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1. Introduction
Earthquake hazard is primarily estimated from historical 
earthquakes in paleoseismological studies (e.g., Wallace, 
1981; McCalpin, 2009; Meghraoui and Atakan, 2014), 
instrumental seismicity in seismic studies (e.g., Campbell, 
1982, 1983; Pisarenko et al., 1996; Akkar et al., 2018; Nas 
et al., 2020), and modern-day measurements of strain in 
geodetic studies (e.g., Bürgmann et al., 1997; Reilinger 
et al., 2006, 2010; Aktuğ et al., 2013, 2021). Of these, 
paleoseismology is a common multidisciplinary technique 
used to determine the quantitative cycle of historical 
earthquakes. Paleoseismology studies are carried out both 
on surface traces of active faults and on fault planes using 
trench-based and surface-based techniques, respectively. 
Also, one should note that core-based paleoseismology—
known as subaqueous paleoseismology—is one of the 
most popular alternative paleoseismic techniques.

A detailed search of the literature on the “Web of 
Science” and “Google Scholar” websites between 1986 
and 2022 reveals there are 1185 articles with keywords 

“Paleoseismology” OR “Palaeoseismology” (Softa and 
Utku, 2022). In many of these studies, recent earthquakes 
that occurred on a fault can be revealed in paleoseismic 
trenches where offset sedimentary layers can be dated by 
radiocarbon and/or luminescence techniques. Of these 
1185, the number of articles focusing on luminescence 
dating and trench-based modeling is 88. Furthermore, 
there are eleven trench-based paleoseismology studies 
published using luminescence and radiocarbon dating 
methods in Western Anatolia (e.g., Pavlides et al., 2006; 
Kürçer et al., 2017; Özaksoy et al., 2018; Dikbaş et al., 2018; 
Kürçer et al., 2019, 2021; Basmenji et al., 2021; Duran et al., 
2021; Civico et al., 2021; Dikbaş et al., 2022; Şengöçmen 
Geçkin et al., 2022).

Faulting on timescales larger than ten thousand years 
can be constrained by time-averaged fault slip rates, which 
are determined by dating fault-offset sedimentary deposits 
or rock bodies. Various Quaternary geochronological 
techniques can be used to establish the age of offset 
deposits/rocks, but each method has advantages and 
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limitations, which are technique- dependent, and are 
determined by factors such as variation in bedrock 
geology, complications of age construction, or absence of 
organic material (e.g, Softa et al., 2021, 2022).

In recent years, luminescence dating has been applied 
to geological problems by constraining sedimentary 
depositional age from features such as glacial landforms, 
fan deposits, colluvial wedges, and terrace levels (e.g., Lee 
et al., 2001; Prentice et al., 2002; Owen et al., 2003; Spencer 
and Owen, 2004; Lukas et al., 2007; Preusser et al., 2008; 
Rittenour, 2008; Spencer and Robinson, 2008; Fattahi et 
al., 2010; Rhodes, 2011; Gurrola et al., 2014; Hu et al., 
2015; Schildgen et al., 2016; Stahl et al., 2016; Tsodoulos 
et al., 2016; Trexler et al., 2020; Erturaç, 2021; Softa et al., 
2021).

In addition to the well-established application of 
trapped-charge luminescence phenomena to the dating 
of a variety of sedimentary features as indicated above, 
methods have also been developed to use luminescence 
for dating rock surfaces (Liritzis, 2011; Sohbati et al., 
2012a,b). The optically stimulated luminescence (OSL) 
surface dating technique is a novel application of trapped-
charge luminescence with a dating range spanning late 
Quaternary timescales. The OSL surface dating approach 
yields similar chronological information to OSL dating 
of sedimentary deposits by measuring the last exposure 
to daylight for minerals collected from a rock surface 
(Lehman et al., 2018). Moreover, the method can be used 
to estimate the exposure time of a surface to daylight.

Since its development a number of articles have 
documented the increased utilization of the OSL surface 
dating method, but the technique has not been applied 
to dating of fault surfaces until May of 2022 (Softa et al., 
2022). After this work, a prominent study of the successful 
application to fault surfaces was published by Luo et al. 
(2022). This method utilizes luminescence stimulated 
from quartz, feldspar, or other minerals present in most 
lithologies. The work of Softa et al. (2022), Luo et al. (2022) 
and the study presented here are pioneering research in the 
application of the OSL surface dating technique directly 
on the fault surface to quantify paleoseismic activity of 
active faults in Turkey and China.

