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A B S T R A C T

This study examines the unruptured portion of the Pütürge segment, the least-studied section of the East 
Anatolian Fault System (EAFS) in southeast Türkiye, focusing on the Şiro Valley to comprehensively understand 
the observed distribution in deformation. Despite the February 6, 2023 doublet earthquakes, the Pütürge 
segment near the Şiro Valley remained relatively stable, though significant stress accumulation was detected at 
both ends. Fieldwork and subsequent morphometric and structural analyses confirmed notable tectonic activity 
in the area. Geomorphic indices were applied to assess tectonic activity, yielding an average index of relative 
tectonic activity (Iat) for all drainage basins, highlighting varying tectonic intensity levels across the Şiro Valley. 
Mountain front sinuosity (Smf) analysis indicated different uplift rates and tectonic forces along distinct fault 
segments. Additionally, Hypsometric Integral-Hypsometric Curve (HI-HC) index analysis pointed to rapid uplift 
processes, particularly in the eastern part of the fault-controlled basin, signaling active tectonic uplift and 
geomorphic rejuvenation. Normalized steepness index (ksn) and Chi (χ) values highlighted variations in erosion 
rate, providing insight into regional uplift patterns and knickpoint distributions. These findings align with the 
dominant transtensional tectonic regime in the area, as inferred from slip data inversions along the Şiro Valley. 
The region’s fault geometry, oblique movement, and block rotations firmly support this interpretation. Com
parisons of slip rates and ground deformation models revealed notable variations in fault behavior, suggesting 
ongoing energy accumulation, possibly linked to aseismic creep. The complex fault system behavior was 
underscored by the 2020 Sivrice earthquake and the 2023 doublet, which highlights the critical role of the 
Pütürge segment in the dynamic evolution of the EAFS.

1. Introduction

Earth’s dynamics continually sculpt its features via a powerful 
interplay of tectonic mechanisms and geomorphological processes 
(Dasgupta et al., 2023). This continual interplay, which innately shapes 
landscapes and influences geological processes, remains a crucial study 
area for understanding the complex behavior on Earth’s surface and 
subsurface. Of the tools that help us delve into these complex 

relationships, tectonic geomorphology has come to the fore and mainly 
investigates the delicate balance and vigorous interactions between the 
tectonic and geomorphic processes (Mayer, 1986; Whipple and Tucker, 
1999; Willett et al., 2006; Scotti et al., 2014). Geomorphic indices and 
quantitative geomorphological analysis, coupled with strong 
ground-motion seismology, can be employed to identify and assess 
tectonic zones, providing insights into relative tectonic activity rates and 
active tectonic processes (Keller, 1986; Keller and Pinter, 1996). In this 
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study, we used these quantitative and qualitative tools to portray the 
nature of Türkiye’s unruptured, hence least studied, fault segment.

One particular region distinctly stands out in the mosaic of Türkiye’s 
geological diversity due to its exceptional geographical and geological 
characteristics. East Anatolia, characterized by its rheological hetero
geneity, has a complex structural geometry influenced by compressional 
and strike-slip tectonic regimes (Muehlberger and Gordon, 1987; 
Lyberis et al., 1992). The East Anatolian Fault System (EAFS) epitomizes 
the dynamic interactions between the converging Arabian plate and the 
Anatolian block, facilitating the westward motion of the latter—a pro
cess termed oblique convergence and indentation tectonics (Lyberis 
et al., 1992).

Such transcurrent strike-slip fault zones generate significant seismic 
activity, as they accommodate substantial deformation and indentation 
tectonics. Despite being seismically less active than the North Anatolian 
Fault Zone (NAFZ) during the 20th century (Ambraseys, 1989), the EAFS 
demonstrated potential for significant seismic events, such as the Mw 
6.8 (AFAD, 2023) Sivrice (Elazığ) earthquake in 2020, which occurred 
in the northeastern part of the Pütürge segment (Fig. 1). In the aftermath 
of the 2020 quake, Coulomb analyses coupled with interferometric 
synthetic aperture radar (InSAR) images revealed the occurrence of 
stress transfer to both the northeastern and southwestern strand tips of 
the EAFS (Tatar et al., 2020; Kürçer et al., 2020).

Among the several key segments, the Pazarcık segment is recognized 
for its significant seismic gap, determined from paleoseismological data 
(Yönlü et al., 2012). Recent seismic activity culminated with the 
Pazarcık (Kahramanmaraş) earthquake on February 6, 2023, which 
registered magnitudes of Mw 7.8 (USGS, 2023) and Mw 7.7 (AFAD, 
2023). This event ruptured the Pazarcık segment and, although not yet 
clear, is believed to have triggered another significant quake in the 
Ekinözü (Elbistan/Kahramanmaraş) zone of the Çardak and Doğanşehir 
segment (Softa et al., 2024). Located on the northern strand of the EAFS, 
this subsequent earthquake registered magnitudes of Mw 7.5 (USGS, 

2023) and Mw 7.6 (AFAD, 2023), occurring on the same day, approxi
mately 9 h later. As a result of the Mw 7.7 Pazarcık earthquake, which 
occurred in the primary strand of the EAFS, the Amanos, Narlı, Pazarcık, 
and Erkenek segments experienced massive rupturing, resulting in a 
270-km-long surface rupture (Karabacak et al., 2023; Aksoy et al., 2023; 
Gürboğa et al., 2024). The surface projection of the rupture driven by 
the Pazarcık earthquake is visually traceable in the Çelikhan (Adıya
man) district at the northeastern end of the Erkenek segment (Karabacak 
et al., 2023; Aksoy et al., 2023). Notably, InSAR data from the earlier 
Sivrice earthquake in 2020, show that approximately 40 km of the 
Pütürge segment ruptured up to the Ormaniçi (Malatya) settlement, 
although no surface rupture was observed in field studies (Tatar et al., 
2020). While InSAR data (Tatar et al., 2020; Karslıoğlu et al., 2021) 
suggest significant vertical displacement from fault rupture, the absence 
of corresponding net slip or clear ground movement at the precise field 
locations presents a compelling enigma.

Upon the devastating doublet earthquake on February 6, 2023, the 
motivation and impetus behind this study became undeniable and 
nondeferrable. Following extensive fieldwork involving an international 
team of scientists from various disciplines, this study aims to integrate 
morphometric and structural analyses with current and model-based 
averaged long-term deformations. Its primary objective is to elucidate 
the distribution of deformation along the as-yet unruptured segments of 
the Pütürge Segment in the Şiro Valley (pronounced as Shiro), making it 
an optimal location for studying Holocene active faulting and con
ducting the most comprehensive study of the area to date. Two critical 
factors—the lack of significant surface rupture during the 2020 Sivrice 
earthquake and the abrupt termination of deformed fault traces in the 
Şiro Valley—underscore the complexities of the Eastern Anatolian Fault 
System and highlight the need for further investigation into the unrup
tured Pütürge segment. Additionally, it seeks to address lingering 
questions, minimize uncertainties, and potentially uncover new ones.

Fig. 1. Tectonic framework (Duman and Emre, 2013) of eastern Türkiye with historical (Ambraseys, 1989; Ambraseys and Finkel, 1995; Ambraseys and Jackson, 
1998; Tan et al., 2008) and instrumental (AFAD, 2023) earthquakes along the East Anatolian Fault System (EAFS). The inset shows a detailed segmentation of 
branches along the EAFS. NAFZ-North Anatolian Fault Zone, DSFZ-Dead Sea Fault Zone.
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2. Geological and seismotectonic setting

East Anatolia underwent deformation as a result of the subduction of 
the northern and southern branches of the Neotethys Ocean during 
distinct convergence stages from the Cretaceous period to the present 
day (McKenzie, 1972, 1978; Şengör and Yılmaz, 1981; Şengör et al., 
1985). During these deformational phases, nappe packages consisting of 
various units, including metamorphic, ophiolitic, somewhat entwined, 
and complex formations, were emplaced and accreted onto the Arabian 
plate (Yılmaz, 1993). At the end of the Middle Miocene, marking the 
onset of the neotectonic period in Türkiye, the closure of the southern 
branch of the Neotethys along the Bitlis Suture Zone (BSZ) in East 
Anatolia initiated continent-continent collision, thereby massively 
shaping the geological evolution of the region (Ketin, 1948; McKenzie, 
1970, 1972, 1978; Şengör, 1980; Şengör and Yılmaz, 1981). This colli
sion resulted in the deformation of East Anatolia into compressive folds 
and thrusts along the BSZ, a process that continued until the end of the 
Pliocene. The ongoing collision and convergence led to uplift and 
exhumation of the East Anatolian high plateau, characterized by east‒ 
west-trending fold and thrust structures, which persisted until the end of 
the Pliocene. By the late Pliocene, the NAFZ and EAFS were the primary 
agents of intracontinental deformation in East Anatolia (Şengör, 1980; 
Şengör et al., 1985). The EAFS, delineating the plate boundary between 
the Arabian plate and Anatolian block, is thus an intracontinental 
strike-slip fault zone characterized by sinistral motion.

The EAFS intersects with the NAFZ at the Karlıova triple junction and 
consists of numerous left-lateral strike-slip faults trending approxi
mately northeast‒southwest. There is widespread consensus on the 
spatial initiation of the EAFS. However, some studies (Arpat and 
Şaroğlu, 1975; Şengör et al., 1985; Kiratzi, 1993; Şaroğlu et al., 1992) 
have proposed its connection with the Dead Sea Fault Zone (DSFZ), 
while others (Lovelock, 1984; Muehlberger and Gordon, 1987; Perinçek 
and Çemen, 1990; Yürür and Chorowicz, 1998) contend that it intersects 
at the Türkoğlu (Kahramanmaraş) triple junction. Most researchers 
assert that the EAFS extends into the Mediterranean region (McKenzie, 
1970, 1972; Barka and Kadinsky-Cade, 1988; Taymaz et al., 1991; 
Westaway, 1994; Westaway and Arger, 1996; Arger et al., 2000).

The EAFS is typically characterized by its changing orientation, 
which has led to the defining of a series of segments by numerous re
searchers who have identified distinct sections based on bending and 
stepover features (Arpat and Şaroğlu, 1975; Barka and Kadinsky-Cade, 
1988; Şaroğlu et al., 1992; Herece, 2008; Duman and Emre, 2013). In 
terms of movement, while some researchers reported a total offset of 15 
km (Seymen and Aydın, 1972) along the EAFS, others (Arpat and 
Şaroğlu, 1972) suggested that the fault slip within the Göynük valley 
ranged between 22 and 27 km. In addition, stream offsets indicating 
Quaternary activity are observed from 10 m to 3 km along the EAFS.

The initiation of the EAFS is widely accepted as late Pliocene based 
on the offsets observed along the fault (Arpat and Şaroğlu, 1972; Şengör 
and Yılmaz, 1981; Şengör et al., 1985; Dewey et al., 1986; Hempton, 
1987; Perinçek and Çemen, 1990; Lyberis et al., 1992; Westaway and 
Arger, 2001; Aksoy et al., 2007). However, some studies (Herece and 
Akay, 1992; Herece, 2008) have proposed the late Pliocene-Pleistocene 
boundary for the beginning of the EAFS, particularly considering that 
E-W-oriented folds developed in the Pliocene basins in the northeastern 
part of the fault zone.

