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Abstract

The Tuzla Fault (TF), considered one of the most important seismic sources in Izmir prov-
ince, is defined as a strike—slip fault with N1OE-N6OE striking between Gaziemir and
Doganbey districts. A 50-km-long fault consists of three segments which are, from north
to south Catalca, Orhanli, and Doganbey segments. Recent studies claim that the part of
the TF extending to Kusadasi Bay is also in a kinematic relationship with the Samos Fault
that caused an earthquake on 30 October 2020 (Mw =6.9). In this study, in order to analyse
the historical behaviour of the fault, three trench-based palacoseismology studies across
the fault scarp were conducted on three geometric segments of the TF. Palacoseismology
findings show that seven historic/prehistoric earthquakes were generated by TF. Accord-
ing to Oxcal distribution using the Bayesian methods, the time of the events lie between
46.2+6.1 and 1.6+0.3 ka. When the events are compared with the historical earthquakes,
the last event is correlated with the earthquakes of 47 AD and/or 177/178 AD on the
Doganbey segment. Moreover, the other events can be attributed to the late Pleistocene—
Holocene earthquakes that are prehistorical periods. Our results provide a recurrence inter-
val of an earthquake along the TF to between 0.7 and 4.3 ka for the Holocene period. The
elapsed time since the most recent surface faulting earthquake on the TF is 1844 years. It
is suggested that it is predicted that TF has the potential to produce destructive earthquakes
in the near future, especially in Orhanli and Catalca segments which may be considered as
a seismic gap.
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IBTZ  iZmir-Balikesir Transfer Zone
OSL Optically stimulated luminescence
TL Thermoluminescence

SAR Single aliquot regenerative dose
Equivalent dose

MAM Minimum Age Model

CAM  Central age model

DEM  Digital elevation model

AD Anno Domini

BC Before Christ

1 Introduction

Large earthquakes are well-known natural hazard phenomena occurring at known, unde-
fined, or underestimated seismic sources. There are a quite number of devastating earth-
quakes that have underestimated seismic sources globally such as the 2008 Wenchuan
(China) and the 2011 Van (Turkey) earthquakes, with over 80 and 1 k fatalities, respec-
tively (e.g. Mackenzie et al. 2016; Chen et al. 2018; Fan et al. 2018). From this point of
view, it is vital to shed light on active seismic sources and their earthquake recurrence
interval, slip rates, and the elapsed time since the most recent earthquake in order to miti-
gate such hazards and their detrimental effects.

Palaeoseismology studies are the most common mitigation techniques for understand-
ing earthquake potential for seismic sources since the final decade of the 1800’s (Galli
et al. 2008; Jayangondaperumal et al. 2018). However, palaeoseismological, seismological,
geomorphological, and geodesy studies are also used as eminent tools to estimate seismic
hazard parameters of the regions and/or faults (e.g. Campbell 1982; Rockwell et al. 1984;
Biirgmann et al. 1997; Silva et al. 2003; Reilinger et al. 2006, 2010; Aktug et al. 2013,
2021; Priyanka et al. 2017; Akkar et al. 2018).

Globally between 1986 and 2022 over 1 k studies report palaeoseismological investi-
gations (Softa and Utku 2022). From these studies, the first palacoearthquake records of
mainly strike—slip faults were initiated on the segments of the North Anatolian Fault Zone
(NAFZ) (Turkey) in the early 1990s (e.g. Ikeda et al. 1991). After the 1999-Kocaeli and
Diizce earthquakes (Mw:7.4 and 7.2, respectively), palacoseismology studies, a significant
part of which were carried out on the NAFZ, were later applied on the East Anatolian Fault
Zone (EAFZ) and the reverse fault-dominated Eastern Anatolia Fault due to the 2011 Van
earthquake (e.g. Giirboga and Gokge, 2019).

Similarly, the first palacoseismology study on normal faults in western Anatolia was
carried out by Altunel et al. (1999) after the 1995 Dinar earthquake. Recently, palaeo-
seismology studies on the Sultandag1 Fault (Akyiiz et al. 2006), Manisa Fault (Ozkaymak
et al. 2011; Akgar et al. 2012; Mozafari et al. 2021; Duran et al. 2021; Softa et al. 2023),
Yatagan Fault (Akyiiz et al. 2019; Basmeniji et al. 2021), Mugla Fault (Karabacak 2016),
Milas Fault (Akyiiz et al. 2019; Kirkan et al. 2019, 2023), and Gokova Fault (Dikbas et al.
2022) have shown that normal faults in the western Anatolia have low slip rates with long-
term earthquake recurrence periods.

While the faults in western Anatolia may pose a lower threat compared to the NAFZ,
which exhibits strike-slip characteristics, the western Anatolia area experiences distrib-
uted seismic activity that is more challenging to predict accurately than regional faults like

@ Springer



Natural Hazards (2024) 120:4699-4727 4701

NAFZ and EAFZ. The Izmir-Balikesir Fault Zone (IBTZ) is believed to play a significant
role in accommodating differential extensional strain within the Aegean Extensional Sys-
tem (e.g. Uzel and Sozbilir 2008; Ozkaymak et al. 2011; 2013). The iIBTZ NE-trending
transfer zone includes a number of secondary strike—slip faults such as the Tuzla, Giil-
bahge, Seferihisar and Yagcilar Faults and normal faults such as the [zmir Fault, Manisa
Fault, Kemalpasa and Giimiildiir Fault, which are striking NE-SE/NW-SE and approxi-
mately E-W, respectively (e.g. Emre et al. 2005; Uzel and Sozbilir 2008; Ozkaymak et al.
2011, 2013; Uzel et al. 2015).

As mentioned, the Tuzla Fault (TF), Yagcilar Fault, and Giilbah¢e Fault are active seg-
ments within the IBTZ. Despite research by many scientists on the kinematic properties,
seismicity, and geothermal energy potential of these three faults, they have not been exten-
sively investigated, except for the palacoseismology studies of Sengdcmen Gegkin et al.
(2022) on the Giilbahce Fault. Besides this, the fault trace of the TF terminates to the
south-west on land and it lies~ 15 km from the epicentre of the 2020 Samos earthquake
Mw: 6.9) (Figs. 1 and 2). Soon after the main shock, seismic flocculation and hot water
outflow on the SE edge of TF (Aktug et al. 2021; Uzelli et al. 2021; Sengé¢men Gegkin
et al. 2022) indicate stress transfer on the hanging wall of the Samos Fault where the TF is
located.