Currently, fault surface-based studies mostly apply 
cosmogenic radionuclide (CRN) dating methods to 
determine the timing of historical earthquakes by 
measuring the concentration of rare cosmogenic nuclides 
in fault scarp (e.g., Zreda and Noller, 1998; Gosse and 
Philips, 2001; Mitchell et al., 2001; Benedetti et al., 2002, 
2003; Palumbo et al., 2004; Ivy-Ochs and Kober, 2008; 
Dunai, 2010). In addition to that, the electron spin 
resonance technique on fault clays has been used to 
evaluate paleoseismological events in fault scarp (e.g., Lee 
and Schwarcz, 1994), and luminescence dating methods 

have been applied to liquefaction features (e.g., Banerjee 
etal., 1997; Porat et al., 2007; Thomas et al., 2007) and 
fault gouge (e.g., Singhvi et al., 1994; Ding and Lai, 1997; 
Banerjeeet al., 1999; Mukul et al., 2007; Spencer et al., 
2012; Tsakalos et al., 2020).

Recently, paleoseismology of the Manisa Fault (MF) 
(western segment) was reconstructed using CRN scarp 
dating (Akçar et al., 2012; Mozafari et al., 2021). In addition 
to surface dating methods, trench based paleoseismology 
with radiocarbon and luminescence dating methods was 
applied to western (Özkaymak et al., 2011) and eastern 
segments (Duran et al., 2021) of the MF. However, the 
studies regarding surface-based paleoseismology of the 
eastern segment of MF aim to unravel the produced 
Pleistocene and Holocene earthquake activities has not 
been addressed. In addition to that, albeit the historical 
earthquake catalogs well reflect the damage dimension 
on the Aegean region, and the most popular tool for 
paleoseismological studies, the regarding on how the relied 
on the historical catalogs which were prepared eyewitness 
and uncertain location problems are continues. Therefore, 
in order to eliminate such problems/uncertainty and 
bridge the gap in the existing literature makes the essential 
point that an appropriate Quaternary dating method must 
be implemented on the faulted rock in paleoseismological 
studies.

In this study, we suggest an alternative surface dating 
method, and demonstrate its application to fault surfaces 
by measuring the Pleistocene to Holocene earthquake 
cycles of the normal fault system of the MF in Western 
Anatolia, utilizing novel OSL surface exposure techniques. 
The luminescence depth profile measured above and below 
the present-day surface on a bedrock fault scarp is directly 
related to the exhumation of the fault scarp and can 
elucidate fault behavior over multiple earthquake cycles. 
In short, the novel OSL surface chronology not only gives 
an alternative way of scarp dating but also supports the 
description of the paleoseismological history of this area.

2. Tectonic settings and seismicity
Western Anatolia is being actively deformed as a result 
of the continental collision between Africa, Arabia, and 
Eurasia (e.g., Şengör et al., 1985; Royden, 1993; Bozkurt, 
2001) (Figure 1a). Modern-day measurements of strain 
based on GPS velocities indicate rates of extension of 20 
mm/year, making Western Anatolia one of the fastest 
extending regions on Earth (Aktuğ et al., 2013). Highly 
seismically active, the eastern Mediterranean region has 
been extending obliquely since the Miocene (e.g., Bingöl, 
1976; Le Pichon and Angelier, 1979; Barka and Reilinger, 
1997). The extension is suggested to be related to both 
slab rollback and subduction processes, as well as due to 
the extrusion of the Anatolian Plate (McKenzie, 1972, 
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1978; Şengör et al., 1985; Royden, 1993) along the North 
Anatolian Fault Zone (NAFZ) and East Anatolian Fault 
Zone (EAFZ). The westward extrusion of the Anatolian 
Plate is rotated anticlockwise toward the SW when it 
encounters the İzmir Balıkesir Transfer Zone (İBTZ), 
which accommodates differential extensional strain 
within the Aegean extensional system (Kaya, 1979; Ketin, 
1948; McKenzie, 1972; Dewey and Şengör, 1979; Okay and 
Siyako, 1991; Ring et al., 1999; Sözbilir et al., 2003; Erkül 

et al., 2005; Sözbilir et al., 2007; Özkaymak and Sözbilir, 
2008; Uzel and Sözbilir, 2008).

