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ABSTRACT

STRESS TENSOR INVERSION FROM FOCAL MECHANISM SOLUTIONS AND
EARTHQUAKE PROBABILITY ANALYSIS OF WESTERN ANATOLIA, TURKEY

Shah, Syed Tanvir
M.S., Department of Geological Engineering
Supervisor: Asst. Prof. Dr. A. Arda Ozacar
Co-Supervisor: Prof. Dr. Erdin Bozkurt
January 2015182 Pages

Western Anatolia is one of theost important tectonic elemenof Turkey, and
constitutes the eastern margin of Aegean Extensional Province. The area istlome of
most seismically active continental margiasound the globe experiencing- S
extension. Earthquake data in this stiglysedto analyze the active stress patterns and
to estimate the earthquake probabilities for differentregions in western Andia.
Various processing techniqués atain homogeneityare applied to the earthquake
catalogue for the areavhich is then usedor investigaion of spatial and temporal
variations in frequency magnitude distributiorMore frequently occurring rsaller
magnitude earthquake®presented bhigh bvalues are associated with relatively low
stress conditionsThe prominenthigh bvalue regions identified in the study area are
alongB a k € Grabenandb et we e n Kz mi Spatiad distributiba af ihighab
values correlates well with the distribution of hot springs and high heat flow anomalies.

The temporal variations in-lvalues are associated with major earthquakes iretjien.



Before the earthquake,-Males show asmall scale decreadellowed by an abrupt
increaseafterthe eventand this variation disappears after some tifaal mechanism
solution data is used for determininige orientations and ratios of principal stress
comporents in the area Mi ni mum pr i) nscsubpharizonta in the segion ( G
trending in almost NS (N15 E) direction and the region is characterizadinly by
normal fault regime. The area is sdivided into 10 sufvegions based on the variations
in focal mechanisnsolutions and tectonisetting The results for subegions showed
that apart from the predominant extensional regitha; k € and@uw!| f okesubS e | a
regiors are dominated by strikglip, while Manisa and Somsubregiors are dominated

by extensionalstrike-slip regimes. These sulvegionsroughly coincidewith the kmir
Bal&kesir Transfer Zone (IBTZwhichis characterized bgixture of normal and strike
slip faults. Computed principlestress directions shows that the area is mostly
characterized by NS extension except Gokova region marked by N8 extension
and Dinar and Fethiye regiortisplaying more variable stresgensorsolutions with
more dominant NESW extension. The earthquake probabilities computed using
GutenbereRichter relationand Gumbel exeme value method shows that the whole
region has a returperiod of 3 and 7 years for a magnitude 6 earthqua&eording to

our results, Simav an@ulf of Gokova sukregions have higtsstand Manisa has losst
earthquake probabilitiesThe fractal dimerien (Dc) analysis illustrates that Gulf of
Gokova and Fethiye stfegions have higést andDinar-Burdur, Blyik Menderes and
Gul f okhave éoyestlevels of seismity clustering. The comparison of results
computed for supegions also showed that 4 b- values and stress varianege

negativelycorrelatel with Dc and stress ratio (Ryhile Dc correlates positively witR.

Keywords: Western Anatolia,-falue, stress tensor inversion, earthquake probability,

Gumbel extreme value methddactal dimensin
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STRESTENS¥R! N! N ODAK MEKANKZMALARI KLE TERS
ANADOLU, T! RIDEPREMOLASILIKANAL KZK

Shah, Syed Tanvir
Yé¢ksek Lisans, Jeol oj i M¢hendi s i
Tez Yoneticisi: Yard. DoDr. A. Arda Ozacar
Ortak Tez YoneticisiDog. Dr. Erdin Bozkurt
Ocak 2015, 82 sayfa

Baté Anadol u, T¢e¢rkiyednin en °nemli tekt o
Geni kKl eme B°l gesi 6nin doju seén@geélimeri ol ukt
g%zl enen sismik olarak en alktliefk maeta akeé n é

desenl erinib°vgefardéée kial tdeprem ol aseéel ekl

verilerini kull andék. Bl gede homojenlije
I Kl em tekni kIl eri uygul andeé véen diakkli e nneenk avnesrai
zamansal dej i ki klikIl eri sapt amak i -in k

depremlerin yiksek-d ej er |l erine sebep ol duju saptand:

il ikkilendirildi. Bu arakt édmaeadadlbdeil-gaBni r
grabeni ve Kzmir Mani sa araséndajlkeal ani ali
mekans al daj él emé, bl gedeki sécak su ka
anomal il er il e uyuml udur . Knceldejemri bl
dejnmlkeir i b¢yéek depremlerl e bajl anteglead érr.i
ke¢e-¢ek o1 -ekli d¢KéeK ve sonraseénda i se Yy ks
kaybol makt adér . Odak mekanizma katalogl ar

biéekerin Dbirbirine oranlaré saptammécxkter

yakl ak ek -G§yrelamji (NYSeE) dup, bdlge normal faylanma ile karakterize
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edi |l mektedir. ¢al ékxkma al aneé, odak mekani zi
gore 10 alth° | gey e bl ¢nm¢gk ve geril me tens°r g
bajémséz olarak ger-eklexktirilmiktir. Son
Bakér-ay grabeni ve Séjacék k°rfezi dojrul
g e reinkell i dojrultu atémlé rejim taraféndan
dojrultu ateéeml é& ak tkmir Bakkesy Transfer Zoh @8T2ZA) gems i | e
-akéexkmaktadeér . Hesaplanan an@ g$imnlg gémiil
il e karakterize edildijini g°stermektedir.
KB-GD y°nl ¢ genBwrddcure, veDi FRat hi ye i se daha
sonu-I|l arée ve-GBahyd ndas kgéem i kD e me s-Richgri | e me k

baj emeésGumbel u - dej er met hodu kull anél a

é
ol asel ej é, be¢tén b°l genin b¢eyekl 67 ¢ 6 C
periyoduna sahip ol dujunu g°stermektedir.
bolgeleri en yuksek, Manisaeis en d¢kK¢k deprem ol asél €] énc
boyutu analizine (Dc dejbégelerien yiRsekere Oifark o v a
Burdur, Beyéek Menderes ve Séejaceéek koerfezi
gostermektedir. Alb° | ge ba=zmloéuy a k&lyarsldemalrdre& i a ve
deji kkenlijinin Dc ve stres orané (R) il e

ol dujunu g°stermektedir.

Anahtar kelimel-@e] ermBiat éstAmasd ol ens r ters

Gumbelu - dejer methodu, oransal keréel ma boyu:
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CHAPTER 1

INTRODUCTION

1.1 Purpose and Scope

Western Anatolia constitutes one of the important active tectdaimens of Turkey.

The region forms eastern part of active Aegean extensional province and has been
experiencing epodic NS crustal extension since the latest Oligoce@agoing
deformation in the region is controlled by northward subduction of African plate beneath
the Anatolian plate and the rigldteral slip along the North Anatolian fault system.
Along with N- S extension the aread also characterized by obligakp and strikeslip
deformationsin its northhwestern part and Fethigurdur Fault Zonewhich forms its
eastern extremityThe regionis one of the seismically active ardasTurkey andhas
experiened largemagnitude historical earthquakes and some modersiady recent
earthquakes. The purpose of this study is to investigatadtiee stresspatterns and

their spatial variations within the study ardde second objective of this thesis is to
estmate the probabilities and return periods of earthquakes for variouegonsin

the study areal’his study covers the area between the latitude and longitude intervals of
36.539.5 N and 26.530.5 N, respectively.

