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ABSTRACT 

 The neotectonic evolution of the eastern Mediterranean is intimately tied to 

interactions between the underthrusting/subducting slab along the southern margin of 

Anatolia and the overriding plate. The lateral variations in the subduction zone can be 

viewed as a temporal analogue of the transition between continuous subduction and 

subduction termination by continent-continent collision. By investigating the lateral 

variations along this subduction zone in the overriding plate, we can gain insight into the 

processes that precede continent collision. This dissertation summarizes the results of 

three studies that focus on different parts of the subduction margin: 1) In the west, where 

the development of a slab tear represents the transition between continuous and enigmatic 

subduction, 2) In the east, where continent-continent collision between the Arabian and 

Eurasian Plate is leading to the development of the third largest orogenic plateau on earth 

after complete slab detachment, and 3) In central Anatolia, where the subducting slab is 

thought to be in the processes of breaking up, which is affecting the flow of mantle 

material leading to volcanism and uplift along the margin. In the first study, we interpret 

that variations in the composition of material in the downgoing plate (i.e. a change from 

the subduction of oceanic material to continental material) may have led to the 

development of a slab tear in the eastern Aegean. This underthrusting, buoyant 

continental fragment is controlling overriding plate deformation, separating the highly 

extensional strains of western Anatolia from the much lower extensional strains of central 

Anatolia. Based on intermediate depth seismicity, it appears that the oceanic portion of 

the slab is still attached to this underthrusting continental fragment. In the second study, 

we interpret that the introduction of continental lithosphere into the north-dipping 
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subduction zone at the Arabian-Eurasian margin led to the rollback and eventual 

detachment of the downgoing oceanic lithosphere attached to the Arabian Plate. After 

detachment, high rates of exhumation in the overriding plate are recorded due to the 

removal of the oceanic lithosphere and accompanying rebound of the Arabian continental 

lithosphere. In the third study, we image a transitional stage between the complete slab 

breakoff of the second study and the continuous subduction slab of the first study. We 

interpret that trench-perpendicular volcanism and ~2 km of uplift of flat-lying carbonate 

rocks along the southern margin of Turkey can be attributed to the rollback and ongoing 

segmentation of the downgoing slab as attenuated continental material is introduced into 

the subduction zone. Combining these three studies allows us to understand the terminal 

processes of a long-lived subduction zone as continental material is introduced.  
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INTRODUCTION 

 The tectonic implications for ocean-basin closure are ill-defined, despite being a 

crucial part of the Wilson Cycle in plate tectonics. This process is currently taking place 

in the Mediterranean region, where convergence between the African and Eurasian plates 

is leading to the termination of subduction and final closure of the long-lived Tethyan 

Ocean as part of the ~15,000 km long Alpine-Himalayan orogenic belt (Lister et al., 

2001). The Anatolian region is centrally located in this extensive orogenic belt, and is 

complicated along strike, as complete oceanic closure as been accomplished to the east, 

while continuous subduction of old Neotethyan lithosphere is taking place in the west. 

How convergence is manifested in both the downgoing and over-riding plate along the 

southern margin of Anatolia is complex and variable, and may represent a temporal 

analogue of the evolution of a subduction margin immediately before continent-continent 

collision. Since the Anatolian Plate’s dominant structures have formed as a result of the 

closure of the Tethyan Ocean, it is an ideal place to study the characteristics of 

lithospheric deformation and subduction zone evolution during this crucial stage of the 

Wilson cycle. 

 The diverse geologic terranes of the Anatolian region result from the 

amalgamation of different lithospheric blocks and ribbon continents onto the southern 

margin of the Laurasian continent during the closure of the long-lived (>200 Ma) history 

of the Tethyan Ocean system (Sengör and Yilmaz, 1981; Bozkurt, 2001). Because of the 

long history of the Tethyan Ocean system, it is generally separated into its older 

(Paleotethyan) domain and a younger (Neotethyan) domain, which can be further 

separated into a northern and southern branch. The Paleotethyan domain closed in the 
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mid-Triassic, while the younger northern branch of the Neotethyan domain closed in the 

late Cretaceous/Paleocene (Şengör and Yilmaz, 1981). The southern branch of the 

Neotethyan Ocean still exists in the west as the modern day Mediterranean Ocean, but the 

eastern portion has closed as a result of the collision of the Arabian Plate during the late 

Oligocene/early Miocene. This collision, along with slab rollback along the western 

margin of the Anatolian Plate, is thought to have initiated the westward motion and 

counterclockwise rotation of the Anatolian Plate (Reilinger et al., 2006), accommodated 

by the North and East Anatolian Fault Zones (Şengör et al., 2005). Boundaries between 

the different lithospheric fragments that comprise present-day Turkey are demarcated by 

suture zones of ophiolite sequences and accretionary complexes (Okay and Tuysuz, 

1999) (Fig. 1).  

The modern tectonic interactions throughout Turkey are illustrated in Fig. 2. The 

Anatolian Plate comprises 3 different tectonic domains based on deformation and 

associated stress regimes (Şengör et al., 1985): 1) the compressional East Anatolian 

Contractional Province (EACP) north of the Arabian Plate, 2) the Western Anatolian 

Extensional Province (WAEP), which lies west of ~31 degrees E., and 3) the 

transtensional Central Anatolian Province (CAP), which separates the WAEP from the 

EACP. The differences between these three deformational provinces can be largely 

attributed to the characteristics of subduction along the southern margin of Anatolia.  

