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ABSTRACT

SPATIO-TEMPORAL ANALYSIS OF SEISMIC HAZARD
POTENTIAL IN THE SOUTHWESTERN REGION OF THE EAST
ANATOLIAN FAULT

Tiirkiye is one of the most seismically active regions in the world due to its location at
the intersection of the Eurasian, Arabian, and African tectonic plates. The country's tectonic
regime is primarily governed by two major strike-slip fault systems, namely the North
Anatolian Fault (NAF) and the East Anatolian Fault (EAF). On February 6, 2023,
southeastern Tiirkiye experienced a devastating earthquake doublet, with moment
magnitudes of 7.8 and 7.6, occurring nine hours apart along different segments of the EAF
system. These events caused widespread destruction across 11 provinces, affecting millions
of people and significantly altering the stress regime of the region. This study investigates
the seismic behavior of the southwestern part of the EAF system before and after the 2023
earthquakes to understand the seismic hazard potentials. To achieve this, a combined
approach was adopted involving Coulomb stress modeling, b-value analysis, and geodetic
deformation assessment. Coulomb stress change calculations were performed to evaluate
stress transfer and potential triggering in adjacent fault segments. In addition, the b-values,
derived from the Gutenberg-Richter frequency-magnitude relationship, were used to detect
spatiotemporal stress accumulation and release zones, with additional sub-period analysis
revealing the impact of the 2023 events and background seismicity of the region. To
complement these two approaches, coseismic deformation was analyzed using the INSAR
technique, observing displacement patterns across the affected region. Additionally, strain
rate fields were reviewed from regional GPS data to identify areas of increased tectonic
stress. By integrating these geodetic and seismological datasets, the study highlights
overlapping regions characterized by high strain accumulation, low b-values, and positive
coulomb stress changes. The convergence of these datasets contributes a comprehensive
framework for understanding tectonic stress evolution and improving future seismic hazard

assessments along the southern and southwestern parts of the EAF system.



OZET

DOGU ANADOLU FAYI GUNEYBATI BOLUMUNUN MEKANSAL
VE ZAMANSAL SiSMiK TEHLIKE ANALIZi

Tirkiye, Avrasya, Arap ve Afrika tektonik levhalarinin kesisim noktasinda yer almasi
nedeniyle diinyanin sismik agidan en aktif bolgelerinden biridir. Ulkenin tektonik rejimi,
baslica iki bliylik dogrultu atimli fay sistemi olan Kuzey Anadolu Fay1 (KAF) ve Dogu
Anadolu Fay1 (DAF) tarafindan belirlenmektedir. 6 Subat 2023 tarihinde Tiirkiye’nin
giineydogusunda, DAF boyunca farkli segmentlerde dokuz saat arayla meydana gelen
Mw7.8 ve Mw7.6 biiylikligindeki depremler, 11 ilde biiyilk yikima neden olmus,
milyonlarca insani etkilemis ve bolgedeki gerilme rejimini 6nemli dlglide degistirmistir. Bu
calisma, 2023 depremleri 6ncesi ve sonrasindaki sismik davranislari analiz ederek bolgedeki
deprem tehlikesinin nasil evrildigini ortaya koymayr amaclamaktadir. Bu amag
dogrultusunda, b-degeri analizi, Coulomb gerilme degisimi modellemesi ve jeodezik
deformasyon analizi iceren biitiinlesik bir yontem uygulanmistir. Gutenberg-Richter
frekans-biiyiikliik iligkisine dayanan b-degeri, mekansal ve zamansal olarak gerilme birikimi
ve bosalimi olan bolgelerin belirlenmesinde kullanilmistir. Ayrica ¢calisma donemi alt zaman
dilimlerine ayrilarak 2023 depremlerinin etkisi ve bdlgenin arka plan sismisitesi detayli
bicimde incelenmistir. Bunun yani sira, odak mekanizmasi c¢oziimleri ve kaynak
parametreleri kullanilarak Coulomb gerilme degisim hesaplamalari yapilmis, komsu fay
segmentlerindeki olasi tetiklenmeler degerlendirilmistir. Bu iki yaklagimi tamamlamak
amactyla, InSAR teknigi ile meydana gelen yiizey deformasyonlart incelenmistir. Ayrica,
artan tektonik yiiklenme bolgelerini belirlemek amaciyla onceki ¢alismalarda kullanilan
bolgesel GPS verilerinden elde edilen gerinim orani alanlart gozden gegirilmistir. Bu veri
setlerinin entegrasyonu ile bu c¢alismada bolgedeki yiiksek gerinim birikimi, diisiik b-
degerleri ve pozitif Coulomb gerilme degisimleri ile karakterize edilen bolgeler
vurgulanmigtir. Bu kapsamli analiz DAF sisteminin giiney ve giineybati segmentleri
boyunca tektonik gerilme evriminin anlagilmasina ve gelecekteki deprem risklerinin

degerlendirilmesine katki saglamaktadir.
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1. INTRODUCTION

Tiirkiye is one of the most tectonically active regions in the world due to its location
at the intersection of major tectonic plates (McKenzie, 1972). It is dominated by two major
transform fault systems namely, the North Anatolian Fault (NAF) system and the East
Anatolian Fault (EAF) system (Figure 1). The NAF is a right-lateral fault system extending
for ~1200 km with an east-west striking trend along the Eurasian and Anatolian Plate
boundary. It starts from Karliova in the east and continues towards the North Aegean Sea in
the west (Sengor, 1979; Sengor and Canitez, 1982). In contrast, the EAF is a left-lateral fault

system extending for ~700 km with a northeast-southwest striking trend along the boundary

between Anatolian and Arabian plates (Arpat and Saroglu, 1972; Arpat and Saroglu, 1975;
Hempton, 1981).
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Figure 1.1. The basic tectonic settings of Tiirkiye. Active faults are illustrated in black
lines (Emre et al., 2013). Red line represents the plate boundary (Bird, 2003). The black

arrows show the relative motion of tectonic plates.



Tiirkiye has been highly susceptible to major earthquakes throughout its history. Both
the NAF and the EAF have experienced devastating earthquakes over the past 100 years.
The NAF, in particular, has been the site of several destructive events during the twentieth
century, including the 1912 moment magnitude (Mw) 7.2 Ganos Earthquake, the 1939 Mw
7.8 Erzincan Earthquake, the 1999 Mw 7.4 izmit and Mw 7.2 Diizce Earthquakes. On the
EAF, three moderate events occurred in the last 50 years including the 1971 Mw 6.7, the
2020 Mw 6.1, and the 2020 Mw 6.8 earthquakes. These were followed by two large events,
namely the 2023 Mw 7.8 (The Pazarcik Earthquake) and Mw 7.6 (The Elbistan Earthquake)
Kahramanmaras earthquakes.

In February 2023, two devastating earthquakes struck southeastern Tiirkiye. The first
event, with a magnitude of Mw 7.8, took place at 01:17 UTC and was followed just nine
hours later by a second shock with a magnitude of Mw 7.6 (KOERI, 2023). This earthquake
doublet caused immense destruction and loss of life, impacting a total of 11 provinces in the
southern and eastern parts of the country and affecting a combined population of
approximately 15 million people (AFAD, 2023). Both earthquakes took place along different
fault segments of the EAF system. Based on space geodetic and seismological techniques,
both events were characterized by the sinistral strike-slip motion. The first shock ruptured
several segments, extending over 300 km in a northeast-southeast direction, while the second
shock occurred approximately 95 km northwest of the first event, followed an east-west
orientation, and produced a surface rupture of around 150 km. The maximum coseismic slip
ranges from 8 to 10 meters for the Mw 7.8 earthquake while for the Mw 7.6 earthquake it
ranges from 6 to 12 meters (Melgar et al., 2023; Barbot et al., 2023; Mai et al., 2023; He et
al., 2023).

Previous studies have primarily focused on the main fault segments along the EAF,
with comparatively less attention paid to secondary or subsidiary fault structures following
the 2023 Kahramanmaras earthquakes. However, the 2023 doublet earthquakes did not occur
along the primary strands of the EAF. It demonstrates the importance of reconsidering the
role of sub-faults in regional seismic hazard assessments. These faults may still pose
significant earthquake risk and should not be underestimated, particularly considering the
2023 earthquakes, which emphasize the importance of monitoring how and where stress is

transferred along these structures. Due to the limited number of studies specifically targeting



the southern and southwestern segments of the EAF, further investigation is essential to

improve the understanding of seismic hazard in these less-studied areas.

This study investigates the seismicity patterns before and after the 2023 doublet
earthquakes to identify regions with increased seismic hazard and assess the potential for
future earthquake activity along the southern part of the EAF and adjacent fault systems. To
achieve this, a multidisciplinary approach was employed; incorporating long-term
spatiotemporal b-value analysis and Coulomb Stress change modeling to evaluate variations
in crustal stress. Additionally, the Interferometric Synthetic Aperture Radar (InSAR)
technique was utilized to detect coseismic surface displacements resulting from the 2023
events. Strain rate fields were also reviewed to identify areas of elevated tectonic loading
along the EAF.

