2023 doublet induced by 21 earthquakes (M ≥ 6.1), including the 2023 doublet, based on existing focal
mechanisms in and around the EAF from 1822 to 2023. Our goal was to evaluate spatiotemporal stress variations
along the EAF, elucidate the interactions between the six cascading sub‐events of the 2023 doublet, and assess
future seismic hazards in the region. Our research provides insights into earthquake rupture initiation, propa-
gation, and termination within the EAF and other large‐scale strike‐slip fault zones. Moreover, our findings can
inform disaster prevention and relief strategies in southeastern Türkiye, northern Syria, and Lebanon. In this
paper, we first simulated and demonstrated the stress distribution along each sub‐event of the 2023 earthquake
doublet, considering the impacts of historical earthquakes from 1822 to 2023. We then analyzed the interaction
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Figure 1. Geological settings of the Eastern Mediterranean area and the spatiotemporal distribution of large historical earthquakes (M ≥ 5.0) from 32 to 2023. (a) Shows
the epicenters of earthquakes with blue and orange dots from 32 to 1822 and from 1822 to 2023, respectively (Ambraseys & Jackson, 1998; USGS Earthquake Hazards
Program, 2017). The black stars represent the epicenters of 19 historical earthquakes (M ≥ 6.1) (Nos. 1–11 and 14–21) that occurred on and around the East Anatolian
Fault (EAF) and North Anatolian Fault (NAF) from 1822 to 2022, and their focal mechanisms are shown as black beach balls. The red stars indicate the epicenters of the
2023 Mw 7.8 and Mw 7.6 earthquakes (Nos. 12 and 13), and their focal mechanisms are represented by red beach balls. The earthquake parameters are provided in
Table 1. The active faults are delineated by black lines. The East Anatolian Fault, North Anatolian Fault, Cardak fault, and Dead Sea Fault (DSF) are labeled by bold
black lines. The plate boundaries are delineated by bold gray dashed lines. (b) Shows the epicenters of earthquakes from 1822 to 2023. The ruptures of the 2023 Mw 7.8
andMw 7.6 earthquakes and 2020Mw 6.7 Elazig earthquake are illustrated as bold red, blue, and yellow dashed lines, respectively. The light blue dashed line rectangles
denote seismic gaps A (Elazig‐Bingol) and B in the EAF and DSF, respectively. The active fault traces are downloaded from the GEM Foundation's Global Active
Faults project (https://github.com/GEMScienceTools/gem‐global‐active‐faults). The inset shows the different segments (bold green dashed line) on the EAF. GB:
Goksun bend; DF: Dogansehir Fault; AS: Amanos segment; PS: Pazarcik segment; ES: Erkenek segment.
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processes between the six cascading sub‐events during the 2023 earthquake doublet. Second, we simulated and
demonstrated the stress changes along the two seismic gaps of the EAF and the DSF, discussing the potential
future seismic hazards based on these stress results.

2. Geological Background and the 2023 Earthquake Doublet
The EAF is a major tectonic boundary that separates the Arabian and Anatolian plates. It formed approximately
23 million years ago due to the collision of these two plates, resulting in rapid left‐lateral strike slip and the
generation of large earthquakes (Dewey et al., 1986; Robertson, 2000; Taymaz et al., 1991). The 2023 Mw 7.8
earthquake occurred in the vicinity of a triple‐junction between the Anatolian, Arabian, and African plates
(Figure 1). Geological and geomorphological studies suggest that the slip rate of the EAF and its sub‐parallel
segments varies between approximately 4 mm/year and 10 mm/year from southwest to northeast along the

Table 1
Information of 21 Earthquakes in and Around the EAF During the Period Between 1822 and 2023

No. Date Mag Lat (N) Lon (E) Strike Dip Rake Length（km） Width（km） Slip (cm) Ref

East Anatolian Fault

1 1822‐08‐13 7.5 36.7 36.5 204 90 0 140 16 500 A, B, C

2 1866‐05‐12 7.2 39.2 41 226 90 0 45 16 424 A, B, C

3 1872‐04‐03 7.2 36.4 36.5 217 90 0 34 16 313 A, B, C

4 1874‐05‐03 7.1 38.5 39.5 64 90 0 45 16 177 A, B, C

5 1875‐03‐27 6.8 38.8 39.5 243 90 0 20 16 181 A, B, C, O

6 1893‐03‐02 7.1 38 38.3 250 90 0 54 16 267 A, B, C, O

7 1905‐12‐04 6.8 38.1 38.6 234 90 0 38 16 252 A, B, C

8 1971‐05‐22 6.8 38.9 40.5 43 90 0 38 16 60 A, B, C

9 2003‐05‐01 6.4 39 40.44 154 90 − 178 20 16 100 G

10 2010‐03‐08 6.1 38.807 40.121 54 80 − 10 10 8 55 H

11 2020‐01‐24 6.7 38.29 39.02 240 75 − 10 * * * L

12 2023‐02‐06 7.8 37.226 37.014 228 89 − 1 * * * M

13 2023‐02‐06 7.6 38.011 37.196 277 78 4 * * * M

North Anatolian Fault

14 1939‐12‐26 7.9 39.8 39.3 77 90 180 25 16 150 D

98 90 180 74 16 250

109 90 180 96 16 400

110 90 180 61 16 500

113 90 180 100 16 600

15 1949‐08‐17 6.9 39.4 40.8 280 90 180 38 16 178 A, B, C

16 1992‐03‐13 6.8 39.710 39.605 126 72 172 30 15 70 K, N

Other Faults

17 1924‐09‐13 6.8 40 42 215 80 10 30 16 110 E

18 1966‐08‐19 6.8 39.2 41.4 308 90 180 30 16 160 A, B, C

19 1976‐11‐24 7.2 39.1 44.02 107 78 176 14 16 250 F

115 74 174 40 16 250

20 1983‐10‐30 6.8 40.3 42.1 215 64 7 30 16 110 E

21 2011‐10‐23 7.2 38.76 43.36 246 46 59 * * * I, J

Note.Ref indicates the references in Table 1 fromwhich the related earthquake parameters were extracted. A: Nalbant et al., 2002; B: Ambraseys, 1989; C: Ambraseys &
Jackson, 1998; D: Barka, 1996; Eyidogan &Akinci, 1999; F: Utkucu, 2013; G:Milkereit et al., 2004; H: Tan et al., 2011; I: Doğan &Karakaş, 2013; J: Irmak et al., 2012;
K: Grosser et al., 1998; L: Chen et al., 2020; M: USGS Earthquake Hazards Program, 2017; N: Pinar et al., 1994; O: Taymaz et al., 1991. Asterisk (*) refers to the cited
references for finite fault parameters.
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strike (Aktug et al., 2016; Bayrak et al., 2015; Güvercin et al., 2022; Koç & Kaymakcı, 2013). The EAF has been
frequently hit by devastating earthquakes throughout history, as well as during instrumental times. Between the
years 1822 and 2022, 19 large earthquakes (M ≥ 6.1) were recorded on and around the EAF and eastern NAF
(Table 1).

