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ABSTRACT

TIME - DEPENDENT SEISMIC HAZARD ASSESSMENT
FOR THE NORTH AND EAST ANATOLIAN FAULTS

Until now, many probabilistic seismic hazard assessment (PSHA) studies have
been performed for Turkey. However, except in a limited number of cases, character-
istic fault source modeling was not used. Since the North and East Anatolian Faults
(NAF and EAF) have a tendency for rupturing in characteristic earthquakes, the first
objective of this research is to develop a sound hybrid characteristic recurrence model
for the NAF and EAF. The so-called hybrid model involves a composite characteris-
tic model (i.e., an exponential part for the smaller and a characteristic part for larger
magnitudes) developed for each segment combined with a characteristic recurrence pro-
posed for multi-segment ruptures. Two different hybrid earthquake recurrence models
with time - independent (or Poissonian) and time — dependent (or renewal) character-
istics are developed. By means of the renewal hybrid model, the effect of some seismic
gaps along the NAF and EAF on seismic hazard is assessed, which is the primary
purpose of the thesis. On the other hand, these two models have also given the oppor-
tunity to evaluate the results of the fully exponential model of the NAF and EAF. The
comparison between different earthquake recurrence models developed for the NAF
and EAF yields interesting results. Fully exponential model usually produces over-
estimated seismic hazard compared to the Poissonian hybrid — characteristic model.
Slip deficits on some fault segments can increase the seismic hazard dramatically if the
results of renewal hybrid model are considered. Although the overestimated results of
fully exponential fault source model can compensate the high hazard based on renewal
hybrid model, depending on the amount of slip deficit, the time — dependent hazard
may exceed the hazard obtained by the fully exponential model. In cases where there
is a considerable amount of slip deficit on a fault, a time - dependent seismic hazard

model should be developed to deal with the worst-case scenario.
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OZET

KUZEY VE DOGU ANADOLU FAYLARININ ZAMAN
BAGIMLI DEPREM TEHLIKESININ
DEGERLENDIRILMESI

Thirkiye icin bircok olasiliksal sismik tehlike modeli geligtirilmistir. Ancak az
sayidaki birka¢ ornek disinda bu calismalarda karakteristik fay modellemesi yontemi
benimsenmemigtir. Kuzey Anadolu (KAF) ve Dogu Anadolu (DAF) faylarinda karak-
teristik depremlerle kirilma egilimi gozlemlenmesi nedeniyle, bu arasgtirmanin oncelikli
amact KAF ve DAF icin akla yatkin hibrit karakteristik deprem tekerriir modelleri
geligtirmektir. Onerilen hibrit model, fay segmentlerinin herbiri igin kiigiik magnitiidlerde
iistel, bliylik magnitiidlerde ise karakteristik tekerriir modelini birlegtirmekte, ve bun-
lara ek olarak ¢oklu segment yirtilmalari i¢in de ayr1 bir karakteristik tekerriir modelini
kapsamaktadir. Bu tez cgercevesinde zaman bagimsiz ve zaman bagimli niteliklerde
iki farkl hibrit deprem tekerriir modeli gelistirilmigtir. Zaman bagimli hibrit model
araciligiyla KAF ve DAF boyunca kimi sismik bosluklarin sismik tehlike tizerindeki
etkisi degerlendirilmistir. Ote yandan bu iki hibrit model, KAF ve DAF icin tam
iistel tekerrtir modeli sonuclari ile karsilagtirma olanagi sunmaktadir. KAF ve DAF
icin geligtirilen farkli deprem tekerriir modellerinin kiyasindan ilging sonuclar elde
edilmigtir. Zaman bagimsiz hibrit karakteristik modele kiyasla tam tistel model yiiksek
sonuclar vermektedir. Zaman bagimli hibrit modelin sonuglar1 dikkate alindiginda, baz
segmentlerdeki kayma aciginin sismik tehlikeyi carpici bir gekilde arttirdigi goriilmektedir.
Her ne kadar tam tistel modelin yiiksek sonuglar1 zaman bagimli modelden elde edilen
sismik tehlikeyi karsilayabilse de bazi durumlarda kayma acigina bagh olarak zaman
bagimh tehlike, tam tistel modelden elde edilen tehlikeyi asabilmektedir. Dolayisiyla
bir fay tizerinde ciddi bir kayma acig1 oldugu durumlarda en kotii senaryo ile bag ede-

bilmek adina boylesi bir fay icin zaman bagiml sismik tehlike modeli gelistirilmelidir.
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1. INTRODUCTION

The Alpine-Himalayan orogenic system is one of the planet’s seismically most
active regions. Turkey is situated in the Eastern Mediterranean portion of this system.
As asserted by Kadirioglu et al. [12], in a period of 113 years between 1900 and 2012,
the number of earthquakes with Mw>6.0 occurred in Turkey and its near vicinity is
203. While the death of even one person is unacceptable, more than 90 thousand
people died due to the most destructive 72 of these earthquakes. Earthquakes per se
are not the cause of these casualties since they don’t kill people, buildings do [13].
Moreover, Turkish economy has had to shoulder a financial burden of more than 50
billion dollars in total because of such earthquakes [14]. Leaving aside the material
effects, the destruction caused by earthquakes has crippling psychological effects on
people, which is the most profound one for me. A lot of research (e.g., [15-18]) has
demonstrated that earthquakes cause some psychological problems in children, adoles-
cents and adults. Salcioglu and Bagoglu [19] have indicated that loss of control that
is brought on by exposure to unpredictable and uncontrollable earthquakes seems to
be a mediator of traumatic stress. Hence, if the subject is seismic hazard analysis,
all earthquake occurrence models should be evaluated and the most suitable one(s)
for the studied faults should be chosen, which is a rational approach to deal with the

earthquake hazard in the best possible way.

The history of seismic hazard analysis in Turkey dates back to the 1940s. A
multitude of seismic zonation maps were drawn to depict the earthquake hazard in
Turkey [3]. The first attempt to perform seismic hazard analysis of the region was made
in 1980 by Yarar et al. [20]. Nevertheless, the first national earthquake hazard project
in Turkey was launched in 1985 by Erdik et al. [21]. After this date, many research
projects on national or international-scale probabilistic seismic hazard assessment were
set up for Turkey and its surroundings. Few of these projects used fault source as
seismic source characterization [3]. When fault sources were incorporated in these large-
scale projects, fully exponential magnitude recurrence relationship was used in all of

them, including the latest Turkish Seismic Hazard Map. To illustrate, SHARE (Seismic



Hazard HARmonization in Europe [22]) Project has used Anderson and Luco [23]
exponential recurrence relationship for the North Anatolian Fault (NAF) and the East
Anatolian Fault (EAF). On the other hand, within the scope of EMME (Earthquake
Model of the Middle East [24]) Project, Youngs and Coppersmith [25] exponential
earthquake occurrence model is adopted for fault sources. Consequently, seismic hazard
analyses involving the characteristic and/or hybrid fault source modeling has been

limited to a number of local studies (e.g., [26] for the Eastern Marmara region and [27]).

The presence of some seismic gaps along NAF and EAF (e.g., Yedisu segment
on the NAF and Pazarcik segment on the EAF) implies the construction of time —
dependent seismic hazard models. This is because the seismic gaps can cause unfore-
seen ground motion levels around the related faults. Contrarily, overestimated ground
motion intensity measures (GMIMs) can be used in the design of structures to be built
in the central and western North Anatolian Fault Zone (NAFZ), which discharged its
stored seismic energy with major events in the 20th century. Undoubtedly, this will
have economic consequences. All these questions cannot be answered without building
a robust time - dependent model for the NAF and EAF. However, the lack of charac-
teristic fault source models for the entire length of these two faults is a chief obstacle
in developing renewal models. Therefore, the time — dependent seismic hazard analysis

has not been performed for the whole NAF and EAF yet.

In this study, instead of fully characteristic recurrence model, a hybrid charac-
teristic - exponential recurrence modeling approach parallel to the model proposed
by Youngs and Coppersmith [25] is adopted. That is, while the recurrence of major
earthquakes has been modelled by characteristic recurrence, earthquakes with smaller
magnitude are represented through exponential magnitude recurrence relationship in
the same model. This is because it has been detected that fully characteristic re-
currence model does not possess coherence with observed seismicity (i.e. recurrence
intervals (TR) determined by paleoseismic investigations). In this sense, 6% of the
total seismic moment rate accumulated on the fault is assigned to exponential tail and

the remaining part is given to the characteristic recurrence.



The difference with the composite characteristic model of Youngs and Copper-
smith [25] is that multi-segment ruptures are also allowed in the recurrence. The model

includes three components:

(i) An exponential part covering the recurrence of earthquakes from Mmin to Mchar
- 0.1 units for each segment,
(ii) A characteristic recurrence at Mchar of each segment, considering that the seg-
ments may rupture individually,
(iii) A multi-segment rupturing characteristic recurrence model, which accounts for

very large magnitude earthquakes such as 1939 Erzincan earthquake.

Another overwhelming advantage of this time — independent hybrid model is that
it can be adapted to a renewal one. Thus, the effect of time — dependency on seismic

hazard in the NAFZ and EAFZ is assessed in this research.

Other earthquake recurrence models (e.g., fully characteristic, classical Youngs
and Coppersmith’s composite model [25]) have also been used to validate the ob-
tained hybrid model. After the hybrid model has proven its rationality, background —
smoothed seismicity and the secondary faults are also included. Thus, in content, our
hybrid model becomes comparable to fully exponential model constructed by Demir-

cioglu et al. [28].

Seismic hazard analyses have been performed for mean peak ground acceleration
(PGA) and 5% damped spectral acceleration (SA) at T=0.2 and 1 s for rock conditions
(Vs30 = 760 m/s). The probabilities of exceedance of these GMIMs in the next 50
years presented herein are 10% and 2%. OpenQuake Software [29] is operated to do
the analyses. The results are shown as both GMIM values on selected sites along the

faults and seismic hazard distributions within the buffer zone of the faults.



1.1. Objectives and Scope of the Thesis

That segmented individual faults like the Wasatch fault zone are predisposed to
rupturing in characteristic earthquakes has been ascertained by Schwartz and Copper-
smith [30]. This has led to the construction of Youngs and Coppersmith’s characteristic

earthquake model [7].

Since the North and East Anatolian Faults are also well-developed strike-slip
faults with segmentation, they show a tendency for characteristic rupture behavior.
In this study, we aim to develop a characteristic fault source model for the NAF and
EAF and to analyze the effects of characteristic modeling in the determination of the
seismic hazard in the region. While some segments of both fault zones have been
recently ruptured, some of them have remained silent for several centuries. As such,

we also aim to examine the effect of time dependency on the seismic hazard estimations.

Another objective of the study is to compare results of time - dependent vs
independent models as well as characteristic/hybrid vs. fully exponential fault source
modeling. Instead of building fully exponential earthquake recurrence models for the
NAF and EAF, the results of the research done by Demircioglu et al. [28] are directly

used to make such a comparison.

Within the scope of the research, we examine the whole EAF while evaluating
the central and eastern sections of the NAF, starting from the segments ruptured in
the 1944 Bolu — Gerede earthquake. Thus, we excluded the part of the NAF in the
Marmara region from the study as it is illustrated in Figure 1.1. This is because
many studies even involving time - dependency have already been undertaken for the
Marmara region (e.g., [7,26,27]). The fault segmentation model used herein is based
on the research done by Emre et al. [14] in terms of both geometry and kinematic

properties.



Figure 1.1. The NAF and EAF’s segments studied in this thesis



2. LITERATURE SURVEY: PSHA HISTORY AND
CURRENT HAZARD MAP IN TURKEY

Humankind has endeavored to make sense of the occurrence of earthquakes since
ever since it entered on the stage of history. Earthquakes have even attributed to the
righteous anger of God [31], which is consistent with the argument known as the “The
God of the Gaps”, a perspective filling in gaps in the explanation of the phenomena
of nature with Gods [32]. When we look at the history of mankind’s struggle with
earthquakes, the first estimation of seismic hazard with respect to ground motion
intensity measures (e.g., PGA) is carried out by C. Allin Cornell [33]. This is the
foundation for modern Probabilistic Seismic Hazard Analysis (PSHA) [34].

As for Turkey in terms of the history of PSHA, seismic hazard studies, only in
the form of an earthquake zonation map, have started in the first half of the 1930s. As
it would be estimated, such studies could only be performed using earthquake catalogs
and macroseismic intensity at that time. The first attempts to analyze probabilistic
seismic hazard in the region was made in the late 1970s (e.g., [20,35]). It is worth
emphasizing that until the late 1990s, the use of seismic zoning map to define design
spectrum was a worldwide tradition. Namely, this was not a situation specific to

Turkey [3].

In 1932, the first seismic zoning map of Turkey, shown in Figure 2.1, was drawn
by Sieberg [1] using sharply limited data and studies. However, it has not been officially
approved. In addition to seismic zones, the map also includes faults, rivers, lakes and
the names of important settlements. Showing Konya and Ankara within the earthquake

zone and the absence of the NAF are the striking features of the map [2].

After the 1939 Great Erzincan Earthquake, caused 32962 casualty and destroyed
or damaged 116720 dwellings, earthquake risk mitigation brought to the fore in Turkey.

Until 1945, this severe event was followed by another destructive earthquake series (i.e.,
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Figure 2.1. Earthquake zonation map prepared by Sieberg [1](Figure from the

research done by Ozmen [2])

1942 Erbaa - Niksar, 1943 Tosya - Ladik, 1944 Bolu - Gerede earthquakes) along the
NAF. Eventually, Turkey’s first official earthquake zonation map was produced and
published in 1945. This map splitted the country up three seismic regions. As is
shown in Figure 2.2, while the first zone (dark red) is representing high earthquake
hazard level, the second (light red) and the third ones (white) are depicting less and
no hazard level, respectively. Since 1945, numerous official or unofficial earthquake
hazard maps have been declared for Turkey as it is explained in meticulous details by
Ozmen [2] and Akkar et al. [3]. In those maps, it is necessary to dwell on the one
produced in 1996. Up to this date, all seismic zonation maps were based on ground
motion-induced structural damage or macro-seismic intensity. In this sense, the map
arranged in 1996, seen in Figure 2.3, is the first one originated in a PSHA, undertaken

by Giilkan et al. [36]. On the other hand, the seismic zonation concept is valid for all

but the latest Turkish Seismic Hazard Map.



Figure 2.2. The first official earthquake zonation map of Turkey [2]

Within the framework of the National Earthquake Strategy and Action Plan-
2023, Disaster and Emergency Management Presidency (AFAD) launched a project in
2013. The purpose was to develop a state-of-the-art earthquake hazard map at the
national level for the first time after the study conducted by Giilkan et al. [36] and to
use it in Turkish seismic design code for buildings. Another primary motivation behind
this project is to create contour maps to use in the design spectrum calculations of the
revised Turkish earthquake-resistant design specification. The necessary consequence
of this intention is to leave behind the seismic zonation concept for defining lateral and

vertical seismic loads [3].

The latest version of Turkish Seismic Hazard Map demonstrates the continuous
change of PGA, peak ground velocity (PGV) or SA (i.e., ground motion intensity
measure) for a chosen period by taking into consideration the position of the relevant
site with reference to the seismic source. It should be reminded that seismic zoning
maps has no such property; that is, these maps assign a fixed value to a selected ground
motion intensity parameter within the same seismic zone. The seismic zone concept
primarily illustrates the typical characteristics of prominent seismotectonic provinces
and their activity within the region. Actually, for a pre-delineated earthquake zone,

the total change of a ground motion intensity measure through contour lines is shown
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Figure 2.3. Seismic Zoning Map that was produced in 1996 [3]

by the features of the constant value proposed in the zonation map. In this respect,
earthquake zonation maps correspond to the simple form of seismic contour maps. The
reason why seismic zonation maps were widely used in estimating earthquake loads
until the early 2000s was the lack of well-developed geographic information systems.
In other words, the geographical distribution of the ground motion parameters could
not be shown. Compared to the zonation map, the contour based one is more realistic
to display the amplitude of PGA, PGV or PSA values for a chosen return period (RP)
because the constant value offered by zonation maps disregards the uniform distribution
of the target return period in the relevant seismic zone. Since this is not the case for
contour maps, the uniformity in the target return period is the sine qua non for these

maps [3].

