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ABSTRACT

Coastal areas along the lakes are sensitive to climatic, hydrologic, and anthropogenic changes. These areas
also reveal the interaction between natural driving forces and anthropogenic factors. Lake Van coastal region
is a dynamic area heavily affected by natural processes and human activities. The present study focuses on
Lake Van’s coastline evolution and the associated driving forces. Natural driving forces influencing the
changes in the coastline were determined as rock type, water-level fluctuations, wave and current action,
tectonics, and fluvial-based processes. The lake’s eastern coast is the most intensive region for erosion and

deposition in terms of natural factors.

Most residents prefer to live in Lake Van'’s coastal areas, likely a large percentage of the world's population
choice. Coastal settlements and their coastal protection structures such as embankments and harbours
negatively affect the natural processes such as erosion, sediment transportation, and deposition. Dams and
river reclamation channels build on rivers indirectly affect the coastal evolution by reducing the sediment input
into the lake. These anthropogenic stressors on coastal evolution completely change the natural balance.
Understanding all these environmental factors is an indicator of the existing circumstances of the Lake Van

coastal area and provides a broader perspective to assess protection and management of this area.
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0z
Gl kiyilari iklimsel, hidrolojik ve insan kékenli degisimlere oldukga duyarlidir. Bu alanlar ayni zamanda dogal
itici gticler ile insan kbkenli degisimler arasindaki etkilesimi ortaya koymaktadir. Van GO6li kiyilari, dogal

stregler ve insan aktivitesinden énemli sekilde etkilenen dinamik alanlardir. Bu ¢alisma Van Goli kiyi
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tirdi, su seviyesi oynamalari, dalga ve akintilar, tektonizma ve fliivyal siiregler olarak belirlenmistir. Van

Goli‘nidn dogu kiyilari, dogal asinma ve depolanma stiregleri bakimindan en duyarli alanlardir.

Diinya poplilasyonunun énemli bir kisminin kiyilarda yasamasi gibi, bélge insani da yasamak i¢in Van Go6lii
kiyilarini tercih etmektedir. Kiyi yerlesimleri ile setler ve limanlar gibi kiyi koruma yapilari, asinma, sediman
tasinmasi ve depolanma gibi dogal stire¢leri olumsuz etkilemektedir. Barajlar ve nehir islah kanallari da, géle
tasinan sediman miktarini azalttigi icin dolayli olarak kiyr gelisimini etkilemektedir. Bu insan kaynakli baskilar,
kiyr gelisimi lzerindeki dogal dengeyi tiimiiyle degistirmektedir. Tiim bu cevresel faktérler, Van Goli kiyi

alaninin mevcut kosullarinin bir géstergesidir ve bu alanin korunmasi ve yénetimine iliskin degerlendirmelerde

daha genis bir perspektif sunmaktadir.

Anahtar Kelimeler: Dogal itici gligler, Dogu Anadolu, insan kékenli etmenler, kiyi ¢izgisi, Van Gélii
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INTRODUCTION

The coastline can be simply described as the
boundary between the land and the seallake
water where a large percentage of the world’s
population resides (Bird, 2008). These are
defined as valuable areas ecologically and
economically. Coastal zones are affected by
intense natural factors, including global sea-
level change, coastal erosion and
sedimentation, tide, storm, and tectonics. They
are influenced by several or all of these factors
(Vafeidis et al., 2008; Ghost et al., 2015; Ai et
al., 2019; Dai et al., 2019). While some coastal
processes such as beach erosion, spit
formation, or cliff retreat work at high speeds
and allow researchers to observe changes in
human life scales, coastal-sedimentation,
tectonic deformation and sea-level changes
need millennial time-scales (Dornbusch et al.,
2008; Jabaloy-Sanchez et al., 2010).

Anthropogenic factors also impact coastal
evolution. Residential on shore, embankments,
wave-barriers, and harbours directly influence
coastline, while dominant changes on the
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fluvial system such as dams and river-channel
reclamations indirectly affect the coastline
formation by changes in the sediment input
(Gottgens and Evans, 2007; Yao and Wu,
2012; Zhang et al., 2013; Rameli and Jaafar,
2015; Karakus et al., 2017; Ai et al., 2019).
Natural or anthropogenic processes in the sea
coasts are similarly effective in the large lakes
(Niemi et al., 2007; Thompson et al., 2011;
Smeltzer et al., 2012; Chraibi et al., 2014; Lin
and Wu, 2014).

Lake Van is a terminal lake located at an
altitude of 1648 m above sea level in eastern
Turkey (Figure 1a). The origin, age, water
chemistry, water-level changes, climatic
features, wetlands and ecological features of
Lake Van have been studied by numerous
researchers (Reimer et al., 2009; Kaden et al.,
2010; Kuzucuoglu et al., 2010; Huguet et al.,
2011; Dizen and Aydin, 2012; Tomonaga et
al., 2012; Cagatay et al., 2014; Kwiecien et al.,
2014; Stockhecke et al., 2014; Aydin and
Karakus, 2016; Mochizuki et al., 2018).
However, the evaluation of coastal
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development and processes in terms of natural
and artificial factors is lacking.

It is an essential to understand the natural and
anthropogenic factors shaping Lake Van’s
coastline for an optimum evaluation of the
current coastal areas. Therefore, this study
aims to (i) identify natural processes shaping

the coastlines, (ii) determine the coasts
affected mainly by natural processes, and (i)
introduce the artificial mechanisms interrupting
the natural development of the coastline in
Lake Van, using field observations, laboratory
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BACKGROUND

Lake Van is located on Eastern Anatolian
Plateau formed by the continental collision
between the Arabian and Eurasian plates. The
velocity of the ongoing collision is 10-11 mm/yr
on these plates’ boundary (Reilinger et al.,
2006). Lake Van, Mus, and Pasinler are some
of the basins formed by compressional tectonic
regime on the plateau (Saroglu and Glner,
1979; Sengdr and Yazicl, 2020).
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Figure 1. a) Major neotectonic features of Eastern Anatolia Plateau and adjacent areas. b)
Geological map of Lake Van Basin (modified from Acarlar et al., 1991; Senel, 2008; Kogyigit,
2013).

Sekil 1. a) Dogu Anadolu Platosu ve yakin gevresinin ana neotektonik 6zellikleri. b) Van Géli Havzasi’nin
jeolojik haritasi (Acarlar vd., 1991; Senel, 2008; Kogyigit, 2013’ten degistirilerek).
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Approximately N-S oriented compressional
tectonic regime is characterized mainly by E-
W-trending reverse and NE-striking sinistral
and NW-striking dextral strike-slip faults in
Lake Van Basin (Dewey et al., 1986; Yiimaz et
al., 1998; Ozkaymak et al., 2011; Kogyigit,
2013). Van-Everek, Girpinar, and Alakody
reverse faults and Ercig, Caldiran, Cakirbey,
Karasu, and Giulslnler strike-slip faults are
active faults of the basin (Kogyigit, 2013;
Okuldas and Uner, 2013; Dicle and Uner, 2017;
Saglam Selguk et al., 2017; Toker et al., 2017)
(Figure 1b). Nemrut, Suphan, and Etrisk
volcanoes observed along the western and
northern parts of the basin are the product of
the collision-related magmatic activity (Figure
1b) (Aydar et al., 2003; Karaoglu et al., 2005;
Ozdemir et al., 2011; Cubukcu et al., 2012;
Oyan et al., 2016; Aglan et al., 2020).

Lake Van Basin, has been developing
unconformably since Pliocene over the
Miocene and older basement comprising
metamorphic rocks (Bitlis Metamorphics)
(Oberhansh et al., 2010; Okay et al.,
2010)(Figure 2a), Jurassic limestones (Figure
2b), Upper Cretaceous ophiolites (Yiksekova
Mélange) (Sengdr and Yimaz, 1981; Uner,
2020)(Figure 2c), and Oligocene-Miocene
turbidites (Acarlar et al., 1991; Gulyuz et al.,
2020) (Figure 2d). These rocks are
unconformably overlain by the Pliocene to
Quaternary volcanic rocks (Figure 2e) and
ancient lacustrine deposits of Lake Van
(Degens et al., 1984; Stockhecke et al., 2014;
Uner, 2018) (Figure 2f). Quaternary travertine
(Figure 2g) and alluvium constitute the
youngest basin fill (Senel, 2008).

Lake Van Basin is the largest soda lake in the
world, developed 600 ka ago (Stockhecke et
al., 2014). It has a surface area of 3570 km?, a
volume of 607 km?, a depth of 451 m (Kempe

et al., 1978), and a coastline of 497.3 km. It is
an alkaline lake with 9.8 pH and 22-23%o
salinity (Reimer et al., 2009; Kaden et al., 2010;
Tomonaga et al.,, 2012). Four main rivers,
namely Engil, Karasu, Bendimahi, and Zilan,
and numerous temporary streams reach the
lake.

The water budget of Lake Van depends on
balanced precipitation, evaporation,
groundwater supply and runoff. At Lake Van
Region the annual average air temperature and
precipitation are 9 °C (Duizen and Aydin, 2012)
and 473.4 mm (Aydin and Karakus, 2016),
respectively. Their annual variations fluctuate
the lake level up to 90 cm (Degens and
Kurtman, 1978; Kaden et al., 2010; Stockhecke
etal., 2012).

MATERIAL AND METHOD

The elements shaping the coastline of Lake
Van are investigated in two sections as natural
and artificial. The rock type, water-level
fluctuation, waves and currents, tectonics, and
fluvial-based processes constitute natural
elements affecting coastal formation and
deformation. In contrast, coastal settlements,
coastal protection structures, and dams are
artificial elements. This study evaluates natural
and artificial processes with field observations,
satellite images, and laboratory analyzes.

The field work was conducted along Lake
Van'’s approximately 497 km long coastal area.

Thin sections of parent-rock samples were
prepared to determine the mineralogical
composition and to interpret the strength of
these rocks. Additionally, some physical
features of the coastal rocks, such as abrasion
resistance, water absorption capacity, and
apparent porosity rate, were determined by
laboratory experiments. BOhme abrasion test
was applied to the cubic samples cut into
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Figure 2. Field photographs of the; (a) metamorphic rocks, (b) limestone, (c) ophiolitic rocks, (d)
turbiditic rocks, (e) volcanic rocks, (f) lacustrine deposits, and (g) travertine located on the coast
of Lake Van.

Sekil 2. Van Gélii kiyilarinda gbzlenen; (a) metamorfik kayaclarin, (b) kiregtaslarinin, (c) ofiyolitik kayaclarin,
(d) tirbiditik kayagclarin, (e) volkanik kayaglarin, (f) gblsel ¢bkellerin ve (g) travertenlerin arazi fotograflari.

70x70x70 mm® + 1 mm to determine the interpret the erosion rates on the Lake Van
abrasion resistance of these rocks. coasts.

Water absorption capacity and apparent Tectonic structures in the coastal area and their
porosity values were also calculated from dry  geological characteristics were acquired from
and wet weights. All values were compared to  previous studies and compared to field

observations. Long- and short-term water-level
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fluctuations with the wave and current activities
and their effect on outcrops were also
evaluated in terms of erosion and depositional
processes in the field.

Satellite images are one of the most useful
tools for preparing coastal and deltaic
environments inventory and detecting their
changes (Durduran, 2010; Kuenzer et al.,
2014; Flor et al., 2015; Ghosh et al., 2015;
Zhang et al., 2016; Dai et al., 2019). Landsat
images, obtained over 42 years (1977-2019),
were analysed to investigate short-term
changes along the Lake Van coast. These
images were mostly used for determining
beach, spit, and delta evolutions. They were
also evaluated to identify fault zones
overlapping with coastal Seismic
activities of these faults were checked from
Kandilli Observatory and Earthquake Research
Institute (KOERI) database.

areas.

Long-term wind-velocity records measured
from six stations (Van, Ercig, Gevas, Muradiye,
Tatvan, and Ahlat) since 1960 were obtained
from the Turkish State of Meteorological
Service to evaluate wave activity on Lake Van
coasts. Monthly maximum wind velocity
records were compared with the most known
wind-velocity scale (Beauford scale from
Isemer and Hasse, 1991) to determine the
maximum wave-height that can arrive at the
coast.

DRIVING FORCES
Rock type

Lake Van developed on various basement
rocks such as metamorphic, ophiolitic,
volcanic, limestone, turbidite, and
travertine/tufa. Because of the water-level
fluctuations, Lake Van’s ancient lacustrine and
deltaic deposits are also observed in its
modern coastal area (Figure 2).

South of Lake Van is covered by metamorphic
and ophiolitic  rocks. Precambrian to

Cretaceous metamorphics, called Bitlis Massif,
are composed of schist, gneiss, marble, and
amphibolite (Oberhansh et al., 2010). These
subduction-related metamorphic rocks present
a south-verging and tectonically imbricate
structure (Okay et al., 2010). Lake Van’s 106.9
km long southern coastline lies between
Tatvan and Gevas city centres consists of
these metamorphic rocks. Metamorphic rocks
are composed of chlorite-schist (Figure 3a) and
hornblende+  plagioclase-rich  amphibolite
(Figure 3b). These amphibolites and chlorite-
schists present water absorption capacity of
0.10-0.11%, apparent porosity rates of 0.23-
0.26%, and abrasion resistance values of 0.14-
4.98 cm?®/50cm?, respectively (Table 1).
Metamorphic rocks located on the southern
coast show 34-56% topographic inclination.

The remaining southern coastline
(approximately 14 km long) consists of
ophiolitic rocks located around the Gevas city
centre, and called as Gevas ophiolites.
Ophiolitic rocks are also observed at the 7.1 km
long northwest coast between Ahlat and
Adilcevaz city centres. Upper Cretaceous
ophiolitic rocks are made up of harzburgites
and gabbros (Uner, 2020). While harzburgites
contain olivine and pyroxene (Figure 3c),
gabbros are composed of plagioclase and
pyroxene (Figure 3d). Their water absorption
capacities are 0.14-0.51%, apparent porosity
rates 0.32-1.19%, and abrasion resistance
values 1.13-6.33 cm®50 cm?, respectively
(Table 1).

Roughly 140 km long north and west coast of
Lake Van is composed of volcanic rocks.
Pliocene to Quaternary collision-related
volcanic rocks include basalt and pyroclastics
derived from Nemrut, Siphan, and Etrisk
volcanoes (Maxcon, 1936; Karaoglu et al.,
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a) chlorite-schist, (b) amphibolite, (
(e) basalt, (f) limestone, (g) sandstone, (h) travertine, and (j) tufa samples obtained from the coasts
of Lake Van.
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c) harzburgite, (d) gabbro,

Sekil 3. Van Gélii kiyilarindan elde edilen; (a) klorit-sist, (b) amfibolit, (c) harzburjit, (d) gabro, (e) bazalt, (f)

kirectasi, (g) kumtasi, (h) traverten, and (j) tufa 6rneklerinin incekesit gériintiisi.

Table 1. Water absorption capacity, apparent porosity rate, and abrasion resistance test results

of the different rocks sampled from the coastal area of Lake Van

Cizelge 1. Van Gélii kiyisindan 6meklenen farkli kayaglarin su emme kapasitesi, gériiniir gézeneklilik orani

ve aginma direnci test sonuglari

Sa'TpIe Rock type Wa.ter . Appgrerlt Abrasign resisztance
0 absorption (%)  porosity (%) (cm?/50cm?)
1 Tufa 10.53 16.78 36.39
2 Travertine 2.93 6.06 10.55
3 Limestone 3.59 7.37 10.35
4 Sandstone 0.13 0.30 1.93
5 Basalt 0.31 0.73 2.03
6 Schist 0.11 0.26 4.98
7 Harzburgite 0.51 1.19 6.33
8 Amphibolite 0.10 0.23 0.14
9 Gabbro 0.14 0.32 1.13
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2005; Ersoy et al., 2006; Ozdemir et al., 2011;
Oyan et al, 2016). Basaltic rocks with
hypocrystalline texture contain plagioclase,
augite, and enstatite minerals (Figure 3e). The
basalt sample has a water absorption capacity
of 0.31%, apparent porosity rate of 0.73%, and
abrasion resistance value of 2.03 cm350cm?
(Table 1). The topographic inclination of these
rocks differentiates on the coastal area of the
lake appropriately to the geometry of these
stratovolcanoes.

Lower Miocene Adilcevaz limestones represent
the latest marine carbonates of the region,
corresponding to the uppermost levels formed
before the closure of the southern branch of the
Neo-Tethys (Yesilova and Yakupoglu, 2007).
These rocks are observed on the northwest
coast of Lake Van between Adilcevaz and
Ahlat city centres (22.8 km) and west of the
Ercig city (3.8 km). Adilcevaz limestone is a
mud-supported, fossiliferous-carbonate rock
containing > 10% grains and can be defined as
wackestone (Figure 3f). It has a water
absorption capacity of 3.59%, an apparent
porosity rate of 7.37%, and an abrasion
resistance value of 10.35 cm350cm? (Table 1).

The Oligocene—Miocene shallow- to deep-
marine turbidites composed of sandstone-
mudstone alternation with gravelly layers
(Acarlar et al., 1991; Gulylz et al., 2020) are
observed along the 19.1 km coastline between
Mollakasim and Yesilsu villages at the east of
Lake Van, and 6.8 km long in Ahlat at the west.
The sandstone sample contains quartz
minerals and rare fossil fragments (Figure 3g)
with  a water absorption capacity of
0.13%,apparent porosity rate of 0.30%, and
abrasion resistance value of 1.93 cm350cm?
(Table 1).

The Quaternary terrestrial carbonates formed
in fluvial and lacustrine environments constitute
the Edremit travertine and tufa deposits
(Yesilova et al., 2015). The carbonates outcrop

only 10.7 km along the southeast coast of Lake
Van near Edremit city centre. Travertine with
microcrystalline texture (Figure 3h) and tufa
composed of phytoherm framestone facies
(Figure 3j) have the water absorption capacity
of 2.93-10.53%, apparent porosity rates of
6.06-16.78%, and abrasion resistance values
of 10.55-36.39 cm?/50cm?, respectively (Table

1).

The longest coastline of Lake Van with 165.1
km is located on ancient and modern lacustrine
and deltaic deposits. The lacustrine sequences
are formed by horizontally bedded clays, silts,
and fine- to coarse-grained sandy shallow
lacustrine and gravelly shore deposits and are
frequently observed in eastern and northern
coasts of Lake Van near the Van and Ercis city
centres.

Water-level fluctuation

Water-level fluctuation history of Lake Van
including last 110 ka was obtained from ancient
terrace and varve records (Degens et al., 1978;
Landmann et al.,, 1996; Kuzucuoglu et al.,
2010; Cagatay et al.,, 2014; Akkopru et al.,
2019). The highest water-level was determined
as +108 m above the present level (105 ka
B.P.) (Kuzucuoglu et al., 2010). In contrast, the
lowest level was recorded as -340 m below the
present level (8.4 ka B.P.) (Degens et al.,
1978). The water-level have remained the
same for the last 3-4 ka, except for minor
changes (Degens et al., 1978; Landmann et al.,
1996; Cagatay et al., 2014). Water budget of
Lake Van is calculated depending on
precipitation, evaporation, surface runoff, and
groundwater recharge. The annual average
precipitation is 473.4 mm (Aydin and Karakus,
2016) and its contribution to the volume of the
lake is calculated as approximately of 2.5 km?3
water input (Kadioglu et al., 1997). The annual
average air temperature also varies from -3.6
to 22.7 °C at coastal areas of Lake Van and
amount of the annually water lost to the
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atmosphere by evaporation is defined as 5.08
km3 (Dizen and Aydin, 2012).

The catchment area of Lake Van is 11,859 km?
(Dizen and Aydin, 2012). Four major rivers
(Engil, Karasu, Bendimahi, and Zilan rivers)
and tens of perennial and seasonal streams
drain into Lake Van. It has been calculated that
annually 1.7 km?3 of freshwater is added to the
lake volume by surface runoff (Kadioglu et al.,
1997). Water loss of Lake Van due to
evaporation is balanced by precipitation,
surface runoff, and groundwater input. Annual
variation on these components changes the
lake level up to 90 cm (Degens and Kurtman
1978; Kaden et al., 2010; Stockhecke et al.,
2012).

Beachrocks considered as one of the best
indicators of former water levels (Bezerra et
al.,2004;Desruelles et al., 2009) are frequently
observed in different levels at the east and
southeast coasts of Lake Van. Both subaerial
(Figure 4a) and submerged sandy and pebbly
beachrocks deposited parallel to coastline in
topographically low-incline areas are indicating
lake-level fluctuations for Lake Van.

Wave and current activity

According to monthly maximum wind-velocity
records measured by the Turkish State
Meteorological Service on coastal stations
since 1960, the wind-velocity frequently
reached the gale/storm-level with 17.2-32.6
m/s (Beauford scale from Isemer and Hasse,
1991). This level corresponds to a 5.5-11.5 m
waveheight (Met Office, 2007). Moreover, the
wind-velocity unexpectedly reached the
hurricane-level (> 32.6 m/s) twice, with 42.3
m/s (Uner, 2018). That highest value
corresponds to >14 m waveheight (Met Office,
2007).

Wind-generated waves can erode coastal
rocks directly and indirectly (Carter, 1976;

Kamphuis, 1987; Brown et al., 2005; Trenhaile
et al., 2015; Da Silva et al., 2018). When the
beach is narrow, a much higher rate of wave
energy reaches the coastal rocks. The
continuous movement of the waves causes the
erosion of these rocks and makes an unstable
slope for the formation of a cliff. This type of
coast, shaped by the direct effect of the waves
or by the wave-induced landslides, is
particularly observed at the eastern coast of
Lake Van (Figure 4b). The other morphologic
structure formed by wave erosion is the natural
arch. This rarely observed structure formed by
carving of the ancient deltaic deposits with
wave effect is located on the southern coast of
Lake Van with a height of 3 m and width of 8 m
(Figure 4c).

Some accumulation structures such as
beaches and barrier spits formed by waves and
related longshore currents are also observed in
the coastal area of Lake Van. Beaches
consisting of generally loose, unconsolidated
sediment, ranging in size from very fine sand
up to pebble, are narrow and straight or slightly
concave (Figure 5a). These natural beaches
have provided their sediments from various
sources such as rivers, eroded cliffs and
foreshores, and drifting lake-floor. Barrier spits
are other accumulation structures formed by
waves and longshore currents. The drifting
shore material along the coastline by the waves
that arrive obliquely to the coastline and
accompanying longshore currents
accumulates on an area where the shoreline
curves and forms a barrier spit. Bays or
lagoons created by that barrier at the landward
of the accumulation are observed at the
topographically low-incline areas in the east of
Lake Van (Figures 5b, 5c).
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beachrock

natural arch

Figure 4. Field photographs of the; (a) beachrocks, (b) cliffs, and (c) natural arch taken from the
coast of Lake Van.

Sekil 4. Van Gélii kiyilarindan gekilen; (a) yali tasi, (b) falez ve (c) dogal kemerlerin arazi fotografi.
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barrier spit
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Figure 5. Field photographs of the; (a) gravelly beach, (b) & (c) barrier spits taken from the eastern
coast of Lake Van.

Sekil 5. Van Gélii dogu kiyilarindan ¢ekilen; (a) cakilli plaj, (b) ve (c) kiyi dilinin arazi fotografi.
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Tectonics

Lake Van Basin is a compressional area
characterized by N-S trending crustal
shortening since its formation. This tectonic
regime is represented by strike-slip faults as
well as coeval reverse faults (Dewey et al.,
1986; Yilmaz et al., 1998; Ozkaymak et al.,
2011; Kogyigit, 2013). N-S trending normal
faults are rare structural elements. The basin
has numerous active faults that generate
intense seismicity (Ozkaymak et al., 2011;
Kogyigit, 2013; Akkaya et al., 2015; Saglam
Selcuk et al., 2017; 2020).

Active faults, namely Ahlat, Ercis, Cakirbey,
Carpanak, Van, and Dilkaya—Edremit, are
located on the coastline of Lake Van (Figure
1b). The Ahlat Fault is an ENE-WSW-trending
normal fault with a strike-slip component
(Cukur et al., 2017). Approximately 25 km long
fault lies between Ahlat and Adilcevaz city
centres at the northwestern coast of Lake Van
(Figure 1b). It deforms Upper Cretaceous
ophiolites, Miocene turbidites, Quaternary
volcanics and coeval lacustine deposits.

The NW-SE-trending Ercis Fault passes
through the northern part of Lake Van, which is
a dextral strike-slip fault with a normal fault
component (Uner, 2019; Uner et al., 2019;
Saglam Selguk and Kul, 2021). It deforms the
Quaternary basalts originated from Etrisk
Volcanoe and lacustrine deposits of Lake Van.
The Cakirbey Fault is another strike-slip fault
(Kogyigit, 2013) deforming the northeastern
coast. Approximately 30 km long NE-SW-
trending sinistral strike-slip fault cuts the
Quaternary basalts and lacustrine deposits of
Lake Van (Figure 1b).

The Carpanak Fault located on the eastern
coast is a nearly E-W-trending and northerly
dipping reverse fault. Approximately 15 km
long fault deforms the Pliocene to Quaternary
fluvial and lacustrine deposits and forms a 7 km
long peninsula (Figure 1b). The Van Fault is a

17 km long, N-S-trending, and westerly dipping
normal fault. This tectonic structure, located on
the Arabian—Eurasian compression zone, is
observed along the eastern coast of Lake Van.
It cuts the Quaternary lacustrine deposits of
Lake Van (Figure 1b). Approximately 14 km
long Dilkaya—Edremit Fault located on the
southeastern coast is another sinistral strike-
slip fault that deforms the Quaternary travertine
and tufa deposits.

Fluvial-based processes

Four principal rivers, namely Zilan, Bendimahi,
Karasu, and Engil and numerous temporary
streams join Lake Van (Figure 6a). These
principal rivers provide the main sediment
input, whereas temporary streams yield a
negligible amount of sediment. Zilan River,
located in the northern part of Lake Van Basin,
has a catchment area approximately of 1320
km?. It collects their sediments from the erosion
of the Upper Cretaceous ophiolitic rocks, the
Quaternary volcanic rocks, and ancient
lacustrine deposits of Lake Van. These
sediments have been forming the Zilan Delta
with a surface area of 5 km? (Figure 6b). The
Bendimahi River is another main river located
in the northern part of the bas in. It has a
catchment area approximately of 1200 km?
dominantly covered by the Quaternary volcanic
and lesser ophiolitic rocks. It has a relatively
small delta, namely the Bendimahi Delta, with
a surface area of 2.2 km? (Figure 6c).

Karasu River is the longest fluvial system
reaching Lake Van. It passes along the eastern
part of the basin consisting of ophiolitic rocks,
volcanic rocks, and fluvial and lacustrine
deposits. Sediments collected from the
approximately of 1490 km? catchment area
have accumulated at the coastal area and have
formed the Karasu Delta covering 1.4 km?
(Figure 6d).
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Karasu Delta

i
0__ 300 600m

Figure 6. Google Earth satellite images showing; (a) drainage area of the fluvial systems, (b) Zilan
Delta, (c) Bendimahi Delta, (d) Karasu Delta, and (e) Dénemeg Delta at the study area.

Sekil 6. Calisma alanindaki; (a) akarsu sistemlerinin drenaj alanlarini, (b) Zilan Deltasr’ni, (c) Bendimahi
Deltasi’ni, (d) Karasu Deltasi’'ni ve (e) Dénemeg Deltasi’ni gésteren Google Earth uydu gériintiis(.

