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ABSTRACT

EARTHQUAKE POTENTIAL OF THE EAST ANATOLIAN
FAULT

This study aims to forecast magnitude of future strong (6.0< M <7.0) and major
(7.0< M <8.0) earthquakes along the East Anatolian Fault Zone (EAFZ hereafter),
which is a seismically active plate boundary between Arabian and Anatolian plates. In
this context, we investigated segmentation of the EAFZ reviewing previous studies on
structural variation zone and historical earthquakes. We analysed the combined GPS
velocity field to obtain back-slips using steepest descent/gradient inversion method.
The method projects GPS-derived back-slip rates onto the fault plane using Okada’s
quasi-infinite space model simulating elastic Green’s functions to obtain on-fault slip
deficit rates. Resulting slip deficit rates are used to estimate present-day slip budgets
on each fault segment. We also analysed along-fault b-value distribution to verify if
it can be used to differentiate between locked and creeping patches. Our results show
that the EAFZ currently have a 1.51 m average slip. We suggest that the EAFZ is split
into eight fault segments generating strong/major earthquakes. The January 24, 2020
Elazig earthquake (M 6.8) ruptured the Sivrice-Piitiirge segment verifying our segmen-
tation model and magnitude forecasts for future earthquakes. We found no slip deficit
accumulation observed on the Hacilar segment. Remaining six segments are able to
generate three strong, three major earthquakes. Currently Karliova, Kaletnii-Beyhan,
Palu-Sivrice, Tastepe, Celikhan-Erkenek, Golbagi-Pazarcik segments can currently gen-
erate M 7.0, M 6.9, M 7.1, M 6.8, M 6.9, M 7.4 earthquakes, respectively. Karliova,
Palu-Sivrice, Tastepe, Golbagi-Pazarcik segments currently have the potential to gener-
ate previous strong/major earthquakes they hosted. We observed a reverse correlation
between slip deficit rates and b-values verifying that b-value can be used to discriminate

locked and creeping fault segments.



OZET

DOGU ANADOLU FAYI DEPREM POTANSIYELI

Bu caligmanin amaci, Arap ve Anadolu plakalari arasinda sismik bir plaka sinir1
olan Dogu Anadolu Fay1 (DAF) boyunca gergeklegebilecek olan orta (6.0< M <7.0)
ve biiyiik (7.0< M <8.0) deprem potansiyellerini hesaplamaktir. Bu dogrultuda DAF
yapisal 6zellikleri ve tarihsel depremleri iizerine yapilan onceki galigmalardan faydala-
narak segment yapisi incelendi. Green iglevleri simiilasyonu ile Okadanin yar1 sonsuz
uzay modelini kullanarak GPS’den tiiretilen back-slip oranlarini fay diizlemine kayma
eksikligi olarak yansitan ”Steepest descent/gradient inversion” metodu kullamlarak
back-slip degerlerini elde etmek igin birlegtirilmis GPS hiz alan1 analiz edildi. Elde
edilen kayma eksikligi oranlari, her fay segmenti icin giiniimiize kadar olan kayma
eksikligi birikmesini hesaplamak icin kullanilir. Ayrica, kilitli ve krip yapan parcalar
arasinda ayrim yapmak i¢in b-degeri dagiliminin kullanilip kullanilamayacagi fay boyun-
ca analiz edildi. Sonuglar DAF’in giintimiizde ortalama 1,51 metrelik bir kayma ek-
sikligine sahip oldugunu gostermektedir. Caligmaya gore DAF orta ve biiyiik depremler
olugturan sekiz fay segmentinden olugmaktadir. 24 Ocak 2020’de gerceklesen Elazig de-
premi (M 6.8) Sivrice-Piitlirge segmentini kirarak bu galigmadaki segment modelini ve
gelecek depremler igin biiytikliik varsayimini dogruladi. Hacilar segmentinde herhangi
bir kayma eksikligi birikimi gozlemlenmedi. Bahsedilen iki segment haricindeki alti
segmentin 1i¢ii orta, ii¢ii biiyiik deprem iiretme potansiyeline sahiptir. Giiniimiizde
Karhova, Kaleonii-Beyhan, Palu-Sivrice, Tastepe, Celikhan-Erkenek, Golbagi-Pazarcik
segmentleri sirasiyla M 7.0, M 6.9, M 7.1, M 6.8, M 6.9, M 7.4 depremleri iiretebilmekte-
dir. Karhova, Palu-Sivrice, Tagtepe ve Golbagi-Pazarcik segmentleri ise giintimiizde bir
onceki dongiide tirettikleri deprem potansiyeline sahiptir. Kayma eksikligi oranlar1 ve
b-degerleri arasinda, b-degerlerinin kilitli/krip yapan segmentleri ayirt edebilmek igin

kullanilabilecegini dogrulayan ters bir korelasyon gozlemlendi.
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1. INTRODUCTION

1.1. Anatolian Tectonics

Being one of seismically the most active regions, Turkey has been shaken by
many constructive earthquakes through the last century. The main reason of these
earthquakes is westward movement of the Anatolian plate. This movement has started
in the middle Miocene (~5 ma) with the northward convergent movement of African
plate. Arabian and Eurasian plates started to move convergently in the Late Cretaceous
(~90 ma) and the compression in between caused the Anatolian block to move westward
(Dewey and Sengor, 1979; Sengor and Yilmaz, 1981; Jackson and McKenzie, 1988;
Bozkurt, 2001; Cetin et al., 2003).

These plate movements play a major role in the seismic activity in Anatolia
(Cetin et al., 2003). Anatolian plate can be called Anatolian block since it is much
smaller and the movement of the block is different than surrounding plates. In the
East, the Arabian plate moves with a slip rate of 15 mm/y towards the North forming
a thrust belt. The African plate is moving towards northeast with a slip rate of 5
mm/y and developing a strike slip fault, namely Dead Sea Fault (DSF hereafter) as
a plate boundary with the Arabian Plate. Northward movement of the African plate
generated a subduction zone beneath the Anatolian plate, namely Cyprian and Hellenic

Arcs (Bozkurt, 2001; Delph et al., 2015).

As shown in Figure 1.1 the major empty arrows show relative movement of the
Anatolian block with respect to the stable Eurasian plate, which occurs with a rate
of 21 mm/y and westward in the East, with a rate of 33 mm/y towards southwest
near the Hellenic Arc in the West, representing a counter-clockwise movement with
respect to an Euler pole near Alexandria (Bozkurt, 2001; Delph et al., 2015). This
movement generates an extensional region in the western Anatolia, which is one of

the fastest extending and seismically active region in the Earth according to Bozkurt



Figure 1.1: The basic tectonic map of Turkey showing major tectonic structures

around the Anatolian block (Map was constructed by combining the data from
Bozkurt (2001) and Bird (2003).). (Major arrows shows the relative movement of the
plates, lines with half arrows show the strike slip fault boundaries, lines with triangles
indicate the thrust belts, lines with empty triangles indicate the subduction zones.
The bold lines with dashes indicate normal faulting. The dashed line with lines at

both sides shows the West Anatolian Extensional Province.).



