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MODELLING OF EARTHQUAKE HISTORY OF THE KNIDOS FAULT
ZONE USING IN SITU CHLORINE-36 SURFACE EXPOSURE DATING

SUMMARY

Knidos is an ancient city, which is located in the south of Gulf of Gékova in Western
Anatolia. The Knidos Fault Zone is situated in ancient settlement ruins on the Datca
Peninsula. The recent geological and archaeological evidences point out that this
ancient site has been affected by at least two crucial momentous seismic events. In
the light of this information, we have carried out cosmogenic 36Cl dating in order to
obtain information about the seismic history of the Knidos Fault Zone. Using
cosmic-ray surface exposure dating of a well-preserved limestone fault scarp
facilitates us to attain information, which reveals a seismic history of faulting events
and identifies timing and recurrence interval of past major earthquakes, and slip rates
of the Knidos Fault Zone. There are two distinct faults located in the study area;
those are the Demeter Fault and the Mezarlik Fault. I have chosen to aim at the
Mezarlik Fault on account of that it has well-preserved fault scarp. The concentration
of cosmogenic | isotopes measured in 128 limestone samples from a ~15m high
bedrock fault scarp helps us to reveal the fault displacement history of the Knidos
fault, in the Western Turkey. Although this method can cause breakthrough to the
recent studies in earth science, there are plenty of limitations and uncertainties to
deal with. The important factors are latitude and air pressure (elevation) scaling
factors for a constant geomagnetic field, shielding resulting from the specific
geometry of active normal faults, effects of the chemical composition of the colluvial
wedge, effects of denudation of the scarp surface and snow cover effects on scarp
shielding. Through the modelling of the cosmogenic 3Cl nuclides, it can be
understood that Mezarlik Fault might be post-glacial as a result of previous studies
implied in the similar fault scarps in the Mediterranean. As oppose to all of these
limitations, it has been tried to understand impacts of these factors on the target fault
by using recent numerical models. I have set out to obtain accurate conclusion
through correlate and compare the result with synthetic profiles and previous studies
as much as possible. The slip histories modelled via concentrations of 36Cl indicate
that at least three or more events occurred on the Mezarlik fault within the past 20
kyr; over 10 meters of displacement took place between early Holocene and late
Pleistocene. This study was conducted with the Decision of the Council of Ministers
with No. 2013/5387 on the date 30.09.2013 and was done with the permission of
Knidos Presidency of excavation in accordance with the scope of Knidos Excavation
and Research carried out on behalf of Selguk University and Ministry of Culture and
Tourism. This study was supported by the TUBITAK (Project No: 113Y436).
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KNIDOS FAY ZONU'NUN DEPREM GECMISINI KLOR-36 YUZEY YAS
TAYINI YONTEMIYLE MODELLEME

OZET

Bu galigmanin amaci kozmojenik *cl izotopu yag tayini metodu aracilifiyla Knidos
fayimin deprem tekrarlama aralifim ve bu depremlerde meydana gelen atimlari
hesaplamak ve nihayetinde fayin ge¢misteki sismik aktivitelerini tespit etmek.
Calisma alanindaki deprem tekrarlanma araliklari, meydana kayma miktarlari ve
kayma hizlar elde edilmesi, ¢aligma bdlgesi i¢in sismik tehlike degerlendirmelerinin
daha saglikli yapilmasi imkédn saglar. Sismik tehlikelerin degerlendirilmesi
sonucunda bolgede meydana gelebilecek olasi depremlerin neden olabilecegi hayati,
beseri, sosyal ve ekonomik kayiplarin en aza indirilmesi igin kritik yaklasimlar
saglayabilir.

Depremler insanlik tarihi boyunca en beklenmedik ve yikici dogal afetlerin basinda
gelmektedir. Bununla birlikte, depremler, sadece insan hayatin1 degil aym1 zamanda
kiiltiirel ve tarihi miraslara telafi edilemeyecek hasarlar verebilecegi gibi ekonomik,
siyasi ve sosyolojik etkilerini de uzun yillar boyunca hissettirebilir. Bilhassa, 1999
yilinda sahsen de tecriibe ettifim Kuzey Anadolu Fayi’min batisinda 7.4
biiyiikliigiindeki Izmit Depremi(Kocaeli ya da Gélciik Depremleri olarakta bilinen)
ve 7,2 biiyiikliigiindeki Diizce depremi, bu hususta unutulmayacak tecriibeler
yasatmig, ayrica depremlerin sonuglarinin nelere yol agabilecegi hususunda g¢ok
kritik farkindaliklar yaratmagtir.

Tarihsel dénemlerde meydana gelen biiyiik depremler Ege ve Akdeniz’de sehirlerin
yikilmasina (Santorini, Efes, Antakya), biiyiik can kayiplarma ve uygarliklarin (Girit)
ortadan kalkmasina neden olmustur. Knidos, bu antik kentlerden biri olup, tilkemizin
giineybati ucunda bulunan Datga Yarimadasi’nin en batisinda yer almaktadir. Bu
antik liman kentinin yaklagik {i¢ bin yillik bir gegmisi bulunmaktadir. Bu liman kenti
dogu yamaglarinda bir duvar gibi yiikselen Knidos Fayi’min dikliklerinin hemen
oniinde kurulmustur. Bu nedenle arkeolojik dénemde fayda meydana gelmis biiyiik
depremlerin fiziksel kamtlarimi antik kent i¢inde gérme sansi bulunmaktadir. Keza
yapilan jeo-arkeolojik caligmalar kentin iginde yer alan tapmak ve siitun gibi
yapilarm bu fay tarafindan kesildigini ya da yikildigin1 gostermektedir. Son yillarda
gerceklestirilen jeolojik ve arkeolojik galismalar bolgede en az iki biiylik sismik
olaymn meydana geldigini isaret etmektedir. Bu ¢alismalarda, ilk sismik olaymn M.O.
2 — 3 yiizyillar arasinda, Afrodit Tapinag: ve Demeter Tapmagimn yikilmasina neden
oldugu; ikinci olayin ise Yuvarlak Tapmak ve Demeter Tapmafi’nin yer
degistirmesine neden oldugu bildirilmektedir. Bu bilgiler 1s18inda hareketle, Knidos
Fay1 Zonu’nda meydana gelen kayma oranini ve deprem tekrarlama aralifi hakkinda
bilgi edinmek i¢in 36Cl yiizey yaslandirma y6ntemini uyguladi.