This studywill lead us to the bé&tr 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 patteiMsreover, tle seismicity
analysiswill help in beter characterizatio of the active fault zones armgl expected to
serve adasis for evaluating the seismic hazamhich will further help us in the urban

and regional planning of the nearby cit{esg, kmir, Denizli, Kitahya, Wak, Manisa,

Muj | a, Bodrum etc.)
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Figure 1.1. Generalizedtectonic map of Turkeyffom Bozkurt, 2001). The box

indicatedocation of the study area

1.2 Previous Studies

Western Anatolias one of theextensivelystudiedcontinental regions in the world due

to its seismically active nature and its role in the geodynamics of the r8dierarea

has been a topic eictivedebate for variouscientists due to its tectonic complexitiés.
detailed review of the tectonic complexitiesd associateddiscussions garding
westen Anatolia is given in Chapte. The area is categorized as one the most
seismically active regions of Turkey and is therefore analyzed by various researchers for
earthquake probabilitieselated studies as welhs our studydeals withstress tensor
inversion from focal mechanism solutio(lSMS) and seismity analysis, therefore a

brief review of the previous studies related to these topics is givenTierse studies



include the focal mechanism solutions det@ation of earthquakegor seismotectonic
investigationsand the statistical processing of earthquake catalogues for hazard
assessment of the area. Tgreminent studies related tbe seismotectoniosf westen

Turkey and surrounding regions are sumaedibelow.

McKenzie (1972, 1978 investigatedthe active tectoris of Mediterranean region and
Alpine-Himalayan belt includinghe Aegean Sea and surrounding regionghe basis

of fault plane solutions of earthquakes in the regi@ased on seismologicéchniques

and surface observatioris,y i d arjd daksoif1985 studied thédemirci,Al ak eachi r a
GedizEarthquakesf 1969 1970in westernTurkey and theirmplications forthe nature

and geometry of deformation in the continental cru$aymaz and Price (1992)
determined the source paramstefor May, 12 1972 Burdur earthquake using
seismological and geological observatiohaymazet al (1991 alsoprovideda revised
account ofactive tectonics of the north and central Aegean I&®sed on an updated
focal mechanism solutiondatabaseincluding previous data an&MS determined in

their study The focal mechanism sotions for Dinar earthqeke were determined by
Eyi doj an an i PaBa(19R8and(Wrighteal. (1999). Papazachost al

(1991, 1998) used the focal mechanism solutions to investigate the active tectonic
patterns in the Aegean regiolirtazi (2002) carried out thstresstensor inversions
along the westernmost North Anatoli&ault Zone and its continuation into the North
Aegean Seasing the already published focal mechanism solution catal&gatzi and
Louvari (2003 developed an updated database fofal mechanismsf shallow
earthquakes$or a period 0f1953 1999in the Aegean Seand the surroundg regions.

Zhu et al. (2006) carried out theeismotectonic investigatioof western Turkeysing

high resolution earthquakelocations and moment tensor determinatidineir results
showed that the N5 extension in western Turkey is accommodated by sitige
faulting in the regionBenetatost al. (2006) and Akar et al. (2007 reported thdocal
mechanism solutionfor Gulf of S € | aeartbduake sequenemd its afteshocks and
reported a strikelip fault system in the areadrmak (2013) determined otal
mechanisma for small to moderate earthquakes in Denizli area and showed that the
earthquakes in the area are characterized by normal faulting mechanism assottiated wi

small strikeslip componentsTan (2013 discussedhe dense micrearthquake activity
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alongthe boundary between the Anatolian asbuth Aegean mickplates around the
Karaburun Peninsula are@evikbilenet al. (2014) studied the source mechanism and
rupture histories of recent earthquakes in western Tufkeythe ongoing active
deformation in the region and suggested a ssilgetectonic domain associated with the
dominant extensional domain in the regiboj ru et al. (2014) carried out geodetioa
seismological investigation of crustal deformation around Izmir drea.strain related
studies from GPS measuremefus the region and surroundingscludes Kahle et al.
(1998); McClusky et al. (2000, 2003) Reilinger et al. (2006) E r d o ¢t al.n(2008)
Aktuj et al.(2009)and Ozeneret al.(2013.

The earthquake probabilitieend seismic risk relatextudies for western Turkegrealso
summarizedA | t & n o)kevaludte@tis: Beimic risk of west Anatolia bypplication

of SemiMarkov model.Bagjce ( 1996) i nv e Ktofi westdrneAhatobae i s mi
using the Pason model for earthquake data fra880to 1 9 9 0 .| an® @synaxahin

(2004, 2005) and Sandanagnifudefrddlibtgble mgdgidwiest d t i m
Anatolia and other regions of fikey for longterm earthquake prediction. Sayil and
Osmamahin (2008)estimate the seismic risk anaecurrence periods by using Poisson

model from histacal and instrumental data (190®D06) forselected characteristic sub

regions in western Anatoli®&dat et al. (2008) investigated the earthquake hazard for

western Aegean extensional region using the GuterRRietger b parameter, seismic
quiescence {zvalue) and fractal behavior using earthquake data from 1900 to 2002.
Bayraket al. (2008, 2009) cared out the seismicity assessment for different regions in

and around Turkey using Gumbel first asymptotic distribution ard Gumulative

frequency law. Bayrak and Bayrak (2012a) evaluatsthg historical and instrumental

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

for the region includes those of Papazachos, (12B9)nyet al. (2004); Bayraket al.
(2005);Firuzan, (200 and¢ o banoj | u @0i® Al kaya,

Bayrak and Bayrak (2012b) studied the variatiand correlation of GutenbeRjchter
(ar and b values) and fractal dimension (Dc) fearious seismogenic zones irestern
Anatolia. Oztirk (2012) also studied the statistical correlation between these parameters

for 55 tectonic zones of Turkey includingestern Anatolia. Other regional studies



related to fractal dimension includes those of the Oncel and Wilson, (2002);, Oncel
(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 isvaluatedor its temporal and
spatial homogeneityand different processingtechniques (e.g homogeneity through

time; removing quarry blastdgjomogeneity of nagnitude scales and declustering of the
catlogue) are applied to acquire a homogeneous catalogue for the fidggostatistical
analysis of the catalogue and/dlue mapf frequency magnitude distribution (FMD)

for the whole region and for some recent major events in theisaoearied out usig

ZMAP (Wiemer, 2001softwarepackageFor investigatingthe active stress patterns of

the regiona focal mechanism solutiqigMS) cataloguds compiled from different local

and international agencies and available literatline area is divided intous-regions

on the basis of tectonic swlmmains and variations in focal mechanism solutiblssng

the FMS stress tensor inversion has been carried out WSlieg method of Michael
(1984, 1987) for the whole aresnd principal stress directiorege detemined. The
resultsare compared with the structural data and other available dat&tstss tensor
inversion is also carried out using Wiensor program obDelvaux and Sperné2003

for checking the reliabil it ygtbefareMintcedata el 6 s
regions, a welkestablished 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 sulyegions using Gutenbeigichter relation and Gunetid annual extreme value
method. The fractal dimension (Dc) analysis is also carried out faregitins using the

correlation dimensionf Grassberger and Procaccia (1983).



