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ABSTRACT 

 

The Aegean-Anatolian region is one of the most dynamically complex and seismically 

active tectonic settings on Earth. The dynamic evolution of this region is dominated by the 

African plate subduction along the Hellenic and Cyprus trenches and collision between the 

Anatolian and Eurasian plates. The region is characterized by active volcanism, large-scale 

continental extension, uplift, slab rollback, slab break-off and slab-tear.  

Several seismic tomography studies suggest the presence of a low-velocity zone in the 

upper mantle beneath southwestern Anatolia. The low-velocity zone is interpreted as 

asthenospheric material rising up through a slab window (slab-tear) in the subducting African 

plate. The slab-tear and possible detachment of the subducting African lithosphere from the 

surface plates are attributed to the differential retreat rates between the Hellenic and Cyprus 

trenches. The hot asthenosphere might have induced thermal erosion on the crust beneath 

southwestern Anatolia.  

To determine the effects of the hot asthenospheric material on crustal structure, 2.5-D and 

3-D gravity models of the Aegean-Anatolian region (24°-33° E and 34°-40° N) have been 

developed. The gravity model is based on satellite-derived and terrestrial gravity data from the 

European Improved Gravity Model of the Earth (EIGEN-6C2). The EIGEN-6C2 model includes 

terrestrial and satellite gravity data from GRACE (Gravity Recovery and Climate Experiment) 

LAGEOS (Laser Geodynamics Satellites), and GOCE (Gravity field and steady-state Ocean
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Circulation Explorer) missions. The results of the gravity modeling, as constrained by 

geophysical data and models such as receiver function and seismic tomography, show that the 

crust above the low-velocity zone is relatively thin. The crustal thickness within the 

asthenospheric window area ranges from 24 to 29 km, and the thickness increases outside the 

asthenospheric window area (30 - 42 km). The observed crustal thinning might be attributed to 

thermal erosion induced by upwelling hot asthenosphere and extensional tectonics related to the 

Southwest retreating Hellenic trench and westward movement of the Anatolian micro plate. The 

magmatic centers and high geothermal gradients in the Menderes Massif Complex are indicative 

of an upwelling asthenosphere beneath southwestern Anatolia. Thus, asthenospheric flow may 

have played a role in the genesis of the crustal structure of southwestern Anatolia.
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1. INTRODUCTION 

 
 

          The Aegean-Anatolian region is one of the most dynamically complex tectonic settings on 

Earth (Figure 1). The tectonics of the region is mainly driven by African plate subduction along 

the Hellenic and Cyprus trenches, northward collision between the Arabian and Eurasian plates 

and the North and East Anatolian Fault Zones (NAFZ and EAFZ, respectively).  

The region is one of the best developed examples of continental extensional tectonics 

(Hetzel and Reischmann, 1996; Gautier et al., 1999; Lips et al., 2001; Catlos and Çemen, 2005; 

Çemen et al., 2006) and is characterized by active seismicity, volcanism, uplift, slab-rollback and 

slab-tear (Christova et al., 1993; Akyol et al., 2006; Zhu et al., 2006; Sayil & Osmanşahin 2008; 

Aydan & Kumsar 2014; Çemen et al., 2014). The origin and mechanism of extensional tectonics 

in the region still remains controversial.  

           The Hellenic and Cyprus subduction zones and southwestern Anatolia are the key 

elements in the active tectonics of the Eastern Mediterranean. There are regional velocity models 

for the Aegean based on body wave (Romanowicz, 1980; Spakman et al., 1993; Al-Lazki et al., 

2004) and surface wave velocities (Levshin et al., 1992, 1994; Marquering & Snieder 1996; 

Ritzwoller & Levshin 1998; Villasenor et al. 2001; Marone et al., 2003; Pasyanos 2005; 

Kustowski et al., 2008). 

The crust and upper mantle structure of Turkey has also been studied as a part of several 

seismic projects in the Mediterranean (Panza et al., 1980; Spakman et al., 1991, 1993; Koulakov 

et al., 2002; Piromallo & Morelli 1997, 2003; Meier et al., 2004; Erduran et al., 2008). The 
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detailed upper mantle structures beneath southwestern Anatolia are known from studies of body 

and surface wave tomography (Mindevalli and Mitchell, 1989; Tezel et al., 2007; Di Luccio et 

al., 2007; Erduran et al., 2009; Cambaz & Karabulut, 2010; Biryol et al., 2011; Bakırcı et al., 

2012; Salaün et al., 2012; Sayil et al., 2014; Delph et al., 2015; Kind et al., 2015). Seismic 

tomography studies suggest the presence of low- velocity material in the upper mantle beneath 

southwestern Anatolia between the Hellenic and Cyprus trenches (Figure 2; Biryol et al., 2011; 

Salaün et al., 2012). The low-velocity zone is interpreted as a slab-tear (asthenospheric window) 

in the subducting African plate (Spakman et al., 1993; Piromallo and Morelli 2003; Chang et al., 

2010; Biryol et al., 2011; Salaün et al., 2012). The slab-tear is attributed to the differential retreat 

rates between the Hellenic and Cyprus trenches (Altunkaynak and Dilek 2006; Jolivet et al., 

2013; Gessner et al., 2013; Çemen et al., 2014). 

The hot asthenospheric material may have caused thermal erosion and modified the 

overlaying crystalline basement and uppermost mantle structure beneath southwestern Anatolia. 

The observed crustal thinning in southwestern Anatolia may partly be caused by thermal erosion 

and extensional tectonics. Although a variety of geophysical and geological studies have been 

performed in adjacent areas of southwestern Anatolia, the detailed structure of the slab-tear 

(asthenospheric window) and its effect on the overlaying crust is still largely unknown. 
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Figure 1.Topographic map of the Aegean-Anatolian region. The white dashed lines show the 

locations of the 2.5-D gravity models. Black arrows indicate the directions of plate motions. Red 

triangles are for volcanoes. The yellow circles indicate earthquake hypocenters (events from 

1985 to 2015: http://udim.koeri.boun.edu.tr/zeqdb/indexeng.asp). Bathymetric data are from 

ETOPO-1 global relief model (Amante & Eakins, 2009). Abbreviations: KVF, Kula Volcanic 

Field; KAIVF, Kirka-Afyon-Isparta Volcanic Field; AM, Anaximander Mountains; ESM, 

Eratosthenes Sea Mount; HB, Herodotus Basin and; LB, Levantine Basin. 
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Figure 2. (Top) Seismic tomography of the eastern Mediterranean (Biryol et al., 2011). The low-

velocity zones are shown in yellow and red. The black arrow indicates upwelling hot 

asthenospheric material beneath southwestern Anatolia. (Bottom) Locations of the seismic 

tomography profiles. 

          In this study, the effect of the hot upwelling asthenospheric material on crustal structure in 

southwestern Anatolia has been assessed using satellite and terrestrial gravity data modelling. 

The gravity data is based on the European Improved Gravity Model of the Earth (EIGEN-6C2; 

Förste et al., 2012). The density model is constrained by all available geophysical (receiver 

function, seismic tomography) and geological information and reveals the detailed structure of 

the crust and the low-velocity zone in the upper mantle.
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2. GEOLOGICAL AND TECTONIC SETTING 

 

  The Aegean region is bounded to the north by stable continental Eurasia, to the south by 

the subducting African plate along Hellenic subduction zone (HSZ), to the east by the Anatolian 

plate and Cyprus Arc, and to the west by the Hellenides. The Aegean-Anatolian region is one of 

the most seismically active and rapidly deforming parts of the Alpine-Himalayan mountain belt 

formed by the convergence of the Eurasian, African and Arabian Plates. The convergence that 

came after the Cenozoic closure of the Tethys Ocean between the Eurasian and the northward-

moving African Plates is considered to be the main driving processes of the present tectonics in 

the Aegean-Anatolian region (Şengör and Kidd, 1979; Dewey and Şengör, 1979; Taymaz et al., 

1990; Jackson et al., 1992; Armijo et al., 1999; Taymaz et al., 2004; Faccenna et al., 2014; 

Schildgen et al., 2014) (Figure 3). The present-day kinematics of the Aegean is characterized by 

a counterclockwise rotation of the Aegean and Anatolian plates and internal extension of these 

plates (McKenzie, 1972, 1978; Le Pichon et al., 1995; Cocard et al., 1999; Kahle et al., 1999; 

McClusky et al., 2000). 

The Anatolian plate can be divided into three main provinces (Şengör et al., 1985): East 

Anatolian Contractional Province (EACP), where compressional tectonism is driven by collision 

between Eurasian and Arabian Plates along the Bitlis-Zagros Suture (BZS); Western Anatolian 

Extensional Province (WAEP), where extension is dominant due to westward motion of the
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Anatolian plate and slab roll back along the Aegean trench; and the Central Anatolian Province 

(CAP) (Figure 3). The region includes six major lithospheric blocks namely the Strandja, the 

Istanbul, the Sakarya, the Anatolide -Tauride Block, the Kirsehir Massif and the Arabian 

Platform (Şengör and Yilmaz, 1981; Şengör et al., 1982; Okay, 1989; Okay et al., 1994; Figure 

4). The study area (Figure 3) covers the Western Anatolia Extensional Province (WAEP) and the 

western half part of the Central Anatolia Province (CAP). This includes the Istanbul and Sakarya 

zones, the Kirsehir Massif, and the Anatolide-Tauride block (Figure 4). 

