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ABSTRACT

Controversy remains over when present-day configuration of the Anatolia boundary faults 

came into existence, and the issue of what are the driving forces of the Anatolian westward 
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motion. The NW-striking dextral and NE-striking sinistral second-order strike-slip faults at the 

eastern part of the Anatolian Scholle play a crucial role within these long-lasting discussions, 

and the NE-striking sinistral Malatya–Ovacık Fault Zone (MOFZ) is particularly important in 

this ongoing debate. Although the MOFZ is defined as one of the intra-plate structures, it has 

been proposed that it was an inter-plate fault between the Anatolia and Arabian plates from 

the latest Miocene to mid-Pliocene and that it has been inactive during the last ca. 3.5 Ma. 

This study provides results from the first morphochronology-based uplift and slip rate estimates 

on the Malatya Fault within the southern section of the MOFZ. The cosmogenic isochron burial 

and cosmogenic depth burial of ages from the sinistrally offset Tohma River remnant terraces 

enabled us to calculate 1.0 ± 0.01 and 1.12 ± 0.01 mm/yr minimum and maximum horizontal slip 

rates, respectively, for the last 1.4 ± 0.1 Ma. Furthermore, we conclude that the 96 ± 11 m/Ma 

mean uplift has been driven by the Malatya Fault. Integrated interpretation of the findings of this 

study and available data on both the MOFZ and other strike-slip faults at the eastern part of the 

Anatolian Scholle support the hypothesis that they are plate-boundary related active deformation 

belts that originated from paleotectonic structures during the tectonic escape of the Anatolian 

Scholle.

Keywords: Malatya Fault, Slip-Uplift Rate, Intraplate Deformation, Turkey

1. Introduction

The importance of the westward motion of the Anatolian Scholle (lump, clod of earth or flake 

in German, after Dewey and Şengör, 1979) within the geodynamic models of the eastern 
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Mediterranean region has long been the focus of many studies (e.g. Dewey and Şengör, 1979; 

Faccenna et al., 2013; Faccenna et al., 2006; Le Pichon, 1982; Le Pichon and Kreemer, 2010; 

McKenzie, 1972; McKenzie, 1978; Nyst and Thatcher, 2004; Şengör et al., 1985). The ongoing 

debates about the westward motion of the Anatolian Scholle can be treated under the following 

two headings: (a) What are the driving forces behind the westward motion? (b) When did the 

present-day configuration of boundary faults of the Anatolian Scholle form? The predictions and 

evaluations attributed to the internal deformation of the Anatolian Scholle have complementary 

and supportive roles in the models that deal with these questions, and therefore, it is necessary to 

increase knowledge thereof. However, fewer studies have focused on the internal deformation of 

the Anatolian Scholle compared to its boundary faults, the North (NAFZ) and East Anatolian 

Fault Zones (EAFZ) (Fig. 1a).

The ongoing northward convergence of the Arabian and African plates with respect to 

Eurasia give rise to the westward motion of the Anatolian Scholle, during which the NAFZ 

and EAFZ accommodate the main deformation (Le Pichon and Kreemer, 2010; Özeren and 

Holt, 2010; Şengör et al., 1985). Although earlier geologic studies proposed that the eastern part 

of the Anatolian Scholle, where internal deformation is characterized by a number of second-

order NW- and NE- oriented strike-slip faults (Şengör, 1979; Şengör et al., 1985), 

accommodated an important amount of deformation that resulted from the convergence between 

the Arabian and Eurasian plates (Fig. 1a; Bozkurt, 2001; Kaymakcı et al., 2010; Koçyiğit and 

Beyhan, 1998; Rolland et al., 2012; Şengör et al., 1985), the initial geodetic studies were 

suggestive of minimal internal deformation (McClusky  et al., 2000; Reilinger et al., 2006). 

Further studies have propounded that the evidence showing the activity of the second-order 

strike-slip faults in the eastern part of the Anatolian Scholle is not sufficient (Westaway, 1999; 
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Westaway and Arger, 2001; Westaway et al., 2008). However, recent evidences suggest that the 

westward motion has led to the accumulation of deformation within the eastern part of the 

Anatolian Scholle (Aktuğ et al., 2013a; Aktuğ et al., 2013b; Higgins et al., 2015; Özener et al., 

2010; Sançar et al., 2018, 2019; Sarıkaya et al., 2015; Yazıcı et al., 2018a, b; Yıldırım, 2014; 

Yıldırım et al., 2016). 

In this study, we focused on one of the most discussed, probably the most important, 

second-order strike-slip fault, the Malatya–Ovacık Fault Zone (MOFZ) (Fig. 1). There are two 

conflicting viewpoints currently being adopted in research into the MOFZ, namely, (a) that the 

MOFZ was the former southwest boundary of the Anatolian Scholle and has not been active 

since the mid-Pliocene (Westaway and Arger, 2001; Westaway et al., 2008) and (b) that the 

MOFZ is an actively deforming intra-plate structure (Kaymakçı et al., 2006; Koçyiğit and 

Beyhan, 1998; Şengör et al., 1985). Here, we used cosmogenic isochron burial and cosmogenic 

depth profile dating techniques to reconstruct the chronology of the sinistrally offset Tohma 

River terraces. The reconstructed chronology enabled us to calculate mid-Pleistocene slip and 

uplift rates of the southern part of the MOFZ, the Malatya Fault (Figs. 1a and 2). The results 

of this study contradict the claim that the MOFZ is not an active deformation belt (Westaway 

and Arger, 2001; Westaway et al., 2008), futhermore support the idea that the MOFZ is an 

active stucture (Kaymakçı et al., 2006) and have allowed us to discuss the causes of the 

widespread intra-plate deformation of the Anatolian Scholle. 

2. Background

2.1.  Active Tectonics of the Anatolian Scholle
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The southern branch of the Neotethys Ocean closed entirely during the continent-continent 

collision between the northward-moving Arabian plate and Eurasian plate along the Bitlis-

Zagros Suture Zone ca. 13 Ma ago that marked the beginning of the neotectonic period of 

Turkey (Şengör, 1980; Şengör et al., 1985; Şengör and Yılmaz, 1981). In addition to the effect 

of the Bitlis-Zagros subduction-collision, the Hellenic subduction and rollback are the primary 

mechanisms responsible for the complex tectonic settings in the eastern Mediterranean region 

(Le Pichon and Kreemer, 2010; Reilinger et al., 2006; Şengör et al., 1985).  Paleomagnetic 

studies (Gürsoy et al., 1997; Gürsoy et al., 2011; Piper et al., 2010) revealed that these ongoing 

mechanisms give rise to anticlockwise rotation of eastern part of the Anatolian Block. Moreover, 

Global Positioning System (GPS) vectors point out the westward circular counterclockwise 

motion of the Anatolian Scholle with increasing rotational velocity from east to west with 

respect to Eurasia (Le Pichon and Kreemer, 2010). Different ideas have been proposed to 

explain the reason behind the westward motion (Chorowicz et al., 1999; Faccenna et al., 2013; 

Le Pichon and Kreemer, 2010; McKenzie, 1972; Özeren and Holt, 2010; Reilinger et al., 2006; 

Şengör et al., 1985); however, it has been conclusively shown that the NAFZ and EAFZ 

accommodate the main deformation of the Anatolian westward motion (Le Pichon and Kreemer, 

2010; Reilinger et al., 2006; Şengör, 1980; Şengör et al., 1985, 2005).  

The NW-striking dextral and NE-striking sinistral strike-slip faults represent the major 

deformational structures of the eastern part of the Anatolian Scholle (Fig. 1a). Their past tectonic 

role and modern activity have been one of the main axes of models that aim to explain not only 

their origin but also their relationship with the geodynamic conditions of the eastern 

Mediterranean region (Higgins et al., 2015; Kaymakçı et al., 2006; Koçyiğit and Beyhan, 
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1998; Şengör, 1979; Şengör et al., 1985; Westaway and Arger, 2001; Westaway et al., 2008). 