(2001). Unlike in the extension in the west, in the East Anatolia Region accommodates

a compressional tectonic regime developed between Arabian and Eurasian plates.

The westward movement of Anatolian block occurs at a slip rate of 20-25 mm/y
(Reilinger et al., 1997; McClusky et al., 2000; Nalbant et al., 2002; Cetin et al., 2003).
There are two major faults representing the boundaries of the Anatolian block, that
namely the North Anatolian Fault (NAF hereafter) and the East Anatolian Fault
(EAF hereafter). In the north of Anatolian block, the NAF accommodates a dextral
movement at a slip rate of 25 mm/y. In the south, however, the EAF accommodates
a sinistral movement at a slip rate of 10 mm/y. The NAF extends for 1250 km from
Karhova junction in the east to the Aegean Sea in the west (Sengor, 1979). The EAFZ
extends for more than 500 km from the Karliova junction, where it conjugates the
NAFZ, and to Maras triple junction, where the fault joins the DSF and the Cyprian
Arc (Cetin et al., 2003; Bulut et al., 2012). In the last century, the NAF is seismically
more active than the EAF (Ambraseys, 1971).

1.2. East Anatolian Fault

The EAF is the second most active fault in Turkey, that operates in south-east
passing through several cities; Bingol, Elazig, Malatya, Adiyaman and Kahraman-
marag. The earthquake activity of Eastern Turkey from the earthquake catalogue
(between M 0.2 and M 7.1) of Kandilli Observatory and Earthquake Research Insti-
tute (KOERI hereafter) between years 1980 to 2018 is shown in Figure 1.2. The EAF
operated with a slip rate of 10 mm/y between the Karliova junction and the Marag
triple junction. Beyond the Maras junction in the southwest, has a slip rates ranging
between 0.7 and 4.5 mm/y (Aktug et al., 2016). In the last century the EAFZ did not
generate any large earthquake but historical earthquakes documents that it generated
large earthquakes in the past (e.g. November 29, 1114 M 7.8, March 28, 1513 M 7.4,
and March 2, 1893 M 7.1), and have the potential to generate large earthquakes in
future (Ambraseys, 1989; Ambraseys & Jackson, 1998).



The EAF has started to develop in late Pliocene ( 2-3 Ma) according to Saroglu
et al. (1992), Westaway and Arger (2001). The fault system was firstly mentioned by
Allen (1969). Its left lateral strike slip character and possible connection to the DSF
was firstly discovered by Arpat & Saroglu (1972).

... ‘Eurasi

"

.‘U‘

Figure 1.2: Seismicity of the Eastern Turkey. The data is from earthquake catalogue
(between M 0.2 and M 7.1) of Kandilli Observatory and Earthquake Research
Institute between years 1980 and 2018. Black dots are earthquakes; grey lines are
active fault lines from Emre et al. (2013); MTJ: Marag Triple Junction; KJ: Karhova

Junction.

There are several studies that describe the structure of the EAF and its seg-
mentation. The studies investigated segmentation according to segment trends and

geometries, their discontinuities and step overs, the surface ruptures and earthquakes



they accommodated. Arpat & Saroglu (1972) only mentioned eastern segments be-
tween Karliova and Hazar Lake. A later study by Saroglu et al. (1992) divided the
EAF between Karliova and Antakya to six segments while the same section has divided
to eleven segments by Herece (2008). Hempton et al. (1981) mentions five segments.
Barka & Kadinsky-Cade (1988) mentions fourteen segments. Finally, a recent study
by Duman & Emre (2013) suggests that there are seven segments on the main strand,
and nine segments on the Northern strand. The EAF has segments with high and low
frictional strengths. Low frictional strength might accommodate steady sliding while
the high frictional segments can accumulate large slip deficit and therefore generate

strong/major earthquakes (Duman & Emre, 2013; Aktug et al., 2016).

In this study, the fault zone is divided into eight segments based on historical
earthquake, available fault maps reviewing all previous studies. The segmentation
that we adopt is described below in a northeast to southwest order. It is also shown in

Figure 1.3.

(1) The northernmost segment is the Karliova, starting from the Karliova junction
between the NAFZ and the EAFZ (Duman & Emre, 2013). The stress evolution of
the EAFZ study by Nalbant et al., in 2002 and MTA (1992) fault rupture data defines

this segment. The segment is 35 km long.

(2) Karliova segment is followed by Hacilar segment, which starts at Goyniik
district and extends to Goltepesi region. The segment was defined by the ruptures from
historical earthquakes (MTA, 1992; Nalbant et al, 2002) as well as the segmentation
study by Emre et al., 2010 and Duman & Emre, 2013. This segment has a length of
~23 km.

(3) The next segment is Kaleonii-Beyhan, starts from Kaleonii region and extends
towards Palu. Its length is ~73 km. The segment is defined as a restraining bend and

being the largest jog structure, where 17 degrees’ change is observed of the strike of

the EAF by Duman & Emre (2013).



(4) Palu-Sivrice segment extends from Palu to western tip of the Hazar lake near
Sivrice for ~64 km length. Palu-Sivrice segment was defined by the combined data
from MTA rupture map (1992), AFAD earthquake catalogue and study of Nalbant et
al. (2002) and Duman Emre (2013).

(5) The next segment to the further southwest is 55 km long Sivrice-Piitiirge
segment that starts from western tip of The Hazar Lake and extends towards Piitiirge
region. Previously ruptured on March 27, 1875 (M 6.8) (MTA Rupture Map, 1992;
AFAD; Ambraseys, 1988) and aftershocks of Elazig earthquake (M 6.8) (2020) hypocen-

tre locations from AFAD also support the segmentation.

(6) Tagtepe segment extends between Piitiirge and Sincik regions. Its length is 23
km. The segment is defined by the rupture of the latest major earthquake on December
4, 1905 (M 6.8) (Ambraseys & Jackson, 1998). MTA (1992) rupture map and stress

evolution map of Nalbant et al. (2002) verifies its segment boundaries.

(7) Celikhan-Erkenek segment is between the Celikhan and Erkenek regions. Its
length is 47 km. This segment is defined by the Nalbant et al. (2002) stress evolution

map and MTA historical earthquake rupture map (1992).

(8) Golbagi-Pazarcik segment is the last segment and it is between the Yaylacik
and Kocalar regions and its length is 92 km. Segment boundaries are supported by

Nalbant et al. (2002) and fault map by MTA (1992).
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Figure 1.3: Study area, segmentation of the EAFZ and latest ruptures of the
segments. The bold black line indicates the segments of the EAFZ. Large white dots
indicate the epicentres of the latest major earthquakes of the segments. (Grey lines

are active fault lines from Emre et al. (2013).)

