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ABSTRACT

NORTH ANATOLIAN AND EAST ANATOLIAN FAULTS BEYOND
KARLIOVA IN THE EAST

The vicinity of Karliova, located at the intersection of two major fault systems in
Turkey, is a seismically active region with a tectonically complex structure, however; there
is little information about the east of Karliova, to what extent in the east the seismic activity
continues. Investigating the possible extensions of the North Anatolian Fault (NAF) and the
East Anatolian Fault (EAF) to the east of Karliova is therefore significant target to verify if
there is a strain accumulation and therefore unknown earthquake hazard in the region. In this
study, possible extensions of the NAF and the EAF in the east of Karliova were investigated
using GPS slip rates. In this context, historical and instrumental period earthquakes had been
compiled to identify potential indications for the possible extensions of the NAF and the
EAF in the east of Karliova. With the focal mechanism solutions, it has been observed that
the tectonics of this particular region is dominated by mostly strike slip structures. Fault
information in previous studies conducted in the region was compiled to locate of potential
eastern extensions to be used in the analysis. Also, the all-available GPS stations were
homogenously combined (CORS-TR and campaign-based GPS measurements) to achieve
the best possible station coverage to characterize tectonic surface deformation in the region.
Using combined GPS data, Arctangent profiling analysis and block modeling analysis were
performed to determine the location and movement of the potential extensions of the NAF
and the EAF. The results of the analysis have shown that there is a strike slip faulting activity
in the east of Karliova suggesting continuation of the NAF and the EAF in the east. The NAF
extends ~ 170 km southeast of Karliova, by the slip rate of about 10.3 mm/y. The EAF
extends ~ 180 km northeast of Karliova, by the slip rate of about 5.8 mm/y. For both fault
systems, slip rates drastically decrease to the east of Karliova, down to the half of their slip

rates in the west.



OZET

KARLIOVA’NIN DOGUSUNDA KUZEY ANADOLU VE DOGU
ANADOLU FAYLARI

Tirkiye'deki iki biiyiikk fay sisteminin kesisme noktasinda yer alan Karliova ve
gevresi, karmasik bir tektonik yapiya sahip olan, sismik olarak aktif bir bolgedir, ancak
Karliova'nin dogusunda sismik aktivitenin ne dl¢lide devam ettigi hakkinda ¢ok az bilgiye
sahibiz. Karliova'nin dogusuna uzanan Kuzey Anadolu Fayr (KAF) ve Dogu Anadolu
Fay1’nin (DAF) olas1 uzantilarinin arastirilmasi, bolgedeki gerinim birikimini ve dolayisiyla
bilinmeyen bir deprem tehlikesi olup olmadigini dogrulamak i¢in 6nemli bir hedeftir. Bu
calismada, KAF ve DAF'1n Karliova’nin dogusundaki olas1 uzantilari, GPS kayma oranlari
kullanilarak incelenmistir. Bu baglamda, Karliova’nin dogusunda KAF ve DAF’m olasi
uzantilarina yonelik potansiyel gostergeleri belirlemek igin tarihsel ve aletsel donem
depremleri derlenmistir. Odak mekanizma ¢oziimleri ile, bu bdlgenin tektoniginde
cogunlukla dogrultu atimli yapilarin hakim oldugu goézlenmistir. Bolgede yapilan onceki
caligmalarda bulunan fay bilgileri derlenerek, analizde kullanilacak olast dogu uzantilari
tespit edilmistir. Ayrica, bolgedeki tektonik yiizey deformasyonunu karakterize etmek i¢in
miimkiin olan en 1yi istasyon kapsama alanin elde etmek i¢in mevcut tiim GPS istasyonlari
(CORS-TR ve kampanya bazli GPS 6lgiimleri) homojen bir sekilde birlestirildi. Uzantilarin
konumunu ve hareketini belirlemek igin birlestirilmis GPS verileri kullanilarak arctangent
profil analizi ve blok modelleme analizi gergeklestirilmistir. Analizlerin sonuglari,
Karliova’nin dogusunda dogrultu atimli bir faylanma aktivitesinin oldugunu ve KAF ve
DAF'1in doguda devam ettigini diisiindiirmektedir. KAF, doguda yaklasik 10.3 mm/y kayma
hiziyla Karliova'nin ~ 170 km giineydogusuna uzanmaktadir. DAF ise, doguda yaklasik 5.8
mm/y kayma hiziyla Karliova'nin ~ 180 km kuzeydogusuna uzanmaktadir. Her iki fay
sistemi i¢in, Karliova'nin dogusuna dogru kayma hizlari, batidaki kayma hizlarinin yarisina

kadar, biiytlik 6l¢lide azalmaktadir.
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1. INTRODUCTION

The earthquakes produced by the steady-stated motion of the earth’s tectonic plates
cause many losses in human life. Based on the earthquakes that have already caused fatal
loses in the past, it is indispensable to characterize seismically active faults that has a
potential to generate large earthquakes in future. Turkey accommodates two seismically
active major transform fault systems, namely the East Anatolian Fault (EAF) and the North
Anatolian Fault (NAF). The NAF is a dextral fault system, extending for ~1200 km from the
North Aegean Sea in the west towards Karliova in the east (Sengor, 1979; Sengor and
Canitez 1982; McClusky et al., 2000). The EAF is a southwest northeast striking sinistral
fault system, extending for ~560 km from Kahramanmaras triple junction in the southwest,
towards Karliova in the northwest (McKenzie, 1976; Taymaz et al., 1991; Bulut et al., 2012).