A pioneering hypothesis asserted that the simultaneous activity of the NAFZ and EAFZ caused 

the formation of the NW-striking dextral and NE-striking sinistral strike-slip faults (Şengör, 

1979; Şengör et al., 1985). The next hypothesis proposed that the modern boundary faults of 

the Anatolian Scholle formed after the mid-Pliocene and the activity of the NW-striking dextral 

and NE-striking sinistral strike-slip faults either ceased or became not obvious since then 

(Westaway and Arger, 2001; Westaway et al., 2008). A more recent idea cautions that the West 

Anatolian Extensional Province has had a greater influence on central Anatolia than previously 

thought (Higgins et al., 2015).

2.2.  Second-Order Strike-Slip Faults at the Eastern Part of the Anatolian Scholle

Although the eastern part of the Anatolian Scholle is characterized by a number of second-

order strike-slip faults, only the dextral Tuz Gölü Fault Zone, the sinistral Central Anatolian 

Fault Zone, and the MOFZ have been documented in terms of the tectonic evolution, slip rate, 

and earthquake recurrence time. 

2.2.1. The Tuz Gölü Fault Zone (TGFZ)

The NW–SE striking dextral with a normal slip component Tuz Gölü Fault Zone (TGFZ) can 

be described as an intra-plate structure (Fig. 1b) (Çemen et al., 1999; Dirik and Göncüoglu, 

1996; Özsayın et al., 2013; Uygun et al., 1982). The TGFZ delimits the eastern margin of the 

Tuz Gölü Basin (Şaroğlu et al., 1992) that started to form during the late Maastrichtian (Çemen 

et al., 1999; Görür et al., 1984; Uygun et al., 1982). Çemen et al. (1999) proposed that regional 
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east–west compression caused the formation of the dextral TGFZ during the late Eocene–

Miocene. Özsayın et al. (2013) asserted that the compressional regime continued until the late 

Miocene (6.81 ± 0.24 Ma) and then the ongoing NE–SW extensional regime was initiated during 

the Pliocene. Results from a GPS-based block model showed that the right lateral slip rate of 

TGFZ is 4.7 ± 0.1 mm/yr and its normal slip is 1.2 ± 0.1 mm/yr (Aktuğ et al., 2013b). 

Meanwhile, results from a paleoseismological investigation on the TGFZ showed that its 

southeast segment produced two earthquakes during the last 10.500 years (Kürçer and Gökten, 

2012). The southernmost segment of the TGFZ produced 110-m vertical offset in Quaternary 

(Öztürk et al., 2018). 

2.2.2. The Central Anatolian Fault Zone (CAFZ)

Koçyiğit and Beyhan (1998) proposed that the 730-km-long Central Anatolian Fault Zone 

(CAFZ) (Fig. 1b) may have formed from the propagation of a paleotectonic structure, the Ecemiş 

corridor, to the NE and SW directions during the neotectonic period of Turkey and 

accommodated compressive strain resulting from the convergence between the Arabian, 

African, and Eurasian plates. Higgins et al. (2015) asserted that the CAFZ is the result of two 

independently reactivated paleotectonic structures, namely, a suture zone in the NW and the 

Ecemiş Corridor in the SE. The NE segments of the CAFZ, which developed within the Inner 

Tauride suture, are presented by a broad sinistral strike-slip fault zone, but normal displacement 

increases along the SW segments of the CAFZ after it bends to the south near the southern end of 

the Erkilet Fault (Higgins et al., 2015). A study on the northernmost segment of the CAFZ, the 

Tecer Fault, revealed that two earthquakes occurred in the last 10 ka and estimated 1 mm/yr slip 

rates (Akyüz et al., 2012). Different morphochronology-based studies along the southernmost 
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segment of the CAFZ, the Ecemiş Fault, calculated a 4.2 ± 1.9 mm/yr horizontal slip rate for the 

mid–late Pleistocene (Sarıkaya et al., 2015) and 1.1 ± 0.4 mm/yr for the last 60 ka (Higgins et al., 

2015).  

2.2.3. The Malatya-Ovacık Fault Zone (MOFZ)

The NE-oriented, 275-km-long sinistral strike-slip MOFZ consists of two segments. The 

N65–70 oriented, 110-km-long Ovacık Fault extends between the Erzincan Basin and the Eynir 

where it juxtaposes the 165-km-long NE–SW oriented Malatya Fault (Fig. 1b). Earliest studies 

described the MOFZ as a fault-related structure by considering the N–NE trending sharp 

topographic lineation at the western margin of the Malatya Basin (Arpat and Şaroğlu, 1975; 

Muehlberger and Gordon, 1987). However, later studies discussed the activity and geometry of 

the MOFZ and introduced different hypotheses regarding both the internal deformation of the 

Anatolian Scholle and geodynamic settings of the eastern Mediterranean region. The studies 

about the MOFZ can be divided into two groups.

According to the first group, the geometry and activity of the boundary strike-slip faults 

between the Anatolian, African, and Arabian plates during the latest Miocene to mid-Pliocene 

were significantly different from the present day. Westaway and Arger (1996) suggested that the 

boundary between the Anatolia and Arabia was delineated by the MOFZ until 3 Ma ago and its 

activity ceased when the EAFZ formed. This claim is modified in some of the later studies, e.g., 

ca. 3 Ma ago (Westaway and Arger, 2001), ca. 4 Ma ago (Westaway, 2003), ca. 3.73 ± 0.05 Ma 

ago (Westaway et al., 2006), ca. 3.5 Ma ago (Westaway et al., 2008), ca. 2.6 Ma ago (Hubert-

Ferrari et al., 2009). Westaway et al. (2001) suggest that the MOFZ has been inactive since the 

middle Pliocene based on the absence of seismic activity described by Jackson and McKenzie 

(1984), recent faulting indicators, and necessary deformational structures around the junction of 
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the MOFZ and NAFZ. Westaway et al. (2008) proposed that there is no evidence to contradict 

the fact that the MOFZ has been inactive since the mid-Pliocene.

In contrast to the first group, Koçyiğit and Beyhan (1988) proposed that not only the MOFZ 

but also the other second-order strike-slip faults within the eastern part of the Anatolian Scholle 

accumulate part of the deformation during the westward extrusion of Anatolia and these are 

actively deforming intra-plate structures. Kaymakcı et al. (2006) identified strike-slip related 

morphotectonic structures that point out the short-term activity of the MOFZ and concluded that 

post-middle Miocene compression caused the reactivation of the early to late Miocene normal 

faults as sinistral strike-slip faults that formed the Malatya fault and some segments of the 

Ovacık fault. Kaymakcı et al. (2006), measured that the maximum deflection of Euphrates River, 

which controlled by Ovacık Fault, is 9.3 km and the cumulative deflections along the different 

part of the Ovacık Fault is not more than 20 km.

Furthermore, Kaymakcı et al. (2006) proposed the following three deformation phases for the 

Malatya Basin: (1) the NW–SE extension in the early to middle Miocene, (2) the WNW–ESE 

compression, which caused transcurrent tectonics in the late Miocene to middle Pliocene, and (3) 

NNE–SSW compression during the late Miocene to present. Recent GPS measurements have 

revealed a considerable amount of strain accumulation along the MOFZ (Özener et al., 2010). 