Extensional strains in the WAEP reflect deformation due to the rollback of the 

Aegean slab since Oligocene – Early Miocene times, leading to the exhumation of high-

pressure, low-temperature metamorphic zones (e.g. Cyclades) and core complexes (e.g. 

Menderes Massif) throughout the Aegean and western Turkey (Ring et al., 2010; Jolivet 
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et al., 2013). These low-angle extensional features are cut by younger, high angle normal 

faults. Subduction along the Aegean trench produces a clear Wadati-Benioff Zone down 

to ~200 km, where seismicity stops. The slab, however, continues subducting relatively 

aseismically into at least the transition zone based on teleseismic tomography (Wortel 

and Spakman, 2000; Piromallo and Morelli, 2003; Biryol et al., 2011). A small, 

subduction related volcanic arc is present above the subducting Aegean slab, which has 

migrated south with time due to slab rollback (Menant et al., 2016). This region is 

bounded to the southeast by the Isparta Angle, a triangular zone composed of imbricated 

thrust sheets of several different Mesozoic carbonate platforms formed during the closure 

of the Neotethys (Robertson et al., 2003). 

The Central Anatolian Province (CAP) connects the compressional east with the 

extensional west. Along the southern margin of the CAP lies the Cyprean segment of the 

subduction zone, which has very few intermediate-depth earthquakes with the exception 

of a small segment beneath the eastern portion of the Isparta Angle. Much of the region 

shows very little internal deformation since mid-Miocene times, and is characterized by 

the deposition of >1000 km3 of ignimbrite material in the Central Anatolian Volcanic 

Province (CAVP; Fig. 2) (Le Pennec et al., 1994). The volcanism in the region generally 

gets younger from the NE to the SW, with ignimbrites dominating from ~11-2 Ma, giving 

way to intermediate to mafic volcanism (<2 Ma) (Aydar et al., 2012). This NE-SW trend 

of the volcanism is nearly perpendicular to the Cyprean trench along the southern margin 

of central Anatolia. Subduction along the Cyprean trench is complicated by the arrival of 

a rifted continental fragment of Gondwanan affinity (the Eratosthenes Seamount) 

(Garfunkel, 1998; Robertson, 1998; Schattner, 2010). The arrival of this seamount may 
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be a clue to the enigmatic nature of subduction beneath central Anatolia, as the 

introduction of buoyant material into the trench likely contributed to slab rollback and 

could explain the trench-perpendicular orientation and younging of volcanism in central 

Anatolia. Slab segmentation, breakoff, and rebound, has also been invoked to explain the 

~2 km uplift of relatively undeformed carbonate platform rocks in the central Taurus 

Mountains ~6 Ma (Cosentino et al., 2012; Schildgen et al., 2012) as well as volcanism in 

the CAVP (Biryol et al. 2011). In the east, the boundary between the CAP and the EACP 

is roughly in-line with the northern projection of the edge of the Arabian Plate. 

The compressional stresses of the East Anatolian Compressional Province 

(EACP) are imposed by collision between the Eurasian and Arabian Plates. Deformation 

is manifest as thrust and strike-slip fault systems which form the third largest orogenic 

plateau on Earth, the ~2 km mean elevation East Anatolian Plateau (EAP). The evolution 

of the EAP is rather enigmatic before ~15 Ma due to extensive volcanic cover and the 

complexity of the termination of the Tethyan system, but many different tectonic models 

have been proposed (see Keskin, 2007 for review; Şengör et al., 2008; Oberhansli et al., 

2012). Today, the EAP is generally characterized by high heat flow (Tezcan 1995), broad 

internal deformation in a crust composed largely of weak accretionary material (Şengör et 

al., 2003; Şengör et al., 2008; Özeren and Holt, 2010), and Miocene to recent volcanics 

which young to the south (Keskin, 2003). The geochemical signatures of these volcanics 

show a progressive trend from subduction related mantle signatures to those reflecting 

more asthenospheric input, interpreted to be the result of rollback and detachment of the 

Arabian slab in the mid-late Miocene (Keskin, 2003; Keskin, 2007). Internal deformation 

in the EAP is largely constrained between the eastern Pontides (late Cretaceous plutonic 
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rocks) and Bitlis Massif (metasediments and plutonic rocks). In the EAP, the North and 

East Anatolian Fault Zones converge at the Karliova Triple Junction (KTJ; Fig. 2), 

leading to some of the highest strain rates in eastern Turkey (Özeren and Holt, 2010). 