 

 

 

 

 . 

 

 

 

 

Figure 3: Tectonic map of Turkey and the Aegean region. Major tectonic features are the North 

Anatolian fault, East Anatolian fault and the Hellenic and Cyprus trenches (Modified after Barka 

et al., 1992; Rockwell et al., 2001). The black rectangle shows the study area for the 2.5-D and 3-

D gravity modeling (24
°
E-33

°
 E and 34

°
N-40

°
 N). Abbreviations: WAEP and CAP stand for 

Western Anatolia Extensional Province; and Central Anatolia Province, respectively. AM, 

Anaximander Mountains and, AB, Antalya Basin. 

 

AM AB 
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The Istanbul Zone (IZ) consists of a well-developed Ordovician to Carboniferous age 

sedimentary sequence. The IZ covers the top of a late Precambrian crystalline basement (Okay et 

al., 1999; Chen et al., 2002; Yiğitbaş et al., 2004; Ustaömer et al., 2005) and is bounded by the 

Intra-Pontide suture in the northern part of study area (Şengör & Yılmaz 1981). The Sakarya 

Zone (SZ) is bounded by İzmir-Ankara-Erzincan suture zone (IAESZ). The complex basement 

consists of metamorphic sequence of gneiss and Paleozoic granitoids (Delaloye and Bingöl 2000; 

Okay et al., 2002; 2006; Topuz et al., 2007) and underlies sedimentary sequence of lower 

Jurassic sandstones (Okay et al., 1999).  

The Kirsehir Block is consisting of late Cretaceous felsic intrusives and metamorphic 

rocks and is folded and multiplies deformed (Akiman et al., 1993; Okay and Tuysuz 1999; 

Whitney & Hamilton 2004). The Anatolide-Tauride Block (ATB) consists of marine sedimentary 

sequences on the surface resulting from the closure of the Neotethys Ocean in the Late 

Cretaceous (Okay and Tuysuz 1999). The ATB is bounded by the Inner-Tauride Suture zone and 

shares the same Paleozoic stratigraphy with the Arabian platform (Okay et al., 1999; Monod et 

al., 2003).  

2.1 The Western Anatolia Extended Terrane  

Western Anatolia, which is characterized by metamorphic complexes, has been 

undergoing N-S extension since Late Oligocene-Early Miocene due to the tectonic movements of 

the Anatolian plate. Western Anatolia is dominated by extensional deformation associated with 

the slab rollback of the subducting African lithosphere. The initiation and cause of the extension 

remains controversial. Cenozoic extensional tectonics in western Anatolia was initiated in the 
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Late Oligocene-Early Miocene in the Rhodope region (Seyitoğlu et al., 1992; Yilmaz et al., 

2000; Lips et al., 2001; Catlos and Çemen; 2005; Çemen et al., 2006; Jolivet and Brun, 2010).  

 

Figure 4: Major tectonic features and blocks in the Aegean and Anatolia: The Hellenic and 

Cyprus arcs, Anatolide-Tauride block, Kirsehir Massif, Sakarya zone, Istanbul zone and the 

Rhodope-Istranca Massif (modified after Yolsal-Cevikbilen et al., 2012).  

 

The proposed mechanisms of Cenozoic extension can be grouped as; a) post-collisional 

extension generated in response to crustal thickening after the collision between the Tauride –

Anatolide Platform and the Sakarya Continent (Seyitoğlu et al., 1992); b) westward escape or 

lateral extrusion of the Anatolian plate along the North and East Anatolian Fault Zones (Şengör 

and Yılmaz, 1981; Şengör et al., 1985; Çemen et al., 1999) due to collision of the Eurasian and 

Arabian plates along the Bitlis-Zagros suture zone (BZS); c) subduction roll-back and associated 

back-arc extension (Le Pichon and Angelier, 1981; Meulenkamp et al., 1988, 1994; Spakman et 

al., 1988; Jolivet and Brun, 2010; Jolivet et al., 2013); and d) a three-stage continuous simple 
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shear extensional model as a result of the mechanisms listed above (Çemen et al., 2006; Gessner 

et al., 2013).  

 2.2 The Cyprus Trench 

The Cyprus Arc is part of the convergent margin between the African and the Aegean-

Anatolian plates. The northwestern side of Cyprus is bounded by the Anaximander Sea 

Mountains, the Florence Rise and the Antalya basin (Figure 3). Subduction is active beneath the 

whole length of the Hellenic trench, whereas the Cyprian arc is undergoing subduction along its 

northwestern margin (Wdowinski et al., 2006). Strike-slip faults cause westward movement of 

Cyprus, similar to the westward escape of the Anatolian plate (Harrison et al., 2004; Elitok and 

Dolmaz, 2008). The western side of Cyprus experiences extensional tectonics (Pınar and Kalafat 

1999). The Pliny Transform Fault (Figure 1) is accommodating the differential motion between 

the Hellenic and Cyprus trenches (McClusky et al., 2003; Schattner et al., 2010).  

Cyprus is divided into four geological zones: (a) the Pentadaktylos (Kyrenia) Zone 

consists of massive rocks of Permian–Carboniferous to Lower Cretaceous age basement; (b) the 

Troodos Zone or Troodos Ophiolite formed during oceanic spreading and the formation of 

oceanic crust in the Upper Cretaceous; (c) the Mamonia Zone or Complex consists of a series of 

igneous, sedimentary and metamorphic rocks, ranging in age from Middle Triassic to Upper 

Cretaceous (230–75 Ma); and, (d) the autochthonous sedimentary rocks ranging in age from 

Upper Cretaceous through to Pleistocene (67 Ma to recent) and cover the area between the 

Pentadaktylos and Troodos Zones.  
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2.3 The Hellenic Trench 

The Hellenic subduction zone (HSZ) is part of the active convergent margin between the 

African and Eurasian plates in the Mediterranean region. The subduction zone plays a key role in 

the active tectonics of the eastern Mediterranean as well as in the Nubia-Arabia-Eurasia plate 

interaction (McKenzie et al., 1972; Le Pichon and Angelier, 1981; Jolivet and Faccenna, 2000). 

It is dominated by the north-northeasterly subduction of the African plate beneath the Aegean 

plate. The island of Crete occupies a prominent position in the fore-arc of the subduction near the 

strongly curved plate boundary. The volcanic arc north of Crete is bounded by the Cycladic 

islands including the active volcanic centers of Santorini and Milos. The western Hellenides are 

deforming by thrust, normal and wrench faulting and westwards movement of the Hellenic napes 

due to crustal shortening. This is expressed by high seismicity and intense tectonic deformations 

of the upper crust and sediments (Makris 1978; McKenzie 1978; LePichon & Angelier 1979; 

Papoulia & Makris 2010). The HSZ shows a Wadati –Benioff zone dipping at ∼30
◦
 and ∼45

◦
 and 

extending from 20 - 100 km and 100 - 150 km depths, respectively (Papazachos et al., 2000). 

The rate of convergence of the Hellenic system is ∼40 mm/yr. (McClusky et al., 2000). 

 

 

 

 

 

 



 

11 
 

3. PREVIOUS GEOPHYSICAL STUDIES 

 

      The Aegean-Anatolian region has been the subject of research for several years. The 

results of these studies have been used to constrain the gravity model for this study. In the 

subsequent sections, the previous geophysical studies in Anatolia, Crete and Cyprus are 

described.  

3.1 Gravity  

3.1.1 Anatolia 

   The crustal structure of Turkey was investigated by several researchers using gravity 

data modeling.  The crustal thickness in Turkey, as determined from gravity data modeling, 

ranges from 28 km in southwestern Anatolia to 50 km in eastern Turkey (Tirel et al., 2004; Bilim 

et al., 2007; Ates et al., 2012; Makris et al., 2013).  

   Sediment thickness in the Büyük Menderes and Gediz grabens varies significantly. The 

average depth to basement in the Büyük Menderes and Gediz grabens varies from 1.5 to 3.5 km, 

with the shallowest depth being in the Gediz graben (Paton, 1992; Gürer et al., 2002; Sari et al., 

2006; Işık et al., 2009).
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3.1.2 Aegean 

     The Moho depth map of the Aegean region, as derived from gravity data modeling, 

shows varied crustal thicknesses. The average crustal thickness in western Greece, the Aegean 

Sea and the Hellenides are 32 km, 20 - 25 km, and 40 - 49 km, respectively (Le Pichon and 

Angelier, 1979; Makris and Stobbe, 1984; Tsokas and Hansen, 1997; Tiberi et al., 2001; Tirel et 

al., 2004; Casten et al., 2006).  The crustal thickness in the Aegean, as inferred from marine 

gravity data inversion, increases from ~ 22 km in the Cretan Sea to ~ 25 km in Cyclades (Tirel et 

al., 2004).  

