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1. Introduction
Analysis of drainage systems and landforms along active 
faults provides important insights into fault evolution 
and present-day tectonic activity. Numerous field and 
laboratory studies have been conducted to examine how 
drainage systems evolve along strike-slip faults, uplifting 
blocks, and evolving thrusts and folds (Azor et al., 2002; El 
Hamdouni et al., 2008; Castelltort et al., 2012; Özkaymak 
and Sözbilir, 2012; Ul-Hadi et al., 2013; Yıldırım, 2014; 
Tari and Tüysüz, 2015; Topal et al., 2016; Khalifa et al., 
2017; Tepe and Sözbilir, 2017). The distinction between 
active and inactive faults can be inferred through detailed 
studies of geomorphic indices, including stream length-
gradient index (SL), mountain-front sinuosity (Smf), valley 
floor width to height ratios (Vf), drainage density (Dd), and 
hypsometric integral (Hi) (Owen et al., 1999; Keller and 
DeVecchio, 2013). Studies on tectonic geomorphology, 
mountain uplift, and drainage development along 

continental-scale strike-slip faults are scarce (e.g., Michael 
and Frank, 2013). 

The East Anatolian Fault (EAF), a morphologically 
distinct and seismically active left-lateral strike-slip fault 
that extends for ~400 km, forming a plate boundary 
between the Arabian and Anatolian plates in southeastern 
Turkey, provides an excellent natural laboratory for the 
study of continental-scale strike-slip fault systems (Figure 
1). We examined the tectonic geomorphology along 
the entire EAF using a number of geomorphic indices 
to gain insights into the recent evolution of this plate 
boundary and to expand our understanding of the tectonic 
geomorphology of continental-scale strike-slip faults. We 
determine, e.g., if there is a direction in fault propagation 
similar to the North Anatolian Fault (NAF) (which is 
from east to west according to Şengör et al., 2014), reveal 
along-strike variation in the fault activity, and discuss the 
implications for tectonic evolution of the region. 
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2. Seismotectonic setting
The left-lateral strike-slip EAF extends between the 
Karlıova and Maraş triple junctions and connects the NAF 
and the Dead Sea Fault in southeastern Turkey to form the 
boundary between the Anatolian and Arabian lithospheric 
plates (Şengör, 1979; Reilinger et al., 2006), (Figure 1). 
Together with the right-lateral conjugate NAF, the EAF 
accommodates the westward escape of the Anatolian plate 
from the collisional Arabian/Eurasian plate boundary 
(McKenzie, 1972; Şengör, 1979). The EAF transform 
behavior was first recognized and described by Allen 
(1969), and it was mapped by Arpat and Şaroğlu (1972). 

The EAF dominated the regional tectonics and seismicity 
during the Quaternary in central Turkey and has been 
examined by many researchers (Arpat and Şaroğlu, 1975; 
McKenzie, 1976, 1978; Jackson and McKenzie, 1984; 
Dewey et al., 1986; Muehlberger and Gordon, 1987; 
Westaway, 1994; Westaway and Arger, 1996; Reilinger et 
al., 2006; Duman and Emre, 2013; Aktuğ et al., 2016; Yönlü 
et al., 2017). Fault-controlled catchments along the EAF 
contain Pliocene lignite. The age of the lignite brackets 
the onset of fault activity to between the late Miocene 
and earliest Pliocene (Arpat and Şaroğlu, 1972; Hempton, 
1985; Şengör et al., 1985; Dewey et al., 1986). 
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Figure 1. Shaded relief image (data from SRTM-30; Farr et al., 2007) of eastern Turkey showing the African, Arabian, Anatolian, and 
Eurasian plates and major active faults (thick black and red lines). Red and blue arrows indicate GPS velocities with respect to a fixed 
Arabian plate, with blue and red circles indicating GPS measurements errors, according to Reilinger et al. (2006) and Aktuğ et al. (2016), 
respectively. MTJ, Maraş triple junction; KTJ, Karlıova triple junction; DF, Deliler fault; EF, Ecemiş fault; SF, Savrun fault; MOF, Malatya-
Ovacık fault. The inset map and box with white dashed lines show location of the study area and Figure 2, respectively. 
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The estimates of the accumulated overall offset along 
the EAF vary between an upper range of 27–33 km that 
is recorded by geological features and the length of the 
Gölbaşı strike-slip basin (Westaway and Arger, 1996; Bulut 
et al., 2012) and a lower range of 15–22 km that is defined 
by drainage channel offsets on individual fault segments 
(Hempton, 1987; Bulut et al., 2012). Studies based on the 
geologic and geomorphic data along the EAF provide slip 
rates of between 6 and 11 mm/year (Arpat and Şaroğlu, 
1975; Kiratzi, 1993; Westaway, 1994; Yürür and Chorowicz, 
1998; Çetin et al., 2003; Aksoy et al., 2007; Herece, 2008; 
Duman and Emre, 2013, Yönlü et al., 2013), whereas GPS 
studies provide a constant slip rate of ~10 mm/year along 
the whole EAF (Reilinger et al., 2006; Mahmoud et al., 
2013; Aktuğ et al., 2016).  