The evolution of the subduction zone south of Anatolia is thought to have had 

significant effects on the characteristics and deformation of the uppermost mantle. There 

is abundant seismic evidence for the lack of a significant mantle lithosphere and the 

presence of hot asthenosphere at shallow depths beneath Anatolia (Gok et al., 2000; Al-

Lazki, 2003; Zor et al., 2003; Gans et al., 2009; Biryol et al., 2011; Mutlu and Karabulut, 

2011; Salaün et al., 2012; Fichtner et al., 2013). These are generally interpreted in light of 

slab deformation, breakoff, and delamination (Keskin, 2003; Şengör et al., 2003; 

Faccenna et al., 2006; Dilek and Altunkaynak, 2009; Gans et al., 2009; Biryol et al., 

2011; Cosentino et al., 2012; Bartol and Govers, 2014; Schildgen et al., 2014; Govers and 

Fichtner, 2016). These processes allow hot asthenosphere to rise to the base of a thin 

lithosphere and are manifested in the slow seismic velocities (Gök et al., 2007; Salaün et 

al., 2012), Miocene and younger volcanism (Biryol et al., 2011), apparent crustal isostatic 

undercompensation of topography in Anatolia (Zor et al., 2003; Boschi et al., 2010), and 

rapid uplift of marine sedimentary successions at the southern margin of the CAP (~2 km 

uplift since 6 Ma) (Cosentino et al., 2012; Schildgen et al., 2012; Radeff et al., 2015). 

One of the best examples of slab deformation is found in southwestern Turkey, where 

Biryol et al. (2011) image an apparent tear between the Hellenic slab and the western 

Cyprus slab near the Isparta Angle. This tear defines a large asthenospheric window 

underlying the Menderes Massif and the western part of the Isparta Angle.  
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The convergence between the Eurasian Plate and the African Plate (~5 mm/yr 

northward relative to Eurasia) and Arabian Plate (~15 mm/yr northward relative to 

Eurasia) (Reilinger et al., 2006) make this region one of the most seismically active areas 

in the world, rendering it capable of large intra-continental earthquakes. After the 

devastating 7.6 Mw Izmit earthquake on 17 August 1999 (Mercalli intensity 9; >17,000 

fatalities) and the 7.2 Mw Duzce earthquake on 11 November 1999 (Mercalli intensity 9; 

>800 fatalities), the Turkish government saw the need to invest in seismology and expand 

the seismic station coverage of the region. This investment has made Turkey one of the 

most seismically instrumented countries in the world, and much of the data is freely 

available. We use these stations, along with multiple temporary networks, to obtain the 

densest sampled dataset in Anatolia to date (Fig. 3).  

To investigate the effects of slab evolution and upper mantle structure on the 

surface geology beneath Anatolia, a detailed model of the crustal seismic structure of the 

region is required. In this thesis, we obtain 3D shear wave velocity models on both 

regional (Appendix 1) and local scales (Appendixes 2,3). In Appendix 1, we obtain two-

dimensional dispersion data from fundamental-mode Rayleigh waves using Ambient 

Noise Tomography (ANT). ANT allows for the recovery of short period surface waves 

(~8 – 50 seconds), making it ideal for studies of crustal and uppermost mantle structures. 

This study provides a broad context from which to interpret more detailed structures 

along strike of the subduction zone. We focus mainly on the largest seismic velocity 

anomaly located beneath the Isparta Angle in southwestern Turkey. Appendix 2 proposes 

a new approach to the joint inversion of the complementary datasets of P-wave receiver 

functions and ANT-derived dispersion data to obtain a high-resolution 3D shear wave 
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velocity model down to 50 km. This new approach is applied to eastern Anatolia to 

investigate the effects that continental collision and slab breakoff have on the overriding 

lithosphere. Appendix 3 builds on the new approach in Appendix 2 by incorporating 

earthquake-generated surface waves to constrain shear wave velocities between 50-150 

km. This is applied to the CAP to elucidate the relationship between the segmenting 

African lithosphere, upwelling asthenosphere through slab tears and gaps, voluminous 

volcanism in the CAVP, and deformation in the overriding plate. 
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SUMMARY OF WORK 

 This thesis comprises a synopsis of three separate studies, whose detailed 

methods, results, and discussion of results is appended to this document. Below are the 

major results and conclusions drawn from these three studies. 

 Appendix 1 employs a recently developed method called Ambient Noise 

Tomography (Bensen et al., 2007) to measure Rayleigh phase velocities at periods 

sensitive to crustal and uppermost mantle shear wave velocities (8-40 seconds). This 

method obtains a coherent signal analogous to a Green’s function through the cross-

correlation and stacking of long durations of seemingly incoherent noise recorded at two 

seismic stations. Through the collection of ~7 years of data from 215 different stations, 

we are able to densely sample interstation Rayleigh wave phase velocities throughout the 

Anatolian Plate, resulting in the largest surface wave study in the region to date. This 

dataset can then be inverted for shear wave velocities as a function of depth through a 

linearized damped least squares inversion. This allows for the creation of a three 

dimensional velocity model that can used to investigate the differences in seismic 

properties across different geologic regions and tectonic domains. 

