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ABSTRACT 
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Co-Supervisor: Prof. Dr. Erdin Bozkurt 

January 2015, 182 Pages 

 

 

 

Western Anatolia is one of the most important tectonic elements of Turkey, and 

constitutes the eastern margin of Aegean Extensional Province. The area is one of the 

most seismically active continental margins around the globe experiencing N-S 

extension. Earthquake data in this study is used to analyze the active stress patterns and 

to estimate the earthquake probabilities for different sub-regions in western Anatolia. 

Various processing techniques to attain homogeneity are applied to the earthquake 

catalogue for the area, which is then used for investigation of spatial and temporal 

variations in frequency magnitude distribution. More frequently occurring smaller 

magnitude earthquakes represented by high b-values are associated with relatively low 

stress conditions. The prominent high b-value regions identified in the study area are 

along Bakēr­ay Graben and between Ķzmir and Manisa. Spatial distribution of high b-

values correlates well with the distribution of hot springs and high heat flow anomalies. 

The temporal variations in b- values are associated with major earthquakes in the region. 
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Before the earthquake, b-vales show a small scale decrease followed by an abrupt 

increase after the event and this variation disappears after some time. Focal mechanism 

solution data is used for determining the orientations and ratios of principal stress 

components in the area. Minimum principal stress (ů3) is sub horizontal in the region 

trending in almost N-S (N15̄  E) direction and the region is characterized mainly by 

normal fault regime. The area is sub-divided into 10 sub-regions based on the variations 

in focal mechanism solutions and tectonic setting. The results for sub-regions showed 

that apart from the predominant extensional regime; Bakēr­ay and Gulf of Sēĵacēk sub-

regions are dominated by strike-slip, while Manisa and Soma sub-regions are dominated 

by extensional strike-slip regimes. These sub-regions roughly coincide with the Ķzmir 

Balēkesir Transfer Zone (IBTZ), which is characterized by mixture of normal and strike-

slip faults. Computed principle stress directions shows that the area is mostly 

characterized by N-S extension except Gökova region marked by NW-SE extension 

and Dinar and Fethiye regions displaying more variable stress tensor solutions with 

more dominant NE-SW extension. The earthquake probabilities computed using 

Gutenberg-Richter relation and Gumbel extreme value method shows that the whole 

region has a return period of 3 and 7 years for a magnitude 6 earthquake. According to 

our results, Simav and Gulf of Gökova sub-regions have highest and Manisa has lowest 

earthquake probabilities. The fractal dimension (Dc) analysis illustrates that Gulf of 

Gökova and Fethiye sub-regions have highest and Dinar-Burdur, Büyük Menderes and 

Gulf of Sēĵacēk have lowest levels of seismicity clustering. The comparison of results 

computed for sub-regions also showed that a-, b- values and stress variance are 

negatively correlated with Dc and stress ratio (R) while Dc correlates positively with R. 

 

Keywords: Western Anatolia, b-value, stress tensor inversion, earthquake probability, 

Gumbel extreme value method, fractal dimension 
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Batē Anadolu, T¿rkiyeônin en ºnemli tektonik ºĵelerinden birini teĸkil etmekte ve Ege 

Geniĸleme Bºlgesiônin doĵu sēnērēnē oluĸturmaktadēr. Bºlge d¿nyada K-G gerilimleri 

gºzlenen sismik olarak en aktif kēta kenarlarēndan birisidir. Bu ­alēĸmada aktif stres 

desenlerini ve farklē alt-bºlgelerde ki deprem olasēlēklarēnē keĸfetmek i­in deprem 

verilerini kullandēk. Bºlgede homojenliĵe ulaĸmak adēna deprem kataloĵuna ­eĸitli 

iĸlem teknikleri uygulandē ve iĸlenen veri b¿y¿kl¿k frekans daĵēlēmēndaki mekansal ve 

zamansal deĵiĸiklikleri saptamak i­in kullanēldē. Daha sēk gºzlenenen k¿­¿k 

depremlerin yüksek b-deĵerlerine sebep olduĵu saptandē ve bu d¿ĸ¿k stres koĸullarē ile 

iliĸkilendirildi. Bu araĸtērmada bºlgenin gºze ­arpan y¿ksek b-deĵerleri Bakēr­ay 

grabeni ve Ķzmir Manisa arasēnda kalan alanda yer almaktadēr. Y¿ksek b-deĵerlerinin 

mekansal daĵēlēmē, bºlgedeki sēcak su kaynaklarēnēn daĵēlēmē ve y¿ksek ēsē akēsē 

anomalileri ile uyumludur. Ķncelenen bºlgelerdeki saptanan zamansal b-deĵeri 

deĵiĸimleri b¿y¿k depremlerle baĵlantēlēdēr. Depremlerin hemen ºncesinde b-deĵerleri 

k¿­¿k ºl­ekli d¿ĸ¿ĸ ve sonrasēnda ise y¿kseliĸ gºstermekte ve bu deĵiĸim bir s¿re sonra 

kaybolmaktadēr. Odak mekanizma kataloglarē kullanēlarak ayrēca ana stres yºnleri ve 

bileĸenlerin birbirine oranlarē saptanmēĸtēr.  Sonu­lara gºre en k¿­¿k ana stres (ů3) 

yaklaĸēk yatay ve K-G yönelimli (N15̄  E) olup, bölge normal faylanma ile karakterize 
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edilmektedir. ¢alēĸma alanē, odak mekanizmalarēndaki deĵiĸimlere ve tektonik yapēlara 

göre 10 alt-bºlgeye bºl¿nm¿ĸ ve gerilme tensºr¿ ters ­ºz¿mleri bu bºlgeler i­in 

baĵēmsēz olarak ger­ekleĸtirilmiĸtir. Sonu­lara gºre geniĸleme rejiminden ayrē olarak 

Bakēr­ay grabeni ve Sēĵacēk kºrfezi doĵrultu atēmlē rejim, Manisa ve Soma bºlgeleri ise 

geniĸlemeli doĵrultu atēmlē rejim tarafēndan kontrol edilmektedir. Bu bºlgeler normal ve 

doĵrultu atēmlē aktif faylar ile temsil edilen Ķzmir Balēkesir Transfer Zonu (IBTZ) ile 

­akēĸmaktadēr. Hesaplanan ana stres yºnleri bºlgenin ­oĵunlukla K-G yºnl¿ geniĸleme 

ile karakterize edildiĵini gºstermektedir. Fakat bºlge genelinden farklē olarak Gºkova 

KB-GD yºnl¿ geniĸleme, Dinar-Burdur ve Fethiye ise daha deĵiĸken stres tensor 

sonu­larē ve daha baskēn KD-GB yºnl¿ geniĸleme sergilemektedir. Gutenberg-Richter 

baĵēntēsē ve Gumbel u­ deĵer methodu kullanēlarak ayrē ayrē hesaplanan deprem 

olasēlēĵē,  b¿t¿n bºlgenin b¿y¿kl¿ĵ¿ 6 olan depremler i­in 3 ila 7 yēllēk dºn¿ĸ 

periyoduna sahip olduĵunu gºstermektedir. Sonu­lara gºre, Simav ve Gºkova alt-

bölgeleri en yüksek, Manisa ise en d¿ĸ¿k deprem olasēlēĵēna sahiptir. Oransal kērēlma 

boyutu analizine (Dc deĵeri) gºre Gºkova ve Fethiye alt-bölgeleri en yüksek ve Dinar-

Burdur, B¿y¿k Menderes ve Sēĵacēk kºrfezi en d¿ĸ¿k d¿zeyde sismik k¿melenme 

göstermektedir. Alt-bºlge bazlē yapēlan sonu­ kēyaslamalarē a-, b- deĵerleri ve stres 

deĵiĸkenliĵinin Dc ve stres oranē (R) ile ters orantēlē, Dcônin ise R ile doĵru orantēlē 

olduĵunu gºstermektedir.  

Anahtar kelimeler: Batē Anadolu, b-deĵeri, stres tensºr ters ­ºz¿m¿, deprem olasēlēĵē, 

Gumbel u­ deĵer methodu, oransal kērēlma boyutu 
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CHAPTER 1 

 

 

INTRODUCTION  

 

 

 

1.1 Purpose and Scope 

Western Anatolia constitutes one of the important active tectonic elements of Turkey. 

The region forms eastern part of active Aegean extensional province and has been 

experiencing episodic N-S crustal extension since the latest Oligocene. Ongoing 

deformation in the region is controlled by northward subduction of African plate beneath 

the Anatolian plate and the right-lateral slip along the North Anatolian fault system. 

Along with N-S extension, the area is also characterized by oblique-slip and strike-slip 

deformations in its north-western part and Fethiye-Burdur Fault Zone which forms its 

eastern extremity. The region is one of the seismically active areas in Turkey and has 

experienced large magnitude historical earthquakes and some moderately-sized recent 

earthquakes. The purpose of this study is to investigate the active stress patterns and 

their spatial variations within the study area. The second objective of this thesis is to 

estimate the probabilities and return periods of earthquakes for various sub-regions in 

the study area. This study covers the area between the latitude and longitude intervals of 

36.5-39.5̄  N and 26.5-30.5̄  N, respectively.  