With GPS-based elastic block models, horizontal slip rates of 1.2 ± 0.3 mm/yr and 1.8 ± 0.1 

mm/yr were calculated for the Ovacık Fault, whereas rates of 1.6 ± 0.3 mm/yr and 1.2 ± 0.1 

mm/yr were obtained for the Malatya Fault (Aktuğ et al., 2013a,b). The more recent 

paleoseismological studies on the Ovacık and Malatya faults have revealed that four 

palaeoevents occurred during the last 10 ka and estimates of 1600 ± 515 years (Yazıcı et al., 

2018a) and 2275 ± 605 years (Sançar et al., 2019) were obtained for the average earthquake 
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recurrence interval, respectively. Duman et al. (2017) divide Malatya Fault into three segments 

and Sançar et al. (2019) defined five segments along the 165-km-long Malatya Fault based on its 

surface geometry (Fig. 2). The FS-1, which forms the northernmost part of the Malatya Fault, is 

distinguished from the FS-2 by an eastward arc-shaped geometry. The Kızık Basin, which is one 

of the prominent geometric discontinuities, separates the FS-2 and FS-3. To the south of 

Akçadağ, the Malatya Fault bifurcates into two parallel branches, which are named as the FS-4 

and FS-5 (Fig. 2). All these segments show clear morphotectonic structures related to both long-

and short-term fault activity (Sançar et al., 2019). Furthermore, more recent small to moderate 

sized earthquakes (up to Mw=4.5) in  March 2019 on the western block of the Malatya Fault 

(near Kızık Basin) are another indicators of the ongoing fault activity (URL, 2019).

3. Methods

3.1.  Mapping

We improved the previous geology map in the vicinity of the Tohma River basin (Bedi and 

Yusufoğlu, 2018; Sümengen, 2016) using detailed mapping data from the field and digital aerial 

photographs at ca. 0.4-m ground pixel resolutions. The spatial distribution of the key geomorphic 

(terrace remnants) and morphotectonic structures around the Tohma River were determined by a 

stereoscopic digital aerial photo-based Digital Elevation Model, which was produced using 25-

cm interval elevation contours.  
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3.2.  Offset Determination and Terrace Elevation

The climate and uplift are the driving mechanisms that caused the formation of the 

Quaternary staircase terraces, and the uplift ratios constitute important parameters related to both 

the generation and preservation of terraces (Bridgland, 2000; Maddy et al., 2001; Pan et al., 

2009; Pazzaglia, 2013; Wang et al., 2015). Therefore, determination of the ages and positions of 

the remnant fluvial terraces with respect to a reference level has become a key tool for the 

quantification of incision rate-based uplift (Çiner et al., 2015; Peters and van Balen, 2007; 

Ruszkiczay-Rüdiger et al., 2016). The base level of the modern river, which is graded to sea 

level (Erlanger et al., 2012), presents the reference elevation for the calculation of river incision. 

However, if the long-profile of the river is considerably away from the sea-level, the incision 

does not reflect the sea-level fluctuations (Merritts Dorothy et al., 2012). We, therefore, assumed 

that the calculated incision rate from the E–W flowing Tohma River’s staircase terraces does not 

reflect the sea-level changes and is equal to rock uplift (Fig. 3). The elevation differences 

between the Tohma River terraces and modern river were considered as the first inputs for the 

uplift rate calculations (Fig. 3).

We produced two slip scenarios to estimate the possible slip rate range. The spatial 

distribution of the remnant terraces and modern channel at both sides of the fault were used to 

produce offset scenarios that were the first inputs for calculation of the slip rate. 

3.3.  Cosmogenic Nuclide Dating and Sample Preparation

In order to interpret the chronology of the Tohma terraces, which represented the second type 

of input for both slip and uplift rate calculations, the isochron burial (with cosmogenic 10Be and 
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26Al) and depth profile (with cosmogenic 36Cl) dating methods were performed on the collected 

samples. Samples from the Tohma terraces were prepared for the analysis of cosmogenic 10Be, 

26Al and 36Cl at the surface exposure dating laboratory of Bern University. 

3.3.1. Isochron Burial Dating

Isochron burial dating with 26Al and 10Be nuclides has been used as an important tool for 

dating Plio–Pleistocene glaciations (Balco and Rovey, 2008; Balco et al., 2013), investigating 

sedimentary fills (Balco et al., 2013), calculating long-term river incision and uplift rates (Bender 

et al., 2016; Çiner et al., 2015; Darling et al., 2012; Erlanger et al., 2012; Zhao et al., 2016), and 

studying glacio-fluvial deposits (Akçar et al., 2017). The isochron burial dating technique is 

based on the analysis of cosmogenic 26Al and 10Be in quartz in deposits (sand or >50 clasts) 

(Balco and Rovey, 2008). Because 26Al and 10Be have different half-lives, these nuclides decay 

at different rates (Balco and Rovey, 2008). By using the 26Al/10Be ratio difference between the 

surface production at the time of burial and that measured in buried sediment, one can obtain a 

calibration of the burial time (Granger, 2006). In order to reconstruct the isochron burial history, 

several samples from a single stratigraphic horizon, which indicate the same post-burial history, 

are required. However, the pre-burial exposure histories of the samples are most likely not the 

same, and therefore, the yielded inherited nuclide concentrations are different; this allows for the 

modeling of the 26Al/10Be ratio at the time of burial, which is known as the post-burial 

component (Balco and Rovey, 2008; Bender et al., 2016; Erlanger et al., 2012). Distinguishing 

the post-burial history of the deposits is the main advantage of isochron burial dating that makes 

this method independent from the post-burial accumulation and erosional modification approach 

(Balco and Rovey, 2008). Therefore, the method is appropriate for the ca. 2-m thin quartz-
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bearing terrestrial deposits (Akçar et al., 2017; Balco and Rovey, 2008; Balco et al., 2013; 

Bender et al., 2016; Claude et al., 2019; Darling et al., 2012; Erlanger et al., 2012; Granger, 

2006; Zhao et al., 2016).

3.3.2. Depth Burial Dating

The depth profile dating method was used to determine the chronology of fluvial terraces and 

cosmogenic nuclide inheritance (Anderson et al., 1996; Hancock et al., 1999; Repka et al., 1997). 

As the surface sample inheritance is large, collecting samples from the tops of the terrace 

deposits to downward positions allows for the separation of the inherited component of the total 

cosmogenic-nuclide from the in situ component (Anderson et al., 1996; Gosse and Phillips, 

2001; Hancock et al., 1999; Repka et al., 1997). This method is based on the physical principles 

that govern the accumulation of cosmogenic nuclides, which predictably decrease exponentially 

with depth (Gosse and Phillips, 2001; Hancock et al., 1999). 

3.4.  Sample Preparation and Analysis for Isochron Burial Dating

We used the method of Akçar (2006), which is a modified version of Kohl and Nishiizumi 

(1992), in order to separate and purify quartz. Cosmogenic 26Al and 10Be were extracted 

according to the laboratory protocol of Akçar et al. (2012a) for accelerator mass spectrometer 

(AMS) measurements at ETH Zurich (Christl et al., 2013; Kubik and Christl, 2010). The 0.5 MV 

TANDY facility was used for both 26Al and 10Be analyses. Total Al and native 9Be 

concentrations of the samples were determined by inductively coupled plasma optical emission 

spectrometry (ICP-OES) at the Department of Chemistry and Biochemistry of the University of 
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Bern. The applied weighted mean average ratio for 10Be/9Be was (2.51±0.13) × 10-15. The 

CRONUS-Earth exposure age calculator, which uses the 07KNSTD standardization 

(http://hess.ess.washington.edu/math/ [v. 2.3] Balco et al., 2008, updated from v. 2.3, published 

by Balco in June 2016), was used to calculate the cosmogenic 26Al/10Be ratios. We applied 4.00 

± 0.32 atoms/gSiO2/a (Borchers et al., 2016) as the production rate of cosmogenic 10Be at the 

surface due to spallation at sea level–high latitude (SLHL). Although the surface production ratio 

of 26Al/10Be depends on the geographical position (Borchers et al., 2016), we opted to use 6.75 

reference ratio (Balco and Rovey, 2008), which is generally used (Akçar et al., 2017; Balco and 

Rovey, 2008; Balco et al., 2013; Bender et al., 2016; Çiner et al., 2015; Erlanger et al., 2012; 

Zhao et al., 2016), to calculate the isochron burial ages. Altitude/latitude scaling of the surface 

production rate was calculated according to the time dependent Lal (1991)/Stone (2000) scheme 

(Lm). The density of quartz was taken as 2.65 gr/cm3 for isochron burial dating, and half-lives of 

1.39 Ma (Chmeleff et al., 2010; Korschinek et al., 2010) and 0.71 Ma (Nishiizumi, 2004; Norris 

et al., 1983) were used for 10Be and 26Al respectively. We assumed mean lives of 2.005 Ma for 

10Be and 1.02 Ma for 26Al in the calculations.