The results of this study indicate that the crustal shear wave velocities throughout 

Anatolia are slow compared to typical continental crust (~3.4 km/s vs. 3.6-3.8 km/s 

assuming a Vp/Vs of 1.77 for average continental crust and P-wave velocities of 6.4-6.7; 

Christensen and Mooney, 1995; Rudnick and Gao, 2013). These shear velocities are 

generally indicative of a felsic overall composition. High temperatures in the crust 

throughout the Anatolian region also may contribute to these slow shear velocities, as 

indicated by high attenuation in the crust (Tezcan 1995; Pasyanos et al., 2009). Prominent 
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lateral seismic velocity gradients also correlate with neotectonic deformational structures, 

such as the North, Central, and East Anatolian Faults Zones. These sharp changes in 

velocity likely represent compositional differences between the major geologic terranes 

in Turkey, as these deformational structures exploit the lithospheric weaknesses of the 

suture zones (Okay and Tuysuz, 1999; Şengör et al., 2005). 

The most prominent seismic velocity anomaly observed in this study lies in the 

western limb of the Isparta Angle in southwestern Turkey (Fig. 4). Shear wave velocities 

in this region are consistently slow throughout the crust, and lower crust velocities (25 

km) reach only ~3.15 km/s, which is much too slow to be a result of composition alone. 

We propose that these anomalously slow velocities are due to the introduction of aqueous 

fluids related to the underplating of accretionary material from the underthrusting of a 

buoyant, attenuated continental fragment (Fig. 4). This fragment controlled the location 

of the formation of the Subduction-Transform Edge Propagator (STEP) fault in the 

eastern Aegean Sea during rapid slab rollback of the Aegean Arc in early Miocene times 

(Fig. 4A). Lastly, shear wave velocities in the uppermost mantle beneath continental 

Anatolia is generally slow (~4.2 km/s), indicating higher than usual temperatures 

consistent with the influx of asthenosphere to shallow depths as a result of the 

segmentation and break-up of the subducting African lithosphere.  

Appendix 2 comprises a more focused study on the third largest orogenic plateau 

on earth, the East Anatolian Plateau. This study focuses on a new approach in reconciling 

the complementary datasets of P-wave receiver functions and ANT-derived Rayleigh 

wave dispersion data to create a high-resolution three dimensional shear wave velocity 

model. P-wave receiver functions are derived by comparing the radial and vertical 
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components of the P-wave arrival and its coda to better recover signals from converted 

waves beneath a seismic station (Langston, 1979). The resulting receiver function 

represents a signal that corresponds to impedance contrasts (i.e. layering in the Earth). 

Impedance contrasts, however, contain no information about the absolute velocities on 

either side of the discontinuity that created them (Ammon et al., 1990), and thus should 

be paired with surface wave dispersion data to constrain absolute seismic velocities. 

However, the different spatial sampling of these two datasets must be reconciled before 

using them together to compute a shear wave velocity model, as receiver functions are 

constrained to station locations and dispersion data results generally come in a gridded 

format. 

The algorithm for the joint inversion of these two datasets was first proposed by 

Julia et al. (2000). Julia et al. (2000) reconciled the different sampling domains of these 

two datasets by inverting all receiver functions recorded at a station with a nearby 

dispersion curve from a tomographic volume. This approach returns one shear wave 

velocity profile at each station location. To obtain a 3D shear wave velocity model from 

these 1D profiles, mathematical interpolation is generally used. This leads to interstation 

results that are driven by interpolation rather than utilizing the full information from the 

dispersion data volume. In Appendix 2, we compare this classical approach to the joint 

inversion of these datasets with a new approach we develop that utilizes Common 

Conversion Point (CCP; Dueker and Sheehan, 1997) stacking to reconcile the different 

sampling domains of the two datasets. Utilizing CCP stacking allows for the suppression 

of noise in the data by waveform stacking, and corrects for backazimuthal variations and 

complex crustal structure by mapping receiver functions back to their theoretical location. 
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When compared to the interpolation approach, this new approach leads to a higher 

resolution image of the subsurface and clearly delineates different tectonic features in 

eastern Turkey that were not apparent via the classical approach.  

The major geologic results of this study are: 1) Slow shear wave velocities near 

the Karliova Triple Junction correlate to moderate strain rates and high heat flow. We 

infer that these characteristics are indicative of a rheologically weak crust that has 

allowed for the upward propagation of Miocene and younger volcanics near the triple 

junction. 2) Seismically fast, presumably rigid blocks located in the southeastern 

Anatolian Plate and Arabian Plate are separated by a band of slow shear wave velocities 

that correspond to the East Anatolian Fault Zone. A similar band of highly conductive 

material was imaged in the same location by a 3D magnetotelluric survey, who 

interpreted their results to indicate the presence of fluids in the fault zone (Turkoglu et 

al., 2015). 3) The Arabian Plate has underthrust the Eurasian Plate as far as the northern 

boundary of the Bitlis Massif. Thus, slab breakoff of the oceanic portion of the Arabian 

lithosphere can explain the enigmatic high exhumation rates in the Bitlis Massif ~11-8 

Ma (Okay et al., 2010). 4) We image a shallow (~33km) fast seismic velocity anomaly 

beneath eastern Turkey that we interpret as a localized wedge of mantle that was 

underthrust by the lower crust of the Arabian Plate during the collision of Arabia and 

Eurasia (Fig. 5). These observations are possible because of the high-resolution images 

obtained by combining common conversion point receiver function stacks with ambient 

noise dispersion data to create a data-driven three-dimensional shear wave velocity 

model. 
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Appendix 3 focuses on the seismic characteristics of the mantle beneath central 

