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Abstract 

Reconstruction of paleoearthquakes is an essential step in order to widen our 

understanding of future seismic behavior on specific faults and in a larger extent in a 

regional tectonic framework. Fault scarp dating using cosmogenic 36Cl is a powerful 

technique to explore the rupture history of faults that provide valuable information to 

be contributed in seismic hazard assessment. Western Anatolia is a roughly N-S 

rapidly extensional region since early Miocene. Deformation pattern of this 

intensively active region is strongly dominated by normal faults, locally built in 

carbonates, within the large-scale horst-graben systems. Carbonate bedrock fault 

scarps are the most direct indication of past earthquakes in order to explore seismic 

behavior of faults using cosmogenic 36Cl. The oldest recorded earthquake in the 

Eastern Mediterranean and Middle East dates back to 2100 B.C, whereas the 

instrumental earthquakes were recorded only during the last century. However, to 

assess the seismic activity of faults, a more complete seismic database within and 

prior to the existing seismic archives is required.  

In this study, in order to model a long-term seismic history of western 

Anatolia, we applied fault scarp dating on several fault scarps within Büyük 

Menderes Graben, Gediz Graben, and Gökova half-graben by analysing 584 

samples. We could recover at least 12 large seismic events, mostly occurred as 

clustered earthquakes with magnitude of 5.4 to 7.1 during the past 15 ka. The 

correlation of timing of paleoearthquakes at ca. 2.0, 3.5, 6.0 and 8.0 ka lead us to 

assert that western Anatolia experienced at least four periods of high seismic 

activity during Holocene, in addition to the recent time with the high record of major 

earthquakes. The regional recurrence interval of approximately 2000 years is 

concordant with the return period of earthquakes of several faults in the extensional 

tectonic setting of Aegean region. The vertical slip rates of faults are estimated to be 

in a range of 0.1 to 1.9 mm/yr, which generally increase through time. This indicates 

that the largest amount of strain during the whole Holocene time is transmitting to 

western Anatolia in recent time. 
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Introduction 

The idea of production of radioactive nuclides as a result of interaction of cosmic 

rays with Earth’s surface elements was first introduced by Grosse (1934). The principle 

of cosmogenic nuclide dating lies in spallation process, which is defined as the collision 

of high-energy cosmic rays with nuclei in the atmosphere and breakage of the nuclei into 

particles followed by new nuclides creation. The accumulation of nuclides at or near the 

Earth surface material reveals the specific time that the surface material has been 

exposed to cosmic rays, when the production rate is known. Radiocarbon was the first 

nuclide used to date the organic materials in the late 1940s (Libby 1946; Libby et al. 

1949). Davis and Schaeffer (1955) developed the surface exposure dating methodology 

and proposed the plausibility of dating using cosmogenic 36Cl. A decade later, Lal and 

Peters (1967) proposed a fundamental theory for cosmogenic nuclide dating. Until mid-

1980s the method developed slowly, due to the absence of sufficient instrumentation to 

measure the low concentrations of terrestrial in-situ produced cosmogenic nuclides 

(TCN). Through years TCN applications increased with development of analytical 

methods to calculate production and erosion rates (Lal, 1991; Stone, 2000; Dunai, 2000) 

as well as instrumental progress in AMS (Accelerator Mass Spectrometry) (e.g., Klein et 

al., 1982; Elmore and Phillips, 1987). Most used cosmogenic nuclides are 3He, 10Be, 

26Al, 36Cl, 21Ne and 14C with a wide range of applications in different geomorphological 

features such as reconstruction of ice volume fluctuations, dating of landslides, 

shorelines, fault scarps, volcanic landforms, determination of uplift timing, quantifying 

mass erosion events, determination of fluvial sediment storage and transfer time and 

many others (Gosse and Philips, 2001 and references therein).  

Bedrock fault scarps can provide direct evidence of paleoearthquakes in order to 

date their occurrence time and determine the related slip values, if the periods of activity 

and quiescence are analyzed along fault scarps with cosmogenic nuclides. Fault scarp 

dating is based on the analysis of the accumulation of cosmogenic nuclides in a few 

outermost centimeters of the fault scarp surface. Mainly cosmogenic 36Cl is used for 

fault scarp dating, but also 10Be, 26Al and 14C have been tested (Kong et al., 2010; 
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Harrington et al., 2000). 36Cl is considered 

as the most common cosmogenic nuclide, 

which is regularly applied for dating of non-

quartz-bearing lithology such as 

carbonates. Episodic history of the activity 

and quiescence of a given normal fault 

leads to creation of cosmogenic 36Cl profile 

(Fig. 1). By processing the cosmogenic 36Cl 

along the fault scarp height we are able: (1) 

to date the past seismic events and in case of regularity of the return interval, 

approximate the time of future event (2) to determine the vertical component of slips and 

the magnitude of the earthquakes in charge of displacements; and (3) to estimate the 

slip rates both cumulative and short-term, which all are fundamental elements in 

earthquake risk reduction (e.g., Cluff & Cluff, 1984). Generally, before the fault 

activation, shielding of colluvium causes the creation of exponential profile of 36Cl 

concentration in the footwall and the outermost fault scarp surface, once the fault is 

completely covered by colluvium at time t0 (Fig. 2). At the time of t1, when the first 

rupture (EQ1) occurs, a previously covered part of the fault scarp exposes to the cosmic 

rays with slip amount of S1 and the colluvium level shifts from the position G0 to G1 (Fig. 

2). Such event is reflected in a uniform concentration of cosmogenic 36Cl resulted by 

acceleration of production of cosmogenic 36Cl during the subsequent period of dormancy 

of the fault (time period of t1 to t2, where t2 is timing of the second earthquake). At the 

time of t2, the second rupture (EQ2) occurs and the ground level moves from the position 

G1 to G2 with respective slip of S2. This cycle recurs for the third and fourth ruptures, 

which finally the ground level shifts to G (the recent ground level) (Fig. 2). In the profile 

of 36Cl concentrations during these four rupture events, discontinuities represent the 

timing of ruptures, while the convex shape of profile defines periods of inactivity (Fig. 2). 

Fig. 1. Schematic distribution of cosmogenic
 36

Cl 
concentration along the outermost couples of 
centimeters of an exposed fault scarp and covered 
surface by colluvium. 
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The vertical components of slips are defined by the vertical separations between two 

adjacent discontinuities (Fig. 2). 

For the first time, the fault scarp dating with cosmogenic 36Cl was used by Zreda 

and Noller (1998), in the Hebgen Lake fault scarp, Montana, USA with dating of six 

paleoseismic activities. A computer code was developed by Mitchell et al. (2001) to 

model the past earthquakes. They reconstructed three phases of paleoseismic activity 

on the Nahef East Fault scarp, Israel. Benedetti et al. (2002) recovered six rupture 

events the Sparta Normal Fault scarp (Greece) including the 464 B.C Sparta 

earthquake. In addition, Benedetti et al. (2003) reconstructed three seismic events on 

the Kaparelli Fault, Greece. Palumbo et al. (2004) explored five to seven seismic 

activities on the Mangola Fault, Italy. Schlagenhauf et al. (2010) developed a new 

Matlab® code and reanalysed the cosmogenic 36Cl data set from the Mangola Fault 

Fig. 2. Sketch of cosmogenic 
36

Cl concentration profile as a function of height along fault scarp through 
exposure history of four episodic earthquakes (modified after Akçar et al., 2012). G0 and t0 represent the 
ground level and time before the first earthquake, when the fault was covered by colluvium; G1 and S1 

show the ground level and the slip value after the first earthquake at the time of t1; t is the time of the 
fourth and most recent earthquake, when ground level shifted from G3 to its current level (G); S4 

represents slip amount of the last earthquake. The differences between adjacent times of t0 to t indicate 
inactivity times of the fault; VD1 to VD4 are vertical displacement caused by earthquakes 1 to 4. 
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(Palumbo et al., 2004). They modeled the same number of ruptures but with younger 

ages in comparison to the results of Palumbo et al. (2004). Schlagenhauf et al. (2011) 

reconstructed paleoseismic history of at least nine significant ruptures through the last 

15 ka. This has been done with sampling four more fault surfaces on Velino-Magnola 

Fault in addition to one site of Palumbo et al. (2004). Akçar et al. (2012) applied the 

Matlab® code of Schlagenhauf et al. (2011) and modeled two seismic scenarios on the 

Mugırtepe Fault in the Manisa Fault Zone, Turkey (Fig. 3). Benedetti et al. (2013) 

reconstructed at least 30 major seismic events since 12 ka ago on the Fucino Fault 

System, Italy from 11 locations, including one site from Palumbo et al. (2004) and four 

sites from Schlagenhauf et al. (2011). Tikhomirov (2014) developed a new Matlab® code 

and re-processed the data set from the Mugırtepe Fault (Akçar et al., 2012) as well as 

the Manastır Fault in the Manisa Fault Zone (Fig. 3). His modeling resulted in one 

seismic event for each fault. Mouslopoulou et al. (2014) used the code developed by 

Schlagenhauf et al. (2011) on the Spili Fault (Crete) and yielded five destructive events 

over the last 16.5 ka. Cowie et al. (2017) reconstructed the seismic history of Italian 

Apennines over the last 18 ka by linking cosmogenic 36Cl dating to LiDAR (Light 

Detection and Ranging) and GPR (Ground Penetrating Radar) methods and discovered 

the episodic activity of the Fiamignano Fault.  

In this study, we used fault scarp dating using cosmogenic 36Cl in order to model 

seismically active periods in western Anatolia, one of the most active regions in the 

world, which formed as a result of a roughly N-S extensional tectonic regime since early 

Miocene. The complex deformation pattern of this region is dominated by major horst-

graben systems namely Büyük Menderes Graben, Küçük Menderes Graben, Gediz 

Graben and Gökova half-graben characterized by normal faults built in carbonates (Fig. 

3). This region is subject to high seismicity, where the major earthquakes are recorded 

historically and instrumentally (e.g., Ambraseys, 2009; Ergin et al. 1967; Soysal et al. 

1981). The population density in the western Anatolia is up to 500 person per km2 

(European Environment Agency, 2010), which highlights the necessity of earthquake 

risk reduction studies, in order to minimize the probable damages of potential 

earthquakes. Basically, the return period of major earthquakes produced by faults is 
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several hundred years (Molnar, 1979; Scholz, 2002). But the oldest known historical 

earthquake in the Eastern Mediterranean and Middle East dates back to 2100 B.C. 

Fig. 3. Simplified geological map of western Anatolia (modified after Akçar et al., 2012; Sümer et al., 
2013; Hancock and Barka, 1987). The yellow stars show the locations of the sampling sites of this study 
in Priene-Sazlı, Yavansu and Kalafat faults within Büyük Menderes Graben, Ören Fault in Gökova half-
graben, Mugırtepe Fault (Akçar et al., 2012), Manastır Fault (Tikhomirov, 2014) and Rahmiye Fault (this 
study) within Gediz Graben.  
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(Shebalin et al., 1974; Soysal et al., 1981; Ambraseys, 2009), and the instrumental 

earthquakes have been recorded only since 1900. However, in order to assess a long-

term seismic behavior of faults and evaluation of probability of the occurrence of 

destructive future earthquakes, more complete data over larger time-scale is required. 

The main objectives of this thesis were dating of paleoseismic events to assess the 

return periods of major earthquakes and forecast timing of future ones; modeling 

amount of vertical component of slips and evaluating magnitude of reconstructed 

ruptures; and quantifying short-term and long-term slip rates, which all provide important 

data for earthquake risk reduction. To fulfil our aims, we collected a total of 453 samples 

from well-preserved fault scarps within Gediz Graben (Rahmiye Fault), Büyük Menderes 

Graben (Kalafat, Yavansu and Priene-Sazlı faults), and Gökova half-graben (Ören 

Fault). After sample processing, a Matlab® code (Tikhomirov, 2014) was used to model 

the seismic history of the faults. The results of our fault scarp modeling were compared 

with the existing results of Manastır and Mugırtepe faults (Akçar et al., 2012; Tikhomirov, 

2014) in Gediz Graben. Correlation of ages of paleoearthquakes of these faults 

indicates that western Anatolia experienced at least four periods of high seismic activity 

at ca. 2.0, 3.5, 6.0 and 8.0 ka with a return period of approximately 2000 years during 

Holocene. 
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Holocene seismic activity of the Priene-Sazlı Fault revealed 

by cosmogenic
 36

Cl, western Anatolia, Turkey 

 

Abstract  

Bedrock fault scarps built in carbonates are the most direct evidence of 

paleoearthquakes to reconstruct seismic history using cosmogenic 36Cl. Western 

Anatolia is a seismically active region, whose deformation pattern is mainly governed 

by major horst-graben systems initiated by a roughly N-S extensional tectonic regime 

since early Miocene. The Priene-Sazlı Fault is a major structure in the westernmost 

part of the Büyük Menderes Graben, one of these essential graben systems. The 

oldest known earthquake in the Eastern Mediterranean and Middle East dates back 

to 2100 B.C. However, to evaluate the earthquake behavior, a complete seismic data 

sequence through a large time-scale is needed.  

In this study, we measured cosmogenic 36Cl concentrations in 117 samples 

along the Priene-Sazlı Fault scarp to reconstruct the age of paleoearthquakes along 

with their slip amounts, beyond the available historical and instrumental archives. Our 

results indicate four high seismic phases in the Priene-Sazlı Fault since early 

Holocene at 8.1 ± 2.0 ka, 6.0 ± 1.5 ka, 3.7 ± 0.9 ka and 2.2 ± 0.5 ka, with slip mounts 

of 3.4 ± 0.5 m, 1.5 ± 0.2 m, 1.4 ± 0.2 m and 1.5 ± 0.2 m, respectively. These ruptures 

mostly occurred as clusters of earthquakes with magnitudes of 6.7 – 7.0 in a short 

period of time. Estimated slip rates of the fault are greater than 0.3, 0.7, 0.6 and 1.0 

mm/yr from the oldest to the youngest modeled earthquake. In addition, the long-

term slip rate is 0.7 mm/yr. Based on the rupture length and capacity to produce 

earthquakes with magnitudes of average 6.9, the Priene-Sazlı Fault is considered a 

seismogenic fault.  

Keywords: fault scarp; dating; Eastern Mediterranean; neotectonic; horst-graben 
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1. Introduction 

Displacement history of the faults, along with the size of their responsible 

destructive earthquakes, provides essential data to assess the frequency of the 

recurrence interval of earthquakes, and to estimate the likelihood of their occurrence 

in the future (e.g. McCalpin, 2009). Generally, major earthquakes produced by faults 

have return periods of several hundred years (e.g., Molnar, 1979; Scholz, 2002). This 

has been shown by the historical and instrumental seismic records around the world: 

e.g., Turkey (Ambraseys, 1971), Greece (Pantosti et al., 1996; Pavlides, 1996; 

Caputo et al., 1998) and northeast China (Lee et al., 1976). The oldest known 

historical earthquakes in the world are the eastern Crete and the Sodom earthquake, 

Judaea (around the current Dead Sea). The first earthquake occurred in 2100 B.C. 

and the second one struck around 2100-1700 B.C. (Shebalin et al., 1974; Soysal et 

al., 1981; Ambraseys, 2009) in the Eastern Mediterranean and Middle East. These 

regions were highly suitable places to record the paleoseismic activity evidence due 

to their geographic capacity for the emergence of the oldest civilizations on Earth. 

Instrumental recording of destructive earthquakes was, however, started only after 

the 19th century. Nevertheless, in order to evaluate the long-term seismic behavior of 

the faults and the analysis of probability of future earthquakes, more seismic data 

over a longer time span is required. Paleoseismic trenching is the most common 

method to determine displacement amounts and the return period of earthquakes 

(e.g., McCalpin, 2009). Displacement amount is derived from the offset of clear soil 

horizons and the return period of the earthquakes is determined by 14C and/or OSL 

dating depending on the type of suitable materials found. These, however, provide 

not very precise timing of paleoearthquakes, whereas bedrock fault scarps are the 

most direct evidence of past earthquakes resulting in precise dating, where the 

episodes of dormancy and activity can be analyzed along the bedrock fault scarp 

using cosmogenic 36Cl dating. 

The cosmogenic 36Cl dating technique has been successfully applied during 

the last two decades on carbonate fault scarps in the USA, Israel, Greece, Italy and 

Turkey (Zreda and Noller, 1998; Mitchell et al., 2001; Benedetti et al., 2002; 2003; 

2013; Palumbo et al., 2004; Schlagenhauf et al., 2010; 2011; Akçar et al., 2012; 
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Tikhomirov, 2014; Mouslopoulou et al., 2014; Cowie et al., 2017). Fault scarp dating 

analyzes the profile of cosmogenic 36Cl concentration in the uppermost fault scarp 

surface along the scarp height. This profile is created by successive earthquakes and 

episodes of quiescence (Fig. 1) (Gosse and Phillips, 2001 and references therein). 

The analysis of cosmogenic 36Cl along the fault scarp height enables: (1) dating of 

the past ruptures and estimation of the recurrence period of the earthquakes, and 

thus approximate timing of future ruptures; (2) determination of the vertical 

component of slip and the size of the responsible earthquakes; and (3) estimation of 

the long-term and short-term slip rates, which are essential parameters for 

earthquake hazard analysis (e.g. Cluff and Cluff, 1984). Basically, during the 

dormancy period prior to a rupture, shielding of colluvium defines exponential shape 

of 36Cl concentration in the uppermost few centimeters of the footwall surface (Fig. 

1a). The time when the fault was totally covered by colluvium is shown as t0 (Fig. 1b). 

Once rupture occurs (at the time of t1), the faulting exposes a previously buried 

Fig. 1. (a) Schematic distribution of cosmogenic
 36

Cl concentration along an exposed fault scarp and 
covered surface by colluvium; (b) sketch of cosmogenic 

36
Cl concentration profile as a function of 

height along fault scarp through exposure history of four episodic earthquakes (modified after Akçar 
et al., 2012). G0 and t0 represent the ground level and time before the first earthquake, when the fault 
was covered by colluvium; G1 and S1 show the ground level and the slip value after the first 
earthquake at the time of t1; t is the time of the fourth and most recent earthquake, when ground 
level shifted from G3 to its current level (G); S4 represents slip amount of the last earthquake. The 
differences between adjacent times of t0 to t indicate inactivity times of the fault; VD1 to VD4 are 
vertical displacement caused by earthquakes 1 to 4. 
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segment of the scarp at the slip amount of S1 and the colluvium position shifts from 

the position G0 to G1 (Fig. 1b, EQ1); this leads to a uniform accumulation of 

cosmogenic 36Cl over the segment at a higher rate through the consequent periods of 

quiescence (time span of t1 to t2, where t2 is timing of the second earthquake). Then 

the second earthquake (EQ2) occurs at the time of t2 with slip of S2 and ground level 

moves from the position G1 to G2.  This cycle repeats for the third and fourth 

earthquakes, after which the ground level shifts to G, which is the recent ground level 

(Fig. 1b). Hence, each discontinuity in the profile of 36Cl concentrations accumulated 

during these four earthquakes marks the timing of one rupture. The convex intervals 

of the 36Cl profile along the fault scarp indicate phases of inactivity (Fig. 1b). The 

vertical separation between two successive discontinuities equates to the respective 

slip of the rupture (Fig. 1b).  

 The complex deformation framework of the Mediterranean region has resulted 

from the collision of the African and Eurasian plates in the Alpine-Himalayan belt 

(e.g. Dewey and Şengör, 1979). This framework contains one of the most seismically 

active regions in the world, namely the 300 km wide Western Anatolian Extensional 

Province (Dewey and Şengör, 1979; Şengör et al., 1985). In addition, major normal 

faults there mainly occur in carbonates (Fig. 2). Therefore, western Anatolia is an 

ideal natural laboratory to investigate periods of seismic activities using exposure 

dating with cosmogenic 36Cl. Since the region is subject to intensive seismic activity 

and has records of many destructive earthquakes in history (Fig. 3), modeling of the 

future seismic events provides a remarkable potential regarding earthquake risk 

reduction. The extensional tectonic regime in western Anatolia since early Miocene 

caused the formation of roughly E-W trending main graben systems of Büyük 

Menderes, Küçük Menderes and Gediz (Fig. 2). These graben systems are basically 

characterized by well-exposed limestone normal fault scarps against Quaternary 

sedimentary basins. The Priene-Sazlı Fault is geomorphologically the most 

prominent fault system of the Büyük Menderes Graben because of its length and 

height (Figs. 2 and 4) (e.g. Gürer et al., 2001; Sümer et al., 2013). There are two 

known significant seismic events that have occurred on the Priene-Sazlı Fault. The 

first destructive earthquake occurred in 68 AD with an epicenter at the NE-end of the 

fault segment, south of Söke, and with an intensity of VII according to the historical 
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records (Ergin et al., 1967) (Fig. 4). The second, the Söke-Balat earthquake occurred 

on July 16, 1955 (M = 6.8) (Öcal, 1958; Şengör 1987). Its epicenter was close to the 

ancient city of Priene. In this disaster, 23 people were killed and more than 470 

buildings were damaged, mostly in the cities of Söke and Balat (ancient Miletus), 15 

km south of ancient Priene (Fig. 4). 

 

Fig. 2. Simplified geological map of western Anatolia (modified after Hancock and Barka, 1987; Akçar 
et al., 2012; Sümer et al., 2013). The yellow stars show the locations of the sampling sites of this 
study in Priene-Sazlı Fault, Mugırtepe Fault in Manisa fault zone (Akçar et al., 2012) and Manastır 
Fault within Manisa Fault Zone (Tikhomirov, 2014). The black box gives location of Fig 4. 
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Fig. 3. Seismotectonic map of Büyük Menderes Graben and surrounding area showing locations of (a) 
historical earthquakes (Collection Academique. Tome VI de la Partie Entrange et Premier Tome de la 
Physique Experimentale Separee. 1766; Broughton, 1938, Calvi, 1941; Dikmen, 1952; Pınar & Lahn, 
1952; Ergin et al., 1967; Öcal, 1968; Karnik, 1971; Shebalin et al., 1974; Ambraseys, 1975; Soysal et 
al., 1981; Guidoboni et al., 1994; Ambraseys, 2009; (b) Instrumental earthquakes; and (c) selected 
focal mechanism solution (FMS) of the instrumental earthquakes (McKenzie, 1972; Cannıtez & Üçer, 
1967; Kalafat, 1998; Taymaz, 1993; Harvard Centroid -Moment Tensor Project CMT, Harvard 
University, MA, USA (1977–2015) (www.globalcmt.org/CMTsearch); Tan & Taymaz, 2001; 2003; 
Taymaz et al., 2004; Kalafat et al., 2009; National Observatory of Athens, Greece (bbnet.gein.noa.gr); 
Istituto Nazionale di Geofisica e Vulcanologia, Italy (http://istituto.ingv.it/); Boğaziçi University Kandilli 
Observatory and Earthquake Research Institute (koeri.boun.edu.tr/scripts/lst4.asp); Republic of 
Turkey Prime Ministry Disaster & Emergency Managment Presidensy-Earthquake Research 
Department (AFAD-ERD) (https://www.afad.gov.tr/en/); United States Geological Survey National 
Earthquake Information Center (earthquake.usgs.gov/contactus/golden/neic.php). 

In this study, we revealed the paleoseismic history of the Priene-Sazlı Fault by 

focusing on historical archives and beyond it, to present seismic behavior of the fault. 

