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Abstract

On February 6 2023, two large earthquakes with magnitudes of Mw 7.8 (Pazarcik) and Mw 7.6 (Elbistan) occurred consecutively
along the East Anatolian Fault Zone in eastern Turkey, causing enormous casualties and heavy damage. This devastating
sequence of earthquakes was followed by the Defne aftershock on February 20 near Antakya province, which increased the
damage and loss of life. In this study, the teleseismic broadband P velocity waveforms have been inverted in order to obtain the
coseismic finite-fault slip distribution of the February 20, 2023 Defne aftershock. It was found that the rupture was controlled by
the failure of a single asperity with the largest displacement of approximately 0.75 m, which occurred between 6 and 20 km
depth. The source mechanism indicated a dominant left-lateral faulting with a significant normal component and released a total
seismic moment of 5.85x10*® Nt.m. Coseismic Coulomb stress changes modelling showed that the Defne aftershock rupture was
triggered by the earthquake sequence and that the February 6 Pazarcik earthquake had a dominant effect. In the stress modelling
carried out on the Dead Sea Fault, the northern segment of the fault remained in the region of significant positive stress loading.
Considering the positive stress load over 1 bar created by the earthquake sequence and the Defne aftershock ruptures, as well as
the fact that no major earthquake has occurred for more than 600 years, it is clear that the probability of rupture in the northern
part has increased significantly and the seismic hazard is high.
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1. Introduction

On 6 February 2023, two devastating earthquakes struck south-central Turkey and ruptured the southwestern part
of the East Anatolian Fault Zone (EAFZ). The first earthquake was the Mw 7.8 Pazarcik earthquake (at 4:17 am
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GMT), followed by the Mw 7.6 Elbistan earthquake (at 10:24 pm GMT) (Fig. 1). These earthquakes were the largest
since the 1939 Erzincan earthquake and were felt across a large part of Turkey, resulting in widespread destruction,
loss of life, and economic damage. The earthquakes affected about 450 kilometres from Adana in the west to
Diyarbakir in the east and 300 kilometres from Malatya in the north to Syria in the south. It affected eleven
provinces, including Kahramanmarag, Adana, Hatay, Gaziantep, Adiyaman, Diyarbakir, Malatya, Sanliurfa, Kilis,
Osmaniye, and Elazig, where approximately 13.5 million people reside [1]. In the report published by the
Presidency Strategy and Budget of the Republic of Tiirkiye, it was stated that more than 48 thousand people lost
their lives, and more than half a million buildings were destroyed or severely damaged as a result of the earthquakes
[2]. According to the World Health Organization's July 2023 report, more than 50,000 people lost their lives, 45.968
in Turkey and 5.900 in Syria, more than 107,000 people were injured, and 3 million people had to leave their homes
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Fig. 1. Major tectonic elements of Turkey (inset) and the seismotectonic of eastern Turkey. Large arrows in the inset map indicate the direction of
relative plate motions. The earthquake source mechanisms and epicentres are taken from the catalogue of the Disaster and Emergency
Management Authority (AFAD). The active faults are compiled from [4] and [5]. Red lines are surface ruptures of February 6, Pazarcik and
Elbistan earthquakes taken from [6]. The map’s information was collated from [6-14].
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Turkey's main tectonic structures result from the movement between the Arabian, African, Eurasian, and
Anatolian plates. In the east, the Arabian Plate converges towards the Anatolian Plate in the northwest direction at a
rate 18 mm/year [15, 16] (Fig. 1 inset map). With this convergent movement, the Anatolia was compressed and
thickened, and after the compression reached a level that the continental crust could not bear, the Anatolian plate
moved westward along two important strike-slip fault systems. [7, 17-19]. The fault systems under consideration
are, respectively, the North Anatolian Fault Zone (NAFZ), which exhibits a right lateral strike-slip motion and the
East Anatolian Fault Zone (EAFZ), which displays a left lateral strike-slip motion. (Fig.1 inset map). The NAFZ,
1.200 km long, extends from the Karliova triple junction (KTJ), intersecting with the EAF in the Karliova region, to
the Marmara Sea [20-24] and has a slip rate of approximately 24 mm/year [15, 16, 25]. The EAFZ, on the other
hand, extends for about 580 km from the KTJ to the Dead Sea fault in the southwest (Fig. 1). It also has a Northern
Branch, which branches off the main fault immediately west of Celikhan and extends through the Adana Basin to
the Mediterranean Sea. (Figs. 1) [5, 24, 26, 27]. GPS studies indicate a slip rate of 9-10 mm/yr for the EAFZ [15, 16,
25], of which about one third is contributed by the Northern Branch after the bifurcation. [10, 26, 28, 29]. Based on
data from field studies, a geological slip rate of about 8 mm/yr has also been proposed. [5, 30].