Fay dikliklerindeki kozmik izotoplarn derisimlerinin modellenmesi, bu yiizeye etki
eden tektonik ve yiizey siire¢lerinin etkilerini anlamamiza yardimc olabilir. Yiizey
yag tayini yontemi, kozmik iginlara maruz kalan fay diizleminde {iretilen ender
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kozmik niiklitlerin miktarimn Olgiilmesi esasina dayanir. Galaktik kaynakli ve
Giines’te meydana gelen radyo aktif 1smmum kaynakli birincil kozmik iginlar,
genellikle protonlardan olugmaktadir. Birincil kozmik 1ginlar olarak adlandirilan bu
parcaciklar, ¢ok yiiksek enerjiye sahiplerdir. Bi. isimlar, atmosferle carpistiklarinda
atmosferdeki elementlerle etkilesime girerek ikincil kozmik iginlara déniisiirler.
Ikincil kozmik ismnlara doniisen bu pargaciklar yeryiiziine ulasir ve kayaclarla
etkilesime girerler. Bu etkilesim sonucu kaya;larin yeryiiziine yakin yerlerinde,
agirlikli olarak yaklagik 2 ile 3 metrelik boliimle de, degisik reaksiyonlar neticesinde
nadir izotoplar: olustururlar. Bu izotoplar kozmojenik izotoplar olarak adlandirilir.
Ozellikle kire¢ tagimin kimyasal yapisinda bulunan, kalsiyum (40Ca), potasyum,
(39K) ve klor (35ClI) gibi clementlerin ikincil kozmik iginlarlar etkilegimleri
neticesinde kozmojenik Klor-36 (36Cl) izotopu olusur. Bu izotopun olusumunda yer
alan kimyasal reaksiyonlar, yiiksek enerjili spailasyon reaksiyonlar, diisiik enerjili
notron reaksiyonlari(termal ve epitermal) ve miion reaksiyonlar olarak siralanabilir.
Spallasyon reaksiyonlar1 genellikle yiizeye yakin yerlerde baskin olmakla birlikte
niifus derinliginin az olmasindan dolay1 etkilerini derinlikle iistel olarak kaybederler.
Tepkimeye girme egilimleri diisiik olan miionlarin ise niifuz derinligi daha yiiksektir.
Bu nedenle derinlikle gergeklesen kozm'k izotop {iretimlerinden miion
pargaciklarinin neden oldugu reaksiyonlar yer ali-.

Yiizey yaslandirma yonteminin, saglikli bir seki de uygulamaya gecirmek amaciyla,
arazide caligmalar1 gergeklestirildi. Yapilan arazi ¢alismalarinda 6meklemeye
yapmaya elverisli ve amaca uygun fay diklikleri tespit edildi. Ormekleme asamas:
¢ok onemli oldugundan &rnek toplanacak fay di<liginin belirli 6zel niteliklere sahip
olmas: gerekmektedir. Hedeflenen fay dikliginin aliivyal yelpazelerden, antropojenik
etkilerden, dereler ve akarsu vadilerinden kesinlikle etkilenmemis ya da en az
etkilenmig bir yapiya sahip olmas: gerekmektedir. Hedef fay dikligi tespit edildikten
sonra Ornekleme islemi ig¢in gerekli hazirlikl:ra gegildi. Yapilan hazirhiklar, is
giivenlifinin en st seviyede olmasi gere'tirmektedir. Omekleme islemine
gecilmeden evvel bu siirece déhil olacak, ekisin yaninda bulundurmasi gereken
donanimlar: 1) Koruyucu kask, 2) Gozleri toz ve tas sekmelerinden korumak i¢in
emniyet gozligl, 3) Agiz, burun ve digleri korumak igin plastik yiiz maskesi, 4)
Solunum sistemini korumak igin 6zel koruyucu maske, 5) Kulaklar agin giiriiltiiden
korumak igin kulakliklar, 6) Fosforlu ig ceketi, 7) Ellerin giivenligi i¢in koruyu is
eldivenleri ve son olarak 8) flk yardim ¢antas. Omekleme galigmasi, son derece
ciddi ve zaman alan bir islem olmasi nedeniyle, yukarda sayilan temel donanim
eksikligi durumunda islem  baslatilmamilidir.  Ornekleme galigmasmin
gerceklestirilecegi fay dikligi, yaklasik ~15n. yiiksekliinde olmasi nedeniyle,
tirmanig i¢in profesyonel destek alinmasi gerekmektedir. Tirmanis i¢in profesyonel
destek alinmalidir. Bu siire¢ boyunca galigma :kibinde, ekibimsimizde her zaman
siire¢ baginda bulunan profesyonel bir dagci ¢alisma arkadagimiz meveut bulundu.
Toplanan Orneklerin taginma sirasinda dagilnamalari ve muhafaza edilmeleri
amaciyla plastik folyolara sarilip, 6zen bir selilde silinmez kalemler araciligiyla
sirayla isimlendirildi. Ornekler fiziksel ozellkleri tespiti ve gerekli kimyasal
islemlerden gecirilmek {izere Fatih Unversitcsi’ndeki Kozmo-Lab’a nakledildi.
Kimyasal islemlere baslamadan evvel, érnekleiin agirlik, yogunluk ve ebatlarinin
ol¢timleri yapildi. Bu islemlerden sonra 6rneklerin kimyasal iglemlere hazir ve uygun
hale gelmesi igin her bir 6rnek i¢in ayri ayrn kuma, 6gilitme ve eleme iglemlerinden
gecirildi. Kimyasal islemleri tamamlanan 6rrekler,Fransa’da bulunan CEREGE
laboratuvarinda Hizlandirilmig Kiitle Spektometresi (AMS) &lglimleri igin
gonderilmistir.



Yaklasik 15 metre yiiksekligindeki fay dikliginden alinan, 128 6rnekten 6l¢iilen 36Cl1
derigiminin modellenmesi, Tiirkiye’nin batisinda bulunan Antik Knidos Kenti’nde
bulunan faylardan, Mezarlik Fayi’nin ge¢miste meydana gelen sismik olaylar
neticesi meydana gelen kayma miktarlarim1 ve bu olaylarin tarihlerini belirli &lgiiler
dahilinde hesaplamaya olanak saglamaktadir. Kozmik izotoplarin iiretim orani,
negatife muon yaklasmasi, diisiik enerjili nétron yakalanmasi ve spallasyon
reaksiyonlara baglidir. Bu yontem her ne kadar yer bilimlerinde biiyiik bir ilerleme
hususunda katkida bulunmus olsa da, model iizerinde diizeltilmesi gereken
belirsizlikler ve kisitlamalar mevcut. Bu etkenler, sabit yer manyetik alam degeri
altinda enlem ve yiikseklik 6lgeklenmesi, belirli bir geometriye sahip aktif faym
perdelenmeye gore dl¢lim diizeltmesi, koliivyon kimyasal bilesenlerine gére dlgiim
diizeltmesi, alansal erozyon etkilerine gore 6l¢iim diizeltmesi ve kar oOrtiisii etkisi
altindaki &lciim diizeltmesi seklinde siranabilir. Onceki c¢alismalarda, Akdeniz
bolgesinde bulunan benzer fay dikliklerinin buzul dénemi sonrasi olabilecegini
fikrinin Knidos Fay Zonu ile uyumlu olup olmayacagi bu yéntem aracilifiyla tespit
edilebilir. Modelleme, biiyiikk kayma olaylarmi tanimlamaya olanak saglasa da, bu
olaylarin bir ya da birden fazla olay olup olmadigimi ayirt edememektedir. Bu
hususta meydana gelen olaylarin irdelenmesi agisindan tespit edilen olaylar, biiyiik
sismik olaylar veya olaylar serisi geklinde degerlendirilmelidir. Kozmik izotop
derisimlerinin modellenmesi sonucunda elde edilen en uyumlu model en az ii¢ bilyiik
depremi isaret etmektedir. Bu olaylarin meydana geldigi tarihler ge¢misten
giiniimiize 18.7, 15.0 ve 10.8 bin y1l olarak belirlenmistir.