This study will lead us to the better understanding of active stress patterns of the region 

which is necessary for understanding the geodynamics of the region and will also help in 

finding any local variations within these stress patterns. Moreover, the seismicity 

analysis will help in better characterization of the active fault zones and is expected to 

serve as basis for evaluating the seismic hazards, which will further help us in the urban 

and regional planning of the nearby cities (e.g., Ķzmir, Denizli, Kütahya, Uĸak, Manisa, 

Muĵla, Bodrum etc.). 
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Figure 1.1: Generalized tectonic map of Turkey (from Bozkurt, 2001). The box 

indicates location of the study area. 

 

 

 

1.2 Previous Studies 

Western Anatolia is one of the extensively studied continental regions in the world due 

to its seismically active nature and its role in the geodynamics of the region. The area 

has been a topic of active debate for various scientists due to its tectonic complexities. A 

detailed review of the tectonic complexities and associated discussions regarding 

western Anatolia is given in Chapter 2. The area is categorized as one the most 

seismically active regions of Turkey and is therefore analyzed by various researchers for 

earthquake probabilities related studies as well. As our study deals with stress tensor 

inversion from focal mechanism solutions (FMS) and seismicity analysis, therefore a 

brief review of the previous studies related to these topics is given here. These studies 
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include the focal mechanism solutions determination of earthquakes for seismotectonic 

investigations and the statistical processing of earthquake catalogues for hazard 

assessment of the area. The prominent studies related to the seismotectonics of western 

Turkey and surrounding regions are summarized below. 

McKenzie (1972, 1978) investigated the active tectonics of Mediterranean region and 

Alpine-Himalayan belt including the Aegean Sea and surrounding regions on the basis 

of fault plane solutions of earthquakes in the region. Based on seismological techniques 

and surface observations, Eyidoĵan and Jakson (1985) studied the Demirci, Alaĸehir and 

Gediz Earthquakes of 1969-1970 in western Turkey and their implications for the nature 

and geometry of deformation in the continental crust. Taymaz and Price (1992) 

determined the source parameters for May, 12 1972 Burdur earthquake using 

seismological and geological observations. Taymaz et al. (1991) also provided a revised 

account of active tectonics of the north and central Aegean Sea based on an updated 

focal mechanism solutions database, including previous data and FMS determined in 

their study. The focal mechanism solutions for Dinar earthquake were determined by 

Eyidoĵan and Barka (1996); Pēnar (1998) and Wright et al. (1999). Papazachos et al. 

(1991, 1998) used the focal mechanism solutions to investigate the active tectonic 

patterns in the Aegean region. Kirtazi (2002) carried out the stress tensor inversions 

along the westernmost North Anatolian Fault Zone and its continuation into the North 

Aegean Sea using the already published focal mechanism solution catalogue. Kiratzi and 

Louvari (2003) developed an updated database of focal mechanisms of shallow 

earthquakes for a period of 1953ï1999 in the Aegean Sea and the surrounding regions. 

Zhu et al. (2006) carried out the seismotectonic investigation of western Turkey using 

high resolution earthquake relocations and moment tensor determinations. Their results 

showed that the NïS extension in western Turkey is accommodated by strike-slip 

faulting in the region. Benetatos et al. (2006) and Aktar et al. (2007) reported the focal 

mechanism solutions for Gulf of Sēĵacēk earthquake sequence and its aftershocks and 

reported a strike-slip fault system in the area. Irmak (2013) determined focal 

mechanisms for small to moderate earthquakes in Denizli area and showed that the 

earthquakes in the area are characterized by normal faulting mechanism associated with 

small strike-slip components. Tan (2013) discussed the dense micro-earthquake activity 
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along the boundary between the Anatolian and South Aegean micro-plates around the 

Karaburun Peninsula area. Çevikbilen et al. (2014) studied the source mechanism and 

rupture histories of recent earthquakes in western Turkey for the ongoing active 

deformation in the region and suggested a strike-slip tectonic domain associated with the 

dominant extensional domain in the region. Doĵru et al. (2014) carried out geodetic and 

seismological investigation of crustal deformation around Izmir area. The strain related 

studies from GPS measurements for the region and surroundings includes: Kahle et al. 

(1998); McClusky et al. (2000, 2003); Reilinger et al. (2006); Erdoĵan et al. (2008); 

Aktuĵ et al. (2009) and  Özener et al. (2013). 

The earthquake probabilities and seismic risk related studies for western Turkey are also 

summarized. Altēnok (1991) evaluated the seismic risk of west Anatolia by application 

of Semi-Markov model. Baĵcē (1996) investigated seismic risk of western Anatolia 

using the Poisson model for earthquake data from 1930 to 1990. Sayēl and Osmanĸahin 

(2004, 2005) and Sayēl (2005) applied time- and magnitude- predictable model to west 

Anatolia and other regions of Turkey for long-term earthquake prediction. Sayil and 

Osmanĸahin (2008) estimated the seismic risk and recurrence periods by using Poisson 

model from historical and instrumental data (1900-2006) for selected characteristic sub-

regions in western Anatolia. Polat et al. (2008) investigated the earthquake hazard for 

western Aegean extensional region using the Gutenberg-Richter b- parameter, seismic 

quiescence (z- value) and fractal behavior using earthquake data from 1900 to 2002. 

Bayrak et al. (2008, 2009) carried out the seismicity assessment for different regions in 

and around Turkey using Gumbel first asymptotic distribution and G-R cumulative 

frequency law. Bayrak and Bayrak (2012a) evaluated, using historical and instrumental 

data, the seismic hazard potential for different regions in western Anatolia. Other studies 

for the region includes those of Papazachos, (1999); Jenny et al. (2004); Bayrak et al. 

(2005); Firuzan, (2008) and ¢obanoĵlu and Alkaya, (2011). 

Bayrak and Bayrak (2012b) studied the variations and correlation of Gutenberg-Richter 

(a- and b- values) and fractal dimension (Dc) for various seismogenic zones in western 

Anatolia. Öztürk (2012) also studied the statistical correlation between these parameters 

for 55 tectonic zones of Turkey including western Anatolia. Other regional studies 
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related to fractal dimension includes those of the Öncel and Wilson, (2002); Öncel, 

(2004) and Ceylan, (2006). 

 

 

1.3 Data and Methods 

The research methodology includes acquiring a seismic catalogue for the area from 

KOERI (http://www.koeri.boun.edu.tr/). The catalogue is evaluated for its temporal and 

spatial homogeneity and different processing techniques (e.g., homogeneity through 

time; removing quarry blasts; homogeneity of magnitude scales and declustering of the 

catalogue) are applied to acquire a homogeneous catalogue for the region. The statistical 

analysis of the catalogue and b-value maps of frequency magnitude distribution (FMD) 

for the whole region and for some recent major events in the area is carried out using 

ZMAP (Wiemer, 2001) software package. For investigating the active stress patterns of 

the region, a focal mechanism solution (FMS) catalogue is compiled from different local 

and international agencies and available literature. The area is divided into sub-regions 

on the basis of tectonic sub-domains and variations in focal mechanism solutions. Using 

the FMS, stress tensor inversion has been carried out using Slick method of Michael 

(1984, 1987) for the whole area and principal stress directions are determined. The 

results are compared with the structural data and other available datasets. Stress tensor 

inversion is also carried out using Win-Tensor program of Delvaux and Sperner (2003) 

for checking the reliability of Michaelôs method results. After dividing the area into sub-

regions, a well-established seismic source zone model is attained, which can be used for 

detailed seismic hazard analysis of the region. The hazard analysis is carried out for 

these sub-regions using Gutenberg-Richter relation and Gumbelôs annual extreme value 

method. The fractal dimension (Dc) analysis is also carried out for sub-regions using the 

correlation dimension of Grassberger and Procaccia (1983). 

 

 

 

 

 



6 
 

1.4 Organization of the Thesis 

This thesis is organized into six (6) chapters. In Chapter 2, an overview on the regional 

tectonic settings of the area and the associated discussions is given in detail.  

