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Abstract 

The Gülbahçe Fault Zone is a dextral strike-slip fault that extends for ~24 km on land and ~46 km under 

the sea, which consists of the significant southernmost active segments of İzmir Balıkesir Transfer Zone. 

In this study, the  active tectonic behaviour of the Gulbahçe Fault Zone was  evaluated by using of 

morphometric analysis of geomorphic indices. 30 sub-basins identified using ArcGIS ®10.5 (ESRI). All 

sub-basins were calculated by using mountain-front sinuosity (Smf), valley-floor width to valley height 

ratio (Vf), basin asymmetry factor (Af), basin shape indice (Bs), drainage density (Dd), and hypsometric 

integral (Hi) values. The obtained mean results of values are to define each sub-basin's relative tectonic 

activity (Iat). The Smf, Vf, Af, Bs, Dd, and Hi values range from 1.05 to 1.33; from 0.21 to 4.09; from 25 

to 77; from 1.03 and 3.06; from 0.28 to 0.67, respectively. All the results were gathered under three 

classes, which sign high tectonics activity (Class 1), moderately active tectonic (Class 2), and low 

tectonics activity (Class 3). The results show that relative active tectonics indice value (Iat) was obtained 

between 1.33 and 2.33, indicating very high to moderately tectonic activity.  

 
Jeomorfik İndis kullanarak Gülbahçe Fay Zonu’ nun (GBFZ) Aktif 
Tektonik Değerlendirmesi, İzmir, Batı Anadolu, Türkiye 

Anahtar kelimeler 

Gülbahçe fay zonu; 

Jeomorfik indisler; 

Morfometrik analiz; 

Göreceli aktif tektonik 

indisler; Coğrafi Bilgi 

Sistemleri; Batı 

Anadolu 

Öz 

Karadaki uzunluğu ~24 km denizdeki uzunluğu ~46 km olan ve sağ yanal ötelenmeli doğrultu atımlı fay 

karakterindeki Gülbahçe Fay Zonu, İzmir-Balıkesir Transfer Zonu’ nun güney kısmında yer alan en önemli 

faylarından biridir. Gülbahçe Fay Zonu’nun aktif tektonik davranışını değerlendirmek için drenaj 

havzaları ve dağ önlerindeki jeomorfolojik indislerin morfometrik analizleri gerçekleştirilmiştir. ArcGIS 

®10.5 (ESRI) kullanılarak belirlenen 30 alt havzanın, dağ önü sinüslük indisi (Smf), vadi tabanı genişliği 

vadi yüksekliği oranı (Vf), havza asimetri faktörü (Af), havza şekil indisi (Bs), drenaj yoğunluğu (Dd) ve 

hipsometrik integral (Hi) değerleri belirlenmiş ve bu değerlerin ortalamaları alınarak her bir alt havzanın 

göreceli tektonik aktivitesi (Iat) tanımlanmıştır. Smf değeri 1,05 ile 1,33, Vf değeri 0,21 ile 4,09, Af 

değerlerinin 25 ile 77; Bs değerlerinin 1,03 ile 3,06 , Dd değerlerinin 0,84 ile 3,49 ve Hi değerlerinin 0,28 

ile 0,67 aralığında olduğu belirlenmiştir. Tüm veriler, yüksek tektonik aktivite (Sınıf 1), orta derecede 

aktif tektonik (Sınıf 2) ve düşük tektonik aktivite (Sınıf 3) olmak üzere üç sınıfta ayrılarak incelenmiştir. 

Elde edilen sonuçlar, Gülbahçe Fay Zonu’ nun göreceli aktif tektonik indis değerinin (Iat) sırasıyla çok 

yüksek ile orta derecede tektonik aktiviteyi gösteren 1,33 ile 2,33 aralığında olduğunu gösterir. 
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1. Introduction 

Using geomorphic indices plays a crucial role to 

determine the relationship between erosion 

processes and tectonic activity of the region since 

the early 2000s (e.g., Silva et al. 2003, Bull 2007, 

Özkaymak and Sözbilir 2012, Özsayın 2016, Sağlam 

and Düzgün 2017, Saber et al. 2018). The effect of 

tectonic activity on drainage systems and 

landforms can be explained using 

geomorphological modelling and morphometric 

approaches. In regions where tectonism is active, 

the best-known geomorphic indicator in strike-slip 

faults is the horizontal offsets in rivers (e.g., Cowgill 

2007, Cowgill et al. 2009, Fu and Awata 2007, Fu et 

al. 2005, Walker and Allen 2012). However, not 

only river offsets but also detailed studies about 

other geomorphic indices such as stream length 

gradient indice (SL), mountain-front sinuosity 

(Smf), valley floor width to height ratios (Vf), 

drainage density (Dd), and hypsometric integral 

(Hi) shed light on determining the tectonic activity 

of the regions with a vertical component of motion 

along the strike-slip faults (e.g., Owen et al. 1999, 

Keller and DeVecchio 2013, Khalifa et al. 2018). 