Bu calisma, 30.09.2013 tarih ve 2013/5387 sayih Bakanlar Kurulu Karari ile Kiiltiir
ve Turizm Bakanligi ve Selguk Universitesi adina siirdiiriilen Knidos Kazi ve

Aragtirmalari kapsammda ve Knidos Kazi Baskanlifi’nin izni ile yapilmistir. Bu
calisma TUBITAK tarafindan desteklenmektedir (Proje No: 113Y436).






1. INTRODUCTION

Owing to lack of instrumental record history of earthquakes, different methods can
be feasible to provide information seismic history of active faults. One of these
approaches is digging a paleoseismic trench across a fault, as it is well known that
gives information about such as few past major earthquakes and occasionally
displacements. However, it is not always easy to overcome where datable material is
not existed within the trenched deposits (Carcaillet et al., 2008). On the other hand,
there is another method as known in situ cosmogenic **Cl surface exposure dating

can be preferable when facing paleoseismological obstacles, instead.

In situ cosmogenic *°Cl surface exposure dating of limestone fault scarp is based on
dating of multiple samples that can be taken on a scarp of a limestone fault providing
important information about seismic history. Moreover, through this method, it may
be calculated timing and displacements of earthquakes. (Zreda and Noller, 1998;
Mitchell et al., 2001; Benedetti et al., 2002, 2003, 2013; Palumbo et al., 2004;
Schlagenhauf et al., 2010, 2011). Using cosmic-ray surface exposure dating of a
well-preserved limestone fault scarp facilitates us to attain information, which
reveals a seismic history of faulting events and identifies timing and their recurrence

interval of major earthquakes and slip rates of the Knidos Fault Zone.

Despite the fact that *°Cl dating provides very important information about seismic
history of faults, there are uncertainties such as topographic shielding, colluvial
wedge density, denudation to be dealt with which help us make the inferences more
accurate (Gosse and Phillips 2001; Schimmelpfennig et al., 2009; Schlagenhauf et
al., 2010). Previous studies show that especially all through the Mediterranean Basin,
bedrock faults have preserved their scarps (Reicherter et al., 2014) and those are the
Hebgen Lake fault in Montana United State of America (Zreda and Noller, 1998), in
the Northern Israel Nahef East fault, (Mitchell et al., 2001) in the Southern Greece,
Sparta and Kaparelli fault (Benedetti et al., 2002, 2003) and in central Magnola-
Velino fault (Palumbo et al., 2004; Schlagenhauf et al., 2010, 2011). The latest

numerical analysis which is developed by Schlagenhauf et al. in 2010 were used here
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not only provides deduction of slip rates, reoccurrence interval of earthquakes but
also helps to remove some level of uncertaintics (Schlagenhauf et al., 2010). This
method is a powerful tool to reconstruct seismic history of normal faults and critical
to understand regional seismic hazard. It is focused on one of the most prominent
fault scarps (hereinafter mezarlik fault) stretching along the antique Knidos city. In
the light of these developments, especially numerical models, it has been applied in
situ *°Cl surface exposure dating of the Mezarlik fault scarp, which give us chance to
make inference of the seismic history of act've fault. Thus, I applied recently
developed models to the study site in order to :issess the earthquake slip history of
the cumulative scarp of the Mezarlik fault throuizh determining concentration rate of
cosmic *°Cl isotopes (Schimmelpfennig et al. 2009, 2011; Schlagenhauf et al.,
2010). In order to get information about seismic hazards, fault parameters such as
moment magnitude, rupture length, slip rate ard recurrence are very important in
active tectonic studies. Magnitudes of earthquikes are one of the most important
factor in seismic hazard analysis. Through displecement data, moment magnitudes of
earthquakes can be estimated using empirical 2quations (Wells and Coppersmith,
1994).

In the conclusion part, it will be touched upon important implication of in situ
cosmogenic *°Cl dating. At the end of all these analysis using this approach, we
might able to decide which earthquakes or earthcuakes clusters cause can highest slip
rates, amount of displacement and reoccarrence interval of earthquakes.
Concordantly, these values might be significant basis for anticipated ruptures along
the active fault and furthermore, it may contribute seismic hazard assessment of the

Knidos.



2. STUDY AREA

It is widely known that the Western Anatolia is one of the most seismically active
and rapidly extending regions in the v\:?orld. (Bozkurt, 2001). The Knidos Fault Zone
is situated in ancient settlement ruins on the Datca Peninsula located in the SW

Turkey.

MUTICN

FATON

Figure 2.1: Active fault map of the Knidos Peninsula (modified after Altunel et al.
2003).

The Dat¢a Peninsula defines southern boundary of both the Gulf of Gokova and the
Western Anatolian Extensional Province. The seismic history of the Knidos Fault
Zone is therefore may provide insights about fault activity covering millennial scale
to Pleistocene scale in the Southern Aegean Region. Dat¢a Peninsula was affected by
earthquakes that occurred in Gulf of Gékova throughout historical and instrumental
period (Table 2.1). The recent geological and archaeological evidences point out that
this ancient site was affected by at least two crucial momentous seismic events
(Altunel et al., 2001). The total length of the fault is 8 km eastwards and creates a
very distinct mountain front. The fault consist of two main segments, which are

trending W-E direction (Figure 2.3). Two distinct faults that located in the study area
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called the Demeter fault and the Mezarlik fault. It has been chosen to aim at the
Mezarlik segment because of that it has well p-eserved and absence of any sort of
anthropogenic effect and denudation and most prominent fault scarp stretching along
the antique Knidos city.

Table 2.1: Destructive historical earthqual:es of the region (Dirik, 2007).

Date Latitude Longitude Location Itensity
BC 222 36.5 28 Raodes (Tsunami) X
BC 185 36 28 Rhodes X

155 36.3 28 Rhodes, Mugla,Fethiye X
08.08.1304  36.5 275 Rhodes,Crete X
03.10.1481 36 28 Rhodes, SW Anatolia(Tsunami) IX
18.08.1493  36.75 27 Kos IX
18.10.1843  36.25 27.5 Rhodes, Aegean Sea IX
12.10.1856  36.25 28 Rhodes,Crete(Tsunami) X
22.04.1863  36.5 28 Rhodes IX
29.03.1885  37.2 27.2 Aegean Sea IX

Knidos Fault Zone has a special place in terms of its archaeological and geological
properties. The geoarcheological studies in this .ntique city indicate that presence of
structures such as temples and walls cut off by Knidos Fault. These observations
show that Knidos fault is active (Altunel et al., 21)01; Dirik, 2007).
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Figure 2.2: Geomorphic map of the target area.