Engil River, located in the southeastern part,
has the largest catchment area of the basin,
approximately 2680 km?. Sediments derived
from the catchment area, covered with the
Oligocene to Miocene turbiditic rocks, the
upper Cretaceous ophiolitic rocks, and the
Quaternary fluvial and lacustrine deposits,
constitute the Donemeg Delta with a surface
area of 4.5 km? (Figure 6e).

Anthropogenic Factors

Some anthropogenic activities directly or
indirectly affect the natural development of the
coasts. Settlements, coastal protection
structures such as embankments and wave-
barriers, and harbours directly influence the
coastline, while powerful changes on the fluvial
system such as dams and river-channel
reclamations indirectly affect as they change
the sediment input (Kraus and McDougal,
1996; Dean and Dalrymple, 2002; Gottgens
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and Evans, 2007; Lin and Wu, 2014; Ai et al.,
2019). Six city centres are located on the
coastal area of Lake Van, namely Van, Ercis,
Edremit, Ahlat, Adilcevaz, and Tatvan (Figure
1b).

Coastal utilization areas of these cities are
rapidly spreading, and coasts are preferred for
all kinds of structures such as buildings,
factories, highways, and airport. Embankments
are the most common structures protecting
these coastal areas (Figure 7a). Coastal
transportation coevally increases with these
cities’ population growth, resulting in the
construction of numerous new harbours
(Figure 7b).

Dams used for various purposes such as water
storage, irrigation, and fishing were built on the
three main rivers (Engil, Karasu, and Zilan
rivers) mentioned above. These are the Zernek
Dam, built in 1988, on the Engil River, the
Sarimehmet Dam (1991) on the Karasu River,
and the Kocgkdprii Dam (1992) on the Zilan
River (Figure 6a). These dams have obstructed
significant amount of sediments since their
construction.

Channel reclamation activity is another
anthropogenic modification of the fluvial
system. Regulations applied to river channels,
which pass through city centres, reduce
sediment budget as it prevents erosion. This
type of structure is observed on Zilan and Engil
rivers at the city centres of the Ercis and
Gurpinar. The decrease in sediment yield due
to these dams and reclamation channels
directly affects the development of the coastal
zone.

DISCUSSION
Effect of rock type on coastal evolution

Various types of rocks form Lake Van coasts.
Mineralogical composition, textural
characteristics, and physical pr operties of

these rocks, such as water absorption,
apparent porosity rate, and abrasion
resistance, are closely related to the shaping of
these coasts. The southern coast of the lake is
composed of schist, amphibolite, harzburgite,
and gabbro. These rocks have low (< 1%)

apparent porosity and water absorption
capacity (Table 1), indicating high rock
strength. In addition, Bdéhme abrasion

resistance test values of these rocks are lower
than 7 cm3/50cm? (Table 1) which corresponds
to low abradable rock class (Ozvan and Direk,
2020). Relatively high values (4.98 and 6.33
cm?®50cm?) obtained from schist and
harzburgite samples, indicating lesser abrasion
resistance, may be explained by the
segregation layers between the platy mica
minerals in schists and alteration degree of the
harzburgites.

Western and northern coasts are composed of
basaltic rocks and rarely limestones. Basaltic
rocks have low apparent porosity and water
absorption capacity (< 1%) and a low
abradable rock feature (2.03 cm®50cm?)
(Table 1). The high abrasion resistance value
of these rocks is due to the hardness of the
plagioclase minerals and the fine-crystalline
fine-crystalline texture of the rock. Limestones
observed in a limited area in the north have a

relatively higher apparent porosity ratio
(7.37%) and water absorption capacity
(3.59%).

The Bohme abrasion test value of 10.35
cm3/50cm?  corresponds to  moderate
abradable rock level with a value between 7
and 20 c¢m?¥50cm?, according to the
classification proposed by Ozvan and Direk
(2020). This value can be attributed to the
porous structure of fossiliferous limestone.

The eastern coast of Lake Van consists of the
Miocene sandstones, the Quaternary terrestrial
carbonates (travertine and tufa), and
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Akdamar Harbour

Figure 7. Field photographs showing; (a) embankments and (b) Akdamar Harbour constructed

on Lake Van coasts.

Sekil 7. Van Gélii kiyilarinda yapilmis; (a) kiyi seti ve (b) Akdamar Limani’nin arazi fotografi.

coeval semi-consolidated lacustrine deposits.
Sandstones have low apparent porosity and
water absorption capacity (< 1%) and a low
abradable rock feature (1.93 cm3/50cm?)
(Table 1). This abrasion resistance value may
vary depending on the thickness and position
of the sandstone beds. On the contrary,
travertines and tufas have high apparent
porosity (6.06 and 16.78%) and water
absorption (293 and 10.53%) rates,
respectively (Table 1). The Bohme abrasion
test value of the travertine sample (10.55
cm?®50cm?)  corresponds to  moderate
abradable rock class with a value between 7
and 20 cm3/50cm?, while the test value of the
tufa sample (36.39 cm?50cm?) falls into the
abradable rock class (> 20 cm?®50cm?)

according to the classification proposed by
Ozvan and Direk (2020). Thin bedded and
semi-consolidated shallow lacustrine and
coastal deposits representing the longest
coastline of Lake Van have the lowest abrasion
resistance.

Lake-level change and coastal evolution

Lakes are extremely sensitive environments to
climate-induced lake-level fluctuations (Street-
Perrott, 1980; Adams and Wesnousky, 1998;
Haghani et al., 2016; Sato et al., 2016).
Especially in areas with low topographic
inclination, small-scale water-level changes
can cause the coastline to shift a considerable
distance towards land or lake. Even though an
annual variation on water budget changes the
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lake-level up to 90 cm (Degens and Kurtman,
1978; Kaden et al., 2010; Stockhecke et al.,
2012),

it is accepted that the water level of Lake Van
has remained the same for the last 3-4 ka,
except for minor changes (Degens et al., 1978;
Landmann et al., 1996; Cagatay et al., 2014).
The formation of beachrocks on the coasts of
Lake Van (Figure 4a), which requires several
century vertical stability of the coastline
(Neumeier, 1998; Vousdoukas et al., 2007;
Ciner, 2009; Desruelles et al., 2009), supports
this idea.

Wave and current effect on coastal
evolution

Coastlines are dynamic systems shaped by the
energy of waves and currents. Wind-induced
waves and related longshore currents provide
most of the power for erosion, transportation,
and deposition of sediments. Although Lake
Van is a closed basin surrounded by high
mountains such as Nemrut, Siphan, Artos, and
Erek, the wind-velocity can reach the
hurricane-level with a maximum value of 42.3
m/s (Uner, 2018) corresponding to wave-
heights up to 14 m (Met Office, 2007).

Coastal erosion results from the power of the
hydraulic action and the erosive action of
transported sediments. Wave action is
extremely variable depending on the
morphology of the coast and the physical
characteristics of the bedrock (Bird, 2008). The
best examples of wave erosion determined on
the shores of Lake Van are cliff formation
(Figure 4b) and the natural arches excavated
on rocky coasts (Figure 4c).

Natural beaches and barrier spits represent
accumulation structures formed by wave and
current activity on the Lake Van coasts. Sandy
and pebbly narrow beaches are frequently
observed on straight or slightly concave parts
of the eastern coasts of Lake Van. Barrier spits

formed by the accumulation of sediments
drifted by waves and longshore currents on the
river mouths or the bays are also observed on
the topographically low-inclined zones at the
same coasts of the lake. Whereas some of
these barriers create lagoons, some are used
as natural harbours (Figure 5b).

Effect of tectonics

Lake Van is located north of the continental
collision zone between the Arabian and
Eurasian plates. Numerous faults and dense
seismicity indicate ongoing tectonic activity for
the region (Ozkaymak et al., 2011; Kogyigit,
2013; Akkaya et al., 2015; Saglam Selguk et
al.,, 2020; KOERI, 2021). Some active faults
with various characteristics such as Ahlat,
Ercis, Cakirbey, Dilkaya—Edremit (strike-slip
faults), Carpanak (thrust fault), and Van
(normal fault) cause some of Lake Van coasts
to be linear (Figure 1b). Besides, earthquakes
and vertical displacements induced by active
faults in the hinterland can increase the
sediment yields reaching the lake.

Delta Formation

Deltas formed where the sediment
accumulation rate in the river mouth exceeds
the rate of sediment distribution by waves, and
currents are one of the most known agents that
shape the coastlines. The development of a
delta may be influenced by short-term climate
change, rapid water-level fluctuations, coastal
processes, and tectonics (Bird, 2008).

Primary sediment input to Lake Van is provided
by major rivers such as Zilan, Bendimahi,
Karasu, and Engil. Their deltas can be
classified according to their morphology. While
Zilan and Ddnemec¢ deltas represent fluvial-
dominated delta morphology, Karasu and
Bendimahi deltas show wave-dominated delta
characteristics (after Coleman and Wright,
1975). Lake Van and its deltas are not affected
by tides.
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The evolution of the Bendimahi Delta is
significantly affected by tectonic deformation. It
was forced to migrate 1.5 km to the north with
all components due to the capture of the
Bendimahi river canal by the Ercis Fault (Uner,
2019). Nowadays, that coastline consists of a
wave-dominated delta and an abandoned river
mouth (Figure 6¢).

Anthropogenic stressors

Marine coastlines are extremely important due
to the concentration of population near the
coasts (Bird, 2008). A similar focus is valid for
lake shores. Coastal settlements require
coastal protection structures such as
embankments, wave-barriers, and harbours.
But these protection structures prevent some
natural processes like erosion, sediment
transportation, and deposition on the coast.
The depositional formations such as beach or
barrier-spits and the erosional structures like
cliffs are negatively affected from these artificial
coastal conditions (Kraus and McDougal, 1996;
Dean and Dalrymple, 2002; Lin and Wu, 2014).
Furthermore, the rigid coastal structures can
cause higher waves due to reflection and
create more erosion at near-shore (Miles et al.,
2001).

Dams and river reclamation channels can
cause another anthropogenically-induced
change in lake characteristics. The decrease in
sediment yield due to these structures directly
affects the development of the coastal zone. In
order to determine the effect of dams on deltaic
sediment yield on Lake Van coasts, three rivers
containing dam (Zilan, Karasu, and Engil
rivers) and their deltas (Zilan, Karasu, and
Doneme¢ deltas) were investigated using
Landsat satellite images. The Kogkodpri Dam
constructed in 1992 on the Zilan River
dramatically affected the sediment yield
carried to the Zilan Delta. A

significant decrease in the dimensions of the
Zilan Delta is clearly observed between the
pre-dam to post-dam satellite images (Figs.
8a). A similar change is valid for the Karasu
Delta. After the construction of the Sarimehmet
Dam in 1991 on the Karasu River, a visible
retreat occurred in the Karasu Delta (Figs. 8b).

The Ddnemec¢ Delta is the largest deltaic
system developed along the Lake Van coasts
and formed by the sediments collected from the
catchment area of the Engil River. The
sediment supply to the delta has significantly
decreased with the construction of the Zernek
Dam in 1988 (Figure 8c). Although sediment
yield is not the only component affecting delta
development, the change in all these deltas
after the construction of the dams is
remarkable.

All the natural elements mentioned above are
the dominant factor in shaping the coasts of
Lake Van since its formation, but
anthropogenic stressors on coastal evolution
such as coastal settlements, dams, and coastal
protection structures highly change the natural
balance.

CONCLUSIONS

In this study, the elements that shape the
approximately 497 km coastline of Lake Van
were determined with field observations,
satellite images, and laboratory experiments.
The factors shaping the Van Lake coastline can
be distinguished as natural and anthropogenic.
While natural elements consist of rock type,
water-level changes, waves and longshore
current activity, tectonics, and fluvial-based
processes, the human impact Lake Van coastal
evolution occurs through the coastal protection
structures and the dams and river reclamation
channels built on the streams.

different
elements

The coasts of Lake Van exhibit
characteristics against erosional
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such as waves, longshore currents, and
water-level changes due to the diversity of
coastal rocks and their different abrasion
resistance. These elements are also effective
for deposition features.

The eastern coasts of Lake Van are the most
intensive region for erosion and deposition
because of the low abrasion resistance of the
existing rocks and the low topographic slope.
These coasts that consist mainly of semi-
consolidated lacustrine deposits and coastal
carbonates (travertine and tufa) retreat rapidly.

pre-dam

1987 |

Other coastal parts are limitedly affected by
wave and current erosion and water-level
fluctuation due to high abrasion resistant rocks
such as amphibolite, basalt, harzburgite, and
schist. Additionally, numerous faults located on
Lake Van coastlines such as Ahlat, Ercis,
Cakirbey, Van, Dilkaya—Edremit, and
Carpanak are structural elements that directly
shape the coastal area.

Coastal settlements and their coastal
protection structures, dams on rivers and river

post-dam

a Zilan Delta

pre-dam

1986 post-dam

b :

pre-dam

1987 post-dam

Di')nemg Delta

Figure 8. Landsat satellite images showing the evolution of; (a) Zilan Delta before and after
Kogkopri Dam was built, (b) Karasu Delta before and after Sarrmehmet Dam was built, and (c)
Donemeg Delta before and after Zernek Dam was built.

Sekil 8. (a) Zilan Deltasi’nin KogkOprii Baraji éncesi ve sonrasi, (b) Karasu Deltasi’nin Sari Mehmet Baraji
éncesi ve sonras! ve (c) Déneme¢ Deltas’’'nin Zernek Baraji 6ncesi ve sonrasi degisiminin Landsat uydu

goriintisd.
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reclamation channels negatively affect the
aforementioned natural processes such as
erosion, sediment  transportation, and
deposition. These anthropogenic stressors on
coastal evolution completely change the
natural balance. Global and regional climate
changes and related storms, floods, and
drought are also clear indicators of this human
impact on natural processes.
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ABSTRACT

An outcrop of the Qom Formation (Fm.) is considered to determine the depositional setting model in the
northwest of Central Iran. Field observations show that the Qom Fm. is composed of thin to thick-beds
limestone along with alternation of green marl and argillaceous limestone. Based on the stratigraphic
distribution of foraminifera, Borelismelocurdica-Borelismelomelo Assemblage Zone has been recognized in
the Qom Fm.. Consequently, the Burdigalian in age is offered for the Qom deposits. A careful study of the
characteristics of biological facies and sedimentary textures is specified eight facies types concerning the four
facies belts of the lagoon, reef, slope, and open marine. Lacking in the sediment gravity flows and turbidity
facies, and high abundance of reef facies (25 percent of Qom deposits) including coral boundstone, algae,
and bryozoans, reflect likely a deposition on an open shelf. Facies distribution shows that the Qom Fm.
sedimentation had begun in the continental slope depositional setting during Aquitanian? without considering
the possible erosion processes. However vigorous sea level fluctuations had occurred during Aquitanian-

Burdigalian. Hence, active tectonic can be proposed for study area during Early Miocene.

Keywords: Facies, depositional setting, Qom, Burdigalian, Central Iran.

0z

Orta Iran'in kuzeybatisindaki ¢ékelme ortam modelini belilemek igin Qom Formasyonu’na (Fm.) ait bir yiizlek
incelenmigtir. Saha gézlemleri, Qom Formasyonu’nun ince-kalin tabakali kirectaslari ile yesil marn ve Killi
kiregtasi ardalanmasindan olustugunu géstermektedir. Foraminiferlerin stratigrafik dagilimina dayanilarak,
Qom Fm. dahilinde Borelismelocurdica-Borelismelomelo Bolluk Zonu tanimlanmistir. Sonug olarak, Qom

¢Okelleri icin Burdigaliyen yasi 6nerilmistir. Biyolojik fasiyesler ve tortul dokularin ézelliklerinin incelenmesi ile,
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laglin, resif, yamaci ve agik deniz ortamlarinin dért fasiyes kusagdi ile ilgili sekiz fasiyes tipi belirlenmigtir.

Sediman gravite akiglari ve tiirbiditik fasiyeslerin eksikligi ve mercanli baglamtasi, algler ve bryozoanlardan

olugan resif fasiyeslerinin bollugu (Qom ¢okellerinin yiizde 25')), muhtemel bir agik self ortaminda ¢dkelimi

yansitmaktadir. Muhtemel erozyon stiregleri dikkate alinmadiginda fasiyes dagilimi, Qom Fm. tortullasmasinin

Akitaniyen? sirasinda kitasal yamag¢ c¢bkelme ortaminda basladigini géstermektedir. Ancak Akitaniyen-

Burdigaliyen déneminde belirgin deniz seviyesi degisimleri meydana gelmistir. Bu nedenle ¢alisma alani igin

Erken Miyosen sirasinda aktif tektonik 6nerilebilir.

Anahtar Kelimeler: Fasiyes, ¢6kelme ortami, Qom, Burdigaliyen, Orta Iran.
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INTRODUCTION

The Qom Fm. has a wide distribution in the
Central Iran basin and extends from northwest
to southeast of Iran. In this study, the biofacies
analysis and depositional setting will be
addressed in the stratigraphic section located
at Goylar village (36°57'20.09"N,
47°50'26.19"E), 100 km southwest of Zanjan
city. The Qom Fm. studies in the Central Iran
basin began by Loftus (1855) and Tietze
(1875). The marine Qom Fm. deposited in the
Oligo-Miocene during the final marine
transgression in the Sanandaj-Sirjan fore-arc
basin, Urumieh-Dokhtar magmatic arc (Intra-
arc) basin and Central Iran back-arc basin
(Furrer and Soder, 1955; Abaie et al., 1964;
Bozorgnia 1966; Okhravi and Amini, 1998;
Schuster and Wielandt, 1999; Daneshian and
Ramezani Dana, 2007, Mohammadi and
Ameri, 2015, Mohammadi et al.,2019, and
Mohammadi, 2020). Furrer and Soder (1955)
divided the Qom basin into six members (a to f;
a: basal limestone, b: sandy marls, c:
alternation of marls and limestone, d:
evaporites, e: green marls and f: limestone).
Abaie et al. (1964) subdivided the Qom Fm.
into ten members in a type section, from the
Chattian to the Burdigalian time interval.
Bozorgnia (1966) identified nine members from
Rupelian to Burdigalian (a, b, c1, c2, c3, c4, d,
e, and f). Eventually, this division (Bozorgnia,

1966) was accepted by the Iranian stratigraphic
committee. Because of the concentration of
hydrocarbon resources within the Qom
succession, in the last decade, more studies
have been done on the Qom Fm. in the many
different regions of Iran.

So far, few studies have been undertaken on
the "f' member of the Qom Formation in the
northwest of the structural basin of Central Iran,
Hence, the main purpose of this research is to
determine the relative age and a sedimentary
model of the Qom Formation.

GEOLOGICAL SETTING

The Qom deposits of the Goylar stratigraphic
section is located in the northwest of Central
Iran structural Zone (Stocklin and Setudehina,
1991) (Fig. 1). The Central Iran basin
originated during the African / Arabian plate
subduction system into the Iranian plate, and
this process has been beginning during the
Mesozoic. During the Early Paleogene, the
Tethyan seaway was a wide ocean that
connected the two major oceanic realms, the
Atlantic, the Pacific and also the Indian oceans
(Schustr and Wielandt, 1999). The subduction
system and final collision of the African-Arabian
plate around the Eocene-Oligocene boundary
were accompanied by the vanishing of the
Tethyan seaway, the disconnection of the
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Atlantic and the Pacific oceans and the
Mediterranean.
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Fig. 1. a: The location of the study area on the
structural basins map of Iran (modified from
Stocklin and Setudehina 1991); b: Geological
map of the study area modified from Lotfi,
2002).

Sekil 1. a: Calisma alaninin Iran yapisal havzalar
haritasindaki konumu (Stécklin ve Setudehina
1991'den  degistirilerek); b: Lotfi, 2002'den
degistirilerek alinmig ¢alisma alaninin  jeolojik
haritasi.

As a consequence, Central-Iranian
paleogeography changed dramatically by the
development of a volcanic arc which separated
a forearc from a back-arc basin during Eocene
times. Marine sedimentation of the Qom Fm.
began during the Oligocene and continued to
the end of the Early Miocene in the Esfahan-
Sirjan forearc and the Qom back-arc basin
(Schustr and Wielandt, 1999). In the study
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area, The volcanic rocks (basalts in unknown
age) are located at the base of the Qom Fm.
and the Upper Red Fm. (alternation of red marl,
gypsum and sandstone; Miocene in age) is
covered the Qom deposits in the Goylar section
(Fig.2). Hence, in terms of stratigraphy, the
surface boundaries at the base and the top of
the Qom Fm. are disconformities. The Qom
deposits (155 meters in thickness) at the base
to the top in the Goylar section are including
limestone, reef-coral limestone, and an
alternation of green marl and argillaceous
limestone. Also, a green to dark purple basaltic
dyke intruded into the Qom deposits. According
to the lithological aspects, the Qom Fm. in the
Goylar section is equivalent to member "f".

RESULTS

In the following, the obtained results of
biostratigraphic criteria, facies types, and
depositional setting model of the Qom Fm. are
addressed.

BIOSTRATIGRAPHY

The formal biozonation and biostratigraphy yet
have not been proposed for the Qom Fm. in
central Iran. Consequently, according to the
significant similarity of the large benthic
foraminifera between the Qom and the Asmari
formations, palaeontologists compared these
two. The biozonations established for the Qom
Fm. were based on the biozonations of Wynd
(1965) and Adams and Bourgeois (1967);
However, during the last decade, most
significant paleontological biozonation studies
of the Qom Fm. have been introduced by
Laursen et al, (2009) By undertaking
paleontological study, a total of 19 genera and
species of benthic foraminifera and 7 genera
and 13 species of planktonic foraminifera are

identified (Fig.3) in the Qom Fm., located at the
Goylar section. These are as follows:
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Borelis melocurdica, Psuedoilthonella richelli,
Peneroplis evolutus, Peneroplis thomasi,
Heterolepa dutemplei, Asterigerina rotula,
Valvulina sp.1, Valvulina sp.2, Pyrgo sp.1.,
Amphistegina  spp.,  Spiroloculina  sp.,
Quinqueloculina  sp.,  Austrotrillina  sp.,
Miogypsina sp., Lenticulina sp., Elphidium
sp.1., Rotalia sp., Nodosaria sp., Textularia sp.

‘@omFormation

(memberf)

Noroozpour/Yerbilimleri, 2022, 43 (2), 121-137

Globigerinoides primordius, Globigerinoides
subquadratus, Globigerinoides trilobus,
Globigerinoides immaturus, Paragloborotalia
mayeri, Paragloborotalia spp., Globigerina
praebulloides, Globigerina sp., Globigerinella
obesa, Globorotaliaarcheomenardii, Globorotali
a sp., Praeorbulina transitoria, Bolivina sp.

Upper Red Formation

Burdigalian =~

Volcanic rocks

Fig. 2. The field-photograph from Goylar stratigraphic section, Look to the southeast.
Sekil 2. Goylar stratigrafik kesitinin arazi goriintiisii. Bakis glineydoguya.

Based on the stratigraphic distribution of
foraminifera,  Borelis = melocurdica-Borelis
melomelo Assemblage Zone (150 meters in
thickness) has been certainty recognized in the
Qom Fm. as Burdigalian (Fig.4).The first
appearance of Borelis melocurdica is identified
in sample number-5 from the base of the Qom
Fm. and extends upward about 150 meters.
Hence, the deposits underlying five meters (0-
5 meters) of the Qom Fm. are considered as
Aquitanian-Burdigalian(?).  The identified

planktonic foraminifera confirm the Early
Miocene in age. This biozone is equivalent to
the Borelis melocurdica zone # 61(Wynd,
1965) and Zone- 1 as Borelis melo group -
Meandropsina iranica Assemblage Zone
described by Adams and Bourgeois (1967) in
the Zagros Basin. It is also being equivalent to
the Borelis melocurdica-Miogypsina zone
(SB25) introduced by Cahuzac and
Poignant(1997) in the southern European
basins.
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Fig. 3. Foraminifera microphotograph of the Qom Formation in this study. a & b: Borelis
melocurdica, Equatorial section, c: Peneroplis evolutus, Axial section,d: Peneroplis thomasi, Axial
section,e: Amphistegina sp., Axial section, f. Miogypsina sp.,Axial section, g: Heterolopa
dutemplei, Equatorial section,h: Lenticulina sp., Axial section, i:Globigerinoides triloba, Axial
section, j:Globigerina praebulloides, Equatorial section,k: Globigerinoides primordius, Axial
section, |: Paragloborotalia mayeri, Equatorial section, m: Globigerinella obesa, Equatorial section,
n: Globigerinoides immaturus, Axial section, o: Praeorbulina transitoria, Axial section.

Sekil 3. Qom Formasyonu’nun Foraminifer mikrofotograflari. a & b: Borelis melocurdica, Ekvatoryal kesiti, c:
Peneroplis evolutus, Aksiyal béliim, d: Peneroplis thomasi, Aksiyal kesit, e: Amphistegina sp., Aksiyal bolim,
f: Miogypsina sp., Aksiyal béliim, g: Heterolopa dutemplei, Ekvatoryal kesit,h: Lenticulina sp., Aksiyal kesit,
i:Globigerinoides triloba, Aksiyal kesit, j:Globigerina praebulloides, Ekvatoryal kesit, k: Globigerinoides
primordius, Aksiyel kesit, I: Paragloborotalia mayeri, Ekvatoryal kesit, m: Globigerinella obesa, n:
Globigerinoides immaturus, Aksiyal kesit, o: Praeorbulina transitoria, Aksiyal kesit.
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FACIES

In terms of paleoenvironmental studies, the
Qom Fm. has been introduced in wide facies
types and different sedimentation models. For
example, Reuteret al., (2009) in the Qom and
Esfahan-Sirjan areas, Amirshahkarami and
Karevan (2015) in the Qom province and
Mohammadi et al., (2019) in the southwest of
Kashan, had reported the sedimentary
environment of the Qom Fm. as a carbonate
ramp. Also, Mohammadi et al., (2011) in the
west of the Ardestan area, Sedighi et al.,
(2011) in the northeast of Kashan, and
Daneshian and Ramezani (2017) in the south
of Garmsar had considered the sedimentary
environment of the Qom Fm. as an open shelf.
Changes in the rock texture and assessment of
skeletal and non-skeletal components led to
separating eight facies types for the Early
Miocene Qom Fm. base on Read (1995) study.

MF1-Green marl

In this study, the green marl non-carbonate
facies alternate with argillaceous limestone
beds. The biotic components of this facies are
composed mainly of planktonic
foraminifera(Globigerinoides, Paragloborotalia,
Bolivina,Globigerina,Globorotalia,Praeorbulina
).The facies is equivalent to zone-2
documented by Read (1995) and SMF- 8-10
and 12, described by Fligel (2010).
Bathymetric of Planktonic foraminifera are
mainly based on their morphology (up to 50
meters) (Keller, 1999). Therefore, it can be
expressed that planktonic foraminifera
assemblages (49% of in total recorded in the
Qom deposits) were lived in the open marine
which there were conditions of aphotic zone,
low salinity and water temperature (Flugel,
2004; Murray, 1973).
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MF2-Planktonic Foraminifera wackestone -
packstone

The main components are included planktonic
foraminifera(Globigerinoides, Paragloborotalia,
Bolivina, Globigerina, Globorotalia,
Praeorbulina) (10-45 percent) along with
benthic foraminifera such as Nodosaria,
Lenticulina and Heterolepa andechinoid
fragments within a homogenous micrite (Fig. 5
a, and b). This facies in geometry is a sheet
form and macroscopically, it is fine grain
argillaceous limestone. This facies includes
about 44% of the Qom deposits in the Goylar
section (Figs. 5 and 6).The facies is equivalent
to SMF- 8-10 and 12, described by Fligel
(2010). Mohammadi et al., (2019) documented
similar facies from Qom Fm. and they believe
that the facies probably deposited in the outer
ramp.