1.4 Organization of the Thesis

This thesis is organized intx (6) chaptes. In Chapter 2, an @rview 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 subdomains in the are@t the end ofthis chapter, the spatial distribution thfe
seismicity and its relation with the fawltructures igliscussed in detailChapter Jeals

with earthquake statistick- value maps of frequency magnitude distribution for the
regionand some recerdventsare presented in this chapter for investigation of spatial
and temporal variations of-\mlues Chapter 4 is related to ttsress tensor inversion
from focal mechanisnsolutions.Horizontal stress directions are also computed for the
area using th focal mechanism solutiongr Chapter5, earthquake probabilitieand
fractal dimension values have been calculated for all theegibns in the study area
using different methodsThe results of this thesis are then discussed and interpreted in
Chapte 6.



CHAPTER 2

TECTONIC SETTING AND SEISMICITY

2.1 Regional Tectonic Setting

Turkey falls within an important sector in the western part of Ahpiimealayan
orogenic belt. Hellenides and Carpathians branches of Alpine system crkey ifuthe

form of complex Tauride and Pontide blocks and connect with EiigrosZoneto the
east (keng®°r and Yeél ma zHimalag® delyis domimatedby p ar t
compressional strikeslip and extensional deformationghat resulted fym the
complicated convergence of African and Eurasian plates. The continental convergence
governs the major neotectonic configuration of Turkey (Figure 2.1). The Afficaeto

the south is subducting beneath the Anatolian microplate and Eurasianmrtth@long

the AegearCyprian subduction zoninat constituesthe 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 tte tha
accommodate the movement of tbeerriding Anatolian wedge. The fault systers

bound the Anatolian microplate and guide its westward escape from the zone of
continental collision along the BitH8agros suture zone between the African and
Eurasianplatess ( k eng®° r |, 1979; Dewey e aldl986)eThg° r |,
escape of the Anatolian microplate is accompanied by counterclockwise rotation
(Rotstein, 1984). As a result of all these movements, Tuikeharacterized by four
different kinds of uniqualeformation styles and sedimentary basin formationuf€ig
2.2) (Ko-yijit and ¥zacar, 2003).



(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 alisairf this
neotectonic regime;

(2) The East Aatolian compressional province;

(3) The North Anatolian Fault Zone strilgfip province

(4) The Central Anatolian province
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Figure 2.1: Generakedtectonic map of Turkeyakenfrom Taymazet al.,2007.BGF:
Beykehir Go | ¢ Faul t ; BMG: B¢yeék Mender es
Cephalonia Transform Fault; DF: Deliler Fault; DSF: Dead Sea Transform Fault; EAF:
East Anatolian Fault; EcF: Ecemis Fault;
ErF: Erciyes Fault; G: Gokova; Ge: Gediz Graben; KFZ: Kar@amaniye Fault Zone;
MF: Malatya Fault; NAF: North Anatolian Fault; PTF: Paphos Transform Fault; SF:
Sultandafj.i Faul t; Si: BGFnMMaxGolGFaaltben; TF: Ta
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The Anatolan 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
continentalfragments were welded against each other by means of contmmirient

collisions across the northern and southern branches of Neotethys during the Early
Tertiary (keng?®r and Yeébkmaledfrolm $hi Ttollision Def or
played a majorole in governing the neotectonic framework of the region. The major
continental fragments of western Anatolia are bounded by two majareszones. The
Intra-Pontides t ur e zone separates the Kstanbul Zo
to the soutta n d t h/Ankaka Sumureracts as divide between the southern margin of
Sakarya Continenin the northand the Anatoliddauride Platformin the south This

platform is made up of several tectonic units bounded by major faults. These units
includééT&Zowan t he Bor novZane thé Menderes Massih e , t |
and Lycian Nappes (Pipat al. 2002; Bozkurt and Obeghsli, 2001 and references

therein).

Western Anatolian extensional province is one of the important structural elements of
Turkey ®@nstituting 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

extersion (e.g, Seyi tojl u and Scott, 199 letal1DIBI 2 ; Ta
Reilingeret al.1 9 9 7 ; Ambrasseys and Jackseetna. 1998
1999a, b; McClusket al,2 0 0 0 ; Bozkurt, 2001; Bozkurt a

2005; Bozkurt ad Mittwede, 2005 and references therein). In essence, the region as a
whole was shortened by a searief collisional events in theate Mesozoic and early
Tertiary (Robertson and Dixon, 1984 e n gtlr,1984) and since latest Oligocene the

area has len experiencing episodic active 8l crustal extension.

The ongoing extensional deformation in the area is controlled by the northward
subduction of AfricarPlatebeneath the AnatoliaRlateand the right lateral slip along
North Anatolian Fault Zone It has been well established that this region is now

undergoing NS extensional phase at a rate of 80 mm/yr (Oralet al. 1995; Le
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Pichonet al. 1995). But the origin, time, cross cutting relationship between faults in the
area, nature of folding (whetherrapressional 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 blockalong the North Anatolian Transform Fault Zone (Devwegk e ng © r
1979), (i) Roltback along the Neogene to Recent subduction in the A€ggaman
subduction zone or Baekrc spreading modelLé Pichon and Angeliet979), and/or

(i) gravitational collapse of thickened crust following Palaeogene Adpimealayan
compr essi oandScog,d9o1)t o] | u

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 Eurasiansplate
across the BitlisSuture in southwesternTurkey 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 ane Gre ( ktaln1§85)r This
obstruction resulted in -BV shortening, which was relieved in the form of $N
extension by | ateral S pr etaldl98b)g The moll back e AEP
model suggests that migration of the trench system in Ae@ganan subduction zone

to the south and southwest gave rise to extensional forces in thersatkegean)
region. This process consequently led to the subsidence of Aegean Sea and the
formation of present day AEP (McKenzie, 1918;Pichon and Angelier,9r9; Jackson

and McKenzie, 1988; Meulenkamgt 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 betlt with a
overthickened crust to collapse under its own weidbe toexceed of body forces
(resulting from isostatically compensated elevation) from the compressional tectonic
forces forming the orogenic belt (Dewey, 1988). This crustal thickening, further
suppated by structural inhomogengiaind thermal anomaly of the lithosphere, creates

an extensional stress field and promotes continental rifting. It is suggested that the

11



orogenic collapse and inception of the #mdick process developed simultaneously and
the former has been balanced by the latter since the Middle Miocene (15 Ma). Another
model proposed by Dogliomt al. (2002) claim that the current deformation in the AEP

is a result of differential rate of convergence between the subducting AfricaraRthte

the overriding plate, with faster southwestward moving Greece as compared to
Anatolian microplate. None of the afemgentioned models can independently address
the problems related with the origin and age of extensional tectonics of the graben
systemm western Turkey in a satisfactory manner. Therefore, fgcgatlogists used a
combination of two or more of these models in an episodic manner to address these

issues.