The reported finite fault models suggest that the 2023 Mw 7.8 earthquake consisted of three sub‐events, S1–S3,
which occurred on three different segments of the EAF (Barbot et al., 2023; Delouis et al., 2023; Goldberg
et al., 2023; He et al., 2023; Jia et al., 2023; Li et al., 2023; Liu et al., 2023; Mai et al., 2023; Melgar et al., 2023;
Okuwaki et al., 2023; Ren et al., 2024; USGS Earthquake Hazards Program, 2017; Wang et al., 2023; Xu
et al., 2023; Zhang et al., 2023). Utilizing inversion based on InSARmeasurements, GNSS, SM, and seismic data,
USGS documented that the initial sub‐event, S1, originated from the epicenter along a splay fault known as the
Narli Fault (NF) of the EAF (Figures 1b and 2j), a consensus corroborated by other research (Barbot et al., 2023;
Delouis et al., 2023; Goldberg et al., 2023; He et al., 2023; Jia et al., 2023; Li et al., 2023; Liu et al., 2023; Mai
et al., 2023; Melgar et al., 2023; Okuwaki et al., 2023; Ren et al., 2024; Wang et al., 2023; Xu et al., 2023; Zhang
et al., 2023). After about 10 s, the rupture of sub‐event S1 reached the EAF and jumped to the main band of the
fault, propagating bilaterally northeastwards and southwestwards along the EAF to rupture sub‐events S2 and S3
(Figure 2j), respectively (USGS Earthquake Hazards Program, 2017). According to the USGS report, the S2
initiated its northeastward propagation from the conjunction between the NF and EAF along the EAF, aligning
with the conclusions drawn by Barbot et al. (2023), Grabiel et al. (2023), and Jia et al. (2023) through the
inversion analysis of SAR and GNSS data, as well as by Liu et al. (2023) through inversions of GNSS and SM
data, and by Xu et al. (2023) through SAR, GNSS, and SM data inversion. Nevertheless, Okuwaki et al. (2023)
and Ren et al. (2024) suggested an initiation point for the S2 approximately 20 and 9 km southwest, respectively,
to the NF‐EAF junction, based on their investigation into the dynamic rupture process of the 2023 Mw 7.8
earthquake utilizing GNSS and SM data inversion. Finally, sub‐event S3 propagated southwestwards along the
southwestern EAF (Amanos segment) to its southwestern end during the period of 20–90 s (USGS Earthquake
Hazards Program, 2017). The dynamic rupture model suggested by Jia et al. (2023) and Gabriel et al. (2023) also
reveals a 10 s delay in the onset of the SW rupture along the S3 segment with respect to the NE rupture along the
S2 segment.

The rupture propagation velocity of the 2023 Mw 7.8 earthquake varies across different studies. Wang
et al. (2023) and Ren et al. (2024) have posited supershear rupture occurring on S1 and a significant portion of S2,
a departure from other investigations that suggested subshear rupture for both S1 and S2 (Barbot et al., 2023;
Delouis et al., 2023; Gabriel et al., 2023; Goldberg et al., 2023; He et al., 2023; Jia et al., 2023; Li et al., 2023; Mai
et al., 2023; Melgar et al., 2023; Okuwaki et al., 2023; Xu et al., 2023). The subshear rupture of S3, however, finds
widespread agreement among previous studies (Barbot et al., 2023; Delouis et al., 2023; Goldberg et al., 2023; He
et al., 2023; Jia et al., 2023; Li et al., 2023; Liu et al., 2023;Mai et al., 2023;Melgar et al., 2023; USGS Earthquake
Hazards Program, 2017; Wang et al., 2023; Xu et al., 2023), with the exception being the proposals of supershear
rupture or partly supershear rupture by Liu et al. (2023), Okuwaki et al. (2023), Wang et al. (2023), and Zhang
et al. (2023) (Table S1 in Supporting Information S1).

The Mw 7.6 earthquake also consisted of three sub‐events, S4–S6, that occurred on three separate fault segments
of the CF (Figure 3l) (Barbot et al., 2023; Delouis et al., 2023; Goldberg et al., 2023; He et al., 2023; Jia
et al., 2023; Li et al., 2023; Liu et al., 2023; Mai et al., 2023; Melgar et al., 2023; Ren et al., 2024; USGS
Earthquake Hazards Program, 2017). According to the report by USGS, the fourth sub‐event (S4) began near in
the center of the CF (about 80 km long) and spread out bilaterally toward the western and eastern ends within 0–
10 s. The dynamic rupture models presented by Gabriel et al. (2023), Jia et al. (2023), and Ren et al. (2024)
suggest a supershear rupture propagation toward the west and subshear toward the east of S4. In contrast, Liu
et al. (2023) proposed a bilateral supershear rupture propagation during the initial 8 s, transitioning to subshear
rupture propagation thereafter. The fifth sub‐event, S5, propagated along a fault branch called Goksun Bend
(Figures 1b and 3l), which stretches for about 38 km and had a strike of 250°. This branch connects to the western
end of the CF, and the rupture occurred between 15 and 30 s (USGS Earthquake Hazards Program, 2017). In the
sixth sub‐event, S6, the rupture propagated northeastwards along a fault branch, Doğanşehir fault (DF)
(Figures 1b and 3l) between 10 and 30 s, with a length of approximately 85 km and a strike of around 60°, nearly
connecting to the eastern end of the CF (Barbot et al., 2023; Delouis et al., 2023; Goldberg et al., 2023; He
et al., 2023; Jia et al., 2023; Li et al., 2023; Liu et al., 2023; Mai et al., 2023; Melgar et al., 2023; Ren et al., 2024;
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Figure 2.
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USGS Earthquake Hazards Program, 2017). It should be noted that the fault slip model proposed by Okuwaki
et al. (2023) does not include rupture on the S6 along the DF (Tables S1 and S2 in Supporting Information S1).

Two fault rupture models (Melgar et al., 2023; Zhang et al., 2023) propose that the rupture along the Cardak fault
of the Mw 7.6 earthquake extended to the Surgu fault (lying between the Cardak fault and the EAF) and even-
tually reached the EAF, which is contrast to the other 14 fault rupture models detailed in Tables S1 and S2 in
Supporting Information S1. Evidence from geodetic observations (Barbot et al., 2023; Gabriel et al., 2023; Li
et al., 2023) and aftershock relocation (Ding et al., 2023; Melgar et al., 2023) demonstrates that the Surgu fault
remained unruptured during the 2023 earthquake doublet (Figure 1b).

3. Method
According to the Coulomb failure criterion (Harris, 1998), the definition of ΔCFS is as follows:

ΔCFS = Δτs + μ′Δσn. (1)

In the equation, Δτs and Δσn indicate the variations in the shear stress and the normal stress, respectively. μ′ is the
coefficient of equivalent friction, ranging between 0.2 and 0.8.