Therefore, our aims are to: (1) identify the past ruptures and reconstruct the 

chronology of the Priene-Sazlı Fault activity; (2) determine the average slip rates; (3) 

calculate the return period of the destructive earthquakes; and (4) approximate the 

magnitude of future earthquakes. To fulfill this, we selected a well-exposed surface of 

the Priene-Sazlı Fault at the lowermost level of successive scarp. This site is close to 

the epicenter of 1955 earthquake and the ancient city of Priene. A total of 117 

samples along four strips were collected for cosmogenic 36Cl analysis. We used Fault 

Scarp Dating Tool (FSDT) (Tikhomirov, 2014), a Matlab® code developed to analyze 

measured cosmogenic 36Cl concentrations. According to our results and based on the 

modeled vertical components of slips, the Priene-Sazlı Fault experienced at least 

four major periods of earthquakes with average magnitude of 6.8 during the 

Holocene. Taking into account the length of the fault, an earthquake with magnitude 

of average 6.9 in future is expected. 

2. Büyük Menderes Graben and Priene-Sazlı Fault  

Büyük Menderes Graben is a roughly arc-shaped 140 km long and 2-14 km 

wide structure (Gürer et al., 2009). The graben system extends between Denizli 

Basin in the east (E-W trending) and the Aegean Sea in the west (NE-SW) (Fig. 2). 

The Menderes Massif borders the Büyük Menderes Graben to the north and south. 

Gentle topography of the southern part of the graben in comparison to the northern 

side gives rise to its asymmetric morphological feature (Gürer et al., 2009). The 

horst-graben structure of the Büyük Menderes is influenced by the Büyük Menderes 
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Fig. 4. Geological map of the western part of Büyük Menderes Graben, including location of 
earthquakes of 68 AD and 1955 and the sampling site (modified after Sümer et al., 2012). 

Fault Zone with faulting extending along the entire length of its northern edge. The 

fault zone is composed of six main segments with individual characteristics regarding 

morphological and geological properties that form an en-echelon structure (Altunel et 

al., 2009). Along the active Büyük Menderes Fault Zone, well-exposed 

archaeological sites (e.g., Priene) have been discovered, where destructive 

earthquakes caused damage during both the historical period and the 20th century 

(Fig. 4) (Altunel, 1998; Yönlü et al., 2010).  

The Priene-Sazlı Fault is located at the westernmost end of the Büyük 

Menderes Graben (Figs. 2 and 4). The fault has the longest length within the entire 

fault zone, and extends along the margin of Samsun Mountain (Fig. 4). Altunel et al. 

(2009) consider the Priene-Sazlı Fault to be 30 km long; whereas Sümer et al. (2013) 

assert that the total fault length is 37 km (including the 30 km Priene segment and a 
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section of the Sazlıköy segment; Altunel et al., 2009). According to Sümer et al. 

(2013), the Priene and Sazlıköy segments are probably connected around Söke, 

even though tracing is difficult due to overburden of alluvial fan deposits. The fault 

length is given as 38 km long in the active fault map of Turkey (Şaroğlu et al., 1992). 

However, the longest length suggested for the fault is 40 km in length (Duman et al., 

2011; Emre et al., 2013). 

In general, the northeastern segments of the Priene-Sazlı Fault are structurally 

characterized by strike-slip lineations representing dextral and sinistral movements, 

which are later overprinted by an oblique-slip normal component. The southwestern 

segment of the fault, however, is dominated by dip-slip lineations along with minor 

dextral movement. These oblique and dip slips are present along the entire length of 

the fault segments (Sümer et al., 2013). According to Sümer et al. (2013), the Priene-

Sazlı Fault is a reactivated structure initiated in the Miocene as a dextral strike-slip 

fault, whose mechanism later changed to sinistral strike-slip. The fault was 

reactivated again during the Quaternary as an oblique to dip-slip normal fault. The 

activity of the fault during the Quaternary is, however, proven by development of the 

lateral alluvial fans near Atburgazı in the late Pleistocene, which were intersected 

and uplifted the new segment of the fault (Gürer et al., 2001 and references therein). 

Additionally, Sümer et al. (2012), assert that the fault cut and uplifted the Late 

Pliocene to Pleistocene aged sedimentary formation near Söke. The formation 

contains an ash layer with the youngest age is 950 Ka, which indicates that the fault 

has been active at least since the middle Pleistocene until today (Sümer et al., 2012).  

The Söke-Milet Basin stratigraphically constitutes three main groups of rocks: 

(1) basement rocks, mainly Cycladic Massif; (2) Miocene Söke Basin-fill units; and (3) 

post-Miocene Söke-Milet Basin fill units (Sümer et al., 2012). The Quaternary Söke-

Milet Basin constitutes the hanging-wall of the Priene-Sazlı Fault (Figs. 4 and 5). The 

Priene-Sazlı Fault generally juxtaposes the Quaternary sediments of the Söke-Milet 

Basin with the Cycladic Massif in the footwall, which is largely consists of marble and 

recrystallized limestone (Sümer et al., 2013) (Fig. 4).  
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3. Fault scarp dating  

Fault scarp dating with cosmogenic 36Cl was first introduced by Zreda and 

Noller (1998), with reconstruction of six pre-historic seismic activity ages in the 

Hebgen Lake fault scarp, Montana, USA. During the last two decades, the time-slip 

histories of limestone fault scarps have been modeled in several locations in the 

Eastern Mediterranean and the Middle East (Mitchell et al., 2001; Benedetti et al., 

2002; 2003; 2013; Palumbo et al., 2004; Schlagenhauf et al., 2010; 2011; Akçar et 

al., 2012; Tikhomirov, 2014; Mouslopoulou, 2014). 

Mitchell et al. (2001) provided a computer code and modeled three distinct 

periods of paleoseismic activity using cosmogenic 36Cl surface fault scarp dating on 

the Nahef East Fault scarp, Israel. Benedetti et al. (2002) studied the Sparta Normal 

Fault scarp (Greece) and reconstructed six seismic events including the 464 B.C 

Sparta earthquake. Furthermore, Benedetti et al. (2003) recovered three rupture 

events on the Kaparelli Fault, Greece, aged between 10-20 ka. Palumbo et al. (2004) 

revealed five to seven seismic ruptures during the last 12 ka on the Mangola Fault, 

Italy, at one site. Schlagenhauf et al. (2010) developed a new Matlab® code and 

reprocessed the cosmogenic 36Cl data from the Mangola Fault (Palumbo et al., 

2004). They recovered the same number of events at ca. 7.2, 4.9, 4.0, 3.4 and 1.5 

ka, but with younger ages compare to Palumbo et al. (2004), who determined events 

at ca. 12, 10.5, 7.4, 6.7 and 4.8 ka ago. Schlagenhauf et al. (2011) sampled four 

additional sites on Velino-Magnola Fault, and have reconstructed an age-slip history 

Fig. 5. Field view of the Priene-Sazlı Fault, showing pre-Neogene basement rocks against Söke-
Milet Quaternary Basin. Photo was taken from the sampling site. 
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of a minimum of nine major ruptures over the last 15 ka based on the results from the 

five sites (one from Palumbo et al., 2004). Akçar et al. (2012) applied the Matlab® 

code of Schlagenhauf et al. (2011) on the Mugırtepe Fault in the Manisa Fault Zone, 

Turkey to model measured cosmogenic 36Cl (Fig. 2). They proposed two scenarios 

for the exposure of the fault, including one or two seismic event(s). Benedetti et al. 

(2013) recovered more than 30 major earthquakes over the last 12 ka on the Fucino 

Fault System, Italy, based on cosmogenic 36Cl measurements from 11 sites, 

including one and four site(s) studied by Palumbo et al. (2004) and Schlagenhauf et 

al. (2011), respectively. Tikhomirov (2014) developed a new Matlab® code and re-

analyzed the results from the Mugırtepe Fault (Akçar et al., 2012) and in addition the 

Manastır Fault in the Manisa Fault Zone (Fig. 2). The new modeling resulted in one 

rupture for each fault. Mouslopoulou et al. (2014) applied the code of Schlagenhauf 

et al. (2011) on the Spili Fault (Crete) and reconstructed five major rupture events 

over the last 16.5 ka. Cowie et al. (2017) combined cosmogenic 36Cl dating with 

LiDAR and GRP methods to reconstruct slip history of Italian Apennines over the last 

18 ka and found episodic activity of the Fiamignano Fault. 

3a. Sampling  

In normal faults, vertical displacement is not uniform along the entire fault 

strike (e.g. Walsh and Watterson, 1988; Marrett and Allmendinger, 1991). In general, 

normal fault has the highest vertical displacement in the center of its strike, whereas 

it decreases to zero towards the tips. The displacement pattern follows an 

approximate elliptical isoline with the short axis parallel to the displacement and the 

long axis parallel to the fault strike (Barnett et al., 1987; Walsh and Watterson, 1987; 

Walsh et al., 2003; Kim and Sanderson, 2005) (Fig. 6). Therefore, an appropriate 

sampling site for cosmogenic 36Cl analysis is a neat surface around the fault scarp 

centre. In addition, the surface to be sampled should have minimum amount of 

weathering and erosion (e.g. Mitchell et al., 2001). In order to model at least one past 

rupture using FSDT code by Tikhomirov (2014), the length of the exposed fault scarp 

for sample collection should be a minimum of two meters from the ground level. 

Preferably, a continuous strip parallel to the vertical slip vector is sampled. However, 

a series of strips shifted laterally can be also sampled (e.g., Benedetti et al., 2002; 
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Fig. 6. Schematic cartoon of normal fault 
illustrating displacement distribution on elliptical 
fault pattern, which has a maxima in the center 
of the fault strike (modified after Kim and 
Sanderson, 2005). The short axis of elliptical 
isolines is parallel to displacement and the long 
axis is parallel to the fault strike. 

 

Sclaugenhauf et al., 2011; Akçar et al., 

2012), where there is clear evidence for 

weathering and erosion (Tikhomirov, 

2014). 

We sampled a well-exposed, N60E, 50°-

55°, SE-dipping section of the scarp 

surface in the lowermost part of the Priene-Sazlı Normal Fault escarpment with 

minimum weathering and erosion along the centre of the fault strike close the 

maximum slip (Figs. 7 and 8). We marked four sampling strips, in total ca. 12 meters 

high, and parallel to the slip direction (Figs. 7b and 7c). A total of 117 slabs of 15 cm 

wide and 10 cm high were cut using a hand-held diamond saw. From the 7.3 m long 

strip A, 73 slabs were collected as the main strip (Fig. 7d), while the remaining 44 

slabs were collected from strips B, C and D. Afterwards, the slabs were taken out 

using a chisel and hammer (Fig. 7d). The geometry of the fault scarp strongly 

determines the shape of the modeled concentration profile. Hence, field 

measurements of the scarp are important for precise dating of the fault scarp. The 

main parameters of the scarp geometry required to model the rupture history are: (1) 

scarp dip (the angle between the fault scarp surface and horizontal plane); (2) scarp 

height (height of the fault scarp surface from the ground level to the fault scarp top 

edge); (3) top surface dip (angle between upper part of the fault scarp and the 

horizontal plane); and (4) colluvium dip (angle between colluvium surface of about 15 

m apart from the fault surface and horizontal plane) (e.g. Schlagenhauf et al., 2010; 

Tikhomirov, 2014) (Fig. 7e). During our fieldwork, the exact position of each sample 

was measured relative to the ground level. Topographic shielding was defined as 

obstacles around the scarp including mountains, ridges and upper scarps. In 

addition, the density of colluvium was measured with a bucket of known volume and 

a balance in the field.  
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Fig. 7. (a) Field view of the Priene-Sazlı Fault scarp at the base of the escarpment. (b) More 
detailed view of fault scarp with positions of the continuous sampled strips A, B, C and D. The 
sampled surface is the lowest exposed surface of the successive scarp system. (c) Schematic 
sketch of fault scarp surface representing four sampled strips. (d) Fault scarp surface showing 
sampling slabs along strip A, B, C and D. (e) Schematic sketch showing important parameters of 
the fault scarp for modeling, including scarp height, scarp dip, colluvium dip, top surface dip and 
density of the bedrock and colluvium. Red dashed line shows the sampled surface. 
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Fig. 8. The sampled surface of the Priene-Sazlı Fault scarp.  

 3b. Cosmogenic 36Cl analysis 

The samples were prepared at the Surface Exposure Dating Laboratory of 

University of Bern, according to the procedure introduced by Stone et al. (1996) and 

Ivy-Ochs et al. (2004; 2009), and based on the isotope dilution technique (Elmore et 

al., 1997; Ivy-Ochs et al., 2004; Desilets et al., 2006). The collected slabs were cut 

parallel to the surface to a maximum thickness of 3 cm. The samples were then 

crushed and sieved into the 0.25-0.4 mm fraction. Thereafter, the metal-chips from 

the grinding material were removed by a hand magnet. In order to remove non-in situ 

Cl (Zreda et al., 1991), the crushed material was leached in 75 ml of 2M HNO3 

overnight and then rinsed four times with ultrapure water (18.2 MΩ.cm). Leaching 

was repeated for a second time. The samples were then dried on a hotplate at 60 °C. 

Aliquots of around 12 g from each of 10 samples as representative samples were 

analyzed for major and trace elements by ICP-MS at SGS Mineral Services, Toronto, 

Canada. In addition, the Ca content was determined for each sample individually.  

Afterwards, batches of 15 samples along with one full process blank were 

processed. Samples were spiked with about 2.5 mg ultra-pure 35Cl to determine the 

amount of total Cl concentration (35Cl, 37Cl) (Ivy-Ochs et al., 2004; 2009) and 
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dissolved with HNO3. Determination of the total Cl concentration is required in order 

to calculate: (1) 36Cl concentration in the sample from the AMS measured 36Cl/Cl 

ratio; (2) 36Cl production on 35Cl by low-energy neutron capture; and (3) non-

cosmogenic subsurface production of 36Cl (Ivy-Ochs et al., 2004). The samples were 

centrifuged to separate impurities. In the dark, 10 ml of AgNO3 was added to the 

supernatant at 200 °C to precipitate AgCl. Then, the precipitated AgCl was collected 

and dissolved with 2 ml of NH4OH. The samples were centrifuged to eliminate 

cations. BaSO4 was precipitated by addition of Ba(NO3)2 to the supernatant, in order 

to avoid interference of 36S isobar with 36Cl during Accelerator Mass Spectrometry 

(AMS) measurements. Finally, the AgCl decant was recovered as a solid, rinsed by 

ultrapure water and dried. AgCl samples were pressed into targets for AMS 

measurements.  

The concentrations of total Cl and 36Cl were measured from a single target at 

the ETH AMS facility following the isotope dilution technique (Synal et al., 1997; Ivy-

Ochs et al., 2004), which results in increasing precision and sensitivity of the 36Cl 

measurement (Ivy-Ochs et al., 2004; Desilets et al., 2006). The stable ratio of 

37Cl/35Cl was normalized to the neutral ratio 37Cl/35Cl = 31.98 % of the K382/4N 

standard and the machine blank, whereas sample ratios of 36Cl/35Cl were normalized 

to the ETH internal standard K382/4N with a 36Cl/Cl = 17.36 x 10-12 (normalized to 

the Nishiizumi standard in 2009). The sulfur correction of measured 36Cl/35Cl ratios 

was negligible. In addition, 36Cl/35Cl ratios of the measured samples were corrected 

for a procedure blank of 6 × 10–15, which amounted to a correction of less than 2.5 % 

for the samples.  

3c. Data analysis software 

We carried out an analysis of the Priene-Sazlı data set with the FSDT forward 

modeling Matlab® code -Fault Scarp Dating Tool- (Tikhomirov, 2014). The code 

applies the fault scarp shielding model (Tikhomirov et al., 2014) to calculate the 36Cl 

accumulation, a two-step approximation to reconstruct a particular rupture history, 

and the Monte-Carlo method to search for the most realistic rupture history. Rupture 

histories are randomly generated in bounded solution space and evaluated with 

statistical tests to compare the measured and modeled 36Cl profiles. 

http://www.rapidtables.com/math/symbols/Basic_Math_Symbols.htm
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Reconstruction of an exposure history of a fault scarp is performed in two 

stages (Tikhomirov, 2014). At the first stage, distributions of particle fluxes are 

precisely calculated at the nodes of a 3D mesh, which covers all possible positions of 

the sample strip. The program automatically saves the results of the first stage, which 

is used as a database for the second stage of calculations. At the second stage, 

database fluxes are interpolated to represent a given exposure history of the fault 

scarp, and the concentration profile of accumulated cosmogenic 36Cl is calculated. 

The modeled and measured 36Cl profiles are compared using statistical tests of chi-

square (Χ2), weighted root mean square (RMSw) and Akaike information criterion 

(AICc), which are computed for each rupture history. Modeled rupture histories are 

automatically generated in a bounded solution space with the Monte-Carlo method. 

In the initial runs, a wide solution space in terms of various scenarios with different 

number of rupture events, ages and associated slips are applied. In later simulations, 

the solution space is narrowed around the most probable values. And finally, the 

scenario with the lowest Χ2 and AICc value is accepted as the most probable 

solution. 

The FSDT code accounts for all production pathways of cosmogenic 36Cl, 

such as high energy neutrons, fast and negative muons, thermal and epithermal 

neutrons (Liu et al., 1994; Phillips et al.; 1996; 2001; Stone et al., 1996; 1998; 

Alfimov and Ivy-Ochs, 2009; Schimmelpfennig et al., 2009). We used the following 

production rates of 36Cl by high-energy neutron spallation 48.8 ± 3.4 at.g-1 yr-1 on Ca 

(Stone et al., 1996), 170 ± 25 at.g-1 yr-1 on K (Evans et al., 1997), 13 ± 3 at.g-1 yr-1 on 

Ti (Fink et al., 2000) and 1.9 ± 0.2 at.g-1 yr-1 on Fe (Stone, 2005). The production rate 

of epithermal neutrons from fast neutrons in the atmosphere at the land/atmosphere 

interface of 760 ± 150 n/g-1 yr-1 was used (Alfimov and Ivy-Ochs, 2009). In order to 

scale to the local production rates, we applied the scaling factors of Stone (2000) for 

a constant geomagnetic field. Besides the production rates, an analysis with the 

FSDT code requires scarp geometry, topographic shielding, chemical composition of 

each sample and colluvium, as well as thickness and position of each sample.  
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4. Results 

The position of the samples along the fault scarp, the sample thickness, the 

cosmogenic 36Cl concentration and its uncertainty, the natural chlorine concentration, 

as well as calcium, oxygen and carbon concentrations are listed in Tables 1-4 for the 

sampling strips A, B, C and D, respectively. Major and trace elements concentrations 

of 14 representative samples of the fault scarp and averaged values used for 

modeling are given in Table 5. The fault scarp parameters are shown in Table 6. The 

density of colluvium was measured as 1.5 g/cm3 in the field and the density of the 

scarp is considered as 2.4 g/cm3.  

Measured cosmogenic 36Cl concentrations and their 1σ errors are plotted as a 

function of height within each strip (Fig. 9). The concentration of cosmogenic 36Cl 

varies between 0.918 (± 0.052) x 105 at.g-1 to 3.558 (± 0.133) x 105 at.g-1 along the 

strips (Fig. 9). Cosmogenic 36Cl concentrations along the fault scarp in strip A show a 

clear logarithmic increase with height (Fig. 9a), while they vary almost within 1σ in B, 

C and D strips (Figs. 9b, 9c and 9d). 

The probability density function (PDF) of cosmogenic 36Cl normalized to Ca 

concentrations for strips A, B, C and D are plotted in Figure 10. The PDF plot of strip 

A detects nonlinear 36Cl distributions, in which vertical dashed lines mark maximum 

probability density indicating three notable peaks at the heights of around 1.0, 2.5 

and 5.5 m along the fault scarp (Fig. 10a). In strips B, C and D concentrations of 

cosmogenic 36Cl along the scarp height form only one peak in each PDF plot (Figs. 

10b, 10c and 10d). 

For the modeling of the paleoseismic history of the Priene-Sazlı Fault, we first 

run the code with various rupture scenarios in terms of constraining the number of 

earthquakes, age of the earthquakes, slip amounts and erosion rates. Then, we 

focused on three scenarios with the best statistics. The best fit solution for each 

scenario is summarized in Table 7. These are four earthquake scenario with the 

RMSw = 1.5851, Χ2 = 2.9094 and AICc = 291.5423, five earthquake scenario with 

RMSw = 1.5889, Χ2 = 3.0235 and AICc = 296.9936 and six earthquake scenario with 

RMSw = 1.5923, Χ2 = 3.1286 and AICc = 301.6824. The known earthquakes of 68 
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AD and 1955 were given as independent input parameters for the five and six 

earthquake scenarios. However, the value of modeled slip for the youngest event 

fitted to the 1955 earthquake, was either zero or very negligible in all runs (Table 7). 

In all examined scenarios, the slip value of the oldest modeled earthquake was 

higher than the succeeding slips.  