In the 20th and 21st centuries, the NAF was ruptured in a series of earthquakes, beginning with the 1939
Erzincan earthquake and continuing with the 1999 Mw7.9 1zmit and Mw7.2 Diizce earthquakes, which extended as
far as the Gulf of Izmit in western Turkey [20, 31, 32]. The historical and instrumental records show that this region
has been affected by devastating earthquakes for almost 2,000 years. [20, 33-36]. Significant earthquakes that
occurred in the historical period on the segments forming the EAFZ were respectively 29 November 1114 (M> 7.8),
28 March 1513 (M > 7.4), 1822 Antakya Earthquake (Ms= 7.5), 1866 Karliova-Bing6l Earthquake (Mg = 7.2), 1872
earthquake (Ms = 7.2), 1874 (M5 = 7.1) and 1875 (Ms = 6.7) earthquakes and 2 March 1893 Malatya Earthquake
(Mg = 7.1) [37] (Fig. 1). Compared to its activities in the 19th century, the EAFZ was relatively quiet in the 20th
century [8, 37]. In the 20th century, the only earthquakes along the EAFZ were the 1905 Malatya and 1971 Bingo6l
earthquakes. The recent occurrence of the 2003 Bing6l, 2010 Bagyurt and 2020 Sivrice-Doganyol earthquakes and
the current occurrence of the 2023 Pazarcik (Mw=7.8) and Elbistan (Mw=7.6) earthquakes suggest that the fault is
much more active in the 21st century [14, 39, 40]. Historical earthquakes [8] and Coulomb stress change modelling
[38, 41-43] along the EAFZ indicate that the fault segment between Golbasi and Tiirkoglu creates a seismic gap. At
the same time, paleoseismological studies have revealed the existence of a high seismic hazard risk along the
southwestern part of the EAFZ after hundreds of years of silence [44]. The data from the trenches that have been
dug along the fault indicate that the earthquakes of 1114 and 1513 were the most recent earthquakes to rupture the
gap [45]. The 6 February Maras earthquakes occurred in this seismic gap, which has remained silent for more than
500 years, and the 1114, 1513, 1544 earthquake ruptures and a part of the 1893 earthquake rupture broke again.

Due to the earthquakes, many aftershocks occurred in the region. One of these is the largest aftershock with a
magnitude of Mw=6.7, which occurred southwest of the Pazarcik earthquake epicentre, immediately after the 6
February Pazarcik earthquake (Fig. 1). The other is the Defne aftershock with an instrumental magnitude of
Mw=6.4, which occurred on February 20, 2023, around Yayladag: (Hatay) at 20.04 local time, two weeks after the
February 6 earthquakes. The epicenter of the Defne aftershock is situated on the Antakya Fault Zone [46], a dip-slip
normal fault characterised by a left-lateral strike-slip component. This fault zone extends approximately 45 km in
length (Fig. 1). Due to this aftershock, 6 people died and 294 people were injured, 18 of them seriously [47]. The
hypocentral and source parameters of these earthquakes estimated by different seismological organizations and
previous studies given Table 1.