3.5.  Sample Preparation and Analysis for Depth Profile Dating

The samples that were used for cosmogenic 36Cl analyses were prepared according to the 

procedure of Akçar et al. (2012b), which is based on Stone et al. (1996),  by using isotope 

dilution (Desilets et al., 2006; Elmore et al., 1997; Ivy-Ochs et al., 2004). In order to determine 

the local 36Cl production rate, major and trace element concentrations (from leached aliquots ca. 

10 gr from each sample) and analyses of uranium (U), thorium (Th), boron (B), gadolinium (Gd), 

and samarium (Sm) were measured at Activation Laboratories, Ontario, Canada. Both total Cl 
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and 36Cl concentrations were measured from one target with isotope dilution (Synal et al., 1997) 

at the ETH AMS facility by using a 6 MV TANDEM accelerator. 

The 36Cl/35Cl sample ratio was normalized according to K382/4N, which is the ETH internal 

standard, with a value of 36Cl/35Cl = 17.36 × 10-12 (normalized to the Nishiizumi standard in 

2009). The stable 37Cl/35Cl ratio was normalized to the natural ratio 37Cl/35Cl = 31.98% of the 

K382/4N standard and the machine blank. 

We used a modified version of the Mathcad® code for 10Be depth profile modeling provided 

by Hidy et al. (2010) in order to model the cosmogenic 36Cl depth profile ages (after Claude et al. 

2019). All production pathways of cosmogenic 36Cl, such as high-energy neutrons, fast and 

negative muons, and thermal and epithermal neutrons were included (Alfimov and Ivy-Ochs, 

2009; Liu et al., 1994; Phillips et al., 1996,2001; Schimmelpfennig et al., 2009; Stone et al., 

1996,1998). We applied following values for the 36Cl spallogenic production rates: 48.8 ± 3.5 

atoms 36Cl (g Ca)-1 a-1 (Stone et al., 1996); 161 ± 9 atoms 36Cl (g K)-1 a-1 (Evans et al., 1997); 13 

± 2 atoms 36Cl (g Ti)-1 a-1 (Fink et al., 2000); and 1.9 ± 0.5 atoms 36Cl (g Fe)-1 a-1 (Stone, 2005). 

A value of 760 ± 150 neutrons (g air)-1 a-1 was applied for the production of 36Cl through neutron 

capture (Alfimov and Ivy-Ochs, 2009). For depth profile dating, the density of a calcareous 

pebble was taken as 2.4 gr/cm3 and the half-life of 0.301 Ma for 36Cl was used (Nica et al., 

2012).

4. Results

4.1.  Geology of the Tohma Site
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The Tohma River drainage basin and its surroundings are characterized by four lithological 

units. The oldest unit in the study area, the Medik Formation (Tpm), crops out in the western part 

of the study area (Fig. 3). This unit consists of reddish brown, poorly sorted, semi-angular 

Jurassic-Cretaceous limestone and consolidated volcaniclastic pebbles, and its maximum 

thickness is ~1400 m (Hakyemez and Örçen, 1982). The age of this unit has been assigned to the 

Paleocene based on the stratigraphic relationship with the middle–upper Eocene Darende 

Formation (Ted) (Hakyemez and Örçen, 1982). The Darende Formation, which is made up of 

greenish-light gray conglomerate interbedded with sandstone, siltstone, limestone, marl 

alternations, and abundant amounts of evaporitic lenses, unconformably overlies the Medik 

Formation (Gürbüz and Gül, 2005; Sümengen, 2016). The limestone and marl of this formation 

contain middle-upper Eocene trace fossils (Bedi et al., 2009). The Beylerderesi Formation crops 

out in the eastern part of the study area and is composed mainly of strongly consolidated, poorly 

sorted limestone, and basalt fragments of the Medik Formation within a mud and sand matrix 

(Figs. 3 and 4a). It was described as alluvial fan deposits by Ercan (2011), and the Plio–

Quaternary age was assigned in regard to the stratigraphic relationships with the surrounding 

units in the study area (Karaman et al., 1993). The Beylerderesi Formation unconformably 

overlies the Medik Formation except for in the southwestern part where the Malatya Fault 

delimits their boundary. We identified two levels of river terraces (T1 and T2) that are only 

preserved in a limited area. These terrace levels are present on both sides of the Tohma River 

Valley (Fig. 3). The abundant amount of microcrystalline quartz (chert) and granite pebbles 

within the terrace levels are the main lithological differences between the terrace levels and 

underlying units. The sedimentary structures, such as cross-lamination, within the terrace 
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deposits are indicative of the fluvial depositional environment (Fig. 4b). The swath topographic 

profiles (Fig. S1), which are perpendicular to the terraces on both sides of the river, reveal the 

staircase terrace formation and also indicate that the terrace elevation decreases from west to east 

(Figs. S2 and S3). Both terrace levels have been eroded by secondary fluvial activities (Fig. S1). 

Furthermore, the ongoing agricultural activity and construction of artificial channels has changed 

the original terrace level in the north (Fig. S4). Therefore, we preferred to sample the terrace 

system to the south, where terraces are well preserved (Fig. 3 and S4). The youngest unit is 

represented by the alluvium (Qal) that was deposited in the current channels (Fig. 3). 

The FS-3, with a length of ca. 50 km, constitutes the longest segment of the Malatya Fault 

(Fig. 2). This segment is characterized by many morphologic structures that reflect the recent 

fault activity (Sançar et al., 2019). The clear fault-related structures to the north and south of the 

Tohma River, which flows nearly perpendicular to the FS-3, have been used to define the precise 

geometry of the Malatya Fault in the study area. At the locations north of the Tohma River (Fig. 

3), the elongated depression within the Beylerderesi Formation represents the most pronounced 

structure (Fig. 5a). To the south of the Tohma River (Fig. 3), several sinistral displacement 

gullies within the Medik Formation represent the relatively short-term activity of the Malatya 

Fault (Fig. 5b). 

4.2.  Terrace Chronology

The T2 level was sampled at one locality for cosmogenic isochron-burial dating (THM-IS-

T4, in Fig. 6), whereas the T1 level was sampled in three localities for cosmogenic isochron 
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burial (THM-IS-T2 at the aggradational terrace and THM-IS-PQ at the strath terrace in Fig. 6) 

and cosmogenic depth profile dating (THM-DP-T2 at the strath terrace in Fig. 6). 

The swath profiles of P1 (see Fig. 6 for the location) show that the sampling site for the T2 

terrace was located 106 m above the current Tohma River level that flows at 731 m above the sea 

level (Fig. 7a). The P2 profiles (see Fig. 6 for the location) show that T1 is separated from T2 

and the modern channel by the T1–T2 riser and T1–Qal riser, respectively (Fig. 7b). The lower 

base of the T1 terrace is at 28 m, and its upper surface is at 34 m above the Tohma River (flows 

724 m above sea level); its maximum thickness is 6 m (Fig. 7b). The THM-IS-T2 and THM-DP-

T2 sampling sites, which were very close to each other, were located 28 m and 30 m above the 

modern Tohma River, respectively (Fig. 7b). The THM-IS-PQ locality was ca. 400 m east of the 

THM-IS-T2 locality and 29 m above the Tohma River (Figs. 6a and S3d).