The Pütürge segment, an integral part of the EAFS, trends approxi
mately N55◦-65◦E and extends from the Lake Hazar releasing bend to 
the Yarpuzlu restraining bend. This segment is distinguished by its 
narrow deformation zone along the Euphrates River, where deep valleys 
have formed due to the predominant strike-slip fault morphology (Çetin 
and Güneyli, 2002). Notably, the Pütürge segment is characterized by a 
broader deformation zone within the Şiro Valley, where the strike-slip 
tectonic regime consists of strike-slip to dip-slip faults, indicating com
plex interactions between different tectonic stresses (Çetin and Güneyli, 
2002; Akgün and İnceöz, 2021). In the historical period, the Pütürge 

segment has been seismically active, with significant earthquakes 
recorded near both ends of the segment: a magnitude 6.7 earthquake in 
1875 near the northeastern end and a magnitude 6.8 earthquake in 1905 
near the southwestern end (Ambraseys, 1989; Ambraseys and Jackson, 
1998; Duman and Emre, 2013; Duman et al., 2018).

3. Methodology

3.1. Inversion for stress

Stress inversion analysis, a crucial method in structural geology, 
involves restoring paleostress patterns using fault-slip datasets 
(Angelier, 1994; Vanik et al., 2018). Along the fault segments, slip data 
serve as the cornerstone dataset for revealing fault geometry and 
deformation history and interpreting the principal characteristics of the 
regional stress tensor responsible for deformation across a wide area 
(Carey-Gailhardis and Mercier, 1987).

Two primary methods are employed in stress inversion analysis: 
graphical methods based on fault theory from Anderson (1951) and 
numerical methods relying on the Wallace-Bott hypothesis (Wallace, 
1958; Bott, 1959). Through these numerical methods, the stress axes 
(σ1 > σ2 > σ3) and stress ratio parameters (R: (σ2 - σ3)/(σ1 - σ3), where 
0 < R < 1) governing deformation are calculated (Angelier, 1990). 
Additionally, the stress ratio parameter, ranging between 0 (σ2 = σ3) 
and 1 (σ1 = σ2), determines the shape of the deformation ellipsoid 
(Angelier, 1994).

In this study, fault parameters, such as the direction of the fault 
plane, dip angle, dip direction, and rake, were determined and measured 
using a compass along the fault zone. Kinematic indicators such as 
slickenlines, calcite fibers, fault grooves, and chatter marks played a 
pivotal role in determining the direction of movement of the fault.

The measured kinematic data were organized into subgroups, each 
containing at least three measurements. Stress axes and ratios were 
computed using the rotational optimization method, using WinTensor 
5.9.1 software developed by Delvaux and Sperner (2003). This method, 
based on the principles and procedures of Angelier (1994), employs the 
misfit angle (α) to gauge the accuracy of the evaluated data. The misfit 
angle represents the angle between the orientation of the measured fault 
set and the maximum shear stress resolved on the fault plane. In that 
sense, the misfit angle is an indicator of the accuracy of the evaluated 
data. Optimization of the misfit angle aims to minimize the normal stress 
and maximize the shear stress acting on the fault plane (Delvaux and 
Sperner, 2003).

The stress regime index (R′) is determined based on the stress ratio 
(R), which ranges from 0 to 3. In normal fault formations, the stress 
regime index equals the stress ratio (R’ = R), with values between 0 and 
1. For strike-slip faults, the stress regime index (R’ = 2 - R) is derived by 
subtracting the stress ratio value from 2, resulting in values ranging from 
1 to 2. In compressional regimes, the stress regime index is calculated by 
adding 2 to the stress ratio (R’ = 2 + R) (Delvaux et al., 1997).

The relationship between morphometric uplift rates and kinematic 
analysis offers a comprehensive understanding of how tectonic forces 
shape the landscape. Uplift rates quantify vertical movements, while 
kinematic analysis elucidates the underlying mechanisms driving these 
movements, such as fault slip and block rotation. In addition, these 
approaches provide valuable insights into the interaction between tec
tonic processes and surface deformation (Burbank and Anderson, 2011; 
Keller and Pinter, 2002).

3.2. Morphometric indices

We carried out a comprehensive analysis to determine the spatial 
distribution of the quantitative relative tectonic activity index (Iat), 
using the method proposed by El Hamdouni et al. (2008). The meth
odological approach was a combination of various morphometric tech
niques, including the mountain front sinuosity (Smf) and the valley floor 
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width-to-height ratio (Vf) from Bull and McFadden (1977), the hypso
metric integral (HI) and hypsometric curve (HC) as delineated by Keller 
and Pinter (2002), the asymmetry factor (AF) following the framework 
of Hare and Gardner (1985), the drainage basin shape (Bs) methodology 
outlined by Cannon (1976), the normalized steepness index (ksn), based 
on the Stream power incision model (SPIM), pioneered by Hack (1957), 
and the Gilbert metrics and Chi (χ) analyses (see Table 1). These ana
lyses were conducted on drainage basins dominantly influenced by the 
Pütürge segment, utilizing datasets derived from SRTM maps with a 
resolution of 4.5 m and 1:25,000 digitized topographic maps. We used 
ArcGIS software (version 10.2 Pro) and QGIS (version 3.34 LTR) to 
conduct a comprehensive analysis of these indices, supplemented by 
MATLAB® R2023b software and using a package called TopoToolbox 
version 2 (Schwanghart and Kuhn, 2010; Schwanghart and Scherler, 
2014), along with river profile analysis codes (Gallen and Wegmann, 
2017). In this analsysis the integration of rock quality and strength pa
rameters with morphometric indices is essential. To achieve this, 
simplified geological maps were digitally prepared at a scale of 1:100, 
000, sourced initially from the Geological Maps of Türkiye website (htt 
ps://www.mta.gov.tr/en/maps). These maps facilitated the character
ization of rock strength according to the Selby (1980) scales, which 
encompass a spectrum ranging from high to very low strength cate
gories. Our morphometric data were compared to paleostress data and 
previously published paleoseismological records. This integration aimed 
to discern the distribution pattern of the relative tectonic activity index 
(Iat) in association with the active segmentation of the EAFS.

Examining the variable tectonic forces and uplift rates along 
different segments in the study area is particularly important for un
derstanding the influence of large structural elements such as the EAFS 
in the region. The variation in tectonic forces along different regional 
segments can affect local erosion rates and tectonic uplift processes. The 
Ksn and χ analyses allow a better understanding of these variations and 
provide essential data for assessing potential hazards, especially in rural 
areas. In addition to that, uplift rates are commonly estimated using Smf 
and Vf values. Fault activity and uplift rates can be inferred by analyzing 
Smf values from mountain fronts near the Pütürge segment and Vf 
values from its drainage areas. These analyses, especially the Smf and Vf 
results, help estimate long-term slip rates and understand relative uplift 
rates through regression, as suggested by Rockwell et al. (1984). Smf, an 
indicator of both erosion and tectonic activity, reveals varying mountain 
front patterns across elevation gradients (Rockwell et al., 1984; Kou
kouvelas et al., 2018), often resulting in broader, sinuous curvatures 
(Bull and McFadden, 1977). 

(1) Mountain front sinuosity index (Smf)

The mountain front sinuosity (Smf) is a pivotal tool for delineating 
regions of heightened tectonic activity. This index considers the equi
librium between erosional processes generating irregular or sinuous 
mountain fronts and tectonic forces creating linear mountain fronts, as 
represented by equation (1) (Bull and McFadden, 1977): 

Smf =
Lmf
Ls

(1) 

where Smf is the mountain front sinuosity, Lmf denotes the length of the 
mountain front, and Ls is the length of the straight line connecting the 
endpoints of the mountain front.

In regions characterized by heightened tectonic activity, the Smf 
values typically fall below 1.4. However, even mountain fronts experi
encing relatively subdued tectonic activity exhibit discernible in
dications of active tectonics, with Smf values ranging from 1.4 to 3.0. 
Conversely, Smf values exceeding 3.0 are indicative of inactive fronts 
(Bull and McFadden, 1977). 

(2) Valley floor width–valley height ratio (Vf)

The valley floor width-to-height ratio (Vf), as represented by equa
tion (2), is a principal geomorphic index used to distinguish between V- 
shaped and U-shaped valleys and serves as a proxy for active tectonics 
(Bull and McFadden, 1977). 

Vf =
2Vfw

[(Eld − Esc) + (Erd − Esc)]
(2) 

where Vf denotes the valley floor width-to-height ratio, Vfw is the valley 
floor width, Eld is the elevation of the left divide, Esc is the elevation of 
the stream channel, and Erd is the elevation of the right divide.

A diminished Vf signifies an elevated pace of erosion and uplift, 
leading to the formation of deep V-shaped valleys, wherein tectonic 
forces predominate over erosional mechanisms. Conversely, an 
augmented Vf value correlates with the presence of a U-shaped valley or 
a valley exhibiting a flat-bottomed morphology, primarily shaped by 
bed-level erosional processes. 

(3) Asymmetry factor (AF)

The asymmetry factor (AF), as represented by equation (3) (Hare and 
Gardner, 1985), holds significance as a parameter in basin drainage 
analysis to discern the manifestation of tectonic slopes within the basin. 
The slope development within the basin arises from tectonic perturba
tions, prompting the primary river channel to deviate from the central 
axis of the basin toward the direction of slope propagation. 

AF=100 ×
Ar
At

(3) 

where AF is the asymmetry factor, Ar denotes the area of the basin to the 
right of the basin axis, and At is the total area of the basin.

An asymmetry factor (AF) surpassing or falling short of 50 signifies 
the influence of either tectonic activity or lithologic control, whereas a 
value approaching 50 denotes a negligible or minimal slope within the 
basin. 

(4) Hypsometric integral and curve (HI and HC)

The hypsometric integral (HI), as represented by equation (4) (Keller 
and Pinter, 2002), and the hypsometric curve (HC) elucidate the erosion 
and sedimentation dynamics within a drainage basin and are thereby 
interlinked with its tectonic evolution and geomorphological charac
teristics (Pike and Wilson, 1971; Keller and Pinter, 2002). The HI index 
delineates the elevation distribution across a defined region within the 
drainage basin. It is quantified as the area beneath the HC, which en
capsulates the cumulative volume of the uneroded basin. 

HI=
hmean − hmin

hmax − hmin
(4) 

where HI denotes the hypsometric integral, hmean is the mean elevation 

Table 1 
Mean morphometric characteristics of mountain fronts and drainage basins 
within the Pütürge segment.

Geomorphic Features Pütürge Segment of the EAFS

S1 S2 S3 S4

Number of valleys 5 2 1 2
Mountain front sinuosity (Smf)(1) 1.3 1.6 1.3 1.5
Valley Floor width-to-height ratio (Vf)(2) 0.52 0.42 0.71 0.30
Asymmetry factor (AF)(3) 45 36 48 55
Hypsometric integral (HI)(4) 0.46 0.46 0.54 0.47
Drainage basin shape (Bs)(5) 3.47 3.12 3.12 3.39
Normalized Steepnes Index (ksn)(6) 96.4 140 125 98.5
Gilbert metric and Chi (χ)(7) Movement to SW Stable
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of the basin, hmin represents the minimum elevation of the basin and hmax 
is the maximum elevation of the basin.