Therefore, to evaluate tectonic activity of GBFZ is 

used high-resolution satellite images (e.g., Burbank 

and Anderson 2001; Silva et al. 2003, Saber et al. 

2018, Baize et al. 2015, Crupa et al. 2017, Walker 

and Allen 2012, Khalifa et al. 2018, Baharvand et al. 

2020) and GIS-based software such as ArcGIS® 10.5 

(ESRI) (Faghih et al. 2016). GBFZ is located in the 

western part of the İBTZ (Kaya 1979, Sözbilir et.al 

2003a, Emre et.al., 2005). This seismically active 

dextral strike-slip fault zone (Bozkurt and Sözbilir 

2006) forms a boundary between Karaburun 

Peninsula and Urla block, faraway 45 km west of 

İzmir city from the east (Emre et al. 2005), 

extending for ~24 km on land and ~46 km under 

the sea (Emre et al. 2016, Ocakoğlu et al. 2005). 

With respect to GPS studies, the Karaburun 

Peninsula turn anti-clockwise due to dextral strike-

slip nature of the N-S trending GBFZ (McClusky et 

al. 2000, Nyst and Thatcher 2004, Reilinger et al. 

2006, Eyubagil et al. 2021). Although, GBFZ have 

been identified and documented as an active fault 

in active fault database of Turkey by Emre et al. 

(2016); there is not detailed geomorphic studies 

about its tectonic activity. The scope of this 

research is to determine the GBFZ’s relative 

tectonic activity by using geomorphic indices of 

sub-basins and mountain fronts in the study area. 

In addition, determining the vertical uplift rate in 

the northern margin of the Gülbahçe Basin by 

comparing Vf and Smf values and the geomorphic 

evolution active tectonics along the GBFZ by using 

the relative active tectonic indices are the aims of 

this study. 

 

2. Geological and Seismotectonic settings 

The study area is located in İBTZ, which delimit the 

Western Anatolia horst-graben system from the 

west (Sözbilir et al. 2003a, 2007, 2011, Özkaymak 

and Sözbilir 2008, Emre et al. 2016).  The İBTZ acts 

as a transfer fault zone under an extensional 

tectonic regime with an annual GPS velocity of 20 

mm/year (Aktuğ et al. 2009, 2016), and resulted in 

strike-slip-dominated zone of weakness (Kaya 

1979, Ring et al. 1999, Sözbilir et al. 2003a,  Erkül et 

al. 2005, Kaya et al. 2007, Sözbilir et al. 2007, 

Özkaymak and Sözbilir 2008, Uzel and Sözbilir 

2008) which caused differential extension between 

western Anatolia and Aegean Sea region since at 

least Miocene (Ring et al. 1999, Sözbilir et al. 2009, 

2011). This zone includes NE-SW trending dextral 

and NW-SE trending sinistral strike-slip faults, and 

E-W trending normal faults, which are the source 

of earthquakes that caused the surface rupture in 

the Holocene (Emre and Barka 2000, Sözbilir et al. 

2005, 2007, Emre et al. 2016).  

One of well-known fault zone at İBFZ is GBFZ, 

which acts as a dextral strike-slip fault (Emre and 

Barka 2000). Similar structures close to the study 

area, such as N-S trending strike-slip faults and 

approximately E-W trending smaller scale oblique-

slip normal faults were also mapped by İnci et al. 

(2003) and Sözbilir et al. (2009), respectively.  

Gülbahçe Fault Zone and nearby area are one of 

the most seismically active region in western 

Anatolia according to the instrumental and 

historical earthquake cataloques. According to the 

prehistoric earthquake data, a total of 20 
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earthquakes with an intensity greater than 6 

occurred around the GBFZ. The most important of 

the prehistoric earthquakes in the region was the 

earthquake that occurred in 1389 AD with 

intensitiy X (Papazachos and Papazachou 1997; 

Taxeidis) (Figure 1). They reported that these 

earthquakes affected ancient buildings and 

recently built towns in Foça, Bergama andvcenter 

of İzmir. There are also many instrumental 

earthquakes that were affected along the GBFZ 

since 1901. Magnitudes of these earthquakes are 

ranging from 4 to 5.9. The most important 

earthquake is the 17 October 2005 and 20 October 

2005 struck with a magnitude of 5.9 in Seferihisar 

with strike slip fault mechanism. 