To unravel Quaternary earthquake activity and surface rupture events, we aimed to
study seismotectonic behaviour of the TF by conducting trench-based palaecoseismologi-
cal surveys to reveal (i) Holocene and Pleistocene earthquake activity, (ii) average recur-
rence interval, and (iii) elapsed time since the last earthquake by using optically stimulated
luminescence (OSL) dating methods. This study reveals the earthquake history of TF and
provides prominent datasets that can be used for earthquake hazard mitigation assessment
between Tzmir-Doganbey and Izmir-Gaziemir province.

2 Regional geology and seismotectonic setting

Western Anatolia, which has been shaped under the effect of N-S directed continental
extension since the Pliocene, has a complex structure that progresses to the south-west
under the control of the Aegean/Cyprus arc where the African oceanic lithosphere sub-
ducts under the Anatolian plate (Fig. 1).

The Anatolian Plate moving westward, presents different deformation patterns in the
eastern, central, and western sections. The deformation level formed in the region with
high seismicity along the plate boundaries is the source of many intracontinental faults.
While fault segments with relatively high slip rates are observed on the North and the East
Anatolian fault system (Sengor et al. 2005; Duman and Emre 2013; Tatar et al. 2020), The
Central Anatolian “ova” region contains fault segments with lower slip rate values (Sengor
et al. 1985; Kiircer and Gokten 2014).

The westward movement of the Anatolian Plate along the North Anatolian Fault and
East Anatolian Fault changes direction to increase towards the south-west when it enters
the NE-SW-trending IBTZ where both normal and strike—slip faults correspond to the cur-
rent deformation. The TF forms the eastern boundary of the southern part of the IBTZ
on a regional scale and limits the Seferihisar High from the east. It is stated that the TF,
whose important parts extend inland, also continues in the sea (Ocakoglu et al. 2004, 2005;
Giirgay 2014). It is accepted that the TF produced destructive earthquakes that shaped the
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Fig.1 Location map of the study area (a) Regional tectonic structure map of Turkey and its surroundings
(Barka 1992, 1999; Uzel and Sozbilir 2008; Uzel et al. 2013; Meng et al. 2021). The number beside each
white arrow indicates the slip rate of plates from GPS data in mm/y (Reilinger et al. 2006). (b) Main parts
of the Tuzla Fault and its surroundings; 3D DEM map showing structural elements (Emre and Ozalp 2011;
Emre et al. 2011). NAFZ North Anatolian Fault Zone; EAFZ East Anatolian Fault Zone; DSFZ Dead Sea
Fault Zone; IBTZ [zmir-Balikesir Transfer Zone; TGF Tuz Gélii Fault; SF Seferihisar Fault; KF Kemalpasa
Fault; DF Dagkizilca Fault; GF Giimiildiir Fault

tectonic structure in the region, resulting in surface faulting in the Holocene period, and
therefore, it is an important seismic source for the province of Izmir in the future.

The seismotectonics of the region is controlled by the westward extrusion of the Anato-
lian plate, between Arabian, Eurasian and African plates as a result of processes between
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Fig.2 Seismotectonic map of the Izmir and nearby area (Aktug et al. 2021; While the instrumental seismic-
ity between 1900 and 2023 are compiled from ISC, 2023, faults are compiled from Lykousis et al. 1995;
Ocakoglu et al. 2004; Pavlides et al. 2009; Caputo and Pavlides 2013; Emre et al. 2018)

them such as collision, subduction, back-arc spreading, and slab tearing (Sengor et al.
1985; Armijo et al. 1999; Reilinger et al. 2006; Jolivet et al. 2013). The westward rela-
tive motion causes an internal deformation along the borders of tectonic blocks in western
Anatolia (i.e. Sozbilir et al. 2003, 2011; Nyst and Thatcher 2004; Reilinger et al. 2006;
Aktug et al. 2009; Emre et al. 2018). In general, ~E-W-trending active normal faults and
NE-SW-trending active strike—slip faults bounding these tectonic blocks play an important
role in seismicity of the region (Sozbilir et al. 2003, 2011; Emre et al. 2005, 2011, 2018;
Ozkaymak and So6zbilir 2008, 2012; Uzel and Sézbilir 2008; Akgar et al. 2012; Ozkaymak
et al. 2013; Duman et al. 2018; Eyiibagil et al. 2021; Mozafari et al. 2021, 2022).
According to the historical earthquake catalogue of Izmir city and nearby area, 33 his-
torical earthquakes were recorded after 47 AD and 17 earthquakes with intensity of VII
and greater (Table 1) (Ergin et al. 1967; Soysal et al. 1981; Guidoboni et al. 1994; Ambra-
seys and Finkel 1995; Ambraseys and Jackson 1998; Tan et al. 2008; Basarir Bastiirk et al.
2016; Tepe et al. 2021). Most of them were recorded in Izmir, formally the ancient city of
Smyrna, the biggest city in western Anatolia, and the source of most of them are not yet
known except for the 178, 1688, and 1778 AD events which were suggested to be related
with the segments of the E-W-trending Izmir Fault (S6zbilir et al. 2021; Tepe et al. 2021).
During the instrumental period, about 30 earthquakes have been reported on the TF
and nearby areas with a magnitude of 4.0 and greater (Fig. 2). The most damaging of these
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Table 1 List of recorded historical earthquakes in the izmir and surrounding area