TABLE 1. STABLE CL, COSMOGENIC 
36

CL AND CALCIUM CONCENTRATIONS, THICKNESS, TOP AND BOTTOM 
POSITION OF THE SAMPLES OF STRIP A OF SCARP OF THE PRIENE-SAZLI SCARP 

Sample 
name 

Top 
position 

cm 

Bottom 
position 

cm 

Thickness 
cm 

36
Cl* 

10
5
 at/g 

36
Cl 

uncertainty*, 
10

5
 at/g 

Cl total*, 
ppm 

Cl total 

uncertainty*, 
ppm 

Ca, 
ppm 

PRI-A01 732 722 2.0 3.558 0.133 6.1 0.06 360205 

PRI-A02 722 712 2.0 3.070 0.139 9.7 0.10 353058 

PRI-A03 712 702 2.5 3.036 0.089 9.1 0.09 348056 

PRI-A04 702 692 2.0 2.950 0.132 9.6 0.10 344482 

PRI-A05 692 682 2.0 2.871 0.126 13.6 0.14 367352 

PRI-A06 682 672 2.0 2.922 0.133 14.8 0.15 363064 

PRI-A07 672 662 3.0 2.628 0.091 4.9 0.05 378073 

PRI-A08 662 652 2.5 2.411 0.098 6.3 0.06 368782 

PRI-A09 652 642 2.0 2.479 0.110 10.0 0.10 379502 

PRI-A10 642 632 2.0 2.685 0.098 15.5 0.15 380217 

PRI-A11 632 622 2.0 2.411 0.105 11.2 0.11 367352 

PRI-A12 622 612 2.5 2.436 0.087 7.3 0.07 373785 

PRI-A13 612 602 3.0 2.586 0.115 8.6 0.09 368782 

PRI-A14 602 592 3.0 2.521 0.102 4.4 0.04 380217 

PRI-A15 592 582 2.5 2.360 0.108 2.6 0.03 375214 

PRI-A16 582 572 2.0 2.536 0.115 4.4 0.04 354488 

PRI-A17 572 562 2.0 2.402 0.083 4.7 0.05 366638 

PRI-A18 562 552 2.5 2.367 0.098 2.0 0.02 380932 

PRI-A19 552 541 2.5 2.705 0.118 3.6 0.04 376643 

PRI-A20 541 531 5.0 2.397 0.105 7.0 0.07 369496 

PRI-A21 531 521 2.5 2.591 0.134 8.4 0.08 365923 

PRI-A22 521 511 2.0 2.313 0.087 7.6 0.08 368782 

PRI-A23 511 501 2.0 2.250 0.119 7.6 0.08 351629 

PRI-A24 501 491 2.5 2.180 0.118 7.4 0.07 358061 

PRI-A25 491 481 2.5 2.077 0.093 6.7 0.07 353773 

PRI-A26 481 471 2.0 2.382 0.111 7.2 0.07 359491 

PRI-A27 471 461 2.0 1.919 0.076 8.6 0.09 363064 

PRI-A28 461 451 2.0 2.177 0.107 10.1 0.10 355917 

PRI-A29 451 441 2.5 2.162 0.119 2.6 0.03 369496 

PRI-A30 441 431 2.0 2.121 0.082 2.7 0.03 381646 

PRI-A31 431 421 2.5 2.192 0.093 3.4 0.03 385220 

PRI-A32 421 411 2.0 2.088 0.079 7.0 0.07 382361 

PRI-A33 411 401 2.5 2.171 0.091 8.8 0.09 362350 

PRI-A34 401 391 2.0 2.208 0.104 4.8 0.05 382361 

PRI-A35 391 381 2.5 2.033 0.085 5.1 0.05 371641 

PRI-A36 381 371 2.0 2.229 0.112 12.6 0.13 349485 

PRI-A37 371 361 2.0 1.791 0.079 12.3 0.12 358061 

PRI-A38 361 351 2.0 1.821 0.097 12.4 0.12 372355 

PRI-A39 351 341 2.0 1.526 0.086 8.8 0.09 365923 

PRI-A40 341 331 2.0 1.843 0.081 7.0 0.07 363779 

PRI-A41 331 321 2.0 1.797 0.097 6.5 0.06 348056 

PRI-A42 321 311 2.0 1.524 0.067 4.3 0.04 335906 

PRI-A43 311 301 2.0 1.839 0.093 4.8 0.05 330188 
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TABLE 2. STABLE CL, COSMOGENIC
 36

CL AND CALCIUM CONCENTRATIONS, THICKNESS, TOP AND BOTTOM 
POSITION OF THE SAMPLES OF STRIP B OF SCARP OF THE PRIENE-SAZLI SCARP 

Sample 
name 

Top 
position 

cm 

Bottom 
position 

cm 

Thickness 
cm 

36
Cl* 

10
5
 at/g 

36
Cl 

uncertainty*, 
10

5
 at/g 

Cl total*, 
ppm 

Cl total 

uncertainty*, 
 ppm 

Ca, 
ppm 

PRI-B01 160 150 2.0 1.362 0.069 7.7 0.08 380932 

PRI-B02 150 140 2.0 1.254 0.066 6.6 0.07 380932 

PRI-B03 140 130 1.5 1.270 0.073 6.2 0.06 388793 

PRI-B04 130 120 2.0 1.194 0.066 6.1 0.06 389508 

PRI-B05 120 110 3.0 1.337 0.085 6.2 0.06 388078 

PRI-B06 110 100 1.5 1.198 0.076 4.7 0.05 384505 

PRI-B07 100 90 2.0 1.374 0.069 5.5 0.06 395225 

PRI-B08 90 80 2.5 1.348 0.068 4.9 0.05 392367 

PRI-B09 80 70 2.0 1.224 0.072 5.1 0.05 386649 

PRI-B10 70 60 2.5 1.133 0.064 6.1 0.06 371641 

PRI-B11 60 50 2.0 1.210 0.066 4.6 0.05 373785 

PRI-B12 50 40 2.0 1.138 0.058 4.6 0.05 379502 

PRI-B13 40 30 2.0 1.350 0.078 4.4 0.04 381646 

PRI-B14 30 20 2.0 1.043 0.061 4.3 0.04 384505 

PRI-B15 20 10 3.0 1.255 0.074 4.6 0.05 385934 

PRI-B16 10 0 2.0 1.017 0.053 3.9 0.04 380932 

*Measured with accelerator mass spectrometry (AMS). 
Measured with ICP95A in SGS mineral services, Canada. 

 

PRI-A44 301 291 2.0 1.815 0.097 6.1 0.06 357347 

PRI-A45 291 281 2.0 1.771 0.087 8.3 0.08 358776 

PRI-A46 281 271 2.0 1.804 0.092 7.3 0.07 360205 

PRI-A47 271 261 2.0 1.599 0.061 6.4 0.06 348770 

PRI-A48 261 251 2.5 1.672 0.093 7.9 0.08 350914 

PRI-A49 251 241 1.5 1.742 0.102 7.6 0.08 365923 

PRI-A50 241 231 2.0 1.744 0.079 7.2 0.07 363064 

PRI-A51 231 221 2.5 1.493 0.097 4.8 0.05 330903 

PRI-A52 221 211 2.0 1.316 0.054 4.2 0.04 358776 

PRI-A53 211 201 2.0 1.510 0.095 2.8 0.03 357347 

PRI-A54 201 191 2.5 1.681 0.075 2.9 0.03 358776 

PRI-A55 191 180 2.5 1.328 0.066 4.0 0.04 345197 

PRI-A56 180 170 2.0 1.317 0.063 4.6 0.05 328759 

PRI-A57 170 160 2.0 1.394 0.065 3.6 0.04 343053 

PRI-A58 160 150 2.0 1.280 0.058 2.6 0.03 353773 

PRI-A59 150 140 2.0 1.659 0.081 2.8 0.03 339479 

PRI-A60 140 130 2.0 1.313 0.068 1.7 0.02 355203 

PRI-A61 130 120 2.5 1.357 0.065 2.3 0.02 355203 

PRI-A62 120 110 1.5 1.179 0.056 3.9 0.04 345197 

PRI-A63 110 100 2.0 1.222 0.066 4.1 0.04 350914 

PRI-A64 100 90 2.0 1.340 0.060 8.0 0.08 367352 

PRI-A65 90 80 3.0 1.166 0.074 4.6 0.05 332332 

PRI-A66 80 70 2.0 1.127 0.051 4.7 0.05 325900 

PRI-A67 70 60 2.0 0.928 0.068 6.1 0.06 295883 

PRI-A68 60 50 2.0 1.083 0.047 5.0 0.05 325185 

PRI-A69 50 40 2.0 1.058 0.052 3.8 0.04 343053 

PRI-A70 40 30 2.0 1.126 0.059 6.6 0.07 357347 

PRI-A71 30 20 1.5 1.170 0.056 10.1 0.10 372355 

PRI-A72 20 10 2.5 1.268 0.065 9.5 0.09 368067 

PRI-A73 10 0 2 1.154 0.060 6.8 0.07 373785 

*Measured with accelerator mass spectrometry (AMS). 

Measured with ICP95A in SGS mineral services, Canada. 
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TABLE 3. STABLE CL, COSMOGENIC
 36

CL AND CALCIUM CONCENTRATIONS, THICKNESS, TOP AND BOTTOM 
POSITION OF THE SAMPLES OF STRIP C OF SCARP OF THE PRIENE-SAZLI SCARP 

Sample 
name 

Top 
position 

cm 

Bottom 
position 

cm 

Thickness 
cm 

36
Cl* 

10
5
 at/g 

36
Cl 

uncertainty*, 
10

5
 at/g 

Cl total*, 
ppm 

Cl total 

uncertainty*, 
 ppm 

Ca, 
ppm 

PRI-C01 179 169 2.0 1.181 0.062 9.0 0.09 324471 

PRI-C02 169 159 2.0 1.272 0.059 8.3 0.08 330903 

PRI-C03 159 149 3.0 1.287 0.067 6.6 0.07 351629 

PRI-C04 149 139 2.0 1.344 0.078 7.1 0.07 335191 

PRI-C05 139 129 2.0 1.155 0.061 9.1 0.09 326615 

PRI-C06 129 119 2.0 1.261 0.058 9.0 0.09 331618 

PRI-C07 119 109 3.0 1.227 0.056 7.3 0.07 338050 

PRI-C08 109 100 2.0 1.243 0.076 8.4 0.08 340909 

PRI-C09 100 90 2.0 1.096 0.056 10.4 0.10 344482 

PRI-C10 90 80 2.0 1.111 0.050 7.5 0.07 335906 

PRI-C11 80 70 2.0 1.111 0.056 7.1 0.07 336621 

PRI-C12 70 60 2.0 1.329 0.079 8.0 0.08 357347 

PRI-C13 60 50 2.0 1.205 0.055 7.6 0.08 354488 

PRI-C14 50 40 2.0 1.258 0.050 6.7 0.07 360205 

PRI-C15 40 30 2.0 1.176 0.060 5.7 0.06 383790 

PRI-C16 30 20 2.0 1.060 0.052 9.0 0.09 383076 

PRI-C17 20 10 2.0 1.281 0.059 11.5 0.11 385220 

PRI-C18 10 0 2.0 1.119 0.063 6.0 0.06 380932 

*Measured with accelerator mass spectrometry (AMS). 
Measured with ICP95A in SGS mineral services, Canada. 

 

 

 

TABLE 4. STABLE CL, COSMOGENIC
 36

CL AND CALCIUM CONCENTRATIONS, THICKNESS, TOP AND BOTTOM 
POSITION OF THE SAMPLES OF STRIP D OF SCARP OF THE PRIENE-SAZLI SCARP 

Sample 
name 

Top 
position 

cm 

Bottom 
position 

cm 

Thickness 
cm 

36
Cl* 

10
5
 at/g 

36
Cl 

uncertainty*, 
10

5
 at/g 

Cl total*, 
ppm 

Cl total 

uncertainty*, 
 ppm 

Ca, 
ppm 

PRI-D01 102 91 2.5 1.171 0.053 12.3 0.12 350914 

PRI-D02 91 81 2.0 1.161 0.067 9.6 0.10 352344 

PRI-D03 81 71 2.5 1.241 0.060 25.8 0.26 362350 

PRI-D04 71 61 2.0 1.279 0.079 30.9 0.31 373785 

PRI-D05 61 51 3.0 1.177 0.067 20.7 0.21 363779 

PRI-D06 51 41 2.0 1.111 0.057 13.5 0.13 345912 

PRI-D07 41 30 2.5 1.081 0.066 20.7 0.21 345912 

PRI-D08 30 20 1.5 1.101 0.066 19.8 0.20 347341 

PRI-D09 20 10 2.0 0.918 0.052 18.7 0.19 330188 

PRI-D10 10 0 2.0 0.987 0.061 19.2 0.19 333762 

*Measured with accelerator mass spectrometry (AMS). 
Measured with ICP95A in SGS mineral services, Canada. 

 

 
 

Among these scenarios, the scenario of four earthquake events showed the 

best fit with the beginning of the exposure at ca. 21 ka. The ages of the four 

earthquake events are: 8.1 ± 2.0 ka, 6.0 ± 1.5 ka, 3.7 ± 0.9 ka and 2.2 ± 0.5 ka with 

the vertical components of associated slip of 3.4 ± 0.5 m, 1.5 ± 0.2 m, 1.4 ± 0.2 m 

and 1.5 ± 0.2 m, respectively (Figs. 11 and 12). The distances between ruptures 

indicates mean values of vertical slip rates of greater than 0.3, 0.7, 0.6 and 1.0 mm/yr 
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from the oldest to the youngest modeled earthquake during the episodic activity 

period of the fault (Figs. 11 and 12). For calculating the long-term slip rate, about 4.4 

m of slip is taken as having occurred in the time interval between the oldest and the 

youngest modeled rupture. This result yields a long-term vertical slip rate of 0.7 

mm/yr. The recurrence interval of approximately 2000 years was calculated for the 

activity period of the fault. 

TABLE 5. MEAN CHEMICAL COMPOSITION OF THE PRIENE-SAZLI SAMPLES AND COLLUVIUM 

P 
Cl 

(%) 
O 

(%) 
C 

(%) 
CaO 
(%) 

MgO 
(%) 

Al2O3 
(%) 

SiO2 
(%) 

P2O5 
(%) 

K2O 
(%) 

PRI-A02 0.000966 50.83965 10.46729 51.50 2.46 0.57 1.41 0.02 0.14 

PRI-A11 0.001121 48.98633 10.89106 53.80 1.41 0.63 1.57 0.01 0.16 

PRI-A16 0.000444 50.65485 10.50966 55.40 0.57 0.56 1.37 0.02 0.14 

PRI-A25 0.000667 50.74729 10.48847 52.00 2.54 0.83 1.75 0.02 0.19 

PRI-A32 0.000697 47.04093 11.33603 55.20 0.60 0.60 1.41 0.01 0.14 

PRI-A48 0.000792 51.11780 10.40372 51.60 0.74 1.61 3.37 0.02 0.33 

PRI-A57 0.000365 52.13746 10.17064 50.10 4.38 1.13 2.60 0.02 0.24 

PRI-A67 0.000609 58.25266 8.77217 42.70 9.33 0.51 1.62 0.02 0.13 

PRI-B07 0.000555 45.37323 11.71743 53.60 0.44 0.18 0.43 0.01 0.04 

PRI-B12 0.000464 47.41180 11.25127 51.80 1.02 0.37 0.82 0.01 0.08 

PRI-C05 0.000907 54.26806 9.68329 44.10 5.94 0.74 2.14 0.01 0.18 

PRI-C18 0.000599 47.22635 11.29365 54.10 0.89 0.41 1.01 0.01 0.09 

PRI-D02 0.000956 50.93232 10.44610 50.30 1.32 0.31 4.86 0.01 0.08 

PRI-D08 0.001981 51.57990 10.29777 48.60 4.66 0.58 1.13 0.01 0.17 

Average *0.000660 50.11646 10.63273 51.05 2.59 0.65 1.82 0.01 0.15 

 TiO2 
(%) 

MnO 
(%) 

Fe2O3 
(%) 

B 
(ppm) 

Sm 
(ppm) 

Gd 
(ppm) 

U 
(ppm) 

Th 
(ppm)  

PRI-A02 0.03 0.02 0.81 6.00 0.70 0.50 2.82 0.90  

PRI-A11 0.03 0.04 0.60 8.00 0.70 0.50 2.36 0.80  

PRI-A16 0.03 0.02 1.10 8.00 1.10 0.50 2.84 1.30  

PRI-A25 0.04 0.02 0.83 8.00 0.70 1.00 2.79 0.90  

PRI-A32 0.03 0.02 1.00 7.00 1.40 0.50 2.45 1.10  

PRI-A48 0.09 0.03 2.09 13.00 2.30 2.00 3.45 2.70  

PRI-A57 0.06 0.04 0.86 12.00 1.50 1.00 5.01 1.70  

PRI-A67 0.03 0.04 0.37 6.00 1.00 0.50 2.74 0.70  

PRI-B07 0.01 0.02 0.12 2.50 0.50 0.50 1.72 0.20  

PRI-B12 0.02 0.02 0.44 2.50 0.80 0.50 1.94 0.70  

PRI-C05 0.04 0.04 0.80 7.00 1.30 0.50 2.39 1.10  

PRI-C18 0.02 0.02 0.37 2.50 0.60 0.50 2.10 0.50  

PRI-D02 0.01 0.01 0.16 2.50 3.10 2.00 1.15 0.30  

PRI-D08 0.01 0.04 0.19 2.50 3.50 3.00 0.63 0.50  

Average 0.03 0.03 0.69 6.25 1.37 0.96 2.45 0.95  

* Average of values presented in Tables 1-4 are used for modeling. 
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TABLE 6. PARAMETERS OF THE SAMPLED FAULT SCARP 

 

 

 

 

 

 

 

 

Latitude 
Longitude 
Altitude 

37° 38.895' N 
27° 15.421' E 
52 m 

 
Scarp strike 
Scarp dip  

 

Strip A Strip B strip C Strip D 

N66°E N45°E N68°E N60°E 

52° 55° 52° 50° 

Colluvium dip   
Scarp height 
Top surface dip   

20° 
8.5 m 
31° 

Rock density 
 

Colluvium density 
 

Rock water content 
Colluvium water content 

2.4 g/cm
3 

1.5 g/cm
3 

0.2 % 
1 % 

Fig. 9. Cosmogenic 
36

Cl concentrations with 1σ uncertainties versus height along: (a) strip A; (b) strip B; 
(c) strip C; and (d) strip D. 
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TABLE 7. OUTPUT RESULTS FOR THE DATA SET OF STRIP A OF THE PRIENE-SAZLI FAULT SCARP ALONG WITH 

STATISTICAL CRITERION 

Event number Beginning of exposure (ka) Age (ka) Slip (m)  

4 21 

8.1 
6.0 
3.7 
2.2 

3.4  
1.5 
1.4 
1.5 

Χ
2
 = 2.9 

RMSw = 1.6 
AICc = 291 

5 22 

7.3 
5.8 
3.7 
2.1 
0.07 

4.0 
1.1 
1.4 
1.7 
0.0 

Χ
2
 = 3.0 

RMSw = 1.6 
AICc = 297 

6 19 

7.9 
5.6 
3.6 
2.3 
0.1 
0.01 

3.6 
1.8 
1.1 
1.4 
0.1 
0.0 

Χ
2
 = 3.1 

RMSw = 1.6 
AICc = 301 

Chi-squared Value (Χ
2
)
 

Weighted root mean square (RMSw)  
Akaike information criterion (AICc) 

 

Fig. 10. The PDF (Probability Density Function) plot of 
36

Cl concentrations normalized to Ca 
concentrations of: (a) strip A; (b) strip B; (c) strip C; and (d) strip D. 
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Fig. 11. Best fit (orange circles) of strip A of the Priene-Sazlı Fault scarp data with a four rupture model. 
Blue dots with 1σ uncertainties are measured 

36
Cl concentrations. Red arrows mark the colluvium 

positions before the modeled ruptures. Slip rates are calculated individually for each earthquake, based 
on the slip value and the time period between two successive earthquakes. 

 

Fig. 12. Time versus cumulative slip amount obtained from modeling of the Priene-Sazlı Fault scarp. 
The average slip rate is 0.7 mm/yr. 
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5. Discussion  

It is important to be considered the seismic exhumation history of major faults 

in order to estimate the approximate timing and size of their probable activity and 

minimize future probable damage (e.g., Scholz, 2002). We have recovered the time-

slip history of the fault in order to present the past rupture pattern and the chronology 

of fault activity. The Priene-Sazlı Fault in the Büyük Menderes Graben is one of the 

major structures in the seismically active region of western Anatolia, which had two 

significant ruptures recorded over the past 2000 years in 68 AD and in 1955. Our 

analysis reveals four major events, which indicates that the Priene-Sazlı Fault is an 

active fault that was displaced vertically by at least 7.8 m during the Holocene (Fig. 

11). It should be mentioned that the number of modeled earthquakes is the minimum, 

since the code is unable to identify small ruptures, which were not able to displace 

the fault. In addition, differentiation of earthquakes clustered close in time within 25% 

and 15% of uncertainties for the age and slip, respectively, is not possible 

(Tikhomirov, 2014). Accordingly, the calculated slip value is the upper bound. The 

recurrence interval of the paleoearthquakes is obtained by taking into account the 

time of the ruptures. The vertical slip rate for each earthquake is calculated based on 

the amount of the slip.  

5. 1. Modeled past ruptures  

As the PDF of cosmogenic 36Cl concentrations of strip A, which is the longest 

sampled strip, indicates more than one peak, it has been used to analyze and 

modeling the past rupture history (Fig. 10). Without any simulation, at least three 

notable discontinuities are recognizable in strip A (Fig. 9a), which reveals episodic 

activity of the fault through time.  

Based on our modeling, the ground level was at G0 position before the 

occurrence of the first earthquake (Fig. 13). Event 1, the oldest modeled earthquake, 

occurred at ca. 8.1 ka ago with a slip value of ca. 3.4 m (S1) (Fig. 11). However, we 

consider this value as a minimum amount of slip, due to the uppermost 1.2 m of the 

fault scarp, which was not suitable for sampling. The mode  led colluvium position 

before this rupture was estimated to be about 40 cm higher than the top of the 
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Fig. 13. Schematic sketch of the Priene-Sazlı Fault 
scarp before its activity period. Red dashed line 
shows the sampled surface. The fault surface 
grade is in meters. H0 and G0 show scarp height 
and ground level prior to the first rupture. Note that 
the 1.2 m uppermost part of the fault scarp was 
not sampled. 

 
uppermost sample (G0) at about 7.8 m up 

scarp (Fig. 13), which moved to G1 after the 

rupture (Fig. 14a). To calculate the slip rate 

until the timing of the first modeled event, 

we considered the time interval between 21 

ka and 8.1 ka. The calculated slip rate is 

0.3 mm/yr, which we consider as a lower boundary, since the upper part of the scarp 

was not sampled and also if there was an earthquake before the first modeled 

rupture; it would be younger than 21 ka, which would result in a higher slip rate value. 

Event 2, the second rupture, was identified at the height of ca. 4.4 m on the fault 

scarp, 2.2 ka after the first event (Fig. 11). Thus, the fault experienced a rupture at 

ca. 6.0 ka ago with a slip amount of ca. 1.5 m (S2). The ground level shifted from G1 

to G2 (Fig. 14b). However, the main discontinuity is identified in the PDF plot at the 

height of about 5.5 m, which is higher than the height of the modeled event (Fig. 

10a). This difference is explained by an approximate nature of the PDF approach, 

which can be used for initial points of simulation (Fig. 10a). Slip of ca. 1.5 m over the 

time span between the first and second ruptures results in mean slip rate of ca. 0.7 

mm/yr. Before the occurrence of Event 3, the fault remained quiet for ca. 2.2 ka. The 

subsequent earthquake struck at ca. 3.7 ka ago (Fig. 11), causing a fault rupture with 

ca. 1.4 m of slip (S3) and the ground level to move to G3 (Fig. 14c). This discontinuity 

at the height of about 2.8 m fits very well with the second peak of the PDF plot with 

about 40 cm of difference in the height (Fig. 10a). Average slip rate of about 0.6 

mm/yr were obtained by taking into account the related quiescence phase since the 

occurrence of the previous rupture to this event. Event 4, the last modeled 

earthquake, occurred in 2.2 ka ago, after a 1.4 ka phase of inactivity, and with 1.5 m 

of slip (S4) (Fig. 11), which caused ground level displacement to the modern level (G) 

(Fig. 14d). This event fits exactly with the discontinuity shown in the PDF graph (Fig. 

10a). The mean slip value of 1.0 mm/yr was calculated for the time span between the 



  Chapter 2 
 

39 
 

third and last modeled earthquakes. This event correlates with the destructive 

historical earthquake of 68 AD, which had an intensity of VII (Ergin et al., 1967).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Earthquake of July 1955. The destructive earthquake of July 1955 was not 

identified by the fault scarp dating method. In the best fit solution of five and six event 

scenarios, the slip amounts of the youngest modeled earthquake were either zero or 

very small (Table 7). But for a fault with a length of at least 30 km, a much higher slip 

amount than a few decimeters is expected (see sec. 5. 2. and Table 8). The surface 

of this rupture along strip A, which is supposed to have been exposed by the last 

earthquake, should still be under colluvium. It is probable that the lower part was 

Fig. 14. Schematic sketch of the Priene-Sazlı Fault scarp showing colluvium position and episodic 
fault exposure during four modeled earthquake events. Red dashed line shows the sampled surface. 
The fault surface grade is in meters. H1 to H4 (Height of the fault scarp) following earthquakes of 1 to 
4, respectively; G0 (Ground level just before the first rupture), G1 to G3 are ground level before the 
second, third and fourth ruptures, and G is the current ground level. S1 to S4 represent the slip 
amounts of the four earthquakes related to the past to recent events. 
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covered by collapsed colluvium from the top surface. However, the three strips of B, 

C and D with constant distributions of cosmogenic 36Cl in the samples might 

represent the recent earthquake (Figs. 9b, 9c and 9d). This uniform value of 36Cl 

along the entire length of these three stripes might reveal that the lowest part of the 

fault has had the same exposure history. Taking into account the earthquake of July 

1955, the inactivity periods between each two successive events are between 1.5 - 

2.2 ka. Thus, we can deduce that the major earthquakes on the Priene-Sazlı Fault 

repeat in a roughly similar seismic cycle of approximately 2000 years.  

