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1.INTRODUCTION

Two large earthquakes of moment magnitudes M,, 7.8 and M, 7.7 (based on USGS slip model
solutions where the first event is revised as M,, 7.9 on 21/02/2023) occurred in southeast Turkey on
February 6, 2023, at 0417 and 13:24 (local time, +3 GMT), respectively. (Note: The second
earthquake is reported as M, 7.5 by USGS, which relies on Centroid Moment Tensor Solution. The
magnitudes of first and seconds event are taken as My, 7.8 and M,, 7.7, respectively hereafter to
prevent ambiguity in the report). This report discuses and elaborates the faults ruptured by these
earthquakes, their rupture mechanisms, and the historical earthquake activities on these faults.
On the basis of this information, an extensive discussion and evaluation take place about the
kinematic relation between the ruptured fault segments of these two major events. These
discussions illuminate the level of kinematic interaction between these two faults that led the

triggering of the second earthquake (M, 7.7) by the stress transfer of the first event (M, 7.8).

The slip model presented in this report indicate that the M,, 7.8 event that occurred on the main
segments of the East Anatolian Fault Zone loaded additional stress on the Surgu-Cardak fault.
The excessive additional stress pushed forward the failure of the Strgl-Cardak fault and its
western segment ruptured creating the second major earthquake (M, 7.7) approximately nine

hours after the first one.

Table 1 and Table 2 provide the source parameters of the My, 7.8 and M,, 7.7 earthquakes
determined by different seismological agencies. The earthquake loss model of CATMOD for
computing the DASK, treaty and facultative portfolio loses of Turk Reasurans Inc. used the source

modeling parameters discussed in this report.
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Table 1. Source parameters of the 6 February, 2023 04:17 earthquake (M,, 7.8).

Lat | Long | Depth M Strikel| Dipl | Rokel | Strike2 | Dip2 | Rake2
(Deg.) | (Deg.) | (km) " | (Deg) | (Deg) | (Deg) | (Deg) | (Deg.) | (Deg.)
6.02.2023 0118 376 375 15 7.8 54 70 11 320 80 160 GCMT
6.02.2023 0118 374 578 33 7.9 234 79 14 142 76 169 USGS
6.02.2023 0117 577 37.6 23 7.7 237 79 0 327 Q0 -169 INGV
6.02.2023 0117 372 37.0 T 7.8 65 70 1 331 80 160 OCA
6.02.2023 0117 578 37.6 14 7.8 56 67/ 1 322 80 156 CPPT

Origin Time (GMT) Agency

6.02.2023 OT.17 372 | 370 10 7.7 142 86 -165 51 75 -4 GFZ
6.02.2023 OT.17 371 371 10 7.7 324 65 -152 222 &4 -27 | KOERI
6.02.2023 OT.17 372 | 370 13 8.0 323 72 =171 230 81 -18 PGP

6.02.2023 OT.17 372 371 18 7.8 233 74 18 140 77 168 ERD

Table 2. Source parameters of the 6 February, 2023 13:24 earthquake (M, 7.7)

A Lat | Long | Depth Strikel| Dipl | Rakel | Strike2 | Dip2 | Rake?2
Origin Time (GMT) | hc ) Deg)  (km) ™ (Deg) (Deg) (Deg) (Deg) (Deg) (Deg) ~SENcY
6.02.202310:24 381 372 12 7.7 267 42 -8 358 84 -132 | GCMT

6.02.202310:24 381 37.2 14 7.7 275 62 1 185 89 152 INGV
6.02.20231024 | 385 | 379 12 7.8 256 24 -14 359 84 -N4 | CPPT
6.02.202310:24 381 372 15 7.6 359 79 178 89 88 10 GFZ
6.0220231024 | 380 | 372 10 7.7 S 70 180 275 90 20 OCA

6.0220231024 | 380 | 372 19 7.7 6 85 =172 276 82 -6 USGS
6.0220231024 | 380 | 372 13 7.7 270 60 -9 S 82 -150 PGP
6.0220231024 | 380 | 373 10 7.6 273 67 -9 6 81 -157 | KOERI