Earthquake sequences that result in large-magnitude events separated by short-time intervals can cause great loss
of life and destruction (for example, the 2019 Ridgecrest earthquakes, the 2022 Iran earthquake sequence and the
2022 Taiwan earthquakes). In addition, major aftershocks that occur after the main shock can increase the damage
caused by the main shock and cause even greater loss of life and destruction. An example of this is the February 22,
2011 Christchurch earthquake. While no loss of life was observed during the 2011 Christchurch mainshock, 182
deaths occurred due to the devastation that occurred after the aftershock, as the aftershock hypocenter was located
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shallower and right under the town of Christchurch [51]. Another example in this context is the November 9, 2011
Edremit aftershock (Mw = 5.7), which occurred after the October 23, 2011 Van earthquake (Mw=7.1) [52, 53].
Although there was relatively little destruction and loss of life in the city centre of Van during the main shock in the
2011 Van earthquake series, the Edremit aftershock particularly affected the city of Van, causing additional
destruction and loss of life. The most recent and striking example is the February 6 Pazarcik and Elbistan
earthquakes, which occurred in our country. While the occurrence of two major devastating earthquakes 9 hours
apart caused great loss of life and damage in a wide area covering 11 provinces, the loss of life and damage
increased even more, especially in Hatay province, with the Defne aftershock that occurred two weeks later on
February 20. In this context, the fact that two earthquakes occurred within 9 hours and were followed by the Defne
aftershock two weeks later makes it valuable to reveal the triggering relationship between these three earthquakes.

It has been suggested that changes in the Coulomb failure stress occur in such a way as to trigger earthquakes
[54, 55]. In the past, many crucial studies have been conducted showing that positive Coulomb failure stress plays a
role in bringing the fault closer to failure and, therefore, earthquake occurrence, while negative Coulomb failure
stress plays a role in delaying subsequent earthquakes [56-68]. In addition, aftershock distribution characteristics can
be determined by modelling Coulomb stress changes after the main shock [60, 65, 69-72]. In this context,
calculations of the change in Coulomb stress are of great importance for understanding the time-dependent
interactions between earthquakes and assessing seismic hazards. In this study, the spatial distribution of the
coseismic finite fault rupture of the February 20, 2023, Defne earthquake was obtained, and the triggering effect of
the February 6 earthquake sequence (the February 6 Pazarcik earthquake, the largest aftershock and the February 6
Elbistan earthquake) on the rupture of the Defne earthquake was revealed.

Table 1. Various seismological organisations and previous studies have estimated hypocentral and source parameters.

Lat Long Mw Strike (°) Dip (°) Rake (°)  Depth  Max. slip ﬁﬂeéanggt
© © NP1/NP2 NP1/NP2  NP1/NP2  (km) (m) (Ntm)
February 6, 2023, Pazarcik Earthquake
USGS-NEIC  37.226  37.014 7.8 228/318  89/89 -1/-179 17,5 5.389x10%
GCMT 3755 3745 7.8 51/143 70/86 -4/-160 15.1 5.8x10%
KOERI 3713  37.13 7.7 222/324 64165 -27/-152 10 3.78 x10®
AFAD 37.288  37.043 7.7 233/140  74/77 18/168 8.6
[46] 6.39 x10%
[6] 7.8 43 88 0 9.7 5.62 x10%
[48] 7.8 8 5.4 x10%
[50] 7.82 9 7.1 x10%°
[49] 78 9 6.51 x10%
February 6, 2023, Largest Aftershock

USGS-NEIC  37.189 36.893 6.7 9.8
GCMT 37.21  36.84 6.8 212/306  73/78 -13/-163  26.2 1.85 x10%
KOERI 37.233 36.7805 6.6 5

7
AFAD 37.304  36.92 6.6 300/187  70/43 -128/-30 6.2

February 6, 2023, Elbistan Earthquake
USGS-NEIC  38.011 37.196 75 277/186  78/87 4/168 135 2.637 x10%°
GCMT 38.08  37.22 7.7 264/0 46/83 -9/-136 12 453 x10%
KOERI 38.05  37.26 7.6 27316 67/81 -9/-157 10 2.73x10%
AFAD 38.089 37.239 76 358/90 73186 174/13 7
[46] 3.23 x10%
[6] 7.7 261 70 -4 8.1 453 x10%
[48] 5 3.3 x10%°
[50] 7.7 282 70 0 10 5.0 x10%°
[49] 76 7 3.64 x10%
February 20, 2023, Defne Aftershock