As described above, these fault systems conjugate in Karliova. (Figure 1)

These two main fault systems deform two plate boundaries at 10+ mml/y slip rates
and therefore have high potential to generate destructive earthquakes. Based on the historical
and instrumental period earthquake records, the NAF has generated 40 M7+ earthquakes
since 29 CE. The EAF, which has almost a half deformation rate compared to the NAF, has
generated 15 M7+ earthquakes since 69 BC. For this reason, it is of great importance to
forecast the location and the magnitude of future earthquakes that may occur on these faults
in order to determine the earthquake hazard and therefore the risks in the region. In this
context, there are various earth science studies conducted to investigate these fault systems.
These studies are carried out to understand the kinematic characteristics, inter-seismic
deformation, and complete failure of these fault systems in order to minimize the damages

they might cause generating large earthquakes.

According to the results obtained from previous studies, the slip rate of the NAF in
the west of Karliova is ~20 mm/y (Aktug et al., 2015), and the slip rate of the EAF between
Karliova and Kahramanmaras junction is about 10 mm/y (Aktug et al., 2016). However,
there is only a little known how the Earth’s crust deforms along the eastward possible

extensions of these faults in the east of Karliova.
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Figure 1. The basic tectonic map of Turkey with earthquakes occurred between 1900-2021.
Black arrows show the relative movement of plates. The area inside the purple rectangle is
the studying area. The green point indicates the location of Karliova. Map was created using
the data from Bulut et al. (2012), and earthquake data taken from KOERI.

Future major earthquakes can be forecasted on a fault segment, its earthquake
generation cycle, interseismic slip rate and coupling are sufficiently known. Slip rates and
coupling can be investigated using GPS data if sufficient GPS data are available. Another
challenge is to precisely locate the faults that might produce earthquakes, especially, in the
cases where no active fault is reported. In this frame, arctangent modeling of GPS
measurements is a straightforward tool to simultaneously determine locations of seismically

active faults, their slip rates and couplings, in other words, locking depths.

In this study, we investigated whether the NAF and the EAF continue deforming
eastward beyond the east of Karliova. As Karliova region host an intersection of two major
transform faults, it has a complicated structural setting including secondary faults in addition
to the major faults. In this region, bridging the earthquakes and the associated faults is
indispensable to characterize the earthquake hazard. This requires locations of the faults,
their latest failure, dimensions, kinematics, slip rates and locking depths to forecast how

large the earthquakes might generate, and therefore mitigate their potential damage.



There are only few studies conducted on the possible extensions of the NAF and the
EAF in the east of Karliova. In most of these studies, the extension of the NAF, the Varto
fault, has been investigated. Philip et al. (1989) and Rebai et al. (1993) reported that there is
a distinct fault northeast of Karliova. Philip et al. (2001) showed that the fault trace is a
continuation of the EAF. Additionally, the fault traces therein roughly characterize
continuations of the NAF and the EAF by Karakhanian et al. (2004). Among these
investigations, there is not yet a study reporting their slip rates. To fill this gap, this thesis
aims to contribute to better understanding tectonic slip rates of the NAF, and EAF, and their
possible extensions in the east, which will lead to better assessment of earthquake hazard in
this target region.

In the first step, the historical and the instrumental period earthquakes and their focal
mechanisms were compiled to identify earthquake-generating faults in the region. In a
second step, previous structural investigations were reviewed to compile all known
seismically active faults in the region. In a next step, all available GPS velocity data were
combined to have the best possible coverage of GPS slip rates. Finally, fault-perpendicular
arctangent profiles of GPS velocities were investigated across the NAF, the EAF, and their
possible extensions in the east of Karliova. Additionally, an elastic block modeling was
performed to further constrain slip rates in this intersection zone based on homogenously
combined GPS velocity field using ERBLOM software (Aktug et al., 2013, Aktug et al.,
2015)



2. TECTONIC SETTINGS OF EASTERN ANATOLIA

2.1 Study Area

The study area is located in eastern Turkey remaining between the latitudes of 37N-42N
and the longitudes of 36E-45E. The importance of the region is that it is tectonically complex
and has a high earthquake potential as it accommodates an intersection between two major
transform faults. It covers the area east of the NAF and the northeast of the EAF, the Karliova
region where they intersect, and a region to the east where we investigate their potential
eastward continuations. There are many tectonically active structures in this region in
addition to the NAF and the EAF.