The research was conducted in five main steps. First, earthquake catalogs from both
historical and instrumental periods were compiled to identify active faults with the potential
to generate earthquakes in the region. Focal mechanism solutions were investigated to
characterize the faulting mechanism in the region. In the second step, Coulomb stress
analysis was applied to further interpret the effects of the doublet earthquakes, demonstrating
the redistribution of tectonic stress and the potential for future earthquake triggering within
the study region. In the third step, b-values, derived from the Gutenberg-Richter frequency-
magnitude relationship, were assessed both spatially and temporally for the period 1995-
2024. The analysis was also subdivided into intervals to evaluate variations of b-values over
time. In the next step, INSAR analysis was performed to observe deformation resulting from
the 2023 doublet earthquakes. In the final step, strain rate fields were reviewed to compare
the highlighted regions and to identify areas of increased tectonic loading. The results of this
integrated, multidisciplinary approach will provide a framework for improved seismic

hazard assessment and contribute to ongoing studies to address earthquake risk in the region.



2. TECTONIC SETTINGS OF THE EAF

2.1. Study Area

The study area is located in the southern and southwestern part of the EAF and it is
bounded by latitudes 36.5°N-38.5°N and longitudes 34.5°E-38.5°E (Figure 2.1). This region
hold particular importance due to the occurrence of a devastating doublet earthquake
sequence in 2023. Additionally, it is located within a tectonically complex zone by the
interactions of major plates, making it a critical area for seismic studies.

Approximately 15% of the energy released by global seismic events comes from the
Alpide-Himalayan seismic belt, the second most active region in the world after the Ring of
Fire (Donner et al. 2010). It is driven by ongoing tectonic deformation occurring within the
plates (Console et al. 2003). The belt is located where the Eurasian Plate meets with three
major tectonic plates: the African, Arabian, and Indo-Australian Plates (Bird, 2003).
Positioned between the Eurasian, Arabian, and African plates, the Anatolian plate forms a
small microplate (Figure 1). The formation of this region was shaped by several major
tectonic processes, including the closure of the Neotethys Ocean, the collision of the Arabian
and African plates with the Eurasian plate to the east, and the subduction of the African Plate
in the southwest (Ketin, 1966; Sengdr and Yilmaz, 1981; Okay and Tiiysiiz, 1999; Bozkurt,
2001). These interactions have shaped the region’s present-day tectonic setting, leading to
various active tectonic zones such as subduction, crustal extension, lateral extrusion,
continental collision and escape tectonics. For example, the formation of the EAF and NAF
is closely related to the mechanics of escape tectonics in a continental collision setting.
(McKenzie, 1972, 1978; Sengor and Yilmaz, 1981; Jackson and McKenzie, 1984; Sengor,
1980; Sengor et al., 1985, Dewey et al., 1986; Barka and Reilinger, 1997; Bozkurt, 2001,
Kogyigit and Ozacar, 2003). Due to the complex tectonic framework of Tiirkiye, it is one of

the most geologically active regions in the world.

The EAF is the active tectonic structure in the study area. In the northeast, the EAF

extends to Karliova Basin, where the relative motion between the Eurasian and Arabian plate



is accommodated by the NAF, EAF and Varto Fault (Sengor, 1979; Sengor et al., 1985;
Saroglu, 1985). However, termination of the EAF in the southeast remains a subject of
scientific debate. The main fault strand extends in the direction of Cyprus, at the intersection
of the Anatolian and African plates based on preliminary research on the EAF (McKenzie,
1972; Dewey, 1973). According to several studies, Kahramanmaras triple junction, close to
Tirkoglu, is where the EAF intersects with the Dead Sea Fault (DSF) (Jackson and
McKenzie, 1984; Hempton, 1987, Barka and Kadinsky-Cade, 1988). Other studies argued
that in the region between Hatay, Osmaniye and Cilicia, the EAF ultimately connects with
the DSF in the southwest. (Arpat and Saroglu, 1975; Chorowicz et al., 1994; Duman and
Emre, 2013; Sengor et al., 2019). Duman and Emre (2013) convention was followed for the
fault names along the EAF in the study area (Figure 2.1).
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Figure 2.1. Active Faults within the study area along the EAF. Fault names shown in red
represent the northern strand of the EAF (Duman and Emre, 2013).



According to Duman and Emre (2013) convention, the EAF is described as comprising

two major strands: the main and northern strands. The former, also known as the southern

strand, is an active left-lateral fault system that stretches around 580 km from Karliova to

Antakya in the south. The following describes its seven fault segments, which extend from
NE to SW (Duman and Emre, 2013):

(i)
(i)
(iii)
(iv)
(v)
(vi)
(vii)

The Karliova Fault Segment is a N50°E striking with the length of 31 km.
The Ilica Fault Segment is a N40°E striking fault, 40 km long.

The Palu Fault Segment is a N62°E striking with the length of 70 km.

The Piitiirge Fault Segment is a N60°E striking fault and it is 96 km long.
The Erkenek Fault Segment strikes N75°E and extends for 62 km.

The Pazarcik Fault Segment is a N60°E striking fault, 82 km long.

The Amanos Fault Segment is a N35°E trending with the length of 112 km.

The northern strand of the EAF is a 380-km-long active left-lateral strike-slip fault

system. It is also known as the Siirgii-Misis Fault System (SMF). It splits from Celikhan and

extends southward to the Gulf of Iskenderun. The following describes nine fault segments

of the system (Duman and Emre, 2013):

(i)

(i)

(iii)

(iv)

(v)

(vi)

The Siirgii Fault Segment (SUFS) is an E-W striking, 55 km-long fault that
splits from the EAF near Celikhan and ends within the Nurhak Fault complex
(NHC).

The Cardak Fault Segment (CFS) is an E-W (N75°E) striking, 85 km-long fault
located between the NHC and the Goksun bend. It represents as the longest
segment of the system.

The Savrun Fault Segment (SFS) is a N50°E striking fault and it extends for
60 km.

The Cokak Fault Segment (COFS) is a N15°E striking fault and it is 25 km
long.

The Toprakkale Fault Segment (TOFS) strikes N30°-35°E and extends for 52
km.

The Yakapinar (Misis) Fault Segment (YAFS) is a N45°E trending fault with
the length of 35 km.



(vii)  The Yumurtalik Fault Segment (YFS) strikes N45°E and extends for 41 km.

(viii) The Karatas Fault Segment (KFS) is a N41°E striking fault with a length of 64
km.

(ix) The Diizigi-Iskenderun Fault zone consists of three fault segments: The Diizigi-
Iskenderun (DIFS), Erzin (EFS), and Payas (PFS) segments. The Diizigi-
Iskenderun strikes NE-SW and extends for 45 km. The Erzin comprises parallel
faults trending N15°-20°E. The Payas is a 26 km-long fault striking N10°E and
dipping 65°-70° to the west.

Geodetic observations (Figure 2.2) suggested that Anatolia microplate and
neighboring regions are rotating counterclockwise and displacing in a southwest direction
with respect to Eurasia (McClusky et al., 2000; Reilinger et al., 2006; Aktug et al., 2013).
According to Reilinger et al. (2006), Arabian and African plates are moving N and NW at
slip rates of 15 and 5 mm/yr, whereas the Anatolian and Aegean plate motions with regard
to the Eurasian plate are W and SW directions at slip rates of 21 and 33 mm/yr, respectively.
Based on previous geological, geodetic, and geomorphological studies, slip rates vary along
segments of the EAF (McClusky, 2000; Reilinger et al., 2006; Y1lmaz et al., 2006; Mahmoud
et al., 2013). Near Karliova, the slip rate drops from 10 mm/yr to about 4 mm/yr near
Tiirkoglu (Kog and Kaymake1, 2013; Bayrak et al., 2015; Aktug et al., 2016). Further south,
the slip rate reaches about 4.2 mm/yr along the DSF’s northern segment (Aktug et al., 2016;
Yildiz et al., 2020). Along the northern strand of the EAF, slip rates relatively low and range
between 2.5 mm/yr and 1 mm/yr (Duman and Emre, 2013; Yonlii et al., 2017).
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Figure 2.2. Geodetic slip rates of the EAF and the surrounding tectonic plates (modified
from Reilinger et al., (2006); Mahmoud et al., (2013); Aktug et al., (2016); Yildiz et al.,
(2020)).

2.2. Present Day and Historical Seismicity

Historical and instrumental period earthquakes that took place in the region were
analyzed in order to identify seismic activity in the study area. Historical earthquake catalogs
provide long-term data on past earthquakes, with records dating from ancient times to the
early 1900’s. Historical seismicity helps to assess seismic hazard potential and understand
fault behavior over long time. The Disaster and Emergency Management Presidency
(AFAD) and the Kandilli Observatory and Earthquake Research Institute (KOERI) data were
utilized to compile historical earthquakes that occurred before 1900 within their intensities
range of VI-X (Table 2.1).



Table 2.1. List of historical earthquakes.