Figure 1. a) Tectonic framework map of the Anatolia  
White arrows represent the velocities of survey 
mode sites determined by Aktuğ et.al (2016) and 
Reilingier et al. (2006) b) Seismotectonic map of 
the GBFZ and its immediate surroundings region. 
White lines indicate an active fault according to 
Emre et al. (2016) (IBTZ: İzmir-Balıkesir Transfer 
Zone; NAFZ: North Anatolian Fault Zone; EAFZ: 
East Anatolian Fault Zone; BZSZ: Bitlis-Zagros 
Suture Zone). 

 

This earthhquake affected especially, surrounding 

Demircili Bay to Yağcılar village having dextral slip 

sense. These arthquakes caused the callapse of 

houses and some buildings.  

There are limited morphological studies to explain 

the Holocene activity of the GBFZ, while seismic 

studies in the seafloor proved that this zone cuts 

Holocene sediments (Ocakoğlu et al. 2005). 

According to the active faults database of Turkey, 

GBFZ is divided into three splays, which are named 

eastern, center, and western, and ranging from 21, 

24, and 24 km long, respectively (Emre et al. 2016). 

While dextral offsets up to 1000 meters are 

observed on the main fault in the south, lateral 

displacements in the streams are much lower in 

the northern splay due to the oblique nature of the 

fault. The field studies indicated that GBFZ cut the 

rock units ranging from Triassic to Quaternary.  

These areas the Carnian - Rhaetian Güvercinlik 

Formation including limestone, dolomitic 

limestone, marl, sandstone, and Lias - Malm 

Nohutalan Formation, characterized by bioclastic 

limestone, Miocene Kocadağ volcanic rocks 

represented by rhyolitic lavas and pyroclastic, and 

Güvendik Formation which is composed of volcanic 

and non-volcanic lacustrine deposits.  

These units are overlain by Quaternary deposits, 

representing by colluvial, fluvial sediments, alluvial 

fan deposits and fan-delta subaerial deposits 

(Figure 2). 

3. Methodology 

Geomorphic indices such as drainage basin 

asymmetry (Af), hypsometric integral (Hi), the ratio 

of the valley-floor width to valley height ratio (Vf), 

basin shape (Bs), and mountain-front-sinuosity 

(Smf) are often used to evaluate active tectonism 

of the area (see Keller and Pinter 2002, Faghih et 

al. 2015 for detailed description of the indices). The 

Arc Hydro extension and ArcGIS® 10.1 (ESRI) 

software are used to calculate morphometric 

parameters in this study. 
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Figure 2. a)Digital elevation model images of GBFZ 

(Modified after Emre et al. 2016) b) Geology map 

of study area showing the lithological, structural, 

and morphological features of the Gülbahçe Fault 

Zone (GBFZ) which is divided into three splays 

(eastern, central, and western) towards to the 

Gülbahçe Bay. 

Digital elevation data (DEMs) of the study area was 

obtained from Aster GDEM in 2009 (30 meters 

resolution). By using of these raster images were 

drawn rivers, and then were created sub-basins 

areas. The drainage network is classified according 

to Strahler (1964). As a result of the determination 

of 30 drainage basins (lower than 25.000 

watershed accumulations were eliminated) 

affected by GBFZ related to strike-slip fault with 

normal fault component was investigated using 

geomorphic indices (Figure 3). The dotted line 

drainage basin area on the Tatar stream in Figure 3 

is under the tectonic activity of the Kenelidağ Fault, 

which is a sinistral strike-slip fault (Göktaş 2014). 

Therefore, it is not included in the geomorphologic 

indice calculations.  

 

3.1. Mountain-front-sinuosity (Smf) 

 

Mountain-front-sinuosity is used to describe the 

morphological evolution of the mountain front 

controlled by active tectonism. It is the ratio 

between the lengths of the mountain front along 

with the break of slope (Lmf) and the length of a 

straight-line along with the same mountain front 

(Ls) (Bull 1977a, Bull and McFadden 1977, Keller 

and Pinter 2002, Rockwell et al. 1984, Silva et al. 

2003, Wells et al.  1988). It can be determined as, 

 

 
Figure 3. Studied catchments along the GBFZ 

(KF:Kenelidağ Fault; YF:Yağcılar Fault) (the dotted 

area illustrates the catchment areas under the 

tectonic activity of the Kenelidağ Fault). 

 

𝑆𝑚𝑓 =  𝐿𝑚𝑓 / 𝐿𝑠  (1) 

where Smf is mountain-front-sinuosity, Lmf is the 

length of mountain front, and Ls is the length of a 

straight line along the same mountain (Keller and 

Pinter 1996). According to Bull (2007), values of 

Smf are divided into three classes: class 1 

represents Smf values less than < 1.4 (very high 

active), class 2 represents Smf values between 1.4 

and 3.0 (semi-active or moderately active), and 
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class 3 represents Smf values higher than > 3.0 

(inactive).  