As it is seen on the tectonic geomorphological 1nap (Figure 2.2), it shows that there
are three knickpoints the western part of the Mezarlik fault scarp and three different



colluvial phases. Those might be correlated with major slip events, which can form
them. The Mezarlik fault scarp is almost 300 m long and ~15 m average high, where
the fault scarp was developed in neritic limestone, which is Jura-Cretaceous age,

which is very suitable for 36C1 surface exposure dating.

Mezarhk Fault

Figure 2.3: a) Oblique view of Demeter and Mezarlik fault scarps (from SE to NW).
b) Thin white line indicates sampled part of scarp.

% = =

2.1 Sampling

Sampling was performed on the Mezarlik fault’s scarp from top to base along its slip
direction. 128 continuous samples were collected which were 20-cm wide and 10-cm
long and 3-cm thick. Besides these, a ~2 meters deep trench was opened at the base

of the scarp for paleo-seismological research. It is crucial to choose sampling site due
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to principle of method, complexity of chemical analysis and degradation effects on
fault scarp. Thus, sampling site was chosen to aoid those kind of problems such as
rivers, gullies, intense colluvial deposits and the preservation of scarp. Furthermore,

sampling was carried out amount of cumulative s ips as high as possible on the fault.

2.2 Personal Protection

Before starting to perform anything on the field, there are lots of vital safety
equipment that must be provided along with first aid kits.

While trying to cut rocks on the fault scarp surface, there will be great deal of dust
that block one’s vision and respiration. For anyo:1e’s safety, some equipment such as
hardhat, goggles, gloves, dust respirators, ear defenders, and kneepads are top
priority. A hard hat to prevent any sort of accidents such as head injuries ; goggles
for eye protection from dust and chippings; plastic face mask or dusk mask to protect
face, nose, month and teeth. Dust mask to avoid from breathing in dangerous
particles; ear defenders that can help blocking angle grinder noise as power tools
make so much noise. Safety vests specially the one, which has reflector features.
Work gloves that important for any operation in ‘he fieldwork. Not only the one who
works for sampling but also anyone who is around the fault scarp should wear safety

equipment. After finishing those preparations, equipment can be set up.

2.3 Climbing

The climbing equipment was used for building anchors steel carabiners along with
bolt and bolt hanger and dyneema slings for ¢qualizing the anchors. In order to
ascend jumar and chest jumar, Peltz Ascension for descending Petlz I'D was used
which is self-breaking descender to rescue with anti-panic function. As for personal
safety helmet, climbing harness, carabiners, clings and prusik cords. At first, any
suitable anchors were checked on upper part of the fault scarp. The worst case
scenario would have been bolting if we had not found any convenient place for
anchors, but trees were found as a natural safety point and we used the tree as an
anchor to avoid harming the natural environmen:. In order to make sure of safety of
the one who uses angle grinder, two (2) ropes were used for permanent lines. One of

the ropes was used for descending by ID, the othzr one was used for backup through



prusik knot. Jumar and chest jumar were used in order to ascend on the rope. The
target scarp was chosen whether it fit properly circumstances as stated above,
rectangle wood plaque was used for drawing two straight-lines to enclose the certain
sampling parts of the scarps after those preparations had been completed sampling

was performed (Figure 2.4).

Figure 2.4: Field photograph of sampling processes.

2.4 Equipment Preparation

Sampling on fault scarps is both challenging and dangerous and it is also a time
consuming process, depending number of your samples. As generators make really
much noise while they are working, it is preferred to set it up away from sampling
location as much as possible. In addition to that, using power strip, which has very
long cables, can help to solve this problem to some extent. It was used an “angle
grinder” (Figure 2.4) which is a handheld tool for cutting samples on the fault scarp.
However, those tools are extremely powerful and dangerous; for this reason, it might
cause accidents if it is used carelessly. On account of that, before operating anything,
one must get training and instruction manual should be read and carefully followed

especially for electrical power tools.






3. METHODOLOGY

In situ *°Cl surface exposure dating is based on cause of the production of rare
nuclides in exposed rocks, which interacts with secondary cosmic rays (Gosse and
Phillips, 2001). The reason of production in situ cosmogenic *°Cl in the rocks that is
muons and neutrons interact with target elements in limestone and those are *°K,
4UCa, and >*Cl whereas almost the earth’s crust surface and a few meters top of rocks.
By the aid of calculation of cosmogenic **Cl concentration in limestone, we can
make estimation of slip rates, timing of faulting events and recurrence intervals of
earthquake (Zreda and Noller, 1998; Gosse and Phillips, 2001; Mitchell et al., 2001:
Benedetti et al., 2002, 2003, 2013; Palumbo et al., 2004; Schlagenhauf et al., 2010,
2011). Although exposure history methods provide important information of paleo-
seismicity, correction of altitudinal scaling and the temporal variations in production
should be done (Gosse and Phillips, 2001). In absence of all of the shielding effect on
fault scarp, it can contribute to the **Cl concentration and so, we come up with a

simple scenario of overall process.
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Figure 3.1: Synthetic profile of and concentration of *°Cl.
The production rate of cosmogenic *°Cl isotopes decrease exponentially along with

depth due to substantial amount of cosmogenic nuclides are found closest part of

rock surface (Gosse and Phillips, 2001). As it is seen on Figure 3.1 each earthquake

9



causes exhumation of new portion of the fault s:arp above the surface and synthetic
profiles that is modelled for three successive jaulting events. However, when we
study on real date beyond these synthetic profil:s and data, the results will be more
complicated. Through all of these analyses, various scarp versus 36Cl concentration
should be tested. On the purpose of testing dififzrent scenarios, couple of statistical
methods can be used. One of these methods called root mean square (RMS) is to help

determining the best-fit scenario between data ard the model (Palumbo et.al, 2004).

2
RMS =\/Z (BGCImeasur-'d "'3eczmodel) /Tl (31)
n

It is one of the most preferred approach to test «listribution of dataset. The principal
pointer that one may utilize is the weighted root mean square (RMSw) which permits
evaluating the fit in the middle of displaysd and measured fixations while

considering the instabilities on the estimations.

36 36 2
cl red = Cl
_ n measu red model
RMSw = \/ fed [( )

/n (3.2)

36,
0"V lmeasured

At that point ascertaining for every best model situation Akaike Information
Criterion concluded the best situation (Palumbo et.al, 2004). The norm incorporates
not only just the goodness-of-fit between the maodel and the information additionally
the quantity of parameters incorporated into the model, along n the number of data
points and p the number of independent parameters that correlates to the number of

events:

2
AIC =nlog [En (366'{measured = 36C'{mm‘hel[) /n] +2p (3.3)

In this formula **Clyeasurca is the qualified AMS combination in **Cl, **Clyoqel is the
modelled combination in *°Cl, ¢ *°Cl qualifizd is the ambiguity on the AMS
measured *°Cl combination, and # is the quantity of estimation. Furthermore, it was
additionally used another analysis of the Akaike Information Criterion (Akaike,
1974). Where the parameters are characterized recently. At the point when the
proportion of the information number # to the cuantity of free parameters k is little
(240, Burnham and Anderson 2002), a more r:fined rendition of the AIC model,
named AICc, must be applied:
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2 2k
AlCc =nlog [Zn(sGCZmeasured - 36amadel) /n] + n—k?il (3.4)

