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Holocene Relative Sea-Level Changes Along the Southern Coast of 

Bodrum Peninsula, SW Anatolia 

Bodrum Yarımadası güney kıyılarında Holosen rölatif deniz seviyesi değişimleri, 

GB Anadolu 

Rahime Zobu*a, Uğur Doğanb 

 
 

Makale Bilgisi   Öz  

Araştırma Makalesi  Anadolu levhasının batısında, genişlemeli tektonik rejimin etkisi altında 

gelişmiş olan Bodrum Yarımadası, Holosen rölatif deniz seviyesi değişimlerini 

yansıtan göstergelerin güncel deniz seviyesinin üzerinde görüldüğü 

alanlardan biridir. Bu göstergeler yarımada boyunca farklı tiplerde karşımıza 

çıkmaktadır. Bu çalışmada, Bodrum Yarımadası'nın güney kıyısındaki 6 

lokasyonda deniz seviyesinden +2,6 m’ye kadar yükselmiş kıyı çizgileri 

incelenmiştir. Çalışma alanında, iki farklı lokasyonda tarihleme için uygun 

gösterge bulunmuş ve iki rölatif yükselmiş deniz seviyesi göstrgesi mollusk 

kavkıları kullanılarak, radyokarbon yöntemiyle tarihlendirilmiştir. Bu 

göstergelerden biri Gerenkuyu'da saptanmış ve 2678,5±79,5 yıl öncesine 

tarihlendirilmiş olan +1,3 m yüksekliğindeki plaj deposudur. Diğer gösterge 

ise Gerindere'de +1,2 m yüksekliğindeki gelgit çentiği ile uyumlu olduğu 

düşünülen ve 2241±88 yıl öncesine tarihlenen bir plaj deposudur. Gelgit 

çentiğinin güvenilir bir kıyı çizgisi göstergesi olması nedeniyle 

Gerindere’deki bu göstergenin yaklaşık son 2241±88 yıl için yükselme hızı 

0,53 mm/yıl olarak hesaplanmıştır. 
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Article Info  Abstract 

Research Article  Bodrum Peninsula, which developed under the influence of the extensional 

tectonic regime in the west of the Anatolian plate, is one of the areas where 

indicators reflecting relative sea-level changes are seen above the present sea 

level. These indicators appear in different types throughout the peninsula. 

This study examined shorelines from sea level to +2.6 m at 6 locations on the 

southern coast of the Bodrum Peninsula. Suitable indicators for dating were 

found at two different locations in the study area, and two relative sea-level 

indicators using mollusk shells were dated by radiocarbon method. One of the 

indicators is a +1.3 m high beach deposit at Gerenkuyu and was dated to 

2678.5±79.5 yr BP. The other indicator is a +1.2 m high beach deposit at 

Gerindere, which is thought to be compatible with the tidal notch and dated 

to 2241±88 yr BP. Based on the age data and the reliability of tidal notches 

as a shoreline indicator, the uplift rate of this indicator in Gerindere for the 

last 2241±88 years has been calculated to be 0.53 mm/yr. 
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1. Introduction 

Following the post-glacial warming at the onset of the Holocene, the sea level reached its present 

position at ca. 6 ka BP (Pirazzoli, 2007). Throughout the Holocene, the sea level was never higher than 

today (Lambeck and Purcell, 2005); hence, any shoreline above the present sea level indicates coastal 

uplift. Therefore, uplifted shorelines can be used as good indicators of the relative sea-level rise and the 

vertical tectonic movements affecting the coast (e.g., Antonioli et al., 2006a-b; Anzidei et al., 2014; 

Ferranti et al., 2007; Gordillo, 1992; Kolaiti and Mourtzas, 2016; Lambeck et al., 2004; Liberatore et 

al., 2021; Liew et al., 1993; Morhange et al., 2006; Mourtzas et al., 2016; Pirazzoli et al., 1994; Stiros 

et al., 2000; Stiros et al., 2022; Surić et al., 2014). 

Uplifted or submerged Holocene shorelines along the coasts of the Anatolian Peninsula, located 

in the north of the subduction zone between the African and Eurasian plates (Anzidei et al., 2011; 

Desruelles et al., 2009; Doğan et al., 2012; Erol, 1963; Kelletat and Kayan, 1983; Pirazzoli et al., 1991) 

constitute an important record of active tectonics. According to previous studies on the Mediterranean 

coast of Anatolia (Figure 1A) (e.g. Anzidei et al., 2011; Çiner et al., 2009; Desruelles et al., 2009; Doğan 

et al., 2012; Erol, 1963; Kelletat and Kayan, 1983; Kızıldağ, 2019; Pavlopoulos et al., 2012; Pirazzoli 

et al., 1991), it has been observed that the section between Hatay and the west of Antalya rises (Doğan 

et al., 2012; Erol, 1963; Pirazzoli et al., 1991). However, some areas of the west of Antalya descend 

(Anzidei et al., 2011; Pavlopoulos et al., 2012) while others rise (Çiner et al., 2009; Dalongeville-

Sanlaville, 1979). Studies have shown that; on the coast of Hatay-Samandağ uplifted shoreline at +2-3 

m, reflecting a relative sea level stability during the Late Holocene, was dated to between 5170 ± 190 

and 2590 ± 100 yr BP (Erol, 1963; Morhange et al., 2006; Pirazzoli et al., 1991). Platforms rising to 

+1.3 m were found in Alanya, and it was determined that this uplift was caused by tectonic movements 

that occurred 1550 yr BP (Kelletat and Kayan, 1983). Platforms in İncekum (Antalya) have been uplifted 

between +0.5 m and +1.2 m in the period between 1815 BP and 1545 yr BP (Çiner et al., 2009). On the 

coasts of Finike, Andriake, and Kekova, some sites descended to -4 m below the present sea level 

(Anzidei et al., 2011; Özdaş and Kızıldağ, 2013). A subsidence at an average rate of 1.48 mm/yr took 

place during the last 2.3 ka between Kekova and Knidos (the west of Datça Peninsula) (Anzidei et al., 

2011).  In addition, beachrocks were found -2.2 m below the sea level between Finike-Antalya-Çimtur 

(Çiner et al., 2009). 

In this study, we present uplifted Holocene shorelines on the Bodrum Peninsula, which is located 

on the western coast of Anatolia (Figure 1B). The Bodrum Peninsula is bounded by Güllük Bay on the 

north, Aegean Sea on the west and Gökova Bay on the south. The Gökova Bay is an approximately E-

W trending marine depression located south of the Bodrum Peninsula (Alcik and Tanırcan, 2018; Tur 

et al., 2015; Yıldırım et al., 2022). The extensional tectonics around Bodrum Peninsula are controlled 

by normal faults seismically active (Koçyiğit and Doğan, 2017; Yıldırım et al., 2022) and can produce 

large magnitude earthquakes. 
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Figure 1. A) Tectonic outline of the eastern Mediterranean area (from Bozkurt, 2001; K–Karlıova, 

KM–Kahramanmaras¸ DSFZ–Dead Sea Fault Zone, EAFZ–East Anatolian Fault Zone, NAFZ–North 

Anatolian Fault Zone, NEAFZ–Northeast Anatolian Fault Zone) and previous studies on the 

Mediterranean coast of Anatolia (CN-Cnidos, FE-Fethiye, KE-Kekova, AN-Andriake, FI-Finike, CI-

Çimtur, IN-İncekum, AL-Alanya, YE- Yeşilovacık, SA-Samandağ; Up red arrows show uplift, and 

down show subside), B) Location map of the study area (Offshore faults The faults located in the sea 

were taken from Tiryakioğlu et al. (2018). The Gökova fault zone and other active faults (shown in red) 

were taken from Emre et al. (2018). The other faults in the study area are based on Emre et al. (2013) 

and Koçyiğit (2017). The red star indicates the epicentre of the 21 July 2017 Bodrum/Kos earthquake 