3.2. Valley floor width to valley height ratio (Vf) 

 

The ratio of valley floor width to valley height (Vf) 

is an essential indicator for determining the 

tectonic evaluation of rivers (Keller and Pinter 

2002). Obtaining the Vf value at high or low values 

depends on the shape of the valley. It is defined as, 

 

𝑉𝑓 = 2𝑉𝑓𝑤/[(𝐸𝑙𝑑 − 𝐸𝑠𝑐) + (𝐸𝑟𝑑 − 𝐸𝑠𝑐)] (2) 

  

where Vfw is the width of the valley floor, Esc is the 

average elevation of the valley floor, and Eld and 

Erd are the respective elevations of the left and 

right valley divide looking downstream. Vf was 

classified into three classes.  Classes:3 (Vf values 

≥1.0), Classes:2 (0.5≤Vf≤1.0), and Classes:1(Vf≤0.1) 

represent low, moderate, and high tectonic 

activity, respectively (El Hamdouni et al. 2007).  

 

3.3. Drainage Density (Dd) 

The drainage density (Dd), which gives general 

information about the climatic characteristics and 

geology of the study area (Horton 1932, Rana et al. 

2016, Tarboton et al. 1991, Utlu and Özdemir 

2018), is obtained by the ratio of the length of the 

stream (L) to the area of the basin (A) (Gregory and 

De Walling 1973). To calculate drainage density 

used formula is, 

 

𝐷𝑑(𝑘𝑚/𝑘𝑚2)  =  𝐿/𝐴 (3) 

 

where L is stream length and A is the total area of 

the basin. Higher density indicates less tectonic 

activity. (Keller and Pinter 2002, Khalifa et al. 

2018). In addition, lower Dd values can be obtained 

in rock masses with high strength (due to the 

seepage effect) (Patton 1988, Uzun 2019). Dd 

values are classified into three classes where 

Classes:1 (Dd≤2), Classes: 2    (2 < Dd ≤ 3), Classes:3 

( Dd >3) indicates high, moderate and low tectonic 

activity, respectively (Nugroho et.al., 2020).  

 

3.4. Basin shape indice (Bs) 

 

The geometry of drainage basins can be 

determined from basin shape indices (Bs) (Cannon 

1976, Bull and McFadden 1977, Ramírez-Herrera 

1998, El Hamdouni et al. 2007, Omidali et al. 2015, 

Saber et al. 2018). Bs indice can be defined by the 

following formula; 

 

𝐵𝑠 = 𝐵𝑙/𝐵𝑤 (4) 

  

where Bl is the length of the drainage basin, and 

Bw is the length of the widest part of the basin. 

High Bs values indicate the drainage basin's 

longitudinal geometry, indicating high tectonic 

activity (Ramírez-Herrera 1998, Softa et al. 2018, 

Saber et al. 2018). This value is divided into three 

classes to define the degree of activity of tectonics: 

Class: 1, high (Bs ≥ 4); Class: 2, moderately (3≤ Bs 

<4); Class:3, low (Bs ≤ 3) (El Hamdouni et al. 2007). 

3.5. Hypsometric Integral (Hi) 
 

The hypsometric curve used in determining the 

geomorphological development stages of a region 

(Strahler 1952b) shows the altitude distribution of 

that region (Pike and Wilson 1971). This curve is 

obtained by projecting the relative height onto the 

relative field. The hypsometric integral (Hi) is 

determined by calculating the area under the 

hypsometric curve, and the formula used is 

presented below: 

 

𝐻𝑖 =  (ℎ −  ℎ 𝑚𝑖𝑛) / (ℎ𝑚𝑎𝑥 –  ℎ𝑚𝑖𝑛) (5) 

 

where, h is the mean elevation; hmin and hmax are 

the minimum and maximum elevation, 

respectively. In general, if the Hi ≥ 0.5 (Class 1) 

values, it means the catchment area is relatively 

less eroded and tectonically active, whereas the Hi 

≤ 0.4 (Class 3) values indicate catchment area is old 

and tectonically quiescent (El Hamdouni et.al 2007, 

Dehbozorgi et.al., 2010, Mahmood and Gloaguen 

2012, Selim et.al., 2013). Intermediate values 

between 0.4 < Hi < 0.5 are characteristic of Class 2, 

which indicates moderately tectonic activities.  
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3.6. Basin Asymmetry Factor (Af) 

 

The basin asymmetry factor (Af) is a 

geomorphological indices used to determine 

tectonic tilting at the scale of a drainage basin 

(Hare and Gardner 1985, Keller and Pinter 2002). Af 

is defined as: 

 

𝐴𝑓 = 100(
𝐴𝑟

𝐴𝑡
)   (6) 

 

where Ar is the right side of the master drainage 

area (looking downstream) and At is the total area 

of the basin. Af values were examined in 3 classes 

as 43 ≤ Af <57  (Class 3), 35 ≤ Af < 43 or 57 ≤ Af < 63 

(Class 2), and Af ≥ 63 or Af < 35 (Class 1). Af is close 

to 55 if there is little tilting where the tectonic 

activity is high (El Hamdouni et.al 2007). 