Mf 3 - Bioclastic Miogypsina packstone

The facies contain benthic foraminifera
(MiogypsinaandAmphistegina) along  with
echinoids, red algae fragments and planktonic
foraminifera within moderate sorting-coarse-
grained packstone texture (Fig. 5 «c).
Macroscopically, it is cream in colour and thick-
bed limestone. Small hyaline species in shell
such as Amphistegina and Astrogerina are
associated with the proximal parts of the open
marine sedimentary environment with normal
sea in salinity (Geel, 2000). The intergranular
porosity is observed on the microscopic scale.
Facies vertical distribution is very sparsely and
comprises about 2% of Qom deposits (Figs. 6
and 7). Similar to this facies had considered by
Daneshian and Ramezani (2017) in the
Garmsar area/northern of Central Iran). The
facies is equivalent to facies Zone-3 introduced
by Read (1995) and SMF- 2,3 and 4, described
by Fligel (2010).
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Sekil 4. Qom Formasyonu, Goylar Kesiti boyunca foraminifera stratigrafik dagilimi ve biyozonasyonu; Bolluk
sembolleri, incekesitte %10 ile %50'den fazla olarak tanimlanan tiirleri gbsterir.

Mf 4-Amphistegina Coral
Packstone

Corallinacea

The biotic components of this facies are
Amphistegina, coralline, corals, bryozoans and
echinoids fragments (Fig 5 d). Petrographically,
rounding and sorting are less developed
generally within a packstone matrix and the
intracellular and extracellularporosity is
observed in this facies. Facies geometry is
bedding form and macroscopically, it is thick
layers of limestone in scale (up to 1.5 m).
Facies vertical distribution in the Qom Fm. is
amount 19.2 % in this study (Figs. 6 and 7).The
facies is equivalent to facies Zone-4 introduced
by Read (1995) and SMF- 4,5 and 6,described
by Fligel (2010). Similar to this facies had
introduced as a middle ramp environment by
Mohammadi et al., (2019) in the south of

Kashan and in the Natanz and Khoorabad
regions (Mohammadi, 2020)

Mf 5—-Coral Boundstone

The main allochems of the facies are an
abundance of scleractinian coral colonies
(more than 80%) that are mostly in their growth
position along with red algae, bryozoans,
bivalve bioclasts in boundstone frame.
macroscopically, it is thick-bedded coral
limestone (up to 2m) and observable in field
observations (Fig 5 e). Coral colonies are
continuous and traceable and are repeated
several times along the succession. Facies
vertical distribution in the Qom Fm. is amount
seventeen percent (Figs. 6 and 7) in the Goylar
section. The facies is equivalent to facies zone-
5 reported by Read (1995) and SMF-7,11 and
12, described by Flugel (2010). Similar to this
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facies had been documented as a platform
margin reef by Wilson (1975), Corado and
Brandano (2003a), Nebelsick et al., (2005),
and Brandano et al., (2009). Amirshahkarami &
Karevan (2015) in the south of the Qom area,
Mohammadi et al., (2019) in the south of
Kashan and Mohammadi (2020) in the Natanz
and Khoorabad regions had been introduced
this facies as a distal inner ramp environment
(patch reef).

Mf 6- Bioclastic bryozoanscorallinacean
packstone

The main components include moderate
sorting of the red algae (amount 30%) and
bryozoans (15%) fragments along with
bivalves, gastropods and echinoids within a
packstone and sometimes in framestone
textures (Fig 5 f). Petrographically, the inter-
granular porosity is well developed in this
facies. The facies is bedding form in geometry
andmacroscopically it is light brown to cream,
thick-bedded limestone.Facies consists of
approximately seven percent of the Qom
deposits in the Goylar Section (Figs. 6 and 7).
The facies is equivalent to SMF-11-15
described by Fligel(2010).Similar to this facies
had considered by Daneshian and Ramezani
(2017) as a reef environment in the Garmsar
area, northern of Central Iran.

MF7- Bioclastic Packstone

The main components are bivalves, red algae,
ostracods, gastropods, and bryozoans along
with some miliolids and echinoids fragments
within a moderate sorting packstone texture
(Fig 5 g and h). Non-skeletal fragments
including well-rounded (good sorting) pellets
are found in this facies. The facies geometry is
bedding form and macroscopically it is cream
in color, thick-bedded limestone (up to 2.2m).
Similar to this facies has been considered by
Daneshian and Ramezani (2017) in the
Garmsar area/northern of Central Iran and
comprise about seven percent of the Qom
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deposits (Figs. 6 and 7) in the Goylar Section.
The facies is equivalent to SMF- 10
documented by Fligel (2010).

Mf 8- Porcelaneous foraminifera packstone

The facies contain porcelaneous foraminifera
including Borelis, Peneroplis, Austrotrillina, and
Spiroloculina along with echinoids, bivalves
fragments, and with peloids (Fig 5i). Facies
characterized by medium- to coarse-grained
bioclastic  packstone and  subordinate
wackestone containing poor to moderately
sorted imperforate foraminifera embedded in a
matrix of carbonate mud and microspar.
Macroscopically, it is thick-bedded limestone
(up to 1.8 m). Facies involves around 3.5 % of
the Qom deposits (Figs. 6 and 7) in the Goylar
Section.  Accumulation  of  imperforate
foraminifera develops in meso to oligotrophic
settings at shallow depths and illustrates the
sedimentation that took place under low- to
moderate-energy conditions in the restricted
lagoon from a platform interior environment
(Photic zone) (Facies Zone-8 by Read, 1995).
The facies is equivalent to the SMF -10
documented by Fligel (2010).

DISCUSSION

Interpratation and depositional
model

setting

Identified microfacies in the Goylar section
along with association and distribution of
perforate and imperforate foraminifera are the
significant agents to the interpretation of the

depositional setting model. Benthic
foraminifera is an important indicator for
paleoecological and consequently

paleoenvironmental  recognition of the
Cenozoic carbonate platforms. Size, degree of
flatness, and wall of the larger foraminifera test,
provide valuable environmental inFm. (Hallock
and Glenn, 1986; Geel, 2000; Mohammadi,
2020). The biotic community determines
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accumulation rate and facies zonations, thus
controlling platform geometry (Mutti and
Hallock, 2003; Brandano et al., 2009a).

As explained, facies analysis introduced eight
microfacies related to the four major facies
belts as lagoon, reef, slope, and open marine.
Distal open marine environment s
characterized by Mf1 as green marl and Mf2 as
Planktonic ~ foraminifera. The abundant
presence of the planktonic foraminifera along
with slightly small benthic foraminifera within
the argillaceous limestone layers and marl
deposits indicate that deposition took place in
a deeper zone of open marine as normal sea
salinity below of the Storm Wave Base (SWB)
(Wanas, 2008; Wanas et al., 2020 ). Seddighi
et al., (2011) believe that this facies probably
deposited in a deeper marine environment.
Mohammadi (2020) also believes that these
facies deposited in the proximal outer shelf.
Slope and toe of slope (Open marine) deposits
recognized by the presence of the small size
perforate foraminifera as Mf3 and Mf4
(Amphistgina and Miogypsina associated). The
Miogypsina and Amphistegina are the typical
open marine skeletal fauna and indicate that
the sedimentation had been took place in the
toe of slope/basin below the storm wave base
(SWB) (Buxton & Pedley, 1989; Geel, 2000;
Beavington - Penney &Racey, 2004; Bassi et
al., 2007 and Brandano et al., 2009a).

Also, the abundance of Amphistegina (is
included more than 50% of the allochems in a
thin section) along with the corals and red

algae indicates the low to moderate water
energy system below the normal wave base
(NWB) from fore reef/slope/open
marine(Wilson, 1975; Corado and Brandano,
2003; Beavington - Penney & Racey, 2004;
Bassi et al., 2007; Barattolo et al.,2007).

In addition, Amphistegina lives commonly in
the tropical to subtropical environments over a
wide bathymetric range, but they are
particularly frequent between the interval
depths of 40 and 70 m (Hottinger, 1983&
1997). The shoallreef deposits facies belt
(Platform margin) (Read,1995) is dominated by
MF5 and Mf 6 as coral boundstone and
bryozoans corallinacean packstone. Coral
boundstone facies demonstrate the semi-
restricted environment and moderate water
energy system in the photic zone. According to
Fligel (2010), modern tropical and subtropical
reefs are located at the margins of shelves and
platforms, and on shelves, platforms, and
ramps. The red algae and bryozoans
association indicate that the sedimentation
took place in a platform margin sand shoal
environment (High water energy system)
(Facies Zone-6 reported by Read, 1995). In
addition, Corals, bryozoans and coralline algae
association are the main biotic components of
the reef environment and they are most
significant  contributors to  Cretaceous,
Paleocene, and Eocene platform deposits, and
become dominant especially on Oligocene and
Miocene carbonate deposits (Aguirre et al.,
2000 and Halfar and Mutti, 2005).
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Fig. 5. Photomicrographs of the facies types in the study area (Mf2 to Mf8); a and b: MF2-
Planktonic Foraminifera wackestone—packstone(sample numbers:24 & 25); c: Mf 3 -Bioclastic
Miogypsina packstone (sample number: 31); d: Mf 4— Amphistegina Coral corallinacean
Packstone (sample number: 7); e: Mf 5 — Coral Boundstone (sample number: 4); f: Mf 6- Bioclastic
bryozoan corallinacean packstone (sample number: 3); g and h: MF7- Bioclastic Packstone
(sample numbers: 9 & 58); and i: Mf 8- Porcelaneous foraminifera packstone (sample number: 5).

Pb:Planktonic foraminifera; M: Miogypsina;A: Amphistegina;B: Bryozoan; C: Coral; Pct:

Porcelaneous foraminifera; Bt: Bioclast; P: Porosity.

Sekil 5. Calisma alanindaki fasiyes tiplerinin fotomikrograflari (Mf2'den Mif8'e); a ve b: MF2-Planktonik
Foraminifera vaketasi—istiftasi(6rnek numaralari:24 & 25); c: Mf 3-Biyoklastik Miogypsina istiftasi (6rnek
numarasi: 31); d: Mf 4— Amphistegina Mercan corallinacean istiftasi (6rnek numarasi: 7); e: Mf 5 — Mercan
baglamtasi (6rnek numarasi: 4); f: Mf 6- Biyoklastik bryozoan korallinacean istiftasi (numune numarasi: 3); g
ve h: MF7- Biyoklastik istiftasi (6rnek numaralari: 9 & 58); ve i: Mf 8- Porselen foraminifer istiftagi (numune
numarasi: 5). Pb:Planktonik foraminifer; M: Miogypsina,A: Amphistegina,B: Bryozoan;, C: Mercan; Pct:
Porselen foraminifer; Bt: Biyoklast; P: Porozite.

The red algae increased in diversity during the
Oligocene (Aguirre et al., 2000; Rasser and

Zooxanthellate corals generally thrived in
mesophotic conditions during the late Eocene

Piller, 2004) and globally became the dominant
Miocene carbonate producers (Halfar and
Mutti, 2005; Pomar et al., 2017). According to
Hallock (2000) and Hallock et al., (2003), coral
reefs thrive in the most nutrient-depleted
oceanic waters where mixotrophic nutrition,
i.e., the recycling of nutrients between the host
and algal symbionts, is most advantageous.

and until the late Miocene (Morsilli et al.,2012).

According to James (1997) and Hallock (2015),
ideally, a biogenic reef is a significant, rigid
skeletal framework that influences the
deposition of sediments in its vicinity and is
topographically higher than surrounding
sediments.
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The lagoonal facies belt (Platform interior
environment) (Read,1995) is identified by Mf 7
and Mf8 as bioclastic packstone and presence
of porcelaneous foraminifera (thick sequences
of calcium carbonates). The bioclast fragments
along with some imperforate foraminifera
association demonstrate that sedimentation
took place in a platform interior environment
(Photic zone) (Facies Zone-7 introduced by
Read,1995). Shallow water miliolids
(alveolinids, peneroplids, and milioloids) are
lagoons and other quiet
environments (Hallock and Glenn, 1986).
Abundant smaller miliolids with alveolinids and
lacking hyaline taxa indicate shallow waters
with some degree of hyper-salinity (Geel, 2000;
Hallock et al., 2006). The imperforate
foraminifera booming in the upper photic zone
and the relative hypersaline environment with
limited water circulation (Romero et al., 2002;
Mohammadiet al., 2019). The presence of
porcelaneous foraminifera
(Borelis, Austerotrillina, and miliolids) illustrate
warm, euphotic, and shallow water, with low to
moderate energy conditions in a semi-
restricted and open-lagoon depositional setting
(Mohammadi et al., 2011). The high diversity of
imperforate foraminifera may be concerning
the depositional environment being slightly
hypersaline (Geel,2000). The presence of
some porcelaneous foraminifera such as
Quinqueloculina, Spiroloculina and Peneroplis
generally indicate euphotic zone, hyper saline
water, up to 35 in bathymetry and temperature
18-35 ° C conditions of lagoon sedimentary
environment (Flugel,2004; Murray, 1973).The
presence Austrotrillina suggests epiphytic
habitats (Geel, 2000; Bassi and Nebelsick,
2010). Therefore, based on the interpreted
depositional environments (lagoon, reef, slope,
and open marine) and lacking in the sediment
gravity flows, turbidity facies, and abundance in
reef facies deposits, an open shelf model
suggested probably for the deposition of the

common in

Qom Fm. in the Goylar section (Fig. 7).
Considerable retrogradation trend in the facies
occurred from lagoon/reef facies at the bottom
to open marine marls at the top. In addition, sea
level fluctuations were dominant and due to the
sudden replacement in facies types, active
tectonic is proposed for the study area during
Early Miocene. It is obvious that active tectonic
had been recorded throughout the Central Iran
Basin with intensity and weakness, especially
for the Oligocene and Miocene basins (Qom
Fm.). In the some areas in the Central Iran
Basin where the tectonic was active, very often
it can be seen that the sedimentary facies of
the Qom Fm. experienced rapid changes in
terms of depositional setting. Hence, the facies
of the Qom Fm. are usually not observed in
regular depositional setting in the Central Iran
Basin.

CONCLUSION

A 155-m-thick stratigraphic section was
selected for the determination of the Qom Fm.
depositional setting model in the northwest of
the Central Iran (southwest of Zanjan
province). Stratigraphic studies showed that
the Qom Fm. includes thin to thick-bedded (0.2
to 2.2 m) limestone and alternation of shale,
green marl, argillaceous limestone.
Micropaleontological studies point out the Qom
Fm. is Aquitanian (?) - Burdigalian in age. In the
previous studies all kinds of depositional
settings including rimmed shelf, open shelf,
homoclinic ramp, mixed carbonate—siliciclastic
homoclinic ramp, carbonate ramp, carbonate
platform, and epicontinental  platform,
expressed by researchers of the Qom Fm.. In
this study, according to facies distribution, a
significant retrogradation trend can be seen
from lagoon/reef facies toward open marine
marls. An open shelf depositional setting is
offered for Qom Fm. sedimentation due to the
dominant presence of shoal and reef facies
along with facies geometry types. The Qom
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Fm. sedimentary facies had alternated Qom sedimentation had been controlled by
gradually to drastically during Early Miocene in  active tectonic. However, this situation can be
the study area. Therefore, it can be stated that  traced to other parts of the Central Iran Basin.
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Fig.7. Depositional setting model for the Early Miocene Qom Fm. in the Goylar Section (Based on
studies by Read,1995; Wilson, 1975; and Flugel, 2010).

Sekil 7. Goylar kesitinde Erken Miyosen Qom Fm. igin ¢ékelme ortami modeli. (Read, 1995; Wilson, 1975; ve
Fliigel, 2010 tarafindan yapilan ¢alismalara dayanmaktadir).
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ABSTRACT

The segment distribution of the northern branch of the North Anatolian Fault Zone (NAFZ) is well determined
under the Sea of Marmara by intense seismic reflection studies. However, there is no agreement on the
number of branches and their positions in the southern Marmara and western Anatolia, even if the area is not
covered by the sea. In this paper, we performed morphotectonic studies with the help of the high-resolution
satellite images, seismicity, and focal mechanism solutions of significant earthquakes to determine the
segment distribution of the active faults accurately. Thus, the distinction of middle and southern branches of
NAFZ in the southern Marmara region is established and the route of southern branch of NAFZ from Bolu to
Degirmenlik (Milos) island via Bursa, Balikesir, and izmir is documented in detail. Besides, our results
demonstrate that the hypotheses of "bend model" and "Izmir-Balikesir Transfer Zone", which were suggested
in previous publications to explain the active fault pattern in southern Marmara and western Anatolia, are not
working.

Keywords: Aegean Sea, Neotectonics, North Anatolian Fault Zone, Seismicity

oz

Kuzey Anadolu Fay Zonu'nun kuzey koluna ait segment dagilimi Marmara Denizi alfinda sismik yansima
calismalari ile giivenilir olarak tanimlanmistir. Bununla birlikte, denizle kapli olmamasina ragmen giiney
Marmara ve bati Anadolu’da Kuzey Anadolu Fay Zonu’nun kag kolu oldugu ve bunlarin konumlar hakkinda
fikir birligi bulunmamaktadir. Bu makalede yiiksek ¢éziiniirliiklii uydu gériintiileri yardimiyla morfotektonik
calismalar gergeklestirilerek, sismik etkinlik ve belirgin depremlerin odak mekanizmasi ¢6ziimleri ile diri
faylarin segment dagilimlarinin dogru sekilde belirlenmesine galisiimistir. Béylece giiney Marmara bélgesinde
Kuzey Anadolu Fay Zonu’nun orta ve giiney kollarinin ayrimi yapilmis ve gliney kolun Bolu'dan baslayan,
Bursa, Balikesir, Izmir (izerinden Ege Denizinde Dedirmenlik (Milos) adasina kadar uzanan giizergahi
ayrintilari ile ortaya konmustur. Bunun yani sira sonuglarimiz daha 6nceki yayinlarda gliney Marmara ve bati
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Anadolu’da diri fay desenini agiklamak icin énerilen “biiklim modeli” ve “Izmir-Balikesir Transfer Zonu”

hipotezlerinin gegerli olmadigini géstermektedir.
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INTRODUCTION

The North Anatolian Fault Zone (NAFZ) is
considered to have three branches between
Bolu and the Aegean Sea since mid-70-80’s
(Crampin and Uger, 1975; Crampin and Evans,
1986) (Figure 1l1a). However, some other
researchers simultaneously suggest that it has
two branches (Dewey and Sengor, 1979;
Sengor, 1979; Sengor et al., 1985) (Figure 1b).

Besides the number of branches, there were
different arguments about the tectonic style of
the northern branch of NAFZ. Sengdr et al.
(1985) suggest that the northern branch
passing from the north and south of Almacik
block crosses the Marmara Sea as a single line
over Sapanca Lake and reaches the Saros Gulf
from Mount Ganos (Figure 1b). On the other
hand, Barka and Kadinsky-Cade (1988) and
Barka (1992) propose several pull-apart
structures under the Sea of Marmara (Figure
1c). Although, this controversy has been solved
by the intense seismic reflection and
bathymetric data after the 1999 earthquakes
(Le Pichon et al., 2001; 2003), the number of
branches of the NAFZ and their routes remain
problematic in the southern Marmara and
western Anatolia.

The middle branch of NAFZ separated from the
south of Almacik block can be traced to Geyve,
south of iznik Lake, Gemlik Bay and Bandirma
to Can. The "southern branch" was connected
to the "middle branch" by the eastern edge of
the Yenisehir pull-apart basin (Barka and
Kadinsky-Cade, 1988) (Figure 1c).

The suggestion of “middle branch” is generally
disregarded by the GPS-based studies which
are considering only the north and south
branches following $engdr et al. (1985). Their
slip rates are 23-28 mm/year for the northern
branch, 2.9-9.6 mm/year for the southern
branch (Meade et al., 2002; Nyst and Thatcher,
2004; Reilinger et al., 2006; Aktug et al., 2009;
Le Pichon and Kreemer, 2010; Ergintav et al.,
2014). A GPS-based study considering the
three branches provides the slip rates of 17-20
mm/year for the northern branch, 5 mm/year for
the middle branch, 2-5 mm/year for the
southern branch (Flerit et al., 2004).

Contrary to the widely accepted studies
considering double branched NAFZ, some
papers draw the third, the southern branch of
NAFZ between iznik Lake and Izmir in their
regional fault maps (Figure 1d and 1le)
(Ocakoglu et al., 2005; Yaltirak et al., 2012)
following the Crampin and Uger (1975) and
Crampin and Evans (1986).

Apart from the discussion regarding the
number of branches of the NAFZ, there are two
completely different views trying to explain the
seismic events associated with strike-slip
faulting in southern Marmara and western
Anatolia. One of them is the left-lateral (Ringet
al.,, 1999) or right-lateral (Uzel and Sozbilir,
2008; Uzel et al., 2013) izmir-Balikesir Transfer
Zone concept which is believed to separate the
regions having different extension values
(Figure 1f). The major disadvantage of this
concept is the uncertainty in the connection of
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Figure 1. The numbers and the locations of the branches belong to the North Anatolian Fault Zone
(NAFZ). Fuchsia: Northern branch; Blue: Middle branch; Red: Southern branch; A) Crampin and
Uger, (1975); Crampin and Evans (1986). B) Sengér et al. (1985). C) Barka and Kadinsky-Cade
(1988). D) Ocakoglu et al. (2005). E) Yaltirak et al. (2012). F) Uzel and Sozbilir (2008), Uzel et al.
2013 and Ring et al. (1999) at inset. Green dotted line: izmir-Balikesir Transfer Zone. G) Emre et
al. (2013, 2018). Green: Manyas-Bursa bend; Purple: Balikesir bend; Orange: Southern boundary
bend.

Sekil 1. Kuzey Anadolu Fay Zonu’na ait kollarin sayisi ve konumlari. Fugya: Kuzey kol; Mavi: Orta Kol; Kirmizi:
Giiney kol; A) Crampin ve Uger, (1975); Crampin ve Evans (1986). B) Sengér vd. (1985). C) Barka ve
Kadinsky-Cade (1988). D) Ocakoglu vd. (2005). E) Yaltirak vd. (2012). F) Uzel ve Sézbilir (2008), Uzel vd.
2013 ve ekli kiigiik resimde Ring vd. (1999). Yesil noktall hat: Izmir-Balikesir Transfer Zonu. G) Emre vd.
(2013, 2018). Yesil: Manyas-Bursa blikltiimii; Mor: Balikesir biikliimii; Turuncu: Giiney sinir biklimdi.
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its northeast and southwest ends with the main
regional structures.

The other view is the bend model (Emre et al.,
2013; 2018) which accepts double branched
NAFZ and rejects the idea of the connection
between the middle and southern branches of
NAFZ (Barka and Kadinsky-Cade, 1988).
Moreover, the bend model suggests several
arc-shaped right-lateral fault patterns having
NE-SW and NW-SE directions, namely the
Manyas-Bursa bend, Balikesir bend, and
southern boundary bend (Emre et al., 2018)
(Figure 1g). For example, in the Biga
peninsula, the NE-SW trending strike-slip faults
turn to the E-W direction towards east where
the Bursa normal fault is developed, then, this
structure connects to the NW-SE trending right-
lateral strike-slip Eskisehir Fault Zone (Emreet
al., 2018) (Figure 1g). An important implication
of this “bend model” is that the right-lateral
strike-slip faults in the Biga peninsula and
southern Marmara are not related to the NAFZ
and they are evaluated as a part of second-
order structure, such as the Eskisehir Fault
Zone which creates an enormous difference for
the earthquake hazard assessment of the
major cities like Bursa, Balikesir, and izmir.

A contrary hypothesis proposed that the
southern branch of NAFZ is separated from the
Bolu Plain and forms the Gélpazari pull-apart
basin via Mudurnu and creates Yenisehir,
Bursa, Ulubat and Manyas pull-apart basins
(Seyitoglu et al., 2016) (Figure 2). The GPS-
based block model in this hypothesis indicates
that the southern branch is the second
important strand of NAFZ in terms of slip rates
(Seyitoglu et al., 2016).

This paper documents the southwestern
continuation of the southern branch of NAFZ
based on seismology and morphotectonics
(Figure 2) and aims (1) to show the segment
distribution of southern branch of NAFZ

Seyitoglu et al. / Yerbilimleri, 2022, 43 (2), 138-159

between Bolu and Degirmenlik (Milos) island,
(2) to clarify the distinction between the “middle
branch” and “southern branch” of the NAFZ in
the southern Marmara region and (3) to
demonstrate the structural link between the
southern branch of NAFZ and the so-called
izmir-Balikesir Transfer Zone (Uzel and
Sozbilir, 2008; Uzel et al., 2013) via Yenisehir,
Bursa and Susurluk valley which refutes the
bend model (Emre et al., 2018) in the southern
Marmara and western Anatolia.

MATERIAL AND METHODS

The following base maps and data were used
in mapping the faults: (a) the SRTM-DEM and
1:25000 scale topographic maps as
elevation/topographic data, (b) high-resolution
Google Earth satellite imagery, (c) active fault
maps (Emre et al., 2013) and geologic maps of
the Mineral Research and Exploration General
Directorate (MTA), published papers and
reports, (d) the earthquake epicentral
distribution and focal mechanism solution data
from the institutions and previous studies.

With the help of these base maps and data, the
faults were carefully mapped as segments in
the GIS environment based on the following
morphotectonic features: (a) linear valleys, (b)
sharp diversions of stream channels, (c) sag
ponds, (d) linear arrangements of springs, (€)
elongated ridges, (f) topographical troughs, (g)
shutter ridges. We performed field studies in
some parts of the study area and collected
slickenside and striae data from the faults
(Supplementary Data: Appendix A).