The Malatya and Ovacık faults located to the north of 
the EAF are secondary structures with left-lateral sense 
of slip within the study region. Koçyiğit and Beyhan 
(1998) and Kaymakcı et al. (2006) considered the different 
segments of the Malatya and Ovacık fault to be part of the 
Malatya-Ovacık Fault Zone (MOFZ) (Figure 1), whose 
present-day activity is debated by Jackson and McKenzie 
(1984), Westaway and Arger (1996, 2001), Koçyiğit and 
Beyhan (1998), and Kaymakcı et al. (2006). Westaway 
and Arger (2001) interpreted the SW- and SSW-trending 
segments of the MOFZ as transform faults and argued for 
~240 km left-lateral along the MOFZ, making it one of the 
major fault zones in eastern Turkey. Based on the geometry 
of the former Erzincan triple junction, which differs from 
the modern Karlıova triple junction, Westaway and Arger 
(2001) suggested that the MOFZ is no longer active. 
Some researchers, e.g., Jackson and McKenzie (1984) and 
Westaway and Arger (1996, 2001), stated that the EAF was 
initiated and at the same time the significant movement of 
the MOFZ ceased at the end of the Early Pliocene (~3 Ma). 
In contrast, Koçyiğit and Beyhan (1998) and Kaymakcı et 
al. (2006) claimed that the MOFZ is still active.

The evolution of the Euphrates River, offset by the 
EAF, can be summarized as follows. After activity along 
the MOFZ ceased, lacustrine sedimentation smoothed 
out the surface relief, leaving a subdued topographic low 
along the line of the MOFZ. Then drainage started to 
develop along the length of the MOFZ to form the modern 
Euphrates gorge that crosses the EAF, which now provides 
the outlet from the Malatya basin (Westaway and Arger, 
2001). The Euphrates River was then offset ~13 km by the 
EAF. However, the total slip on this strand is debated, with 
estimates up to ~30 km (Westaway, 1994; Westaway and 
Arger, 2001). Westaway and Arger (2001) argued that the 
modern Euphrates River began to form at ~1.3–3 Ma, with 
the assumption that the majority of the gorge development 
occurred in the last 1 Ma. Thus, a long-term slip-rate for 
the EAF of ~8.3 mm/year is based on the offset of the 
Euphrates River for the past 3 Ma (Herece and Akay, 1992). 

Movement of the EAF produces large earthquakes, 
which seem to occur along the fault every few hundred 
years in various places, within relatively short paroxysmal 
periods of large events (Ambraseys, 1988). Recently, the 
most significant and destructive earthquake occurred on 
22 May 1971 near Bingöl with Mw of 6.6 and focal depth of 
~10 km (Taymaz et al., 1991). 

Recent seismicity was studied by Bulut et al. (2012), 
who identified normal and thrust faulting events in all 
segments of the EAF and stated that the orientations of 
the nodal planes of the focal mechanisms of these events 
indicate off-fault subsidiary fault segments that fit to the 
overall EAF kinematics. Bulut et al. (2012) suggested that 
the mechanisms of the EAF are compatible with thrust 
and normal faulting events, depending on the trend of the 
respective earthquakes hypocenters.    

3. Segmentation of the East Anatolian Fault
Segmentation of the EAF has been examined by many 
researchers. Hempton et al. (1981), e.g., classified the EAF 
into 5 segments according to the variations in trend and 
geometry of the fault. Barka and Kadinsky-Code (1988) 
suggested 14 segments between Karlıova and Türkoğlu 
based on geometric discontinuities, surface ruptures, and 
seismicity. Şaroğlu et al. (1992a) recorded six segments 
based on changes in strike of the fault trace. Duman and 
Emre (2013) divided the main strand of the EAF into 13 
segments based on fault jogs and abrupt changes in the 
strike of the fault trace. According to Duman and Emre 
(2013), the EAF can be divided into five segments between 
Karlıova and Türkoğlu, which from east to west are named 
Karlıova (Karlıova–Bingöl), Palu (Palu–Sivrice), Pütürge 
(Sivrice–Çelikhan), Erkenek (Çelikhan–Gölbaşı), and 
Pazarcık (Gölbaşı–Türkoğlu), which we call segments 1 
through 5 (Figure 2).

Left-lateral faulted landforms, such as displaced 
streams, are common along segment 1 (Karlıova). In two 
areas, north of Sakaören and south of Serpmekaya (Figure 
3a), the fault traverses alluvial plains and fans, and fresh 
fault scarps are evident along its length (Duman and 
Emre, 2013). In this segment, streams are left-laterally 
offset by several to a few hundred meters (Herece, 2008). 
This includes a 3.5-m-horizontal left-lateral offset of the 
fault trace recorded by Ambraseys and Jackson (1998) 
some 1 km southeast of Boncukgöze (Figure 3a). This is 
probably a surface rupture of the Mw 7.1 1866 earthquake. 
The Karlıova segment contains the Gökdere bend, which 
is a large right step within the EAF zone that has produced 
a push-up hill. The eastern and western parts of the step 
have NE-SW and E-W trending folds, thrusts, and strike-
slip faults (Duman and Emre, 2013). A series of thrust 
faults occur in the southern part of the push-up structure 
(Duman and Emre, 2013).
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Segment 2 (Palu) stretches for 77 km. The last historical 
earthquake on this segment occurred on 3 May 1874 with 
Mw of 7.1 (Ambraseys, 1988; Ambraseys and Jackson, 1998) 
(Figure 3b). The human damage was greatest between Lake 
Hazar and Palu (Ambraseys, 1988). East of Lake Hazar, 
Herece (2008) reported a 2.6-m-lateral offset along the 
rupture zone, and Duman and Emre (2013) suggested the 
average displacement of the 1874 earthquake to be 3.5 ± 0.5 
m in the central part of the Palu segment. The Lake Hazar 
basin sits astride the active trace of the EAF, and the basin is 
bounded by normal faults to the north and south (Moreno 
et al., 2010).