5. 2. Magnitude of future ruptures 

Definitive prediction of future earthquake magnitudes is not possible by any of 

the present seismological methods. But the potential maximum magnitudes of 

earthquakes can be estimated by empirical relationships as a logarithmic factor of 

fault surface length (SRL) in order to analyze an earthquake hazard assessment 

(e.g., Wells & Coppersmith 1994; Ambraseys and Jackson, 1998; Pavlides & Caputo, 

2004).  

First, we refer to the study conducted by Pavlides and Caputo (2004), who 

specifically focused on dip-slip normal faults in the Aegean region, including western 

Anatolia and the Priene-Sazlı Fault (Table 8, equation. 1). If we consider a 30 km 

fault length (Altunel et al., 2009) as the SRL for the Priene-Sazlı Fault, an earthquake 

with magnitude of 6.8 is expected, if the fault is activated. Pavlides and Caputo 

(2004) consider the Priene-Sazlı Fault length is ca. 38 km, while the SRL is ca. 35 

km based on the active fault map of Turkey (Şaroğlu et al., 1992). This also yields an 

earthquake with a magnitude of 6.9. If we consider a 37 km fault length (Sümer et al., 

2013), the probable earthquake magnitude would still be 6.9. Finally, if consider the 

longest length of 40 km for the fault (Duman et al., 2011; Emre et al., 2013), an 

earthquake with magnitude of 7.0 is expected (Table 8).  

Second, we considered the equation of Wells and Coppersmith (1994), which 

was compiled based on diverse normal faults worldwide (Table 8, equation 3). The 

probable magnitude is similar by taking into account either of these equations if any 

particular length of the fault is considered (Table 8). In the first relationship (equation 
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1), Ms (Surface wave magnitude), which is computed from Rayleigh surface waves 

that travel primarily along the uppermost layers of the Earth, is considered, whereas 

in the second, M (moment magnitude) is observed, which is measured from low-

frequency seismic data within the zone ruptured following an earthquake. No 

systematic relationship between M and Ms is indicated, but according to Wells and 

Coppersmith (1994), their value differences are negligible for earthquakes of greater 

than Ms of 5.7. Likewise, Kanamori (1983) confirmed that these parameters are 

nearly identical for the earthquakes within the range of 5 to 7.5 in Ms, similar to the 

recorded and expected magnitude for the Priene fault. 

The Priene-Sazlı Fault is classified as a seismogenic fault, which is 

characterized by having the potential to produce earthquakes with values larger than 

magnitude 5 (McCalpin, 2009). An earthquake with a 6.9 magnitude is large enough 

to leave considerable damage in a highly populated area like western Anatolia. 

TABLE. 8. REGRESSION OF SRL (SURFACE RUPTURE LENGTH), MAGNITUDE (Ms/M) AND VERTICAL DISPLACEMENT 
(MVD/MD) CALCULATED FOR THE PRIENE-SAZLI FAULT. Unit of slip, MVD and MD is in meters. 

 

5. 3. Magnitude of the modeled events and plausibility of modeling 

We used empirical relationships, which connect the displacement value with 

the corresponding earthquake magnitude. According to the relationship of Pavlides 

and Caputo (2004), which represents the MVD (maximum vertical displacement) 

value on Ms (Table 8, equation 2), for an earthquake with magnitude of 6.8 - 7.0, 

which is expected for the Priene-Sazlı Fault, the maximum vertical displacement is 

0.9 - 1.4 m, and equates to 1.1 - 1.8 m of slip. Since in our modeling the slip value (= 
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(equation 3) 
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(equation 4) 
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MD) is recovered, we convert it to MVD by accounting for a dip of θ = 52° for the fault 

scarp surface along A strip (Fig. 1b). 

Sin (θ) = vertical displacement /Slip          

Based on Wells and Coppersmith (1994), (Table 8, equation 4), maximum 

displacement (MD) resulting from an earthquake with magnitude of 6.8 - 7.0 results in 

1.4 - 2.1 m of MD.  

TABLE. 9. REGRESSION OF MAGNITUDE (Ms/M) AND VERTICAL DISPLACEMENT (MVD/MD) FOR THE PRIENE-SAZLI 
FAULT. * MODELED BY THE CODE. 

 Event Slip* (m) MVD (m) Ms 
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&
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u
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0
0

4
) 

Ms = 0.59 x Log (MVD) + 6.75 
(equation 5) 

 Lowest  Χ
2
 Average Average 

1 3.4 ± 0.5 2.7 ± 0.4 7.0 

2 1.5 ± 0.2 1.2 ± 0.2 6.8 

3 1.4 ± 0.2 1.1 ± 0.2 6.8 

4 1.5 ± 0.2 1.2 ± 0.2 6.8 

 Event MD (=Slip*) (m) M 
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M= 6.61 + 0.71 x log (MD) 
 

(equation 6) 

 Lowest  Χ
2
 Average 

1 3.4 ± 0.5 7.0 

2 1.5 ± 0.2 6.7 

3 1.4 ± 0.2 6.7 

4 1.5 ± 0.2 6.7 

The magnitude values of the modeled earthquakes were calculated using the 

relationship of Pavlides and Caputo (2004) (Table 9, equation 5). The equation of 

Wells and Coppersmith (1994) was also used to estimate the modeled earthquake 

magnitudes (Table 9, equation 6).  

Event 1, the vertical displacement of 2.7 ± 0.4 m is obtained for the oldest 

movement with average modeled slip of 3.4 ± 0.5 m. Based on either equation (5) or 

(6), an earthquake with magnitude of at least 7 is required to produce such a large 

amount of displacement. Thus, we conclude that probably in a short period of time 

the fault experienced a cluster of smaller ruptures rather than an individual 

earthquake. The FSDT code recognizes earthquakes, which occur within a short time 
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interval, as a single event. However, minor discontinuities might be recognizable 

between the main curves, which indicate smaller earthquakes that are not 

distinguished by the code within the uncertainties of the study (Fig. 11). In addition, 

taking into account either equations (2) or (4), the fault needs to experience at least 

two or three ruptures of 6.8 - 7.0 to be exposed on average about 3.4 m at once. 

Thus, this modeled rupture is interpreted as several smaller sub-events rather than a 

unique event. Event 2, the second modeled rupture with 1.5 ± 0.2 m of slip equates 

to 1.2 ± 0.2 m of MVD, which was likely produced by an earthquake of magnitude 6.7 

- 6.8, based on equations (5) and (6). Based on equations (2) and (4), depending on 

the length of the fault, one or two earthquake(s) is responsible for producing this 

amount of slip. Event 3, the third modeled earthquake caused a fault rupture of 1.4 ± 

0.2 m of slip, which equates to 1.1 ± 0.2 m of MVD. An earthquake with magnitude 

6.7 - 6.8 is able to generate this amount of slip, based on equations (5) and (6). 

Taking into account equations (2) and (4), one to two earthquake(s) are required to 

expose the fault with this amount of slip. Event 4, the last modeled earthquake with 

1.5 ± 0.2 m of slip equates to MVD of 1.2 ± 0.2 m. An earthquake with magnitude of 

6.7 - 6.8 is able to generate this amount of slip, based on equations (5) and (6). Also, 

taking into account equations (2) and (4), one to two earthquake(s) could produce 

this amount of displacement. 

6. Conclusions 

We studied the Priene-Sazlı Fault within the Büyük Menderes Graben in 

western Anatolia in order to provide the long-term modeling of associated 

paleoearthquakes. The measured cosmogenic 36Cl in 117 samples along the fault 

were analyzed using FSDT (Tikhomirov, 2014).  

 Our best fit results show that the fault experienced at least four seismic events 

during Holocene time, with its maximum movement in ca. 8.1 ka ago. 

 Vertical components of slips were 1.4 to 3.4 m following the seismic events, 

mostly as a series of earthquakes struck within a short time span. 

 The average earthquake return period of 2000 years was calculated for the 

Priene-Sazlı Fault seismic activity.  



Chapter 2 
 

44 
 

 Mean values of vertical slip rates of greater than 0.3, 0.7, 0.6 and 1.0 mm/yr 

from the oldest to the youngest modeled ruptures during the periodic activity of 

the fault were calculated. 

 Long-term slip rate of the fault is estimated to be 0.7 mm/yr.  

 Since, the Priene-Sazlı Fault has periods of high seismic activity in its history 

that occur as a series of earthquakes close in time, the occurrence of a large 

earthquake clustered with the 1955 earthquake, occurring in the near future is 

not beyond reasonable expectation.  

Cosmogenic 36Cl fault scarp dating as a direct method has high potential to 

improve our knowledge for seismic risk assessment, where major normal faults in 

carbonate bedrock dominate in a region similar to western Anatolia. The long-term 

slip rate, slip per event, rupture length, magnitude of possible earthquake and 

recurrence interval of the fault allows us to consider the Priene-Sazlı Fault as a low to 

moderate (class 3) active fault based on the activity classification of faults by Cluff 

and Cluff (1984) for earthquake engineering. According to the Modified Mercalli 

Intensity Scale (MM) an earthquake with this value of intensity causes very strong 

shaking on the Earth’s surface. The fault is considered a seismogenic fault that 

should be assigned a more severe alert status due to its capacity to generate 

earthquakes with large magnitudes. Our findings and data still under analysis might 

shed light on the contribution of seismic hazard assessment of the active region of 

western Anatolia accompanied with the pre-existing seismic records. The importance 

of the study is highlighted further when the high population density of up to 500 

person per km2 in western Anatolia (European Environment Agency, 2010) is 

considered. 
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The propagation and linkage of normal faults: Insights 
from fault scarp dating in western Anatolia 

 

Abstract 

Carbonate fault scarps, if well-preserved, include precise evidence of past 

earthquakes. Using cosmogenic 36Cl dating, the timing and vertical component of 

slip of paleoearthquakes are recoverable beyond the historical and instrumental 

earthquake archives. One of the more appropriate seismically active regions to 

apply 36Cl dating is western Anatolia, where the complex deformation is influenced 

by an approximately N-S extensional regime since early Miocene, and where the 

horst-graben structures are characterized by normal faults in carbonates. 

We have studied the Kalafat and Yavansu fault scarps with opposite-faces of 

limestones in the western end of the Büyük Menderes Graben within western 

Anatolia. The distribution of cosmogenic 36Cl against height along the vertical 

component of slip on the fault surfaces indicates that both faults experienced at 

least three high seismically active phases in the past. The recovered ages of high 

seismic activity are 15.3 ± 3.8 ka, 8.4 ± 2.1 ka, and 3.6 ± 0.9 ka, with vertical 

components of slip of 0.7 ± 0.1 m, 0.9 ± 0.1 and 3.1 ± 0.5 m, respectively, for the 

Kalafat Fault, and 7.9 ± 2.0 ka, 3.4 ± 0.8 ka, and 2.0 ± 0.5 ka with vertical 

components of slip of 0.6 ± 0.1 m, 3.5 ± 0.5 m, and 2.6 ± 0.4 m, respectively, for the 

Yavansu Fault. The recurrence interval of recovered seismically active periods is 

generally becoming shortened over time. The ruptures mostly occurred as clusters 

of earthquakes close in time with magnitudes of 6.5 to 7.1. The vertical slip rates of 

> 0.1, 0.1, and 1.5 mm/yr, and > 0.1, 0.8, and 1.9 mm/yr were calculated for the 

Kalafat and Yavansu faults, respectively. Long-term slip rates were also estimated 

about 1.0 and 0.6 mm/yr for the Kalafat and Yavansu faults, respectively. 

Considering the fault lengths, both faults are capable of producing earthquakes with 

magnitudes larger than 5, and are considered to be seismogenic faults. 

Key words: Fault scarp, Dating, Eastern Mediterranean, Neotectonic, Fault linkage 
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1. Introduction 

The western Anatolian Extensional Province is one of the most seismically 

active regions in the world, where large-scale horst-graben structures control its 

tectonic behavior (e.g., Dewey and Şengör, 1979; Şengör et al., 1985). The collision 

of the African and Eurasian plates with an approximately N-S extensional regime 

since early Miocene is responsible for this complex deformation (e.g., Dewey and 

Şengör, 1979). The graben systems are characterized by normal faults occasionally 

occurring in carbonates (Fig. 1), which are ideal to apply exposure dating using 

cosmogenic 36Cl. Reconstruction of paleoearthquakes in terms of their timing and 

magnitude is crucial to estimate the timing and magnitude of probable future 

earthquakes (e.g., McCalpin, 2009). The occurrence of many destructive historical 

and instrumental earthquakes in the active region of western Anatolia sheds light on 

the importance of paleoseismic studies in order to reduce the potential damage 

following significant earthquakes.  

The potential of cosmogenic 36Cl dating method has been proven worldwide 

on carbonate normal faults during the last 20 years (Zreda and Noller, 1998; Mitchell 

et al., 2001; Benedetti et al., 2002; 2003; 2013; Palumbo et al., 2004; Schlagenhauf 

et al., 2010; 2011; Akçar et al., 2012; Tikhomirov, 2014; Mouslopoulou et al., 2014; 

Cowie et al., 2017; Mozafari et al., submitted). In this dating method, measured 

cosmogenic 36Cl concentrations in the outermost couple of centimeters of the fault 

scarp surface are considered as a function of scarp height. Cyclic seismic activity of 

a fault causes a non-linear profile in cosmogenic 36Cl concentrations, which enables 

determination of the timing of past ruptures and the vertical component of their slips. 

Based on the magnitude of associated ruptures, the short-term and long-term slip 

rates can be calculated. Each rupture exposes at the surface a section of the scarp 

previously covered by colluvium. Consequently, the exposed section accumulates 
36Cl at a higher rate during the period of quiescence. As long as a fault section is 

covered by hanging-wall colluvium sediments, secondary cosmic rays create an 

exponential pattern of cosmogenic 36Cl reducing with depth. In a successive seismic 

pattern, each sharp discontinuity in the cosmogenic 36Cl concentration profile 

indicates an activity period of the fault, whereas the convex intervals of 36Cl profile 
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mark the dormancy periods. The distance between two adjacent inactivity marks is 

the vertical component of slip (for further information see Mozafari et al., submitted). 

 

Fig. 1. Simplified geological map of western Anatolia (modified after Akçar et al., 2012; Sümer et al., 
2013; Hancock and Barka, 1987). The yellow stars show the locations of the sampling sites of this study 
in Kalafat and Yavansu Faults along with Priene-Sazlı Fault, Mugırtepe Fault (Akçar et al., 2012) and 
Manastır Fault (Tikhomirov, 2014) within Manisa Fault Zone. The black box gives location of Fig 2. 
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Kuşadası City is located in the western part of the Büyük Menderes Graben, 

one of the main graben systems of western Anatolia, where many active faults 

potentially threaten thousands of lives (Fig. 2). The adjacent Kalafat and Yavansu 

faults are two such faults in the southeast of Kuşadası. There is no historical or 

instrumental earthquake directly attributed to these two faults. However, the oldest 

known historical earthquake closest to the two faults is dated back to 1751 AD (e.g., 

Soysal et al., 1981). There were also instrumental earthquakes in the surrounding 

area, among which the greatest occurred in 1955, and is related to Priene-Sazlı 

Fault. However, in order to evaluate the seismic pattern of earthquakes on any 

particular fault, more seismic data over a wider time span is needed. In this study, 

we modeled the time-slip history of the Kalafat and Yavansu faults over a large time-

scale (Figs. 1 and 2). Our goals were to reconstruct the age and vertical 

components of slip of past earthquakes, calculate the slip rates through time and 

estimate the magnitude of future earthquakes. To accomplish this, a total 122 

samples were collected from both fault scarp surfaces for cosmogenic 36Cl analysis. 

Our results show the occurrence of at least three periods of high seismic activity 

with earthquakes from 6.5 to 7.0 in magnitude on both faults during the Late 

Pleistocene -Holocene. Given the length of the faults, earthquakes with magnitudes 

of 5.4 to 7.0 are expected, if the faults become activated. 

2. Study area 

Büyük Menderes Graben is one of the main horst-graben systems in western 

Anatolia. This structure extends approximately 140 km (Gürer et al., 2009) between 

Denizli Basin in the east with an E-W trending and continues with a change in strike 

to a NE-SW trend towards the Aegean Sea in the west (Fig. 1). The Menderes 

Massif borders the Büyük Menderes Graben to the north and south (Fig. 1). The 

horst-graben structure of the Büyük Menderes is heavily dominated by many faults 

of varying scales.  

Kuşadası City is located in the northwest part of the Büyük Menderes graben 

(Figs. 1 and 2). The fault zone in the Kuşadası area has a dominant trend of ENE to 

NE-SW. The ENE-trending part of the fault zone follows the trend of Büyük 

Menderes graben greater length (Hancock and Barka, 1987). This fault zone can be 
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Fig. 2. Geological map of Kuşadası area, including location of historical and instrumental 
earthquakes (modified after Hancock and Barka, 1987; Passchier et al., 2013; Sümer et al., 
2012b). 

considered as the northern boundary of a second-order graben, whose southern 

boundary is the Dilek Fault (Hancock and Barka, 1987) (Fig. 2). The Kalafat Fault is 

generally a WNW-trending normal fault with a minor component of dextral 

movement on the northern side of the Kalafat Mountain (Figs. 2 and 3a). The 

Cycladic Massif constitutes its footwall, while the hanging wall is made up of 

volcano-sedimentary rocks of Miocene age, covered by a few ten meters of 

colluvium in front of the fault. The fault length is given at approximately 15 km in the 

geology map of western Turkey (Çakmakoğlu, 2006). The Yavansu Fault is basically 

an E-W-trending normal fault, located on the southern side of the Kalafat Mountain, 

which juxtaposes Quaternary sediments in the hanging-wall against Cycladic Massif 

in the footwall (Fig. 4a). Based on Hancock and Barka (1987), the fault is projected 

to extend north of Samos Island (Fig. 2), with a length of roughly 50 km. According 

https://www.google.ch/url?sa=t&rct=j&q=&esrc=s&source=web&cd=9&cad=rja&uact=8&ved=0ahUKEwiq66aQjqzUAhUDVhoKHZmzAmAQFghLMAg&url=http%3A%2F%2Fwww.aydinpost.com%2FKalafat%2520Da%25C4%259F%25C4%25B1-haberleri.htm&usg=AFQjCNGKH2T002jN2gmvMLRqBIrlunLMPQ&sig2=nbUOafdqMhaRAeSrwJ05Sg
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to Sümer et al. (2012a), the Menderes Fault Zone in its continuation towards the 

west divides into smaller faults, which the Kalafat and Yavansu faults are part of. 

Sümer et al. (2013) consider the Yavansu Fault to be 2.5 km in length, and is linked 

to the Kalafat Fault eastwards. Emre et al. (2013; 2016), however, define the 

Kuşadası Fault Zone, including the Yavansu Fault, as a distinct structure from the 

Büyük Menderes Graben, with the 19 km long normal Kuşadası Fault as its main 

structure. 

The Kuşadası area was seismically active in the time span of 1751-1893 AD 

(e.g., Soysal et al., 1981). Most of the seismic events occurred in the western 

segment of the Yavansu Fault that extended to Samos Island (Fig. 2). The largest 

instrumental earthquake close to the study area was 1955 Söke-Balat earthquake, 

related to the Priene-Sazlı Fault, whose trend is sub-parallel to the Yavansu Fault 

(Fig. 2). A comparison of the focal mechanism solution of the 1955 earthquake with 

the Yavansu Fault structural measurements indicates the similarity of their structural 

patterns (Hancock and Barka, 1987). The activity of the Yavansu Fault was proven 

by several pieces of evidence, which indicate the occurrence of at least one slip 

during the Quaternary (Hancock and Barka, 1987). These are documented by: (1) 

brecciated colluvium in the vicinity of the uppermost slip planes; (2) brecciated 

colluvium affected by several sub-ordinate slip surfaces; (3) matrix and clasts 

occasionally cut by comb-fractures in patches of colluvium; (4) occasional striations 

of colluvium material located in corrugations; and (5) locally displaced colluvium 

layering by small reverse faults, which cut the slip planes of normal dip-slip 

lineations.   

3. Sampling  

Our sampling sites are located on opposite slopes of the Kalafat Mountain, 

SE of Kuşadası along the Kalafat and Yavansu normal fault scarps within the 

Kuşadası Fault Zone (Fig. 2). Appropriate sampling sites were selected following the 

instructions of Mitchell et al. (2001) and Tikhomirov (2014). We sampled the well-

exposed N82E, 82°- 85° NW-dipping Kalafat Fault (Figs. 3a and 3b). In total, 54 

samples measuring 15 cm wide by 10 cm high were collected with a chisel and 

hammer. A total of 4.6 m in height of the fault surface was sampled parallel to the 

https://www.google.ch/url?sa=t&rct=j&q=&esrc=s&source=web&cd=9&cad=rja&uact=8&ved=0ahUKEwiq66aQjqzUAhUDVhoKHZmzAmAQFghLMAg&url=http%3A%2F%2Fwww.aydinpost.com%2FKalafat%2520Da%25C4%259F%25C4%25B1-haberleri.htm&usg=AFQjCNGKH2T002jN2gmvMLRqBIrlunLMPQ&sig2=nbUOafdqMhaRAeSrwJ05Sg
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slip direction. We ignored the top 1.6 m of the fault surface due to heavy erosion 

and weathering. The boundary between the exposed part of the fault scarp and the 

part covered by colluvium was evidenced by the freshness of the fault surface and 

determined to be approximately 10 cm above the recent ground level (Fig. 3c). From 

the Kalafat Fault surface, 45 of the samples were collected along a main strip (KAL). 

Nine additional samples were also taken from a parallel strip (KALA) at the same 

heights corresponding samples on part of the KAL, and within approximately one 

meter of horizontal separation (Fig. 3d). 

 

Fig. 3. (a) Field view of the Kalafat Fault and sampling site; The yellow arrows trace the fault 
exposed surface; (b) Approximately vertical Kalafat Fault surface; (c) Fault scarp surface showing 
the lowest marked sampling slabs to be cut and collected; (d) KAL and KALA strips after the sample 
collections; and (e) Schematic sketch of Kalafat Fault showing important parameters of the fault 
scarp for modeling, including scarp height, scarp dip, colluvium dip, top surface dip and density of 
the bedrock and colluvium. Red dashed line shows the sampled surface. 
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Fig. 4. (a) Field view of the Yavansu Fault and sampling site; (b) YAV and YAVA continuous strips 
before sample collections; (c) More detailed view of YAVA sampling strip showing the colluvium level; 
and (d) Schematic sketch of Yavansu Fault showing important parameters of the fault scarp for 
modeling, including scarp height, scarp dip, colluvium dip, top surface dip and density of the bedrock 
and colluvium. Red dashed line shows the sampled surface. 

 On the other side of the mountain, from the N74W, 40°- 44° SW-dipping 

scarp surface in the lowermost part of the Yavansu normal fault escarpment (Fig 

4a), samples were taken from heights of about approximately 6.6 m to the ground 

level, along two strips, YAV and YAVA, parallel to the slip direction (Fig. 4b). In total, 

68 slabs were collected from the fault scarp. The top 60 cm of the fault surface was 

not sampled, due to weathering and vegetation. Similar to the Kalafat Fault, the 

colluvium position was determined based on the difference in freshness of the 

exposed and already covered surface at about 40 cm above the recent ground level 

(Fig. 4c). As the modeled concentration profile specifically depends on the geometry 

of the fault scarp, therefore, the scarp dip, scarp height, top surface dip and 

colluvium dip were measured (Figs. 3e and 4d) (Tikhomirov, 2014). The specific 

position of each sample along the sampling strips was recorded. Furthermore, the 
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density of the colluvium was measured with a defined volume bucket and a balance 

in the field.  