(Tiryakioğlu et al., 2018).  
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The 6.6 Mw earthquake that hit south of Bodrum at a focal depth of 5 km on July 21, 2017, also 

caused a small tsunami (Yalçıner et al., 2017). The extensional tectonics around Bodrum Peninsula are 

controlled by normal faults seismically active (Koçyiğit and Doğan, 2017; Yıldırım et al., 2022) and can 

produce large magnitude earthquakes. The last destructive earthquake in Gökova Bay occured on July 

21, 2017, at 01:31 local time, at a depth of 5 km, with a moment magnitude of Mw=6.6, at a depth of 6-

10 km (Sözbilir et al., 2017). The earthquake's epicentre was 12 km E-NE of the Greek island of Kos 

and 8 km S-SW of Bodrum town (Yalçıner et al., 2017). The fault systems closest to the earthquake 

epicenter are known by their south-dipping normal fault character; the Gökova Fault Zone (GFZ) and 

the north-dipping Datça Fault (Figure 1B) (Kadirioğlu et al., 2017).  It is estimated that a rupture zone 

that developed almost parallel to the Aegean coast may be active again to eliminate the tension 

difference in the region, which was shaken by the earthquakes caused by the normal faults in an 

approximately E-W direction (Sözbilir et al., 2017). This earthquake caused heavy damage along Kos 

Island (Greece), with tsunami waves reaching 1.9 m and liquefaction along the Bodrum coast (Yalciner 

et al., 2017).  

After the July 21, 2017 earthquake, numerous researchers conducted field observations 

determining the faults that triggered the earthquake and assessing its effects on the coast and settlements 

(Kadirioğlu et al., 2017; Kalafat, 2017; Koçyiğit and Doğan, 2017; Sözbilir et al., 2017; Utku, 2017; 

Yalçıner et al., 2017; Yıldırım et al., 2017). Some of these studies concluded that the new active faults 

triggered by earthquake (Koçyiğit and Doğan, 2017) and vertical movement on the Bodrum Peninsula 

(Ocakoğlu et al., 2018; Yıldırım et al., 2017, 2022). Other researchers carried out studies presenting 

findings or models related to the tsunami (Dimova and Raykova, 2018) and the aftershocks (Alcık, 2018; 

Öztürk and Şahin, 2019). Only Yıldırım et al. (2022) mentioned the coseismically uplifted shorelines 

on the coasts of Gökova Bay related to the July 21, 2017, Bodrum/Kos earthquake. The authors focused 

on the geomorphological markers of modern and paleoseismic deformations. The current tidal notches 

rose to +0.3 m and mentioned at least five large-magnitude (M>6) offshore earthquakes that uplifted the 

shoreline to +1.5 m in the town of Ören, east of Bodrum. 

In this study, relative sea-level indicators in the Bodrum peninsula were investigated and 

evidences of the Holocene coastal uplift of the area were sought. This study investigated elevated tidal 

notches, abrasion platforms, litophaga holes and beach deposits on the coast of the Bodrum Peninsula. 

The study compared the results with a similar previous study and compiled the uplifted shorelines of the 

region. To conclude, the study aims to showcase the significance of the Bodrum peninsula in regard to 

coastal tectonics. It presents concrete evidence of sea-level changes and sets a foundation for future 

studies in the area. 

2. Regional Geology 

The study area is located in the Aegean extensional tectonic regime region in the west of the 

Anatolian plate (Şengör and Yazıcı, 2020). In the study area (Figure 2), mainly Jurassic-Cretaceous-

aged and Triassic-aged limestones are evident throughout the area, especially from the coastal zone 

where the city of Bodrum is spread to Ören (Figure 2). The western part of the peninsula is characterized 

by Middle-Upper Miocene volcanic rocks. The Quaternary alluvial deposits constitute the youngest 
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cover deposited under the control of the current extensional neotectonic regime (Ercan et al., 1982). The 

faults formed as a result of the extensional tectonics are important in terms of the seismicity of the 

region, and the GFZ (Gökova Fault Zone) is the most critical factor controlling the active tectonics 

(Gürer and Yılmaz, 2002; Hançer and Tekin, 2017; Tur et al., 2015; Yıldırım et al., 2022). The fault 

zone is 120 km long (Sözbilir et al., 2017) and is characterized by numerous normal fault segments. The 

Ören Basin is the area with the most apparent onshore evidence of the GFZ, (Gürer and Yılmaz, 2002; 

Sözbilir et al., 2018), and the Ören fault in this region plays an active role in the forming of the coast 

(Yıldırım et al., 2022). 

 Figure 2. Geological map of Bodrum Peninsula and adjacent areas (Adapted to 1:500.000 scale geological map (Şenel, 2002) 

and the faults based on Emre et al., 2013; 2018 and Koçyiğit, 2017). 

3. Materials and Methods 

The depositional, erosional/chemical and biological sea-level markers were considered when 

determining the shoreline position (Doğan et al., 2012; Ferranti et al., 2006). Tidal notches are among 

the most essential bioerosional markers that usually cut limestone cliffs in the mid-littoral zone and 

accurately indicate sea level (Evelpidou and Pirazzoli, 2015). In general, tidal notches are indirectly 

dated by being associated with nearby deposits of known age (Cerrone et al., 2021). Accordingly, if the 

time dimension is to be considered in studies, it is also necessary to correlate sedimentological data with 

notches (Doğan and Özer, 2011). Another indicator considered after the tidal notches in the study area 

was the lithophaga hole bands. The Pelecypod lithophaga lithophaga colonizes the calcareous rocky 

coasts in the first 20 m below sea level, but statistically, it is common in the first 2 m below mean sea 

level. As a reliable indicator of past mean sea level position, a semi-horizontal line is defined at the 

upper border of the lithophaga holes, and the margin of error on this mark is +2 m (Ferranti et al., 2006).  

       Mollusk shells that we collected from the uplifted coastal deposits were sent to TÜBİTAK MAM 

14 Carbon Analysis laboratories. The local reservoir correction (DeltaR) was applied to the radiocarbon 

results of mollusk shells using OxCal online calibration software (https://c14.arch.ox.ac.uk/oxcal.html), 

and calibrations were made according to the Marine 13 curve (Reimer et al., 2013). In a previous study, 

https://c14.arch.ox.ac.uk/oxcal.html
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calibration was made according to the Marine 13 database using the DeltaR 151 ± 40 yr value applied 

to a sample dated by the 14 C method (Siani et al., 2000) on the Çanakkale Strait (Dardanelles). 

4. Results 

4.1. Holocene Relative Sea-Level Indicators on the Bodrum Peninsula Coast 

We detected various Holocene sea-level indicators at +2.60 m asl (above sea-level) at six 

locations on the coast of the Bodrum Peninsula (Figure 1). These indicators consist of uplifted beach 

deposits, notches, platforms, and lithophaga holes (Table 1). While no material could be found to 

determine the age of the platforms and notches developed on the Miocene volcanic rocks on the west 

and south coast of Bodrum city, ages were obtained from the elevated beach deposits in the east of the 

town. The first location is in the south of Bodrum, on the İnce Promontory east of Gümbet Bay (Figure 

3). Notches and abrasion platforms developed on the Middle-Upper Miocene-Pliocene volcanic rocks 

were identified here. We observed wave abrasion notches on the bedrock at +1.8 and +2.6 m asl and 

wave abrasion platforms at +0.6 and +1.6 m asl (Figure 5). 

Figure 3. Raised Holocene shoreline markers and normal faults in the study area. (The important faults in the study area 

are based on Emre et al., 2013; 2018 and Koçyiğit, 2017).  
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Table 1. Raised Holocene shoreline markers on the Bodrum coast. 