The most active tectonic structure in the study area is the dextral NAF. Its segments near
Karliova have different lengths with slightly different kinematics. The 90 km long Resadiye
segment is the westernmost segment of the NAF in the study area. The Susehri segment is
located just in the east of the Resadiye segment extending 65 km. The Refahiye segment has
a length of 49 km following the Susehri segment eastward. The 42 km long Erzincan segment
operates through a sedimentary basin in a close vicinity to Erzincan city center. The 77 km
long Yedisu segment extends from the eastern tip of the Erzincan segment to the western tip
of Elmali segment. The Elmali segment extends between the Yedisu and the Kargapazari
segments for 22 km. The Kargapazari1 segment is the easternmost segment of the NAF in the

study area, extending for 39 km. (Emre et al., 2018) (Figure 2.1)

The second most active tectonic structure in the study area is the sinistral EAF. Its
segments near Karliova have different lengths with slightly different kinematics than the
overall sinistral behavior of the EAF. The Karliova segment represents the north-easternmost
segment of the EAF starting from its intersection with the NAF towards the southwest
extending for 31 km. The Ilica segment is 37 km from the southwestern tip of the Karliova
segment towards northeastern tip of the Palu segment near Bingol city. The Palu segment
starts near Bingol city center and extends to the Puturge segment extending for 77 km. The
97 km long Puturge segment extends between the Palu segment and the Erkenek segments.



The Erkenek segment follows the Puturge segment in the southwest extending for 77 km.

The Pazarcik segment is the south-westernmost segment of the EAF in the study area,
extending for 82 km long. (Emre et al., 2018) (Figure 2.1)

In addition to the NAF and the EAF, there are also individual fault segments in the study

area. About 20 of them are considered in this study. These are shown in Figure 2.1. These

faults segments are also described below following Emre et al. (2018):

(i)

(ii)

(iii)
(iv)

v)

(vi)

(vii)

(viii)

(ix)

)

(xi)

(xii)

(xiii)

The Deliler fault is a NE-SW striking 204 km long sinistral fault located in the central
Anatolia.

The Divrigi fault is an E-W striking 69 km long reverse fault follows the Deliler fault
to the northeast.

The Sariz fault is a NE-SW striking 215 km long sinistral fault.

The Savrun fault is a NE-SW striking 60 km long sinistral fault located in the
northwest of Kahramanmaras city center.

The Kahramanmaras fault is an E-W striking 42 km long reverse fault and adjacent
to the Savrun fault.

The Surgu fault connects the EAF and the Malatya fault. It is an E-W striking sinistral
fault with 79 km.

The Malatya fault is a N-S striking 176 km long sinistral fault line passing through
the west of Malatya city.

The Ovacik fault is located between the NAF and the Malatya fault. It is a NE-SW
striking 136 km long sinistral fault.

The Varto fault starts at Karliova junction where the EAF and the NAF intersect and
continues 45 km eastward. It is a NW-SE striking dextral fault.

The Akdogan Golu fault is an E-W striking 47 km long dextral fault located just east
of the Varto fault.

The 92 km long Erzurum fault passes from near the Erzurum city center. General
structure is NE-SW striking sinistral fault.

The NW-SE striking 59 km long, dextral, Karayazi fault runs parallel to the Varto
fault in the east of Erzurum.

The Tutak fault follows the Karayazi fault towards the east. It is a NW-SE striking
57 km long dextral fault.



(xiv)

(xv)

(xvi)

(xvii)

(xviii)

(xix)

(xx)

The Horasan Senkaya fault is located in northeast of Erzurum fault, with NE-SW
striking 56 km long. It includes sinistral and reverse fault structures.

The Gole fault is NE-SW striking 33 km long sinistral fault and located in the far
northeast of Turkey.

The Ercis fault is a NW-SE striking 59 km long dextral structure that passes northeast
of the Van Lake.

The Van fault is an E-W striking 27 km long reverse fault adjacent the VVan Lake.
The Caldiran fault is one of the fault fractures in the far east of Turkey for 52 km. It
Is a NW-SE striking dextral fault.

The Hasantimur Golu fault is a NW-SE striking 32 km long dextral fault.

Saray fault which has a NW-SE striking dextral structure is located in the easternmost

part of Turkey, with 24 km long.
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Figure 2.1. Tectonic setting of the study area. Abbreviations, HSF, KF, KS, ES, AGF, HGF,
SF, KMF mean Horasan Senkaya fault, Karayazi fault, Kargapazari segment, Elmali
segment, Akdogan Golu fault, Hasantimur Golu fault, Surgu fault and Kahramanmaras fault,
respectively. Data of faults shown in black were taken from MTA. Data of faults and

segments shown in red were taken from Emre et al. (2018).

2.2. Present Day and Historical Seismicity

Historical and instrumental period earthquakes that occurred in the region were
examined to identify seismically active faults in the region. Bornhoff et al. (2016),
Ambraseys and Jackson (1998), and the KOERI database were used to compile destructive
historical earthquakes that occurred before 1900 CE. Totally, 73 seismic events were
available in the study area that recorded for the time period of 75 - 1900 CE within the
magnitude range of 6 - 8. In the historical period, few severe earthquakes occurred in the

vicinity of Karliova to the east (Table 2.2, Figure 2.2.1)



The instrumental period earthquakes after 1900 CE were obtained from the KOERI
earthquake catalogue. Totally 115 devastating earthquakes occurred along fault systems in
the study area. 96 of them are in the magnitude range of 6 - 7. 19 of them are in the magnitude
range of 7 - 8. Figure 2.2.2 shows the present-day earthquakes regarding their locations and

magnitudes.