The İBTZ contains secondary strike-slip faults striking 
generally NE-SW and NW-SE, and normal faults striking 
E-W, all of which are seismically active and control the 
western edge of the grabens, such as Gediz Graben (GG), 
Küçük Menderes Graben (KMG), and Büyük Menderes 
Graben (BMG) (e.g., Uzel and Sözbilir, 2008; Sözbilir et 
al., 2011; Özkaymak et al., 2013; Uzel et al., 2015; Sümer, 

Figure 1. A: Overview map of the main tectonic features of Anatolia, after Gürer et al. (2004) and Uzel et al. (2015) with modifications. 
Yellow arrows show relative plate motions with numbers indicating rates in mm/year (Reilinger et al., 2006). WAGS: Western Anatolian 
Graben System. B: Simplified map showing active faults and major grabens of Western Anatolia (active faults redrawn from Emre et al., 
2011, 2018). Offshore faults were modified from Lykousis et al. (1995), Ocakoğlu et al. (2005), Chamot-Rooke and Dotmed Working 
Group (2005), and Chatzipetros et al. (2013). GG: Gediz Graben, KMG: Küçük Menderes Graben, BMG: Büyük Menderes Graben, NSF: 
North Samos Fault.
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2015; Softa, 2022) and a few studies evaluated the graben-
bounding faults from a geomorphological perspective 
(e.g., Özkaymak and Sözbilir, 2012; Topal 2019a,b; Softa, 
2022) (Figure 1b).
2.1. The Manisa Fault 
The Manisa Fault (MF) forms the southwestern part of 
the southern margin of GG. MF is composed of two main 
active segments with lengths of 35 km and 26 km (Emre et 
al., 2018), and the north-dipping normal fault scarps are 
clearly visible to the unaided eye. These scarps separate 
Quaternary alluvial and colluvial deposits from carbonates 
belonging to the Late Cretaceous-Paleocene Bornova 
Flysch Zone (e.g., Bozkurt and Sözbilir, 2006; Özkaymak 
and Sözbilir, 2008) (Figure 2). 

Analysis of the kinematics and Quaternary 
characteristics of the MF have been extensively studied 
over a number of years to evaluate its role in regional 

tectonics under an extensional regime (e.g., Weismantel, 
1891; Sieberg, 1932; Pınar and Lahn, 1952; Oğuz, 1966; 
Ketin, 1968; Allen, 1974; Hancock and Barka, 1987; Şengör, 
1987; Stewart and Hancock, 1988; Paton, 1992; Hakyemez 
et al., 1999; Emre et al., 2005; Bozkurt and Sözbilir, 2006; 
Özkaymak and Sözbilir, 2008; Emre et al., 2011; Özkaymak 
et al., 2011; Akçar et al., 2012; Temiz, 2012; Özkaymak and 
Sözbilir, 2012; Özkaymak et al., 2013; Emre et al., 2013; 
Emre et al., 2018; Duran et al., 2021; Mozafari et al., 2021).

According to paleo stress data from Bozkurt and 
Sözbilir (2006) and Özkaymak et al. (2011), MF is defined 
as a reactivated structure in which the final movement is in 
a NE-SW-oriented extension since approximately 300 ka 
from U-Th dating of calcite veins (Temiz, 2012). Moreover, 
triangular surfaces and geomorphic indices along the MF 
reflect the Quaternary activity of the fault (Özkaymak and 
Sözbilir, 2012). Furthermore, these authors calculated the 

Figure 2. Geological map of the northern margin of Spil Dağı and its surroundings (revised from Özkaymak et al., 2013; Özkaymak 
and Sözbilir, 2012; Duran et al., 2021). The published paleoseismology locations are compiled from Özkaymak et al. (2011), Akçar et al. 
(2012), Duran et al. (2021) and Mozafari et al. (2021). MF, Manisa Fault; HFZ, Halitpaşa Fault Zone; KaF, Karaçay Fault; TuF, Turgutalp 
Fault; GFZ, Gürle Fault Zone; MaF, Maltepe Fault; KFZ, Kaleköy Fault Zone.
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annual slip rate using the geomorphic indices and indicated 
that a differential uplift varying between 0.1 mm/year and 
0.3 mm/year was recorded throughout the length of the 
fault.

From analysis of historical and instrumental catalogs it is 
clear that numerous severe earthquakes occurred on normal 
faults concentrated in the Western Anatolia region (e.g., 
Soysal et al., 1981; Guidoboni et al., 1994; Ambraseys, 2009; 
Kadirioglu et al., 2017; KOERI, 2022) (Figure 3). Although 
the exact location of epicenters of historical earthquakes 
are not precisely known, significant earthquakes were listed 
between 17AD and 1862 AD for the GG and MF region (e.g., 
Ergin et al., 1967; Ambraseys and Finkel, 1995; Ambraseys 
and Jackson, 1998; Başarır Baştürk et al., 2017). 

Figure 3 shows the distribution of epicenters around 
the MF. The distribution of earthquakes, which is based 
on the earthquake catalog of Boğaziçi University, Kandilli 

Observatory and Earthquake Research Institute (KOERI), 
span from 26 BC to the present day. The location of the 
historically inferred epicenters are a significant distance from 
the deformation area observed in the field today, although 
the word “Manisa” is mentioned in the catalog in which the 
earthquakes are documented. As shown in Figure 3, this 
deformation area offers a pattern compatible with Western 
Anatolian seismicity in terms of microearthquake activity. 
There is no evidence of magnitude of 6-7earthquakes in the 
instrumental period in this deformation area. There are only 
3 earthquakes that correspond to a range in magnitude of 
5-6, including those of forced association. 