Hypsometric curves are graphical depictions derived by plotting the 
cumulative elevation ratio of the basin against the cumulative basin area 
ratio. The configuration of the hypsometric curve facilitates the deter
mination of various developmental stages of the basin, ranging from 
mature (more developed) to youthful (less developed) phases. 

(5) Drainage basin shape (Bs)

In regions marked by active tectonics, drainage basins typically 
exhibit an elongated configuration, gradually transitioning toward a 
more circular shape over time due to topographic evolution or a 
decrease in tectonic activity (Bull and McFadden, 1977). The drainage 
basin shape (Bs) is determined by equation (5) (Cannon, 1976). 

Bs=
Bl
Bw

(5) 

where Bl is the basin’s length, and Bw denotes the width of the basin.
Basins with elongated geometries generally yield higher Bs values 

mainly due to heightened tectonic activity, whereas circular basins, 
clearly indicative of minimal tectonic influence, typically yield lower Bs 
values. Consequently, Bs values serve as a diagnostic tool for evaluating 
the degree of tectonic activity within a given basin. 

(6) Normalized steepness index (ksn)

The normalized channel steepness index or simply normalized 
steepness index (ksn) is an invaluable tool for delineating the spatial 
distribution of intracontinental deformation and documenting the his
tory of regional uplift. The ksn has been employed to calculate the 
changes in vertical tectonic deformation at strike-slip fault zones in 
various regions of the Earth, such as the Haiyuan Fault in China (Li et al., 
2019), the Altyn Tagh Fault in China (Wang et al., 2019), the 
Owen-Stanley Fault Zone in Oceania (Sun and Mann, 2021), the Ovacık 
Fault in Eastern Türkiye (Yazıcı et al., 2018) and the Malatya Fault in 
Eastern Türkiye (Zabcı, 2020).

Analyses of bedrock river profiles give rise to essential data on a 
region’s lithological composition, tectonic history, and past climatic 
conditions, all of which are subject to thorough examination (Kirby and 
Whipple, 2001, 2012). The bedrock profiles are predicated upon the 
stream power erosion model, articulated in equation (6) as follows 
(Whipple and Tucker, 1999): 

dz

dt
=U − KAmSn (6) 

where U, A, and S denote the bedrock uplift rate, catchment area, and 
channel slope, respectively; K represents a constant contingent upon 
rock erodibility, precipitation patterns, and channel geometry; z sig
nifies the elevation of a point within the channel; t denotes time; and m 
and n are empirical parameters. This equation is universally used for any 
erosion law involving power law scaling between channel slopes and 
drainage areas under steady-state conditions (Willett et al., 2014). If U 
and K exhibit spatial and temporal constancy, the steady-state solution 
of this problem can be expressed in equation (7), as elucidated by Perron 
and Royden (2013): 

z(x)= zb +

(
U

KA0
m

)1
n
χ (7) 

where z(x) represents the elevation of a point within the channel, zb is 
the elevation of the base level, and A0 is the reference drainage area. χ, 
representing an integral function of the position within the channel 
network, can be mathematically expressed as in equation (8): 

χ =
∫x

xb

(
A0

A(xʹ)

)m
n
dxʹ (8) 

In this computational pattern, z is represented along the vertical axis, 
while χ is depicted along the horizontal axis, constituting what is 
commonly referred to as the χ-plot (Perron and Royden, 2013). Conse
quently, the χ-plot serves as a frequently employed tool for deducing the 
regional relative bedrock uplift rate (Gallen and Wegmann, 2017). 

(7) Gilbert metrics and Chi (χ)

χ is one of the pivotal parameters utilized in delineating cleavage 
migration (Willet et al. 2014). Interpretations of χ anomalies require an 
assumption of comparable rock elevation, strength, and climatic con
ditions (Whipple et al., 2017). Consequently, disparate χ values may 
denote varying migration directions (Forte and Whipple, 2018; Whipple 
et al., 2017). To address this challenge, the Gilbert metric, which was 
initially proposed by Gilbert (1987) and later refined by Whipple et al. 
(2017), was introduced. Previous research has suggested that the 
amalgamation of Gilbert metrics and disparities in χ along the watershed 
divide can effectively delineate the divide’s present and potential 
migration directions in contemporary applications (Forte and Whipple, 
2018; Whipple et al., 2017). While χ furnishes insights into the pro
spective evolution of the drainage basin, the Gilbert metrics depict its 
current state (Forte and Whipple, 2018).

3.3. Analyzing the velocity distribution and slip rates with remote sensing 
data

A satellite navigation system operates by using satellites for geo
positioning. Global navigation satellite systems (GNSS) provide world
wide coverage through interconnected satellite networks. GPS systems 
are the most commonly used GNSS applications. GNSS data enables 
ground velocity modeling, which is particularly crucial in seismically 
active regions dominated by plate tectonics. A receiver determines its 
location within meters by measuring signal travel time from visible 
satellites. This method tracks relative displacement changes between 
stationary and moving areas over time. Each observation point yields 
displacement velocity in mm per year, with more points enabling more 
precise relative motion modeling. GNSS-based models characterize 
regional deformation through velocity magnitude, direction, and 
orientation. Continental interpretations from GNSS data assume stable 
plate regions and elastic-rebound theory between plates.

Unfortunately, only a few research studies (e.g., McClusky et al., 
2000; Reilinger et al., 2006; Kreemer et al., 2014; Kurt et al., 2023) fully 
include Türkiye in terms of geographical coverage. Generally, 
GNSS-based studies progress by revising and enriching the data from 
previous studies, which enables us to understand better the motion 
behavior of the area examined over a particular timeframe as new 
studies emerge. Since the publication dates of these studies were spread 
apart and their scope continued to expand, the velocity field and strain 
rate data from Reilinger et al. (2006) and Kurt (2023) were reprocessed, 
and velocity distribution maps were drawn for a part of East Anatolia 
covering the study area. In particular, the study by Kurt et al. (2023) is 
the most comprehensive study ever conducted for Türkiye in recent 
years, utilizing the latest state-of-the-art techniques and covering a long 
timeframe. The method provided excellent spatial coverage for our 
study and comparison of our findings. Furthermore, from Bilham et al. 
(2023), creepmeter measurements made after February 6, 2023, earth
quakes in certain areas within the study area of the present article were 
re-digitized and compared with known velocity models to understand 
the formation process of the earthquakes along with active deformation, 
particularly after the February 6 earthquakes.
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Fig. 2. (a) The distributions of the geological units (Akbaş et al., 2011) along the drainage basins on the DEM (USGS) (The dark area in the upper-right corner 
represents the course of the Fırat River) and (b) the fault geometry of the Pütürge segment on a topographic map with a 1:25,000 scale.
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4. Results

4.1. Kinematic analysis

Seventy-nine fault slip data points were measured from 15 sites on 
the north and south sides of the Şiro Valley (Fig. 2b). These measure
ments were obtained from the units lying along the fault zone to 
investigate the kinematic history and present-day stress conditions of 
the Pütürge segment along the EAFS (Fig. 2a). Kinematic analysis was 
carried out based on the deformation ellipsoid, considering the ~N60◦E 
trend of the Pütürge segment. The measured data were classified ac
cording to their pitch. The results of the kinematic analysis, presented in 
Table 2, reveal three distinct stress regimes. All kinematic sites except 
for two locations (PS-5 and PS-7) indicate strike-slip deformation of the 
EAFS and extensional deformation compatible with this strike-slip 
regime.

Fault slip data from kinematic sites PS-1 and PS-7 suggest a 
compressional stress tensor with a vertical σ3. The compressive stress 
tensors represent pure compressional (PS-7) and transpressional (PS-1) 
tectonic regimes, determined by the stress ratio (R) and stress regime 
index (R′) values. Kinematic sites exhibiting purely compressional tec
tonic regimes with a maximum stress axis direction (σ1) oriented NNE‒ 
SSW and transpressional tectonic regimes with a minimum stress axis 
direction (σ3) oriented NW‒SE affect the schists of the Upper Paleozoic 
Pütürge Metamorphics. PS-7, which exhibits a purely compressional 
tectonic regime, was found to have developed under a stress state in an 
approximately N‒S direction. This site reflects the prevailing stress state 
before the formation of the EAFS and is associated with the continental 
collision between the Arabian and Anatolian plates. The transpressional 
tectonic regime in the extensional stress regime, with an approximately 
NW‒SE orientation at site PS-1, was caused by the deformation of the 
EAFS.

Fault slip data from kinematic sites PS-2A, PS-4, PS-8, and PS-9 
indicate a strike-slip stress tensor with vertical σ2. These sites are 
characterized by strike-slip regime indexes (PS-2A, 4, and 8) and a 
transtensional regime index (PS-9), as determined by the calculated 
stress ratio (R) and stress regime index (R′). The maximum stress axes 
(σ1) for these sites are oriented NNE‒SSW (PS-4 and 9) and NE‒SW (PS- 
2A and 8), which deform both schists of the Upper Paleozoic Pütürge 
Metamorphics and Middle Eocene Maden Complex olistoliths, respec
tively. Principally, these sites exhibit sets of striking and subparallel 
faults with low pitch angles, reflecting the dominant strike-slip nature of 
the EAFS (Fig. 3a–c & d). Additionally, shear zones are observed on the 
outcrops along the Pütürge segment based on the fault geometry 

(Fig. 3e).
Fault slip data from kinematic sites PS-2B, 3, 5, 6, 10, 11, 12, 13, 14, 

and 15 indicate an extensional stress tensor with a vertical σ1. These 
sites exhibit variations in extensional regimes, ranging from extension 
(PS-3, 5, 6, 12, 13) to transtensional (PS-2B, 14, 15) and radial exten
sional (PS-10, 11) styles, as determined by the calculated stress ratio (R) 
and stress regime index (R′). Notably, the minimum stress axis (σ3) 
orientation (NE‒SW) at site PS-5, measured within the Upper Paleozoic 
schists, is not in harmony with the expected deformation pattern of the 
EAFS. Kinematic analysis of fault slip data from all other sites suggests 
that the extensional tectonic regime, characterized by a minimum stress 
axis (σ3) oriented NW‒SE, affected the Upper Paleozoic Pütürge 
Metamorphics and the Middle Eocene Maden Complex units. This 
extensional regime, represented by high pitch angles (Fig. 3b), is 
consistent with the overall deformation pattern and geometry of the 
Pütürge segment along the EAFS.

4.2. Morphometric analysis

4.2.1. Mountain front sinuosity index (Smf)
Smf values were computed for the mountain fronts adjacent to faults 

in the Şiro Valley. Calculations were conducted across four delineated 
regions along the northern and southern mountain fronts, revealing Smf 
values ranging from 1.3 to 1.6. Areas designated 1 and 3 yielded the 
lowest Smf values, while the highest Smf value was recorded in area 2 
(refer to Table 3 and Fig. 4). The relatively diminished Smf values 
observed in areas 1 and 3 suggest a comparatively flatter terrain profile 
compared to the other regions. By employing the classification system 
proposed by El-Hamdouni et al. (2008), the outcomes were categorized 
into three distinct classes: class 1 (high), ranging from 1 to 1.5; class 2 
(moderate), spanning from 1.5 to 2.5; and class 3 (low), exceeding 2.5. 
Notably, the data revealed an absence of values falling within the lowest 
class in the mountain block under investigation.