Loc. number Coordinates Study area Indicator Elevation (m) 

1 
37°1'7.14"N- 

27°24'0.83"E 
İnce Promontory 

Notch 1.8, 2.6 

Platform 0.6, 1.6 

2 
37°0'6.68"N- 

27°20'5.05"E 
Bağlar Promontory 

Notch 0.9 

Platform 0.5, 1.6 

3 
36°57'53.41"N- 

27°15'50.50"E 

Hüseyin Promontory 

Lighthouse 

Platform 0.5 

Sand dune 7 

4 
36°59'29"N-  

27°31'55"E 
Shipyard Platform 0.5 

5 
36°59'37.52"N- 

27°30'48.04"E 
Gerenkuyu Beach 

Notch 0.5 

Lithophaga hole band 0.5 

Beach deposit 2 

6 
37°1'8.67"N- 

27°50'57.24"E 
Gerindere Beach 

Notch 0.5, 1.2 

Lithophaga hole band 2.2 

Beach deposit 0.5, 1.2 

A notch +0.9 m asl was detected on a volcanic block on an uplifted wave-cut platform at 

Location 2, 6 km west of Location 1 (Figure 3A, Figure 4). In this location, another platform with an 

inner edge with a height of +1.6 m asl is present (Figure 3A, Figure 5). These relative sea-level markers 

also developed on the Miocene volcanic rocks. 

 

  Figure 4. +0.9 m asl high notch preserved on the volcanic block on the wave-cut platform in Location 2. 
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Figure 5. The wave-cut platforms were observed in A, B, C) Location 1, and D) Location 2. 

Location 3 is situated around Hüseyin Promontory Lighthouse in the southwest of the Bodrum 

Peninsula. As in Location 2, this location is mainly composed of Middle-Upper Miocene volcanic rocks 

and has a gently sloping coast forming the westernmost part of the study area. Although a climbing 

backshore dune was identified at ~7 m asl on the cliff, the dune could not be dated due to human 

interference. In the same location, there is an abrasion platform at +0.5 m asl on the Miocene 

agglomerates.  

Location 4 is in the east of Bodrum city, ~1.7 km southeast of İçmeler, in a place where it is 

difficult to reach the coast from land (Figure 3A). In this location, a beachrock formation and a raised 

beach deposit were observed (Figure 6). No material suitable for dating could be found in the beach 

deposit, which upper level is at +1.8 m asl and consists of gravels. This beach deposit is incised by a 

stream, providing evidence of coastal uplift. The upper level of the beachrocks located at the intersection 

of the beach deposit with the sea is at the present sea level. (Figure 3A, Figure 6). 
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 Figure 6. A) Beachrocks at present sea level, and B) raised pebbly beach deposit incised 

by a stream in Location 4.  

Location 5 is found on the shore of the fan-delta deposit in Gerenkuyu Inlet at the western end of 

Gökova Bay (Figure 3A, Figure 7A). The fan-delta formed by the Gerenkuyu stream and the inlet is 

located in a sub-graben bounded by normal faults from the east and west. The sub-graben orientated 

obliquely to the general E-W trend of the major Gökova Bay graben, developed under the control of 

NW trending normal faults. An uplifted beach deposit and an uplifted tidal notch on the western edge 

of the inlet were identified at this location. The upper level of the beach deposit consists of gravel. It is 

+2 m above the present sea level, located on the fan-delta front.  

We collected mollusk shell samples from medium-sized and coarse gravels of the beach deposits 

at +1.3 m asl and +1.8 m asl (Figure 7). We also found a tidal notch at +0.5 m asl on the western edge 

of the same beach deposit. The tidal notch was well preserved on the limestone with several lithophaga 

holes (Figure 7). No material for dating could be found on the tidal notch, and the berm deposit consisted 

of beach gravels and extended in association with this tidal notch.  
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Figure 7. A) Raised fan-delta beach deposit and sampling sites in Location 5. B) Close-up view of +0.5 m asl tidal notch 

and lithophaga holes. 
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Location 6 is ~40 km east of Bodrum town and on the northern coast of Gökova Bay. This 

location is to the east of the uplifted fan-delta that has back tilted towards the Gerindere Fault in its north 

(Figure 3B). At the eastern border of the Gerindere fan-delta, there are uplifted tidal notches, lithophaga 

hole band, and beach deposits on the Jurassic-Cretaceous limestones. There are two tidal notches here 

at +0.5 and +1.2 m asl (Figure 8). Another indicator is the lithophaga hole band that reaches up to +2.2 

m above the upper tidal notch. 

 

Figure 8. A) General view of Location 6. B) Beach deposit associated with 1.2 m notch. C) Uplifted lithophaga 

hole band. 
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4.2. Dating Results 

Four shell samples were collected between +0.5 and +2 m asl from two locations in the coastal 

zone of Bodrum Peninsula for radiocarbon dating (Table 2). The Marine 13 calibrated ages of samples 

B01 (+1.3 m asl) and B02 (+1.8 m asl) were determined as 2678.5 ± 79.5 yr BP and 836 ± 74 yr BP, 

respectively. As sample B02 is much younger than B01, we consider it an outlier and exclude it from 

further consideration. The age of the sample B03 (+1.2 m asl) taken from Gerindere Beach was 2241 ± 

88 yr BP. Sample B04, taken from a current winter berm deposit of +0.5 m asl on Gerindere Beach, 

yielded a Marine 13 calibrated age of 36.5 yr, indicating another outlier. 

Table 2. Radiocarbon results for fossil mollusk shells. 

Location 

number 
Lab. Code 14C (BP) Delta R (cal BP) Marine 13 (cal BP) 

5 B01 TÜBİTAK-0877 2908 ± 30 2501 ± 161 2678.5 ± 79.5 

5 B02 TÜBİTAK-0878 1292 ± 25 703.5 ± 88.5 836 ± 74 

6 B03 TÜBİTAK-0879 2580 ± 29 2083.5 ± 156.5 2241 ± 88 

6 B04 TÜBİTAK-0880 1.0746 ± 0.0031 151 36.5 

5. Discussion  

Bodrum Peninsula, located in an extensional tectonic realm, contains normal faults on both land 

and seabed. These active and prominent fault segments shape the steeply sloped northern margin of 

Gökova Bay. Due to vertical movement along these faults, the Holocene sea-level indicators have risen 

to their present positions along the coast. Our study on the Bodrum coast determined geomorphological 

and biological relative Holocene sea-level markers as high as +2.6 m in six locations. Wave-cut 

platforms at various elevations were detected in the study area, and the platform’s height was observed 

to reach +1.6 m asl in Locations 1 and 2. Uplifted tidal notches were encountered at +1.8 m and +2.6 m 

asl in Location 1, +0.9 m asl in Location 2, +0.5 m asl in Location 5, and +0.5 m and +2.2 m asl in 

Location 6. A lithophaga hole band was identified in Location 6, reaching +2.2 m asl. Our observations 

have some implications for the uplift rates of the Bodrum Peninsula coast and the location of the faults 

in the region.  

5.1. Previous studies along the Aegean coasts 

The seismically active Aegean Sea is in an extensional tectonic regime controlled by offshore 

normal faults. Therefore, displaced shorelines along the shores have always been used as indicators of 

tectonic movements and relative sea-level changes (Desrulles et al., 2009; Evelpidou et al., 2014; 

Evelpidou et al., 2019, 2021; Karkani et al., 2019; Karymbalis et al., 2022; Lambeck, 1995; Ott et al. 

2021; Sakellariou and Tsampouraki-Kraounaki, 2019; Shaw et al., 2008; Stiros et al., 2000, 2011; 

Triantafyllou et al., 2022; Yıldırım et al., 2022). 
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According to previous studies on the islands in the Aegean Sea (Figure 9), most of the Cycladic 

islands are generally considered to be affected by subsidence (Desrulles et al., 2009; Lykousis, 2009; 

Evelpidou et al., 2021; Karkani et al., 2019) attributed to the crustal thinning in an extensional tectonic 

regime (Karkani et al., 2019; Sakellariou and Tsampouraki-Kraounaki, 2019). A study conducted on 

Mykonos, Delos, and Rhenia islands (Cyclades, Greece) identified three stands below sea level: (1) -3.6 

± 0.5 m (2000 BC), (2) -2.5 ± 0.5 m (4000 BC) and, and (3) -1 ± 0.5 m (1000 AD) (Desruelles et al., 

2009). The average tectonic subsidence rate has been reported as 1.0± 0.4 mm/yr since 5500 yr BP in 

the Central Cyclades (Karkani et al., 2019). At Naxos, the subsidence rate has been 0.8–0.9 mm/yr for 

about the last 3000 yr (Evelpidou et al., 2014).  