6.02.202310:24 381 372 16 7.6 358 73 174 Q0 86 13 ERD

2. SEISMOTECTONIC FRAMEWORK OF THE REGION

21 Introduction

The present tectonic interaction between the Arabian-African and Eurasian plates forces the
Anatolian Block to move westward (Figure 1). The westward movement of the Anatolian Block
mainly takes place along the North Anatolian Fault Zone (NAFZ) in the north and the East Anatolian
Fault Zone (EAFZ) in the southeast. The EAFZ is a left-lateral strike slip fault and it accommodates
the relative motion between the Anatolian Block and the Arabian Plate (e.g. Sengér et al., 1985;
Dewey et al., 1986; Barka and Kadinsky-Cade, 1988; Barka and Reilinger, 1997). The total length of
the EAFZ is about 550 km and it extends from Karliova in the northeast to the Mediterranean Sea
in the southwest. Although there is an agreement regarding the main trace of the fault zone
between Karliova in the northeast and Turkodlu in the southwest (Figure 1), the southwestern

continuation further southwest of Turkodlu is under debate. Opinions of researchers about the
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southwestern extension of the EAFZ further southwest of Turkodlu can be compiled into three

groups as summarized below.

The EAFZ intersects with the Dead Sea Fault Zone (DSFZ) around Turkoglu and the fault zone
crosses the Amanos Mountains and extends up to the Iskenderun Bay (e.g. McKenzie, 1970, 1972,
Dewey et al., 1973; Sengdr, 1980; Hempton, 1987; Jackson and McKenzie, 1984; Barka and Kadinsky-
Cade, 1988; Kempler and Garfunkel, 1991; Westaway and Arger, 1996; Kogyigit and Erol, 2001, Yonlu
et al. 2017).

The major trace of the EAFZ extends along the Karasu Segment in the Karasu Valley to the south
and it meets with the DSFZ in the Amik Basin (e.g. Allen, 1969; Arpat and Sarodlu, 1975; Kelling et al.,
1987; Saroglu et al., 1992; Sengér et al., 1985; Over et al., 2004; Duman and Emre, 2013).

The EAFZ terminates around Turkoglu, it does not extend further southwest and it connects with
the DSFZ through the Karasu Fault (e.g. Lovelock, 1984; Muehlberger and Gordon, 1987; Peringek
and Cemen, 1990; Chorowicz et al., 1994; Yurir and Chorowicz, 1998).

Figure 1. Simplified map of the Eastern Mediterranean showing relative plate motions (solid yellow arrows)
and major active fault zones (dashed red lines). NAFZ: North Anatolian Fault Zone, EAFZ: East Anatolian Fault
Zone, DSFZ: Dead Sea Fault Zone (yellow half arrows show sense of motion on the fault zone). BZSZ: Bitlis-
Zagros Sture Zone (yellow triangles are on the thrusting site). K: Karliova, T: Turkodlu. Map produced from
SRTM Worldwide Elevation Data (1-arc-second resolution).
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The EAFZ is divided into fault segments in several studies (e.g. Arpat and Saroglu 1975; Sengér et
al. 1985; Muehlberger and Gordon 1987; Saroglu et al. 1992). Duman and Emre (2013) segmentation
model divides the EAFZ into several distinct geometric fault segments, which is in use today, based
on fault step-overs, jogs or changes in fault strike (Figure 2). In this model, an EW-trending left-

lateral fault splits from the EAFZ in southwest of Celikhan and extends towards Goksun.
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Figure 2. Map of the East Anatolian strike-slip fault system showing strands, segments and fault jogs.
Abbreviations: FS, fault segment; RB, releasing bend; RS, releasing stepover; RDB, restraining double bend;
RSB, restraining bend; PB, paired bend; (1) Duzigi-Osmaniye fault segment; (2) Erzin fault segment; (3) Payas
fault segment; (4) Yakapinar fault segment; (5) Cokak fault segment; (6) Islahiye releasing bend; (7) Demrek
restraining stepover; (8) Engizek fault zone; (9) Maras fault zone (Duman and Emre 2013).
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Different criteria including geological data (e.g. Arpat and Saroglu 1975, Westaway and Arger
1996, Yonlu et al. 2017), GPS data (e.g. McClusky et al. 2000, Reilinger et al. 2006), plate kinematic
analysis (e.g. Lyberis et al. 1992, Yurtr and Chorowicz 1998) and seismological data (Taymaz et al.
2004) suggest that the slip rate on the EAFZ ranges between 4 to 3.1mm/yr. The amount of total
offset on the EAFZ varies depending on the features of offset by the fault zone. For example,
based on offset geological pinpoints, up to 27 km cumulative left-lateral offset was estimated
(e.g. Arpat and Saroglu 1972; Sarodlu et al. 1992). A left diversion on the Euphrates River in
southwest of Elazi§y was considered as a left lateral offset by Arpat and Saroglu (1975) and 15 km
cumulative offset was estimated. Yonlu et al. (2013) suggest that the Aksu River valley is left