Afterwards, the major fault structures in the area are described in association with the 

tectonic sub-domains in the area. At the end of this chapter, the spatial distribution of the 

seismicity and its relation with the fault structures is discussed in detail. Chapter 3 deals 

with earthquake statistics. b- value maps of frequency magnitude distribution for the 

region and some recent events are presented in this chapter for investigation of spatial 

and temporal variations of b-values. Chapter 4 is related to the stress tensor inversion 

from focal mechanism solutions. Horizontal stress directions are also computed for the 

area using the focal mechanism solutions. In Chapter 5, earthquake probabilities and 

fractal dimension values have been calculated for all the sub-regions in the study area 

using different methods. The results of this thesis are then discussed and interpreted in 

Chapter 6. 
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CHAPTER 2 

 

 

TECTONIC SETTING  AND SEISMICITY  

 

 

 

2.1 Regional Tectonic Setting 

Turkey falls within an important sector in the western part of Alpine-Himalayan 

orogenic belt. Hellenides and Carpathians branches of Alpine system cross Turkey in the 

form of complex Tauride and Pontide blocks and connect with Bitlis-Zagros Zone to the 

east (ķengºr and Yēlmaz, 1981). This part of the Alpine-Himalayan belt is dominated by 

compressional, strike-slip and extensional deformations that resulted from the 

complicated convergence of African and Eurasian plates. The continental convergence 

governs the major neotectonic configuration of Turkey (Figure 2.1). The African Plate to 

the south is subducting beneath the Anatolian microplate and Eurasia to the north along 

the Aegean-Cyprian subduction zone that constitutes the southern limit of this tectonic 

regime. The subduction is accompanied by dextral North Anatolian Fault System 

(NAFS) to the North and sinistral East Anatolian Fault System (EAFS) to the East, to 

accommodate the movement of the overriding Anatolian wedge. These fault systems 

bound the Anatolian microplate and guide its westward escape from the zone of 

continental collision along the Bitlis-Zagros suture zone between the African and 

Eurasian plates (ķengºr, 1979; Dewey and ķengºr, 1979; ķengºr et al., 1985). The 

escape of the Anatolian microplate is accompanied by counterclockwise rotation 

(Rotstein, 1984). As a result of all these movements, Turkey is characterized by four 

different kinds of unique deformation styles and sedimentary basin formation (Figure 

2.2) (Ko­yiĵit and ¥zacar, 2003). 
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(1) An extensional regime dominates across southwestern parts of Turkey. The 

region is characterized by active continenetal extension and forms the eastern 

part of well-known Aegean Extensional Province (AEP) and extends westward 

into Aegean Sea and southern Balkan region. The study area falls in this 

neotectonic regime;  

(2) The East Anatolian compressional province; 

(3) The North Anatolian Fault Zone strike-slip province; 

(4) The Central Anatolian province. 

 

 

 

 

 

Figure 2.1: Generalized tectonic map of Turkey taken from Taymaz et al., 2007. BGF: 

Beyĸehir Gºl¿ Fault; BMG: B¿y¿k Menderes Graben; BuF: Burdur Fault; CTF: 

Cephalonia Transform Fault; DF: Deliler Fault; DSF: Dead Sea Transform Fault; EAF: 

East Anatolian Fault; EcF:  Ecemis Fault; EF: Elbistan Fault; EPF: Ezinepazarē Fault;  

ErF: Erciyes Fault;  G: Gökova; Ge: Gediz Graben; KFZ: Karatas-Osmaniye Fault Zone; 

MF: Malatya Fault;  NAF: North Anatolian Fault; PTF: Paphos Transform Fault; SF: 

Sultandaĵi Fault; Si: Simav Graben; TF: Tatarli Fault; TGF: Tuz Gölü Fault. 
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Figure 2.2: Map illustrating the major neotectonic provinces and related governing 

structures in Turkey and surrounding areas. The figure is adapted from Çiftçi (2007), 

modified from Ko­yiĵit and ¥zacar (2003), Woodside et al. (2002) and Zitter et al. 

(2005). 
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The Anatolian microplate is composed of various amalgamated continental fragments 

with several suture zones acting as a divide between them. These continental fragments 

forms basement to the neotectonic sedimentary basins of the Anatolian microplate. The 

continental fragments were welded against each other by means of continent-continent 

collisions across the northern and southern branches of Neotethys during the Early 

Tertiary (ķengºr and Yēlmaz, 1981). Deformation fabrics resulted from this collision 

played a major role in governing the neotectonic framework of the region. The major 

continental fragments of western Anatolia are bounded by two major suture zones. The 

Intra-Pontide suture zone separates the Ķstanbul Zone to the north from the Sakarya Zone 

to the south and the Ķzmir-Ankara Suture acts as divide between the southern margin of 

Sakarya Continent in the north and the Anatolide-Tauride Platform in the south. This 

platform is made up of several tectonic units bounded by major faults. These units 

include Tavĸanlē Zone, the Bornova Flysch Zone, the Afyon Zone, the Menderes Massif 

and Lycian Nappes (Piper et al. 2002; Bozkurt and Oberhänsli, 2001 and references 

therein). 

Western Anatolian extensional province is one of the important structural elements of 

Turkey constituting the eastern margin of active Aegean Extensional Province (AEP) 

(Figure 2.2). The region is one of the best studied region in Turkey, with most of the 

research focusing on the cause of extensional stress field and the time of initiation of 

extension (e.g., Seyitoĵlu and Scott, 1991, 1992; Taymaz, 1993; Le Pichon et al. 1995; 

Reilinger et al. 1997; Ambrasseys and Jackson, 1998; Altunel, 1999; Ko­yiĵit et al. 

1999a, b; McClusky et al., 2000; Bozkurt, 2001; Bozkurt and Sºzbilir, 2004; Ko­yiĵit, 

2005; Bozkurt and Mittwede, 2005 and references therein). In essence, the region as a 

whole was shortened by a series of collisional events in the late Mesozoic and early 

Tertiary (Robertson and Dixon, 1984; ķengºr et al., 1984) and since latest Oligocene the 

area has been experiencing episodic active N-S crustal extension.  

The ongoing extensional deformation in the area is controlled by the northward 

subduction of African Plate beneath the Anatolian Plate and the right lateral slip along 

North Anatolian Fault Zone. It has been well established that this region is now 

undergoing N-S extensional phase at a rate of 30-40 mm/yr (Oral et al. 1995; Le 



11 
 

Pichon et al. 1995). But the origin, time, cross cutting relationship between faults in the 

area, nature of folding (whether compressional or extensional) and evolution through 

time of the extensional phase has been a topic of debate for various scientists working on 

the area.  

The origin of extension in this region has been attributed to (i) westward escape of the 

Anatolian block along the North Anatolian Transform Fault Zone (Dewey and ķengºr, 

1979), (ii) Roll-back along the Neogene to Recent subduction in the Aegean-Cyprean 

subduction zone or Back-arc spreading model (Le Pichon and Angelier 1979), and/or 

(iii) gravitational collapse of thickened crust following Palaeogene Alpine-Himalayan 

compression (Seyitoĵlu and Scott, 1991). 

According to the first model, AEP formed as a result of the westward motion or escape 

of the Anatolian microplate from the collision zone of Arabian and Eurasian plates 

across the Bitlis Suture, in southwestern Turkey by motion along dextral North 

Anatolian Fault Zone (NAFZ) and sinistral East Anatolian Fault Zone (EAFZ). The 

westward escape of the Anatolian wedge is being obstructed by a bend in the course of 

the NAFZ in southwestern part near Aegean Sea and Greece (ķengºr et al. 1985). This 

obstruction resulted in E-W shortening, which was relieved in the form of N-S 

extension by lateral spreading in the AEP region (ķengºr et al. 1985). The roll back 

model suggests that migration of the trench system in Aegean-Cyprian subduction zone 

to the south and southwest gave rise to extensional forces in the back-arc (Aegean) 

region. This process consequently led to the subsidence of Aegean Sea and the 

formation of present day AEP (McKenzie, 1978; Le Pichon and Angelier, 1979; Jackson 

and McKenzie, 1988; Meulenkamp et al. 1988, 1994). Nevertheless, there are still 

discussions about the inception date of subduction, rollback process and the 

consequential extension. The orogenic collapse model requires an orogenic belt with an 

over-thickened crust to collapse under its own weight due to exceed of body forces 

(resulting from isostatically compensated elevation) from the compressional tectonic 

forces forming the orogenic belt (Dewey, 1988). This crustal thickening, further 

supported by structural inhomogeneity and thermal anomaly of the lithosphere, creates 

an extensional stress field and promotes continental rifting. It is suggested that the 
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orogenic collapse and inception of the roll-back process developed simultaneously and 

the former has been balanced by the latter since the Middle Miocene (15 Ma).  Another 

model proposed by Doglioni et al. (2002) claim that the current deformation in the AEP 

is a result of differential rate of convergence between the subducting African Plate and 

the overriding plate, with faster southwestward moving Greece as compared to 

Anatolian microplate. None of the afore-mentioned models can independently address 

the problems related with the origin and age of extensional tectonics of the graben 

system in western Turkey in a satisfactory manner. Therefore, recently geologists used a 

combination of two or more of these models in an episodic manner to address these 

issues. 

Ko­yiĵit et al. (1999a, b) defined two distinct extensional phases, separated by a short 

phase of compression for the Gediz Graben on the basis of his field evidences. The first 

phase of extension (Early Miocene) was driven by the orogenic collapse model along the 

Ķzmir-Ankara suture zone, intercepted by an intervening short phase of N-S 

compression in late Miocene to early Pliocene times which was probably as a result of 

change in the kinematics of Eurasian and African plates. The second or current phase of 

extension was probably triggered by the commencement of sea-floor spreading along 

Red Sea in early Pliocene times. At that time the Anatolian microplate and its bounding 

structures, NAFZ and EAFZ, had formed and the westward escape of Anatolian 

microplate was initiated; this lead to the extension in the Aegean region. Further studies 

supported by field evidences validated the episodic two stage extension model (Bozkurt, 

2000, 2001, 2003, 2004; Yēlmaz et al. 2000; Sözbilir, 2001, 2002; Çiftçi, 2007; Çiftçi 

and Bozkurt, 2010; Cihan et al. 2003; Bozkurt and Sözbilir, 2004, 2006; Purvis and 

Robertson, 2004, 2005; Rojay, et al., 2005; Kaya et al. 2004; Bozkurt and Rojay, 2005; 

Beccaletto and Stenier, 2005; Westaway et al. 2005). 
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Figure 2.3: Simplified geological map of western Turkey, from Bozkurt (2000). 