Even though the initiation of seismic design code dates back to 1949 in Turkey,
the first PSHA project that intended to draw an earthquake hazard map for Turkey
was run by Yarar et al. [20]. After 1980, such PSHA projects have been carried out in
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a small quantity not exceeding the number of fingers on both hands. These national

or international studies are listed chronologically below:

e Yarar et al. [20];

e Erdik and Oner [37]

e Erdik et al. [21]

e Onur [38]

e Bommer et al. [39]

e Jimenez et al. [40]

e Demircioglu et al. [41]
e Woessner et al. [22]

Sesetyan et al. [24] and Danciu et al. [42]

Among these projects carried out on a national scale ( [20-22,24,37-41]) concen-

trated only on the prediction of target hazard levels.

Here, the salient characteristics of the aforementioned national and international
seismic hazard projects will be highlighted so as to develop the awareness of the evo-
lution of seismic source modeling, ground-motion characterization and PSHA imple-
mentation (see Akkar et al. [3]), the principal source of this chapter, to get further
information). It should also be indicated that although the study made by Yarar et
al. [20] is the first PSHA, it is not a large-scale PSHA project (i.e., as its authors state,
it is a preliminary study). This research, therefore, is not going to be mentioned in the

following paragraphs.

The noteworthy features of the projects to be discussed will be presented in brief

information.

(i) Erdik et al. [21]
e Regions studied in the project: Turkey
e Seismic source delineation: Area sources

e Ground motion characterization: While Erdik et al. [43] is used for macro-
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seismic intensity, Schnabel and Seed [44] with near field adjustments from
Campbell [45] is employed for PGA.

e Distinctive qualities:
Selected ground motion intensity measure: PGA and macroseismic intensity
Return periods: 225, 475 and 10000 years
Logic tree: There is no logic tree.
Reference site: Reference site is rock. However, there is not any specific

metric to define its circumstances.

(ii) Giilkan et al. [36]

e Regions studied in the project: Turkey

e Seismic source delineation: Area sources

e Ground motion characterization: Joyner and Boore [46]

e Distinctive qualities:
Selected ground motion intensity measure: PGA
Return periods: 100, 225, 475 and 1000 years
Logic tree: It is not included.

Reference site: Reference site is stiff soil.

(iii) SESAME (Unified Hazard Model for the European - Mediterranean Region [40])
e Regions studied in the project: Turkey including Europe
e Seismic source delineation: Area sources
e Ground motion characterization: Ambraseys et al. [47]
e Distinctive qualities:
Selected ground motion intensity measure: PGA and PSA at T = 0.3 and
1.0 s (5% damping ratio)
Return periods: 475 years
Logic tree: It is not included.
Reference site: Reference site is rock. However, there is not any specific

metric to define its circumstances.
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(iv) TEFER (Turkish Emergency Flood and Earthquake Recovery Programme [39])
e Regions studied in the project: Turkey
e Seismic source delineation: Area sources
e Ground motion characterization:
Active shallow crust: While Campbell [48], Boore et al. [49], Sadigh et al. [50]
are used for PGA, Boore et al. [49]), Sadigh et al. [50] are applied for PSA.
e Distinctive qualities:
Selected ground motion intensity measure: PGA and PSA at T = 0.3 and
1.0 s (5% damping ratio)
Return periods: 475 and 2475 years
Logic tree: Identical weights are assigned to the aforementioned ground
motion models (GMM).
Reference site: Reference site is rock. However, there is not any specific

metric to define its circumstances.

(v) DLH (Demircioglu et al. [41])

e Regions studied in the project: Turkey

e Seismic source delineation: Area and fault sources

e Ground motion characterization:
Active shallow crust: While Campbell [48], Boore et al. [49], Sadigh et al. [50]
are used for PGA, Boore et al. [49]), Sadigh et al. [50] are applied for PSA.

e Distinctive qualities:
Selected ground motion intensity measure: PGA and PSA at T = 0.2 and
1.0 s (5% damping ratio)
Return periods: 475 and 2475 years
Logic tree: Identical weights are assigned to the aforementioned GMMs.

Reference site: Reference site is rock and VS30 equals to 760 m/s.

(vi) SHARE (Seismic Hazard HARmonization in Europe [22])
e Regions studied in the project: The entire Europe, including Turkey
e Seismic source delineation: Area source model (uses Guttenberg - Richter

occurrence model), Kernel smoothed seismicity, Fault and background seis-
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micity (adopt Anderson and Luco [23] recurrence relationship)

Tectonic regionalization: Stable regions (shield and continental crust), oceanic
crust, active shallow crust (compression, extension, strike - slip, mid - oceanic
ridges), subduction zones, deep seismicity regions and volcanos

Ground motion characterization:

For active shallow and oceanic crust: Zhao et al. [51] (0.1), Cauzzi and
Faccioli [52] (0.35); Chiou and Youngs [53] (0.2); Akkar and Bommer [54]
(0.35)

For stable continental regions: Toro [55] (0.2), Campbell [56] (0.2), Cauzzi
and Faccioli [52] (0.2), Chiou and Youngs [53] (0.2), Akkar and Bommer [54]
(0.2)

For stable (shield): Toro [55] (0.5), Campbell [56] (0.5)

For subduction inslab and interface: Youngs et al. [57] (0.2), Atkinson and
Boore [58] (0.2); Zhao et al. [51] (0.4), Lin and Lee [59] (0.2)

For volcano: Faccioli et al. [60] (1.0)

For deep seismicity: Lin and Lee [59] (0.5), Youngs et al. [57] (0.5)
Distinctive qualities:

Selected GMIMs: PGA and PSA until T = 10 s (5% damping ratio)
Return periods: 225, 475 and 10000 years

Logic tree: For the source model, the weights of logic tree branches change
with the return periods:

For the return periods smaller than 475 years, the area source, Kernel
smoothed seismicity and the fault source with background seismicity weights
are 0.45, 0.45, and 0.10, respectively. For the return periods between 475
and 2475, the weights equal to 0.50, 0.30 and 0.20. For the return periods
greater than 2475 years, corresponding weights are 0.60, 0.10 and 0.30.

On the other hand, as for the ground motion models, presented in “ground
motion characterization” part, the weights of logic tree branches have been
shown in parenthesis next to each GMM name.

Reference site: Reference site is rock and VS30 equals to 800 m/s. Kappa
modification is made to Toro [55] and Campbell [56] GMMs for reference
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rock circumstances.

(vii)) EMME (Earthquake Model of the Middle East [24,42])

e Regions studied in the project: Middle East, Caucuses and Pakistan

e Seismic source delineation: Area source model and fault source model that
incorporates smoothed seismicity are used. While area source and smoothed
seismicity employ Guttenberg - Richter earthquake occurrence relationship
by using historical and instrumental earthquake datasets, for faults, Youngs
and Coppersmith exponential earthquake occurrence model [25] is estab-
lished by using slip rates based on geologic findings. Shallow crust, stable
regions, deep seismic sources, subduction interface and inslab sources depict
tectonic regions.

e Ground motion characterization:
For active shallow crustal regions: Akkar and Cagnan [61] (0.2), Akkar et
al. [62] (0.35), Chiou and Youngs [53] (0.35), Zhao et al. [51] (0.1)
For stable shallow crustal regions: Atkinson and Boore [63] (0.4), Toro [55]
(0.25), Campbell [56] (0.35)
For subduction interface and inslab: Atkinson and Boore [58], Lin and Lee
[59] (0.2), Youngs et al. [57] (0.2), Zhao et al. [51] (0.4)
For deep seismicity: Lin and Lee [59] (0.5), Youngs et al. [57] (0.5)

e Distinctive qualities:
235 area and 778 fault sources are used within the scope of this study.
Selected ground motion intensity measures: PGA and PSA at T = 0.10,
0.15, 0.20, 0.25, 0.30, 0.50, 0.75, 1.0 and 2.0 s (5% damping ratio)
Return periods: 72, 475, 975, 2475 and 4975 years
Logic tree: Branch weights of the area and fault source models, mentioned in
“seismic source delineation” section, are chosen as 0.6 and 0.4, respectively.
Logic tree weights of the ground motion prediction models, presented in
“ground motion characterization” part, have been shown in parenthesis next
to each GMM name.

Reference site: Reference site is rock and VS30 equals to 800 m/s.
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(viii) T-SHM (The Revised Turkish Seismic Hazard Map Project [3])
This is the final project in which Turkey’s probabilistic seismic hazard is analyzed.

It is supported by AFAD with the project code of UDAP-C-13-36.

e Regions studied in the project: Turkey

e Seismic source delineation: Area source model [64] and fault source model
that incorporates smoothed seismicity [28] are used. While the area sources
and smoothed seismicity employ Guttenberg - Richter earthquake occurrence
relationship by using historical and instrumental earthquake datasets, for
faults, Youngs and Coppersmith exponential earthquake occurrence model
25] is developed. Shallow crustal, subduction interface and in - slab sources
are the tectonic regions of area source model.
The fault and background smoothed seismicity source models are based on
the active fault database produced by Emre et al. [14,65] and Duman et
al. [66]. Earthquakes with magnitudes greater than 6, whose epicenter is
within the 15 km buffer zone surrounding the relevant main fault line (e.g.,
the NAF or EAF), are related to fault sources. On the other hand, the
hazard contribution of the earthquakes with moment magnitude between
4.5 and 6 is calculated through smoothed seismicity [67]. It is thought that
such earthquakes do not occur directly on the faults; therefore, they are
represented in the background as point sources.

e Ground motion characterization:
PGA and PSA:
For active shallow crustal regions: Akkar et al. [62] (0.30), Chiou and Youngs
[53] (0.30), Akkar and Cagnan [61] (0.30), Zhao et al. [51] (0.10)
For subduction interface and inslab: Zhao et al. [51] (0.40), Atkinson and
Boore [58] (0.20), Youngs et al. [57](0.20), Lin and Lee [59] (0.20)
PGV:
For active shallow crustal regions: Akkar et al. [62] (0.33), Chiou and Youngs
[53] (0.33), Akkar and Cagnan [61] (0.33)
For subduction interface and inslab: Megawati and Pan [68] - interface (1.0),

Garcia et al. [69] - inslab (1.0)
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e Distinctive qualities:
235 area and 778 fault sources are used within the scope of this study.
Selected ground motion intensity measures: PGA, PGV and PSA at T =
0.20 and 1.0 s (5% damping ratio)
Return periods: 43, 72, 475, 975, and 2475 years
Logic tree: Logic tree weights of the area and fault source models are equal
with respect to each other.
Branch weights of the ground motion prediction models, presented in “ground
motion characterization” part, have been shown in parenthesis next to each
GMM name.

Reference site: Reference site is rock and VS30 equals to 760 m/s.

The summary of these projects:

While a limited number of ground-motion predictive models is used to obtain
ground motion intensity measures (primarily PGA) in early projects, TEFER
and its successor studies employ many GMMs.

Until the study undertaken by Demircioglu et al. [41], area source model was
necessarily the only option to identify seismic sources because there was a rudi-
mentary knowledge of faults. Furthermore, the broad tendency toward character-
ization of seismic sources and ground-motions is to ignore epistemic uncertainty.
In addition to the notable advancements in constructing reasonable models to
typify seismic sources and ground-motions, immensely complex application of
PSHA have begun with SHARE and EMME projects. That is, area and fault
sources with background smoothed seismicity are integrated through a compli-
cated logic tree to decrease epistemic uncertainty. These two serious studies also
encouraged T-SHM project in terms of the modeling method they adopted and

background research they conducted.
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3. THE DISTINCTIVE CHARACTERISTICS OF THE
NAF AND EAF

The NAF and EAF, which are at the focal point of this study, are home to most
of the devastating earthquakes in mainland Turkey. This is why the typical features of
the NAF and EAF are examined in this chapter, respectively.

The Anatolian microplate, accommodating the NAF and EAF, and its surround-
ing plates are illustrated in Figure 3.1. Anatolia can be divided into three tectonic
provinces [70]. The western one is the extensional province, colored in yellow, the cen-
tral one is the “Ova” province, colored green, and the eastern one is the contractional
province, colored red in Figure 3.1. The Anatolian block is located in an intricate
tectonic system governed by collisions [4]. The movement of the Arabian plate toward
the north causes the Anatolian microplate to move counterclockwise, which leads to
internal deformation in the Anatolian block itself [71]. The counterclockwise rotational
movement of the Anatolian block, demonstrated by Reilinger et al. [72], results in that
the direction of motion becomes perpendicular to the Hellenic Arc and the amount of
movement hits its maximum value in the west. Besides, the internal deformations of
the Anatolian block in central Turkey and the Eastern Anatolian zone are detected
by Aktug et al. [28,73-75]. The NAF, the northern border of the Anatolian block, is
one of the gigantic active strike-slip faults not only in Turkey but also in the world. It
follows the route from the Gulf of Saros, located in the northern Aegean Sea, to the
Karliova triple junction. This fault line is approximately 1200 km long between the
mentioned locations [5,6]. The NAF holds most of the deformation along the northern
boundary of the westward moving Anatolian microplate, which molds predominantly

dextral strike-slip motion [4].

As for the geologic time at which the NAFZ has begun to take shape, there is a

consensus on that it is between the late Miocene and the early Pliocene [5].
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Figure 3.1. Anatolian microplate region [4]

A multitude of interpretations were made to understand the structure of the
NAFZ until 1948. However, a distinctly different explanation was proposed by Ihsan
Ketin [76]. He indicated that surface ruptures occurred during massive earthquakes
generally exhibit east-west-striking, right-lateral behavior. Ketin’s declaration was the
first authentication of the existence of a sizable and active strike-slip fault across the
globe. Furthermore, the NAFZ’s recognition as a great strike-slip fault has been started

by Prof. Thsan Ketin [6].
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Figure 3.2. Three main parts of the NAF [5]

The NAFZ can be subdivided into three large sections: the Eastern part, from
Karliova to Niksar, the Central part, from Niksar to the west of Bolu, and the Western
part, roughly shown in a rectangle in Figure 3.2. While a limited deformation zone
typifies the Eastern and Central NAFZ, the Western part is an example of a broad
deformation zone. It should be noted in advance that while the Western section is
ignored in the scope of this study, fault segments that was ruptured during the 1957

and 1967 earthquakes are not considered as a portion of the Central section (i.e., only

the part of this section extending up to Bolu has been examined).

The Eastern NAF covers a length of approximately 430 km between the Karliova
triple junction and the Niksar releasing stepover. Along this part, the Erzincan pull-
apart basin is the foremost jog. 1939 Erzincan earthquake with Ms 7.9 broke the 330
km-long western part of this section, including the Ezinepazari segment. Fraser et al. [4]
have asserted that the behavior of the NAF in the Eastern section is sometimes similar
to that in the central translational part. Namely, many fault segments can be ruptured
all together as in the case of 1939 great Erzincan earthquake; nevertheless, the NAF
may also rupture with shorter segments in the Eastern section. Yedisu segment, which
has a considerable slip deficit, is also located in the east of this section. Contrary
to complicated fault geometries in the Karliova triple-junction region, a much more

straightforward fault formation is observed in the west of Erzincan [14].



