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ABSTRACT 

The Eastern Anatolian region is part of a young continental collision zone between the 

Arabian and Eurasian plates. The lithosphere in Eastern Anatolia is underlain by a low-velocity 

zone associated with asthenospheric flow in the upper mantle. The asthenospheric flow might 

have been caused by lithospheric delamination and slab detachment. There are many debates 

about the thickness of the mantle lithosphere, the effect of the hot asthenospheric material on the 

crustal structure, and the geodynamic evolution of Eastern Anatolia.  

To better understand the geodynamic evolution of Eastern Anatolia, a 2.5-D gravity 

model of the crust and upper mantle structure between 38°E/37°N and 44°E /41°N was 

developed using terrestrial and satellite gravity data. The model is constrained by all available 

geological and geophysical data. 

          The results of the gravity modeling reveal low-density structures within the lower crust, 

indicating a thermally heated crust, and a low-velocity zone in the upper mantle associated with 

the hot asthenospheric flow in the region. The presence of the asthenospheric flow in the upper 

mantle might have an effect on the crustal and lithospheric structures in the region. The 

lithospheric thicknesses in the Anatolian and Arabian plates are significantly different. The 

lithospheric thickness increases from 60 km in the northern segment of the Anatolian plate to 95 

km in the Arabian Plate. Thus, the lithosphere beneath Eastern Anatolia is extremely thin. This is 

attributed to lithospheric delamination and slab break-off. The extremely thin lithosphere, the 

presence of a hot asthenosphere, the rapid uplift of topography and widespread volcanism across 
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the region may indicate that lithospheric delamination and slab detachment occurred in Eastern 

Anatolia. 

The topography in Eastern Anatolian is not isostatically compensated. There is a residual 

topography of approximately 1.7 km that cannot be explained by crustal roots. Thus, part of the 

Eastern Anatolian Plateau may be dynamically supported by asthenospheric flow in the upper 

mantle. 
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1. INTRODUCTION 

The asymmetric dome shaped topography of the East Anatolian segment of the Alpine-

Himalayan orogeny, with an average elevation of 2 km above sea level (Şengör et al., 2003) 

contains a part of the young continental collision zone between the Arabian and Eurasian plates. 

The region comprises several continental blocks accreted during the evolution of the Paleotethys 

and Neotethys oceans (Okay, 2008). These blocks are the Eastern Pontides in the north, the 

Anatolide Tauride in the middle, and the Arabian platform in the south (Figure 1; Okay and 

Tüysüz, 1999). During the evolution of the Eastern Anatolian region, two ocean closures took 

place: the northern branch of Neotethys during the Late Cretaceous and the southern branch of 

Neotethys during the Early Miocene (Okay and Tüysüz, 1999; Okay et al., 2010). The Izmir-

Ankara-Erzincan suture zone indicates the closure of the northern branch of the Neotethys and 

represents a boundary between Laurasian affinities in the north and Gondwanian affinities in the 

south (Figure 1; Okay and Tüysüz, 1999). South of the Eastern Anatolian segment, the Bitlis-

Zagros suture (BZS) zone indicates the closure of the southern branch of the Neotethys and 

separates the Anatolide-Tauride block and the Arabian Plate (Figure 1; Okay and Tüysüz, 1999). 

The collision between the Arabian and Eurasian plates is the last main tectonic compressive 

event and is responsible for the high elevations in the Eastern Anatolian Plateau (EAP; Koçyiğit 

et al., 2001; Şengör et al., 2003; Copley and Jackson, 2006; Reilinger et al., 2006).  
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Figure 1. Tectonic map of the Mediterranean and Caucasian regions (Okay and Tüysüz, 1999). 

Abbreviations: LA: Laurasia, GO: Gondwana. 

 

The trench roll-back in the Hellenic Arc and the indentation of the Arabian plate explain 

the tectonic regime in the Anatolia and Aegean regions (Faccenna et al., 2006; Biryol et al., 

2011; Tezel et al., 2013; Schildgen et al., 2014). The compressional regime across Eastern 

Anatolia, which resulted from the collision between the Arabian and Eurasian plates, might have 

initiated in the Early Miocene (Al-lazki et al., 2003; Faccenna et al., 2006). Part of the mantle 

lithosphere in Eastern Anatolia might have delaminated during Late Miocene (Keskin, 2003; 

Göğüş and Pysklywec, 2008; Koulakov, 2011). Faccenna et al. (2006) proposed that the Eastern 

Anatolian region might have also experienced slab detachment and westward motion of ruptured 

slab, which might have caused the initiation of the North Anatolian Fault around Late Miocene 
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and Eastern Anatolian Fault around Late Pliocene (Figure 2). The rapid topographic uplift in 

Eastern Anatolia between Late Miocene and Early Pliocene might be attributed to the dynamic 

and isostatic effects of delamination and slab break-off and compressional regime between the 

Arabian and Eurasian plates (Figure 2; Keskin, 2003; Şengör et al., 2003; Faccenna et al., 2006; 

Göğüş and Pysklywec, 2008). These processes might have increased the indentation of the 

Arabian plate and slab retreat rate in the Hellenic arc, which also explain the westward motion of 

the Anatolian plate by North and East Anatolian Faults (Faccenna et al., 2006).  
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Figure 2. Tectonic evolution of the Anatolia and Aegean regions from middle Miocene to the 

present time. Black arrows indicate shortening, and white arrows indicate extensional regimes. 

Gray arrows indicate the plate motion. In figure B, the shaded areas and dashed lines indicate the 

uplifted region in Eastern Anatolia and slab break-off, respectively (Adapted from Faccenna et 

al., 2006). 
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Through time, different models have been proposed to explain the geodynamic evolution 

of the Eastern Anatolian Plateau (EAP). Some of the proposed models for Eastern Anatolia are 

subduction (Rotstein and Kafka, 1982), continental collision and crustal thickening (Dewey et 

al., 1986), and lithospheric extension after collision (McKenzie and Bickle, 1988). All these 

models contain either normal or thick lithosphere to explain the high topography on the surface. 

To test the proposed geodynamic models, the Eastern Turkey Seismic Experiment Project was 

conducted. The results of the Eastern Turkey Seismic Experiment Project suggested that mantle 

lithosphere is either absent or extremely thin beneath the Eastern Anatolian Plateau, and the 

extremely thin lithosphere is underlain by low-velocity zone interpreted as hot asthenospheric 

material (Al-Lazki et al., 2003; Gök et al., 2003; Sandvol et al., 2003). The results of the seismic 

experiment invalidated the aforementioned geodynamic models. Consequently, delamination and 

slab break-off models have been proposed to explain the thin lithosphere (Figure 3; Pearce et al., 

1990; Al-Lazki, 2003; Gök et al., 2003; Keskin, 2003; Şengör et al., 2003; Faccenna et al., 2006; 

Lei and Zhao, 2007; Göğüş and Pysklywec, 2008; Toksöz et al., 2010; Biryol et al., 2011; 

Koulakov, 2011; Fichtner et al., 2013; Bartol and Govers, 2014). The genesis of the widespread 

volcanism across the region, the existence of hot asthenospheric material in the upper mantle, 

and the thin or absent mantle lithosphere indicate that delamination and slab break-off might 

have occurred during the geodynamic evolution of this region (Al-Lazki, 2003; Gök et al., 2003; 

Keskin, 2003; Şengör et al., 2003; Faccenna et al., 2006; Lei and Zhao, 2007; Göğüş and 

Pysklywec, 2008; Toksöz et al., 2010; Biryol et al., 2011; Koulakov, 2011; Fichtner et al., 2013; 

Bartol and Govers, 2014). The hot asthenospheric flow in the upper mantle might have affected 

the crustal and lithospheric structure in Eastern Anatolia (Keskin, 2003). Previous studies have 

shown (Salah et al., 2011; Warren et al., 2013; Delph et al., 2015) the presence of low-velocity 
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structures within the lower crust, which might be attributed to the hot asthenospheric material 

(Pamukçu and Akcığ, 2011, Warren et al., 2013; Delph et al., 2015). Although several studies 

have been carried out in Eastern Anatolia to understand the crust and upper mantle structure, the 

geodynamic evolution of this region is still a matter of debate (Şengör et al., 2003; Keskin, 2007; 

Pamukçu and Akcığ, 2011). The lithospheric instability and the underthrusting mechanism in the 

Anatolian and Arabian regions are subjects for future studies (Al-Lazki et al., 2003). 

 

Figure 3. Block diagrams illustrating the (a) delamination and (b) slab break-off models for the 

Eastern Anatolian region (Keskin, 2007). White arrows show the asthenospheric flow direction. 

Abbreviation: AF: Arabian Foreland; BMP: Bitlis-Poturge Massif; MM: Mantle Metasomatism; 

NATF: North Anatolian Transform Fault; PA: Pontide Arc; PAB: Pull Apart Basins; SATF: 

South Anatolian Transform Fault; SC: Subduction Component. 
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The main purpose of this study is to 1) test the two proposed geodynamic models of 

Eastern Anatolia (delamination and slab break-off and 2) determine the effects of asthenospheric 

flow on crustal structures. Determination of the geodynamic evolution model of Eastern Anatolia 

contributes to an understanding of tectonic processes and earthquake mechanism in the region. 

To assess the effects of hot asthenospheric material on crustal structure and to test the 

delamination and slab break-off models, a 2.5-D density model was developed based on gravity 

data from the European Improved Gravity Model of the Earth (EIGEN-6C4; Förste, et al., 2015). 

To reduce the ambiguity inherent in potential field interpretation, the gravity model is 

constrained by all available geophysical and geological data in the Eastern Anatolian region. 

Two well constrained gravity models were developed to test the delamination model: 1) with 

mantle lithosphere and 2) without mantle lithosphere. The same process was followed for the 

slab break-off model. If the gravity model shows either absent or extremely thin lithosphere and 

no subducting slab, it is highly likely that delamination and slab break-off occurred in Eastern 

Anatolia.       

1.1 Geologic Setting 

The Eastern Anatolian region is characteristic of a plateau with approximately 2 km mean 

elevation above sea level (Figure 4). After the rapid uplift of the region between Late Miocene 

and Early Pliocene, most of the Eastern Anatolian Plateau was dominated by widespread Plio-

Quaternary volcanism, comprising of calc-alkaline to alkaline rock sequences (Pearce et al., 

1990; Keskin, 2003; Şengör et al., 2003). Geochemical studies indicate that the Holocene 

volcanoes in the region consist of enriched asthenosphere (Keskin et al., 1998; Keskin, 2003).   