Year | Longitude | Latitude | Intensity | Reference
679 37,51 36,37 9 AFAD
713 37,96 36,53 8 AFAD
715 37,9 36,5 9 AFAD
791 37,1 36,2 8 AFAD
963 37 36,6 8 AFAD
1003 37,51 36,37 8 AFAD
1037 37,51 36,37 7 AFAD
1042 37,9 36,5 8 AFAD
1089 37,9 36,5 8 AFAD
1109 37,9 36,5 8 AFAD
1114 35,5 36,5 7 AFAD
1137 37,15 36,2 9 AFAD
1138 37,2 36,3 8 AFAD
1156 37,15 36,21 8 AFAD
1204 37,1 36,2 8 AFAD
1404 37 36,3 7 AFAD
1854 36,6 36,2 7 AFAD
1719 37,1 36,2 9 AFAD
1779 37,15 36,21 5 AFAD
1795 37,1 36,2 7 AFAD
1831 37,1 36,2 7 AFAD
1846 37,1 36,2 6 AFAD
1884 37,2 36,3 7 AFAD
1873 35,9 36,1 6 AFAD
37 36,1 36,24 8 AFAD
41 36,17 36,12 8 AFAD
79 36,1 36,25 7 AFAD
115 36,1 36,25 9 AFAD
117 36,1 36,25 7 AFAD
220 36,1 36,25 8 AFAD
240 38,25 38,32 9 AFAD
242 36,5 37,3 10 AFAD
272 36,1 36,25 8 AFAD
300 35,8 37,06 8 AFAD
341 36,1 36,25 8 AFAD
345 36,1 36,25 8 AFAD
388 36,1 36,25 6 AFAD
395 36,1 36,25 8 AFAD
458 36,1 36,25 9 AFAD
506 36,1 36,25 9 AFAD
525 35,9 37,2 8 AFAD




Table 2.1. List of historical earthquakes. (cont.)

Year | Longitude | Latitude | Intensity | Reference
525 36,49 36,7 6 AFAD
526 36,1 36,25 9 AFAD
526 36,1 36,25 6 AFAD
527 36,1 36,25 6 AFAD
528 36,1 36,25 9 AFAD
553 36,1 36,25 7 AFAD
557 36,16 36,2 7 AFAD
558 35,9 37,2 8 AFAD
570 36,17 36,19 8 AFAD
577 36,17 36,18 7 AFAD
579 36,1 36,25 7 AFAD
581 36,1 36,25 6 AFAD
588 36,1 36,25 9 AFAD
639 36,1 36,25 7 AFAD
716 36,1 36,25 7 AFAD
775 36,1 36,25 7 AFAD
803 34,9 36,91 8 AFAD
860 36,1 36,25 9 AFAD
867 36,1 36,25 9 AFAD
952 36,93 37,58 7 AFAD
972 36,1 36,25 7 AFAD

1053 36,1 36,25 8 AFAD

1091 36,1 36,25 7 AFAD

1114 36,1 36,25 8 AFAD

1114 36,9 37,6 9 AFAD

1190 36,1 36,25 8 AFAD

1212 36,1 36,25 6 AFAD

1222 37,1 36,74 6 AFAD

1407 36,48 36,7 6 AFAD

1537 36,16 36,2 6 AFAD

1544 37 38 8 AFAD

1726 36,1 36,25 6 AFAD

1738 36,1 36,25 7 AFAD

1779 38,3 38,35 8 AFAD

1822 36,2 36,4 9 AFAD

1738 36,1 36,25 7 AFAD

1779 38,3 38,35 8 AFAD

1822 36,2 36,4 9 AFAD

1872 36,5 36,4 10 AFAD

1872 36,5 36,4 6 AFAD

1875 36,1 36,2 7 AFAD

10



Table 2.1. List of historical earthquakes. (cont.)

Year | Longitude | Latitude | Intensity | Reference
1890 38,3 38,35 6 AFAD
1893 37,24 37,03 9 AFAD
1895 38,3 38,4 6 AFAD
1896 35,3 37 6 AFAD
1114 35,5 36,5 9 KOERI
1268 35,5 37,35 9 KOERI

11

As seen in the Figure 2.3, there are earthquakes around Cilicia Region and Hatay city.
Due to the historical significance of its ancient cities, many of these events were likely well-
documented by local churches in the region. The AD 242 and the AD 1872 earthquakes were
the most destructive earthquakes in the study area, both reaching an intensity of X.
According to Duman et al. (2020), the SMF fault system was investigated using
paleoseismological trenches. They identified the AD 242 earthquake in their trenches along
the Karatas, Yumurtalik, and Osmaniye faults. Their findings suggested that this event
ruptured multiple segments in the region. Unfortunately, only a few events have been
recorded on the northern strand of the EAF throughout the past two millennia, which is not

sufficient to understand the earthquake cycle along the fault segments.

The instrumental seismicity catalogs were obtained from KOERI from January, 1900
to December, 2024 in the study region. The dataset contains 851 events with magnitudes
ranging from 4.0 to 7.8. Within the study area, eight earthquakes with magnitudes of Mw
>6.0 were observed. These events include the 1907 Nigde (Ulukisla) the 1908 Adana (Isikli-
Kozan) earthquakes, the 1945 Adana (Tatlikuyu-Ceyhan) earthquake, the 1998 Adana
(Hasanbeyli-Sarigam) earthquake and two devastating earthquakes in 2023 with magnitudes
of 7.8 and 7.6, which were followed by significant aftershocks: a Mw 6.6 earthquake in

Nurdagi, a Mw 6.0 earthquake in Goksun, and a Mw 6.4 earthquake in Hatay (Figure 2.4).
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Figure 2.3. Historical seismicity of the study area. When multiple earthquakes took place

at the same site, the date of the most recent and largest event is shown.
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Figure 2.4. The instrumental period earthquakes between 1900 and 2024.
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2.3. Focal Mechanisms

The fault plane solutions, derived from AFAD for events with magnitudes larger than
4.0 following the 2023 doublet earthquakes, locally confirm left-lateral strike-slip
mechanism of the main strand of the EAF also normal faulting in the south (Figure 2.5).
Earthquake focal mechanism solutions of the northern strand of the EAF show strike-slip,

normal, and reverse faulting, indicating a complex faulting behavior.
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Figure 2.5. Focal mechanism solutions corresponding to the 2023 doublet earthquakes and
their aftershocks with magnitude of >4.
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3. METHODOLOGY

3.1. Coulomb Stress Change

The Coulomb stress change model has been extensively used to observe the
distribution of aftershocks and the triggering of other mainshocks following a major event
(Steinetal., 1997; Toda et al., 2011; Durand et al., 2013). During earthquakes, accumulated
stress is released, and slip occurring on a fault causes deformation and changes in the static
stress distribution around the fault plane (Scholz, 2002). The Coulomb Failure Stress change
(CFS) is used to examine how stress from the source fault alters the failure potential on the
receiver fault. A source fault where the earthquake occurs, and a receiver fault is defined as
a nearby fault that is affected by the stress change. The following formula represents the

Coulomb stress change:

ACFS = At + pW'Ao 3.1

In the equation (3.1), At represents the change in shear stress in the positive direction
of slip, o, indicates the change in normal stress which is positive for unclamping or
confining, and ' is the effective coefficient of friction, accounting for pore pressure changes
and the material properties of the fault zone (King et al., 1994). Positive changes in ACFS
indicates increased stress, whereas negative changes in ACFS represent the stress shadows
after an earthquake (Harris, 1998).

Accurate determination of key parameters plays a crucial role in calculating coulomb
stress analysis and eliminating uncertainties in coulomb stress change model. These
parameters include the location of the earthquake, strike, rake, and dip angles, depth,
magnitude as well as physical parameters: Young module, coefficient of friction and

Poisson’s ratio.
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3.2. B-value Analysis

The frequency-magnitude distribution (FMD) of earthquakes during a specified time
period and a given region can be expressed by Gutenberg-Richter Law (Gutenberg and
Richter, 1944), which is widely used in seismology to investigate seismicity of the regions.

This empirical power-law relation can be expressed as:

Log N(M) = a—bM (3.2)

In the equation (3.2), N denotes the cumulative number of earthquakes with a
magnitude equal to or exceeding M. ‘a’ and ‘b’ are constants, which are known as seismicity
parameters of Gutenberg-Richter relation. The parameter a, referred to as the a-value,
represents the earthquake activity rate of a region and it relies on some factors such as the
length of the observation period, the size of the considered area. The parameter b, known as
the b-value, corresponds to the slope of the FMD chart, and it defines the frequency of minor
earthquakes in a region in comparison to major ones. Among these parameters, the b-value
has received the great attention in seismicity studies due to its importance in earthquake

hazard assessment.

The b-value is not only the parameter used to determine the slope of FMD plots by
using the empirical information of the relative proportion of small and large earthquakes in
an area, it also shows the tectonic characteristics in a given region (Wyss, 1973). It typically
varies between 0.3 and 2.5; when its value is around 1, it is interpreted that the considered
area is seismically stable (Frohlich and Davis, 1993). There are several reasons that can
cause the spatial variations and temporal changes in determining the b-value. Some of these

significant factors are described below:

(1) The crustal structure: an increased heterogeneity due to rock deformations
(faulting, fracturing, and cracking), fluid and high pore pressure, liquid and
magmatic intrusions may increase the b-value (Mogi, 1962; Ogata et al., 1991,
Linetal., 2007).

(i) Stress and strain conditions: Tectonic stress is inversely proportional to b-
values (Mogi, 1967; Scholz, 1968).
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(i) Volcanic activity: The presence of magma chambers often correlates with high
b-values in volcanic regions (Murru et al., 1999; Lin et al., 2007).

(iv)  Tectonic settings and focal mechanism: Reverse faults have b <1, strike-slip
faults around b ~1, and normal faults b >1 (Amelung and King, 1997;
Schorlemmer et al., 2004).