USGS-NEIC  36.162  36.025 6.3 333/225 69/53 -139/-27 115 4,09 x10%®
GCMT 36.06  36.03 6.3 226/328 42179 -16/-131 12 4,08 x10'
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KOERI 36.10  36.13 6.4 330/225 68/56 -143/-25 16 3.63 x10%
AFAD 36.037 36.021 6.4 214/332 57/55 -44/-138 2173

[48] 6.4 237 55 12 0.93

[6] 231 475 0.2 1

This study 225 53 -27 13.4 0.75 5.85x10"®

USGS-NEIC: United States Geological Survey-National Earthquake Information Center; GCMT: Global Centroid Moment Tensor Project;
KOERI: Kandilli Observatory and Earthquake Research Institute; AFAD: Republic of Turkey Ministry of Interior Disaster and Emergency
Management Authority

2. Finite-fault inversion, model parametrization and results

For the finite-fault analysis of the February 20 Defne aftershock, 21 teleseismic broadband displacement P
waveforms recorded by the Global Digital Seismograph Network (GDSN) and obtained from the Incorporated
Research Institutions for Seismology (IRIS) were used. The slip distribution model was obtained via the linear
finite-fault inversion method, a technique that has been employed for several decades to determine rupture
characteristics of earthquakes (see references [73-79] for more detail). In applying the method, a two-dimensional
model fault plane is first defined to represent the source of the earthquake (fault length and fault width). This is
followed by the division of the model fault plane into subfaults, which enables the spatial distribution of slip to be
determined. Accordingly, for the rupture of the Defne aftershock, a single-segment rectangular fault plane of 50 x 25
km? was selected and divided into 50 square subfaults (Fig. 2a, along strike 10, along down dip 5). The strike, dip
and rake angle of the initial model fault plane were taken as 225°, 53° and -27°, respectively, by considering the
source mechanism solutions given in Table 1 and placed within the crustal velocity field. The hypocenter location
(36.110°N, 26.062°E) and hypocenter depth (13.4 km) given by the USGS were taken as the starting point of the
rupture, and many inversion attempts were made. To simulate rupture front propagation along the model fault plane,
25-point sources were uniformly distributed on each subfaults and point source responses were calculated by
applying Generalized Ray Theory [80]. The elastic responses obtained in this way were summed with the
appropriate time delay, and artificial seismograms were calculated for each station (Fig. 2b).
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Fig. 2. (a) Defne aftershock model fault plane parameterizations used in the study; (b) comparison of the predicted P and SH waveforms
calculated for the slip model and (c) preferred co-seismic slip distribution obtained from the finite-fault analysis. The slips are contoured at 5 cm
intervals and only slips that are greater than 5 cm have a contoured. Solid stars represent the hypocenters.

Comparison of observed waveforms and fault segment synthetic waveforms Ax=b the system of linear equations
is over-defined. Here, matrix A is the matrix of fault segment synthetic seismograms, and b is the matrix of observed
seismograms at each station combined. x is the solution matrix containing the slip weights to be assigned to each
fault segment to ensure the agreement between the synthetic and the observed seismograms, and the Householder
least squares inversion method was used for its calculation. Six-time windows were used in the inversion, and the
source rise-time function within each time window was represented by an equilateral triangle with a rise and fall of
0.4 s, allowing a total rise time of 4.8 s at each point on the fault plane. Using this time window approach to
modeling allows for variations in rupture velocity and slip rise time on the model fault plane, allowing for accurate
modeling of complex source properties. The initial rupture velocity for the inversion was taken as 3.0 km/s ([81]
emphasized that the rupture velocity varies between 70% and 90% of the S-wave velocity for many earthquakes),
but inversions were also attempted for different rupture velocities. A detailed description of the method is given by
[73] and [76].
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In order to obtain the best fitting slip distribution model to the data, a large number of inversion experiments
were performed for different source parameters and different values of rupture velocity and focal depth.
Accordingly, the model with a rupture velocity of 3.3 km/s, a focal depth of 13.4 km, and strike, dip, and rake angles
of 225°, 53° and -27°, respectively, gave the best fit to the data. A comparison of the observed and synthetic
waveforms and the slip distribution pattern of the resulting model are given in Figs. 2b and c, respectively. The
unconformity between observed and synthetic waveforms for different inversion trials is defined as the L2 Euclidian
norm (Ib-AxI) [82].