20

On the other hand, the Central NAF is placed between Niksar, a district of
Tokat province, and Dokurcun, a neighborhood of Akyazi district of Sakarya. It starts
at the north of the Niksar releasing stepover and extends as a convex arc, which is
approximately 525 km long and has a north-vergent characteristic. The west end of
the Dokurcun valley, where the fault trace splits into 2 branches, is the end point for the
central section of the NAF. Other than the segment boundaries, this section is noticed
along a narrow deformation zone, identified via a regional scale restraining bend with
respect to large bend geometry. The NAF serves a crucial function in the development
of the final morphology of the region because tectonic valleys and troughs outside the
stepover zones are shaped by the NAF. For example, it is the reason for approximately
17 and 25 km diversion of the Yegilirmak and Kizilirmak rivers, respectively. Apart
from these, from east to west, 1942 Erbaa—Niksar earthquake with Ms 7.1, 1943 Tosya
— Ladik earthquake with Ms 7.4, 1944 Bolu— Gerede earthquake with Ms 7.3, 1957
Abant earthquake with Ms 7.1 and 1967 Mudurnu earthquake with Ms 7.2 are the
examples of multi-segment ruptures on the Central section of the NAF [14]. It can be
said that the Central section exhibits the simplest behavior and appears to commonly

rupture in rapid succession or in unison [4].

According to Sengor et al. [6], the NAF doesn’t display a characteristic regular or
cyclical behavior for all times. On the other hand, a succession of earthquakes appear
to have happened in the 17th, 18th and 19th centuries to the west of the estimated
rupture of the 1668 earthquake. It can be asserted that there is a cycle not different
from the 20th century cycle despite a longer time frame. This situation provides a
rational basis for the construction of the characteristic earthquake recurrence model of

the NAF.

Au contraire, it is almost impossible to find any regular behavior of the NAF
before the 17th century. In every century between the 11th and 16th centuries, there
was a great earthquake between Refahiye and Karliova. Besides, there is no records
going back to the 7th century. This is probably because the time span cited was
a chaotic chapter in the episodic social history of Anatolia. This asesimic period is

termed the Paphlagonian Temporal Seismic Gap, illustrated in Figure 3.3.
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As it is appreciated, it is devilishly difficult to describe the characteristics of the

events occurred in the first five Christian eras [6].
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Figure 3.3. Historical seismicity of the NAF [6]

It has been stated above th

at the eastern end of the NAF is the Karhova triple

junction. Here, the NAF merges with the EAF | which is illustrated in Figure 3.4. As it

is seen in Figure 3.1, the EAFZ is

and Arabian plates, a northward-

formed by relative movement between the Anatolian

moving block. This relative drift causes a left-lateral
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strike slip fault mechanism. The fault zone follows a line from Karliova triple junction
towards the Mediterranean. As it has been ascertained by many studies (e.g., [70, 77—
82]), the EAF houses the westward extrusion of the Anatolian block simultaneously

with the NAF [4].
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Figure 3.4. The assumed geometry of the EAFZ in this study (The circle represents

Karliova triple junction region)

Although the EAF was discovered by Esen Arpat, Ihsan Ketin had previously
predicted the existence of this fault. Ketin indicated that since interior Anatolia was
not widely seismic, the westward movement of the entire Anatolian block is necessary
along the strike-slip fault he defined. The inevitable consequence of this is the existence
of another left-lateral fault to compensate such a motion. His prediction was confirmed

by the discovery of the EAF in 1972 [70].

The discovery history of the EAF has been elucidated in minute detail by Arpat
[83]. After the 22nd May 1971 Ms 6.8 Bingdl earthquake, Arpat was commissioned by
the institute of Mineral Research and Exploration (MTA) to examine the causes of this
earthquake and to draw up a report on findings [84]. On the other hand, there were

already discussions and speculations in the literature about the existence of a fault
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zone in eastern Anatolia as mentioned in the previous paragraph. For example, while
Ketin [85] attributed the seismicity of this region to the Mus-Bing6l collapse basin,
Allen [86] asserted that there is a fault, starting from Karliova and connected to the
Dead Sea fault system over Bingol-Hazar Lake. Since the fieldwork that was conducted
by Arpat confirms Allen’s opinion, a study was published by Arpat and Saroglu [87],
and thus, this fault was given a name. That research is the first one declaring the left-
lateral strike slip characteristic of the EAF [88]. Then, a detailed map of the EAF was
drawn by Arpat and Saroglu [89]. While the aforementioned studies did not encounter
any scientific opposition before, various reactions arose when it was understood that
the Karakaya Dam was designed without taking the EAF into account. This is because

it would have a serious cost in the construction of the dam.

With the discovery of the EAFZ, it has been the subject of a tremendous amount
of research about its seismotectonics and characteristics, directly or indirectly (e.g.,
[11,77,78,81,82,90-94]). According to Westaway and Arger [95], there is a consensus
on that the age of the EAFZ is 2-3 Ma (e.g., [96,97]) [88].

3.1. Segmentation of the NAFZ

Even though there are a lot of studies conducted on the segmentation of the NAF
(e.g., [98-100]), the study that was published by Barka and Kadinsky - Cade [71] is an
authoritative source for the segmentation of the NAF. According to this study, segmen-
tation of fault zones is often described in two ways. The first one is to use geometric
discontinuities along the faults. The other one is rupture based segmentation. If a fault
section is separated by a clean break (stepover > 1 km, bends > 5°), it is classified
as “fault segment”. On the other hand, some segments might systematically rupture
in concert with adjacent segments. Fault sections ruptured by great earthquakes are
named “rupture segments”. Therefore, rupture segments might involve several fault
segments [5,71]. Such segments correspond “combined ruptures” in the characteristic
earthquake occurrence model developed in this thesis. Based on geometry, rupture
segments formed during the earthquakes that happened between 1939 and 1967 are
characterized and divided into individual fault segments by Barka [98]. Understanding
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the temporal continuity of this type of segments is imperative to grasp the behavior
of the North Anatolian Fault. Consequently, in total, Barka and Kadinsky - Cade [71]
describe 69 fault segments, 26 of which are the central and eastern sections of the North
Anatolian Fault (approximately east of Bolu) and the other 43 are along the western

section of the NAF [4].

In this study, the definitions, boundaries and names of the NAF’s segments be-
tween Bolu and Karliova are taken from the research carried out by Emre et al. [14].

The Figure 3.5 shows the NAF’s segments considered in this thesis.

kilometres
Olgek: 1:2,702,000

Figure 3.5. The segments of the NAF

3.2. Segmentation of the EAFZ

With the study that was published by Arpat and Saroglu [87], comments on the
segmentation of it have started on a modest scale (i.e., between Karliova - Bingol and
Palu - Hazar lake). Then, Arpat and Saroglu [89] have evaluated and mapped the Palu
- Sincik part of the EAF. Hempton et al. [101] divided the EAF, which they claims to
be 450 km long (the length of the EAF is actually equal to 560 - 600 km), into five

segments listed below with respect to along strike variations in geometry:
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Karliova — Bingol

Bingol — Palu

Palu — Piitiirge

Piitiirge — Celikhan
Celikhan - Tiirkoglu

As it can be easily noticed, the Amanos segment, located approximately between
Tirkoglu and Antakya, is not included in this classification. Barka and Kadinsky -
Cade [71], on the other hand, divided the same part of the EAF, between Karhova-
Tiirkoglu, into 14 segments by means of bends and stepovers. For the first time, the
Amanos segment has been recognized by Saroglu et al. [97] as a part of the EAF. In this
study, the EAF has been characterized as 6 individual fault segments from Karliova to
Antakya. For the same length of the EAF, the number of segments has been increased
to 11 by Herece [88,102].

In literature, there is a debate over the relationship between the EAF and the
other fault systems in the region (e.g., Dead Sea Fault Zone (DSFZ), the Cyprus Arc
(CA) and the Kyrenia-Misis Zone (KMZ)). While some studies (e.g., [103-106]) have
accepted that Marag triple junction is a connection point between DSF and EAF,
others (e.g., [87,89,107]) have regarded Amanos segment as a part of the EAF. Thus,
the EAF is located between the Karliova and Amik triple junctions [88].

Within the scope of this thesis, it is acknowledged that the EAF is comprised
of seven main segments based on Duman and Emre [88] and Emre et al. [14]. These
segments are illustrated in Figure 3.6. Although the Hacipasa segment belongs to the
DSFZ, it has been accepted as an extension of the EAF. This is because a part of the
Hacipaga segment, named as Hacipasa 1, is located in Hatay province and there is a
seismic gap on the whole segment [108]. Since high time - dependent hazard may occur
in Hatay province and surrounding area, it is reasonable to take account of Hacipasa

fault section.
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Figure 3.6. The EAF’s segments considered in this study

It is also worth noting that Palu segment is divided into two parts: Palu 1 and
Palu 2. This is due to the fact that its geometrical shape and slip rate value differ in
the section denoted as Palu 1. The reason why the Piitiirge and Hacipasa segments are
divided into two sections is that these segments were not ruptured as a whole during

related historical characteristic earthquakes. This is detailed in the fifth chapter.
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4. SEISMIC HAZARD ANALYSIS: PRINCIPLES AND
TIME — INDEPENDENT AND TIME - DEPENDENT
MODELS

Traditionally two approaches are adopted for seismic hazard analyses. One of
them is the probabilistic seismic hazard assessment, which takes into account almost
all fault rupture scenarios that may affect the site. These scenarios pose hazard that
is described via ground motions intensity parameters at reference site conditions, such
as PGA and SA. In other words, PSHA for a definite site gives the intensity of a
strong ground-motion parameter (e.g., PGA) exceeding a particular level during the
exposure period (e.g., 50 years) [109]. The other approach is the deterministic seismic
hazard assessment. It covers the decision on the scenario earthquake, characterization

of appropriate GMMs and the thorough evaluation of site response [8].

PSHA is generally carried out prior to the deterministic one because the earth-
quake scenario with the major contribution to hazard must be found for the deter-
ministic assessment. This scenario forms the basis for the deterministic seismic hazard

assessment [7].

PSHA basically consists of 5 steps explained below:

(i) All seismic sources that can produce strong ground motion should described.
(ii) The distribution of earthquakes of different magnitude expected to happen is
determined.
(iii) Source-to-site distances related to potential earthquakes are defined.
(iv) Ground motion models are employed to foresee the possible distribution of GMIMs
with respect to magnitude, distance, and so on.
(v) With the help of the total probability theorem uncertainties in earthquake size,

location and ground motion intensity are integrated [110].
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The first three steps are also known as earthquake rupture forecast (ERF). Over
a given period of time, an earthquake rupture forecast designates the probability of
occurrence of different magnitude, locations, and faulting types for all seismic sources in
an area. For an earthquake with a certain magnitude happening near the site, a ground
motion model governs the probability distribution of assorted intensity measurements

at that site [8].

Earthquake rupture forecast and ground motion models are the principal compo-
nents of PSHA. These inputs are numerically combined by means of a suitable proba-
bilistic model to attain the probability of exceedance of various GMIMs in the relevant

territory [7].

Generally, the basic way to integrate the first three steps for fault sources (i.e.,
a fault-based ERF) consists of several phases. Firstly, the fault structures and the
corresponding fault segmentation are characterized with respect to geologic findings.
Secondly, with the help of geologic slip rates and paleoseismic studies, the long-term
rate for each segment or multi-segment rupture, a rupture scenario that unfolds the
probability of many segments rupturing together, is determined. Fault slip rates can
be obtained from measured geologic offsets (e.g.kozaciya atif) or calculated by using
geodetic measurements (e.g. [72]). Lastly, the earthquake occurrence relationship of

related faults is developed [§].

The third or last phase of ERF is usually taken into account time - indepen-
dently (i.e., as a homogeneous Poisson process). The fundamental premise is that past
earthquakes have no memory. Namely, inter-event times are independent and fairly dis-
tributed exponential random variables [8]. Notwithstanding, a homogeneous Poisson
process cannot properly represent the long-term time dependency of major events on
definite fault segments. As the time elapsed since the last major earthquake exceeds the
mean recurrence interval of such events, seismic hazard increases [111]. This disadvan-
tage of the PSHA can be removed through constructing time - dependent occurrence
models [112]. On the other hand, for broad seismic zones and tectonic systems with

missing information for the time - dependent modeling, time - independent models are
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constructed [7].

The probability of occurrence of the next earthquake does not depend on the
time passed since the previous one in the time - independent models. The probability
of occurrence at least one characteristic event on a fault or segment within the time

interval (AT) for a homogeneous Poisson model is expressed as follows:

P[N > 1] =1 — exp(—RAT), (4.1)

where R is the annual rate of earthquake recurrence of the segment. It is the reciprocal
of the recurrence period. This process is called Poissonian because R is independent

of time.

The widespread use of the Poisson model is based on several reasons according
to Cornell and Winterstein [111] and Tacoletti et al. [8]. Firstly, this model only needs
the annual rate of occurrence (i.e., the average recurrence time), which is associated
with the coefficient a in the familiar Gutenberg-Richter MFD [113]. Secondly, the
use of non-Poissonian models requires further information as to characteristic tectonic
features. Thirdly, the sum of non-Poissonian processes could approximately become
Poissonian. Fourthly, Poissonian assumptions are genuinely useful to set basic and

computationally efficient mathematical equations to be worked out in PSHA.

The assumption of that there is no memory of past earthquakes, the basic premise
in a homogeneous Poisson process, is not physically motivated for individual fault
sources. This is because the process of stress buildup and its release is innately time
- dependent [114], based on the elastic rebound theory [115]. This theory asserts that
faults periodically store elastic strain energy, which is discharged when it exceeds the
shear strength of the fault rocks. This energy naturally resets to zero after a major
earthquake. The whole process is a “renewal” process because it suggests that there is
time - dependency between characteristic events. On the other hand, there are some
critics of elastic rebound theory. They have rightly pointed out a lot of controversial and

fault segmentation-related assumptions needed in applying the models. Two of them
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are the appropriate choice of renewal (time - dependent) model, and aperiodicity [112].
Notwithstanding, some studies have ascertained that ignoring elastic rebound causes

unrealistic aftershock statistics [8,116].

According to Cornell and Winterstein [111], if a fault behaves characteristically
(i.e., in keeping with the elastic rebound theory), the Poisson estimate may be inad-
equate. As explained above, this is the case in situations which the mean recurrence
period of a fault is smaller than the elapsed time since the last characteristic event

occurred on the fault. Such faults need to be modeled time - dependently.

The renewal (time - dependent) model is primarily based on the presumption
that characteristic events take place repeatedly. If an earthquake has not happened
in the last T years, the conditional probability of the occurrence of it in the next AT
years is given by [7]:

f$+AT f(t) dt

B RO

(4.2)
where f(t) is the probability density function (PDF) for the recurrence interval, T’
is the time passed since the last characteristic event and AT is the exposure period
usually taken as 50 years. The nominator of this expression is equal to the hatched
area, and the denominator corresponds to the total shaded area under the lognormal

PDF as is shown in Figure 4.1.

The Weibull [117], lognormal [118], and Brownian Passage Time (BPT) [119,120]
distributions are the most famous PDFs that have been used in time - dependent

occurrence models [8].

In time - dependent models, the log-normal distribution for PDF is delineated
with 2 parameters: the mean earthquake recurrence interval of the fault, ;1 and the
coefficient of variation, “CoV”, which is a measure of the periodicity of the recurrence

interval. “CoV” usually takes values between 0.3 and 0.7 [121]. It also decreases with
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PROBABILITY DENSITY

T T+AT TIME SINCE LAST EARTHQUAKE

Figure 4.1. The relationship between the probability density function and conditional
probability [7]

higher periodicity. Nishenko and Buland [118] have ascertained that the lognormal
distribution is the most compatible with the observed seismicity compared to the others
(It should be indicated that at that time BPT had not yet been discovered). The PDF

of the log-normal distribution is as follows:

-1 loat — 2
PDF = (\/27rat> exp {—(092—2“)} : (4.3)
o
where g is the mean recurrence period, o is the standard deviation and ¢ is the time

elapsed since previous earthquake [7].