1.3. Historical Earthquakes

Historical earthquakes are important to understand the structure of and activity
of the fault zone. The EAFZ has generated many large earthquakes within the last
millennium. Historical earthquakes of the EAFZ within the last 1000 years are shown
in Figure 1.4 and listed in Table 1.1.
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Figure 1.4: Historical earthquakes of the EAFZ over magnitude 6.5 in the last 1000
years. (The earthquakes are shown in Table 1.1., fault map is taken from Emre et al.

(2013).).

Historical earthquake data indicate that there were specific time periods where
the EAF was seismically more active than the NAF, and vice versa (Ambraseys, 1971).
The largest three earthquakes reported in the last 1000 years are November 29, 1114
(M>.8), March 28, 1513 (M>7.4) and March 2, 1893 (M>7.1) (Ambraseys & Jackson,
1998). During the last century, there were only two M>6.5 earthquakes along the
EAFZ (December 4, 1905, M 6.8 and May 22, 1971 M 6.8) (Ambraseys & Jackson,
1998). Although the EAFZ did not generate any large earthquakes (M>7) in the last
century, historical earthquakes document that the EAFZ has potential to generate large
earthquakes. The current quiescence of the fault zone is interpreted to represent that

the fault is locked (Bulut et al., 2012).



Table 1.1: Historical earthquakes in the last 1000 years on the EAFZ. (Data sources
are a is Ambraseys 1989, b is Ambraseys & Jackson, 1998, ¢ is Ambraseys, 2001, d is
Griinthal & Wahlstrom, 2012, and e is KOERI earthquake catalogue.

Date Magnitude | Latitude | Longitude | Source

- /- /995 7.4 38.7 40 b, d
29/11/1114 6.8 37.5 37.5 b, d
18/12/1121 7 38.5 37.8 d
17/04/1269 7 37 36.6 d

- /- /1343 7.6 37.3 37.4 d
28/03/1513 7.4 37.5 36.5 a, d
22/01/1544 6.8 38 37 a, b, d
22/11/1685 6.7 39 41 d
29/05/1789 7.1 39 40 a
-/ - /1789 6.5 38.7 39.9 d
12/05/1866 7.2 39.2 41 b
20/06,/1866 6.8 38.5 40.9 a, d
03/05/1874 7.1 38.5 39.5 a, b
27/03/1875 6.7 38.5 39.5 b
02/03/1893 7.1 38 38.3 a, d
31/03/1893 7 38.4 38.7 b, d
04/12/1905 6.8 38.1 38.6 b
22/05/1971 6.8 38.8 40.5 c
08/03/2010 6 38.7 40.1 e
24/01/2020 6.8 38.37 39.1 e
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There are segments that have not had an earthquake over thousand years. The
last destructive earthquake happened in January 24, 2020, namely Elazig earthquake
(M 6.8), which re-ruptured the segment that were ruptured during the March 27, 1875
(M 6.8) earthquake. Based on this reactivation period of this segment might be 145
years although it needs to be verified by more earthquakes in the past. This is an
example on how historical earthquakes can help understand the reactivation periods of

the fault segments.

1.4. Fault and Earthquake Mechanics

To understand the mechanics of earthquakes and faults, we should first under-
stand the tectonic plates and their movement as a driving force of these catastrophic
events and structures. Earth crust is subdivided into many blocks with discontinuous
margins, which are called tectonic plates and faults, respectively. The thickness of the
crust range from 8.0 to 45.0 km depending on its age and tectonic role, e.g., oceanic
crust is thin as its age is relatively young and is not exposed to tectonic collision while
continental crust is thick as its age is relatively old and exposed to dense tectonic de-
formations at plate boundaries. These plates move under the force generated mainly
by the convectional movement of magma in the mantle, gravitational pull along sub-

duction zones and gravitational push along oceanic ridges (Cox & Hart, 1986; Davies

& Richards, 1992, Lutgens & Tarbuck, 2016).

The plates move mainly in three types; convergent, divergent and transform.
Convergent movement is when two plates move towards each other. This movement
can generate two types of boundaries, namely continental collision zone or subduction
zone (Lutgens & Tarbuck, 2016). Continental collision zone can occur on continental
crust where two plates collide. This boundary thickens the continental crust and form
the mountains (Royden, 1993). Subduction zones occur on oceanic crust when one of
the converging plates goes under the other plate due to density contrast between the

plates (Stern, 2002).
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Divergent boundaries occur where two plates diverge from each other with respect
to the boundary in between. This type of movement generates new oceanic crust along
the oceanic ridges. The third type of boundary is transform boundaries where two
plates move sub parallel to each other in opposite directions along the boundary in

between (Lutgens & Tarbuck, 2016).

These boundaries accommodate different type of faults although they have their
own single overall tectonic regimes. There are mainly three types of faults, namely
normal, reverse (thrust) and strike slip faults as shown in Figure 1.5. Normal faults
occur by crust pull apart. Hanging wall moves down relative to the foot wall. Reverse
fault occurs when crust is under compression. In this case the hanging wall moves
upward relative to foot wall. When crust moves past each other. If one side moves to
the left relative to the other one, it is called sinistral (left-lateral strike slip) fault. If
it moves to the right relative to the other one, it is called dextral (right-lateral strike
slip) fault. The two major plate boundaries in Turkey, namely the EAF and the NAF

exemplify a sinistral and a dextral fault, respectively (Lutgens & Tarbuck, 2016).

(a) (b) (c)
Figure 1.5: Types of faults; (a) normal fault, (b) reverse fault and (c) strike slip fault.

Earthquake happens when the stored strain energy over tens/hundreds of years
releases suddenly in a few seconds. Elastic rebound theory is how energy is stored and

released during an earthquake (Reid, 1910). In response to tectonic loading, sides of



12

the faults are locked where the frictional strength is high, or slides where the frictional

strength is low along the fault plane.

Strain energy starts being accumulated as observed as an elastic deformation at
the surface. The initial stage is before the strain is built up and deform the land. This
stage is called interseismic stage. Interseismic stage can continue for a long time. The
stage finishes when the built up strain energy exceeds the strength of the fault. This
can be the frictional strength of the fault or the asperity that is locking the fault.

When the stored energy exceeds the strength of the fault, fault slides abruptly
and generates an earthquake, as observed as a plastic deformation at the surface. This
sudden release stage is called co-seismic stage. Co-seismic stage occurs in seconds. After
the co-seismic stage there is the post-seismic stage. This stage can last days, months
even years after the earthquake (Scholz, 2002). Following the earthquake, the energy
distribution gets back to the initial stage as shown in Figure 1.6. During interseismic
stage strain accumulation is shown with Az in Figure 1.7. The co-seismic release can
also be a maximum of Az, if the fault plane is homogenous and all the strain releases

at once. Figure 1.8 shows the cycle of interseismic, co-seismic and post-seismic stages.
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Figure 1.6: Stages of earthquake energy build up and release. A. Initial Stage: Before
the strain energy builds up and deforms the land. B. Interseismic Stage: When the
strain is built up and deforms the land. C. Co-seismic Stage: The sudden release of

the strain energy and land returning back to its initial stage.