In both cases, epicenters of M6+ earthquakes do not characterize straight lines as
continuations of the NAF or the EAF in the southeast or in the northeast of Karliova.
However, overall distributions of the epicenters suggest a similar trend for broad zones. In
historical earthquake catalog, the 1866, the 1685, the 75, the 1582, and the 602 earthquakes
suggest a northwest-southeast striking epicentral zone in the southeast of Karliova (Figure
2.2.1). Similarly, the 1852, the 1859, the 1688, the 1718, and the 1766 earthquakes suggest
a southwest-northeast striking epicentral zone in the southeast of Karliova (Figure 2.2.1). In
instrumental period earthquake catalog, epicenters in the southeast of Karliova indicate a
clear continuation of the NAF with a similar strike towards the Van Lake (Figure 2.2.2).
They also suggest a continuation of the EAF in the northeast of Karliova with a similar strike

but covering a broader fracture zone (Figure 2.2.2).



Figure 2.2.1. Historical seismicity of the study area. In cases where more than two
earthquakes occurred at the same location, only the date of one is shown (please see Table
2.2 for details).
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Table 2.2. List of historical earthquakes that occurred in the study area.

Year | Latitude | Longitude | Magnitude Reference
75 | 38.8 41.3 6.5 Bohnhoff et al. (2016)
115 | 35.8 36.3 |7.0<M<7.8 | Ambraseys and Jackson (1998)
127 | 40.6 37.0 9 KOERI
343 | 40.6 36.9 6.9 Bohnhoff et al. (2016)
602 | 38.7 41.6 6.0 Bohnhoff et al. (2016)
~800| 40.0 39.0 7.5 Bohnhoff et al. (2016)
802 | 39.7 39.5 6.5 Bohnhoff et al. (2016)
869 | 40.0 44.0 9 KOERI
995 | 39.0 40.0 7.0 Bohnhoff et al. (2016)
995 | 38.7 40.0 |7.0<M<7.8|Ambraseys and Jackson (1998)
968 | 41.15 | 34.75 9 KOERI
1011| 39.7 39.5 6.5 Bohnhoff et al. (2016)
1045| 40.0 38.0 |7.0<M<7.8|Ambraseys and Jackson (1998)
1045| 39.75 39.5 9 KOERI
1046| 39.0 40.0 7.8 Bohnhoff et al. (2016)
1114| 375 37.5 M>7.8 |Ambraseys and Jackson (1998)
1135| 39.7 41.7 6.4 Bohnhoff et al. (2016)
1165| 39.7 39.5 6.4 Bohnhoff et al. (2016)
1168| 39.7 39.5 6.7 Bohnhoff et al. (2016)
1170| 39.7 39.5 6.7 Bohnhoff et al. (2016)
1236| 39.7 39.5 6.2 Bohnhoff et al. (2016)
1254| 40.0 38.3 7.2 Bohnhoff et al. (2016)
1254| 39.7 39.5 7.5 Bohnhoff et al. (2016)
1254 40.0 39.0 |7.0<M<7.8|Ambraseys and Jackson (1998)
1268| 39.8 40.4 7.4 Bohnhoff et al. (2016)
1268| 39.75 40.4 9 KOERI
1308| 39.7 39.5 6.5 Bohnhoff et al. (2016)
1363| 38.7 41.6 6.9 Bohnhoff et al. (2016)
1422| 39.7 39.5 6.7 Bohnhoff et al. (2016)
1457| 39.7 39.5 6.9 Bohnhoff et al. (2016)
1458| 39.75 40.4 10 KOERI
1481| 39.9 40.4 7.7 Bohnhoff et al. (2016)
1482| 39.75 39.5 9 KOERI
1543| 39.7 39.5 6.5 Bohnhoff et al. (2016)
1578| 39.7 39.5 6.5 Bohnhoff et al. (2016)
1582| 38.7 41.5 6.5 Bohnhoff et al. (2016)
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Table 2.2. List of historical earthquakes that occurred in the study area. (cont.)

Year | Latitude | Longitude | Magnitude Reference

1584| 40.0 39.0 6.6 Bohnhoff et al. (2016)

1584| 39.75 39.5 9 KOERI

1646| 38.3 43.7 |7.0sM<7.8|Ambraseys and Jackson (1998)
1647| 39.15 44.0 9 KOERI

1660| 40.0 41.3 6.5 Bohnhoff et al. (2016)

1660| 40.0 41.2 6.5 Bohnhoff et al. (2016)

1666| 40.0 39.5 7.5 Bohnhoff et al. (2016)

1668| 40.9 36.0 9 KOERI

1685| 39.0 41.0 6.7 Bohnhoff et al. (2016)

1688| 40.3 41.5 6.5 Bohnhoff et al. (2016)