laterally offset by the EAFZ about 16.5 = 0.5 km.

2.2 Seismotectonics

On the main earthquake sources of the region, EAFZ and DSFZ, moderate and large earthquakes
have occurred during the pre-instrumental and instrumental periods. The pre-instrumental

earthquake activity of the EAFZ and DSFZ is discussed by Akyuz et al. (2006), Karabacak (2007),
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Altunel et al. (2009), Yénlu (2012) and Yénlu et al. (2017), based on historical data and
paleoseismological studies. Several surface rupturing events reportedly took place on the EAFZ
in the 19th century (e.g. 1866 M 6.8,1874 M 27.1,1875M 6.7, 1893 M 7.1 earthquakes). Ambraseys (1989)
indicates that two thirds of the fault zone was ruptured during the 19th century earthquake activity
(Figure 3). Earthquakes in 1114 and 1513 are most probably occurred on the southwestern part of
the fault zone and caused significant damage in northern Syria and eastern Anatolia (Calvi, 1947;
Soysal et al., 1981; Ambraseys, 1989). Based on paleoseismological studies, Yonlu (2012) and Yénlu
et al. (2017) revealed that the 1513 (M 7.4) and 1114 earthquakes occurred on the Turkoglu-Pazarcik
and Pazarcik-Golbasi segments of the EAFZ, respectively. According to Ambraseys (1989), the 1544
(M = 6.7) earthquake took place on the Cardak-Surgu Fault, which splits from the EAFZ in southwest
of Celikhan (Figure 3).

The Adana Basin has also experienced large earthquakes both in historical times and during the
instrumental period (e.g. Arvanitakis, 1903; Sieberg, 1932; Calvi, 1941; Ergin et al., 2004; Soysal et all.,
1981; Ambraseys, 1989; Guidoboni and Comastri, 2005). Several large or moderate-size historical
earthquakes are reported in the areq; for example, the 526 AD and 561 AD earthquakes caused
substantial damage at the ancient cities of Anazarbus and Castabala and these maijor cities were
abandoned after these events (Jorg, 1986). A destructive earthquake also took place in 1269 and
more than 60,000 people died in the Adana Basin (Arvanitakis, 1903; Calvi, 1941; Guidoboni and
Comastri, 2005). However, there is insufficient information in the literature to attribute these events
to specific fault segments. Regarding the instrumental period, the June 27, 1998 Ceyhan
earthquake (M 6.2), that took place on the Misis-Ceyhan Fault (Aktar et al., 2000; Ergin et al., 2004),
is considered as the largest event in the Adana Basin. The epicenter location and the source
mechanism of this earthquake are well constrained by Aktar et al. (2000) providing clear evidence

of pure left lateral strike-slip motion.

The 1408 earthquake (M 7.5) took place at the northern end of the DSFZ and is associated with
~20 km long surface rupture (Ambraseys & Melville 1995; Sbeinati et al. 2005; Akyiz et al. 2006).
The 13 August 1822 (M 7.4) event was occurred in the Karasu Valley (Ambraseys 1989). Ambraseys
(1989) reports that the 1872 April 3 earthquake (M 7.2) was occurred in the Amik Basin and
generated heavy damage around the former Amik Lake. A destructive earthquake also took
place in 1269 in the Adana Basin (Arvanitakis, 1903; Calvi, 1941; Guidoboni and Comastri, 2005),
however, there is insufficient information in the literature to attribute this event to a specific fault