Ko - yetpli(999a, b) defined two distinct extensional phases, separated loyta sh
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
kmir-Ankara suture zone, intercepted by an intervening short phase -& N
compression ifate 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 efloggaspreading along

Red Sea in early Pliocene times. At that time the Anatolian microphatets bounding
structures,NAFZ and EAFZ had formed and the westward escape of Anatolian
microplate was initiatedhislead 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, € | retaak 2000; Sozbilir, 2001, 2002; Ciftci, 2007; Ciftci

and Bozkurt, 2010; Cihaet al. 2003; Bozkurt and Sd6zbilir, 2004, 2006; Purvis and
Robertson, 2004, 200Ro0jay, et al.,2005;Kayaet al. 2004; Bozkurt and Rojay, 2005;
Beccaletto and Stenier, 2005; Westawawgl. 2005).
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Figure 2.3: Simplified geological map of western Turkey, froBozkurt (2000.

Abbreviati ons: AG: BAdCGE p aByasknh a@r ady &@rabem ;

BG: Burdur GrabenBMG: Buyiik Menderes Basin; DB: Demerici Basidé: Denizili
Graben; GB: Gordes BasiGG: Gediz GrabenKMG: Kiguk MenderesGraben;SB:
Selendi Basin; SG: Simav GrabenG B ; -GireaGeaben
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2.2 Geological Setting ® 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, Kucik Menderes Grabaliyik Menderesraben andimav Graber{Figure

2.3). The Graben basins are filledth Neogene to Recent stratdhe grabens are the
sites of active continental deposettal,b ons b
1999a and ethat,20@0 maBozkurt, 2004, Ko-yijJit
grabens, there are NEW- trending basins to the North of Gedizaben andNW- SE

basinsto the suth of Buyik Menderes Graben; they incli@érdes, Demerici, Selendi

and -GureabasindFigure 2.3) The origin of these basins is controversial. Some
resear cheeatal, 1(9kBebng°ke ng?® r et al, 2000) refer Yhenh asa z
Tibetean type graben systemathformed after the closure oforthern branch of

Neotethys under the-N6 compressional conditions prelirag at that timeOthersregard

them as synchronous with the W gr aben system ,(19& 9992 o] | u
Collins and Robertson, 1998) while some say that they are controlled by cross
accommodation faults on hanging wall of presently lawgle detachment fault

bounding the southern margin of Gediz Gralfere n g © r 1987, Bozkurt
grabens in th region have an eastest trending morphometric expression with a well

defined topography on satellite images and aerial photographs. The sowtheshtpe

region, Gokova region, is dominated by two different rift systems of different age and
orientatons (Goruret al.,1995). It consists of a younger easéest trending rift system

that cut across the northwesto ut heast t r e redal.,d384).rThefniost ( ken
promi nent neotectonic features -Muff | ahiasnds
Milas-Oren basins The grabens in the northwesbutheast system erseparated by

basemen highs forming horst The prominent basins in FethiBardur fault zone

include Burdur, A@ ay an, Eken (ten Vigand Cama@i@lhidar Al - i
(Alcicek et al.,2006) basins. The basins are bounded by $3W- trending oblgueslip

faults having sinistral strikslip components (Elitez, 2010; Elitez al.,2009; Elitez and

Yaltirak, 2014). To the north, Fethiygurdur fault zone merges into NV8E- trending

grale n s, i ncludi ng ADBk RAyon; Dombayowae drabens The
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Quaternary basins included in IBSZ are bounded by 34 trending $rike-slip and

E- W- trending ormal faults that are obliquely oriented to the former, so they are
categorized as rhomb or strikép basins (Uzel & Sozbilir 2005, 2006). The prominen
basins in this zone incl (figee2B)akér -ay and

2.3Major 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 normalltaassociated with the extensional
tectonics of the area; thrth-western part ofthe area is dominated by strikép faults
associated with thigmir Bal kesir Transfer Zone (IBTZ)Figure 2.4) The scarps of the

faults show linear segments and they 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

subdomains, faultmechanisms and geograplocations(Figure 2.4. These groupare

1) Central portion of the study arghat is fwults associad with Gediz, KMG,
BMG, Simav gabens and the transtensional basins (G{rd=endi,
De mer i cGire asins)a k

2) Gokova Regiorfsouthern margin of the study arga)

3) FethiyeBurdur Fault Zong

4) kmir Bakkesir Transfer Zone (IBTZ)
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39°N

38°N

Figure 2.4: Active fault map of the area compiled from MTA992; Bozkurt (2000,
2007); Uzel ard So6zbilir(2008 andHall et al. (2014. The white dotted lines show the

main tectonic sudivisionsproposed fothe area

2.3.1 CentralPortion

This portion of the study area is domirthtby the extensional grabense(iKuguik

Menderes, Buyluk Mendes, Gediz and Simav gralsgrand their associated bounding

faults. The bounding stctures of these grabens are langle normal faults associated

with many historical and recent earthquakes (Ambraseys and Jackson, 1998; Altunel,
1999, Bozkurt, 2004; Kogyii t , 2005) . The tranGdes,nsi ona
Demr ci , Sel e-Gide basms) are suppa@sédctve been formed due to strike

slip faults, where the extension direction is oblique to the margins of the basins€Ersoy
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al., 2011). Seismicityassociatedvith these transtensional basiounding faults is not
pronounced as compared to the graben syste
1985).

The faults associated with Ged@&@raben range in size from large graben bounding
faults extendingo 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 Sézbilir, 2@¥)logicalevidence
suggests thasouthern margiiorms themost active and intensely deformpdrt ofthe

Gediz Graben The fault pattern in Blyik Mender&rabenis similar to that ofthe

Gediz Grabenwith segmented and discontinuous fault pattern. The difference is that its
northern nargin bounding fault is more pronounced as compared to its southern margin
bounding fault. Zhiet al. (2006) reportedbased 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 itaigsita NNW trending strike

slip fault that connects the eastern emd Gediz graben and BMGThe fault is
categorized as a transfer fault that accommodates the lateral termination efWhe E
trendinggrabens. Simav Fault Zone bounds the southern margin of Simav half graben.
The E W- trending fault zone isnterpreted as a normal with riglaiteral strikeslip
component (Seyitojl u, 1997) . 't i s surrout
WNW- ESEdirections. Simav Fault is considered as a segment @& #hen dSirngcéa n | é
Fault Zone which is the structural boundary between Aegean extensional and NW

Anatolia transition tectonic regimes (Doj a

2.3.2 GokovaRegion

Recent studies sggsts presence of active normal faults in Gokova region associated
withtheeastve st t r endi ng etialf, 1995s5C0rsiret @lnloos Kuatreto j | u

a; 1999 ; etdl|199p. These faults cut across eeach o
al., 1984). The rifts are also complicated by short faults that give rise to transversal

structures within or between the grabens ¢
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rift system is characterized by normal faults of various sizes, dip and throw. The
prominent fault in the area S0kova fault; which is responsible for the opening of the
recent gulf system in western Turkey and forms the northern margin of Gékova Gulf.
The faults on the northern margin are larger and continuous as compared to thesouther
margin of the Gulfwhich suggests a listric nature. The southern margin of the gulf is
bounded by north dipping Datca fault, which is an-B#nding submarine active listric

fault associated with other small antithetic faults (Kett al, 1999). Detailed
bathymetric and seismic surveys have shown a number of younger faults in the gulf

regionas well(Goruret al.,1995).