The mean time between events (1) and the aperiodicity of the mean time (),
equivalent to the coefficient of variation (CoV), distinguish a Brownian passage - time

distribution [122].
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The PDF of the BPT is as follows:

TR (t —p)?
PDF — (—) _ 44
2wa’t3 “rp [ 2a2ut (4.4)

As for Weibull distribution, its PDF is written below:

B-1 B
ft) = é (t—_,u) exp [— (t—T,u> ] fort > p; B, a >0, (4.5)

« (0%

where «, 5 and p represent scale, shape and local parameters, respectively.

For the same p = 250 yrs and CoV = 0.5, the PDF's of the distributions, including
exponential (i.e., Poissonian or time - independent) one, have been compared in Figure

1.2 [8].

0.006
— Poisson
1 =250 yr ¥
0.005| CoV =05 —— Weibull
—— Lognormal
0.004 HEY
+0.003}
S
0.002
0.001+
0.000 . : : :
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Figure 4.2. Including Poissonian distribution, the comparison of the most popular

PDFs used in renewal models for the same recurrence interval and aperiodicity [8]
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The Poisson process is identified by a constant hazard function. Namely, the con-
ditional probability of happening an earthquake in a rigid time interval is independent
from the time elapsed since the last event (i.e., time - independent). On the other hand,
the probability of occurrence of the next earthquake is affected by the features of the
preceding earthquakes in time - dependent models. It could increase with elapsed time
since the last event according to a large class of statistical models. Furthermore, time -
dependent models like the Weibull, the lognormal, and the BPT determine a lower (or
zero) probability of occurrence for faults in the beginning of the seismic cycle compared
to time - independent ones, which is also in great harmony with Reid’s theory. On the
other hand, for faults in the late period of the seismic cycle, they compute a higher

probability for the next earthquake [122].

Even though there is not any empirical proof encouraging to choose one model of
time - dependent occurrence relationships over another, there is a general agreement on
applying the BPT model compared to the other renewal recurrence models [8,112,123].
The reasons for the choice of BPT over Weibull and lognormal distributions are as

follows:

(i) BPT model is a physically motivated time - dependent model for earthquake
occurrence. It has a connection between the typical features of the stress and
strain accumulation process of the elastic rebound theory and the noticeable
distribution of the genuine inter-event data [119, 120, 122]

(ii) For the BPT model, after long time since the last event, the hazard function places
a fixed value. That is, the probability of occurrence of earthquakes becomes time
- independent. Whereas, the lognormal distribution converges to zero and the
Weibull distribution with shape parameter greater than 1 goes to infinity. Besides,
as time converges to infinity, the hazard function hits zero for the lognormal
distribution and the Weibull distribution with shape parameter smaller than 1.
This is why some researchers regard these distributions as obsolete, which is
particularly plausible if the mechanism of earthquake occurrence is ascribed to

the process of ever-increasing load on the fault [122].
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5. DEVELOPMENT OF RECURRENCE MODELS OF
THE NAFZ AND EAFZ

5.1. Methodology

In this thesis, the prime purpose is to develop an earthquake occurrence relation-
ship which reflects the intrinsic behavior of the NAF and EAF properly. The first step
towards this goal is to determine historical or observed seismicity of the fault zones.
Nature acts without being aware of the scientific models attributed to its behavior
patterns. Therefore, the first step implies that a fully exponential or characteristic
model cannot be built. The development of a hybrid earthquake occurrence model
for related faults is inevitable in this sense. Then, which earthquake recurrence re-
lationships should this hybrid model consist of? The hybrid model basically involves
an exponential tail for smaller earthquakes and a characteristic part for major earth-
quakes. This model seems as if it is same as Youngs and Coppersmith’s composite
model [25], but it is not. It also incorporates into the probability of happening multi-
fault rupture. Here, the issue to be addressed is the amount of seismic slip to be
assigned to exponential tail or combined - characteristic part (the term “combined -
characteristic” represents the characteristic part that includes the probability of occur-
ring multi-segment or combined rupture). Since only fault sources are used for seismic
source characterization, slip rate of related faults is manipulated to achieve consistency
with the observed seismicity, which procedure is also known as moment balancing in

literature.

In that case, the next step is to determine observed seismicity (i.e., recurrence
parameters of the NAF and EAF) by using the earthquake catalogue compiled by
Kadirioglu et al. [12]. Then, slip partitioning has been done. Based on the observed
seismicity, the percentage of slip rate to be allocated to exponential part of the model

is determined.
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Another stage is to calculate characteristic magnitude and recurrence intervals of
the individual and combined rupture segments. The remainder of the slip rate is as-
signed to the combined - characteristic part. In order to compute recurrence intervals,
there is needed a further slip partitioning process between individual and combined
ruptures of the fault segments. At this stage, the reference point representing the ob-
served seismicity is paleoseismic studies (e.g., [4]). Based on such studies, it is decided
what percentage of the remainder slip rate will be allocated to characteristic and com-
bined ruptures. With these slip rates, the recurrence periods of both individual and
combined segments are computed. The calculated recurrence intervals are compared
with those suggested by paleoseismic studies, and the amount of slip rate shared be-
tween two parts is calibrated. In short, we are trying to develop a hybrid earthquake
occurrence model such that its exponential tail and combined - characteristic part are

in a perfect harmony with the observed seismicity separately.

6% and 94% of the total slip rate which is assigned manually to the exponen-
tial tail and combined - characteristic part, respectively, has ensured a reasonable
consistency with the observed seismicity. However, we have built another earthquake
recurrence model for the NAF and EAF so as to investigate the reliability of the first
model. In this model, 94% of the slip rate would not be divided between individual
and combined ruptures and all of it would be assigned to individual ruptures. The haz-
ard curves of this model have been compared with those obtained using the classical
Youngs and Coppersmith composite model [25] in OpenQuake software [29]. In this
software, total seismic moment rate is automatically distributed over the exponential
and characteristic parts when Youngs and Coppersmith model tool is used. Eventually,
almost the same results have been achieved from the two models. Thus, it is justified
once again that the total seismic slip rate is allocated between the exponential tail and

combined - characteristic part at a rate of 6% and 94%, respectively.

Finally, the hybrid earthquake occurrence model, which provides a remarkable
insight into the distinctive seismic nature of the NAF and EAF, is constructed. This
model displays a time - independent (i.e., Poissonian) characteristic. However, the

hybrid model demonstrates an overwhelming superiority over its counterparts: it can
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be easily converted a time - dependent one. By means of the research carried out by
Demircioglu et al. 28], information on the other (secondary) faults in the studied region
and background smoothed seismicity has also been added to the hybrid model, which
makes it possible to compare the results of the hybrid model and the latest Turkish
Seismic Hazard Map in terms of ground motion intensity parameters (e.g., PGA and
SA). It should be indicated that “the latest Turkish Seismic Hazard Map” refers to
the fully exponential fault source model built by Demircioglu et al. [28]. Whether
the results of the Poissonian hybrid model is overestimated or underestimated has
also been evaluated by comparing them with the results of time - dependent version.
Moreover, the results of the fully exponential model and the time - dependent model
have been compared. The purpose of this comparison is to judge the results of the
fully exponential model, which is widely used in practice, based on the results of the

renewal model, which enables a more realistic seismic hazard assessment.

5.2. Identification of Seismic Sources

Fault sources are the main seismic sources within the framework of this study.
The “fault” term can be defined as a geologic characteristic creating a potential seismic
hazard for a region under consideration. As for “fault segment”, it suggests distinctive
seismic sources within a fault. Fault segments make contribution to hazard en masse.
Although the geometry of them is generally simplified according to the map geometry,
it possesses internal coherence with observable features of the entire fault. The rake
angle of the fault is an example of such features of the original fault. The mentioned

fault segments, which are reduced, is adopted straightforwardly for PSHA studies [8].

The configuration of the Database of Individual Seismogenic Sources (DISS) [9]
has been used for the consideration of the fault source model. In Figure 5.1, an Individ-
ual Seismogenic Source is simply illustrated. The active fault characterization database
(AFCD), produced by Emre et al. [65], is used in order to build the fault source model.
The AFCD has been re-categorized after the characterization of Individual Seismogenic
Sources. They have been identified through a whole set of geometric, kinematic (rake

angle), and seismological parameters. While strike, dip, length, width and depth of
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sources delineate geometric parameters, single event displacement, magnitude, slip rate
and recurrence interval symbolize seismological properties. Parameters missing in the
features of AFCD have been assigned with respect to the available literature with some
presumptions [14]. Minimum and maximum values have been assigned to each separate

seismogenic source entity for the overwhelming majority of the parameters [28].

Fault projection to ground surface

Rake
Fault plane

BONOm edge

Figure 5.1. Simple illustration of an Individual Seismogenic Source and its typical

features [9]

All information about the NAFZ and EAFZ is taken from Emre et al. [14] and
UDAP-C-13-06 Project.

5.2.1. Fault Source Information of the NAFZ
Here, all the necessary information for the fault source modeling is given in Table

5.1. However, the lengths of the fault segments are specific to this study because some

adjustments have been made to some of them.



Table 5.1. Fault source characteristics of the NAF.
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MAP Min. | Max. Min. | Max.
Segments | Length Min. St | Max. Sr Depth | Depth Hake Dip | Dip
(mm/yr) | (mm/yr) Angle

(km) (km) | (km) Angle | Angle
Kargapazar1 | 45.58 17 18 0 18 180 87 90
Elmali 27.03 1 2 0 18 180 87 90
Yedisu 85.62 18 19 0 18 180 87 90
Erzincan 51.49 22 23 0 18 180 87 90
Refahiye 47.83 22 23 0 18 180 87 90
Sugehri 66.59 22 23 0 18 180 87 90
Resadiye 94.11 22 23 0 18 180 87 90
Ezinepazar 88.04 2 2.1 0 18 180 87 90
Niksar 37.32 21 22 0 18 180 87 90
Erbaa 19.95 21 22 0 18 180 87 90
Destek 34.71 21 22 0 18 180 87 90
Havza 35.85 21 22 0 18 180 87 90
Kopriibast 34.66 21 22 0 18 180 87 90
Kamil 37.03 21 22 0 18 180 87 90
Karg: 47.23 21 22 0 18 180 87 90
lgaz 49.69 21 22 0 18 180 87 90
Sarialan 31.55 21 22 0 18 180 87 90
Bayramoren | 30.38 23 24 0 18 180 90 90
ismetpa@a 32.53 23 24 0 18 180 90 90
Gerede 40.95 23 24 0 18 180 90 90
Yenigaga 26.59 23 24 0 18 180 90 90
Bolu 41.40 23 24 0 18 180 90 90
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5.2.2. Fault Source Information of the EAFZ

The lengths of the EAF’s segments may also differ from those given by Emre et
al. [14] and UDAP-C-13-06 Project.The necessary information is provided in Table 5.2

Table 5.2. Fault source characteristics of the EAF.

MAP Min. | Max. Min. | Max.
Min. Sr | Max. Sr Rake
Segments | Length Depth | Depth Dip Dip
(mm/yr) | (mm/yr) Angle
(km) (km) | (km) Angle | Angle
Karliova 37.26 8 8.1 0 18 0 90 90
Tlica 37.29 8 8.1 0 18 0 90 90
Palu 1 48.42 6 7 0 18 0 85 90
Palu 2 76.96 9 10 0 18 0 85 90
Pitiirge 1 51.25 9 10 0 18 0 85 90
Piitiirge 2 | 50.92 9 10 0 18 0 85 90
Erkenek 82.94 6.5 7 0 18 0 85 90
Pazarcik 93.77 6.5 7 0 18 0 85 90
Amanos 120.00 6 7 0 18 0 85 90
Hacipasa 1 | 35.48 4.5 ) 0 18 0 87 90
Hacipaga 2 | 57.64 4.5 5 0 18 0 87 90

5.3. Estimation of Recurrence Parameters of the NAF and EAF

To characterize the exponential magnitude distribution of the NAF&EAF with
the Youngs and Coppersmith’s exponential model [25], region -or fault zone- specific
b values are needed. As is schematically represented in Figure 5.2, buffer zones of 15
kilometers were drawn around the surface projections of the fault zones. By using the
declustered earthquake catalog of Kadirioglu et al. [12], earthquakes whose epicenters
fall within the buffer zone are detected. Characteristic earthquakes are excluded in
this process because they have been used in the development of combined - charac-
teristic part of our hybrid earthquake occurrence model. Completeness periods of the

NAFZ and EAFZ are taken from Segetyan et al. [64]. Then, the recurrence parameters
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are calculated via Weichert’s method [124] for the both fault zones. The values are

presented in Table 5.3

Figure 5.2. The buffer zone drawn around faults

With the estimated recurrence parameters, the truncated (bounded) Gutenberg
and Richter [113] magnitude - frequency distribution (MFD) has also been drawn for
the NAF and EAF in Figure 5.3 and 5.4, respectively. The bounded G-R magnitude -

frequency distribution is calculated with the following equation:

exp [—fB (M — Mpin)] — exp [—B (Mmaz — Mpin)]
1 —exp[—B (Mpnaz — Mumin)] ’

(5.1)

A = V

where v = exp (o — BM i), a = 2.303a and 5 = 2.303b



Table 5.3. Recurrence parameters for the both fault zones.

Recurrence Parameters | NAF | EAF

a

3.95 | 4.74

b

0.87 | 1.08

Truncated G-R. MFD
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Figure 5.3. Earthquake recurrence

relationship of the NAFZ
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Figure 5.4. Earthquake recurrence relationship of the EAFZ

The red and black dots in these graphs symbolize the observed seismicity.

5.4. Slip Rate Constraints on Exponential Magnitude Recurrence

Relationships for the NAF and EAF

In order to model and characterize active faults as individual seismogenic sources
with respect to their dimensions and slip rates, seismotectonic knowledge is used. Here,

it should be pointed out that slip rate is an essential parameter controlling the calcu-

lation of seismic moment and recurrence interval [28,125-127]

42
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Slip rate is also used to follow the seismic moment balancing method. According
to this approach, the seismic moment released by an earthquake is directly proportional
to the strain accumulation along an active fault during an inter-event time. The seismic
moment must be converted to moment magnitude domain associated with the choice
of magnitude recurrence model when it is calculated for each fault source. In this
study, it was declared that a hybrid earthquake occurrence model is constructed instead
of the fully characteristic [30] or fully exponential one [25]. The small magnitude
events that occur around the faults are also taken into account; nevertheless, some
researchers (e.g. [128,129]) are in opposition the combination of a regional background
and faults. In their opinion, this eventuates an increased number of earthquakes with
small and moderate magnitude. To surmount this difficulty, occurrence rates of small
to moderate-sized and moderate to large-sized earthquakes have been combined as it
was exemplified by Demircioglu et al. [28]. While recurrences for small to moderate
magnitude events, which are accounted for background seismicity, are obtained from
earthquake catalog published by Kadirioglu et al. [12], the occurrence rates of moderate
to large-sized earthquakes are calculated for individual segments. These two recurrence
models are separated by a threshold magnitude, restricting the minimum magnitude
on the segments through a value somewhat greater than the maximum one considered
for a background zone. In the 2003 European Mediterranean source model [22] and in
the 2014 Middle East Earthquake Source Model [42], the threshold value was chosen as
Mw 6.5 and Mw 5.5, respectively [28]. In the scope of this research, a threshold value
of 6.00 Mw is assigned to segregate the seismicity of background from the occurrence
rates originated from individual fault segments. The exponential magnitude recurrence
relationship (i.e., Gutenberg—Richter distribution) is used to obtain recurrences in both

the exponential tail of the hybrid fault source model and the background seismicity.