Abbreviations: AG: Acēpayam Graben; BaG: Baklan Graben; B­G: Bakērçay Graben; 

BG: Burdur Graben; BMG: Büyük Menderes Basin; DB: Demerici Basin; DG: Denizili 

Graben; GB: Gördes Basin; GG: Gediz Graben; KMG: Küçük Menderes Graben; SB: 

Selendi Basin; SG: Simav Graben; UGB; Uĸak-Güre Graben. 
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2.2 Geological Setting of Western Anatolia 

Western Anatolian region is characterized by horst blocks of the Menderes Massif, 

which acts as a divide between the adjacent grabens. These basins include Gediz 

Graben, Küçük Menderes Graben, Büyük Menderes Graben and Simav Graben (Figure 

2.3). The Graben basins are filled with Neogene to Recent stratas. The grabens are the 

sites of active continental depositions by alluvial and fluvial processes (Ko­yiĵit et al., 

1999a and b; Yēlmaz et al., 2000; Bozkurt, 2004; Ko­yiĵit, 2005). Apart from the 

grabens, there are NE-SW- trending basins to the North of Gediz Graben and NW-SE 

basins to the south of Büyük Menderes Graben; they include Gördes, Demerici, Selendi 

and Uĸak-Güre basins (Figure 2.3). The origin of these basins is controversial. Some 

researchers (ķengºr et al., 1985; ķengºr, 1987; Yilmaz et al., 2000) refer them as 

Tibetean type graben system that formed after the closure of northern branch of 

Neotethys under the N-S compressional conditions prevailing at that time. Others regard 

them as synchronous with the E-W graben system (Seyitoĵlu and Scott, 1991, 1992; 

Collins and Robertson, 1998) while some say that they are controlled by cross 

accommodation faults on hanging wall of presently low angle detachment fault 

bounding the southern margin of Gediz Graben (ķengºr 1987, Bozkurt, 2003). The 

grabens in the region have an east-west- trending morphometric expression with a well-

defined topography on satellite images and aerial photographs. The southern part of the 

region, Gökova region, is dominated by two different rift systems of different age and 

orientations (Görür et al., 1995). It consists of a younger east-west- trending rift system 

that cut across the northwest-southeast trending rifts (ķengºr et al., 1984). The most 

prominent neotectonic features of this system include Gºkova, Yataĵan-Muĵla and 

Milas-Ören basins. The grabens in the northwest-southeast system are separated by 

basement highs forming horsts. The prominent basins in Fethiye-Burdur fault zone 

include Burdur, Acēpayan, Eĸen (ten Veen, 2004; Al­i­ek, 2007) and Çameli-Gölhisar 

(Alçiçek et al., 2006) basins. The basins are bounded by NE-SW- trending oblique-slip 

faults having sinistral strike-slip components (Elitez, 2010; Elitez et al., 2009; Elitez and 

Yaltirak, 2014). To the north, Fethiye-Burdur fault zone merges into NW-SE- trending 

grabens, including Dinar, Beyĸehir, Akĸheir-Afyon, Dombayova grabens. The 
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Quaternary basins included in IBSZ are bounded by NE-SW- trending strike-slip and 

E-W- trending normal faults that are obliquely oriented to the former, so they are 

categorized as rhomb or strike-slip basins (Uzel & Sözbilir 2005, 2006). The prominent 

basins in this zone include Bakēr­ay and Cumaovasē basins (Figure 2.4). 

 

 

2.3 Major Tectonic Structures in the Region 

Most of the faults in the study area are associated with the grabens and they act as 

bounding structures for them. Apart from normal faults associated with the extensional 

tectonics of the area; the north-western part of the area is dominated by strike-slip faults 

associated with the Ķzmir Balēkesir Transfer Zone (IBTZ) (Figure 2.4). The scarps of the 

faults show linear segments and they can be clearly marked, as they separate the alluvial 

plains from the rougher terrains.  

The faults in the area have been categorized into four groups based on their tectonics 

sub-domains, fault mechanisms and geographic locations (Figure 2.4). These groups are 

1) Central portion of the study area, that is faults associated with Gediz, KMG, 

BMG, Simav grabens and the transtensional basins (Gördes, Selendi, 

Demerici, Uĸak-Güre basins); 

2) Gökova Region (southern margin of the study area); 

3) Fethiye-Burdur Fault Zone; 

4) Ķzmir Balēkesir Transfer Zone (IBTZ) 

 

 



16 
 

 

 

Figure 2.4: Active fault map of the area compiled from MTA (1992); Bozkurt (2000, 

2001); Uzel and Sözbilir (2008) and Hall et al. (2014). The white dotted lines show the 

main tectonic sub-divisions proposed for the area.  

 

 

 

2.3.1 Central Portion 

This portion of the study area is dominated by the extensional grabens (i.e. Küçük 

Menderes, Büyük Menderes, Gediz and Simav grabens) and their associated bounding 

faults. The bounding structures of these grabens are low-angle normal faults associated 

with many historical and recent earthquakes (Ambraseys and Jackson, 1998; Altunel, 

1999, Bozkurt, 2004; Koçyiĵit, 2005). The transtensional basins (Gºrdes, Gördes, 

Demirci, Selendi and Uĸak-Güre basins) are supposed to have been formed due to strike-

slip faults, where the extension direction is oblique to the margins of the basins (Ersoy et 
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al., 2011). Seismicity associated with these transtensional basin bounding faults is not 

pronounced as compared to the graben system (McKenzie, 1978; Eydoĵan and Jackson, 

1985).  

The faults associated with Gediz Graben, range in size from large graben bounding 

faults extending to 100 km to small scale faults with only meters of offsets. The faults 

are segmented, discontinuous and comprise planar and short segments that are marked 

by coalesced Quaternary alluvial fans (Bozkurt and Sözbilir, 2006). Geological evidence 

suggests that southern margin forms the most active and intensely deformed part of the 

Gediz Graben. The fault pattern in Büyük Menderes Graben is similar to that of the 

Gediz Graben with segmented and discontinuous fault pattern. The difference is that its 

northern margin bounding fault is more pronounced as compared to its southern margin 

bounding fault. Zhu et al. (2006) reported; based on the moment tensor inversions, two 

strike-slip faults in western Anatolia that were not reported previously. One of the faults 

is located near Buldan area and was named Derbent fault; it is a NNW trending strike-

slip fault that connects the eastern end of Gediz graben and BMG. The fault is 

categorized as a transfer fault that accommodates the lateral termination of the E-W- 

trending grabens. Simav Fault Zone bounds the southern margin of Simav half graben. 

The E-W- trending fault zone is interpreted as a normal with right-lateral strike-slip 

component (Seyitoĵlu, 1997). It is surrounded by other active normal faults trending in 

WNW-ESE directions. Simav Fault is considered as a segment of the Sēndērgē-Sincanlē 

Fault Zone which is the structural boundary between Aegean extensional and NW 

Anatolia transition tectonic regimes (Doĵan and Emre, 2006). 

 

 

2.3.2 Gökova Region 

Recent studies suggests presence of active normal faults in Gökova region associated 

with the east-west trending rift system (ķaroĵlu et al., 1995; Görür et al., 1995; Kurt et 

al; 1999; Uluĵ et al., 1996). These faults cut across each other at some places (ķengºr et 

al., 1984). The rifts are also complicated by short faults that give rise to transversal 

structures within or between the grabens and work as transfer faults (ķengºr, 1987). The 
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rift system is characterized by normal faults of various sizes, dip and throw. The 

prominent fault in the area is Gökova fault; which is responsible for the opening of the 

recent gulf system in western Turkey and forms the northern margin of Gökova Gulf. 

The faults on the northern margin are larger and continuous as compared to the southern 

margin of the Gulf which suggests a listric nature. The southern margin of the gulf is 

bounded by north dipping Datça fault, which is an EW- trending submarine active listric 

fault associated with other small antithetic faults (Kurt et al., 1999). Detailed 

bathymetric and seismic surveys have shown a number of younger faults in the gulf 

region as well (Görür et al., 1995). 

 

 

2.3.3 Fethiye-Burdur Fault Zone 

To the east of the Gökova region, in the southern part of the study area lays the Fethiye-

Burdur Fault Zone. The fault zone is one of the tectonically active parts of SW Turkey. 

Various researchers have regarded it as the eastern extension of the Pliny-Strabo Fault 

zone (e.g., Woodside et al., 2000; ten Veen, 2004; Hall et al., 2009; Ocakoĵlu, 2012; 

Hall et al., 2014). It runs in a NE-SW direction between the Fethiye Gulf and Sultan 

Mountains for a length of 300 km with a width of 40 to 50 km (Hall et al., 2014). The 

fault zone lacks a single major fault at the surface and is composed of various linear, 

near vertical fault segments trending in NS or NE direction with an oblique sense of 

normal faults and/or sinistral strike-slip faults, although there are controversies on the 

mechanism of the fault zone (e.g., Dumont et al., 1979; Eyidoĵan and Barka, 1996; 

Barka et al., 1997; Taymaz et al., 1991; Taymaz and Price, 1992; Ko­yiĵit et al., 2000; 

Alçiçek et al., 2006; Hall et al., 2014). The notable structural element of this zone is a 

WNW-ESE- trending fault zone composed of numerous en-échelon normal faults 

transecting the basin bounding faults and is referred as Gökova-Yeĸil¿z¿ml¿ Fault Zone. 