1705| 38.7 41.7 6.7 Bohnhoff et al. (2016)

1718| 40.3 41.5 6.5 Bohnhoff et al. (2016)

1766| 40.0 41.7 6.5 Bohnhoff et al. (2016)

1784| 40.0 41.0 7.1 Bohnhoff et al. (2016)

1784| 39.5 40.2 7.6 Bohnhoff et al. (2016)

1784| 39.5 40.2 7.6 Ambraseys and Jackson (1998)
1789| 39.0 40.0 7.0 Bohnhoff et al. (2016)

1789| 38.8 39.5 |7.0<M<7.8|Ambraseys and Jackson (1998)
1826| 40.7 36.6 6.5 Bohnhoff et al. (2016)

1840 39.5 43.8 7.3 Ambraseys and Jackson (1998)
1852| 39.9 41.3 6.0 Bohnhoff et al. (2016)

1852| 39.9 41.3 9 KOERI

1859| 40.0 41.3 6.5 Bohnhoff et al. (2016)

1859| 39.9 41.3 9 KOERI

1866| 38.5 41.0 6.8 Bohnhoff et al. (2016)

1866| 39.2 41.0 7.2 Bohnhoff et al. (2016)

1866| 39.2 41.0 7.2 Ambraseys and Jackson (1998)
1868| 40.0 41.7 9 KOERI

1873| 40.5 37.8 6.5 Bohnhoff et al. (2016)

1874| 385 39.5 7.1 Ambraseys and Jackson (1998)
1875| 38.5 39.5 6.7 Ambraseys and Jackson (1998)
1875| 39.9 41.3 10 KOERI

1881| 38.5 43.3 9 KOERI

1890| 40.0 39.0 7.3 Bohnhoff et al. (2016)

1890| 39.9 38.8 9 KOERI

1893| 38.0 38.3 7.1 Ambraseys and Jackson (1998)
1893| 38.4 38.7 9 KOERI

12
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2.3.Focal Mechanisms

The fault plane solutions obtained from ISC locally confirms dextral mechanism of
the NAF as well as lateral mechanism of the EAF. These are generally in good correlation
with the kinematics of the faults in the region suggested by Emre et al. (2018). In the
southeast of Karliova, dextral mechanisms aligned along a NW-SE strike seems extending
the NAF towards the Van Lake with prominently observed right lateral strike slip focal
mechanisms. In the northeast of Karliova, sinistral mechanisms aligned along a NE-SW
strike represent extension of the NAF towards the north-east with prominently observed left

lateral strike slip focal mechanisms.

Figure 2.3. Focal mechanism solutions. Data were taken from ISC.
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3. METHODOLOGY AND DATA SET

3.1. Combining Velocity Fields

Within the scope of this study, we use GPS slip rates to verify seismically active
faults based on the tectonic movements at their surrounding crustal blocks. In this frame, we
combined all available permanent (CORS-TR) and campaign-based GPS measurements to
achieve the best available station coverage in the target region. In addition to CORS-TR
(Ozdemir, 2016), we compiled GPS velocity data from Kreemer et al. (2014) and Aktug et
al. (2016). In the first step, all GPS data are transformed to the same reference system
(ITRFO8). In a second step, overlapping and duplicated data were eliminated based on their
errors. Totally, we achieved spatial coverage of 229 GPS stations, 148 from Kreemer et al.
(2014), 15 from Aktug et al. (2016) and 66 from Ozdemir (2016). Combining them
homogenously, they were made ready for arctangent analysis that we perform to locate
seismically active faults and to determine their slip rates as well as locking depths.



15

Figure 3.1. GPS velocity field of the region in the ITRFO8 reference frame. Data from
Kreemer et al. (2014) are shown with red arrows, data from Ozdemir (2016) are shown with

blue arrows and data from Aktug et al. (2016) are shown with green arrows.

3.2. Combining Faults

In order to better understand the tectonic structures in the vicinity of Karliova,
previous studies in this region were carefully reviewed. Specifically, previous studies, which
have focused on the eastern extensions of NAF and EAF, are the source of our review.
Muehlberger and Gordon (1987) and Arpat and Saroglu (1972) verified the intersection of
EAF and NAF in Karliova. Imamoglu and Cetin (2007), Karakhanian et al. (2004),
McKenzie (2007), Perincek et al. (1987), Philip et al. (2001), Sengor et al. (1985) and
Taymaz et al. (1990) argued that the NAF has an extension in the east beyond Karliova.
Additionally, Karakhanian et al. (2004) and Philip et al. (2001) argued the idea that there is
an extension of the EAF in the north of Karliova. However, as the fault maps by Karakhanian

et al. (2004) and McKenzie (2007) are in low resolution, they were not included in the



16

combined fault map of this study. Based on all of these studies, a base fault map has been

generated to investigate the tectonic slip rates they accommodate as well as their possible

extensions based on GPS measurements.