The EAF traverses mountains terrain and follows linear 
valleys along segment 3 (Pütürge; Figure 3c), where it cuts 
Paleozoic-Mesozoic metamorphic and Mesozoic ophiolite 
mélange and volcanosedimentary rocks (Hempton, 
1985; Herece and Akay, 1992; Herece, 2008). Ambraseys 
(1988) suggested that the 1875 (Mw 6.8) and 1905 (Mw 6.9) 
earthquakes were generated along this segment.

Segment 4 (Erkenek) extends northwards from Lake 
Gölbaşı. This segment is characterized by late Pleistocene 
and Holocene left-lateral displaced streams with offsets 
ranging from several meters to 500 m (Duman and Emre, 
2013). One particular stream, the Göksu River, is offset by 
~13 km (Şaroğlu et al., 1992a, 1992b) (Figure 3d), which 
yields a Quaternary slip rate of ~6.5–8.3 mm/year (Herece, 
2008; Duman and Emre, 2013). The northern margin of the 
Gölbaşı basin is bounded by normal faults. These faults are 
relatively short (3–10 km in length), discontinuous, and 
slightly curved and dip to the south trending N72°E within 
a 3-km-wide zone (Duman and Emre, 2013). Varying 
geologic offsets have been recorded that range from 19 to 26 
km. Several fault-related basins, e.g., the Hazar and Gölbaşı 
basins, are present along segment 4. The Gölbaşı basin is the 
largest basin along the EAF (Yönlü et al., 2013). Yönlü et al. 
(2013) examined the geology and geomorphology around 
the Gölbaşı basin and argued that there was a wide river 

valley in which the Aksu River flowed and was later blocked 
by a landslide at 31.6 ± 0.5 ka. They concluded that as a result 
of this obstacle, the Aksu River changed its course and was 
left laterally offset by the EAF by ~16.5 ± 0.5 km. This is the 
largest recorded geomorphic offset along the EAF.

A Holocene slip rate of 9 mm/year has been determined 
using tectonics and GPS measurements along segment 5 
(Pazarcık) (Yalçın, 1979; Meghraoui et al., 2006; Westaway 
et al., 2006; Herece, 2008; Karabacak et al., 2011) (Figure 
3e). Yönlü et al. (2012) suggested a 5 ± 0.5 mm/year slip rate 
for the Pazarcık segment based on the paleoseismological 
data. Duman and Emre (2013) suggested that the surface 
ruptures on segment 5 are due to the AD 1114 and 1513 
earthquakes. This segment of the EAF includes the Gölbaşı 
basin that formed in a releasing step-over and is marked by 
a 15° change in the dominant fault trace.

4. Methodology
ArcGIS software and a 30-m resolution digital elevation 
model (DEM) extracted from a Shuttle Radar Topography 
Mission (SRTM) were used for topographic analysis along 
the entire length of the EAF (Farr et al., 2007). Geomorphic 
indices were applied along the EAF within a zone of ~30 
km on both sides of the fault trace. The hill-shade option in 
ArcGIS was used to analyze the mountain-front sinuosity. 
Hydrology and raster calculation tools were used to construct 
and classify catchments that had stream greater than the 
fourth order using the stream order scheme of Strahler 
(1952) (Figure 4). The catchments, watershed delineation, 
catchments sizes, and river drainage pattern were extracted 
from the digital elevation data using algorithms available 
in the hydrology toolbox of ArcGIS. The catchments were 
numbered from 1 to 18 from east to west (Figure 4). The 
resolution of the DEM limited the degree of uncertainty 
associated with the geomorphic indices. We do not assign an 
uncertainty to our geomorphic indices as in other studies 
(e.g., El Hamdouni et al., 2008; Tari and Tüysüz, 2015).