The origination point of an earthquake under the surface is called hypocentre
while its surface projection is called epicentre. There are relatively small size earth-
quakes preceding the main one, which are called foreshocks. The largest earthquake in
an earthquake sequence is called main-shock. The smaller earthquakes occurring after
the main-shock are called aftershocks. Aftershocks are observed during the post-seismic

stage (Lutgens & Tarbuck, 2016).



A. Accumulation of Strain (Interseismic)
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B. Release of Strain (Co-seismic)

Figure 1.7: Accumulation and release of strain during interseismic and co-seismic

stages are shown in graphs.
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‘f-
»’f.
- - H H

_ _— Co-seismic
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Figure 1.8: Strain rate over time graph, showing the cycle between interseismic,

co-seismic and post-seismic stages.
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2. Data Analysis

The primary objective of this study is to characterize the deformation along the
EAFZ and to forecast size of future earthquakes based on the time window the seg-
ments store the deformation. This requires three basic input, amount of deformation,

segmentation and the historical earthquakes along the fault zone.

The time predictable recurrence model for large earthquakes by Shimazaki &
Nakata (1980) mentions that slip of the next large earthquake is equal to the slip deficit
accumulated since the last earthquake. For the calculation of the slip deficit, back-slip
data obtained from surface velocities can be used (Savage, 1983). After calculating
the back-slip data, it needs to go under slip deficit inversion process. This process
will project the slip deficit onto the fault plane, where the rupture potentially will be.
Slip deficit then can be used to calculate moment magnitude based on segment sizes.

Through these processes, the magnitude of a possible earthquake can be quantified.

2.1. GPS Data

First of all, we need the slip rate along the fault zone. This can be achieved
by GPS measurements. Our strategy is to collect GPS measurements from previous
studies. The collected data should be transformed to the same reference system to
minimize artificial variations. Euler matrix rotation is used to unify the data to avoid
errors that can be generated by different reference systems used in different studies
(Aktug et al., 2009; Bulut et al., 2019). In this study, we used data compiled by
Aktug et al. (2016), from the measurements of Aktug et al. (2016), Aktug et al.
(2013), Alchalbi et al. (2009), Reilinger et al. (2006) and Ozdemir et al. (2006) CORS
(Turkey) stations. The compiled GPS data are transformed to the reference frame of
Reilinger et al. (2006), because it has the highest common stations (Aktug et al., 2009,

2013, 2016). Transformation combination is given below.
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vp=v1+R(Qxr) (2.1)

where v, and vy are velocity vectors in each frame, R is the rotation matrix to
local coordinate system from Cartesian system, € is vector of Euler rotation, x is vector
product operator and r is the position vector of each station (Aktug et al., 2009, 2013,
2016; Bulut et al., 2019).

T .—1
rc.r

2n — 3

(2.2)

The second equation is how the reference variance factor is obtained. There r is
the residual vector between the GPS velocities and their difference from the average,
C. is the covariance matrix of solutions of , and n is the number of sites (Aktug et al.,

2009; Nocquet, 2012).

2.2. Back-slip Calculation

Based on elastic rebound theory, before the sudden release of energy and gen-
eration of an earthquake the strain, and therefore slip deficit, must be accumulated
to exceed the frictional strength along the ruptured fault segment (Reid, 1910). The
back-slip can be used to observe slip deficit during the interseismic stage, the stage
between the two successive failures of the same segment. Near the locked fault plane
(near-field), slip rate is lower than rate of the plate movement (far-field). This shows
the strain in the vicinity of the fault due to on-fault friction and can be observed by

GPS measurements at surface.
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We use the GPS data compiled from different measurements to calculate the
back-slip vectors. As illustrated in Figure 2.1, we subtract far-field velocity from all

the velocities to obtain back-slip data, which is predominant in the near field.

across-fault across-fault

T L.

| -
| |

| o
| |

—

long-fault f » along-fault < f >
along-fault } along-fault ;
[ l
| D
| «
J R
GPS measurements back-slips

Figure 2.1: A typical GPS measurement profile across a fault zone. Grey arrows show
tectonic slip rates, which become slower as they approach to the fault. (Right)

Back-slip vectors used to quantify inter-seismic accumulation of slip deficit.

The next step is choosing the far-field velocity. Far-field velocity is chosen taking
the farthest possible velocity vector from the fault line. The reason for this is that
the farthest the vector is the least affected by the friction on the fault. The average
of the far-field vectors is taken, when there are multiple velocity vectors representing
the far-field velocity. For obtaining the back-slip, we take the difference between near-
field velocities, which are affected by the fault friction, and far-field velocity, which are

almost independent of the fault friction.



18

2.3. Slip Deficit Inversion

The examination of interseismic slip deficit requires a slip deficit inversion. We
applied “Steepest descent/gradient” inversion method, which employs Okada’s semi-
infinite space model simulating elastic Green’s functions. By using this method, we
can project the annual back-slip measurements onto fault plane as annual slip deficit

(Okada, 1985; Wang et al., 2009; Bulut et al. 2019).

Formulation of steepest descent method is below:

) = 28—, v f (2 ) (2.3)

Where 21 is a point, t;, is a step size towards direction Va*), from the original
point (¥, The formulation comes from the step by step approach as described in below

formulas.

g * ) = g8 g 7™ (2.4)

The Equation (2.4) is a formulation of movement, where Vz(®) is the steepest
direction we move with each iteration. Through this process algorithm is going to find
the minimum value of the function for the point. Simply want to find f(x + d), where
x is a point and d is movement direction. Through using Taylor expansion Equation
(2.5), we can find the steepest direction. The direction d, which find the minimum

function has an optimization problem Equation (2.6), as shown in below.



19

flx+d) =~ f(z)+ Vf(z)'d (2.5)

d:ﬁi“gl Vi(x)'d (2.6)

Cauchy-Schwarz inequality indicates that, V f(z)Td < ||V f(2)||||d]| ; d = AV f(z), ) €
R. If ||d|]| = 1;

Vi)
=@ (27)

For obtaining the minimum function, we need the minimum d from V f(x)%d. It
can be interpreted as —d. We acquire the Equation (2.3) (Kelley, 1962; Tsang et al.,
2004).