Anatolia using seismic data from the recently deployed Continental Dynamics: Central 

Anatolian Tectonics (CD-CAT) array. This study combines new ambient noise-derived 

Rayleigh wave dispersion data from the CD-CAT deployment with two years of Kandilli 

Observatory and Earthquake Research Institute (KOERI) data from May 2013 – May 

2015. This additional data approximately doubles the number of raypaths used in the 

computation of Rayleigh wave phase velocities in Appendix 1. These new short-period 

phase velocities (8-50 second periods) were combined with P-wave receiver functions 

and longer period (40-111 second) earthquake-generated Rayleigh wave dispersion data 

sensitive to depths ~150 km using the approach presented in Appendix 2 to obtain a 

lithospheric-scale shear wave velocity model. 

Combining earthquake-generated dispersion data with a high-resolution crustal 

model allows for the accurate recovery of deeper mantle structures, as ambiguities in 

initial models can have a significant effect on structures obtained at depth. Using this 

approach, all structure in the resulting velocity profiles are derived strictly from the 

constraints imposed by the receiver functions, ambient noise dispersion data, and 

earthquake-generated dispersion data. Thus, the dependence of the final shear velocity 

model on the initial model is mitigated as no ill-constrained a priori structure is assumed 

in the initial model. Details of how these datasets were jointly inverted can be found in 

Appendix 3.  

We observe that the lithosphere of Anatolia and the northern Arabian Plate is thin 

(<50 to 80 km), and ambiguous in some places due to the lack of a high velocity lid 

beneath the crust. Also, gradients in lithospheric thickness correlate with neotectonic 
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crustal fault density and Miocene to recent volcanism throughout central Anatolia (Fig. 

6B), and may exert a control on the distribution of volcanism in Anatolia.  

Abgarmi et al. 2016 (submitted to EPSL) imaged a shallow dipping impedance 

contrast beneath the Central Taurus Mountains at depths from ~50 – 70 km as far north as 

the northern margin of the Central Taurus Mountains, which was interpreted as the 

shallow dipping African slab. Our shear wave velocity results corroborate this 

interpretation, as this is the location of the fastest shear wave velocities in our study area. 

The CTMs were uplifted ~2 km in the past 6 Ma, interpreted as due to the influx of hot 

(low density) asthenospheric material through a slab gaps in the Isparta Angle and north 

of the Arabian slab (Cosentino et al., 2012; Schildgen et al., 2014). However, based on 

new evidence that the African slab is present beneath the CTMs, we instead propose that 

the uplift is due to slab rebound after the detachment of the oceanic portion of the African 

Plate beneath Anatolia. This would allow for the uplift of the CTMs without significant 

internal, compressional deformation.  

The fast seismic velocities associated with the underthrusting African slab appears 

to drop nearly vertically into the mantle at the northern margin of the CTMs, in 

agreement with deeper images of the slab from teleseismic tomography (Biryol et al., 

2011). Immediately north of the CTMs, there is very little evidence for mantle 

lithosphere beneath the Central Anatolian Volcanic Province based on the slow shear 

wave velocities in the uppermost mantle. These slow velocities are interpreted to be 

shallow, warm asthenosphere in which melt is present. Recent experimental results on 

mantle analogues has shown that it is difficult to obtain shear wave velocities of < 4.2 

km/s for typical mantle compositions without the presence of melt (McCarthy et al., 
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2011). Some of this melt was able to exploit the lithospheric-scale weakness of the Inner 

Tauride Suture, and propagate to the surface resulting in the spatial distribution of 

volcanism in the CAVP. 

 Lastly, we put forward a model for the evolution of central Anatolia since the 

Oligocene based on our velocity model in the perspective of Bartol & Govers (2014) 

(Fig. 6). This model deviates from the previously accepted notion that two separate ocean 

basins (the Inner-Tauride Ocean and Izmir-Ankara Erzincan Ocean) closed, with 

northward-dipping subduction based one the presence of two suture zones in central 

Anatolia to the north and south of the Kirsehir Block (Sengor & Yilmaz 1981). Rather, 

this model invokes a single subduction zone located to the north of the Kirsehir Block. 

After collision/accretion of the Kirsehir Block onto the southern margin of Eurasia as a 

crustal-scale nappe along the Izmir-Ankara-Erzincan Suture Zone, the mantle lithosphere 

of the Kirsehir Block was decoupled from its crust, and continued underthrusting beneath 

Anatolia until late Oligocene – Early Miocene (Fig. 6A). During this period, the 

underthrusting mantle lithosphere began to roll back to the south, as evidenced by 

exhumation of crystalline rocks in the Kirsehir Block (Fig. 6B) (Fayon & Whitney 2007; 

Thomson, personal communication), probably in response to slowing of convergence 

between the African and Eurasian plates (Jolivet & Faccenna 2000). This foundering was 

followed by the initiation of ignimbritic volcanism in the Kirsehir Block in the mid-