Figure 2. Segmentation of the East Anatolian Fault following Duman and Emre (2013); active faults are from Emre et al. (2013). Purple 
hexagons indicate the location of the Karlıova and Maraş triple junctions. Blue lines show the main rivers and streams (e.g., Euphrates 
River).
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4.1. Geomorphic indices
4.1.1. Rock strength 
The aim of our study was to evaluate the morphotectonic 
indices of the fault depending on the rocks’ strength along 
the mountain front of the fault deformation zone and 
recognize the rock resistance based on geological maps, field 
observations, and similar papers (e.g., El Hamdouni et al., 
2008; Alipoor et al., 2011; Selçuk, 2016). We consider rock 
hardness as Selby (1980) did, with strength related to the 
constituent material and cement assisting in the resistance 
to weathering and erosion processing. Rock strength is 
classified as very low (silt, sand, marl, alluvium, limestone), 
low (conglomerate, sandstone, shale with interbedded 
limestone), medium (sandy limestone), high (basalt), or 
very high (gneiss, schist, gabbro, marble, quartzite). 
4.1.2. Stream length-gradient index (SL)
The SL index is sensitive to channel slope, which, in turn, 
can be used as a proxy for tectonic activity, stream power, 
and/or rock resistance. Erosional resistance of rocks and 
relative intensity of active tectonics can be evaluated 
using SL by calculating changes of stream gradients along 
drainage catchments (Hack, 1973; Keller and Pinter, 2002). 
The SL index is defined as:

SL = (ΔH / ΔL) × L , (1)
where ΔH/ΔL is the channel gradient for a stretch of the 
stream (ΔH is the elevation change for a particular channel 
reach with respect to ΔL, i.e. the length of the reach) and 
the total channel length L from the midpoint of the reach 

where the index is calculated upstream of the drainage 
divide. The SL index is generally calculated for a large 
number of reaches along major streams within a study area 
(Azor et al., 2002). SL values were calculated every 100 m 
along the length of the main stream channels of the EAF.
4.1.3. Mountain-front sinuosity (Smf)
Smf helps define the relationship between the total length 
and the straight-line distance along a mountain front (Bull, 
1977; Azor et al., 2002; Keller and Pinter, 2002). This index 
helps explore links between tectonics and erosion, and it is 
defined as: 

Smf  = Lmf  / Ls , (2)
where Lmf is the length of the mountain front and Ls is 
its straight-line length. Smf  values were calculated for 18 
mountain fronts along the 5 segments of the EAF from the 
SRTM 30-m pixel-resolution DEM. Smf values approaching 
1 suggest a more active tectonic setting.
4.1.4. Valley width to height ratio (Vf)  
 Vf defines the differences in valley shape and may reflect 
the degree of active uplift and/or base level fall, and it is 
defined as:

Vf  = 2Vfw  / [(Eld    ̶ Esc) + (Erd   ̶ Esc)], (3)
where Vfw is the width of the valley floor, Erd and Eld are 
respectively the elevations of the right and left valley 
divides, and Esc is the average elevation of the valley floor 
(Keller and Pinter, 2002). 

Azor et al. (2002) suggested that high values of Vf 
usually indicate low tectonic activity, whereas low values 

Figure 4. Studied catchments along the East Anatolian Fault Zone. 
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indicate areas of high tectonic activity with relatively 
rapid uplift and valley incision. Vf values were calculated 
at a prescribed distance (1 to 3 km) from the mountain 
front based on the size of the drainage regions (Silva et al., 
2003). Vf  values were determined for 77 streams aligned 
along the mountain fronts of the EAF.
4.1.5. Basin asymmetry factor (AF)
AF may be utilized to help detect tectonic tilting from 
drainages that transverse a structure and is defined as: 

AF = 100 (Ar / At), (4)
where Ar is the area of the drainage basin to the right of 
the main stream and At is the total area of the basin. AF is 
sensitive to tilting perpendicular to the trend of the main 
stream. An AF of 50 represents a tectonically stable setting, 
while values smaller or greater than 50 suggest tilting 
and indicate that a basin is tectonically active (Keller 
and Pinter, 2002). Values of AF include the AF-50, which 
is the difference amount between the neutral value of 50 
and the observed value (El Hamdouni, 2008). An absolute 
difference (difference from an AF of 50) is necessary to 
evaluate the relative tectonic activity. We categorize the 
absolute values of AF into class 1 (│AF-50│> 15), class 
2 (│AF-50│: 7–15), and class 3 (│AF-50│< 7) following 
the method of El Hamdouni (2008). El Hamdouni (2008) 
classified the average of the different classes into four 
activity levels, where level 1 is very high relative tectonic 
activity (1 to 1.5), level 2 indicates highly relative tectonic 
activity (>1.5 to ≤2), level 3 is moderately relative active 
tectonics (>2 to ≤2.5), and level 4 is the lowest level of 
relative tectonics (>2.5). AF values were calculated for the 
18 catchments along the EAF.
4.1.6. Drainage density (Dd) 
Azor et al. (2002) and Keller and Pinter (2002) introduced 
Dd as the ratio of total channel length versus catchment 
area. Greater values of Dd suggest more extensively 
developed regions for a relatively long time, while regions 
experiencing the most recent tectonic activity have lower 
Dd values (Keller and Pinter, 2002). Dd is defined as:

Dd = L / A , (5)
where L is the length of the channel and A is the catchment 
area. Dd was defined along the EAF throughout 18 
catchments.
4.1.7. Hypsometry
The hypsometric integral (Hi) is a quantitative measure 
of the distribution of elevation within a catchment 
(Langbein, 1947; Strahler, 1952). This index serves to 
compare catchments and is an expression of the volume of 
the catchment that has not been eroded. Simply expressed, 
the Hi index (Pike and Wilson, 1971; Mayer, 1990) is 
defined as: 

Hi = (Emean – Emin) / (Emax – Emin), (6)

where Emean is the mean elevation, Emax is the maximum 
elevation, and Emin is the minimum elevation. 