segment.
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Some moderate-size earthquakes (e.g. 1905, M 6.8 Malatya; 1971, M 6.7 Bingdl; 1986, M, 6.0 Surgu;
2003, M 6.4 Bingdl; 2010, M 6.0 Karakocan—-Elazid; 2020, M 6.8 Elazi§) were occurred on the main
trace of the EAFZ during the instrumental period (Tan et al., 2008) but no surface rupture was
reported. It is noteworthy to note that the north-eastern part of the EAFZ reactivated with

moderate size earthquakes during the instrumental period (Figure 3).
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Figure 3. Instrumental (blue boxes with yellow numbers) and pre-instrumental (yellow boxes with black
numbers) earthquake activity of the main trace of the EAFZ and northern DSFZ. NAFZ: North Anatolian Fault
Zone, EAFZ: East Anatolian Fault Zone, DSFZ: Dead Sea Fault Zone, CSF: Cardak-Surgt Fault, K: Karliova, T:
Turkoglu, C: Celikhan, AB: Amik Basin, GB: Ghab Basin. Map produced from SRTM Worldwide Elevation Data
(1-arc-second resolution).

The southwestern parts of the EAFZ were reactivated during the February 6, 2023 earthquakes.
Epicentral locations of mainshock and afterschok activity (Figure 4) show that the Narli Segment
and East Anatolian Fault are reactivated during the first event (M., 7.8) and the Cardak Fault is
reactivated during the second event (M 7.7). Preliminary field observations indicate the existence
of surface ruptures along the Cardak Fault (personal communication with Dr. Taylan Sancar,
Munzur University), Narll Segment and East Anatolian Fault from Amik Basin in south to Celikhan in
northeast (Figure 5). It is difficult to determine the surface rupture properties (length of the rupture,
dip of the fault plane, maximum displacement) without having comprehensive field observations

and mapping. However, preliminary field observations suggest that the maximum horizontal
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displacement is ~2.5 m on the Narli Segment, ~4 m in south of Turkoglu, and more than 5 m
northeast of Turkoglu (personal communication with Prof. Serdar Akytz, ITU).  The maximum
horizontal displacement is ~ 6.7 m on the Cardak Fault (personal communication with Dr. Taylan

Sancar, Munzur University).
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Figure 4. Epicenters of main shocks (stars indicated by black arrows) and aftershock activity of the 6
February 2023 earthquakes (Source: Kandilli Observatory and Earthquake Research Institution).

Figure 5. Reactivated faults during the February 6, 2023 earthquakes. Faults indicated with light blue colors
were reactivated at 04.17 and fault with light color was reactivated at 13.24 (Emre et al. 2013).
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3. SEISMIC ASPECTS
3.1. Deformation Rate
Crustal deformation rate is considered as a direct quantitative measure of seismic hazard. In
general, the size of the earthquakes is larger and their frequency increases at regions of high
deformation rate (strain rate). Seismological data (historical and instrumental period earthquake
catalogues), geological field observations (offsets on the faults) and the GPS observations

provide data for the assessment of deformation rates.

Palano et al., (2017) published a significant GPS data set established by reprocessing the available
GPS data acquired in the region. For this report, adopting the Shen et al. (2015) algorithm, the GPS
data are interpolated to get slip rates at equally spaced grid points. Then, a strain rate tensor is
estimated at each grid point to understand spatial deformation pattern in the surroundings of the
source region of the two major earthquakes. Following the strain rate tensor estimation, the
second invariant strain rates shown in Figure 6, the post-1900 instrumental seismicity shown in

Figure 7, and the MTA active faults (Emre et al., 2013) are considered for this assessment.
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Figure 6. Spatial variation of second invariant strain rates around the EAFZ (EAFZ). The red stars indicate the
epicenters of the February 6, 2023 major events.
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It is obvious from strain rates shown in Figure 6 that the high deformation rates are associated
around the main trace of the EAFZ and secondary fault branches occur around the main trace
such as the Narli fault where the February 6 rupture initiated or the Cardok fault that
accommodated the second major event of moment magnitude M,, 7.7. We also observe relatively
large strain rates around Osmaniye in Figure 6. The large strain rate region is bordered by distinct
fault lines to the east and west of Osmaniye. Both EAFZ and Cardak fault can be considered as
locked faults accumulating strain. This is based on the fact that they both represent a boundary
between high and low-strain rate regions. The lack of seismicity along the NS trending fault
occurring to the east of Osmaniye is noticeable portraying an ongoing strain accumulation.
Although we know that this fault is one of the segments ruptured by the February 6, 04:17
earthquake (M,, 7.8), the observed seismicity along the western border fault line points out that