After the combination of two equations (3.3) is produced. In all of these models, the
most strong is the one having the least AICc rate. Some other models are then
positioned by contrast between its own AICc esteem and this rate. Models with 0 <2
are sensibly very much upheld by the statistics, models with 3 < 6 are less upheld by
the information yet still probable, while models with 10 < are not upheld by the
statistics and ought to be disposed (Burnham and Anderson 2002, Schlagenhauf et
al., 2010). Major activity of the fault particularly Holocene and Pleistocene can be
kept tracking using distribution of in situ 3%Cl concentration and scarp height via
scatter plot. Without effects of denudation, *°Cl concentration of a particular cosmic

nuclide can be calculated function of time and depth, as
dN(z,t)/dt = P(z,t) — A X N(z,t) (3.5)

Where dN/dt is rate of change in time, A is the decay constant, P is the isotope
production rate, P is the isotope rate, t is rock exposure time and z represents depth.
The decay constant specific for each element for 3¢l decay constant: Azg = 2.303 x
10, a'. In absence of all the shielding effects on fault scarp which can contribute to
the *°Cl concentration, we come up with a simple scenario of overall process. As a
consequence of temporal variation of cosmic ray flux and evolution of geomorphic
features through time, then one considers those effect and then production rate can

calculate as function of all of these parameters below equation (3.5).
Protar = Sel,prQpPp(z) + Se,sFsQsPs (2):+ Ser,sFn [QetnPetn(2) + QenPen(2)] (3.6)

Total production rate (Pyta) is sum up of different type of reactions. S, F and Q are
scaling factors respectively along with those subscripts refer to: El, for elevation and
latitude; s for spallation reactions of Ca, K, Ti and Fe; p for direct capture of slow
negative muons ( “°Ca and 3%K); eth for capture of specific epithermal neutron (*°Cl);
th for capture of specific thermal neutron (*3CI); rad, for radiogenic production; n, for

capture of all types of low-energy neutrons.

Sels is summed effect of latitude and elevations for spallation; Sei,, summed effect of
latitude and elevations for thermal and epithermal neutrons; S, summed effect of
latitude and elevations for slow negative muons. Due to time dependency of

magnetism that might vary in time, temporal variations of the geomagnetic field are
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included. Py is the sample-specific *°Cl production rate resulting from reaction x, as a
function of sample chemical composition. P the sample specific 3¢ production rate
resulting from spallation (Ca, K, Ti, Fe etc.); Pey the sample specific *°Cl production
rate resulting from capture of specific epithernial neutron; Py, the sample specific
38C1 production rate resulting from capture of specific thermal neutron; P, the sample
specific *°Cl production rate resulting from capture of slow negative muons
Prad» the sample specific % production rate resulting from radiogenic production.
Qy is the sample thickness integration factor fcr the reaction X, required from the
production rate being calculated at mass depth z in g cm 2.Q is thickness integration
factor for spallation; Q. thickness integration factor for epithermal neutron; Qg
thickness integration factor for thermal neutron Q, thickness integration factor for
slow negative muons. Fy is a scaling factor ¢f sum up all the correction for as
topographic shielding, snow shielding and jeometry. Fs shielding factor for
spallation; F, shielding factor for epithermal neutron + thermal neutrons; F,

shielding factor for slow negative muons ; 0 <F» <1; Fx =1 is no shielding.

3.1 Primary Cosmic Rays

The primary cosmic rays that are responsible for production of cosmogenic isotopes
primarily come from outside the solar system and within Milky Way Galaxy. They
majorly consist of high-energy radiation, mainly protons, when these particles strike
upper atmosphere causing disintegrations of different particles when strike to the
atmosphere of the Earth (Gosse and Phillips, 2001).

US8lar Energetic Particles
‘{Solar Particle Eventsor
Coronal Mass Ejections) _

»

Figure 3.2: An illustration of origin of the gelactic cosmic radiations (Source:
NASA).
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The cosmic rays that are responsible for production of cosmogenic isotopes, majorly
consist of high-energy radiation, mainly protons, primarily comes from outside the
solar system and within Milky Way Galaxy. When these high-energy nucleons enter
atmosphere of the earth, it causes extensive cascade of secondary particles, which is
called secondary cosmic rays. These particles mentioned as “terrestrial in situ
cosmogenic nuclides” in order to imply differences between nuclides produced in the
atmosphere and produced within minerals and rocks close to Earth’s surface (*He,
""Be, *'Ne, *Al, *Cl). The important note for processes that is all of the *°Cl
production rates and calculations based on the available literature (Stone et al. 1996,
1998, 2000; Gosse and Phillips 2001; Schimmelpfennig et al. 2009, 2011;
Schlagenhauf et.al, 2010, 2011; Marrero, 2012).

Primary Cosmic Ray

—_—

BT
i
Atmosphere ™

LA
p : proton @ : pions I : muons e’: electron
n : neutron Vv : neutrino v : photons €'t positron

Figure 3.3: Path of the cosmic rays and those particles (Simplified after Gosse and
Phillips, 2001).

Moreover, all of the formulas, equations and descriptions were taken exactly from a

certain scientific publications (Gosse and Phillips 2001; Schimmelpfennig et al.
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2009, 2011; Schlagenhauf et.al, 2010). Flux intersity of cosmic radiation comes from
atmosphere in the direction given the angle of in:lination 6 and the azimuth ¢ given
equation (3.6)

1(6,9) = Iy sn™0 3.7)
Both for 8 > 0 and for 8 <0, I1(8,¢) = I,. Waen exposed sample is not shielded,

then it receives max possible flux then flux will te calculated as below:

Dpax = [ [2 Iosin™6 cos6 dfdg = -2 (3.8)

m+1

In case of topographic shielding, amount of cosmic radiation flux reduces by scaling
factor S = @/ Qpa next to the geology is depicted have a relationship between its
vertical angle B;opo,

3.2 Secondary Cosmic Rays

The method that has been used in this study is based on the fact that the interaction of
cosmic rays with the rocks exposed at the Earth’s surface produces specific
cosmogenic isotopes within these rocks (Gosse and Phillips, 2001). As limestone is
geologically abundant and mostly consists of calcite minerals, cosmogenic *

production rate from Ca spallation convenient fo- dating (Stone et al., 1996).

Secondary Cosmic Rays

Figure 3.4: A simplified representation of thz in situ 38Cl isotopes production
through interacting with target el ements in limestone.