IDNo Time Location Coordinates Intensity ~ References
Lat Long
60 47 AD zmir region NA
VIII EG
3845 27.18 NB
100 178 AD Izmir HS
177 AD fzmir, Miletus, Chios, Samos 3840 27.10 X HS
178 AD Izmir X EG
250 688 AD Izmir 3840 27.00 IX HS
324 1040, Feb. 2 AD Izmir 38.40 27.15 VI HS
335 1056 AD Izmir region 38.40 27.15 VI HS
499 1463 AD Aegean Sea NA
3841  27.12 NB
676 1654 AD Izmir NA
3840 2720 VI HS
689 1664, June 2 AD [zmir NA
3841 2720 VI HS
695 1667, Nov. AD [zmir AF
1667 AD 38.40 2720 VI HS
727 1682, July 16 AD  Izmir NA
3841 27.12  VII NB
735 1687, Nov. 11 AD  Izmir NA
1687, Dec. 18 AD 3840 2720 VI HS
737 1688, July 10 AD  Izmir NA
3840 2720 X HS
739 1688, July 11 AD  Izmir VI HS
3841 27.12 NB
808 1717, July 1 AD {zmir NA
3840 2710 V HS
827 1723, Sep. AD Tzmir NA
3841 27.12 NB
858 1739, May 1 AD Izmir 3840 2720 VI HS
868 1745, Mar. 18 AD  Izmir 3841 27.12 NB
894 1754, July AD Izmir NA
3840 27.15 VI HS
1005 1771, Aug. 8 AD Tzmir 3840 2720 VI HS
1020 1776, June 16 AD  Izmir 3840 2720 VII HS
1029 1778, July 3 AD Tzmir NA
38.40 27.20 VI HS
1032 1778, Oct. 1 AD Izmir NA
38.40 2720 VI HS
1057 1785, Apr. 26 AD  Izmir 3840 27.15 VI HS
1176 1828, June 15 AD {zmir NA
38,4 2720 VI HS
3841 27.13 VI STU
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Table 1 (continued)

IDNo Time Location Coordinates Intensity  References
Lat Long

1180 1829, Feb. 23 AD Izmir NA
3840 2720 VI HS
1235 1839, Oct. 22 AD [zmir 38.40 27.15 VI HS
1254 1841, Nov. 27 AD  Izmir 38.40 2720 VI HS
1405 1852, Sep. 8 AD [zmir NA
3841 27.12 V NB
1462 1855, Dec. I8 AD  Izmir 3840 2720 VI NA
HS
1486 1857, Feb. 13 AD  Izmir NA
1857, Feb. 12 AD 3840 2720 VI HS
1635 1866, Apr. 25 AD Samos Island, Aegean Sea NA
3840 2720 VI HS
2213 1899, Jan. 21 AD Menderes, Izmir NA
3824 2713 V NB
2215 1899, Jan. 27 AD  Menderes, Izmir NA
3824 27.13 NB

References: (EG) Guidoboni et al. (1994); (HS) Soysal et al. (1981); (NA) Ambraseys (2009); (STU) Stuc-
chi et al. (2012); (NB) Basarir Bastiirk et al. (2016). Abbreviations: BC Before Christ; AD Anno domini

occurred on 6 November 1992 (Mw: 6.0) with an epicentre at the most southern part of the
TF (the Doganbey segment) in the Aegean Sea, causing severe damage in the villages around
the city of Izmir, but it did not produce any surface deformations on land (Scordilis et al. 1994;
Tan et al. 2008). Focal mechanism solutions of 1992 (Mw: 6.0) and another 7 earthquakes
(Mw: 4.0-5.8) indicate the existence of a right-lateral strike—slip faulting sense with the NE-
SW-trending TF (Fig. 2). According to Scordilis et al. (1994), the mainshock of the 1992
earthquake occurred on a 16-km-long fault segment; the focal depth was 9 km (aftershocks
ranged from 5 to 13 km depth) and the rupture propagated towards the NNE. Some moderate
earthquakes were also reported on or around the TF on 23 November 1902 (Mw: 5.5), 19 May
1904 (Mw: 5.4), 16 December 1977 (Mw: 5.5), and 17 April 2003 (Mw: 5.2).

It is accepted that the last destructive earthquake on the TF, which is considered as one
of the important seismic sources in the Izmir province, occurred on 6 November 1992
(Seferihisar Bay earthquake, Ms: 6.0) on the extension of the Doganbey segment into the sea
(Tiirkelli et al. 1995; Tan and Taymaz 2001, 2003). In addition, the Samos earthquake that
occurred on 30 October 2020 caused 117 fatalities and many collapsed and severely damaged
buildings in the Izmir/Bayrakli district. Our results indicate that the segment of the TF extend-
ing to Kusadasi Bay is in a kinematic relationship with the Samos Fault.
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3 Methods
3.1 Field survey

In this study, we used 1/25000 scale topographic maps acquired from the General Directo-
rate of Mineral Research and Exploration (Turkey), aerial photos, ALOS PALSAR-12.5 m
DEM, and Google Earth imagery, and these were combined with detailed field surveys to
map the fault traces to locate suitable sites for trenching. Suitable sites were selected based
on fault morphology and where the young sediments are as stratigraphically continuous as
possible.

3.2 Palaeoseismology

In order to better understand the palacoearthquake evidence along the TF, we conducted
trench investigations at the Catalca site on the Catalca segment, at the Yenikoy site on the
Orhanli segment, and at the Tuzla site on the Doganbey segment. Here, we focus on the
excavation, description, and sampling of the trenches. Each trench was up to 24 m long and
3.5 m deep. The width of the trenches was 3 m. Following McCalpin (2009), we assigned
the exposed units numbers and they were described based on their microstratigraphic posi-
tion. During the trench studies, after cleaning of the trench walls, they were gridded with
horizontal and vertical strings with 1 m spacing. Then, sedimentary boundaries and struc-
tural features were mapped in detail with a scale of 1/20 using graph paper, and all sections
photographed. Lastly, samples were collected for optically stimulated luminescence (OSL)
dating of quartz minerals from event horizons. OSL is one of the best known and most suit-
able dating techniques for determination of deposition age of late Quaternary sediments
(e.g. Preusser et al. 2008; Rhodes 2011; Mahan et al. 2022). In particular, OSL dating has
enabled the direct dating of the wedge, colluvium, and recent deposits (e.g. Spencer et al.
2003, 2019; Fattahi et al. 2006, 2010; Dogan et al. 2015; Softa et al. 2021; Softa and Utku
2022) and has been applied successfully to palacoseismology studies in the world (e.g.
Lee et al. 2001; Prentice et al. 2002; Bookhagen et al. 2006; Rittase et al. 2014; Stahl et al.
2016; Tsodoulos et al. 2016; Jayangondaperumal et al. 2017; Duran et al. 2021). For this
reason, OSL dating was chosen to constrain the timing of identified earthquake surface
faulting events.