3. Methodology
3.1. Site selection and sample preparation
Luminescence depth profiles measured above and below 
the present-day surface on bedrock fault scarps are a 

Figure 3. Map of epicenter distribution for İzmir and surroundings in the period 26BC to present year (2022) from earthquakes of 
magnitude 3.0 and greater, from the electronic earthquake catalog of the Boğaziçi University Kandilli Observatory and Earthquake 
Research Institute (KOERI)1, with comparison to the simplified fault system of the region. Active faults are modified from Emre et al. 
(2013). The map was generated using GMT (Wessel and Smith, 2006). Topography and bathymetry data are from USGS.2

1 KOERI (Kandilli Observatory and Earthquake Research Institute), Boğaziçi University, Electronic Earthquake Catalogue, Recent Earthquakes in 
Turkey [online]. Website http://www.koeri.boun.edu.tr [accessed June 13, 2022].
2 USGS (United States Geological Survey). Website http://neic.usgs.gov [accessed January 4, 2007].
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unique approach to acquire long timescales with sufficient 
detail to observe temporal variations in slip. The acquisition 
of robust data is directly dependent on the selection and 
characterization of sampling localities. Therefore, in the 
first part of the methodology, we performed extensive 
fieldwork to identify and characterize sampling sites. 
Initial fieldwork was staged based on remote sensing work 
utilizing existing active fault maps, geological maps, and 
satellite imagery. 

We conducted a field reconnaissance and sampling 
studies in early August 2019 in order to have samples to 
process over the winter, followed by another field study 
to take calibration samples in October 2021. Sampling 
localities were selected on the basis that the bedrock 
fault scarp has only been exposed because of earthquake 
rupture, and not due to any sedimentary modification. 
Weathering exerts a strong control on breaking down 
bedrock fault scarps; thus, post-LGM climate is preferable 
for good preservation of scarps. Eight samples were 
collected from the exposed surface of the MF along the 
route parallel to slip lines. To obtain a record throughout 
the paleoseismological history of the MF, samples were 
collected from in situ bedrock above and below the 
present-day surface. To collect samples below the present-
day surface, we used the excavated trench (Trench number 
3, Duran et al., 2021) located in front of the MF scarp. 
Samples were collected using a portable water-cooled 
diamond-tipped coring drill, utilizing climbing equipment 
on the fault plane (Figure 4).

Measurement protocols and sample preparation for 
surface exposure dating are less established compared 
to conventional sediment luminescence dating and it 
is also dependent on the sample lithology. Therefore, 
similar sample preparation and measurement protocols 
as indicated by Sohbati et al. (2011, 2012a, b) have been 
subjected to the samples. More detailed information 
about the application methodology of the technique can 
be found in mentioned studies. The MF fault plane is 
composed of calcite crystals, so procedures were modified 
for preparation of calcite grains. To measure OSL-depth 
profiles, cores (30 mm diameter, >20 mm in length) were 
sampled using the coring drill. The cores were sliced 
in 1 mm increments using a diamond-tipped wafering 
blade (0.3 mm thick) mounted on a Buehler Isomet 
high-precision low-speed water-cooled saw at the İzmir 
Institutes of Technology Department of Conservation and 
Restoration of Cultural Heritage. The slices were gently 
crushed with a mortar and pestle and the resulting grains 
were sieved to retain those with a diameter of 90–250 
μm at Dokuz Eylül University Department of Geology. 
The grains were washed in weak (1%) HCl acid (Huang 
et al., 2022) for 2 min to remove the outer surface layer, 
as crushing procedures may have induced lattice defects 

in the surface layer which could produce a spurious 
thermoluminescence (TL) signal (Wintle 1975, 1978) but 
may also effect OSL signals (e.g., Schmitt et al., 2011). 
The prepared mineral grains were mounted on 10-mm 
diameter stainless steel discs (approximately 50 grains per 
aliquot).
3.2. Luminescence measurement
Luminescence characteristics of each slice and related 
measurements were precisely measured under specially 
equipped laboratory conditions at Ankara University 
Luminescence Dating Research Laboratory (AU-LDRL).