Limestones include the target elements that inte:act with secondary cosmic radiation
which those are K, *’Ca, and **Cl. After exlumation of fault scarp, exposed to

cosmic radiation, these elements take part ir the production of *Cl as target

14



elements. Owing to the intensity flux of the cosmic ray, in situ **Cl can be produced
by three main processes depending upon amount of energy of cosmic radiations
(Figure 3.3). Moreover, cosmic ray flux intensity reduces along depth of limestone.
There are three main processes which take place produce of cosmogenic ¢l
isotopes (1): spallation which is a nuclear reaction result from collusion of target
elements of rock Ca, K, Ti and Fe and secondary cosmic radiation (highly energetic
neutrons), (2): capture of slow negative muons by *Ca and *K in that of muon can
go through to greater depth of Earth thus production increases along penetration
depth and (3): capturing of thermal and epithermal neutrons (or low-energy neutrons)
by *°Cl. Additionally, when samples have high U and Th concentrations, >°Cl
captures some of the low-energy neutrons generated during the decay of U and Th
(non-cosmogenic) and these reactions cause production of cosmogenic **Cl as well
(Schimmelpfennig et al., 2009, Schlagenhauf et al., 2010). Calibration of production
rate is one of the crucial phases of calculation. Because of that, it has been taken

account all of different type of reactions production rate while making calculations.
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Figure 3.5: Contribution of the various cosmogenic source (From Schlagenhauf
et.al, 2010).
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3.3 Latitude and Altitude Scaling Factors

Dependency of the production rate of the 38C] isotope is relevant to two parameters,
which are air pressure and geomagnetic field. Tlie amount flux of cosmic ray shows
varied response when it interacts with Earth’s 11agnetic and atmosphere. Thus, the
production rate of the *°Cl isotope depends upon both the geomagnetic latitude and
altitude of the study area. Even if we assume that Earth’s magnetic field is constant
through time, magnetic flux lines show differences from equator to poles. Deflection
of cosmic radiation flux shows minimum value at the equator but it intensifies in
along with latitudes (Schlagenhauf et al., 2010). 'n this model, it is assumed that both
geomagnetic field and atmospheric pressure is constant through time. The scaling
factor which has been mostly used in models for the purpose of considering the

effects of latitude and elevation of neutrons (S ;) and muons, (Sey,, ) and at the sea
level high latitude (SLHL) these both values S, s = 1 and Sep, = 1 as considered
scaling factors (Stone, 2000; Schlagenhauf et al., 2010).

Spallation rate at latitude A and elevation z (no-malized to its value at 60° latitude

and at standard sea level pressure):

P

Seis(P) =a+b+exp (—- 150) + cP + cP? + eP? (3.9)

with a; b; c; d; e : scaling coefficients function cf latitude from 0 to > 60° with a 10°

step (see Stone, 2000), and P : Pressure (hPa) - ( rom Lal., 1991).

P(z) = P exp (- 9;:") Ty = In(T, — &2 (3.10)

Slow muon capture at latitude A and elevation:
Setu(P) = My 101325(exp(1013.25 — P) /242) (3.11)
with the attenuation length of muons in the air = 242, and Mj91325: scaling

coefficients for latitudes from 0 to > 60° with a 10° step (see Stone, 2000).

3.4 Shielding Effects

In a good light, absence of topographic shieldin, secondary cosmic radiation easily
interacts with exposed fault scarps. However, the circumstances are not always that

simple when we are in nature. It is a significant factor and must be taken into

16



consideration whether the sampling site surrounding high topography or not. If one
encounters such a problem, the calculation of the production rate modifies against
this effect. Normal fault geometry has three different dip parameters; these are the
dip of colluvium a, the dip of fault scarp B and y the dip of upper part of fault scarp
(Figure 3.8). It is considered in this model that the fault scarp is semi-infinite plane.
H refers to height of the scarp, o dip of colluvium, B the dip of scarp and vy the dip of
the older fault section. A represents the exhumed samples receive cosmic radiation
coming through the air and cosmic radiation passing through the rock; B represents
the buried samples that only receive cosmic rays passing through the colluvium. The

relationship between Oropo(s) and ¢ depend upon azimuth (¢) given equation (3.16).

sl -:,\,}-/
-'"m\\\w\u‘“

]

i panging wal

Figure 3.6: Representative illustration of expected fault geometry (Modified after
Schlagenhauf et.al, 2010).

Bropo(py = atan(tanBsing), 0 < p< 7 (3.12)
9t0po(¢) =0, m< (,b < 2n (3.13)

The resulting shielding factor S(f) is given as below
1, m+1 2m = :
SBY =5+ 1y Pianctanp singy S0 cosB dOde (3.14)
Measuring concentration of the shielded samples contain insignificant amount of %
due to less interaction of cosmic rays. The cosmic ray flux that from the direction of
(6,¢) at the sample will be attenuated by a factor exp (—d/2A) where d is the

distance travelled and A is the true attenuation length. When the fault scarp height is
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measured as H and the position of the sample or the scarp surface is measured by Z

(positive upwards), then d is given by

(H-Z) sin(3-y) (3 15)

sin@ cosy—cosé6 siny sing

The net contribution is as below

; d
® = J-[:T foatan(ta?‘l.ﬁ sing) 10 B_ESinmg cos@ dgd(‘f) (316)

The total flux received by the sample can tken be calculated and leads to the

following scaling factor Ss(Z, H, B, v) as below
1 +1
S{(ZH,By)=3+== [ fatan(w singy SIV0 €050 dBdd + (3.17)

- f J atan(tanp sind) o-d/ Lginmg ¢o56 dOd¢p (.18)

atan(tany sing)

As erosional process of surface will be partially shielded, in this case, it is necessary
to calculate amount of the flux that reaches beneath the scarp surface. In this
condition, one may assume that the scarp surface is an infinite plane. The distance

travelled by a radiation coming from the direction (6, ¢).

+1 /2 i 5
S.(e,B) = m—m—f ftan(tanﬁsin@e a-/2  sin™@ cosf dOd¢p  (3.19)

ML [ % emd+/Asin ™0 cos6 dOdg (3.20)
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Figure 3.7: Exhumed samples receive cosmic rays going through the both air and
through the rock (Modified after Scalagenhauf et.al, 2010).
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As erosional process of surface will be partially shielded, in this case it is necessary

to calculate amount of the flux that reaches beneath the scarp surface. In this

condition, one may assume that the scarp surface is an infinite plane. The distance

travelled by a radiation coming from the direction (8, ¢) as below

if0< ¢<m

e

— sin@ cosf—-cos@ sina sing

if0< ¢ <2m

e
~ sinf cosf+cos@ sinfl sing

dy

Then the corresponding scaling factor will be

+1 2 L :
S.(e,p) = n;—n f:fa::gn(tanﬁsim;b)e d-/2  sin™@ cosH dOd¢p
+2—?— Jy f:/z e~4+/2sin™g cosO dOd¢

+S.(e,B) = S.exp(—e/A,)
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4. EARTHQUAKE MODELS

Using cosmic-ray surface exposure dating of a well-preserved limestone fault scarp
facilitates us to attain information, which reveals a seismic history scenario of
faulting events and identifies past major earthquakes, recurrence interval of major
earthquakes and slip rates of fault zone. When secondary cosmic rays interact with
surface (Figure 4.1), it starts to accumulate cosmogenic isotopes. As the effects of
spallation reactions decrease through the depth of surface, the accumulation of *°Cl

decreases, as well.

Primary Cosmic Rays

T

Secondary Cosmic Rays

Figure 4.1: Interaction of secondary cosmic with a fault block before a rupture.

Three major events scenarios were created in order to comprehend natural processes.