The lithospheric model parameters were obtained from earlier seismic imaging studies (Artemieva & Shul-
gin, 2019; Biryol et al., 2011; Confal et al., 2018; Eken et al., 2021; Fichtner et al., 2013; Kounoudis et al., 2020;
Mahatsente et al., 2018; Medved et al., 2021; Ogden & Bastow, 2022; Ozacar et al., 2010; Portner et al., 2018;
Tesauro et al., 2018; Vanacore et al., 2013; Wang et al., 2020; Whitney et al., 2023; Zhu, 2018) and estimates of
effective viscosity (Hearn & Bürgmann, 2005; Hearn et al., 2009; Sunbul, 2019; Sunbul et al., 2016). A summary
of the parameters of the layers in the lithospheric model can be found in Table 2. The upper and lower crusts had
viscosities of 1.0 × 1023 Pa.s and 1.0 × 1019 Pa.s, respectively (Hearn et al., 2009; Sunbul, 2019; Sunbul
et al., 2016). Moreover, the mantle's viscosity was estimated to be 5.0 × 1018 Pa.s (Hearn et al., 2009; Sun-
bul, 2019; Sunbul et al., 2016). Additionally, the equivalent friction coefficient μ' was determined to be 0.4, as
reported by King et al. (1994).

Fault slips of these 21 earthquakes were used as earthquake sources in the ΔCFS calculation of this study.
Although fault slip models of the 2023 earthquake doublet provided by several previous studies are different in
details, they share common feature in terms of multiple rupture segmentations for each main shock. In this study
we used the co‐seismic dislocation models of the 2023 Mw 7.8 and Mw 7.6 earthquakes (Nos. 13 and 14)
provided by USGS (USGS Earthquake Hazards Program, 2017). Details regarding the size, fault slip, and rupture
propagation velocity of each sub‐event in the 2023 earthquake doublet are summarized in Tables S1 and S2 in
Supporting Information S1. The co‐seismic dislocation model of the 2020Mw 6.7 Elazig earthquake (No. 11) was
provided by Chen et al. (2020) through joint inversion of INSARmeasurements, GNSS, SM, and teleseismic data.

The fault slip models of the other 18 historical earthquakes were determined by the following methods, as well‐
constrained co‐seismic dislocations of these events are not available. The fault planes of these earthquakes are
represented by rectangular planar patches with a uniform slip. The along‐strike lengths, down‐dip lengths, and
slip magnitudes of the fault planes were estimated based on the empirical scaling laws and relationships defined
by Wells and Coppersmith (1994). All these 18 historical earthquake source parameters have been successfully
used in investigating the earthquake‐induced stress change and crustal deformation in previous studies (Nalbant
et al., 2002; Sunbul, 2019; Sunbul et al., 2016). Please refer to previous studies (Ambraseys, 1989;

Figure 2. ΔCFS distribution along the S1–S3 ruptures of the 2023Mw 7.8 earthquake in the EAF at a 10‐km depth before their respective ruptures caused by earthquakes
between 1822 and 2023.The focal mechanisms of the S1‐S3 used in the simulation are (strike = 28°, dip = 85°, rake = − 1°), (strike = 60°, dip = 85°, rake = − 1°), and
(strike = 25°, dip = 75°, rake= − 1°), respectively (USGS Earthquake Hazards Program, 2017). (a) ΔCFS distribution along the S1 rupture before its rupture caused by
19 historical earthquakes (Nos. 1–11, 14–21) between 1822 and 2023. (b, d, f, and h) show ΔCFS distribution along the S2 rupture before its rupture caused by 18
historical earthquakes (Nos. 1–10, 14–21) between 1822 and 2019, the 2020Mw 6.7 Elazig earthquake (No. 11), the S1 of the 2023Mw7.8 earthquake (No. 12(S1)), and
all 20 earthquakes between 1822 and 2023 (Nos. 1–11, 12 (S1), 14–21). (c, e, g, i) show ΔCFS distribution along the S3 rupture before its rupture caused by the same
earthquakes as those in figures (b, d, f, h). (j) Segments (AB, DE, and CD) indicating the faults that ruptured during the three sub‐events (S1, S2, and S3, respectively) of
the 2023 Mw7.8 earthquake. The blue ellipse indicates the stress shadow zone caused by the 2020 Mw 6.7 Elazig earthquake, while the black, red, and blue stars denote
the epicenters of the 2023 Mw 7.8, 2023 Mw7.6, and 2020 Mw 6.7 earthquakes, respectively. Amanos, Erkenek, and Pazarcik segments are abbreviated as AS, ES, and
PS, respectively.
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Figure 3.
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Ambraseys & Jackson, 1998; Chen et al., 2020; Güvercin et al., 2022) for the detailed information of the historical
earthquakes (Nos. 1–11, 14–21 in Figure 1) between 1822 and 2022. The earthquake parameters are listed in
Table 1, and a total of 21 earthquakes were analyzed using the ΔCFS calculation.

Assuming viscoelastic rheology in the lithosphere of the eastern Anatolian Plate, we used the PSGRN/PSCMP
code (Wang et al., 2003, 2006) to calculate the earthquake stress caused by the dislocation sources in the layered
gravitational lithospheric model. More details about the ΔCFS calculation and PSGRN/PSCMP code, please refer
to the previous publications by Wang et al. (2003, 2006) and Shi and Cao (2010). We calculated the ΔCFS values
at a 10‐km depth, near the hypocenter depth recommended by USGS, considering both co‐seismic stress changes
and post‐seismic stress relaxation until 2023 caused by a total of 21 earthquakes in and around the EAF from 1822
to 2023. The focal mechanism of the receiver faults of different sub‐events of the 2023 earthquake doublet or
segments in EAF and DSF used in the calculation is listed in Table 3.

4. Results and Discussion
4.1. The Delayed Mw 7.8 Earthquake

The initiation point of the Mw 7.8 earthquake's first sub‐event (S1) (segment AB in Figures 2a and 2j) was not on
the main strand of the EAF but on a splay fault (Narli fault) (Barbot et al., 2023; Delouis et al., 2023; Goldberg
et al., 2023; He et al., 2023; Jia et al., 2023; Li et al., 2023; Liu et al., 2023; Mai et al., 2023; Melgar et al., 2023;
Okuwaki et al., 2023; Ren et al., 2024; USGS Earthquake Hazards Program, 2017; Wang et al., 2023; Xu
et al., 2023). Our results showed a release of stress over the entire S1 rupture, with a minimumΔCFS of − 584 kPa
prior to the 2023Mw 7.8 earthquake, due to 19 historical earthquakes (Nos. 1–11, 14–21) between 1822 and 2022
(Figure 2a). A decrease of − 154 kPa in ΔCFS was observed at the hypocenter (Figure 2a), which was mainly
contributed by the 1822 M 7.5 (No. 1) (Text S4.1 in Supporting Information S1). Stress shadow effects inhibiting
earthquake activity have been observed in previous studies, such as those on the San Andreas Fault system (Freed
& Lin, 2001; Harris, 1998; Harris & Simpson, 1996; Mallman & Parsons, 2008; Simpson et al., 1988), central
Sulawesi (Liu & Shi, 2021), eastern Tibet (Liu et al., 2018, 2020), northeastern Tibet (Chen et al., 2022; Liu
et al., 2022), and southern Tibet (Gahalaut et al., 2011). We suggest that the unloaded stress on the earthquake
hypocenter, resulting from historical earthquake interactions in the EAF over the past two centuries, likely
delayed the S1 rupture of the 2023 Mw 7.8 earthquake. Based on the interseismic tectonic loading Coulomb
stressing rate of 3 kPa/y (Sunbul, 2019), the ΔCFS of 154 kPa was equivalent to tectonic loading for approxi-
mately 52 years.