The finite-fault slip distribution model of the Defne aftershock indicates that the rupture was caused by the failure
of a single fault asperity. Covering an area of 35 km x 18 km between depths of 6 and 20 km, the largest slip
reached 0.75 m near the hypocenter. The rupture was confined at the hypocenter and proceeded unilaterally towards
the northeast. It released a total seismic moment of 5.85x10*® Nt.m (Mw=6.4).

3. Coulomb stress changes modeling

When earthquakes occur, they cause a change in the stress state on the neighbouring faults around them, and in
this way, they can trigger an earthquake that will occur around the mainshock, bringing it forward or delaying it [57,
60 83-68]. Many studies have shown that there is a stress-triggering relationship between medium and large
earthquake sequences (etc. 1999 Izmit (Mw?7.4) and Diizce (Mw7.2) earthquake sequence [79]; 2015 Nepal (Mw7.8)
and Mw?7.1 earthquake sequence [89]; 2019 Ridgecrest (M6.4) and Mw7.1 earthquake sequence [90-92]) and that
there is a relationship between successive mainshock-aftershock occurrences and earthquake stress changes [61, 63,
64, 72].

Coulomb failure criteria are widely used to characterize the conditions under which failure occurs and;

Aoy = At + p'Ao, (
1)
is expressed by the relation. Here, At and Ac,, changes in shear stress and normal stress on the target fault plane, ' is
the effective friction coefficient, including the unknown effects of pore water pressure [60, 63]. It is emphasized that
p' is a value ranging between 0.2-0.8 and has no critical effect on Coulomb stress calculations, and taking it as 0.4
reduces the margin of error in modeling results by 25% [60, 61, 97, 98]. Accordingly, p' value was taken as 0.4,
Young's modulus as 8x10° bar and Poisson's ratio as 0.25 in all stress calculations performed within the scope of the
study. Stress changes were calculated using [99]’s coseismic elastic dislocation model by considering earthquake
ruptures as rectangular dislocation surfaces in an elastic semi-infinite medium. A Coulomb stress change value
greater than zero (positive) indicates that fracture has become probable, while a negative value indicates the
opposite. The Coulomb 3.2 package program was used for the calculations [68, 100], and the increase in stress is
represented in red and the decrease in blue.

The focal and source parameters (strike, dip, rake and fault dimension) of the earthquakes that constitute the
source in the coseismic coulomb stress change calculations are summarized in Table 2 (the February 6 Pazarcik, the
largest aftershock, the February 6 Elbistan and the Defne aftershock). For the February 6 Pazarcik and Elbistan
earthquakes, the fault slip distribution model obtained by [6] based on coseismic INSAR and GPS displacements was
used. The homogeneous rupture model dimensions (fault length x fault width) and the maximum slip value for the
largest aftershock were determined as 30 km x13 km and -0.90 cm, respectively (depending on the magnitude
(Mw=6.7)) based on the empirical relations of [101]. Fault parameters given by GCMT were used for the
determined rupture model, and this fault plane was placed in the source region.
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Table 2. Source earthquake rupture parameters in Coulomb stress change modelling.
Lat. Fault Fault

Eaﬁg?niake Date Lon. Mw St(rcl)ke [()ol)p R(a;;( € length | width Mé})rishp Ref.
) (km) (km)
Source Earthquakes
S1 211
S2 34.3
S3 66.9
February 6 37.288 S4 50.7 .
Pazargk 06.02.2023 37.043 7.8 S5 677 88 0 175 20.00 Variable [6]
S6 205
S7 8.3
S8 92.3
37.189 [101]
Largest Aftershock | 06.02.2023 36.893 6.7 212* 73* -13* 30 13 -0.90 *GCMT
S1 249.1
S2 269.4
February 6 38.089 S3 | 2819 .
Elbisg] 06022023 | o000 | 76 it oae 1| 10 -4 150 21.28 | Variable [6]
S5 231.4
S6 2.3
Defrie Aftershock | 20.02.2023 | S0ee0 | 6.4 225 53 | 27 | 35 25 | Variable | M
. study