Samos Island, located northeast of the Cyclades, is rising (Evelpidou et al., 2019, 2021; Stiros 

et al., 2000, 2011). On the northwest coast of Samos Island, a notch at +2.3 m asl was dated to 3600-

3900 yr BP (Stiros et al.,2000). In addition, a raised dendropoma reef was dated to 950-1150 AD on the 

Ikaria Island coast ~1 m asl (Stiros et al., 2011). An uplift trend of ~0.8 ± 0.2 mm/yr since 5700 yr BP 

was reported in the southeast of Samos (Evelpidou et al., 2019). In addition, Evelpido et al. (2021) 

reported an uplift ranging from 8 ± 5 cm to 23 ± 5 cm due to the Mw=7 earthquake that occurred on 

October 30, 2020 in their study on Samos Island. Although observed under the current sea level in 2015, 

some notches and benches on the island were now visible above the present sea level due to this uplift.  

Rhodes, Crete and Antikythera, located south of the Cyclades, are other islands rising in the 

Aegean Sea (Lambeck, 1995). In Rhodes, uplift rates were found to vary between 0.7 and 1.9 mm/yr, 

resulting from the regional tectonic regime (Lambeck, 1995). Triantafyllou et al. (2022) reported this 

rate as ~1 mm/yr for the last 6 ka. In Crete, on the other hand, the uplift rate decreases towards the east 

of the island but increases up to ~5 mm/yr in the southwest (Lambeck, 1995). Previous studies report 

that the shorelines in Crete, up to +9 m, synchronously with a devastating earthquake in AD365 (e.g., 

Pirazzoli et al., 1996; Shaw, 2008; Stiros, 2011). On the contrary, Ott et al. (2021) attributed this increase 

to more than one event. Shaw et al. (2008) suggest a long-term average uplift rate of 2 mm/yr, consistent 

with uplift occurring in AD 365-type events that repeat every 4500 yr in western Crete (Shaw et al., 

2008). Antikythera Island, located northwest of Crete, revealed an uplift rate of 1.9 mm/yr (Lambeck, 

1995).  

Previous studies on the Aegean Sea coast revealed different uplift and subsidence speeds 

depending on Holocene tectonic activity. While Samos, Rhodes, Crete, and Antikythera tend to uplift, 

the Cyclades islands coasts subside. The uplifted areas on the Aegean coast of Turkey are Miletus 

(Muğla) (Pavlopoulos et al., 2012), Ilıca (İzmir), Kazıkbağlar (İzmir), Ephesus (İzmir), and Mavişehir 

(Aydın) (Lambeck, 1995) to the north of the Bodrum Peninsula. While this rate is 0.5-0.6 mm/yr at 

Miletus, Ilıca, Kazıkbağlar and Mavişehir, in Ephesus, it increases up to 2.7 mm/yr (Pavlopoulos et al., 

2012). The subsided areas on the Aegean coast of Turkey are Datça Peninsula (Anzidei et al., 2011; 

Özsayın et al., 2021) and Gemile Island in Fethiye. In the coastal part where the ancient city of Knidos 

is situated to the west of Datça Peninsula, immediately south of the Bodrum Peninsula, a subsidence 

rate of 0.73 mm/yr is reported (Anzidei et al., 2011), the eastern part, including the town of Datça, these 

rates were found to vary between 0.36 and 1.15 mm/yr (Özsayın, 2021). Furthermore, the coast of 
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Gemile Island in Fethiye (Muğla), located southeast of the Bodrum Peninsula, is among the areas 

subsiding at a rate of ~1.5 mm/yr (Anzidei et al., 2011; Lambeck, 1995). 

It is difficult to make a general assessment with limited data. More studies are needed on the 

Aegean costs of Anatolia, where tectonic movements are intense, to understand the extent and impact 

of past tectonic movements and to interpret their relationship with the surrounding areas. 

 
Figure 9. Uplift rates (mm/yr) on the Aegean Sea coasts. 

5.2. Interpretation of Field and Age Data 

There are two main reasons for the limited number of indicators with low error margins in the 

study area. Firstly, field observations are restricted due to the occupation and destruction of Bodrum 

Peninsula’s coastal belt or the obstruction of transport facilities by hotels and summer residences. 

Secondly, the lithological differences between the east and west of the peninsula play an important role. 

The raised sea-level markers are not preserved on Miocene volcanics and sandstones, the most extensive 

rocks on the Bodrum Peninsula’s coast, particularly in the west. The sea level markers, especially beach 

deposits, might have been eroded after the coastal uplift. On the other hand, the notches and other 

indicators formed on the limestone rocks were better preserved.  
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As a result, only four samples suitable for dating were found in the study area (Locations 5 and 

6). Unfortunately, not all age data of these samples could be evaluated in our study. In Location 5, the 

mollusk sample (B01) taken from the beach deposit at +1.3 m asl was dated to 2678 ± 79.5 yr BP. 

However, we could not calculate the uplift rate because we could not determine the paleo-sea level 

forming this beach. The terrestrial mollusk sample (B02) taken from +1.8 m asl was dated to 836 ± 74 

yr BP and was considered an outlier and hence was not used. In Location 6, a gastropod sample taken 

from a gravelly berm deposit, located approximately at the same level as the +0.5 m notch, was dated 

36.5 yr ago, indicating that the berm deposit is recent. Fossil mollusks taken from the uplifted beach 

deposit, assumed to be associated with the tidal notch at +1.2 m asl, were dated to 2241 ± 88 yr BP. 

Therefore, we report only two reliable 14C results from our study area. However, only one could be 

associated with an uplifted shoreline indicator.  

Abrasion platforms and tidal notches observed above the present sea level result from tectonics 

(Antonioli et al., 2006a-b; Anzidei et al., 2014; Ferranti et al., 2007; Gordillo, 1992; Lambeck et al., 

2004; Liew et al., 1993; Morhange et al., 2006; Pirazzoli et al., 1994; Stiros et al., 2000; Surić et al., 

2014). These markers were not observed at the same level everywhere in this study, probably because 

tectonics do not have the same magnitude and was not simultaneous throughout the Bodrum Peninsula. 

The current positions of the sea-level markers in these locations on the footwall blocks of the normal 

faults on the Bodrum coast and Gökova Bay are related to past earthquakes with a magnitude greater 

than six on these faults (Yıldırım et al., 2022). 

In addition, the age and uplift of Location 6 may be associated with the Ören Fault. The fact that 

this location is on the footwall block of the Ören Fault indicates that these uplifted sea-level markers are 

coseismic uplifts due to this fault (Figure 3B). Another inference can be drawn from this location based 

on the presence of lithophaga hole bands. Generally, the upper boundary of the lithophaga hole bands is 

concentrated 2 m below sea level and has an error margin of +2 m as a sea-level indicator (Ferranti et 

al. 2006). Therefore, the lithophaga hole band, the upper level observed at +2.2 m asl, may point to a 

shoreline raised to +4.2 m in this location. 

5.3. Uplift Rate and Previous Regional Data 

Calculating the uplift rate in the region is challenging due to the majority of relative sea level 

indicators found in the study area being developed on volcanic rocks and dating those developed on 

carbonate rocks is difficult. By calculating the uplift rate using the +1.2 m notch at location 6 and the 

2241± 88 yr BP aged deposit at that level, the resulting rate is 0.53 mm/yr.  

Important conclusions have been reached in a recent study by Yıldırım et al. (2022) that includes the 

Bodrum Peninsula and the Holocene sea-level markers uplifted by the last earthquake. Yıldırım et al. 