The viscoelastic effect on the stress results was also examined (Text S7 in Supporting Information S1). The
findings show that the cumulative ΔCFS at the hypocenter of the 2023 Mw 7.8 earthquake increased from
− 557 kPa to − 154 kPa from the co‐seismic to post‐seismic levels until 2023 caused by 19 historical earthquakes
(Nos. 1–11, 14–21) between 1822 and 2022 (Figure S31 in Supporting Information S1). Based on the interseismic
tectonic loading Coulomb stressing rate of 3 kPa/year (Sunbul, 2019), the ΔCFS increment of 403 kPa, due to
viscoelastic stress relaxation in the ductile layers of the Anatolian Plate, is equivalent to approximately 134 years
of tectonic loading. This highlights the significant contribution of viscous rebound to the 2023 Mw 7.8 earth-
quake. The phenomenon of viscous rebound caused by ductile lithospheric layers accelerating earthquakes is not
unique to the EAF. Similar effects have been observed in the 1999 Hector Mine earthquake in southern California
(Freed & Lin, 2001; Pollitz & Sacks, 2002; Zeng, 2001), the 2008 Wenchuan Mw 7.9 earthquake in eastern Tibet
(Liu et al., 2017b), and the earthquake sequence in the Musgrave block of Central Australia (Mohammadi, 2022).

Figure 3. ΔCFS distribution along the S4–S6 ruptures of the 2023 Mw 7.6 earthquake in the CF at a 10‐km depth before their respective ruptures caused by earthquakes
between 1822 and 2023. The focal mechanisms of the S4–S6 used in the simulation are (strike = 276°, dip = 80°, rake = − 1°), (strike = 250°, dip = 80°, rake = − 1°),
and (strike = 60°, dip = 80°, rake = − 1°), respectively (USGS Earthquake Hazards Program, 2017). (a, d, i) show ΔCFS distribution along the S4 rupture before its
rupture caused by 19 historical earthquakes (Nos. 1–11, 14–21) between 1822 and 2022, the 2023Mw7.8 earthquake (No. 12), and all 20 earthquakes between 1822 and
2023 (Nos. 1–12, 14–21). (b, e, g, j) show ΔCFS distribution along the S5 rupture before its rupture caused by 19 historical earthquakes (Nos. 1–11, 14–21) between
1822 and 2022, the 2023 Mw7.8 earthquake (No. 12), the S4 of the Mw7.6 earthquake (No. 13(S4)), and all 21 earthquakes between 1822 and 2023 (Nos. 1–12, 13(S4),
14–21). (c, f, h, k) show ΔCFS distribution along the S6 rupture before its rupture caused by the same earthquakes as those in figures (b, e, g, j). (l) Segments (GH, GF,
and HI) indicating the faults that ruptured during the S4, S5, and S6, respectively, of the 2023 Mw7.6 earthquake. The black and red stars denote the epicenters of the
2023 Mw 7.8 and Mw7.6 earthquakes, respectively.
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4.2. Deciphering the Mw 7.8 Earthquake Rupture Propagation and
Termination

Our results show that stress in the Pazarcik segment (PS in Figure 2b) of the
second sub‐event (S2) rupture is increased with the maximum ΔCFS value of
593 kPa at the very southwestern end prior to its rupture caused by 18
earthquakes (Nos. 1–10, 14–21) between 1822 and 2019 (Figure 2b). This
result is consistent with previous findings of loaded stress on the Pazarcik
segment by the same 18 historical earthquakes before 2019 (Nos. 1–10, 14–
21) (Sunbul, 2019). Moreover, we assess the stress change on the S2 rupture
caused by the 2020Mw 6.7 Elazig earthquake (No. 11) (Figure 2d) and the S1
of the 2023 Mw 7.8 earthquake (No. 12 (S1)) (Figure 2f), which were not
included in previous stress calculations (Nalbant et al., 2002; Sunbul, 2019).

Our analysis shows that the already stressed Pazarcik segment on the S2
rupture is further stress‐promoted, reaching a maximum static stress value of
approximately 471 kPa at its southwestern end prior to its rupture, caused by
the S1 event (Figure 2f). Based on the interseismic tectonic loading Coulomb
stressing rate of 3 kPa/y (Sunbul, 2019), the ΔCFS of 471 kPa is equivalent to

tectonic loading for approximately 157 years, signaling strong physical connection between the S1 and S2.
Therefore, we suggest that the S1 triggered the S2, resulting in its northeastward rupture propagation along the
Pazarcik segment of the EAF. Previous studies indicate that dynamic stresses are likely to play a significant role in
triggering events, as rupture velocities approach or exceed the shear wave speed (Aochi et al., 2000; Kame
et al., 2003; Yamashita & Umeda, 1994). The supershear rupture on the S1 was identified by Ren et al. (2024) and
Wang et al. (2023) through their investigation of the dynamic rupture process of the 2023 earthquake doublet. Ren
et al. (2024) suggest that the peak dynamic Coulomb stress (1,400 kPa) at the initiation point of the S2 was caused
by the initial rupture of S1. This implies that the rupture of the S1 may also play a crucial role in triggering and
facilitating the rupture of S2 on the Pazarcik segment through dynamic stress triggering (Gabriel et al., 2023; Ren
et al., 2024). These findings underscore the significance of examining the influence of the initial rupture on branch
fault triggering rupture on the main fault, leading to large continental earthquakes by augmenting both static and
dynamic stress, as observed in events like the 2001 Kokoxili Mw 7.9 earthquake on the east Kunlun fault in
northern Tibet, the 2002 Denali Mw 7.9 earthquake on the Denali fault in Alaska (Hreinsdottir et al., 2003;
Lasserre et al., 2005), and the 1812 M7.5 earthquake on the San Andreas fault and San Jacinto Fault system in
California (Lozos, 2016; Xu et al., 2023).

A notable stress shadow is observed to the northeastern end of the S2 rupture of the 2023Mw 7.8 earthquake, with
a minimum ΔCFS of approximately − 5461 kPa (Figure 2h), primarily induced by the 2020 Mw 6.7 Elazig
earthquake (Figure 2d), consistent with the stress change estimated by Toda and Stein (2024). This stress shadow
has the potential to impede the northeastward extension of rupture for the 2023 Mw 7.8 event and confine its
aftershock distribution to the northeast (as indicated by the light blue dots in Figure S29 in Supporting Infor-
mation S1), consistent with the established stress shadow theory applied in other fault zones (Chen et al., 2022;
Freed & Lin, 2001; Harris, 1998; Harris & Simpson, 1996; Liu et al., 2018, 2020, 2022; Liu & Shi, 2021; Mallman
& Parsons, 2008; Simpson et al., 1988). Similarly, we found that the 2020 earthquake's rupture and aftershock
distribution were confined within an area of stress increase, bounded by stress shadows from the 1874 and 1905
events (Figure S28c in Supporting Information S1).