Bungum [130] has argued that seismic activity and crustal deformation rates have
a basic relationship. Therefore, for quantifying earthquake activity on fault sources,
the activity rate N (M,,;,) and the integration of the MFD must be multiplied by each
other [28].
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Anderson and Luco [23] have outlined three categories of fault recurrence mod-
els to establish a magnitude recurrence relationship from the geological slip [131].
Bungum [130] demonstrates the distinctions between the recurrence relationships de-
veloped Anderson and Luco [23] and Youngs and Coppersmith [25]. The difference is
mainly due to the behavior of the recurrence distribution at the vicinity of upper bound
magnitude. While the exponential magnitude recurrence relationship built by Youngs
and Coppersmith is rooted in the constant moment energy release along a fault, the
amount of moment release near the maximum magnitude is larger in Anderson and
Luco’s models, and thereby, ending up with a higher activity rate [28]. This and the
high level of earthquake activity in Turkey are considered in tandem, the winner of the
comparison will be Youngs and Coppersmith’s truncated exponential model. There-
fore, it is chosen to calculate recurrences for each individual fault segment rather than
the Anderson and Luco model. Besides, Demircioglu et al. [28] have examined the
differences between the first two model of Anderson and Luco and Youngs and Cop-
persmith’s exponential model in terms of a value along the fault sources. They have
concluded that Youngs and Coppersmith’s exponential magnitude recurrence relation-
ship is more applicable since the annual slip rates of the faults in Turkey are mostly

high as previously mentioned.

Youngs and Coppersmith’s exponential model [25], used in this study as a part

of hybrid model, is formulated as:

bN (m°) Mg exp[—B(m" —m°)]

AL = T 1 - eapl—Blme —mo))

(5.2)

where m?® is an arbitrary reference magnitude, 5 = b x [n10. Ay is the total fault plane
area. The term M{ is the moment for the upper bound magnitude m". Hanks and
Kanamori [132] have determined ¢ = 1.5. py is shear modulus. For Turkey, this value
can be taken as 30 GPa (or 3 x 10" dyne/cm?) [133]. b value of each fault segment is

assumed to be equal to the overall b value calculated for both fault zone.
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With the fault zone specific recurrence parameters obtained in the previous chap-
ter, the truncated exponential tail of the hybrid earthquake occurrence model is calcu-
lated for both fault zones. The b value of each fault segment is assumed to be equal
to the b value of the fault zone in which the segment is located. If the characteristic
magnitude value of each segment is called “Mchar”, the magnitude range is determined
from the threshold magnitude (Mw 6.00) to “Mchar - 0.1”. This is because characteris-
tic earthquakes will be subsequently taken into account in the combined - characteristic

part of the hybrid model.

Youngs and Coppersmith’s exponential magnitude recurrence relationship are
calculated and illustrated for the NAF and EAF’s segments in Figure 5.5 and 5.6,
respectively. As minimum and maximum slip rates assigned to individual segments
display a very small variability, the central value of the range was adopted for the
activity rate computation. “Cumulative” and “Truncated Exp” values in the graphs
correspond to “Cumulative MDF” and “Truncated G-R MDF”, respectively, which
were calculated in the previous section and represent the observed seismicity. As is can
be noticed that when 6% of the total seismic moment rate is allocated to fault each
segment, the total annual rate of earthquake occurrences, shown as “TOTAL” in the
graphs, converges the observed seismicity. This means 6% of the total seismic moment
rate is enough for the exponential tail of the hybrid model to achieve consistency with

the observed seismicity.

5.5. Time — Independent Recurrence Relationship of Combined —

Characteristic Part of the Hybrid Model

The term “combined - characteristic” means the characteristic earthquake model
that includes the probability of occurring combined rupture. Hence, the key objective

of this chapter is to develop characteristic earthquake occurrence model for the NAF

and EAF.
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The characteristic earthquake model was suggested for the first time by Wes-
nousky et al. [129] and Schwartz and Coppersmith [30]. Afterwards, it has gained
general acceptance in the earthquake science community, and therefore, in many fault
- based PSHA studies (e.g., [134]), the implementation of the characteristic earthquake
model has been achieved. While a vehement opposition to the basis of this model has
been put up by some studies (e.g., [135-137]), Ishibe and Shimazaki [138, p. 1054]
have ascertained that “the characteristic earthquake model offers a more appropri-
ate description of the magnitude — frequency distribution around the individual late
Quaternary active fault zone in Japan during one seismic cycle.” Ultimately, in many
studies (e.g., [28,123,139]), characteristic earthquake MFDs in relation to Gutenberg
- Richter MFDs has been used extensively [8].

The segmented fault source model is usually incorporated in probabilistic seis-
mic hazard analysis through the seismic moment balancing technique. This approach
considers that the total amount of the seismic moment is directly proportional to the
strain accumulation along a fault segment during interevent time. The moment mag-
nitude of the earthquakes generated by probable rupture scenarios is computed via
the seismic moment calculated for each segment. This computation is based on a se-
lected MFD and the presumptions concerning possible rupture scenarios between the
segments (e.g., [26]). The kind of ruptures taken into account in fault - based ERF
is controlled by the preference of MFD [8].For example, the selection of a characteris-
tic MFD for each segment has two meanings. Firstly, fault segments are regarded as
individual seismic sources [140, 141], which means they don’t depend on each other.
Secondly, during characteristic earthquakes, surface rupture is observed on roughly the
whole segment [30,134,140]. On the other hand, in order to account for the occurrence
of ruptures shorter than the entire segment surface, the exponential magnitude recur-
rence relationship, where fault segments are considered independent seismic sources, or
a combination of different magnitude frequency distributions can be used. This kind

of rupture models are also known as “floating ruptures” [142, 143].

Strict fault segmentation models in which fault segments are considered inde-

pendently (i.e., there is no interaction between them) don’t reflect the contribution of
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medium-to-large earthquakes on seismic hazard properly [144,145]. Geologic findings
suggest that along - strike bends cannot always consistently halted earthquake rup-
tures [146], and therefore, rupture may propagate one segment to another as in the
case of 1939 Erzincan earthquake, which is the basis for including the possibility of
multi-rupture occurrence in our hybrid model. Naturally, when ruptures are confined
to individual segments, the probability of the occurrence of multi-fault rupture is ne-
glected in a fault - based PSHA [8]. Nevertheless, in many studies, multi-ruptures that
will probably occur are not incorporated in fault models (e.g., [28,134]).

The modeling of multi-fault rupture is based on the assumption that several
great adjacent fault segments might rupture as a group due to a severe earthquake
(e.g., [143,147]). Nonetheless, describing all possible rupture combinations for a given
fault system is not always achievable. This is because the interpretation of paleoseismic
or geologic findings is tough. Moreover, such findings may not even exist for the
region under consideration [8]. Another difficulty is adjustment of the occurrence rates
for multi-fault ruptures. The inevitable consequence of these reasons is that there is
no consensus over the selection of the type of ruptures and the application of fault

segmentation models in seismic hazard analyses.

As has been said above, segments of the faults are not always ruptured by earth-
quakes with characteristic magnitude. The term cascade refers the rupturing of seg-
ments one after another. Thus, it causes larger rupture areas and magnitude. Although
fault segments can be delineated independently at the surface, they can be associated
with a single structure at depth, and thereby, combined. To include this phenomenon
in the hazard model, two rupture scenarios are painted. The first one is that segments
rupture independently, and thus, cause characteristic earthquakes to happen. The
second one is that fault segments rupture collectively as a cascade, which produces
earthquakes with magnitude greater than in the first model [7]. Since the annual slip
rates and depths of the segments that form the combined rupture scenario are identi-
cal, a detailed cascading process is not required in the development of our combined

rupture model.
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First of all, the combined rupture scenario is constructed and characteristic earth-
quake magnitude values are calculated for both individual and combined rupture sce-
narios. Then, 94% of the total seismic moment budget will be distributed between the
individual and combined ruptures, which is necessary for moment balancing. Finally,

annual rate of occurrences (i.e., recurrence periods) of each scenario are computed.

5.5.1. Combined Rupture Scenarios

In the drawing of combined rupture scenario for the NAF, the earthquakes that
occurred in the 20th century occupy a decisive role. That is, the segments ruptured by
the earthquakes which occurred on the NAF in the 20th century, which are shown in
Figure 5.7, are considered as segment groups that can cause a combined rupture. Since
the last characteristic earthquake in the Yedisu region occurred in 1784 [5], Kargapazari
and Yedisu segments have also been included in the combined rupture scenario named
“1784 EQ Rupture ”. In Table 5.4, the component segments of combined ruptures are
listed in groups. Except for “1784 EQ Rupture” scenario, the slip rate and maximum
depths of the component segments are identical within the same group. This is why
even though Ezinepazar segment was ruptured during the 1939 Erzincan earthquake, it
is not included the combined rupture scenario. The annual slip rate value of Ezinepazar

segment is quite low (2 mm/yr) compared to its counterparts.

As for the EAF, there is a limited number of combined rupture scenario. This is
because large - scale geometric discontinuities are more closely spaced along the EAF
than compared to the NAF. This can be the reason for that the statistics of combined
ruptures and thereby major earthquakes that were occurred along the NAF are higher.
In other words, ruptures occurred during earthquakes along the NAF is more likely to

jump to the adjacent segment [71].

The fault segments shown as Piitiirge 1 and Piitiirge 2 in Figure 5.8 were ruptured
during the 2020 and 1905 earthquakes, respectively [71,148]. This is the reason for
that Piitiirge segment presented as a single fault segment in by Emre et al. [14] is

cut into two sub-sections within the scope of this study. Then, the possibility of



Table 5.4. Details of combined rupture scenarios for the NAF.

Mean Max.
Combined
Segments | Slip Rate | Depth
Rupture Scenario
(mm/yr) | (km)
Kargapazari 17.5 18
1784 EQ Rupture
Yedisu 18.5 18
Erzincan 22.5 18
Refahiye 22.5 18
1939 EQ Rupture
Susehri 22.5 18
Resadiye 22.5 18
Niksar 21.5 18
1942 EQ Rupture
Erbaa 21.5 18
Destek 21.5 18
Havza 21.5 18
Kopriibast 21.5 18
1943 EQ Rupture Kamil 21.5 18
Karg: 21.5 18
llgaz 21.5 18
Sarialan 21.5 18
Bayramoren 23.5 18
Tsmetpa@a 23.5 18
1944 EQ Rupture Gerede 23.5 18
Yenicaga 23.5 18
Bolu 23.5 18
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Figure 5.7. Combined rupture scenarios for the NAF

these two sub-section rupturing together has been evaluated with a combined rupture
scenario called “Piitiirge” in Table 5.5. The same is also valid the segment defined
as Hacipaga by Emre et al. [14]. According to Akyiiz et al. [108], while the north
of the Hacipaga segment, called Hacipaga 1 in this study, was ruptured during 1872
earthquake, the whole Hacipasa segment was ruptured during 1408 earthquake. This
is why Hacipasa segment is also divided into two sub-sections. The combined rupture
scenario called “Hacipaga” takes into account the possibility of these two sub-segments
rupturing together just like during the 1408 earthquake. In this sense, the reason why
a combined rupture scenario was not created by using the Palu 1 and Palu 2 segments
is that it is not quite possible. While Palu 1 is also delineated by thrusting, Palu 2
predominantly has strike slip morphology.
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Combined rupture scenarios for the EAF

Table 5.5. Details of combined rupture scenarios for the EAF.

Mean Max.
Combined
Segments | Slip Rate | Depth
Rupture Scenario
(mm/yr) | (km)
Pitiirge 1 9.50 18
Piitiirge
Piittirge 2 9.50 18
Hacipasa 1 4.75 18
Hacipasa
Hacipaga 2 4.75 18
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5.5.2. Source Scaling Relationships

Fault rupture parameters, which are associated with the magnitude of an earth-
quake, are usually used to determine the potential of a fault to produce earthquakes
in the future [149]. In order to estimate characteristic earthquake magnitude of the

segments three different source scaling relationships given below have been used.

(i) Wells and Coppersmith [149]
(ii) Leonard [150]
(iii) Hanks and Bakun [151]

When the relationships of Wells and Coppersmith and Leonard are taken into
account, both surface rupture length and rupture area equations are used. On the
other hand, when Hanks and Bakun is considered, only fault area based equation is
used. At the end of the calculations, the mean of the results of these five equations is
calculated to represent the characteristic magnitude of the segments. The results are
shown in Table 5.6 and 5.7 for individual ruptures. On the other hand, for combined

rupture scenarios, characteristic magnitude values are presented in Table 5.8 and 5.9.



o4

Table 5.6. The calculation of the characteristic earthquake magnitude of the NAF’s

segments.
Segments Length | Mw(SRL) | Mw(RA) | Mw(A) | Mw(L) | Mw(A) | Mw
(km) | (W&C94) | (W&C94) | (H&B14) | (L10) (L10) | Mean
Kargapazari 45.6 7.0 7.0 7.0 6.9 6.9 6.95
Elmal 27.0 6.8 6.7 6.7 6.5 6.7 6.68
Yedisu 85.6 7.3 7.2 7.3 7.2 7.2 7.25
Erzincan 51.5 7.1 7.0 7.0 7.0 7.0 7.01
Refahiye 47.8 7.0 7.0 7.0 6.9 6.9 6.97
Sugehri 66.6 7.2 7.1 7.2 7.1 7.1 7.13
Resadiye 94.1 7.4 7.3 7.4 7.2 7.2 7.30
Ezinepazar 88.0 7.3 7.2 7.3 7.2 7.2 7.26
Niksar 37.3 6.9 6.9 6.8 6.8 6.8 6.84
Erbaa 20.0 6.6 6.6 6.5 6.3 6.5 6.52
Destek 34.7 6.9 6.8 6.8 6.7 6.8 6.81
Havza 35.9 6.9 6.8 6.8 6.8 6.8 6.82
Kopriibast 34.7 6.9 6.8 6.8 6.7 6.8 6.81
Kamil 37.0 6.9 6.9 6.8 6.8 6.8 6.84
Karg: 47.2 7.0 7.0 7.0 6.9 6.9 6.97
lligaz 49.7 7.1 7.0 7.0 7.0 6.9 6.99
Sarialan 31.6 6.8 6.8 6.7 6.7 6.7 6.76
Bayramoren 304 6.8 6.8 6.7 6.6 6.7 6.74
Ismetpasa 32.5 6.9 6.8 6.8 6.7 6.8 6.77
Gerede 41.0 7.0 6.9 6.9 6.9 6.9 6.89
Yenigaga 26.6 6.8 6.7 6.7 6.5 6.7 6.67
Bolu 41.4 7.0 6.9 6.9 6.9 6.9 6.90
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Table 5.7. The calculation of the characteristic earthquake magnitude of the EAF’s

segments.
Segments Length | Mw(SRL) | Mw(RA) | Mw(A) | Mw(L) | Mw(A) | Mw
(km) | (W&C94) | (W&C94) | (H&B14) | (L10) (L10) | Mean
Karliova 37.26 6.9 6.9 6.8 6.8 6.8 6.84
Iica 37.29 6.9 6.9 6.8 6.8 6.8 6.84
Palu 1 48.42 7.0 7.0 7.0 6.9 6.9 6.98
Palu 2 76.96 7.3 7.2 7.3 7.1 7.1 7.20
Piitiirge 1 | 51.25 7.1 7.0 7.0 7.0 7.0 7.01
Piitirge 2 | 50.92 7.1 7.0 7.0 7.0 7.0 7.00
Erkenek 82.94 7.3 7.2 7.3 7.2 7.2 7.23
Pazarcik 93.77 7.4 7.3 7.4 7.2 7.2 7.29
Amanos 120 7.5 74 7.5 7.3 7.3 7.41
Hacipaga 1 | 35.48 6.9 6.8 6.8 6.7 6.8 6.82
Hacipaga 2 | 57.64 7.1 7.1 7.1 7.0 7.0 7.06

Table 5.8. Characteristic magnitude values of the combined rupture scenarios for the

NAF.
Segments Length | Mw(SRL) | Mw(RA) | Mw(A) | Mw(L) | Mw(A) | Mw
(km) | (W&C94) | (W&C94) | (H&B14) | (L10) (L10) | Mean
1784 EQ Rupture | 131.2 7.5 7.4 7.6 74 7.4 7.45
1939 EQ Rupture | 260.0 7.9 7.7 8.0 7.7 7.7 7.78
1942 EQ Rupture | 57.3 7.1 7.1 7.1 7.0 7.0 7.06
1943 EQ Rupture | 270.7 7.9 7.7 8.0 7.7 7.7 7.80
1944 EQ Rupture | 171.9 7.7 7.5 7.7 7.5 7.5 7.58
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Table 5.9. Characteristic magnitude values of the combined rupture scenarios for the

EAF.
Length | Mw(SRL) | Mw(RA) | Mw(A) | Mw(L) | Mw(A) | Mw
Segments
(km) | (W&C94) | (W&C94) | (H&B14) | (L10) (L10) | Mean
Piittirge 102.2 7.4 7.3 74 7.3 7.3 7.33
Hacipasa 93.1 7.4 7.3 7.4 7.2 7.2 7.29

5.5.3. Moment Balancing between Individual and Combined Rupture Sce-

narios

The remaining amount of slip rate (94%) is split between individual and combined
rupture scenarios. The main objective is to achieve coherence between recurrence
intervals of the rupture scenarios and observed seismicity revealed by paleoseismic

studies.