Miocene, which appears to young in the southwestward direction (Schlieffarth, personal 

communication). The rollback of the slab in central Anatolia is further complicated by the 

variable nature of the underthrusting lithosphere off the southern margin, with oceanic 

lithosphere continuing subduction beneath the western portion of the Cyprean Trench, 
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and attenuated continental lithosphere underthrusting beneath the eastern portion (Granot 

2016) where little to no Wadati-Benioff seismicity is observed. The lack of Wadati-

Benioff seismicity may be due to the break-off of the oceanic portion of the lithosphere 

that was presumably attached to the attenuated continental lithosphere in the eastern 

Cyprean. This break-off probably initiated ~6 Ma, signaled by the early stages of uplift in 

the Central Taurus Mountains (Schildgen et al., 2012) (Fig. 6C).  
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FIGURES 

 
 
Figure 1: A map of the generalized geologic terranes of the eastern Mediterranean. AM, 
Anaximander Mountains; ATB, Anatolide-Tauride Block; BD, Bey Dağlari; ES, 
Eratosthenes Seamount; KB, Kirşehir Block; IAESZ, Izmir-Ankara-Erzincan Suture 
Zone; LN, Lycian Nappes; MM, Menderes Massif. (after Okay and Tüysüz, 1999; van 
Hinsbergen, 2010)). The red triangles are late Cenozoic volcanic centers.  
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Figure 2: A map of the neotectonic setting of Turkey. Orange bars separate (from left to 
right) the Western Anatolian Extensional Province (WAEP), Central Anatolian Province 
(CAP), and Eastern Anatolian Contractional Province (EACP) (Şengör et al., 1985). 
Geodetic displacement rates shown by thick black arrows (Reilinger et al., 2006). 
Diagonal lines show the approximate location of Isparta Angle. The shaded region 
labeled FL is the Fethiye Lobe in the western Taurus Mountains. AB, Antalya Bay; BZS, 
Bitlis-Zagros Suture; CAFZ, Central Anatolian Fault Zone; CAVs, Central Anatolian 
Volcanics; CB, Çankiri Basin; CTM, Central Taurus Mountains; DSFZ, Dead Sea Fault 
Zone; EAFZ, East Anatolian Fault Zone; EAP, East Anatolian Plateau; FBFZ, Fethiye-
Burdur Fault Zone; FL, Fethiye Lobe; IA, Isparta Angle; KTJ, Karliova Triple Junction; 
NAP, North Anatolian Province; NEAFZ, Northeast Anatolian Fault Zone; NAFZ, North 
Anatolian Fault Zone; TGB, Tuz Gölü Basin; TGF, Tuz Gölü Fault. The red triangles are 
late Cenozoic volcanic centers. 
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Figure 3: Map of the eastern Mediterranean with both temporary and permanent seismic 
networks used in one or more of the studies herein. Polygonal outlines delineate regions 
of focus for the 3 appendices (indicated in lower left-hand corner). Major faults shown by 
black lines with individual tectonic plates labeled. Appendix 1 obtains Rayleigh wave 
phase velocities from ambient noise tomography for the majority of the region (purple 
box) and uses all data shown in the table prior to 2013. Appendix 2 focuses specifically 
on the eastern portion of the map area (blue box) using receiver functions from the 
Eastern Turkey Seismic Experiment and dispersion data from Appendix 1. Appendix 3 
utilizes receiver functions from central Anatolia (red box) paired with an updated ambient 
noise tomographic model that includes data from 2013-2015 (modified from Appendix 1) 
as well as earthquake-generated Rayleigh wave dispersion data from two-plane wave 
tomography. 
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Figure 4. A comparison between the downgoing slab structure and its effect on the crustal 
structure in the overriding plate based on the integration of multiple datasets from 
Appendix 1. (A) Present day subducting African lithosphere beneath western Anatolia 
(based on Biryol et al. 2011). (1) A buoyant, subducting fragment is inferred to control 
the location of the (2) slab tear in the eastern Aegean, which allowed for the influx of hot 
asthenosphere (3; red arrows). The red outline corresponds to the region shown in B. (B) 
3D diagram across the Fethiye Lobe at 29.8° longitude. A subducting, buoyant 
(attenuated continental) fragment is underthrusting the Isparta Angle and controlling the 
location of the slab-tear in the eastern Aegean. Hydrated sediments that are 
accompanying subduction are introducing fluids to the region, which are concentrated in 
a ductile zone in the lower crust. This ductile zone has accommodated the rigid rotation 
of the upper crust in the Fethiye Lobe. We interpret mid-crustal structures in light of the 
magnetotelluric results of Gürer and Bayrak (2007). 
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Figure 5. Temporal evolution of subduction beneath the East Anatolian Plateau. AP, 
Arabian Plate; BM, Bitlis Massif; EAP, East Anatolian Plateau. (A) During Early 
Miocene, the slab pull force of the subducting oceanic lithosphere pulled some of the 
continental material of the underthrusting Arabian Plate deep into the subduction zone. 
(B) The oceanic portion of the slab broke off in the mid-Miocene, leading to slab rebound 
of the buoyant continental portion of the Arabian Plate. The timing of the slab breakoff 
likely led to the most rapid exhumation rates observed in the Bitlis Massif (Okay et al., 
2010). Red outline corresponds to shear wave velocity image in 5C. (C) Shear wave 
velocity model of the EAP (from Appendix 2). 
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Figure 6: (A) Decoupling of the crust and mantle of the underthrusting lithosphere led to 
the accretion of crustal-scale nappe complexes onto the southern margin of central 
Anatolia. The trench migrated southward during this time, but the decoupled mantle 
lithosphere continued underthrusting at a shallow angle as evidenced by Oligocene 
volcanism near the Izmir-Ankara-Erzincan Suture Zone (IAESZ). (B) Exhumation in the 
Kirsehir Block provides evidence for extension in the overriding plate imposed by a 
steepening of the subduction angle. This slab-delamination allowed for the influx of hot 
asthenosphere to come into contact with the base of the crust in central Anatolia, which 
adiabatically melted and initiated ignimbritic volcanism in the mid-Miocene. (C) 
Continued rollback of the subducting slab led to the SW migration in the initiation of 
volcanism. The subducting African lithosphere began breaking apart in the latest 
Miocene, which led to the initiation of uplift in the Central Taurus Mountains due to a 
reduction in the down-going slab pull force and isostatic rebound subducting continental 
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lithosphere (Schildgen et al., 2012). (D) Seismic velocity model corresponding to region 
of interpretation. 
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0. Abstract 