 3-D gravity models of the Hellenic subduction zone and the western Hellenides show 

variable Moho depth and sediment thicknesses.  The sediment thickness ranges from 8 km in 

western Hellenides to 18 km in western Crete and Mediterranean Ridge (Casten et al., 2006; 

Makris et al., 2013). 

3.1.3 Cyprus 

    There are few gravity studies of the crust, upper mantle and sedimentary structures of 

the Cyprus arc. The crustal thickness in Cyprus, as determined from gravity data inversion, 

ranges from 28 to 30 km (Salah et al., 2014). The average sediment thickness in Cyprus based on 

gravity data modeling is ~10 km (Ergün et al., 2005). 
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3.2 Seismic  

3.2.1 Anatolia 

    Various geophysical studies have been conducted to determine the shear wave velocity 

structure of the upper mantle and crust in southwestern Anatolia. This includes receiver function 

analysis (Saunders et al., 1998; Çakır et al., 2000; Zor et al., 2003; Çakır and Erduran, 2004; 

Angus et al., 2006; Zhu et al., 2006; Zor et al., 2006; Özacar et al., 2008; Erduran, 2009; Tezel et 

al., 2010,2013; Çakır and Erduran, 2011; Vanacore et al., 2013; Karabulut et al., 2013; Sodoudi 

et al., 2015; Delph et al., 2015) and seismic wave tomography (Necioğlu et al., 1981; Van Der 

Meijde et al., 2003; Biryol et al., 2011; Salaün et al., 2012; Fichtner et al., 2013; Delph et al., 

2015). The results of these studies show that crustal thickness increases from 23 km in the 

Aegean to 50 km in Anatolia. Regional variations in crustal thickness were also inferred from 

estimates of surface wave group velocities and Pn tomography (Tezel et al., 2007; Cambaz and 

Karabulut, 2010; Landès et al., 2010; Mutlu and Karabulut, 2011). 

    Crustal thickness in the western and central Anatolia ranges from 25 to 47 km, and the 

crust is thin compared to eastern Anatolia (Saunders et al., 1998; Horasan et al., 2002; 

Karagianni et al., 2005; Akyol et al., 2006; Zhu et al., 2006; Zor et al., 2006; Di Luccio and 

Pasyanos 2007; Tezel et al., 2007, 2010, 2013). The minimum crustal thickness (25 km) was 

observed beneath the Menderes Massif (Karabulut et al., 2013). The thinning is mainly attributed 

to the extensional tectonics in the Aegean region (McKenzie et al., 1978; Le Pichon and Angelier 

1979; Jackson et al., 1994; Reilinger et al., 1997; McClusky et al., 2000; Reilinger et al., 2006; 

Sayil et al., 2014).  
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    The thickness of the upper-crust in southwestern Anatolia varies from 14 km to 16 km 

(Akyol et al., 2006; Zhu et al., 2006; Di Luccio et al., 2007; Tezel et al., 2007,2010, 2013; Sayil 

et al., 2014; Salah et al., 2014). 

    Seismic tomography studies in southwestern Anatolia reveal a major slab-tear in the 

subducting African plate between the Hellenic and Cyprus trenches (Amaru, 2007; van 

Hinsbergen et al., 2010; Mutlu and Karabulut, 2011; Biryol et al., 2011; Bakırcı et al., 2012; 

Salaün et al., 2012). The asthenospheric window between the Hellenic and Cyprus slabs could 

not be seen by Kind et al., (2015) due to lack of resolution. High (p-wave velocity/s-wave 

velocity) Vp /Vs ratio have also been obtained in western and central Anatolia. This possibly 

indicates the existence of partial melt in the lower crust and uppermost mantle (Horasan et al., 

2002; Zor et al., 2003; Erduran et al., 2007; Ersan and Erduran 2010; Özacar et al., 2010; Bilim 

et al., 2011; Çakır and Erduran 2011; Vanacore et al., 2013; Tezel et al., 2013; Salah et al., 

2014). 

3.2.2 Aegean 

   Several seismic studies have been conducted in the Aegean to image the structure of the 

Hellenic subduction zone (Spakman et al., 1988, 1993; Papazachos and Nolet, 1997; Bijwaard et 

al., 1998; Papazachos et al., 2000; Piromallo and Morelli, 2003; Schmid et al., 2004; Suckale et 

al., 2009; Chang et al., 2010; Biryol et al., 2011; Gesret et al., 2011; Salaün et al., 2012; Pearce et 

al., 2012). The African slab penetrates down to the lower mantle with an average dip of about 

40°-50° (Ligdas et al., 1990; Wortel and Spakman, 2000; Faccenna et al., 2006; Biryol et al., 

2011; Salaün et al., 2012). The tip of the subducting African lithosphere in the Aegean has been 
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imaged down to a depth of about 225 km beneath the volcanic arc using converted S - P waves 

(e.g. Sodoudi et al., 2006). 

   High seismic activity occurs along the Hellenic arc (Papazachos and Comnikakis, 1971; 

Hatzfeld and Martin, 1992; Knapmeyer et al., 1999; Papazachos et al., 2000). Papazachos et al., 

(2000) identified a Wadati-Benioff zone at a depth of 180 km below the central Aegean from 

seismological observations. The zone starts at a depth of 20 km under the convex side of the 

sedimentary part of the arc and dips towards the back-arc area, with a dip angle ~30
°
 for shallow 

depths (~ 100 km) and ~45
°
 for greater depths (~ 200 km). The Wadati-Benioff zone steepens 

from west towards the eastern part of the Hellenic subduction zone.  

3.2.3 Cyprus 

Continuous subduction of the ―Western Cyprus slab‖ down to at least 138 km depth 

between western Cyprus and the Hellenic arc is supported by recent analyses of seismic 

(Kalyoncuoğlu et al., 2011; Imprescia et al., 2012; Schildgen et al., 2012b) and earthquake data 

(Koulakov et al., 2002; Piromallo and Morelli; 2003; Netzeband et al., 2006; Biryol et al., 2011; 

Bakırcı et al., 2012). The fast velocity anomaly associated with the subducting Cyprus slab is 

located north of Cyprus using P-wave and surface wave tomography (Koulakov et al., 2002; 

Piromallo and Morelli, 2003; Biryol et al., 2011; Bakırcı et al., 2012).  

The average crustal and sedimentary thicknesses in Cyprus range from 12 to 35 km and 

10 to 14 km, respectively (Makris et al., 1983; Ginzburg et al., 1987; de Voogd et al., 1992; Ben-

Avraham et al., 2002; Koulakov & Sobolev, 2006; Vanacore et al., 2013). The thinnest crust in 

Cyprus is beneath Levantine Basin. 
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3.3 Geothermal 

3.3.1 Aegean & Anatolian 

The Aegean-Anatolian region is characterized by high heat flow values (average  83.8 

mW/m
2
 ; Lee and Uyeda, 1965; Langseth and Taylor, 1967; McKenzie et al., 1967; Gorshkov et 

al., 1972; Zonenshain et al., 1975).  The high heat flow in the Aegean Sea is associated with two 

extensional tectonic regions (Fytikas et al., 1980). The first region extends along Palegonian - 

Parnos zone (interior side of the Hellenic island arc) and passes through the Astipalia and 

Kavaros islands and reaches Bodrum – Karaada. The heat flow value in this region is higher than 

120 mW/m
2
. The second region is in the Central Aegean (near to the western end of Izmir – 

Ankara zone) where the heat flow values there exceed 100 mW/m
2
. The average heat flow value 

in Izmir is 101 mW/m
2
 and reaches a maximum of 229 mW/m

2
 (Akin et al., 2014). 

    The heat flow data determined by Tezcan (1979) and Tezcan and Turgay (1989) 

indicate some regional heat flow anomalies (120 mW/m
2
) in the western Anatolia extended 

terrane (WAET). The average heat flow values for Western Anatolia based on silica 

geothermometry and conventional heat flow measurement are 107±45 mW/m
2
 and 97±27 

mW/m
2
, respectively (Ilkişik et al., 1995; Akin et al., 2014). Curie point depths in western 

Anatolia are very shallow (about 10 km). The sub-continental mantle temperatures exceed the 

normal temperature range, because of the wide-range of young basaltic volcanism of Plio-

Quaternary age (Bilim et al., 2007; Çoban et al., 2007).
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4.  BASICS OF GRAVITATIONAL FIELD 

 

4.1 Gravitational Force 

    Newton‘s law of universal gravitation is a mathematical description, which states that 

each particle of matter in the universe attracts all others with a force directly proportional to its 

mass and inversely proportional to the square of its distance of separation (Telford et al., 1990). 

That is, 

     
    

  
          4.1 

where, F is the force between two particles of masses M1 and M2. 

R - distance between the two masses 

G - gravitational constant (6.670*10
-11

Nm
2
/kg

2
 in SI units). 