Arpat and Saroglu (1972)
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Figure 3.2. Faults from previous studies within the study area. The faded lines were taken

from the MTA.
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4. ANALYSIS AND RESULTS

4.1. Arctangent Profiling

During the interseismic period, the blocks on both sides of the fault continue to slide
relative to each other with small movements. In faults with a strike slip structure, while there
is relatively less slip near the fault, there is an increasing movement away from the fault line.
This movement in the blocks creates a shape similar to the letter S, suitable for arctangent
modeling. The model of this kind of elastic deformation for strike slip faults is proposed by
Savage and Burford (1973) and can be described as below:

Vx= (%) tan’! (%) (4.1)

In the equation (4.1), where Vx is the velocity of points estimated along the
perpendicular profile across the fault, V is the far field velocity, x is the distance from the
fault, and D represents the locking depth.

The study area was subdivided into 5 sections as the NAF, possible southeastern
extension of the NAF, possible eastern extension of the NAF and the EAF, and possible
northeastern extension of the EAF to locate seismically active faults using arctangent
profiling. Reference frame was fixed separately for each profile, starting from the selected
reference frame, going across the fault considering availability of GPS measurements as well
as the location of known seismically active faults. The analysis scheme we used, which has
been developed by Bulut and Dogru, (2021), (1) plots GPS slip rates on map view, (2) marks
the reference frame as a closed polygon, (3) removes the mean velocity of the selected
reference frame from the entire GPS velocity field, (4) marks the edges of the arctangent
profile, (5) marks the location of the fault and the mean velocity on velocity versus across-
fault distance plot, (6) run a grid search to obtain the best fitting arctangent curve to optimize
slip rate and locking depth, (7) resample the data 100 times randomly in the range of misfits

to calculate uncertainties using bootstrap technique.
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In the NAF section, reference frame was fixed at the north of the fault, basically at
Eurasian plate, and across-fault profile was taken approximately 180 km long framing the
NAF in the middle. Marked mean velocity and fault location are shown with green “X”
marker (Figure 4.1.1). The slip rate was found to be 19.8 mm/year with an error margin of
0.8 mm/year, and the locking depth as 19.3 km with an error margin of 1.7 km.
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sliprate: 19.8+/- 0.8 mm/y, locking depth: 19.3+/- 1.7 km
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Figure 4.1.1. Arctangent analysis of the NAF section. In upper panel, the location of the fault
used for the best fit solution is shown with a green “X” marker in the lower panel, and the

region where the profile was taken.
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In the possible southeast extension of the NAF section, reference frame was again
fixed in the north of the fault, and across-fault profile was taken approximately 200 km long,
which frames possible extension of the NAF in the middle. Marked mean velocity and fault
location are shown with green “X” marker (Figure 4.1.2). The slip rate was found to be 10.3
mm/year with an error margin of 1.1 mm/year, and the locking depth as 9.5 km with an error
margin of 2.8 km.
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Figure 4.1.2. Arctangent analysis of the possible southeast extension of the NAF section. In
the upper panel, the location of the marked fault used for the best fit solution is shown with
a green “X” marker in the lower panel, and the region where the profile was taken.

In the section of the possible eastern extension of the NAF, reference frame was fixed
in the north of fault, and profile perpendicular to the fault was taken approximately 200 km
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long. Marked mean velocity and fault location are shown with green “X” marker (Figure
4.1.3). The slip rate was found to be 6.8 mm/year with an error margin of 0.4 mm/year, and

the locking depth as 18.0 km with an error margin of 2.8 km.
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Figure 4.1.3. Arctangent analysis of the possible eastern extension of the NAF section. In
the upper panel, the location of the marked fault used for the best fit solution is shown with

a green “X” marker in the lower panel, and the region where the profile was taken.
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In the section of the EAF, reference frame was fixed in the south of the EAF, and
profile perpendicular to the fault was taken approximately 230 km long. Marked mean
velocity and fault location are shown with green “X” marker in the Figure 4.1.4. The slip
rate was found to be 10.5 mm/year with an error margin of 0.6 mm/year, and the locking

depth as 15.3 km with an error margin of 4.6 km.
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Figure 4.1.4. Arctangent analysis of the EAF section. In the upper panel, the location of the
marked fault used for the best fit solution is shown with a green “X” marker in the lower

panel, and the region where the profile was taken.
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In the section of the possible northeastern extension of the EAF, reference frame was
fixed is the southeast of the fault, and profile perpendicular to the fault was taken
approximately 125 km long. Marked mean velocity and fault location are shown with green
“X” marker (Figure 4.1.5). The slip rate was found to be 5.8 mm/year with an error margin
of 1.0 mm/year, and the locking depth as 13.5 km with an error margin of 6.5 km.
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Figure 4.1.5. Arctangent analysis of the possible northeastern extension of the EAF section.
In the upper panel, the location of the marked fault used for the best fit solution is shown

with a green “X”” marker in the lower panel, and the region where the profile was taken.



27

Table 4.1. Slip rates and locking depths from arctangent analysis. Abbreviations, SR, LD

mean slip rate and locking depth, respectively.