The hypsometric curve of a catchment is the 
cumulative area versus elevation plot, which likely reflects 
the dominant geomorphic processes operating in the 
catchment. A convex curve indicates uplift with dominant 
hillslope processes, such as sliding and soil creep, while a 
concave curve indicates channelized/linear/fluvial/alluvial 
processes. In essence, young catchments (tectonically 
active) have Hi values of ≥0.45 and convex hypsometric 
curves, whereas low Hi values (≤0.3) and concave 
hypsometric curves indicate old catchments (tectonically 
quiescent). Hi values were calculated for 18 catchments 
along the EAF.

5. Results
5.1. Rock strength 
The mountain front along the EAF consists of large varieties 
of rocks. The geological units of the studied catchments 
comprise basalt, volcanic rocks, gabbro-diabase, carbonate 
rocks, marble, gneiss and schist, neritic limestone, and 
undifferentiated Quaternary rock and sediment (Figure 
5a) that imply the presence of all rock strength levels. This, 
in turn, minimizes the effect of lithology on the calculated 
morphometric indices. Very high and low strength rocks 
mostly are exposed along segment 3. Segments 1 and 4 
include high and moderate rock strengths. The mountain 
fronts along segments 1, 2, and 5 are made up of moderate, 
low, and very low strength of rocks. In the central part of 
the EAF, segments 3 and 4 comprise rocks with high rock 
strengths (Figure 5b). 
5.2. Stream length-gradient index (SL)
SL values range from 50 to 350 along the stream channels 
of the fault zone (Figure 5b). The lowest index values are 
along the upstream reaches of the drainage catchments, 
while the highest values are located across the mountain 
fronts. The SL values show some low values when flowing 
parallel to the valleys that were likely produced by the fault. 
SL values increase toward the mountain fronts (Figure 
5b). The highest values of the index are also recorded in 
most catchments that are not associated with particularly 
resistant rocks. Anomalous values of the SL index are 
noticed along the five segments.    
5.3. Mountain-front sinuosity (Smf)
The five segments, from east to west, have Smf values of 
1.07–1.17, 1.05–1.46, 1.06–1.09, 1.01–1.09, and 1.07–1.28 
(Figure 6; Table 1). The lowest Smf values are associated 
with segments 3 and 4, while the highest values are for 
segment 2. The Smf values show that each segment reflects 
topographic signals of active uplift and all fault segments 
are active along the EAF. On the basis of the similar Smf 
values there is no obvious change in tectonic activity along 
the EAF.  
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5.4. Valley width to valley height ratio (Vf)  
The Vf index is calculated for the main valleys and streams 
that cross and run parallel to the mountain fronts of the 
studied zone (Figure 6). Vf values vary depending on rock 
type, stream discharge, and catchments sizes. From east to 
west, mean Vf values are 0.47–0.75, 0.61–1.32, 0.24–0.61, 
0.11–0.37, and 0.54–0.80 for the five segments (Figure 6; 
Table 1). The lowest mean values are for segment 4, while 
the highest values are for segment 2. The results suggest a 
general similarity between Smf and mean Vf values of the 
five segments. The Vf values’ consistency with Smf might 
give a good signal to evaluate the tectonic activity of the 
segments.
5.5. Basin asymmetry factor (AF)
AF-50 values range from 1.88 to 26.25, which indicates 
the differences between the observed value of 50 and the 
neutral value (Table 2). The results show that catchments 
7, 4, and 17 have values close to 50 and the catchments 
that have the highest values away from 50 are 2 and 15 
(Table 2). Within the study area, AF index classes were 
applied to record class 1 of the relative tectonic activity for 
catchments 2, 8, 9, 11, 13, 15, and 16; class 2 was examined 
for catchments 3, 6, 10, 12, 14, and 18; and relative tectonic 
activity class 3 was measured for catchments 1, 4, 5, 7, and 
17 (Table 2). 
5.6. Drainage density (Dd)
Dd varies from 3.5 to 5.6 km/km2 (Table 2). Catchment 
4 has the highest Dd, while the lowest values are for 

catchments 11 and 13. The catchments in general have 
a remarkably low Dd, and most drainages reflect deep 
incision. The average Dd of the catchments is low in 
segments 3 and 4.  
5.7. Hypsometry (Hi)
Hi values range from 0.25 to 0.58. High values of the 
Hi index are recorded for catchments 8 and 7, which 
generally indicate that not as much of the uplands have 
been eroded and suggests younger catchments and 
landscape, most probably created under active tectonics 
conditions. Catchment 2 has the lowest Hi values, which 
is probably due to a relatively older landscape with more 
erosion and less subjected by recent active uplifting. The 
hypsometric index data suggest that the middle part of 
the EAF is slightly more active than the rest of the fault 
and has the youngest catchments, albeit only slightly 
younger. Similarly, Hi curves recorded (1) convex curves 
in catchments 11, 12, 13, and 16; (2) concave-convex or 
slight curves in catchments 1, 2, 3, 5, 6, 7, 9, 10, 14, 15, 
17, and 18; and (3) concave curves for catchments 2 and 
5 (Figure 7).
5.8. Average of the geomorphic indices
The mean Smf, Vf, and Dd values gradually increase from 
segment 4, 3, 1, and 5 to 2 (Table 3). Segments 3 and 4 have 
level 1 relative tectonic activity, while segments 1 and 5 have 
level 2 relative tectonic activity and segment 2 has a relative 
tectonic activity level of 4 (Table 3). Hi values gradually 
decrease from segment 4, 3, 5, and 1 to 2 (Table 3).