Paleoseismic investigations use geological and geomorphological data as well as
Quaternary dating techniques to identify the estimated timing of surface - rupturing
events. The spatiotemporal understanding of earthquakes can be achieved via harmo-
nizing historical and paleoseismological data. This offer us deep insight into long - term
fault behavior [4]. The study conducted by Fraser at al. [4] has classified paleoseismic
data sets of the NAF and interpreted the results by means of historical earthquake
catalogs. At the end of the research, some recurrence intervals have been proposed for
trenches located along the NAF. By following a method, these recurrence periods are

matched with the combined rupture scenarios in our model.

According to the aforementioned method, the positions of the trenches are de-
termined, and thus, the relationship between these trenches and NAF’s segments is
clarified. As it can be discerned in Figure 5.9, while some trenches are located on

the same segment, there is no trenches on some fault segments. In Table 5.10, the
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segments where trenches are located, the proposed recurrence intervals for trenches by
Fraser et al. [4] and the corresponding combined rupture scenarios are given. Since
these recurrence periods differ significantly even within the same fault segment, the

related recurrence periods have been averaged to estimate recurrence interval of each

scenario.
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Figure 5.9. Positions of trenches studied by Fraser et al. [4]

In Table 5.11, the remaining slip rate (94%) is distributed between combined
rupture models and their component segments, which also refer individual rupture
models or scenarios. Since the main purpose is to achive harmony with recurrence
intervals proposed by Fraser et al. [4], there is no fixed percentage of slip partitioning
between scenarios. While the study carried out by Fraser et al. [4] is used to do moment
balancing between two rupture scenarios for the NAF, the slip partitioning ratio of
50% is directly selected to do it for the EAF. This is because such a comprehensive
paleoseismic study has not been made for the EAF yet. Slip partitioning has not been
performed for the fault segments not included in the combined rupture scenarios (e.g.,
Ezinepazar on the NAF and Karliova on the EAF), and thus, the remaining slip rate

(94%) has been allocated to these segments for only individual rupture scenarios.
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Table 5.10. The relationship between trenches’ locations, recurrence intervals and

combined rupture scenarios.

Combined Proposed TR | Mean TR
Segments Trenches
Rupture Scenario (yr) (yr)
Kargapazari
1784 EQ Rupture ~260
Yedisu EEB 202-306
Erzincan
Refahiye YAY, CUK 349-387, 495-570
1939 EQ Rupture ~560
Susehri GUN 646-688
Resadiye RSA 667-702
9 Niksar
1942 EQ Rupture —
Erbaa
Destek DTK 362-407
Havza HAV, AYA(AYB) | 601-789, 329-488
Kopriibas:
1943 EQ Rupture Kamil ELM 470-529 ~450
Kargi
llgaz
Sarialan
Bayramoren
1smetpa§a
1944 EQ Rupture Gerede GDT 478-576 ~520
Yenicaga

Bolu
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Table 5.11. Slip partitioning between combined and individual rupture models.

Scenario Combined Rupture | Individual Rupture
Model Model

1784 EQ Rupture 50% 50%

1939 EQ Rupture 40% 60%

1942 EQ Rupture 50% 50%

1943 EQ Rupture 45% 55%

1944 EQ Rupture 30% 70%
Piitiirge 50% 50%
Hacipasa 50% 50%

5.5.4. Recurrence Intervals of the Individual and Combined Rupture Sce-

narios

The recurrence periods and annual rate of occurrences obtained as a result of the

process of the moment balancing are given in Tables 5.12, 5.13, 5.14, and 5.15.

Although we have not any paleoseismic research suggesting recurrence intervals
along the EAF, Barka and Kadinsky - Cade [71] have asserted that the recurrence
interval of the EAF could be up to 1000 years as in the “Hacipaga” combined rupture
scenario. Cetin et al. [106] have proposed a recurrence period of 100 - 360 years for the
Palu - Lake Hazar segment, corresponding Palu 2 segment in our model. On the other
hand, Hubert - Ferrari et al. [94] have determined the recurrence period for the same
region to be approximately 190 years. As for the southern end of the EAF, Akytiz
et al. [108] have suggested a recurrence interval of approximately 500 years for the
segment called Hacipasa 1 in our model. In the light of this information, it can be said
that recurrence intervals of the EAF, obtained as a result of the moment balancing

procedure, also achieve reasonable harmony with the observed seismicity.



scenario.

Segments Length | Mw | N (Ave) | TR (Ave)
(km) | Mean | (eq/year) (year)
Kargapazari 45.6 6.95 0.0060 166
Elmali 27.0 6.68 0.0016 631
Yedisu 85.6 7.25 0.0045 223
Erzincan 51.5 7.01 0.0086 116
Refahiye 47.8 6.97 0.0090 111
Susgehri 66.6 7.13 0.0073 137
Resadiye 94.1 7.30 0.0058 171
Ezinepazar 88.0 7.26 0.0009 1079
Niksar 37.3 6.84 0.0087 114
Erbaa 20.0 6.52 0.0142 70
Destek 34.7 6.81 0.0102 98
Havza 35.9 6.82 0.0099 101
Képriibast 34.7 6.81 0.0102 98
Kamil 37.0 6.84 0.0097 103
Karg: 47.2 6.97 0.0080 125
llgaz 49.7 6.99 0.0077 130
Sarialan 31.6 6.76 0.0111 90
Bayramoren 30.4 6.74 0.0159 63
Ismetpasa 32.5 6.77 0.0150 67
Gerede 41.0 6.89 0.0124 81
Yenicaga 26.6 6.67 0.0176 d7
Bolu 414 6.90 0.0123 82

60

Table 5.12. Recurrence intervals of the NAF’s segments for the individual rupture
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Table 5.13. Recurrence intervals of the combined rupture scenarios for the NAF.

. Length | Mw N (Ave) | TR (Ave) | Paleoseismic TR
Scenarios
(km) | (Mean) | (eq/year) | (yr) (Ave) (yr)

1784 EQ Rupture | 131.2 7.45 0.0031 327 260
1939 EQ Rupture | 260.0 7.78 0.0020 493 560
1942 EQ Rupture D7.3 7.06 0.0064 156 -

1943 EQ Rupture | 270.7 7.80 0.0021 470 450
1944 EQ Rupture | 171.9 7.58 0.0021 482 520

Table 5.14. Recurrence intervals of the EAF’s segments for the individual rupture

scenario.

Segments Length | Mw N (Ave) | TR (Ave)
(km) | (Mean) | (eq/year) (year)

Karhova 37.26 6.84 0.0066 153
Ihica 37.29 6.84 0.0065 153
Palu 1 48.42 6.98 0.0043 232
Palu 2 76.96 7.20 0.0047 214
Piitiirge 1 | 51.25 7.01 0.0030 329
Piitiirge 2 | 50.92 7.00 0.0031 328
Erkenek 82.94 7.23 0.0032 315
Pazarcik 93.77 7.29 0.0029 341
Amanos 120.00 7.41 0.0024 415
Hacipaga 1 | 35.48 6.82 0.0020 496
Hacipasa 2 | 57.64 7.06 0.0014 710




Table 5.15. Recurrence intervals of the combined rupture scenarios for the EAF.

Combined | Length | Mw N (Ave) | TR (Ave)
Rupture (km) | (Mean) | (eq/year) (year)
Pitirge 102.2 7.33 0.0020 512
Hacipasa 93.1 7.29 0.0010 965
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5.6. Time — Dependent Recurrence Relationship of Combined —

Characteristic Part of the Hybrid Model

In order to convert the Poissonian hybrid model to time - dependent one, the last

characteristic earthquakes occurred along the fault segments should be determined.

5.6.1. The Last Characteristic Earthquakes on the NAF and EAF

The epicenter locations of recent major earthquakes occurred along the NAF
are shown in Figure 5.10 and further information about these earthquakes is provided
below. As it is noticed through Figure 5.10 and also indicated by Barka and Kadinsky
- Cade [71], the epicenters of characteristic earthquakes are usually located at the start

and end points of the fault segments.

e 1784 Earthquake
This earthquake with magnitude of Ms 7.6 [152] has been associated with the Ka-
gapazar1 and Yedisu segments. Only if these two segments are ruptured together
(Mw 7.45) will such a magnitude occur.

e 1949 Earthquake
Both Nalbant et al. [153] and Emre et al. [154] have asserted that Elmalidere
segment, corresponding Elmali segment in our model, was ruptured during 1949

earthquake (Ms 6.9).
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Figure 5.10. The last characteristic earthquakes along the NAF

1939 Erzincan Earthquake

During this earthquake (Ms 7.8) [152], Erzincan, Refahiye, Sugehri, Regadiye and
Ezinepazar segments were ruptured all together.

1942 Niksar - Erbaa Earthquake

This earthquake with magnitude of Ms 7.1 [152] ruptured only Niksar and Erbaa
fault segments.

1943 Tosya - Ladik Earthquake

Destek, Havza, Kopriibagi, Kamil, Kargi, Ilgaz, and Sarilan segments ruptured
en masse during the earthquake with Ms 7.4 [152].

1943 Tosya - Ladik Earthquake

Destek, Havza, Kopriibagi, Kamil, Kargi, Ilgaz, and Sarilan segments ruptured
en masse during the earthquake with Ms 7.4 [152].

1944 Bolu - Gerede Earthquake

Bayramoéren, Ismetpasa, Gerede, Yenicaga and Bolu segments are the segments

that were ruptured during this earthquake with magnitude of Ms 7.3 [152]
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In Figure 5.11, the epicenter locations of the recent characteristic earthquakes
related to the EAF are illustrated. Contrary to the NAF, only a few characteristic
earthquakes have occurred in 20th century along the EAFZ such as 1905 and 1971
earthquakes [71]. Therefore, it is not a straightforward procedure to associate the
characteristic earthquakes with EAF’s segments. General information on the last major

earthquakes and the segments that were ruptured during these earthquakes is given

below.
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Figure 5.11. The last characteristic earthquakes along the EAF

e 1866 Earthquake
The magnitude of this earthquake is Ms 7.2 [153]. When the damage distribu-
tion of this earthquake is analyzed, a uniform distribution is noticed around the
Karliova segment as it is presented in Figure 5.12. Therefore, 1866 earthquake
has only been associated with Karliova segment.

e 1971 Bingol Earthquake
According to information gotten by Barka and Kadinsky - Cade [71] and Seymen
and Aydin [155], it can be inferred that this earthquake with a magnitude Ms
6.8 [11] ruptured only Ilica segment. This is sensible when the characteristic

magnitude of Thca segment (Mw 6.84) is considered.
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Figure 5.12. The damage distribution of 1866 earthquake [10]

1789 Earthquake

This earthquake with a magnitude Ms>7 [11] is associated with Palu 1 segment,
which is nearly compatible with the characteristic magnitude of Palu 1 segment
(Mw 7).

995 Earthquake

It is assumed that this earthquake, whose magnitude is given by Ambraseys and
Jackson [152] in the range of Ms 7-7.8, is the last major earthquake to rupture
Piitiirge 1 and 2 segments together, corresponding “Piitiirge” combined rupture
scenario.

1874 Earthquake

Ambraseys [11] has suggested that the surface-wave magnitude of this earthquake
is greater than 7.1. In this study, it is accepted that 1874 earthquake is the last
characteristic one that ruptured Palu 2 segment.

2020 Elazig Earthquake

This earthquake with a magnitude Mw 6.75 ruptured Piitlirge 1 segment [148].
1905 Earthquake

By means of information gained from Nalbant et al. [153], it can be said that

1905 Malatya earthquake with Ms 6.8 ruptured Piitiirge 2 segment. The felt area
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of this earthquake, shown in Figure 5.13, also rationalizes this assumption.
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Figure 5.13. Felt area of 1905 earthquake [11]

e 1893 Earthquake

When the felt area, seen in Figure 5.14, and epicenter location of this earthquake
with a magnitude Ms>7.1 is considered, it can be inferred that this earthquake

is the last major earthquake to rupture Erkenek segment.

e 1513 Earthquake

According to Karabacak et al. [93] and Aktug et al. [156], this earthquake with
a magnitude Ms>7.4 [11] is the last characteristic one that was occurred on

Pazarcik segment. Therefore, there is a seismic gap on this segment.

e 1822 Earthquake

While Ambraseys [11] has asserted that the magnitude of this earthquake is
Ms>7.4, Karaki [157] has proposed the magnitude of Ml 7.1. Akyiiz et al. [108]
have stated this event took place in the Karasu valley. Therefore, it is accepted

that 1822 earthquake is the last characteristic event of Amanos segment.

e 1872 Earthquake

Based on the paleoseismic research done by Akyiiz et al. [108], only the segment
named Hacipaga 1 within the framework of this study was ruptured during 1872

Lake Amik earthquake with Ms 7.2 [11].
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Figure 5.14. Felt area of 1893 earthquake [11]

e 1408 Earthquake
There is no detailed information on this historical major event in literature as
in the case of 1513 earthquake. The epicenter location is taken from Ambraseys
and Jackson [152]. The magnitude of this event has been proposed as Ms 7.2 by
Khair et al. [158]. Akyiiz et al. [108] have declared that this is the last character-
istic event that ruptured Hacipasa 1 and 2 segments as a whole, corresponding
“Hacipasa” combined rupture in our model. Hence, there has been a tremendous
amount of seismic gap especially on Hacipaga 2 segment since 1408 because the

other segment was ruptured during 1872 major earthquake.

5.6.2. Time — Dependent Annual Rate of Occurrences of the NAF and EAF

For the determination of time — dependent annual rate of occurrences, the con-
ditional probabilities of each rupture scenario are computed. These probabilities are
called conditional because they depend on the time elapsed since the last characteris-
tic earthquake. Both the lognormal and BPT probability density functions have been
used to calculate conditional probabilities. However, only results of the BPT model

are adopted in the seismic hazard calculations. The rationale on which this decision is
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based has been explained in minor details in chapter 4.