The earthquake epicentral distributions and
focal mechanism solutions also helped to
understand the seismic activity and structural
character of the faults. Some of the focal
mechanism solutions were produced in this
study by using moment tensor inversion. The
other focal mechanism solutions are obtained
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from different sources (Supplementary data:
Appendix B). Waveform data and response
files of the stations were retrieved from the
European

Integrated Data Archive (EIDA) and Turkish
Earthquake Data Center System (TEDCS) of
the Emergency Management Presidency
(AFAD). Selected waveforms recorded by
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Figure 2. The branches of North Anatolian Fault Zone and the locations of MT lines. MT-1 from
Kaya (2000); MT-2 and MT-3 from Ulugergerli et al. (2007). NAFZ: North Anatolian Fault Zone;
EFZ: Eskisehir Fault Zone; SVF: Simav Fault; IBF: iskiri-Biga Fault; ETF: Edremit Fault; SHF:
Susurluk-Havran Fault; OKF: Orhanli-Karabag Fault; DEF: Degirmenlik Fault; GPF: Gdlpazar
Fault; MDF: Mudurnu Fault; ALG; Alasehir Graben; BMG: Biyik Menderes Graben; Aegean
Islands: Rd: Rodos (Rhodes); De: Degirmenlik (Milos); Ya: Yavuzca (Syros); Mo: Mokene
(Mikonos); in: Istendin (Tinos); Ko: Koyunluca (Serifos); ik: istankdy (Kos); Ah: Ahikerya (lkeria);
N: Naksa (Naxos); Sm: Sisam (Samos); Sa: Sakiz (Chios); Mi: Midilli (Lesvos); Is: iskiri (Skyros);
Bb: Bozbaba (Agios Efstratios); Lm: Limni (Limnos); Bc: Bozcaada; Gg: Gokgeada; Sm:
Semadirek (Samothraki); Ta: Tasoz (Thasos). Fault lines from Barka and Kuscu (1996); Barrier et
al. (2004); Emre et al. (2013); Caputo and Pavlides (2013); Seyitoglu et al. (2016; 2021; 2022);
Can (2017). Focal mechanism solutions from Tan et al. (2008), Global CMT Catalogue, Seyitoglu
et al. (20204, b). Pink circles represent the earthquake epicenters of magnitude =5 obtained from
the ISC catalogue.

Sekil 2. Kuzey Anadolu Fay Zonu’nun kollari ve MT hatlari. MT-1 Kaya (2000)'den, MT-2 ve MT-3 Ulugergerli
vd. (2007)'den alinmigtir. NAFZ: Kuzey Anadolu Fay Zonu; EFZ: Eskisehir Fay Zonu; SVF: Simav Fayi; IBF:
Iskiri-Biga Fayi; ETF: Edremit Fayi; Susurluk-Havran Fayi; OKF: Orhanli-Karabag Fayi; DEF: Degirmenlik
Fayi; GPF: Gélpazari Fayi; MDF: Mudurnu Fayi; ALG: Alasehir Grabeni; BMG: Biiylik Menderes Grabeni. Ege
Adalani: Rd: Rodos (Rhodes); De: Degirmenlik (Milos); Ya: Yavuzca (Syros); Mo: Mokene (Mikonos); in:
Istendin (Tinos); Ko: Koyunluca (Serifos); Ik: Istankéy (Kos); Ah: Ahikerya (lkeria); N: Naksa (Naxos); Sm:
Sisam (Samos); Sa: Sakiz (Chios); Mi: Midilli (Lesvos); Is: Iskiri (Skyros); Bb: Bozbaba (Agios Efstratios); Lm:
Limni (Limnos); Bc: Bozcaada; G¢: Gékgeada;, Sm: Semadirek (Samothraki); Ta: Tasoz (Thasos). Fay hatlari
Barka ve Kuscu (1996); Barrier vd. (2004); Emre vd. (2013); Caputo ve Pavlides (2013); Seyitoglu vd. (2016;
2021; 2022); Can (2017); Seyitoglu vd. (2021). Odak mekanizmasi ¢éziimleri: Tan vd. (2008), Global CMT
Catalogue, Seyitoglu vd. (2020a, b). Pembe daireler blyliikliigii 25 olan ve ISC katalogundan alinan
depremlerin dismerkezlerini temsil etmektedir.
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three-component  broadband seismograph
stations within 700 km distance from the
earthquakes were used to calculate the strike,
dip, and rake angles of the nodal planes
(possible fault planes) and the azimuth and
plunge of the pressure (P) and tension (T)
axes. Computer Programs in Seismology of
Herrmann (2013) were used for regional
moment tensor inversion, which is based on
fitting synthetic waveforms of the observed
data.

As a result of the study, maps of the active fault
segments were produced by using and
interpreting/re-interpreting old and new data.
Readers must consult the electronic data base
which can be visible on the Google Earth
software for more details than the presented
maps (Supplementary Data: AppendixC).

THE SOUTHERN BRANCH OF NAFZ
BETWEEN BOLU AND YENISEHIR

The southern branch of NAFZ separated from
the main branch in the south of Bolu Plain and
composed of three faults, Mudurnu Fault
(MDF), Goélpazari Fault (GPF) and Bayirkdy
Fault (BYF) between Bolu and Yenisehir
(Figure 3). The segments of MDF generally
follow linear valleys between Bolu and
Mudurnu. The restraining bend around Feruz
controls different flow directions of Mudurnu
Suyu to the northeast and Ulu Su to the
southwest. In the southwest of Mudurnu, the
fault segments of MDF created Goéldagi Block
which is surrounded by strike-slip faults similar
to the Almacik Block ($engor et al., 1985;
Seyitoglu et al.,, 2015) (Figure 3). The
segments are getting closure to each other in
the southwest of Goynik where elongated
ridges are typical morphological features
(Figure 3; Appendices A and C).

The Golpazari Fault (GPF) starts around
Kbdybasi and its segments create Golpazari
pull-apart basin (Glrbiiz and Seyitoglu, 2014)
(Figure 3). This basin is one of the important
morphological evidences unrecognized by the
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earlier studies that the southern branch of
NAFZ is passing from this location. The overall
position of Uyiik basin also resembles a pull-
apart structure and the segments of GPF
create a right-lateral shift on the course of Kara
Cay and Sakarya River at the north of Bilecik
(Figure 3). Moreover, the major right-lateral
displacements on both Kara Cay and Sakarya
River (i.e., 2.93 km, Seyitoglu et al., 2016) are
created by the Bayirkdy Fault (BYF) which
provides a connection between Golpazari /
Uyllk and Yenisehir pull-apart structures
(Figure 3; Appendices A and C).

THE SOUTHERN BRANCH OF NAFZ IN THE
YENISEHIR, BURSA-EAST AND BURSA-
WEST PULL-APART BASINS

The linkage of Gélpazari/Uyilk and Yenisehir
pull-apart structures via BYF is particularly
important to  test different  tectonic
interpretations mentioned in the introduction
section. It disproves the suggested connection
of the southern branch to the middle branch via
Mekece (Barka and Kadinsky-Cade, 1988)
(Figure 3). Moreover, the determination of
cross-basin fault, the Kayapa-Yenisehir Fault
(KYF) (Figure 3) by using morphological and
seismic reflection studies supported by the
ongoing AFAD-National Earthquake Program
(Seyitoglu et al., 2021), is also important for the
evolution of Yenisehir, Bursa-east and Bursa-
west pull-apart basins which demonstrates a
genetic link of the faults around Bursa to the
southern branch of NAFZ contrary to their
suggested relationship with the Eskisehir Fault
Zone (Emre et al., 2011a; 2018) (Figure 19).

The seismic events #105_2019.11.16 (MI=3.0),
#106_2019.11.17 (MI=3.2) and
#86_2016.06.07 (ML=4.6) confirm continuation
of activity along pull-apart basin bounding
faults despite formation of cross-basin fault, the
KYF (Figure 3). For a detailed description of
basin bounding faults and the cross-basin fault
plus seismic activity see Appendices A, B, and
C.
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Figure 3. The southern branch of NAFZ between Bolu and Ulubat Lake (red fault lines from this
paper and Seyitoglu et al. 2016; 2021). The fuchsia and yellow lines in the north represent northern
and middle branch of NAFZ respectively. They are from Emre et al. (2013) and Can (2017). The
black lines in the south of inegél belong to Eskisehir Fault Zone (after Seyitoglu et al., 2021). MDF:
Mudurnu Fault; GPF: Gdlpazari Fault; BYF: Bayirkdy Fault; KYF: Kayapa-Yenisehir Fault; DNF:
Doganci Fault; ATF: Atlas Fault; UDF: Ulubat-Dogankdy Fault; iSF: inegazi-Sincansarni¢ Fault;
MPF: Mustafakemalpasa Fault; DDF: Dorak-Durumtay Fault; KBF: KaracabeyFault.

Sekil 3. Bolu ve Ulubat Géli arasinda Kuzey Anadolu Fay Zonu’nun gliney kolu (kirmizi fay hatlar bu makale
ve Seyitoglu vd. 2016; 2021°den alinmistir). Fugya ve sari hatlar sirasi ile kuzey ve orta kolu temsil etmektedir.
Bunlar Emre vd. (2013) ve Can (2017)’den alinmistir. inegél giineyindeki siyah hatlar Eskigehir Fay Zonu'na
aittir (Seyitoglu vd., 2021). MDF: Mudurnu Fayi; GPF: Gélpazan Fayi; BYF: Bayirkdy Fayi; KYF: Kayapa-
Yenigehir Fayi; DNF: Dodanci Fayi; ATF: Atlas Fayi; UDF: Ulubat-Dogankdy Fayi; ISF: Inegazi-Sincansarni¢
Fayi; MPF: Mustafakemalpasa Fayi; DDF: Dorak-Durumtay Fayi; KBF: Karacabey Fayi.

THE SOUTHERN BRANCH OF NAFZ
BETWEEN ULUBAT LAKE AND EDREMIT
GULF VIA SUSURLUK VALLEY

The Ulubat-Dogankdy Fault (UDF) is the
common structure between Bursa-west and
Ulubat pull-apart basins. Its morphological
indicators are quite distinctive at the southeast
of Ulubat Lake (i.e., topographical differences,
elongated ridges, shifting stream channels).
The seismic event #70_2009.06.20 (Md=3.3)
can be attributed to UDF (Figure 3). The ENE-
WSW trending Dorak-Durumtay Fault (DDF)
creates right-lateral displacements on the
Mustafakemalpasa Cayi at the south of Ulubat
Lake and in the Susurluk River further west
(Figure 3). At the southwest of Bursa, the
Doganci Fault (DNF) follows the Nilufer Valley
and creates a releasing stepover with the
inegazi-Sincansarnig Fault (ISF) where the
Atlas Fault (ATF) having normal faultcharacter
is developed. Further to the southwest,
Mustafakemalpasa Fault (MPF) forms a
distinctive right-lateral shift on the stream at the
town bearing the same name (Figure 3;
Appendices A, B, and C).

The northeastern end of Susurluk-Havran Fault
(SHF) is located on the Susurluk Valley where
the NE-SW trending en echelon segments
displaced right-laterally the course of Susurluk
River (Simav Cayi) in several locations (Figure
4). Recent seismic activity #120_2020.12.11
(Mw=3.8) Tagkopri earthquake provides a
right-lateral strike-slip related focal mechanism
solution and confirms the segment distribution
of SHF in Susurluk Valley (Figure 4). The
segments of SHF in the north of Ivrindi are
responsible for  the seismic event
#76_2010.08.12 (ML=4.9) having a right-lateral
strike-slip related focal mechanism solution
and they reach Havran and Burhaniye (Figure
4; Appendices A, B, and C).

The Edremit Plain is a releasing stepover
between the SHF and Edremit Fault (ETF). The
short ENE-WSW right-lateral  strike-slip
segments and WNW-ESE trending normal
faults in between constitute the general
character of ETF in the north of Edremit Gulf
(Figure 4; Appendices A, B, and C).
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Figure 4. The northern (fuchsia), middle (yellow) and southern (red) branches of NAFZ in southern
Marmara and northwestern Anatolia. The fault lines from Emre et al. (2013), Caputo and Pavlides
(2013), Can (2017) and this paper. DDF: Dorak-Durumtay Fault; MGF: Manyas Golu Fault; BDF:
Bandirma Fault; YGF: Yenice-Gonen Fault; EKF: Edincik Fault; BCF: Biga-Can Fault; EVF: Evciler
Fault; ETF: Edremit Fault; AEF: Ayvacik-Ezine Fault; TUF: Tuzla Fault; IBF: iskiri-Biga Fault; BAF:
Babakale Fault; SHF: Susurluk-Havran Fault; BKF: Balikesir-Kepsut Fault; AAF: Akgakdy-Atakdy
Fault; SVF: Savastepe Fault; AVF: Avdan Fault; BRF: Bergama Fault; ALF: Aliaga Fault; GBF:
Gelenbe Fault; GSF: Giilbahge-Seyitoba Fault; SMF: Soma Fault; KIF: Kirkagag Fault; CHF:
Cobanhasan Fault; KSF: Kayiglar Fault.

Sekil 4. Giiney Marmara ve Kuzeybati Anadolu’da Kuzey Anadolu Fay Zonu’nun kuzey (fugya), orta (sar1) ve
gliney (kirmizi) kollari. Fay hatlari: Emre vd. (2013), Caputo ve Pavlides (2013), Can (2017) ve bu makale.
DDF: Dorak-Durumtay Fayi; MGF: Manyas Goélii Fayi; BDF: Bandirma Fayi; YGF: Yenice-G6nen Fayi; EKF:
Edincik Fayi; BCF: Biga-Can Fayi; EVF: Evciler Fayi; ETF: Edremit Fayi; AEF: Ayvacik-Ezine Fayi; TUF: Tuzla
Fayi; IBF: Iskiri-Biga Fayi; BAF: Babakale Fayi; SHF: Susurluk-Havran Fayi; BKF: Balikesir-Kepsut Fayi; AAF:
Akgakoy-AtakOy Fayi; SVF: Savastepe Fayi; AVF: Avdan Fayi; BRF: Bergama Fayi; ALF: Aliaga Fayi; GBF:
Gelenbe Fayi; GSF: Glilbahge-Seyitoba Fayi; SMF: Soma Fayi; KIF: Kirkagag Fayi; CHF: Cobanhasan Fayi;
KSF: Kayislar Fay..

THE SOUTHERN BRANCH OF NAFZ FROM
ULUBAT, MANYAS TO BIGA PENINSULA
AND ITS RELATIONSHIP WITH THE MIDDLE
BRANCH

parallel normal faults at the south of Manyas
Lake constitutes the Manyas Golu Fault(MGF)
(Figure 4). These are releasing offset
structures developed both between the
segments of Karacabey Fault (KBF), and
between the KBF and Yenice-Génen Fault
(YGF). Their normal fault character has been
proven by the palaeoseismological study of
Kurger et al. (2017) and the focal mechanism
solution of seismic event #29 2005.05.06

The Ulubat Lake is located on a pull-apart
basin and its western margin is composed of
the strike-slip Karacabey Fault (KBF), similar to
the eastern margin that is mentioned above as
Ulubat-Dogankdy Fault (UDF) (Figure 3). The
segments of KBF right-laterally displace

several streams located between Ulubat and
Manyas lakes, particularly around Karacabey
(Figure 3; Figure 4). The WNW trending semi-

(Md=3) (Figure 4).

The NE-SW trending Yenice-Goénen Fault
(YGF) can be extended towards the northeast
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contrary to Emre et al. (2011b). Its en echelon
segments can be recognized at the north and
northwest of Manyas Lake. The focal
mechanism solutions of the seismic events
#44_2006.10.20 (ML=5.2) and
#45 2006.10.20 (Md=4.4) confirm their right-
lateral strike-slip kinematics (Figure 4). The
southwest continuation of YGF follows mainly
surface ruptures of the #1_1953.03.18 (M=7.4)
earthquake (Emre et al., 2011c) (Figure 4).

The active Bandirma Fault (BDF) is drawn to
the east-northeast of Bandirma parallel to the
southern Marmara coast by Emre et al.
(2011b). The seismic reflection studies (Can,
2017) demonstrate that this fault reaches the
Gemlik Bay. The onshore continuation of BDF
is located on the west of Bandirma and
possibly links to the segments of Yenice-
Gonen Fault (YGF) (Figure 4).

In the southeast of Erdek, the Edincik Fault
(EKF) of Emre et al. (2011b) was drawn on the
isthmus between Kapidag peninsula and
Bandirma (Figure 4). The segments of EKF
create right-lateral displacements on the
streams at the north of Gonen. The right-lateral
shift on the route of Kegi Dere is noteworthy
(Figure 4).

We introduce Biga-Can Fault (BCF) having
segments along Can and Biga and provides a
new interpretation for the segments between
Misak¢a and Kuruoba which is different than
the view of Emre et al. (2011b) (Figure 4;
Appendices A, B, and C). However, the
segment distribution of Evciler Fault (EVF)
somewhat corresponds to the Emre et al.
(2011c), despite slight differences and newly
recognized segments (Figure 4).

It is accepted after the publication of Barka and
Kadinsky-Cade (1988) that the middle branch
of NAFZ follows south of iznik Lake, Gemlik
Gulf, and Biga Peninsula via Bandirma (Figure
1c and 2). When this classification is
considered, the middle branch of NAFZ is
represented by the Bandirma Fault (BDF),
Yenice - Gbénen Fault (YGF), Edincik Fault
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(EKF), Biga-Can Fault (BCF), and Evciler Fault
(EVF) which ends at the northwest of Kazdag
(Figure 2 and 4). On the other hand, the
southern branch of NAFZ represented by the
Edremit Fault (ETF) and Iskiri-Biga Fault (IBF),
and a releasing stepover is created between
them at the southwest end of Biga Peninsula
(Seyitoglu et al., 2017). In this releasing
stepover, the normal faults of Ayvacik-Ezine
(AEF), Tuzla (TUF), and Babakale (BAF) are
developed and they control the Yivlidag range
and Bababurnu basin (Yaltirak et al., 2012)
(Figure 4; Appendices A, B, and C). The uplift
of normal fault controlled Yivlidag range may
create 36 ka BP route change of
Karamenderes River (Isler et al., 2008) (Figure
4), but this was attributed to the compressional
forces between left stepping Biga-Can and
Edremit faults (Gurer et al. 2021).

THE SOUTHERN BRANCH OF NAFZ FROM
BALIKESIR TO DEGIRMENLIK (MILOS)
ISLAND VIA iZMIR

It is reasonable to accept that major right-
lateral shift (22.7 km) on the course of Susurluk
River is tectonically controlled in Kepsut
(Figure 4). However, it is unrealistic to expect
to create such amount of displacement by a
fault segment with limited length. It can be said
that Susurluk River may follow the existing fault
line (Figure 4). The overall structure of
Balikesir-Kepsut Fault (BKF) indicates that the
Balikesir Plain is a releasing stepoverbetween
the NE-SW trending right-lateral strike-slip
segments and it can be evaluated as a pull-
apart basin (Figure 4; Appendices A, B and C).
This interpretation provides a meaningful
solutionto the problem created by the previous
studies (Emre et al., 2011c; 2018; Sozbilir et
al., 2016b; Sumer et al., 2018) that is the abrupt
termination of their Balikesir and Havran-Balya
faults in the middle of western Anatolia without
any connection to the major structures (Figure
1g; see also Discussion section).

Further to south, the Akgakdy-Atakdy Fault
(AAF) is determined by right-lateral
displacements on the several streams
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including Susurluk River. Its right-lateral strike-
slip kinematics is confirmed by the focal
mechanism solution of the seismic event
#107_2019.12.10 (ML=5.0) (Figure 4;
Appendices A, B, and C).

The previously mapped (Saroglu et al., 1992;
Emre et al., 2011c; 2011d) NNE-SSW trending
Gelenbe Fault (GBF) is responsible for the
prominent right-lateral shift on the course of
Simav Cayl at the west of Bigadic. The
segments of GBF have considerable seismic
activities reflecting their right-lateral strike-slip
nature (Figure 4; Appendices A, B, and C).

The overall normal fault character of the
segments of Soma Fault (SMF) and Kirkagag
Fault (KIF) can be attributed to a releasing
stepover between the right-lateral strike-slip
faults of Avdan Fault (AVF) and Gelenbe Fault
(GBF) (Figure 4). The Neogene Soma basin is
fragmented by the youngest structures. A
similar tectonic relationship can be mentioned
for the west of Soma where right-stepping NE-
SW trending strike-slip faults created NW-SE
trending normal faults (Figure 4). The
examples of this structural framework can be
seen among the segments of Avdan Fault
(AVF) and Bergama Fault (BRF) having normal
and strike-slip characters  (Figure 4;
Appendices A, B, and C).

The en echelon segments of Bergama Fault
(BRF) and Aliaga Fault (ALF) reaches to
Candarli settlement and Menemen Plain
respectively (Figure 4 and 5). The right-lateral
strike-slip kinematics of ALF is confirmed by
the focal mechanism solution of the recent
seismic event #110_2020.08.14 (ML=3.0) and
by the kinematic data presented by Sangu et
al. (2020) (Figure 4; Appendices A, B, and C).

The western margin of Akhisar Plain is
bounded by the segments of Cobanhasan
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Fault (CHF) and Gilbahge-Seyitoba Fault
(GSF). The southwest end of Gelenbe Fault
(GBF) reaches to the northeast of Saruhanl
and the NW-SE trending, NE dipping normal
fault segments of Kayislar Fault (KSF) seemto
be developed between GBF and GSF (Figure
4; Appendices A, B, and C).

The dominant structure between Manisa and
Kusadasi Gulf is composed of NE-SW trending
right-lateral strike-slip faults such as Bornova
Fault (BOF), Kubilay Fault (KLF), Foga-
Yagcilar Fault (FYF), Seferihisar Fault (SRF),
and Orhanli-Karabaglar Fault (OKF) (Figure 5).
The NW-SE trending normal faults (i.e.,
Menemen Fault (MMF), western part of Manisa
Fault (MAF), Karsiyaka Fault (KKF), izmir Fault
(IZF), see Appendix A) are developed in the
releasing stepovers between the strike-slip
faults. For this reason, the strike-slip faults
must be considered as a main seismic source
for the metropole izmir rather than normal
faults having short, fragmented segments in
the izmir Bay area (Figure 5; Appendices A, B,
and C). The main threat for izmir is the Orhanli-
Karabaglar Fault (OKF), because its northeast
end probably cross-cuts the city center where
Kadifekale and Samli Tepe are evaluated as
pressure ridges (see Appendix A) and its
southwest end can be securely located
between Sisam (Samos) and Ahikerya (Ikaria)
islands indicated by the strike-slip focal
mechanism solutions of the seismic events (i.e.
#75_2009.12.23 (ML=4.5); #103_2019.08.08
(ML=5.0); #115_2020.10.30 (ML=4.1)) and

particularly aftershocks of the recent Sisam
(Samos) earthquake #113_2020.10.30
(Mw=6.9) (Figure 5; Appendices A, B, and C).

We evaluated the depression in the northeast
of Ahikerya (Ikaria) island as a pull-apart basin
which is developed in the releasing stepover
between Orhanli-Karabaglar Fault (OKF) and
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Figure 5. The southern branch of NAFZ between Manisa and Degirmenlik (Milos) island. The
black fault lines from Caputo and Pavlides (2013). GSF: Gulbahge-Seyitoba Fault; ALF: Aliaga
Fault; KLF: Kubilay Fault; FYF: Foca-Yagcilar Fault; SRF: Seferihisar Fault; OKF: Orhanl-

Karabaglar Fault; DEF: Degirmenlik Fault.

Sekil 5. Manisa ve Degirmenlik (Milos) adasi arasinda Kuzey Anadolu Fay Zonu’nun giiney kolu. Siyah fay
hatlar Caputo ve Pavlides (2013)ten alinmistir. GSF: Glilbahge-Seyitoba Fayi; ALF: Aliaga Fayi; KLF: Kubilay
Fayi; FYF: Foga-Yadcilar Fayi; SRF: Seferihisar Fayi; OKF: Orhanli-Karabaglar Fayi; DEF: Degirmenlik Fayi.

Degirmenlik Fault (DEF) (Figure 5). The
position of DEF is drawn with the help of recent
focal mechanism solution (i.e.,
#119_2020.11.06 (ML=4.0)) and the Main
Cycladic Lineament of Philippon et al. (2014)
that created 50 km right-lateral displacement of
the detachment system in the Cyclades (Figure
5; Appendices A, B, and C).

DISCUSSION

As described above, the southern branch of
NAFZ is separated from the main branch at the
southwest of Bolu Plain. The NE-SW trending
fault segments reach to the north of Mudurnu
where the Goéldagi block is surrounded by the
northern segments via Goynuk, and the
southern segments following the route of
Bekirfakilar and Susuz. After creating
Golpazari pull-apart basin, the southern branch

of NAFZ reaches Bayirkdy where the Sakarya
River is right-laterally shifted (Figure 3).

The southern branch of NAFZ between Bolu
and the Goélpazar pull-apart basin is relatively
less seismic than the other parts. However, re-
interpretation of the magnetotelluric and
transient electromagnetic (MT) data (Kaya,
2010) demonstrates existing of the southern
branch in this area (Seyitoglu et al., 2016)
(Figure 6a). Moreover, the pull-apart nature of
Golpazarn (Gurblz and Seyitoglu, 2014) and
Uyiik basins (Figure 3) indicates that a major
strike-slip branch passing through in this
location. Kinematic relationship between the
Golpazari and Bayirkdy faults, and their linkage
to the faults which bound the eastern margin of
Yenisehir pull-apart basin form a different
configuration than that of Barka and Kadinsky-
Cade (1988) which suggested a linkage
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Figure 6. The re-interpretation of magnetotelluric and transient electromagnetic (MT) data along
the NAFZ. See Figure 2 for locations. A) MT data passing through all branches of NAFZ (after
Kaya, 2010 and Seyitoglu et al., 2016). B) MT data indicates the position of middle branch of NAFZ
in Biga Peninsula (re-interpreted after Ulugergerli et al., 2007). C) MT data show details of the
southern branch of NAFZ (re-interpreted after Ulugergerli et al., 2007).

Sekil 6. Kuzey Anadolu Fay Zonu boyunca MT (magnetotelluric and transient electromagnetic) verisinin
yeniden yorumlanmasi. Konumlar igin Sekil 2’'ye bakiniz. A) Kuzey Anadolu Fay Zonu’nun tiim kollarindan
gecen MT verisi (Kaya 2010 ve Seyitoglu vd. 2016’dan alinmistir). B) Biga yarimadasinda Kuzey Anadolu Fay
Zonu’na ait orta kolun konumunu gésteren MT verisi (Ulugergerli vd., 2007'den yeniden yorumlanmistir). C)
Kuzey Anadolu Fay Zonu’na ait giiney kolun detaylarini gésteren MT verisi (Ulugergerli vd., 2007°den yeniden
yorumlanmistir).
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between the middle and southern branchesvia
Mekece (Figure 1c). The Gélpazari, Uyik,
Yenisehir, Bursa-east, and Bursa-west pull-
apart basins are developed along the southern
branch (Figure 3) and more importantly, the
Kayapa-Yenisehir Fault (KYF) is cross-cutting
last three pull-apart basins. The KYF creates a
nightmare scenario for the seismic evaluation
of Bursa city that it is a best candidate for the
source of 1855 earthquakes. This relationship
also demonstrates that the bend model of Emre
et al. (2018), offering a connection between the
faults around Bursa and Eskisehir Fault Zone,
is not applicable (Figure 1g).

In the southeast of Manyas Lake, the Manyas
Golu Fault (MGF) has a NW-SE trending, NE
dipping normal fault which is confirmed by the
paleoseismological trench study (Kurger et al.,
2017) and focal mechanism solutions of
#2_1964.10.06 (Ms=6.8) and #29_2005.05.06
(Md=3.0) earthquakes (Figure 4; Appendix B).
If this information is considered to have a
regional significance, the NW-SE trending
right-lateral Mustafakemalpasa Fault of Emre
et al. (2013) is contrary to the general situation
(Seyitoglu and Esat, 2022a). Therefore, we
evaluated that the northeastern and
southwestern slopes of Tokmak Tepe upliftare
limited by the NW-SE trending opposite dipping
normal faults and it becomes a horst structure
between nearly E-W trending right-lateral
Dorak-Durumtay Fault (DDF) and Derecik
(DKF) [/ Mustafakemalpasa (MPF) faults
(Figure 3 and 4). The re-interpreted position of
MPF is concordant with both the Lalasahin
trench site of Kop et al. (2016) and the 850 m
right-lateral shift on Mustafakemalpasa Cayi,
which is previously unexplained by Emre et al.
(2011Db) (Figure 3) (Appendix A).