(2022) conducted field observations at 11 locations on the coasts of Gökova Bay, where detected several 

sea-level indicators above and below the present sea level (Figure 10). While some of these indicators 

are related to the July 21, 2017, Bodrum/Kos earthquake (coseismic), this study also reported Holocene 

tectonic activity in Datça, Karaada, and east of Ören. As geomorphological markers of the relative sea 

level change, they detected a series of notches at +0.2, +0.5, +0.8, +1.1, and +1.5 m asl east of Ören on 

the northern coasts of Gökova Bay. And also found paleo sea-level indicators at +0.6 and +1.2 m asl on 
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Karaada, south of Bodrum. On the southern coast of Gökova Bay, submerged shorelines -1, -3, and -4 

m below present sea level and well-preserved tidal notches up to +1.2 m were encountered. This study 

state that these uplifted sea-level markers to be associated with earthquakes of magnitude greater than 

six during the last 3-4 ka BP and those below sea level as ancient sea-level markers. And also found a 

well-preserved wave-cut marine terrace at 238.3±1.9 m asl in Datça and considered Pleistocene in age. 

Evidence of coseismic uplift varies between +0.1 m and +0.3 m asl in Bodrum town and on the coast of 

Karaada (Yıldırım et al., 2022). 

 
 Figure 10. Distribution of the coseismic and paleoseismic events along the coasts of Gökova Bay. Active faults based on Emre 

et al., (2018). The black star indicates the epicentre of the 21 July, 2017, Bodrum/Kos earthquake (Tiryakioğlu et al., 2018).  

Yıldırım et al. (2022) reported that the tectonic uplift rate significantly exceeded the eustatic 

rise in this region, indicating that Karaada was seismically uplifted due to the July 20, 2017, 

Bodrum/Kos earthquake. Also dated gastropods collected at +0.6 and +1.2 m asl of the beach deposit, a 

typical fan-delta on the northern coast of Karaada, to 1038 and 2802 yr BP, respectively. In addition, 

they dated the lithophaga samples at +0.56 m asl at Ören to 2314 ± 32 BP and calculated the uplift rate 

in this area as 0.24 mm/yr. This location is only ~14 km west of our Location 6. The uplift rate at Ören 

(0.24 mm/yr) is lower than what calculated at Gerindere (0.53 mm/yr). This can be explained by the 

different timing and magnitude of seismic events on the faults bordering the northern part of Gökova 
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Bay. Therefore, only two uplift rates can be mentioned in the region. These are 0.24 mm/yr east of Ören 

(Yıldırım et al., 2022) and 0.53 mm/yr at Gerindere beach.  

The notch at +1.2 m asl in Location 6, north of Gökova Bay, was dated to 2241± 88 yr BP. We 

calculated the 0,53 mm/yr uplift rate for the Gerindere. A lithophaga hole band with an upper limit of 

~+2.2 m asl above the +1.2 m notch at location 6 indicates that this notch does not represent the oldest 

sea level in the Holocene. On the other hand, considering the upper limit of the lithophaga hole band 

here and assuming that the uplift rate in the Gerindere has been the same during the last 6 ka, the probable 

today's position of the oldest Holocene sea-level can be estimated. The lithophaga hole band at +2.2 m 

asl, with a +2 m margin of error (Ferranti et al., 2006), should belong to a sea level at ~4.2 m. Moreover, 

we know that the global sea level was situated at −4 m before 6.7 ka (Lambeck, 1995; Lambeck et al., 

2014), and the oldest Holocene notch in the Mediterranean dated to 6 ka BP (Boulton and Steward, 

2015). Assuming that the vertical uplift rate on the Gerindere is 0,53 mm/yr during the last 6 ka with 

the method followed by Yıldırım et al. (2022), it can be concluded that the oldest tidal notch, which was 

formed between 6.7-6 ka BP, when the sea level was -4 m, should be ~4.5 m above the present sea level. 

6. Conclusion 

At six locations on the southern coast of Bodrum Peninsula in SW Türkiye, we report uplifted 

marine beach deposits, notches, and platforms developed during the Holocene. The uplifted sea-level 

markers are well preserved on the rocky limestone coasts but are scarce in volcano-sedimentary rocks, 

except for the abrasion platforms. A tidal notch at +0.5 m and an elevated beach deposit at +2 m asl 

were found in Gerenkuyu Inlet (Location 5). The mollusk samples taken from +1.3 m asl of this beach 

deposit are dated to 2678.5 ± 79.5 yr BP. On the eastern edge of the Gerindere fan-delta (Location 6), 

two notches were detected at +0.5 and +1.2 m asl and a lithophaga holes reaching +2.2 m asl. The beach 

deposit, which we think was formed simultaneously with the +1.2 m notch, was dated to 2241 ± 88 yr 

BP, and the uplift rate was calculated as 0.53 mm/yr. The limited data on the relative sea-level change 

and uplift rates in the Bodrum Peninsula and around Gökova Bay reveal that new studies are needed to 

understand the crustal deformation in the Holocene. 

Acknowledgment 

This study was supported by the Ankara University Scientific Research Projects Fund (Project 

Number: 18B0649001). This article was adapted from the master thesis "Bodrum ve Gökova arasında 

yükselmiş Holosen kıyı çizgileri/Holocene raised shorelines between Bodrum and Gökova”.  

We would like to thank Ali Koçyiğit for his contributions to the fieldwork and the project, 

Turhan Doğan, who calibrated the radiocarbon results, and Attila Çiner and Cengiz Yıldırım for their 

constructive comments on the first version of this manuscript. 

 

 

 

 



Holocene Relative Sea-Level Changes Along the Southern Coast of Bodrum Peninsula, SW Anatolia 

 

498 

References 

Alcik, H. (2018). Investigation of local site responses at the Bodrum Peninsula (Southwest of Turkey) using the mainshock and 

aftershocks of the 20 July 2017 Mw6.6 Bodrum-Kos earthquake. Annals of Geophysics. 61(3). doi: 10.4401/ag-7637 

Antonioli, F., Ferranti, L., Kershaw, S. (2006a). A glacial isostatic adjustment origin for double MIS 5.5 and Holocene marine 

notches in the coastline of Italy. Quaternary International, 145, 19-29. doi: 10.1016/j.quaint.2005.07.004 

Antonioli, F., Ferranti, L., Lambeck, K., Kershaw, S., Verrubbi, V., Dai Pra, G. (2006b). Late Pleistocene to Holocene record 

of changing uplift rates in southern Calabria and northeastern Sicily (southern Italy, Central Mediterranean 

Sea). Tectonophysics, 422(1-4), 23-40. doi: 10.1016/j.tecto.2006.05.003 

Anzidei, M., Antonioli, F., Benini, A., Lambeck, K., Sivan, D., Serpelloni, E., Stocchi, P. (2011). Sea level change and vertical 

land movements since the last two millennia along the coasts of southwestern Turkey and Israel. Quaternary 

International, 232(1-2), 13-20. doi: 10.1016/j.quaint.2010.05.005 

Anzidei, M., Lambeck, K., Antonioli, F., Furlani, S., Mastronuzzi, G., Serpelloni, E., Vannucci, G. (2014). Coastal structure, 

sea-level changes and vertical motion of the land in the Mediterranean. Geological Society, London, Special 

Publications, 388(1), 453-479. doi: 10.1144/SP388.20 

Avcıoğlu, M., Yiğitbaş, E., Erginal, A. E. (2016). Beachrock formation on the coast of Gökçeada Island and its relation to the 

active tectonics of the region, northern Aegean Sea, Turkey. Quaternary International, 401, 141-152. doi: 

10.1016/j.quaint.2015.10.108 

Boulton, S. J., Stewart, I. S. (2015). Holocene coastal notches in the Mediterranean region: Indicators of palaeoseismic 

clustering?. Geomorphology, 237, 29-37. doi: 10.1016/j.geomorph.2013.11.012 

Bozkurt, E. (2001). Neotectonics of Turkey–a synthesis. Geodinamica acta, 14(1-3), 3-30. doi: 10.1016/S0985-

3111(01)01066-X 

Cerrone, C., Vacchi, M., Fontana, A., Rovere, A. (2021). Last Interglacial sea-level proxies in the Western 

Mediterranean. Earth System Science Data, 13(9), 4485-4527. doi: 10.5194/essd-13-4485-2021 

Ciner, A., Desruelles, S., Fouache, E., Koşun, E., Dalongeville, R. (2009). Beachrock formations on the Mediterranean Coast 

of Turkey: Implications for Holocene sea level changes and tectonics. Türkiye Jeoloji Bülteni-Geological Bulletin of 

Turkey, 52(3), 257-196. Retrieved from  

https://www.researchgate.net/publication/260419915_Beachrock_formations_on_the_Mediterranean_Coast_of_Turk

ey_Implications_for_Holocene_sea_level_changes_and_tectonics 

Desruelles, S., Fouache, É., Ciner, A., Dalongeville, R., Pavlopoulos, K., Kosun, E., Coquinot, Y., Potdevin, J. L. (2009). 