The mean earthquake recurrence interval (1) and CoV or aperiodicity («/), iden-
tifying renewal models, can be approximated in a variety of methods depending on
the information provided. In case of the presence of a substantial amount of data
regarding historical past event dates, for model calibration, the adjusted maximum
likelihood estimation (MLE) method can be employed. In the other case, the principle
of the conservation of total seismic moment rate accumulated on segments is applied
to calibrate the mean recurrence interval of the renewal recurrence model, which re-
quires the use of a set of values generally preferred such as 0.3, 0.5, and 0.7 for the
CoV [8,123]. Hence, aperiodicity («) and/or the coefficient of variation (CoV) are
chosen 0.5 in the calculation of conditional probabilities because this value reflects the

moderate periodic behavior of the NAF and EAF.

The 50 year conditional probabilities obtained are translated to Poissonian ones

by using following formula [7]:

(5.3)

In Table 5.16 and 5.17, the calculation results of the conditional probabilities and
corresponding annual rate of occurrences are listed for the each rupture scenario of
NAF and EAF, respectively. The results of the time — independent model are also
provided to make a comparison between time — dependent and independent models

possible.
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Table 5.16. Conditional probabilities for the rupture scenarios of the NAF.

Lognormal BPT TI
Scenarios theLast | A Pona A A | P
Char. Eq. | (yr)

1784 EQ Rupture 1784 330 | 0.22934 | 0.00521 | 0.22790 | 0.00517 | 0.0030 | 0.1406
Elmali 1949 630 | 0.00063 | 0.00001 | 0.00023 | 0.00000 | 0.0016 | 0.0764

1939 EQ Rupture 1939 490 | 0.00559 | 0.00011 | 0.00411 | 0.00008 | 0.0020 | 0.0970
1942 EQ Rupture 1942 160 | 0.34830 | 0.00856 | 0.35263 | 0.00870 | 0.0063 | 0.2684
1943 EQ Rupture 1943 470 | 0.00600 | 0.00012 | 0.00447 | 0.00009 | 0.0021 | 0.1010
1944 EQ Rupture 1944 480 | 0.00506 | 0.00010 | 0.00361 | 0.00007 | 0.0021 | 0.0988
Ezinepazar 1939 1080 | 0.000014 | 0.00000 | 0.0000006 | 0.00000 | 0.0009 | 0.0454

Table 5.17. Conditional probabilities for the rupture scenarios of the EAF.

Lognormal BPT TI

Scenarios The Last P.ona A Peona A A Poona
Char. Eq. | (yr)

Karliova 1866 150 | 0.51438 | 0.01445 | 0.50401 | 0.01402 | 0.0067 | 0.2836
Ilca 1971 150 | 0.25884 | 0.00599 | 0.26718 | 0.00622 | 0.0067 | 0.2836
Palu 1 1789 230 | 0.36929 | 0.00922 | 0.36069 | 0.00895 | 0.0044 | 0.1955
Palu 2 1874 220 | 0.31922 | 0.00769 | 0.31779 | 0.00765 | 0.0046 | 0.2035
Piitiirge 1 2020 330 | 0.00012 | 0.00000 | 0.00002 | 0.00000 | 0.0030 | 0.1406
Piitiirge 2 1905 330 | 0.09120 | 0.00191 | 0.09578 | 0.00201 | 0.0030 | 0.1406
Piitiirge 995 510 | 0.20025 | 0.00447 | 0.20238 | 0.00452 | 0.0020 | 0.0934
Erkenek 1893 320 | 0.11990 | 0.00255 | 0.12561 | 0.00268 | 0.0031 | 0.1449
Pazarcik 1513 340 | 0.28335 | 0.00666 | 0.27915 | 0.00655 | 0.0029 | 0.1367
Amanos 1822 420 | 0.11367 | 0.00241 | 0.11827 | 0.00252 | 0.0024 | 0.1122
Hacipasa 1 1872 500 | 0.03424 | 0.00070 | 0.03506 | 0.00071 | 0.0020 | 0.0952
Hacipasa 2 1408 710 | 0.12678 | 0.00271 | 0.12444 | 0.00266 | 0.0014 | 0.0681
Hacipasa 1408 970 | 0.07339 | 0.00152 | 0.07474 | 0.00155 | 0.0010 | 0.0502
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5.7. Background Smoothed-Seismicity

The study which was undertaken by Kafka [159] concluded that seismic hazard
assessment for -probably- almost all intraplate regions is based on seismicity in order
to estimate locations of future major earthquakes. In this sense, as it is done simi-
larly in the research conducted by Demircioglu et al. [28], historical and instrumental
seismicity have been used to depict the earthquake pattern of the fault zones and de-
termine the small magnitude events happening around the faults. Eventually, in the
implementation of background smoothed seismicity, individual sources are considered
as point sources, each one of which is described through depth distribution, style of
faulting, b value (i.e., recurrence parameters), and lower and upper limit of magnitude.
Other than recurrence rates, all characteristics of point sources are the same with cor-
responding area sources, which are produced by Sesetyan et al. [64]. b value for each

point source is assumed to be equal to the b value of the surrounding fault zones.

In addition to the earthquakes whose epicenters do not fall within the buffer zones
of the NAF and EAF, earthquakes with Mw<6 inside the buffer zones form background
seismicity (i.e., it is assumed that events with Mw>6 within the buffer zones happened
exactly on the fault sources). Earthquakes that do not meet these magnitude and
epicenter criteria are excluded from the catalogue during the calculation of background
activity rates. The lower limit for the magnitude of these events, on the other hand,
is 4.3. These events are taken into consideration as gridded point sources, created
0.1° x 0.1° intervals, with activity rates calculated using Frankel’s smoothed seismicity
approach [67]. This approach is based on the premise that future earthquakes will

happen in the region where previous earthquakes occurred.
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6. SEISMIC HAZARD CALCULATIONS

Sucuoglu and Akkar have noted that ground-motion prediction models guess the
ground-motion intensity parameters (e.g., PGA, PGV, and SA) at a specific site by
considering the source, path and site effects. These effects are essentially characterized
by independent variables such as magnitude (M), source-to-site distance (R), site class
(SC) and style-of-faulting (SoF) [160]. In order to carry out a realistic PSHA, the
choice of the most suitable GMM for the studied region is a critical stage [28].Akkar
et al. [3] have concluded that Akkar et al. [62], Chiou and Youngs [53], Akkar and
Cagnan [54], and Zhao et al. [51] can be used to conduct a PSHA for shallow active
crustal regions including Turkey. On the other hand, Zhao et al. [51], Atkinson and
Boore [58], Youngs et al. [57] and Lin and Lee [59] exemplify GMMs that can be used
for subduction regions. The aim of the present work being the evaluation of the effects
of different earthquake recurrence models, a single GMM for each tectonic region was
selected for the modeling of the ground motion. As Chiou and Youngs [161] is the
updated version of Chiou and Youngs [53] model and is one of the most widely used
models for active shallow regions, it has been our preferred model for such regions while
Zhao et al. [51] was adopted for subduction regions. Here it should be noted that only
the Cyprean Arc is included as a subduction zone for sake of completeness of the final

hazard model.

PSHA is performed for 10% and 2% probabilities of exceedance rates in the next
50 years by using OpenQuake Software [29]. During the calculations, Vs30 value has
been considered to be equal to 760 m/s. Analyses have been carried out at every 5 km
in the studied region, the results of which have been used to show GMIM distributions
within the buffer zone of the faults. On the other hand, 13 sites along the faults, seen
in Figure 6.1., have been selected to show and compare the results in terms of PGA
and 5% damped SA at T = 0.2 s and T = 1.0 s for the return periods of 475 and 2475

years.
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Figure 6.1. Selected points on the NAF and EAF for the computation of PSHA
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7. RESULTS AND DISCUSSION

Although the primary objective of this research is to develop a strong hybrid
earthquake recurrence relationship for the NAF and EAF, three other earthquake oc-
currence models have also been built in order to make some comparisons and to put
the hybrid model on a rational basis. The models with hazard curves below exclude
background smoothed seismicity and surrounding faults because first of all, make sure

that the NAF and EAF are modeled properly.

7.1. Hazard Curves of Different Recurrence Models

From Site 1 to Site 13, mean hazard curves of various occurrence models, all of

which are being Poissonian, have been presented in Figure 7.1 and 7.2.
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Figure 7.1. Mean hazard curves of different earthquake occurrence models for the site

1,2, 3, and 4
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Figure 7.2. Mean hazard curves obtained from different earthquake occurrence

models for the site 5, 6, 7, 8, 9, 10, 11, 12, and 13
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If all seismic moment accumulated along a fault segment is released by only
characteristic earthquakes, it can be claimed that the fault behaves completely char-
acteristicly. By assigning all slip rate of faults to only individual rupture scenarios,
the “Fully Characteristic” model in these graphs is obtained. Since the model gives
unrelastic results (e.g., an earthquake with Mw~7 occurs on average every 60-70 years
along the NAF), this model has been abandoned. However, the hazard curves of the

“Fully Characteristic” model make some inferences possible.

When the total slip rate of a fault segment is split between the exponential
tail and the individual rupture scenario of the fault by 6% and 94%, respectively,
“6% Exp. 94% Charac.” model is achieved. On the other hand, “Y&C Composite”
one, corresponding classical Youngs and Coppersmith composite earthquake recurrence
model [25], is obtained automatically by means of OpenQuake software. The “Hybrid”

model in the graphs represents the hybrid occurrence model developed in this study.

As seen in the graphs above, the difference between the hazard curves of “6%
Exp. 94% Charac.” and “Y&C Composite” models can be neglected. This means that
manually allocating 6% of the slip rate to the exponential part of the hybrid model

will not lead to erroneous results.

Compared to the EAF, the NAF is more susceptible to the fully characteristic
fault source modeling. The results of the “Fully Characteristic” model are more dom-
inant along the NAF. This is because earthquake recurrence intervals of the NAF’s
segments are smaller especially for the western side. In other words, as the slip rate of
the faults decreases, the results of the “Fully Characteristic” model converge to those

obtained from the other models.

While the hybrid recurrence model gives the smallest results along the NAF, the
discrepancy between results of the hybrid model and the others becomes negligible on
the EAF. The reason for this case is that the hybrid model is the only one involving
the possibility of occurring combined rupture, and the NAF is much richer in terms of

the variety of combined rupture scenarios compared to the EAF.
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Regardless of the model, annual rates of exceedance ground motion levels are

lower on the EAF because annual seismic moment accumulated along the EAF is less

than that stored along the NAF. Moreover, the difference between the results of the

recurrence models disappears at larger PGAs.

7.2. Hazard Curves of the Hybrid Model and Its Components

Here, the hazard contribution of the exponential tail and combined - characteristic

part of the hybrid model will be discussed separately. The relation between the hybrid

model and its components in terms of the hazard contribution are presented for each

site in the figure 7.2.1.
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Figure 7.3. Mean hazard curves obtained from the hybrid earthquake occurrence

model and the contribution of the different components for the site 1, 2, 3, and 4
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Figure 7.4. Mean hazard curves obtained from the hybrid earthquake occurrence
model and the contribution of the different components for the site 5, 6, 7, 8, 9, 10,
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In the graphs, while the exponential tail of the hybrid model is named “Exp.

Part”, combined - characteristic portion is called “Combined-Charac. Part”.

It has been observed that the hazard contribution of the exponential tail is small-
est at all sites. On the other hand, the difference between exponential tail and combined
- characteristic part in terms of the hazard contribution becomes minimum on the EAF
especially for the southern section of it. This is also because of the amount of slip rate.
As it decreases, the hazard contribution of the combined characteristic part is decaying,
and thus, the relative contribution of exponential tail becomes dominant. It should
also be pointed out although only 6% of the total seismic moment is allocated to the

exponential tail, the hazard contribution of it cannot be disregarded for all sites.

For greater PGA values, the results of the hybrid model are almost equal to the
results of the combined - characteristic part, which implies the combined - characteristic

part of the hybrid model governs the overall hazard for larger PGAs.

7.3. GMIMs and Elastic Design Spectra for the Selected Sites

After concluding that the hybrid earthquake occurrence model of the NAF and
EAF produces logical results to represent the intrinsic behavior of these faults, infor-
mation of surrounding (i.e., secondary) faults and background smoothed seismicity are
added to the hybrid model. Thus, the results of the hybrid model become comparable
to the results of the fully exponential recurrence model developed for the same faults
by Demircioglu et al. [28]. The results are given in Table 7.1, 7.2, and 7.3 in terms of
PGA and SA at T=0.2 and 1.0 s for the return periods of 475 and 2475 years.

Elastic design spectra for the all sites are also presented to give civil engineers
insight into the effect of different modeling types on seismic hazard. Thus, the infor-
mation given in the following tables will have a more practical meaning. Equation 2.2
and 2.3 in Turkish Earthquake Building Code (2018) have been used to plot the elastic
design spectra. These spectra are drawn for the return periods of 475 and 2475 years

and shown in Figure 7.5 to 7.17.



Table 7.1. Comparison of the results in terms of PGA.
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Fully Exponential Model

Hybrid Model (Poissonian)

Hybrid Model (Renewal)

S pGa®w) | PGA®) | PGA®) | PGA®) | PGA® | PGA()
(RP=475 yr) | (RP=2475 yr) | (RP=475 yr) | (RP=2475 yr) | (RP=475yr) | (RP=2475 yr)
1 1.04 1.66 0.90 1.38 0.85 1.31
2 1.08 1.73 0.90 1.48 0.83 1.37
3 1.04 1.71 0.93 1.51 0.86 1.41
4 1.03 1.66 0.59 1.00 0.54 0.91
5 1.02 1.66 0.73 1.16 0.67 1.09
6 1.29 2.04 0.84 1.41 0.91 1.50
7 1.13 1.74 0.97 1.47 1.06 1.57
8 0.92 1.52 0.55 0.93 0.62 1.03
9 1.02 1.66 0.71 1.18 0.71 1.21
10 0.82 1.39 0.56 0.94 0.55 0.91
11 0.73 1.28 0.52 1.06 0.76 1.32
12 0.83 1.47 0.48 1.00 0.49 1.01
13 0.40 0.77 0.49 0.86 0.55 0.98

Table 7.2. Comparison of the results in terms of SA for RP=475 years.

Fully Exponential Model

Hybrid Model (Poissonian)

Hybrid Model (Renewal)

e A ) SA(g) SA(g) SA(g) SA(g) SA(g)
(T=0.2 s) (T=1.0 s) (T=0.2 s) (T=1.0s) (T=0.2 s) (T=1.0 s)

1 2.559 0.722 2.34 0.79 2.22 0.73
2 2.659 0.769 2.32 0.82 2.13 0.73
3 2.524 0.726 2.39 0.84 2.21 0.75
4 2.521 0.737 1.53 0.50 1.35 0.43
5 2.466 0.724 1.89 0.62 1.73 0.55
6 3.191 0.905 2.16 0.76 2.33 0.84
7 2.842 0.755 2.56 0.86 2.87 0.98
8 2.259 0.605 1.41 0.40 1.61 0.50
9 2.469 0.670 1.82 0.58 1.82 0.59
10 1.995 0.528 1.44 0.42 1.40 0.41
11 1.734 0.463 1.28 0.41 1.91 0.66
12 1.983 0.544 1.15 0.35 1.18 0.37
13 0.945 0.252 1.25 0.37 1.41 0.44
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Table 7.3. Comparison of the results in terms of SA for RP=2475 years.