 The Anatolian Plate is composed of different lithospheric blocks and ribbon 

continents amalgamated during the closure of the Paleotethys Ocean and Neotethys 

Ocean along a subduction margin. Using ambient noise tomography, we investigate the 

crustal and uppermost mantle shear-wave velocity structure of the Anatolian Plate. A 

total of 215 broadband seismic stations were used spanning 7 years of recording to 

compute 13,778 cross-correlations and obtain Rayleigh wave dispersion measurements 

for periods between 8 and 40 seconds. We then perform a shear-wave inversion to 

calculate the seismic velocity structure of the crust and uppermost mantle. Our results 

show that the overall crustal shear-wave velocities of the Anatolian crust are low (~3.4 

km/s), indicative of a felsic overall composition. We find prominent lateral seismic 

velocity gradients correlate with Tethyan suture zones, supporting the idea that the 

neotectonic structures of Turkey are exploiting the lithospheric weaknesses associated 

with the amalgamation of Anatolia. Anomalously slow shear-wave velocities (~3.15 km/s 

at 25 km) are located in the western limb of the Isparta Angle in southwestern Turkey. In 

the upper crust, we find that these low shear-wave velocities correlate well with the 

projected location of a carbonate platform unit (Bey Dağlari) beneath the Lycian Nappe 

complex. In the lower crust and upper mantle of this region, we propose the anomalously 

slow velocities are due to the introduction of aqueous fluids related to the underplating of 

accretionary material from the underthrusting of a buoyant, attenuated continental 

fragment similar to the Eratosthenes seamount. We suggest that this fragment controlled 

the location of the formation of the Subduction-Transform Edge Propagator (STEP) fault 

in the eastern Aegean Sea during rapid slab rollback of the Aegean Arc in early Miocene 
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times. Lastly, we observe that the uppermost mantle beneath continental Anatolia is 

generally slow (~4.2 km/s), indicating higher than usual temperatures consistent with the 

influx of asthenosphere to shallow depths as a result of the segmentation and break-up of 

the subducting African lithosphere.  

Keywords: Seismic tomography, Continental neotectonics, Intra-plate processes, Crustal 

structure, Surface waves and free oscillations 

1. Introduction 

 Anatolia is centrally located in the Alpine-Himalayan orogenic belt.  The complex 

geology in the region results from the amalgamation of different lithospheric blocks and 

ribbon continents during the closure of the Paleotethys Ocean in the mid-Triassic and 

Neotethys Ocean in the late Cretaceous/Paleocene to middle Miocene with suture zones 

marked by ophiolite sequences and accretionary complexes (Şengör & Yilmaz 1981; 

Şengör et al. 1985) (Fig. 1a). The convergence between the Eurasian Plate and the 

African and Arabian Plates make this region one of the most seismically active areas in 

the world, which has motivated a recent expansion of seismic station coverage in the 

region. To investigate the lithospheric structure throughout Anatolia, we obtain two-

dimensional dispersion data from fundamental-mode Rayleigh waves using Ambient 

Noise Tomography (ANT). ANT is a powerful tool for imaging crustal structure because 

seismic stations can act as both source and receiver, eliminating the limited and uneven 

distribution of earthquake sources as a major contributor to poor resolution in many 

earthquake-based inversion techniques (Shapiro et al. 2005). Results from period-

dependent phase velocities allow us to invert for the three-dimensional shear-wave 

velocity structure of the upper 50 km of the Anatolian lithosphere from the Aegean Sea to 
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the Arabian collision zone (~23° to 43° E, ~36° to 41° N). A previous ANT study by 

Warren et al. (2013) covered the eastern part of our study area (~32° to 43° E) and 

revealed that Tethyan suture zones are prominantly expressed in the seismic structure of 

eastern Anatolia; thus, we will focus on western Anatolia.  We combine the dataset of 

Warren et al. (2013) with broader networks that were not previously utilized to improve 

raypath coverage and obtain a consistent, regional-scale model for the entire Anatolian 

Plate. A more detailed model of the shear-wave velocity of the lithosphere in this region 

complements recent seismic studies that imaged the deeper P- and S-velocity structure at 

a similar scale (Biryol et al. 2011, Salaün et al. 2012, Fichtner et al. 2013). These deeper 

images have revealed complex relationships between a contorted and torn subducted 

African slab and the surrounding mantle beneath western Turkey, but the relationship to 

the surface geology remains uncertain as a result of lower resolution in the crust. To 

investigate the effects of slab evolution and upper mantle structure on the surface geology 

beneath Anatolia, a detailed model of the crustal seismic structure of the region is 

required.  