Segrments Slip Rate | Error Margin | Locking Depth |Error Margin
(mm/y) |of SR (mm/y) (km) of LD (km)
The NAF section 19.8 0.8 19.3 1.7
Possible southeast extension of the NAF 10.3 1.1 9.5 2.8
Possible eastern extension of the NAF 6.8 0.4 18.0 2.8
The EAF section 10.5 0.6 15.3 4.6
Possible northeastern extension of the EAF 5.8 1.0 13.5 6.5

4.2. Block Modeling

The block modeling approach, in which the blocks surrounded by the faults are
considered to be rigid, has been used to simultaneously constrain the deformation on all
defined fault lines, considering the fault locations that are initially analyzed using the
arctangent profiles. ERBLOM (Elastic Rigid BLOck Modeling) software was used where
elastic strain along the block boundaries is calculated using analytical equations given by
Okada (1985) (Aktug et al., 2013). The GPS velocities that are homogenously compiled from
Kreemer et al. (2014), Aktug et al. (2016) and Ozdemir (2016) were used as velocity input
data. At this stage, 5 blocks (closed polygons) were defined within the study area (Figure
4.2).

As a result of this analysis, the generated values are given in Table 4.2. In the Figure
4.2, upper values are strike slip components and lower values are fault-perpendicular slip
rates. The positive values of lateral slip rates indicate the left lateral movement of the fault,
while the negative ones indicate the right lateral movement. The positive polarity of the
fault-perpendicular slip rates represent shortening, the negative polarity represents

extension.
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Figure 4.2. Block modeling analysis of the study and the block boundaries indicated with
the yellow lines. The faded lines were taken from the MTA, and the white colored faults
were taken from previous studies. GPS velocity vectors represent the red ones from Kreemer
et al. (2014), the blue ones from Aktug et al. (2016), and the green ones from Ozdemir
(2016).

Table 4.2. Slip rates from block modeling analysis.

Lateral Fault-perpendicular
Blocks| Slip Rate | Error Margin | Slip Rate |Error Margin
(mmy) (mmly) (mmly) | (mmly)
1-2 -9.1 0.8 0.4 1.2
1-3| -15.0 1.5 -0.7 2.4
1-5 -2.0 2.2 -4.5 3.1
2-3 -2.3 1.7 2.5 1.6
2-3 -0.9 1.5 1.8 1.5
3-4 9.2 2.4 -2.1 1.8
3-5| -16.8 4.1 3.4 3.7
4-5 -9.8 2.7 6.0 3.5
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5. DISCUSSION

The NAF is an arc-shaped dextral strike-slip fault (Bozkurt, 2001). It has many sub-
parallel fault strands, and in the east, it merges with the southwest-northeast trending sinistral
strike-slip fault EAF (Allen, 1969; Arpat and Saroglu 1972; Barka and Kadinsky-Cade,
1988) at Karliova junction. This causes an extensive and complex deformation in the vicinity
of Karliova. Although, in some studies, the NAF is not terminated at the Karliova junction
and continues to the southeast, the extensions of the NAF and the EAF were not yet clearly
observed. In the instrumental period, there were some major earthquakes along the possible
extension of the NAF, such as 1966 Mus-Cayiryolu earthquake (M 6.5), 1982 Erzurum-
Hinis earthquake (M 5.4), and 2013 Mus-Suduragi earthquake (M 5.1) (KOERI). Similarly,
there were some major earthquakes along the possible extension of the EAF, such as 1983
Kars-Sarikamis earthquake (M 6.8), 1999 Erzurum-Horasan earthquake (M 5.5) and 2013
Erzurum-Tekman earthquake (M 4.5) (KOERI). Also, the last major earthquake on the EAF
is 2020 Elazig earthquake (M 6.75) (Dogru et al., 2021). These earthquakes, and similar
major earthquakes in historical earthquake catalog represent a first line of evidence for
continuation of the NAF and the EAF in the east of Karliova.

In the frame of this study, possible extensions of the NAF and EAF to the east beyond
Karliova were investigated using locations and mechanisms of earthquakes, and arctangent
modeling of GPS measurements. The region of interest is selected to cover a broad area large
enough to characterize the faults, the intersection area (Karliova junction), and eastern
Turkey. Interseismic period GPS velocities were used as the main data source. Besides, the
locations of tectonic structures detected in previous studies were investigated. By using these
data, two different analyzes were performed, namely arctangent profiling and block
modeling, in order to detect the presence of possible extensions. As expected, results depend
on the number of GPS velocities in the area and the selection of the blocks.

The arctangent modeling proposed by Savage and Burford (1973), which is
implemented by Bulut and Dogru (2021), allows obtaining the slip rates and locking depths
at different fault segments in the region of interest. In this study, the position of possible

extensions, their slip rates, and locking depths were investigated. For the NAF section, the
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slip rate was found to be 19.8 + 0.8 mm/y. This is in good correspondence with the previous
observations, e.g., by Aktug et al. (2015), where the slip rate of the easternmost segment of
the NAF is reported to be 19.8 = 2.3 mm/y, by Cakir et al. (2014) where the slip rate of this
segment of the NAF is reported to be 20 + 3 mm/y, and by Tatar et al. (2012), where the slip
rate of this segment of the NAF is reported to be 20.1 + 2.4 mm/y. The locking depth of the
NAF section found to be 19.3 = 1.7 km which is compatible with Walters et al. (2011) that
argued the locking depth of the eastern NAF is between 13.5 - 25 km, however; Aktug et al.
(2015) stated the locking depth of the easternmost NAF is 11.9 + 3.5 km and Tatar et al.
(2012) mentioned the locking depth of the NAF is 12.5 + 3.5 km. Along the possible
southeast extension of the NAF section, it is seen that the slip rate decreases by half to the

east with respect to the slip rated in the northwest.