Seventeen samples were collected from the trench walls using 52X 150 mm metal cyl-
inders, taking care to limit any light contact on the open cylinder ends and assuring that
sediments filled the cylinder to avoid inadvertent mixing of any light-exposed grains at the
cylinder ends. As an additional precaution, sampling was undertaken during a moonless
night. The samples were processed at the Dokuz Eyliil University (DEU) sample prepara-
tion laboratory for luminescence dating and the mineral separation steps to extract quartz
from the sediments required for age determination were completed according to the stand-
ard procedures described by Aitken (1998) and Spencer and Robinson (2008). The fol-
lowing procedures were performed for equivalent dose and dose rate measurement at the
Institute of Nuclear Science in Ankara University and the TL/OSL Dating Laboratory at
Cukurova University Arts-Sciences Faculty Physics Department. The OSL ages were cal-
culated by dividing the OSL equivalent dose measurement by the total dose rate, accord-
ing to Aitken (1998). After gathering robust OSL data that have satisfied a variety of data
quality tests, all the luminescence ages were refined by Bayesian methods in OxCal with
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respect to historical earthquakes. Bayesian analysis uses a likelihood statistical approach
that evaluates information such as laboratory uncertainties and stratigraphic relationships,
to determine posterior distributions of the original age determinations. Using this OxCal
model, the data are constructed as a simple sequence (Ramsey 1995, 2001) with all lumi-
nescence ages plotted with 2¢ uncertainties and 95% confidence ranges.

The OSL method determines the time elapsed since the last daylight exposure of min-
eral grains within each sedimentary unit sampled in the trench walls. In order to measure
the equivalent dose, the single-aliquot regenerative dose (SAR) protocol (Murray and Win-
tle 2000) was applied to all samples. In the first part of each measurement cycle, a preheat
of 220 °C for 10 s was used to remove charge from thermally unstable traps subsequent to
natural or regenerative dose, before measurement of the OSL signal. Any change in lumi-
nescence sensitivity was monitored, and corrected for, in the second part of the cycle by
administering a constant test dose of 5 Gy followed by a cutheat of 160 °C before OSL
measurement of the test dose signal. OSL measurements were performed with a sample
temperature of 125 °C using constant power blue LEDs (80% optical power) for a stimula-
tion time of 120 s. For the assessment of equivalent dose, 15 quartz aliquots of 1 mm were
analysed from each sample.

The equivalent dose (D,) data were evaluated by means of a radial plot (Galbraith 1990)
together with sample-specific estimates of overdispersion (Galbraith et al. 2005). Consider-
ing the overdispersion values, D, data were analysed using both the minimum age model
(MAM) and the central age model (CAM) (Galbraith et al. 1999). Then, all results were
assessed together with geological, geomorphologic, and sedimentological information
from the study area. Environmental radioactivity dose values were assessed using the mass
spectrometry at the laboratory of Mineral Research and Exploration General Directorate
(MTA), and the annual dose values were calculated using U, Th, and K ratios the samples
absorbed in a year.

Unfortunately, charcoal or organic material suitable for radiocarbon dating was not
found in the sedimentary units that were studied.

4 Tuzla fault: definition and segment characteristics

The Tuzla Fault (TF), which is the main subject of the study, has been referred to with dif-
ferent names in the literature. Esder and Simsek (1975) used the name “Tuzla Fault” for the
first time in their geothermal-based study. Kaya (1979 and 1981) states that NE-trending
structural lineaments limit the Seferihisar and Cubukludag sections. The same structural
boundary named as Cumaovasi lineaments (Saroglu et al. 1987, 1992), Cumali reverse
fault (Esder 1988), Tuzla Fault (Emre and Barka 2000; Emre and Ozalp 2011; Emre et al.
2011), and Orhanl1 Fault Zone (Geng et al. 2001; Uzel and So6zbilir 2008).

In this work, we use the name “Tuzla Fault” (Esder and Simsek 1975; Emre and Barka
2000) as it was first described and defined on the Active Fault Map of Turkey. Emre
and Barka (2000) define the fault as a NE-SW-trending structure between Gaziemir and
Doganbey in the south-west of Izmir. Uzel and Sozbilir (2008) described this fault as a
main structural boundary within the IBTZ. The fault has a reported total length of 45 km
(Uzel and Sozbilir (2008), whereas Emre et al. 2005; Ocakoglu et al. 2004, 2005; Giir-
cay (2014) report that the TF continues on the floor of the Aegean Sea to the SW and its
length exceeds 50 km. Uzel and Sozbilir (2008) present field data showing that the fault
operated with left-lateral strike—slip in the Miocene and right-lateral strike—slip during the
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Quaternary. Emre et al. (2005) state that the TF consists of three sub-sections. Researchers
define these subdivisions as Catalca (15 km), Orhanli (16 km), and Cumal1 (13 km) from
north to south. According to the researchers, it is reported that the Cumali (Doganbey) sec-
tion located in the south-west of the fault offers 10 km continuity on the Aegean Seafloor.

The fault plane at the Tuzla trench site cuts Quaternary travertines. The strike and dip
of the fault were measured as N32E/77NW with a pitch of the slip line of 28° in the lower
part, while the strike and dip of the fault were N40OE/84NW and the pitch of the slip line
was measured as 17° in the upper part (Fig. 3). Field observations and fault slip measure-
ments in this site indicate that NE-SW-trending TF is a right-lateral strike—slip fault with a
minor normal component during the Quaternary.

Measurements on fault planes observed during field studies document both the left- and
right-lateral strike—slip character of the fault, as evidenced in previous studies (Uzel and
Sozbilir 2008).