There is another important role of the Manyas
Golu Fault (MGF) which provides a connection
between southern and middle branches of
NAFZ as a releasing stepover structure (Figure
4). The Yenice-Gonen Fault (YGF) and its
parallel counterparts, the Ekincik Fault (EKF),
Biga-Can Fault (BCF), Evciler Fault (EVF), and
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the Bandirma Fault (BDF) can be classified as
the middle branch of NAFZ which is linked to
the Gemlik Bay via offshore faults (Can, 2017)
in the southern Marmara (Figure 2). The crustal
scale discontinuities of the middle branch of
NAFZ in the Biga Peninsula can be seen
clearly in the re-interpreted MT section (i.e.,
Biga-Can Fault, Ekincik Fault, and Yenice-
Gonen Fault) (Figure 6b).

The southern branch of NAFZ creates a
releasing stepover between Ulubat-Dodankdy
Fault (UDF) and Karacabey Fault (KBF) where
the Ulubat Lake is located (Figure 3 and 4). The
en echelon segments of Susurluk-Havran Fault
(SHF) pass through Susurluk Valley and reach
Havran that is linked to the Edremit Fault (ETF)
at the south of Kazdagi with a releasing
stepover in the Edremit Plain (Figure 4). The
releasing stepover between Edremit Fault
(ETF) and Iiskiri-Biga Fault (iBF) hosts the
Bababurnu pull-apart basin in the Aegean Sea
(Figure 4).

The long-lived seismic quiescence along the
southern branch in Susurluk Valley has been
ended by the recent seismic event
#120_2020.12.11 (Mw=3.8) (Seyitoglu et al.,
2020a) and its focal mechanism solution
confirms the positions of right-lateral strike-slip
segments of Susurluk-Havran Fault (SHF)
which is drawn by using morphological and
structural evidences such as shift or bend of
the semi-parallel multiple stream channels and
fault surfaces in the Susurluk Valley (Appendix
A; Seyitoglu and Esat, 2022a) (Figure 4).

There are different arguments on the nature of
Edremit Fault (ETF) (Figure 4) in the recent
literature. Soézbilir et al. (2016a) mentioned
about multi-phased tectonic history for the
Edremit Fault (ETF) and conclude that its
recent extensional phase produces normal
faults. However, Gurer et al. (2016) define the
Edremit Fault (ETF) as a right-lateral strike-slip
fault. Moreover, the previous field observation
of Kurt et al. (2010) indicates that strike-slip
faulting cuts the low-angle detachment system
of Kazdag Core Complex. We provide a
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solution for this controversy with our segment
distribution (Figure 4; Appendices A, B, and C).
It is suggested that ENE-WSW trending right-
lateral strike-slip faults creating releasing
stepovers where the WNW-ESE trending
normal faults are developed. The trench site of
Sozbilir et al. (2016a) nearly corresponds to the
strike-slip segments and the sites of necropolis
and terrace houses of historical settlement of
Antandros are located on the normal fault
segments of the Edremit Fault (ETF) (Appendix
A). This fault configuration explains both strike-
slip and normal faulting observations and there
is no need to multi-phased explanations forthe
activity of Edremit Fault as suggested by
Sozbilir et al. (2016a) (Figure 4).

The active faults between Edremit and
Balikesir have been mapped under the title of
Havran-Balya Fault Zone and Balikesir Fault
(Emre et al., 2011c; 2013). These faults are
confirmed by paleoseismological studies and
their structural data are presented without
questioning their regional tectonic meaning
(SOzbilir et al., 2016b; Stimer et al., 2018). Itis
interesting that these faults suddenly end in the
middle of western Anatolia with a slight bending
towards the southeast (Figure 1g). We re-
interpreted these structures and provide
segment distributions under the title of
Susurluk — Havran Fault (SHF) and Balikesir-
Kepsut Fault (BKF). The segments of BKF
create Balikesir pull-apart basin in the
releasing stepover and control the largest right-
lateral shift on the Simav Cayi / Susurluk River
(Figure 4).

Further south, the NE-SW Akcgakoy-Atakdy
Fault (AAF) and NNE-SSW Gelenbe Fault
(GBF) are located (Figure 4). Especially,
Susurluk-Havran Fault (SHF) and Akgakdy-
Atakdy Fault (AAF) together with Gelenbe Fault
(GBF) are crustal-scale structures of the
southern branch of NAFZ as seen in the re-
interpreted MT section (Figure 6c).
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In the southwest of Balikesir, one branch
reaches to the east of Karaburun Peninsula
with the Akcakdy-Atakdy (AAF), Savastepe
(SVF), Avdan (AVF), Bergama (BRF), Aliaga
(ALF) and Foga-Yagcilar (FYF) faults. The
Bergama and Menemen plains are located on
their releasing stepovers (Figure 4 and 5).
Sangu et al. (2020) also agree that southern
branch of NAFZ reaches the Bergama area.

The other branch reaches to Kusadasi Gulf
with the Gelenbe (GBF), Cobanhasan (CHF),
Gllbahge-Seyitoba (GSF), Bornova (BOF),
Kubilay (KLF), Seferihisar (SRF) and Orhanli-
Karabaglar (OKF) faults. The izmir Gulf, west
of Manisa and Akhisar and Kirkagag plains are
related to the releasing stepovers. The
southern branch of NAFZ reaches to the
Degirmenlik (Milos) island via a pull-apart basin
at the northeast of Ahikerya (lkaria) island
(Figure 5).

The recent seismic activities in the Kirkagag
and Akhisar plain can be explained by the
southern branch of NAFZ (Seyitoglu et al.,
2020b). The focal mechanism solutions of
2020.01.22 (Mw=5.5) Musalar-Akhisar
earthquake is presented in Figure 7. The focal
mechanism solution presented in this paper
(Appendix B) and that of KOERI and AUTH are
concordant to each other (Figure 7). The
aftershock distribution intensifying along the
NNW-SSE direction indicates that the fault
plane having strike and dip value of N10W,
80NE in the focal mechanism solution is the
source of earthquake. This fault plane has a
left-lateral strike-slip character. On the other
hand, due to the AFAD’s focal mechanism
solution which is similar to that of USGS, the
N23W, 60NW normal fault with a left-lateral
component is accepted as earthquake source
and linked with the Kirkaga¢ Fault (AFAD,
2020; Sozbilir et al., 2020) (Figure 7). One of
the most outstanding features of seismic
activity in the region is the epicentre distribution
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Figure 7. Earthquake epicenter distribution and focal mechanism solutions in the Akhisar region
(See Appendix B for details). Red and green circles are the aftershocks of the seismic events
2020.01.22 and 2016.09.12, respectively. The distribution of the epicenters reflects the dates of
2000.01.01-2020.01.28 and was obtained from AFAD catalogue. KOERI: Kandilli Observatory and
Earthquake Research Institute, Bogazici University; AFAD: Disaster and Emergency Management
Presidency, Turkish Republic Ministry of Interior; USGS: United States Geological Survey; GCMT:
Global Centroid Moment Tensor catalog; AUTH: Aristotle University of Thessaloniki,
Seismological Station.

Sekil 7. Akhisar bélgesinde deprem dismerkez dagilimi ve odak mekanizmasi ¢6ziimleri (detaylar icin Ek B’ye
bakiniz). Kirmizi ve yesil daireler sirasiyla 2020.01.22 ve 2016.09.12 sismik olaylarinin artgi soklaridir.
Dismerkezlerin dagilimi 2000.01.01-2020.01.28 tarihleri arasini yansitir ve AFAD kataloglarindan alinmisgtir.
KOERI: Kandilli Observatory and Earthquake Research Institute, Bogazi¢i University; AFAD: Disaster and
Emergency Management Presidency, Turkish Republic Ministry of Interior; USGS: United States Geological
Survey; GCMT: Global Centroid Moment Tensor catalog; AUTH: Aristotle University of Thessaloniki,
Seismological Station.

of earthquakes that occurred between 12-30
September 2016 in the south of Akhisar (Figure
7, green circles). The 2016.09.12 (Mw=4.6)
earthquake has a similar focal mechanism
solution with the 2020.01.22 Musalar-Akhisar

earthquake and is interpreted by Kartal et al.
(2016) as a left-lateral transfer fault between
normal faults. In addition, the 2019.05.13
(Mw=4.5) Kocaiskan-Kirkaga¢g earthquake
locating at the north of 2020.01.22 Musalar
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Akhisar earthquake has strike-slip relatedfocal
mechanism solution. All these earthquakes,
which have an en echelon position to each
other, can be related to the left-lateral X-shear
in the NE-SW right-lateral shear zone of the
southern branch of NAFZ rather than local
transfer structures (Figure 7).

The bend model proposed by Emre et al.
(2018) has become invalid because the
connection of the right-lateral faults to the main
NAFZ in Bolu has been shown in this paper.
The bend model also does not explain the
strike-slip related seismic activity aroundizmir.

The strike-slip structures around izmir have
been interpreted as transfer zones between
main normal faults (Sengdr, 1987). The
transfer zones by their nature only develop
between major normal faults (Gibbs, 1984;
Faulds and Varga, 1998). However, as shown
in our paper, the strike-slip structures had been
developed beyond the major normal faults (i.e.,
Alasehir and Simav grabens), therefore this
interpretation needs re-consideration.

The weakest point of the izmir-Balikesir
Transfer Zone model, which is thought to
develop due to the different extension rates
between the Aegean Sea and western Tirkiye
(Ring et al., 1999; Uzel and Sozbilir, 2008; Uzel
et al.,, 2013), is lack of definition for the
connections to the main structures on its
northeast and southwest tips.

For these reasons, the strike-slip related
seismic activity in south of Marmara and
western Turkiye is best explained by the
presence of the southern branch of the NAFZ.

CONCLUSION

The southern branch of NAFZ separates from
the main branch at the southeast of Bolu Plain
and creates several pull-apart basins which are
enlarged towards west-southwest. The
southern branch reaches the Aegean Seaboth
in Edremit Gulf and in the south of izmir. This
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configuration of the southern branch better
explains the recent strike-slip related seismic
activity in the western Turkiye rather than the
non-integrated solutions such as the previous
bend model and the concept of Izmir-Balikesir
Transfer Zone.

The southern branch of NAFZ should be further
studied in detail because it implies that the
major cities such as izmir, Manisa, Akhisar,
Balikesir, and Bursa are under the threat of
major strike-slip faulting as well as newly built
superstructures such as highways and high-
speed railways.
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Uygulamali jeofizik ydntemler ile belirli bir fizik parametresinin yerdeki dagilimina bagh olarak yer i¢inin olanakli
en net goruintiisu elde edilmeye galisilir. Bu amagla farkl fizik ilkelerine dayanan yontemlerle yapilan élglimlere
ait veriler, cesitli veri islem adimlarindan gegirilerek kesit, harita ve modeller halinde gérsel veya sayisal olarak
sunulurlar. Yontemlerin ve sayisal islemlerin dogasi geregi son adimda sunulan sonuglarda yalanci belirtiler,
asll belirtiyi 6rten guriltiler ve bozulmalar gérulebilir. Bu sorunu agsmak ve jeofizik haritalarin yorumlanmasini
daha kolay hale getirmek igin goriinti isleme yontemlerinden faydalanilabilir. Gorlintli isleme giderek gelisen
ve uygulama alanlar surekli genisleyen bir alandir. Bu galismanin konusu, gorintu isleme yontemlerinin
jeofizik harita ve goruntilerin iyilestirilmesi i¢in kullaniimasini kapsamaktadir. Cok sayida goérunti isleme
yoéntemi arasindan, histogram iglemleri, déntsim fonksiyonlari, yerel girulti giderme araglari, yerel olmayan
ortalama siizgeci, yapay sinir aglari, netlestirme algoritmalari ve morfolojik stizgegler genel olarak tanitiimig
ve yakin yizey jeofizik arastirmalardan elde edilen géruntilere uygulanarak sonug ve etkinlikleri tartisiimigtir.
Uygulama agisindan daha belirgin sonuglar lreteceginden, cizgisellik ve yapisal unsurlar igeren arkeoloji
jeofizigi galismalarina ait jeofizik sonuglar tercih edilmigtir. Goriintu isleme yéntemlerin hepsi farkli amaglara
yonelik kullanigh olsalar da 6zellikle yerel olmayan ortalama slizgeci ve yapay sinir aglarinin gurdlti giderme
konusunda oldukga basaril oldugu dikkat gekmistir. Histogram diizenleme iglemleri ve morfolojik stizgegler

ise bir arka plan uzerinde belirtileri ortaya gikarmak igin oldukga kullaniglidir.

Anahtar Kelimeler: Arkeoloji Jeofizigi, Elektrik Ozdireng Tomografisi, Gériintii isleme, Yer Radari
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ABSTRACT

In applied geophysics methods, it is attempted to obtain the clearest possible image of the subsurface, based
on the distribution of a certain physical parameter. For this purpose, measured data related with different
physical principles are processed and presented visually or numerically in the form of sections, maps and
models. Due to the nature of the applied geophysical methods and numerical processes, artefacts, noise, and
distortions blocking the actual anomaly may be observed in the presented results. Image processing methods
can be used to overcome this problem and to make geophysical maps easier to interpret. Image processing
is a field of study that is gradually improving, and the areas of application are widening continuously. The
subject of this study covers the use of image processing methods for the improvement of geophysical maps
and images. Among many image processing methods, histogram operations, transformation functions, local
noise removal tools, non-local mean filtering, artificial neural networks, sharpening algorithms and
morphological filters are briefly introduced and applied to images obtained from near surface geophysical
surveys and their results and effectiveness are discussed. Geophysical results of archaeological geophysics
studies including linear and structural elements have been preferred for the demonstration of applications,
since they will produce more significant results. Although all the methods are useful for different purposes, it
has been noted that especially the non-local mean filter and artificial neural networks are quite successful in
noise removal. Histogram editing operations and morphological filters are very useful for distinguishing
anomalies from a background.

Keywords: Archaeological Geophysics, Electrical Resistivity Tomography, Image Processing, Ground
Penetrating Radar
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GIRIS sonucunda esdeger modeller
Uretilebileceginden, karar adiminda bir yorum
siireci gereklidir. Onemli kararlarin alindigi bu
asamada jeofizik model veya gorselin
istenmeyen etkilerden arindiriimis ve olanakl
olan en net haline getiriimis olmasi
yorumcunun igini kolaylastiracak, karar alma
surecini iyilegtirecektir. Bu nedenle jeofizik
verinin anlamli hale getirilmesini saglayan
temel veri islem ve sayisal ydntemlerden
(suzgecleme, genlik diizeltme, ters-¢6zim vd.)
hari¢c olmak Uzere gesitli asamalarda gorintu
isleme yontemlerinin kullaniimasi akilci bir
yoldur.

Jeofizik yontemlerin uygulanmasi ile elde
edilen veriler iglenerek elde edilen sonuglar,
harita (x-y), derinlik kesiti (x-z) veya lg-boyutlu
model (x-y-z) olarak sunulabilir. Burada, verinin
nasil bir geometri ile hangi jeofizik yéntem
kullanilarak, ne yogunlukla toplandiginin yani
sira calismadan elde edilmesi beklenen
ayrimhlik da belirleyicidir. Gérsel sunumlarda
sayllan  geometrik  g&sterimlerin  farkli
birlesimleri, ya da bunlardan tiretilen basgka
gorintileme yontemleri (izoylizey gibi) de
kullaniir.  Jeofizik  veriler ilgili fiziksel
parametrenin dolayl dlgiimiinden elde edilir.
Bunun yani sira verilerin degerlendiriimesi
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Gorlntu  igsleme  tekniklerinin  jeofizikte
uygulamalari ile ilgili literatirde c¢alismalar
bulunmaktadir. Bunlar baslica potansiyel alan
yontemlerindeki uygulamalar kapsamaktadir
(Ornegin Lili vd. 2005). Morozov ve Smithson
(1996) histogram dengeleme teknigini sismik
sinyallere uygulamigtir. Bergeron ve Yuen
(2000) dalgacik dénugtumdi ile ¢ boyutlu sismik
verilerde baca tipi yapilarin ayristirilabilmesini
saglamigtir. Al-Nuaimy ve dig. (2000) ile Carter
ve Lines (2001) tarafindan gelistirilen gérunti
isleme algoritmalari, sismik ve elektrik 6zdireng
kesitlerinde fay yapilarinin otomatik olarak
belirlenmesini saglamigtir. Faylarin
haritalanmasi amaciyla jeofizik gorintilere
gorintl isleme araglarinin uygulandigi diger
calismalar igcin Demanet vd. (2001) ve Nguyen
vd. (2005) o6rnek verilebilir. Buyuksarag vd.
(2008) Tdurkiye Afyonkarahisar bdlgesinde
yuruttikleri calismada topladiklari manyetik
verilerin iglenmesi sirasinda faz-temelli kenar
belirleme algoritmalarindan faydalanmiglardir.
Panagiotakis vd. (2011) jeofizik goruntulerdeki
cizgisellikleri belirleyen bir algoritma Uzerinde
calismis ve sonuglarini yapay ve gercek
kesitler Uzerindeki uygulamalar ile
tartismislardir. Arisoy ve Dikmen (2014)
manyetik belirti haritalarinin iyilestiriimesi icin
histogram esitleme yontemini kullanmiglardir.
Kenar belileme veya yapisal sinirlarin
belirginlestiriimesi amaciyla Arisoy ve Dikmen
(2015) kesirli tirevler yaklagimlarini
uygulamislardir. Wu ve Hale (2016) ¢ boyutlu
sismik gorintllerde faylarin otomatik olarak
belirlenebilmesi icin goruntl isleme
yéntemlerinden faydalanmislardir. Fay
yapilarinin otomatik olarak belirlenmesine bir
baska 6rnek, Qi vd. (2019) tarafindan, sismik
nitelikler Gzerinde goérintu isleme tekniklerinin
uygulanmasiyla gergeklestirilmistir.

Jeofizik galismalarin 6nemli bir bolimdnin ¢ok
disiplinli olmasi nedeni ile sonug olarak sunulan
gorsellerin, farkh disiplinlerden arastirmaci ve
ilgililerce de daha kolay anlagilabilir olmasi
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beklenen bir durumdur. Jeofizik gérintilerin
aranilan hedef yapi ile kolayca iligkilendirilebilir
hale getirilebilmesi bu anlamda da gerekli ve
onemlidir. Bdyle durumlarda goruntl isleme
araglari, haritalarda onemli kisimlarin
belirginlestiriimesi, ilgilenilmeyen kisimlarin ise
bastiriimasi amaciyla kullanilabilir. S6zu edilen
goruntl isleme araglari, dogrudan ters ¢ézim
sonucuna veya islenmis verinin kendisine
uygulanabilecegi gibi parametre dizeyi sayisal
gOruntiye donusturilerek (0-255 veya 0-1
arasinda degdisen degerler arasinda
oOlceklendirilerek) de bu islem yapilabilir.

Bu calismada arkeolojik alanlarda yuratilen
jeofizik calismalardan elde edilen jeofizik
haritalar, farkh goérinti isleme araclar
kullanilarak iyilestiriimeye ¢aligiimigtir. Gorintu
histograminin amaca yo6nelik olarak yeniden
dizenlenmesine 0Ornek verilmis, doénusim
fonksiyonlarinin  nasil  kullanilabilecegine
deginilmistir. Gorintu isleme uygulamalarinda,
gurultd giderme amaciyla siklikla kullanilan
Gaussian slizgeci ve benzeri siizgegler tanitilip
bunlarin jeofizik haritalar Uzerinde nasil
kullanilabilecedi Uzerince durulmustur. Ayrica
s6zl edilen slzgeglere alternatif olarak
Uretiimis yerel olmayan ortalama (NLM)
suzgecinin ne gibi avantajlar olabilecegi
tartisilmig, gorintilerde guriltd  giderme
amaciyla yapay zekanin kullanimina bir 6rnek
verilmistir. Bunlardan baska bazi go6rintu
netlestirme algoritmalarina deginilmis ve son
olarak, goéruntinln igerisindeki farkli yapilari
ayirt etmeyi kolaylastiran morfolojik stiizgecler
arasindan sapka slizgecinin (top-hat filter)
jeofizik harita Uzerinde 6rnek bir uygulamasi
verilmigtir.

MATERYAL VE METOT

Gorlntuler sayisal ortamda iki boyutlu dizeyler
olarak kaydedilirler. Piksel, en kuguk goérintu
birimi olup, goériintlyu olusturan dizeyin tek bir
elemani ile temsil edilir. Bu elemanin dizey
icindeki konumu koordinat bilgisine, elemanin
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skaler blyUkluglu ise “yeg@inlik” (intensity)
degerine karsilk gelmektedir. Goruntller
6zunde iki boyutlu dizeyler oldugundan gériinti
isleme, temelde iki boyutlu sinyal isleme
uygulamasidir. Bu galismada gorinti isleme
yontemleri elektrik 6zdireng ve yer radari
yontemiyle elde edilmis haritalar Uzerinde
uygulanmigtir.

Dogru akim ozdireng (DAO) ozellikle sig§
arastirmalar icin ¢ok kullanilan jeofizik
yontemlerden birisidir (6rn. Overmeeran and
Ritsema 1988, Dahlin 1996, Candansayar ve
Bagokur 2001, Akca vd. 2019). DAO
yonteminin uygulanmasi tipik olarak iki akim
elektrotundan akim verilmesi ve iki gerilim
elektrotundan olusan gerilim farki degerlerinin
okunmasi esasina dayanir Ayni jeolojik
durumda farkh elektrot dizilimleri igin farkli
gorunir 6zdireng degerleri hesaplanmaktadir.
Baslangicta uygulamalar olgtlen verilerin
dogrudan yorumlanmasiyla yapilirken artik iki
ve U¢ boyutlu veri toplama ve ters ¢6zim
islemleriyle daha guvenilir sonuglar elde
edilebilmektedir. Guiniimiizde DAO
yonteminde veri toplama genellikle ¢ok
elektrotlu cihazlarla yapiimaktadir.

Yer radari yontemi, yakin ylzey arastirmalari
icin kullanilan yiksek frekansli elektromanyetik
ilkeyle calisan bir jeofizik yontemdir. Yakin
yuzey tanimi, yap! arastirmalarindan derin
yeraltl suyu ve maden arastirmalarina kadar
degisir (0-90m). Bir yer radari sistemi alici,
verici ve kayit¢cidan olusur. Verici anten
yeraltina yiksek frekansta elektromanyetik
dalgalar gonderir. Gonderilen sinyal yer iginde
gémult bir nesneye veya dielektrik sabiti
farklilasan katmanlarin sinirlarina
rastladiginda yansiyarak geri déner ve alici
anten ile kayit birimi tarafindan kaydedilir. Kayit
edilen izlere “radar izi” denmektedir. Bir profil
boyunca tim 6l¢ii noktalarindaki radar izleri,
profil Gzerindeki konumlari ile siralanarak iki
boyutlu radar kesitleri veya radargramlar elde

edilir. Paralel hatlar boyunca olusturulan
radargramlardan ayni  derinlik seviyesine
karsilik gelen noktalarin birlestiriimesiyle yer
radari haritalari ya da derinlik dilimleri elde
edilir. Yer radari yéntemi arkeolojik alanlarda
uzun suredir kullaniimaktadir (Goodman, 1994;
Zhao 2013). Ayrica c¢evre arastirmalarinda
(Brewster ve Annan 1994), jeolojik yapI
arastirmalarinda (Jol 1996) ve daha pek ¢ok
alanda uygulamalari vardir.

Bu calismada jeofizik haritalarin iyilestiriimesi
icin gorintu isleme araclari kullaniimigtir.
Kullanilan haritalar Patara (Kaya vd., 2018) ve
Side (Akca vd., 2019) antik sehirlerinde
yuritilen jeofizik arastirmalarin sonuglarindan
alinmigtir. Bu calismada kullanilan goérintu

isleme araglari baglica: goéruntl icindeki
piksellerin degerlerini Olgeklendirmeyi
amaglayan histogram islemleri; piksellere ya

da parametre degerlerine dogrusal veya
dogrusal olmayan bir dénlisim fonksiyonunun
uygulanmasi; her piksel degerinin
komsulugundaki pikseller ile agirliklandirilarak
yeniden hesaplanmasina yarayan vyerel
géruntl iyilestirme araclar, yerel gurilta
giderme araclarinin  bazi zayifliklarindan
kurtulmak amaciyla geligtiriimis yerel olmayan
ortalama  slzgeci; gunimlizde oldukca
yayginlasmaya  baglayan yapay zeka
konusunun glriltt  giderme amacgh  bir
uygulamasi; gurilti giderme islemelerinden
farkl olarak goruntideki yuvarlatma etkisini
gidermeyi amaglayan bazi  netlestirme
algoritmalari ve géruntudeki yapisal 6zelliklerin
belirginliklerinin degistirilmesi icin kullanilan
morfolojik stizgegler olarak siralanabilir.

Histogram iglemleri

Bir goruintinun histogrami, goérunti igerisindeki
farkh piksel vyeginliklerinin sikhgini  veya
dagihmini vermektedir. Matematiksel olarak,
gri-seviye bir géruntiinin histogrami
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h(k) =n, (k=0,1,..,255) 1)
seklinde tanimlanabilir. Burada k piksel
yeginligini, nk ise yeginligi k olan piksellerin
sayisini vermektedir. Bir  gorintindn
histogramini farkh sekillerde diizenleyen birgok
hazir algoritma bulunmaktadir. Histogram
esitleme ve histogram dengeleme algoritmalari
bunlarin en yaygin olarak kullanilanlardir.
Histogram esitleme iglemi kisaca goérintinin
histogramini yaklasik diz bir hale getirerek
kontrasti artirmayi amaglar, bazi histogram
dengeleme algoritmalariyla goriinti histogrami
yaklagik  olarak  Gaussian  fonksiyona
benzeyecek sekilde diizenlenebilir (Morozof ve
Smithson, 1996; Chen ve Ramli, 2003). Bunun
yaninda kullanici tarafindan amaca yoénelik
olarak bir histogram diizenleme algoritmasinin
tasarlanmasi da oldukga kolaydir.

Bu calismada, uygulamanin amacina yonelik
olarak histogram diizenleme igleminin etkisine
dair 6rnekler verilmistir. Ornekte kullanilan
goriuntl, Patara antik kentinde Olglilen dogru
akim 6zdireng verilerinin Ug-boyutlu ters
¢ozimunden elde edilmis 6zdireng haritasidir
(Sekil 1a). Kentin agorasinda 2018 yilinda
gerceklestirilen calismada yaklasik 50 cm
derinlikte 4m x 4m boyutlarinda oldukga
dizglin geometrili bir belirti tespit edilmistir.
Bdlgede yapilan kazi sonucunda bu belirtinin,
tam olarak beklenen derinlikte ve ayni
boyutlarda anitsal bir yapinin kalintisina ait
oldugu gériilmistir (Kaya vd.,2018). Olgiimler
kullanilarak dretilmis model ile gercek yapi
arasindaki tek fark, modeldeki belirtinin aksine
kazida ortaya c¢ikan yapinin iginin bos
olmasidir. Aslinda yapinin iginin bos oldugu
bilgisi sunulan haritada bulunmaktadir. Ancak
ilgilenilen yapinin, gértntu histograminda
temsil edildigi renk araliginin ¢cok dar olmasi bu
bilginin ortaya ¢ikmasini engellemigtir. Burada
sunulan elektrik 6zdiren¢ parametresinin yanal
degisimi histogram dlzenlemesi ile daha
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belirgin hale getiriimis bu sayede daha c¢ok
ayrinti ayirt edilebilir bir kontrasta kavugsmustur.