Table 2
The Layer Parameters in the Lithospheric Model

Layers H (km) ρ (kg/m3) Vp (km/s) Vs (km/s) η (Pa.s)

UC 0 ∼ − 20 2570 6.10 3.60 1.0 × 1023

LC − 20 ∼ − 40 2830 7.20 4.20 1.0 × 1019

LM − 40 ∼ − 100 3,370 7.71 4.51 5.0 × 1018

Note. H is the depth (Ogden & Bastow, 2022; Tesauro et al., 2018), Vp and
Versus are the compression and shear waves velocities, respectively (Arte-
mieva & Shulgin, 2019, 2020; Biryol et al., 2011; Confal et al., 2018; Eken
et al., 2021; Fichtner et al., 2013; Kounoudis et al., 2018, 2020; Mahatsente
et al., 2018; Medved et al., 2021; Ogden & Bastow, 2022; Ozacar et al., 2010;
Portner et al., 2018; Tesauro et al., 2018; Vanacore et al., 2013; Zhu, 2018;
Wang et al., 2020; Whitney et al., 2023), and η is the viscosity (Hearn &
Bürgmann, 2005; Hearn et al., 2009; Sunbul, 2019; Sunbul et al., 2016). UC:
upper crust; LC: lower crust; LM: lithospheric mantle.

Table 3
Focal Mechanism of the Receiver Faults of Different Sub‐Events of the 2023 Earthquake Doublet or Segments in the EAF and
DSF (Figures 1b, 2j and 3l, and 5) (USGS Earthquake Hazards Program, 2017)

Focal mechanism S1 S2 S3 S4 S5 S6 Seismic gap A

Seismic gap B

LM NO QR

Strike 28° 60° 25° 276° 250° 60° 70° 190° 210° 180°

Dip 85° 85° 75° 80° 80° 80° 85° 75° 70° 85°

Rake − 1° − 1° − 1° − 1° − 1° − 1° − 1° 25° − 40° 15°
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These observations of stress shadow effects and their impact on earthquake rupture termination are consistent
globally, as demonstrated in the Logmen Shan fault in eastern Tibet during the 2008 Mw 7.9 Wenchuan earth-
quake, the northeastern Tibet during the 2021 Mw 7.3 Maduo and 2022 Mw 6.6 Menyuan earthquakes (Liu &
Shi, 2021, 2022), and the Palu‐Koro fault in Central Sulawesi, Indonesia, during the 2018 Mw 7.5 Palu earth-
quake (Liu et al., 2018, 2020). These insights contribute to a broader understanding of earthquake rupture
propagation and termination, as exemplified by the unilaterally eastward rupture in the 2002 Mw 7.9 Denali fault
earthquake (Eberhart‐Phillips et al., 2003; Hreinsdóttir et al., 2003).

4.3. The Triggered Mw 7.6 Earthquake

The initiation point of the Mw 7.6 earthquake was on the middle of the CF (segment GH in Figures 3a and 3l)
(Barbot et al., 2023; Delouis et al., 2023; Goldberg et al., 2023; He et al., 2023; Jia et al., 2023; Li et al., 2023; Liu
et al., 2023; Mai et al., 2023; Melgar et al., 2023; Okuwaki et al., 2023; Ren et al., 2024; USGS Earthquake
Hazards Program, 2017; Xu et al., 2023). Our research demonstrates that stress is increased almost over the entire
fourth sub‐event (S4) rupture (segment GH in Figure 3l) caused by early earthquakes before its rupture
(Figure 3i). We find that the increased ΔCFS value of 78 and 252 kPa on the hypocenter of the Mw 7.6 earthquake
is caused by 19 historical earthquakes (Nos. 1–11, 14–21) (Figure 3a) between 1822 and 2022 and the 2023 Mw
7.8 earthquake (No. 12) (Figure 3d), respectively. Our discovery of an elevated ΔCFS value of 252 kPa in the
epicentral region of the Mw 7.6 earthquake caused by the 2023 Mw 7.8 earthquake (No. 12) closely aligns with
the estimates of 200 kPa by He et al. (2023) and the range of 140∼189 kPa proposed by Liu et al. (2023).
However, it significantly deviates from the value of 40 kPa suggested by Okuwaki et al. (2023) and falls below the
estimate of 300 kPa by Toda and Stein (2024) and several hundred kPa by Jia et al. (2023). These variations can be
attributed to differences in methodologies, earthquake parameters, and slip models employed across various
studies when assessing earthquake‐induced stress changes. Given the interseismic tectonic loading Coulomb
stressing rate of 3 kPa/y (Sunbul, 2019), the ΔCFS of 78 and 252 kPa corresponds to tectonic loading for
approximately 26 and 75 years, respectively. Thus, we suggest that the historical earthquake activities between
1822 and 2022 bring the CF close to failure, with a loaded stress on the S4 rupture equivalent to approximately
26 years of tectonic loading. The 2023 Mw 7.8 earthquake adds further stress to the S4 rupture, ultimately
triggering the 2023 Mw 7.6 earthquake by advancing it for approximately 75 years. Note that the 2023 Mw 7.6
earthquake occurred approximately 9 hr after the Mw 7.8 earthquake (USGS Earthquake Hazards Pro-
gram, 2017). Despite encountering a significant transient increase in dynamic Coulomb stress of several meg-
apascals due to the passage of seismic waves, the 2023Mw 7.8 earthquake did not promptly trigger the occurrence
of the 2023Mw 7.6 earthquake (Gabriel et al., 2023; Jia et al., 2023; Ren et al., 2024). Combining with our results,
it suggests that the triggering mechanism between the Mw 7.8 and 7.6 earthquakes is likely related to static stress
rather than dynamic stress, given that the events were separated by a time interval of 9 hr. Note that other pro-
cesses, such as early aseismic slip, poroelastic rebound by increase of permeability, and normal stress change
caused by the Mw 7.8 earthquake, could also help to explain the triggering (Manga et al., 2012; Rojstaczer
et al., 1995; Shaddox et al., 2021; Toda & Stein, 2024). This underscores the imperative for deeper research aimed
at deciphering the role of stress changes on earthquake triggering in the future.

4.4. Interplay Between Sub‐Events by Stress Triggering and Shadow

We find that the fifth sub‐event (S5) rupture segment (GF in Figures 3b and 3l) is largely brought away from
failure due to stress unloading, with a minimum ΔCFS value of approximately − 197 at its northeastern end (point
G in Figure 3l) prior to the 2023 Mw 7.6 earthquake caused by 19 historical earthquakes (Nos. 1–11, 14–21)
(Figure 3b) and the 2023 Mw 7.8 earthquake (No. 12) (Figure 3e). This is consistent with previous findings
regarding the influence of the 2023 Mw 7.8 earthquake on S5 (Toda & Stein, 2024). However, it is brought back
to failure by the S4 of the Mw 7.6 earthquake (No. 13 (S4)) due to stress loading over the entire S5 rupture, with
the highest ΔCFS value of approximately 1647 kPa at its northeastern end (Figure 3g). We believe that the S5 was
1450 kPa or less (the net ΔCFS effect from previous events) far from failure and that likely loading from the
rupture on the S4 segment has been meaningful to produce its final rupture.