4.1 Rock units exposed along the Tuzla fault

The outcrops along the TF consist of three main rock assemblages separated from each
other tectono-stratigraphically and stratigraphically. These are (1) pre-Miocene basement
rocks, (2) Miocene basement rocks, and (3) Plio-Quaternary sedimentary rocks.

The Pre-Miocene basement rock units consists of 2 main rock assemblages, namely
the Cycladic Complex generally composed of metasedimentary units which contain

[~

Fig.3 Field view of Tuzla Fault (a) and (c), close-up view of slickenside fault surface (b) and (d)
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metaserpantinite and metadiabase blocks and, the rock of Izmir—Ankara Zone made up of
mudstone, sandstone, limestone, and conglomerate alternation in its matrix and containing
limestone, basalt, diabase, and serpentinite blocks. Cetinkaplan et al. (2020), suggest that
the epidote-blueschist metamorphism for the Cycladic Complex ranges between 57 and
40 Ma, and the overlying retrograde greenschist metamorphism between 35 and 32 Ma.
The geological age of the rocks of the Izmir—Ankara Zone has been studied extensively in
the literature (cf. Akartuna 1962; Ozer and irtem 1982; Erdogan 1990; Sar1, 2013; Okay
et al. 2012). When all these studies are evaluated, it is seen that the depositional age of the
unit is Upper Cretaceous—Palaeocene, and the blocks are distributed in the Triassic—Cre-
taceous age range.

The pre-Miocene basement rocks are unconformably overlain by Miocene aged sedi-
mentary and volcanic units. The formations exposed along the south-eastern block of the
TF as roughly Miocene age sedimentary units are composed of clastic to carbonate rock
assemblages varying from conglomerate to limestone lithology. The products of Miocene
volcanism are characterized by lava, dome, and pyroclastic facies varying from andesitic to
rhyolitic in composition. Detailed description of these Miocene rocks is beyond the scope
of this paper, and readers are referred to Goktag (2019), Karacik and Geng (2013) for fur-
ther details. The TF also creates an important structural boundary and juxtaposing together
of Miocene aged sedimentary and volcanic units, and pre-Miocene sedimentary and meta-
morphic rock assemblages (Fig. 4).

All these older geological units are overlain by Plio-Quaternary sedimentary rocks.
These semi-consolidated to unconsolidated units are made up of coarse-grained clastics
and predominantly represented by alluvial and fluvial sedimentary facies, which are located
in the south-eastern block of the TF, exposed from south-west to north-east in localities of
the Buca, Gaziemir, Gorece, and Urkmez settlements, and these exposures have parallel
characteristics with the main fault trend (Fig. 4).

5 Palaeoseismology

In order to reveal the earthquake history of the TF, we conducted three trench investigations
from north to south at the Catalca, Yenikdy, and Tuzla locations along the TF, respectively.

5.1 Catalca trench

The Catalca trench was excavated on the Catalca segment of TF. To find an optimum
trench location, we evaluated the neck cutoff along the fault that passes through the valley.
The trench was opened roughly perpendicular to fault strike, with north-east and south-east
trench walls of 24 and 23 m in length, respectively, and up to 3 m deep and wide (Figs. 4
and 5). Both trench walls exposed eleven units with recent soil cover. The subdivided first
three units were evaluated as basement units, namely A, B1, and B2. Unit A is the rock
unit belonging to the Upper Cretaceous—Palaeocene aged Izmir—Ankara Zone shown on
the geological map (Fig. 4). Unit A consists of whitish-dark grey mud shale, claret-light
brown—grey mudstone, and milky pinkish brown poorly sorted sandstone. Unit A is later-
ally traced between 0 and 20 m horizontal scale marks of the trench walls. Moreover, it
is clearly seen that mudstone and mud shale interfinger between 5 and 7 m of the hori-
zontal scale marks of the trench walls. The sandstones are mostly seen as lenses formed
as a boudinage structure in the shear zone. This unit has been folded and cut by multiple
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Fig.5 Photomosaic and palacoseismology log of the Catalca trench

fault zones, which is defined for the TF between 19 and 20 m horizontal scale marks of
the trench walls. Unit B1 and unit B2 are the Miocene aged sedimentary rocks shown on
the geological map (Fig. 4). Unit B1 represents light green-light brown and claret grey,
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unsorted breccia derived from sandstone between 19 and 20 m horizontal scale marks of
the trench walls. Similarly, unit B2 consists of light brown—grey, unsorted sandstone with
coarse sand. These units are overlain by brown, unsorted, brecciated gravel derived from
epimetamorphic rocks (Unit C) between 21 and 22 m horizontal marks of the trench walls,
light brown-beige, poorly matured fine grain sand (Unit D) ranging from 19 to 23 m of the
horizontal marks of the trench walls, and greyish brown, poorly matured gravel derived
from B1 (Unit E). Furthermore, unit C and unit E represent crack fills. Units A through E
are unconformably overlain by dark brown, poorly matured, unsorted gravelly muddy sand
(Unit F) between 6 and 24 m of the trench walls. The gravels are derived from limestone
lithology. The overlying unit G represents light brown, unsorted gravelly muddy sand. This
unit is located on the hanging wall of the NE-directed fault as a colluvial wedge between 7
and 8 m within the north-east wall. Similarly, the previous units are unconformably over-
lain by unit H. It consists of dark brown unsorted gravelly muddy sand and is cut by SE
dipping faults. The overlying unit I consists of light milky brown unsorted fine grained
gravelly sand. Finally, all these units are unconformably overlain by light to dark brown
recent soil with organic-rich material (Unit J). The faults observed in both trench walls are
compatible with each other. In addition, the black lines shown in the trench log in Fig. 5
indicate cleavage fractures in the unit.