4. Cosmogenic 36Cl analysis 

We analyzed the Kalafat and Yavansu fault data with the FSDT Matlab® 

code, which denotes -Fault Scarp Dating Tool- (Tikhomirov, 2014). The fault scarp 

shielding model (Tikhomirov et al., 2014) was used to calculate the cosmogenic 36Cl 

accumulation. In order to reconstruct a realistic time-slip history, the Monte-Carlo 

method was used. All samples were prepared at the Surface Exposure Dating 

Laboratory of University of Bern, following the protocol of Stone et al. (1996) and 

Ivy-Ochs et al. (2004; 2009), and an appropriate isotope dilution method (Elmore et 

al., 1997; Ivy-Ochs et al., 2004; Desilets et al., 2006). First, the slabs were cut 

parallel to the surface to a thickness of 2.5-3 cm. After crushing, they were sieved 

into a 0.25-0.4 mm size fraction. A hand magnet was used to separate any metal-

chips from crushing material. The crushed material was leached in 75 ml of 2M of 

HNO3 overnight, and they rinsed four times with ultrapure water (18.2 MΩ.cm) to 

remove non-in situ Cl (Zreda et al., 1991). The same leaching procedure was 

repeated. The samples were dried on a hotplate at 60 °C. Approximately 12 g of 

each sample, one meter apart along the height of the fault scarp, were taken as 

proxies, and analyzed for major and trace elements at Actlabs Analytical Services, 

Canada. Additionally, the Ca concentration of each sample was also measured.  

Samples were prepared in batches of 15 samples, and were accompanied 

with one full process blank to be processed at once. Samples were spiked with 

around 2.5 mg of pure 35Cl in order to measure the total Cl concentration (35Cl, 37Cl) 

(Ivy-Ochs et al., 2004; 2009), and were dissolved with HNO3. Determination of the 

Cl concentration is required in order to calculate (1) 36Cl concentration in the 

sample; (2) 36Cl production rate by low-energy neutron capture on 35Cl; and (3) non-

cosmogenic subsurface production of 36Cl. The samples were then centrifuged to 

remove impurities. In order to precipitate AgCl, 10 ml of AgNO3 was added to the 

supernatant at 200 °C in the dark. After collection of the precipitated AgCl, 

dissolution was achieved with 2 ml of NH4OH. The samples were centrifuged in 

order to eliminate cations. Afterwards, BaSO4 was precipitated by addition of 
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Ba(NO3)2 to the supernatant, in order to avoid interference of 36S isobar with 36Cl 

during Accelerator Mass Spectrometry (AMS) measurements. AgCl was precipitated 

for the second time. In the final step, the AgCl decant was recovered and rinsed with 

ultrapure water. AgCl sample tablets were pressed into copper targets for AMS 

measurements.  

The measurements of total Cl and 36Cl concentrations were done from a 

single target at ETH AMS facility following the isotope dilution method (Synal et al., 

1997; Ivy-Ochs et al., 2004), which results in high precision and sensitivity of the 
36Cl concentration measurements (Ivy-Ochs et al., 2004; Desilets et al., 2006). The 

stable ratio of 37Cl/35 Cl was normalized to the neutral ratio 37Cl/35 Cl = 31.98 % of 

K382/4N standard and the machine blank. Ratios of 36Cl/35Cl derived from the 

measurements were normalized to the ETH internal standard K382/4N with a value 

of 36Cl/Cl = 17.36 x 10-12 (normalized to Nishiizumi standard in 2009). The sulfur 

correction of the measured 36Cl/35Cl ratio was insignificant. Furthermore, measured 
36Cl/35Cl ratios of the sample were corrected for a procedure blank of 6 × 10–15, 

which was less than 2.5 % for the samples.  

5. Results 

The position of the samples along the scarp height, the sample thickness, the 

cosmogenic 36Cl concentration and its uncertainty, the natural chlorine 

concentration, as well as calcium, oxygen and carbon concentrations of the samples 

from the Kalafat and Yavansu fault scarps are given in the Tables 1 and 2. Major 

and trace elements were measured in eight and seven proxy samples in the Kalafat 

and Yavansu fault scarps, respectively, whose average values were used for 

modeling (Tables 3 and 4). The fault scarp parameters are given in Table 5. The 

density of the colluvium was measured as 1.5 g/cm3 in the field and density of the 

scarp limestone is considered to be 2.4 g/cm3. Measured cosmogenic 36Cl 

concentrations with their corresponding 1σ errors were plotted versus height for 

each strip (Figs. 5 and 6). The concentration of cosmogenic 36Cl varies between 

(1.049 ± 0.046) x 105 at.g-1 to (3.111 ± 0.114) x 105 at.g-1 along the Kalafat Fault 

(Fig. 5) and between (0.793 ± 0.047) x 105 at.g-1 to (2.593 ± 0.126) x 105 at.g-1 along 

the Yavansu Fault (Fig. 6).  

http://www.rapidtables.com/math/symbols/Basic_Math_Symbols.htm
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      Table 1. Stable Cl, Cosmogenic 36Cl and calcium concentrations, thickness, top and bottom position of the samples 
of the Kalafat Fault scarp 

Sample 
name 

Top 
position 

cm 

Bottom 
position 

cm 

Thickness 
cm 

36Cl* 
105 at/g 

36Cl 
uncertainty*, 

105 at/g 

Cl total*, 
ppm 

Cl total 
uncertainty*, 

ppm 

Ca, 
ppm 

KAL-1 443 433 3.0 2.929 0.160 11.6 0.12 321000 

KAL-2 432 422 3.0 3.111 0.114 9.8 0.10 348000 

KAL-3 422 412 2.5 3.083 0.111 11.7 0.12 337000 

KAL-4 412 402 3.0 2.750 0.110 12.0 0.12 326000 

KAL-5 402 392 3.0 2.881 0.117 10.3 0.10 324000 

KAL-6 391 382 3.0 2.805 0.139 9.7 0.10 330000 

KAL-7 381 372 2.5 2.754 0.094 9.2 0.09 342000 

KAL-8 371 361 2.5 2.760 0.152 4.6 0.05 363000 

KAL-9 361 351 2.5 2.896 0.097 5.6 0.06 364000 

KAL-10 351 341 3.0 2.810 0.088 8.2 0.08 356000 

KAL-11 341 332 3.0 2.316 0.084 8.2 0.08 340000 

KAL-12 331 322 3.0 2.356 0.085 9.4 0.09 329000 

KAL-13 321 311 3.0 2.139 0.082 9.8 0.10 332000 

KAL-14 311 301 3.0 2.304 0.082 9.8 0.10 313000 

KAL-15 300 291 3.0 2.318 0.084 11.2 0.11 341000 

KAL-16 290 280 3.0 2.325 0.092 7.4 0.07 354000 

KAL-17 279 271 3.0 2.135 0.115 8.2 0.08 343000 

KAL-18 270 260 3.0 2.053 0.099 10.2 0.10 345000 

KAL-19 260 250 3.0 1.906 0.084 11.8 0.12 354000 

KAL-20 249 240 3.0 1.786 0.070 6.2 0.06 359000 

KAL-21 239 230 2.5 1.880 0.084 6.8 0.07 358000 

KAL-22 230 220 2.5 1.610 0.059 6.5 0.07 349000 

KAL-23 220 211 2.5 1.686 0.063 5.3 0.05 360000 

KAL-24 210 200 2.0 1.483 0.065 2.6 0.03 364000 

KAL-25 200 191 3.0 1.644 0.058 5.2 0.05 360000 

KAL-26 190 181 2.5 1.538 0.052 4.1 0.04 354000 

KAL-27 180 170 2.5 1.489 0.063 6.6 0.07 343000 

KAL-28 169 160 2.5 1.477 0.062 5.3 0.05 360000 

KAL-29 159 152 2.5 1.468 0.058 7.1 0.07 362000 

KAL-30 151 141 3.0 1.588 0.087 5.8 0.06 363000 

KAL-31 140 131 2.5 1.558 0.105 4.9 0.05 358000 

KAL-32 130 120 3.0 1.423 0.052 5.9 0.06 375000 

KAL-33 120 110 2.5 1.446 0.058 6.3 0.06 360000 

KAL-34 110 99 2.5 1.290 0.093 5.4 0.05 365000 

KAL-35 99 90 3.0 1.133 0.058 12.1 0.12 304000 

KAL-36 89 79 3.0 1.049 0.046 5.0 0.05 313000 

KAL-37 79 69 3.0 1.177 0.088 4.6 0.05 372000 

KAL-38 69 59 2.5 1.611 0.060 5.9 0.06 361000 

KAL-39 58 49 2.5 1.387 0.060 4.7 0.05 369000 

KAL-40 49 40 2.5 1.405 0.051 5.9 0.06 346000 

KAL-41 40 30 2.0 1.201 0.065 3.3 0.03 358000 

KAL-42 29 20 2.5 1.207 0.052 6.6 0.07 350000 

KAL-43 19 10 2.5 1.255 0.059 4.5 0.05 363000 

KAL-44 10 0 3.0 1.169 0.067 5.9 0.06 373000 

KAL-45 0 -10 2.5 1.423 0.070 5.2 0.05 371000 

KALA-1 290 280 2.5 2.290 0.094 5.7 0.06 367000 

KALA-2 279 270 2.5 2.171 0.080 6.4 0.06 361000 

KALA-3 269 260 2.5 2.367 0.075 5.1 0.05 361000 

KALA-4 259 250 2.5 2.299 0.071 5.6 0.06 355000 

KALA-5 249 239 2.5 2.056 0.076 5.8 0.06 349000 

KALA-6 239 229 2.5 1.928 0.073 6.0 0.06 348000 

KALA-9 209 200 3.0 1.679 0.082 6.4 0.06 328000 
*Measured with accelerator mass spectrometry (AMS). Measured with ICP in Actlabs Analytical services, Canada. 
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      Table 2. Stable Cl, Cosmogenic 36Cl and calcium concentrations, thickness, top and bottom position of the samples 
of the Yavansu Fault scarp 

Sample 
name 

Top 
position 

cm 

Bottom 
positio

n 
cm 

Thickness 
cm 

36Cl* 
105 at/g 

36Cl 
uncertainty*, 

105 at/g 

Cl total*, 
ppm 

Cl total 
uncertainty*, 

ppm 
Ca, 
ppm 

YAV-1 622 612 2 2.140 0.075 3.9 0.04 389000 

YAV-2 612 603 2 2.593 0.126 0.6 0.01 398000 

YAV-3 602 593 2 2.127 0.170 0.5 0.01 397000 

YAV-4 592 583 2.5 2.313 0.113 2.0 0.02 396000 

YAV-5 582 573 2 2.198 0.089 2.5 0.02 392000 

YAV-6 572 563 3 1.970 0.097 2.1 0.02 371000 

YAV-7 562 553 2 1.852 0.088 3.4 0.03 324000 

YAV-8 552 543 2 2.094 0.104 2.7 0.03 350000 

YAV-9 542 533 2 1.895 0.129 2.9 0.03 372000 

YAV-10 532 523 1.5 1.876 0.110 1.8 0.02 386000 

YAV-11 522 513 2.5 1.956 0.105 1.1 0.01 384000 

YAV-12 512 503 2 1.965 0.147 1.0 0.01 388000 

YAV-13 503 492 2 1.821 0.125 1.7 0.02 377000 

YAV-14 492 483 2 1.848 0.110 0.9 0.01 389000 

YAV-15 482 474 2.5 1.899 0.081 0.8 0.01 386000 

YAV-16 473 463 3 1.673 0.394 1.1 0.01 381000 

YAV-17 462 453 2 1.582 0.083 1.5 0.01 374000 

YAV-18 452 442 2 1.687 0.066 1.5 0.02 390000 

YAV-19 442 433 2.5 1.663 0.077 5.4 0.05 394000 

YAV-20 432 423 2 1.624 0.090 2.4 0.02 375000 

YAV-21 423 413 2 1.564 0.096 0.9 0.01 379000 

YAV-22 412 403 2.5 1.479 0.079 1.2 0.01 380000 

YAV-23 402 393 2.5 1.508 0.086 1.3 0.01 380000 

YAV-24 393 383 3 1.425 0.090 1.0 0.01 386000 

YAV-25 382 373 2.5 1.523 0.081 1.2 0.01 386000 

YAV-26 372 363 2.5 1.263 0.084 1.2 0.01 386000 

YAV-27 362 353 2.5 1.402 0.072 1.2 0.01 380000 

YAV-28 352 343 2 1.419 0.063 1.5 0.02 381000 

YAV-29 342 333 2 1.113 0.055 1.0 0.01 305000 

YAV-30 332 323 3 1.350 0.133 1.5 0.01 373000 

YAV-31 322 313 2.5 1.449 0.089 1.0 0.01 384000 

YAV-32 312 302 2.5 1.535 0.071 1.7 0.02 389000 

YAV-33 302 293 2.5 1.483 0.068 1.6 0.02 391000 

YAV-34 292 282 2.5 1.481 0.072 1.9 0.02 391000 

YAV-35 282 272 2.5 1.337 0.065 1.9 0.02 387000 

YAV-36 272 263 2.5 1.366 0.071 1.4 0.01 400000 

YAV-37 262 253 2.5 1.303 0.074 1.8 0.02 392000 

YAV-38 252 243 3 1.286 0.074 2.4 0.02 383000 

YAV-39 243 233 3 1.348 0.067 1.4 0.01 380000 

YAV-40 232 223 3 1.244 0.063 1.2 0.01 383000 

YAV-41 222 213 2 1.185 0.066 1.4 0.01 393000 

YAV-42 212 203 2 1.171 0.073 1.2 0.01 388000 

YAV-43 202 192 2.5 1.245 0.059 1.1 0.01 387000 

YAV-44 192 183 3 1.221 0.057 1.5 0.02 386000 

YAV-45 183 173 2.5 1.132 0.059 1.4 0.01 380000 

YAV-46 172 163 2 1.277 0.063 0.7 0.01 390000 

YAV-1 169 160 2.5 1.098 0.069 1.4 0.01 381000 

YAV-47 163 157 3 1.148 0.060 0.8 0.01 387000 

YAVA-2 160 150 2.5 1.102 0.051 1.2 0.01 384000 

YAVA-3 149 140 3 1.178 0.063 1.2 0.01 378000 

YAVA-4 139 130 3 1.089 0.071 1.2 0.01 373000 

YAVA-5 129 120 3 0.883 0.062 1.2 0.01 377000 
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YAVA-6 119 110 2.5 1.080 0.081 1.2 0.01 377000 

YAVA-7 109 100 2.5 0.823 0.085 1.2 0.01 378000 

YAVA-8 99 90 2.5 0.959 0.055 1.2 0.01 383000 

YAVA-9 90 80 2.5 1.086 0.061 1.1 0.01 383000 

YAVA-10 79 70 3 1.107 0.056 1.5 0.02 378000 

YAVA-11 69 61 3 0.919 0.048 2.7 0.03 360000 

YAVA-12 60 50 2.5 0.893 0.077 1.9 0.02 365000 

YAVA-13 49 40 3 0.901 0.078 0.9 0.01 377000 

YAVA-14 39 29 3 1.035 0.096 7.9 0.08 387000 

YAVA-15 29 20 2.5 0.975 0.063 7.9 0.08 387000 

YAVA-16 19 10 2.5 0.920 0.048 1.5 0.01 387000 

YAVA-17 9 0 3 0.981 0.058 1.4 0.01 386000 

YAVA-18 -1 -10 3 0.949 0.106 1.1 0.01 384000 

YAVA-19 -11 -20 2.5 0.839 0.049 1.1 0.01 376000 

YAVA-20 -21 -31 3 0.793 0.047 1.5 0.01 373000 

YAVA-21 -32 -38 2.5 1.051 0.054 1.1 0.01 382000 

*Measured with accelerator mass spectrometry (AMS). Measured with ICP in Actlabs Analytical services, Canada. 
 

The FSDT Matlab® code (Tikhomirov, 2014) was used to analyze the 

measured cosmogenic 36Cl concentrations in order to reconstruct past earthquakes. 

The method considers all factors leading to produce 36Cl, which are high energy 

neutrons, fast and negative muons, as well as thermal and epithermal neutrons (Liu 

et al., 1994; Phillips et al., 1996; 2001; Stone et al., 1996; 1998; Alfimov and Ivy-

Ochs, 2009; Schimmelpfennig et al., 2009). The model considers the given scenario 

in terms of number of ruptures, timing and associated slips, beginning of exposure 

and erosion rate. The code applies default rates of 36Cl by high-energy neutron 

spallation on Ca of 48.8 ± 3.5 at g-1 yr-1 (Stone et al., 1996), on K of 170 ± 25 at g-1 

yr-1 (Evans et al., 1997), on Ti of 13 ± 3 at g-1 yr-1 (Fink et al., 2000), and on Fe of 

1.9 ± 0.2 at g-1 yr-1 (Stone, 2005). It also applies defaults for the production rate of 

epithermal neutrons from fast neutrons in the atmosphere at the land/atmosphere 

interface of 760 ± 150 n/g-1 yr-1 (Alfimov and Ivy-Ochs 2009); while the default 

scaling scheme of Stone (2000) is also used. The model output is displayed as the 
36Cl concentrations of the samples versus position along fault scarp in meters, in 

which each discontinuity defines a distinct period of activity of the fault. The 

measured data are compared with the modeled data, and a best fit model, which is 

more consistent with the measured data, is accepted. The number of earthquakes 

modeled by FSDT is the minimum number, because the program only detects 

earthquakes with high magnitudes that are capable of displacing the faults. 

Furthermore, the separation of the earthquakes occurred within a short time interval, 
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which their uncertainty can be estimated as 25 % of recovered age is not possible 

(Tikhomirov, 2014). An uncertainty of 15 % was estimated for the amount of slip.  
 

Table 3. Mean chemical composition of the Kalafat Fault samples and colluvium 

 Cl 
(%) 

O 
(%) 

C 
(%) 

CaO 
(%) 

MgO 
(%) 

Al2O3 
(%) 

SiO2 
(%) 

P2O5 
(%) 

K2O 
(%) 

KAL-1 0.001161 51.66720 9.516833 45.36 9.30 0.30 1.46 0.02 0.05 

KAL-11 0.000817 50.32508 10.08013 46.94 6.29 0.28 2.31 0.01 0.05 

KAL-21 0.000684 49.71608 10.61379 49.36 4.62 0.29 1.52 0.01 0.05 

KAL-31 0.000492 49.96332 10.61379 49.34 4.21 0.26 1.55 0.02 0.05 

KAL-41 0.000328 50.61337 10.61379 50.65 3.02 0.26 1.71 0.01 0.04 

KALA-1 0.000566 49.40657 10.88062 50.54 2.47 0.27 2.43 0.02 0.04 

KALA-9 0.000640 51.76509 9.724365 46.33 7.18 0.29 1.88 0.02 0.04 

Average *0.000725 50.32400 10.36475 48.36 5.30 0.28 1.84 0.01 0.05 

 Na2O 
(%) 

TiO2 
(%) 

MnO 
(%) 

Fe2O3 
(%) 

B 
(ppm) 

Sm 
(ppm) 

Gd 
(ppm) 

U 
(ppm) 

Th 
(ppm) 

KAL-1 0.04 0.010 0.024 0.11 1.0 0.4 0.4 3.1 0.3 

KAL-11 0.03 0.011 0.023 0.14 1.0 0.5 0.5 3.6 0.5 

KAL-21 0.04 0.009 0.030 0.19 1.0 0.5 0.6 10.0 0.5 

KAL-31 0.03 0.009 0.027 0.10 1.0 0.5 0.5 4.6 0.4 

KAL-41 0.03 0.008 0.034 0.12 1.0 0.5 0.5 3.6 0.3 

KALA-1 0.03 0.008 0.027 0.10 1 0.4 0.4 3.3 0.3 

KALA-9 0.02 0.010 0.025 0.09 1 0.6 0.7 3.4 0.5 

Average 0.03 0.009 0.027 0.12 1.0 0.48 0.5 4.5 0.4 

* Average of values presented in Tables 1 is used for modeling. 

 
 

Table 4. Mean chemical composition of the Yavansu Fault samples and colluvium 

 Cl 
(%) 

O 
(%) 

C 
(%) 

CaO 
(%) 

MgO 
(%) 

Al2O3 
(%) 

SiO2 
(%) 

P2O5 
(%) 

K2O 
(%) 

YAV-1 0.000385 47.42710 11.53286 53.82 0.28 0.49 1.64 0.03 0.06 

YAV-11 0.000105 48.35410 11.38462 52.90 1.57 0.31 0.88 0.04 0.03 

YAV-21 0.000092 48.50208 11.23638 52.56 1.04 0.62 1.79 0.05 0.06 

YAV-31 0.000101 48.36969 11.38462 53.07 0.93 0.45 1.32 0.05 0.04 

YAV-41 0.000142 47.17666 11.65145 52.99 0.78 0.44 1.43 0.05 0.04 

YAVA-2 0.000120 48.28426 11.38462 53.03 1.11 0.34 1.54 0.04 0.05 

YAVA-12 0.000192 49.59739 10.82132 50.92 3.20 0.38 1.30 0.05 0.05 

YAVA-21 0.000115 48.78046 11.32533 53.54 1.02 0.37 1.06 0.03 0.03 

Average *0.000173 48.30754 11.29037 52.85 1.24 0.42 1.37 0.04 0.04 

 Na2O 
(%) 

TiO2 
(%) 

MnO 
(%) 

Fe2O3 
(%) 

B 
(ppm) 

Sm 
(ppm) 

Gd 
(ppm) 

U 
(ppm) 

Th 
(ppm) 

YAV-1 0.05 0.028 0.012 0.38 2.00 0.3 0.2 3.1 0.5 

YAV-11 0.02 0.011 0.011 0.25 1.00 0.5 0.4 4.0 1.2 

YAV-21 0.03 0.022 0.017 0.57 6.00 0.4 0.4 5.1 0.8 

YAV-31 0.03 0.016 0.015 0.47 1.00 0.5 0.4 7.5 1.0 

YAV-41 0.03 0.017 0.011 0.37 1.00 0.4 0.3 6.0 0.6 

YAVA-2 0.02 0.014 0.011 0.29 1.00 0.5 0.3 4.2 0.8 

YAVA-12 0.03 0.013 0.011 0.32 1.00 0.3 0.3 5.6 0.4 

YAVA-21 0.02 0.013 0.015 0.33 1.00 0.5 0.4 6.3 0.8 

Average 0.03 0.017 0.013 0.37 1.75 0.4 0.3 5.2 0.8 

* Average of values presented in Tables 2 is used for modeling. 
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In the first step of modeling using 

FSDT, different scenarios with 

different numbers of earthquakes, 

age and slip as well as erosion rates 

were tested. Afterwards, the 

scenarios with the best statistical 

criteria were focused upon. The best 

fit solutions for each scenario tested 

for the faults are summarized in Tables 6. The scenarions with three earthquakes 

show the lowest statistics with RMSw = 1.7492, Χ2 = 3.6007 and AICc = 233.9766 

for the Kalafat Fault, and with RMSw = 1.1422, Χ2 = 1.4768 and AICc = 346.8627 

for the Yavansu Fault. The scenario of three earthquake events for the Kalafat Fault 

gave the best fit, with the beginning of the exposure of ca. 22 ka. The ages of the 

three earthquake events are ca. 15.3 ± 3.8 ka, 8.4 ± 2.1 ka, and 3.6 ± 0.9 ka, with 

vertical components of associated slip of 0.7 ± 0.1 m, 0.9 ± 0.1, and 3.1 ± 0.5 m. 

(Fig. 7). The average slip rates from the oldest to youngest reconstructed rupture 

were estimated to be > 0.1, 0.1 and 1.5 mm/yr (Fig. 9a), while the long-term slip rate 

was calculated to be 0.6 mm/yr. The fault does not follow a regular recurrence 

interval with ca. 6.9 and 4.8 ky difference in the time span between earthquakes. 