The map view of the Coulomb stress change models calculated to investigate whether the February 6 earthquake
sequence triggered the Defne aftershock rupture is shown in Figs. 3 and 4. Stress patterns were calculated on the
Defne aftershock rupture plane, from which we obtained the slip distribution model (Strike=225°, Dip=53°, Rake=-
27°), and for a depth of 13.4 km corresponding to its hypocenter depth. Fig. 3a shows the stress changes calculated
for the February 6 Pazarcik earthquake, Fig. 3b for the largest aftershock and Fig. 3¢ for the February 6 Elbistan
earthquake.

Fig. 3 shows that the rupture plane of the Defne aftershock was subjected to positive stress due to the February 6
Pazarcik and the largest aftershock earthquakes and negative stress due to the February 6 Elbistan earthquake. This
suggests that the February 6 Pazarcik and the largest aftershock earthquakes triggered the rupture of the Defne
aftershock. In order to reveal the triggering stress effect of each earthquake, stress values were calculated at different
epicentral locations (Fig. 3) and hypocentral depths given by USGS, GCMT, AFAD and KOERI for the Defne
aftershock (Table 3). The high positive Coulomb stress values calculated at all hypocentral locations revealed that
the rupture of the Defne aftershock was predominantly caused by the triggering effect of the rupture of the February
6 Pazarcik earthquake.
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Fig. 3. Map view of Coulomb stress change over the Defne aftershock fault plane caused by (a) the February 6 Pazarcik; (b) the largest
aftershock; (c) the February 6 Elbistan earthquake. Green lines are fault planes on the surface for earthquakes. The white rectangle is the Defne
aftershock fault plane. White circles indicate the location of the Defne aftershock by USGS, KOERI, AFAD and GCMT, respectively. White
stars are earthquake epicentres according to AFAD.

In order to examine the combined effects of the earthquakes, Fig. 4a shows the map image of the Coulomb stress
change model calculated on the rupture plane of the Defne aftershock due to February 6 Pazarcik and the largest
aftershock earthquakes. Fig. 4b shows the map image of the Coulomb stress change models calculated on the
rupture plane of the Defne aftershock due to the February 6 earthquake sequence. When Figs. 4a and b are analyzed,
it is noteworthy that the rupture plane of the Defne aftershock is located in the area of positive Coulomb stress
increase.
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Fig. 4. The map view illustrates the change in Coulomb stress changes over the Defne aftershock fault plane resulting from (a) the February 6,
Pazarcik and the largest aftershock earthquakes; (b) the earthquake sequence. See labels within the figures caption of Fig. 3 for the other details.

In order to determine the triggering relationship of earthquake ruptures on neighboring faults, Coulomb stress
changes were calculated on the DSF, which extends in the N-S direction just south of the February 6, earthquake
sequence and the Defne aftershock ruptures (Fig. 5). The direction of the plane where the stress changes were
calculated for the DSF was determined from the map trace (180°), and the dip and rake angle were taken as 87° and
0°, respectively [102]. Calculations were made for a depth of 10 km. Firstly, the Coulomb stress change model was
calculated on the DSF where the February 6 earthquake sequence and the Defne aftershock earthquakes were
defined as the source fault, and it was noted that a positive stress field of over 1 bar was formed in the northern part
(Fig. 5a). When the stress change model was calculated only due to the rupture of the Defne aftershock, a very low
positive stress field was obtained in the same part (Fig. 5b).

Stress values were calculated at four different points (Fig. 5; P1, P2, P3 and P4) to determine the spatial
distribution of stress changes along the northern part of the DSF (Table 3). Accordingly, points P1 and P2 on the
western segment in the northern part of the DSF were predominantly loaded with positive stress above 1 bar due to
the February 6 Pazarcik earthquake, while point P4 was loaded with positive stress around 0.5 bar. While the rupture
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of the Defne aftershock created a negative stress field in the south, it had a very small positive stress loading effect
on points P1 and P3 in the north (Fig. 5, Table 3).
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Fig. 5. Map view of Coulomb stress change over the northern part of the DSF caused by (a) February 6, earthquake sequence and the Defne
aftershock earthquakes; (b) the Defne aftershock. White circles indicate the points for which the stress values are sampled (see Table 3). Fault
traces of the DSF were taken from [104].