Deformation in the Eastern Anatolian Plateau is by thrust faults and strike-slip associated 

with the Arabian-Eurasian collision in Early Miocene and the dextral North Anatolian and the 
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sinistral East Anatolian faults in the Late Miocene and Late Pliocene, respectively (Figure 4; 

Şengör et al., 1985; Dilek, 2006). Contraction and shortening across Eastern Anatolia might have 

initiated around Late Miocene due to the northward motion of the Arabian Plate (Faccenna et al., 

2006). The ongoing Arabian indentation might have increased the stress accumulation across 

Eastern Anatolia and led to the initiation of the North and East Anatolian Faults (Şengör et al., 

1985; Dilek, 2006; Faccenna et al., 2006). Both North and East Anatolian Faults are responsible 

for the westward lateral motion of the Anatolian plate. Shortening and contraction across the 

region are still active (Şengör et al., 2003). However, few extensional basins, which might have 

been associated with the rapid uplift of the topography and subsequent gravitational driven 

forces, are controlled by normal faults (Göğüş and Pysklywec, 2008). 
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Figure 4. a) Simplified tectonic map of Turkey and surrounding regions (Şengör et al., 1985 and 

Barka, 1992). b) Regional map of Eastern Turkey with topographic relief and Holocene 
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volcanoes. The digital elevation model is from the Shuttle Radar Topography Mission (SRTM; 

Jarvis et al., 2008). The circles represent earthquakes (M≥4.2) that occurred between 1985 and 

2016. The earthquake data were obtained from Boğaziçi University Kandilli Observatory and 

Earthquake Research Institute (http://koeri.boun.edu.tr/sismo/2/earthquake-catalog/). 

Abbreviations: NAFZ: North Anatolian Fault Zone, EAFZ: East Anatolian Fault Zone, DSFZ: 

Dead Sea Fault Zone, NEAFZ: North East Anatolian Fault Zone. 

 

GPS measurements clearly show north-south shortening, the coherent westward motion 

of the Anatolian plate, and northeast motion of the Anatolian plate in Eastern Anatolia (Reilinger 

et al., 2006). Most of the shortening in the Eastern Anatolian Plateau is being accommodated by 

lateral motion of the Anatolia Plate (Figure 5; Reilinger et al., 2006). The southern part of the 

Eastern Anatolian Plateau moves faster than the northern part. The rate of motion gradually 

decreases from south to north indicating shortening across Eastern Anatolia (Reilinger et al., 

2006; Şengör et al., 2008).  

 

Figure 5. Digital elevation map of Eastern Anatolia showing GPS velocities relative to Eurasian 

plate (Reilinger et al., 2006). The dots are epicenters of earthquakes M>4.8. Depth of 

hypocenters is indicated by orange dots (0-33 km) and yellow dots (33-70 km). 
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The Eastern Anatolian Plateau comprises different tectonic units accreted during the Late 

Cretaceous to Early Tertiary (Figure 6; Şengör, 1990). The Eastern Rhodope-Pontide unit, 

represented by a metamorphic massive, is located in the northern part of Eastern Anatolia 

(Şengör and Yılmaz, 1981). This metamorphic basement is overlain by a thick volcano-

sedimentary arc sequence (Yılmaz, 1993). The Eastern Anatolian Accretionary Complex is 

located in the middle of Eastern Anatolia and trends northwest-southeast (Şengör et al., 2003). 

The complex consists of remnants of a subduction-accretion complex including the Late 

Cretaceous age ophiolitic mélange and the Paleogene age flysch sequences (Şengör and Yılmaz, 

1981). The flysch sequences in the north are older than the one in the south indicating that the 

area gradually became shallow from north to south (Şengör and Yılmaz, 1981). The Bitlis-

Poturge Massif is exposed in the southernmost portion of Eastern Anatolia. Since the Bitlis-

Poturge Massife juxtaposes to the BZS zone, it is composed of medium and high grade 

metamorphosed sediments and igneous rocks formed between Late Cretaceous and Middle 

Eocene time (Okay and Tüysüz, 1999; Yılmaz, 1993). Oligocene to Middle Miocene age shallow 

marine deposits and collision related subaerial volcanic units unconformably overlie these 

tectonic blocks after the closure of the southern branch of Neotethys (Koçyiğit et al., 2001; 

Keskin, 2003). The collision related volcanic rocks, which occurred between Neogene and 

Quaternary period, become younger from north to south/southeast (Keskin, 2003). 
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Figure 6. Geologic map of Eastern Anatolia showing the main tectonic features and volcanic 

centers (Keskin, 2007). 

 

1.2 Previous Studies 

1.2.1 Seismic  

In the early 2000s, geophysical interpretation methods provided new information about 

the subsurface structures of Eastern Anatolia. The first passive source seismic data collection 

was accomplished during the Eastern Anatolia Seismic Experiment Project (Sandvol et al., 

2003). Tomography studies brought a new perspective for the geodynamic evolution of the area.      
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The sediment thickness in Eastern Anatolia ranges from 0 to 5 km, based on the global 

sediment map determined from seismic data (Figure 7; Laske and Masters, 1997). These 

sediment thicknesses were used to constrain the gravity model. Based on seismic wave 

attenuation, seismic tomography also reveals that the upper-lower crust boundary in Eastern 

Anatolia is located at a depth between 10 km and 25 km (Angus et al., 2006; Salah et al., 2011; 

Gökalp, 2012; Warren et al., 2013; Delph et al., 2015).  

 

Figure 7. Sediment thickness variation in Eastern Anatolia from the global sediment map (1°x1° 

resolution). The sediment thickness data were obtained from a global digital map of sediment 

thickness (Laske and Masters, 1997). Abbreviations: EAFZ: East Anatolian Fault Zone, NAFZ: 

North Anatolian Fault Zone. Red triangles show Holocene volcanoes. 
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The crustal thickness in Eastern Anatolia, as determined from seismic tomography, 

ranges from 30 to 55 km (Figure 8; Zor et al., 2003; Angus et al., 2006; Özacar et al., 2008; Zor, 

2008; Gök et al., 2011; Gökalp, 2012; Tezel et al., 2013; Vanacore et al., 2013; Pasyanos et al., 

2014; Schildgen et al., 2014; Delph et al., 2015).  

 

Figure 8. Moho map of Turkey from receiver functions (Vanacore et al., 2013). 

 

S-wave seismic tomography studies in Eastern Anatolia show that the lower crust 

contains low-velocity structures and exhibits low strain rate (Figure 9; Warren et al., 2013; Delph 

et al., 2015). The low-velocity and low strain rate suggest that the lower crust beneath Eastern 

Anatolia is thermally affected, which might have been caused by asthenospheric flow beneath 

the region (Pamukçu and Akçığ, 2011; Warren et al., 2013). The low-velocity structures and low 

strain rate also correlate with Miocene to recent volcanism and low lower crustal seismicity 
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indicating viscous and ductile lower crust (Örgülü et al., 2003; Türkelli et al., 2003; Pamukçu et 

al., 2007; Delph et al., 2015).  

 
Figure 9. Seismic tomography cross section showing low S-wave velocity within the crust of 

Eastern Anatolia (Warren et al. 2013).  

 

Different lithospheric thickness values were obtained for the Eastern Anatolian and 

Arabian plates from receiver function analysis (Angus et al., 2006; Özacar et al., 2008; Zor, 

2008; Pasyanos, 2010; Pasyanos et al., 2014; Kind et al., 2015). Generally, the Arabian 

lithosphere is thicker ranging from 75 to 160 km than the Eastern Anatolian lithosphere, which 

ranges from 40 to 90 km (Angus et al., 2006; Özacar et al., 2008; Zor, 2008; Pasyanos, 2010; 

Pasyanos et al., 2014; Kind et al., 2015). 
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Low Pn velocity (7.6-7.9 km/s) dominates the uppermost mantle of Eastern Anatolia, and 

no Sn seismic waves propagate within the Anatolian plate indicating a fluid system in the 

uppermost mantle (Al-Lazki et al., 2003; Gök et al., 2003). The low Pn velocities are interpreted 

as hot asthenospheric flow beneath Eastern Anatolia (Figure 11; Al-Lazki et al., 2003; Gök et al., 

2003; Lei and Zhao, 2007; Toksöz et al., 2010; Biryol et al., 2011; Koulakov, 2011; Fichtner et 

al., 2013). Asthenospheric flow is manifested as widespread volcanism in the region (Al-Lazki, 

2003; Keskin, 2003; Şengör et al., 2003). Low Pn velocities and fast anisotropy changes in the 

uppermost mantle beneath Eastern Anatolia also indicate a very thin and/or absent lithosphere 

(Al-Lazki et al., 2003). Asthenospheric flow in the upper mantle might be attributed to slab 

break-off in the region. Recent receiver function studies show that the subduction of the African 

slab occurred all the way from the Hellenic Arc to the BZS zone (Figure 11; Biryol et al., 2011). 

However, the subduction is terminated in the Eastern Mediterranean Sea (Figure 10; Faccenna et 

al., 2006; Biryol et al., 2011; Schildgen et al., 2014). The low-velocity zone beneath Eastern 

Anatolia and absence of the subducting Arabian lithosphere might indicate the termination of the 

Arabian slab (Faccenna et al., 2006; Biryol et al., 2011).  
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Figure 10. Cartoon illustrating the termination of the slab in the Eastern Mediterranean Sea 

(Faccenna et al., 2006). The westward propagation of the detached slab beneath the Eastern 

Anatolian region explains the indentation tectonics and high subducting rate of the African plate 

in the Mediterranean Ridge. 

 

According to seismic studies in the region, the remnant subducting slab is not detected in 

the uppermost mantle of Eastern Anatolia, indicating that the slab might have detached and was 

then absorbed into the asthenosphere (Keskin, 2003; Şengör et al., 2003; Angus et al., 2006; 

Faccenna et al., 2006; Biryol et al., 2011). Several receiver function studies determined the 

presence of the detached slab at ~660 km depth (Figure 11; Özacar et al., 2008; Zor, 2008; 



   18 

 

Biryol et al., 2011). However, Lei and Zhao (2007) argue that the detached slab is at a depth 

between 200 km and 400 km.   