this fault line may not be wholly locked.
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Figure 7. Seismicity of the region showing the location of the earthquakes (M > 4.0) from 1900 to March 2021.
The International Seismological Center (ISC) reviewed well-constrained events are shown. The red starts
represent the epicenters of M,, 7.8 and M,, 7.7 events.
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Another striking point observed from the seismicity (Figure 7) and strain rate (Figure 6) maps is the
footprints of the My, 7.7 earthquake ruptured on February 6 at 13:24. No events of magnitude M >
4.0 are observed along the fault segment ruptured by the M,, 7.7 event from 1900 to March 2021
(end of the ISC -International Seismological Center- reviewed catalog period). Similarly, one can
distinguish the lack of seismicity along the fault segment to the northeast of the epicenter of the
04:17 event. That fault segment experienced a major coseismic moment release during the first

major (M., 7.8) earthquake.

3.2. Source Rupture Characteristics of the February 6, 2023 Earthquakes

The source regions of the two earthquakes are clearly depicted by the aftershock distribution
located by Kandilli Observatory and Earthquake Research Institute (KOERI). The aftershock
distribution in Figure 4 points out the source extent of the first and second major earthquakes
denoting ~300 km and ~150 km long rupture length (Figure 5). The locations of the rupture initiation
of the two events are also shown in Figure 5. It is quite obvious from the aftershock distribution
that the northeast rupture extent of the first event terminated in the proximity of the source area

of the second event that ruptured approximately nine hours later.

The curvature in the aftershock distribution associated with the M,, 7.8 event (at 04:17) suggests a
bilateral rupture on different segments oriented (a) NE-SW in the northeast area of the rupture
zone and (b) striking NNE-SSW in the southern section toward the city of Antakya (Antioch) in
Hatay province. The rupture complexity of this event is also observed at the strong motion station
located approximately 30 km away from the epicenter towards NE (Figure 8) and from a slip
distribution model obtained through modeling of the tele-seismic body waves using the algorithm
of Kikuchi et al. (1991). One can easily depict three distinct pulses, which are visible in the
displacement seismograms. The narrow nature of the first pulse suggests a rupture propagation
towards the strong-motion station while the second pulse points a rupture propagation outwards
the strong-motion station towards southwest along a fault line portrayed by the aftershock

distributions given in Figure 4.
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Figure 8. Rupture complexity of the February 6, 04:47 earthquake (M 7.8) observed at the seismograms
recorded at the KOERI strong motion station located in Kahramanmaras. The three distinct pulses (labeled
on the plots) point out ruptures on different fault segments. Coseismic rupture on different fault segments
associated with the mainshock is also derived from the modeling of the teleseismic body waves using the
inversion method of Kikuchi et al. (1991). The negative distances are toward the northeast and the positive
distances extend toward the southwest. The moment rate function on top of the right panel and the slip
model in the lower right panel depicts ruptures on four segments.

A large seismic phase is noticeable in the later portion of the seismograms shown in Figure 9. Such
a later arrival could reflect either a fault rupture or a phase generated at an interface. Modeling
this phase as a fault rupture yields a long moment rate function denoting a rupture time of about
80 seconds. The waveforms recorded at the Matsushiro station (MAJO) are selected to show the
extraordinarily long rupture time (Figure 9). Since the distance of the MAJO station to the 04:17
and 13:24 earthquake epicenters is almost identical, the lack of later phase arrival in the 13:24

seismogram suggests that the pulse in the 04:17 is associated with a fault rupture.
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Figure 9. (a) The seismograms generated by the 04:17 (top) and 13:24 (bottom) earthquakes were recorded
at MAJO station. (b) A finite source model for the 13:24 event (M,, 7.7). The negative distances extend toward
the east and the positive distances toward the west.

Despite the magnitude of the 13:24 event (M, 7.7) is very close to the size of the 04:17 earthquake,
the waveform modeling of the tele-seismic body waves points out rather a simple rupture pattern
(Figure 9b). The rake angles derived at each grid point denote strike-slip faulting. Slight
compression and extension component are developed at the eastern and western sections of the
source area. This fact is also observed from the focal mechanisms of the aftershocks reported by

the European Mediterranean Seismological Center (EMSC).