All luminescence measurements were conducted 
using a Risø TL/OSL reader (model TL-DA 20) with blue 
stimulation (λ = 470 nm, approximately 80 mW/cm2) 
and UV detection with a 7.5 mm Hoya U-340 filter. The 
luminescence reader is equipped with a 90Sr/90Y calibrated 
beta radiation source for on-plate irradiation, delivering 
a dose rate of approximately 0.1 Gy/s on stainless steel 
discs. The heating rate was selected as 5 °C/s for all heat 
treatments, carried out in a nitrogen gas atmosphere. 
The natural OSL signal, Lx, and the following test dose 
response, Tx, were measured in the first cycle of a single-
aliquot regenerative-dose (SAR) protocol (Murray and 
Wintle, 2000) for each of the aliquots. A preheat of 200 
°C for 10 s and cut-heat of 180 °C were applied to natural 
and test doses, respectively. For calculations, the net OSL 
signal was obtained by taking the initial 5s integral of the 
luminescence signal and subtracting the following 5s (as 
a background) to minimize contributions of unwanted 
components (more difficult to bleach and more thermally 
unstable) within the luminescence signal as indicated by 
Cunningham and Wallinga (2010).
3.3. Optically stimulated luminescence (OSL) fault scarp 
dating
The emerging OSL surface technique has the potential to 
address significant questions in the field of geosciences. 
One such new application is constraining the timing 
of paleoseismic activity on fault scarps. These sites are 
bedrock outcrops, where the rock bodies on either side 
of a fault plane systematically move when an earthquake 
occurs. When an earthquake happens at a site, a fresh rock 
surface is exposed and the “OSL-exposure clock” starts, 
and thus key targets for dating using an OSL fault scarp 
dating technique. 

The OSL signal from mineral grains (typically quartz 
or feldspar) is routinely used to determine the elapsed time 
for which sediment grains were buried since sedimentary 
deposition. On the other hand, recent studies have shown 
that OSL dating can also be used to determine the duration 
of daylight exposure for rock surfaces (e.g., Laskaris and 
Liritzis, 2011; Sohbati et al., 2011, 2012a; Lehman et al., 
2018; Gliganic et al., 2019). This novel approach provides 
complementary information for surface exposure dating 
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using CRN. Furthermore, OSL surface exposure dating 
is applicable to younger timescales (approximately 10-

4–104 year), (Sohbati et al., 2012a). The CRN dating signal 
develops over a few 100cm of material and is applicable 
over relatively older timescales (approximately 102–106 

year) (e.g., Gliganic et al., 2019). For proposed calibration 
study, importantly the two techniques overlap in the 102–
104 years range. The OSL surface exposure dating approach 
is based upon the depth-dependence of bleaching of the 
latent luminescence signal when exposed to daylight. The 

Figure 4. Sampling stages of the Manisa Fault scarp surface. A: A field view of the Manisa Fault scarp with the sampling area behind 
trench 3 of Duran et al. (2021); view toward the south. B: Calibration sample location at the sampled scarp; view toward the south. C-D-E: 
Surface examination processes (weathering bands, extensional cracks, and slip lines) prior to sampling; view toward the northwest. A 
coring drill with rock-climbing equipment was used for sampling. 
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dependence of the OSL signal on depth profile as well 
as exposure time is expressed with a double exponential 
function, as indicated by Sohbati et al.(2011, 2012a,b): 

𝐿𝐿 = 𝐿𝐿!𝑒𝑒"#$!%&
"#$ 	 (1)

where L is the OSL signal measured at depth x (mm) after 
exposure time t (s) and L0 is the luminescence signal in field 
saturation. σφ0 (s–1) is the effective detrapping rate constant 
describing an integral of the product of the wavelength-
dependent photoionization crosssection (σ, cm2) and 
photon flux at the rock surface (φ0, cm–2s–1). μ (mm–1) is 
the attenuation coefficient characterizing light penetration 
into the rock. As indicated by Sohbati et al. (2011) and 
Gliganic et al. (2019), this novel technique depends upon 
the first-order kinetics of the luminescence mechanism 
and an exponential attenuation of light intensity with 
depth. Additionally, it predicts that the longer the exposure 
duration, the deeper the bleaching of the luminescence 
signal into the rock surface. Therefore, there exists 
chronological information in the luminescence-depth 
profile. However, the assessment of daylight exposure time 
requires an independent knowledge of the σφ0 parameter, 
which is challenging to quantify from first principles 
(Sohbati et al., 2011, 2012a,b; Lehman et al., 2018; Gliganic 
et al., 2019). Among these researchers, Gliganic et al. 
(2019) has introduced a practical solution to quantify the 
σφ0 and μ parameters with the use of a calibration sample 
of known age, with similar lithological characteristics 
and light exposure conditions as the dating sample. For 
this purpose, we used a calibration sample chosen from 
a fresh fault scarp surface that was exposed from the first 
field survey in August 2019 to the second field survey in 
October 2021, equivalent to an exposure time of 749 days 
(approximately 2 years).