A total of five OSL samples were collected from the Catalca trench within the north-
east wall. The derived dates of the samples from the trench exposures were dated between
6.56+2.49 ka and 67.77+4.80 ka (Table 2). Based on the sedimentological and strati-
graphic evidence for the analysis of structural elements together with the results of dated
samples, two events were identified in the Catalca trench. The earliest event occurred after
the deposition of unit F and before the deposition of unit G. Hence, we collected an OSL
sample from unit G (sample number TCH-K3) representing the upper boundary of the first
event, which yielded a date of 43.66 +2.26 ka, and from unit F (sample number TCH-K4)
representing the lower boundary of the first event, which yielded a date of 54.3+4.2 ka.
The final event cuts unit H, so it occurred after the deposition of unit H and before the dep-
osition of unit I. Thus, the sample collected from unit H (TCH-K1) yielded an OSL date
of 28.79 +1.57 ka, representing the lower boundary of the second event, while the sample
collected from the overlying unit I (TCH-K2) yielded a date of 6.56 +2.49 ka (Fig. 5).

5.2 Yenikoy trench

The YenikOy trench was excavated perpendicular to the fault strike (Fig. 4). It was 24 m
long, 3.5 m wide and deep, opened on the Orhanli segment of TF, and revealing eight
stratigraphic units (Fig. 6). The basement unit (A), consists of the interfingering of reddish
brown, unsorted, matrix-supported sandy conglomerate, with tuffites, sandstone, and pyro-
clastic gravels, wine-brown fine gravelly coarse sandy mudstone, and lastly milky brown
unsorted fine gravel derived from sandstone, mudstone, and chert. The Miocene unit A is
laterally traced between 0 and 24 m of the trench walls. This unit was cut by a fracture cal-
cite fill between 22 and 23 m of the north-east wall. Further, while a uniform trend of Unit
A was observed in the middle section of the trench walls, it was otherwise deformed by a
set of faults. Unit A is overlain by Unit B with an angular unconformity. Unit B consists of
dark brown poorly matured, unsorted sandy matrix-supported coarse gravel. The overlying
unit C comprises light brown sandstone with fine gravels derived from sandstone. These
units are overlain by brown, unsorted, poorly matured matrix-supported coarse gravel
derived from the sandstone, limestone, and mudstone (Unit D) between 4 and 24 m of the
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Fig.6 Photomosaic and palaeoseismology log of the Yenikdy trench

trench walls; light brown fine gravelly mud (Unit E) ranged from 3 to 6 m in trench walls.
Unit D is cut by a SE dipping fault. The previous units are overlain by milky-dark brown,
moderately matured gravelly sand (Unit F). While unit F is observed in the first 15 m
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within the north-east wall, it is only clearly visible between 4 and 15 m of the south-west
wall. The overlying unit G consists of a light brown moderately matured sandy matrix-sup-
ported conglomerate. Lastly, all these units are unconformably overlain by dark brown soil
with organic-rich material and there is no evidence that this unit was cut by faults (unit H).
We collected seven OSL samples from the YenikOy trench exposures. The derived dates
of the samples from the trench were dated between 176.32+15.14 ka and 1.77+0.77 ka
(Table 2). Based on the results of the dated samples together with the sedimentological
and stratigraphic evidence for the analysis of the structural elements, it was seen that the
faults identified in the YenikOy trench may belong to the same or two different earthquakes.
The relationship between Event 2 and unit F shown in Fig. 6 can be interpreted as follows:
(1) Unit F was deposited after event 2 occurred; (2) Event 2 occurred after unit F was
deposited. Within the scope of this study, Yenikdy trench was interpreted according to the
earthquake scenario numbered 2. The penultimate event occurred after the deposition of
unit D and before the deposition of unit E. So, to define the lower boundary of the event,
we collected sample TYH-6 from unit D, yielding a date of 23.92 +2.09 ka. The OSL age
from the base of unit E (TYH-1; 17.05 +1.69 ka) gives the upper boundary of the event in
the YenikOy trench. The final event occurred after the deposition of unit F and before the
deposition of unit G. Thus, the samples collected from unit F (TYH-2) yielded an OSL
date of 12.51 +2.24 ka representing the lower boundary of the second event while the sam-
ples collected from the overlying unit G (TYH-7) yielded a date of 1.77 £0.77 ka (Fig. 6).

5.3 Tuzla trench

The Tuzla trench was excavated on the Doganbey segment of TF (Fig. 4). A trench was
placed across the fault strike, and the north-east trench wall was nearly 10 m long, up to
4 m deep, 3 m wide, and we logged 8-m of the 10-m-long trench walls. Because there is
no change in units, the last 2 m were not logged (Fig. 7). Geothermal fluids were present
in the bottom of the trench exposures; thus, we could not excavate more deeply. The base-
ment unit (Unit A) consists of reddish brown fine sandstone and reddish dark brown mud-
stone alternating with brownish-green mudstone. Further, it is deformed by several faults
and there is observable manganese dendrite on this unit. It was unconformably overlain
by unit B. Unit B consists of a brownish reddish organic-rich palacosol cut by a fault. The
measured vertical displacement is up to 10 cm between 3 and 4 m of the trench walls. The
overlying unit C represents pinkish light brown unsorted and poorly matured sandy gravel.
It has an openwork structure on the south-east wall. These units are overlain by reddish
brown poorly matured and poorly strengthened fine gravelly sand (Unit D) that is clearly
observable between 2 and 4 m of the trench wall as a crack fill; a reddish brown palaeosol
(Unit E) is observable in the first 5 m of south-east wall. The overlying unit F is charac-
terized by yellowish-light brown unsorted, poorly matured, and muddy matrix-supported
blocky coarse gravel derived from sandstone with manganese, silicified sandstone, and
fault rocks. It has an openwork structure—a colluvial wedge—and is clearly observable
in the first 1 m of the south-east wall. Similarly, the overlying unit G represents pinkish
light brown sandy unsorted and poorly matured sandy gravel. Units E through G are not
observed in the north-west trench wall due to possible erosional processes. Lastly, all these
units are unconformably overlain by light yellowish brown soil with fine gravel (unit H).
We identified three events in the Tuzla trench, based on the sedimentological and strati-
graphic evidence for the analysis of structural elements together with the results of dated
samples. The derived dates of the samples from the Tuzla trench were dated between
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Fig. 7 Photomosaic and palaeoseismology log of the Tuzla trench