(v) Decreased b-values over timescales of a few years or more are linked to the
occurrence of a major earthquakes. The fluctuations in temporal variations
show different stages of the earthquake cycle, including stress-buildup,
coseismic rupture and aftershocks (Scholz, 1968; Wyss and Lee, 1973; Wiemer
and Wyss, 2000).

Therefore, it can be concluded that low b-values may result in high strain rate, high
level of accumulated stress, and less heterogeneity. Temporal and spatial variations of the b-
value can be considered as an important precursor for determining regions which may

precede major earthquakes.

Before calculating the b-value, applying a seismicity declustering method is a
mandatory step in seismology studies. Earthquake catalogs typically include foreshocks,
mainshocks, and aftershocks. Declustering is a process that separates dependent events, such
as aftershocks, from independent events like mainshocks, to achieve a catalog of background
seismicity. The goal of isolating seismicity is to enable more accurate statistical analysis
(Stiphout et al., 2012). There are several methods for declustering process. The methods
proposed by Gardner and Knopoff (1974), as well as Reasenberg (1985), have been widely
used by the majority of users because they are easily accessible and simple to utilize with
ZMAP Software. The Reasenberg declustering method was used to obtain background

seismicity in this study.

After isolating independent earthquakes, Cumulative Visual Inspection method (CVI)
was used to determine the temporal period of completeness in the catalog (Tinti and
Mulargia, 1985). CVI method detects the deviation point in the cumulative number of
earthquakes against time. In the EAFZ, various researchers, including Oztiirk (2018), Ali
and Akkoyunlu (2022), Polat (2022), Alkan et al. (2023) have applied this method in order
to enhance b-value analysis by identifying the initial year that marks the beginning of the
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analysis period. To determine Magnitude of completeness (Mc) values, the maximum
curvature (MAXC) method was used. The FMD curve’s maximum value for the first
derivative is used to define the point of maximum curvature. In other words, it defines the

slope of the FMD chart. The code of this method is freely available in ZMAP software.

There are numerous approaches to determine the b-value. The Maximum-Likelihood
(ML) and the Least-squares regression methods are the most frequently used for estimating
the b-value. Among these two approaches, the ML method is world-widely more utilized
and more accepted for estimating reliable b-values. Because of its efficiency and robustness,
the ML method was used to calculate the b-values in the study area. It was originally
proposed by Aki (1965) and then revisions were made by Utsu (1965). The formula for this

approach can be written as follows:

b= logy (e) (3.3)

M—(Mc—%)

In the equation (3.3), where M is the mean magnitude, AM is the magnitude interval

and the magnitude of completeness is the Mc.

3.3. Magnitude of Completeness

Magnitude of completeness (Mc) is expressed as the minimum earthquake magnitude
that can be reliably detected by seismograph networks within a given spatial and temporal
domain (Rydelek and Sacks, 1989). Since earthquake catalogs are product of networks, Mc
physically depends on the detection capability of any seismic networks. For instance, a
network’s ability of detection is affected by several factors including site condition, station
distribution, density of seismic stations and data processing steps. When there is an error in
the network, it propagates into earthquake catalogs. These errors affect the estimation of the
Mc, and to compute incorrect Mc values lead to errors in seismic parameters. Evaluating Mc
in instrumental earthquake catalogs is a crucial step for seismicity analysis. In fact, if Mc is

underestimated, b-value will also be underestimated. On the other hand, overestimating Mc
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values leads to a loss of information and results in larger standard deviations (Ogata and
Katsura, 1993; Mignan and Woessner, 2012).

Theoretically Mc is not a fixed value. Mc is assessed by two distinguished methods:
Catalog-based and Network-based method (Mignan and Woessner, 2012). Catalog-based
approaches are the Maximum Curvature Technique (Wiemer and WYyss, 2000), the Goodness
of fit test (Wiemer and Wyss, 2000), the Mc by b-value stability approach (Cao and Gao,
2002), the entire magnitude range methods (Woessner and Wiemer, 2005), the Median-
based analysis of the segment slope (Amorése, 2007) and the day-to-night noise modulation
(Rydelek and Sacks, 1989). Network based methods are wave forward simulation
(D’Alessandro et al., 2011) and probabilistic magnitude of completeness (Schorlemmer and
Woessner, 2008). As | mentioned above, the MAXC method was used to define Mc.

3.4. Interferometric Synthetic Aperture Radar Technique

Interferometric Synthetic Aperture Radar (INSAR) is a remote sensing technique that
enables the detection of Earth's surface deformations and topographic features through the
use of radar signals with centimeter- to millimeter-level accuracy. The fundamental
theoretical basis of INSAR lies in the exploitation of the phase difference between two or
more SAR (Synthetic Aperture Radar) images obtained from slightly different spatial or
temporal perspectives.

Each SAR image is composed of complex pixels containing amplitude and phase
information. The phase of the radar signal is directly related to the distance between the
satellite sensor and the target on the Earth’s surface. When two SAR acquisitions, known as
the master and slave images, of the same region are compared, their phase difference can be
used to produce an interferogram. The interferometric phase can be expressed as (Massonnet
and Feigl, 1998; Hanssen, 2001):

@Pint = Ptopo T @def T Patm T Porb T Pnoise (3-4)

In the equation (3.4), @po represents the phase component due to topographic height

differences, @ger represents the phase caused by ground deformation, ¢, accounts for
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atmospheric phase delays, @, indicates the orbit inaccuracies, @,,ise represents the
temporal or spatial decorelation. To accurately extract ground deformation from the
interferometric phase, the unwanted contributions from topography, atmospheric delays, and
satellite orbit errors must first be removed. This is typically done by using a digital elevation
model (DEM) to eliminate topographic effects, applying filtering techniques to reduce

atmospheric noise, and incorporating precise orbit data to correct orbital inaccuracies.

Several Earth observation satellite missions equipped with SAR sensors have been
launched in recent decades to monitor surface deformation, land use, and natural hazards.
These missions vary in terms of radar frequency, spatial resolution, revisit time, and

application focus. The most widely used SAR satellite missions is shown in Table 3.1.

Table 3.1. SAR satellite missions.

Satellite Mission Agency Radar Revisit Time Key Applications
Band
Sentinel-1A/B/C ESA C-band 6-12 days Ground deformation,
flood mapping, co-
seismic studies
ALOS-2 (PALSAR-2) | JAXA L-band ~14 days Vegetation, tectonics,
landslides, agriculture
TerraSAR-X/ DLR/ X-band ~11 days DEM generation, urban
TanDEM-X Airbus (TanDEM-X) | studies, infrastructure
monitoring
RADARSAT-2/ CSA C-band Daily (RCM Ice monitoring,
RCM constellation) | subsidence, maritime
surveillance
SAOCOM 1A/1B CONAE | L-band ~16 days Soil moisture, flood
| ASI events, earthquake
deformation
COSMO-SkyMed (1st | ASI X-band Up to daily Subsidence,
and 2nd Gen) (constellation) infrastructure,
emergency response

Many remote sensing satellites follow near-polar orbits, and their combination with
the Earth's rotation from west to east, allow for global coverage over a specific time interval.
During the ascending orbit, the satellite travels from the southern hemisphere toward the
North Pole whereas, in the descending orbit, it moves from the northern hemisphere toward
the South Pole. This orbital configuration enables repeated observations of the same area

from different viewing geometries, which is essential for interferometric applications.
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INSAR technology is widely applied in the study of both tectonic and non-tectonic
surface processes. It is commonly used to monitor earthquakes, volcanic activity, slow-
moving landslides, glacier flow, groundwater level variations, and subsidence related to fluid
extraction or drilling activities. INSAR technique enables the detection, measurement, and
monitoring of crustal changes associated with various geophysical processes. Among its
many geophysical and environmental applications, it is particularly valuable for studying
co-seismic deformation which refers to ground displacement that occurs during an
earthquake. By generating interferograms from pre- and post-event SAR acquisitions, it
becomes possible to detect and map surface ruptures, quantify slip distribution, and analyze
displacement patterns across large regions. These observations are critical for enhancing
seismic hazard assessments and improving our understanding of fault dynamics. INSAR
technique was used in this study to understand the deformation in the study region caused

by the 2023 Kahramanmaras earthquakes.
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4. ANALYSIS AND RESULTS

4.1. Coulomb Stress Change Analysis

First of all, earthquakes in the study area were selected from the mainshock (Mw 7.7)
to the second shock (Mw 7.6) and static stress transfer between these two events, which
appear to be temporally and spatially related, was evaluated to better understand whether the
mainshock triggered the second shock or not. Subsequently, to assess the current stress
distribution in the region, a combined Coulomb Stress Change analysis was performed using
47 earthquakes with magnitudes equal to or exceeding Mw 5.0 that occurred between 2023
and the end of 2024 (Table 4.1).

Focal mechanism data obtained from the AFAD is given in Table 4.1 showing strike,
dip and rake (S/D/R) values for the first and second nodal planes. Coulomb 3.4 software (Lin
and Stein, 2004) was used to calculate Coulomb stress variation in the study area. Due to the
continental strike-slip faulting mechanism, the coefficient of friction was selected as 0.4
based on the elastic dislocation modelling (Parsons et al., 1999). In an elastic half-space
framework, earthquake ruptures are modeled as rectangular dislocations, with a Young’s
modulus of 80 GPa and Poisson’s ratio of 0.25 (Okada, 1992; Toda et al., 2005)

Table 4.1. List of focal mechanism solutions.