10°

g2

o 05
Piksel Yeginigi o8

Sekil 1. a. Patara antik kenti agorasinda elde
edilen 6zdiren¢ derinlik haritasi ve goéruntu
histogrami b. ayni haritanin  histogram
diizenleme uygulanmig hali ve yeni histogrami
c. Calisma alaninda yapilan kazida ortaya
¢ikarilan anitsal yapi kaidesi

Figure 1. a. Resistivity depth slice and its image
histogram from the agora of the ancient city of Patara
b. same resistivity map after histogram adjustment
along with the image histogram and c. monumental
structure basement unearthed after the excavation in
study area

Sekil 1a’da gorilen gorintl Patara bolgesinde
yapilan DAQO calismalari (Akca, 2018) sonucu
elde edilen haritalardan birinin  piksel
yeginlikleri 0-1 arasinda degisen bir gériintiye
dénusturilmesiyle olusturulmustur.
Gorlntundn olusturuldugu harita Patara antik
kentinin agorasinda yapilan oélcimlerle elde

edilmisti. Bu bolgede herhangi bir yapi
bulunmasi beklenmezken kontrol amagl
yapilan bir g¢alismada, gorintiden de
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secilebilecegi gibi yaklasik 16 m?2
blylkliginde ve 50 cm derinliginde oldukca
dizgln geometrili bir yapi belirlenmistir. Daha
sonra bolgede gerceklestirilen kazida bu
belirtinin tam da tahmin edilen boyutlarda ve
derinlikte bulunan ve agoranin ortasinda
anitsal bir yapinin temeli oldugu ortaya
cikmistir (Sekil 1c). Sekil 1a’daki gortntlinin
histograminin diizenlenmis bir hali Sekil 1b’de
gérulmektedir. Burada yapinin iginin bos
oldugu net bir sekilde fark edilmektedir.
Burada ilgilendigimiz yapiy! iceren piksellerin
yuksek yeginlikli olduklar dusundlmis, bu
nedenle 0.60 ve daha kuguk yeginlikteki
pikseller sifira esitlenip geriye kalan kisim 0 ve
1 arasinda Olgekleme yoluna gidilmistir.
Goriintilerin histogram grafikleri
karsilagtirilirsa, iglenmis olan gorintlinin
histogram grafiginde, gértntinin arka planini
olusturan sifir degerli piksellerin en fazla
sayida oldugu, diger degerlerin ise grafikteki
sutunlar yaklasik duz bir c¢izgiyi andiracak

sekilde yeniden dizenlendidi gorilebilir
(Golebatmaz, 2020).

Gorintulerin histogramlar lizerinde
dizenlemeler  yapmak icin dondsim

fonksiyonlarindan da faydalanilabilir. Jeofizik
haritalar, farkli doénisim fonksiyonlari ile
dénusturilerek verinin  gorsellestiriimesi igin
cesitli  denetimler yapilabilir. S6z gelimi
parametre dagihmini oldugu gibi ¢izdirmek
bazi ayrintilarin kaybolmasina sebep olabilir.
Bunun sebebi gorintl histograminin kigik bir
araliga sikismasi ve karsithdin (kontrast)
dusmesidir ki bu durum renk él¢egdinin oldukca
kiguk bir kisminin kullanilmasina sebep olur.
Parametre degerlerinin logaritmalari
cizdirilerek bu durumun Ustesinden
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gelinebildigi uygulamalar bulunmaktadir. Bu
islem logaritmik bir dénisim fonksiyonunun
parametrelere (ya da piksellere) uygulanmasi
ile esdegerdir. Logaritmik g¢izimler disinda,
istenilen amaglara gére déniisim fonksiyonlari

tasarlamak da mdmkdnddr. Bir donisim
fonksiyonunun uygulanisi,
9, y) =TIf(x, )] 2)

seklinde ifade edilebilir. Esitlik 2’de f(x, y)

giris géruntusind,  g(x,y) dénistiriimis

gorintayave T f(x, y) tzerinde uygulanan

dénlisim fonksiyonunu ifade eder. Esitlik 2'yi
her piksel i¢in yeniden yazarsak,

s =T[r] @)

halini alr. Burada r orijinal piksel § ise

donlsim sonrasi elde edilen piksel degeridir
(Marques, 2011).

Doénlsim  fonksiyonlari, dogrusal veya
dogrusal olmayan fonksiyonlar olabilir. Sekil
2'de logaritmik bir doénisim fonksiyonunun
uygulamasi verilmistir. Burada kullanilan
6zdireng haritasi, Side antik kentinde yuritilen
jeofizik galismadan alinmigtir (Akca vd. 2019).

Sekil 2a’da ters ¢dzim sonucu elde edilmis
parametreler  (6zdireng) sag tarafinda
histogram grafigiyle birlikte herhangi bir
degisiklik yapilmadan cizilmistir. Histogram
grafiginden anlasilabilecedi gibi parametre
degerleri kuguk bir araliga sikismis bu da
6zdireng haritasindaki belirtilerin gérilmesini
zorlagtirmistir.  Sekil  2b'de  ise  ayni
parametrelerin  logaritmalarinin  gizdirilmis
olmasi histogram grafigini genisletmis ve
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Sekil 2. Side antik kentinde elde edilen 6zdireng derinlik haritasinin dogrusal (Ustte) ve logaritmik
(altta) parametre degerleri kullanilarak gizdirilmis gértntileri ve gortintl histogramlari

Figure 2. Resistivity map from Side ancient city plotted using linear (top) and logarithmic (bottom) parameter

values along with image histograms

haritadaki detaylarin gOrulmesini
kolaylastiriimistir.

Sekil 3'de kullanici  tanimh  dénlsim
fonksiyonlarinin kullanimina ornekler

gorilmektedir. Bu fonksiyonlar her biri

s=c-r+b (4)
bagintisi  yardimiyla tanimlanmis birka¢
dogrusal  fonksiyonun  birlestiriimesi ile

tasarlanmistir. Esitlik 4’de r orijinal piksel
degerini, s ¢ikis piksel degerini gostermekte, b
ve c ise karsithdi kontrol eden parametreleri
ifade etmektedir (Marques, 2011).

Sekil 3'deki gorintiiler, Patara antik kentinde
yurGtilmus jeofizik c¢alismalar sonucu elde
edilen tg boyutlu yer-elektrik modelinin 0.50 m
derinliginden alinmis bir derinlik kesitidir (Akca
vd. 2019). Parametre degerleri 0-255 arasi
Olgeklendirilerek goérintiye dénustirtimastar.

Bizi ilgilendiren belirtilerin, ylksek o6zdirengli
yani blylk piksel yeginligine sahip olan
bolgeler oldugunu dislindigimizden,
donlsim fonksiyonlarini 200 ve Gzeri yeginlikli
piksel degerlerinin daha da belirginlestirmek
amaciyla tasarlanmistir. Sekil 3a’da yeginlikleri
0-100 arasi olan pikseller 0-50 arasinda
yeniden olceklenmis, 100-200 arasi pikseller
deger araligi 50-200 arasinda olan egrisel bir
fonksiyonla dondsturilmis, 200-255 arasi
pikseller ise aynen birakilmistir. Bu uygulama
dénusturilmemis halinden daha net bir goriinti
saglamistir. Sekil 3b’de ise 0-150 arasi piksel
degerlerini daha dar bir aralikta 6lgeklendiren
200-250 arasindaki pikselleri ise oldugu gibi
birakan bir dénlisim fonksiyonu tasarlanarak
oncekinden de acik belirtiler gézlemlemek
amaglanmistir. Bu uygulamanin daha acgik
belirtiler gdzlemlememizi sagladigi ortada
olmakla  birlikte dénisim  fonksiyonlari
tasarlanirken amaca yonelik ¢ok fazla
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Sekil 3. Elektrik 6zdireng parametresi kullanilarak olusturulmus bir gortnttye kullanici tanimli iki

farkli dondsim fonksiyonunun uygulanmasi

Figure 3. Applying two user defined transform functions to an image constituted from electrical resistivity

parameters

uyarlama yapilmasi gergcekci olmayan belirti
haritalarinin olusmasiyla sonuglanabilecegi de
unutulmamahdir.

Giirultii giderme araglari

En temel glriltu giderme uygulamalan yerel
gorintl igleme araglan kullanilarak yapilr.
Yerel gorintl isleme araglari her piksel
degerini komsulugundaki piksellerin degerleri
kullanilarak yeniden hesaplamaya dayanir.
Bunlar genel olarak, gurlltG giderme,
keskinlestirme, kenar belileme gibi goérintu
isleme amaglariyla kullanilirlar. Belirli bir amag
icin tasarlanmis evrisim c¢ekirdegi h ve sayisal
goruntl f ile gbsterilmek Uzere, slizgeclenmis
gbrunti g,

gng,ny) = (5)

[e5)

> i B (= iyma =)

i=—00 j=—00

bagintisi ile bulunur. Gérintilerdeki guraltileri
gidermek i¢in tasarlanmig bazi 6n tanimli
suzgegler bulunmaktadir. Bu suzgegler
dogrudan parametre degerleri lizerinde veya
parametreler kullanilarak olusturulan
goruntllerdeki gurltileri gidermek igin de
kullanilabilir. Bu boélimde bilinen bazi evrisim
slizgegleri ile dogrusal olmayan bir islem olan
medyan slzgeci tanitilacak ve uygulama
ornekleri verilecektir.

Ortalama stizge¢ gurilti giderme amaci igin
tasarlanabilecek en basit slzgectir. Bu
slizgecin  temel amaci  her  pikselin
komsulugundaki piksellerin ortalamasi alinarak
aralarindaki farkin en aza indirilmesidir.
Ortalama stizgecin evrisim ¢ekirdegi,
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1/9 1/9 1/9
=Yy Yy 1/
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ile verilir.

Gaussian slizge¢ belki de en bilinen gurilti
giderme slizgeci olup goruntlyad
bulaniklagtirma  etkisi vardir.  Gaussian
suizgecin evrisim ¢ekirdegi tahmin edilebilecegi
Uzere Gaussian fonksiyon ile hesaplanir. Bir ve
iki boyutlu Gaussian fonksiyonu

_x2 (6)
Gip(x;0) = e 202
2mo
1 _x2+y2
. p— 2
GZD(nyrU)_zﬂo_ze 20

seklinde verilir. Esitlik 6 sirasiyla x ekseninde
tanimli standart sapmasi o olan bir boyutlu
Gaussian fonksiyon ile x ve y eksenlerinde
tanimli standart sapmasi o olan iki boyutlu bir
Gaussian fonksiyonunu tanimlamaktadir.

Ornek olmasi agisindan 3x3 boyutlarinda,
standart sapmasi 0.5 olan Gaussian slizgecin
cekirdegi

0.0113 0.0838 0.0113
h =1{0.0838 0.6193 0.0838
0.0113 0.0838 0.0113

seklinde verilir.

Evrisim ¢ekirdedinden de anlasilabilecegi gibi
Gaussian siizgegte her piksel komsulugundaki
piksel degerlerine gore yeniden hesaplanir
ancak bu kez her komsu pikselin katkisi
agirhklandinimaktadir.  En  blylk agirhk
katsayisini pikselin kendi degeri alirken, ¢capraz
komsuluklarin agirliklar ise en kiguk agirlik
degerini alir.

Bir bagka yaygin kullanilan slizgeg ise disk
slizgecidir. Aslinda disk siizgeci Gaussian
slizgegle benzer sekilde c¢alisir, sadece
Gaussian slizgecin ¢an benzeri sekline karsilik
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disk slizge¢ daire ya da elips sekline sahiptir.
Sekil 4'de iki boyutlu disk ve Gaussian
siizgecinin evrisim gekirdekleri gorilmektedir.

So6ziinl edecedimiz son yerel isleg ise medyan
(orta deger) slizgeg olacaktir. Medyan slizge¢
goéruntlilerde  gurdltileri  kaldirmak  igin
kullanilabilecek dogrusal olmayan
ybntemlerden birisidir. Medyan slzgeg,
géruntiden  yuksek frekansli  gurultileri
ayiklarken, daha once  soOzl edilen
sltizgeglerden farkli olarak kenarlari muhafaza
etmek konusunda daha basarilidir. Bu siizgeg
her  piksel degerinin komsulugundaki
piksellerin degerlerine gore yeniden
hesaplanmasini esas alir. Medyan slizgecin
nasil ¢calistigini daha iyi anlamak igin Sekil 5
incelenebilir. Sekil 5a’da kirmizi dikdértgen
alanin  merkezindeki pikselin degeri (23)
dikdértgen alanin igindeki butin piksel
degerlerinin orta degeri alinarak yeniden
hesaplanmistir, bu da 25 degerine karsilik
gelmektedir.

hixy}
hixy}

Sekil 4. Iki-boyutlu a. disk ve b. Gaussian
siizgecinin gekirdekleri

Figure 4. Two-dimensional kernels of a. disk and b.
Gaussian filter

Yukarida sézi edilen slzgeclerin 6zdireng
haritasi Uzerindeki etkisi Sekil 6’da gorulebilir.
Burada kullanilan stizgecler genel olarak
yuvarlatici slizgecler seklinde adlandirlabilir.
Bltin  slzgegler dogrudan  parametre
degerlerine uygulanmistir ve hepsi igin 3x3’lik
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pencere genisligi kullaniimistir.  Gaussian
stizge¢ icin kullanilan standart sapma degeri
0.6 olarak atanmistir. Butlin stzgecler yapi
sinirlarinin keskinliginde belirli bir dlgide kayba
sebep olmakla birlikte glrilti azaltma etkisi
gostermislerdir.  Sekil  6'daki  sonuglar
incelenirse ortalama slizgecin digerlerine gére
daha fazla bulaniklastirma etkisi gosterdigi
gorulebilir. Medyan ve disk slizgegleri ise
yuksek frekansli guriltileri bastirmada etkili
olurken  yapi  siirlarini da  kismen
korumusladir. Son olarak Gaussian slizgeg ile
arka plan iyi élgtide gurultiden arindiriimis ve
neredeyse tum yapilarin sinirlarinin da iyi
6lcide korunmustur. Gaussian siizgecin bu
uygulama igin aralarinda en iyi sonucu verdigini
sOyleyebiliriz. Buraya kadar dort farkli yerel
slizgeg, bir 6zdireng haritasina uygulanmistir.

12 16| 2 | 25) 99 12| 16| 20 | 25 | 27

15 022 | 23 | 250 45 |l 15 [ 22 || 25| 25 | 45

18 37 36 39 11 18 37 36 39 11

Sekil 5. Medyan siizge¢ uygulandiktan sonra
piksel yeginliklerinin degisimi

Figure 5. Variation of pixel intensities after
applying the median filter

Goézden kacirlmamasi gereken bir nokta,
kullandigimiz 6zdireng haritalarinin, yapilan
O6zdireng calismalari sonucunda elde edilmis,
belirli  bir hacim igerisindeki parametre
kiimesinin, bir derinlik seviyesinden alinmis
kesitinden olusmasidir.

Bu haritalar Gzerinde uyguladigimiz slizgegler
parametre degerlerini bulunduklar derinlikte
kendisine komsu diger parametrelerle
iliskilendirmekle birlikte Ust ve alt seviyedeki
komsulariyla  herhangi  bir iligkilendirme
yapmamaktadir. EJer daha tutarli bir
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stizgecleme iglemi yapilmak isteniyorsa (¢
boyutlu slizgegler kullanilabilir ve bdylece
parametreler bir Ust ve bir alt seviyeden
komsuluklariyla da iligskilendirilmis olur.

Uc boyutlu yerel siizgeclemeye érnek olarak
Sekil 7 incelenebilir. Burada Patara antik
kentinde yuratilen yer radarn galismalarindan
(Akca vd. 2019, Akca ve Golebatmaz, 2021)
elde edilen goéruntiler kullaniimigtir. Radar
verilerinin islenmesi ile elde edilen veri
hacminden (440x474x256 boyutunda bir dizey)
8 farkh derinlik seviyesine karsilik gelenler
kullanilarak bir model olusturulmustur. Burada
go6sterim icin bu seviyelerden Gg¢l alinmigtir.
Sekil 7a'da farkh derinlik seviyeleri igin
olusturulan radar goruntileri gdrilmektedir.
Sekil 7b’de bu goéruntilerin iki boyutlu ortalama
stizge¢ uygulanmis halleri, Sekil 7c'de ise
gOruntllerin  G¢ boyutlu ortalama slizgeg
uygulanmis halleri gértlmektedir. Goérintllerin
olusturuldugu parametreler esasinda bir
prizma hacmi icerisinde dagiimis
olduklarindan, U¢ boyutlu bir slzgeg
kullanmanin ustunlukleri olacagdi ortadadir. Bu
durum Sekil 7b ve sekil 7c’deki ilk seviyeleri
incelendiginde gorulebilir. Kullandigimiz islem
uygulanmamig géruntilerde ilk seviye yuksek
oranda gurdltt icermektedir ve iki boyutlu bir
ortalama sizge¢ uygulandiginda sadece bu
seviyenin pikselleri arasinda bir agirliklandirma
yapilacagindan gurilti giderme islemi sinirli
kalacaktir. Oysa sekil 7¢’'nin ilk seviyesinde,
daha asagi seviyelerdeki yapilarin izleri daha
kolay segcilebilir. Bunun sebebi agirliklandirma
isleminin sadece o seviyenin goérintusu ile
sinirh - kalmayip piksellerin alt seviyedeki
komsulariyla da agirliklandiriimig olmasidir.

Guirultd  gidermenin  amaci  goérintilenen
goéruntide (veya gobzlenen veride) meydana
gelen istenmeyen etkilerin giderilmesidir. Yerel

gérunti  isleme islegleri bu amagla
kullanilabilmekle  birlikte  bu  slizgegler
géruntlyl  yumusatirken bazi ayrintilarin
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Sekil 6. Yuvarlatici etkiye sahip dort slizgecin
Ozdireng haritasina uygulanmasi

Figure 6: Applying four different image
smoothing filter to a resistivity map

kaybolmasina yol acarlar. Bunun sebebi bu

suzgeclerin  her pikselin yeni degerini
komsulugundaki piksellerin degerlerinin
ortalamalarini kullanarak hesaplamalari

dolayisiyla gurultiiyle birlikte yapi sinirlar gibi
yuksek frekansli diger bilesenlerin de
kaybedilmesidir.

Yerel islegler icin yapi sinirlan ile guralta
arasinda bir fark olmayisi yerel isleglerin
guriltd  giderme  Ozelliklerini  korurken
bulaniklagma etkisini de en aza indirecek
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Sekil 7. iki- ve {ic-boyutlu ortalama siizgecin
islenmis  yer radart veri hacmine
uygulanmasi

Figure 7. Application of two and three-
dimensional mean filter to the processed GPR
data volume

yontemler aranmasi ihtiyacina yol agmistir. Bu
yontemlerden biri olan yerel olmayan
ortalamalar  algoritmasi  Baudes (2005)
tarafindan ortaya atimistir. Yerel olmayan
ortalamalar  (NLM) algoritmasinin  temel
prensibi  her piksel degerinin, bitin
piksellerden (ya da segilen buyuklukte bir
pencere iginde kalan piksellerden) gelen
agirliklarla yeniden hesaplanmasidir. Agirliklar
piksellerin  yerel komsguluklari arasindaki
benzerlie gore belirlenir (Sarker vd., 2012).
Boylece gurilti giderme islemi sirasinda
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yapisal sinirlar  korunmus olur. Genel
cercevede bir goriinti matematiksel olarak:

v(p) = u(p) + n(p) (7)

seklinde ifade edilebilir. Burada v(p) gbzlenen
gorintd, u(p) orijinal gérunti ve n(p) gurdltiyd
gOstermektedir. Gurilti giderme iglemleri ile
n(p)goruntiden uzaklastirimaya calisilirken
u(p) olanakli oldugu élgiide korunmak istenir.
Gurultd giderme islemi icin kullanilacak NLM
algoritmasi ile:

1-  Goruntl, her birinin merkezinde bir
piksel bulunan ve boyutlar kullanici
tarafindan belirlenen parcalara
(patches) bolunr.

2- Her parga, yine kullanici tarafindan bir
alanin sinirlari icerisinde kalan diger
parcalarla olan benzerlikleri dlgulerek
karsilastirilir ve benzerliklere goére
agirhk dizeyi olusturulur. Birbirine
benzer parcalardan gelen agirliklar
digerlerinden daha buyuk olacaktir.

3- Agirhk dizeyine gore yeni piksel
degerleri hesaplanir.
Matematiksel olarak NLM algoritmasi,
NLIBI®D = ) (i, v() ®)

Te1

ile verilir. Esitik 8de v ={v(i)|iel ayrk
gurdltala gérantd, {w(i, j)}; ise i ve j pikselleri
arasindaki benzerlige dayal agirhik
katsayilandir. Agirlik katsayilar 0 < w(i,j) <1
ve 2jw(i,j) =1 kosullarini  saglamalidir
(Baudes, 2005).

Agirlik katsayilarinin hesaplanmasi,

w(i, j) 9)
1 vy — vy

e h2

esitligi  kullanilarak yapilir. Esitlik 9da
lvV;) — vy || 2terimi, N, i pikselinin
2
merkezinde oldugu komsulugu ve ” ”2
Oklidyen uzakh@i gdstermek iizere, iki pikselin
benzerliklerinin  bir  o6lgitadir. C(p) ise
normalizasyon parametresi olup,
(10)

v(N;) — v
C(p) = Z exp ”}1—21”2

J

ile verilir.

Esitlik 9 ve 10’da h sénim hizini kontrol eden
Ustel bir parametre olup stizge¢ derecesi gibi
davranir.

NLM sulizgecinin etkilerini gérmek igin Sekil 8
incelenebilir. Algoritma Side antik kentinde
Akca vd. (2019) tarafindan ydiritiimas jeofizik
arastirmadan elde edilmis jeofizik haritalara
uygulanmistir. Jeofizik harita yaklasik 90m x 60
m boyutlarinda bir alani kaplamaktadir. Harita
50cm derinlige ait 6zdireng dagilimini
gOstermektedir.

Bu haritanin NLM ile islenmesi igin kullanilan
pencere blUyukliglu parametresi kare sekilli
arama penceresini ifade eder. Harita 5%5
blyikluglinde parcalara bélinmus ve slzge¢
derecesi 1 olarak segilmistir. Ayrica kullanilan
parametre dizeyi 72x88 boyutlarindadir.

Parca blyUkligu ve stizgeg derecesi igin farkl
blylklikler denenmis ancak en iyi sonuglar
verilen degerlerle alinmistir.

Sekil 8'de orijinal 6zdireng haritasina karsihk
farkl pencere blyuUklikleri kullanilarak NLM ile
gurultd giderme yapilmig 6zdireng haritalari
karsilagstirma amaciyla birlikte sunulmustur.
NLM slzgeci uygulanmig bitin sonuglarin
orijinale gore daha temiz gortldigl ayrica yapi
sinirlarinin da Gaussian slzge¢ gibi yerel
isleclere  kiyasla daha iyi korundugu
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sdylenebilir. Pencere buyukliginin sonuca
etkisini gbézlemlemek amaciyla kirmizi kesik
cizgilerle isaretlenmis alanlara bakilabilir.
Pencere blyUkligi arttikga, bu alanlardaki
parlaklik giderek azalmis ve belirtiler giderek
dala acik hale gelmistir. Bunun sebebi daha
kiglk bir pencere buyukligu segildiginde
parametrelerin  yeni degerlerinin  sadece
kendilerine yakin ve benzerlikleri fazla olan
parametrelerden gelen agirliklarla
olusturulmasidir. Bu durum bdlgelerin daha
tekdiize ve sinirlarin belirsiz olmasina yol
acmasidir.

Bu calismada, gurilti giderme amaciyla
kullanilan araglar arasinda son olarak yapay
sinir aglarina deginilecektir. Yapay zeka,
insanin biligsel yeteneklerini taklit ederek,
geleneksel yontemlerle ¢6zimi oldukga zor
olan muhendislik problemlerine  sayisal
¢ozumler getirmeyi amaglar (Alavi ve Gandomi,
2012). Yapay zeka uygulamalarinin alt
basliklarindan biri olan makine 06grenmesi
terimi, veriyi inceleyerek otomatik olarak
orintileri tanimlayabilen ve karar alabilen
sistemler igin kullanihir. Makine 6grenmesi
algoritmasinin ortaya koydugu iliski ‘model’, bu
sureg ise ‘egitim’ (training) olarak adlandirilir.
Kullanilan veri kiimeleri de egitim ve deneme
verisi olarak ikiye ayrilir. Egitim verisi ile model

kurulur, deneme verisi ile ise model
degerlendirilir.

Modelin  6grenme  sureci bu  agirlik
katsayilarinin degistiriimesiyle olur.

Noéronlardan olusan her bir katmanda veriye
farkh sayisal suzgecler uygulanir. Evrigsimsel
suzgeglerin  agirhkh  olarak  kullanildigi
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algoritmalar, Evrigsimsel Sinir Aglari
(Convolutional Neural Networks — CNN) olarak
adlandirilirlar.  Sekil 9'da 3 noéronluk bir giris
katmanina 4 ndronluk bir gizli katmana ve 1
ndronluk ¢ikis katmanina sahip bir yapay sinir
ag1 modeli gortlmektedir. Gizli katmanlar her
yapay sinir agi icin zorunlu degildir, eger
elimizdeki veri kiimesi dogrusal olarak
gruplanabiliyorsa gizli katman kullanmaya
ihtiyac kalmaz.

Geleneksel makine 6grenmesi algoritmalar
kullanici  tarafindan  belirlenmis  nitelikleri
kullanarak veriyi gruplara bdlerken derin
o6grenme algoritmalarinda sadece verinin
kendisi kullanilarak gruplama yapilir. Bunun
icin Oncelikle sayisal sutzgegler kullanilarak
algoritmanin taniyacagi nitelikler gikarilir, giris
verisinde bu 6zellikler taninirsa algoritma bir
belirti verir. Sonrasinda ise bir etkinlestirme
fonksiyonu kullanilarak suzgeglenmis ve
gruplanmig olan verilerin ¢ikis degerleri
belirlenir. Bu adimlar istenilen duyarliliga
ulasilincaya kadar devam eder. Egitim suresi
boyunca sistemi tanimlayan parametreler
yalnizca verinin kendisinden 6grenilmis olur.

Bu makale kapsaminda guriltu giderme amagl
yeni bir evrisimsel sinir agi  modeli
gelistiriimemistir.  Bunun yerine MATLAB
kiitiphanelerinde hazir olarak bulunan dnCNN
modeli kullaniimigtir. Bu model, géruntilerdeki
Gaussian guriltiyld gidermek igin 6nceden
egitilmig olan bir evrisimsel sinir agi modelidir.