4.2.2. Valley floor width–valley height ratio (Vf)
The Vf values were calculated to elucidate the geometric attributes of 

the drainage basins. The Vf values were determined using transverse 
valley profiles located approximately 800 m above the mountain fronts 
(see Fig. 4). The Vf values ranged from 0.29 to 0.71, with the minimum 
observed in drainage area 7 and the maximum in drainage area 8 (refer 
to Table 3). Drainage areas 2, 3, 7, 9, and 10 exhibited a "V-shaped" 
geometry, while drainage areas 1, 4, 5, 6, and 8 manifested a "U-shaped" 
geometry. Following the classification system proposed by El-Hamdouni 
et al. (2008), the Vf values are categorized into three classes: class 1 (Vf 

Table 2 
Calculations of kinematic analysis of fault slip data measured from the Pütürge segment along the Şiro Valley (PS-1/4/5/6/7/9/11/13/14 and 15 denote the majority 
of the schist and amphibolite lithology within the Pütürge Metamorphics, respectively; PS-2A/2B/3/8/and 10 depict the olistolith lithology within the Maden 
complex).

Location Longitude Latitude N σ1 σ2 σ3 R R’ TR α

PS-1 38.776120◦ 38.228226◦ 3 25/013 27/270 52/139 0.17 2.17 TP 15.4
PS-2A 38.737999◦ 38.207990◦ 4 04/050 66/241 04/142 0.50 1.50 SS 1.6
PS-2B 38.737999◦ 38.207990◦ 4 74/217 14/008 07/100 0.75 0.75 TT 10.2
PS-3 38.729043◦ 38.220080◦ 10 68/188 20/034 09/301 0.51 0.51 PE 11.3
PS-4 38.718655◦ 38.181688◦ 5 01/184 66/277 24/094 0.71 1.29 SS 5.4
PS-5 38.714312◦ 38.179368◦ 4 73/138 15/349 08/257 0.36 0.36 PE 11.2
PS-6 38.694703◦ 38.169566◦ 3 54/023 36/208 03/116 0.50 0.50 PE 5.6
PS-7 38.676648◦ 38.157165◦ 4 05/185 09/094 80/300 0.58 2.58 PC 7.2
PS-8 38.662869◦ 38.155383◦ 6 27/223 50/096 27/238 0.46 1,54 SS 4
PS-9 38.672189◦ 38.147812◦ 11 25/010 60/155 15/273 0.77 1,23 TT 14.3
PS-10 38.669216◦ 38.146682◦ 5 77/002 09/230 09/139 0.10 0.10 RE 4.1
PS-11 38.668038◦ 38.136340◦ 2 69/027 18/236 10/143 0 0 RE 15.6
PS-12 38.697817◦ 38.146679◦ 3 73/171 13/032 11/300 0.50 0.50 PE 12.4
PS-13 38.755280◦ 38.186303◦ 4 76/086 10/222 10/314 0.67 0.67 PE 6.1
PS-14 38.785995◦ 38.201160◦ 7 90/000 00/190 00/100 0.86 0.86 TT 14.5
PS-15 38.785555◦ 38.200045◦ 4 81/220 08/014 04/104 0.76 0.76 TT 5.2

N: Number of measurements, D: Direction, P: Plunge, σ1, σ2, σ3: principal stresses (σ1 > σ2 > σ3), R: Stress ratio, R’: Stress regime index, TP: Transpressional, SS: Pure 
Strike-Slip, TT: Transtensional, PE: Pure Extensional, PC: Pure Compressive, RE: Radial Extensional, α: Misfit angle.
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≤ 0.5), class 2 (0.5 ≤ Vf < 1), and class 3 (Vf ≥ 1). As depicted in Table 
Z, the mean Vf values of the drainage basins align with those of class 2.

4.2.3. Asymmetry factor (AF)
The AF index, utilized to assess tilting and relative tectonic uplift 

within drainage areas, was computed for all ten delineated drainage 
areas. The calculated values ranged from 24 to 69, with higher values 
indicating tilting toward the southwest while lower values indicating 

tilting toward the northeast (see Table 3 and Fig. 4). The results reveal 
that 70% of the AF values exhibit an asymmetrical basin pattern, while 
30% reflect a symmetrical basin configuration. Following the classifi
cation standard suggested by El Hamdouni et al. (2008), the AF results 
are categorized into three different classes: class 1 (AF ≤ 35), class 2 (57 
≤ AF < 65 or 35 ≤ AF < 43), and class 3 (43 ≤ AF < 57).

Fig. 3. Outcrop (a&e) and fault plane (b, c, d) views of the Pütürge segment with the fault slip data observed in the basement rocks along the northern and southern 
edges of the Şiro Valley.

Table 3 
Morphometric parameters derived for the Şiro Valley.

Drainage Number Total Area (km2) Smf/C Vf/C AF/C Hi/C Bs/C Ksn/C Iat/C

1 308 1.3 1 0.54 2 69 1 0.47 2 1.94 3 87 2 2-H
2 40 0.34 1 56 3 0.45 2 3.74 2 100 2 2-H
3 11 0.39 1 24 1 0.32 1 3.76 2 57 3 1-VH
4 58 0.69 2 33 1 0.65 3 2.94 3 120 2 2-H
5 12 0.63 2 43 2 0.43 2 4.99 1 118 2 2-H
6 20 1.6 2 0.55 2 30 1 0.41 2 3.81 2 120 2 2-H
7 27 0.29 1 41 2 0.51 1 2.43 3 160 1 2-H
8 94 1.3 1 0.71 2 48 3 0.54 1 3.12 2 125 2 2-H
9 51 1.5 1 0.24 1 65 2 0.53 1 2.36 3 105 2 2-H
10 38 0.35 1 44 3 0.41 2 4.42 1 92 2 2-H
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4.2.4. Hypsometric integral and curve (HI and HC)
The HI and HC serve as analytical tools to explore the quantitative 

relationship between the area and elevation of the horizontal section of a 
drainage basin. They aid in assessing basin development stages by 
providing insights into the basin’s geomorphic evolution and landscape 
characteristics. In this manner, HI values were computed for each 
drainage basin within the study region (refer to Table 3), and HC curves 
were plotted (see Fig. 4). Analysis of these curves suggests that drainage 
area 4 in the northern part of the basin exhibits characteristics of a 
young basin, while drainage area 3 indicates a mature stage. Conversely, 
HC analysis suggested that drainage areas 8, 9, and 10 appear to be in 
the mature stage based on HI analysis. The computed HI values were 
classified into three categories according to the criteria given by 
El-Hamdouni et al. (2008). Class 1 (HI ≥ 0.5) corresponds to convex 
hypsometric curves, class 2 (0.4 ≤ HI < 0.5) corresponds to 
concavo-convex or flat S curves, and class 3 (HI ≤ 0.4) represents 
concave profiles. Overall, 40% of the HC profiles exhibit convex shapes, 
10% are concave, and the remaining 50% exhibit flat S curves.

4.2.5. Drainage basin shape (Bs)
The Bs index (e.g., circularity ratio or elongation ratio) was 

employed to investigate alterations in the shape of drainage basins 
induced by tectonic movements within the study area. The Bs values 
ranged from 1.94 to 4.99 (Table 3). The data analysis revealed that 
drainage areas 1, 4, 7, and 9 exhibited an elongated basin morphology, 
whereas areas 2, 3, 5, 6, 8, and 10 demonstrated a circular basin 
morphology. Following the classification system proposed by Ellias 
(2015), the obtained Bs values were classified into three distinct classes. 
Class 1 (Bs ≥ 4) designates elongated basins, class 2 (3 ≤ Bs < 4) denotes 
semi-elongated basins, and class 3 (Bs ≤ 3) signifies circular basins.

4.2.6. Normalized steepness index (ksn)
The ksn index was computed for the ten drainage basins to assess 

channel steepness and its potential correlation with tectonic activity. 
The calculated average ksn values ranged from 57 to 160. Noticeably, 
the ksn values tended to be higher near faults, particularly in upstream 

regions (see Fig. 4), where the distribution of knickpoints generally 
aligned with areas characterized by high ksn values. Moreover, ksn 
profiles delineated fluctuations in channel steepness along each river 
profile. In certain regions, these variations corresponded to faulting 
activities, while in others, they signified abrupt changes in terrain 
steepness, such as the presence of waterfalls (see Fig. 4). Furthermore, 
the ksn values were further stratified into three distinct classes: class 1 
denoted high values (ksn ≥ 150), class 2 represented average values (80 
≤ ksn < 150), and class 3 indicated low values (ksn ≤ 80). Subsequently, 
an evaluation of the ksn values for all the obtained basins suggested a 
transition toward class 2, manifesting moderate tectonic activity.

4.2.7. Gilbert metrics and χ
Notable variations and contrasts are observed in the χ maps (refer to 

Fig. 5) generated for the study area, particularly within drainage area 1. 
This observation is substantiated by Gilbert metric computations, which 
suggest a trend toward southward migration.

The primary drainage network was divided into three distinct sec
tions (D1, D2, and D3) for the northern regions to assess segmental 
migration, while a single segment (D4) was delineated for the southern 
regions (see Fig. 5). Subsequent computations of the Gilbert metrics and 
χ values revealed that segments D1 and D2 exhibit instability, suggesting 
potential southward migration. Conversely, all segments, except D1 and 
D2, demonstrated stability in their Gilbert metric profiles (see Fig. 6). 
Segment D1 encompasses drainage areas 1, 2, and 3, coinciding with the 
vicinity of the graben boundaries of the main faults. It is quite 
conceivable that tectonic activity, specifically movement along faults, 
which contributes to southward migration, could intensify uplift in this 
region, potentially resulting in the southward displacement of the cen
tral segment lineament.

Fig. 4. Representation of the morphometric indices applied along the main river branches of the drainage basins created throughout the Şiro Valley on the digital 
elevation model. ksn: normalized steepness index with knick points (KP), Bs: basin shape geometry, Vf: ratio of valley floor width to height, Smf: mountain front 
curvature, EAFSZ-PüS: East Anatolian Fault System-Pütürge Segment, BSZ: Bitlis Suture Zone (The dark area in the upper-right corner represents the course of the 
Fırat River).
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Fig. 5. χ map of the Şiro Valley.

Fig. 6. Histograms of the divide metrics (Gilbert metrics and χ) for the D1, D2, D3 and D4 segments (histograms with white‒red rectangles represent drainage basins 
in the north, while histograms with black fills represent drainage basins in the south). All calculations for the Gilbert metrics and χ were determined starting from the 
1000 m elevation level). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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5. Discussion

5.1. On the existing stress distribution along the Pütürge segment of the 
EAFS

This section discusses the stress distribution along the Pütürge 
segment of the East Anatolian Fault System (EAFS). The Pütürge 
segment branches out extensively in the southwestern part of Hazar 
Lake, forming a stepped morphology and a wide deformation zone. This 
zone continues toward the Euphrates River valley, creating deep can
yons by merging fault branches and thereby developing a narrow 
deformation zone. The Pütürge segment, identified as the asymmetrical 
counterpart of Hazar Lake, exhibits a wide deformation zone as it 
branches again in the Şiro Valley from the Euphrates River valley. In 
areas where the deformation zone expands, faults become more parallel 
and exhibit significant normal components, indicating an oblique-slip 
faulting mechanism. This extensional tectonic regime, acting alongside 
the strike-slip regime, has led to the development of stepped 

morphology in these areas (Çetin and Güneyli, 2002; Akgün and İnceöz, 
2021).