The minus sign shows that g is attractive 

4.2 Gravitational Potential & Gravitational Acceleration 

    The derivation of the gravitational field can be simplified by using the concept of 

potential. The potential U(r) at a point in a gravitational field is explained as the work needed for 

gravity to move a unit mass from an arbitrary reference point (mathematically infinity) to the that 

point in the survey. It is defined as:
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       4.2 

  The gravitational acceleration vector g(r) can be derived from the potential U(r) and is given as: 

  ( )  
 ( )

 
  ( )         4.3 

 ( )  
  

  
  

 

  
          4.4 

where, G = gravitational constant, R = Distance from Center of M, U = Gravitational potential, F 

= Gravitational force 

The unit of gravitational acceleration, g in gravity exploration is ―Gal‖, in honor of Galileo 

Galile. 

1 Gal =   10 ms
-2
   

1 mGal = 10
-5 
ms

-2
  

        

4.3 Gravity Reduction 

    The gravity method of exploration is based on measurement of variations of gravity 

caused by density contrasts in subsurface structures. However, the observed gravity value at each 

station is affected by other factors (e.g. elevation, tide, latitude etc.). Thus, the gravity value at 

each station must be corrected before the data can be interpreted. Literally, gravity data reduction 

involves a series of processing steps to remove the unwanted signals from the observed data. In 

the subsequent sections, the standard reductions applied to gravity data are described. 
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4.3.1 Temporal variation 

    These are time dependent changes in the observed gravity. Literally, these alterations 

cause variations in acceleration that would be observed even if gravimeter‘s position has not 

been changed. These are instrumental drift and tidal variations.   

4.3.1.1 Drift correction 

    Instrumental drift is the result of a change in the elasticity of the mass-spring system of 

gravity meters over time. The drift for each gravimeter is different (Figure 5). The observed 

gravity values are corrected using readings at a fixed base station. To be able to apply this 

reduction, the base station should be defined and readings at the base station should be repeated 

several times during measurement or survey. 

4.3.1.2 Tidal correction 

   Tidal effects (Figure 5) result from the gravitational attraction of the sun and the moon 

because of their positional rotation with respect to the earth. Tides can be categorized based on 

their occurrence rate; the first component peaks approximately twice a day, the second peaks 

approximately daily, and longer period components peak every 14 days and 6 months as a result 

of the moon and the sun, respectively (Nettleton, 1976). Daily tidal predictions (0.1 - 0.3 mGal) 

can be obtained from global theoretical tidal models. In a typical gravity survey, the tidal 

correction is applied by repeated measurement at base station, usually at an interval less than the 

period of Earth tides. Also, daily tidal corrections can be obtained from tidal models and applied 

to observed gravity data. 
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Figure 5. Typical gravimeter reading variation curve at a base station which is a combination of 

instrument drift and earth tidal variations (modified after Burger, 1992). 

4.3.2 Spatial variation 

   Spatial variations are space dependent changes in the observed gravitational acceleration.  

4.3.2.1 Latitude correction 

The equatorial radius of the earth is greater than the polar radius. Thus, the gravity 

increases towards poles, and lower latitudes have higher gravity readings. The variation of 

gravity with latitude affects gravity reading and needs correction. Latitude correction takes into 

account the variation in gravity with latitude (from equator to pole). The correction is applied 

using the International Gravity formula (IGF80; Equation 4.5; Morelli et al., 1976) 

IGF80 (1980): gn = 978032.7 (1 + 0.0053024sin
2
φ − 0.0000058sin

2
2φ)                  4.5 
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where ϕ is latitude       

4.3.2.2 Free-air correction and Free air anomaly 

    The free-air correction takes into account variations in gravity with elevation (Figure 

6). Hence, the free-air correction takes the difference in gravity between a datum (commonly the 

geoid or reference ellipsoid) and an observation point located above or below the datum where 

the gravity measurement is made.     

The Free air correction term is given as:   

           =  -0.3086 [mGal/m]                                                                                          4.6     

The Free-air correction including the higher order terms in h is: 

           

(                     )  (                           )      4.7 

where, h is the height of the gravity station in meters above a reference ellipsoid, φ is the 

latitude. Equation 4.7 includes the centrifugal acceleration. The free-air correction is added for a 

station above the datum, and subtracted for a station below the datum. 

The free air anomaly is corrected for latitude and elevation variation and is defined as:   

GFree-air = gobs – γn + 0.3086 h                                                                                              4.8 

Where    γn - is the Normal gravity field of the Earth (value obtained after latitude correction), h 

is elevation and gobs is observed gravity data.      



 

22 
 

4.3.2.3 Bouguer correction and the Bouguer anomaly 

   The Bouguer correction is used to account for a rock mass between a gravity station 

and a datum (Figure 7). The Bouguer correction consists of two main parts: 1) infinite Bouguer 

slab correction, which takes care of the attraction of the material between a station and a datum 

(correction is subtracted for a station above datum and added for a station below the datum), 2) 

Bullard correction (B), which takes care of the effects of Earth‘s curvature on the observed 

gravity data (black area in Figure 7). 

The effect of nearby topography on gravity stations is reduced using terrain correction 

(T). The terrain correction (T) is applied to the Bouguer corrected gravity values. The correction 

is always added to a gravity station.  

The Bouguer correction term is given as: 

Bc = 2πGhρ = 0.0419 hρ   (mGal)       4.9 

Where ρ is the density (2.67 g/cm
3
) and h is elevation above the datum in meters.  

The Bouguer anomaly is given as: 

gBouguer = gobs – γn + 0.3086 h – 0.0419 hρ – B + T     4.10 

where ρ: density of the infinite slab (generally 2.67 g/cm
3
),  γn is the Normal gravity field of the 

Earth (value obtained after latitude correction) in mGal,  B is Bullard correction and T is Terrain 

correction. 
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Figure 6. Height system. Abbreviations:  h: ellipsoidal height, H: height above the geoid, N = 

geoid undulation. 

 

 

 

Figure 7. Bouguer slab correction.   

4.3.3 Density determination 

   Gravity modeling requires that the densities of the subsurface structures are well 

defined. There are several ways to determine density: The Nettleton method (Nettleton ,1976), 

density logger, borehole gravity reading, density from free-air anomaly   and empirical relation 

between seismic wave velocity and density. The density of subsurface structures is related to 

seismic wave velocities via elastic moduli. The relation between density and P & S-wave 

velocities is given as: 
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              4.11 

   √
 

 
           4.12 

where Vp: Primary (compressional) wave, Vs: Secondary (shear) wave, ρ: Density, K: Bulk 

modulus, µ: Shear modulus 

    There have been several articles over the years defining the relation between density 

and P-wave velocity in the crust and uppermost mantle. These include Gardner‘s relation (ρ = 

0.23v
0.25

 ; Gardner et al., 1974), valid for a Vp range of 1.5 to 6.1 km/s; the Nafe & Drake 

(1957) and Ludwig et al., (1970) empirical relation, valid for a Vp range of 1.5 to 8.5 kms
-1

; the 

Christensen & Mooney equation (ρ = 0.541 + 0.3601 𝑝; Christensen & Mooney 1995), valid 

for a Vp range of 5.5 to 7.5 km/s; and the Sobolev & Babeyko (1994) relation, valid for Vp 

range of 6.0 to 7.8 km/s.  

In this study, the Nave & Drake (1957) and Ludwig et al., (1970) relation has been used. 

The reason for choosing this equation is because of its wide validity interval (1.5 – 8.5 km/s). 

This relation is given as: 

 ρ = 1.6612 𝑝 – 0.4721 𝑝
2
 + 0.0671 𝑝

3
 – 0.0043 𝑝

4
 + 0.000106 𝑝

5
   4.13 

where ρ is density and Vp is P-wave velocity.
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5. METHODOLOGY 

 5.1 Wavelength Filtering 

   The term filtering can be applied to several methods in science & engineering that aim 

to separate anomalies on the basis of their wavelength and/or trend (Blakely et al., 1996). In 

order to enhance gravity anomalies and help to reveal geological and structural features, 

wavelength filtering has been applied. In the subsequent sections, the method of wavelength 

filtering which is relevant to this study is discussed. 

5.1.1 Fourier transformation 

    Bouguer gravity anomaly (BA) contains signals from all subsurface sources. Some of 

the anomalies are short wavelength caused mostly by density heterogeneity in the crust. Some of 

the BA anomalies can be caused by deep structures and have very long wavelengths. Therefore, 

the Bouguer anomalies need to be filtered depending on the objective of the specific study. 

Wavelength filtering in the Fourier domain helps to eliminate the unwanted wavelengths in the 

anomalies. The method requires that the gravity data be converted into the wavenumber using a 

Fourier transformation (Telford et al., 1990).   The Fourier transformation of a function f is 

defined as:

 (     )  ∬  (   )   (       )
 

  
          4.14 

The inverse Fourier transformation works the other way round and is given as: 
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 (   )  ∬  (     ) 
 (       )

 

  
                                                       4.15             

where     
  

  
    

  

  
   are wavenumbers 

5.2 Regional-Residual Separation 

5.2.1 Low pass filter 

   Low pass filter suppresses short wavelength anomalies of surface (crustal) origin and 

enhances regional long wavelength gravity anomalies of deep origin.  

The low pass filter G (      ) used in this study is given as: 

 (     )  {
     √  

    
  

  

  
 

                             

       4.16 

where   λC    is the cut off wavelength. To keep the signal of interest in the interpretation, the cut 

off wavelength λC should be selected carefully. 