 

Figure 11. Seismic tomography cross section showing hot asthenosperic material beneath 

Eastern Anatolia and a remnant of the subducted slab. a) From Biryol et al. (2011), b) From Lei 

and Zhao (2007). Red and dark blue colors represent slow and fast velocities, respectively. White 

circles are earthquake hypocenters.  
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1.2.2 Gravity 

Although several gravity studies have been conducted across Eastern Anatolia, so far 

there is no density model that shows the deep crust-upper mantle structure of the region. The 

average sediment thickness, based on a small-scale gravity study in the Pasinler Horasan basin 

(central part of Eastern Anatolia), is 4.5 km (Gelişli and Maden, 2006).  

The upper and middle crustal thicknesses, as determined from previous gravity studies, 

range from 12.8 to 20 km (Gelişli and Maden, 2006; Bektaş et al., 2007). The crustal thickness in 

Eastern Anatolia (upper and lower), generally ranges from 30 to 50 km (Seber et al., 2001; 

Gelişli and Maden, 2006; Bektaş et al., 2007; Pamukçu et al., 2007; Maden et al., 2009; Arslan et 

al., 2010; Yılmaz et al., 2010; Ateş et al., 2012). These thicknesses are consistent with seismic 

tomography results (Zor et al., 2003; Angus et al., 2006; Özacar et al., 2008; Zor, 2008; Gök et 

al., 2011; Gökalp, 2012; Tezel et al., 2013; Vanacore et al., 2013; Pasyanos et al., 2014; 

Schildgen et al., 2014; Delph et al., 2015). The observed average crustal thickness in Eastern 

Anatolia (approximately 45 km) is not sufficient to isostatically compensate the average 2 km 

elevation above sea level (Gök et al., 2003; Şengör et al., 2003; Yılmaz et al., 2010; Pamukçu 

and Akçığ, 2011; Aydın, 2014). Zor et al. (2003) and Pamukçu and Akçığ (2011) propose that 

the relatively thin crust might be an indication of isostatic imbalance within the crust, and there 

must be another mechanism to keep the whole lithospheric system in equilibrium. This 

mechanism may be provided by asthenospheric flow in the upper mantle, which might be 

induced by lithospheric delamination and slab detachment (Faccenna et al., 2006). 

The lower crust, as determined from seismic tomography and gravity modeling, consists 

of low-density structures. The low-density crustal structures correlate with the absence of deep 
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seismicity and low elastic thickness (13 km) across the region, indicating that the lower crustal 

rocks in Eastern Anatolia are weaker than the surrounding regions (Pamukçu and Akcığ, 2011).  

1.2.3 Magnetic and Magnetotelluric  

Several magnetic studies have been conducted to determine the thermal structure of 

Eastern Anatolia. The Eastern Anatolian region is characterized by high heat flow and shallow 

Curie Point Depth (CPD) (Aydın et al., 2005; Gelişli and Maden, 2006; Bektaş et al., 2007; 

Maden et al., 2009; Pamukçu et al., 2014). The CPD across Eastern Anatolia varies from 6 to 

29.5 km, and the high heat flow and shallow CPD correlate with geothermal areas and volcanic 

fields in Eastern Anatolia (Pamukçu et al., 2014). The presence of hot asthenospheric material in 

the uppermost mantle and hence the heating and adiabatic melting in the crust may be related to 

the shallow CPDs and high heat flow in the region (Aydın et al., 2005; Pamukçu et al., 2014). 

The aforementioned results are also supported by magnetotelluric studies. Türkoğlu et al. 

(2008) derived resistivity values from magnetotelluric data to delineate the conductive 

subsurface structure of the region. While the subsurface structures of the Arabian Plate and the 

northern part of the study area are more resistive, the lithospheric mantle in Eastern Anatolia 

appears to be conductive, indicating that the Eastern Anatolian lithosphere mantle may be 

weaker than the Arabian mantle lithosphere (Türkoğlu et al., 2008). Moreover, the highly 

conductive middle and lower crustal rocks in Eastern Anatolia indicate the presence of melt and 

a plastic deformation zone in the lower crust (Türkoğlu et al., 2008). This result is also in 

agreement with seismic and gravity studies (Pamukçu and Akcığ, 2011; Salah et al., 2011; 

Warren et al., 2013; Delph et al., 2015). The electrical resistivity flow direction within the 

subsurface structures, which is dominantly along the west-east direction, is also consistent with 

the dominant direction of deformation in the region (Türkoğlu et al., 2008).  
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2. BASICS OF GRAVITATIONAL FIELD 

In this chapter, the theory of gravitational field and gravity data reduction relevant to this 

study are described. 

2.1 Normal Gravity Field of the Earth  

Different ellipsoidal formulas are defined to calculate the normal gravity field of the 

Earth. Currently, the WGS-84 reference model is used for the definition of the normal gravity 

field of the Earth, and it is defined by four major parameters: semi-major and semi-minor axes, 

the angular velocity of the Earth, flattening of the Earth, and Earth’s gravitational constant. The 

reference ellipsoid model approximates the Earth without taking into account the mass above the 

reference ellipsoid. The surface of the reference ellipsoid is perpendicular to the direction of the 

gravity field. Based on geodetic surveys, the shape of the Earth is not a sphere. It is nearly 

ellipsoidal, expanding at the equator and squeezing at the poles. The flattening of the Earth is 

described by: 

(a − b)/a = 1/298.257  2.1 

where a and b are the Earth’s semi-major and semi-minor axes, respectively. 

The normal gravity field of the earth is the gradient of the geopotential field. The 

spherical harmonic representation of the geopotential field of the Earth, assuming an ellipsoidal 

Earth, is given as (Heiskanen and Moritz, 1967; Lambeck, 1990): 

U(R, ϑ, λ) = ∑ (
a

R
)

n+1
∞

n=0

∑ (Anm cos mλ + Bnm sin mλ)Pn
m(cos ϑ)

n

m=0

 

2.2 
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where, 

R, ϑ, λ - spherical geocentric coordinates (radius, latitude, longitude) 

Pn
m - Legendre function  

a - radius of a sphere 

n and m - degree and order of the spherical harmonic expansion 

A and B are constants 

The higher terms (degree and order) in the spherical harmonic expansion represent the 

maximum signal content of the gravity field and the geoid surface. From the relation between the 

gravitational field and geopotential field, it follows that:  

g=grad(U) 2.3 

where, 

g - gravity field of the Earth 

U - potential field of the Earth 

The normal gravity field, which is the gradient of the potential field, is defined as 

(Somigliana, 1929): 

gn =
agecos2φ + cgpsin2φ

√a2cos2φ + c2sin2φ
 

2.4 

where, 

a and c are semi-major and semi-minor axes of the reference ellipsoid, respectively (6378137 m, 

6356752.3 m; in the WGS 84 System) 

ge - gravitational acceleration at the equator (978032.68 mGal) 

gp - gravitational acceleration at the poles (983218.64 mGal) 

φ - latitude 
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2.2 Gravity Reduction 

Gravitational acceleration is not constant over the Earth’s surface due to density 

inhomogeneities and the figure of the Earth. The gravity field measured on the Earth surface is 

affected by latitude, elevation, topography of the surrounding terrain, earth tides, creep within 

the instrument’s spring, and density variations within the subsurface (Telford et al., 1990). Thus, 

corrections must be applied to observed gravity values at each station before the data can be 

interpreted. 

2.2.1 Tidal Correction 

Tidal effects are observed in the gravity field measured on the Earth’s surface because of 

the gravitational attraction of the sun and moon. The gravity field of the sun and moon produce 

deformations on the solid Earth (Dehlinger, 1978). During the day, observed location on the 

Earth’s surface moves away and then comes close to the center of mass of the Earth. This motion 

during a 24-hour period causes changes in gravity measurement up to 0.3 mGal on the surface of 

the Earth (Figure 12). Hence, these effects must be removed from gravity measurements. Daily 

tidal corrections can be obtained from theoretical tidal predictions models. Another way for 

determining the tidal value is to designate a base station and make repeated measurements with 

an interval less than the period of the Earth tides. Thus, the differences among repeated 

measurements show the tidal effects. The tidal correction must be applied to observed gravity 

values before drift reduction is carried out. 

2.2.2 Instrumental Drift Correction 

Instrumental drift is attributed to the variations of the spring constant of a gravimeter. 

Change in temperature and movement of the instrument cause a fatigue on the spring of the 

gravimeter over time. Undesirable drift values are removed from observed gravity data by 
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designating a base station and repeated measurements. Drift effect is usually assumed to be 

linear between repeated readings at a base station (Figure 12). 

 

Figure 12. Schematic representation of a drift curve. The drift curve combines instrumental drift 

and tidal variations (Modified from Burger, 1992). 

 

2.2.3 Latitude Correction 

The Earth’s gravitational field increases with latitude due to the rotation of the Earth and 

its equatorial bulge. The figure of the Earth bulges at the equator and flattens at the poles, which 

indicates the increased attracting mass at the equator. Hence, the polar radius of the Earth is 21 

km less than the equatorial radius. This means that the angular velocity of the Earth decreases 

from equator to poles. The centrifugal acceleration acts in the opposition to the direction of 

gravitational acceleration; the polar flattening causes an increase in gravity at the poles. The 
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difference in gravity between the poles and equator is around 5180 mGal (Hammer, 1943). A 

simple approximation can be used to calculate latitude effects for a small-scale gravity survey: 

gl≈1.307sin2φ 2.5 

where φ is latitude 

For a regional gravity survey, however, the International Gravity Formula (IGF) is used 

to apply latitude correction (Somigliana, 1929). 

gn =
a ge cos2φ + c gp sin2φ

√a2 cos2φ + c2 sin2φ
 

2.6 

where, 

a and c are semi-major and semi-minor axes of ellipsoid, respectively (6378137 m, 6356752.3 

m; in WGS 84 System) 

g𝑒 - gravitational acceleration at the equator (978032.68 mGal) 

gp - gravitational acceleration at the poles (983218.64 mGal) 

φ - latitude 

 

2.2.4 Free Air Correction and Free Air Anomaly 

The free air correction takes into account the variations in elevation between stations 

(Figure 13). The observed gravity readings are reduced to the ellipsoid surface. The free air 

correction is defined as: 

gf = −0.3086h (mGal) 2.7 

gf - free air correction 

h - ellipsoidal height in meter 
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Figure 13. Illustration of the free air correction (Modified from Dragomir et al., 1982). 

 

The general formulation of the free air correction including the higher terms in h is given 

as (Moritz, 1980): 

gf ≈ −(0.30878 − 0.000439 sin2φ)h + 7.2125x10−8h2 (mGal) 2.8 

where φ is latitude 

This equation includes the effect of the centrifugal acceleration. If the measurement 

station is above datum, the correction term is added to the observed gravity value or vice versa. 