Fig. 7 presents fault-plane solutions retrieved from the hub of the 
Disaster and Emergency Management Presidency of Türkiye (AFAD) 
(https://deprem.afad.gov.tr/event-focal-mechanism), categorized using 
earthquakes that occurred in the East Anatolia region and for which 
focal mechanisms were resolved. Additionally, Fig. 7 b displays fault 
solutions for earthquakes specifically occurring within the capture ba
sins examined in this study and their vicinity. Accordingly, while the 
major earthquakes (Mw ≥ 5.0) in the main branches of the EAFS are left- 
lateral strike-slip earthquakes in accordance with the main character
istics of the NW dipping fault (Eyidoğan, 2021), others also exhibit 
normal components within the fault and its nearby branches. InSAR 
analyses of Sentinel-1 data following the 2020 Sivrice-Doğanyol earth
quake revealed vertical displacements ranging from − 19 cm in the 
northeastern part to 32 cm in the southwestern part of the Pütürge-
Doğanyol (Malatya) settlements (Karslıoğlu et al., 2021). While the 
significant vertical displacement in the southwestern region and the 

Fig. 7. Maps of the fault-plane solutions; a for all ranges of the EAFS, b for the study area that covers the drainage basins resting in the Şiro Valley.

E. Akgün et al.                                                                                                                                                                                                                                   Journal of Structural Geology 190 (2025) 105293 

11 

https://deprem.afad.gov.tr/event-focal-mechanism


observed subsidence are lithologically related (Karslıoğlu et al., 2021), 
these findings also align with the geometry and transtensional kinematic 
behavior of the Pütürge segment along the Şiro Valley. By examining the 
study area and the identified basins more closely in Fig. 7 b, it can be 
seen that the earthquake frequency is greater in the basins in the western 
direction of the valley. In addition, in this article, earthquakes occurred 
on new faults that moved along the valley bottom line and into the 
basins. This is an excellent example of the fact that essentially unmapped 
areas still exist in the region. In parallel, Fig. 7b clearly shows that there 
is a persistent earthquake cluster in an area that is not on the active fault 
map between 38◦ and 35◦E. Although this area is beyond the scope of 
this study, it indicates that many active faults or fault mechanisms in the 
region are waiting to be identified.

The Şiro Valley is not limited by fault control on its southern edge, as 
depicted in the active fault map (Duman and Emre, 2013). However, 
both sides of the valley are faulted, forming a broad strike-slip shear 
zone with a normal component. Like Hazar Lake, the Şiro Valley pre
sents a topography with steeper slopes along the southern edge and 
gentler slopes along the northern edge, likely due to the varying 

distances from faults (Çetin and Güneyli, 2002; Çetin et al., 2003). Left 
lateral deformation and the accompanying dip-slip movement mecha
nism were observed morphologically along the Pütürge segment. 
Several geological structures throughout the Pütürge segment charac
terize sinistral deformation. These include alluvial fans that developed 
under fault control, elongated ridges that developed parallel to the fault, 
left-lateral offsets in drainages, cut triangular surfaces, and 
fault-controlled stream terraces (Fig. 8).

Apart from the different stream terrace levels elevated by the 
Pütürge segment around the Şiro Valley, there are generally meta
morphic and complex basement units throughout the valley. Analysis of 
fault data from the northern and southern edges of the Şiro Valley re
veals a strike-slip stress regime with coexisting extensional tectonics 
within the Pütürge segment of the EAFS. The deformation zone widens 
as the segment branches again in the Şiro Valley from the Euphrates 
River valley. Furthermore, Lyberis et al. (1992) mapped the 
NW-trending conjugate fault sets crossing the Şiro Valley along the 
Pütürge segment using satellite imagery. Stream terrace levels 
controlled by the branches of the Pütürge segment along the Şiro Valley 

Fig. 8. Faulting view of the T1 terrace-level fault plane with fault striations in the southwestern Gölkan (a&b) and Çaygören (c&d) on the northern coast of the Şiro 
Valley. Offsets at terraces deformed by the Pütürge segment.
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are deformed by NW-oriented conjugate faults with vertical displace
ments of up to approximately 1 m (Fig. 8 ab), demonstrating the tectonic 
activity of the segment. The 35◦ pitch angle indicates a 
strike-slip-dominated character with a normal faulting component 
(Fig. 8b). Specifically, the elevation difference at river terrace levels is 
influenced by the development of normal faults due to the extensional 
tectonic regime (Fig. 8).

The transtensional tectonic regime accompanying the recent strike- 
slip deformation aligns with paleostress results and stress states re
ported by Akgün and İnceöz (2021). Furthermore, the stress directions 
and tectonic regimes calculated based on the focal mechanism solutions 
of the earthquakes indicate active strike-slip tectonics (R’: 1.42–1.51 ±

0.28) with a maximum horizontal stress-oriented NNE‒SSW (SHmax: 
N20◦-28◦E±13.1◦) throughout the Pütürge segment (Akgün, 2021; 
Harzali et al., 2023). The kinematic analysis of the extensional and 
conjugate structural elements accompanying the main fault in the left 
lateral deformation model reveals various tectonic regimes, including 
purely strike-slip, purely extensional, radially extensional, transten
sional, and transpressional regime indexes with NNE‒SSW SHmax and 
NW‒SE SHmin throughout the Şiro Valley. These kinematic sites depict 
the recent deformation phase of the extensional tectonic regime asso
ciated with the strike-slip tectonic regime along the Şiro Valley (Fig. 9). 
Kinematic analysis at several locations (PS-5 and PS-7) suggested 
deformation from ancient periods. These kinematic locations reflecting 

Fig. 9. Representation of the lower hemisphere stereo plots of the analysis of kinematic data associated with the measured deformation of the Pütürge segment along 
the Şiro Valley and schematic view of the left lateral deformation ellipsoid.
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different phases under the influence of compressional and extensional 
stress states in different directions have been compared and associated 
with studies that reveal the regional stress states and plate motion re
lationships suggested for the Eastern Mediterranean (Şengör et al., 1985; 
Dercourt et al., 1986; Muehlberger and Gordon, 1987; Lyberis et al., 
1992; Herece, 2008; Kaymakçı et al., 2010). The NE‒SW extensional 
regime is associated with Paleocene basins formed by rapid uplift and 
erosion following subduction in the Maastrichtian period (Fig. 9). The 
NE‒SW extensional regime observed at PS-5, based on kinematic data 
from Paleozoic schists, is characteristic of the Maastrichtian phase 
(Herece, 2008), which was identified as the earliest tectonic phase 
(Kaymakçı et al., 2010).

Paleozoic-Mesozoic-aged metamorphic units within the study area 
were pushed onto the Miocene basin by thrust faults due to N‒S trending 
maximum horizontal stress that started during the late Serravalian 
period (Herece, 2008). This compressional regime reflects the closure of 
the Neotethys Ocean and the onset of continental collision, leading to 
E-W-trending reverse faults and fold axes in the Eastern Mediterranean 
(Fig. 9). In addition to thrust and fold formations during this deforma
tion phase, where the convergence between the Arabian and Eurasian 
plates changes in a counterclockwise manner (Navabpour et al., 2007), 
the deformation is also related to conjugate strike-slip faults and oblique 
faults with reverse components (Herece, 2008). The N‒S compressional 
regime observed at PS-7, based on kinematic data from Paleozoic schists, 
is characteristic of the middle-late Miocene phase (Herece, 2008), which 
was identified as the fourth tectonic phase (Kaymakçı et al., 2010).

5.2. The relative tectonic activity of the Pütürge segment in the Şiro Valley

Morphometric indices serve as valuable instruments for assessing 
relative tectonic activity, particularly in regions with limited in
vestigations into tectonic dynamics, such as the Pütürge segment of the 
EAFS. Nonetheless, it is crucial to recognize that these indices are prone 
to the influence of various external factors, potentially leading to mis
interpretations and ambiguous tectonic analyses (Keller and Pinter, 
2002; Kirby and Whipple, 2012). Notably, climate emerges as one of the 
foremost elements exerting control over erosion rates, thereby signifi
cantly influencing landscape evolution (Whipple, 2009).

Within the active orogenic regions of East Anatolia, climate-driven 
denudation has emerged as a notable external mechanism that pro
motes surface uplift over short timescales, primarily driven by rapid 
fluvial discharge (Cederbom et al., 2004; Menéndez et al., 2008; 
Whipple, 2009). This intricate interplay between climate dynamics and 
erosion rates profoundly influences the configuration of river profiles 
and the adjustment of drainage systems within newly established equi
librium (or disequilibrium) states. Consequently, this process governs 
the overall topographic relief and dreinage asymmetry observed within 
active tectonic regions (Willett, 1999; Roe et al., 2003).

Lithological disparities can significantly impact landscape and river 
profiles, as pronounced variations in bedrock erodibility exert a pro
found influence on geomorphic indices associated with incision pat
terns, such as the ksn index (Whipple and Tucker, 1999; Kirby and 
Whipple, 2001; Whittaker et al., 2008). Furthermore, these disparities 
may also alter analyses of the χ index in divide migration analysis (Forte 
and Whipple, 2018a). In that sense, the drainage basin situated along the 
Pütürge segment provides an exceptional opportunity for rigorous 
geomorphological analysis.

In this investigation, we employed Selby’s (1980) rock strength 
scales, following methodologies similar to those used in prior studies (e. 
g., El Hamdouni et al., 2008; Alipoor et al., 2011; Topal et al., 2016; 
Softa et al., 2018; Softa, 2022), which are based on the rock unit and 
cementation type, thus highlighting that rocks are more resistant to 
weathering and fluvial erosion. The classification of rock strength en
compasses categories ranging from very low (e.g., alluvium, terraces) to 
low (e.g., conglomerate, sandstone, claystone), moderate (e.g., mélange 
deposits), and high (e.g., gabbro and metamorphics).

The Pütürge segment comprises a diverse array of rock formations, 
including Paleozoic intrusive structures, Paleozoic-Mesozoic Puturge 
Metamorphics, Middle Eocene Maden melange, Miocene clastic de
posits, and Plio-Quaternary terraces and alluvium. In particular, sharp 
spikes in ksn values are readily discernible within regions characterized 
by homogeneous lithological compositions. These variances exhibit a 
striking alignment with fault lines and their associated tributaries by 
juxtaposing the underlying river profile with active structure, rock 
hardiness attributes, and associated geological features. This context 
lends itself to the identification of both lithological and tectonic knick
points. Intriguingly, past investigations have failed to document land
slide activity in this area. The residual ksn values exhibit a robust 
correlation with rock erodibility, primarily stemming from the juxta
position of the Pütürge metamorphics and Maden Melange rocks.

Formed by the left-lateral strike-slip Pütürge segment, the Şiro Valley 
lies at the center of a debate regarding the nature of the fault. The left- 
lateral strike-slip nature of the Pütürge segment is supported by Emre 
et al. (2018) and Duman and Emre (2013), while Çetin et al. (2003)
argue that it exhibits a more complex scenario, including both 
left-lateral strike-slip behavior and normal fault characteristics, partic
ularly along the NE-SW-directed Şiro Valley. Despite the ongoing debate 
regarding the exact classification of the Pütürge segment, geological and 
geomorphological evidence confirms its role as an active tectonic 
boundary for the Şiro Valley, in agreement with Khalifa et al. (2018).