At the end of low pass filtering the regional gravity map of the area can be obtained. 

5.2.2 High pass filter 

    High pass filter suppresses long wavelength anomalies of deep origin and enhances 

short wavelength gravity anomalies of shallow origin. As in the case of low pass filter, selection 

of the cut off wavelength is critical. 

The high pass filter G (     ) used in this study is given as: 
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 (     )  {
     √  

    
  

  

  
 

                             

       4.17 

5.3 Upward Continuation  

   Upward continuation is a mathematical projection of data measured on the surface to a 

higher elevation (Figure 8, top). This process is based on the physical fact that the more distant 

the observation is from the body causing the anomaly, the broader or longer the wavelength of 

the anomaly. Upward continuation is a filter that smooths the gravity anomaly measured on the 

surface by attenuating the short wavelength anomalies relative to the long wavelength 

counterparts.  

   The upward continuation filter is defined as: 

G (kx, ky) = e
-kZ

           4.18 

where   √           
  

  
    

  

  
 are wavenumbers and z is the height of 

continuation. 

5.4 Downward Continuation  

   Downward continuation is a process by which potential field data is mathematically 

projected downward from one datum to a level surface below the datum (Figure 8, bottom). 

Downward continuation   sharpens the anomalies measured at the surface.  

The downward continuation filter is given as: 

G (kx, ky) = e
+kZ

           4.19 
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where   √           
  

  
    

  

  
   kx  and ky are wavenumbers and z is the 

height of continuation. 

 

 

 

 

Figure 8. (Top): Upward and (bottom): downward continuation concept. 

5.5 Gravity Data Modeling 

   There are various methods available to perform gravity data modeling. They can 

generally be categorized as forward and inverse modeling (Figure 9).Both forward and inverse 

problems are inherently non-unique and need well constrained data. 



 

29 
 

5.5.1 Forward modeling 

   The forward modeling technique begins with the establishment of a model based on 

geological and geophysical perception. Based on the initial model, gravity anomalies are 

calculated. The calculated anomalies are compared with observed gravity data, and the model is 

adjusted until the predicted data fit the observed data (Blakely et al., 1996). 

5.5.2 Inverse modeling 

   Inverse modeling (inversion) uses data to infer the form and physical parameters of a 

causative body (i.e. density, shape, and maximum depth). The Inverse problem is inherently non- 

unique and needs well constrained data (Blakely et al., 1996). 
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Figure 9. Techniques of potential field data interpretation. The measured anomaly is represented 

by A, calculated anomaly by A0, and transformed anomaly by A'. Parameters P1, P2, P3 are 

attributes of the source (Modified after Blakely et al., 1996). 

 

5.5.3 2-D Forward Modeling  

  The dimensionality of potential filed modelling depends on the assumed length of 

tectonic structures along strike (Figure 10).  A 2-dimensional model may be visualized as a 

number of tabular prisms with their axes perpendicular to the strike; blocks and surfaces are 

presumed to extend to infinity in the strike direction (Figure 10a). It is possible to derive the 

gravity anomaly associated with an irregular shape by simplifying it to a many sided prism or 

polygon.  It is assumed that the vertices of an n sided polygon can be described as ABCDEF 

(Figure 11). The point P is the origin of an xz coordinate system and the polygon lies in the xz 

plane. 
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Figure 10. Schematic representations of dimensionality in potential field modeling (from 

Malehmir 2007).(A) 2D, infinite strike length, (B) 2.5D, finite strike length, (C) 2.75D, finite and 

asymmetric strike length  and (D) 3D,  considers 3D structural shapes in space. 
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Figure 11. Geometrical elements involved in the gravitational attraction of an n-sided polygon 

(modified after Talwani et al., 1959).  z, defined as positive downwards (vertical);  , measured 

from the positive x axis towards the positive z axis; G, is the universal constant of gravitation; p 

is the volume density of the body. 

  The vertical component of the gravitational attraction due to a two-dimensional body is given as 

(Hubbert,  1948): 

      𝑝∮               4.20 

where G is the universal gravitational constant and 𝑝             

  The corresponding expression for the horizontal component of gravitational attraction is given 

by gh =2Gp∮x dθ.  

Considering PQ = ai  and            (    )      , the expression of z for any 

arbitrary point R on BC takes the following form: 
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          4.21 

 

The summation of     and     over the   sides of the polygon results in:  

               [                
     (           )

        (             )
]  4.22 

 

               [     (        )     
     (           )

        (             )
]  4.23 

 

where       
    

  
    and              

         

       
 

Thus, the vertical and horizontal components of gravitational attraction due to a polygon 

are given, respectively as: 

     ∑  

 

   

      ∑  

 

   

 

where   is the density of the body and   is the universal gravitational constant. 
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    The gravity profiles for this study are modeled using GM-SYS, which computes the 

gravitational attraction of multiple two dimensional polygonal bodies with finite strike lengths 

(2.5D). The computation of the gravity response of the two-dimensional sources is based on 

Talwani‘s method (Talwani et al., 1959; Talwani and Heirtzler, 1964). GM-SYS uses a two-

dimensional flat-earth model to calculate gravity and magnetic responses. Each structural unit or 

block extends to a finite length perpendicular to the profile (along strike). The earth is assumed 

to have topography but no curvature. The 2.5-D models are extended to 30,000 kilometers along 

the profile to eliminate edge effects (GM-SYS User Manual, 2006). 

5.5.4 3-D Modeling (Parker‘s Method) 

    Most of the 3-D gravity modeling algorithms that are used to calculate the gravity 

response of 3-D bodies involve indefinite volume integrals and are computationally intensive. In 

these cases, the method introduced by Parker et al., (1972) simplifies 3-D gravity modeling 

procedures and save computational time. Moreover, the terrain effect is minimized in 3-D 

modeling. 

The Parker‘s method provides the gravity response of a layered earth model with variable 

densities from known topography in the Fourier domain or vice versa. 

The relation between topography and gravity in Fourier domain is defined as: 

 (  )         x  ( | 
 
|  )∑

|  |
   

  

  
 
    [  ( )]    4.24 

 

  (     ) represents the position in space 
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where  (  ) is the Fourier transform of the gravity anomaly,   is the gravitational constant,   

is the density contrast across an interface,   is the wave number,  ( ( )) is the Fourier 

transform of the depth to an interface (positive downwards) and    is the mean depth of a 

horizontal interface. 
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6. GRAVITY DATABASE 

 

   The gravity models presented in this study are based on combined satellite and 

terrestrial gravity data from the European Improved Gravity Model (EIGEN-6C2; Förste et al., 

2012). The EIGEN-6C2 is a high-resolution global gravity field model up-to degree and order of 

1949. It is based on the WGS84 reference system. The spatial resolution of this model is ~10 km. 

It is the first combined model that includes satellite gravity data from GOCE (Gravity field and 

steady-state Ocean Circulation Explorer), GRACE (Gravity Recovery and Climate Mission) and 

LAGEOS (Laser Geodynamics Satellites) satellite missions.  In addition to the standard gravity 

data corrections, the gravity data from the EIGEN-6C2 model is reduced using an infinite slab 

for Bouguer correction term with densities 2.670 g cm
-3

 onshore and 1.645 g cm
-3

 offshore. In 

the following subsequent sections, the components of the EIGEN-6C2 model are described. 

6.1 Satellite Data 

GRACE (Gravity Recovery and Climate Mission) 

The first GRACEs (twin satellites in orbit, ~220 km apart) were operational from March 

2003 to December 2010. The twin satellites, those were on the same orbit above the Earth, 

provided gravity data from 460 km altitude (Figure 12).  On the orbit, one of the twin satellites 

leads the other. When the leading satellite detects an increase in gravitational pull, it speeds up 

and hence the distance from the other twin satellite increases. Conversely, when the leading 

satellite passes over an area of slightly weaker gravity, it slows down and consequently the 
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distance between the two satellites decreases.  The change in gravity is related to the change in 

distance between the satellites. The changes in distance between the twin satellites are 

determined using two way travel time of microwave pulses.  

 

Figure 12. Twin satellites of GRACE mission (from http://www.jpl.nasa.gov/missions/gravity-

recovery-and-climate-experiment-grace/).  

 

GOCE (Gravity field and steady-state Ocean Circulation Explorer) 

GOCE was operational from Nov 1, 2009 to April 19, 2013. The satellite had three pairs 

of accelerometers and measured slight changes in acceleration due to variations in gravity (~1 

mgal) (www.esa.int/esaLP/LPgoce.html). In contrast to GRACE and LAGEOS, GOCE provided 

full tensor gravity gradient data from 250 km altitude. 

The GOCE gradiometer contains three pairs of proof masses positioned at the outer ends 

of three 50 cm long orthogonal arms (Figure 13). Because of their different position in the 

http://www.esa.int/esaLP/LPgoce.html
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gravitational field they all experience the gravitational acceleration of Earth slightly differently. 

The three axes of the gradiometer allow the simultaneous measurement of six independent but 

complementary components of the gravity field. 

 

Figure 13. GOCE satellite mission including gradiometer (from 

http://www.esa.int/spaceinimages/Images/2008/06/GOCE_takes_six_simultaneous_measuremen

ts_of_the_gravity_field). 