The free air anomaly, after applying latitude and elevation corrections, is given as: 

gfa =  g − gn + 0.3086h (mGal) 2.9 

where, 

gfa - free air anomaly 

g - observed gravity field 

gn - normal gravity field  

h – elevation in meter 
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2.2.5 Bouguer Correction and Bouguer Anomaly 

The Bouguer slab correction takes into account the attraction of the mass between the 

station and datum (Figure 14). Correction values are subtracted for stations above the datum or 

added for a station below the datum.  

 

Figure 14. Schematic diagram showing the Bouguer slab correction (Modified from Telford et 

al., 1990). 

 

The Bouguer correction term is defined as: 

 

𝛿BA = 2πGhρ = 0.04193hρ (mGal) 2.10 

where, 

G - the gravitational constant ( 6.67x10−11m3/kg s2 )  

h - thickness of the infinite slab in meter 

ρ - density of the infinite slab in kg m-3  

The effects of the Earth’s curvature and topography on observed gravity data are reduced 

by applying Bullard and Terrain corrections. The corrections are applied to all stations up to 

166.7 km. Terrain correction values are always added to the stations.  

The Bouguer anomaly with the aforementioned corrections is defined as:   

gB = g − gn + 0.3086h − 0.0419hρ − B + T (mGal) 2.11 
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where, 

g - observed gravity field 

gn - normal gravity field calculated on the surface of ellipsoid 

h - thickness of slab in meter 

ρ - density of slab in kg m-3 

B - Bullard correction 

T - terrain correction 

 

2.3 Isostatic Models 

The vertical movement observed during the Earth dynamic process can be explained by 

isostasy. Isostasy provides information about the state of gravitational balance between the crust 

and mantle. Isostasy is used to explain the variations in elevation on the Earth’s surface. In the 

following sections, the three standard isostatic models are described. 

2.3.1 The Airy-Heiskanen Model 

The Airy-Heiskanen model states that the high topography on the Earth’s surface is 

compensated by low-density crustal root in the mantle (Figure 15). In this model, crustal density 

is assumed constant, but elevation variation on the surface is accommodated by a change in 

crustal thickness. The Airy (1855) isostatic formula is given as: 

Tρc + tρm = (h + T + t)ρc 2.12 

where, 

t – crustal root thickness 

h - elevation above sea level 

T - crustal thickness 
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ρc - density of crustal rocks 

ρm - density of mantle 

 

Figure 15. Isostatic compensation mechanism based on the Airy-Heiskanen model (Modified 

from Watts, 2001). 

 

2.3.2 The Pratt-Hayford Model 

In the Pratt-Hayford model, differences in topography are compensated by lateral density 

variation within the lithosphere (Figure 16). This model assumes the constant depth of 

compensation. The formula for the Pratt (1855) isostatic compensation is defined as: 

Tρ1 = (T + h2)ρ2 = (T + h3)ρ3       

where, 

ρ1 < ρ2 < ρ3 and h3 > h2 

2.13 
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T - crustal thickness 

h2 - elevation above sea level 

h3 - elevation above sea level 

ρ1 - density of crustal rocks 

ρ2 - density of crustal rocks 

ρ3 - density of crustal rocks 

ρm - density of mantle 

  

Figure 16. Isostatic compensation mechanism based on the Pratt-Hayford model (Modified from 

Watts, 2001). 

 

2.3.3 The Vening Meinesz Model 

The Vening Meinesz isostatic model explains the mechanisms of isostatic compensation 

of regional topography. The regional topographic load is supported by the rigidity of the 
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lithosphere (Figure 17). The lithosphere bends to support the load. The flexural rigidity of the 

lithosphere is defined as (Schubert et al., 2015): 

D =
Ete

3

12(1 − v2)
 

2.14 

where, 

D - flexural rigidity 

E - young’s modulus 

te - elastic thickness 

v - poisson’s ratio 

 

 

Figure 17. Isostatic compensation mechanism based on the Vening Meinesz model (Modified 

from Watts, 2001). 
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3. GRAVITY DATABASE 

The gravity data used in this study are based on the European Improved Gravity Model of 

the Earth (EIGEN-6C4). The EIGEN-6C4 geopotential model includes terrestrial and satellite 

gravity data from GOCE (Gravity field and steady-state ocean circulation explorer), GRACE 

(Gravity recovery and climate mission) and LAGEOS (Laser geodynamic satellites) missions 

(Förste et al., 2015). The terrestrial data are derived from satellite altimetry and the EGM2008 

(Earth Gravitational Model; Anderson, 2010; Pavlis et al., 2012). The EIGEN-6C4 geopotential 

model is the latest release and has degree and order of 2190. The model is based on the WGS-84 

reference system, and it has an approximately 8 km spatial resolution. The geopotential model is 

suitable for lithospheric scale modeling (Förste et al., 2015). In addition to the standard gravity 

reduction, the data are reduced using an infinite slab with densities 2.670 g/cm³ onshore and 

1.645 g/cm³ offshore without taking into account the effect of earth’s curvature.  

3.1 Satellite Derived Gravity Data 

3.1.1 Gravity field and steady-state ocean circulation explorer (GOCE) mission 

The GOCE mission was launched in 2009 and was operational until 2013. The main goal 

of the GOCE mission was to determine the gravity and geoid anomalies with accuracies of 1 

mGal, and 1-2 cm, respectively. Moreover, the mission aimed to achieve a spatial resolution of 

better than 100 km (www.esa.int/Our_Activities/Observing_the_Earth/GOCE/Facts_and_ 

figures). The satellite was at an orbital altitude of about 250 km above the Earth. The GOCE 

satellite provided nine gravity gradient components (Txx, Txy, Txz, Tyy, Tyz, Tzz; Figure 18). 
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The EIGEN-6C4 model includes data from the GOCE mission up to a degree and order of 300 

(Förste et al., 2015). 

 

Figure 18. The GOCE satellite mission including the six components of the gravity gradient 

fields (www.esa.int/spaceinimages/Images/2008/06/GOCE_takes_six_simultaneous_ 

measurements_of_the_gravity_field). 

 

3.1.2 Gravity recovery and climate (GRACE) mission 

The aim of the GRACE mission, launched in March 2002, is to determine the variations 

in the Earth’s gravity field (http://www.nasa.gov/mission_pages/Grace/ overview/index.html). 

The mission comprises of two identical satellites located in orbit at an altitude of about 500 km 

above the Earth (Figure 19). The twin satellites, one behind the other, fly in the same orbit above 

the Earth, and the distance between them is about 220 km. The EIGEN-6C4 model includes data 

from the GRACE mission up to degree and order of 175 (Förste et al., 2015). 

 

http://www.esa.int/spaceinimages/Images/2008/06/GOCE_takes_six_simultaneous_%20measurements_of_the_gravity_field
http://www.esa.int/spaceinimages/Images/2008/06/GOCE_takes_six_simultaneous_%20measurements_of_the_gravity_field
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Figure 19. GRACE satellite mission (http://grace.jpl.nasa.gov/mission/grace-fo).  

 

3.1.3 Laser geodynamic satellites (LAGEOS) mission 

The main purpose of the LAGEOS-1 and LAGEOS-2 missions, launched in May 1976 

and October 1992, respectively, was to determine the figure of the Earth and tectonic plate 

movements caused by continental drift (http://science.nasa.gov/missions/lageos-1-2). The 

EIGEN-6C4 model includes data from LAGEOS mission up to degree and order of 30 (Förste et 

al., 2015). 

3.2 Terrestrial Gravity Data 

The terrestrial data over the ocean and continents are derived from satellite altimetry and 

the EGM2008 (Earth gravitational model 2008), respectively (Anderson, 2010; Pavlis et al., 

2012). The EIGEN-6C4 model includes terrestrial data from satellite altimetry and the 

EGM2008 from degree and order 371 to 2190 (Förste et al., 2015). All existing terrestrial gravity 
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data in Turkey are included in the EGM2008 (Pavlis et al., 2012). The combined Bouguer 

anomaly data of Eastern Anatolia, which is based on the EIGEN-6C4 geopotential model, were 

obtained from the data portal of the International Centre for Global Earth Models (ICGEM; 

Barthelmes, F. and Köhler, 2012; Figure 20). 

 

Figure 20. Bouguer anomaly map of Eastern Anatolia. 
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4. METHODOLOGY 

4.1 Wavelength Filtering 

The Bouguer gravity anomaly contains signals from shallow and deep sources having 

short and long wavelengths, respectively. Different wavelength filtering can be applied to the 

Bouguer gravity anomalies to enhance the data set depending on the objectives of the specific 

study. Wavelength filtering in the Fourier domain is an effective means of removing the 

undesirable wavelengths in the data set. A regional-residual separation and upward and 

downward continuations to the gravity anomalies were applied. In the following sections, the 

basic information about the aforementioned filters is given. 

4.1.1 Regional Residual Separation  

4.1.1.1 Low-pass filter 

A low-pass filter is used to eliminate short wavelength gravity anomalies attributed to 

shallow sources. As a result of this process, the long wavelength gravity anomalies from deep 

structures are enhanced. The end product is a regional gravity map of the study area. The low-

pass filter is defined as: 

G(kx, ky)={
0, if √kx

2 + ky
2 >

2π

λc

1,                 Else          

       

where, 

G- low-pass filter in wavenumber domain 

4.1 

kr
2 =  kx

2 + ky
2 , k = 2π/λ 
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kx and ky are wavenumbers and λc is the critical wavelength. 

 λc must be chosen very carefully. Otherwise, the essential information may be removed 

unintentionally from the gravity anomalies. In this study, the cut-off wavelength (λc = 300 km) 

was determined based on similarity of amplitudes of the gravity anomalies in the regional and 

upward continued fields.  

4.1.1.2 High-pass filter 

The effect of a high-pass filter on gravity anomalies is the opposite of that of a low-pass 

filter. The high-pass filter is used to remove long wavelength anomalies associated with deep 

structures. This process enhances short wavelength gravity anomalies of shallow origin. The end 

product is a residual gravity map of the study area. The high-pass filter is given as: 

G(kx, ky) = {
0, if √kx

2 + ky
2 <

2π

λc

1,                 Else          

 

4.2 

where, 

G- high pass filter in wavenumber domain 

kx and ky are wavenumbers and λc is the critical wavelength.  