This inversion method also solves another problem caused by the number of slip
deficit blocks. There is a non-uniqueness in slip inversion which is caused by number of
slip deficit blocks being significantly greater than the number of GPS measurements.
The method fixes this problem by making use of the correlation of strain accumulation

and slip deficit as a priori information (Wang et al., 2006).
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2.4. Moment Magnitude Forecasting

Moment magnitude simultaneously quantifies the energy and rupture size of an
earthquake. Moment magnitude scale was firstly described Hanks & Kanamori (1979).
The moment magnitude can be shown with Mw (Hanks & Kanamori, 1979). M
can also be used to indicate the magnitude. This scale, unlike the other empirical
magnitude scales, can physically, and therefore correctly, quantify magnitude of large

earthquakes.
The scale uses seismic moment (M) as a base. Seismic moment can be calculated

from the area of the fault rupture and the slip of the earthquake based on an assumed

shear modulus. Seismic moment calculation is described as follows:

it is the shear modulus, which is assumed to be 32 GPa in the Earth’s crust. A is
the area of the ruptured fault plane. A is calculated multiplying the depth multiplied
by the length of the rupture plane. d is the slip created by the earthquake in meters.

The description is also shown in Figure 2.2.

Moment magnitude calculation (Hanks & Boore, 1984) is shown in below:

2
M, = 3 log (My) — 10.7 (2.9)

Magnitude forecasting is calculating the magnitude potential of a fault /fault seg-
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Figure 2.2: Cross section of a fault plane.

ment through the tectonic processes described in section above. Earthquake potential
of a fault zone cannot be forecasted entirely since the fault zone does not have a
homogenous geometry. Earthquake potential of a fault zone must be rather studied
segment by segment. Segment lengths and their seismogenic depths are used to forecast

rupture planes of future earthquakes (A in Equation (2.8)).

The segmentation is important for calculating the rupture area and determining
the slip deficit. Since all segments might have a different slip deficit, investigating the

segmentation is crucial to give more accurate results for magnitude forecasting.

Another factor in the magnitude forecasting is the last major earthquake gener-
ated by the fault segment. The last major earthquake date will give us the information
of how long the segment has been accumulating strain energy, in other words, the slip
deficit. Total slip deficit (d in Equation (2.8)) is calculated from the annual slip deficit

rate multiplied by the time passed since the last major earthquake.
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2.5. Frequency-Magnitude Distribution (b-value)

Gutenberg & Richter (1956) introduced the relationship between number and
magnitude of earthquakes. The relationship describes frequency and magnitude of

earthquakes in a specific region and time period. The formula is as given below:

log,y N =a —bM (2.10)

M is a determined magnitude scale. N is the number of earthquakes, which have
equal or greater magnitudes than the determined magnitude M. a and b are constants.
M, a and b can vary from region to region. Parameter a defines the seismicity level of
a specific region (Okal & Romanowicz, 1994). Higher value of parameter a indicates a

high seismicity in the region.

Parameter b or b-value, changes according to the seismic activity in the region.
Due to the logarithmic structure of the Equation (2.10), with decreasing magnitude,
the earthquake number will increase in multiples of 10. The slope of magnitude versus
cumulative number of earthquakes is the b-value as shown in Figure 2.3. To obtain
a more accurate b-value, there should be a threshold for the earthquake magnitudes
and number of earthquakes in a patch/volume for calculation. Insufficient number of

earthquakes will lead to unstable and therefore artificial results.
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Figure 2.3: Frequency-magnitude distribution (FMD) example of the EAF between
1998 and 2018. The data is from earthquake catalogue (between M 0.2 and M 7.1) of

Kandilli Observatory and Earthquake Research Institute (KOERI) between years
1980 and 2018.

This threshold for earthquake magnitudes is called the magnitude of completeness
(Mc). Tt is the minimum magnitude determining the completeness of the earthquake
catalogue, in other words, above which all earthquakes are recorded (Mignan & Woess-
ner, 2012). If the Mc is not determined accurately the data will lead to erroneous
results. If it is a high value, it can result in a data loss and if it is a lower value, it can
result in using an inaccurate data that might artificially affect the results (Mignan &

Woessner, 2012). In Figure 2.3 the Mc is 2.8.
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There are two ways in order to calculate the b-value. One of them is the least
squares estimation (LSQ) and the other one is maximum likelihood estimation (MLE)

method. LSQ method is explained by below equation:

b— Z?:l (Xl B X) (}jz 2_ Y) (2‘11)
Z?:l (Xi - X)

LSQ is used to find the slope of best fitting line between the number of earth-
quakes in logarithmic base on Y axis and magnitudes on X axis in order to obtain the
b-value. Using LSQ might not give an accurate b-value, since LSQ can also use the
data smaller than the Mc. LSQ is altered by large earthquakes and effected by outlier
data. The equation of second method, MLE is given below (Aki, 1965):

B log,,e
b= —(M — Mmm) (2.12)

Where M is the average magnitude, M, is the lowest magnitude of the earth-
quake catalogue. We used MLE method in order to obtain b-value. Unlike the LSQ
method, MLE is not altered by large earthquakes. It rather threats each earthquake
equally.

b-value is used to discriminate creeping or locked faults segments. According to
Wyss et al. (2004), b-values between 0.5 and 0.7 indicate locked faults, while values
between 1.1 and 1.6 indicate creeping faults. In this study, we compared b-value with
slip deficit to investigate if there is a spatial correlation and therefore to better constrain

creeping and locked fault segments along the EAFZ.
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3. Results

3.1. Slip Deficit Distribution

We used the velocity field that has been combined by Aktug et al. (2016), from
Aktug et al. (2013), Alchalbi et al. (2009), Reilinger et al. (2006) and Ozdemir et
al. (2006) CORS (Turkey) stations and their new GPS measurements. This unified
combination has increased also the accuracy of the slip rates as it has eliminated errors
due to different reference frames. The distribution of the velocity fields from the studies

are shown in Figure 3.1.

Using the unified GPS data, we obtain the back-slip vectors as explained in the
section 2.2. Back-slip vectors are high where the strain energy accumulates more and
vice versa. Using the back-slip vectors, slip deficit for each segment can be determined
along the fault. Using slip deficit inversion method based on back-slip data, back-slip
vectors are projected on the fault plane to calculate slip deficit rates. From the last
major earthquake occurred on the segment, how much slip deficit accumulated can be

determined.

In Figure 3.3a the back-slip vector distribution along the fault line is shown. After
the slip deficit inversion, we can demonstrate the annual slip deficit rate on the fault

plane, as shown in Figure 3.3b.

In order to demonstrate the effect of smoothing factor on the resulting errors and
finding the best data-model correlation, we made a comparison between smoothing
factors in Figure 3.2. As shown in Figure 3.2, we determined the finest approximation
was achieved by using the 0.05 smoothing factor. The smoothing factor gives a data-
model correlation value of 0.9550. We assume that all slip deficits occur on the main

fault and deformation on the secondary faults are ignored.
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Figure 3.2: Smoothing factor optimization.