Modelin calisma sekli gorintideki farkh
bilesenleri taniyarak gurultiyd, yapi sinirlari vb.
gibi diger ylksek yiksek frekansh bilesenleri
ayirmak ve goriintiiden ¢ikarmak tzerinedir.
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Sekil 8. Farkli pencere geniglikleri icin NLM slizgecinin jeofizik 6zdireng haritasina etkileri

Figure 8. Effects of applying NLM filter with different window sizes on geophysical resistivity map

Modelin kurulmasi ve c¢alisma seklindeki
detaylar icin Zhang vd. (2016)’ya bakilabilir.

Sekil 10'da Side antik kentinde yiiriitilen
calismalardan alinmig Ozdireng haritasinin
sayisal  gbriintliye  doéndstirilmis  hali
goriilmektedir. Seklin ilk satirinda, verilerin ters
¢ozlimliyle elde edilmis parametre degerlerinin
“png’ uzantili bir gériintiiye déndstirilmig hali
gorilmektedir. Seklin ikinci satirinda bu
gorintiniin dnCNN modeli kullanilarak gdrdilti
giderme igslemi uygulanmis hali gérinti
histogramiyla birlikte gériilmektedir. Gériildigi
lizere evrisimsel sinir agi modeli goriintiideki
Gaussian gdrdltiyd yapi sinirlarindan ayirt
etmek konusunda oldukga iyi bir is bagsarmistir.
Hem gébriintiideki yapi sinirlari hem de

Gaussian qdriiltii yiksek frekansli bilesenler
olmalarina ragmen gdirdiltiiler bastirilirken yapi
sinirlarinda bir bozulma veya bulaniklasma
meydana gelmemigstir. Seklin Gglinct satirnda
ise goruntlyu iyilestirmek konusunda bir adim

daha atilarak histogram diizenleme
uygulanmistir.  Bu  sayede  gorintinin
histogrami daha genis bir hal almis ve

gorintide ozellikle yliksek piksel yeginligine
sahip bilesenleri ayirt etmek kolaylagsmistir.

Netlestirme algoritmalan

Buraya kadar olan kisimda girilti giderme
amaciyla uygulan goérunti isleme araglarindan
s6z edilmigtir. Bozulmus bir gérinti gurdltt
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Sekil 9. Bir adet gizli katmani ve toplam 8
néronu bulunan yapay sinir aginin sematik
gOsterimi

Figure 9. Schematic presentation of an artificial
neural network with one secret layer and 8 neurons

icerigine sahip olabilecedi gibi bir nedenden
dolayi bulaniklagsma etkisine de maruz kalmig
olabilir. Optik bir sistem tarafindan olugturulan
gOrintindn fotograf filmi ya da yik baglasimli
aygit tarafindan kaydedildiginde kaginiimaz
olarak bulaniklagir. Gorinti  netlestirme,
bulanik bir gorintiyu eski haline getirmek igin
yapilmaktadir. Astronomi ve nukleer tip gibi
konularda goérintileri netlestirmek igin ters
evrisim teknigini kullanan calismalar
bulunmaktadir (Moffat vd., 1969; Kuruc vd.,
1983; King vd. 1985; Tsumuraya vd., 1994). Bu
makalede kullanilan jeofizik harita ve
goruntiler s6zl edilen sekilde olusturulmus ve
kaydedilmis olmayip parametrelerin
gorsellestiriimesi ile olusturulmus olsalar da
ayni algoritmalar kullanilarak iyilestirilebilirler.

Farkli etkiler nedeniyle bulaniklasmis bir
gOruntlyl matematiksel olarak,

v(p) = u(p) * h(p) + n(p) (11)

seklinde ifade edebiliriz (Dhawan 1986).
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Burada v(p) gézlenen géruntiyd, u(p) gercek
gOruntlyd, h(p) goérintuntn bulaniklagsmasina
yol acan bir nokta yayilim fonksiyonunu, n(p)

ise gurultdyu temsil etmektedir. Esitlikteki *
semboll evrigim islemini gdstermektedir ve
anlasilabilecegi lizere goruntideki
bulaniklagsma bir nokta yayilim fonksiyonu ile
gercek gorintinin evrisime sokulmasi ile
modellenir.

Gorunti netlestirmede ana hedef
bulaniklagsmig goruntlyd, bulaniklagsma,
bozulma etkisini en iyi temsil edecek bir nokta
yayihm fonksiyonu (point spread function -
PSF) ile ters-evrisim (dekonvoliisyon) islemine
sokmaktir (Rao vd. 2011). Bu amag igin
Onerilen algoritmalar arasinda en bilindik
olanlarinin Wiener ve Lucy-Richardson ters
evrisim algoritmalari  oldugu sdylenebilir.
Gorintu netlestirmede kullanilan geleneksel
ters evrisim yoOntemlerinin zayif yani, bu
algoritmalarin  ¢aligabilmesi icin gorintlyd
bozan nokta yayilim fonksiyonunun
bilinmesinin  gerekmesidir. Nokta yayilim
fonksiyonun bilinmesi veya c¢ok yakin bir
sekilde tahmin edilmesi her zaman mimkiin
olamayacagindan baslangi¢ olarak verilen bir
nokta yayilim fonksiyonunu yinelemeli olarak
iyilestiren “koér  ters  evrisim” (blind
deconvolution) algoritmalari énerilmistir.

Wiener ters evrisimi veya Wiener siizgeci en
bilindik ve hesaplama gucu acisindan en
ekonomik netlestirme algoritmalarindan biridir.
Esitlik 11'i tekrar g6z Onine alirsak, Wiener
stizgeci gergek goruntl u(p)’'ye bir yaklagim
olan @(p)'yi,

a(p) =g *v(p) (12)

seklinde g(p)

tahmin etmek igin bir

fonksiyonu bulmamizi saglar.
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H()S()
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(13)

G(f) =

Esitlik 13 frekans ortaminda Wiener slizgecini
gOsterir. Burada G(f) ve H(f) sirasiyla g(p)
ve h(p)'nin Fourier donisimiini, S(f) gercek
g6runtindn gic¢ yogunlugunu, N(f) ise gurultt
bileseninin glic yogunlugunu gostermektedir.
Esitik 13’'den anlasilabilecegi gibi Wiener
suizgecinin c¢alismasi i¢in h(p) ve n(p) ile
gergcek gorintiiniin  frekans igeriginin de
bilinmesi gerekmektedir.

Bilinen  bir nokta dagilim  fonksiyonu
kullanilarak bulaniklasmis bir goruntlyld eski
haline getirmeyi amaclayan bir diger algoritma
Lucy-Richardson algoritmasidir. Lucy
Richardson algoritmasi ters evrisim iglemi igin
siklikla kullanilan bir yinelemeli ydntem olmakla
birlikte islem siiresinin uzunlugu yéntemin en

onemli zayifigidir (Carrato vd., 2015).
Richardson’'un  yontemi tanitti@  orijinal
makaledeki (Richardson, 1972) bagintiyi

kullandigimiz notasyona gére uyarladigimizda,

prD hi v w
i - h; ur t
TR

(14)

elde edilir. Esitlik 14 ile Lucy-Richardson
algoritmasini 6zetleyebiliriz. Burada r yineleme
indisini gostermektedir. u; gergek gorintinin i
numarah pikselini u; i numaral piksel igin
nokta yayillim fonksiyonunun k numaral
pikselini, v, bulanik gorintinin k numaral
pikselini gostermektedir.

Kor ters evrigim algoritmalar goriintiyd
bulaniklastiran nokta yayillim fonksiyonu
bilinmediginde kullanilan netlestirme

algoritmalaridir. Gergek goérlntliye ve nokta
yayihm fonksiyonuna dair bir 6n-bilgi mevcut
olmadigini dusunlrsek problem ciddi sekilde
kéth durumlu hale gelir ve 11 esitligini
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Sekil 10. a. Ozdireng haritasindan
olusturulmus bir goérintiinin b. dnCNN ile
guriltt giderme uygulanmis ve c. dnCNN ve
histogram diizenleme uygulanmig hali

Figure 10. a. An image constructed from a resistivity
map and b. its denoised version by applying dnCNN
and c. dnCNN and histogram adjustment applied
version of the original image

saglayacak sinirsiz sayida u(p) ve v(p) cifti

bulunabilir. Koér ters evrigim algoritmalari
gorintiyl,, sadece bozulmus olanv(p)Yyi
kullanarak iyilestirmeye caligir. Bu

algoritmalarin ¢alisma sekli genel olarak nokta
dagihm fonksiyonu icin bir baslangic degeri
olusturup her yinelemede yukarida s6zu edilen
Wiener  ve Lucy-Richardson benzeri
algoritmalar ile bozulmamis goériintiye bir
yaklasim elde etmeleridir. Her yinelemede hem
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nokta dagihm fonksiyonu hem de géruntiye
yapilan yaklagim yenilenir.

Bu c¢alisgma kapsaminda s6zi gegen
algoritmalarin detaylarina daha fazla
girilmeyecektir. Wiener, Lucy-Richardson ve
kor ters evrisim algoritmalarinin her gl icin de
MATLAB programlama dili kitiphaneleri yer
alan o6n tanimli fonksiyonlar bulunmaktadir.
Algoritmalarin uygulandidi gérunti, Patara
antik kentinde yurutilen elektrik 6zdireng
Olctimlerinin ters ¢6zUmi sonucu elde edilmis
parametre degerlerinin 0-255 dlgeklenmesi ile
olusturulmustur.

Sekil 11’in ilk satinnda herhangi bir islem
uygulanmamig gorinti gorilmektedir. Seklin
ikinci satirnda ise gorintinin, sirasiyla
Wiener, Lucy-Richardson ve kér ters evrisim
algoritmalariyla netlestiriimis halleri
gorilmektedir. Wiener algoritmasinin
calismasi igin bir PSF'ye ve gorintlinin
tahmini  gUrdltt  igerigine ihtiyag vardir.
Algoritma sonug olarak goruntinin
netlestiriimis  versiyonunu  c¢ikarir.  Lucy-
Richardson algoritmasiyla goruntindn
netlestiriimis halini elde etmek yalnizca PSF’ye
ihtiyac vardir. Kor ters evrigim algoritmasinda
ise PSF igin bir baglangic degeri secilir ve
algoritma goruntinin netlestiriimis  haliyle
birlikte PSF’nin optimize edilmis halini g¢ikis
olarak verir. Yaptidimiz 6rnek igin butin
algoritmalar birbirine yakin sonuglar tUretmekle
birlikte Lucy-Richardson ve kor ters evrisim
algoritmalarinin  Wiener'e goére netlestirme
etkisi bakimindan daha etkili oldugunu
soylenebilir. Wiener algoritmasinin
uygulanmasinda gurilti — sinyal orani 1/1000
olarak secilmistir. Butiin algoritmalar igin PSF
3x3’luk standart sapmasi 1 olan bir Gaussian
slizgeg olarak belirlenmistir. Sekil 11°de, islem
uygulanmamig goruntide kirmizi kesik gizgi ile
isaretlenmis yapinin bilegsenlerinin goérantinin
netlestiriimis versiyonlarinda daha iyi ayirt
edilebildigini sdyleyebiliriz. Bununla birlikte kér

ters evrisim ve Lucy-Richardson algoritmalari
arasindaki fark neredeyse gbzle ayirt
edilemeyecek duzeydedir. Bunun sebebi kor
ters evrisim algoritmasinin PSF’yi optimize
etmekle birlikte baslangicta belirledigimiz
Gaussian stizgecin deg@erlerinden ¢ok da fazla
uzaklasmamasidir.  Bu  tir  netlestirme
algoritmalari fazla yuvarlatildigi disinulen ters
¢bzUm sonuglarina uygulanarak daha iyi
sonuglar alinabilir.

Morfolojik siizgegler

Morfolojik suzgegler goruntl isleme
uygulamalarinin yerel iglemlerine &rnektir.
Ancak daha o6nce so6zini ettigimiz yerel
suizgeclerin aksine gurultld gidermek icin degil
gOruntl icerisindeki farkli bélgeleri birbirinden
ayirmak ya da birbirine baglamak, bazi

yapilarin digerlerine gbére daha belirgin
olmasini saglamak gibi amaclarla
kullaniimaktadirlar. Morfolojik  suizgegler

oncelikle ikili (binary) gortntuler igin gelistiriimis
daha sonra 8 bit géruntulere de uyarlanmigtir.
Bu silizgecler temel olarak iki farkli iglem
kullanilarak turetilirler: asindirma (erosion) ve
genigletme (dilation).

Asindirma islemi yapi sinirlarini zayiflatarak
goOruntideki nesneler arasindaki boslugu
artinir. Buna karglilik genisletme iglemi ise yapi
sinirlarini  keskinlestirirken nesneler arasi
boslugu daraltir. Matematiksel olarak ikili bir
g6runtd icin asindirma islemi:

AGB={z|B,c A} (15)

ile, genigletme islemi ise,

A®B={B.nACAl, (16)
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Sekil 11. a. Ozdireng haritasindan

olusturulmus  bir goérintiye b. Wiener
Silizgecinin c¢. Lucy-Richardson algoritmasinin
ve d. Kor ters evrisim algoritmasinin
uygulanmasi

Figure 11. a. Image constructed from a resistivity
map and outputs after applying b. Wiener filter c.

Lucy Richardson algorithm and d. blind
deconvolution algorithms
ile verilir. Esitik 15 ve 16'da A ikili bir

géruntiyt B ise boyutlan ve sekli kullanici
tarafindan  belirlenen  yapisal  elemani
go6stermektedir. Sekiz bit gérintiler icin 15 ve
16 esitlikleri

A®B(x,y) = (17)
min {A(x+x,y+)") = B(x,»)|(x’,)") € Dy |

ve
A®B(x,y)= (18)

max {A(x -x,y=y)-B(x,)")

(.)€ D, }
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halini alir.

Neredeyse tim morfolojik stizgecler agindirma
ve genisletme islemlerinin farkli siralarla
uygulanmasina dayanmaktadir. Bir goriintliye
once genigletme sonra asindirma isleminin
uygulanmasi agma (opening), buna Kkarsilik
once genigletme sonra asindirma isleminin
uygulanmasi ise kapama (closing) islemi olarak
adlandirilir.

Bu calismada sapka suzgeci (Top-Hat filter)
adi verilen bir morfolojik filtreden s6z
edilecektir. Bu siizgeg temel olarak goriintiiniin
aclimis versiyonunun kendisinden
cikarilmasiyla elde edilir ve matematiksel
olarak,

T,,(A)=A-AGB (19)

seklinde ifade edilir.

Sapka slzgeci bir gérintinun arka planini
tekduizelestirirken parlak nesneleri daha da
belirgin hale getirir. Sekil 12’de $ekil 10’da
kullandigimiz orijinal jeofizik haritaya &énce
NLM suzgeci ardindan sapka slizgeci
uygulandigindaki sonuglar gorulebilir.
Oncelikle orijinal 6zdireng haritasina NLM
slizgeci uygulanarak glrilti giderme islemi
yapilmis sonra sapka slizgeci gorintiyl daha
da iyilestirmek amaciyla uygulanmistir. NLM
slzgeci icin parca buydkligud ve arama
penceresi boyutlari 5x5, slizge¢ derecesi ise 1
olarak secilmigtir. $ekil 12c’den gérilebilecegi
gibi haritanin son halinde arka plan koyulagsmig
ve tekdizelesmis bununla birlikte ¢gizgisel ve
noktasal yapilar daha belirgin hale gelmistir.
Arkeolojik arastirmalar i¢in aranan belirtiler
genellikle gizgisel veya noktasal yapilar olarak
belirti verecedinden sapka slizgecinin bdyle
uygulamalar i¢in faydali bir ara¢ olacagi
sdylenebilir.
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Sekil 12. a. islem uygulanmamis bir 6zdireng haritasina sirasiyla b. NLM siizgecinin ve c. sapka

slizgecinin uygulanmasi

Figure 12. a. Original b. NLM filter applied c. NLM and top-hat filter applied resistivity map

SONUGLAR

Uygulamali jeofizikte olclilen veriler genellikle
veri iglem ve modelleme asamalarindan
gegcirilerek degerlendirilir ve sonugta yer iginin
bir goriintlsi elde edilir. Bu galismada goriinti
islemede kullanilan bazi yontemlerin jeofizik
model ve haritalarinin gériintilenmesinde nasil
kullanilabilecekleri gosterilmis ve etkinlikleri
tartisilmistir. Goriinti isleme yontemleri pek
¢ok alanda oldugu gibi jeofizik veri/model
sunumunda da kullanigh araglar olarak
karsimiza ¢ikmaktadirlar. Bu ydntemlerin
jeofizik haritalar veya bu haritalar kullanilarak
elde edilen gorintller (zerinde, gurilti
giderme, Olgeklendirme veya bazi yapilarin
gorinirliginig  artrma gibi  amaglarla
kullanilabilecegdi bu ¢alismada farkli érneklerle
gOsterilmigtir.

Calismada ilk olarak gorintli histograminin
g6runttde bulunan bazi bilgilerin insan gozii ile
secilmesine engel olabilecegi ve bu sorunun
nasil asilabilecedi bir 6rnekle goOsterilmistir.
Daha sonra dondsim  fonksiyonlarinin

gOruntlide ilgilenilen kisimlari daha belirgin
hale getirmek icin nasil kullanilabilecegi
gOsterilmigtir.  Goruntl  islemede gurilt G
gidermede siklikla kullanilan komsuluk temelli
dogrusal ve dogrusal olmayan suzgeglerin bir
kismi tanitilarak her biri jeofizik haritalar
Uzerinde denenmis ve karsilastinimistir.
Bunlarin icinden ortalama slizgecin tg¢ boyutlu
bir uygulamasina da yer verilmigtir. Bu
stzgegler bazi durumlar igin tercih edilebilir
olsalar da goéruntideki yapi sinirlarinin
bulaniklagsmasina neden olurlar. Yerel guriltt
giderme araglarinda goriinen bu etkiyi en aza
indirmek icin gelistiriimis bir sizge¢ olan yerel
olmayan ortalama (NLM) sizgecinin jeofizik
haritalarda guriltt giderme icgin etkin bir ara¢
olabilecegdi gosterilmistir. Gunimiizde giderek
yayginlasan ve kullanim alanlari artan yapay
zeka uygulamalarinin gérintilerde gurdlta
giderme amaciyla kullanilabilecedi 6nceden
egitilmis bir yapay sinir agi modeli olan dnCNN
kullanilarak gdsterilmistir. Goruntulerin gurultt
icerigi disinda  cesitli  etkiler  sonucu
bulaniklasmis olabilecegi de géz 6nilne
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alinarak, gorunti netlestirme algoritmalari olan
Wiener Sulizgeci, Lucy-Richardson algoritmasi
ve koOr ters evrisim algoritmalar kisaca
tanitilmis ve érnek olmasi agisindan 6zdireng
haritasindan olusturulmus bir gériintl Gzerinde
uygulanmislardir. Son olarak, 6zellikle arkeoloji
jeofizigi  alaninda ilgilenilen  belirtilerin
gorilmesini kolaylastirmak igin kullanilabilecek
morfolojik slizgeclere ve bunlarin 6zel bir tiri
olan sapka slzgecinin nasil c¢alistigina
deginilmistir. Sapka stizgecinin NLM ile gurtltt
giderme yapildiktan sonra goruntideki yapilari
net bir sekilde ortaya koymak igin iyi bir arac
oldugu gdsterilmistir. Calismada kullanilan
MATLAB programlarina ve gerekli dosyalara
https://bit.ly/3adZBon adresinden ulasilabilir.
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oz

Bu galismada, Nigde ili Merkez ilge sinirlari igerisinde yer alan ve aktif kaya diisme olaylarinin yasandigi
Murtaza kdyiindeki kaya diisme tehlikesi, insansiz hava araci (IHA) tabanli olusturulan yiiksek ¢ézinGrlikIi
sayisal ylizey modeli (SYM), arazi élgum verileri ve U¢ boyutlu (3B) kaya diusme modellemeleri kullanilarak
degerlendirilmistir. Arazi calismalari ile diisme potansiyeline sahip 14 kaya blogu tespit edilmis ve kaya
bloklarinin her birine ait geometrik dlgimler yapilmistir. Bu dlgiimler araciligiyla kaya bloklari, RAMMS
yazihmi icerisinde geometrik Ozelliklerine bagh olarak gercege yakin sekilde tanimlanmistir. Tanimlanan
bloklarin her birinden 100 adet olmak lzere yuksek ¢ozinirlikli SYM lzerinden toplam 1400 kaya dismesi
benzetim modellemesi gerceklestirilmistir. Bdylece diisme potansiyeline sahip her bir kaya blogunun kinetik
enerjisi, ziplama yuksekligi, hareket hizi ve disme yoriingeleri belirlenmistir. Elde edilen sonuglara gore,
yerlesim birimlerine yakin mesafede bulunan kaya bloklari ¢ok uzak mesafelere tasinmadan
sonumlenmektedir. Kinetik enerji, hiz ve sigrama yuksekligi degerleri oldukga disik olan bu kaya bloklari
gOrece olarak onemli bir tehlike olusturmamaktadir. Ancak yerlesim birimlerinin kuzeybatisindaki
yamagclarda bulunan, sekil bakimindan es boyutlu ve yiliksek hacimdeki kaya bloklari bu bakimdan énem
tasimaktadir. Bu kaya bloklari geometrik 6zellikleri ve sahanin jeomorfolojisine bagh olarak uzun mesafeler
boyunca hareket edebilmekte, ev, yol vb., yapilar ile temas ederek ya da topografyaya bagh olarak egimin
azaldigi yerlerde enerjileri sénimlenmektedir. Bu alanda kaya bloklarinin olusturdugu tehlikenin énlenmesi
amaci ile model icerisinde 142 m uzunlukta ve 1,5 m geniglikte istinat duvarlari taslak model olarak
olusturulmustur. istinat duvari modeli sonuglarina gére kaya bloklarina yakin alanlarda 5 metre
yuksekliginde, kaynak alanlarina uzak konumda ise 3 metre yuksekliginde bir istinat duvarinin kaya

bloklarinin ilerlemesini durdurdugu belirlenmistir.

Anahtar Kelimeler: Kaya diismesi, tehlike, insansiz hava araci (IHA), RAMMS, 3B modelleme.
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ABSTRACT

In this study, rockfall hazards in Murtaza village, which is located within the central district of Nigde province
and where active rockfall events are experienced, were evaluated using a high-resolution digital surface
model (DSM) created based on unmanned air vehicle (UAV) images, field measurement data, and three
dimensional (3D) rockfall models. During the field studies, 14 rock blocks with falling potential were
identified and geometric measurements for each of the rock blocks were made. Depending on their
geometric properties, the rock blocks are defined in the RAMMS software and a total of 1400 rockfall
simulations, 100 from each of the modeled blocks were carried out on the high-resolution DSM. Thus, the
kinetic energy, jump height, velocity, and fall trajectories of each rock block were determined. According to
the results, the rock blocks close to the settlements are damped without being transported very long
distances. These blocks do not constitute a significant hazard since having values such as low energy,
speed, and jump height. However, the rock blocks of equant shape and high volume, located on the
northwest slopes above the settlements, constitute a significant in terms of hazard. These rock blocks move
for long distances depending on the geometric properties of the rocks and geomorphological characteristics
of the study area and their energy is absorbed in contact with houses, roads, etc., structures, or in places
where the slope decreases on the topography. To prevent the danger of rock blocks in this area, retaining
walls 142 m long and 1.5 m wide was created as a draft model. According to the results of these models, it
was determined that while a 5 m high retaining wall in areas close to the source of rock blocks, a 3 m high

retaining wall far from the source areas stops the progress of the rock blocks.

Keywords: Rockfall, Hazard, Unmanned air vehicle (UAV), 3D Modeling, RAMMS
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GIRIS neden olan kiitle hareketlerinden birisidir
(Varnes, 1978; Evans ve Hungr, 1993; Liu vd.,
2021). Yamagta uzun sire durayliigini
koruyan bloklar aniden ylksek egime sahip
yamaglardan, yer cekiminin etkisi ile asagi
duserek yollar, tarihi yapilar, yerlesim birimleri,
altyap! gibi alanlarda bliylk hasara neden
olabilmekte, &lim ve yaralanmalara vyol
acabilmektedir (Tanarro ve Munoz, 2012;
Pradhan Fanos, 2017; Lu vd., 2019). Yiksek

Kaya dismeleri, engebeli ve daglik arazilerde,
sev yarmalarinda ve maden ocaklarinda
meydana gelen ve karayolu, demiryolu gibi
cizgisel yapilarin yani sira daha genis
yayllima sahip yerlesim vyerlerine zarar
verebilen bir dogal afettir (Akin vd., 2020).
Meydana gelis zamani ve olusum seklini
tahmin etmenin ¢ok zor oldugu kaya
diismeleri, en fazla hasara ve can kaybina
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egimli yamagclarda kaya bloklarinin
duraylihdinin bozulmasina bagli olarak ani ve
hizli bir sekilde gerceklesen kaya dusmeleri
tim dinyada oldugu gibi Turkiye’de de gerek
daglik alanlarda gerekse ylksek egimli
yamaglarda kurulmus yerlesim birimlerinde
gerceklesmektedir. Kaya dusmeleri, neden
oldugu hasar acgisindan Turkiye'deki tim
dogal kaynakli afetler icerisinde %12’lik bir
orana karsilik gelmekte olup (Kutluca, 2006;
Topal vd., 2007; Aydin vd., 2012), 1950-2008
yillari arasinda meydana gelen toplamda
2.956 kaya disme olayr sonucunda 1.703
yerlesim birimi zarar goérmis, 19.422 Kisi
etkilenmistir (Gokge vd., 2008; Aydin vd.,
2012). Turkiye'de kaya dismesi olaylarinin en
stk yasandi§i bolgeler arasinda basta
Karadeniz Bélgesi, I¢ Anadolu ve Dogu
Anadolu Bélgesi gelmektedir. Il bazinda ise
Kayseri, Nigde, Erzincan en fazla kaya disme
olaylarinin meydana geldigi illerin basinda yer
alir (Erglinay, 2007). Meydana gelen kaya
dismesi afetleri nedeniyle bugiine kadar
birgok yerlesim yeri afete maruz boélge olarak
ilan edilmistir (Akin vd., 2020). Tirkiye’de
deprem, heyelan ve tagkinlardan sonra en sik
rastlanan dogal kaynakli afetlerden olan kaya
dismeleri Tirkiye’de en fazla caligilan afet
konularindan bir tanesidir (Leine vd., 2014;
Taga ve Zorlu, 2016; Dinger vd., 2016; Gul
vd., 2016; Aydin ve Eker, 2017; Genis vd.,
2017; Kayabasi, 2018; Akin vd., 2019, 2021;
Utlu vd., 2021, 2020a).