In this scenario, three events occurred at different times and all of those events
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caused 2 m slip in random times. The exponcntial concentrations of this profile
resulting of several different processes. Due to certain differentiation, those major
discontinuities of *°Cl concentration can be icentified both sample concentration
probability density functions (pdf) from AMS nieasurements and visual observation
(Schlagenhauf et al., 2011).
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Figure 4.2: Representative illustration of three different major events.

The part of fault scarp exposed by each major events and their 38C1 abundance of

samples, which come from below colluvial wzdge, are affected by pre-exposure
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history. In addition to that, concentrations of cosmic isotopes depend on depth due to
relative contributions of various processes that produce terrestrial in situ cosmogenic
nuclides. When a large earthquake happens, part of the scarp residing under the
surface exposed. Thereafter, that new part of the scarp starts to accumulate cosmic
%8Cl isotopes constant rate. In order to make robust evaluation of the sum of total
amount of concentration, one should consider both **Cl produced under the surface
before to exposure and the isotopes accumulated at the surface. As a result of that
variation of concentration profile of **Cl along with its scarp, it shows series of
discontinuities which is characteristic distribution of different events (Benedetti et.al,
2013). As it is seen in Figure 4.3, there are three different events, which caused same
amount of slip at the same intervals. Each major event leaded to 2 m slip in 2 kyr.
That is the easiest and the most perceptible case of the scenario according to the
approach found in literature (Palumbo et.al 2004; Schlagenhauf et al., 2010).

It is shown in this section, the codes, which were developed by Schlagenhauf et.al
(2010), generate models for the seismic history of faults and help to quantify the
uncertainties in the number, ages, and slip rates of the past earthquakes. Moreover,
codes contain all of the production rates of different elements and reactions. To be
able to run Matlab program, one should put certain parameters in codes such as
height of the fault scarp, colluvium dip, scarp dip, upper scarp dip; density of
colluvium and samples. Due to production rate variations through elevation of study
area, especially low latitudes it is difficult to recover earthquake timing. The
shielding effects are completely dependent of geometry of the study area. As for
colluvium thickness and its cover has very important effects on contribution of **Cl
concentrations. After all of these factors were taken into account, I, then applied the

code to a data set acquired on the Mezarlik fault scarp.

In order to generate 38C1 concentration profiles, basic parameters were used. H refers
to height of the scarp, a dip of colluvium is 16° = 3, B dip of scarp is 59° + 3 and y
dip of the older fault section is 29° + 2. Mean density of samples is 2.53 gr/cm™ and
mean density of the colluvium samples 1.5 gr/cm™ (Figure 4.4). It was assumed that
there were no significant erosion that had affected the fault scarp before. Elementary
production rates for limestone used in these models provided in Appendix A. The
other parameters used in the calculation of modelling were taken exactly same from

Benedetti et al. (2013). However, only ¢ production rate from spallation of
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calcium was taken from Schimmelpfennig et a. (2011). In order to avoid scaling

problems, it

was preferred using local production rates (Schligenhauf et al., 2011). Thus, models
that are more efficient could be achieved. With ncreasing depth spallation reactions
loses its dominance. As a result of that the cheinical composition of all of samples
indicate that element calcium (Ca) is respoasible for 99% percent the total

production of cosmic *°Cl isotopes.

KNB Samples

d=2.53 gr/cm’

Colluvial Wedge 3
d=1.50gr/cm

A I

Figure 4.3: The Mezarlik fault geometry along with sampled section of the scarp.
Blue line shows sampling part.

Even though other elements such as potassium (<), titanium (Ti), and iron (Fe) show
affection of the concentration, they are not as eff cient as calcium (Ca) in this study’s
data set. Each type of production rates at sea leve:l high latitude for different particles

and attenuation lengths are taken from literature.

The data set of sampled profile KNB of the Mezarlik Fault and position of samples
on the position of the samples on the fault scarp and along with their %)

concentration provided tables, which are in Appendix A.

Considerations of three major events as three different displacements at different

periods, Figure 4.5 was produced. According to the first model, it is clearly seen that
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at least three major events were occurred due to Each distinct steps indicate major
evets in the model. Among these events, the first event occurred 18.7 ka and it
caused 3.08 meters slip. The second event occurred 3 ka later after the first one, 15
ka and in addition to these, the last event occurred 10.8 subsequently. The last two

events also caused 2.0 m and 6.52 m slip.
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Figure 4.4: Three major events.

The youngest event probably cannot be true, as I do not have enough samples to
correlate the results. When I receive the results of other samples, they might provide

much more reliable information about activity of the Mezarlik fault.

Considering four major events situation as four different displacements at different
time Figure 4.5 was generated. Although absence of high resolution dataset between
5 meters and -2 meters, there might be one more probable major event. The first
event caused 3.08 (+1.5/-0.4) m slip and 18.7 (+0.6 / - 0.4) ka; the second event 2.0
(+0.2 / -0.15) m slip and it occurred 15 ka (+1.5 / - 1.5); the third event 2.72 (+0.3 / -
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0.5) m slip and it occurred 12.8 ka (+ 1.1/ - 0.9) and the last event is the fourth event
caused 3.80 (+0.2 / - 0.7) m slip and it occurred (0 (+ 0.3 / - 1.8) ka. . In this model,
we can see that four different events occurred on the Mezarlik fault. Unlike from the
previous model, it can be interpreted the yourgest event as two separate events.
These last two events occurred 12.8 ka and 10 <a; the amount of slips 2.72 m and

3.80 m respectively.
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Figure 4.5: Four major events.

In this model, we can see that four different evi:nts occurred on the Mezarlik fault.
However, younger event still has highest displacement from others. The first event
caused 3.47(+1.5 / -0.4) m slip and 18.7 (+0.6 / - 0.4) ka; the second event 2.0 (+0.2 /
-0.15) m slip and it occurred 15 ka (+1.5 / - 1.5); the third event 2.72 (+0.3 / - 0.5) m
slip and it occurred 12.8 ka (+ 1.1/ - 0.9) and the last event is the fourth event caused
3.80 (+0.2 / - 0.7) m slip and it occurred 10 (+ 0.3 / - 1.8) ka. Unlike from the
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previous model, it can be interpreted the youngest event as two separate events.
These last two events occurred 12.8 ka and 10 ka; the amount of slips 2.72 m and

3.80 m respectively.

4.1 Moment Magnitudes

It was focused on maximum vertical displacement method due to data sets that were
generated indicate primarily vertical movement of the fault scarp. The importance of
moment magnitude is direct relationship between geometry and physical properties
of faults. After calculation amounts of slips of the events that caused major
displacement, one can use empirical relationship between slip and moment
magnitudes. Therefore, in order to estimate magnitudes of earthquakes, maximum
vertical displacement method was used (Wells and Coppersmith, 1994). Moreover,
through this estimation of moment magnitudes of each major event, one can calculate
surface rupture length values. It must be pointed out that there are many sources of

error contains in those empirical equations.

M, = 661F0.09 + 0.71F 0.15 log(MD) (4.1)

In the empirical equations Mw refers to moment magnitude, MD is maximum

displacement and AD is average displacement.