Figure 3.1: GPS measurements compiled from Aktug et al. (2016), Aktug et al.
(2013), Alchalbi et al. (2009), Reilinger et al. (2006) and Ozdemir et al. (2006)

S

CORS (Turkey) stations. Black lines show the active fault line (fault map is taken
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Figure 3.3: a) Observed and modelled back-slip data are shown with black and red
vectors, respectively. Black lines are the active fault lines from Emre et al. (2013). b)

Annual slip deficit rate model.
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Since fault zone do not have a homogenous geometry, slip deficit rate can change
from segment to segment. Average annual slip deficit is highest in the Palu-Sivrice
segment with 11.4 mm/y, while the lowest is Hacilar segment with 0 mm/y. This also
causes segments to have different earthquake generation cycles. For example, Kaleonii-
Beyhan segment has a slip deficit rate of 0.7 mm/y and has not ruptured over 1000
years. On the other hand, Sivrice-Piitiirge segment generated a major earthquake after

145 years with the slip deficit rate of 4 mm/y.

On the Karliova segment the average annual slip deficit is 9 mm/y. Slip deficit
is accumulated between 10 and 20 km depth. On the other hand, the Hacilar segment
does not show any accumulation of slip deficit. The Kaleonii-Beyhan segment has an
annual slip deficit of 0.7 mm/y. Slip deficit on this segment is mostly observed 0 to
10 km depth. The Palu-Sivrice segment has an annual slip rate of 11 mm/y. The slip
deficit is observed between 10 and 20 km depth. The Sivrice-Piitlirge segment has an
annual slip deficit rate of 4 mm/y. Also, the slip deficit is mostly observed between the
same depth as the Palu-Sivrice segment. Tastepe segment being the shortest segment,
has an annual slip rate of 11 mm/y and has the highest slip deficit patch of 18 mm/y.
Slip deficit is observed between same depth as the prior segment. The Celikhan-
Erkenek segment has an annual slip rate of 6 mm/y. the Slip deficit is observed mostly
between 10 and 20 km depth. The Golbagi-Pazarcik segment has an annual slip rate of
4 mm/y. This segment is the longest segment of the EAFZ and the slip deficit shows a
non-homogenous distribution. On the general, segments slip deficit is observed on the

western patches of the segments.
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Figure 3.4: a) Annual slip deficit rate model. b) b-value model along the fault line.

Slip deficit rate and b-value are compared in Figure 3.4. b-value increases with
the increasing seismicity, while slip deficit decreases at the same time. Overall pattern
is that the slip deficit and b-value are inversely correlated. b-value is high on the
patches with low slip deficit. High b-value near the surface indicates that there are

shallow earthquakes along the EAFZ.

Segment-by-segment comparison between slip deficit and b-value is as follows:

(1) The Karliova segment, the north-easternmost section of the EAFZ, hosts the
lowest b-value. There, the high slip deficit rate and low b-value are observed at the

depth range of 10-20 km (Figure 3.4).

(2) The Hacilar segment has entirely a low slip deficit rate between surface and
20 km depth. The segment has low b-value between 10-20 km depth and has a b-value
around 1.0 between surface and 10 km depth. The low slip deficit rate and low b-value

between 10-20 km depth does not suggest any inverse correlation.
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(3) The Kalednii-Beyhan segment has a relatively higher slip rate than the Hacilar

segment and has a lower b-value between 10-20 km depth.

(4) Along the Palu-Sivrice segment, slip deficit rates are high towards the south-
west and at depth. The segment has a low b value between 10-20 km depth, which
shows a reverse correlation with slip deficit and therefore can indicate a fault below 10

km.

(5) The slip deficit rate is high at the southern section of the Sivrice-Piitiirge
segment. The b-value is around 1.0 at the northern patches of the segment. Deeper

patches in the southwest host higher b-values and slip deficit rates.

(6) The Tagtepe segment has high slip deficit rates along the north-eastern patches.
Slip deficit rates decreases towards the southwest. The segment has also low b-values

at deeper patches.

(7) The Celikhan-Erkenek segment has low slip deficit rate between the surface
and 10 km depth and high b-values in the same region. At the lower patches of the

segment there is high slip deficit and low b-values.

(8) The south-westernmost Golbagi-Pazarcik segment has a high slip deficit rate

around the middle part of the segment. The b-values are low at deeper patches.

b-value plot examples are given in Figure 3.5. by using the data recorded from
the EAFZ to demonstrate how the slope changes in the plot of frequency-magnitude
distribution. Figure 3.5a. has a plot of high b-value and Figure 3.5b. has a plot of low
b value. From the Figure 3.5, the effect of earthquakes with larger magnitudes can be

seel.
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Figure 3.5: Examples of b-value graphics; a) High b-value graphic. b) Low b-value
graphic. (The data used in creation of these graphics is from AFAD earthquake
catalogue between 2005 and 2019.)

3.2. Current Earthquake Potential

At this point we can calculate the current earthquake potential by using Equa-
tions (2.8) and (2.9). We have all the elements to calculate the possible earthquake
magnitude. Length, total slip deficit, last earthquake date and magnitude are given in
the Table 3.1. Figure 3.6 also demonstrates the accumulated slip deficit of the segments
from the latest failure of the segments till 2020. Highest slip accumulation occurred
along the Kalednii-Beyhan and Goélbagi-Pazarcik segments, which lastly failed in 995
and 1513, respectively. The last column of the Table 3.1 lists our calculations for the
current magnitude potential of the segments. The current magnitude potentials of the

segments are also shown on the map in Figure 3.7.



32

Accumulated slip deficit 2020 (m)
o ene\" e et
pal? fA o ] e
G0 T T T T L

D | | | | | ‘-‘ |

|
36.5 37 37.5 38 385 39 39.5 40 40.5 41 41.5
Longitude(”)

Depth{km)
o ~
(=] (=]
[
|
o N OB O o

Figure 3.6: Accumulated total slip deficit from the latest failure of the segments.

On the Easternmost Karliova segment, the last earthquake occurred in 1866 with
a magnitude of 7.0. Since 1866 the segment has accumulated a total slip deficit of 145.5

cm, which can currently generate an earthquake with a magnitude of 7.0.

Hacilar segment has zero slip deficit and current magnitude potential cannot be
calculated (Table 3.1). There can be two reasons for this result. First reason is, there is
no accumulation due to strain energy being released through many minor earthquakes.
Second reason is there is not enough length of data around the region to accurately

determine slip deficit.

On the Kaleonii-Beyhan segment there is a total slip deficit of 73.5 cm. This slip
deficit is accumulated over 1000 years since the last rupture occurred on this segment
in 995. Currently the accumulated slip deficit can generate an earthquake with a

magnitude of 6.9.