Modeling of the bleaching of the luminescence signal 
in this study has been carried out following a similar 
approach to Polikreti et al. (2002) and Lehmann et al. 
(2018), i.e. assuming the rock surface is continuously 
exposed to sunlight over the day. Hence, OSL signal 
bleaching is anticipated to transmit deeper into the rock 
surface following the elapsed daylight duration, which is 
demonstrated schematically in Figure 5. 

4. Findings
According to the reference sample, the calibrated OSL 
surface dating results are shown in Table 1. For each sample 
the Lx/Tx (sensitivity corrected natural OSL signal) data for 
each slice were plotted against depth (Figure 6).While the 
measured OSL signals were negligible at 1 mm depth, it 
was observed that the signals increased with depth and the 
signal saturation was stable at a depth of 6-7 mm (Figure 
7). A few minutes to a few hours of daylight exposure is 
sufficient to bleach versus the depth of rocks (Habermann 
et al., 2000; Vafiadou et al., 2007; Sohbati et al., 2011, 

2012a,b). It is shown that our results are comparable with 
their luminescence signals with exposure time within the 
depth (Figure 7).

Although there is no clearly defined mathematical 
function in the literature, there are different approaches 
based on the above-mentioned equation (Eq. 1). 
Therefore, in this study, the bleaching with depth model 
equation as shown by Sohbati et al. (2012a) was used for 
the mathematical fitting approach. For this purpose, the 
OSL points were fitted with the bleaching signals with 
the equation (Eq.1) using the software OriginLab to 
determine the likelihood of the surface rupture earthquake 
events. For error calculations of ages, as shown in Table 
1, the compatibility of OSL results with mathematical fit 
parameters to the bleaching model was taken into account. 
For this purpose, the OSL points in the related graphs 
(Figures 6 and 7) yield the average of at least three aliquots 
for each depth. Parameters of μ and σφ0 were determined 
using the global fit function and its iterations. The function 
is based on the depth profile for effective bleaching rate 
and uses goodness-of-fit parameters to determine a robust 
scarp date. According to function outputs, parameters of 
μ and σφ0are 0.79 ± 0.12 and 1 × 10–7, respectively. From 
this point on, the fitted bleaching signals of all samples are 
presented in Table 1. According to preliminary findings, 
based on the luminescence parameters of calibration and 
other samples are evaluated together, our data indicates 
that a six-earthquake cycle has occurred at 65 ± 22 year 
(LSD1), 154± 22 year (LSD3), 416 ± 48 year (LSD4), 1103 
± 82 year (LSD5), 2067 ± 138 year (LSD6), 5376 ± 48 year 
(LSD7), and 6432 ± 218 year (LSD8).

5. Discussion and concluding remarks
Western Anatolia has experienced several approximately 
Mw 6 earthquakes causing damage and loss of life over 
the past several decades and, with geodetic estimates 
of fast extension rates, the seismic hazard is potentially 
significant. Despite this, there are only a few studies that 
have investigated the timing of faulting in Western Anatolia 
(using CRN methods), and few estimates of Quaternary 
fault slip rates exist for the region. Hitherto the OSL surface 
dating technique has not been used to study faults in these 
regions. In this novel research, a critical aspect is to the 
identification of calibration sites to compare luminescence 
and other dating results on the same fault surface. 

OSL fault scarp dating strongly depends on a 
calibration sample to adapt the depth profile of coefficient 
factors (σφ0 and μ) in the same lithology to the sampled 
surfaces. To calibrate or test the OSL surface results, either 
the known age of the surface should be used (e.g., Softa et 
al., 2022; Luo et al., 2022), or CRN dating studies must be 
carried out.

For this purpose, the bleaching profiles obtained 
from fault surfaces, the σφ0 and μ parameters for each 
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surface are expected to be similar to the calibration 
sample. A value of the light attenuation parameter μ and 
effective detrapping rate σφ0are 0.79 ± 0.12 and 1 × 10–7 
using the calibration sample, respectively. Although the 
effective detrapping rate of the fault surface theoretically is 
expected to be the same for all samples, it is found that the 
rate ranges between 10–7 and 10–11 (Table 1). As stated by 
Sohbati et al. (2012a,b), Meyer et al. (2018) and, Lehmann 
et al. (2018), this discrepancy can arise from a deviation 
of the incident solar spectrum, variable mineralogy, and 
differential photon flux penetration throughout the scarp. 
Meyer et al. (2018) has also noted that the μ value might 
spatially diverge with depth across the rock within large 

heterogeneous crystals. In addition to that, it can also be 
associated with local shadow effects due to local fluctuating 
climatic conditions. 