The valley is bordered by active strike-slip faults dipping to the 
southeast and northwest, with a significant normal fault component. 
This characterization is supported by morphometric analysis of ten large 
to moderate drainage basins controlled by the fault system.

Noticeably, the Şiro Valley is constrained by southeast- and 
northwest-dipping active strike-slip faults, predominantly demon
strating a normal fault component. This characterization is supported by 
morphometric analyses of ten large to moderate drainage basins 
controlled by the fault system. In this comprehensive analysis, a variety 
of morphometric indices, such as Smf , Vf , AF, HI, HC, Bs, and ksn, were 
employed to evaluate the drainage areas impacted by the Pütürge 
segment. Furthermore, this analysis additionally incorporated the Iat 
index, which combined the results from the individual geomorphic 
indices. This combined index provides a more comprehensive under
standing of the spatial distribution of relative tectonic activity across the 
drainage basins affected by the Pütürge segment.

Uplift rates are commonly estimated, and relative tectonic activity is 
assessed using Smf and Vf. By analyzing Smf values from mountain 
fronts adjacent to the Pütürge segment and Vf values from its drainage 
areas, the fault activity and uplift rates can be inferred. These 
morphometric analyses, particularly those of Smf and Vf , become more 
instrumental in estimating long-term slip rates and understanding 
relative uplift rates through regression analyses, as proposed by Rock
well et al. (1984). Smf , which serves as a dual indicator of erosion and 
tectonic activity, reveals diverse linear patterns of mountain fronts 
across various elevation gradients within a specified region (Rockwell 
et al., 1984; Koukouvelas et al., 2018). This dynamic interplay, driven 
by both erosional processes and tectonic forces, often results in moun
tain fronts exhibiting broader and more sinuous curvatures (Bull and 
McFadden, 1977).

The Smf values we obtained indicate a significant level of tectonic 
activity across all mountain fronts. Remarkably, the S1 and S3 segments 
show the lowest Smf values, in contrast to the highest values recorded in 
the S2 and S4 segments (Fig. 10). Consequently, the relatively subdued 
tectonic activity suggested by the Smf values in the S1 and S3 segments 
corresponds to mountain fronts with flatter profiles than those in other 
regions.

Vf serves as a pivotal geomorphic index for delineating the domi
nance of tectonic or erosional processes within a basin. Low Vf values 
highlight heightened tectonic activity, fostering the formation of V- 
shaped valleys, while high Vf values indicate the prevalence of fluvial or 
bed-level erosional processes, resulting in U-shaped valleys (Bull and 
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McFadden, 1977). In particular, drainage basins 2, 3, 7, 9, and 10 exhibit 
the lowest Vf values, indicative of V-shaped valleys, while drainage 
basins 1, 4, 5, 6, and 8 display elevated values, reflecting U-shaped 
valleys attributed to dominant erosional regimes during tectonic activity 
(Table 3, Fig. 10).

The combination of morphological traits that signal a linear moun
tain front, coupled with low Smf and Vf values and supported by seismic 

data (Londono et al., 2020), collectively underscores the active nature of 
the Pütürge segment, which is characterized by oblique transtensional 
kinematics. Our analysis reveals ostensibly subdued Smf and Vf values, 
indicating that this segment is an active mountain front with an inferred 
empirical uplift rate exceeding 0.5 mm/yr (Fig. 10). Intriguingly, high 
ksn values, along with knickpoints and stream deflections, further fortify 
the evidence of Quaternary activity along the Pütürge segment of the 
EAFS. Morphometric uplift rates in transtensional tectonic regimes often 
display significant spatial variability. Regions primarily influenced by 
extensional forces tend to experience lower uplift rates or subsidence, 
whereas areas affected by block rotation, fault interaction, or localized 
compression frequently exhibit higher uplift rates. These rates, inferred 
from geomorphic indices such as river terraces or fault scarp heights, 
provide critical insights into regions where vertical movements are most 
pronounced within transtensional tectonic settings (Burbank and 
Anderson, 2011). The transtensional tectonic regime dominating the 
Şiro Valley, characterized by a significant normal fault component 
combined with strike-slip motion, drives both the valley’s subsidence 
and its geomorphic development. Furthermore, the fault geometry and 
oblique characteristics of the Pütürge segment and block rotations along 
the East Anatolian Fault System (EAFS) contribute to the increased uplift 
rates observed in this region.

In drainage basin analyses, symmetrical characteristics along the 
main river flanks are typically assumed. However, regional-scale factors, 
including resistant rock unit collapse, tectonic tilting, or fault zones 
(acting independently or in combination), can induce lateral river 
migration, resulting in asymmetric drainage areas on opposite sides of 
the main channel. Utilizing the AF indices to assess the lateral migration 
of the main river enables the determination of the tilt direction within 
the drainage area. The results indicate a marked asymmetric pattern in 
70% of the drainage basins, while the remaining 30% exhibit a sym
metric pattern (Table 3). This evidence underscores that a significant 
portion (70%) of the drainage basins have experienced surface tilting, 
primarily directed eastward in the vicinity of the Şiro Valley, controlled 
by the Pütürge segment (Fig. 10).

The HI-HC index is a crucial morphometric tool that offers insights 
into relatively active tectonic movements and dynamic erosion factors 
influenced by various elements, including climatic conditions, rock 
strength, erosion dynamics, and active fault activity (El Hamdouni et al., 
2008; Softa, 2022). Analysis of the estimated HI values across basins 1 to 
10 reveals a range of basin developmental stages. Higher HI values 
indicate youthful and mature basins, except for basin 3. Conversely, 
lower HI values suggest more advanced stages of basin evolution, 
particularly in the eastern extent of the fault-controlled basin. 
Flat-S-shaped or mature basins are partly attributed to rejuvenation 
processes facilitated by fault connections within the Pütürge segment. 
Additionally, many basins exhibit elongated or semi-elongated mor
phologies. Consistent with the classification by Ellias (2015), drainage 
basins 1, 4, 7, and 9 are categorized into class 3, indicating rapid uplift 
processes (Fig. 10).

The short-term evolution of landscapes relies on geomorphological 
insights derived from drainage basins, facilitating a more profound 
understanding of erosion dynamics and the ongoing interplay between 
rock uplift and climatic factors (Keller and Pinter, 2002). Given the 
uniform geology and minimal climatic variability within the Şiro Valley 
and its vicinity, the identification of multiple knickpoints accompanied 
by increased ksn values along the analyzed drainage basins offers 
compelling evidence of ongoing incision and erosion processes. This 
activity is potentially attributable to ongoing tectonic activity in the 
study area. Mainly, the occurrence of stream knickpoints and increased 
ksn values predominantly situated northwest of the Şiro Valley, where 
notable tectonic landforms are more prevalent (Fig. 10), suggests the 
presence of Quaternary active faults and a concurrent phase of active 
incision upstream. The ksn index has emerged as an exceptionally 
responsive tool for capturing variations in erosion rates, thereby 
furnishing crucial insights into regional uplift patterns (Ouimet et al., 

Fig. 10. Distribution of relative tectonic activity and geomorphic index classes 
in drainage basins in the Şiro Valley (The dark area in the upper-right corner 
represents the course of the Fırat River).
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2009; Kirby and Whipple, 2012).
The distribution of knickpoints across a topography is valuable for 

deciphering regional strike-slip tectonics with a normal component. For 
example, progressive variations in rock uplift rates should manifest as 
knickpoints distributed evenly along uniform contour lines, assuming a 
consistent vertical propagation rate dictated by stream erosion dynamics 
(Whipple and Tucker, 1999; Wobus et al., 2006; Whipple et al., 2013). 
Conversely, sudden shifts in rock uplift rates typically appear as straight 
patterns, often aligning with structural trends, and are indicative of 
detached strike-slip tectonics linked to normal faulting processes 
(Whipple et al., 2013). The prevalence of elevated ksn values following 
the NE‒SW striking Pütürge segment within the broader region is 
noticeable even to the bare eyes; however, some deviation in ksn values 
near the drainage divide suggests differentiated activity within the 
segment. Geochronological data from the literature on the river terraces 
affected by the Pütürge segment (Çetin et al., 2003) signified rapid 
exhumation during the Pleistocene epoch. This remark indicates that 
sustained fault activation extended back at least 11,000 years, followed 
by a phase of tectonic quiescence and subsequent uplift events since the 
Quaternary, culminating in northwesterly migration under the influence 
of the NE-SW-striking Pütürge segment.

Furthermore, all morphometric indices were collectively assessed 
following the criteria outlined by El Hamdouni et al. (2008) to delineate 
classes of relative tectonic activity. The classification included four 
categories: very high (1.0 < Iat <1.5), high (1.5 < Iat <2), moderate 
(2.0 < Iat <2.5), and low (Iat >2.5). Our analysis revealed a concen
tration of high tectonic activity along the entirety of the Pütürge 
segment, predominantly characterized by its normal fault component. 
However, while drainage basins in the northern valley exhibit rather 
high tectonic activity, the southern periphery of this valley demonstrates 
high tectonic activity (Fig. 10). This disparity stems from differential 
uplift mechanisms, possibly influenced by the greater activity of the 
strike-slip fault in the northern branch of the Şiro Valley compared to its 
southern counterpart, as Topal and Softa (2023) suggested.

Our analysis of divide stability reveals variations in how drainage 
divides have moved over time. In dynamic landscapes, the incessant 
migration of watershed divides stems from the geometric interplay 
among neighboring basins featuring diverse erosion rates and altitudes 
(Goren et al., 2014). The variations in relief and gradient observed in 
segments D1 and D2 (see Fig. 5), particularly the high ksn values and 
increased uplift rates, suggest that these divides are undergoing active 
southwestward migration. Numerical simulations by Whipple et al. 
(2017) show that river profiles rapidly adjust to tectonic disturbances 
before drainage migration begins. In that sense, we propose that 
anomalies in relief and gradients in segments D1-2 (see Fig. 5) represent 
an early stage of southwestward divide migration.

While the χ values along the basins in the Pütürge segment show 
profiles ranging from straight to smoothly convex (e.g., Basins 1, 2, 4), 
these deviations from the expected linear trend indicate a recent 
disruption (Perron and Royden, 2013; Willett et al., 2014). Nonetheless, 
this disruption has not yet substantially impacted the stability of the 
divide or the sizes of the drainage basins on either side (see Fig. 5). 
Therefore, divide analysis for segments D3 and D4, using Gilbert metrics 
and χ, suggests a stable divide under transient, quasi-steady-state 
conditions.