4. Discussion

In this study, the finite-fault slip distribution model of the Defne aftershock is derived from the inversion of
broadband teleseismic P waveforms. The coseismic slip distribution model shown in Fig. 2¢ indicates that the Defne
aftershock rupture occurred with a maximum slip of 0.75 m, with a single fault asperity over a fault area of 35 km
by 18 km. The rupture started at the hypocenter, propagated unilaterally to the NE and released a total seismic
moment of 5.85x10*® Nt.m. The finite-fault slip distribution model is relatively similar to the slip distribution
models obtained by [6] and [48] based on INSAR data, except for the maximum amount of slip. Their slip
distribution models show a slip value of about 1 meter around the hypocenter, while the finite-fault slip distribution
model shows a relatively low slip value of 0.75 m. All the obtained models show that the rupture propagated to the
NE and completed its maximum slip in an area including Hatay province. This explains why the loss of life and
damage from the Defne aftershock was more severe in Hatay.

The Coulomb stress change maps created to investigate whether the rupture of the Defne aftershock occurred due
to stress triggering revealed that the rupture of the Defne aftershock occurred in the area of positive stress loading
(Fig. 3). The February 6 Pazarcik and the largest aftershock created a triggering positive stress load on the rupture
plane of the Defne aftershock, while the February 6, Elbistan earthquake created a negative stress shadow. [40] and
[84] emphasized that the triggering threshold for a critical fault close to failure is 0.1- 0.5 bar. Accordingly, when
Table 3 is analyzed, the triggering effect of the February 6, Pazarcik earthquake on the rupture of the Defne
earthquake is clearly seen (>1 bar). Positive stress values ranging from 0.002 to 0.005 bar originating from the
largest aftershock indicate that this stress effect is negligible. The February 6 Elbistan earthquake created a stress
shadow between -0.030- -0.040 bar at all epicenter locations given. This is interpreted as the rupture of the February
6 Elbistan earthquake with very low negative stress values did not have a delaying effect on the rupture of the Defne
aftershock.
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In order to reveal the combined effect of earthquake ruptures in Coulomb stress modeling further, calculations
were made on the Defne aftershock rupture due to both the February 6 Pazarcik and the largest aftershock
earthquakes and the February 6 earthquake sequence. The stress models showed that the rupture of the Defne
aftershock is located in the positive stress field for both cases (Fig. 4). When stress values were calculated for the
Defne aftershock at different hypocentral locations, high positive stress values close to each other were obtained
(Table 3). Accordingly, the stress values calculated at USGS, GCMT, AFAD and KOERI hypocentral locations for
the February 6 Pazarcik and the largest aftershock earthquakes are 0.234 bar, 2.009 bar, 1.912 bar and 1.097 bar,
respectively, while the stress values obtained by taking into account the February 6 Elbistan earthquake are 0.116
bar, 2.121 bar, 1.878 bar and 1.107 bar, respectively. It is noteworthy that these high-stress values are almost the
same as the stress values calculated only for the February 6 Pazarcik earthquake (Table 3). This suggests that the
stress shadow created by the February 6 Elbistan earthquake had a negligible effect in delaying the rupture of the
Defne aftershock and that the Defne aftershock rupture was predominantly triggered by the rupture of the February
6 Pazarcik earthquake. [6] and [103] emphasized that the Defne aftershock was triggered by the February 6 Pazarcik
earthquake with a significant positive stress load in the epicenter region.