The Palu-Sivrice segment accumulated a total slip deficit of 167.6 cm since its
last rupture in 1874. The segment currently has a magnitude potential of 7.1, which

is the same as the last earthquake magnitude.

The Sivrice-Piitiirge segment has accumulated 60.3 slip deficit since its last earth-
quake in 1875. In the last row of the table Sivrice-Piitiirge segment is written again to

demonstrate the forecasting. Magnitude potential of Sivrice-Piitlirge segment quanti-



33

fied in this study perfectly correlates with the magnitude of the earthquake occurred

on the same segment on January 24, 2020.

The Tagtepe segment has not ruptured since 1905. From its last rupture segment
accumulated a total slip deficit of 131.4 cm. Which has the current magnitude potential
of 6.8. Current magnitude potential is the same as the earthquake magnitude occurred

in 1905.

The Celikhan-Erkenek segment has a total slip deficit of 77 cm. The last earth-
quake occurred on this segment in 1893. Currently, the segment has a magnitude

potential of 6.9.

The highest magnitude potential is accumulated at the westernmost segment
Golbagi-Pazarcik segment. This segment has not generated a major earthquake over
500 years. The segment has a low annual slip deficit rate, but like Kaleonii-Beyhan
segment, since it has been accumulating strain energy for a long time it has a high

magnitude potential of M 7.4.
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4. DISCUSSION

Our calculations for earthquake potential along the EAF strongly depend on loca-
tions and times of historical earthquakes, segmentation of the fault zone, and its present

day slip budget. Therefore, we carefully consider reliabilities of all these parameters.

4.1. Historical Earthquakes and Segmentation

Historical earthquake catalogue is compiled from previous studies. It is the only
data to represent latest failure of the fault segments. Historical earthquakes are also
used to confirm segmentation of the fault zone integrating them with structural inves-
tigations. We reviewed all geological and seismological studies investigating historical
earthquakes along the EAFZ (Ambraseys, 1971; Ambraseys, 1988; Barka & Kadinsky-
Cade, 1988; Saroglu et al., 1992; Ambraseys & Jackson, 1998; Ambraseys, 2001; Nal-
bant et al., 2002; Herece, 2008; Griinthal & Wahlstrém, 2012; Duman & Emre, 2013
and KOERI earthquake catalogue). There, earthquakes are included only if they are
verified by different studies. Temporal variation of earthquake magnitudes indicates
that M 6.5+ earthquakes are completely included in our catalogue for the time period
of 1000 - 2000 (Figure 4.1).

Earthquakes M>6.4 for Years Between 1000-2000
T T T
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Figure 4.1: Temporal variation of magnitude for M 6.5+ earthquakes for the time

period of 1000-2000. Also shown in Table 1.1.
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Ambraseys (1988) suggested three segments along the section from Karliova to
Antakya. However, even the middle segment between Golbagi and Piitiirge generated
four strong/major earthquakes during the last cycle (M 7.1 in 1874, M 6.8 in 1875, M
7.1 in 1893, M 6.8 in 1905) (Figure 1.3, Table 3.1). In this context, the EAFZ must

have a more complicated segmentation.

Barka & Kadinsky-Cade (1988), proposed fourteen segments based on structural
variations along the EAFZ. Similarly, Herece (2008) suggested eleven segments along
the EAFZ. However, the segments are too short to generate past strong/major earth-
quakes that are reported in the historical catalogue. For example, the 1513 M 7.4
Golbagi-Pazarcik earthquake generated a single rupture along a ~92 km section of the
EAFZ, which was however split into four sub segments by Barka & Kadinsky-Cade
(1988) (Figure 1.3).

Saroglu et al. (1992) suggested six segments along the EAFZ between the Karliova
and Antakya based on step overs and changes in fault strike. However, magnitudes
and locations of historical earthquakes are not fully compatible with this segmentation.
There are eight strong/major earthquakes in the last cycle suggesting eight segments
between Karliova and Tiirkoglu segments (Figure 1.3, Table 3.1). According to Saroglu
et al. (1992), there are two fault segments that should fail twice in an unreasonably
short time within the same cycle. This contradicts with the historical earthquake

catalogue.

Nalbant et al. (2002) divided the EAFZ into eight segments to investigate history
of stress change. This segmentation is similar to the segmentation we suggest, except for
the Kaleonii-Beyhan, Palu-Sivrice and Sivrice-Piitiirge segments. There, the 1874 (M
7.1) rupture was extended towards the Kalednii-Beyhan segment although we interpret
that it activated only Palu-Sivrice segment. Furthermore, the 1875 must have ruptured
entire Sivrice-Piitiirge segment to generate M 6.8 (Figure 1.3). However, Nalbant et

al. (2002) assigned a much smaller section to this event.



39

Duman and Emre (2013) divided the main strand of the EAFZ into seven seg-
ments and six fault jog structures. Unlike our segmentation, Duman & Emre (2013)
includes the Amanos region into the main strand of the EAFZ. However, we excluded
the Amanos region from the fault zone in order to exclude the DSF in our calcula-
tions. Our segmentation and the segmentation by Duman and Emre are similar from
the Karliova to the Tiirkoglu segment. Although the segmentations are similar, the
segmentation by Duman and Emre has very long segment overlaps. Our segmentation
model is based on ruptures of the historical earthquakes (MTA, 1992) to eliminate
overlapping segments. Otherwise, overlapping segments will artificially overestimate

magnitude forecasts.

Based on our review, we suggest eight fault segments along the EAFZ (Am-
braseys, 1988; Barka & Kadinsky-Cade, 1988; Saroglu et al., 1992; Ambraseys & Jack-
son, 1998; Nalbant et al., 2002; Herece, 2008; Duman & Emre, 2013). The segmen-
tation is based on the geometry of the fault segments obtained from previous studies
and ruptures generated by historical earthquakes. Our slip deficit calculations verify

this segmentation with high/low slip deficit rates at different fault segments.

4.2. Slip Deficit Release and Locking Depth

Eight segmented model along the EAFZ is in consistence with the along fault
distribution of slip deficit rates (Figure 3.3). Transitions between high and low slip

deficit rates along the EAFZ are in good agreement with the segment boundaries.

Based on the average slip rate of ~10 mm/y (Aktug et al. 2016), the EAFZ
should have accumulated totally 10.00 m slip on average during the last millennia.
Historical earthquakes released 8.49 m of this slip accumulation and therefore left an
average slip deficit of 1.51 m (Figure 4.2). Based on GPS-derived back-slips, average
slip deficit along the EAFZ should be currently 1.50 m (Figure 3.5). This almost perfect
agreement between seismicity derived and GPS derived slip deficits confirm that the

EAFZ has presently 1.50 m slip deficit to be released by the future earthquakes.
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Figure 4.2: Comparison between seismic and geodetic slip during the last millennia.