5.3. Slip rate interpretation of the Pütürge segment along the Şiro Valley

Early estimates of the slip rate along the EAFS vary according to the 
data collection and analysis method. Overall, geological observations 
suggest a slip rate between 4 mm and 13.5 mm/year (Arpat and Şaroğlu, 
1972; Seymen and Aydın, 1972; Yürür and Chorowicz, 1998; Koçyiğit 
et al., 2001; Aksoy et al., 2007; Herece, 2008). Kinematic analysis 
models, which provide a different approach but are compatible with slip 
rates, indicate rates ranging from 7.8 mm to 19 mm per year (Lyberis 
et al., 1992; Westaway, 2004, 2006). Cavalié and Jonsson (2014)

proposed a slip rate of approximately 13 mm per year using interfero
metric synthetic aperture radar (InSAR) technology. However, as Kurt 
et al. (2023) emphasized, it becomes challenging for InSAR to represent 
the actual values in areas experiencing ongoing creep precisely. In 
addition, GPS measurements, another crucial and up-to-date data 
source, show slip rates of 4 mm–15 mm/year along the EAFS, while each 
study provides figures in this broad slip rate array (Oral et al., 1992; 
Barka and Reilinger, 1997; McClusky et al., 2000; Westaway, 2003; 
Reilinger et al., 2006; Özener et al., 2010; Aktuğ et al., 2016). Walters 
et al. (2014) compared the slip rates inferred from InSAR and GPS data 
and demonstrated that while slip rates can be calculated from InSAR 
data alone without GPS data, certain crucial factors (e.g., crustal rota
tion) can lead to erroneous results. Finally, seismological analysis pro
vides a broader range of estimated slip rates than previous methods, 
varying from 6 mm to 31 mm/year (Taymaz et al., 1991; Kiratzi, 1993).

Along with slip movement, the locking depth is used to evaluate slip 
rates up to the state where creeping is active. The locking depth refers to 
the depth within the crust where tectonic plates are thought to be 
effectively locked together due to apparent friction along a fault line, 
thereby preventing movement. This depth represents the depth below 
which the strain accumulates along the fault due to the movement of 
tectonic plates, potentially leading to earthquakes when the accumu
lated strain is released. Among various findings, Walters et al. (2014)
presented two crucial remarks for understanding the EAFS, particularly 
the Pütürge Segment. One finding indicates that the average locking 
depth for a large region covering the Pütürge segment is approximately 
25 km, slightly more significant than the earthquake hypocentral depth 
but not abnormal for an area with active seismicity that mainly produces 
shallow and moderate earthquakes. However, this figure is generally 
slightly more significant than the average locking depth for the EAFS, as 
in the same study.

Similarly, as ongoing movement persists in the region, this phe
nomenon signifies that stress accumulates along the fault and is active. If 
this stress is released through an earthquake, it can lead to significant 
seismic activity depending on various factors, such as the magnitude of 
the earthquake and the depth of the epicenter. The second observation 
of Walters et al. (2014) emphasized segmented behavior, contradicting 
the early belief that the EAFS behaves as a block-like structure. Çakır 
et al. (2023) examined slips in the aftermath of the January 2020 Mw 
6.8 Elazığ earthquake and offered some critical insight into both the 
progression of regional seismicity and the concept of creeping faults in a 
general sense. They noted that the areas of strike-slip faults where 
movement is gradual might halt or weaken earthquake activity, 
commonly ascribed to their limited potential for slip or to the frictional 
properties of the faulting planes, making movement less likely with 
increased friction. An overarching remark drawn from the observations 
made by Çakır et al. (2023) is that the spatial alignment of slip distri
butions across different time periods indicates a dynamic compensation 
mechanism within fault systems.

By recompiling and analyzing data from the two most well-known 
studies based on GPS data, namely, Reilinger et al. (2006) and the 
more up-to-date Kurt et al. (2023), we present the distributions of 
annual ground velocities specific to the study area and its vicinity in 
Figs. 11 and 12. Fig. 11 an illustrates that the examined drainage basins 
are experiencing steady motion, while Fig. 11b reveals two distinct 
movement characteristics within the Şiro Valley. The northern basins 
exhibit motion with a velocity of 18 mm/year, whereas the southern 
basins and some portions of the northern basins are moving at a slightly 
slower pace, approximately 1 mm/year less than their northern coun
terparts. Interestingly, the delineation of movement begins from the new 
fault traces identified during our fieldwork. Additionally, our analysis 
indicates that the northern basins are more active than the southern ones 
according to morphometric indices, which aligns with the overall 
portrayal in Fig. 11b. Fig. 11c depicts the time-weighted deformation 
over the period between 2006 and 2024, derived from two models, 
while Fig. 11d displays the average deformation values from the two 
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Fig. 11. a) Ground velocity distribution from Reilinger et al. (2006). b) Ground velocity distribution from Kurt et al. (2023). c) Time-weighted average deformation 
values from the two velocity models over the time span (2006–2024). d) Average deformation values from the two velocity models over time (2006–2024). e) 
Examined basins and cross-sections. f) Deformation profiles along the cross-sections drawn on the basins.
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velocity models over the same time span.
In the time-weighted computation, the model proposed by Reilinger 

et al. (2006) takes precedence, significantly influencing the deformation 
pattern. Conversely, the values from Kurt et al. (2023) introduce alter
ations to this pattern. However, when averaging the values from both 
models, the resulting deformation pattern aligns more closely with the 
original model by Kurt et al. (2023). Fig. 11c delineates two deformed 
zones, roughly east and west, while Fig. 11d further defines two defor
mation zones oriented north and south. The observations from Fig. 11c 
corroborate our previous findings regarding the movement of the basins. 
Nevertheless, over the 18-year deformation period, there is a notable 
difference in total deformation between basins in the two different 
zones, amounting to 10 mm. This figure indicates that the basins are 
experiencing relative motion within themselves at a 0.55 mm/year 
velocity.

Fig. 11e displays all the basins examined and cross-sections drawn, 
while Fig. 11f illustrates the deformation profiles along the cross- 
sections outlined in Fig. 11e. Notably, the valley bottom and the main 
fault line track exhibit nonlinear motion, with the eastern tip of the 
valley experiencing the highest velocity, consistent with the observa
tions in Fig. 11c and the abovementioned observations. Sections D-D and 
C-C demonstrate the most rapid separation, followed by section A-A. Our 
field observations and morphological analysis revealed that basins 1 and 
4 exhibit faster movement than the other basins. Additionally, it is 

evident from this analysis that basin ten is developing at a slower pace 
than basin 7.

It is evident from the instrumental seismic record that the EAFS ex
periences relatively fewer large, catastrophic earthquakes than the 
North Anatolian Fault Zone (NAFZ). However, the EAFS has a history of 
significant seismic activity predating the instrumental era, as Pousse-
Beltran et al. (2020) summarized. This seismic quiescence changed after 
the January 2020, 24, Mw: 6.8 Sivrice (Elazığ) earthquake, which 
occurred on the Sivrice-Pütürge segment. Konca et al. (2021) developed 
a kinematic faulting model using strong ground motions, GNSS, tele
seismic waveforms, and InSAR data, revealing a rupture of approxi
mately 45 km along the Sivrice-Pütürge segment. Additionally, Tatar 
et al. (2020) conducted large-scale field investigations and computa
tional models and revealed that while early expected or postulated 
long-range surface faulting was not observed, some short-range surface 
deformations were detected.

For a considerable time, the absence of surface rupture following the 
recorded Mw: 6.8 earthquake along the Pütürge fault puzzled re
searchers and led to numerous attempts at explanation. Despite the 
magnitude of the earthquake, Pousse-Beltran et al. (2020) demonstrated 
and justified a significant lack of slip along the Pütürge fault at shallow 
depths. This deficiency in slip implied that the earthquake did not fully 
release all the accumulated stress or that the stress release occurred 
further from the fault surface than expected. Furthermore, the gradual 

Fig. 12. a) Coseismic displacement during the February 6, 2023 earthquake doublet, b) Location map of the examined basins of the Şiro Valley and reference points 
for slip comparison, c) slip measurements against elapsed time at the reference locations after the doublet, d) difference between the annual infield deformations and 
GPS-based velocity measurements.
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fault movement after the main seismic event was insufficient to 
compensate for this deficit. Essentially, even after the mainshock and 
subsequent minor adjustments in the fault (afterslip), there remains an 
unaddressed gap in stress release at shallow depths, which could impact 
the seismic behavior of the fault in the future. Tatar et al. (2020)
explored the same challenge and linked the absence of anticipated sur
face ruptures along the Pütürge segment post-2020 earthquake to 
various factors, including the limited extent of left-lateral strike-slip 
movement to the surface, the left-lateral rotational motion of the fault 
around a vertical axis during the quake, the restraining bend nature of 
the Pütürge segment, and the dominant influence of the Pütürge meta
morphic rocks along the fault line.

On the one hand, in simpler terms, subshear rupture refers to a 
motion whose speed is slower than the speed at which shear waves 
propagate through the crust. On the other hand, supershear rupture is 
expected to occur when the speed of the rupture motion far exceeds the 
shear wave speed of the material surrounding the fault plane. All the 
shear in the 2020 earthquake fell into the subshear category. According 
to Ren et al. (2023), the 2023 doublet earthquake on the EAFS generated 
shear cycles that propagated in two directions during each significant 
earthquake. Ren et al. (2023) argued that during the M7.5 earthquake, 
the second of the doublet, the two-pronged rupture exhibited apparent 
sub- and supershear movements, initiating motion in the Pazarcik 
segment, with its main effects being buffered in front of the Pütürge 
segment. Barbot et al. (2023) interpreted this behavior as the rupture 
halting its southward movement where the EAFS ends while diminishing 
northward into the Pütürge segment, indicating a seismic gap with 
significant seismic risk associated with as yet underdeveloped faulting 
systems.

Recent analyses of seismic events, including the Sivrice earthquake 
and the 2023 doublet, massively underscore the complex conundrum of 
the seismotectonics and structural dynamics of the East Anatolian Fault 
system. The unusual and unexpected slip amounts evidenced in the 2023 
events indicate that they could belong to a larger supercycle pattern, 
suggesting significant underlying fault complexity (Billi et al., 2024). 
The Mw 7.8 earthquake’s rupture involved at least three primary seg
ments and was initiated along uncharted fault lines, revealing previously 
undiscovered intricacies within the EAF system (Magen et al., 2024). 
Notably, the Mw 7.6 aftershock generated more significant surface off
sets (8.5 m) than the mainshock, showcasing more complex stress in
teractions across the fault segments than previously thought (Magen 
et al., 2024). It was noted that the differences in seismic slip distribution 
and stress release among various segments highlight the tectonic het
erogeneity of the all-out system (Chen et al., 2024). More so, historical 
seismic patterns revealed an apparent southwestward migration of 
earthquake clusters, implying a mechanistically systematized stress 
transfer throughout the complete fault system (Karabulut et al., 2022; 
Billi et al., 2024). Having all these remarks taped, these findings directly 
manifest that the Pütürge segment functions within an intricately 
interconnected fault network, where stress transfer and rupture dy
namics are more complex than previously understood, highlighting the 
need for more detailed seismic hazard assessments in the area.In that 
sense, we compiled various datasets and generated a composite figure to 
illustrate the extent of coseismic and postseismic movement along the 
Pütürge fault. In Fig. 12a, the Earth’s deformation and direction of 
movement resulting from the doublet earthquake are depicted in color. 
The basin zones of the Şiro Valley investigated in our study are situated 
just beyond where the westernmost deformation ends. Upon examining 
the moving fault segments, deformed fault lines are observed at the 
onset of the western tip of the main fault trunk dividing the valley. This 
remark suggests that despite massive slip amounts and stress drops 
observed in the EAF system, the Pütürge segment remained locked 
during the doublet earthquakes. Additionally, despite extensive field
work, we did not observe a tractable prolonged valley-through fault 
yielded due to the doublets. This observation prompts a burning ques
tion about the behavior of the Pütürge fault before and after the doublet 

and whether or not changes in slip behavior indicate any anomalies or 
evolutionary traits.