  

4.1.2 Upward continuation 

Upward continuation is a process by which the observed gravity data on the surface are 

mathematically projected to heights above the surface (Telford et al., 1990; Figure 21). The 

upward continuation filter suppresses short wavelength anomalies of shallow origin and 

enhances long wavelength gravity anomalies of deep origin.  

The upward continuation filter is given as: 
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G(kx, ky)= e−kZ 4.3 

where, 

G- upward continuation filter in wavenumber domain 

kx, ky are wavenumbers, k=√kx
2 + ky

2, and Z is the height of upward continuation. 

 

Figure 21. Illustration of upward continuation. 

 

4.1.3 Downward continuation 

Downward continuation is a mathematical projection by which potential fields are 

calculated at various depths below a datum (Telford et al., 1990; Figure 22). The aim of 

downward continuation is to enhance gravity anomalies of shallow origin. The process attenuates 

long wavelength gravity anomalies of deep origin. The downward continuation filter is given as: 

G(kx, ky)= ekZ 4.4 

where, 

G- downward continuation filter in wavenumber domain 

kx, ky are wavenumbers, k=√kx
2 + ky

2, and Z is the depth of upward continuation. 
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Figure 22. Illustration of downward continuation. 

 

4.2 Spectral Analysis 

Power spectrum analysis is one of the techniques used to estimate the depths to the 

sources of gravity and magnetic anomalies from the logarithmic power spectrum of a profile or a 

map (Saad, 1977). Although the power spectrum method was first proposed for aeromagnetic 

data (Spector and Grant, 1970), it has also been applied for gravity data analysis (Maus and 

Dimri, 1996). The slope of the logarithmic power spectrum of gravity anomalies provides 

information about the depth of the source. The power spectrum method, which is based on the 

analyses of wavelengths, is applicable for gravity gradient data. Spectral power spectrum 

analysis is commonly done in the Fourier domain. The information about the depth to the source 

from power spectrum analysis reflects roughly 25% of the diameter of the study area (Saad, 

1977). The window length must be carefully chosen.  

The power spectrum is defined as (Hinze et al., 2013): 

ln[PS(k)] = ln[C] - 4πzf = ln[C] - 2zk 4.5 

z(f)=|slope|/2 4.6 

where, 

PS - power spectrum 
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C - constant 

k - 2πf 

f - frequency 

z - depth to source 

 

4.3 Residual Topography 

Residual topography indicates the difference between the observed and isostatic 

topography. The determination of the residual topography of any given region depends on the 

types of isostatic model. In this study, an Airy isostasy compensation model was used to 

calculate the isostatic and residual topography of Eastern Anatolia. The basic Airy isostasy 

formula is given as (Schubert et al., 2015): 

Tc =  Tz +
hisoρm

(ρm − ρc)
 

4.7 

hiso=
(Tc−Tz)∗(ρm−ρc)

ρm
 4.8 

where, 

hiso - expected isostatic topography 

Tc - crustal thickness 

Tz - global mean crustal thickness relative to sea level (31.2 km) 

ρm - density of mantle 

ρc - density of crust 

The crustal thickness (Tc) is obtained from receiver function analysis (Tezel et al., 2013) 

and Crust1.0 model (Laske et al., 2013). The global mean crustal thickness Tz is usually taken as 

31.2 km for the Airy isostatic compensation model (Schubert et al., 2015).  
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The densities of the mantle and crust for the Isostatic model are 3.25 g/cm3 and 2.75 

g/cm3, respectively, and these values are representative of the study area. The elevation data are 

from ETOPO1 digital elevation model (Amante and Eakins, 2009). 

The residual topography of Eastern Anatolia is calculated as follows: 

hres = hobs − hiso 4.9 

where, 

hres - residual topography 

hobs - observed topography 

hiso - isostatic topography 

 

If the residual topography is negative, it can be assumed that the topography in the region 

is isostatically compensated. This means that the crustal thickness is enough to isostatically 

support the observed topography on the surface. Conversely, if the residual topography is 

positive, the region is under compensated, and the crustal thickness is insufficient to support the 

high topography on the surface. This indicates that part of the observed topography may be 

supported by other mechanisms of dynamic origin. Residual topography can be caused by 

lithospheric thickness variations (Gvirtzman and Nur, 2001; Artemieva, 2007), folding within 

lithosphere due to far field stresses (Cloetingh et al., 2002), and mantle convection (Ricard et al., 

1984; Richard and Hager, 1984).  

4.4 Isostatic Moho    

Isostatic Moho refers to the expected crustal thickness that isostatically supports the 

observed topography. The isostatic Moho map of Eastern Anatolia is calculated assuming Airy 

isostasy. The formula is defined as (Schubert et al., 2015): 
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Tisostatic= Treal +
hρm

ρm−ρc
 4.10 

where, 

Tisostatic - isostatic Moho 

Treal - crustal thickness 

h - observed topography 

ρm - density of mantle (3.25 g/cm3) 

ρc - density of crust (2.75 g/cm3) 

The crustal thickness Treal is obtained from the 2.5-D gravity model. The ‘h’ values are 

from the ETOPO1 digital elevation model.  

 

4.5 Gravity Data Modeling 

4.5.1 Forward modeling problem 

Forward modeling of the gravitational response is a calculation or prediction based on 

known source parameters (Figure 22). In the gravity forward modeling process, the predicted 

gravity data are fitted to the observed ones. To minimize the ambiguity inherent in the 

gravitational field, the forward model needs to be constrained by all available geological and 

geophysical data.  

4.5.2 Inverse modeling problem 

Inverse gravity modeling is the calculation of model parameters from a known gravity 

field. The solution to an inverse problem is non-unique because observed gravity data can be 

produced by an infinite number of causative bodies (Figure 23). The inverse problem is limited 

by noise and measurement error. It is also partly inherent in the potential field data. The inverse 
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model needs to be constrained by independent information such as geological and geophysical 

information.  

 

 

Figure 23. Schematic representation of the forward and inverse modeling in potential field 

interpretation.  

 

4.5.3 Dimensionality in Potential Field 

Gravity and magnetic data modeling of subsurface structures can be performed in 2-D, 

2.5-D, 2.75-D and 3-D depending on the objective of the studies. In the subsequent sections, the 

dimensionality of potential field modeling is described. 

4.5.3.1 2-D model 

In a 2-D model, the geological features and layers within the study area are assumed to 

have an infinite strike length. The physical properties and crustal thickness are constant along the 

infinite strike. The physical properties of layers and geological features only show variation with 

increasing depth and distance along a profile (Figure 24).  
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4.5.3.2 2.5-D and 2.75-D models  

The 2.5-D and 2.75-D gravity models are different versions of the 2-D model. While a 2-

D gravity model has an infinite strike length, 2.5-D and 2.75-D gravity models have a finite 

strike length. The main difference between the 2.5-D and 2.75-D models is that the 2.5-D model 

has equal strike length on either side of a profile, whereas a 2.75-D model has different strike 

length on either side of a profile (Figure 24). In all the cases, the strike can be perpendicular to 

the profile or at an angle other than 90 degrees.     

4.5.3.3 3-D model 

The physical properties and layer parameters in a 3-D model are represented in three 

dimensions (Figure 24). Hence, a 3-D model is a representation of a series of profiles. It is an 

efficient way to display the shape of a 3-D subsurface source. Unlike other models, the 3-D 

model is more complicated since it needs more information for the determination of the 3-D 

model parameters.   

In this thesis, a 2.5-D forward gravity modeling is performed using commercially 

available gravity and magnetic modeling software (GM-SYS). The 2.5-D gravity modeling is 

based on a representation of the subsurface structure with n-sided polygons (Talwani et al., 

1959). The GM-SYS modeling software has an option to modify the length of the strike line on 

either side of a profile. To reduce the edge effects on gravity models, the strike length in the GM-

SYS software is extended to 30,000 km on either side of the profiles.   
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Figure 24. Schematic representation of dimensionality in potential field modeling (Dentith and 

Mudge, 2014). 

 

4.6 Density Determination 

Gravity modeling requires density and geometry of the subsurface structures to be 

known. Several methods are available to convert P-wave velocity to density (e.g. Gardner, Nafe 

& Drake, Sobolev & Babeyko etc.). In this study, the P-wave velocities of the subsurface 

structure in Eastern Anatolia are converted to densities using the Nafe and Drake (1957) formula, 

and the Ludwig et al. (1970) relation. The aforementioned relation is valid for a P-wave velocity 

interval between 1.5 and 8.5 km/s. The relation is given as: 

ρ = 1.6612Vp − 0.4721Vp
2 + 0.0671Vp

3 − 0.0043Vp
4 + 0.000106Vp

5 4.11 

where, 

ρ - density 

Vp - P-wave velocity 
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5. RESULTS  

5.1 Gravity Anomalies and Analysis  

Shallow and deep structures cause short and long wavelength gravity anomalies on the 

surface. To determine these anomalies, low- and high-pass filters were applied to the Bouguer 

gravity anomalies.  

  

5.1.1 Upward continuation 

  The main purpose of the upward continuation is to suppress the short wavelength gravity 

anomalies. The result of this process is a regional gravity anomaly map of the study area. To 

determine the regional gravity field and the cut-off wavelength for the regional-residual 

separation, the Bouguer gravity anomalies were mathematically projected to various heights (30 

- 50 km; Figure 25, Figure 26, Figure 27). At 50 km height, the short wavelength gravity 

anomalies are suppressed, and the regional anomalies are enhanced (Figure 27).  

The upward continued gravity anomalies across Eastern Anatolia range from -73.7 mGal 

to -154.6 mGal, and the map shows similar trends to the Bouguer gravity anomaly map. Three 

regional patchy anomalies are identified on the upward continued map. These anomalies are 

separated by the BZS zone, East Anatolian Fault Zone (EAFZ), North Anatolian Fault Zone 

(NAFZ), and North East Anatolian Fault Zone (NEAFZ). The anomalies correlate with the 

Eastern Anatolian Plateau, the Arabian Plate, and the Black Sea. 
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Figure 25. Upward continued map of the Eastern Anatolian region at 30 km height above the 

topography. Abbreviations: EAFZ: East Anatolian Fault Zone, NAFZ: North Anatolian Fault 

Zone. Red triangles show Holocene volcanoes. 
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Figure 26. Upward continued map of the Eastern Anatolian region at 40 km height above the 

topography. Abbreviations: EAFZ: East Anatolian Fault Zone, NAFZ: North Anatolian Fault 

Zone. Red triangles show Holocene volcanoes. 
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Figure 27. Upward continued map of the Eastern Anatolian region at 50 km height above the 

topography. Abbreviations: EAFZ: East Anatolian Fault Zone, NAFZ: North Anatolian Fault 

Zone. Red triangles show Holocene volcanoes.  