The thickness of the T2 terrace deposits at the THM-IS-T4 locality is ca. 7 m, and these 

deposits contain spherical and well-rounded chert covered by ca. 1 m of fine-grained calcareous 

sandy sediments (Fig. 8). We collected seven chert clasts (8–15 cm in diameter) for isochron 

burial dating from 1 m below the terrace surface (sample location THM-IS-T4, shown in Fig. 6; 

Table 1). At the THM-IS-T2 locality, where we sampled for isochron burial dating, the ca. 2 m 

thick terrace deposits are composed of pebbly quartz deposits (Figs. 9a and b). Although T1 is 

mainly represented by gravels, a few sand bars that show the cross-bedding also have been 

preserved to the east of this terrace level. We collected 11 chert clasts (6–13 cm in diameter) for 

isochron burial dating from the surface from the natural outcrop of T1 (sample location THM-IS-

T2, shown in Fig. 6; Table 1). Furthermore, we collected seven chert clasts (7–12 cm in 

diameter) at the THM-IS-PQ locality, where there is an ca. 70 cm thick strath terrace deposit 

(Fig. 9c), for isochron burial dating (sample location THM-IS-PQ, shown in Fig. 6; Table 1). In 
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comparison to the lower surface of T1, the upper surface is composed of loose pebbles, which we 

think are a sign of possible ongoing erosion. To avoid any post-depositional effects, we 

excavated a trench down to ~2 m from the lower surface of the T1 terrace (Fig. 9d). Five 

sediment samples (each ca. 1 kg) were taken every 25–30 cm down from the top of the trench for 

depth profile dating (sample location THM-DP-T2, shown in Fig. 6; Table 1).

Results of the cosmogenic 10Be and 26Al analyses are provided in Tables 2 and S1. Among 

the 25 clasts collected from the three sites, we obtained 13 at the end of leaching with 

appropriate weights and total Al concentrations, and these were selected for dissolving (Table 

S1). Measured 10Be concentrations varied between (5.31 ± 0.39) × 104 and (91.64 ± 2.09) × 104 

atoms/g, and measured 26Al concentrations varied between (54.33 ± 3.81) ×104 and (229.46 ± 

6.92) × 104 atoms/g (Table 2). The applied full process blank correction was less than 2%, except 

for THM-IS-T4-4 (3.4 %); consequently, the effect of 9Be mis-estimation was excluded (see also 

Bender et al., 2016). Contributions of native Be, if present, were negligible because the total Be 

concentrations of the samples differed from the added spiked values within the uncertainties of 

the ICP-OES. Total Al concentrations varied between 0.45 and 20.03 mg (7 to 197 ppm). 

26Al/10Be ratios changed from 2.50 ± 0.09 to 19.73 ± 1.39. The isochron burial ages were 

calculated according to the steps described in detail in Erlanger et al. (2012) by using the 

MATLAB® script provided by Darryl Granger (personal communication). Our modeling yielded 

isochron slopes and isochron burial ages of 3.56 ± 0.23 and 1.4 ± 0.1 Ma for strath terrace T2 

(Tables 2 and 3; Fig. 10a) and 5.26 ± 0.23 and 540 ± 90 ka for the aggradational terrace T1 

(Tables 2 and 3; Fig. 10b), respectively. Modeling of the results from the samples from strath 

terrace T1 did not yield any solution (Fig. 10c). We can explain this by the high 26Al/10Be ratios 

(>8.4, after Akçar et al., 2017) in the three samples from this terrace (Tables 2 and 3).
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Sample depth, amount of dissolved samples, and added 35Cl spikes are presented in Table 4, 

as well as the total Cl and 36Cl concentrations and their 1- uncertainties. We analyzed one 

sample per depth profile (THM-DP-T2-4) for major and trace elements, which were taken as 

representative for the respective profile (Table S2). Total Cl concentrations for the five samples 

from the terrace were between 60 and 205 ppm (Table 4). 36Cl concentrations varied from 

(132.03 ± 3.71) × 104 to (240.97 ± 9.47) × 104 atoms per gram rock (Table 4). The uncertainties 

from the AMS measurements fell between 2 and 5%. The input parameters for the modeling of 

the depth profile ages of the aggradational terrace T1 are given in Table S3. For the 

aggradational terrace T1, an independent cosmogenic 36Cl modal age of 400+150
-50 ka, an 

inheritance of (79+312
-79) × 104 atoms/g, and an erosion rate of 0.34+0.30

-0.19 cm/ka were obtained 

from the simulation within 4 sigma () (Fig. 10d; Table 5). The best fit through the data points 

using the lowest χ2 value generated an age of 300 ka, an inheritance of 2 ×104 atoms/g, and an 

erosion rate of 0.34 cm/ka (Fig. 11d). 

The aggradation time of terrace T1 at 540 ± 90 ka (1 ) and the timing of terrace formation at 

400+150
-50 ka (4) agreed well within the uncertainties. Therefore, we consider 540 ± 90 ka (1 ) 

as the age of T1 and the isochron burial age of 1.4 ± 0.1 Ma for T2 for further discussion. We 

used these ages to calculate the mean incision rate, i.e., isochron burial ages were plotted against 

the height of the terraces T1 and T2 with respect to present level of the Tohma River. The 

regression lines for the long-term incision rates (since 1.4 Ma) according to present level yielded 

a mean incision rate of 96 ± 11 m/Ma (Fig. 10e).

4.3.  Uplift and Displacement 
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The difference in topographic elevation between the sampled locations of the terrace levels 

and the modern Tohma River was the first input to calculate the incision rate. The cross-section 

of P1 indicated that the mean sampling location of T2 was 106 m above the Tohma River (Fig. 

7a) and that of P2 indicated that the mean sampling location was 28 m above (Fig. 7b). To 

calculate incision rates, we took into account the ratio of terrace heights to their isochron burial 

ages. According to this, the incision rates from T1 and T2 were found to be 0.052 ± 0.01 mm/yr 

and 0.076 ± 0.05 mm/yr, respectively. The plotting of the burial ages against the height of the 

terraces with respect to the modern elevation of the Tohma River was used to calculate the mean 

incision rate. The linear regression (after Bender et al., 2016) for the long-term incision rate 

(since 1.4 Ma) according to present level yielded a value of 96 ± 11 m/Ma (Fig. 10e).

The difference in the width of the Tohma River Valley on either side of the fault is the result 

of the lateral erosion that can be attributed to different lithologies across the river. The narrow 

and deep Tohma Valley, west of the Malatya Fault, is located on erosion-resistant limestone and 

consolidated volcaniclastic pebbles of the Medik Formation. In this area, the width of the modern 

channel is ca. 185 m (Fig. 3). After crossing the Malatya Fault (east of the fault), the valley 

presents a wider geometry as a result of relatively more erodible Plio–Quaternary units. In Fig. 3, 

the modern channel width between the fault and the black dashed line reaches up to 500 m 

whereas to the east of the white line the width reaches up to 1400 m (Fig. 3). 

For the offset measurements on the Tohma River, we produced two scenarios. In the first 

offset scenario, we considered present channel boundaries at both sides of the fault. To measure 

the actual displacement based on the channels, we applied the criteria of Huang (1993) that 

define how fault displacement can be determined from the different types of deflection 

configurations. In Type-1, actual offset (D) can be measured easily because there is no apparent 
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displacement (Fig. 11a) (Huang, 1993). Type-II and Type-III have apparent displacement (D’) 

that is caused by stream incision and lateral erosion (Figs. 11b and c) (Huang, 1993). The 

resulting channel geometry is either convex or concave along the fault strike. These 

misalignments create apparent displacement (D’). Therefore, to measure the actual displacement 

(D), the convex and concave segments of the river must be ignored. In Type-IV, stream channel 

behave like a brittle string and is abruptly offset within the narrow fault zone (Fig. 11d) (Huang, 

1993). The configuration of the Tohma River near the Malatya Fault (Fig. 11e) is similar to the 

Type-II and Type-III of Huang (1993). We took into account the northern boundaries of the 

Tohma modern channel at both sides of the fault and measured the actual offset as 697 ± 1 m.