To the north the Fethiye-Burdur Fault Zone merges with a series of WNW-ESE grabens 

and their bounding faults (Westaway, 1990; Alçiçek et al., 2006). Dinar Fault is one of 

the major fault in this zone and caused the October1
st
, 1995 (M= 6.1) earthquake and is 

predominantly normal fault with minor strike-slip component (Eyidoĵan and Barka, 
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1996). The earthquake reactivated this fault which was previously supposed to be 

inactive by Price and Scott (1994). The NW-SE- trending fault is about 60 km long and 

a 10 km rupture was produced by the 1995 earthquake with Ò 50cm vertical movement 

(Altunel et al., 1999). 

 

 

2.3.4 Ķzmir Balēkesir Transfer Zone (IBTZ ) 

Studies based on GPS measurements shows that the westward escape of Anatolian Plate 

changes its direction in western Turkey to southwest by an abrupt anticlockwise rotation 

over the Aegean Trench (McClusky et al., 2000). The axis of this motion is 

approximately trending N20° E and is characterized by an intermittently active transfer 

zone between Ķzmir and Balēkesir (Sºzbilir et al., 2003; Erkül et al., 2005) (Figure 2.4). 

This zone acts as a boundary between the E-W- trending grabens and the north Aegean 

region and accommodated N-S extension during their formation (Figure 2.5). Based on 

evidences from paleomagnetic data for the switching of rotation direction from 

clockwise to anticlockwise in western Anatolia (Kissel and Laj, 1988) and other data 

from field; Ring et al. (1999) named this zone as wrench corridor that accommodates the 

differential extension rates between the western Anatolia and Aegean region. The 

southwest Anatolia and Aegean Sea, which are at the southern part of this zone rapidly 

moves towards the Hellenic trench along the right lateral Tuzla Fault (eastern margin of 

IBTZ) and left-lateral Pliny-Strabo Fault Zone (Fethiye-Burdur Fault Zone). 

The zone is considered as a deep crustal transform fault zone that formed during the late 

Cretaceous and later acted as a transtensional transfer fault zone during the Neogene 

(Okay and Siyako, 1993; Okay et al., 1996; Sözbilir et al., 2008, 2011; Uzel and 

Sözbilir, 2008; Uzel et al., 2012; Özkaymak et al., 2011). The western margin of the 

zone is characterized by NE- trending Quaternary basins such as the Cumaovasē, 

Bakēr­ay and Urla basins; the development of these basins are dominated by NE- 

trending active strike-slip faults. The focal mechanisms of recent earthquakes that 

occurred in the region indicate that both EïW- trending normal and NEïSW and NWï

SE- striking strike-slip faults are active in the region. On the other hand Ocakoĵlu et al. 
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(2005) and Zhu et al. (2006) suggested a transpressional character for the strike slip 

faults in the region. 

Apart from normal faults associated with the E-W graben systems (i.e. Gediz and BMG, 

Gökova, Dinar, etc.) observed in western Turkey; the strike-slip faults associated with 

IBTZ are also capable of generating destructive earthquakes in the area. These faults are 

reported at the western end of Gediz Graben and KMG in the area surrounding the 

Karaburun Peninsula and the areas north of it. Similar type of faulting is well 

documented along the Manisa Fault (Bozkurt and Sözbilir, 2006). Studies based on 

surface morphology and marine seismic reflection data in the Ķzmir region (Emre and 

Barka 2000; Genç et al., 2001 Ocakoĵlu et al., 2004;  Ocakoĵlu et al., 2005; Uzel and 

Sözbilir, 2005; Uzel and Sözbilir, 2008; Uzel et al., 2012) shows two sets of active faults 

in the main land and offshore of the area. These are approximately NEïSW- trending 

strike-slip faults and E-W- trending normal faults. Among them, the prominent ones are 

the dextral strike-slip Gülbahçe Fault Zone (GFZ), dextral strike-slip Seferihisar Fault 

Zone (SFZ), dextral strike-slip Orhanlē Fault Zone (OFZ), Karaburun Fault (KF), Urla 

Fault (UF), Tuzla Fault and Ķzmir Fault (IF). The Tuzla strike-slip fault zone (TF) is 

proposed to be extended towards the Ķznik in the north and towards the Samos Island in 

the south. Focal mechanism solutions (Tan and Taymaz, 2001) from earthquakes near 

Doĵanbey and the slip measured from the offset of river channels (Emre and Barka, 

2000) show a right-lateral slip character for NE-SW- trending Tuzla fault. 
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Figure 2.5: Cartoon model proposed for the Ķzmir Balēkesir Transfer Zone (IBTZ) taken 

from Ocakoĵlu et al. (2005). CLFZ: Cephalonia-Lefkada Fault Zone; EG: Edremit Gulf; 

I: Ikaria Island; IG: Ķzmir Gulf; GKG: Gökova Graben; NAFZ: North Anatolian Fault 

Zone; R: Rhodes Island; S: Samos Island; SG: Saros Gulf; ZBF: Zeytindaĵ-Bergama 

Fault. 

 

 

 

2.4 Seismicity of Western Anatolia 

The spatial distribution of seismicity in a region is dependent upon the distribution of 

active faults. Figures 2.6 show topography, active faults and distribution of seismicity in 

the region. The figure illustrates that the distribution is not homogeneous throughout the 

region and that the seismicity being mostly concentrated around the graben bounding 

faults; the graben floors and horst structures are generally devoid of seismicity. The 

northwestern portion of the study area that falls in Ķzmir-Balikesir Transfer Zone; the 

southern coastal areas that falls in Gökova region and Fethiye-Burdur Fault Zone are 

also seismically active. There are some distinct seismically active regions in the study 
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area that are dominated by different styles of faulting and fall in different tectonic 

domains. These are Simav, Gediz, Soma, north-western margin (Ķzmir), Gökova, and 

Fethiye-Burdur regions.  

Simav Graben bounding fault system is located in the northern part of the study area. 

These faults dominantly have normal character while remaining ones are characterized 

by right-lateral strike-slip components. This active fault system produced the March 28
th
 

1970 Gediz earthquake (Ms=7.1). The seismicity is aligned along the fault trace with a 

cluster located at the central portion of Simav Graben.  This cluster is related to the main 

shock and associated aftershock sequence of the Simav earthquake of 2011. The 

seismicity is well pronounced along the fault, thus confirming that the fault is still 

active. 

The eastern margin of Gediz Graben is also one of the most seismically active region in 

western Anatolia and its bounding fault produced the 28
th
 March 1969 Alaĸehir 

earthquake (Ms=6.1). The graben has large bounding faults and seismicity along its 

southern margin, manifested by earthquakes in the past century (Arpat and Bingöl, 1969; 

Eyidoĵan and Jackson, 1985). The seismicity is further diffused towards east of the 

Gediz Graben. The region is the junction of faults from the Gediz and BMG Grabens 

and is dominated by normal faulting.  

The north-western part of the study area that coincides with IBTZ is also seismically 

active. The seismicity in this region is diffused over a large area and the region is 

characterized by complex tectonics. In the north it extends to the western extent of 

Simav Graben bounding fault system. The seismicity is diffused over a large area 

between Soma and Bigadiç and extends offshore in the south to the Ķzmir Bay. The area 

is dominated by NE-SW trending strike-slip faults and E-W trending oblique-slip 

normal faults. The cluster at the western margin of this area (near Ķzmir) is related to 

2005 Gulf of Sēĵacēk earthquake sequence. 
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Figure 2.6:  Map showing the distribution of seismicity with topography in the study 

area. The seismic catalogue is obtained from KOERI (M Ó 3.0) for the period of 1990-

2013. The events are scaled according to their magnitude and the stars show the 

locations of recent major events in the area.
 

 

 

 

 



24 
 

The southern part of the region is dominated by E-W and NW-SE- trending basins and 

associated normal faults. The Gulf of Gökova, Muĵla-Yataĵan and Bodrum are the 

seismically most active parts of the region. The gulf area is characterized by earthquake 

clusters that occur for a long period of time. The major events in Gökova region includes 

the earthquakes of 23 April, 1933 (Ms= 6.4), May 23, 1941 (Ms= 6.0) and 13 

December, 1941 (Ms= 6.5) earthquakes. 

The seismicity in the south eastern part of the study area is related to the seismically 

active Fethiye-Burdur Fault Zone. The zone is characterized by a combination of normal 

faults which have generally left lateral components and extends in NE-SW direction 

towards the north. The fault zone is one of the tectonically active parts of SW Turkey 

and is responsible for many historical earthquakes in the region as well as some major 

earthquakes in this century like Burdur (1914, M=7.0), Fethiye (1957, M=7.1) and 

Dinar (1925, M=6.0) earthquakes. The cluster east of the Gediz Graben (Figure 2.5) is 

associated with October 1995, Dinar earthquake that occurred along the NW-SE- 

trending Dinar Fault.  