 

5.1.2 Residual Gravity Anomalies 

Figure 28 shows the residual gravity anomaly map of Eastern Anatolia. The anomalies 

range from 92.5 mGal to -64 mGal. Positive residual anomalies are observed in the northwestern, 

western, and southeastern sections of the study area. The positive residual anomaly in the 

northwestern part of the study area can be related to the Black Sea. The Lake Van and 

surrounding regions exhibit positive residual gravity anomalies, which may be related to the 
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Holocene volcanoes across the region. The transition from low to high residual gravity anomalies 

in the southern part of the study area may be attributed to the BZS zone. The west-east trending 

positive residual gravity anomalies along the 39°N latitude (at the center of the study area) 

defines a triple junction point that may be related to a point where the BZS, the North Anatolian 

and East Anatolian faults meet. 

 

Figure 28. Residual anomaly map of the Eastern Anatolian region. Red triangles and dashed 

black line show Holocene volcanoes and the location of Lake Van, respectively. Abbreviations: 

EAFZ: East Anatolian Fault Zone, NAFZ: North Anatolian Fault Zone.  
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5.1.3 Regional Gravity Anomalies 

Figure 29 shows the regional gravity anomaly map of Eastern Anatolia. The trend of the 

anomalies is east-west and is similar to the Bouguer gravity anomalies. The regional gravity 

anomalies range from -23 mGal to -178 mGal. The high negative regional gravity anomalies 

correlate with the Eastern Anatolian Plateau. As in the residual map, the BZS and the North 

Anatolian Fault define the transition from high to low regional gravity anomalies.  

 

Figure 29. Regional anomaly map of the Eastern Anatolian region. Abbreviations: EAFZ: East 

Anatolian Fault Zone, NAFZ: North Anatolian Fault Zone. Red triangles show Holocene 

volcanoes. 
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5.2 Gravity Models 

5.2.1 Initial model and Data Constraints 

Seven 2.5-D gravity models were developed to determine the crust and upper mantle 

structure of the Eastern Anatolian region between 38°E/37°N and 44°E/41°N. The locations of 

the profiles are shown in Figure 30. Each profile is approximately 444 km long, and the depth of 

gravity model is 165 km. The 2.5-D gravity models were interpreted along longitudinal lines 

from south to north. The seven profiles include the collision zone between the Arabian and 

Eurasian plates, which is represented by the BZS zone (Figure 30). The main tectonic features in 

the models are the BZS, NAFZ, EAFZ, and the NEAFZ. To reduce the ambiguity inherent in 

potential field interpretation, the gravity models were constrained by receiver function and 

seismic tomography (Angus et al., 2006; Biryol et al., 2011; Koulakov et al., 2012; Warren et al., 

2013; Delph et al., 2015). The locations of the BZS, NAFZ, EAFZ, and NEAFZ are determined 

based on earthquake hypocenters from Boğaziçi University Kandilli Observatory website 

including events from 1985 to 2016 (http://www.koeri.boun.edu.tr/ sismo/2/earthquake-catalog/). 

Appendix A provides more detail information about the earthquakes’ depth, magnitude, and 

focal mechanism (Dziewonski et al., 1981; Ekström et al., 2012).  

http://www.koeri.boun.edu.tr/%20sismo/2/earthquake-catalog/
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Figure 30. A topographic relief map showing the locations of the 2.5-D gravity profiles (A-G). 

Abbreviations: NAFZ: North Anatolian Fault Zone, EAFZ: East Anatolian Fault Zone, NEAFZ: 

North East Anatolian Fault Zone. Red triangles show Holocene volcanoes. 

 

All profiles include sediment, upper crust, lower crust, mantle lithosphere and 

asthenosphere. The sediment thickness, upper-lower crust boundary, and Moho depth across the 

Eastern Anatolia region range from 0-5 km, 10-25 km, and 30-55 km, respectively (Laske and 

Masters, 1997; Maden et al., 2009; Yılmaz et al., 2010; Ateş et al., 2012; Gökalp, 2012; Tezel et 

al., 2013; Warren et al., 2013; Delph et al., 2015). Recent seismic tomography studies show that 

the P-wave velocities for the sediment, upper crust, lower crust, and upper mantle in the Eastern 

Anatolia region range from 4.55-4.98 km/s, 4.68-6.3 km/s, 5.32-7.23 km/s, and 7.6-8.3 km/s, 

respectively (Table 1; Örgülü et al., 2003; Piromallo and Morelli, 2003; Zor et al., 2003; Reiter 
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and Rodi, 2006; Lei and Zhao, 2007; Özacar et al., 2008; Gans et al., 2009; Toksöz et al., 2010; 

Biryol et al., 2011; Koulokav, 2011; Salah et al., 2011; Simmons et al., 2011; Koulokav et al., 

2012; Fichtner et al., 2013; Tezel et al., 2013; Pasyanos et al., 2014). These data were used to 

constrain the 2.5-D gravity models. The velocities were converted to densities using the Nafe and 

Drake (1957) and Ludwig et al. (1970) relations. 

Tectonic 

Structure 

P-wave 

Velocity (km/s) 

Density 

(𝐠/𝐜𝐦𝟑) 

References 

 

Sediment 

    

   4.55 - 4.98 

 

 1.70 - 2.90 

Maden et al., (2009); Yılmaz et al., 

(2010); Salah et al., (2011); Tezel et al., 

(2013); Warren et al., (2013) 

 

Upper Crust 

 

   4.68 - 6.3 
 

 2.50 - 2.90 
Reiter and Rodi, (2006); Özacar et al., 

(2008); Maden et al., (2009); Yılmaz et 

al., (2010); Gök et al., (2011); Salah et 

al., (2011); Tezel et al., (2013); Warren 

et al., (2013); Delph et al., (2015) 

 

Lower Crust 

 

   5.32 - 7.23 

 

 2.50 - 3.18 
Reiter and Rodi, (2006); Özacar et al., 

(2008); Maden et al., (2009); Yılmaz et 

al., (2010); Gök et al., (2011); Salah et 

al., (2011); Tezel et al., (2013); Warren 

et al., (2013); Delph et al., (2015) 

 

 

Mantle 

Lithosphere 

 

 

   7.8 - 8.28 

 

 

 3.22 - 3.30 

Al-Lazki et al., (2003); Piromallo and 

Morelli, (2003); Reiter and Rodi, 

(2006); Lei and Zhao, (2007); Özacar et 

al., (2008); Maden et al., (2009); 

Yılmaz et al., (2010); Simmons et al., 

(2011); Tezel et al., (2013); Koulakov, 

(2011); Koulakov et al., (2012) 

 

 

Asthenosphere 

 

 

 

   7.6 - 8.3 

 

 

 3.15 - 3.40 

Piromallo and Morelli, (2003); Reiter 

and Rodi, (2006); Lei and Zhao, 

(2007); Pasyanos and Nyblade, (2007); 

Maden et al., (2009); Simmons et al., 

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

(2011); Koulakov et al., (2012); 

Pasyanos et al., (2014) 

 

Table 1. P-wave velocities and densities of the main tectonic units in Eastern Anatolia. 



   55 

 

5.2.2 Lithospheric Structure of Eastern Anatolia between 38°E and 41°E 

Figure 31 shows the lithospheric structure of Eastern Anatolia along 38°E longitude. The 

Bouguer gravity anomalies vary from -40 mGal to -147 mGal. The main tectonic features such as 

the BZS, the East and North Anatolian faults are included in the gravity model. The depth 

extensions of the main tectonic features in the model are based on earthquake hypocenters and 

previous seismic studies (Warren et al., 2013; Delph et al., 2015). The distribution of the 

earthquake hypocenters indicates that the BZS and EAFZ have similar geometry down to the 

base of the crust, and the NAFZ extends to the base of the upper crust. The lack of seismicity and 

the decrease in seismic velocity in the crust indicate that part of the Eastern Anatolian crust 

might be thermally heated by hot asthenospheric material (Pamukçu and Akçığ, 2011; Delph et 

al., 2015). 

 The sediment thickness, the upper-lower crustal boundary, and the Moho depth along 

this profile vary from 0.2 - 3.5, 13.6 -19.8, and 33 - 41.7 km, respectively. A smooth variation in 

density is observed within the upper and lower crust. The 2.5-D gravity model shows crustal 

thickening north of the BZS zone. This result is expected in the continental collisional area.    

The lithosphere in Eastern Anatolia exhibits variable thickness. The thickness of the 

lithosphere decreases from 86 km in the Arabian Plate to 64 km in the Eastern Anatolian region 

(north of the BZS zone; Figure 31). The thin lithosphere beneath Eastern Anatolia is underlain by 

the low-velocity asthenospheric material. The thinning is attributed to lithospheric delamination. 

Both lithospheric delamination and slab detachment are also responsible for the asthenospheric 

flow in the uppermost mantle beneath Eastern Anatolia. 
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Figure 31. A 2.5-D gravity model of Eastern Anatolia along 38°E longitude. The white circles 

represent the earthquake hypocenters. Abbreviations: AP: Arabian Plate, EA: Eastern Anatolia, 

BZS: Bitlis-Zagros Suture, EAFZ: East Anatolian Fault Zone, NAFZ: North Anatolian Fault 

Zone. 

 

Figure 32 shows the crust-upper mantle structure of Eastern Anatolia along 39°E 

longitude. The Bouguer gravity anomalies vary from -6 mGal to -137 mGal. Similar to the 

previous profile, the BZS, the East and North Anatolian faults are observed in this profile. The 

high angle crustal discontinuity and the concentration of seismicity along the BZS may be related 

to the collision zone between the Arabian and Eurasian plates (Reilinger et al., 2006). 

Furthermore, there are some sub-crustal earthquakes (up to 80 km at depth) in the Arabian plate 
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from which the subducted slab was detached (Lei and Zhao, 2007; Zor, 2008). This indicates that 

the mantle lithosphere beneath the Arabian plate may still exhibit brittle deformation.  

The sediment thickness, upper-lower crustal boundary, and the Moho depth vary from 0.2 

- 2.6, 14.5 - 20.2, and 34.8 - 40.6 km, respectively. As in the previous profile, the model along 

39°E longitude shows a thin lithosphere beneath Eastern Anatolia.  