3.7. Relative Tectonic Activity (Iat) 

To evaluate the distribution of relative tectonic 

activity along GBFZ was used an average of six 

calculated geomorphic indices (Iat) (El Hamdouni 

et.al 2007). Iat is calculated as: 

 

𝐼𝑎𝑡 = 𝑆/𝑁  (7) 

  

Where S is the defined class values of geomorphic 

indices and N is a number of used geomorphic 

indices. Iat was classified into four classes: 1 (1 < Iat 

≤ 1.5); 2 (1.5 < Iat ≤ 2.0); 3 (2.0 < Iat ≤ 2.5) and 4  

(Iat > 2.5) (El Hamdouni et.al 2007), which indicate 

very high, high, moderately and low, degree of 

active tectonics, respectively. 

4. Results 

Before interpreting the geomorphological indice 

results, the abrasion resistance of the rocks in the 

study area was determined. For this purpose, the 

rock strengths of the lithological units were 

determined according to the Geological Strength 

Index (GSI) from Marinos and Hoek (2000). Using a 

GSI chart, the rocks in the study area described 

according to their lithology, structure, and surface 

conditions of the discontinuities (Table 1). The 

indice of Smf was calculated along the mountain 

front shaped by the normal slip component of the 

northern section (Figure 4). The aerial lengths (Lmf) 

and the overall lengths (Ls) of the defined 

mountain fronts and classified Smf indices are 

presented in Table 2.    

Table 1. GSI (Geological Strength Index) classification up 

to Hoek and Marinos (2000) for rock masses on 

the study area 

 

(Jv: Volumetric number of joints; R:  Roughness; W: Weathering; F: 

Filling; RQ: Rock Quality; SW: Slightly weathered; MW: Moderately 

weathered; HW: Highly weathered; GF: Güvercinlik Formation; NF: 

Nohutalan Formation; GDF: Güvendik Formation) 

 

 

According to the obtained GSI results, the strength 

of the rocks defined at the study area is generally 

fair or higher. It shows that the tectonic uplift is 

more dominant in the drainage areas developed on 

these rocks with high strength against weathering. 

Vf values were calculated in 17 drainage areas 

located on GBFZ’s uplift blocks (Figure 5). It was 

determined that the calculated V values varied 

between 0.91 and 2.85 which indicate “V” shaped 

valleys and “U” shaped valleys, respectively. The Af 

values for the 30 catchments along GBFZ were 
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determined for the western, central, and southern 

of the study area (Figure 5). The obtained values by 

divided into three classes presented in Table 2. Af 

values for 2, 4, 8, 10, 13, 18, 19, 21, 22, and 24 sub-

basins are significantly greater than 63 or smaller 

than 35. The minimum Af values belong to 1, 9, 14, 

15, and 20 sub-basins, located generally at the 

northern section of the study area. Drainage 

density (Dd) was determined for 30 catchments in 

the study area (Table 2). Dd values range from 0.84 

(Class 1) to 3.49 (Class 3). Catchments 3, 5, and 21 

have less tectonic uplift than the other catchment 

areas where they have Dd value of more than 3.0 

km/km2 (Class 3).  

 

The Bs indice was calculated for 30 sub-basin areas 

(Table 2). Evaluating basin shape indice (Bs) along 

the GBFZ shows that Bs values range from 1.03 

(Class 3) to 3.25 (Class 1). Hi-indice were calculated 

for each sub-basins and the results of the Hi-indice 

were categorized by dividing the study area as 

northern, central, and southern. According to the 

calculated Hi values for each sub-basin at the study 

area, the values of Hi range from 0.28 to 0.67 

which were classified Class 3 (Hi < 0.4) and Class 1 

(Hi ≥ 0.5), respectively (Table 2 and Figure 6 ). The 

figure shows the hypsometric curves recorded 

concave curves for catchments 1, 4, 5, 6, 7, 8, 11, 

12, 13, 14, 15, 19, 20, 21, 22, and 25; concave-

convex curves in catchments 2,3,16, 17, 18, 23, and 

29; convex curves in catchments 9, 24, 26, 27, 28, 

and 30. 

 

All the determined morphologic indices are 

presented in Table 2 which all the values are 

classified into three classes show high (Class 1)-

moderate (Class 2), and low (Class 3) tectonic 

activity. 