2.3.3 FethiyeBurdur Fault Zone

To the east of the Gokova region, in the southern part of the study area lays the Fethiye
Burdur Faut Zone The fault zone is one of the tectonically active parts of SW Turkey.
Various researchers have regarded it as the eastern extension of thgtialioy Fault

zone (e.g., Woodsidet al, 2000; ten Veen, 2004; Hadit al, 2 0 0 9 ; Ocakoj |l u,
Hall et al.,2014). It runs in a NESW direction between the Fethiggulf and Sultan
Mountainsfor a length of 300 km with a width of 40 to 50 km (Hetlal.,2014). The

fault zone lacks a single major fault at the surface andrigoeed of various linear,

near vertical fault segments trending in NS or NE direction with an oblique sense of
normal faults and/orsinistral strikeslip faults, although there are controversies on the
mechanism of the fault zone (e.fpumontet al, 1979 Ey i ahdBarka) 1996;
Barkaet al, 1997; Taymazt al, 1991; TaymazandPrice, 1992K o - y ét al.; 2000;
Algicek et al.,2006; Hallet al.,2014). The notable structural element of this zone is a
WNW- ESE trending fault zone composed of numeraarséchelon normal faults

transecting the basin bounding faults and is referred as Gokeva i | ¢Faul fdohe;,

To the north the FethiyBurdurFault Zonemerges with a series of WNMVEESE grabens

and their bounding faults (Westaway, 1990; Algigglal.,2006).Dinar Faultis one of

the major fault in this zone and caused the OctShdd95 M= 6.1) earthquake ani$
predominantlynormal fault with minor strikeslip component{ Eyi doj an and

18



1996). The earthquake reactivated this fault which waesiously supposed to be
inactive by Price and Scott (1994). The NBE- trending fault is about 60 km long and

a 10 km rupture was pr oduc e dveiical mbviereentl 9 95

(Altunel et al.,1999).

2.34 Kkzmir Bal&esir Transfer Zone (IBTZ)

Studies based on GPS measurements shows that the westward escape of Ahat®lian
changes its direction in western Turkey to southwest by an abrupt anticlockwise rotation
over the Aegean Trench (McCluskgt al, 2000). The axis of this motion is
approximately trending N20E and is characterized by @ntermittently activeransfer
zonebet ween Kz mir a netal, BO83; Erkiletsli, 2005)(F®lre D4 | i r
This zone actas a boundary between the\l- trending grabens and timerth Aegean
regionand accommodated-I$ extension during their formatigfigure 2.5) Based on
evidences from paleomagnetic data for the switching of rotation direction from
clockwise to anticlockwise in western Anatolia (Kiss@ld 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 west Anatolia and Aegean regioithe
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 {eadtern margin of
IBTZ) and leftlateral PlinyStraboFault Zae (FethiyeBurdur Fault Zone).

Thezoneis considered as a deep crustal transform fault #watformedduring the late
Cretaceousand later acted as a transtensional transfer fault zhmeng the Neogene
(Okay andSiyako, 1993; Okayet al., 1996; Sozbilir et al., 2008, 2011; Uzel and
Sozbilir, 2008; Uzelet al., 2012; Ozkaymaket al., 2011). The western margin of the
zone is characterized bME- trending Quaternary basins such as the Cum&ovas
B a k € rand dJyla basins; the development of these baanesdominated by NE
trending active strikelip faults. The focal mechanisms of recent earthquakes that
occurred inthe regionindicate that both BVN- trending normal and NESW and NW

SE- striking strikeslip faults are active in the regiod.n t he ot heretd.and
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(2005) and Zhwet al (2006) suggested a transpressional character for the strike slip

faults in the region.

Apart from normal faults associated with theVEE graben systems.é. Gediz and BMG,
Gokova, Dinaretc.) observed in western Turkey; the stighip faultsassociated with
IBTZ are also capable of generating destructive earthquakes in th@laesa.faults are
reported at the western end of Gediz Graben and KM@e area surrounding the
Karaburun Peninsulaand the areas north of iSimilar type of faulting is well
documented along the Manisa Fault (Bozkurt and Sozbilir, 20Btbidies based on
surface morphology and marine seismic reflection data irkimer region (Emreand
Barka 2000Gencet al.,20010c a k @fjal, 20 0 4 ; € @alaZo@bj Uzeal and
So6zbilir, 2005; Uzel and S6zbilir, 2008; Uztlal.,2012) shows two sets of active faults
in the main land and offshore of the area. These greoxipnately NE SW- trending
strike-slip faults and EW- trending normal faults. Among them, the prominent ones are
the dextral strikeslip Gllbahce Fault Zone (GFZ), dextral strikkp Seferihisar Fault
Zone (SFZ), dextral strike | i p Or hanl| BZ), Raaburun Fadlo(KF, Ud O
Fault (UF), Tuzla Fault an&mir Fault (IF). The Tuzla strikeslip fault zone (TF) is
proposed to be extended towards kn&k in the north and towards the Samos Island
the south.Focal mechanism solutions (Tan and Taym2001) from earthquakes near
Dojanbey and the slip measur edeahdBamka, t he
2000) show a righlateral slip character for NESW- trending Tuzla fault.
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Figure 2.5: Cartoon model proposed for tkez mi r B ahsferZensIBTiZ) taken
f rom Oceak(B80P3. QLFZ: CephaloniaLefkada Fault ZoneEG: Edremit Gulf;
I: Ikaria Island;IG: kmir Gulf; GKG: Gokova GrabenNAFZ: North Anatolian Fault
Zone; R: Rhodes Island S: Samos IslandSG: Saros GulfZBF: Zeyt i n-Beeggma
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 shdapography, active faults amtistribution of seismicity in

the region Thefigure illustratesthat the distribution is not homogeneous throughout the
regionand that theseismicity being mostly concentrated around the graben bounding
faults the graben floors and horst structures are genedailypid of seismicity. The
northwesern portion of the study area that falls kmir-Balikesir TransferZone; the
southern coastal areas that falls in Gokova region and Féhighir Fault Zoneare

also seismically activelThere are some distinct seismically actregionsin the study
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area that are dominated by different styles of tang and fall in differenttectonic
domains.These are Simav, Gedioma northhwestern marginkmir), Gékova, and

FethiyeBurdur regions.

Simav Graben bounding fault system is located in the northern part of the study area
These faults dominantly havermal character while remaining ones are characterized
by rightlateral strikeslip componentsThis active fault system produced tkiarch 28"

1970 Gediz earthquak&16=7.1). The seismicity is aligned along the fault trace with a
cluster located at theentral portion of Simav Graben. This cluster is related to the main
shock and associated aftershock sequencéh@fSimav earthquakeof 2011 The
seismicity is well pronounced along the faulius confirmingthat the fault is still

active.