Nevertheless, we obtain the same effective 
photoionization crosssection (σ) and light attenuation 
coefficient (μ) values for all scarp samples, and the photon 
flux (φ0) at the faulted surface is regionally similar. Although 
the σφ0 values differ slightly for our samples, our results 
show that it is likely that the attenuation characteristics of 
the fault scarp samples are typical, similar to the findings 
of Sohbati et al. (2012a,b).

The luminescence signals of calcite, especially for 
TL, are promising, although they have been previously 

Table 1. Results for model outputs based on the bleaching luminescence-depth profile applied to the Manisa 
Fault scarp. PS: present surface, BS: below surface, AS: above surface.

Sample code Scarp height 
(cm) σφ0 μ Calibrated age 

(year)
Corresponding
earthquakes

LSD-1 –330
BS

3.24 × 10-9

0.79± 0.12

65 ± 22 *-
LSD-3 –190 6.23 × 10-10 154 ± 22 1862 AD
LSD-4 –120 2.17 × 10-10 416 ± 48 1595 AD
LSD-5 0 (PS) 3.89 × 10-10 1103 ± 82 926 AD
LSD-6 110

AS
4.85 × 10-11 2067 ± 138 17AD

LSD-7 200 7.28 × 10-11 5376 ± 289 **-
LSD-8 250 1.15 × 10-10 6432 ± 218 **-
Calibration 1 × 10-7 2

Figure 5. A schematic sketch of the Manisa Fault scarp. A: Photo shows important parameters (e.g., weathering bands, extensional 
cracks, and slip lines) for the sampling process. B: Conceptual model for the mechanism of the OSL surface dating applied to the fault 
scarp. Note that the samples were collected from the fresh and weathered rock surface that was exposed after the earthquakes. C: Plan 
of the sample locations along the Manisa Fault scarp.
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described in the literature with controversial results. 
Various studies have shown that deconvolution methods 
can be used to separate components of luminescence 
signals from calcite to use in dating studies (Wintle, 

1978; Debenham, 1983; Debenham and Aitken, 1984; 
Tatumi et al., 1989; Roque et al., 2001; Zhang and Wang, 
2020; Şahiner et al., 2021). In this work, it is concluded 
that calcite samples have OSL signals that successfully 

Figure 6. A: Schematic of the position of coring drill samples and indication of the possible stable signal limit with depth. B: Luminescence 
properties of the calibration sample and shine-down curves of the sample with depth profile. C: Bleaching signal depth profile of the 
calibration sample. Note that the calibration sample yields values of 0.79 ± 0.12 and 1 × 10–7 for parameters μ and σφ0, respectively.

Figure 7. Signal depth profiles and results of curve fitting of the bleaching profiles from the calibration sample. C: Calibration samples. 
Numbers from 1 to 8 show the sampling code. The right bottom panel shows model fits for representative samples (C, 1, 5, 8).
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pass test measurements and can be used in OSL surface 
dating applications, which is promising in studies in 
this field. This study could be expanded and tested with 
calcite samples taken from different regions and could be 
comparatively supported by further studies with other 
dating techniques. It can be useful in areas where it is not 
possible to work with minerals such as quartz and feldspar, 
especially in carbonate-dominated regions. In addition, 
this study provides a basis for expanding the study area of 
luminescence dating applications. Although the results are 
preliminary and tested in the special geological field, the 
authors believe that the application of luminescence fault 
scarp dating using calcite minerals could be important for 
future studies.

From a methodological point of view, the preliminary 
results signify that the MF is responsible for at least six 
surface rupturing earthquakes since the Holocene which 
occurred at 65 ± 22 year (LSD1), 154± 22 year (LSD3), 
416 ± 48 year (LSD4), 1103 ± 82 year (LSD5), 2067 ± 
138 year (LSD6), 5376 ± 48 year (LSD7), and 6432 ± 218 
year (LSD8). The first sample was taken from below the 
surface (LSD1) and was evaluated as postdating earlier 
earthquake events. Therefore, when a fresh surface is 
exposed after the relevant earthquake, this marker line is 
thought to be covered and reexposed to the daylight due to 
anthropogenic effects. Despite this underestimate on the 

first of the surfaces, the rest of the data are considered more 
precise for paleoseismological evaluation. Between LSD3 
and LSD8the data are consistent with previous cosmogenic 
scarp dating and trench-based paleoseismological results 
(Figure 8). 