 

 

 

 

 

Figure 4. Areas which are calculated of mountain-front-

sinuosity (Smf) a) Smf values on the western splay b) 

Smf values on the eastern splay (Lmf: the lengths of the 

mountain front along with the break of a slope;  Ls: the 

length of a straight-line along with the same mountain 

front). 
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Figure 5. a) Basin asymmetry factor map of the study 

area (Green, red, and purple arrows show sub-

basin areas which are under high, moderate, 

and low tectonics activity or strong lithological 

control, respectively) b) Vf values calculated in 

30 drainage basins in the study area and 

affected by GBFZ (Vf: Valley floor width to 

valley height ratio)(KF: Kenelidağ Fault; YF: 

Yağcılar Fault). 

 

5. Discussion and Conclusion 

 

In the literature, the ratio between Smf and Vf is 

used to determine the tectonic activity of faults 

(e.g., Rockwell et al. 1984, Silva et al. 2003, Yıldırım 

2014, Softa et al. 2018, Saber et al. 2018, Özsayın, 

2016). Smf values were calculated for the sub-basin 

areas where are located nearby normal fault splays 

of GBFZ. The average of the Vf values of these 

areas relevant with Smf values was calculated.  All 

Smf values (Smf < 1.4) indicate that all splays of 

GBFZ are young and active tectonic uplift. 

 
Figure 6. Hypsometric integral (Hl) Classes and 

hypsometry curves of 30 catchments along the 

GBFZ a, b, c) the curves represent northern, 

central, and southern sections of GBFZ, 

respectively (h/H: relative altitude; a/A: relative 

area) (KF: Kenelidağ Fault; YF: Yağcılar Fault). 

 

Vf values where are calculated Smf values show 

high vertical uplift rates along the north of the 

Gülbahçe Basin, except catchments 3, 5, 9, and 10. 

Especially, Vf values obtained from drainage basins 

affected western splay of GBFZ were calculated less 

than 0.5 (Class 1) that is related “V” shaped valleys 

indicated high tectonic activity. Higher Vf values ( ≥ 

1.0), dominant along the eastern splay of GBFZ 

show erosion processes and less tectonic activity 

(Class 3). The obtained Vf values and Smf values 

were plotted on the chart suggested by Rockwell et 

al. (1984) (Figure 7). According to plotting the 

average of the Vf and Smf values, the vertical uplift 

rate for the northern section of Gülbahçe Basin is 

obtained on Class 1, which is associated with uplift 

rates larger than >0.5 mmy-1 (Rockwell et al. 1984). 

This vertical uplift rate (between 0.60 and 0.80 
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mmy-1) is also a uniform slip rate for İBTZ, which 

ranges from 0.2 to 8.0 mmy-1 (e.g., Özkaymak 2014, 

Aktuğ et.al 2009) which were obtained by using of 

GPS measurements. Smf vs. Vf values indicate high 

correlation with R2=0.89. 

 

 
Figure 7. Plot of mountain-front-sinuosity (Smf) versus 

valley floor width-to-valley height ratio (Vf). 

Vertical bars indicate the standard deviation 

for Vf values. Uplift rate (mmy-1) values from 

Rockwell et al. 1984 (VH: Very high, H: High, 

H-M: High to moderate, M:Moderate, ML: 

Moderate to Low,  L: Low, Red numbers 

indicate the mountain-front) 

 

Dd values give general information about geology, 

climate conditions, and tectonics activity (Horton, 

1932; Rana et al. 2016, Tarboton et al. 1991, Utlu 

and Özdemir 2018).  In general, high Dd values 

indicate weathering and maturity degree of 

drainage basins. In addition, low Dd values are 

pointed out as high rock quality strength due to the 

seepage effect (Patton 1988, Uzun 2019) (e.g., 

catchments classified in 1st class in Table 2). 

Especially, Dd values of catchments located central 

section of GBFZ and consist of limestone with good 

rock quality that belongs to Güvercinlik Formation 

have the lowest Dd value. This Dd value 

characterizes nearly straight channels with a recent 

movement activity. 

 

Investigating the sub-basins hypsometric curve and 

Hi values indicate that Hi < 0.4 (Class 3) were 

commonly dominant along the western and central 

sections of GBFZ. Hence, the tectonic activity could 

be assumed inactive (Pike and Wilson 1971). On 

the other hand, Hi values could be affected directly 

by the rock strength (El Hamdouni et al. 2008, 

Khalifa et al. 2018). The catchments along the 

southern section of GBFZ (no. 24, 26, 27, 28 and 

30) are young (Class 1) compare to the other 

sections. By determining the ratio between Bl 

(length of the drainage basin) and Bw (length of the 

widest part of the basin) (Table 2) the Bs indice was 

calculated and classified into three classes from 

highest (class 1) to lowest (class 3) tectonic activity. 