  

 Kalafat Fault Yavansu Fault 

Latitude 
Longitude 
Altitude 

37.83469° N 
27.27087° E 

  160 m 

37.82499° N 
27.26412° E 
36 m 

Scarp strike 
Scarp dip   

N82°E 
84° 

N74°W 
42° 

Colluvium dip   
Scarp height 
Top surface dip   

25° 
6.2 m 
30° 

14° 
7.2 m 
32° 

Rock density  
Colluvium density  
Rock water content 
Colluvium water content 

2.4 g/cm3 

1.5 g/cm3 

0.2 % 
1 % 

2.4 g/cm3 

1.5 g/cm3 

0.2 % 
1 % 

Table 5. Parameters of the sampled Kalafat and Yavansu fault scarps 

Fig. 5. Cosmogenic 36Cl concentrations with 1σ uncertainties versus height along Kalafat Fault scarp 
surface; Blue and orange colors indicate KAL and KALA samples, respectively. 
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The scenario of three earthquake 

events for the Yavansu Fault 

gave the best fit, with the 

beginning of the exposure of ca. 

12 ka. The ages of the three 

earthquake events are 7.9 ± 2.0 

ka, 3.4 ± 0.8 ka, and 2.0 ± 0.5 ka 

with vertical components of 

associated slip of 0.6 ± 0.1 m, 

3.5 ± 0.5 m, and 2.6 ± 0.4 m, 

respectively (Fig. 8). The vertical 

distances between ruptures give 

an average value of vertical slip 

rates greater than 0.1 mm/yr for 

the oldest earthquake and 0.8 and 1.9 mm/yr for the second and third earthquakes 

during the seismic activity of the Yavansu Fault (Fig. 9b). The long-term slip rate 

 Event 
number 

Beginning of 
exposure (ka) 

Age 
(ka) 

Slip 
(m) 

Statistical 
criterion 

K
al

af
at

 F
au

lt 

3 22 
15.3 
8.4 
3.6 

0.7 
0.9 
3.1 

Χ2 = 3.6 
RMSw = 1.7 
AICc = 233 

4 20 

20.0 
16.0 
8.6 
3.9 

1.3 
0.2 
0.9 
3.1 

Χ2 = 3.7 
RMSw = 1.7 
AICc = 239 

5 24 

11.0 
10.0 
6.0 
3.4 
0.2 

0.4 
0.6 
0.4 
3.0 
0.0 

Χ2 = 4.0 
RMSw = 1.7 
AICc = 245 

Ya
va

ns
u 

Fa
ul

t 

3 12  
7.9 
3.4 
2.0 

0.6 
3.5 
2.6 

Χ2 = 1.47 
RMSw = 1.1 
AICc = 346 

4 12 

8.8 
3.5 
2.1 
0.7 

1.0 
3.4 
2.8 
0.0 

Χ2 = 1.53 
RMSw = 1.1 
AICc = 351 

5 11 

9.4 
8.9 
5.1 
3.3 
2.0 

0.1 
0.7 
0.4 
3.3 
2.2 

Χ2 = 1.61 
RMSw = 1.1 
AICc = 356 

Chi-squared Value (Χ2) 

Weighted root mean square (RMSw)  
Akaike information criterion (AICc) 

Table.  6. Results for the data set of the Kalafat and Yavansu fault scarps 
along with statistical criterion 

Fig. 6. Cosmogenic 36Cl concentrations with 1σ uncertainties versus height along Yavansu Fault scarp 
surface. 
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was calculated to be ca. 1 mm/yr, taking into account ca. 6.1 m of slip occurred in 

the time span between the oldest and the youngest modeled ruptures. The irregular 

intervals between earthquakes are ca. 4.5 and 1.4 ky. 

6. Discussion  

The geochronology of seismic activity of faults can provide essential findings 

in terms of helping to reduce the potential damages during destructive earthquakes 

(e.g., Scholz, 2002). The reconstruction of the age and slip amounts of major 

paleoearthquakes can make a significant contribution in the field of seismic risk 

assessment, particularly in the highly populated region of western Anatolia and 

Kuşadası. The activity of faults prior to the seismic archives in this region has 

already been documented by the powerful fault scarp dating method on the Priene-

Sazlı Fault (Mozafari et al., submitted), as well as the Manastır and Mugırtepe faults 

in the Manisa Fault Zone (Akçar et al., 2012; Tikhomirov; 2014). This study 

examined the past seismic activity of the Kalafat and Yavansu faults in western 

Anatolia using cosmogenic 36Cl. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Best fit (blue circles) of the samples of the Kalafat Fault scarp data with a three rupture 
model. Black dots with 1σ uncertainties are measured 36Cl concentrations. Red arrows mark the 
colluvium positions before the modeled ruptures. Slip rates are calculated individually for each 
earthquake, based on the slip value and the time period between two successive earthquakes. 
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Fig. 9. Time versus cumulative slip amount obtained from modeling of (a) the Kalafat Fault scarp; The 
average slip rate is 1.0 mm/yr; and (b) the Yavansu Fault scarp; The average slip rate is 0.6 mm/yr. 

Fig. 8. Best fit (orange circles) of the samples of the Yavansu Fault scarp data with a three rupture 
model. Blue dots with 1σ uncertainties are measured 36Cl concentrations. Red arrows mark the 
colluvium positions before the modeled ruptures. Slip rates are calculated individually for each 
earthquake, based on the slip value and the time period between two successive earthquakes. 
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6. 1. Future earthquakes 

Seismological methods are not yet explicitly able to predict the magnitude of 

future earthquakes. However, an approximation of probable magnitude is possible 

by empirical relationships, which logarithmically connect fault surface length (SRL) 

to the size of earthquakes (e.g., Wells and Coppersmith, 1994; Ambraseys and 

Jackson, 1998; Pavlides and Caputo, 2004). To accomplish this, we used the 

formula of Pavlides and Caputo (2004), which is specifically based on dip-slip 

normal faults in the Aegean region (equation 1 in Table 7). The formula of Wells and 

Coppersmith (1994), which is based on a worldwide investigation on different 

normal faults, was also used (equation 3 in Table 7). By considering the 15 km 

length, the Kalafat Fault can produce an earthquake of magnitude 6.5 on average 

(equation 1 in Table 7). Based on the formula of Wells and Coppersmith (1994) the 

occurrence of an earthquake with magnitude of 6.4 is possible (equation 3 in Table 

7). The probable length of about 50 km for the Yavansu Fault yields an earthquake 

capacity of magnitude 7.0 or 7.1 in magnitude according to equations (1) and (3), 

respectively, in Table 7. If the fault is 2.5 km long, the probable earthquake would 

have a magnitude of 5.8 or 5.4 according to equations 1 and 3, respectively, in 

Table 7, respectively. Since both faults are able of producing earthquakes of greater 

than magnitude 5, they can be classified as seismogenic faults (McCalpin, 2009).  

The empirical relationships that connect the displacement value with the 

earthquake magnitude were also used to estimate the average slip value as a 

consequence of probable rupture (i.e., equations 2 and 4 in Table 7). The 

magnitude of earthquakes based on the length of the Kalafat Fault was estimated to 

be 6.5 (equation 1 in Table 7). This results in a maximum vertical displacement 

(MVD) and slip of 0.4 m (equation 2 in Table 7). Based on Wells and Coppersmith 

(1994), the maximum displacement (MD) or slip resulting from an earthquake with 

magnitude 6.4 is 0.6 m (equation 4 in Table 7). The 2.5 and 50 km length of the 

Yavansu Fault yielded earthquakes with magnitudes 5.8 and 7.0, respectively 

(equation 1 in Table 7). The MVD were estimated to be 0.1 and 1.4 m, respectively, 

and based on dip of the fault surface (θ = 42°), yield slips of 0.1 and 1.7 m, 

respectively (equation 2 in Table 7). Considering the formula of Wells and 
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Coppersmith (1994), the maximum displacement (MD) or slip resulting from 

earthquakes of magnitude 5.4 and 7.1 would be 0.1 and 2.6 m, respectively 

(equation 4 in Table 7).  

Table 7. Regression of SRL (surface rupture length), magnitude (Ms/M) and vertical displacement (MVD/MD) calculated for 
the Kalafat and Yavansu Faults. 

 

SRL/FL 15 km 
(Cakmakoglu, 2007) 

50 km 
(Hancock & Barka, 1987) 

2.5 km 
(Sümer et al., 2013) 

  KALAFAT FAULT YAVANSU FAULT 
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Ms = 0.9 x Log (SRL) + 5.48 
(equation 1) 6.5 7.0 5.8 

 
Log (MVD) = 1.14.Ms - 7.82 

(equation 2) 
 

 
MVD = 0.4 
Slip = 0.5 

 

 
MVD = 1.4 
Slip = 1.7 

 

MVD = 0.1 
Slip = 0.1 

W
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M = 4.86 + 1.32 x log (SRL) 
(equation 3) 6.4 7.1 5.4 

Log (MD) = - 5.90 + 0.89 x M 
(equation 4) 

 
MD (Slip) =  0.6 MD (Slip) = 2.6 MD (Slip) = 0.1 

6. 2. Earthquake history  

In the following paragraphs, we discuss the seismic activity and breakage history of 

the Kalafat and Yavansu faults based on our modeling, as well as the plausibility of 

magnitude values of earthquakes that produced the associated amount of slip. We 

used the same empirical approaches in order to estimate the magnitude values of 

the reconstructed earthquakes (Pavlides and Caputo, 2004; Wells and Coppersmith 

1994; equations 5 and 6 in Table 8).  
Table 8. Regression of magnitude (Ms/M) and vertical displacement (MVD/MD) for the Kalafat and Yavansu Faults. Unit of slip, 
MVD and MD is in meters. * Modeled by the code. 

  KALAFAT FAULT  (θ = 84°) YAVANSU FAULT (θ = 42°) 

Sin (θ) = vertical displacement /Slip Event Slip* (m) MVD (m) Ms Slip* (m) MVD (m) Ms 

Pa
vl

id
es

 &
 

Ca
pu

to
 (2

00
4)

 

Ms = 0.59 x Log (MVD) + 6.75 
(equation 5) 

 

 Lowest  Χ2 Average Average Lowest  Χ2 Average Average 

EQ1 0.7 ± 0.1 0.7 ± 0.1 6.6 0.6 ± 0.1 0.4 ± 0.1 6.5 

EQ2 0.9 ± 0.1 0.9 ± 0.1 6.8 3.5 ± 0.5 2.3 ± 0.4 7.0 

EQ3 3.1 ± 0.5 3.1 ± 0.5 7.0 2.6 ± 0.4 1.8 ± 0.3 6.9 

 Event MD (= Slip*) (m) M MD (= Slip*) (m) M 

W
el

ls
 &

 
Co

pp
er

sm
ith

 
(1

99
4)

 

M = 6.61 + 0.71 x log (MD) 
(equation 6) 

 Lowest  Χ2 Average Lowest  Χ2 Average 

EQ1 0.7 ± 0.1 6.5 0.6 ± 0.1 6.5 

EQ2 0.9 ± 0.1 6.6 3.5 ± 0.5 7.0 

EQ3 3.1 ± 0.5 7.0 2.6 ± 0.4 6.9 
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Fig. 10. (a) Schem
atic sketch of the Yavansu and K

alafat Fault scarps on the opposite sides of the Kalafat M
ountain; The horizontal scale is 1:5 (O

ur 
sam

pling sites on the K
alafat and Yavansu Fault surfaces are about 1.4 km

 apart); (b) I to VIII; A detailed view
 of the fault situation through tim

e, show
ing 

colluvium
 position and episodic fault exposure during three m

odeled earthquake events, from
 the beginning of exposure of the Kalafat and Yavansu 

Faults (left to right). In the insets, red dashed lines show
 the sam

pled surfaces. The fault surface grade is in m
eters. H

0  show
s scarp heights prior to first 

rupture. H
1  to H

3 are height of the fault scarp follow
ing earthquakes of 1 to 3, respectively; G

0  is ground level just before the first rupture, G
1 and G
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ground levels before the second and third ruptures; and G
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ark the current ground level. S

1  to S
3  represent the associated am

ounts of slip of three 
earthquakes from
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s  show
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agnitude of earthquake w
ith capacity of displacing the fault w
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odeled slip am

ount. D
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heading arrow
s represent the uncertainty of earthquake ages.  
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The locations of our sampling sites on opposite sides of Kalafat Mountain is 

illustrated in the schematic cross-section shown in Figure 10a, which shows 

approximately 120 m of difference in elevation (Fig. 10a). The sampled part of the 

scarp of the Kalafat Fault began its exposure at ca. 22 ka. The position of the 

ground level cannot be defined at this time, due to an unsampled part of the scarp. 

But it was at about 165 m a.s.l. (above sea level) or higher (point G0 in inset I in Fig. 

10b), before the first seismic activity of the Kalafat Fault at 15.3 ± 3.8 ka with a slip 

value of 0.7 ± 0.1 m (S1). This event caused movement of the ground level from G0 

to G1 (Fig. 7 and inset II in Fig. 10b). For this interval, a slip rate of 0.1 mm/yr was 

calculated. However, this value is considered as the lower limit, because if the upper 

part of scarp was sampled, it might result in a higher slip value. In addition, one 

should note that we cannot exclude additional older earthquakes, which similarly 

results in a shorter interval and higher slip rate (e.g., Schlagenhauf et al., 2010). 

This amount of slip indicates an earthquake with an order of magnitude of 6.5 to 6.6 

(equations 5 and 6 in Table 8). Two earthquakes are required to move the fault to 

produce this amount of slip (equations 2 and 4 in Table 7). This phase of activity 

probably occurred as clustered events in a short time span rather than a single 

earthquake. In the South of Kalafat Mountain, the exposure of the Yavansu Fault 

appears to be much younger than the Kalafat Fault exposure at ca. 12 ka (inset III in 

Fig. 10b). Meanwhile the Kalafat Fault ruptured for the second time at 8.4 ± 2.1 ka, 

after a long phase of inactivity of ca. 6.9 ka. Afterwards, the ground ground level 

moved from G1 to G2, as a result of 0.9 ± 0.1 m of slip (S2) (Fig. 7 and inset IV in 

Fig. 10b). This amount of slip over the time span between the first and second 

ruptures results in mean slip rate of ca. 0.1 mm/yr. This rupture is likely to be 

produced by an earthquake of magnitude 6.6-6.8 (equations 5 and 6 in Table 8). 

Two earthquakes are required to expose the fault surface with this amount of slip 

(equations 2 and 4 in Table 7). The Yavansu Fault started rupture approximately 

simultaneous with the second rupture of the Kalafat at 7.9 ± 2.0 ka, with a minimum 

slip of 0.6 ± 0.1 m (S1). This caused the initial ground level (G0) to move to G1, which 

was already at the elevation of 43 m a.s.l. or higher before the occurrence of the first 

rupture (Fig. 8 and insets III and V in Fig. 10b). Similar to the Kalafat Fault, the slip 

rate of this phase of activity is calculated to be a minimum of 0.1 mm/yr. This slip 

amount equals to an MVD of ca. 0.4 m, which can be produced by an earthquake 

https://www.google.ch/url?sa=t&rct=j&q=&esrc=s&source=web&cd=9&cad=rja&uact=8&ved=0ahUKEwiq66aQjqzUAhUDVhoKHZmzAmAQFghLMAg&url=http%3A%2F%2Fwww.aydinpost.com%2FKalafat%2520Da%25C4%259F%25C4%25B1-haberleri.htm&usg=AFQjCNGKH2T002jN2gmvMLRqBIrlunLMPQ&sig2=nbUOafdqMhaRAeSrwJ05Sg
https://www.google.ch/url?sa=t&rct=j&q=&esrc=s&source=web&cd=9&cad=rja&uact=8&ved=0ahUKEwiq66aQjqzUAhUDVhoKHZmzAmAQFghLMAg&url=http%3A%2F%2Fwww.aydinpost.com%2FKalafat%2520Da%25C4%259F%25C4%25B1-haberleri.htm&usg=AFQjCNGKH2T002jN2gmvMLRqBIrlunLMPQ&sig2=nbUOafdqMhaRAeSrwJ05Sg
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with magnitude of 6.5 (equations 5 and 6 in Table 8). If the 50 km length of the fault 

is considered, one earthquake could be severe enough to produce this rupture. 

However, several earthquakes would be required, if the fault length is 2.5 km 

(equations 2 and 4 in Table 7). The last earthquake on the Kalafat Fault occurred at 

3.6 ± 0.9 ka after ca. 4.8 ky period of quiescence. This rupture caused a hanging-

wall slip of 3.1 ± 0.5 m (S3) to the recent ground level of 160 m a.s.l. (Fig. 7 and 

inset VI in Fig. 10b). The mean slip rate of approximately 1.5 mm/yr was obtained by 

taking into account the slip amount and the corresponding phase of inactivity from 

the occurrence of the preceding rupture to the last rupture. An earthquake with 

magnitude 7 on average is capable of generating this slip (equations 5 and 6 in 

Table 8). Considering the length of the fault, several earthquakes are required to 

produce about three meters of displacement. This phase of activity can also be 

considered as several sub-events occurring as a series of ruptures close in time. 

The second rupture of the Yavansu Fault occurred highly coincident with the last 

rupture on the Kalafat Fault at 3.4 ± 0.8 ka, after ca. 4.5 ky period of quiescence. In 

total, 3.5 ± 0.5 m of slip (S2) caused the ground level to move from G1 to G2 (Fig. 8 

and inset 10b in Fig. VII). The calculated slip rate for this time interval is ca. 0.8 

mm/yr, which is much higher than in the past phase of activity. The slip amount 

equates to ca. 2.3 m of MVD, which can be produced by an earthquake of 

magnitude 7 (equations 5 and 6 in Table 8). More likely, two or more earthquakes 

were needed to expose the fault with this amount of slip. We conclude that this 

phase of activity involved a series of ruptures close in time, based on the 50 km 

length of the fault (equations 2 and 4 in Table 7). If the fault is short as 2.5 km long, 

too many earthquakes are needed to cause this amount of slip, which we consider 

implausible. After a period of quiescence of ca. 1.4 ky, the last earthquake on the 

Yavansu Fault occurred at 2.0 ± 0.5 ka ago. This resulted in 2.6 ± 0.4 m of slip (S3) 

and the ground level to move to G, the recent ground level of ca. 36 m a.s.l. (Fig. 8 

and inset VIII in Fig. 10b). The mean slip rate was about 1.9 mm/yr for this time 

interval. The slip equals to 1.8 ± 0.3 m MVD, which can be created by an 

earthquake of magnitude 6.9 (equations 5 and 6 in Table 8). One earthquake can 

cause this slip, where the fault length is considered to be 50 km. However, if the 

fault length is as short as 2.5 km, a large number of earthquakes are responsible for 
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the exposure of the fault in the corresponding period of activity (equations 2 and 4 in 

Table 7). 

The youngest identified earthquake by our modeling dates back to ca. 2 ka 

on the Yavansu Fault. However, there are historical and instrumental earthquakes 

reported mostly recorded on Samos Island since 1751 AD, none of which are 

directly linked to either the Yavansu or Kalafat faults, (Fig. 2). Therefore, our 

modeling suggests that the western extension of the Yavansu Fault possibly is an 

individual segment, which is not fully linked to the Yavansu Fault on mainland 

Turkey.  

In the Kuşadası region, the cycles of quiescence between successive events 

along the Kalafat and Yavansu faults through time until the occurrence of the last 

ruptures of both faults are generally shortening, from ca. 6.9 to 4.8 ky for the Kalafat 

Fault and ca. 4.5 to 1.4 ky for the Yavansu Fault. However, the Kalafat and Yavansu 

faults had their last activity in ca. 3.6 and 2 ka, respectively. However, both faults 

have the potential to produce earthquakes of magnitude 5 and larger in the future. If 

we assume the historical and instrumental earthquakes recorded in Samos Island 

(Fig. 2) are related to activity on the Yavansu Fault, and these are not identified by 

our modeling, an interval of ca. 1.7 ky is obtained from the last modeled rupture for 

the Yavansu Fault. 

Further south, fault scarp dating of the Priene-Sazlı Fault revealed evidence 

of four phases of high seismic activity between 8.1 to 2.2 ka (Mozafari et al., 

submitted). Comparison of the timing of the modeled earthquakes on the Kalafat, 

Yavansu and Priene-Sazlı faults indicates similar timing of high seismic activities in 

this region at ca. 3.5 and 8 ka, once all three of the faults were active. In addition, at 

ca. 2 ka, the Priene-Sazlı and Yavansu faults were spontaneously ruptured with a 

very similar time interval. These data can indicate the high amount of interaction 

between the nearby faults, which is reflected in their seismic behavior as a portion of 

the larger fault setting. The Kalafat and Yavansu faults are connected in the middle 

of their strikes, to the east of our sampling sites, according to geological map (Fig. 

2). Based on our results, the Kalafat Fault was exposed ca. 10 ky prior to the first 

exposure of the Yavansu Fault, and even had its first significant activity before the 
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Yavansu Fault was exposed (Fig 10b). This may indicate the possibility of the 

Yavansu Fault exposure and subsequent activity interacted with the pre-existing and 

older Kalafat Fault as its opposite-facing antithetic pair, which eventually linked to 

each other through more activities. Evidence for this can be seen by the increasing 

slip rates on both faults over time (Figs. 7, 8 and 9). Acceleration of slip rates of 

normal faults can indicate either a cause or an outcome of linkage (e.g., Abruzzo, 

central Italy; Cowie et al., 2007). In our case study, the increase of the slip rates 

could cause incremental growth of the Kalafat and Yavansu faults, and ease their 

linkage. Linkage can be triggered, particularly when an active fault, like Kalafat is 

located in the middle of a larger fault setting, as in our case between the 

neighboring Yavansu and Kuşadası faults (Cowie et al., 2007). However, fault 

seismic activity and growth are not solely dependent on the local pattern of nearby 

structures, but are more related to the regional tectonic framework and how the 

structures are interacted, which might result in either fault lockage or release of 

accommodated strain. Regarding the cumulative slip rates, slip per event, rupture 

lengths, magnitude of probable earthquakes and recurrence intervals of the Kalafat 

and Yavansu faults, both faults can be considered as low to moderate (Class 3) 

active faults using the activity classification of faults for earthquake engineering of 

Cluff and Cluff (1984). 

 7. Conclusions 

Fault scarp dating using cosmogenic 36Cl distributions is a powerful technique 

to recover the history of paleoearthquakes, and develop earthquake hazard 

assessment in extensional tectonic settings. We have explored the long-term 

paleoearthquake history of two faults in the Kuşadası area within the northwestern 

end of the Büyük Menderes Graben prior to and within the available earthquake 

archives by analyzing cosmogenic 36Cl in 122 samples and using FSDT 

(Tikhomirov, 2014). At least six high seismically active periods were recovered, of 

which two events on each fault happened synchronously with a seismic event on the 

other fault. Both faults can be considered as seismic-prone and active faults, which 

should be given more serious attention in order to reduce the earthquake associated 

risks. Our findings are summarized as follow: 
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• Both faults experienced at least three seismic events during late Pleiostocene 

- Holocene time basically as clusters of earthquakes occurring close in time. 

• Vertical components of slips were modeled ranging from 0.7 to 3.1 m for the 

Kalafat Fault, and from 0.6 to 3.5 m for the Yavansu Fault at the cessation of 

the seismic events. 