0.89+0.46 ka and 7.61+0.92 ka (Table 2). The earliest event occurred after the depo-
sition of unit B and before the deposition of unit C. We collected an OSL sample from
unit C (TT-1) representing the upper boundary of the first event, which yielded a date of
5.51+0.67 ka, and from unit B (TT-9) representing the lower boundary of the first event,
which yielded a date of 7.19 +0.49 ka. The penultimate event occurred after the deposition
of unit C and before the deposition of unit D. Thus, the sample collected from unit C with
OSL date of 5.51 +0.67 ka (TT-1) represents the lower boundary of the second event, while
the sample collected from the overlying unit D (TT-6) yielded a date of 2.55+1.78 ka. The
final event occurred after the deposition of unit E and before the deposition unit F. Unfor-
tunately, we could not find sufficient material to date the lower unit E and upper unit F.
Our ages for units D and G help constrain the event, to an age between 2.55+ 1.78 ka and
0.89 +0.46 ka for units D and G, respectively (Fig. 7).

5.4 Palaeoseismology interpretations

Based on the well-constrained earthquake events within the three trenches we assume that
seven earthquake cycles have occurred on the TF. According to Oxcal distribution using
Bayesian methods, the events are E1: 46.2+6.1 ka; E2: 30.4+7.2 ka; E3: 16.3+4.1 ka;
E4:9.1+2.3 ka; E5: 4.9+0.7 ka; E6: 2.7+0.7 ka; and E7: 1.6+0.3 ka (Fig. 8). When the
events are compared with the historical earthquakes, the E7 event may correlate with the
earthquakes of 47 AD and/or 177/178 AD. Moreover, the E1-E6 events can be attributed
to the prehistoric BC earthquakes that originated on the fault but are not included in the
historical catalogues (Table 3). More so, in the light of the historic/prehistoric earthquakes
generated by the TF, the recurrence interval was found to be between 0.7 and 4.3 ka for the
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Fig. 8 Preferred model from OxCal v4.4.4 (Ramsey 2008, 2009; Reimer et al. 2009) of timing constraints
on earthquakes (E1-E7) at T1-T3 trenches on the Tuzla Fault. Ages listed in sequence are in stratigraphic
order, without depth constraints. Prior probability distribution function (Pdf) ages are defined by the cali-
brated OSL ages. Posterior Pdf ages are calculated from the Bayesian OxCal analysis
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Table 3 Event timing in the Catalca, the Tuzla, and the Yenikdy trenches along the Tuzla Fault and corre-
sponding earthquakes

Event %95.4-2 sigma-modelled with Historical Earthquake
Oxcal
Catalca Trench El 47,380 BC-31800 BC -
E2 18,280 BC-5680 BC -
Tuzla Trench El 4380 BC-2000 BC -
E2 2000 BC-420 AD 47 AD
E3 120 AD-1320 AD 177/178 AD
Yenikoy Trench El 18,280 BC-6680 BC -
E2 4780 BC-600 BC -

Holocene, and the elapsed time since the most recent surface ruptured earthquake on the
TF is 1845 years (Table 4).

6 Discussion and conclusion

The NE striking Tuzla Fault (TF) is one of the most important seismic sources in Izmir
province. The TF has a strike—slip mechanism within the Western Anatolian Graben Sys-
tem and is made up of three active segments between Gaziemir and Doganbey districts.
In order to reveal (i) earthquake history of the TF, (ii) the earthquake recurrence inter-
val models, and (iii) elapsed time since the most recently occurred surface rupture, three

Table 4 Earthquake timing, interevent time, and recurrence interval in the eastern segment of the Tuzla
Fault

Event Times Time Between Events Recurrence Interval®
A (ka) T (ka)(AE firsc-AE ccond) R (ka)
B
L Linax Riolocene Repreistocene R polistially
A Auverng A
(AEy; (AE -
AEm) AE | Roin | Resse | R Ruin | Ruenge | Rom Run | Rucsse | Ru
El | 40.1" 462" 48.3"
2.5" 15.8" 25.1"
E2 | 232" 304" 37.6"
2.8 14.17 25.4"
E3 | 122° 16.3" 204"
0.8 7.2 13.6™
E4 | 68" 9.1 114"
L2t 420 0 0.7 25 43 2.0 12.4 214 | 14 7.4 12.8
ES | 42" 4.9" 5.61
0.8 2.2 3.6
E6 | 2.0 2.7 341
01 L 2 qHE
E7 | 13" L6" 1.9"

a: According to preferred model derived from Oxcal (Ramsey 2008, 2009; Reimer et al. 2009).
b*: Represents recurrences interval based on the formula (Duran et al. 2021).

The formula:

Ryt (AEL;-AE2, )+ (AE2, ;. -AE3,,. )+ (AE3,,;,-AE4,,,. )/n—1

Roerage’ (AELyerage AE2, ) + (AE2, rao A3 o) + (AE3 g AFA )= 1

R (AEL . -AE2 )+ (AE2 , -AE3 . )+ (AE3 . -AE4 ;. )/n—1

E Events, N number of events, H Holocene, P Pleistocene, HE Holocene Event, PE Pleistocene Event

min ‘max min
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trench-based palaeoseismology studies were performed on the TF. Based on this current
research, the following assessments and discussions can be made.

The palaeoseismology studies in the Catalca trench, which is on the Catalca segment
of TF, indicate that this segment is responsible for two events between 6.56 +2.49 ka and
54.3 +4.2 ka. Neither the penultimate nor the final event identified from this trench can be
attributed to a historical earthquake. It may fit prehistoric/or undefined earthquakes.

Palaecoseismology data from the YenikOy trench on the central segment of TF, provides
evidence for two events after 23.92 +2.09 ka. Similarly, while two events were observed in
Yenikdy trench, a historical earthquake record was not observed. Although these events are
too old to correlate with historical earthquake catalogues, our results show clear evidence
that the TF is responsible for two large earthquakes in prehistory in the relevant segment.