Bu calismada, hem geg¢miste hem de
glinimizde aktif ve yogun bir sekilde kaya
dismelerinin yasandigi Murtaza kdyinde
(Nigde) yasanan kaya diisme olaylari, IHA ile
olusturulan yiksek ¢6zinirlikli SYM verileri
Uzerinden gergeklestirilen U¢ boyutlu (3B)
kaya dismesi modelleri ile kantitatif agidan
degerlendirilmistir. Calismanin gerceklestiril-
mesinde arazi c¢alismalari sirasinda disme
potansiyeline sahip 14 kaya blogu tespit
edilmis ve her bir kaya blogunda yapilan

Olgumler sonucunda kaya geometrileri, kitle
ve hacimleri dikkate alinarak 3B olarak Hizli
Kitle Hareketleri (RAMMS-Rapid Mass
Movements) (Bartelt vd., 2016) kaya disme
yazilimi ile modellenmistir. Ayrica ortaya ¢ikan
tehlike durumuna goére nasil bir 6nlem
alinmasi gerektigi yine ayni yazilim ile analiz
edilmistir.

CALISMA SAHASI GENEL OZELLIKLERI

Turkiye'nin ig Anadolu Bélgesi'nde, Nigde ili
sinirlari igerisinde bulunan c¢alisma sahasi
38°9'50"- 38°10'13" kuzey enlemleri ve
34°36'10"-34°35'35" dogu boylamlari arasinda
yer almaktadir (Sekil 1a-b). Ortalama
yukseltisi 1796 m olan ve genel egim
degerlerinin  85°ye kadar ulastigi calisma
sahasinda kaya disme olaylari genel olarak
50°nin Uzerinde egime sahip kuzeydogu-
glineybati uzanimh dik yamaglarda meydana
gelmektedir (Sekil 1c¢). Nigde Volkanik
Kompleksi icerisinde yer alan ¢alisma sahasi,
Melendiz stratovolkanina bagh olarak gelisen
kalin yatay tabakali andezitik kayaclardan
olusmaktadir. Bu kayaclar boyunca var olan
yogun soguma catlak yapisi ¢alisma alaninda
kaya dismesi olaylarinin meydana
gelmesinde rol oynayan 6nemli bir etkendir
(Ciflikli ve Bozkaya, 2018). Calisma sahasi
Koéppen-Geiger iklim siniflandirmasina gore
“BSk” harfleri ile gosterilen yari kurak iklim
dzelliklerine sahiptir  (Oztirk vd., 2017).
Ozellikle kis mevsiminde olusan donma-
¢bzunme suregleri, yuksek egimli yamaclarda
ortaya cikan yer cekimi, calisma sahasinin
genel litolojisinin yogun c¢atlak yapisina sahip
volkanik kokenli kayac¢ bloklarinin olmasi,
kaya dusme olaylarinin meydana gelmesinde
hazirlayici olarak énemli rol oynamaktadir. Bu
kosullar altinda calisma sahasinda tarihsel
sirecte birgok kaya disme olayl meydana
gelmis ve kaya dusmesi tehlikesi gunimizde
de devam etmektedir. AFAD raporuna gore
(AFAD, 2018) Murtaza Koéyu’'nde yapilan etit
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¢alismalarinda ilk olarak, 1995 yilinda kaya
disme tehlikesinin var oldugu, mevcut
yerlesim alanlarinin 6zellikle 38 konutun islah
ya da bogaltimasi amaciyla rapor edildigi,
fakat 1996 yilinda islahtan vazgecilerek bu
konutlarin  var olan tehlikeden  o6tirt
bosaltiimasinin daha uygun olacagi
konusunda karar verilmistir. Boylece 1998

* / e Loy, Bt

Sekil 1. (a, b) Calisma sahasi konumu ve (c¢) galisma alanina ait drone goriintisu.
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yilinda Tilkiyeri Tepe mevkiine gerekli konutlar
yapilarak mevcut hane halkinin  nakli
gerceklestirilmistir. 2004 yilinda ise 7 konutun
kaya dismesi surecinden etkilenme
durumundan bahsedilerek bu 7 konutta
yasayan koy nuUfusu yine Tilkiyeri Tepe
mevkiine nakledilmistir (AFAD, 2018).

Figure 1. (a, b) Location of the study area and (c) oblique aerial photograph of the study area.

MATERYAL VE METOT

Kaya digmelerinin modellenmesinde, 6zellikle
kaynak, depolanma ve etki alanlarinin
belirlenmesinde yiksek mekansal
¢OzUnUrliklG sayisal yizey modelleri énemli

bir rol oynamaktadir (Zabota vd., 2019). Farkli
¢ozunUrlikte SYMleri kullanilarak disme
sirecinin  iki (2B) ve U¢ boyutlu (3B)
modellenmesi, risk ve tehlike ¢aligmalarinin
6nemli bir gelisme kaydetmesine katki
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saglamistir (Guzzetti vd., 2002; Lan vd., 2007;
Christen vd., 2012; Chen vd., 2013; Matas
vd., 2017). SYM uzerinden yapilan 2B ve 3B
modellemeler ile kaya bloklarinin yoériingeleri,
kinetik enerijileri, sigrama yukseklikleri, hizlan
ve birikim zonu 6zellikleri gibi durumlar tespit
edilmektedir (Mary Vick vd., 2019). 2B ve 3B
boyutlu kaya dismelerinin modellenmesi igin
RAMMS, RockPro3D, CONEFALL, STONE,

Georock, Rockyfor3D, FlowR, Rotomap,
RocFall gibi bircok yazilim gelistirilmigtir
(Azzoni vd., 1995; Guzzetti vd., 2002; Crosta
and Agliardi, 2003; Perret vd., 2004; Dorren
vd., 2006; Charalambous ve Sakellariou,
2007; Wieczorek vd., 2008; Katz vd., 2011;
Chen vd., 2013; Crosta vd., 2015; Borella vd.,
2016). Bu vyazihmlar kullanilarak orta
mekansal  ¢6zunlrlUkllG  sayisal  yuzey
modelleri (SYM) Uzerinden birgok calisma
gercgeklestiriimistir. Ancak, son yillarda uydu
ve uzaktan algilama platformlarindan olan iHA
teknolojilerindeki gelismelere bagli olarak kisa
surede, farkh olgekteki alanlarin birkag m’den
cm’ye kadar hassasiyette daha yiksek
¢ozUnUrliklG  SYM’lerin ~ yaygin  olarak
kullanilmaya baslanmis olmasi (Pradhan ve
Fanos, 2017; Agca vd., 2020) kaya disme
dinamiklerinin anlasilmasi ve g¢6ztumlenmesi
acisindan énemli rol oynamaya baslamistir.

Cografi bilgi sistemleri ve uzaktan algilama

teknolojileri  kullanilarak gergeklestiriien bu
calismada kaya dusmelerinin 3B olarak
modellenmesi dort asamada
gerceklestirimistir. Ik olarak modellemede

gerekli olan ylUksek ¢OzUnurliklh SYM
verisinin Uretiimesi icin IHA ile elde edilen
stereo goriuntiler fotogrametrik analizler ile
islenmis ve 3 cm mekansal ¢ézunurlige sahip
SYM verisi Uretiimistir. Ikinci olarak arazi
calismalari ile disme potansiyeline sahip kaya
bloklari tespit edilmis ve bu kaya bloklarina ait
konum bilgileri ile birlikte genislik, yiukseklik ve
uzunluk gibi geometrik &lgimleri yapilimistir.
Uglincii agsamada ise arazide 6lgiimi yapilan
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kaya bloklari RAMMS yazihminda
tanimlanarak, SYM lzerinden kaya dismesi
analizleri yapilmigtir. Son olarak yerlesim
birimlerine kadar ulagabilen kaya bloklarinin

onlenmesi icin nasil bir koruma ¢6zimu
yapilmasi gerektigine dair modeller
cahstinlmistir. islemler UTM projeksiyonu

WGS84 datumunda 36. zonda ArcGIS Pro
2.5, RAMMS Rocfall, Pix4Dmapper ve
Pix4Dcapture yazilimlari kullanilarak
gerceklestiriimistir (Sekil 3).

| 1. Ugus plani I

- IHA (Dji phan. 4 advanced)

« Ugus rotasi (5 paralel ugus)
« Gorintu esleme orani (%80)
+ 100 m yiikseklikten

I 2. Arazi calismasi

«Yer kontrol noktalarina (YKN) ait
konumlarin isaretlenmesi
«YKN'lere ait koordinatlarin Cors
ile 8lcimii

- Stereo goriintilerin Pix4d
capture ile belirlenen giizergah
boyunca toplanmasi

« Goriintlilerin Pix4d 4.4

I 3. Fotogrametrik degerlendirme I
programina aktariimasi
« YKN'lerin goriintiilerde eslenerek

- i
RMSE oraninin disrilmesi

P
« Nokta bulutu ve 3d mesh olusturma - ”A?CI;\ a

« Yiiksek ¢oziinirlikte (3.03 cm) ve s 0 S

dogrulukta DSM-DTM ve ortofoto ‘%&P"} >

verilerinin Uretilmesi

Sekil 2. Yiksek ¢ozinurlikli SYM ve ortofoto
verisinin olusturulmasinda kullanilan genel

asamalar.

Figure 2. General flowcharts for DSM and

orthomosaic generation steps.

Yiksek ¢ozuniirliiklii SYM verisinin tliretimi

Kaya dusmesi calismalarinda, dusme
potansiyeline sahip kaya blogunun disme
durumunu tespit edebilmek igin gergek
topografik kosullari yansitan yuksek

¢OzUnurltkli SYM verisine ihtiyag vardir (Utlu
vd., 2020b, 2021). Bu calismada ylksek
¢6zUnarldklt SYM verisinin Uretilmesinde DJI
Phantom 4 marka [HA kullaniimistir. Ugus
yuksekligi, goérintl bindirme orani, tarama
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genisligi gibi planlamalarin
Pix4Dcapture yazilimi  kullanilmigtir. 100
metre yukseklikte, %80 bindirme oraniyla
gerceklestirilen [HA ugusundan 326 stereo
géruntl elde edilmistir. Goruntllerin  elde
edilmesinden 6nce arazi lizerinde isaretlenen
41 adet yer kontrol noktasindan (YKN)
Kiresel Navigasyon Uydu Sistemi (GNSS,
Global Navigation Satellite System)
kullanilarak hassas koordinat ve yikseklik
Olgumleri yapilmigtir. Goruntulerin ve GNSS
verilerinin  islenmesinde  Pix4D  deneme
surimdi kullanilmusgtir. Pix4D’de
gerceklestirilen islemler sonucunda (Sekil 2)
0,36 km?lik bir alan igin 3 cm ¢ozinirllkte,
0,41 cm RMSE hatasina sahip SYM ve
ortofoto verisi olusturulmustur. Ardindan SYM
verisi Uzerinden arazide tespit edilen disme
potansiyeline sahip 14 adet kaya blogu igin
kaya dismesi modellemeleri
gerceklestiriimistir. Bu iglemlere ait detay
bilgiler agagidaki bélimde agiklanmistir.

yapilmasinda

Kaynak kaya bloklarina ait veriler ve
benzetim modelleme ¢alismalari

IHA ile gérintilerin alinmasindan sonra
gerceklestirilen arazi calismasiyla disme
potansiyeline sahip 14 adet kaya blogu tespit
edilmigtir (Sekil 3). Bloklara ait konumlar
kirmizi rolyef haritasi (RRIM-Red relief image
map) ve oblik hava fotografi tizerinde verilmis
olup, kaya bloklarinin yiksek edim ve rolyefe
sahip noktalarda yer aldigi gdérilmektedir
(Sekil 3). Bu bloklara ait disme modelleri
olusturulmasi amaciyla kaya bloklarina ait
geometrik dlgimleri (geniglik, uzunluk ve
yukseklik) x, y, z olacak sekilde yapilmigtir
(Tablo 1). Bu olgimler kaya disme
modellemesi sirasinda kaya bloklarina ait
yoriinge, kinetik enerji, hiz ve sigrama
yuksekliklerinin gergcede yakin bir sekilde
temsil edilmesi agisindan blylk &6nem
tasimaktadir. Bu nedenle her bir kaya

biriminin RAMMS yazilimi Gizerinde sekilsel ve
hacimsel acidan degerlendiriimesi
gerceklestiriimis, gercege yakin geometrileri
yazilimda eklenmigtir (Sekil 3).

4225,600 638,900

4225000

istinat
duvan ",
LEUEL

Sekil 3. Disme tehlikesine sahip kaya
bloklarinin ve istinat duvarinin (a) kirmiz
rolyef haritasi ve (b) oblik hava fotografi
Uzerindeki konumlari.

Figure 3. Location of rock blocks and retaining wall
on (a) red relief image map and
(b) oblique air photo.

RAMMS yazimi  maksimum 1 metre
¢oziinurlikte cahstig icin SYM verisi yeniden
boyutlandirilarak 1 metre  ¢dzlnurlige
boyutlandiriimistir. Kaya dismesi modelleri
Uzerinde arazi Ozellikleri etkili oldugundan,
kaya bloklarinin  bulundugu konum ve
modellendigi alan tamamen bitki Ortlisiinden
yoksun sert bir litolojik 6zellik géstermesinden
dolayr sert bir arazi formu olarak
modellemeye
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dahil edilmistir. Ozellikle kaynak alanlarin ve
dik yamaclarin bitki értistinden yoksun olmasi
iHA'dan alinan stereo gériintiilerin gergek
topografik ylzeyi iyi sekilde yansitmasini
saglamaktadir.

Kaya bloklarinin  olugturdugu tehlikenin
engellenmesine yonelik olarak kaya bloklarina
ait disme yoringelerinin engellenmesi ya da
sonimlenmesi amaciyla koruma yapilari
olusturulmaktadir. Bu amagla risk altindaki
yol, ev ve vb. yapilara zarar verme olasiligi
yuksek olan kaya bloklarinin &éngdrulen
yukseklik ve uzunlukta kurulacak olan istinat
duvari turindeki koruma vyapisi ile 6nine
gecilmesi mumkin olmaktadir (Bartelt vd.,
2016). Bu calismada 142 m uzunluda ve 1,5
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m geniglige sahip 6 farkh istinat duvari 6n
degerlendirme amagli olarak modellenmistir.
Modeller kaynak alanina yakin ve yola yakin
olacak sekilde iki farkli lokasyonda ve her bir
lokasyonda 3, 4 ve 5 metre yuksekliklerde
olacak sekilde galistiriimigtir.

BULGULAR

Arazi galismalarinda yapilan olclim
sonuclarina goére kaya bloklari es boyutlu
olarak tariflenebilecek, daha ¢ok dairesel ya
da geoid sekilde olan ve ayni zamanda
uzunlamasina basik yapiya da sahip olduklari
gorulmektedir (Sekil 4). Kaya bloklarinin
yuksekligi 0,6 m - 2,3 m arasinda, uzunluklari
1,1 m - 3,1 m arasinda ve geniglikleri 0,7 m2,2
m arasinda degigsmektedir.

K1: Es boyutlu kaya, 1.13 m*

K2: Uzunlamasina kaya, 1.10 m*

K3: Uzunlamasina kaya, 1.06 m*

-
il ©

K4: Es boyutlu kaya, 0.79 m*

O

K6: Uzunlamasina kaya, 1.52 m*

K7: Es boyutlu kaya, 1.12 m*

O

K10: Uzunlamasina kaya, 0.74 m’
A

K13: Es boyutlu kaya, 2.63 m*

o

Sekil 4. Arazide tespit edilen kaya bloklarinin fotograflari ile boyutsal élgiimlerine gére kaya
bloklarinin RAMMS yazilimi igerisinde modellenmis gériinimleri.

Figure 4. Photographs of rocks identified in field studies and model forms of these rocks in the RAMMS software

according to dimensions measured in the field.
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Olgilen bu boyutlarin RAMMS yaziliminda
tanimlanmasi  sonucunda elde  edilen
modellere gbére kaya bloklarinin hacimleri 0,52
m3- 4,69 m® arasinda, kutleleri ise 1.414 kg-
12.667 kg (1,4ton ile 12,6 ton) arasinda
degismektedir (Tablo 1).

Analiz sonuglarina gére disme olaylarinin
yuksek egimli yamaglarda yaklasik 50-85°lik
egim araliklarindan kaynaklandidi tespit
edilmistir (Sekil 3). Kaya bloklarinin, digsmeye
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bagl olarak kat ettigi mesafe kaya blogunun
sekli ve hacmine goére degisiklik gdstermesinin
yani sira yamacin egim o6zelliklerine gore de
farkhhk gostermektedir. EgJim degerlerinin
yuksek oldugu ancak egim kirikliklari
nedeniyle egimin aniden azaldigi dik
yamaglarda kaya bloklari ¢ok ileri mesafelere
tasinamamaktadirlar. Ancak edim degerlerinin
yuksek ve egim kirikhginin  olmadigi
yamaglarda cok ileri mesafelere
tasinabilmektedirler.

Tablo 1. Kaya bloklarina ait genel geometrik 6zellikler

Table 1. Geometric properties of the simulated rocks

X Y z Hacim Kiitle Kaya blogunun
(Uzunluk)  (Genislik) (Ylikseklik) m? kg sekli
No cm cm cm
K1 150 110 120 1.13 2969 Es boyutlu, kiresel
K2 190 190 60 1.10 2965 Uzunlamasina
K3 180 100 110 1.06 2873 Uzunlamasina
K4 110 90 110 0.79 2136 Es boyutlu
K5 240 210 110 0.52 1414 Uzunlamasina
K6 200 150 120 1.52 4106 Uzunlamasina
K7 140 110 140 1.12 3035 Es boyutlu
K8 150 120 120 0.72 1952 Es boyutlu, kiresel
K9 180 120 190 0.93 2497 Uzunlamasina, Yassi
K10 180 70 200 0.74 1720 Uzunlamasina
K11 230 220 150 3.02 8148 Es boyutlu, kiresel
K12 120 80 100 1.12 3035 Es boyutlu
K13 170 140 220 2.63 7635 Es boyutlu
K14 310 170 230 4.69 12667 Es boyutlu
RAMMS vyazihmi igerisinde 14 adet kaya hizlan 5,56 m/s ile 19,26 m/s arasinda,

blogunun her birine 100’er adet olmak ulzere
toplamda 1400 adet kaya dusmesi benzetim
modeli gergeklestiriimistir (Sekil 5). Kayaglarin
bulundugu yamacin egim o&zellikleri ile kaya
bloklarinin geometrik 6zelliklerinin bir sonucu
olarak her kaya blogu farkli oranda enerji,
sigrama ylksekligi ve hiz degerlerine sahiptir
(Tablo 2). 14 farkh kaya blogunun
modellenmesi sonucunda maksimum hareket

maksimum sicrama yukseklikleri 1,63 m ile
8,44 m, maksimum kinetik enerjileri ise 43 kJ
ile 2.865 kJ arasinda degismektedir (Tablo 2,
Sekil 5). En yuksek kinetik enerji 2.865 kJ ile
K14 no’lu kaya blogunda, en dusuk kinetik
enerji ise 43 kJ ile K3 no’'lu kaya blojunda
gortlmektedir. Bu degerlere gore 4,69 m3 ile
en yiksek hacim oranina ve egboyutlu bir
sekle sahip K14 blogu maksimum enerjiye
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ulasir olarak belirlenmistir. Ancak kaya
bloklarinin sahip olduklari kinetik enerji her
zaman hacimleri ile iligkili degildir. Bloklarin
geometrik sekli sahip olduklar kinetik enerji
miktarlan Uzerinde blyuk etkiye sahiptir.
Ornegin 1,06 m® hacme sahip K3 blogu, analiz
edilen en dusik hacimli kaya blogu
olmamasina ragmen kaya blogunun yassi
seklinden dolayr en dusuk kinetik enerji
miktarina sahiptir. Benzer durum dider yassi
kaya bloklarinda da gérilmektedir. Kaya
bloklarinin hareket hizlari 5,56 m/s - 19,26
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m/s arasinda degisirken en yiksek ve en
disik hiz kinetik enerji oranlari ile paralellik
gOstermektedir. Buna gére K14 en yuksek
hiza, K3 ise en disik hiza sahip kaya
bloklaridir. Kaya bloklarinin sigrama
yukseklikleri ise disme sonucunda 85°yi
bulan dik egimli noktalarda 1,63 m - 8,44 m
arasinda degismektedir. Enerji ve hiz
miktarlarinin yiksek oldugu kaya bloklari ayni
oranda maksimum sicrama yuksekliklerine
ulagmaktadir.

Tablo 2. Kaya dismelerine ait benzetim modelleme sonugclan (E: Ev, Y: Yol, A: Agag)

Table 2. Results of rockfall simulations (E: House, Y: Road, A: Tree)

Mak. sigrama  Mak. ilerleme Risk
Mak. kinetik yiiksekligi mesafesi altindaki
No enerji (kJ) Mak. hiz (m/s) (m) (m) unsurlar
K1 260 12.67 4.56 49 E
K2 190 11.02 3.01 27 E
K3 43 5.56 1.63 16 E
K4 130 10.35 3.65 41 E,Y
K5 79 10.25 3 46 Y
K6 295 11.59 3.22 56 E,Y
K7 347 14.2 4.89 62.5 E,Y
K8 237 14.56 5.14 68.5 E,Y
K9 258 13.48 4.94 63 E,Y
K10 131 11.65 3.98 73 E,Y,A
K11 1197 15.85 5.19 107.5 E,Y, A
K12 286 12.89 3.68 105 E,Y, A
K13 667 12.15 5.04 77.5 E,Y, A
K14 2865 19.26 8.44 156 E,Y, A
ilerleyisi bakimindan onem tasidigi

Her bir kaya blogunun 100 farkh sekilde
benzetim modellemesiyle kaya bloklarinin
olasi ulastiklari noktalarin degerlendiriimesi
sonucunda tehlike ve risk agisindan sekilsel
ozelliklerinin  buydk bir rol oynadidi, kaya
bloklarinin  bulundugu alanin topografik ve
jeomorfolojik 6zelliklerinin kaya  bloklarinin

gorulmektedir. Bu nedenle, yerlesim birimleri
icerisinde tespit edilen kaya bloklarinin
ilerleyisi genel olarak ev, yol, agag tarafindan
engellendigi  fakat yoringelerinde  farkli
rotalara saptiklari, yine vyapilar ile buyik
oranda temasta oldugu goérilmektedir.
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Neredeyse modellenen butin kaya bloklarinin
ev, yol ve diger unsurlara ulagsmakta oldugu
belilenmistir  (Sekil 5, Tablo 2). Kaya
bloklarinin ilerleyisi bakimindan yine
topografik ve jeomorfolojik 6zelliklerin uzun
mesafeler katedilmesi noktasinda &éneme
sahip oldugu anlasilmaktadir. Bunun yanisira
yol ve ev gibi unsurlarin kaya bloklarinin
sonimlenmesinde ya da ilerleyisinin engellen-

o 597.5k) 1m97 0 143 k) 286 0

3335k 667 0

mesinde bariyer gorevi gordiglu fakat bu
bloklarin blyik bir risk kaynagi olusturdugu
gorilmektedir. Model sonuglarina gore kaya
bloklari yerlesim birimleri igerisinde 16 m - 41
m arasinda bir maksimum ilerleme

mesafesine sahiptir. Kaynak alanina goére ise
K5-K14 no’lari arasinda yer alan kaya bloklar
ise 46 m - 156 m arasinda bir maksimum
mesafe katetmektedir.

BV
| ® Kayablogu

1432.5k) 2865

Sekil 5. Kaya bloklarina ait yoriinge ve kinetik enerji dagilim sonuglari

Figure 5. Trajectory and kinetic energy distribution results of rock blocks.

Kaya dismesi benzetim modeli sonuglarina

goére yikilmamis sekilde olan bircok yapiya
ulagsma potansiyeli bulunan K5-K14 no’lu kaya

bloklarinin yer aldigi kuzeydogu kesiminin en
yuksek kaya dismesi tehlikesine sahip oldugu
tespit  edilmistir (Sekil 5). Cok farkl
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yoriingelere sahip bu kaya bloklarinin kritik
alanlarda  barindirmig  oldugu risklerin
azaltiimasi igin gerekli énlemlerin alinmasi
gerekmektedir. RAMMS yaziliminda yeni
modelleme kapsaminda SYM verisine sayisal
olarak 142 m wuzunlugunda ve 15 m
genigliginde istinat duvarlari  eklenmistir.
istinat duvarlari hem kaynak alanlarina hem

a) Kaynak alanina yakin
5 metre yiikseklige sahip
istinat duvan

@ Kaya bloklarinin
konumlar
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de yola yakin olacak sekilde iki farkli
lokasyonda farkli yiksekliklere sahip olarak
test edilmistir (Sekil 6a). Sonug olarak kaynak
alanlarina yakin lokasyonda 5 m, yola yakin
lokasyonda ise 3 m yukseklikli istinat duvar
tim kaya dismesi surecini engelledigi, yani
modelde calistirilan tim kaya bloklarini
tuttugu belirlenmistir.

b) Yola yakin olan 3 metre P
Ao

yiksekligindeki istinat &
duvan 2

@ Kaya bloklaninin
konumlar

Sekil 6. Olasi tehlike ve riskin dnlenmesine ydnelik modellenen istinat duvarlari

Figure 6. Retaining walls modeled to avoid potential danger and risk

SONUG

Kaya disme calismalarinda arazi galigmalari
ve Olgimlerinin yani sira yiiksek ¢oézunurlukla
ve glincel topografik veriler biyik 6nem
tagimaktadir. Bu agidan kiiciik alanlar igin iIHA
g6runtilerinden olusturulacak yuksek
¢ozundrlikli SYM'leri gercege yakin model
c¢alismalarinin gerceklestirimesi bakimindan
son derece faydali oldugu goriimistir. Bu
calismada hem tarihsel suregte hem de
ginimizde kaya dismeleri olaylarinin
yasandidi Murtaza kdyinde var olan kaya
diisme tehlikeleri IHA goériintiilerinden elde
edilen SYM verisi Uzerinden 3B olarak

RAMMS kaya disme yazihmi ortaminda
degerlendirilmistir. Calismada arazide tespit
edilen 14 kaya blogu icin toplam 1400 kaya
dismesi modeli olusturulmus ve sonuglar hem
kaya dismesi tehlikesinin belilenmesi hem de
bu tehlikenin nasil azaltilabilecegi bakimindan
degerlendirilmistir. Model sonuglarina gére
kaya bloklarinin maksimum hareket hizlar
5,56 m/s ile 19,26 m/s arasinda, maksimum
sigrama yikseklikleri 1,63 m ile 8,44 m,
maksimum kinetik enerjileri ise 43 kJ ile 2.865
kd arasinda degismektedir. Kaya bloklarinin
bliyldk bdlimu, o6zellikle c¢ahgsma alaninin
kuzeybatisinda, ev ve yol gibi yapilara
ulagmaktadir. Riskin en fazla oldugu bu
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kesimde olasi kaya digsmesi risklerinin
engellenmesi igin 142 m uzunlugunda 1.5 m
genigliginde istinat duvarlari modellenmistir.
Model sonuglarina goére kaynak alanlarina
yakin noktalarda 5 metre yiksekliginde,
kaynak alanindan daha uzak ancak yola yakin
konumda ise 3 metre yuksekliginde bir istinat
duvarinin tim kaya dismelerini engelleyecegi
sonucuna ulasiimistir.

Elde edilen tim bu sonugclara gore arazi dlgim
verileri, guincel topografyayr gercege yakin
temsil edebilen ylUksek ¢6zinurlikli SYM
verileri ve 3B kaya dismesi modellemelerinin
birlikte  kullaniimasinin  kaya  dugsmeleri
calismalarinda c¢ok etkili sonuglar ortaya
cikardigi anlasiimigtir.
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