 

 LAGEOS (Laser Geodynamics Satellites) 

LAGEOS (SLR) was operational from January 1985 to December 2010 and its data has 

been used as a part of the EIGEN-6C2 model. 

6.2 Surface Data 

   The surface data over the oceans and lands are from the altimetry-derived gravity 

anomalies and the Earth Gravitational Model (EGM2008), respectively (Andersen et al., 1998; 

http://www.esa.int/spaceinimages/Images/2008/06/GOCE_takes_six_simultaneous_measurements_of_the_gravity_field
http://www.esa.int/spaceinimages/Images/2008/06/GOCE_takes_six_simultaneous_measurements_of_the_gravity_field
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Pavlis et al., 2012). The Bouguer anomaly map of the Aegean and Anatolian regions is shown in 

Figure 14. The gravity anomaly map has been obtained from EIGEN-6C2 model. 

 

Figure 14. Bouguer gravity map of the Aegean-Anatolian region from combined satellite and 

terrestrial gravity data. The gravity data are from the European Improved Gravity model of the 

Earth (EIGE-6C2; Förste, et al., 2012). 
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7.  RESULTS AND DISCUSSIONS 

 

7.1 Regional-Residual Separation 

    In the following sections, the results of the regional-residual separation of gravity 

anomalies and their interpretation in terms of magmatic centers and crustal structures are 

discussed. As discussed in section 5.2, the anomalies are separated using wavelength filtering. 

The low-pass (long wavelength) filter suppresses short wavelength anomalies of shallow origin 

and enhances regional long wavelength gravity anomalies of deep origin. The high-pass (short 

wavelength) filter suppresses long wavelength anomalies of deep origin and enhances short 

wavelength gravity anomalies of shallow origin. The cut-off wavelength (300 km) has been 

selected based on the similarity of amplitudes of gravity anomalies obtained using an upward 

continuation and wavelength filtering.  

7.1.1 Upward continued maps 

   Upward continuation is a process by which potential field data are mathematically 

projected upward from one datum (usually surface) to a level surface above the datum to 

enhance the long wavelength components of the Bouguer anomalies. Thus, the process is 

equivalent to a low pass filter.  

To suppress the high frequency signals related to near surface bodies, the Bouguer 

gravity anomalies have been projected upward to various heights (30 km, 40 km, 50 km and 
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above).It was found that upward continuation of the gravity field to a height of 50 km suppresses 

short wavelength anomalies of shallow origin and results in a regional field (Figure 15 a,b,c). 

 

 

b 

a 
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Figure 15 a,b,c. Upward continued maps of the Aegean-Anatolian region at heights of 30 km, 

40 km and 50 above topography, respectively.   

 

7.1.2 Residual gravity anomalies 

   The residual gravity map shows anomalies ranging from -124 mGal to 136 mGal 

(Figure 16). The northwestern part of Greece, Crete, and the southern boundary of Anatolia are 

characterized by low residual gravity anomalies (~-124 mGal). The low residual gravity 

anomalies can be related to Cenozoic sediments. The northern part of the study area (north of 

Izmir) also exhibits a low residual gravity anomaly that can be related to the Izmir-Ankara-

Eskisehir suture zone between Sakarya and the Istanbul lithospheric terranes.  

c 
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   The positive residual anomalies of the study area might be associated with the volcanic 

arcs of the Hellenic and Cyprus subduction zones and volcanic fields in western Anatolia (e.g. 

Kula volcanic field KVF, Kirka-Afyon-Isparta volcanic field KAIVF; Figure 1). The KVF and 

KAIVF are associated with the alkaline volcanism of Pliocene to Middle-late Miocene 

(Richardson-Bunbury 1996; Savaşçın and Oyman 1998; Dilek and Altunkaynak 2009). Various 

geochemical studies indicate that the volcanism in the region is associated with rapid 

asthenosphere upwelling beneath western Anatolia (Gülen et al., (1990); Tokçaer et al., (2005); 

(Prelević et al., 2012). Therefore, the positive patchy residual Bouguer anomalies may be related 

to accretion of denser asthenospheric material on to the crust.  

 

 



 

44 
 

 

Figure 16. Residual anomaly map of the Aegean-Anatolian region. White dashed line shows the 

Menderes Massif Complex. Solid white line represents the asthenospheric window area defined 

by seismic tomography (Biryol et al., 2011). Red triangles and black small stars are for 

volcanoes and heat flow, respectively (Akin et al., 2014). 
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7.1.3 Regional gravity anomalies 

Unlike the residual anomaly map, the regional gravity anomaly map (Figure 17) shows a 

regional trend similar to the Bouguer anomaly map (Figure 14) over the study area. The regional 

gravity anomalies increase from central Anatolia towards the north and south (Figure 17). The 

gravity values in the regional map vary from -119 mGal to 165 mGal (Figure 17). The positive 

regional gravity anomalies north of Crete might be related to magmatic centers (volcanoes). The 

northwestern part of Greece shows low regional values.  

 

Figure 17. Regional anomaly map of the Aegean-Anatolian region. White dashed line shows the 

Menderes Massif Complex. Red triangles and black small stars show volcanoes and heat flow, 

respectively (Akin et al., 2014). 
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7.2 Gravity Models 

7.2.1 Initial model and constraining data 

To establish the crust and upper mantle structure of the Aegean-Anatolian region, 2.5-D 

gravity models were developed along seven profiles perpendicular to the Hellenic and Cyprus 

trenches. The profiles extend from 34
°
N to 40

°
N latitude. One profile was selected to cross the 

Crete and Hellenic subduction zone at 24
°
E; two profiles cover the western and eastern edges of 

the asthenospheric window area along 27
°
E and 31

°
E, respectively; three profiles (28.5

°
E, 29

°
E 

and 29.5
°
E) are selected to cover the asthenospheric window area outlined by seismic 

tomography (Biryol et al., 2011; Salaün et al., 2012; Gessner et al., 2013), the asthenospheric 

window area includes the Menderes Massif Complex; and two profiles that extend from Cyprus 

to central Anatolia along 31
°
E and 33

°
E.  For the purpose of discussion, the profiles are grouped 

based on their locations: Aegean (P1 and P2 at 24
°
E and 27

°
E, respectively; Figure 1); 

southwestern Anatolia (P3, P4 and P5 at 28.5
°
E, 29

°
E and 29.5

°
E, respectively: Figure 1); and 

Cyprus (P6 and P7 at, 31
°
E and 33

°
E, respectively; Figure 1).  

     The initial geometry of the Hellenic and Cyprus slab in the 2.5-D model was based on 

earthquake hypocenter determination and seismic tomography (Spakman et al., 1988, 1993; 

Papazachos and Nolet, 1997; Bijwaard et al., 1998; Piromallo and Morelli, 2003; Schmid et al., 

2004; Chang et al., 2010; Biryol et al., 2011; Salaün et al., 2012; Gessner et al., 2013). The 

earthquakes data are from Boğaziçi University include events from 1980 to 2015 

(http://udim.koeri.boun.edu.tr/zeqdb/indexeng.asp). 

http://udim.koeri.boun.edu.tr/zeqdb/indexeng.asp
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    The densities of the Hellenic and Cyprus slabs were constrained by results of seismic 

tomography studies (Wortel and Spakman, 2000; Papazachos et al., 2000; Piromallo and Morelli, 

2003; Endrun et al., 2005; van Hinsbergen et al., 2010; Biryol et al., 2011; Salaün et al., 2012). 

The velocities have been converted to densities using Nafe and Drake relation (Nafe and Drake 

(1957). 

    The densities and thicknesses of the upper crust (8 – 20 km) and the Moho depth  (20 – 

55 km) for the overriding plate have been obtained from several previous studies (Saunders et 

al., 1998; Zhu et al., 2006; Akyol et al., 2006; Tezel et al., 2007; Di Luccio et al., 2007; Di 

Luccio & Pasyanos, 2007; Çakır and Erduran, 2011; Mutlu and Karabulut, 2011; Ates et al., 

2012; Tezel et al., 2010, 2013; Vanacore et al., 2013; Karabulut et al., 2013; Sayil et al., 2014; 

Salah et al., 2014; Kind et al., 2015).  The density values for each tectonic unit in the gravity 

model are shown in Table 1. 