The eastermarginof Gediz Graberis also one of thenostseismically active region in

western Anatoliaand its bounding fault produced the"™8la r c h 1969 Al ac
earthquake NIs=6.1). The graben has large bounding faults and seismicity along its
southern margin, nméfested by earthquakes in the past century (Arpat and Bingol, 1969;

Eyi dojan and Jackson, 1985) . The stlei smi ci
Gediz Graben. The region is the junctionfadilts from the Gediz and BMG r&bens

and is dominated byanmal faulting.

The northwestern part of the study aréaet 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 Gaben bounding fault system. The seismicity is diffused over a large area
between Soma and Bigadi¢ and extenffshore in the south to thgmir Bay. The area

is dominated by NESW trending strikeslip faults and EW trending obliqueslip
normal faults. The cluster at the western margin of this area Knean) is related to

2005 Gulf of Sejacék earthquake sequence.
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Figure 2.6: Map showing the distributiorf seismicitywith topographyin the study
area.The seismic catalogue is obtained from KOERIO3.0) for the period of 1990
2013. The events are scaled according to their magnitude and the stars show the

locations ofrecent major events in the area
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The southern part of thregion is dominated by-BV and NW SE- trendingbasinsand
associated normdhaults. The Gulf of Gokova MuYjaltaa §nd Bodrum ee the
seismically most active parts of the regidihe gulf area is characterized by earthquake
clusters that occur for a lomgriod of time. The major events in Gokova region includes
the earthquakes of 23 April, 19331%= 6.4, May 23, 1941 Nis= 6.0 and 13
December, 1941Ms= 6.5 earthquakes.

The seismicity in the south eastern part of the study area is related to the seismically
active Fehiye-Burdur Fault Zone. The zone is characterized by a combination of normal
faults which have generally left lateral components and extends iSWEdirection
towards the arth. The fault zone is one of the tectonically active parts of SW Turkey
and is reponsible for many historical earthquakes in the region as well as some major
earthquakes in this century like Burdur (19Ms7.0), Fethiye (1957M=7.1) and

Dinar (1925,M=6.0) earthquakes. The clusteast of the Gediz Graben (fig 2.5) is
associatedwith October 1995, Dinar earthquake that occurred along the $SEAV

trending Dinar Fault.

The earthquake density map (Figu#&’) shows the pattern of distribution oécent
seismicity in the areahichis consistent with the geographic distribution ofvactaults

in the region.

The most recentoderatesizedearthquakes that occurred in the aaétar 1990are as

follows (Figure2.6). Al akehi r ear t highy28,Re3INI=5.4, Mwv¥54)d o n

at east of the Gediz Graben and was preceded by andthér2 event(on 23% July).

Simav earthquake occurred on May 19, 2011, WMth5.9 near Simav along a normal

fault segment of Simav Goan bounding fault system. The earthquake was followed by
aftershockghat lastedor 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 associdtaftershocks by KOERI showed a normal fault mechanism for
thsevent. The Gulf of Séj aceROcwer2005qwita k e s e
three main events:irst event Klw=5.4) occurred on 17 October 2005 (05:45 UTE) a

t he western jeanadé ko,f aGud fwaosf fScel MwSBewtnt.( 0 9: 4 6
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Figure 2.7: Earthquake ensity map of the area
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Three days later, on 30October anotheMw 5.8event occured along the central part

of S8 | a c é A totalwft 889. earthquakes (¥2.4) were reported from October 17 to

31 by KOERI, with most of them concentrated along the southern part of the Gulbahce
Faut (KOERI, 2005. The focal mechanism solution for the main shocks and assdcia
aftershocks showed a strikp mecharsm for the sequence (Benetattsal., 2006).
Bodrum Earthquake sequencerttd on August 2, 2004 with a series of moderate
magnitude earthquakes in the Gulf of Gokova. The main event occurred on August 4,
2004 Mw = 5.5). The largest aftershocks occurred on the same day with magnitudes 4.8
and 50 and the activity continued faeveral months. The focal mechanism solution for
Bodrum earthquake and its aftershocks showed a normahatbarfor the sequence
(Yolsak¢evikbilen., et al., 2014). Dinar earthquakeMs=6.0) on T' of October 1995
along DinarFaultand had a predominanbmmal fault mechanism with minor strike slip
components (Eyidojan and Bar ka, 1996) . Th
was prevously supposed to be inactiyrice and Scott]994). The NWSE trending

fault is about 60 km long and a 10 km ruptwas produced by the 1995 earthquake
wi t h  Overticdl movement (Altuneét al., 1999).November 6, 1992 D
(kmir) EarthquakeNllI=5.7, Ms =6.0 occurred east d&mir and showed a strikdip

fault mechanism (Harvard CMT). Manisa earthquale<5.1) occurred on January 28,
1994 in the western part of Gedizrabenand 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

3.1Earthquake 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 ad Richter in 1944 and is also known as the Frequency Magnitude
Distribution (FMD)

LoglON = a- bM

where N is the cumulative number of earthquakes greater than or equal to magnitude M,
Ob6 is the proportion of s ma |l n be eaktulateth g u a k e
from sl ope of the Iline and 6aé is the int
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 inbértirne, the deviations

are generally due to incomplete cataleg at both the ends of M. Thevalue ranges

from 0.6 1.4 and is generally nearQlfor active regions and in the earth crust. High

values show that the region is characterized Hgrge number of smallmagnitude
earthquakes as compared togEamagnitudeearthquakes. Variations d&fvalue from

one region to another depend upon the changes in the mechanical charaatétiséics

region High bvalue shows high heterogeneity, low stress @@rd high thermal

gradiens and vice versa for low valseSeismic swarms characterized by the lack of real

main shock due to high heterogeneity in the region, also have a-Wajud Therefore,

spatial mapping of dvalues also provides a rich sourcé iaformation 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 earthquakén a region with the passage of tinfderefore, 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 changeginds is difficult

to observe as compared to the spatial variations (WiemegiWyss, 2002). Magnitude

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

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

3.2 Data andProcessing Techniques

A catalogue downloaded from the KOERKandilli Observatoy and Earthquake
Research Institute, available fatp://www.koeri.boun.edu.trfis used in this study for

the characterization of different seismicity parameters of the steh,which covers

the latitudelongitude interval of 36539.5 N and 26.530.5 E, respectively. The
catalogue covers a time span from 1900 to January, 2014 and has events ranging from
magnitude of 0.9 to.7. In order to get reliable results, the homogeneity of the catalogue
with time and space should be checked. To check the taimpomogeneity 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 becauselatklof 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 thprovedseismic network and computation softeaised 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 catalafjeeapplying the

time cutoff 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 Dihaf, Gul
Sjeee kand Simav earthquakes. The depth histogram of the catalogugre(B@)

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 tworepresentative cross sectionsoljth north and westeas) 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 aeéminatedand the catalogue is restricted to thpper 50 km depth,

leaving behind 52642 events in the catalogue.
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Figure 3.1: Cumulative number of earthquakes vs time of the KOERI catalogue
between 1900 and January,2014
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Figure 3.2: Cumulative number of earthquakes vs time of the KOERI cgualo
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KOERI provides catalogue with different magnitugleM cales(i.e. Md, Ml, Ms, Mb)

and provides a Mmax that can be any of the aforementi@éty/pes. The variations in

the magnitude scales can cause artifacts in thalles, so the catalogue should be
checked for magnitude homogeneity. For a catalogue tmimgenous 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 everyfypagnitude available for them. The
catalogue is checked for the most frequently availédi@type. The catalogue hasido

for the earlier parts andMi6is the most frequent type d¥16available after the mid of
2011. SodMdbis used as a primary matpnile type followed byMIé'and for the events

t hat d odvidodr dMIdavailable,dVibbis used. The catalogue that is used in this
study has 71.05% of the events witld, 28.88% events witMI, 35 events (that do not
have eitherMd or MI) with &Mbd ard 1 event hasMsd magnitude. The relationship
betweendMdéanddMidis checked for the events that kav b Mddh n @davailable
(Figure3.5).