The earthquake density map (Figure 2.7) shows the pattern of distribution of recent 

seismicity in the area which is consistent with the geographic distribution of active faults 

in the region.  

The most recent moderate-sized earthquakes that occurred in the area after 1990 are as 

follows (Figure 2.6). Alaĸehir earthquake occurred on July 26, 2003 (Ml=5.4, Mw=5.1) 

at east of the Gediz Graben and was preceded by another Ml=5.2 event (on 23
rd 

July). 

Simav earthquake occurred on May 19, 2011, with Ml=5.9 near Simav along a normal 

fault segment of Simav Graben bounding fault system. The earthquake was followed by 

aftershocks that lasted for months. The epicenter was 40 km west of the epicenter of the 

magnitude 6.9, 1970, Gediz earthquake. The focal mechanism solution reported for the 

earthquake and associated aftershocks by KOERI showed a normal fault mechanism for 

this event. The Gulf of Sēĵacēk earthquake sequence started on 17
th
 October, 2005, with 

three main events. First event (Mw=5.4) occurred on 17 October 2005 (05:45 UTC) at 

the western end of Gulf of Sēĵacēk, and was followed (09:46 UTC) by an Mw 5.8 event.  
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Figure 2.7: Earthquake density map of the area. 
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Three days later, on 20
th
 October another, Mw 5.8 event occurred along the central part 

of Sēĵacēk Gulf. A total of 839 earthquakes (M>2.4) were reported from October 17 to 

31 by KOERI, with most of them concentrated along the southern part of the Gülbahçe 

Fault (KOERI, 2005). The focal mechanism solution for the main shocks and associated 

aftershocks showed a strike-slip mechanism for the sequence (Benetatos et al., 2006). 

Bodrum Earthquake sequence started on August 2, 2004 with a series of moderate 

magnitude earthquakes in the Gulf of Gökova. The main event occurred on August 4, 

2004 (Mw = 5.5). The largest aftershocks occurred on the same day with magnitudes 4.8 

and 5.0 and the activity continued for several months. The focal mechanism solution for 

Bodrum earthquake and its aftershocks showed a normal character for the sequence 

(Yolsal-¢evikbilen., et al., 2014). Dinar earthquake (Ms=6.0) on 1
st
 of October 1995 

along Dinar Fault and had a predominant normal fault mechanism with minor strike slip 

components (Eyidoĵan and Barka, 1996). The earthquake reactivated the fault which 

was previously supposed to be inactive (Price and Scott, 1994). The NW-SE trending 

fault is about 60 km long and a 10 km rupture was produced by the 1995 earthquake 

with Ò 50cm vertical movement (Altunel et al., 1999). November 6, 1992 Doĵanbey 

(Ķzmir) Earthquake (Ml=5.7, Ms =6.0) occurred east of Ķzmir and showed a strike-slip 

fault mechanism (Harvard CMT). Manisa earthquake (Ms=5.1) occurred on January 28, 

1994 in the western part of Gediz Graben and the focal mechanism solution reported for 

the main shock is normal fault with a minor strike slip component (Tan and Taymaz, 

2003). 
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CHAPTER 3 

 

 

SPATIAL AND TEMPORAL VARIATIONS IN FR EQUENCY MAGNITUDE 

DISTRIBUTION OF EARTHQUAKES  

 

 

 

3.1 Earthquake Statistics 

In any seismic region, at any time, the number of small earthquakes is many folds 

greater than the larger earthquakes. The logarithmic form of this law was quantified by 

Gutenberg and Richter in 1944 and is also known as the Frequency Magnitude 

Distribution (FMD) 

Log10 N = a - bM 

where N is the cumulative number of earthquakes greater than or equal to magnitude M, 

óbô is the proportion of small earthquakes to large earthquakes and can be calculated 

from slope of the line and óaô is the intercept that defines the seismic productivity. The 

distribution of magnitudes in a region follows this law with some deviations for very 

small or large earthquakes. For a large area and a long interval of time, the deviations 

are generally due to incomplete catalogues at both the ends of M. The b-value ranges 

from 0.6-1.4 and is generally near 1.0 for active regions and in the earth crust. High 

values show that the region is characterized by a large number of small magnitude 

earthquakes as compared to large magnitude earthquakes. Variations of b-value from 

one region to another depend upon the changes in the mechanical characteristics of the 

region. High b-value shows high heterogeneity, low stress condition, high thermal 

gradients and vice versa for low values. Seismic swarms characterized by the lack of real 

main shock due to high heterogeneity in the region, also have a high b-value. Therefore, 

spatial mapping of b-values also provides a rich source of information on the 
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seismotectonic framework of an area. But the degree of significance of using this tool 

alone has been questioned. Normally there is a slow buildup of high stress conditions 

before major earthquakes in a region with the passage of time. Therefore, changes in b-

value through the span of time for the same region can be used as a predicting tool for 

high magnitude earthquakes. The detection of temporal changes in b-values is difficult 

to observe as compared to the spatial variations (Wiemer and Wyss, 2002). Magnitude 

of completeness or óMcô is defined as the magnitude above which 100% of all 

earthquakes can be detected (Stein and Wysession, 2003). 

 

 

3.2 Data and Processing Techniques 

A catalogue downloaded from the KOERI (Kandilli Observatory and Earthquake 

Research Institute, available at http://www.koeri.boun.edu.tr/) is used in this study for 

the characterization of different seismicity parameters of the study area, which covers 

the latitude-longitude interval of 36.5-39.5̄  N and 26.5-30.5̄  E, respectively. The 

catalogue covers a time span from 1900 to January, 2014 and has events ranging from 

magnitude of 0.9 to 7.7. In order to get reliable results, the homogeneity of the catalogue 

with time and space should be checked. To check the temporal homogeneity of the 

catalogue, the time histogram and the cumulative number curve of the catalogue is 

shown in Figure 3.1. It is obvious from the figures that the distribution of the 

earthquakes is not constant with time. The reason may be because of the lack of the 

coverage of the area by the seismic networks before 1980s. After 1980 the cumulative 

number of earthquakes graph is constant with small variations until 1990, this may be 

probably because of the improved seismic network and computation software used in the 

recording stations in the area. To avoid any uncertainties in the catalogue, a cut in time 

is applied to the catalogue at 1990, leaving 53669 events in the catalogue. The 

cumulative number curve and the time histogram for the catalogue after applying the 

time cut-off are shown in Figure 3.2. The stars in the cumulative number of earthquake 

graph and the increase in number of earthquakes in time histogram shows Dinar, Gulf of 

Sēĵacēk and Simav earthquakes. The depth histogram of the catalogue (Figure 3.3) 

shows that most of the events are restricted to the upper 40 km of the earth crust. Figure 
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3.4 shows two representative cross sections (south-north and west-east) of the 

seismicity of the region. As the data is primarily restricted to the upper crust seismicity, 

the results obtained from the data will only be applicable to upper crust. For this reason 

the deeper events are eliminated and the catalogue is restricted to the upper 50 km depth, 

leaving behind 52642 events in the catalogue. 

 

 

 

 

 

Figure 3.1: Cumulative number of earthquakes vs time of the KOERI catalogue 

between 1900 and January,2014. 

 

 

 

Figure 3.2: Cumulative number of earthquakes vs time of the KOERI catalogue 

between 1990 and January, 2014. 
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Figure 3.3: Depth histogram of the earthquakes. 

 

a)  

b)  

 

Figure 3.4: a) South to North and b) West to East depth sections of recorded seismicity 

in the study area. 
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KOERI provides catalogue with different magnitude óMô scales (i.e. Md, Ml, Ms, Mb) 

and provides a Mmax that can be any of the aforementioned óMô types. The variations in 

the magnitude scales can cause artifacts in the b-values, so the catalogue should be 

checked for magnitude homogeneity. For a catalogue to be homogenous it should have a 

single magnitude type, or if different magnitude scales are used, the magnitudes should 

be calibrated with each other. A single magnitude type catalogue is not possible in our 

case because all the events do not have every type of magnitude available for them. The 

catalogue is checked for the most frequently available óMô type. The catalogue has óMdô 

for the earlier parts and óMlô is the most frequent type of óMô available after the mid of 

2011. So óMdô is used as a primary magnitude type followed by óMlô 'and for the events 

that donôt have óMdô or óMlô available, óMbô is used. The catalogue that is used in this 

study has 71.05% of the events with Md, 28.88% events with Ml, 35 events (that do not 

have either Md or Ml) with óMbô and 1 event has óMsô magnitude. The relationship 

between óMdô and óMlô is checked for the events that have both óMdô and óMlô available 

(Figure 3.5).  

 

 

 

 

 

Figure 3.5: Graph showing the relationship between óMdô and óMlô. The scatter plot is 

constructed using the events that have both óMdô and óMlô available in the KOERI 

catalogue. 
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The graph shows a linear trend for both the óMô types, so óMdô and óMlô can be used in 

combination. Figure 3.6 shows the cumulative moment release vs. time curve for the 

earthquakes in the region. The earthquakes associated with the abrupt changes in the 

cumulative moment curve are shown in the graph. The most significant changes are 

associated with the May, 19, 2011 Simav earthquake (Mw=5.7) and October 17, 2005 

Gulf of Sēĵacēk earthquake sequence (Ml=5.9 on 17 and Ml=5.9 on 20
th
 of October). 