These two different cases and using their displacement values, different results were
obtained. The maximum vertical displacement method for three and four events
cases indicate that magnitudes of the earthquakes which can produce the Mezarlik
fault scarp varies between 6.8 (+0.2 / - 0.1) and 7.2 (+0.2 / - 0.4) moment
magnitudes.
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5. CONCLUSION

In order to get information about seismic hazards, fault parameters such as moment
magnitude, rupture length, slip rate and recurrence interval are very important in
active tectonic studies. It is recovered that the Late Pleistocene and Early Holocene
earthquake history of the normal fault in Datga Peninsula in the western Turkey. 128
samples were collected from the well-preserved limestone scarps of the Mezarlik
fault. Nevertheless, only 49 out of 128 samples were modelled *°Cl concentrations to
obtain its seismic exhumation history. Using cosmic-ray surface exposure dating of a
well-preserved limestone fault scarp facilitates us to attain information, which
reveals a seismic history scenario of faulting events and identifies past major
earthquakes, recurrence interval of major earthquakes and slip rates of fault zone.
The limitations and uncertainties of models were discussed in 2010 Schlagenhauf
et.al, in details.

Modelling of *°Cl concentration data collected from the Knidos Fault Zone give
clues about Post-Glacial seismic activity. Furthermore, it can help to interpret
evolution of landform resulting from interaction of tectonic and surface processes.
The distribution of concentration of **Cl of the Mezarlik fault indicates that there
might have been at least three, four or more events occurred. The slip rates on the
Mezarlik fault have varied through time. Based on the goodness of fit estimations,
three and four events occurred between 20 and 10 kyr. This period indicates Post-
Glacial exposure of the fault scarp as it is observed other localities in the
Mediterranean Region. Modelling of cosmic isotope concentration of fault scarps
allow us to understand the temporal pattern of past fault activity. Even though
modelling allows identifying large slip events, it cannot discriminate whether those
events are single or multiple. The model results are enormously dependent geometry
of the fault and study site. Moreover, displacement uncertainty is + ~0.2 m and age
uncertainty of + 0.5-1.0 kyr. Consequently, the amount of displacement is in their
maximum values while the number of earthquake is minimum. In addition to that, the

age of the event are estimated roughly. The slip histories modelled via concentrations
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of %C] indicate that at least three or more events occurred on the Mezarlik fault
within the past 20 kyr; over 10 meters of disp/acement took place between early
Holocene and late Pleistocene. Through maximum displacement method
calculations, the earthquake magnitudes occurred on the Mezarlik fault were between
6.2 and 7.2. Citing that case and others as evideice of seismic hazard to the Knidos
Fault Zone. When considering that there are onl7 49 samples out of 128 at present,
we do not have high resolution of dataset recent activity of the Mezarlik fault. Due
to absence of results of >°Cl concentration of s: mples, we do not have significant
evidences for middle-Holocene earthquake activity. However, there are 79 more
samples by the time I receive result of AMS coacentrations that I can use them in

future.
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APPENDICES

APPENDIX A: Tables

33



Table A.1: AMS measurenents first part.

Sample Name (36C1) AMS  Uncertainty

KNB-01 429237 17535
KNB-03 393781 17847
KNB-05 420495 17939
KNB-07 388406 16172
KNB-09 346484 14415
KNB-11 352951 14546
KNB-13 339249 14628
KNB-15 . 322665 13400
KNB-17 320956 13033
KNB-19 297507 12075
KNB-21 285184 11791
KNB-23 285040 12155
KNB-27 289906 12362
KNB-31 266205 10995
KNB-33 249579 10209
KNB-35 266986 11774
KNB-37 253772 10758
KNB-39 234946 9651
KNB-41 228606 9647
KNB-43 225534 12467
KNB-45 233606 9573
KNB-49R 239338 10098
KNB-51 209642 8545
KNB-53 203940 8835
KNB-55 208190 8735
KNB-57 208407 8784
KNB-59 189102 7924
KNB-61 201227 9253
KNB-63 203478 10842
KNB-65 193407 8301
KNB-67 180889 7873
KNB-69 180123 8175
KNB-71 187622 8076
KNB-73 173245 8002
KNB-75 162969 7401
KNB-78 186118 8124
KNB-82 164251 8905
KNB-86 165599 8240
KNB-90 160534 7623
KNB-9%4 177111 11994
KNB-98 154017 6683
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Table A.2: AMS measurements of second part.

Sample Name  (36Cl) AMS Uncertainty

KNB-98 154017 6683
KNB-101 138831 6613
KNB-105 160492 6922
KNB-109 150077 10718
KNB-110 158780 8374
KNB-113 144921 7122
KNB-117 146589 8703
KNB-125 124937 6584
KNB-128 119814 5541
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Table A.3: Mean chemical composition of trace elements.

Name Ariount

As (ppm) .63
B (ppm) 0.000
Ba (ppm) 186.5
Be (ppm) 0.000
Bi (ppm) 0.000
Cd (ppm) 0.000
Ce (ppm) (.97
Co (ppm) 0.9
Cr (ppm) 0.000
Cs (ppm) 2.3
Cu (ppm) 0.7
Dy (ppm) 0.1267
Er (ppm) .08
Eu (ppm) 0.025
Ga (ppm) 0.000
Gd (ppm) .14
Ge (ppm) 0.000
Hf (ppm) 0.000
Ho (ppm) 0.033
In (ppm) 0.000
La (ppm) .67
Li (ppm) 0.000
Lu (ppm) ".02
Mo (ppm) .13
Nb (ppm) .35
Nd (ppm) €.433
Ni (ppm) 5.6
Pb (ppm) 2.467
Pr (ppm) €.103
Rb (ppm) €.967
Sb (ppm) 0.1
Sm (ppm) €.135
Sn (ppm) €.000
St (ppm) 198.27
Ta (ppm) €.000
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Table A.4: Mean chemical composition major and trace elements.

Name Amount
Th (ppm) 0.5

Tm (ppm) 0.001
U (ppm) 2.7

V (ppm) 0.000
W (ppm) 0.000

Y (ppm) 1.000
Yb (ppm) 0.095
Zn (ppm) 21.7
Zr (ppm) 1.77
O,rock (ppm) 0.000
O,water (ppm) 0.000
Fe,03(Fe) (%) 0.123
MnO(Mn) (%) 0.02
MgO(Mg) (%) 0.52
CaO(Ca) (%) 56.03
Na,O(Na) (%) 0.01
K>20(K) (%) 0.04
TiOy(Ti) (%) 0.01
P,05(P) (%) 0.02
H,0(H) (%) 0.333
Siot(S) (%) 0.016

CO21(C) (%) 44.358
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Table A.5: Geographic information of the study area.

Fault Site Name Latitude Longitude Elevation

Mezarlik KNB N 36°41'9.30"  E 27°23"24.52" 95+5m

Table A.6: Geometrical and physical characteristics of the profile.

prock  pcoll o B Y El f El mu H

2.53 1.5 16+3 59+3 29+x2 0.707  0.858 12.8 m
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