8 Fully Exponential Model | Hybrid Model (Poissonian) | Hybrid Model (Renewal)
1 s SA(g) SA(g) SA(g) SA(g) SA(g)
(T=0.2s) | (T=1.0s) | (T=0.2s)| (T=1.0s) | (T=0.25s)| (T=1.05s)
1 4.273 1.254 3.86 1.35 3.68 1.25
2 4.441 1.340 4.05 1.52 3.77 1.35
3 4.332 1.320 4.15 1.53 3.89 1.36
4 4.233 1.287 2.66 0.95 243 0.84
) 4.207 1.324 3.22 1.13 3.01 1.02
6 5.168 1.561 3.87 1.45 4.11 1.57
7 4.497 1.249 4.11 1.46 4.45 1.60
8 3.830 1.076 2.49 0.81 2.78 0.94
9 4.188 1.204 3.24 1.14 3.32 1.20
10 3.488 0.963 2.50 0.82 2.44 0.79
11 3.214 0.901 2.80 1.02 3.60 1.35
12 3.648 1.073 2.57 0.93 2.61 0.95
13 1.863 0.478 2.29 0.77 2.59 0.90
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Figure 7.5. Elastic design spectra for Site 1 for the return periods of 475 (left) and

2475 (right) years
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Figure 7.6. Elastic design spectra for Site 2 for the return periods of 475 (left) and
2475 (right) years
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Figure 7.7. Elastic design spectra for Site 3 for the return periods of 475 (left) and
2475 (right) years
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Figure 7.8. Elastic design spectra for Site 4 for the return periods of 475 (left) and
2475 (right) years
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Figure 7.9. Elastic design spectra for Site 5 for the return periods of 475 (left) and
2475 (right) years
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Figure 7.10. Elastic design spectra for Site 6 for the return periods of 475 (left) and
2475 (right) years
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Figure 7.11. Elastic design spectra for Site 7 for the return periods of 475 (left) and
2475 (right) years
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Figure 7.12. Elastic design spectra for Site 8 for the return periods of 475 (left) and
2475 (right) years
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Figure 7.13. Elastic design spectra for Site 9 for the return periods of 475 (left) and
2475 (right) years
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Figure 7.14. Elastic design spectra for Site 10 for the return periods of 475 (left) and
2475 (right) years
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Figure 7.15. Elastic design spectra for Site 11 for the return periods of 475 (left) and
2475 (right) years
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Figure 7.16. Elastic design spectra for Site 12 for the return periods of 475 (left) and
2475 (right) years
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Figure 7.17. Elastic design spectra for Site 13 for the return periods of 475 (left) and
2475 (right) years

Discussion will be made over the fault zones and segments where the sites are
located. Thus, the sites 1, 2,3,4,5, and 6 represent the NAF while the others —except
for 7- symbolize the EAF. The Site 7 is under the effect of both fault zones. In addition,

the inferences that will be drawn are valid for the two return periods.
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First of all, looking at the results of the Poissonian and renewal hybrid mod-
els along the NAF| it is seen that the GMIMs are the lowest on the site 4 (Resadiye
segment) and they increase towards the point 7. Among the NAF’s segments cor-
responding to the selected sites, the ones with the lowest annual rate of earthquake
occurrences are Yedisu and Resadiye, respectively. While the EAF can contribute the
hazard on the site 6 (Yedisu segment), its effect on the site 4 becomes to be neglected.

Therefore, the minimum seismic hazard is observed on the point 4 along the NAF.

When the fully exponential model and Poissonian hybrid model are compared
in terms of PGA, Poissonian hybrid model gives smaller results. The site 13 is the
exception to this situation. On this site, PGA values originated in the Poissonian

hybrid model are higher.

SA at T= 1 s values obtained from the fully exponential model do not always
higher than those obtained from Poissonian hybrid model. They do not follow the same
trend with PGA and SA at T=0.2 s. That is, the results of the fully exponential model
converge to the results of Poissonian hybrid model for SA values at higher natural

periods.

The comparison between the Poissonian and Renewal hybrid models leads us to

the following conclusions:

e Other than site 6, corresponding Yedisu segment, the renewal model produces
smaller results along the NAF because there is a seismic gap on the Yedisu seg-
ment and the NAF discharged its accumulated strain energy in the 20th century
by characteristic earthquakes.

e For the Karliova triple junction, represented by the site 7, the time - dependent
model yields higher PGA and SA.

e Although it is stated in the literature that there is a slip deficit on the Erkenek
segment (Site 10), the renewal model does not produce higher results. Contrarily,

the time - independent model produces greater GMIMs.
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e For site 8, 11, 12, and 13, the renewal model yields higher results. This is an an-
ticipated outcome since there are seismic gaps on the Pazarcik (Site 11), Amanos
(Site 12) and Hacipaga segments (Site 13). The sharp difference is on the site
11 because the last characteristic earthquake on that segment was occurred in
1513. On the other hand, the difference between the results of both model can be
neglected for the site 12. In other words, the slip deficit on the Amanos segment
do not control the seismic hazard.

e In all cases, the two models give approximately same results at the site 9. Due to
the fact that Piitiirge 2 segment released its accumulated strain energy during the
2020 Elazig earthquake, the renewal hybrid model does not yield greater GMIMs
at site 9.

As fully exponential model gives overestimated results compared to the Poisso-
nian hybrid model, it can be asserted that the fully exponential model is safe for all
cases —except for SA values at T=1 s-. However, when the results of the time - de-
pendent model is compared with those obtained from the fully exponential one, it is
observed that for site 7, 11, and 13, the fully exponential model yields smaller spectral
accelerations. Therefore, even fully exponential model may not produce safe results if
there is a large quantity of slip deficit on a fault segment. It is a pragmatic approach

to construct time - dependent seismic hazard models for such faults.

7.4. Ground Motion Distributions within the Buffer Zone

Time — independent and time — dependent seismic hazard maps are produced for
the buffer zone of the faults. Analyses are performed based on 10% and 2% probabilities
of exceedance in 50 years for each modeling type. Finally, a comparison between the

results of the two model is drawn for each recurrence period.

For return periods of 475 and 2475 years, the distributions of mean GMIMs in
the region are illustrated as time — independent seismic hazard maps in Figure 7.18 to
7.23. Time — dependent ones, on the other hand, are shown in Figure 7.24 to 7.29 for

the same recurrence periods.
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The ratios between the results of the Poissonian and renewal models are also
presented as maps in Figure 7.30 to 7.35 for the return periods of 475 and 2475 years.

With respect to the magnitude of this ratio, the results are colored from blue to red in

these maps.
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Figure 7.18. PGA distribution for RP = 475 years within the buffer zone (Time —
Independent)
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Figure 7.19. PGA distribution for RP = 2475 years within the buffer zone (Time —
Independent)
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Figure 7.20. SA at T=0.2 s distribution for RP = 475 years within the buffer zone
(Time — Independent)
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Figure 7.21. SA at T=0.2 s distribution for RP = 2475 years within the buffer zone
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Figure 7.22. SA at T=1 s distribution for RP = 475 years within the buffer zone

(Time — Independent)
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Figure 7.23. SA at T=1 s distribution for RP = 2475 years within the buffer zone
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Figure 7.24. PGA distribution for RP = 475 years within the buffer zone (Time —
Dependent)
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Figure 7.25. PGA distribution for RP = 2475 years within the buffer zone (Time —
Dependent)
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Figure 7.26. SA at T=0.2 s distribution for RP = 475 years within the buffer zone
(Time — Dependent)



94

Time - Dependent
SA(g) at T=0.2 s for 2% prob. of exceed

e
[l

225

-

110% = +

Figure 7.27. SA at T=0.2 s distribution for RP = 2475 years within the buffer zone
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Figure 7.28. SA at T=1 s distribution for RP = 475 years within the buffer zone

(Time — Dependent)
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Figure 7.29. SA at T=1 s distribution for RP = 2475 years within the buffer zone
(Time — Dependent)
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Figure 7.30. The PGA ratios between the Renewal and Poissonian Hybrid Models for
RP = 475 years within the buffer zone
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Figure 7.31. The PGA ratios between the Renewal and Poissonian Hybrid Models for
RP = 2475 years within the buffer zone
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Figure 7.32. The SA at T=0.2 s ratios between the Renewal and Poissonian Hybrid
Models for RP = 475 years within the buffer zone
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Figure 7.33. The SA at T=0.2 s ratios between the Renewal and Poissonian Hybrid
Models for RP = 2475 years within the buffer zone
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Figure 7.34. The SA at T=1 s ratios between the Renewal and Poissonian Hybrid
Models for RP = 475 years within the buffer zone

10% = +



98

Time-Dependent/Time-Independent
SAatT=1 s ratios for 2% prob. of exceed

[ e
[ rom
[ [EES

10% = +

Figure 7.35. The SA at T=1 s ratios between the Renewal and Poissonian Hybrid
Models for RP = 2475 years within the buffer zone

The following results are obtained from the comparison of the GMIM distributions

of the time - dependent and independent models.

e The difference between the results of both models is greater for 10% probability
of exceedance in 50 years. That is, the results of the time — dependent model
converge to those of time — independent one as the return period increases.

e For both probabilities of exceedance, the renewal model yields smaller results
along the NAF. Yedisu and Kargapazar: segments are exceptions to this case.
The slip deficits on these segments cause higher hazard around eastern part of the
NAF. Moreover, although Niksar & Erbaa segments discharged their accumulated
seismic energy in the recent past, the hazard obtained from the renewal model is
also higher around these segments.

e The time — dependent model generally gives greater results throughout the EAFZ.
Around the Karliova, Palu 1, Palu 2, Pazarcik, and Hacipaga 2 segments, the

places where the renewal model produces higher results can be easily noticed.
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Along the EAF, the time — dependent seismic hazard hits peak on the Pazarcik
segment and surrounding region. On the other hand, the difference between
the GMIMs produced by both models is subtle on the Ilica, Piitiirge 1, Erkenek,
Amanos and Hacipasa 1 segments, which means the Poissonian model is adequate
to depict seismic hazard around these sections of the EAF.

If the time — dependent model is considered as more realistic or accurate, the
time — independent model produces overestimated GMIMs for most of the NAFZ.
Contrarily, it usually yields underestimated results along the EAFZ.



100

8. CONCLUSIONS

This thesis, which presents a hybrid-characteristic fault source modeling of the
NAF and EAF, creates the opportunity to judge whether fully exponential earthquake
occurrence model of the NAF and EAF yields overestimated results or not. Because
characteristic fault source modeling is based on Reid’s theory [115] (i.e., a physically-
motivated fault source modeling type), the hybrid recurrence model, developed within
the scope of this study, is the basis for this evaluation. A major advantage of this
type of modelling is that it also forms the basis for a time - dependent seismic hazard
model. Thus, the first time — dependent seismic hazard model for the NAF and EAF
is built and the effect of slip deficits along these faults on the seismic hazard has been

examined.

Analyses are made for 10% and 2% probabilities of exceedance in the next 50
years. The results of the seismic hazard calculations are presented in the form of the
mean PGA and 5% damped mean SA at T = 0.2 and 1 s. In order to assess results,
13 specific locations are selected throughout the faults and GMIMs on those sites are
compared. Furthermore, the distributions of GMIMs are shown as seismic hazard
maps, which make it possible to assess hazard level at locations other than the selected
points. When all the analyses’ results are evaluated, the following conclusions can be

drawn:

e The fully exponential fault source model of the NAF and EAF, developed by
Demircioglu et al. [28], yields overestimated GMIMs compared to the time —
independent hybrid characteristic earthquake recurrence model, built in this the-
sis. On the other hand, the difference between two models decreases with higher
return periods and natural periods.

e Since the NAF mostly released its accumulated seismic energy in the 20th century,
the renewal hybrid model produces smaller GMIMs compared to the Poissonian
one. Nonetheless, around the Niksar & Erbaa segments, the time — dependent

model slightly gives higher GMIMs contrary to expectation.
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e The slip deficit on the Yedisu & Kargapazar: segments causes the time — de-
pendent model to produce higher seismic hazard than that of Poissonian hybrid
model.

e Along the EAF, the renewal hybrid model generally yields greater hazard com-
pared to the Poissonian one. However, this case is reversed around the Erkenek
and Hacipaga 1 segments. This is an unexpected outcome because these sections
of the EAF accommodate seismic gaps.

e Around the Palu 2, Pazarcik and Hacipasa 2 segments, which involve seismic
gaps, the seismic hazard based on the time — dependent hybrid model is higher
than that of the time — independent model. When the GMIM values produced by
the renewal model are divided by those obtained from Poissonian one, the ratio
of SA at T=1 s for the recurrence period of 475 years reaches 1.66 around the
Pazarcik segment.

e Despite the fact that there is a slip deficit on the Amanos segment, both time —
dependent and independent hybrid model give approximately the same results.

e Although Piitiirge 1 segment discharged its accumulated strain energy during
the 2020 Elazig earthquake, the GMIM values obtained by two hybrid model are
almost identical. The renewal model does not yield considerably lower GMIMs
compared to the Poissonian model.

e The renewal model yields greater seismic hazard than Poissonian model around
the Karliova and Palu 1 segments.

e In the vicinity of the Pitiirge 2 and Ilica segments, both hybrid models give
almost the same GMIMs.

e Asis shown in the elastic design spectra, the time — dependent hybrid model yields
highest spectral accelerations around the Karliova triple junction, Pazarcik and
Hacipasa 2 segments. Since the latest Turkish Seismic Hazard Map combines the
results of area source model [64] and fault source model [28] with equal weights,
it should be indicated that design spectral acceleration values taken from AFAD
are considerably lower than those given in this study. This should be a point of

consideration especially for the design of important structures in the region.
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e The overestimated results of the fully exponential earthquake recurrence model
with respect to both hybrid models can be adopted to design safe structures. In
other words, the results of the fully exponential model do not lead to the design of
structures that cannot resist earthquakes. However, in cases where the slip deficit
on a fault segment is large, the results of the time - dependent hybrid model may
exceed the results of the exponential model (e.g., around the Hacipaga 2 and
Pazarcik segments). Therefore, the time — dependent seismic hazard models of
such faults should be developed in the construction procedure of special structures

(e.g., nuclear power plants) so as to account for the worst case.

Issues that are beyond the scope of this study and that need to be investigated

are as follows:

e Since the fully exponential model of the NAF and EAF yields mostly overesti-
mated results compared to the Poissonian and renewal hybrid models, the finan-
cial effect of its results on the structural design should be evaluated.

e The comparison between the results of Poissonian and renewal models shows
that the time — independent one yields overestimated GMIMs along most of the
NAF. The economic impact of this situation on structural design should also be
explored.

o [f there is a substantial slip deficit on a fault segment, this situation may adversely
affect the target performance level of structures located in the vicinity of that
fault. Therefore, in locations where the renewal hybrid model gives greater seismic
hazard than that of Poissonian model, performance based design should be done
for such structures in order to estimate the effect of the higher seismic hazard on
structural safety.

e Uncertainties are not considered within the present study. Slip rates along the
fault segments are one of the primary factors affecting the earthquake produc-
tivity. The fault database of Emre et al. [14], which has been used as the basis
of fault parametrization, provides very small uncertainty for the slip rates along

the NAF and EAF. However, based on different studies, larger uncertainties may



103

be associated with the slip rates along the segments of these two fault zones,
especially if differences between geologic and geodetic estimations are considered.
These issues may further be explored. Another uncertainty, especially for the
EAF, is the association of historical earthquakes with the different segments of
the fault. As new data and studies permitting, alternative models can be devel-
oped.

20th century ruptures occupy central role to draw combined rupture scenarios
for the NAF. As for the EAF, the scenarios are determined more arbitrarily. For
both fault zones, different combined - rupture scenarios can also be taken into
account to account for the epistemic uncertainties regarding the multi-segment
rupture configurations.

So as to characterize the moderate periodic behavior of the NAF and EAF, CoV
is chosen 0.5. Analyses can be performed by using a set of CoV values (e.g., 0.3,
0.5, 0.7), which considers the possibility of faults to behave more periodically or

aperiodically.
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