4. EARTHQUAKE TRIGGERING

A rupture or a movement on a fault causes stress changes on nearby faults by releasing the stress
that had been accumulating. Depending on the faulting mechanism and the regional stress tensor
orientation, Coulomb stress increases at certain regions while decreases in some other locations.
Such aninteraction between fault ruptures is known as earthquake triggering via Coulomb Failure
Stress Changes. Triggering of an earthquake by stress increase was observed in several regions

(King et al., 1994; Stein et al., 2002; Hardebeck and Okada, 2018).

Most of the aftershocks tend to occur at regions of increased stresses. Their spatial distribution is
well explained by Coulomb failure criterion (King et al., 1994; Harris et al, 2002). The magnitude of
the strongest aftershock usually is one unit below the magnitude of the mainshock. The
aftershocks take place on the ruptured fault plane and its nearby vicinity. There are several

definitions of aftershocks. For example, earthquakes of certain magnitudes occurring within a
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certain time-and spatial-extent of the mainshock epicenter are classified as aftershocks (Table
3).

Table 3. Aftershock classification according to magnitude, distance from the mainshock area and time
elapsed since the mainshock origin time (Gardner and Knopoff, 1974).

M L(km) T(days)

2.5 19.5 6

3.0 22.5 11.5
3.5 26 22
4.0 30 42
4.5 35 83
5.0 40 155
5.5 47 290
6.0 54 510
6.5 61 790
7.0 70 915
7.5 81 960
8.0 94.0 985

As per the definition of Gardner and Knopoff (1974) it is a matter of debate to consider the My, 7.7
event, that took place on February 6, 2023 at 13:24 local time, as an aftershock of the My, 7.8
earthquake. If only the distance between the ruptured segments of these two events is
considered, which is less than 81 km, the second event (M,, 7.7) can be regarded as the aftershock
of the M,, 7.8 event according to Table 3. However, the declustering method (classification of
earthquakes as aftershocks and mainshocks -i.e., dependent vs. independent events) proposed
by Gardner and Knopoff (1974) classify the M,, 7.8 and M,, 7.7 earthquakes as independent because

the distance between the epicenters of these two events is larger than 81 km (Table 3).

The triggering of earthquakes on nearby faults happen in different time frames. It could be in the
order of seconds, minutes, hours, days, months or even in a couple of years. For example, it was
approximately three months for the November 12, 1999 Dizce earthquake (M, 7.2) to be triggered
by the August 17, 1999 Izmit earthquake (M, 7.5). Triggering between the February 6, 2023 major
events happened in about nine hours. That is, the second event (M,, 7.7) was triggered after the

occurrence of the first event (M., 7.8) with a difference of 9 hours.

Another very good example of earthquake triggering case is observed within the first major event
(M, 7.8) of the February 6, 2023 earthquake sequence. The aftershock distributions, waveform
modelling, coseismic surface ruptures observed by field geologists, and satellite images point out
that the mainshock was associated with multiple ruptures on several fault segments. That is,

multiple triggering earthquakes occurred within a couple of seconds in the February 6, 2023 M,, 7.8
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mainshock and consequently the rupture process time of the M,, 7.8 earthquake inferred from the

waveform modelling of the teleseismic waveforms is more than 80 seconds (Figure 9).

(54.,70., 12.)

120 90 -60 30 0 30 60 90 120 150 180
strike,km

Figure 9. A rupture modelling for the February 6, 2023 04:17 earthquake (Mw7.8) using teleseismic body
waves.

5. COULOMB STRESS CHANGE MODELING

Coulomb stress changes associated with the M,, 7.8 event and a possible triggering interaction
between the M,, 7.8 and M,, 7.7 events were investigated by Toda et al. (2023) identifying stress
enhancement on the M,, 7.7 fault rupture plane. The modelling by Toda et al. (2023) is based on
focal mechanism solution and finite source model of USGS released on February 6 soon after the
mainshock. The authors estimated about one bar stress increase on the fault ruptured by the M,,
7.7 event and about 3-5 bars stress increase on the tips of the ruptured EAFZ fault segments. Toda
et al. (2023) also identified a stress decrease region in the area between the fault planes ruptured
by the M,, 7.8 and M,, 7.7 earthquakes (i.e. between the EAFZ and the Surgu-Cardak fault) as

presented in Figure 10.
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Calculated stress imparted by M 7.8 mainshock
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Figure 10. Coulomb stress changes associated with the M,, 7.8 event (Toda et al., 2023).