Date Latitude | Longitude | Magnitude | Depth S/DIR S/DIR

2023-02-06

01:17:32 37,288 37,043 7,7 8,6 233/74/18 | 140/77/168
2023-02-06

01:26:49 37,235 36,992 5,6 6,98 | 294/68/-170 | 200/81/-22
2023-02-06

01:28:16 37,304 36,92 6,6 6,2 | 300/70/-128 | 187/43/-30
2023-02-06

01:36:28 37,128 36,639 57 11,19 | 26/56/-121 | 254/45/-52
2023-02-06

01:51:44 37,542 37,188 53 6,63 | 125/37/-79 | 292/53/-98




Table 4.1. List of focal mechanism solutions. (cont.)
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Date Latitude | Longitude | Magnitude | Depth S/D/IR S/D/IR

2023-02-06

01:58:23 | 37,054 36,649 53 10,21 | 29/28/24 278/79/115
2023-02-06

02:01:44 | 37,294 37,006 5,3 16,44 | 358/32/-71 | 156/60/-101
2023-02-06

02:03:35 | 37,898 37,957 5,6 10,23 | 241/56/31 133/65/142
2023-02-06

02:23:13 | 37,194 36,955 5,3 11,81 | 168/39/-163 64/79/-52
2023-02-06

06:54:57 37,733 37,457 5 7 357/85/-170 266/80/-6
2023-02-06

10:24:47 38,089 37,239 7,6 7 358/73/174 90/86/13
2023-02-06

10:32:08 | 38,064 37,241 5,5 10,93 | 75/78/23 340/68/167
2023-02-06

10:35:57 38,172 37,92 5,9 11,28 | 31/31/32 273/74/117
2023-02-06

12:02:11 38,071 36,478 5,9 17,04 9/56/-95 198/35/-82
2023-02-06

12:13:45 | 37,988 37,483 51 7 118/84/60 18/30/168
2023-02-06

13:17:42 | 38,0897 36,59 5,2 10,85 | 11/42/-93 195/49/-87
2023-02-06

13:39:23 | 38,037 37,628 53 7,2 | 316/87/145 48/55/4
2023-02-06

13:44:49 38,007 37,555 51 8,76 | 271/22/-50 49/73/-105
2023-02-06

15:14:32 37,977 37,667 5 7,04 | 30/74/170 123/80/16
2023-02-06

15:33:31 38,239 38,182 53 11,15 | 244/70/13 150/78/160
2023-02-06

16:43:27 38,024 36,472 51 10,06 | 360/67/-135 | 249/50/-31
2023-02-06

18:03:54 | 38,043 36,484 5,2 12,79 | 355/66/-148 | 251/61/-28
2023-02-06

18:05:01 38,004 36,403 5 7,03 47/57/-91 228/33/-89
2023-02-06

20:37:51 37,293 37,046 55 596 | 171/49/-74 | 327/43/-108
2023-02-06

20:40:05 38,24 38,07 5,2 5,82 | 162/45/-172 66/84/-45
2023-02-06

21:15:17 38,062 37,04 5 17,4 68/72/3 337/87/162
2023-02-07

03:08:55 | 37,975 37,629 5 6,87 8/69/142 114/55/26




Table 4.1. List of focal mechanism solutions. (cont.)
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Date Latitude | Longitude | Magnitude | Depth S/D/IR S/D/IR

2023-02-07

03:13:12 | 37,808 37,655 54 8,44 | 224/83/-173 133/83/-7
2023-02-07

15:48:52 | 37,959 36,434 5,2 11,48 | 197/34/-111 42/59/-77
2023-02-07

18:09:58 | 38,085 36,62 5 10,22 | 295/70/-146 | 192/59/-24
2023-02-07

21:21:25 | 37,952 37,471 5 15,84 | 189/62/89 10/28/91
2023-02-08

07:48:31 | 38,021 36,467 51 9,06 | 245/61/-45 1/52/-142
2023-02-08

11:11:51 | 38,012 37,641 5,3 13,18 | 300/62/20 200/72/150
2023-02-08

14:20:25 | 37,985 37,391 5 16,69 | 135/40/-77 | 299/51/-100
2023-02-10

04:50:23 | 38,235 38,141 5 10,45 | 247/81/1 156/89/171
2023-02-16

19:47:50 | 36,253 35,752 51 9,26 | 339/45/-118 | 196/51/-65
2023-02-18

19:31:31 38,08 36,602 51 6,2 | 349/54/-138 | 231/57/-45
2023-02-20

17:04:27 | 36,037 36,021 6,4 21,73 | 214/57/-44 | 332/55/-138
2023-02-20

17:07:34 | 36,186 35,978 5,8 6,64 13/66/-88 187/24/-95
2023-02-23

15:53:47 | 36,136 36,053 5 8,75 | 216/40/-49 | 347/61/-119
2023-02-27

02:51:20 | 37,932 37,584 5 8,51 | 203/53/95 14/37/83
2023-03-03

02:53:42 | 37,847 36,602 5 7,06 22/45/-91 204/45/-89
2023-03-23

09:19:51 38,04 36,459 53 12,9 | 357/46/-153 | 248/71/-47
2023-05-03

17:16:38 | 38,069 36,569 5 7 32/39/-79 199/52/-99
2023-07-25

05:44:49 | 37,634 35,884 5,5 10,38 | 232/68/-15 | 327/76/-158
2024-09-07

06:31:10 | 37,2842 | 37,0447 5 7 210/60/-16 | 308/76/-149
2024-10-27

17:07:09 | 37,6497 | 35,9358 5 9,7 75/90/-23 166/67/-180

Coulomb stress change analysis was initially performed after the first mainshock at 5
km and 10 km depths (Figure 4.1) (Figure 4.2). The dataset includes the mainshock and the
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subsequent nine aftershocks with magnitudes equal to or greater than Mw 5.0, all occurring
before the second shock. This analysis shows that in the northeast direction, stress increased
in Adiyaman and Malatya, while in the northwest, it increased in the Goksun-Elbistan
region. In the Gulf of Iskenderun, and further south in Hatay, stress also increased especially
at shallow seismogenic depths of 5 km. Along the fault zone and in all four mentioned
directions, high stress values (+0.1 bar) and positive stress changes were observed within
the region of interest. In contrast, negative stress values (-0.1 bar) were observed in
Gaziantep and Sanliurfa in the southeast, as well as in Adana, Osmaniye and the northern

part of Kahramanmaras in the southwest.
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Figure 4.1. Coulomb stress changes resulting from the first shock (Mw 7.7) and the
subsequent nine aftershocks (Mw > 5) evaluated up to second shock in the region at a
depth of 5 km.
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Figure 4.2. Coulomb stress changes resulting from the first shock (Mw 7.7) and the
subsequent nine aftershocks (Mw > 5) evaluated up to second shock in the region at a
depth of 10 km.

The second coulomb stress change analysis was performed for events with magnitudes
equal to or larger than Mw 5.0, from the second shock to the end of 2024 at a depth of 5 km
and 10 km (Figure 4.3) (Figure 4.4). Positive stress changes were observed in Diyarbakir to
the east, and in the south in Gaziantep and Kilis. In the west, around Goksun, and toward the

north between Malatya and Elazig, stress increases were also observed at depths of 0-10 km.
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Figure 4.3. Coulomb stress changes resulting from the second shock (Mw 7.6) and the

subsequent aftershocks examined in the region at a depth of 5 km.
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Figure 4.4. Coulomb stress changes resulting from the second shock (Mw 7.6) and the
subsequent aftershocks examined in the region at a depth of 10 km.
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The final coulomb analysis was performed for all earthquakes that occurred in the
study region with magnitudes equal to or greater than 5.0 Mw between 2023 and 2024, at
depths of 5 km and 10 km (Figure 4.5) (Figure 4.6). According to the results, high stress
values were observed at shallow crustal depths in several regions: the Gulf of iskenderun
near the Karatas and Yumurtalik faults, and the area near the Diizigi-Iskenderun fault
extending toward the Cyprus Arc in the southwest; in the northeast, along the Malatya-Elazig
toward the Piitiirge segment and Karliova triple junction direction; around the Goksun bend
and the Savrun Fault in the west; along the Hatay-Syria border; and between Kilis and the

city of Gaziantep in southeast.
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Figure 4.5. Coulomb stress change model at 5 km depth, occurring after mainshock and

continuing through the end of 2024.
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Figure 4.6. Coulomb stress change model at 10 km depth, occurring after mainshock and

continuing through the end of 2024.

To illustrate the direction of strike of the earthquakes, coulomb stress changes were

also calculated separately for the mainshock at 8.6 km depth (Figure 4.7), with horizontal

displacement vectors illustrated in Figure 4.8, and for the second shock at a depth of 7 km

(Figure 4.9), with horizontal displacement vectors shown in Figure 4.10. The areas with the

greatest density and length of vectors generally indicate the areas experiencing the most

deformation. These areas are where aftershocks are likely to intensify and ruptures may

propagate.
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Figure 4.7. Coulomb stress change model of the mainshock (Mw 7.7) at a depth of 8.6 km.
The catalog information was taken from AFAD. Active faults are illustrated in black lines
(Emre et al., 2013).
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Figure 4.8. The horizontal displacement vectors of the Mainshock (Mw 7.7). The Dataset
was taken from AFAD and the black lines show the active fault line (Emre et al., 2013).
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Figure 4.9. Coulomb stress change of the second shock (Mw 7.6) at a depth of 7 km. The

catalog information was taken from AFAD. Active faults are illustrated in black lines

(Emre et al., 2013).
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Figure 4.10. The horizontal displacement vectors of the second shock (Mw 7.6). The

Dataset was taken from AFAD and the black lines represent the active fault line (Emre et

al., 2013).
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In addition to Coulomb Stress Change analysis, the mainshock, the second shock and
their aftershocks from 2023 to 2024 were plotted on a topographic map to compare the

results with the coulomb stress analysis (Figure 4.11).
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Figure 4.11. The 2023 doublet earthquakes and their aftershocks for the time period
between 2023 and 2024. The Dataset was taken from KOERI.