The S6 rupture (HI in Figures 3c and 3l) is also stress unloaded, with a minimum ΔCFS value of approximately
− 2502 kPa at its southwestern end (point H in Figure 3l), due to the same 20 earthquakes (Nos. 1–12, 14–21)
(Figures 3c and 3f). Although the S4 increases stress over the entire S6 rupture, with the highest ΔCFS value of
1279 kPa at its southwestern end (Figure 3h), this positive stress is not sufficient to compensate for the negative
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stress caused by the 20 historical earthquakes (Nos. 1–12, 14–21) and bring the S6 rupture segment back to
failure. Finally, the entire S6 rupture is located in the stress shadow, with the minimum ΔCFS value of
approximately − 1457 kPa observed at its southwestern end before its rupture (Figure 3k). Similarly, we find that
the Amanos segment (CD in Figure 2j) of the S3 rupture is also located in the stress shadow, with a minimum
ΔCFS value of approximately − 5,574 kPa, before its rupture due to unloaded stress by historical earthquakes
between 1822 and 2023 (Figure 2i).

These results indicate that the intricate interplay among the six sub‐events through stress triggering and shadow
effects during the 2023 earthquake doublet is a complex phenomenon. Notably, the preceding sub‐event not only
serves to promote the subsequent sub‐events but also demonstrates a propensity to delay such events. This
observation aligns with prior proposals which suggest that a stress change occurring along a fault can give rise to
the promotion or delay of an induced instability on the secondary fault (Belardinelli et al., 2003). Based on our
observations of positive stress transfer between the S1 and S2, S4 and S5, and S4 and S6, with the maximum
ΔCFS values of 471 kPa, 1647 kPa, and 1279 kPa, respectively, we propose that stress changes induced by
preceding sub‐events play a significant role in promoting rupture propagation of subsequent sub‐events and its
migration between multiple segments during the 2023 earthquake doublet. Nevertheless, the impact of static
stress change resulting from interactions between cascading sub‐events and its influence on the initiation and
propagation of earthquake sequences or doublets has been largely overlooked in the past.

It is important to point out that the factors that control the initiation of those sub‐events located in the stress shadow,
such as the S1 (Figure 2a), the Erkenek segment of the S2 (Figure 2h), the S3 (Amanos segment) (Figure 2i), and the
S6 (Figure 3k), remain unclear. Note that fault rupture initiation and propagation are significantly influenced by the
stress on the fault prior to its ultimate rupture (Duan, 2010; Duan & Oglesby, 2006; Liu, Zhu, Yang, & Shi, 2016,
Liu et al., 2018; Payne & Duan, 2015; Wen et al., 2012). The stress evolution before and during an earthquake
sequence or doublet, rupturing several segments in a complex fault system, is complicated. The stress level on the
first sub‐event is mainly controlled by inter‐seismic tectonic stress accumulation (Duan & Oglesby, 2005, 2006,
2007; Liu, Zhu, Yang, & Shi, 2016, 2016b, 2017b), stress change induced by previous historical earthquakes on
and nearby the target fault (Chen et al., 2022; Harris, 1998; Liu et al., 2017a, 2018, 2020, 2022; Reasenberg &
Simpson, 1992; Stein, 1999), and post‐seismic viscous rebound (Freed, 2005; Liu et al., 2022; Mohammadi, 2022;
Zeng, 2001). In contrast, stress on subsequent sub‐events requires extra consideration of both static and dynamic
stress changes induced by preceding sub‐events during the earthquake sequence or doublet (Antonioli et al., 2002;
Belardinelli et al., 1999, 2003; Ren et al., 2024; Taufiqurrahman et al., 2023).

Our results provide a unified interpretation on the static stress change on each sub‐event induced by the previous
earthquakes ruptures (between 1822 and 2023) before their corresponding ruptures. Strong earthquake‐induced
stress variation along the segments of the six sub‐events was observed prior to their corresponding ruptures
(Figure 6a). The stress shadow effect was most pronounced on the S1 (NF), the Erkenek segment of the S2, the S3
(Amanos segment), and the S6 (DF), reaching minimum values of − 584 kPa, − 1,036 kPa, − 5,574 kPa, and
− 1,457 kPa, respectively, before their corresponding rupture (Figure 6a). These findings suggest that the accu-
mulation of tectonic loading stress over an earthquake cycle in the EAF, coupled with the dynamic stress change
induced by preceding sub‐events during the 2023 earthquake doublet, may have played significant roles in
initiating these sub‐events. However, the dynamic stress changes on the Erkenek segment of the S2, the S3, and
the S6 segments, which might partially compensate for the negative stress induced by previous events, remain
unclear. Further research should investigate the dynamic stress changes on each sub‐event segment of the 2023
earthquake doublet during its rupture process. It should be noted that the fault slip model proposed by Okuwaki
et al. (2023) does not include rupture on the S6 along the DF (Tables S1 and S2 in Supporting Information S1).

Notably, previous research indicated that the maximum tectonic loading ΔCFS can accumulate to approximately
11MPaover a recurrence interval of around 6,000 years of the 2008WenchuanMw7.9 earthquake on theLongmen
Shan fault zone in eastern Tibet (Liu, Zhu, Yang, & Shi, 2016, Liu et al., 2017b). Additionally, investigations into
the 2019 RidgecrestMw 7.1 earthquake rupture sequence in California estimated amaximumdynamic shear stress
of approximately 2MPa (Taufiqurrahman et al., 2023). However, the inter‐seismic tectonic stress accumulation in
the seismogenic depth preceding the 2023 earthquake doublet remains unclear. To gain a better understanding of
the reasons behind the rupture initiation of those sub‐events such as the S1, S3, and S6, future research should
prioritize investigating the accumulation of inter‐seismic tectonic loading stress on the seismogenic depth of the
EAF and CF.
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Overall, in this study we reveal how the stress changes induced by preceding sub‐events can influence the
occurrence and behavior of subsequent sub‐events with the example of the 2023 earthquake doublet. This is
important for us to understand the role of earthquake‐induced stress change on earthquake dynamics across
various time scales from seconds to hours and years at different stages of an earthquake cycle, including
earthquake preparation, rupture initiation, propagation, and termination on multiple fault segments in structurally
complex fault systems worldwide, such as the Mw 7.1 earthquake in Pakistan (Nissen et al., 2016), the 2004
Chuetsu earthquake in Niigata, Japan (Hikima & Koketsu, 2005), the 2009 Mw 8.1 Tonga‐Samoa earthquake in
the Tonga subduction zone (Fan et al., 2016), the 2012 great Mw 8.7 intraplate earthquake and the great Mw 8.2
aftershock in southwest of the Sumatra subduction zone (Yue et al., 2012), the 2019 Mw 7.1 Ridgecrest earth-
quake in the Eastern California Shear Zone (Ramos et al., 2020; Taufiqurrahman et al., 2023), and the 2016 Mw
7.8 Kaikōura earthquake in the Marlborough fault system in southern New Zealand (Ulrich et al., 2019).