It should be noted that despite a stress increase on the Cardak fault as reported by Toda et al.
(2023) due to M, 7.8 event, no seismic activity was reported by Kandilli Observatory and

Earthquake Research Institute (KOERI). The only reported event is the M 3.8 foreshock occurred
about three hours (10:26 local time) before the M,, 7.7 event that was located at latitude 38.14N,

longitude 37.45E close to the epicenter (Figure 11).
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The Coulomb stress change modelling of Toda et al. (2023) is based on USGS focal mechanism
solution (https://earthquake.usgs.gov/earthquakes/eventpage/us6000jllz/executive) and finite
source model determined immediately after the My, 7.8 event. An alternative Coulomb stress
change model is developed for this report using a different finite source model based on the
GCMT focal mechanism parameters (https://www.globalcmt.org/cgi-bin/globalcmt-cgi-
bin/CMT5/form?itype=ymd&yr=2023&mo=2&day=6&oyr=1976&omo=1&oday=18&jyr=1976&jday=1&
ojyr=1976&ojday=1&otype=nd&nday=1&Imw=0&umw=10&Ims=0&ums=10&Imb=0&umb=10&llat=-
90&ulat=90&llon=-180&ulon=180&Ihd=0&uhd=1000&lts=-
9999&uts=99998&Ipe1=0&upel=90&Ipe2=08&upe2=90&list=0). The major difference between the
USGS and GCMT fault plane solutions is the dip of the fault plane; GCMT reports a dip angle of 70
degrees, SE dipping fault plane while the dip angle of the USGS solution is reported as 88 degrees,
dipping NW. The difference between the two focal mechanisms is significant and differences in
fault slip models significantly affect the Coulomb stress change results. We develop a slip model
to use in Coulomb stress change calculations based on the faulting parameters of GCMT

solutions.
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Using the teleseismic body waves, the satellite images of the source region and the aftershock
distributions we constructed a grid scheme that is 300 km long along the strike and extending 20
km along the dip of the fault plane. The gridding size is selected as 30 km along strike and 10 km
along dip. The waveform fitting between the observed and calculated seismograms was
achieved by trial and error by adjusting the rupture velocity, rise time, window number, and
smoothing parameters. The resulting slip distribution model is shown in Figure 12. The arrows in the
model indicate the rake angle at the grid points. The horizontal arrows correspond to strike
parallel faulting. The downward and upward bias of the arrows from horizontal shows transtention
and transpression, respectively. The transpressional features in the NE side of the slip model

corresponds to the well-known Celikhan restraining bend where the rupture stopped.

SW NE

dip

120 -90 -60 -30 0 30 60 90 120 150 180
strike,km

Figure 12. A fault slip model for the M,,7.8 earthquake. The NE termination locus of the rupture is in the
proximity to Celikhan restraining bend.

‘Bl

(1] 8

The Coulomb stress change calculations are done using the software developed by the authors
of Toda et al. (2023). We used the same input parameters that were used by Toda et al. (2023)
except the variable slip distribution model developed in this study. Using the inferred rake angles
at each grid point the slip values are resolved into strike-slip and dip-slip components. The
upward motion direction is NW. Thus, significant reverse faulting motion toward NW contributes
to the Coulomb stress change calculations. Considering the proximity of the NE part of the slip
model to the eastward extent of the Cardak fault, one would expect a significant difference

between our results with those derived by Toda et al. (2023).

The Coulomb stress change model estimated in this study is illustrated in Figure 13. The EAFZ
accommodates the motion between Anatolian Block and the Arabian Plate. The Cardak fault is
located in the Anatolian Block. Therefore, we are especially interested in stress changes in the
Anatolion Block associated with the M, 7.8 event. A stress decrease region close to

Kahramanmaras and stress increase region close to Cardak fault are two distinct features of the
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Coulomb model (Figure 13). In the stress decrease region close to the releasing band to the east
of Kahramanmaras transtensional motion would be expected that is confirmed by a large
aftershock showing predominantly normal faulting (Figure 14). Essentially, the Coulomb stress
change calculation results given in Figure 13 show a significant stress increase in the eastern part

of the Cardak fault that probably brought the fault to failure.