In the second offset scenario, we considered the present channel boundary at the western 

block of the fault and the oldest channel boundary at the eastern block of the fault, as presented 

by the oldest terrace (T2). We took into account the northern boundaries of the Tohma modern 

channel west of the fault, and to the east we considered the minimum and maximum boundary of 

T2 terraces (L1 and L2 lines in Fig. 11f). According to these reconstructions we measured 1411 

± 1 m and 1563 ± 1 m offsets (Fig. 11f). 

5. Discussion

5.1.  Quaternary Activity of the Malatya Fault

The dating of the Tohma terraces provided valuable data that were used to calculate the 

uplift rate. Since the long profile of Tohma is away from the effect of sea level fluctuations, we 

therefore, assumed that net incision equal to net uplift. The calculated incision rates of the T1 
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and T2 terraces were 0.052 ± 0.01 mm/yr and 0.076 ± 0.05 mm/yr, respectively. Considering the 

spatial distribution of the terraces and their relationship with the Malatya Fault, we propose that 

the uplift has been driven by the Malatya Fault rather than large-scale lithospheric processes, 

climatic effects, or sea level fluctuations. The calculated 96 ± 11 m/Ma mean uplift rate since at 

least 1.4 ± 0.1 Ma (Fig. 11d) is ca. 2 times larger than 51 ± 1 m/Ma from the central part of the 

Anatolian Scholle, where the uplift rate was estimated from Kızılırmak terraces (Çiner et al., 

2015). 

We used two geomorphic markers, namely, the present channel boundary of the Tohma 

River west of the fault and the T2 terraces that are considered to represent the oldest channel 

boundary east of the fault, to produce the offset scenarios of the FS-3 segment of the MF (Fig. 

11). The displacement measurements of the scenarios were based on projections of these 

geomorphic marker lines into the FS-3 trace that shows clear recent slip related structures (Fig. 

5). According to the first reconstruction scenario, which presents the minimum offset estimate, 

the sinistral offset between the present channel boundary of the Tohma River at both sides of the 

fault was measured as 697 m (Fig. 11e). However, with the second reconstruction scenario, 

which is the maximum estimate, the results revealed that the sinistral offset between the 

geomorphic markers was either 1411 m or 1563 m (Fig. 11f). These offset estimates divided by 

1.4±0.1 Ma for the T2 terraces age, yields a 0.5 ± 0.1 mm/yr slip rate for the first scenario, and 

1.0 ± 0.01 mm/yr and 1.12 ± 0.01 mm/yr minimum and maximum slip rates for the second 

scenario, respectively. Considering the 2275 ±  605 yr earthquake recurrence interval of the 

Malatya Fault that produced four earthquakes over the last 10 ka (Sançar et al., 2019), we 

conclude that the slip rate estimations from the second scenario are more plausible. Furthermore, 
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these estimations are consistent with one of the GPS-based block model slip rates, specifically, 

1.2±0.1 mm/yr (Aktuğ et al., 2013a).

5.2.  Quaternary Activity of Second-Order Strike-Slip Faults and Implications 

for Intra-Plate Deformation of the Eastern Part of the Anatolian Scholle

The studies on the strike-slip faults at the eastern part of the Anatolian Scholle 

unquestionably show that they are active structures, and apart from this, their slip rate, 

earthquake recurrence time, and tectonic evolution provide key data to discuss their origin and 

relationship with the westward extrusion of the Anatolian Scholle. 

The westward extrusion rate of the Anatolian Scholle with respect to the Eurasian plate, 

increases from east to west, and the main deformation is accommodated by its boundary strike-

slip faults (McClusky  et al., 2000; Özeren and Holt, 2010; Reilinger et al., 2006; Şengör et al., 

1985). Different hypotheses have been put forth to explain the causes for the westward motion of 

the Anatolian Scholle, including (a) the effect of the NAFZ and EAFZ supported by extra forces 

applied to Anatolia from beneath or forces from the gravitational potential of the East Anatolia 

High Plateau that is known as tectonic escape (McKenzie, 1972; Özeren and Holt, 2010; Şengör 

et al., 1985), (b) slab pull of the Hellenic subduction (Chorowicz et al., 1999; Reilinger et al., 

2006), (c) asthenospheric flow dragging the circular motion of the lithosphere from the Levant in 

the east to Anatolia and Aegean in the west (Le Pichon and Kreemer, 2010), and (d) a 

combination of the effects of slab pull with mantle upwelling underneath Afar and with the 

large-scale flow associated with a whole mantle, Tethyan convection cell (Faccenna et al., 2013). 
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To evaluate these hypotheses by using the intra-plate deformational structures of the 

Anatolian Scholle, the origin and evolution of second-order strike-slip faults must be well 

established. Şengör et al. (1985) asserted that the paleotectonic structures have essential 

contributions regarding the formation of neotectonic structures and classified them into the 

following three groups according to their relationship with the paleotectonic structures: (a) 

Resurrected structures: these are formed by the reactivation of paleotectonic structures, (b) 

Replacement structures: the neotectonic structures are derived from the paleotectonic structures 

that are in the same spatial location, but their functions are different (e.g. the forming of the 

strike-slip fault as a result of a rotated suture), and (c) Revolutionary structures: these are not 

associated with the paleotectonic structures. Later studies on the CAFZ (Higgins et al., 2015; 

Koçyiğit and Beyhan, 1998), MOFZ (Kaymakçı et al., 2006), and TGFZ (Çemen et al., 1999; 

Özsayın et al., 2013) revealed that these faults originated from the paleotectonic structures 

during the late Miocene–early Pliocene. Considering their relationship with the paleotectonic 

structures, we think that they correspond to the replacement structures of Şengör et al. (1985); 

moreover, we assert that their replacement age is compatible with the age of the EAFZ (Arpat 

and Şaroğlu, 1972; Dewey et al., 1986; Hempton, 1987; Lyberis et al., 1992; Perinçek and 

Çemen, 1990; Şengör et al., 1985), which marks fully the development of the boundary faults of 

the Anatolian Scholle and therefore the beginning of its westward motion. A more recent study 

on Miocene to Pleistocene basaltic emplacement at the easternmost part of the Anatolian Scholle 

revealed supportive evidence that constrained the beginning of the westward motion (Di 

Giuseppe et al., 2017). Di Giuseppe et al. (2017) concluded that the westward motion of the 

Anatolian Scholle, which started after the development of the EAFZ at ca. 6 Ma ago, caused the 

formation of small pull-apart basins that facilitated the reaching of the Na-alkali basaltic magma 
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to the surface in the Plio–Pleistocene. Moreover, considering the slip rates and earthquake 

recurrence time, Sançar et al. (2019) proposed that these second-order strike-slip faults are 

plate boundary related structures. These data corroborate the ideas of Şengör et al. (1985), who 

suggested that simultaneous activity of the NAFZ and EAFZ caused the formation of the second-

order strike-slip faults at the eastern part of the Anatolian Scholle. 

Şengör (1979) and Şengör et al. (1985) suggested that an active Prandtl Cell model could 

be used to interpret the origin of intra-plate deformation of the Anatolian Scholle in the context 

of a tectonic escape model, but following a recent analogue model study, (Sançar et al., 2018) 

suggested that the passive wedge-shaped Prandtl cell model of Varnes (1962) is more 

appropriate for explaining the deformation pattern at the easternmost part of the Anatolian 

Scholle. Sançar et al. (2018) showed that the sense of slip along second-order faults, which 

formed between the NAFZ and EAFZ, changes along strike, from strike-slip to oblique normal 

and then to pure normal slip. Therefore, we think that the extensional structures on the CAFZ 

and MOFZ, or the increasing normal displacement along the southern part of the CAFZ, do not 

necessarily indicate the influence of the West Anatolian Extensional Province as proposed by 

Higgins et al. (2015). 

other evidenceOur results are consistent with inferences of long earthquake recurrence interval based on other evidence
6. Conclusions

The findings of this study provide a noteworthy contribution to the understanding of the 

spatio-temporal behavior of the Malatya Fault. These findings also enhance our understanding 
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of strike-slip faults in the eastern part of the Anatolian Scholle, which play a critical role in our 

understanding of geodynamics of the eastern Mediterranean region.