Table 3. The Coulomb stress change values calculated for different scenarios and locations.
USGS (225/53/-27)

USGS GCMT AFAD KOERI
Long (°):  36.025 36.06 36.037 36.10
< Lat (°): 36.162 36.03 36.021 36.13
e Calculation Depth (km): 115 12 21.73 16
ﬁ Coulomb stress changes (bar)
8 06 February Pazarcik Eq. 0.198 2.041 1.923 1.075
g Largest aftershock_6.7 0.005 0.002 0.002 0.004
iL 06 February Elbistan Eq. -0.038 -0.029 -0.037 -0.038
£ 00 rebmary Pazarcile Largest 0.234 2.009 1912 1007
06 February Pazarcik Eq.
Largest Aftershock 0.116 2121 1.878 1.107
06 February Elbistan Eq.
Dead Sea Fault Plane (180/87/0)
P1 P2 P3 P4
Long (°): 36.356 36.356 36.532 36.405
Lat(°): 35955 35.844 35.884 35.578
© Calculation Depth (km): 10
5 Coulomb stress changes (bar)
E’ 06 February Pazarcik Eq. 1.258 1.161 -0.306 0.486
5 Largest aftershock_6.7 0.010 0.009 0.010 0.005
L 06 February Elbistan Eq. -0.001 -0.004 -0.018 -0.009
Defne aftershock 0.060 -0.006 0.033 -0.015
06 February Pazarcik Eq.
Largest aftershock_6.7 1.255 1.079 -0.279 0.448

06 February Elbistan Eq.

In all stress models obtained in Fig. 5, the finite-fault slip distribution model we obtained for the rupture of the
Defne aftershock was used. The Coulomb stress model calculated on the DSF due to the February 6 earthquake
sequence, including the Defne aftershock, revealed that the northern part of the DSF is loaded with positive stress
(Fig. 5a). This positive stress loading field indicates that the northern part of the DSF is more likely to rupture in the
future. When the stress change model calculated only for the Defne aftershock in Fig. 5b is analyzed, it is
noteworthy that the positive stress is negligibly small. Two major earthquakes occurred along the northern part of
the DSF, one in the eastern segment in 1157 (M=7.0-7.5) and the other in the western segment in 1408 (M>7.5)
[104]. The rupture zones of these earthquakes are shown in Fig. 5 (Transparent white areas). Points P1 and P2 are
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selected on the 1408 earthquake rupture and points P3 and P4 are selected on the 1157 earthquake rupture. When
Table 3 is examined, it is noteworthy that the 1408 fracture with high stress values (1.255 bar for the P1 point and
1.079 bar for the P2 point) is loaded with a triggering positive stress and the stress load is predominantly caused by
the rupture of the February 6 Pazarcik earthquake. Although the rupture of the Defne aftershock created a stress load
of 0.33 bar on point P3, it could not carry the stress shadow created by the February 6, earthquake to positive.
Accordingly, point P3 is located in the stress shadow with a stress value of -0.279 bar. The stress load of 0.448 bar
on point P4, located south of the 1157 rupture, is predominantly due to the rupture of the February 6 Pazarcik
earthquake. The rupture of the Defne aftershock created a stress shadow of -0.015 bar at this point. On the other
hand, the February 6 Elbistan earthquake created a stress shadow at all points, but this was not enough to delay a
fault rupture. This is explained by the location of the February 6 Elbistan earthquake rupture and the distance from
the points where stress calculations were performed. The absence of a large-scale earthquake north of the DSF for
more than 600 years, the positive Coulomb stress changes values caused predominantly by the February 6 Pazarcik
earthquake, and the negligible effect of the Defne aftershock rupture have increased the probability of future rupture
in this part of the fault, perhaps bringing it forward. Therefore, special attention should be paid to this fault.

5. Conclusions

Here, a finite-fault slip distribution model was obtained from the inversion of the teleseismic P waveforms of the
February 20, 2023, Defne aftershock, which occurred shortly after the devastating February 6 Pazarcik and Elbistan
earthquakes. The slip model showed that the rupture was caused by the rupture of an asperity located between 6-12
km depth with a maximum displacement of about 0.75 m. The rupture propagated unilaterally from the hypocenter
to the NE. A total seismic moment of 5.85x10* Nt.m was released. Coulomb stress change modeling showed that
the high positive stress load from the rupture of the February 6 Pazarcik earthquake played the dominant triggering
role in the rupture of the Defne aftershock. In addition, stress variation modeling on the DSF showed high positive
stress values in the northern part. The positive stress load and the fact that no major earthquake has occurred for a
long time showed that the seismic risk for the northern part of the DSF is high.
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