4.5. Raised Hazards and Seismic Gaps

Our study, drawing from a wide array of paleoearthquake data and fault slip models (Ambraseys, 1989;
Ambraseys & Jackson, 1998; Duman & Emre, 2013; Guvercin et al., 2022; Jia et al., 2023; Melgar et al., 2023;
Okuwaki et al., 2023; Tan et al., 2011; USGS Earthquake Hazards Program, 2017), identifies a critical seismic
gap of approximately 70 km on the northeastern EAF, known as the Elazig‐Bingol seismic gap (Figure 1).
Although Nalbant et al. (2002) and Sunbul (2019) have computed the stress changes in various sections of the
EAF induced by 18 historical earthquakes occurring before 2019 (Nos. 1–10, 14–21), notably, the stress change in
this seismic gap (between Palu and Ilica cities) remains unaddressed. Our results show that this gap has endured
significant stress loading from 18 historical earthquakes (Nos. 1–10, 14–21) between 1822 and 2019 (Figure 4a),
the 2020 Mw 6.7 Elazig earthquake (No. 11) (Figure 4b), and the consequential 2023 Mw 7.8 and Mw 7.6
earthquakes (Nos.12 and 13) (Figures 4c and 4d), resulting in maximal ΔCFS values of 1541 kPa, 3 kPa, 7 kPa,
and 4 kPa, respectively. With an interseismic tectonic loading Coulomb stressing rate of 3 kPa/y (Sunbul, 2019),
the maximal accumulated ΔCFS of 1547 kPa equates to approximately 516 years of tectonic loading (Figure 4e).
Given the absence of a major earthquake in this gap for several centuries (Guvercin et al., 2022; Nalbant
et al., 2002; Sunbul, 2019), the increasing stress underscores the potential for future seismic events. Should the
entire 70 km segment rupture, we anticipate an earthquake exceeding 7.3 magnitude, releasing energy accu-
mulated at a fault slip rate of about 10 mm/yr over the last century (Aktug et al., 2016; Bayrak et al., 2015; Koç &
Kaymakcı, 2013). Therefore, focused attention is warranted for the areas between Palu and Ilica cities within the
Elazig‐Bingol seismic gap of the EAF. Using near‐field geodetic data from the rupture zone of the 2020 Elazıg
earthquake, Cakir et al. (2023) unveil shallow creep along the fault zone, which impeded earthquake rupture
propagation and mitigated the 2020 earthquake magnitude. The prevalence and persistence of shallow creep
processes across various sections of the EAF remain uncertain. Clarifying this aspect is crucial for earthquake
forecasting and estimating future seismic hazards along the EAF. To improve the evaluation of the hazard po-
tential within the Elazig‐Bingol seismic gap, it is imperative for future research to concentrate on detecting and
understanding fault creep behavior in this region.

Another seismic gap in the northern section of the DSF, designated as zone B in Figure 1, has not witnessed a
major earthquake for over 830 years, despite multiple large earthquakes (M > 7.0) occurring between 859 AD and
1408 AD (Dal Zilio & Ampuero, 2023; Meghraoui et al., 2003). This gap, located in a densely populated region
spanning southeastern Türkiye, northern Syria, and Lebanon, has seen varied stress alterations. Our findings
revealed that while stress was decreased over half of segment LM (with a minimumΔCFS value of approximately
− 504 kPa), it was increased over most of segments NO and QR, with a maximum ΔCFS value of about 312 kPa
(Figure 5d). This stress increment was principally induced by two historical earthquakes (Nos. 1 and 3) on the
Amanos segment of the EAF (Figure 5a), alongside contributions from the 2023 earthquake doublet, further
increasing stress on segments NO and QR by about 10 kPa (Figures 5b and 5c). Consequently, the heightened
seismic hazards in the seismic gap of the northern portion of the DSF merit urgent attention.

The 2023 earthquake doublet, involving multiple faults through distinct slip episodes, underscores the complex,
interconnected nature of seismic processes across varying temporal and spatial scales. Early reports of this
doublet (Jia et al., 2023) indicate a substantial augmentation in both rupture length and seismic moment relative to
historical earthquakes in the region. Our study leverages an integrative approach, combining seismic observa-
tions, historical seismicity data, and earthquake stress change simulations to illustrate how fault interactions
contributed to a cascade of ruptures. Incorporating methodologies like those presented in this study could enhance
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the earthquake forecasting capabilities, thereby improving decision‐making processes in disaster management
and rapid earthquake response scenarios.

4.6. Sensitivity of Stress Results

Varying the source location and slip of the historical earthquakes, as well as the viscosity of the ductile layers in
the lithosphere, does not alter the overall earthquake‐induced stress pattern and sign of stress for each of the sub‐
events (S1–S6), except in four specific cases, according to our sensitivity test (Text S4 in Supporting Informa-
tion S1). However, it has impacts on the stress value on the target faults to some extent. Taken as examples, by
considering the uncertainty from all the cases by model parameterization, including the 1822 M 7.5 (No. 1), 1866
M7.2 (No. 2), 1872 M 7.2 (No. 3), 1874 M7.1 (No. 4), 1893 M7.1 (No. 6), 1905 (No. 7), and 1971 M 6.8 (No. 8)

Figure 4. ΔCFS distribution along the seismic gap Elazig‐Bingol in the EAF at a 10‐km depth after 2023. The focal
mechanism used in the simulation is (strike= 70°, dip= 85°, rake= − 1°). ΔCFS was caused by (a) 18 historical earthquakes
(Nos. 1–10, 14–21) between 1822 and 2019, (b) the 2020 Mw 6.7 Elazig earthquake (No. 11), (c) the 2023 Mw 7.8
earthquake (No. 12), (d) the 2023 Mw 7.6 earthquake (No. 13), and (e) all the 21 historical earthquakes (Nos. 1–21) between
1822 and 2023. (f) The location of the Elazig‐Bingol seismic gap in the EAF. The black dots show cites (Palu, Ilica, and
Varto) with names.
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earthquakes source parameters, and the viscosities of the lower crust and lithospheric mantle, we found that the
negative ΔCFS on the 2023 Mw 7.8 earthquake epicenter caused by 19 historical earthquakes (Nos. 1–11, 14–21)
between 1822 and 2023 ranged from − 509 to − 103 kPa. The positive ΔCFS caused by 19 historical earthquakes
(Nos. 1–11, 14–21) between 1822 and 2022 ranged from 32 to 130 kPa on the 2023Mw 7.6 earthquake epicenter.
Based on the interseismic tectonic loading Coulomb stressing rate of 3 kPa/y (Sunbul, 2019), the ΔCFS of 509,
103, 32, and 130 kPa was equivalent to tectonic loading for approximately 169, 34, 11, and 43 years. Please see
Text S4 in Supporting Information S1 for the details about sensitivity of stress results. Diercks et al. (2023)
examined the influence of source parameters of historical earthquakes on the simulated Coulomb stress change in
western Turkey, yielding similar findings, and underscored the significance of better constraining the source
parameters of historical earthquakes.