A 01 O N

ge] & ML
B MD

o N

Figure 3.5: Graph showing theelationship betweedVdba n #1la dhe scatter plot is
constructed usig the @ents that have botiMidé and dMI6 availablein the KOERI

catalogue
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The graph shows a linear trend for both dutypes, sadMddéanddvilécan be useth

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

earthquaks 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 earthquike=6.7) and October 17, 2005
Gulf of S & gé dearthquake sequenchllE5.9 on 17 andMI=5.9 on 20" of October).

Other significant changes are associated with OctoBefl9P5, Dinar earthquake

(Ms=6.0) east of the Geditsraben 6 Nove mber ,

(MI=5.7) in the wesbf GedizGraben January 28, 1994 Manisa earthquaks=£5.1) in
the north western part of the r egM=bi,;

and5.5)

the region.
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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 pratessparating 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 algostand methods proposed for the
declustering, but the most often usewdes includeGardner and Knopoff (1974) and
Reasenberg (1985) because of their simplicity and availability of their source codes.
Gardner and Knopoff (1974)lgorithmidentifies the foeshocks and aftershocks on the
bass of simplespaceand time window. The space and time window vaaiesordingto
themagnitude of earthquakeReasenberg (198%)yeates an interaction zone to identify

the foreshocks and aftershocks. The interaction Bmedeled by spatial and temporal
parameters. The spatial parameter is based on physical fault models while the temporal
parameter isnodeledusing a heterogeneous Poisson process with the decagfrate
aftershocksleterminedusingOmori law. These twaalgorithms(Gardner and Knopaoff
1974;Reasenberdl985)are applied in this study to the catalegusing ZMAP software
package.Reasenberg (1985algorithm identified 2115 clusters in the catalogue,
comprising 19198 events, leaving behind 35601 eveutof 53609 eventsGardner

and Knopoff (1974)algorithm identified 5045 clusters, classifying a total of 41913
events as aftershocks out of 53609 events, leavid@5 events in the catalogue.

3.2.2Detection and Removal of Quarry Blast Events

Most of thecatalogues are contaminated by quarry blasts and mine explosions. Quarry
blasts locations usually shows a highvdlue (b>1.5), because they are frequently
occurring small events mostly of similar sig¢/iemer and Wyss2002) Therefore
guarry blasts shdd be mapped and removed from the catalogues, because they are
potential source of errors and they falsify the results in statistical studiesvdadand
frequency magnitude distribution (e.§Viemerand Wyss, 1997). Habermann (1987)

proposed that bbwer 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 @rBacks, 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 quargeduring 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 fEgli>1.5)day/night timeratios. The software
(ZMAP) computes a map afaynight ratio for eight different sample size®6 and
consequently converts each value into probability of occurrence. If the value of most
significant node exceeds the 99% confidetevel, all the daytime events at that node

are removed. The method is repeated untv@lame with anomalous ratie{.5) is left

in the catalogue. The removal of all events from that specific volume represents a limit
to this procedure because it reraewtectonic 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 thamnagnitude 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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The declustered catalogues obtained in the previous section artoudedtify quary
locatiors and their blast events are removeding ZMAP software. The number of
events as function of their occurrence hfmrthe catalogushows a strong peak ding
the working hours (716hrs), so the data may be contaminated by quarry blast events.
The catalogue is checked for theper magnitude threshold (Figui@7). The
histograms show that the high rafmeak in day timeijs restricted to the magnitude03
for magnitudes greater tham3he histogram does not follow any trendintiplies that
the quarry blast events are restricte a magnitude threshold 80 in the regon. So the
catalogue is cut at agnitude 3 and a map is produced to identify thespible quarry
sites. The map is produced using 100 nearest events to eaclamoba grid spaced by
0.1 x0.1 (Figure 3.8). Four possible sites of quarriae identified in the area. Tée
regions are checked, if they coincide with any mining or quarcgtions. The sites
identified in the map are

1. Northrwestern prtof study area, Soma regidignite mines

2. North eastern corner of the region, Emetr@h open pit mines

3. UKk adentral portion: White Onyxugrries

4. Bo z d o] aafDeniav.ensrble 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 contaminatedquarry blastsin order to eliminate
quarry events from the catalogue, events with magnitude less than or e@ualito

these specified quarry areas are analyzed using algorithm of Wiemer and Baer (2000) to
remove day time event$he process is repeated several times and the day vs. night time
histogram and ratio map are checked iteratively until the histograngetian 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 GaedrteKnopoff(1974)algorithm

and 25623 events (out of 35601) are left in the catalogue that was declustered using
Reasenber{1985)algorithm.
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3.3Frequency Magnitude Distribution of Earthquakesin the Study Area

After applying all the aforeméioned processing techniquese(icut in time and depth,
magnitude homogeneity, declustering and removing of quarry blast events), a nearly
homogeneous catalogue is obtained for the.arba catalogue can lused for assessing

the frequency magnitude distribution (FMD) relation and for analyzingsgregial and

temporal variaons ofb-values in the area.

The FMD plos for the area arebtaineal using the processed and unprocessed (original)
catalogues using ZMAP softward-igure 3.10 to check whether the processing
technigues has any impact on the resdlbe&se plots areomputed using the Maxum
Likelihood Estimate (MLE) rathod.The b anda value obtained for the whole region
using the unprocessed catalogue 1.35and 8.15 respectivelyvhile 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 obtainedor the wholeregion after applyingReasenberg (1985)
algorithm to the cataloguegnd subsequentlgemoving thequarry blast eventsare 1.39
and 8.16 respectivelYOn the other hand the catalogusained after applying Gardner
and Knopoff (1974) algorithm and quarmgmoval technique, gives land a values;

1.26and 7.42 respectively.
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Figure 3.10: Frequency magnitude distribution NID) plots of the study area (1990
January 2014)a) FMD plot of the unprocessed catalogu®y FMD plot of the quarry
free catalogue(no declustering algorithm applied;) FMD plot after applying
Reasenber@l985 declustering algorithrandsubsequentlyemoving quarryevents and
d) FMD plot after applying Gardner and Knopof{fLl974 declustering algorithmand

subsequently removing quig events
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3.3.1Spatial Variations of b-value

The bvalue 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, seigtactonics, stress conditions and seismic hazard
potential of an area. Researchers believe thatlle exhibits significant temporal and
spatial variations. On local scale; Balue has been reported to show considerable
variations on a range of 0.3 to52or more (e.g Scholz, 1968; Wiemeet al., 1998;

Jaume and Sykes, 1999 and many o)hémsorder to get an idea of the spatial variation

of b-value and their associations with local conditioimsour study area, the-ymlue

maps of the region are congtted in this study.