Coulomb Stress Change
5 -4 -3 -2 - 0 1 2 3 4 5

L—d bar

.. .}
35° 36° 37 38 39° 40°
Figure 13. Stress changes associated with the February 6, 04:17 earthquake (M,,7.8)
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Figure 14. Focal mechanism of the aftershocks of the February 6, 2023 earthquakes.

6. CONCLUSIONS

Several fault segments in the EAFZ were reactivated during the February 6, 2023 earthquakes.
Current geological observations and seismic data indicate that the main branch of the EAFZ was
ruptured between Amik Basin in the south and Celikhan in the north during the M,, 7.8 (first)
earthquake at 04:17, local time. The second earthquake with M,, 7.7 at 13:24 occurred on the
western part of the Surgu-Cardak Fault, which splits from the East Anatolian Fault. The faults that
caused the February 6, 2023 events are shallow active faults that were also associated with large

earthquakes in the historical periods.

The objective of this report is to understand whether Coulomb failure stress changes associated
with the M,, 7.8 earthquake fault ruptures brought the Strgt-Cardak fault to failure with a M, 7.7
earthquake, nine hours after the M,, 7.8 event. A detailed fault slip model for the M,, 7.8 mainshock
was established by modeling the waveforms generated by multiple fault segment ruptures. The
resulting finite source model indicates transtension and transpression in the proximity of known

releasing and restraining regions along the EAF zone.
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Kanamori and Anderson (1975) reported stress drops associated with large interplate and
intraplate earthquakes and determined an average static stress drop of 60 bars. The authors also

determined the following relation between static stress drop (Ag) and seismic moment (Mo),

_ Mo
"~ 2.5815

where S is the source area. The GCMT seismic moment for the 13:24 event is reported as ~5.0x10%

Ao

dyn-cm. The USGS seismic moment is 5.05 x10?” dyn-cm that is very close to GCMT seismic moment

(https://earthguake.usgs.gov/earthquakes/eventpage/us6000jlga/finite-fault). The finite

source model of USGS shows that the major moment release took place on a fault area of 80 km
x 20 km. This in turn, yields a stress drop estimate of Ag~30 bars for the major asperity ruptured

by the 13:24 event.

The restraining bend in the NE end of the ruptured fault plane during the first earthquake plays a
significant role in Coulomb stress changes, which results in stress increase in the eastern part of
the Surgu-Cardak fault. The Coulomb stress enhancements on the Surgu-Cardak fault decrease
to ~1bar in the hypocenter in the westward direction (Figure 13). If we assume a Ac accumulation
of 30 bars on the Surgl-Cardak fault since the previous seismic moment release, then we can
make an approximate calculation for the stress accumulation rate on the same fault. Sesetyan et
al. (2023) reported the 1544 earthquake (M, 7.0 = 0.75) as the previous major event on the Strgu-
Cardak fault. The plaseoseismological data, on the other hand, suggest that the previous major
event on the Surgi-Cardak fault occurred in 500 AD. The 1544 historical earthquake as stated by
Sesetyan et al. (2023) or the event occurred in 500 AD according to the paleoseismological data
yield a stress rate of approximately 0.06 bars/yr and 0.02 bars/yr, respectively. Thus, the 1 bar
Coulomb stress increase in the hypocentral area suggests that the M,, 7.7 event should have
occurred at a later time depending on the stress accumulation rate, which seems to range
between 0.02 to 0.06 bars/yr. That is, if one considers 30 bars bearing capacity and no interaction
between the M,, 7.8 and M,, 7.7 events, then the Cardak Fault would have been ruptured in the
order of years. Of course, we are aware of the fact that the uncertainties in providing such a

punctual estimate is quite high.
In brief, the M,, 7.8 event that occurred at 04:17 transferred additional stress on the eastern part

of the Surgu-Cardak fault, that initiated the rupturing of the M,, 7.7 event, which might have

occurred many years later if such stress transfer has not taken place.
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