Isochron burial and depth profile dating of the Tohma River remnant terrace constrains the 

mid-Pleistocene slip and average uplift rate on the Malatya Fault. We produced two scenarios 

to measure actual offset between the present channel boundary in the west and the oldest 

channel boundary, which is represented by the T2 terrace level, east of the Malatya Fault. The 

1.4 ± 0.1 Ma T2 terrace offset by ca. 1.4 km or ca. 1.5 km had respective slip rates of 1.0 ± 0.01 

mm/yr and 1.12 ± 0.01. Furthermore, we calculated 0.052 ± 0.01 mm/yr and 0.076 ± 0.05 mm/yr 

incision rates for T1 and T2, respectively. According to the present level of the Tohma River the 

mean rock uplift rate for this segment of the Malatya Fault is 96 ± 11 m/Ma. 

The reactivation period of intra-plate faults of the Anatolian Scholle corresponds fully to the 

development of the boundaries between the Anatolian Scholle and African and Arabian plates at 

ca. 6 Ma ago. The tectonic evolutions, slip rates, and earthquake recurrences of the main 

neotectonic structures of the eastern part of the Anatolian Scholle indicate that they have been 

controlled by the NAFZ and EAFZ, and this supports the tectonic escape model. 
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FIGURE CAPTIONS

Figure 1. (a) Major active tectonic structures of Turkey and the Eastern Mediterranean (Akyüz 

et al., 2006, 2012; Avagyan et al., 2010; Duman and Emre, 2013; Hall et al., 2014; Koçyiğit and 

Beyhan, 1998; Le Pichon et al., 1995; Nyst and Thatcher, 2004; Philip et al., 1989; Seyitoğlu et 
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al., 2017; Şaroğlu et al., 1992; Şaroğlu and Güner, 1979; Searle et al., 2010; Şengör et al., 1985, 

2005, 2008, 2014; Shaw and Jackson, 2010). The red lines with saw teeth and hachures indicate 

the thrusts and normal faults, respectively. The red solid lines are strike-slip faults. KTJ: 

Karlıova Triple Junction, NAFZ: North Anatolian Fault Zone, EAFZ: East Anatolian Fault Zone, 

MOFZ: Malatya-Ovacık Fault Zone, CAFZ: Central Anatolian Fault Zone, TGFZ: Tuz Gölü 

Fault Zone, HT: Hellenic Trench, CT: Cyprus Trench. Basemap is from the GEBCO database 

(downloaded from http://www.gebco.net/data_and_products/gridded_bathymetry_data/). (b) The 

main active structures of central-to-eastern Turkey (Şaroğlu et al., 1992). Blue arrows indicate 

the GPS vectors (Aktuğ et al., 2013b; Özener et al., 2010; Reilinger et al., 2006; Tatar et al., 

2012),  focal mechanisms of the main earthquakes (M >5.5), which generally show  strike-slip, 

and some normal fault solutions (Ekström et al., 2012). MF: Malatya Fault, OF: Ovacık Fault, 

TGB: Tuz Gölü Basin, EB: Erzincan Basin, E: Eynir.

Figure 2. The general geometry and segmentation of the 165-km-long NE–SW-striking Malatya 

Fault (modified from Emre et al., 2012a, b; Kaymakçı et al., 2006; Sançar et al., 2019). The 

white arrows indicate the segment boundaries (FS-1 to FS-5).

Figure 3. The simplified geologic map of the study area (modified from Bedi and Yusufoğlu, 

2018; Sümengen, 2016). Note that the modern channel width of the Tohma River increase from 

west to east and reaches its maximum (1400 m) to the east of the white dashed line. The area 

west of the black dashed line shows the area in Fig. 6a. The area west of the black dashed line 

shows the area in Fig. 6a.  

Figure 4. (a) Field view of the Beylerderesi Formation that is represented by poorly sorted 

limestone and basalt fragments, and (b) cross-lamination structure of the terrace deposits that 

reflect the fluvial deposition.
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Figure 5. Physiographic features of the Malatya Fault at locations north and south of the Tohma 

River. (a) The elongated depression (between black arrows) on the crest line and (b) offset 

gullies were used to draw the fault geometry. 

Figure 6. (a) Detailed geologic map (modified from Bedi and Yusufoğlu, 2018; Sümengen, 

2016), and remnant terrace distribution around the Malatya Fault. (b) Close view of the T1 and 

T2 terraces to the south of the Tohma River showing the cosmogenic isochron burial (THM-IS-

T2, T4 and PQ) and cosmogenic depth profile sampling (THM-DP-T2) locations. P1 and P2 

swath profiles are shown in Fig. 7. 

Figure 7. Swath profiles of (a) P1 and (b) P2 showing the sampling locations and their 

elevations from the Tohma River. See Fig. 6 for cross-section locations.

Figure 8. (a) The highest point of the T2 terrace (106 m above the thalweg of the Tohma Valley) 

sampled for cosmogenic isochron-burial dating (b) close view of the THM-IS-T4 site 

Figure 9. Field pictures of the T1 terrace. (a) Sampling site of the T1 terrace. Blue dashed line 

presents the boundary of the T1 terrace at points south of the Tohma River. The black arrow 

shows the T1 terrace, covered with apricot trees, at points north of the river. (b) The 11 

microcrystalline quartz pebble samples (THM-IS-T2-1 to 11) collected from the T1 

aggradational terrace, and (c) THM-IS-PQ-1 to 7 samples collected from the T1 strath terrace for 

cosmogenic isochron burial dating. (d) The excavated trench (c.a. 2 m) on the T1 aggradational 

terrace sampled (THM-DP-T2-1 to 4) for cosmogenic depth profile dating.

Figure 10. Corrected isochron age for samples (a) THM-IS-T4, (b) THM-IS-T2, (c) THM-IS-

PQ. (d) The best fit of depth profile dating of the THM-DP-T2 samples (e) Strath elevations of 
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the T2 and T4 terraces plotted against the terrace age. The slope of the solid line and its intercept 

are used to calculate the incision rate. Green area indicated 1 sigma solution space.

Figure 11. (a-d) The most common types of lateral offset configurations on the sinistral fault 

(modified from Huang, 1993). The offset scenario of Tohma River according to (e) modern 

channel boundaries on both sides of the fault and (f) between the northern modern channel 

margin at locations west of the fault and northern margin of the T2 terrace, which is considered 

to present the oldest channel at locations east of the fault.

TABLE CAPTIONS

Table 1. Sample information for the T1 and T2 terraces of the Tohma River, eastern Turkey.

Table 2. 10Be and 26Al results for samples from the Tohma River in eastern Turkey.

Table 3. Isochron burial ages from the Tohma River, eastern Turkey.

Table 4. Cosmogenic 36Cl data of the depth profile samples from the Tohma River terraces.

Table 5. Results for the Monte Carlo simulations of the depth profile samples from T1 

aggradational terraces (after Claude et al., 2019).

SUPPLEMENTARY FIGURE CAPTIONS

Figure S1. The tributaries of the Tohma River around the study area. Black lines indicate swath 

profiles that shown in Fig. S2 and S3.  
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Figure S2. The swath profiles of (a) N1 and (b) N2 at north of the Tohma River showing the 

positions of T1 and T2 terraces, and their staircase nature. See Fig. S1 for swath profile 

locations.

Figure. S3. The swath profiles of (a) S1, (b) S2, (c) S3, and (d) S4 at south of the Tohma River 

showing the positions of T1 and T2 terraces, and their staircase nature. Note that the elevation of 

terraces decreases from west to east.  See Fig. S1 for swath profile locations.

Figure S4. Spatial distribution of the T1 (light green polygons) and T2 (dark green polygons) 

terraces. The originality of terrace surfaces in the north has been altered by ongoing agricultural 

activity and artificial channel constructions.