Figure 5. (a) Geological map of the EAF (extracted from the geological maps catalogue of the General Directorate of Mineral Research 
and Exploration of Turkey), (b) SL index along the channels and rock strength level (according to El Hamdouni, 2008) of the studied 
fault. Yellow stars indicate the distribution of the SL index anomalies.
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6. Discussion
6.1. Relative tectonic activity based on geomorphic 
indices
Many studies have used the combination of indices Smf 
and Vf to present a preliminary overview of the relative 
tectonic activity of the fault mountain fronts (Bull and 
McFadden, 1977; Silva et al., 2003; Yıldırım, 2014). In our 
study, there is general uniformity between Smf values and 
Vf mean values of the five fault segments along the EAF. 
Our Smf values suggest that all fault segments are young 
and active along the fault, and that each segment is likely 
undergoing tectonic uplift. The highest value of Smf (low 
tectonic activity) is associated with segment 2, while the 
lowest values are for segments 4 and 3 (high tectonic 
activity), which indicates a straighter mountain front than 

the others. The highest degree of tectonic uplift occurs in 
segment 4 and this is consistent with the view of Yönlü 
et al. (2013), who discussed the presence of the largest 
morphological offset of the EAF along the same segment. 

Vf values suggest continued and comparatively high 
uplift rates along the EAF. Lower values in the central 
valleys suggest a higher uplift and incision rate than in the 
southern and northern parts of the EAF. Keller and Pinter 
(2002) suggested that Smf values of 1.0–1.6 are indicative 
of active range-bounding fault zones. Some studies, e.g., 
those of Bull and McFadden (1977) and Rockwell et al. 
(1984), constructed a diagram for the Smf and Vf values, 
showing the distribution of these index values along 
streams and mountain fronts (Figure 8). They plotted the 
Smf with Vf values in the same diagram to classify relative 
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tectonic activity into 3 classes and detect a relative tectonic 
activity degree. Smf versus Vf plots show that all segments 
are indicative of the highest tectonic activity, i.e. Class I 
(Figure 8). Class 1 is commonly associated with uplift 
rates between 0.05 and 0.5 mm/year (e.g., Rockwell et al., 
1984; Yıldırım, 2014). Although all the EAF segments are 
plotted as a higher activity class, they reveal differences in 
relative tectonic activity values. From high to low, these are 
segment 4, 3, 1, 5, and 2. The results show slight differences 
and nearly uniform values of Smf along the entire fault, 
implying that the tectonic activity along the whole EAF 
zone is nearly the same. This is also consistent with the 
published uniform slip rate of ~10 mm/year along the 
whole EAF based on GPS measurements (Reilinger et al., 
2006; Mahmoud et al., 2013; Aktuğ et al., 2016). The SL 
values over the study region calculated from the DEM and 
GIS software are shown in Figure 5b, which illustrates the 
relationship between SL values and the underlying geology. 
Over most of the studied catchments rivers, the SL values 
increase abruptly in the same rock type (Figure 5b), except 
rivers over catchment 5. Over this catchment the rock 
strength changes alternately from very low to moderate, 
where SL values of catchment streams increase. In such 
a case, Yıldırım (2014) argued that the effect of the rock 

strength is small on the increase of values of SL in the same 
rock strength along the rivers. El Homdouni et al. (2008), 
Alipoor et al. (2011), and Azañón et al. (2012) presented 
anomalous values of the SL index for the high SL values that 
are not associated with resistant rocks and they interpreted 
these anomalous values as tectonic signals. Within our 
study zone, anomalous measurements are recorded along 
nearly all segments, which reflects high uplifting activities. 
The SL results are also greater on both sides of the fault, 
which indicates recent and continued uplift along the EAF. 
In our study, SL values increase abruptly in the same rock 
units and we detected many anomalous spots along all 
segments that likely reflect tectonic signals. In addition to 
the previous remarks, we found that nearly all catchments 
have the same varieties of rock strength types. Based on 
these conditions, we assume that the impact of the geology 
is negligible and tectonic impact is prevailing. Based on the 
uniformity of the climatic conditions along the whole fault 
zone, the SL index results that generally reflect both rock 
strength and climate and drainage development and local 
geomorphology that are affected by the tectonic uplifting 
and regional deformation suggest that climate does not 
have a highly significant impact on the studied deformation 
zone.

The AF factor is sensitive to change in catchment 
inclination perpendicular to the mean channel direction (El 
Hamdouni et al., 2008). Structural control of the bedding 
orientation may play a great role in the development of basin 
asymmetry (Alipoor et al., 2011). Except for catchments 1, 
4, 5, 7, and 17 (tectonically more stable), the AF values for 
all catchments indicate tilting and relative active tilting/
uplifting. Catchments 2, 5, and 12 are located in the studied 
deformation zone but they are still away from the EAF fault 
trace. According to El Hamdouni (2008), the mean values 
of AF differentiate the segments into three levels of tectonic 
activity. Segments 3 and 4 were defined by the first level 
of the relative tectonic uplifting that reflects the highest 
tectonic activity, segments 1 and 5 show the second level of 
uplifting, and the third level that reflects the lowest degree 
of tectonic uplifting was recorded for only segment 2.