• Average slip rates of greater than 0.1, 0.1, and 1.5 mm/yr for the Kalafat 

Fault and greater than 0.1, 0.8, and 1.9 mm/yr for the Yavansu Fault were 

estimated from the oldest to youngest modeled ruptures, respectively. 
• Long-term slip rates were calculated as 0.6 and 1.0 mm/yr for the Kalafat and 

Yavansu faults, respectively.  
• The recurrence intervals of earthquakes on neither of the faults follow a 

regular pattern, but are generally getting shorter over time. 
• Both Kalafat and Yavansu faults can be considered as seismogenic faults, 

due to having the potential to generate earthquakes of greater than 

magnitude 5. 
• At around 3.5 and 8 ka, the three faults of Kalafat, Yavansu and Priene-Sazlı 

were ruptured, which indicates the occurrence of high seismically active 

periods in the western part of the Büyük Menderes Graben. 
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Seismic activity in western Anatolia during the last 15 ka  

 

Abstract  

Understanding of paleoseismic behaviors of faults and in a broader extent, 

recurrence interval of earthquakes in regional scales are important keys in order to 

improve our knowledge of future seismic activities and minimize risk of probable 

damages. Western Anatolia is one of the active regions of the world, whose major 

faults’ seismic histories are unknown or poorly understood. There, the extensional 

tectonic regime caused formation of large-scale horst-graben systems characterized 

by normal faults, locally built in carbonates, which caused huge amount of uplifts. 

We explored the seismic history of western Anatolia based on fault scarp dating 

using cosmogenic 36Cl. To fulfil this, we collected 584 samples from seven well-

preserved fault surfaces within the Büyük Menderes Graben, Gediz Graben and 

Gökova half-graben. We could reconstruct at least 12 major seismic events, mainly 

occurred as a series of earthquakes of 5.4 to 7.1 in magnitude through the past 15 

ka and beyond the existing earthquake archives. According to our results, the oldest 

earthquake approximated to be occurred at ca. 15 ka. The age correlation of the 

reconstructed palesoseismic events shows a minimum of four periods of high 

seismic activity western Anatolia at ca. 2.0, 3.5, 6.0 and 8.0 ka indicating a regional 

return period of earthquakes of about 2000 years. Regarding this time interval, the 

recent century, with records of abundant major earthquakes is also considered as a 

period of high seismic active and the next one would occur in 2000 years. This time 

interval is compatible with the time interval of earthquakes of several normal faults 

within the extensional setting of Aegean region and Italy. The acceleration of vertical 

slip rates, in general, from 0.1 to 1.9 mm/yr through time indicates that western 

Anatolia is now experiencing its most seismically active period during Holocene 

time.  

Key words: Fault scarp, Dating, Eastern Mediterranean, Neotectonic, Recurrence 

interval 
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1. Introduction 

The collision of African and Eurasian plates is responsible for the complex 

deformation pattern of Mediterranean region within the Alpine-Himalayan belt (e. g. 

Dewey and Şengör, 1979). The 300 km wide Western Anatolia Extensional 

Province, one of the most rapid extending and seismically active regions in the 

world, is part of this tectonic mega structure (Dewey and Şengör, 1979; Şengör et 

al., 1985), which formed in response to approximately N-S extensional tectonic 

regime since early Miocene. There, the horst-graben systems, namely Gediz, Küçük 

Menderes and Büyük Menderes grabens and Gökova half-graben are the main 

structures, whose activities are evidenced by normal faulting, which occasionally are 

built in carbonates (Fig. 1). Four models have been proposed to explain the origin 

and age of the present-day extension and the presence of large-scale normal faults 

in the western Anatolia. According to the most widely accepted “tectonic escape 

model”, the Anatolian plate is moving rapidly westward towards the Black Sea plate 

and southwestward relative to the African plate with a rate of about 28-40 mm/yr 

(Dewey and Şengör, 1979; Taymaz et al., 1991; Jackson and McKenzie, 1988; Le 

Pichon et al., 1995). This movement results in differential uplift and subsidence in 

response to the movement of dextral North Anatolian Fault Zone and sinistral East 

Anatolian Fault Zone (Dewey and Şengör, 1979; Şengör et al., 1985; Barka et al., 

1994; Görür et al, 1995). In this model, the rate of extension is still under debate and 

speeds as low as 6 mm/yr to 8-9 mm/yr have been suggested (Oner and Dilek; 

2011 and references therein). According to Eyi̇doǧan (1988), the rate of extension 

increases from north to south, which its maxima occurs in southwestern part of 

western Anatolia with a rate of 13.5 mm/yr. The second model proposed to explain 

the development of the horst-graben systems is “the back-arc spreading model”, 

which assumes a back-arc extension as a consequence of the south-southwest 

migration of Helenic trench (McKenzie, 1978; Le Pichon and Angelier, 1979, 1981; 

Meulenkamp et al., 1988; Kissel and Laj, 1988). The third one, “the Orogenic 

collapse model” suggests that the extensional regime is commenced by the 

spreading of a thickened crust related to an earlier Paleogene compressional 

regime in the late Oligocene-early Miocene (Seytoğlu and Scott, 1991, 1992, 1996; 

Seytoğlu et al, 1992). The forth model is “the two stage graben model” which 
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Fig. 1. Simplified geological map of western Anatolia (modified after Akçar et al., 2012; Sümer et al., 
2013; Hancock and Barka, 1987). The yellow stars show the locations of the sampling sites of this 
study in Priene-Sazli, Yavansu and Kalafat faults within Büyük Menderes Graben, Ören Fault in 
Gökova half-graben, Rahmiye Fault, Mugirtepe Fault (Akçar et al., 2012) and Manastir Fault 
(Tikhomirov, 2014) within Gediz Graben. The black boxes give locations of Figs. 2 and 4. 

suggests that two phases of individual extensional regimes separated by a short-

term compressional tectonic activity (Koçyiğit et al., 1999).  

In western Anatolia, rapid tectonic activity initiated by the extensional regime 

must have been caused the occurrence of destructive earthquakes. In addition to 
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the historical and instrumental records, the occurrence of past ruptures is evidenced 

in several archaeological sites by heavy damages (e.g., Altunel, 1998; Yönlü et al., 

2010). Several trenches have been excavated in order to date the past ruptures and 

associated amount of slips in western Anatolia (e.g., Özkaymak et al., 2011; Altunel 

et al., 2009). However, fault scarp dating is the most direct and precise method to 

reconstruct past earthquakes. The oldest known historical earthquake in the Eastern 

Mediterranean and Middle East dates back to 2100 B.C. (Shebalin et al., 1974; 

Soysal et al., 1981; Ambraseys, 2009) and the instrumental earthquakes have been 

recorded only since 1900. However, for a long-term seismic modeling, more data 

beyond and within the limits of available archive is required. High seismic activity of 

western Anatolia together with the presence of well-preserved normal faults, locally 

built in carbonates, give rise to make this region as an ideal target to use 

cosmogenic 36Cl exposure dating in order to explore its paleoseismic history.  

During the last decade, we focused on well-preserved normal fault scarps in 

western Anatolia in order to track the pace of destructive earthquakes, beyond the 

existing historical and instrumental data. The aims of our study were: (1) 

reconstruction of paleoseismic events in order to determine recurrence interval of 

destructive earthquakes; (2) quantify the vertical component of slips and plausibility 

of the magnitude of modeled ruptures; and (3) calculate short-term and long-term 

slip rates. These are essential data for earthquake hazard analysis in seismic-prone 

areas in order to reduce probable damages (e.g. Cluff and Cluff, 1984). To do this, 

we sampled Ören and Rahmiye faults in Gediz Graben and Gökova half-graben, 

respectively. A Matlab® code (Tikhomirov, 2014) was used to model the significant 

paleoseismic events and their timing. We provided a comprehensive story in a 

regional tectonic context based on analyzing of 584 samples from about 52 m long 

profiles, in total, including the published data of Manastir and Mugirtepe faults in 

Gediz Graben (Akçar et al., 2012; Tikhomirov, 2014), as well as Kalafat, Yavansu 

and Priene-Sazli fault scarps in Büyük Menderes Graben (Mozafari et al., 

submitted-a; submitted -b). Our analysis yielded seismically active periods around 

2.0, 3.5, 6.0 and 8.0 ka in western Anatolia, and with the occurrence of the oldest 

seismic activity at ca. 15 ka. 
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2. Fault scarp dating  

For the first time, Zreda and Noller (1998) introduced fault scarp dating with 

cosmogenic 36Cl plausibility by modeling of six seismic activity ages in the Hebgen 

Lake fault scarp, Montana, USA. Over the last twenty years, the seismic activity of 

limestone fault scarps using cosmogenic 36Cl have been reconstructed in various 

locations in the Eastern Mediterranean and the Middle East (Mitchell et al., 2001; 

Benedetti et al., 2002; 2003; 2013; Palumbo et al., 2004; Schlagenhauf et al., 2010; 

2011; Akçar et al., 2012; Tikhomirov, 2014; Mouslopoulou, 2014; Cowie et al., 

2017). In this study, we used a Matlab® code of Fault Scarp Dating Tool -FSDT- 

developed by Tikhomirov (2014) to reconstruct the paleoearthquakes history in 

western Anatolia. The method has taken into account all parameters that could 

introduce the production of 36Cl depending on an assumed seismic scenario 

regarding number of ruptures, age of ruptures, vertical component of slips related to 

each rupture, hanging-wall position prior to the ruptures, beginning of exposure of 

the fault, and erosion rate of fault surface. 36Cl concentration of samples is shown 

versus the position along the fault scarp as a profile, in which discontinuities indicate 

periods of high seismic activity and the convex curves reveal phases of inactivity (for 

further information see Mozafari et al., submitted-a). The vertical distance between 

two succeeding discontinuities shows the related slip of the seismic event. The 

method enables to reconstruct seismic events with 2σ uncertainties about 25 % for 

the timing of ruptures and 15 % for the vertical component of slips (Tikhomirov, 

2014). 

3. Study sites and sampling 

In this study, well-preserved fault surfaces were chosen in Gediz Graben, 

Büyük Menderes Graben and Gökova half-graben (Fig. 1), based on the guidelines 

proposed by Tikhomirov (2014) after Mitchell et al. (2001). In order to extract at least 

one seismically active period using FSDT (Tikhomirov2014), a minimum of two 

meters of sampling along the fault scarp from the ground level is necessary. An 

ideal sampling profile is a continuous strip parallel to the vertical component of slip. 

A sequence of profiles shifted horizontally is an alternative (e.g., Benedetti et al., 

2002; Sclaugenhauf et al., 2011; Akçar et al., 2012), where the fault surface is 
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locally weathered (Tikhomirov, 2014). In total, 584 samples from seven well-

preserved fault surfaces were collected in order to analysis cosmogenic 36Cl.  

3.1. Gediz Graben 

About 150 km long WNW-ESE-trending Gediz Graben is one of the most 

prominent structural elements in the western Anatolia. Menderes Massif constitutes 

the bedrock of this structure as its horst blocks with the elevation of maximum 2000 

m (Çiftçi and Bozkurt, 2009). The graben basement is also made up of the same 

rock, which is covered by sediments of varying ages from Miocene to Quaternary 

(Çiftçi and Bozkurt, 2009 and references therein). The fault scarps of Manastir and 

Mugirtepe in the western part of the graben were already sampled and analyzed 

(Akçar et al., 2012; Tikhomirov, 2014) for fault scarp dating. In addition to these, we 

collected samples from the Rahmiye Fault in the north part of the graben.  

3.1.1. Manastır Fault 

Approximately 4.5 km long and up to 140 m high Manastir Fault is a normal 

fault, which constitutes the southern boundary of ca. 35 km long Manisa Fault Zone. 

The fault contains evidence of recent activity based on landslides, sequences of 

screes and triangular facets (Özkaymak et al., 2011). The foot wall of the fault 

constitutes Mesozoic limestone against the Holocene sediments as its hanging wall. 

Several major paleoearthquakes were recorded in this area. Earthquake of 17 AD 

caused severe damages in many ancient cities within the Manisa basin, particularly, 

with evidence of surface rupture in Magnesia (ancient Manisa) (Guidoboni et al. 

1994; Ambraseys, 1988). In addition, another earthquake with an intensity of VIII 

struck Magnesia and Ephesus ancient cities at 44 AD (Ergin et al. 1967; Soysal et 

al. 1981).  There are also earthquakes reported at 926 AD, 1595 or 1664 AD and 

1845 AD (e.g., Ambraseys and Jackson 1998; Ergin et al. 1967; Soysal et al. 1981). 

Samples of 87 were collected from a total 7 m multiple sampling strips along ca. 12 

m long Manastir Fault (Akçar et al., 2012). 
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3.1.2. Mugırtepe Fault 

About 3 km long NW-SE-trending Mugirtepe Fault is also a normal fault 

located in the Manisa Fault zone. The Mugirtepe Fault is the succeeding fault scarp 

of the Manastir Fault, located ca. 1 km towards the north. This fault is a maximum 4 

meters high (Akçar et al., 2012), with the same bedrock lithology as the Manastir 

Fault (Özkaymak et al., 2011). The records of historical earthquakes are the same 

as the Manastir Fault. Two trenches were excavated perpendicular to the Mugirtepe 

Fault scarp in order to reconstruct the ages of paleoearthquakes (Özkaymak et al., 

2011). The results showed the occurrence of earthquakes compatible with the 

records of historical archives at 926 AD, 1595 or 1664 AD, and 1845 AD. Slabs of 

44 were collected from a total ca. 2.7 m long profile along the fault surface (Akçar et 

al., 2012).  

3.1.3. Rahmiye Fault 

E-W-trending Rahmiye Fault is at least 7 km long dextral normal fault situated 

in the vicinity of a village of the same name within the Gediz Graben (Fig. 2). The 

fault is projected to be the continuation of NNW-SSE trending Akselendi Fault (Fig. 

Fig. 2. Geological map of Gediz Graben around Rahmiye Fault scarp. The yellow star marks the 
sampling site. 
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2). The fault surface is highly well-preserved almost along its entire length, 

characterized by clear triangular facets. Foot wall of the fault in the sampling site is 

made up of limestone of late Jurassic versus the Quaternary sediments as the 

hanging wall. The largest known earthquake in surrounding area was recorded in 

September 9, 2016 with magnitude of 5 in about 3 km NW of Rahmiye Fault (B.Ü. 

KOREI). From ca. 6.5 m height of the scarp, 87 samples were collected (Fig. 3).  

3.2. Büyük Menderes Graben  

Approximately 140 km long Büyük Menderes Graben starts from Denizli 

Basin in the east with E-W strike and extends with a trend change to NE-SW 

towards the Aegean Sea (Fig. 1). The graben is bounded by Menderes Massif to the 

north and south, while the basin is mainly covered by Quaternary sediments. A large 

number of faults of varying scales constitute the structure of the horst-graben 

system, of which six major segments extended along the north edge of the entire 

structure named Büyük Menderes Fault Zone. We have collected samples from the 

Kalafat, Yavansu and Priene-Sazli faults to model their seismic history using fault 

scarp dating (Fig. 1). 

3.2.1. Kalafat Fault 

The 15 km long Kalafat Fault (Çakmakoğlu, 2006) is, in general, a WNW-

trending normal fault with a minor component of right-lateral movement in the 

         Fig. 3. The sampled surface of the Rahmiye Fault scarp.  
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northern side of a mountain of the same name, SE of Kuşadasi City (Figs. 1). The 

fault juxtaposes the foot wall of Cycladic Massif against the hanging wall of Miocene 

volcano-sedimentary rocks overlaid by colluvium in front. There is no seismic record 

attributed to Kalafat Fault.  Totally, 54 samples were taken out from ca. 4.6 m of the 

fault surface along two parallel strips.  

3.2.2. Yavansu Fault 

The Yavansu Fault is generally an E-W trending normal fault with a minor 

component of dextral movement, located in the southern slope of the Kalafat 

Mountain. Cycladic Massif constitutes its foot wall, against the Quaternary 

sediments in the hanging-wall. The fault is considered to be in the range between 

2.5 to 50 km long (Hancock and Barka, 1987; Sümer et al., 2013). There are 

records of several earthquakes in Kuşadasi in the time window of 1751-1893 AD 

(e.g., Soysal et al., 1981). The majority of the seismic events reported in the western 

extension of Yavansu Fault north of Samos Island, but none is directly assigned to 

the activity of Yavansu Fault. In total, 68 samples were collected from ca. 6.6 m 

along two sampling profiles. 

3.2.3. Priene-Sazlı Fault 

The Priene-Sazli Fault is extended along the margin of the westernmost 

heights of the Büyük Menderes Graben (Figs. 1). Length of the fault estimated to be 

between the ranges of 30 to 40 km (Altunel et al., 2009; Sümer et al., 2013; Şaroğlu 

et al., 1992; Duman et al., 2011; Emre et al., 2013). Generally the Cycladic Massif 

constitutes the foot wall, whereas the hanging wall is made up of Quaternary 

sediments of the graben basin. The youngest mechanism of the fault is normal with 

a minor component of right-lateral movement. There are two major earthquakes 

recorded related to the Priene-Sazli Fault. The historical earthquake occurred in 68 

AD with an intensity of VII at the NE termination of the fault (Ergin et al., 1967). The 

instrumental earthquake of Söke-Balat on July 16, 1955 hit this region and caused 

heavy damages with magnitude of 6.8 (Öcal, 1958; Şengör 1987). In total, 117 

samples were collected from ca. 12 m high fault scarp along four horizontally shifted 

profiles.  
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Fig. 5. Field view of the Ören Fault scarp with the sampling strip at the base of successive 
escarpment. The yellow arrows indicate base of the upper and older successive scarp levels. 

Fig. 4. Simplified geological map of Ören Fault around the sampling site (modified after Gürer and 
Yilmaz, 2002). 

 

3.3. Gökova half-graben (Ören Fault) 

The ENE-WSW-striking Gökova half-graben borders the Gulf of Gökova in 

the north with a height of more than 1000m, in the southeast part of Aegean Sea. 

The main part of the graben is offshore about 150 km long, which forms the Gulf of 

Gökova (Gürer and Yilmaz, 2002). The horst structure is characterized by E-W 

http://www.tandfonline.com/author/Y%C4%B1lmaz%2C+Kamil
http://www.tandfonline.com/author/Y%C4%B1lmaz%2C+Kamil
http://www.tandfonline.com/author/Y%C4%B1lmaz%2C+Kamil
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trending listric normal faults, which intersect and displace the ENE-WSW trending 

oblique faults (Gürer and Yilmaz, 2002). Basically, Lycian Nappes constitutes the 

basement of this region. The Ören Fault extended along the half-graben was 

sampled in order to explore its seismic activity using fault scarp dating.  

The approximately 100 km long E-W-trending Ören Fault is the main 

structure of the Gökova half-graben, which is strongly segmented along its strike 

(Figs. 1 and 4). In our sampling site, Lycian nappes and Tauride tectonic unit 

constitute the bedrock of the scarp against the low Quaternary alluvial (Fig. 4). On 

July 20, 2017 an earthquake with magnitude of 6.7 occurred in the west part of the 

Gökova half-graben, south of Bodrum City (Fig. 1). The closest earthquake to our 

sampling site hit the area on January 10, 2005 with magnitude of 5.5 with its 

epicenter about 15 km westward (USGS) (Fig. 4). The importance of study of the 

fault lies also in the installation of Kemerköy thermal power plant along the fault. We 

sampled 127 slabs from ca. 12 m high fault surface about 2 km apart from the 

power plant (Figs. 4 and 5). This number of samples is the maximum collected 

samples for fault scarp dating along a single fault probably worldwide. 

4. Results 

The results of fault scarp modeling using cosmogenic 36Cl exposure dating 

for the Mugirtepe, Manastir, Kalafat, Yavansu and Priene-Sazli faults have been 

discussed in detail in a series of previous research (Akçar et al., 2012; Tikhomirov, 

2014; Mozafari et al., submitted-a;  submitted-b). From seven sampling sites, 

cosmogenic 36Cl measurements samples of Ören and Rahmiye faults are still due. 

The best fit results yielded in terms of number of seismic events, their ages, vertical 

component of slips and slip rates of the analyzed faults are summarized in Table 1. 

It should be noted that the number of reconstructed earthquakes are considered to 

be minimum, because the code is unable to extract the small earthquakes, but the 

ones that caused rupture and basically within 25% uncertainties for the age. In 

addition, the reconstructed amount of slips is the upper bound, since differentiation 

of slips within 15% of uncertainties is not always possible (Tikhomirov, 2014). 

Furthermore, potential magnitude of future earthquakes and probable magnitude of 

earthquakes in charge of modeled slips are provided (Table 1). We reconstructed at 

http://www.tandfonline.com/author/Y%C4%B1lmaz%2C+Kamil
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least 12 major seismic events by analyzing cosmogenic 36Cl over the last 15 ka in 

the western Anatolia. Each modeled seismic event represents a series of 

earthquakes clustered in a short time interval rather than a unique rupture (for 

further information see Mozafari et al., submitted-a; submitted-b).  

                         Table.  1. Results for the data set of the examined fault scarps in western Anatolia 

 

In Gediz Graben, the best fit result of the Mugırtepe Fault remarks that the 

fault broke at 6 ± 1.5 ka with a vertical slip amount of 2.5 ± 0.4 m (Tikhomirov, 

2014). The vertical slip rate is calculated to be > 0.1 mm/yr. After this activity the 

fault was deactivated and a seismic event caused the exposure of 7.0 ± 1.1 m along 

the Manastır Fault at ca. 2.1 ± 0.8 ka (Tikhomirov, 2014). The yielded vertical slip 

rate for this seismic activity is estimated to be similar to that of Mugirtepe Fault. 

Most probably two historical earthquakes of 17 and 44 AD struck the Manisa region, 

caused displacement of the Manastir Fault scarp (Tikhomirov, 2014). In Büyük 

Menderes Graben, cosmogenic 36Cl analysis of the Kalafat Fault indicates three 

earthquake events at ca. 15.3 ± 3.8 ka, 8.4 ± 2.1 ka, and 3.6 ± 0.9 ka with vertical 

Fault 
Number 

of  
events 

Beginning of 
exposure (ka) 

Age (ka) Slip (m) 
Slip rate 
(mm/yr) 

Potential 
M of EQ 

M of EQ 
based on 

modeled slip 

M
u

g
ır

te
p

e
 

1 27 
 

6.0 ± 1.5 
 

 
2.5 ± 0.4 

 
  > 0.1 5.5 - 5.9 6.9 

M
a
n

a
s
tı

r 

1 9 
 

2.1 ± 0.8 
 

 
7.0 ± 1.1 

 
  > 0.1 5.7 - 6.0 7.2 

K
a
la

fa
t 

3 22 
15.3 ± 3.8 
8.4 ± 2.1 
3.6 ± 0.9 

 
0.7 ± 0.1 
0.9 ± 0.1 
3.1 ± 0.5 

 

  > 0.1 
0.1 
1.5 

6.4 - 6.5 6.5 - 7.0 

Y
a
v

a
n

s
u

 

3 12 
7.9 ± 2.0 
3.4 ± 0.8 
2.0 ± 0.5 

 
0.6 ± 0.1 
3.5 ± 0.5 
2.6 ± 0.4 

 

  > 0.1 
0.8 
1.9 

5.4 - 7.1 6.5 - 7.0 

P
ri

e
n

e
-

S
a
z
lı

 

4 21 

8.1 ± 2.0 
6.0 ± 1.5 
3.7 ± 0.9 
2.2 ± 0.5 

 
3.4 ± 0.5 
1.5 ± 0.2 
1.4 ± 0.2 
1.5 ± 0.2 

 

  > 0.3 
0.7 
0.6 
1.0 

6.9 6.7 - 7.0 
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component of respective slips of 0.7 ± 0.1 m, 0.9 ± 0.1 m, and 3.1 ± 0.5 m (Mozafari 

et al., submitted-b). The average slip rates from the oldest to youngest modeled 

event were approximated to be > 0.1, 0.1, and 1.5 mm/yr, while the long-term slip 

rate is 0.6 mm/yr. The scenario of three seismic events, as the best fit for the 

Yavansu Fault remarks the ages of the seismic events are 7.9 ± 2.0 ka, 3.4 ± 0.8 

ka, and 2.0 ± 0.5 ka with vertical component of associated slips of 0.6 ± 0.1 m, 3.5 ± 

0.5 m, and 2.6 ± 0.4 m, respectively (Mozafari et al., submitted-b). The average 

values of vertical slip rates were estimated to be > 0.1, 0.8, and 1.9 mm/yr for the 

seismic events from the oldest to the youngest. The long-term slip rate is ca. 1 

mm/yr. Our best fit result shows the Priene-Sazlı Fault experienced four major 

events at 8.1 ± 2.0 ka, 6.0 ± 1.5 ka, 3.7 ± 0.9 ka, and 2.2 ± 0.5 ka with the vertical 

components of related slip of 3.4 ± 0.5 m, 1.5 ± 0.2 m, 1.4 ± 0.2 m, and 1.5 ± 0.2 m, 

respectively (Mozafari et al., submitted-a). The modeled earthquake of ca. 2 ka is 

compatible with the historical earthquake of 68 AD. Mean values of slip rates of > 

0.3, 0.7, 0.6, and 1.0 mm/yr are yielded from the oldest to the youngest 

reconstructed earthquakes. The long-term vertical slip rate of the fault is estimated 

to be 0.7 mm/yr.  