    Sediment thickness in the Aegean-Anatolian region varies from 4 to 18 km (Makris 

and Yegorova, 2006; Sari et al., 2006; Akyol et al., 2006; Casten et al., 2006; Zhu et al., 2006; Di 

Luccio et al., 2007; Snopek et al., 2007; Işık et al., 2009; Tezel et al., 2013; Makris et al., 2013; 

Sayil et al., 2014). These values are used to constrain the sediment thicknesses in the 2.5-D 

gravity model of this study. 
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Table 1. Tectonic units of the gravity model and their respective densities 

Tectonic units P wave 

velocity  

(km/sec) 

Density 

(g/cm
3
) 

References 

Sediment 4.5-5.7  2.45-2.65 Saunders et al., (1998); Zhu et al., 

(2006); Çifçi et al., (2011); Salah et 

al., (2014); Sayil et al., (2014); 

Welford et al., (2015) 

 

Upper crust 5.90-6.2 2.70-2.75 Bohnhoff et al., (2001); Endrun et 

al., (2005); Meier et al., 

(2004,2007); Akyol et al., (2006); 

Salah et al., (2014); Makris et al., 

(2013); Tezel et al., (2010,2013);  

 

Lower crust 6.35-6.95 2.80-2.95 

Mantle  7.75-8.00 3.20-3.30 Endrun et al., (2005); Nikolingata 

et al., (2007); Biryol et al., (2011); 

Makris et al., (2013); Salah et al., 

(2014)  

Oceanic crust 6.75-8.30 2.90-3.40 Endrun et al., (2005); Makris et al., 

(2010,2013)  

Oceanic lithosphere 7.75-8.30 3.20-3.40 Endrun et al., (2005); Makris et al., 

(2010,2013) 

Low- velocity 

asthenospheric material 

7.95 3.12 - 3.27 Biryol et al., (2011) 

Asthenosphere 8.35 3.42 Endrun et al., (2005); Makris et al., 

(2013); Sayil et al., (2014);  

 

7.2.2 Structure of the Hellenic Arc 

     Figure 18 shows a 2.5-D gravity model of the crust and upper mantle structure of the 

Aegean region. The profile is 710 km long and extends from 34
°
N to 40

°
N. The depth to the 

bottom of the model is 165 km. The Bouguer gravity anomaly along the profile varies from -25 

mGal to 141 mGal. The model consists of water, sediment, upper crust, lower-crust, the Hellenic 

slab (oceanic crust and lithosphere), continental lithosphere and the asthenosphere. 
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   The model shows the subduction of the Hellenic slab beneath the Aegean region. The 

angle of subduction of the Hellenic slab, as predicted from gravity modeling and constrained by 

earthquake hypocenters, is ~40
°
, and this is in agreement with results of seismic tomography 

(40
°
-50

° 
; Wortel and Spakman, 2000; Biryol et al., 2011). However, some previous studies 

predicted a flat slab in this region (20
°
–30

°
; Li et al., 2003; Sodoudi et al., 2006; Bakırcı et al., 

2012). The different results may be attributed to differences in resolution of the various 

tomography models. 

  The crustal thickness beneath Crete, as predicted from gravity modeling, is  ~33 km, 

and this is consistent with the previous crustal thickness determination in the region (~ 32 km; 

Bohnhoff et al., 2001; Li et al., 2003; Endrun et al., 2005; Casten et al., 2006; Meier et al., 2007 

Makris et al., 2013). The Moho depth beneath eastern Greece and the Peloponnese peninsula 

varies from 32 to 40 km, which is in a range determined by Karagianni et al., (2005),  Sodoudi et 

al., (2006), Di Luccio et al., (2007), Suckale et al., (2009), and Sodoudi et al., (2015). The 

gravity model predicts sediment thickness of 4 to 11 km beneath western Crete.  
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Figure 18. A 2.5-D gravity model of the Aegean region at 24°E. The location of the profile is 

shown in Figure 1. The white circles are earthquake hypocenters. 

 

   Figure 19 shows the crust and upper mantle structure of the eastern edge of the Hellenic 

arc at 27°E. This model has the same length, depth and tectonic units as in Figure 18. The 

Bouguer gravity anomaly along this profile varies from -13 mGal to 147 mGal. The dip of the 

slab, as determined from earthquake hypocenters, is ~50°.   

    The Moho depth varies from 25 to 30 km, which is consistent with the trend of 

decreasing Moho thickness in central Aegean and western Anatolia (Zhu et al., 2006, Di Luccio 

et al., 2007, Mutlu and Karabulut 2011, Vanacore et al., 2013, Tezel et al., 2013, Karabulut et al., 
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2013).The upper and lower crustal thicknesses range from 6 - 12 km and 11 - 19 km, 

respectively. 

Sediment thickness generally decreases from south to north, and the sediment accumulation in 

western Anatolia is ~3 km.  

    

 

Figures 19. A 2.5-D gravity model of the Aegean region at 27°E. The location of the profile is 

shown in Figure 1. The white circles are earthquake hypocenters. 

 



 

52 
 

7.2.3 Structure of Western Anatolia 

One of the objectives of this study is to assess the effect of la ow-velocity zone on crustal 

structures in southwestern Anatolia. The existence of a low-velocity zone in the upper mantle 

beneath southwestern Anatolia was reported in several seismic tomography studies (e.g. Biryol et 

al., 2011; Salaün et al., 2012). The low-velocity zone is interpreted as slab-tear (asthenospheric 

window) in the subducting African plate (Spakman et al., 1993; De Bordeer et al., 1998; 

Piromallo and Morelli, 2003; Biryol et al., 2011; Salaün et al., 2012). 

    In order to determine the effect of the low-velocity zone on the neotectonics in 

southwestern Anatolia, the crust and upper mantle structure of the region has been modeled 

along three profiles (P3, P4 & P5 at 28.5
°
E, 29

°
E and 29.5

°
E, respectively; Figure 1). One of the 

profiles (P3 at 29
°
E), depicting the crust and upper mantle structure of the asthenospheric 

window area beneath southwestern Anatolia, is shown in Figure 20. The Bouguer gravity 

anomaly along this profile varies from -76 mGal to 130 mGal. The Bouguer gravity anomaly 

along this profile is well explained in terms of a partly subducted African slab and upwelling 

asthenosphere beneath southwestern Anatolia (Figure 20).  The dip of the slab, as obtained from 

gravity modeling and constrained by earthquake hypocenters, is ~15
°
. This is in good agreement 

with results from high-resolution surface wave tomography (~20
°
; Salaün et al., 2012). The 

earthquake catalog of this region shows no deep earthquakes in the asthenospheric window area. 

This may indicate that the subducting African slab has experienced a major slab-tear beneath 

southwestern Anatolia, and the gap in the slab may be a channel through which asthenospheric 

material is rising up to the uppermost mantle. The slab-tear is attributed to the differential trench 

retreat rates between the Hellenic and Cyprus trenches. The rate of retreat of the Hellenic trench 
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is much faster than the Cyprus trench (∼30 mm/yr. and <10 mm/yr.
 
respectively; McClusky et 

al., 2003; Wdowinski et al., 2006).  

  As shown in Figure 20, the crust above the low-velocity zone (asthenospheric window) 

is thinner (24 – 34 km) than the surroundings. The crustal thinning may be attributed to the hot 

asthenospheric material beneath southwestern Anatolia. The hot asthenospheric material might 

have modified the structure of the crust via thermal erosion. The volcanic centers such as the 

Kirka-Afyon-Isparta (KAIVF) and Kula Volcanic Fields (KVF) and the high geothermal 

gradients in southwestern Anatolia are surface manifestations of the hot upwelling 

asthenosphere. The average heat flow values in southwestern Anatolia based on silica 

geothermometry and conventional temperature measurements are 107 ± 45 mW/m
2
 and 97 ± 27 

mW/m
2
, respectively (Ilkişik et al., 1995). The highest heat flow value (>100 m/Wm

2
) has been 

observed in the northeastern part of Gediz Graben near the Kula active volcanic center (Erkan et 

al., 2014). The volcanism in southwestern Anatolia is associated with rapid upwelling 

asthenosphere (Gülen et al., 1990; Tokçaer et al., 2005; Prelević et al., 2012). Moreover, the 

geochemical model for southwestern Anatolia, as constrained by trace element concentrations 

and the neodymium (Nd), strontium (Sr) & lead (Pb) isotopes, shows that the Kula volcanic 

rocks are formed by partial melting of asthenospheric mantle (Chakrabarti et al., 2011).  
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Figures 20. A 2.5-D gravity model of the southwestern Anatolian region at 29°E. The location 

of the profile is shown in Figures 1. The white circles are earthquake hypocenters. 

7.2.4 Structure of the Cyprus Arc 

Figure 21 shows the subduction of the African slab west of Cyprus at 31°E. This model 

depicts the crust and upper mantle structure of the western edge of the Cyprus slab.  As in the 

other profiles, this model consists of water, sediment, upper-crust, lower-crust, the Hellenic slab 

(oceanic lithosphere), continental lithosphere and the asthenosphere. The model is 710 km long 

and extends from 34
°
N to 40

°
N. The depth to the bottom of the model is 165 km. The Bouguer 

gravity anomaly along this profile varies from -95 mGal to 126.  

  The dip of the Cyprus slab, as determined from gravity modeling and constrained by 

earthquake hypocenters, is ~ 60
o
. This is good agreement with the sub-vertical Cyprus slab 
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determined by Biryol et al., (2011). However, Salaün et al., (2012) interprets gentle dip based on 

seismic tomography. 

  The Moho depth in the overriding plate decreases from south to north (40 to 36 km). 

This change corresponds on the surface with tectonic transition from the Anatolide-Tauride to 

Sakarya zones. The crust along this profile is thicker than the asthenospheric window area, 

indicating that the effect of the low-velocity zone on the crustal structure of western Cyprus is 

minimal.  