Values of Dd help define the degree to which drainage 
development has dissected a structural landform 
(Melosh and Keller, 2013). Topal et al. (2016) assumed 
that low Dd values characterize drainages that are nearly 
straight and have steep channels that characterized the 
catchments with recent movement activity. Catchments 
4, 5, 14, and 15 are located away from the fault trace and 
likely have less tectonic uplift than the other catchments 
that have lower Dd values. Overall, segment 4 has the 
lowest Dd value and reflects relatively higher uplift than 
segment 2 that has the highest Dd value. Hi does not 
relate directly to relative active tectonics (El Hamdouni 
et al., 2008). Hi values are affected by the rock strength 

Table 1. Values of the mountain-front sinuosity and valley floor 
width to height ratio of measurements (see locations in Figure 4).

Mountain front Smf Vf (mean)

S1a 1.08 0.74
S1b 1.17 0.75
S1c 1.07 0.47
S1d 1.13 0.65
S2a 1.39 0.61
S2b 1.44 1.32
S2c 1.46 0.64
S2d 1.05 0.64
S3a 1.08 0.30
S3b 1.09 0.61
S3c 1.06 0.24
S4a 1.09 0.11
S4b 1.01 0.21
S4c 1.03 0.14
S4d 1.04 0.37
S5a 1.28 0.80
S5b 1.15 0.54
S5c 1.07 0.75
S5d 1.08 0.67
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Table 2. Asymmetry factor (AF), drainage density (Dd), and hypsometric integral (Hi) of the different catchments of the 
study area.

Catchments AF AF-50 AF (Class) Dd Hi

C1 44.76 –5.24 3 4.1 0.45
C2 76.25  26.25 1 4.5 0.48
C3 59.93  9.93 2 4.7 0.47
C4 47.73 –2.27 3 5.6 0.27
C5 54.29  4.29 3 4.9 0.33
C6 57.82  7.82 2 4.8 0.36
C7 48.12 –1.88 3 4.6 0.25
C8 66.83  16.83 1 4.2 0.54
C9 67.88  17.88 1 3.9 0.45
C10 58.67  8.67 2 4.1 0.48
C11 66.39  16.39 1 3.5 0.56
C12 44.14 –5.86 2 4.3 0.51
C13 28.04 –21.96 1 3.8 0.58
C14 59.90  9.90 2 5.0 0.41
C15 70.00  20.00 1 4.9 0.45
C16 32.28 –17.72 1 4.3 0.53
C17 53.80  3.80 3 4.1 0.40
C18 37.85 –12.15 2 4.0 0.46
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(El Hamdouni et al., 2008). Hi index values that indicate 
high tectonic uplift rates and are characterized by convex 
curves are evident for catchments in segments 3 and 4, 
while Hi values show a low rate of tectonic uplifting with 
concave curves in catchments 4 and 7, which are located 
away from the fault trace (Figure 7; Table 2).

Average values of Hi decrease gradually from segments 
4, 3, 1, and 5 to 2 (Table 3). The results suggest that all 
the catchments along segments 4 and 3 are young and 
have relatively high rates of uplift compare to the other 
segments.

In conclusion, the geomorphic indices suggest that 
all the segments along the EAF are highly active (class 1) 
and have similar uplift rates. The catchments that are away 
from the EAF show intermediate to low degrees of tectonic 
activity and that reflects the rate of uplifting and tectonic 
decreases away from the fault trace.
6.2. Implications of long-term deformation patterns
The EAF accommodates most of the relative movement 
of the Arabian and Anatolian plates (Duman and Emre, 
2013). Variations of the Smf and Vf, indices (Figures 8 and 
9a) and values of the SL, AF, Dd, and Hi indices (Table 3) 
provide a means to help examine variations of tectonic 
uplifting activity along the fault (Yıldırım, 2014).

Although values for all geomorphic indices along the 
fault segments are different, they are mostly of the same 
activity zone (Figures 9a–9c), implying that all the segments 
have comparable tectonic activity and have undergone 
similar amounts of erosion over time. The uniform 
variation in geomorphic indices might also indicate that 
either all the fault segments were initiated at the same 
time and underwent similar morphological evolution or 
some fault segments formed later, but experienced higher 
erosional rates. The former possibility of geomorphic 
indices’ uniformity appears to be more likely considering 
the relatively uniform total offset of 13–30 km and the 
uniform and constant slip rate of ~10 mm/year along the 
entire fault (Reilinger et al., 2006; Mahmoud et al., 2013; 
Aktuğ et al., 2016). In contrast, the cumulative offset along 
the NAF becomes smaller and the width of the shear zone 
gets wider from east to west (Şengör et al., 2014). This is 
because the NAF becomes younger to the west as it has 
propagated westward at a rate of ~11 cm/year (Şengör et 
al., 2004).