4.2. The Spatial and Temporal Analysis of b-Value

The data utilized in this study were obtained from the KOERI, covering the period
from the beginning of 1900 to the end of 2024. The b-value analysis was performed within
the region bounded by 34.5°-38.5°E and 35.5°-38.5°N. This dataset includes 29,401 events

with magnitudes ranging from 2.0 to 7.8 within the study area. The magnitude conversions



32

from Tan (2021) were used to obtain a homogeneous catalog. All magnitudes were converted
to moment magnitude (Mw). To determine the temporal and spatial variations of b-value of
the study region, ZMAP Software Package were used. It integrates with MATLAB and
comes with a graphical user interface (GUI), that makes easier for users to perform statistical
analyses, and visualization of seismicity across space and time (Wiemer, 2001).

In addition to coulomb analysis, spatial and temporal analyses of the b-value were
performed for the following time periods: 1995-2004, 2005-2014, 2015-2023, 2023-2024.
These intervals were selected to facilitate comparison and to better understand the
background seismicity of the study area before and after the doublet earthquakes that

occurred in 2023.

Between 1995 and 2004, totally 974 events occurred in the region, with magnitudes in
the range of 2.0 to 7.0 (Figure 4.12). The 1998 Adana Earthquake, which had a magnitude
of 6.3 Mw, was the largest event. With a fault plane solution of strike=50°, dip=85°, and

rake=10°, the mainshock exhibited left-lateral strike-slip mechanism (Aktar et al., 2000).
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Figure 4.12. Total number of earthquakes recorded from 1995 to 2004.
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A total of 916 events were used to calculate spatial variations of b-values across the
region. In the spatial analysis, b-values ranged from 0.8 to 1.6. Low b-values were observed
around 36.8°-37.2°N-35.5°-36°E, while relatively high b-values were found toward the east
and the northeast direction. In this region, Mc was calculated as 3.0 and the average b-value
was calculated as 0.93+0.05 (Figure 4.13) (Figure 4.14).

Figure 4.13. The spatial variations of b-value between 1995 and 2004.
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Figure 4.14. FMD chart for the time period between 1995 and 2004.
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During the period between 2005 and 2014, a total of 5739 events occurred at depths
ranging from 1 to 31 km, covering a magnitude range of Mw 2.0-5.1 (Figure 4.15).

Lumulatjve Earthquakes pver timg

5000 | 3

f
4000 4 / =

3000 /

2000 - / -
1000 / L

|~

o T T T T T T T T T
2006 2007 2008 2009 2010 201 2012 2013 2014
Time

Cumulative Number

Figure 4.15. Total number of earthquakes recorded from 2005-2014. The Dataset was
taken from KOERI.

There were only three events occurring with magnitudes between 5.0 and 5.1. The
spatial variation of b-values was ranged from 1.0 to 2.5. The average b-value and Mc were
calculated as 1.1240.04 and 2.5, respectively (Figure 4.16) (Figure 4.17).
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Figure 4.16. The spatial variation of b-value between 2005 and 2014.
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Figure 4.17. The Frequency-magnitude distribution chart for the time period between 2005
and 2014.
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Between 2015 and 2023 (up to one day before the 2023 Pazarcik Earthquake), a total
of 3008 events occurred at depths between 1 and 31.10 km, with magnitudes ranging from
2.0 t0 4.9 Mw (Figure 4.18).
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Figure 4.18. Total number of earthquakes recorded from 2015 to 2023. The Dataset was
taken from KOERI.

The spatial variation of b-values was calculated using 2425 events, with values ranging
from 0.7 to 1.3. In the FMD chart, the average b-value and Mc were calculated as 0.87+0.02
and 2.0, respectively (Figure 4.19 and Figure 4.20).
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Figure 4.19. The spatial distribution of b-value between 2015 and 2023.
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Figure 4.20. The frequency-magnitude distribution chart for the time period between 2015
and 2023.
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During the period between 2023 and 2024, the spatial variations in b-values were
calculated for the time after the second shock (the 2023 Elbistan Earthquake) up to the end
of 2024. A total of 19123 events occurred in the study region, within magnitudes ranging

from Mw 2.0 and 7.6 and the depths between 1 km and 39.40 km (Figure 4.21).
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Figure 4.21 Total number of earthquakes between the second shock in 2023 and the end of
2024. The dataset was obtained from KOERI.

The spatial variations of b-values ranged between 0.7 and 1.4, based on 9605 events.
The avarage b-value and Mc were calculated as 0.93 and 2.0, respectively. Low b-values
were primarily observed in the southern and southwestern regions, particularly between

Osmaniye and Gaziantep near the Diizigi-Iskenderun fault zone, as well as in Hatay and

toward the Cyprus Arc. (Figure 4.22) (Figure 4.23).
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Figure 4.22. The spatial variation of b-value between the second shock in 2023 and the end
of 2024.
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Figure 4.23. The frequency-magnitude distribution chart from the second shock in 2023 to
the end of 2024.
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A total of 29109 events occurred in the region between 1995 and 2024, ranging in
magnitudes from Mw 2.0 up to 7.8 (Figure 4.24).
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Figure 4.24. Total number of earthquakes recorded from 1995 to 2024.

The general background seismicity of the region was examined. After declustering and
excluding events deeper than 40 km from the catalog, 18020 events were used to compute
the spatial variations and temporal changes of b-values related to the background seismicity
of the region. The spatial variation of b-values ranged between 0.6 and 1.5. The b-values
result from 1995 to 2024 illustrate that areas near the epicenter of the mainshock exhibit high
b-values. Similarly, the region near the epicenter of the second shock (particularly around
Siirgii, Cardak, and the Goksun bend) shows elevated b-values. The Hatay region displays
generally high b-values; however, its southern and southwestern parts exhibit lower values.
The Gulf of Iskenderun and its northeastern surroundings, especially near the Diizigi-
Iskenderun fault zones and the Kilis-Gaziantep region, are characterized by low b-values.
Additionally, the area where the EAF splits into its northern strand, near Celikhan, also

shows low b-values (Figure 4.25).
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Figure 4.25. The spatial variation of b-value between 1995 and 2024. Pink stars represent

the epicenter of earthquakes.

The temporal changes in the b-values were calculated for each sample containing 300
events, with a shifting step of 50 events. Although it shows fluctuations, the b-value reached
its lowest value of 0.58 before the doublet earthquakes in 2023 (Figure 4.26).

Time { [dec. year]

Figure 4.26. The temporal changes in the b-values for the time period between 1995 and
2024.
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4.3. Coseismic Deformation Pattern

The coseismic deformation was analyzed by the Insar Technique in order to understand
the deformation caused by the 2023 double earthquakes in the region. The Insar Scientific
Computing Environment (ISCE) software was used to generate interferogram (Rosen et al.,
2012). ISCE, developed by NASA’s Jet Propulsion Laboratory and Stanford University, is
a Python-based framework designed for processing SAR data from various satellite
platforms, including RADARSAT, Sentinel-1 and ALOS. It supports both Terrain
Observation with Progressive Scans (TOPS) and Stripmap acquisition modes. Sentinal-1
data were used in this study and obtained through the Alaska Satellite Facility (ASF) Data
Search portal. The interferogram was generated in TOPS mode. The ascending image pair
corresponds to path 14 and frame 119. The primary and secondary satellite images were
obtained on 28 January 2023 and 9 February 2023, respectively, with a temporal baseline of
12 days. A multilook factor of 21:9 was applied in the range and azimuth direction to reduce
noise. A coherence threshold of 0.3 was used to mask low-quality pixels. Interferogram
unwrapping was performed by applying the minimum cost flow algorithm implemented in
the SNAPHU software (Chen and Zebker, 2000).

The InSAR data covering the region between 36°-39°N Latitude and 34°-38°E
Longitude were used to investigate surface deformation caused by the 2023 doublet
earthquakes. Sentinel-1 image pairs were carefully selected from dates before and after the
earthquake sequence to capture the coseismic deformation patterns across the region. The
observed fringes represent changes in the radar phase resulting from ground displacement.
The concentric and continuous nature of the fringes indicates a high level of ground
deformation. The interferogram highlights multiple zones of significant displacement and

exhibits broadly distributed deformation in the study area (Figure 4.27).
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Figure 4.27. Wrapped interferogram showing coseismic deformation due to the February
2023 earthquakes.
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5. DISCUSSION

The entire catalog from 1900 to 2024 was examined in detail to estimate the temporal
changes and spatial variations in the b-value of the study region before and after the doublet

earthquakes that occurred in 2023.