   Sediment thickness along this profile decreases from south to north (4 – 12 km). This is 

consistent with previous sediment thickness determination (~4 -12 km in the Levantine and 

Herodotus Basins (Figure 1; Makris et al., 1983; Ginzburg et al., 1987; de Voogd et al., 1992; 

Ben-Avraham et al., 2002; Ergün et al., 2005; Makris et al., 2013).  

   As shown in Figure 22, the dip of the Cyprus slab at 33°E changes from sub-vertical to 

~40
o
. This is in agreement with the slab imaged by Salaün et al., (2012), but steeper than the slab 

modeled by Biryol et al., (2011). Both slab models are based on seismic tomography with 

different resolution. The position of the slab is constrained by earthquake hypocenters (Figure 

22). 

   The average crustal thickness along this profile is ~42 km. There is a general tendency 

that the crust thickens from west to east (i.e. from the Aegean to the Anatolian regions). Previous 

studies showed that the Moho depth increases from west to east (Saunders et al., 1998; Angus et 

al., 2006; Zhu et al., 2006; Di Luccio and Pasyanos, 2007; Arslan et al., 2010; Çakır and 

Erduran, 2011; Mutlu and Karabulut, 2011; Ates et al., 2012; Karabulut et al., 2013; Tezel et al., 

2007, 2010, 2013; Vanacore et al., 2013; Sayil et al., 2014; Kind et al., 2015).  
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   The sediment thickness along this profile varies from 3 to 14 km and is consistent with 

previous work (Zhu et al., 2006; Akyol et al., 2006; Di Luccio et al., 2007; Işık et al., 2009; 

Tezel et al., 2013; Sayil et al., 2014 ).  

 

 

Figures 21. A 2.5-D gravity model of Cyprus at 31°E. The location of the profile is shown in 

Figure 1. The white circles are earthquake hypocenters. 
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Figures 22. A 2.5-D gravity model of Cyprus arc at 33°E. The location of the profile is shown in 

Figure 1. The white circles are earthquake hypocenters. 

 

7.2.5 3-D structure of the Aegean -Anatolian region 

  2.5-D gravity modeling is a first order approximation to a 3-D representation of the crust 

and upper mantle structure of the Earth. In order to determine the 3-D structure of the crust and 

upper mantle of the Aegean-Anatolian region, a 3-D gravity model has been developed (Figure 

23). The geometries and densities of the 2.5-D models are used as inputs to GM-SYS-3D to 

create a 3-D representation of the crust and upper mantle structure of the study area.  The model 

parameters were adjusted to fit the observed gravity field in a 3-D environment.  
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Figure 23. 3-D gravity model of the Aegean-Anatolian region. The model shows (from top to 

bottom) water, sediment, the crust, lithospheric mantle, the African slab and the asthenosphere.  

 

       The observed gravity data are well explained in terms of a low density 

asthenospheric material beneath southwestern Anatolia and slabs in the Hellenic & Cyprus 

subduction zones.   The 3-D gravity model shows a thin crust beneath southwestern Anatolia 

between 28°E and 29.5°E. This is the region, where the African slab exhibits major slab-tear 

between the Hellenic and Cyprus trenches.  The crustal thinning is attributed to a low-velocity 

zone (asthenospheric material) in the upper mantle. The same result was also obtained using 2.5-

D gravity modeling. However, 3-D gravity modeling allows us to determine the ~280 km (Figure 

25) the east-west dimension of the asthenospheric material. This is in good agreement with 

results of seismic tomography (~300 km; Spakman et al., 1993; Piromallo and Morelli 2003; 

Chang et al., 2010; Biryol et al., 2011; Salaün et al., 2012). Moreover, the 3-D model shows that 
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the dip of the subducting African plate varies with depth (Figure 24). This may imply that the 

style of subduction and rate of convergence of the African slab along the Hellenic and Cyprus 

trenches might have been variable. 

 

 

Figure 24. Depth to the top of the subducting African slab beneath the Aegean-Anatolian region 

derived from 3-D gravity modeling.  Black squares are earthquake hypocenters. The earthquake 

events are from 1985 to 2015 (source: Boğaziçi University KOERI 

NEMCEQ/http://udim.koeri.boun.edu.tr/zeqdb/indexeng.asp)
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8.  DISCUSSIONS 
 

The Aegean and southwestern Anatolia are classified as arc–back-arc regions dominated 

by slab roll-back (van Hinsbergen et al., 2005, 2010; Jolivet & Brun, 2010) and extensive post- 

Miocene extension that took place after the regions had experienced thickening of lithosphere 

during a series of collisional events of the Alpine orogeny from the late Cretaceous to the early 

Tertiary (Şengör et al., 1985; Yilmaz et al., 2000; Rimmele´ et al., 2003; Ring et al., 2003; Işık et 

al., 2004; Çemen et al., 2006; Westaway, 2006; Glodny & Hetzel, 2007). 

Many authors suggest that slab tears, slab break off, and lithospheric delamination have 

played a major role in the evolution of the Anatolian plate as the African and Arabian plates 

collide with the Eurasian margin (Keskin et al., 2003; Şengör et al., 2003; Faccenna et al., 2006; 

Dilek & Altunkaynak 2009; Gans et al., 2009; Biryol et al., 2011; Cosentino et al., 2012; Salaün 

et al., 2012; Jolivet et al., 2013; Kind et al., 2015; Delph et al., 2015).  

The existence of low-velocity zone beneath southwestern Anatolia, and hence slab-tear in 

the subducting African plate has been reported in many seismic tomography studies (de Boorder 

et al., 1998; Govers and Wortel, 2005; van Hinsbergen et al., 2010; Biryol et al., 2011; Salaün et 

al., 2012; Jolivet et al., 2013). The tear separates the subducting African plate into Hellenic and 

Cyprus slabs (Dilek and Sandvol, 2009; van Hinsbergen et al., 2010; Biryol et al., 2011; Mutlu 

and Karabulut, 2011; Salaün et al., 2012). The surface projection of the slab-tear (asthenospheric 
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window) coincides with the southwestern coast of Turkey and the Antalya Bay (Figure 3).  The 

central section of the asthenospheric window underlies the Menderes Massif Complex.

The uppermost mantle, including the low-velocity zone, is well resolved by seismic 

tomography. However, the crystalline basement and the lower crust are not well resolved due to 

limited resolution of the seismic tomography (~ 50 km; Biryol et al., 2011).  

In this study it is hypothesized that the hot asthenospheric material may have affected the 

crustal structure in southwestern Anatolia. The hypothesis is tested using 2.5-D and 3-D 

modeling of gravity data. The spatial resolution of the gravity data is ~10 km. The gravity model 

revealed a low-velocity zone in the upper mantle beneath southwestern Anatolia. The crust in 

southwestern Anatolia, as determined from gravity modeling, is significantly thin (24 – 30 km; 

e.g. Menderes Massif Complex; Figure 25). The thinning above the asthenospheric window area 

may be partly caused by thermal erosion attributed to the hot asthenospheric material in the 

upper mantle and extensional tectonics related to the southwest retreating Hellenic trench. The 

magmatic centers and high heat flow in the Menderes Massif Complex are surface 

manifestations of the asthenospheric flow beneath southwestern Anatolia. 
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Figure 25. Moho depth map of the Aegean-Anatolian region from 3-D gravity data modeling. 

White dashed line shows the Menderes Massif Complex. Solid white line shows the location of 

the slow velocity anomaly imaged by seismic tomography (Biryol et al., 2011). Red triangles are 

for volcanoes. Black small stars are heat flow from Akin et al., (2014).
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9. CONCLUSIONS 

 

   The effect of a low-velocity zone on crustal structure in southwestern Anatolia 

and the Aegean has been assessed using satellite and terrestrial gravity data modeling. The 

gravity model is constrained by receiver function analysis and seismic tomography. The gravity 

model reveals the presence of hot asthenospheric material (asthenospheric window) beneath 

Southwestern Anatolia. The crust above the asthenospheric window, where the subducted 

African slab exhibits major lateral tears, is relatively thin. The crustal thickness within the 

asthenospheric window area varies from 24 to 29 km. In contrast, the regions outside the 

asthenospheric window area exhibit by far the largest crustal thickness (30 – 42 km). The 

observed crustal thinning in the asthenospheric window area might be attributed to thermal 

erosion induced by an upwelling hot asthenospheric material and extensional tectonics related to 

the southwest retreating Hellenic trench and westward movement of the Anatolian microplate. 

Thus, compressional and extensional tectonic regions can undergo changes in structure and 

composition in response to extensional tectonics as well as thermal erosion associated with 

asthenospheric flow in the upper mantle. 

The inverse correlation of the broad regional gravity low and topography indicates the 

presence of compensating masses beneath the Hellenides and Anatolian plateau. The high 

topography in Southwestern Anatolia also coincides with the location of the low-velocity zone in 

the upper mantle. The inverse correlation of high topography with low-gravity & low-velocity 

suggests that the southwestern Anatolian region is dynamically supported by convective
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processes in the upper mantle. The high elevation of deformed areas in Anatolia is attributed to 

the convective cell in the upper mantle (Faccenna et al., 2014).
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