5. Seismic activity in western Anatolia during the last 15 ka  

The modeling of exhumation history of faults is a key step in evaluating 

seismic risks in order to minimize the potential damages of future earthquakes, 

particularly, in high populated regions for instance western Anatolia. All the 

investigated faults are considered as seismogenic faults (McCalpin, 2009) due to 

having capacity of producing earthquakes of larger than 5 in magnitudes, which 

emphasize the necessity of precise earthquake geochronology studies. In this study 

the paleoseismic behavior of Rahmiye Fault as well as Manastir and Mugirtepe 

faults in Gediz Graben (Akçar et al., 2012; Tikhomirov; 2014), Kalafat, Yavansu and 

Priene-Sazli faults in Büyük Menderes Graben (Mozafari et al., submitted-a; 

submitted-b) and Ören Fault in Gökova half-graben were explored using 

cosmogenic 36Cl during the last 15 ka in western Anatolia.  
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Fig. 6. Comparison of ages of modeled earthquakes using fault scarp dating in regional scale of 
western Anatolia; Black circles and lines show the age of modeled earthquakes with 25 % 
uncertainties. Red circles indicate timing of available historical and instrumental earthquakes.  

With our modeling, we identified the oldest seismic activity period in western 

Anatolia related to Kalafat Fault in the Büyük Menderes Graben at ca. 15.3 ka (Fig. 

6) with a vertical component of slip of minimum 0.7 m. In order to estimate potential 

magnitude of earthquakes and corresponding slip amounts and also to evaluate 

probable magnitude of past ruptures empirical relationships of Pavlides and Caputo 

(2004) and Wells and Coppersmith (1994) have been used (for detailed calculations 

see Mozafari et al., submitted-a; submitted-b). Slip amount of minimum 0.7 m of 

Kalafat Fault indicates an earthquake of 6.5 - 6.6 in magnitude. The Kalafat Fault, 

based on its 15 km length is capable of producing an earthquake with magnitude of 

6.4 - 6.5 and accordingly slips of 0.5 - 0.6 m, at once. Therefore, the modeled slip is 

most likely made by two earthquakes occurred close in time. Kalafat Fault broke 

once again at ca. 8.4 ka (Fig. 6) with vertical component of slip of ca. 0.9 m. This 

amount of slip is expected to be produced by an earthquake with magnitude 6.6 - 

6.8, which is larger than normal average expected earthquake and slip for this size 

fault. This event is also interpreted as a cluster of two earthquakes struck in a short 

time. Priene-Sazli experienced a seismic event at ca. 8.1 ka (Fig. 6) with a minimum 

3.4 m of vertical slip. The average 35 km long fault has potential of triggering an 

earthquake with magnitude of 6.8 - 7.0 and a consequence slip of 1.1 - 2.1 m. 

Therefore, the modeled slip was most likely produced by a couple of earthquakes 

clustered in close time. Yavansu Fault at ca. 7.9 ka ruptured (Fig. 6) with a vertical 

slip of minimum 0.6 m. About 50 km length of the fault, gives rise to produce an 

earthquake with magnitude of ca. 7.0 and slip of 1.7 - 2.6 m. The yielded event with 

0.6 m of slip defines an earthquake with magnitude of 6.5, which exposed the fault 
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at once. The Priene-Sazli Fault ruptured for the second time at ca. 6 ka (Fig. 6) with 

vertical slip of ca. 1.5 m, which possibly occurred as a single earthquake of 6.7 - 6.8 

in magnitude. Further north in Gediz Graben, the Mugirtepe Fault broke at ca. 6 ka 

(Fig. 6) with vertical slip of ca. 2.5 m. Taking into account 3 km length of the fault, 

earthquake with magnitude of 5.5 - 5.9 is potential.  However, slip amount of 2.5 m 

could be result of an earthquake with magnitude of 6.9, which is larger than the 

expected magnitude for Mugirtepe Fault. Therefore, it is interpreted to be occurred 

as a series of earthquakes that displaced the fault close in time. The Priene-Sazli 

Fault experienced the third rupture at ca. 3.7 ka (Fig. 6) with vertical slip of ca. 1.4 m 

most likely as an individual earthquake with magnitude of 6.7 - 6.8. The Kalafat 

Fault broke simultaneously at ca. 3.6 ka (Fig. 6) with vertical slip of ca. 3.1 m, which 

requires an earthquake with magnitude of 7.0. Therefore, considering the length of 

the fault, several earthquakes were needed to expose the fault in this scale. 

Meanwhile, the Yavansu Fault experienced its second rupture at ca. 3.4 ka (Fig. 6) 

and a total vertical slip of ca. 3.5 m, which can be made by an earthquake of 7.0 in 

magnitude. This amount of slip likely is produced by several earthquakes. According 

to our modeling, the last rupture of the Priene-Sazli Fault happened at ca. 2.2 ka, 

which is compatible with the historical earthquake of 68 AD (Fig. 6). A vertical slip of 

ca. 1.5 m exposed the fault, which probably was consequent of an earthquake with 

magnitude of 6.7 - 6.8. The Manastir Fault in Gediz Graben simultaneously broke at 

ca. 2.1 ka, correlated with the historical earthquakes of 17 and 44 AD in Manisa 

region (Fig. 6), with a large amount of slip of ca. 7 m. The 4.5 km length of the fault 

gives rise to earthquakes with magnitude of 5.7 - 6.0. The modeled slip of 7 m can 

be produced by an earthquake of 7.2 in magnitude, which is implausible for this 

fault. Therefore, we conclude this activity as a series of earthquakes close in time. 

The Yavansu Fault ruptured for the last time at ca. 2 ka (Fig. 6) with vertical slip of 

ca. 2.6, probably in a response to an earthquake of 6.9 in magnitude. The timing of 

the reconstructed seismic events of these faults reveals a high correlation of ages at 

ca. 2.0, 3.5, 6.0 and 8.0 ka, among which some correlate with historical data as well 

(Fig. 6). According to these synchronized activities, we introduce at least four 

periods of high seismic activity during Holocene time with recurrence interval of 

approximately 2000 years in a regional scale of western Anatolia. Considering this 

interval time span, our time is also considered as a period of high seismic activity 
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validated by the instrumental database, with the most recent major earthquake 

struck in south of Bodrum with magnitude of 6.7 on July 2017. We can also 

conclude that the next period of high seismic activity occurs in 2000 years. 

Table 2. Recurrence interval of major earthquakes of a number of faults within the extensional region of Aegean Sea and Italy. 
The recurrence intervals similar to our results are bolded in the table. 
 

Location Fault 
Recurrence 
Interval (yr) 

Reference 

Turkey 

Büyük Menderes Fault Zone 250 - 1900 Altunel et al. (2009) 

North Anatolian Fault, southern 
branches (Havran-Balıkesir 

Fault Zone)  
1000 - 2000 Sözbilir et al. (2016) 

North Anatolian Fault 
(different northern segments) 

150 - 350 

Ikeda et al. (1991) 
Rockwell et al. (2001; 2009)  

Hartleb et al. (2006) 
Kozaci et al. (2011) 

Özaksoy et al. (2010) 

North Anatolian Fault 
(Düzce Fault) 

400 - 500 
250 - 300 

Sugai et al.(2001) 
Pantosti et al. (2008) 

East Anatolian Fault 
(Palu–Hazar Fault) 

100 - 360 Çetin et al. (2003) 

North Anatolian Fault 
(Ladik Fault) 

600 - 900 Yoshioka et al. (2000) 

North Anatolian Fault 
(Yenice Gönen Fault) 

650 Kürçer et al. (2008) 

Dead Sea Fault Zone (Hacipaşa 
fault), southern Turkey 

650 Akyüz et al. (2006) 

Tuz Gölü Fault, Cental Turkey 10000 Kürçer & Gökten, 2014 

 
Greece 

 
 

Spili Fault (Crete) 4200 Mouslopoulou et al. (2014) 

the southern Lanada-Volvi Basin 
Margin Fault Zone 

7000 Cheng et al. (1994) 

Sparta Fault 500 - 4500 Benedetti et al. (2002) 

Atalanti Fault 660 - 1120 Pantosti et al. (2004) 

Southern Mygdonia marginal 
Fault (Gerakarou segment) 

7000 Pavlides (1996) 

Tyrnavos Fault (northern 
Thessaly) 

2000 - 2500 Caputo et al. (2004) 

Kaparelli Fault 
(Gulf of Corinth) 

2500 Kokkalas et al. (2007) 

Kaparelli Fault 
Mygdonia Fault 

Eliki Fault  

2300 
1000 

400 - 900  
Chatzipetros et al. (2005) 

 
Kaparelli Fault 

 

3000 - 9000 
4000 - 5000 

10000 - 11000 
Benedetti et al. (2003) 

A series of normal faults (Crete) 260 - 840 Caputo et al. (2006) 

Italy 

Ovindoli–Pezza Fault 1000 - 3000 Pantosti et al. (1996) 

Mognola Fault 1000 - 3000 Palumbo et al. (2004) 

Fucino Fault 2000 - 3000 Benedetti et al. (2013) 

Velino-Magnola Fault 1000 - 6000 Schlagenhauf et al. (2011) 

Israel Nahef East Fault 3000 Mitchell et al. (2001) 
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The recurrence interval of earthquakes on faults is strongly linked to the regional 

strain rate and fault size and in a second-order to the interactions of faults (e. g., 

Nicol et al., 1997; 2005; Walsh et al., 2001). A wide ranges of recurrence interval of 

earthquakes of many faults reported worldwide from hundreds to thousand years 

(e.g., California, Utah, Japan, China, Southern America and Alaska; Sieh, 1981). In 

several tectonic settings a regular pattern of the return period of earthquakes 

validates the concept of regional recurrence interval (e.g., Japan, southern Chile; 

Sieh, 1981). We provided recurrence interval of major earthquakes of a series of 

normal faults, along with strike-slip North and East Anatolian faults, within the 

extensional region of Aegean Sea, Israel and Italy (Table 2). Modeled return period 

in this study is relatively accordant with the upper limit of return period of large 

earthquakes in Büyük Menderes Fault Zone, which is in the range of 250 to 1900 

years (Altunel et al., 2009). Furthermore, earthquake interval period in Havran-

Balikesir Fault Zone, southern part of North Anatolian is in the range of 1000 - 2000 

years (Sözbilir et al., 2016). In general, North and East Anatolian faults indicated 

earthquake recurrence interval of 100 - 900 years (Ikeda et al., 1991; Rockwell et 

al., 2001; 2009; Hartleb et al., 2006; Kozaci et al., 2011; Özaksoy et al., 2010; 

Sugai et al., 2001; Pantosti et al., 2008; Çetin et al., 2003; Yoshioka et al., 2000; 

Kürçer et al., 2008; Akyüz et al., 2006). In central Turkey, Tuz Gölü Fault shows the 

earthquake recurrence interval of 10000 years (Kürçer and Gökten, 2014). In 

Greece, the earthquake recurrence intervals are ranged between 260 to 11000 

years (Mouslopoulou et al., 2014; Cheng et al., 1994; Benedetti et al., 2002; 

Pantosti et al., 2004; Pavlides, 1996; Chatzipetros et al., 2005; Benedetti et al., 

2003; Caputo et al., 2006). Kaparelli Fault with 2300 – 2500 years (Kokkalas et al., 

2007; Chatzipetros et al., 2005) and Tyrnavos Fault with 2000 – 2500 years 

(Caputo et al., 2004) of earthquake interval periods are compatible with our results. 

On Nahef East Fault in Israel, the return period is estimated to be about 3000 years 

(Mitchell et al., 2001). In Italy the recurrence interval of large earthquakes are 

between 1000 to 6000 years (e.g. Schlagenhauf et al., 2011), with a range of 1000 

– 3000 years on Ovindoli-Pezza and Mognola faults (Pantosti et al., 1996; Palumbo 

et al., 2004) and 2000 – 3000 years on Fucino Fault (Benedetti et al., 2013). Taking 

into account the Aegean extensional region as well as Italy, which are strongly 

controlled by normal faults with the approximate length of 40 - 50 km, the 
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recurrence interval of major earthquakes on several faults are approximately 2.5 ka 

in average (Table 2).  

Putting our results into extent of regional tectonic regime, we present a 

broader overview for the understanding of Holocene deformation pattern in western 

Anatolia and how it is linked to the convergence of African plate. African plate is 

being subducted beneath the Aegean plate, which in the first plate the shortening 

parallel to the Hellenic arc resulted in thrust and strike-slip fault evolutions, while on 

the latter extension is mostly evident by normal faulting explicitly in western Anatolia 

and Greece. The exact rate of this convergent is still under debates and rate of 10 

mm/yr (Oral et al. 1995) up to 40 mm/yr (Shaw and Jackson, 2010) were reported 

for this northward motion. This large-scale movement constrains a huge amount of 

strain into the Aegean plate, which accommodates partially on the faults, particularly 

the ones with the parallel/sub-parallel orientation to the subduction trends. Shaw 

and Jackson (2010), state that maximum 20 % of this motion is seismically 

accommodated, but most part of this high amount of energy is aseismically 

consumed. The total strain, however, will be partially loaded on the faults of 

Anatolian plate inland and the majority of this amount is basically assumed to be 

transmitted on the largest faults (Cowie et al., 2007). The average long-term vertical 

slip rates of the studied faults estimated to be in a range of 0.1 to 1.9 mm/yr, which 

involves a small portion of the above said northward rapid movement. The partial 

strain accumulation on every discrete fault is not provided to be determined using 

fault scarp dating method. However, short-term vertical slip rates of the faults show 

general acceleration of fault activity through time (Table 1), which can indicate that 

western Anatolia in the recent time is experiencing the highest amount of releasing 

of accumulated strain during Holocene. Accordingly, we can expect more frequent 

occurrences of earthquake in a near future. Nevertheless, fault seismic activity is not 

merely connected to the localization of strain in a regional scale, but is also affected 

by a variety of factors namely local pattern of nearby fault network, heterogeneity of 

bedrock, fault zone degree of strength and viscosity or viscoelasticity condition of 

lower crust (e.g., Cowie et al., 2007). All in all, our findings together with the existing 

seismic data in western Anatolia highlights the necessity of a more comprehensive  
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earthquake hazard plan in order to reduce the potential damages following future 

earthquakes. 

6. Conclusions 

We have explored several normal fault scarps in western Anatolia based on 

the fault scarp dating using cosmogenic 36Cl in order to model the history of 

paleoearthquakes. At least 12 major seismic events mostly occurred as clustered 

earthquakes close in time with a magnitude of 5.4 - 7.1 were modeled. Four 

synchronous ages of seismic events at ca. 2.0, 3.5, 6.0 and 8.0 ka, lead us to 

introduce the return period of ca. 2000 high seismic activity in a regional scale of 

western Anatolia. Considering this time interval, our time with record of a large 

number of large earthquakes is a high seismic period, and the subsequent one 

happens in 2000 years. This return period is compatible with return period of several 

normal faults within the extensional region of Aegean Sea and Italy. The 

acceleration of vertical slip rates through time manifest that western Anatolia is 

generally in its most active period through the entire Holocene time. The high 

potential of fault scarp dating tool to model seismic behavior of faults and in a larger 

scale in a tectonic setting is shown by this study. Our findings provides informative 

documents in order to better understand the complex deformation of western 

Anatolia and to supply helpful documents to minimize the seismic risks of future 

earthquakes of this seismic-prone region.  
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1. Conclusions  

In this thesis, we applied fault scarp dating using cosmogenic 36Cl on several 

fault scarps in western Anatolia, one of the most seismically active regions in the 

world. There, a roughly N-S extensional tectonic regime, since early Miocene 

caused the formation of large-scale horst-graben systems namely Büyük Menderes 

Graben, Küçük Menderes Graben, Gediz Graben and Gökova half-graben bounded 

by a large number of normal faults, locally built in carbonates. The high populated 

western Anatolia is subjected to many major earthquakes recorded historically and 

instrumentally, which highlights the necessity of seismic studies in order to minimize 

potential seismic-related damages. However, the instrumental record of 

earthquakes started since 1900 and the historical earthquakes in the Eastern 

Mediterranean and Middle East were recorded only since 2100 B.C. (Shebalin et al., 

1974; Soysal et al., 1981; Ambraseys, 2009). In order to model a long-term seismic 

behavior of faults and assessment of destructive earthquakes, more data in addition 

to the available database within this short time span is required. The existence of 

well-preserved normal faults in carbonate bedrock makes western Anatolia a natural 

laboratory to investigate paleoseismic history using cosmogenic 36Cl exposure 

dating. 

In order to provide a long-term modeling of seismic behavior in western 

Anatolia, we studied several fault scarps within the Büyük Menderes Graben 

(Kalafat, Yavansu and Priene-Sazlı, faults), Gediz Graben (Rahmiye Fault), Gökova 

half-graben (Ören Fault) by collecting 453 samples along well-preserved fault scarp 

surfaces. Then, a comparison was done with the results of analyzed samples of 

fault scarp dating of Manastır and Mugırtepe faults within Gediz Graben (Akçar et 

al., 2012; Tikhomirov, 2014). In Gediz Graben, the Mugırtepe Fault experienced 

one seismic event at 6 ± 1.5 ka with a vertical slip value of 2.5 ± 0.4 m. The vertical 

slip rate for this seismic event is yielded > 0.1 mm/yr. Then the Mugırtepe Fault 

remained inactive and the Manastır Fault broke at 2.1 ± 0.8 ka with ca. 7.0 ± 1.1 m 

of vertical slip. The calculated vertical slip rate is similar to the Mugırtepe Fault. Most 

possibly two historical events of 17 AD (Ambraseys, 1988) and 44 AD (Ergin et al. 

1967; Soysal et al., 1981) in Manisa region caused displacement of the Manastır 
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Fault scarp (Tikhomirov, 2014). The data analysis of the Kalafat Fault shows that 

three earthquakes caused fault displacement at ca. 15.3 ± 3.8 ka, 8.4 ± 2.1 ka, and 

3.6 ± 0.9 ka with vertical component of related slips of 0.7 ± 0.1 m, 0.9 ± 0.1 m, and 

3.1 ± 0.5 m. The average slip rates from the oldest to youngest modeled event were 

estimated > 0.1, 0.1, and 1.5 mm/yr, whereas the cumulative slip rate is 0.6 mm/yr. 

The Yavansu Fault experienced the similar number of events at 7.9 ± 2.0 ka, 3.4 ± 

0.8 ka, and 2.0 ± 0.5 ka with vertical component of slips of 0.6 ± 0.1 m, 3.5 ± 0.5 m, 

and 2.6 ± 0.4 m, respectively. The mean values of vertical slip rates were 

approximated to be > 0.1, 0.8, and 1.9 mm/yr for the earthquakes from the oldest to 

the youngest. The long-term slip rate is estimated to be ca. 1 mm/yr. Our results 

indicates that the Priene-Sazlı Fault experienced four destructive seismic events at 

8.1 ± 2.0 ka, 6.0 ± 1.5 ka, 3.7 ± 0.9 ka, and 2.2 ± 0.5 ka with the vertical component 

of slips of 3.4 ± 0.5 m, 1.5 ± 0.2 m, 1.4 ± 0.2 m, and 1.5 ± 0.2 m, respectively. The 

reconstructed earthquake of ca. 2 ka correlates well with the historical earthquake of 

68 AD. Average values of slip rates from the oldest to the youngest modeled 

earthquake of > 0.3, 0.7, 0.6, and 1.0 mm/yr were yielded. The long-term vertical 

slip rate of the fault is approximated to be 0.7 mm/yr. The investigated faults are 

considered as seismogenic faults due to having potential of triggering earthquakes 

of larger than 5 in magnitudes. The explored earthquake at ca. 15 ka related to 

Kalafat Fault is the oldest seismic event modeled by fault scarp dating analysis of 

western Anatolia. Consideration of all the results from of the Priene-Sazlı, Kalafat, 

Yavansu, Mugırtepe and Manastır faults, reveals that western Anatolia experienced 

at least four periods of high seismic activity during Holocene at ca. 2.0, 3.5, 6.0 and 

8.0 ka. According, the regional return period of approximately 2000 years is yielded, 

which is consistent with the return period of earthquakes on several faults in the 

extensional tectonic setting of Aegean Sea as well as Italy. Taking into account the 

return period of modeled seismic events together with the number of destructive 

earthquakes occurred during the last century, this region is in another high 

seismically active period. Consequently, the occurrence of the next large seismic 

period in 2000 years is not beyond rational expectation. According to the increase in 

values of vertical slip rates of the investigated faults through time, it can be claimed 

that western Anatolia accumulated the highest amount of strain during the last 2000 

years in comparison with the entire Holocene time. This huge amount of energy is 
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being released by the major earthquakes, which were instrumentally recorded 

through the last decades.  

2. Outlook 

During the last two decades the plausibility of fault scarp dating using 

cosmogenic 36Cl have been proven by a series of studies on normal faults 

worldwide. Our study also showed high potential of this tool in order to long-term 

seismic modeling of a specific fault and in a wider extent, of a regional tectonic 

framework. Where seismic data are missing or are incomplete, fault scarp dating is 

not only able to determine the age of past earthquakes, but the vertical component 

of slips responsible for the seismic events prior and within the short time span of 

available seismic archives. Even though the technique is expensive and preparation 

of a large number of samples for every given fault is very time consuming, but at the 

moment it provides one of the most precise methods to explore geochronology of 

paleoearthquakes lost in the history of human beings life. We will provide more 

information and expand our dataset following the measurements of cosmogenic 36Cl 

of samples of Ören and Rahmiye faults. The most recent major earthquake in 

western Anatolia with magnitude of 6.7 occurred on July 20, 2017 in south of 

Bodrum City in the western extension of Ören Fault. This disaster caused death of 

two and injury of hundreds of people. There are still numerous active faults in 

western Anatolia, whose seismic activity history is entirely unknown or poorly 

understood. One of those is Efes Fault in Küçük Menderes Graben, close to the 

Izmir City, that is recommended to be studied using fault scarp dating. The 

occurrence of damaging earthquake is a warning that active faults should be 

respected more seriously. Our study can be a big step to contribute earthquake 

hazard assessment of the seismic-prone and highly populated region of western 

Anatolia jointly with the available earthquake database.  
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