Cavalie & Johnson (2014), Walters et al. (2014) used InSAR to identify a slip
rate and locking depths along the EAFZ. Cavalie & Johnson (2014) defines a slip rate
of 13.0 mm/y and a locking depth of 4.5 km from the Karliova to the Sivrice-Piitiirge
segments, while Walters et al. (2014) define an average slip rate of 11.0 &+ 3 mm/y
and an average locking depth of 15 + 5 km from the Karliova to the southwest of the
Golbagi-Pazarcik segment. Aktug et al. (2016) characterized slip rates and locking
depths using a dense GPS velocity field. They reported a slip rate of 11.1 4+ 3.9
mm/y and a locking depth of 12 km along the north-eastern segments (from Tagtepe
to Kaleonii-Beyhan), and a slip rate of 10.7 + 0.9 mm/y and a locking depth of 25 km

along the south-western segments (from Golbagi-Pazarcik to Celikhan-Erkenek).

In this study, we projected GPS measurement onto fault plane to investigate
distribution of slip deficit rates along the fault zone patch by patch (Figure 3.3) rather
than one dimensional arctangent modelling. Arctangent approach makes an overall

approximation for the entire segment while our slip inversion focuses on each 10x10
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km patches on the fault plane. According to Cavalie & Johnson (2014) locking depth
is 4.5 km along the section from Karlhova to Piitiirge. This suggests that 22.5% of the
total slip rate and therefore 2.9 mm/y is annually accumulated as slip deficit. Along
this section, our calculations show an average slip deficit of 5.3 mm/yr. Locking depth
along the section from Karliova to the southwest of the Golbasgi-Pazarcik segment is
15.0 km according to Walters et al., 2014 suggesting that 75% of the total slip rate
and therefore 8.2 mm/y is annually accumulated. Along this section, Aktug et al.,
2016 suggested 12 km locking depth corresponding to 6.6 mm/y slip deficit rate. In
this study, we found an average slip deficit rate of 5.8 mm/y along this section of the
EAFZ. Although our results converge results from the previous studies up to 88%,

mismatches may result in significant changes in slip forecasts for future earthquakes.

4.3. B-value and Slip Deficit Distribution

Comparing along-fault distribution of slip deficit rate and b-value, we elaborate
on whether b-value might be used to differentiate locked and creeping fault segments.
In general, slip-deficit rates are reversely correlated with b-values except for the Hacilar

segment (Figure 3.3).

Scholz (1968) had previously suggested that low b-value is an indication of high
stress, and vice versa. Wyss (2001) observed low b-values down to 0.5 at locked fault
patches and high b-values up to 1.3 along at creeping fault patches. However, Goebel
et al. (2017) observed in laboratory experiments that, low b-values ranging from 0.6
to 0.7 are hosted along smooth surfaces, while high b-values ranging from 1.2 to 1.3
are hosted along rough and highly fractured surfaces. We anticipate that smooth fault
surfaces host lower friction and therefore lower coupling compared to rough and highly

fractured fault surfaces (Scholz, 2019).

In this context, reverse correlation, which we observe between slip deficit rates
and b-values, confirms rather Scholz (1968) and Wyss (2001). According to our obser-

vations, low b-values identify high slip deficit rates and therefore locate highly stressed
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locked fault patches. On the other hand, high b-values identify low slip deficit rates

and therefore locate lowly stressed creeping fault patches.

4.4. January 24, 2020 Elazig Earthquake

The January 24 M 6.8 2020 Elazig earthquake ruptured the Sivrice-Piitiirge seg-
ment of the EAFZ. The main shock hypocentre is located 38.3775°N, 39.1042°E and
at 5.0 km depth (reported by KOERI). This event allowed us to test our idea to see
whether our magnitude forecast approach works properly. In our results, there are two
prominent slip deficit patches near the main shock hypocentre. Average slip deficit
rate is 0.4 cm/y and therefore total slip accumulation since the 1875 M 6.8 earthquake
is of 60.3 cm. This slip deficit has a potential to generate a Mw 6.8 earthquake, exactly
the observed magnitude of the 2020 event.

Along the Sivrice-Piitiirge segment, we observe that the 2020 rupture perfectly
match with the 1875 earthquake failing the same segment and generating the same
earthquake magnitude. The 2020 Elazig aftershocks are distributed mainly along the
Sivrice-Piitlirge segment (Figure 4.3). In this context, the segmentation we suggest
in this study is verified by the magnitude of the main shock as well as the aftershock
distribution. In conclusion, the magnitude forecasting approach used in this study is

well confirmed by the 2020 Elazig earthquake.
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Figure 4.3: Along fault distribution of January 24th, 2020 Elazig earthquake and
aftershocks. The red dot indicates epicentre of the M 6.8 main shock and blue dots
indicate epicentres of the aftershocks (KOERI). Bold black line shows segments of the
EAFZ we suggested in this study. Current magnitude potentials and latest rupture
dates of the segments are shown. The thin black lines are the active fault lines taken

from Emre et al. (2013).
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5. CONCLUSION

GPS-derived slip deficit rates indicate that the EAFZ currently host a 1.51 m
average slip deficit to be released by the future earthquakes. This is almost perfectly

verified by historical earthquakes indicating currently a 1.50 average slip deficit along

the EAFZ.

The EAFZ consists of eight fault segments generating quasi-periodic strong and

major earthquakes depending on their dimensions as well as slip deficit budgets.

One of these segments has failed recently on January 24, 2020, and verified our
interpretation for segmentation as well as magnitude forecast. 60.3 cm slip deficit since
the 1875 M 6.8 earthquake (slip deficit of 145 years) generated a M 6.8 on January 24,

2020 failing the same segment.

The Hacilar segment does not accumulate slip deficit due to its low coupling.
Remaining six segments have potential to generate three strong as well as three major

earthquakes.

The Karliova segment has currently potential to generate a M 7.0 earthquake.
The Kaleonii-Beyhan segment has currently potential to generate a M 6.9 earthquake.
The Palu-Sivrice segment has currently potential to generate a M 7.1 earthquake. The
Tastepe segment has currently potential to generate a M 6.8 earthquake. The Celikhan-
Erkenek segment has currently potential to generate a M 6.9 earthquake. The Golbasi-
Pazarcik segment has currently potential to generate a M 7.4 earthquake. Four of
these segments (Karliova, Palu-Sivrice, Tagtepe, Golbagi-Pazarcik) have accumulated
slip deficits enough to generate magnitudes of earthquakes they generated in previous

cycle.

Our observations verified that b-value can be used to differentiate between locked
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and creeping fault segments based on reverse correlation between slip deficit rate and

b-value distribution along the EAFZ.

In summary, although earthquakes are not time predictable, forecasting location
and size of future strong/major earthquakes might be possible if historical records of

earthquakes and geodetic infrastructure are sufficiently available.
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