The obtained Bs values indicate that basins are 

concern generally moderately active and inactive 

tectonic. According to the calculations, Af values 

are very interesting. The northern part of the GBFZ 

(western block) slopes to the south, the middle 

part (eastern block) to the north. The south block is 

seen in equilibrium. The reason for the slope of the 

area between Yağcılar fault and GBFZ towards 

north can be explained by the fact that the GBFZ 

divides into three splays in the north and creates a 

depression basin bordered by normal faults. While 

the northern part of the Gülbahçe fault collapses, 

the north of the Karaburun peninsula rises (the 

western block dips to the south). This uplift and 

subsidence occur parallel to the fault. Because of 

this situation and annual uplift rate of basin, it may 

indicate that the Karaburun peninsula may break 

away from Anatolia in the future and then turn into 

an island like Chios, located in the west. Splaying of 

the fault in the north and related subsidence 

around Gülbahçe bay can be explained by the 

counter anti-clockwise rotational movement of the 

Karaburun peninsula block which was also stated 

by geodetic and paleomagnetic studies (Aktuğ and 

Kılıçoğlu 2006, Uzel et al. 2013, Eyubagil et al. 

2021). Besides this, obtained results show that the 

western splay of GBFZ is more affected on the 

drainage basins with a high relative tectonic 

activity. On the other hand, the eastern splay of 

GBFZ affected the drainage basins less with a
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Table 2. Values of total sub-basins area (km2), drainage basin shape (Bs), drainage density (Dd), valley floor width–valley height Ratio (Vf), asymmetry factor (AF),  hypsometric 

integral (Hi), mountain front sinuosity (Smf), and relative tectonic activity (Iat) of the different catchments of the study area. All results related to the tectonic activity 

classification obtained were compared with the lithology where the drainage area developed  (KF:Kocadağ Formation; BC: Ballıkaya Conglomerate; GF:Güvercinlik 

Formation; P: Poor; F:Fair; G: Good)(for all classes 1:High tectonics activity; 2:Moderately activity; 3: Low tectonics activity; σn- 1: Standard deviation; Vfm: Vfmean ) 

No 
Area                   
(km2) 

Bl                 
(km) 

Bw                 
(km) 

Bs  
Class 
(Bs) 

L                  
(km) 

Dd             

(km/km2) 

Class 
(Dd) 

Vf Vfm σn- 1 
Class 
(Vf) 

Ar 
Af                         

(%) 

Class 

(Af) 
HI 

Class 
(Hi) 

Smf 
Class 
(Smf) 

Iat 
Tectonic 
Activity 

Lithology GSI 
Rock 

Quality 

1 10.26 4.67 2.74 1.70 3 11.50 1.12 1 0.31 
0.51 0.28 

1 5.33 52 3 0.28 3 
1.17 1 

2.00 High KF 35 P 

2 0.86 2.68 1.30 2.06 2 2.45 2.85 2 0.70 2 0.26 30 1 0.40 2 1.66 High KF 35 P 

3 0.39 2.83 1.05 2.69 2 1.50 3.85 3 1.22   3 0.14 36 2 0.41 2 

1.09 1 

2.17 Moderate KF 35 P 

4 3.36 2.68 1.17 2.29 2 4.50 1.34 1 0.52   2 1.13 34 1 0.39 3 1.17 Very high KF 35 P 

5 0.40 5.08 2.52 2.01 2 1.25 3.13 3 1.10   3 0.24 60 2 0.35 3 2.33 Moderate KF 35 P 

6 0.76 3.52 1.08 3.25 1 1.36 1.79 1 0.41 
0.9 0.68 

1 0.28 37 2 0.38 3 1.50 High KF 35 P 

7 1.07 1.26 1.11 1.13 3 2.18 2.04 2 0.35 1 0.39 36 2 0.38 3 2.00 High KF+BC 35/42 P/F 

8 1.76 1.73 0.90 1.92 3 3.14 1.20 1 0.28   1 1.36 77 1 0.51 1 1.33 High KF+BC 35/42 P/F 

9 0.53 1.81 0.66 2.74 2 0.92 1.74 1 2.30   3 0.28 53 3 0.67 1 2.20 Moderate KF+BC 35/42 P/F 

10 10.91 2.09 1.57 1.33 3 9.20 0.84 1 1.05   3 3.58 33 1 0.33 3 2.00 High KF+BC 35/42 P/F 

11 0.91 2.76 0.90 3.06 1 1.31 1.44 1 0.90   2 0.38 42 2 0.38 3     1.80 High KF 35 P 

12 0.78 1.97 0.70 2.81 2 0.90 1.15 1 0.98   2 0.28 36 2 0.35 3     2.00 High KF 35 P 

13 1.83 1.84 0.65 2.83 2 2.31 1.26 1 0.36 
0.67 0.44 

1 0.52 28 1 0.37 3 
1.33 1 

1.50 Very high KF 35 P 

14 1.63 1.43 0.83 1.72 3 1.86 1.14 1 0.98 2 0.74 45 3 0.33 3 2.33 Moderate NF 55 F 