SUPPLEMENTARY TABLE CAPTIONS

Table S1. Sample weight change of the isochron-burial samples from the Tohma River (eastern 

Turkey) during the leaching process. Note that the samples to be dissolved for 10Be and 26Al 

analyses were selected based on their mineralogy and weight during and after the leaching 

process. 

Table S2. Major and trace element data for the depth profile samples from the Tohma River 

terraces.

Table S3. Input parameters for the 36Cl depth profile modeling of T1 strath and T2 aggradational 

terraces (after Claude et al., 2019).
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Morphologic Sample Altitud
e Latitude, Longitude, Sample Sample

Unit Name (m 
a.s.l.)

°N 
(DD.DD) °E (DD.DD) Thickness Depth

     (cm) (cm)
T2 THM-IS-T4-1   

Aggradational THM-IS-T4-2
Terrace THM-IS-T4-3
Isochron THM-IS-T4-4

burial THM-IS-T4-5
THM-IS-T4-6

 THM-IS-T4-7

837 38.511021 38.080003

  
T-1 THM-IS-T2-1   

Aggradational THM-IS-T2-2
Terrace THM-IS-T2-3
Isochron THM-IS-T2-4

burial THM-IS-T2-5
THM-IS-T2-6
THM-IS-T2-7
THM-IS-T2-8
THM-IS-T2-9
THM-IS-T2-10

 THM-IS-T2-11

752 38.519336 38.095885

  
T-1 THM-IS-PQ-1   

Strath THM-IS-PQ-2
Terrace THM-IS-PQ-3
Isochron THM-IS-PQ-4

burial THM-IS-PQ-5
THM-IS-PQ-6

 THM-IS-PQ-7

751 38.518432 38.100179

  
T-1 THM-DP-T2-1 10 35

Aggradational THM-DP-T2-2 10 65
Terrace THM-DP-T2-3 10 95
Depth THM-DP-T2-3A 10 125
Profile THM-DP-T2-4

754 38.51904 38.095889

10 155
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Sample
No.

Sample 
Weight

(g)

Carrier

Weight
(mg)

10Be
Concentration 

(104 at/g)

Uncertainty

(104 at/g)

Uncertainty

(%)

Total

Al

(mg)

Total

Al

(ppm)

26Al
Concentratio

n

(104 at/g)

Uncertainty

(104 at/g)

Uncertainty

(%)
26Al/10Be

THM-IS-T4-2 50.0615 0.2046 8.83 0.4 4.49 17.23 167 60.83 2.48 4.07 6.89 ± 0.42

THM-IS-T4-3 47.1644 0.1991 21.66 0.83 3.85 5.83 70 104.41 7.22 6.92 4.82 ± 0.38

THM-IS-T4-4 12.0944 0.1989 7.96 0.74 9.27 4.62 85 54.33 3.81 7.02 6.83 ± 0.79

THM-IS-T4-7 50.0094 0.198 7.36 0.31 4.26 1.09 12 145.2 8.18 5.63 19.73 ± 1.39

THM-IS-T2-1 50.0176 0.1984 29.14 0.95 3.26 9.75 96 227.68 16.12 7.08 7.81 ± 0.61

THM-IS-T2-4 50.2454 0.1975 34.07 1.14 3.34 0.79 7 215.92 7.07 3.27 6.34 ± 0.30

THM-IS-T2-5 49.999 0.1963 13.36 0.59 4.44 17.86 192 131.06 18.66 14.24 9.81 ±  1.46

THM-IS-T2-10 49.9927 0.2043 91.64 2.09 2.28 3.81 77 229.46 6.92 3.02 2.50 ±  0.09

THM-IS-T2-11 50.2593 0.1986 24.26 1 4.13 20.03 197 212.96 22.45 10.54 8.78 ±  0.99

THM-IS-PQ-2 50.0127 0.1977 6.65 0.31 4.73 1.42 14 70.75 7.11 10.05 10.64 ± 1.18

THM-IS-PQ-3 37.7211 0.1982 5.31 0.39 7.32 7.26 72 90.21 14.64 16.23 17.00 ± 3.03

THM-IS-PQ-4 50.3911 0.1982 20.78 0.79 3.79 18.5 177 81.36 5.08 6.24 3.91 ± 0.29

THM-IS-PQ-7 31.3305 0.1986 6.15 0.37 5.94 0.45 9 77.21 6.55 8.48 12.55 ± 1.30

Accelerator mass spectrometry (AMS) measurement errors are at 1 level, including statistical (counting) error and error due to normalization of standards and blanks. The error weighted 
average 10Be/9Be full-process blank ratio is (2.51 ± 0.13) X 10-15. 26Al/10Be ratios are calculated with the CRONUS-Earth exposure age calculator and are referenced to 07KNSTD (http:// 
hess.ess.washington.edu/math/ (v. 2.3); Balco et al. (2008) and update from v. 2.2 to v. 2.3 published by Balco in June 2016).
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Morphologic Sample Isochron Isochron Isochron
Unit Name Slope Intercept burial age

     
T2 THM-IS-T4-1    

Aggradational *THM-IS-T4-2
Terrace *THM-IS-T4-3
Isochron *THM-IS-T4-4 3.56 ± 0.23 292000 ± 24800 1.4 ± 0.1 Ma

burial THM-IS-T4-5
THM-IS-T4-6

 **THM-IS-T4-7    
T-1 *THM-IS-T2-1    

Aggradational THM-IS-T2-2
Terrace THM-IS-T2-3
Isochron *THM-IS-T2-4

burial *THM-IS-T2-5
THM-IS-T2-6 5.26 ± 0.23 613000 ± 53900 540 ± 90 ka
THM-IS-T2-7
THM-IS-T2-8
THM-IS-T2-9

**THM-IS-T2-10
 *THM-IS-T2-11    

T-1 THM-IS-PQ-1    
Strath **THM-IS-PQ-2

Terrace **THM-IS-PQ-3
Isochron *THM-IS-PQ-4 n.a. n.a. n.a.

burial THM-IS-PQ-5
THM-IS-PQ-6

 **THM-IS-PQ-7    
* used in the isochron-burial age simulation
** statistical outlier, beyond  the 2 solution space
n.a.: not available
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Sample
Name

Sample
Depth (cm)

Sample
Dissolved (g)

35Cl spike
(mg)

Total Cl
(ppm)

36Cl
(104 at/g)

THM-DP-T2-1 35 50.9635 2.5637 61.1 ± 1.0 240.97 ± 9.47
THM-DP-T2-2 65 55.5205 2.5631 74.8 ± 0.5 230.87 ± 5.35
THM-DP-T2-3 95 66.3842 2.5594 66.5 ± 0.5 165.11 ± 4.17
THM-DP-T2-3A 125 46.3219 2.5558 65.0 ± 0.5 132.03 ± 3.71
THM-DP-T2-4 155 70.4250 2.5576 202.1 ± 0.8 149.08 ± 5.67
AMS measurement errors are at 1  level, including the statistical (counting) error and the error due to normalization of 
standards and blanks. 

T1

Age

(ka)

Erosion rate

(cm.ka-1)

Inheritance

(x 104 at.g-1)

Minimum 
value

200 0.15 0

Maximum 
value

1090 0.64 391

Mean 
value

430 0.36 80

Median 
value

420 0.36 80

Lowest 2 
value

300 0.34 2

Mode 
value

400 0.34 79
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Note that reported solution space is within 4 and erosion rate statistics cannot be used for reporting a 
value for erosion rate (Hidy et al., 2010).
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HIGHLIGHTS
The Malatya Fault has a slip rate of 1.0 - 1.12 ± 0.01 mm/yr

The mean uplift rate of the Malatya Fault is 96 ± 11 m/Ma

Our results contradict the claim that the MOFZ is not an active deformation belt

Evolution of the second-order faults of Anatolia supports the tectonic escape model
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