Using data on the distribution, direction, and magnitude of ground 
motion during February 2023, 6 earthquakes provided by the USGS, and 
fault fractures identified through remote sensing by the USGS, we 
overlaid Türkiye’s active fault map and the basin boundaries of this 
study to create Fig. 12a. According to the figure, movement ceased at the 
triple junction located at the western end of the Şiro Valley basin. This 
behavior corresponds with the intricate fault segmentation patterns 
documented in the 2023 doublet, where rupture propagation exhibited 
distinct characteristics unique to each segment (Magen et al., 2024). 
Deformation was notably limited, particularly in the vicinity of basins 
close to the area through which the M7.5 earthquake was expected to 
prolong its primary impact. This limited deformation is especially 
noteworthy considering the unexampled surface offsets reaching up to 
8.5 m reportedly observed in other areas during the Mw 7.6 event 
(Magen et al., 2024). This resulted in a relatively east-west separation 
along the fault line running through the middle of the basins. The fault 
rupture did not extend into the Şiro Valley and remained locked at the 
triple junction near the valley’s entrance. This locking behavior could be 
associated with the varying degrees of seismic slip concentration 
observed across different segments of the EAFS (Billi et al., 2024). 
Fig. 12b illustrates only three locations where creepmeters were 
installed along the EAFS by Prof. Roger Bilham. In Fig. 12c, we 
reprocessed the creep data given in Bilham et al. (2023), spanning 
roughly nine months. Additionally, Özarpacı et al. (2024) provide 
further evidence supporting aseismic deformation along the unruptured 
portion of the Pütürge segment following the 2020 Sivrice-Doğanyol 
earthquake and the 2023 Kahramanmaraş earthquake doublet. This 
pattern of aseismic deformation aligns with the broader supercycle 
behavior identified along the East Anatolian Fault (Billi et al., 2024). 
Although these creep data do not provide an annual overview, we 
extrapolated them to obtain year-long averaged data and compared 
them with the annual slip rate data from Kurt et al. (2023) in Fig. 12d. 
Upon examining all panels together, it becomes evident that the Pütürge 
fault is currently in a slip accumulation phase. The accumulation phase 
that has not yet been enlightened to date is rather substantial in light of 
the documented and thenceforwardly more focused southwestward 
migration of seismic activity along the EAF (Billi et al., 2024; Karabulut 
et al., 2022). However, this does not necessarily mean that it was not in a 
slip accumulation phase before the doublet earthquake or vice versa. 
Nevertheless, the slips fall outside the range reported by Kurt et al. 
(2023) and Reilinger et al. (2006), betokening possible modifications to 
the stress regime right subsequent to the events of 2023, as recently 
demonstrated by the intricate stress drop patterns noted in the area 
(Chen et al., 2024).

We reiterate that this fault did not produce a surface rupture after the 
2020 earthquake, and it was positioned in front of the supershear 
following the Mw: 7.8 earthquake of the 2023 doublet. This behavior 
remains remarkably consistent with the spatial and kinematic chan
neling patterns observed through the fault surface of the main trunk, as 
corroborated in a recent study (Billi et al., 2024). All these observations 
lead us to suggest that while creep activity is ongoing, the Pütürge 
segment is in a phase of slip accumulation, where it accumulates or 
redirects gradual stress or forms a wedge-like structure uplifting the Şiro 
Valley to the southwest. This collection phase comes to the fore and 
becomes particularly significant given the recent discovery of earth
quake supercycle occurrences along the EAFS, where seismic ruptures 
exhibited a gradual southwestward migration pattern (Billi et al., 2024). 
In essence, all available information suggests a paradox: the Pütürge 
segment was in an interseismic locking phase from 2020 to 2023, and it 
continues to be in a locking phase from 2023 onward, indicating that 
certain portions of the fault remained locked during the period between 
at least two significant earthquakes, and it remains in the same position. 
This persistent locking behavior may be linked to the complex stress 
distribution patterns observed in the region, where varying stress drops 
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and fault heterogeneity (Chen et al., 2024; Magen et al., 2024) play 
crucial roles in the seismogenesis of the system.

6. Conclusion

This study aimed to investigate the least studied segment of the East 
Anatolian Fault System, called the Pütürge segment in southeast 
Türkiye, particularly focusing on the Şiro Valley, to better understand 
the comprehensive distribution of deformation in this area. The 
following conclusions can be drawn from this study. 

1. The collective assessment of morphometric indices, including the 
Smf, Vf, HI-HC index, ksn and χ values, and deformation pattern 
analyses, provided a comprehensive understanding of the neo
tectonic activity along the Pütürge segment. In particular, morpho
metric analysis revealed distinctive characteristics consistent with 
active tectonic deformation, such as steep mountain fronts, asym
metric drainage patterns, and rapid erosion rates. These features 
indicate ongoing crustal movements and faulting, which are typical 
manifestations of tectonic activity along normal fault segments.

2. The Iat analysis can be linked to the broader kinematic behavior of 
the fault system in the region. The eastward-directed tilting observed 
in the drainage basins corresponds to the expected displacement 
patterns associated with the oblique transtensional kinematics of the 
Pütürge segment. As the fault accommodates both strike-slip and 
extensional movements, it can induce tilting of the surrounding 
landscape, leading to asymmetric drainage basin patterns. Further
more, this observation reinforces the preconceived notion that the 
Pütürge segment plays a significant role in controlling all-out 
regional geomorphic evolution. The eastward tilting of drainage 
basins implies ongoing tectonic activity along the fault, contributing 
to landscape deformation and shaping drainage networks over 
geological timescales.

3. The Şiro Valley is deformed by the Pütürge segment under the in
fluence of the extensional regime accompanying the dominant strike- 
slip tectonic regime, with a compressional stress state approximately 
NE‒SW trending and an extensional stress state approximately NW‒ 
SE trending.

4. The comparison of slip rates by Bilham et al. (2023) and velocity 
models by Reilinger et al. (2006) and Kurt et al. (2023) provided 
valuable insights into the dynamic behavior of faults, particularly in 
regions where faults are creeping or in a collection phase. We 
reprocessed the data, compared them with our findings, and showed 
that variations in ground velocities and strain accumulation along 
fault segments are apparent, suggesting that the fault behaves at a 
slower rate than previously observed. This slower behavior implies 
that the fault is potentially accumulating energy over time, 
increasing the risk of future seismic events.

The findings of this study pave the way for further research into the 
dynamics of the Pütürge segment and other yet unresolved active seg
ments. Even the historical seismicity record underscores the pivotal role 
of the Pütürge segment in the seismotectonic evolution and dynamics of 
the EAFS. A much deeper understanding of the Pütürge Segment is 
essential to better assess and mitigate its seismic risks, ensuring more 
effective preparedness and response strategies, thereby underscoring the 
urgent need for enhanced surveillance and more detailed studies.

Data sources, availability, and software tools employed

In addition to the infield data collected from the study area, several 
external data sources and software tools were utilized to support the 
analyses. Integrating diverse tools and datasets facilitated a compre
hensive analysis, ensuring robust results and refined conclusions within 
this study.

The focal mechanism of the earthquakes (MW ≥ 3.0) was sourced 

from the Disaster and Emergency Management Presidency of Türkiye 
(available at https://deprem.afad.gov.tr/event-focal-mechanism). We 
employed simplified geological maps at a scale of 1:100,000, sourced 
from the Geological Maps of Türkiye (available at https://www.mta. 
gov.tr/en/maps). These maps were georectified, georeferenced, and 
digitized using several GIS software packages.

Various software tools were used in our research to enhance the 
processing and analysis capabilities. MATLAB® R2023b, provided under 
an academic license by Karadeniz Technical University (available at http 
s://www.mathworks.com/products/matlab.html), was instrumental in 
generating some figures and maps presented in this article. Similarly, 
ArcGIS® software, which is also licensed through Karadeniz Technical 
University and Fırat University (available at https://www.esri. 
com/en-us/arcgis/about-arcgis/overview), and QGIS (version 3.34 
LTR) (available at https://qgis.org/tr/site/forusers/download.html) 
were utilized for various analyses and map productions. A MATLAB® 
utility called TopoToolbox version 2 (Schwanghart and Kuhn, 2010; 
Schwanghart and Scherler, 2014) (available at https://topotoolbox.wo 
rdpress.com/download/) was used for the digital elevation 
model-based analyses. Additionally, the MATLAB® tool WinTensor 
5.9.1 (Delvaux and Sperner, 2003) (available at https://damiendelvaux. 
be/Tensor/WinTensor/win-tensor_download.html) was used for the 
fault kinematic analyses and tectonic stress tensor inversions.

All data initially obtained within the scope of this study are detailed 
in this article. For those interested in further analysis, the data can be 
made available upon reasonable request to the corresponding author.
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Ergintav, S., Akkar, S., Altınok, Y., Tekin, S., Cingöz, A., Kurt, A.İ., 2018. 
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Earthquake. J. Geophys. Res. Solid Earth 126, 10.

Koukouvelas, I.K., Zygouri, V., Nikolapoulos, K., Verroios, S., 2018. Treatise on the 
tectonic geomorphology of active faults: the significance of using a universal digital 
elevation model. J. Struct. Geol. 116, 241–252.

Kreemer, C., Blewitt, G., Klein, E.C., 2014. A geodetic plate motion and global strain rate 
model. G-cubed 15 (10), 3849–3889. https://doi.org/10.1002/2014GC005407.

Kürçer, A., Elmacı, H., Yıldırım, N., Özalp, S., Domaç-Yalçın, H., 2020. 24 ocak 2020 
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Şengör, A.M.C., Görür, N., Şaroğlu, F., 1985. Strike-slip faulting and related basin 
formation in zones of tectonic escape: Turkey as a case study. In: Biddle, K.T. (Ed.), 
Strike-slip Deformation, Basin Formation, and Sedimentation, Soc. Econ. Paleontol. 
Spec. Publ. Editör. Christie-Blick, N. Oklahoma: Society of Economic Paleontologists 
and Mineralogists, Special Publication, pp. 227–264.
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ilişkisi. Bulletin of the Mineral Research and Exploration 79 (79), 1–12.

Softa, M., 2022. Morphometric and kinematic analysis of southern margin of the Küçük 
Menderes Graben and its tectonic implications in western Anatolia. Arabian J. 
Geosci. 15, 131.
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(Kahramanmaraş) earthquake: implications for fault rupture dynamics along the 
northern branch of East Anatolian Fault Zone. Turk. J. Earth Sci. 33 (1), 1–21.

Sun, L., Mann, P., 2021. Along-strike rapid structural and geomorphic transition from 
transpression to strike-slip to transtension related to active microplate rotation, 
Papua New Guinea. Front. Earth Sci. 9, 652352. https://doi.org/10.3389/ 
feart.2021.652352.

Tan, O., Tapirdamaz, M.C., Yörük, A., 2008. The earthquake catalogs for Turkey. Turk. J. 
Earth Sci. 17, 405–418.
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