As a result of the arctangent analysis in the EAF section, slip rate is 10.5 = 0.6 mm/y,
and the locking depth is 15.3 + 4.6 km. It is also compatible with Aktug et al. (2016) that
mentioned that the slip rate of the northern EAF is 11.06 + 3.94 mm/y, and the locking depth
is 28.85 &+ 29.24 km. Further, in the possible northeastern extension of the EAF section, the

slip rate is reduced by half in the same way and the presence of extensions continues.

For block modeling analysis, all fault traces in the region of interest have been
merged and simplified to define block boundaries. We finally defined five blocks. Since the
blocks are analyzed as a single rigid part in block modeling, slips detected at the block
boundaries indicate a movement at these boundaries. The corresponding block boundaries
on the NAF in three sections (the boundaries between blocks 1-2, 1-3, 3-5), the average right
lateral slip rate is about 13.6 mm/y. The boundary, between blocks 4 and 5, representing the
extension of the NAF, has a right lateral slip velocity of about 9.8 = 2.7 mm/y, which is
compatible with Reilinger et al. (2006) arguing the slip rate of this block boundary is 11.9 +
0.4 mm/y. Ahadov and Jin (2021) stated that the slip rate of this boundary ranges between
10 - 12 mmly. In the boundary, between blocks 3 and 4, that overlaps with the EAF, the slip
rate is ~9.2 mmly, left lateral. The slip rate of the boundary, between blocks 1 and 5, which
is the continuation of the EAF to the northeast, is about 2.2 mm/y. This is consistent with
Reilinger et al. (2006) arguing that the slip rate of this block boundary is 2.3 + 0.2 mmly.
Ahadov and Jin (2021) reported that the slip rate of this boundary range between 2 - 4 mm/y.
On the contrary, Aktug et al. (2013) found that the slip rate of this boundary is 4.7 + 0.3
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mm/y. The blocks in the studies of Aktug et al. (2013), Reilinger et al. (2006) and Ahadov
and Jin (2021), which are within the region of interest of this study, cover approximately a

similar area.

The results of the arctangent analysis are consistent with previous studies. In the
block modeling analysis, calculations are made using only the velocity field inside the blocks
(Cakmak, 2011), that is, slip rates of the two blocks relative to each other were obtained. For
this reason, the slip rates obtained from arctan modeling are mainly verified the results of

block modeling analysis.
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6. CONLUSIONS

(i) Historical earthquakes for almost the last two millennia as well as the instrumental period
earthquakes (since 1900) are localized along the NAF and the EAF in the west of Karliova

junction.

(i) Instrumental period earthquakes indicate an epicentral distribution of the NAF remain as
it is in the southeast of Karliova, suggesting that the NAF continue with the same local strike,
which is NW-SE, to the southeast of Karliova, towards the Van Lake.

(ii1) Instrumental period earthquakes do not provide a clear evidence for the continuation of
the EAF, as they indicate a seismic activity along rather a broad region in the northeast of

Karliova.

(iv) Fault plane solutions verify dextral characteristic of the NAF in the northwest of
Karliova. They remain as they are also beyond Karliova confirming a dextral continuation
of the NAF to the southwest.

(v) Fault plane solutions indicate sinistral characteristic of the EAF in the southwest of
Karliova. Towards the northeast of Karliova, left-lateral mechanisms are available for NE-
SW striking nodal planes. However, they are distributed to a broad area, which do not

provide a clear evidence for northeastern continuation of the EAF beyond Karliova.

(vi) The NAF deforms at 19.8 mm/y slip rate down to 19.3 km locking depth in the northwest

of Karliova.

(vii) The EAF deforms at 10.5 mm/y slip rate down to 15.3 km locking depth in the

southwest of Karliova.
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(viii) In the southeast of Karliova, an arctangent profile indicates a dextral fault deforming
at 10.3 mm/y slip rate down to 9.5 km locking depth with the similar strike suggesting that
the NAF extends towards the southeast of Karliova for ~170 km with a similar fault

kinematics but almost half a deformation rate.

(ix) In the northeast of Karliova, an arctangent profile indicates a sinistral fault deforming at
5.8 mm/y slip rate down to 13.5 km locking depth with a similar strike suggesting that the
EAF extends towards the northeast of Karliova for ~180 km with a similar fault kinematics

but almost half a deformation rate.

Future works require a denser GPS network in the region to better resolve the slip
rates of the main faults and their extensions. In order to define the role of these extensions

in earthquake hazards of the region, geological fieldworks needs to be increased.
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