Beachrocks and sea level changes since Middle Holocene: comparison between the insular group of Mykonos–Delos–

Rhenia (Cyclades, Greece) and the southern coast of Turkey. Global and Planetary Change, 66(1-2), 19-33. doi: 

10.1016/j.gloplacha.2008.07.009 

Dimova, L., & Raykova, R. (2018). Numerical simulations of the earthquake-induced tsunami of July 20, 2017 (Mw= 6.6) in 

Bodrum–Kos, Aegean Sea. Review of the Bulgarian Geological Society, 79(1), 5-12. Retrieved from 

https://www.researchgate.net/publication/325467169_Numerical_simulations_of_the_earthquake-

induced_tsunami_of_July_20_2017_Mw66_in_Bodrum-Kos_Aegean_Sea 

Doğan, U., Koçyiğit, A., Varol, B., Özer, I., Molodkov, A., Zöhra, E. (2012). MIS 5a and MIS 3 relatively high sea-level stands 

on the Hatay–Samandağ Coast, Eastern Mediterranean, Turkey. Quaternary International, 262, 65-79. doi: 

10.1016/j.quaint.2011.12.020 

Doğan, U., Özer, İ. (2011). Türkiye’nin Hatay kıyılarında Geç Pleistosen rölatif deniz seviyesi değişimleri. TUBİTAK Projesi, 

Proje No: 107Y191. 

Emre, Ö., Duman, T. Y., Özalp, S., Şaroğlu, F., Olgun, Ş., Elmacı, H., Çan, T. (2018). Active fault database of Turkey. Bulletin 

of Earthquake Engineering, 16(8), 3229-3275. doi: 10.1007/s10518-016-0041-2 

Emre, Ö., Duman, T.Y., Özalp, S., Elmacı, H., Olgun, Ş. ve Şaroğlu, F. (2013). Açıklamalı Türkiye Diri Fay Haritası. Ölçek 

1:1.250.000, Maden Tetkik ve Arama Genel Müdürlüğü, Özel Yayın Serisi-30, Ankara-Türkiye. ISBN: 978-605-5310-

56-1 

Ercan T, Türkecan A, Günay E. (1982). Bodrum yarımadasının jeolojisi. Maden Tetkik Arama Enst. Dergisi. 97/98, 21-32. 

Retrieved from https://dergi.mta.gov.tr/dosyalar/images/mtadergi/makaleler/tr/20150724102125_534_2275ffe9 

Erol, O. (1963). Asi Nehri Deltasının Jeomorfolojisi ve Dördüncü Zaman Deniz-Akarsu Şekilleri. Ankara Üniversitesi, D.T.C.F 

Yay-148 

Evelpidou, N., Karkani, A., Kampolis, I. (2021). Relative sea level changes and morphotectonic implications triggered by the 

https://doi.org/10.1016/j.quaint.2005.07.004
https://doi.org/10.1016/j.tecto.2006.05.003
https://doi.org/10.1016/j.quaint.2010.05.005
https://doi.org/10.1144/SP388.20
https://doi.org/10.1016/j.quaint.2015.10.108
https://doi.org/10.1016/j.geomorph.2013.11.012
https://doi.org/10.1016/S0985-3111(01)01066-X
https://doi.org/10.1016/S0985-3111(01)01066-X
https://www.researchgate.net/publication/260419915_Beachrock_formations_on_the_Mediterranean_Coast_of_Turkey_Implications_for_Holocene_sea_level_changes_and_tectonics
https://www.researchgate.net/publication/260419915_Beachrock_formations_on_the_Mediterranean_Coast_of_Turkey_Implications_for_Holocene_sea_level_changes_and_tectonics
https://doi.org/10.1016/j.gloplacha.2008.07.009
https://doi.org/10.1016/j.quaint.2011.12.020
AdG
Texte surligné 

AdG
Texte surligné 

AdG
Texte surligné 



Rahime Zobu and Uğur Doğan 

 

499 

Samos earthquake of 30th October 2020. Journal of Marine Science and Engineering, 9(1), 40. doi: 

10.3390/jmse9010040 

Evelpidou, N., Melini, D., Pirazzoli, P. A., Vassilopoulos, A. (2014). Evidence of repeated late Holocene rapid subsidence in 

the SE Cyclades (Greece) deduced from submerged notches. International Journal of Earth Sciences, 103, 381-395. 

doi: 10.1007/s00531-013-0942-0 

Evelpidou, N., Pavlopoulos, K., Vouvalidis, K., Syrides, G., Triantaphyllou, M., Karkani, A., Paraschou, T. (2019). Holocene 

palaeogeographical reconstruction and relative sea-level changes in the southeastern part of the island of Samos 

(Greece). Comptes Rendus Geoscience, 351(6), 451-460. doi: 10.1016/j.crte.2019.09.001 

Evelpidou, N., Pirazzoli, P.A. (2015). Sea-level indicators, In: Finkl, C.W., Makowski, C. (ed). Environmental Management 

and Governance: Advances in Coastal and Marine Resources, Coastal Research Library 8. Springer, 293-306. 

Ferranti, L., Antonioli, F., Mauz, B., Amorosi, A., Dai Pra, G., Mastronuzzi, G., Monaco, C., Orru, P., Pappalardo, M., Radtke, 

U., Renda, P., Romano, P., Sanso, P., Verrubbi, V. (2006). Markers of the last interglacial sea-level high stand along 

the coast of Italy: tectonic implications. Quaternary international, 145, 30-54. doi: 10.1016/j.quaint.2005.07.009 

Ferranti, L., Monaco, C., Antonioli, F., Maschio, L., Kershaw, S., Verrubbi, V. (2007). The contribution of regional uplift and 

coseismic slip to the vertical crustal motion in the Messina Straits, southern Italy: Evidence from raised Late Holocene 

shorelines. Journal of Geophysical Research: Solid Earth, 112(B6). doi: 10.1029/2006JB004473 

Gordillo, S., Bujalesky, G. G., Pirazzoli, P. A., Rabassa, J. O., Saliège, J. F. (1992). Holocene raised beaches along the northern 

coast of the Beagle Channel, Tierra del Fuego, Argentina. Palaeogeography, Palaeoclimatology, Palaeoecology, 99(1-

2), 41-54. Doi: 10.1016/0031-0182(92)90006-Q 

Gürer, Ö. F., Yılmaz, Y. (2002). Geology of the Ören and surrounding areas, SW Anatolia. Turkish Journal of Earth 

Sciences, 11(1), 1-13. Retrieved from https://journals.tubitak.gov.tr/earth/vol11/iss1/1. 

Hançer, M., Tekin, F. (2017). Akyaka (Muğla) ve yakın dolayındaki fayların depremsellik bakımından incelenmesi. Soma 

Meslek Yüksekokulu Teknik Bilimler Dergisi, 2(24), 50-62. Retrieved from 

https://dergipark.org.tr/en/pub/somatbd/issue/33634/372931 

Kadirioğlu, F. T., Kartal, R. F., Demirtaş, R. (2017). 21 Temmuz 2017 Gökova Körfezi Depremi (Bodrum açıkları), Mw= 6.5. 

Aktif Tektonik Araştırma Grubu 21. Çalıştayı Bildiri Özleri Kitabı. 