Other significant changes are associated with October 1
st
 1995, Dinar earthquake 

(Ms=6.0) east of the Gediz Graben; 6 November, 1992 Doĵanbey (Ķzmir) earthquake 

(Ml=5.7) in the west of Gediz Graben; January 28, 1994 Manisa earthquake (Ms=5.1) in 

the north western part of the region; July 23 and 26, 2003, Alaĸehir earthquakes (Ml=5.1 

and 5.5) and August 4, 2004 Bodrum (Muĵla) earthquake in the southern extremity of 

the region. 

 

 

 

 

 

Figure 3.6: Cumulative moment release vs time plot of earthquakes in the study area. 
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3.2.1 Declustering of the Catalogue 

Seismicity declustering is the process of separating the earthquakes into foreshocks, 

main shock and aftershock sequences or the process of separating the seismicity into 

independent and dependent seismicity. The process is applied to get the background 

seismicity of the regions and is widely used for the seismic hazard assessment and in 

earthquake prediction models. There are many algorithms and methods proposed for the 

declustering, but the most often used ones include Gardner and Knopoff (1974) and 

Reasenberg (1985) because of their simplicity and availability of their source codes. 

Gardner and Knopoff (1974) algorithm identifies the foreshocks and aftershocks on the 

basis of simple space and time window. The space and time window varies according to 

the magnitude of earthquake.  Reasenberg (1985) creates an interaction zone to identify 

the foreshocks and aftershocks. The interaction zone is modeled by spatial and temporal 

parameters. The spatial parameter is based on physical fault models while the temporal 

parameter is modeled using a heterogeneous Poisson process with the decay rate of 

aftershocks determined; using Omori law. These two algorithms (Gardner and Knopoff, 

1974; Reasenberg, 1985) are applied in this study to the catalogue using ZMAP software 

package. Reasenberg (1985) algorithm identified 2115 clusters in the catalogue, 

comprising 19198 events, leaving behind 35601 events out of 53609 events. Gardner 

and Knopoff (1974) algorithm identified 5045 clusters, classifying a total of 41913 

events as aftershocks out of 53609 events, leaving 11405 events in the catalogue. 

 

 

3.2.2 Detection and Removal of Quarry Blast Events 

Most of the catalogues are contaminated by quarry blasts and mine explosions. Quarry 

blasts locations usually shows a high b-value (b >1.5), because they are frequently 

occurring small events mostly of similar size (Wiemer and Wyss, 2002). Therefore 

quarry blasts should be mapped and removed from the catalogues, because they are 

potential source of errors and they falsify the results in statistical studies like b-value and 

frequency magnitude distribution (e.g., Wiemer and Wyss, 1997). Habermann (1987) 

proposed that a lower magnitude cutoff can be a solution to explosions removal as they 
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are associated with low energy. Another solution can be the limitation of the catalogue 

to only night time events as quarry and mine blasts are usually performed during 

daytime (e.g., Wiemer and Wyss, 1997). The problem with these solutions is that they 

lead to loss of a considerable amount of useful tectonic events. 

Statistical analysis shows that explosions are generally performed exclusively during the 

daytime hours (e.g., Rydylek and Sacks, 1989, 1992). Therefore a histogram showing 

the number of events as a function of hour of the day will have a peak during daytime 

hours in a region where quarries blasts exist. The detection threshold is generally lower 

in regions devoid of quarries during the daytime due to the higher ambient noise, so 

these regions will show an opposite trend (low record during the daytime).  

Based on this statistical fact, Wiemer and Baer (2000) proposed an algorithm that 

identifies and remove the areas with higher (>1.5) day/night time ratios. The software 

(ZMAP) computes a map of day/night ratio for eight different sample sizes óNô and 

consequently converts each value into probability of occurrence. If the value of most 

significant node exceeds the 99% confidence level, all the daytime events at that node 

are removed. The method is repeated until no volume with anomalous ratio (>1.5) is left 

in the catalogue. The removal of all events from that specific volume represents a limit 

to this procedure because it removes tectonic events too. In order to reduce the number 

of tectonic events removed by the algorithm, Gaulia (2010) proposed two changes to it: 

(1) Cutting of the catalogue at an upper magnitude threshold and restricting the quarry 

removing procedure to that magnitude threshold. (2) Removal of the aftershock 

sequences using Reasenberg (1985). The criteria used by Wiemer and Bear (2000) to 

eliminate the aftershock sequence is that no more than 20% of the daytime events occur 

on one day. 
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Figure 3.7: Hourly histograms of the seismic events a) all recorded events; b) only M Ó 

2.0 events; c) only M Ó 3.0 events. 

 

 

 

Figure 3.8:  Day vs night time events ratio map of the area constructed for earthquakes 

with M Ò 3.0. The areas shown by pink color have a day/night time ratio of Ó 1.5 and are 

possible sites of quarry contamination. 
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The declustered catalogues obtained in the previous section are used to identify quarry 

locations and their blast events are removed using ZMAP software. The number of 

events as function of their occurrence hour for the catalogue shows a strong peak during 

the working hours (7-16hrs), so the data may be contaminated by quarry blast events. 

The catalogue is checked for the upper magnitude threshold (Figure 3.7). The 

histograms show that the high ratio (peak in day time) is restricted to the magnitude 3.0; 

for magnitudes greater than 3.0 the histogram does not follow any trend. It implies that 

the quarry blast events are restricted to a magnitude threshold of 3.0 in the region. So the 

catalogue is cut at magnitude 3.0 and a map is produced to identify the possible quarry 

sites. The map is produced using 100 nearest events to each node and a grid spaced by 

0.1̄ ×0.1̄  (Figure 3.8). Four possible sites of quarries are identified in the area. These 

regions are checked, if they coincide with any mining or quarry locations. The sites 

identified in the map are 

1. North-western part of study area, Soma region: lignite mines 

2. North eastern corner of the region, Emet: Boron open pit mines 

3. Uĸak, central portion: White Onyx quarries 

4. Bozdoĵan, west of Denizli: marble quarries. 

As the sites identified by the map coincide with the quarries and mine locations in the 

area so the data at these sites is contaminated with quarry blasts. In order to eliminate 

quarry events from the catalogue, events with magnitude less than or equal to 3.0 in 

these specified quarry areas are analyzed using algorithm of Wiemer and Baer (2000) to 

remove day time events. The process is repeated several times and the day vs. night time 

histogram and ratio map are checked iteratively until the histogram changed to a low 

number of day time events vs. night time and the ratio map changed to a maximum ratio 

of 1.5 (Figure 3.9). After removing the quarry blast events, 9105 (out of 11405) are left 

in the catalogue that was declustered using the Gardner and Knopoff (1974) algorithm 

and 25623 events (out of 35601) are left in the catalogue that was declustered using 

Reasenberg (1985) algorithm. 
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Figure 3.9: Day vs night time events ratio map after removing the quarry blast events 

constructed for earthquakes with M Ò 3.0. 

 

 

 

3.3 Frequency Magnitude Distribution of Earthquakes in the Study Area  

After applying all the aforementioned processing techniques (i.e. cut in time and depth, 

magnitude homogeneity, declustering and removing of quarry blast events), a nearly 

homogeneous catalogue is obtained for the area. The catalogue can be used for assessing 

the frequency magnitude distribution (FMD) relation and for analyzing the spatial and 

temporal variations of b-values in the area.  

The FMD plots for the area are obtained using the processed and unprocessed (original) 

catalogues using ZMAP software (Figure 3.10) to check whether the processing 

techniques has any impact on the results. These plots are computed using the Maximum 

Likelihood Estimate (MLE) method. The b- and a- value obtained for the whole region 

using the unprocessed catalogue are 1.35 and 8.15 respectively, while for the catalogue 

from which the quarry events are removed these values are 1.45 and 8.45 respectively. 
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The b- and a- values obtained for the whole region, after applying Reasenberg (1985) 

algorithm to the catalogue and subsequently removing the quarry blast events, are 1.39 

and 8.16 respectively. On the other hand the catalogue obtained after applying Gardner 

and Knopoff (1974) algorithm and quarry removal technique, gives b- and a- values; 

1.26 and 7.42 respectively. 

 

 

 

 

 

Figure 3.10: Frequency magnitude distribution (FMD) plots of the study area (1990-

January 2014). a) FMD plot of the unprocessed catalogue; b) FMD plot of the quarry 

free catalogue (no declustering algorithm applied); c) FMD plot after applying 

Reasenberg (1985) declustering algorithm and subsequently removing quarry events and 

d) FMD plot after applying Gardner and Knopoff (1974) declustering algorithm and 

subsequently removing quarry events. 
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3.3.1 Spatial Variations of b-value 

The b-value of frequency magnitude distribution gives a relative measure of small 

earthquakes to large earthquakes within a specified region and time, and hence provides 

a depictive image of seismicity, seismotectonics, stress conditions and seismic hazard 

potential of an area. Researchers believe that b-value exhibits significant temporal and 

spatial variations. On local scale, b- value has been reported to show considerable 

variations on a range of 0.3 to 2.5 or more (e.g., Scholz, 1968; Wiemer et al., 1998; 

Jaume and Sykes, 1999 and many others). In order to get an idea of the spatial variation 

of b-value and their associations with local conditions in our study area, the b-value 

maps of the region are constructed in this study.  