CRN dating studies suggest that paleoseismological 
evaluations of the MF can be explained under two and 
single different scenarios (Akçar et al., 2012; Mozafari et 
al., 2021) using the different statistical MATLAB models 
such as those of Schlagenhauf et al. (2010) and Tikhomirov 
et al. (2019). Akçar et al. (2012) stated that two seismic 
events occurred on the MF, one at 13.7 ± 0.8 ka with a 
displacement of 0.5 ± 0.2 m and one at 7.8 ± 0.5 ka with 
2.15± 0.35 m offset in the first scenario. Moreover, their 
second scenario reflects one seismic event at 8.6 ± 0.6 ka 
with 2.65 ± 0.35 m of slip. After their study, Mozafari et 
al. (2021) dated the MF surfaces with the same technique. 
They obtained three seismic events; the first at 6.5 ± 1.6 ka 
with a vertical displacement of 2.7 ± 0.4 m, and the second 
and third at 3.5 ± 0.9 ka, and 2.0 ± 0.5 ka with vertical 
displacements of 3.3 ± 0.5 m, and 3.6 ± 0.5 m, respectively. 

To shed light on the slip rate, it is highly recommended 
that both the more continuous dense sampling throughout 
the surface and the more statistical evaluation using the 
luminescence package program (R) after will be written 
surface luminescence dating code.

Figure 8. Comparison of first results of the OSL surface dating technique with previous paleoseismological studies on the Manisa Fault. 
The matching of historical earthquakes against chronologies are compiled from Özkaymak et al. (2011), Akçar et al. (2012), Duran et 
al. (2021) and Mozafari et al. (2021). The thick line in the box indicates that the observed chronologies have not been matched to the 
historical catalogs because the time interval of the catalog is limited. White lines indicate an active fault according to Emre et al. (2018).
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Western Anatolia is vulnerable to the high seismicity 
since the historical period, cosmogenic surface dating 
was applied to the fault surface in order to determine 
earthquake recurrence interval, the elapsed time since 
the most recent surface ruptured earthquake, Quaternary 
slip rate (Akçar et al., 2012; Mozafari et al., 2019a, 2019b; 
Gregory et al., 2020; Mozafari et al.,2021, 2022). While 
Akçar et al. (2012) and Mozafari et al. (2021) studied the 
western segment of the MF, there are no surface-based 
paleoseismology studies on the eastern segment of the MF, 
excluding trench based paleoseismology (Özkaymak et al., 
2011; Duran et al., 2021), (Table 2). In addition, Akçar et 
al. (2012) stated that two of the 17 AD, 926 AD, and 1845 
AD earthquakes seem to have produced ruptures on the 
western segment of the MF. Similarly, Mozafari et al. (2021) 
articulated that the 17 AD earthquake was responsible for 
the most recent surface ruptures on the western segment 
of the MF.

From these studies, Özkaymak et al. (2011) stated 
that there are three surface rupture events that can be 
associated with 926 AD, 1595/1664 AD, and 1845 AD 
historical earthquakes. Further, between 30.6 ± 8.8 ka and 
0.1 ± 0.1 ka, six surface rupture events were articulated by 
Duran et al. (2021) in the eastern of the MF. According 
to their results within the five trenches, the 17 AD, 926 
AD, and 1862 AD earthquakes overlapped with respect to 
historical earthquake catalogs. From these trench areas, 
Trench 3 which was excavated on the most eastern of the 
MF, reflected 926 AD and 1862 AD earthquakes within the 
four events starting from approximately 6.5 ka. 

Because our study was carried out on the fault surface 
behind trench 3 of Duran et al. (2021), the observable 
events in trench 3 are expected to be similar to our own 
robust results. Our OSL surface results signify that a total 

of six surface rupture earthquakes occurred at 6.4 ± 0.2 ka 
(E1), 5.4 ± 0.1 ka (E2), 2.1 ± 0.1 ka (E3), 1.1 ± 0.1 ka (E4), 
0.4 ± 0.1 ka (E5), and 0.2 ± 0.1 ka (E6) on the MF. The 
results in between LSD3 and LSD6 can be correlated with 
17 AD (E3), 926 AD (E4), 1595 AD (E5) and 1862 AD (E6) 
with respect to historical earthquake catalogs. However, 
E1 and E2 events are not attributed to an exact earthquake 
due to the limited time interval of historical earthquake 
catalogs (Table 1).

Finally, from this point on, it is highly likely that 
the luminescence surface dating on the MF surface not 
only will add new data and information to the existing 
earthquake catalogs and is also possible to reveal the 
potential seismic threat for surrounding settlements.
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Table 2. A comparison of the surface and trench based paleoseismological studies on the Manisa Fault in the Western 
Anatolia extensional system. 

Trench-based Fault surface/scarp-based

Manisa Fault Özkaymak et al., 2011 Duran et al., 2021 Akçar et al., 2012 Mozafari et al., 2021 This study

Western segment

926 AD 17 AD 17 AD
1595 AD 926 AD
1664 AD 1862 AD
1845 AD

Eastern segment

17 AD 17 AD
926 AD 926 AD
1862AD 1595 AD

1862 AD
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