Kalafat, D. (2017). Son yıllarda Batı Anadolu’da ve Ege kıyılarımız boyunca meydana gelen deprem etkinliklerine toplu bir 

bakış: Kuzey Ege (2013-2014); Ayvacık-Çanakkale (2017); Karaburun-Midilli Açıkları (2017); Gökova Körfezi 

(2017). Aktif Tektonik Araştırma Grubu 21. Çalıştayı Bildiri Özleri Kitabı. 

Karkani, A., Evelpidou, N., Giaime, M., Marriner, N., Morhange, C., Spada, G. (2019). Late Holocene sea-level evolution of 

Paros island (Cyclades, Greece). Quaternary International, 500, 139-146. doi: 10.1016/j.quaint.2019.02.027 

Karymbalis, E., Tsanakas, K., Tsodoulos, I., Gaki-Papanastassiou, K., Papanastassiou, D., Batzakis, D. V., Stamoulis, K. 

(2022). Late quaternary marine terraces and tectonic uplift rates of the broader neapolis area (SE peloponnese, 

Greece). Journal of Marine Science and Engineering, 10(1), 99. doi: 10.3390/jmse10010099 

Kelletat, D., Kayan, İ. (1983). Alanya batısındaki kıyılarda ilk C14 tarihlendirmelerinin ışığında Geç Holosen tektonik 

hareketleri. Türkiye Jeoloji Kurumu Bülteni 26, 83-87. Retrieved from 

https://www.researchgate.net/publication/283357513_Alanya_batisindaki_kiyilarda_ilk_C14_tarihlendirmelerinin_isi

ginda_Gec_Holosen_tektonik_hareketleri_First_C14_datings_and_Late_Holocene_tectonic_events_on_the_Mediterr

anean_coastline_West_of_Alanya_So 

Kızıldağ, N. (2019). Late Holocene sea level change along the coast of Fethiye Gulf in southwestern 

Turkey. Geoarchaeology, 34, 295– 310. doi: 10.1002/gea.21717 

Koçyiğit, A., (2017). The conference lecture on seismicity of Bodrum Peninsula and its source: Bodrum Governor’s Office, 

4th November 2017, Bodrum-Muğla.  

Koçyiğit, A., Doğan, U., (2017). 21 Temmuz 2017 Mw =6.6 Karaada (Muğla)-Kos Adası depremi tarafından tetiklenmiş yeni 

aktif faylar, GB Türkiye. Aktif Tektonik Araştırma Grubu 21. Çalıştayı Bildiri Özleri Kitabı. 

Kolaiti, E., Mourtzas, N. D. (2016). Upper Holocene sea level changes in the west Saronic Gulf, Greece. Quaternary 

International, 401, 71-90. doi: 10.1016/j.quaint.2015.06.024 

Lambeck, K. (1995). Late Pleistocene and Holocene sea-level change in Greece and south-western Turkey: a separation of 

eustatic, isostatic and tectonic contributions. Geophysical Journal International, 122(3), 1022-1044. doi: 

10.1111/j.1365-246X.1995.tb06853.x 

Lambeck, K., Antonioli, F., Purcell, A., Silenzi, S. (2004). Sea-level change along the Italian coast for the past 10,000 

https://doi.org/10.3390/jmse9010040
https://doi.org/10.1016/j.crte.2019.09.001
https://doi.org/10.1016/j.quaint.2005.07.009
https://doi.org/10.1029/2006JB004473
https://doi.org/10.1016/0031-0182(92)90006-Q
https://doi.org/10.1016/j.quaint.2019.02.027
https://doi.org/10.3390/jmse10010099
https://doi.org/10.1002/gea.21717
https://doi.org/10.1016/j.quaint.2015.06.024
https://doi.org/10.1111/j.1365-246X.1995.tb06853.x
AdG
Texte surligné 

AdG
Texte surligné 

AdG
Texte surligné 



Holocene Relative Sea-Level Changes Along the Southern Coast of Bodrum Peninsula, SW Anatolia 

 

500 

yr. Quaternary Science Reviews, 23(14-15), 1567-1598. doi: 10.1016/j.quascirev.2004.02.009 

Lambeck, K., Purcell, A. (2005). Sea-level change in the Mediterranean Sea since the LGM: model predictions for tectonically 

stable areas. Quaternary Science Reviews, 24(18-19), 1969-1988. doi: 10.1016/j.quascirev.2004.06.025 

Liberatore, M., Gliozzi, E., Cipollari, P., Öğretmen, N., Spada, G., Cosentino, D. (2022). Vertical velocity fields along the 

Eastern Mediterranean coast as revealed by late Holocene sea-level markers. Earth-Science Reviews. doi: 

10.1016/j.earscirev.2022.104199 

Liew, P. M., Pirazzoli, P. A., Hsieh, M. L., Arnold, M., Barusseau, J. P., Fontugne, M., Giresse, A. P. (1993). Holocene tectonic 

uplift deduced from elevated shorelines, eastern Coastal Range of Taiwan. Tectonophysics, 222(1), 55-68. doi: 

10.1016/0040-1951(93)90189-Q 

Mourtzas, N., Kolaiti, E., Anzidei, M. (2016). Vertical land movements and sea level changes along the coast of Crete (Greece) 

since Late Holocene. Quaternary International, 401, 43-70. doi: 10.1016/j.quaint.2015.08.008 

Morhange, C., Pirazzoli, P. A., Marriner, N., Montaggioni, L. F., Nammour, T. (2006). Late Holocene relative sea-level changes 

in Lebanon, Eastern Mediterranean. Marine Geology, 230(1-2), 99-114. doi: 10.1016/j.margeo.2006.04.003 

Ocakoğlu, N., Nomikou, P., İşcan, Y., Loreto, M. F., Lampridou, D. (2018). Evidence of extensional and strike-slip deformation 

in the offshore Gökova-Kos area affected by the July 2017 Mw6. 6 Bodrum-Kos earthquake, eastern Aegean Sea. Geo-

Marine Letters, 38, 211-225. doi: 10.1007/s00367-017-0532-4 

Ott, R. F., Wegmann, K. W., Gallen, S. F., Pazzaglia, F. J., Brandon, M. T., Ueda, K., Fassoulas, C. (2021). Reassessing Eastern 

Mediterranean tectonics and earthquake hazard from the 365 CE earthquake. AGU Advances, 2(2), doi: 

10.1029/2020AV000315 

Özdaş, H., Kızıldağ, N. (2013). Archaeological and geophysical investigation of submerged coastal structures in Kekova, 

southern coast of Turkey. Geoarchaeology, 28(5), 504-516. 10.1002/gea.21452 

Özsayın, E., Üner, S., Kahraman, B. (2021). Late Quaternary subsidence records from the Datça graben and Cnidus ancient 

city (SW Turkey): sea-level changes versus tectonics. Geologica acta: an international earth science journal, 19(6), 

1-14. doi: 10.1344/GeologicaActa2021.19.6 

Öztürk, S., Şahin, Ş. (2019). A statistical space-time-magnitude analysis on the aftershocks occurrence of the July 21th, 2017 

MW= 6.5 Bodrum-Kos, Turkey, earthquake. Journal of Asian Earth Sciences, 172, 443-457. doi: 

10.1016/j.jseaes.2018.10.008 

Pavlopoulos, K., Kapsimalis, V., Theodorakopoulou, K., Panagiotopoulos, I. P. (2012). Vertical displacement trends in the 

Aegean coastal zone (NE Mediterranean) during the Holocene assessed by geo-archaeological data. The 

Holocene, 22(6), 717-728. doi: 10.1177/0959683611423683 

Pirazzoli, P. A., Laborel, J., Saliège, J. F., Erol, O., Kayan, I., Person, A. (1991). Holocene raised shorelines on the Hatay coasts 

(Turkey): palaeoecological and tectonic implications. Marine Geology, 96(3-4), 295-311. doi: 10.1016/0025-

3227(91)90153-U 

Pirazzoli, P. A., Laborel, J., Stiros, S. C. (1996). Earthquake clustering in the Eastern Mediterranean during historical 

times. Journal of Geophysical Research: Solid Earth, 101(B3), 6083-6097. doi: 10.1029/95JB00914 

Pirazzoli, P. A., Stiros, S. C., Laborel, J., Laborel-Deguen, F., Arnold, M., Papageorgiou, S., Morhangel, C. (1994). Late-

Holocene shoreline changes related to palaeoseismic events in the Ionian Islands, Greece. The Holocene, 4(4), 397-

405. doi: 10.1177/095968369400400407 

Pirazzoli, P.A. (2007). Sea level studies/geomorphological indicators. In: Elias, S.A. (ed). Encyclopedia of Quaternary Science. 