Palaeoseismology evidence from the Tuzla trench on the Tuzla segment of TF reveals
three events were observed between 0.89 +0.46 ka and 7.61 +£0.92 ka. For the first event
observed in Tuzla trench, there is no record of any large earthquake in Izmir region
between 5.51 +0.67 ka and 7.19+0.49 ka. The penultimate event took place sometime
between 2.55+1.78 ka and 5.51 +0.67 ka, which can be correlated with the 47 AD earth-
quake considering the historical earthquake catalogues. The last event can be the best fit for
the 177/178 AD earthquake.

TF comprises three geometric segments, namely Catalca, Orhanli, and Tuzla. Due to the
fact that the fault reflects differing behaviour at these three segments, we performed sepa-
rate palaeoseismological studies at all three segments. We identified two, three, and two
events on the Catalca, Tuzla, and Orhanli segment, respectively. We assumed that seven
earthquake cycles have occurred on the TF in the Holocene and Pleistocene time interval.
These events are E1: 46.2+6.1 ka; E2: 30.4+7.2 ka; E3: 16.3+4.1 ka; E4: 9.1+2.3 ka;
E5: 4.9+0.7 ka; E6: 2.7+0.7 ka; and E7: 1.6 +£0.3 ka. Considering these fault events, we
refined our data using the Oxcal program with the Bayesian methods. From this point on,
we inferred seven events, when evaluated together with three segments, with recurrence
interval between 0.7 and 4.3 ka for the Holocene, and the elapsed time since the most
recent surface ruptured earthquake on the TF is 1845 years.

The error limits of the dating methods (OSL, TL) are usually+5 to+10% of the age
(Aitken 1997). OSL dating is possible over a wide age range of a few decades to about half
a million years, although uncertainties are usually relatively larger towards the extremes
of this age range. Mainly due to systematic errors in both dose rate (conversion factors)
and equivalent dose (source calibration) estimation. In most cases, the uncertainty will be
higher due to random errors (e.g. spread in equivalent doses) or uncertainty in assumptions
(e.g. water content fluctuations, burial history) (Wallinga and Cunningham 2014). Some
luminescence dating studies have shown that the age -related errors may even be around
25%. Wide margins of error in such cases are known to arise due to the uncertainty associ-
ated with the gamma dose rate used in calculating the annual dose (Duller 2003).

For this reason, it is thought that high error rates are expected for samples with close
(young sediments) or very distant (old sediments) time since daylight resetting, and
the geological interpretation of the event with these age data is considered to be more
important.

In this study, the recurrence interval was delineated by the obtained robust OSL aga
data. Besides the OSL aga data, the recurrence interval depends on sedimentary sequences
in dynamic environments where the sedimentation rate is highly variable (e.g. Berryman
et al. 2012; Kempf and Moernaut 2021). The general problem of the uncertainty regarding
the lower and upper bounds of recurrence interval in western Anatolia may generated from
the variable sedimentation rate as such 1.1 mm/year (e.g. Westaway 1994).
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Table 5 According to Wells and Coppersmith (1994) equations, maximum earthquake generation potentials
of Tuzla Fault segments. Note that the a and b variables are the constant coefficients

Magnitude (M) =a+ [b. log (fault length)]

Fault segment a b Fault length (km) Log (fault length) Magnitude (Mw)
Catalca segment 5.16 1.12 15.75 1.1973 6.50
Orhanli segment 16.25 1.2109 6.52
Doganbey segment 12.35 1.0917 6.38
All segments 55 1.7404 7.11

According to the previously published studies, earthquake hazard mitigation is revealed
from the palaeoseismological (e.g. Sengdogmen Geckin et al. 2022), seismological (e.g.
Bayrak and Bayrak 2012; Akkar et al. 2018; Nas et al. 2020), and geodetic studies (e.g.
Cirmik et al. 2017; Eyiibagil et al. 2021; Aktug et al. 2021) along the strike—slip faults
(Giilbahge Fault-GF, Tuzla Fault-TF, Yagcilar Fault-YF) within IBTZ. From these faults,
GF was studied by Sengd¢men Gegkin et al. (2022). They stated that GF is responsible for
four surface rupturing earthquakes since the Late Pleistocene—Holocene and the last earth-
quake on this fault occurred 1389 AD with respect to historical catalogues. Further, the
recurrence interval was found between 1.4 ka and 6.2 ka for the Holocene.

Similarly, Eyiibagil et al. (2021) stated that in the region of the TF, while the geodetic
earthquake recurrence period moment magnitude ranging from 6 to 6.5 was approximately
150-200 years, but this period for Mw > 6.5 and Mw > 7 was approximately 795 years and
3160 years, respectively. Moreover, GPS velocities were found under 1 mm/y around the
TF. When evaluating these recurrence interval data obtained from their geodetic and our
palaeoseismology studies signifies both results for mitigation techniques are in concord-
ance with each other along the TF.

It is noted that TF has earthquake potential up to magnitude of 7.11, according to the
Wells and Coppersmith (1994) equations as listed in Table 5. Considering the average
recurrence interval suggest that TF can be grouped as class B, according to taxonomy of
Slemmons and Depolo (1986). This diagram reveals that TF have moderate activity rate
with moderate to well-developed geomorphic evidence of activity. Further, it indicates that
the annual long term of slip rate is between 0.1 and 1 mm/y.

As powerfully articulated by Aktug et al. (2021) and Sengé¢men Geckin et al. (2022),
after the Samos earthquake (Mw:6.9), the seismicity flocculated on the TF and nearest
region between 2020 and 2023 because of the stress transferred to the hanging wall of the
Samos Fault. Further, hot water outflows during the post-earthquake along the SE edge
of TF (Uzelli et al. 2021) and recently having occurred the seismicity along NE edge of
TF, emphasized that TF has a more complex structure than observed and thought. Fur-
thermore, after the 30 October 2020 (Mw:6.9) earthquake, the stress may be transferred to
the hanging wall of the Samos fault where the TF, Giilbah¢e Fault Zone, Seferihisar Fault,
and Yagcilar Fault are located. This circumstance draws attention to the importance of the
strike—slip fault mechanism in Western Anatolia Graben System. Ultimately, as is strongly
stated by Sengd¢men Gegkin et al. (2022), it is highly recommended that palacoseismo-
logical studies should be performed on these fault segments.
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