After examining the catalog from 1900 to 2024, a noticeable increase in seismic
activity is observed around 1995 when determining the temporal period of Mc. The number
of observed events throughout the period between 1900 and 1994 is significantly lower
compared to the period between 1995 and 2024 (Figure 5.1).

Figure 5.1. Magnitude versus time distributions of the earthquakes for the time period
between 1900 and 2024.

The increase in the seismic activity after 1995 is largely due to the improved detection
capabilities and the denser distribution of seismic networks (Oztiirk, 2000; Tan, 2021). As
mentioned earlier, the number of recorded events affects the fluctuation of Mc values over
time. It is clearly seen that Mc values in the region exhibit a significant decrease from

approximately 4.5 around 1995, and followed by a continued downward trend over time,
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reaching a value of 2. These fluctuations are consistent with the previous studies reported by
Oztiirk (2018; 2020), Akar (2024) and Sharma and Biswas (2025) for the variation of Mc in
that region (Figure 5.2).

-
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Figure 5.2. Temporal changes in magnitude of completeness for earthquakes in the study
area during the period 1900-2024.

After determining the starting point of the catalog period, the years 1995-2024 were
selected for the spatial and temporal analysis of the b-value in the region. Between 1995 and
2004, the Adana Basin exhibited relatively high b-values which are likely attributable to the
released stress by the 1998 Adana Earthquake. The region displays different seismicity in
the period between 2005-2014, and 2014-2023, leading up to the mainshock. During 2005-
2014, 5739 events were recorded in the region, whereas in the period of 2015-2023, 3008
events were recorded. Seismic activity decreased by nearly 50%. This reduction may suggest
stress accumulation in the area. Additionally, during the 2015-2023 period, low b-values
were observed between the epicenters of the doublet earthquakes. This clearly shows that b-

value analysis can be used as indicator of potential large earthquakes.

Temporal variation of b-value for the period 1995-2024 shows that b-values ranged

between 0.58 and 1.6. This range is consistent with the result of previous studies. For
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instance, Maden and Oztiirk (2015) determined b-values in the range of 0.6-1.8, Bayrak et
al. (2015) found values change in a range between 0.7-1.7, and Oztiirk (2018) reported b-
values varying from 0.66 to 1.60. A detail year-by-year investigations reveals that b-values
fluctuated from 2004 to 2013, remaining above 1.1 until 2013. Following that, an important
change was observed in the b-values, which decreased below 1.0 and remained low until
2021. Starting from 2021, it gradually decreased to 0.58, reaching its lowest point prior to
the doublet earthquakes. Following these events, in the postseismic stage of the
Kahramanmaras earthquakes, the b-values began to increase again. These results align with
those of Kwiatek et al. (2023), Akar (2024), Sharma and Biswas (2025), Rodriguez-Pérez
and Zuiiga (2025).

After 2023 doublet earthquake, fault plane solutions, including the mainshocks and
aftershocks with magnitudes of equal to or larger than 4.0, represent left-lateral strike-slip
faulting mechanism. However, the earthquakes with normal and reverse components
occurred in the region shows that the region is a tectonically complex area containing both
compressional and extensional stress regimes as a result of the movements of the

surrounding plates (please see Figure 2.5).

Crustal structure features of the EAF have been investigated in several studies using
various techniques including tomography, seismic velocity (Vp/Vs), gravity and magnetic,
and magnetotellurics studies (Tiirkoglu et al., 2015; Karabulut et al., 2019; Ozer et al., 2019;
Medved et al., 2021; Ogden and Bastow, 2022). According to tomographic studies the crustal
structure of the EAF is highly complex, reflecting active tectonic movements, small-scale
faulting mechanism, and fractured zones. Previous studies have revealed heterogeneous 3D
P- and S-wave velocity models, which helped to explain and support the observed b-value
variability in the region (Salah et al., 2011; Ozer et al., 2019; Medved et al., 2021). In simple
terms, higher crustal heterogeneity is associated with higher b-values, meaning that these
regions tend to experience small earthquakes relative to large ones. Conversely, more
homogenous regions often exhibit lower b-values. This may explain the observed high b-
values which is above 1.1 during the period from 2003 to 2013, as the region did not
experience large earthquakes in that time frame and frequency of small earthquakes is

higher.
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Based on the geophysical studies mentioned above, crustal thickness in Eastern
Anatolia is estimated to be approximately 45-50 km (Karabulut et al., 2019; Ozer et al.,
2019). This estimate aligns with the earthquake catalog data following the 2023 doublet
earthquakes through the end of 2024, which shows seismic activity extending from to surface
down to 39.4 km, with magnitudes between 2.0 and 7.8 Mw (Figure 5.3) (Figure 5.4).
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Figure 5.3. Number of events versus depth histogram for the time period between 2023 and
2024.

When comparing the spatial changes in b-values, it is observed that during the periods
2005-2014 and 2015-2023 (prior to the doublet earthquakes), b-values were lower (b < 1) in
areas near the epicenters of the doublet earthquakes. Studies suggest that lower b-values
represents the higher risk for future earthquakes. Low b-values are generally associated with
high stress accumulation in a region, a relationship supported by both observational
seismology and laboratory experiments. (Mogi, 1967; Scholz, 1968; Wyss, 1973; Nalbant et
al., 2002; Aktug et al., 2013). Therefore, the occurrence of the doublet earthquakes may be
interpreted as the release of stress that had gradually built up and accumulated over time in
this region. For instance, in Tiirkiye, similar low b-value trends were identified prior to the
1999 Izmit Earthquake (Westerhaus et al., 2002), and the 2011 Van Earthquake (Gérgiin,
2013).
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Figure 5.4. Depth distribution of earthquakes from the mainshock in 2023 and to the end of
2024,

During both the 2023-2024 and 1995-2024 periods, several areas exhibited relatively
low b-values particularly northeast and southeast of the Gulf of Iskenderun toward Cyprus
arc (Figure 4.22) (Figure 4.25). The 1995-2024 analysis further highlights additional zones
of low b-values, including Diizigi-Iskenderun fault zone, areas near Karatas Fault, the
southern part of Hatay, namely northern part of the DSF, and the region between Gaziantep
and Kilis. These low b-values may indicate increased stress accumulation in these areas,
especially following the 2023 doublet earthquakes, as the regional stress field was
significantly altered. Therefore, these regions require careful monitoring and should be

considered priority areas for the future seismic hazard assessment.
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When there are several fault systems in a fault zone, if an earthquake occurs, the energy
can be transferred to surrounding faults. This occurrence is known as stress transfer, and it
is referred to as triggering. To examine stress interaction and distribution within a fault zone,
Coulomb stress analysis is often used. For example along the NAF, an earthquake sequence
occurred between 1939 and 1999. These earthquakes took place in area where Coulomb
stress had increased due to the previous ruptures (Stein et al., 1997). In this study, the first
10 earthquakes were examined to assess whether the second major shock in 2023 was
promoted by the initial mainshock and to observe the stress distribution following that event
magnitudes with Mw=>5. The result suggests that the second shock was likely caused by the
main shock due to increased positive Coulomb stress observed in the northeast and northwest
direction, around the second shock epicenter. Increased stress was also detected in the Hatay-
Syria border to the south and in the Gulf of Iskenderun to the southwest. The result is
consistent with the previous study of Alkan et al. (2024), on the coulomb stress distribution
along the EAF. Further the Coulomb analysis was conducted after the second shock,
extending into 2024, to evaluate how the region’s static stress evolved in the study area
particularly to observe changes at the higher latitudes of the study region. The results also
aligned with the study of Alkan et al. (2024). And final coulomb stress analysis for the 47
earthquakes was performed to present an improved depiction of the regional stress
distribution. The results were consistent with previous studies on EAF (Stein et al., 2023;
Alkan et al., 2024; Ma et al., 2025). The stress orientations in the map are similar; however,
our calculated values are lower than those reported by Ma et al. (2025) and Stein et al. (2023),
but are close to those of Alkan et al. (2024), likely due to differences in the input parameters.
Moreover, their study examined earthquakes with magnitudes exceeding 5.9-6.0, our
analysis encompassed events with magnitudes >5.0. The 1992 Landers Earthquake (Mw 7.3)
triggered significant changes in the regional stress field, producing lobes of positive
Coulomb stress on nearby faults. Approximately three hours later, the Big Bear Earthquake
(Mw 6.5) occurred nearly 40 km west of the Landers rupture. Although located on a different
fault system, the Big Bear event is widely considered a triggered aftershock, as the Landers
rupture increased Coulomb stress in that area by over 2 bars, promoting failure on conjugate
fault structures (Stein et al., 1994; King et al., 1994). Years later, the 1999 Hector Mine
earthquake struck the north of the Landers rupture. Modeling showed that the Landers
earthquake had increased the Coulomb stress at the Hector Mine hypocenter by

approximately 0.5 bars (Parsons and Dreger, 2000). Studies suggested that post-seismic
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relaxation process further increased this stress over time, promoting the delayed rupture
(Freed and Lin, 2001; Pollitz et al., 2001). These events provide example to the stress transfer
and how positive Coulomb stress changes can trigger both aftershocks and large earthquakes

on surrounding faults.

Aftershocks in these regions are well correlated with area of positive Coulomb stress
change (Figure 4.11). It may be considered that aftershocks and possible future earthquakes
are likely to take place in these zones of positive Coulomb stress change. Therefore, these

positive zones should be given attention in future seismic hazard analyses.