Elsevier Ltd. Amsterdam, 2974-2983. 

Shaw, B., Ambraseys, N. N., England, P. C., Floyd, M. A., Gorman, G. J., Higham, T. F. G., Jackson, J.A., Nocquet, J.M, Pain, 

C.C., Piggott, M. D. (2008). Eastern Mediterranean tectonics and tsunami hazard inferred from the AD 365 

earthquake. Nature Geoscience, 1(4), 268-276. doi: 10.1038/ngeo151 

Siani, G., Paterne, M., Arnold, M., Bard, E., Métivier, B., Tisnerat, N., Bassinot, F. (2000). Radiocarbon reservoir ages in the 

Mediterranean Sea and Black Sea. Radiocarbon, 42(2), 271-280. doi:10.1017/S0033822200059075 

Sözbilir, H., Uzel, B., Sümer, Ö., Eski, S., Softa, M., Tepe, Ç. (2017). 21 Temmuz 2017 Gökova Körfezi Depremleri ve Bölgenin 

Depremselliği Raporu. Dokuz Eylül Üniversitesi Deprem Araştırma ve Uygulama Merkezi Diri Fay Araştırma Grubu. 

Stiros, S. C. (2022). Earthquakes, tsunamis, dried harbours and seismic coastal uplift: evidence from the Eastern 

Mediterranean. Mediterranean Geoscience Reviews, 4(3), 319-328. doi: 10.1007/s42990-022-00079-8 

Stiros, S. C., Laborel, J., Laborel-Deguen, F., Morhange, C. (2011). Quaternary and Holocene coastal uplift in Ikaria island, 

Aegean Sea. Geodinamica Acta, 24(3-4), 123-131. doi: 10.3166/ga.24.123-131 

https://doi.org/10.1016/j.quascirev.2004.02.009
https://doi.org/10.1016/j.quascirev.2004.06.025
https://doi.org/10.1016/j.earscirev.2022.104199
https://doi.org/10.1016/0040-1951(93)90189-Q
https://doi.org/10.1016/0040-1951(93)90189-Q
https://doi.org/10.1016/j.quaint.2015.08.008
https://doi.org/10.1016/j.margeo.2006.04.003
https://doi.org/10.1029/2020AV000315
https://doi.org/10.1002/gea.21452
https://doi.org/10.1016/j.jseaes.2018.10.008
https://doi.org/10.1016/j.jseaes.2018.10.008
https://doi.org/10.1177/0959683611423683
https://doi.org/10.1016/0025-3227(91)90153-U
https://doi.org/10.1016/0025-3227(91)90153-U
https://doi.org/10.1029/95JB00914
https://doi.org/10.1177/095968369400400407
https://doi.org/10.3166/ga.24.123-131
AdG
Texte surligné 



Rahime Zobu and Uğur Doğan 

 

501 

Stiros, S. C., Laborel, J., Laborel-Deguen, F., Papageorgiou, S., Evin, J., Pirazzoli, P. A. (2000). Seismic coastal uplift in a 

region of subsidence: Holocene raised shorelines of Samos Island, Aegean Sea, Greece. Marine Geology, 170(1-2), 41-

58. doi: 10.1016/S0025-3227(00)00064-5 

Sakellariou, D., Tsampouraki-Kraounaki, K. (2019). Plio-Quaternary extension and strike-slip tectonics in the Aegean. 

In: Transform Plate Boundaries And Fracture Zones, 339-374. Elsevier. doi: 10.1016/B978-0-12-812064-4.00014-1 

Şenel, M. (Ed.) (2002). Türkiye Jeoloji Haritası (Geological Map of Turkey), Scale 1: 500,000, 19 Sheets, Maden Tetk. ve 

Arama Genel Müdürlügü, Ankara. 

Şengör, A.M.C., Yazıcı, M. (2020). The aetiology of the neotectonic evolution of Turkey. Med. Geosc. Rev. 2, 327–339. doi: 

10.1007/s42990-020-00039 

Surić, M., Korbar, T., Juračić, M. (2014). Tectonic constraints on the late Pleistocene-Holocene relative sea-level change along 

the north-eastern Adriatic coast (Croatia). Geomorphology, 220, 93-103. doi: 10.1016/j.geomorph.2014.06.001 

Tiryakioğlu, İ., Aktuğ, B., Yiğit, C. Ö., Yavaşoğlu, H. H., Sözbilir, H., Özkaymak, Ç., Poyraz, F., Taneli, E., Bulut, F., Doğru, 

A., Özener, H. (2018). Slip distribution and source parameters of the 20 July 2017 Bodrum-Kos earthquake (Mw6. 6) 

from GPS observations. Geodinamica acta, 30(1), 1-14. doi: 10.1080/09853111.2017.1408264 

Triantafyllou, I., Papadopoulos, G. A. (2022). Historical co-seismic uplift rates in the eastern Hellenic Subduction Zone: the 

case of Rhodes Island. Zeitschrift für Geomorphologie, 201-217. doi: 10.1127/zfg/2021/0669 

Tur, H., Yaltırak, C., Elitez, İ., Sarıkavak, K. T. (2015). Pliocene–Quaternary tectonic evolution of the Gulf of Gökova, 

southwest Turkey. Tectonophysics, 638, 158-176. doi: 10.1016/j.tecto.2014.11.008 

Utku, M. (2017). Yırtılma alanının yayılma hızı: 6-7 Şubat 2017 Çanakkale ve 21 Temmuz 2017 Gökova deprem kaynakları. 

Aktif Tektonik Araştırma Grubu 21. Çalıştayı Bildiri Özleri Kitabı. 

Yalçıner, A.C., Annunziato, A., Papadopoulos, G., Doğan, G.G., Güler, H.G., Çakır, T.E., Sözdinler, C.Ö., Ulutaş, E., Arikawa, 

T., Süzen, L., Kanoğlu, U., Güler, I., Probst, P., Synolakis, C. (2017). 20 Temmuz 2017 (22:31 Utc) Bodrum/Kos 

Depremi ve Tsunamisi; Tsunami Sonrası Yapılan Gözlem ve Araştırma Raporu. 

Yıldırım, C., Aksoy, M. E., Özcan, O., İşiler, M., Özbey, V., Çiner, A., Salvatore, A., Sarıkaya, M.A., Doğan, T., İlkmen, E., 

Schneiderwind, S. (2022). Coseismic (20 July 2017 Bodrum-Kos) and paleoseismic markers of coastal deformations 

in the Gulf of Gökova, Aegean Sea, SW Turkey. Tectonophysics, 822, 229141. doi: 10.1016/j.tecto.2021.229141 

Yıldırım, C., Aksoy, M.E., Sarıkaya, M.A., Çiner, T.A. (2017). 21 Temmuz 2017 depremi sonrası Bodrum ve Karaada’da 

gözlenen kıyı deformasyonlarına ait arazi gözlemleri. Aktif Tektonik Araştırma Grubu 21. Çalıştayı Bildiri Özleri 

Kitabı. 

 

 

 

 

 

 

View publication stats

https://doi.org/10.1016/S0025-3227(00)00064-5
https://doi.org/10.1016/B978-0-12-812064-4.00014-1
https://doi.org/10.1007/s42990-020-00039
https://doi.org/10.1007/s42990-020-00039
https://doi.org/10.1016/j.geomorph.2014.06.001
https://doi.org/10.1080/09853111.2017.1408264
https://doi.org/10.1127/zfg/2021/0669
https://doi.org/10.1016/j.tecto.2014.11.008
https://doi.org/10.1016/j.tecto.2021.229141
https://www.researchgate.net/publication/374864014
AdG
Texte surligné 