Dewey et al. (1986) and Westaway and Arger (1996) 
suggested that the EAF is a root of the distributed 
deformation and is oblique to the assumed Anatolian/
Arabian plate motion, and as such the EAF is not a true 
transform fault. In contrast, Westaway (1994a) concluded 
that the Anatolian/Arabian plate boundary is a real 
transform fault system since it initiation at ~5 Ma. He 

Table 3. Mean morphometric parameters of the studied segments and catchments. 

Segments Smf Vf Catchments Mean AF 
(class)

AF activity 
degree Mean Dd Mean Hi

Segment 1 1.11 0.67 C1, C2, and C3 2.00 2 4.43 0.46
Segment 2 1.34 0.75 C4, C5, C6, and C7 2.75 4 4.97 0.31
Segment 3 1.07 0.38 C6, C8, C9, C10, and C11 1.40 1 4.12 0.48
Segment 4 1.04 0.21 C11, C12, and C13 1.30 1 3.86 0.55
Segment 5 1.15 0.74 C14, C15, C16, C17, and C18 1.80 2 4.47 0.45
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segment and inferred activity classes. Vertical bars show the 
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inferred uplift rates U (mm/year) from Rockwell et al. (1984).



122

KHALIFA et al. / Turkish J Earth Sci

argued that since ~5 Ma, the MOFZ that is subparallel 
to the EAF has taken up part of the Anatolian/Arabian 
plate movement. Arger et al. (1996) and Westaway 
and Arger (1996) recorded evidence that the MOFZ is 
presently inactive and proposed instead a scheme where 
the Anatolian/Arabian plate boundary was formed by 
the MOFZ from ~5 to 3 Ma and the EAF has created 
this boundary since ~3 Ma (Figure 10). Westaway 
(1994) argued that the MOFZ and EAF are tectonically 
equivalent, and both have taken up the ~70 km of the 
estimated Anatolian/Arabian boundary since ~5 Ma. 
In contrast, Westaway and Arger (1996) argued that the 
MOFZ created the African/Anatolian plate boundary 
since 3–5 Ma and no significant slip has occurred since 
that time. This is based on: (1) the lack of recorded 
seismicity, (2) the field work of Westaway and Arger 
(1996) that does not show any geomorphic evidence for 
recent slip, and (3) the fact that if the western and eastern 
areas of Erzincan and the MOFZ are active at the same 
time, very intense deformation would be recorded around 
their intersection region, which has not been recognized. 
Westaway and Arger (1996), therefore, concluded that 
the MOFZ was the Anatolian/Arabian plate boundary 

at ~5 Ma and later. This boundary moved southeast 
to occupy its modern location at ~3 Ma.  In contrast, 
some researchers, e.g., Koçyiğit and Beyhan (1998) and 
Kaymakcı et al. (2006), suggested a different hypothesis 
for activity along the MOFZ. They argued that the MOFZ 
is tectonically active at present and it is a part of the 
present motion between the Anatolian/Arabian plates. 
Westaway and Arger (2001) argued against the view of 
Koçyiğit and Beyhan (1998) because they did not offer any 
quantitative examinations of the kinematics of the MOFZ 
to support their different scenarios. As discussed above, 
our geomorphic analysis suggests coeval development 
along the different segments of the EAF and supports the 
view of an eastward jump of the proto-EAF (~110 km) 
from what is now the MOFZ to its present-day EAF at 
~3 Ma (Figure 10; Arger et al., 1996; Hubert-Ferrari et al, 
2009). Westaway (1994a) calculated a convergence rate of 
14 ± 2 mm/a for the Anatolian/Arabian plate, which since 
initiation of slip on the EAF zone has accommodated 
~30 km of convergence, with all the 14 ± 2 mm/a slip 
occurring on the MOFZ. Before initiation of slip on the 
EAF, the NAF ended at Erzincan and its present eastern 
stretch did not exist (Figure 10).
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7. Conclusions
Geomorphic indices, including SL, Smf, Vf, AF, Dd, and Hi, are 
used for the first time along the EAF to gain deeper insights 
into morphotectonic evolution and activity of the EAF. Smf 
versus Vf values are positively correlated and indicate a high 
degree of tectonic and geomorphic activity, which is also 
supported by the results from stream gradient analysis and 
hypsometric analysis. This implies that each segment along 
the fault is presently very active.

The similar values for geomorphic indices along the 
entire length of the fault suggests that the development of 
the EAF was essentially coeval along its length, supporting 
the view that the present-day Anatolian/Arabian plate 
boundary, i.e. the EAF, jumped eastward from the MOFZ 
from the proto-EAF to its present-day location at ~3 Ma. 
This is in good agreement with the nearly uniform geological 
offsets and the present day slip rate of ~10 mm/year along 
the entire fault that appears to have been constant since ~3 
Ma. 

This study illustrates that morphometric analysis 
along the entire length of a major strike-slip fault provides 
important insights into the fault’s tectonic evolution. 

Calculations of multiple catchments’ geomorphic indices 
and indices that are related to the trace of the faults can 
provide us with valuable data on the tectonic behaviors 
and landscape evolution. Thus, this can be applied to other 
major faults elsewhere, especially to those whose tectonic 
activity, cumulative offset, and slip rates are not well defined.
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