 

Figure 32. A 2.5-D gravity model of Eastern Anatolia along 39°E longitude. The white circles 

represent the earthquake hypocenters. Abbreviations: BZS: Bitlis-Zagros Suture, EAFZ: East 

Anatolian Fault Zone, NAFZ: North Anatolian Fault Zone. 

 

Figure 33 shows the lithospheric structures of Eastern Anatolia along 40°E longitude. 

The Bouguer gravity anomalies vary from -13 mGal to -154 mGal. The sediment thickness, the 

upper-lower crustal boundary, and the Moho depth along this profile range from 0 - 3.5, 16 - 
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20.9, and 37.3 - 42.9 km, respectively. In contrast to the previous profiles, the model along 40°E 

longitude shows relatively low-density structures (2.69 g cm3⁄ ) within the upper crust between 

235 and 285 km of the profile. This indicates that the crust beneath Eastern Anatolia might be 

thermally heated by the hot asthenospheric material.  

The average lithospheric thickness beneath Eastern Anatolia along the 40°E longitude is 

approximately 63 km. The presence of low-density crustal structures and thin lithosphere in 

Eastern Anatolia might be associated with the shallower hot asthenospheric material. 

 

Figure 33. A 2.5-D gravity model of Eastern Anatolia along 40°E longitude. The white circles 

represent the earthquake hypocenters. Abbreviations: BZS: Bitlis-Zagros Suture, EAFZ: East 

Anatolian Fault Zone, NAFZ: North Anatolian Fault Zone, NEAFZ: North East Anatolian Fault 

Zone. 
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Figure 34 shows the lithospheric structures of Eastern Anatolia along 41°E longitude.  

The Bouguer gravity anomalies vary from -50 mGal to -186 mGal. The sediment thickness, the 

upper-lower crustal boundary, and the Moho depth vary from 0 - 2.7, 16.1 - 20.5, and 39.2 - 43.9 

km, respectively. The lithospheric thickness in the Arabian Plate is around 90 km, and this 

decreases to ~62 km beneath Eastern Anatolia. The gradual decrease in lithospheric thickness 

from the Arabian Plate to the Anatolian Plate can be correlated with lithospheric delamination. 

As in the previous profile, relatively low-density structures (2.69 g cm3⁄  and 2.72 g cm3⁄ ) exist 

in upper and lower crust between 320 km and 345 km of the profile.  

 

Figure 34. A 2.5-D gravity model of Eastern Anatolia along 41°E longitude. The white circles 

represent the earthquake hypocenters. Abbreviations: BZS: Bitlis-Zagros Suture, EAFZ: East 
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Anatolian Fault Zone, NAFZ: North Anatolian Fault Zone, NEAFZ: North East Anatolian Fault 

Zone. 

 

5.2.3 Lithospheric Structure of Eastern Anatolia between 42°E and 44°E 

Figure 35 shows the lithospheric structures of Eastern Anatolia along 42°E longitude. 

The Bouguer gravity anomalies vary from -47 mGal to -178 mGal. The main tectonic features 

along this profile are the North East Anatolian Fault and the BZS zone. In this and the following 

profiles, the depth of the BZS zone in the lower crust is not known due to lack of deep 

earthquake.  

The sediment thickness, the upper-lower crustal boundary, and the Moho depth along the 

42°E longitude vary from 0.3 - 2.8, 16.2 - 20.4, and 39.1 - 43.2 km, respectively. The thickness 

of the lithosphere in the Arabian and Eastern Anatolian plates is 90 and 62 km, respectively. 

Relatively low-density upper and lower crustal structures (2.67 g cm3⁄  - 2.71 g cm3⁄ ) also exist 

between the BZS and NEAFZ along this profile.  
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Figure 35. A 2.5-D gravity model of Eastern Anatolia along 42°E longitude. The white circles 

represent the earthquake hypocenters. Abbreviations: BZS: Bitlis-Zagros Suture, NEAFZ: North 

East Anatolian Fault Zone. 

 

Figure 36 shows the lithospheric structures of Eastern Anatolia along 43°E longitude. 

The Bouguer gravity anomalies vary from -89 mGal to -186 mGal. The anomalies in the central 

part of the profile (between 100 and 250 km) might be due to crustal level heterogeneities. The 

depth to the source, as determined from the power spectral analysis, is ~5.6 km. These anomalies 

correlate with the Lake Van and Holocene volcanoes on the surface. To get the best fit between 

the observed and calculated Bouguer anomalies, high-density structures were incorporated in the 

upper and lower crusts. As in the previous profiles, the upper and lower crust north of the BZS is 
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characterized by several low-density structures relative to the surrounding region (2.68 g cm3⁄  

and 2.71 g cm3⁄ ). 

The sediment thickness, upper-lower crustal boundary, and the Moho depth along 43°E 

longitude vary from 0 - 1.9, 16.8 - 19.9, and 43.6 - 45.5 km, respectively. The lithospheric 

thickness in the Arabian Plate is 90 km, but the lithosphere beneath Eastern Anatolia increases to 

67 km relative to the previous profile.  

 

Figure 36. A 2.5-D gravity model of Eastern Anatolia along 43°E longitude. The white circles 

represent the earthquake hypocenters. Abbreviation: BZS: Bitlis-Zagros Suture. 

 

Figure 37 shows the lithospheric structures of Eastern Anatolia along 44°E longitude. 

The Bouguer gravity anomalies vary from -80 mGal to -168 mGal. The sediment thickness, the 
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upper-lower crust boundary, and the Moho depth along the 44°E longitude vary from 0.1 - 1.8, 

16.5 - 20.5, and 43.2 - 46 km, respectively. The lithospheric thickness along this model decreases 

from 84 km beneath the Arabian Plate to 74 km in Eastern Anatolia.  

 

Figure 37. A 2.5-D gravity model of Eastern Anatolia along 44°E longitude. The white circles 

represent the earthquake hypocenters. Abbreviation: BZS: Bitlis-Zagros Suture. 

 

5.3 Depth to Source from Spectral Analysis of Bouguer Anomalies 

To determine the depth to the subsurface sources beneath Eastern Anatolia, the power 

spectrums of the Bouguer anomalies were analyzed. The power spectrum analysis was based on 

four equal square areas (A, B, C and D in Figure 38). The window size in each case was 3°x 3°. 

Two slopes were determined for each region, and the slopes were used to estimate the depths to 



   64 

 

the subsurface sources beneath Eastern Anatolia. The two slopes in region A correspond to 

subsurface sources located at 66 km and 8 km, respectively (Figure 38 A). The depths to the 

sources in region B are 53 km and 7 km, respectively (Figure 38 B). The depths to the sources in 

region C, which is the southwestern part of the study area, are 57 km and 6 km, respectively 

(Figure 38 C). The depths to the subsurface sources in region D are 56 km and 6 km, respectively 

(Figure 38 D). The first slope, and hence the depth, may be related to a source located within the 

upper mantle, and the second slope, and hence the depth, may represent the energy from a source 

within the upper crust.  

 

Figure 38. Power spectra of the Bouguer anomalies of Eastern Anatolia. The slopes of the power 

spectrums in regions A, B, C and D are proportional to the average depths of subsurface sources 

beneath Eastern Anatolia. 



   65 

 

5.4 The Isostatic State of Eastern Anatolia 

5.4.1 Residual Topography 

According to the Airy isostatic model, a topography of 2 km elevation should be 

compensated by at least a 55 km crustal thickness (Pamukçu and Akçığ, 2011). The average 

crustal thickness in Eastern Anatolia, as determined from receiver functions, is 45 km (Al-Lazki 

et al., 2003; Zor et al., 2003; Özacar et al., 2008, Zor, 2008; Tezel et al., 2013, Vanacore et al., 

2013; Pasyanos et al., 2014). This is less than the crustal thickness required by the Airy model.  

          To determine the isostatic state and compensation mechanism in Eastern Anatolia, residual 

topography was calculated (Figure 39 C) from differences between observed (Figure 39 A) and 

isostatic topography (Figure 39 B). The observed topographic data are from the digital elevation 

model ETOPO1 (Amante and Eakins, 2009). The residual topography, which is based on Airy 

isostasy model, shows negative and positive values (Figure 39 C), where negative and positive 

residuals indicate the over and under compensation conditions, respectively. The high 

topography in Eastern Anatolia is characterized by positive residual values (~1.7 km) indicating 

that the Eastern Anatolian Plateau is undercompensated. This implies that the crustal thickness 

beneath the Eastern Anatolian Plateau is not sufficient to isostatically support the topography. 

Thus, part of the Anatolian plateau may be supported by another mechanism, most probably by a 

rising asthenosphere beneath the region. This is in agreement with previous residual topography 

determination in Eastern Anatolia (Komut et al., 2012; Facenna et al., 2014, Komut, 2014). The 

crustal thickness that would fully support the Eastern Anatolian plateau varies from 34.9 km to 

59.6 km (Figure 40). 
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Figure 39. a) Observed topography map of Eastern Anatolia from ETOPO1 topographic relief 

model. b) Isostatic topography map of Eastern Anatolia based on an Airy model. c) Residual 

topography of Eastern Anatolia based on an Airy isostasy model. Red triangles show Holocene 

volcanoes. Abbreviations: EAFZ: East Anatolian Fault Zone, NAFZ: North Anatolian Fault 

Zone, NEAFZ: North East Anatolian Fault Zone. 
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Figure 40. Isostatic Moho map of Eastern Anatolia based on Airy isostasy. Red triangles show 

Holocene volcanoes. Abbreviations: EAFZ: East Anatolian Fault Zone, NAFZ: North Anatolian 

Fault Zone, NEAFZ: North East Anatolian Fault Zone.  
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6. DISCUSSIONS 

The Eastern Anatolian region is underlain by anomalously low-velocity zone related to 

the asthenospheric flow in the uppermost mantle (Gök et al., 2000; Al-Lazki et al., 2003; Gök et 

al., 2003; Sandvol et al., 2003; Lei and Zhao, 2007; Özacar et al., 2008; Zor, 2008; Gans et al., 

2009; Biryol et al., 2011; Gök et al., 2011; Koulakov, 2011; Simmons et al., 2011; Koulakov et 

al., 2012; Salaün et al., 2012). The driving mechanism of the asthenospheric flow and the 

isostatic state of the Anatolian Plateau are not well understood. The asthenospheric material in 

the uppermost mantle might have resulted from lithospheric delamination and slab break-off 

(Keskin et al., 1998; Keskin, 2003; Şengör et al., 2003; Angus et al., 2006; Faccenna et al., 2006; 

Göğüş and Pysklywec, 2008; Özacar et al., 2008; Zor, 2008; Biryol et al., 2011; Gans et al., 

2009; Faccenna et al., 2012; Gökalp, 2012; Koulakov et al., 2012; Bartol and Govers, 2014; 

Schildgen et al., 2014).   