The maps are constructed using ZMAP software package (Wiemer, 2001). The software
estimatesthe-s al ue at each node of densely space
earthquakes or a constant r aaeticallysoriednté&o . Th
cylinders which overlap and their sizes are inversely proportional to the density of
earthquakes enclosed in them. Theakue calculated at each node is converted into a

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

maximum likelihood estimate (MLE) method and magnitude of completeness (Mc) is
computed using Best Combination Method (Md@890-Maximumcurvature).
Earthquakes epicenters are selecd usi ng a r a dtheugsid spaRgis of 20
0.05 (=~ 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 ltagahdven
aftershock sequences removed) catalogues. The purpose of constructingvétheeb

maps with the unprocessed catalogue and processed catalogue is to check whether the
spatial variations of value are related to tectonic complexities in the regiprare
associated with #h artifacts in the cataloguediquarry events or aftershocks). Figure

3.11 show the map constructed using the original (unprocessed) cataloguevaliesb

in this map are relatively higher ahdve anomalous regionshose bvalues 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 lexalbe after removing the quarry blast
events from the catalogue (Figuel2). The maps obtained frommet dequarriedand
declustered catalogue (Figw®&.13 and 3.14) gives more realistic -bvalues for the
seismically active parts of the region. The areas that are devoithimium number of
earthquakes @ 100 events)are not assigned by anyvhlues These blank regions
generally coincide with the grabens and basins, wHisplay lack of seismicityThe
greater the number of events in a grid, the more reliable will be-tadub results and
vice versa. Some grids are characterized by highliees (2.0), which may be due to

small number of events leiag to erroneousnterpretations

According to theesultant bvalue mapgFigures 3.13 and 3.14%amos Island and NE
SW-trending area bet we davethdlaweshavaluesindieaing K° y c ¢
that stress is efficiently stored in the regiofke most prominenhigh bvalue regions

identified in the study area aedongB a k € Grakenandb et ween Kz mir and
High b- values shows that stress is being released more frequently in the femalof
earthquakes in these regioii$ie reason for high-talues in these regions may be due

to low local stressconditions anchigh geothermal gradient$emperature distribution

within the upper crust has considerable impacts on the seismicity distniboft a

region. Areas characterized by high geothermal gradients, volcanic activities and hot
springs have elevated-values (Wiemer and Wyss, 2002; Wyss, 1997; Warren and
Latham, 1970 and many others). Due to crustal stretching in western Anatoliam regio
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 stadgrare

shown in Figure 3.15 (taken from Aket al, 2014). The comparison ofualue and

heat flow map indicates that the high-value areas identified in the region are roughly
coinciding with the locations characterized by high heat flow; thus confyrrthe
observation that areas marked by high geothermal gradients are characterized by
elevated bvalues.
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Figure 3.11: Map showing the spatial variations iavhlues for the area. The map i

constructed using thenprocessed catalogue downloaded from ROEL990GJanuary
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associated with the major events

41



37

36.5

27.5 28 285 29 29.5
Longitude [deg]

Figure 3.12: Map showing the spatial variations iavhlues for the area. The map is
constructed using the catalogue tisatree of quarry blast even{$990 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 irvhlue for the study area. The map
is constructd 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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sequences associated with the major events.
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3.3.2Temporal Variations of b-value

As mentioned earlier that-\mlue shows temporal variations with time on local scale
within an area and specified time, so an attempt is made here to detect any chhnges
value associated with major earthquakésmporal variations in -bvalues show the
variations in stress conditions within a region through tiiStudies 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;\a¢mler

1998).

The b-value versus time gragias been checked for the whole region usiregoriginal
(unprocessed) and the processed catab(uearry free and declustefetb observe
changesin b- valueswith time. ZMAP software computes theariation of b- values
through timeusing a slidingime window approachThesize of wndow depend on the
number of events in the catalogudiehumber of eventselectedn samplewindow for
unprocessedatalogue is 70@vents For the catalogues declustered Bgasenberg
(1985) and Gardner& Knopoff (1974) agorithms; this number is600 and 400
respectivelyThe results btained are shown in Figure 3.16

The original (unprocessed) catalogue has aftershocks events, so the plot shows many
abrupt changes in-alue with time associated to recent major earthquak€ke
cataloguedeclusteredusing Reasenberglgorithm has moreevents(25623 eventsps

compared to the @dner and Knopoff (9105 eventsiherefore the latter gives a

relatively smooth plot. Thaigh frequencychanges in the plots arelated to the stress
changesassociated with the major evelffiB0] anb ey, G uDlindrand $imag8 € j a c € |
earthquakésoccurredin the studyarea There is also a remarkaldecreamg trendin
b-valuebetweern2011 and 2013vhich maybe related to the changess@ismicnetwork

configuration and recording procedures.

In order to further investigate éntemporaland spatiakhanges associated with major
earthquakes in the region, thevlue maps have been checked for the prel post

event scenario obome recenmajor events. Thevents that are analyzed inclyde
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For constructing the-balue maps, the catalogue Heeen separated for the events using
a polygon around the occurrence site of rehincks. The catalogue is then divided into
pre- and post earthquake time domainby cutting the catague at the time of main
event The bvalue maps have been computedngsthe Best Combination Method
(Mc95-Mc90-Maximum curvature)n ZMAP software The maps are computed using a
radius of 10 km and the grid has been spaced.@¥ x 0.02. The minimum number of
events greater than the magnitude of completeness (Mdaken as 10The earthquake
magnitudeand bvalue versus time plots for each event is also shownadtwelatethe

time distribution of magnitude and\mlue changes.

The pre and postA | a k (Bdnizliy earthquake dvalue map is shown in Figwes8.17a

and 3.11, respectivelyThe Figure illustratethat the bvalue around the location of the
Al akehir e a0 1lhbgfarathkeemaiwshack that changed to a higher value of
1.3 1.7 after the eventElevatedb-values around the epicentesupportthe effective
release ofstressduring this earthquakeThe changes in-balues in other parts of the
mappedarea are related to small events (M .€) ®ccurred within used time periods.
The magnitude time plot (Figure 3.ty shows that the magnitudeostlyvaries between
30and 40t hr ough ti me, except f or evehtavithe hi r €
magnitude5.0 that occurredin 2010. For bvalue with time plot (Figre 3.17d);30
events per window are selected. The plot shows tvailue has varied throughout the
time spanb-valueis decreaseth the region just before the occurrence of rsinck,
indicating a buildup of stress in the regidrefore the earthquakehich isfollowed bya
characteristiédncreasean b-value after the mainshock associatedht® releasg tectonic

stresseqFigure 3.17€)
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