15 0.37 1.55 0.97 1.59 3 0.97 2.62 2 0.71 0.71 0 2 0.2 54 3  0.32 3 1.27 1 2.33 Moderate GF 72 G 

16 1.75 1.05 0.72 1.45 3 2.70 1.43 1 1.90   3 1.08 62 2 0.45 2     2.20 Moderate GF 72 G 

17 2.23 1.16 0.43 2.69 2 3.10 1.54 1 1.10   3 1.43 64 2 0.42 2     2.00 Moderate GF 72 G 

18 1.70 1.94 0.75 2.58 2 2.60 1.39 1 0.21   1 1.26 74 1 0.45 2     1.40 High GF 72 G 

19 0.98 1.34 1.01 1.32 3 1.23 1.53 1 1.35   3 0.69 70 1 0.38 3     2.20 Moderate GF 72 G 

20 0.84 2.55 1.55 1.64 3 1.25 1.26 1 4.09   3 0.41 49 3 0.32 3     2.60 Moderate GF 72 G 

21 0.49 2.18 1.37 1.59 3 1.71 1.49 1 0.38   1 0.31 63 1 0.29 3     1.80 High GF 72 G 

22 0.75 1.50 0.67 2.23 2 1.18 3.49 3 0.70   2 0.22 29 1 0.29 3     2.20 Moderate GF 72 G 

23 2.42 0.89 0.86 1.03 3 2.10 1.57 1 0.22   1 0.94 39 2 0.45 2     1.80 High GF 72 G 

24 2.49 2.08 0.79 2.63 2 2.80 0.87 1 0.41   1 0.63 25 1 0.57 1     1.20 High GF 72 G 

25 0.80 1.96 0.77 2.54 2 1.39 1.12 1 0.40   1 0.51 64 2 0.31 3     1.80 High GF 72 G 

26 2.07 1.93 0.73 2.64 2 2.30 1.74 1 0.28   1 1.27 61 2 0.50 1     1.40 High GF 72 G 

27 1.99 1.78 0.64 2.78 2 3.10 1.11 1 0.24   1 1.21 61 2 0.51 1     1.40 High GF 72 G 

28 0.95 1.81 1.28 1.41 3 1.90 1.56 1 0.44   1 0.6 63 2 0.50 1     1.60 High GF 72 G 

29 0.81 1.71 1.65 1.03 2 1.40 2.00 2 0.23   1 0.41 51 3 0.49 2     2.00 High GF 72 G 

30 0.74 2.04 1.57 1.29 2 0.78 1.73 1 0.99   2 0.46 62 2 0.51 1     1.60 High GF 72 G 
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 moderate relative tectonic activity. These results 

are also compatible with AF data, since the eastern  

 

Figure 8.  Relative tectonic activity classification (Iat) 

map (Class 1: Very high tectonic activity; Class 

2: High tectonic activity; Class 3: Moderate 

tectonic activity) 

 

edge of the rising Karaburun peninsula is controlled 

by the western splay of the GBFZ.  

 

Consequently, by calculating the mean of all 

geomorphic indices, it was determined that Iat 

value was between 1.33 and 2.33. This indicates 

that tectonic activity is high and moderate in the 

region (Figure 8).  

  

This study illustrates that geomorphologic indices, 

including Smf, Vf, Dd, Bs, Hi, and Af, relevant 

tectonics activity along GBFZ which is a dextral 

strike-slip fault with vertical components at the 

northern splays of GBFZ. All the obtained values of 

geomorphic indices are firstly classified and 

secondly correlated with relevant tectonics activity. 

According to Smf versus Vf values, the western 

block of the northern part of the Gülbahçe Basin is 

young and active tectonic uplift. The comparison of 

vertical uplift rates obtained according to the 

geomorphological indice studies of different faults 

is presented in Table 3.  

 

Table 3. Vertical uplift rates determined up to 

morphological analysis in different types of 

strike-slip faults in Turkey  

Name of the fault Fault Type 

Vertical 

Uplift rate of 

basin 

mm/year 

Reference 

Ovacık Fault 

(Eastern Turkey) 

Sinistral strike-

slip fault 
≥ 0.5 

Yazıcı et 

al.,, 2018 

East Anatolian 

Fault 

Sinistral strike-

slip fault 
> 0.5 

Khalifa et 

al.,, 2018 

GBFZ 
Dextral strike-

slip fault 
> 0.5 This study 

 

Calculated slip rate of ~ > 0.5 mm/year along the 

northern section of GBFZ is in good agreement with 

other defined uplift rates in Turkey (e.g., Yazıcı et 

al. 2018, Khalifa et al. 2018, this study). 

Calculations of geomorphic indices shed on lights 

GBFZ’s tectonic evaluation and provide us valuable 

data to use for further studies.  
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