To determine the driving mechanism of asthenospheric flow in the uppermost mantle and 

assess the effect of the hot asthenospheric material on the crustal structure, a 2.5-D gravity model 

using terrestrial and satellite-derived gravity data was developed. The 2.5-D gravity model shows 

that the lithospheric mantle in Eastern Anatolia is thinner (~62 – 74 km) than the Arabian Plate 

(~84 - 95 km), and both plates are underlain by low-density asthenosphere. Thus, the gravity 

model supports the hypothesis that the Anatolian lithosphere was delaminated. The delaminated 

lithosphere induced the asthenospheric flow beneath Eastern Anatolia. The lithospheric 

instability and the subsequent delamination might have occurred following slab break-off in the 

region.  
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To test the slab break-off model in Eastern Anatolia, the gravity model was extended to a 

depth of 400 km. The location of the detached slab in the gravity model (below 300 km depth) is 

based on receiver function analysis (Figure 41; Lei and Zhao, 2007). As shown in Figure 41, the 

gravity data is also well explained by the slab break-off model. Thus, the asthenosphere ascended 

to the base of the thin lithosphere following the slab break-off and delamination. This process 

accounts for the rapid topographic uplift and extensive melting, which explains the widespread 

Holocene volcanism across the region. The volcanic rocks in Eastern Anatolia, as determined 

from chemical analysis of rocks, vary between basalts and rhyolites, and the lava chemistry of 

outcropping shows calc-alkaline characteristics in the north and alkaline characteristics in the 

south (Keskin, 2007). The calc-alkaline units in the north indicate the signature from deep mantle 

origin including subducting slab (Keskin, 2007). This trace is not observable in the alkaline units 

located in the south of the region (Keskin, 2007).        

The hot asthenospheric material in the uppermost mantle might have induced thermal 

erosion in the overlying crust. The low shear wave velocity in the lower crust beneath Eastern 

Anatolia, as determined from receiver function analysis, indicates that the lower crustal rocks are 

thermally affected by the hot asthenospheric material in the upper mantle (Pamukçu and Akçığ, 

2011; Salah et al., 2011; Warren et al., 2013; Delph et al., 2015). 

  



   72 

 

 

Figure 41. A 2.5-D gravity model of Eastern Anatolia along 41°E longitude. The white circles 

represent the earthquake hypocenters. Abbreviations: BZS: Bitlis-Zagros Suture, EAFZ: East 

Anatolian Fault Zone, NAFZ: North Anatolian Fault Zone, NEAFZ: North East Anatolian Fault 

Zone. 

 

Part of the Eastern Anatolian Plateau, as determined from residual topography, is not 

isostatically supported. There is a residual topography of ~1.7 km that cannot be explained by a 

crustal root. This indicates that the high topography on the surface is not fully compensated by 

crustal thicknesses beneath Eastern Anatolia. Thus, the residual topography must be supported 

by other mechanisms, most probably by a rising hot asthenosphere in the upper mantle. The 

crustal thickness that would fully support the observed topography in Eastern Anatolia is on the 

order of 60 km (Figure 40). 
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7. CONCLUSIONS  

The geodynamic evolution of Eastern Anatolia is characterized by collision, 

delamination, slab break-off, asthenospheric flow, rapid uplift, and extension. The driving 

mechanism of asthenospheric flow beneath Eastern Anatolia and the isostatic state of the 

Anatolian Plateau are still a matter of debate. Two hypotheses have been suggested to explain the 

driving mechanism of asthenospheric flow beneath Eastern Anatolia: 1) lithospheric 

instability/lithospheric delamination and 2) slab break-off. 

In this study, a 2.5-D gravity model of the crust and upper mantle structure was 

developed to determine the possible driving mechanism of asthenospheric flow beneath the 

Eastern Anatolian and Northern Arabian regions. The gravity model shows a low-velocity and 

low-density zone in the uppermost mantle, and this is interpreted as hot asthenospheric flow 

beneath the Eastern Anatolian and Northern Arabian plates (Biryol et al., 2011).  

The thickness of the lithosphere in the Anatolian plate, as determined from gravity 

modeling, is ~60 km (Figure 42). This is significantly thin in comparison to the lithospheric 

thickness in the Arabian Plate (~95 km; Figure 42). Furthermore, the 2.5-D gravity model shows 

the presence of a detached Arabian slab below 300 km depth (Figure 41), and this is in 

agreement with results of seismic tomography (Biryol et al., 2011; Lei and Zhao, 2007). Thus, 

the results of this study support the conclusion reached by other previous works that the 

lithospheric mantle beneath Eastern Anatolia is delaminated. The delamination and slab break-

off might have occurred at the same or different time (Al-Lazki, 2003; Gök et al., 2003; Keskin, 

2003; Şengör et al., 2003; Faccenna et al., 2006; Lei and Zhao, 2007; Göğüş and Pysklywec, 
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2008; Toksöz et al., 2010; Biryol et al., 2011; Koulakov, 2011; Bartol and Govers, 2014). The 

asthenospheric flow in the uppermost mantle was induced by lithospheric delamination and slab 

break-off. 

The residual topographic map of Eastern Anatolia shows a positive residual topography 

of ~1.7 km indicating that the Eastern Anatolian Plateau may not be fully supported by crustal 

root. Thus, part of the Eastern Anatolian region may be dynamically supported by a rising hot 

asthenosphere in the upper mantle. 

 

Figure 42. The Lithosphere Asthenosphere Boundary beneath the Eastern Anatolian and Arabian 

plates derived from 2.5-D gravity modeling. Red triangles show Holocene volcanoes. 

Abbreviations: EAFZ: East Anatolian Fault Zone, NAFZ: North Anatolian Fault Zone.  
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APPENDIX 

 

 

Location, depth, magnitude, and focal mechanism of earthquakes in Eastern Anatolia 

(38°E/37°N and 44°E/41°N). The events are from 1985 to 2016 (Dziewonski et al., 1981; 

Ekström et al., 2012). The magnitude of the earthquakes are greater than or equal to 4.2.  

  

 Latitude Longitude Depth 

(km) 

Moment 

Magnitude 

Focal 

Mechanism 

1 39.75 
 

41.68 10 5.2 

 
2 38.97 44 15 5.5 

 
3 38.44 43.08 15 5.5 

 
4 38.87 40.01 15 5.4 

 
5 39.92 39.7 15 5.4 

 
6 40.53 43.18 17.6 5.4 

 
7 40.22 42.82 15 5.1 

 
8 39.94 39.57 15 6.6 

 
9 39.52 39.84 15 5.9 

 
10 38.71 39.82 15 5.1 
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11 40.04 40.17 33 5.2 

 
12 39.41 39.67 15 5.8 

 
13 39.18 41.10 15 5.2 

 
14 38.19 39 15 5.1 

 
15 39.40 38.31 15 5.4 

 
16 40.61 42.40 19.3 5.7 

 
17 38.14 42.86 32 5.5 

 
18 39.94 42.07 29.4 5.4 

 
19 39.58 39.56 15 6 

 
20 39.04 40.53 15 6.3 

 
21 38.16 38.90 15 5.5 

 
22 40.05 40.7 16.4 5.6 

 
23 40.07 40.74 18.9 5.6 

 
24 39.65 43.83 13.2 5.1 

 
25 38.5 39.09 14.3 5.6 

 
26 37.72 43.72 13.2 5.8 

 
27 39.42 40.79 16.1 5.6 
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28 39.44 40.77 12 5.8 

 
29 39.42 40.71 15.1 5.6 

 
30 39.44 40.87 15.4 5.6 

 
31 38.34 38.73 17.8 5.1 

 
32 39.48 40.75 20.3 5.4 

 
33 39.49 40.78 15 5 

 
34 39.6 42.72 14.7 5.1 

 
35 38.83 39.96 24.5 4.9 

 
36 38.49 39.02 23.9 5.5 

 
37 38.45 39.23 12 5.7 

 
38 39.37 40.93 17.4 5.3 

 
39 37.51 38.44 17.8 5 

 
40 40.15 39.93 20.1 4.8 

 
41 39.59 39.68 12 5 

 
42 38.82 40.04 15.1 6.1 

 
43 38.73 39.95 19 5.6 

 
44 38.75 40 21.4 4.9 
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45 38.79 39.93 22.8 5.1 

 
46 38.67 39.96 29.5 4.9 

 
47 38.69 39.99 28.9 5.1 

 
48 38.53 39.57 18.7 5.4 

 
49 39.68 38.60 16.1 5.6 

 
50 38.64 43.40 12 7.1 

 
51 38.52 43.07 20.9 5.1 

 
52 38.51 43.07 12 6 

 
53 38.57 43.46 22 4.8 

 
54 38.61 43.48 20.2 4.8 

 
55 38.6 43.06 18.5 5 

 
56 38.69 43.55 14.4 5.6 

 
57 38.75 43.29 30.6 4.8 

 
58 37.08 43.86 20.3 5.1 

 
59 38.83 43.52 19.4 5.1 

 
60 38.82 43.50 15.8 4.7 

 
61 38.62 43.08 21.2 5.3 
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62 38.3 43.28 13.5 5.7 

 
63 38.57 43.05 17.3 5.2 

 
64 38.77 43.75 16.7 4.9 

 
65 38.34 43.32 28.4 5.4 

 
66 38.49 43.31 24.3 4.8 

 
67 39.15 42.2 19.5 5.2 

 
68 37.11 42.44 12 5.2 

 
69 38.61 43.63 19.1 4.9 

 
70 37.35 42.92 22.5 5.1 

 
71 39.02 41.36 22.9 5.1 

 
72 38.58 43.15 22.2 4.8 

 
73 39.15 43.65 26.7 4.8 

 
74 39.27 40.13 20.7 5.4 

 
 

Table 2. Location, depth, magnitude, and focal mechanism of earthquakes occurred between 

1985 and 2016 in Eastern Anatolia (Dziewonski et al., 1981; Ekström et al., 2012). 