The recurrence interval of earthquakes is a fundamental parameter in earthquake
forecasting. It helps estimate the likelihood of future seismic events by identifying how often
large earthquakes have occurred in the past. When combined with geological, geodetic, and
historical data, recurrence intervals contribute to probabilistic seismic hazard models that

guide risk assessment.

Accurately determining recurrence intervals for the northern strand of the EAF
remains challenging due to the limited availability of paleoseismological data. For example,
Duman et al. (2020) presented the first paleoseismological findings for northern strands of
the EAF, including Karatas, Yumurtalik, Toprakkale, Diizigi-iskenderun faults. Their
investigations, based on sedimentological and structural evidence, indicate that these faults
have resulted in surface-rupturing events during the Holocene. They suggest that these faults
have the potential of generating large surface-rupture earthquakes and can also rupture
together in complex, multi-segmented events, such as the AD 242 event, which was detected
on the Yumurtalik, Karatas and Diizici-Iskenderun segments. Since the AD 242 event, 1.7
meters of stress have built up on Karatas and Yumurtalik fault segments determined by an
estimated slip rate of roughly 1 mm/yr (Duman and Emre, 2013; Duman et al., 2020). For
the Diizici-Iskenderun fault segments, less than 1 meter of stress has accumulated,
corresponding to slip rates below 1 mm/yr (Duman et al., 2020). The Gulf of iskenderun,
one of the most highly industrialized areas of the Eastern Mediterranean, contains active
seismic faults. As demonstrated by the 7.6 Mw earthquake in 2023 on the Cardak fault, low
slip rates and long recurrence intervals should not be underestimated when assessing seismic

risk. In this study, the results of both b-value and Coulomb stress analyses are consistent,
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highlighting the seismic potential of this region and emphasizing the need for greater

attention to future earthquake risk.

Geodetic observations particularly derived from GPS and InSAR data, are crucial for
understanding the crustal deformation. These techniques measure ground motion with
millimeter-level precision, capturing the accumulated strain along fault zones. Strain rate
analysis derived from geodetic data helps to identify regions where tectonic stress
accumulates. Ozbey et al. (2024) utilized a continuous velocity field interpolation method to
determine the strain rate tensors of the Eastern Mediterranean for the interseismic period of
the 2023 earthquakes (Figure 5.5). The region encompassing the Gulf of Iskenderun and the
Diizigi-Osmaniye area, particularly southern part of the EAF and the western segments of
the SMF system, exhibits notable strain accumulation, with values reaching up to 30
nanostrain/yr. The Gulf of Iskenderun is characterized by overlapping high-strain zones
indicating a significant potential for future large earthquakes. These findings align with our

study, particularly in the regions highlighted for their seismic risk potential.
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Figure 5.5. The second invariant of strain rate tensor (retrieved from Ozbey et al., 2024)
(Abbreviations used in map; CSZ: Cyprus Subduction Zone, CF: Cardak Fault, EAF: East
Anatolian Fault, EASZ: East Anatolian Shear Zone, EF: Ecemis Fault, KF: Kyrenia Fault,

LF: Levant Fault, MF: Malatya Fault, TGF: Tuz G6li Fault).

Moreover, Cheloni et al. (2025) investigated the interseismic strain accumulation
along the EAF by adopting the Shen et al. (2015) algorithm which applies optimal
interpolation of the spatially discretized geodetic data. They examined GNSS data from a
network of 836 stations provided by the study of Kurt et al. (2023), to calculate the strain
rate. The data covered the years from 1992 to 2020. According to their results, strain rates
can reach up to 70 nanostrain/yr along the EAF (Figure 5.6). The area near the Gulf of

Iskenderun exhibits high strain rates particularly around Karatas, Diizi¢i-Osmaniye, and
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Hatay regions. These findings also highlight high-risk zones and are consistent with our

results, which emphasize the same areas as regions of elevated seismic risk with

and positive stress change.
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Figure 5.6. The second invariant of the strain-rate tensor (captured from Cheloni et al.,

2025).

Erdik et al. (2023) also investigated the strain rate tensor to examine regional

deformation patterns using GPS data. For this purpose, they utilized the comprehensive

dataset compiled by Palano et al. (2017), which was developed by reprocessing earlier GPS

measurements reported by Hessami et al. (2006), Reilinger et al. (2006), Walpersdorf et al.
(2006), Masson et al. (2007), Tavakoli et al. (2008), Peyret et al. (2009), Djamour et al.
(2011), Mousavi et al. (2013), Zarifi et al. (2013), and Walpersdorf et al. (2014). Utilizing
the interpolation algorithm developed by Shen et al. (2015), they calculated the strain rate

tensor to investigate the deformation pattern (Figure 5.7). Their findings indicate that the

area surrounding Osmaniye has relatively high strain rates and clearly indicating ongoing

strain accumulation, similar to those reported by Ozbey et al. (2024) and Cheloni et al.

(2025).
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Figure 5.7. The second invariant strain rates around the EAF (captured from Erdik et al.,
2023).

Interseismic strain analyses indicate that these regions are characterized by high strain
rates and increased tectonic loading. It is suggested that stress is accumulating over time.
After the 2023 doublet earthquakes, further investigations using b-value analysis and
Coulomb stress modeling revealed that several of these same areas exhibit low b-values and
positive Coulomb stress changes. Morever, INSAR coseismic analysis provides additional
evidence by detecting significant deformation in these regions, reinforcing the interpretation
that highlighted regions are under considerable tectonic stress (Please see Figure 4.27). The
spatial overlap among areas of high strain rate, positive Coulomb stress change, low b-
values, and notable surface deformation indicates a consistent pattern of increased seismic
hazard potential. Given this convergence of independent geophysical and geodetic
indicators, these highlighted regions must be closely monitored and considered priority areas
in future seismic hazard assessments.
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6. CONCLUSION

The spatio-temporal analysis of the b-value was performed over a long time period
from 1995 to the end of 2024 for the region between the 2023 earthquake doublet on the

EAF. In addition to the b-value analysis, the Coulomb stress change analysis was conducted

within the same area. INSAR technique was also utilized to observe coseismic deformation

pattern in the study area. Based on the results of the analyses and calculations, this study

highlights the following key implications:

(i)

(ii)

(iii)

(iv)

v)

(vi)

Historical earthquakes and instrumental period earthquakes are located along
the main strand, the northern strand of the EAF, northern part of the DSF within
the study area. These findings indicate that the region has a high level of
tectonic activity.

Fault plane solutions represent that the region has not only pure strike-slip
faulting mechanism, but also it has reverse and normal faulting mechanisms. It
shows that the region is a tectonically complex area with both compressional
and extensional stress regimes, as a result of movements of the surrounding
plates.

b-value analysis for the time period between 1995 and 2004 showed the
average b-value and Mc as 0.93+0.05 and 3.0, respectively.

During the time period of 2005-2014, the average b-value was found as
1.12+40.04 with and Mc of 2.5 for the study region.

For the time period from 2015 to 2023 (up to one day before the mainshock),
the average b-value was calculated as 0.87+0.02 and the Mc was 2.0.

The spatial distribution of b-values in 1995-2024 period illustrates that several
regions may be at potential seismic risk in the future based on their background
seismicity. These regions include the Diizigi—Iskenderun Fault Zone, areas near
the Karatas Fault, the southern part of Hatay (the northern segment of the DSF),
the region between Gaziantep and Kilis, the Toprakkale fault, the region
between Adana basin and Goksun bend (around Savrun Fault), and near
Celikhan.
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(vii)  The Coulomb stress analysis results confirmed that first mainshock in 2023,
promoted to the second shock.

(viii)  The combined Coulomb stress analysis demonstrated that stress predominantly
increased in the northeast toward the Karliova direction; in the west around the
Goksun bend and nearby faults; in the south along the Diizigi-Iskenderun fault
zones extending from the Gulf of Iskenderun toward Cyprus Arc; as well as
between Gaziantep and Kilis, and the southern part of Hatay.

(ix)  Coseismic deformation analysis reveals a broad and spatially variable pattern
of ground displacement across the study area.

(x)  The spatial overlap among areas of high strain rate, positive Coulomb stress
change, low b-values, and notable surface deformation indicates a consistent

pattern of increased seismic hazard potential.

The aim of this study is to understand seismic hazard potential of the study region and
the stress distribution before and after the 2023 doublet earthquakes. Therefore, the Coulomb
stress change was examined together with the spatial variations and temporal changes in b-
values within a long period of time. In addition, strain rate analyses along the southern part
of the EAF were reviewed to better understand ongoing deformation, and InSAR-based
coseismic deformation was analyzed to directly observe surface displacements associated
with the earthquake sequence. The outcomes of the study provide a comprehensive
understanding of preseismic and postseismic stress evolution and active crustal deformation
in the region. It also offers an essential input for seismic hazard assessments and contributes
to efforts aimed at mitigating risk in the southern and the southwestern part of the EAF.
Although the Coulomb stress change modeling, b-value and deformation analyses provide
valuable insight into the relationship between stress transfer, earthquake occurrence and
seismic hazard assessment, relying only on these three techniques is not sufficient to forecast
seismic events in the future. Therefore, a combination of several methods such as geodetic
monitoring, paleoseismology, time-dependent probabilistic seismic hazard assessment,
machine learning and artificial intelligence should be taken into consideration for the

effective understanding of the possible future earthquakes.
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