The maps are constructed using ZMAP software package (Wiemer, 2001). The software 

estimates the b-value at each node of densely spaced grid using either the óNô number of 

earthquakes or a constant radius óRô. The sampling volumes are vertically oriented 

cylinders which overlap and their sizes are inversely proportional to the density of 

earthquakes enclosed in them. The b-value calculated at each node is converted into a 

color code and plotted on the map. The maps in this study are constructed using 

maximum likelihood estimate (MLE) method and magnitude of completeness (Mc) is 

computed using Best Combination Method (Mc95-Mc90-Maximumcurvature). 

Earthquakes epicenters are selected using a radius óRô of 20 km and the grid spacing is 

0.05̄  (~ 5 km) and the minimum number of earthquakes that should be greater than Mc 

is 20.  

b- value maps are constructed using the original (unprocessed catalogue including the 

quarry blast events and aftershock sequences) and the processed (quarry blast events and 

aftershock sequences removed) catalogues. The purpose of constructing the b- value 

maps with the unprocessed catalogue and processed catalogue is to check whether the 

spatial variations of b-value are related to tectonic complexities in the region or are 

associated with the artifacts in the catalogue (i.e. quarry events or aftershocks). Figure 

3.11 show the map constructed using the original (unprocessed) catalogue. The b-values 

in this map are relatively higher and have anomalous regions; whose b-values are above 

2.5. These anomalous regions coincide with the quarry contamination sites identified in 
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the area. These regions show comparatively low b-value after removing the quarry blast 

events from the catalogue (Figure 3.12).  The maps obtained from the de-quarried and 

de-clustered catalogue (Figures 3.13 and 3.14) gives more realistic b- values for the 

seismically active parts of the region. The areas that are devoid of minimum number of 

earthquakes (i.e. 100 events) are not assigned by any b-values. These blank regions 

generally coincide with the grabens and basins, which display lack of seismicity. The 

greater the number of events in a grid, the more reliable will be the b-value results and 

vice versa. Some grids are characterized by high b-values (>2.0), which may be due to 

small number of events leading to erroneous interpretations.  

According to the resultant b-value maps (Figures 3.13 and 3.14), Samos Island and NE-

SW- trending area between Marmaris and Kºyceĵiz have the lowest b-values indicating 

that stress is efficiently stored in the regions. The most prominent high b-value regions 

identified in the study area are along Bakēr­ay Graben and between Ķzmir and Manisa. 

High b- values shows that stress is being released more frequently in the form of small 

earthquakes in these regions. The reason for high b-values in these regions may be due 

to low local stress conditions and high geothermal gradients. Temperature distribution 

within the upper crust has considerable impacts on the seismicity distribution of a 

region. Areas characterized by high geothermal gradients, volcanic activities and hot 

springs have elevated b-values (Wiemer and Wyss, 2002; Wyss, 1997; Warren and 

Latham, 1970 and many others). Due to crustal stretching in western Anatolian region 

caused by the graben system; the region is characterized by comparatively high thermal 

gradients and constitutes one of the most important geothermal region of Turkey. The 

heat flow map of western Turkey and the hot springs locations within the study area are 

shown in Figure 3.15 (taken from Akin et al., 2014). The comparison of b-value and 

heat flow maps indicates that the high b-value areas identified in the region are roughly 

coinciding with the locations characterized by high heat flow; thus confirming the 

observation that areas marked by high geothermal gradients are characterized by 

elevated b-values. 
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Figure 3.11: Map showing the spatial variations in b-values for the area. The map is 

constructed using the unprocessed catalogue downloaded from KOERI (1990-January 

2014). The catalogue includes the quarry blast events and aftershock sequences 

associated with the major events. 
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Figure 3.12: Map showing the spatial variations in b-values for the area. The map is 

constructed using the catalogue that is free of quarry blast events (1990- January 2014). 

The catalogue includes the foreshocks and aftershock sequences associated with the 

major events. 
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Figure 3.13: Map showing the spatial variations in b-value for the study area. The map 

is constructed using the declustered (Reasenberg, 1985) and quarry free catalogue. The 

catalogue does not include any quarry blast events and or aftershock sequences 

associated with the major events. 
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Figure 3.14: Map showing the spatial variations in b-value for the study area. The map 

is constructed using the declustered (Gardner & Knopoff, 1974) and quarry free 

catalogue. The catalogue does not include any quarry blast events and or aftershock 

sequences associated with the major events. 
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Figure 3.15: Heat flow map of western Anatolia modified from heat flow map of 

Turkey (Akēn et al., 2014). The locations of hot springs are shown as white stars (from 

Yolsal et al., 2005) and the location of Quaternary Kula volcanism is shown with a black 

triangle. The active faults in the area are also shown with black lines. 
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3.3.2 Temporal Variations of b-value 

As mentioned earlier that b-value shows temporal variations with time on local scale 

within an area and specified time, so an attempt is made here to detect any changes in b-

value associated with major earthquakes. Temporal variations in b- values show the 

variations in stress conditions within a region through time. Studies suggest that 

temporal variations are of second order compared to the spatial variations and are 

generally more difficult to observe as compared to the spatial variations and the results 

should be interpreted with caution (e.g., Wiemer and Wyss, 1997, 2002;Wiemer et al., 

1998).  

The b-value versus time graph has been checked for the whole region using the original 

(unprocessed) and the processed catalogues (quarry free and declustered) to observe 

changes in b- values with time. ZMAP software computes the variation of b- values 

through time, using a sliding time window approach. The size of window depends on the 

number of events in the catalogue. The number of events selected in sample window for 

unprocessed catalogue is 700 events. For the catalogues declustered by Reasenberg 

(1985) and Gardner & Knopoff (1974) algorithms; this number is 600 and 400, 

respectively. The results obtained are shown in Figure 3.16. 

The original (unprocessed) catalogue has aftershocks events, so the plot shows many 

abrupt changes in b-value with time associated to recent major earthquakes. The 

catalogue declustered using Reasenberg algorithm has more events (25623 events) as 

compared to the Gardner and Knopoff (9105 events); therefore the latter gives a 

relatively smooth plot. The high frequency changes in the plots are related to the stress 

changes associated with the major events (Doĵanbey, Gulf of Sēĵacēk, Dinar and Simav 

earthquakes) occurred in the study area. There is also a remarkable decreasing trend in 

b-value between 2011 and 2013 which may be related to the changes in seismic network 

configuration and recording procedures. 

In order to further investigate the temporal and spatial changes associated with major 

earthquakes in the region, the b-value maps have been checked for the pre- and post- 

event scenario of some recent major events. The events that are analyzed include; 
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Alaĸehir (Denizli) earthquake, Dinar earthquake, Gulf of Sēĵacēk earthquake sequence 

and Simav earthquake. For this purpose the quarry free catalogue including aftershocks 

and foreshock events (no declustering applied) is used. 

 

 

 

 

 

Figure 3.16: b-value against time for the whole study area. a) unprocessed catalogue; b) 

quarry free catalogue declustered using Reasenberg (1985) and c) quarry free catalogue 

declustered using Gardner and Knopoff (1974). 
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For constructing the b-value maps, the catalogue has been separated for the events using 

a polygon around the occurrence site of main-shocks. The catalogue is then divided into 

pre- and post- earthquake time domains, by cutting the catalogue at the time of main 

event. The b-value maps have been computed using the Best Combination Method 

(Mc95-Mc90-Maximum curvature) in ZMAP software. The maps are computed using a 

radius of 10 km and the grid has been spaced by 0.02̄ × 0.02̄ . The minimum number of 

events, greater than the magnitude of completeness (Mc), is taken as 10. The earthquake 

magnitude and b-value versus time plots for each event is also shown to correlate the 

time distribution of magnitude and b-value changes. 

The pre- and post- Alaĸehir (Denizli) earthquake b-value map is shown in Figures 3.17a 

and 3.17b, respectively. The Figure illustrates that the b-value around the location of the 

Alaĸehir earthquake was 1.0-1.3 before the main shock that changed to a higher value of 

1.3-1.7 after the event. Elevated b-values around the epicenter support the effective 

release of stress during this earthquake. The changes in b-values in other parts of the 

mapped area are related to small events (M < 5.0) occurred within used time periods. 

The magnitude time plot (Figure 3.17c) shows that the magnitude mostly varies between 

3.0 and 4.0 through time, except for Alaĸehir earthquake and another event with 

magnitude 5.0 that occurred in 2010. For b-value with time plot (Figure 3.17d); 30 

events per window are selected. The plot shows that b-value has varied throughout the 

time span. b-value is decreased in the region just before the occurrence of main-shock, 

indicating a build-up of stress in the region before the earthquake which is followed by a 

characteristic increase in b-value after the mainshock associated to the released tectonic 

stresses (Figure 3.17e) 
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e)  

 

Figure 3.17: a) Pre Alaĸehir earthquake b-value map; b) post Alaĸehir earthquake b-

value map (circular area shows the rupture area characterized by aftershocks where the 

value is increased); c) magnitude vs time plot of Alaĸehir; d) b-value vs time plot of 

Alaĸehir and e) zoomed in section of the b-value vs time plot. 

 