The impact of varying fault slip models of the 2023 earthquake doublets is also tested by using different dislo-
cation models provided by USGS, Barbot et al., 2023, Jia et al. (2023), and Ren et al. (2024) (Text S5 in Sup-
porting Information S1). We found that the maximum positive ΔCFS of the S2 rupture varied between 86 and
923 kPa caused by the S1 of the 2023Mw 7.8 earthquake (Figure S26 in Supporting Information S1). The positive
ΔCFS on the 2023 Mw 7.6 earthquake epicenter varied between 8 and 305 kPa caused by the 2023 Mw 7.8

Figure 5. ΔCFS distribution along different segments of the seismic gap in the northern portion of the DSF at a 10‐km depth
after 2023. The focal mechanisms of segments LM, NO, and QR used in simulation are (strike = 190°, dip = 75°,
rake = 25°), (strike = 210°, dip = 70°, rake = − 40°), and (strike = 180°, dip = 85°, rake = 15°), respectively. ΔCFS was
caused by (a) 4 historical earthquakes (Nos. 1, 3, 6, and 7) between 1822 and 2022, (b) the 2023Mw 7.8 earthquake (No. 12),
(c) the 2023 Mw 7.6 earthquake (No. 13), and (d) all the six historical earthquakes (Nos. 1, 3, 6, 7, 12, and 13) between 1822
and 2023. (e) The locations of the different segments AB, CD, and EF in the northern section of the DSF.
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earthquake (Figure S27 in Supporting Information S1). This indicates that the coseismic stress change on the S2
segment is highly dependent on the details of the slip distribution on the S1 segment.

It is important to note that we observed significant differences in the stress patterns and a change in the sign of
stress on the S2 segment across four scenarios (Cases L1‐1893, L2‐1893, L1‐1905, and L2‐1905 in Supporting
Information S1), depending on the locations of the 1893 M7.1 (No. 6) and 1905 M6.8 (No. 7) earthquakes
(Figures S10c and S10e in Supporting Information S1). Positive stress appears in part of the Erkenek segment of

Figure 6. Schematic illustration of earthquake stress change distribution and rupture zones in the EAF region between 1822
and 2023. (a) The stress changes on the S1‐S6 ruptures prior to their respective ruptures during the 2023 earthquake doublet.
The segments on the EAF, including Amanos, Pazarcik, and Erkenek segments, are abbreviated as AS, PS, and ES,
respectively. The red and blue rectangles represent areas of stress increase and decrease, respectively, with the maximum and
minimum values of ΔCFS indicated beside the rectangles. NAF: North Anatolian Fault. (b) The earthquake rupture zones on
the EAF between 1822 and 2019 (Ambraseys, 1989; Ambraseys & Jackson, 1998; Duman & Emre, 2013; Nalbant
et al., 2002; Sunbul, 2019; Tan et al., 2008) are shown as blue dashed line rectangles, while the red dashed line ellipse marks
the Elazig‐Bingol seismic gap in the EAF (See Table S1 in Supporting Information S1 for the details of the earthquake
parameters). The red, blue, and yellow elliptical zones represent the rupture areas of the 2023 Mw 7.8, 2023 Mw 7.6, and
2020Mw 6.7 earthquakes, respectively (Chen et al., 2022; USGS Earthquake Hazards Program, 2017). The black and yellow
stars mark the epicenters of the 2023 earthquake doublet and the 2020 earthquake, respectively.
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the S2 as a result of these models. These findings are reasonable, as the rupture zones of the 1893 and 1905
earthquakes overlap within the Erkenek segment (Figure 6b). Positive static stress changes can reach several
hundred to one thousand kPa around the fault edges of the 1893M7.1 and 1905M6.8 earthquakes, consistent with
previous findings (Belardinelli et al., 1999; Liu et al., 2018; Oglesby et al., 2003).

Source or receiver orientation can affect stress patterns and potentially change the stress sign in the medium to far
field. Our results indicate that the S1, S3, and S4 segments are situated near the positive and negative lobes of
stress change induced by the 1905 M6.8 (No. 7) and 1939 M7.9 (No. 14) earthquakes (Figures S6g, S6k, S11k,
and S13g in Supporting Information S1). Varying the orientation of the source or receiver fault might alter the
stress sign in these cases. However, these events were not included in the sensitivity analysis because they do not
produce significant stress changes when using nominal source parameters based on our results (Figures S6g, S6k,
S11k, and S13g in Supporting Information S1). This result could vary slightly with different source mechanisms
or receiver fault orientations.

The rheology of the Anatolian Plate's lithosphere is still under debate (Hearn & Bürgmann, 2005; Hearn
et al., 2009; Sunbul, 2019; Sunbul et al., 2016). We assessed the effects on the stress results due to the viscosity of
the ductile lower crust and lithospheric mantle. Our findings indicate that variations in viscosity have a significant
impact on the stress results. For example, increasing the viscosity in the lower crust by a factor of 10 changed the
ΔCFS from − 154 kPa to − 263 kPa at the 2023Mw 7.8 earthquake epicenter. Similarly, increasing the viscosity in
the lithospheric mantle by 10 and 100 times changed the ΔCFS after 2022 from − 154 kPa to − 215 kPa and
− 247 kPa, respectively, at the 2023 Mw 7.8 earthquake epicenter. Future research should focus on determining
the rheological structure of the Anatolian Plate.

5. Conclusions
To better understand the earthquake interaction process and its impact on the seismic activities in EAF, we
conducted simulations of the stress evolution before, during, and after 2023 induced by 21 earthquakes, including
the six cascading sub‐events of the 2023 earthquake doublet, during the past two centuries. We investigated the
role of static stress change on the rupture initiation, propagation, and termination of the 2023 earthquake doublet,
and analyzed the seismic hazards in the EAF and DSF seismic gaps. We reached the following conclusions.

1. The 2023Mw 7.8 earthquake was delayed due to the stress shadow on the first sub‐event (S1) on the Narli fault
caused by 19 earthquakes between 1822 and 2022. The S1 triggered the already stressed Pazarcik segment of
the second sub‐event, resulting in its northeastward rupture propagating along the main branch of EAF.
However, this northeastward rupture was terminated by the stress shadow created by the 2020 Mw 6.7 Elazig
earthquake.

2. The 2023 Mw 7.6 earthquake was promoted due to stress increase on the fourth sub‐event (S4) of the Mw 7.6
earthquake, caused by 19 historical earthquakes between 1822 and 2022. The Mw 7.8 earthquake provided the
final kick to the already stressed S4 and advanced it for approximately 75 years due to the loading stress.

3. We revealed the process of how the stress changes induced by preceding sub‐events can influence the
occurrence and behavior of subsequent sub‐events with the example of the 2023 Turkey‐Syria earthquake
doublet. The stress change induced by preceding sub‐events, reaching several hundred to thousand kPa, is
large enough to promote the subsequent sub‐events during the earthquake doublet. It provided valuable in-
sights for exploring earthquake preparation, rupture initiation, propagation, migration, and termination in
structurally complex fault systems globally.

4. Special attention should be paid to the raised hazards due to the promoted stress in regions between Palu and
Ilica cities in the Elazig‐Bingol seismic gap of the EAF and the northern section of the DSF by historical
earthquakes. This is important in the development of effective strategies for disaster prevention and relief in
the populated regions in southeastern Turkey, northern Syria, and Lebanon.

Data Availability Statement
The data files used in this paper are available at (Liu, 2024).
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