 With the improved resolution and coverage of our study, we address the following 

questions: 

1) What is the average shear-wave velocity structure of the Anatolian crust and how does 

it vary across the different tectonic regions of the plate? Is it mostly felsic throughout or 

are the abundant ophiolites and accretionary complexes underlain by a more mafic 

(oceanic) lower crust? 



45 

2) What controls the vertical and lateral variations in shear-wave velocity? Are the 

Tethyan suture zones in western Anatolia expressed seismically as in eastern Anatolia, 

and how do they relate to neotectonic structures?  

3) Can we relate lithospheric structures, especially in western Anatolia, to the presence 

and evolution of the subducting African lithosphere? 

1.1. Regional Geology and Tectonics 

The Anatolian Plate has been separated into 3 main provinces by Şengör et al.  

(1985): 1) East Anatolian Contractional Province, (EACP) where compression dominates 

due to the collision of the Eurasian and Arabian Plates, largely expressed as thrust and 

strike-slip fault systems, 2) Western Anatolian Extensional Province (WAEP) where 

extensional stresses are imposed by a combination of the westward motion of Anatolia 

and the rollback of the African slab along the Aegean trench, and 3) the Central 

Anatolian Province (CAP), which separates the WAEP from the EACP, and is dominated 

by transtensional tectonic deformation (Fig. 1b). In southwestern Anatolia, the Isparta 

Angle separates the deformational regimes of the WAEP from the CAP, and roughly 

aligns with the Strabo and Pliny transform faults, thought to be Subduction-Transform 

Edge Propagator (STEP) faults (Govers & Wortel 2005).  The boundary between the 

CAP and the EACP is roughly in-line with the Dead Sea Transform Fault (Fig. 1b).  

The modern tectonic interactions throughout Turkey are illustrated in Fig. 1b. In 

the EACP, the Arabian Plate is colliding and underthrusting the Eurasian Plate along the 

Bitlis-Zagros suture creating the East Anatolian Plateau (EAP).  On the southern edge of 

the western Anatolian Plate, the African Plate is subducting at the Aegean trench, 

producing the Aegean volcanic arc and a Wadati-Benioff seismic zone. South of central 
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Anatolia, the arrival of a rifted continental fragment of Gondwanan affinity (the 

Eratosthenes Seamount) and possible slab breakoff appears to be obstructing subduction 

along the Cyprus trench (Robertson 1998; Garfunkel 1998; Schattner 2010, Cosentino et 

al. 2012). The Cyprean segment of the subduction zone has relatively few subcrustal 

earthquakes with the exception of a small segment beneath the eastern portion of the 

Isparta Angle, where a cluster of earthquakes with depths of ~ 50 to 100 km have been 

interpreted as occurring in a detached oceanic slab (Jackson & McKenzie 1984).  The 

North Anatolian Fault Zone (NAFZ) separates the Anatolian Plate from the Eurasian 

Plate. The NAFZ and various fault zones in east Anatolia, such as the East Anatolian 

Fault Zone, accommodate the westward extrusion and counterclockwise rotation of the 

Anatolian Block since the Miocene (Şengör & Yilmaz 1981) (Fig. 1b). 

Suture zones are prevalent in Anatolia from the closure of the Tethys Ocean (Fig. 

1a). The Izmir-Ankara-Erzincan Suture Zone (IAESZ) stretches across northern Anatolia, 

juxtaposing the Sakarya Zone to the north with the Anatolide-Tauride and the Kirşehir 

blocks to the south. In the west, the Sakarya Zone is defined by accretionary complexes 

related to the closure of the Paleotethys and Neotethys oceans. In the east, it is defined by 

intrusive granitoids of the Late Mesozoic – Early Cenozoic eastern Pontide magmatic arc 

that formed during the subduction and closure of the northern branch of the Neotethys 

Ocean (Okay & Tüysüz 1999). The Intra-Pontide Suture juxtaposes the Sakarya Zone 

with the Precambrian crystalline basement rocks of the Istanbul Zone. In central Anatolia, 

the Inner-Tauride Suture marks the boundary between the Kirşehir Block, consisting of 

Late Cretaceous felsic intrusive and metamorphic rocks (Akiman et al. 1993; Whitney & 

Hamilton 2004)	and	the	Anatolide-Tauride	Block	(ATB).	The	ATB	is	thought	to	have a 
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basement of Gondwanan affinity based on outcrops in the Menderes Massif, but is largely 

characterized on the surface by marine sedimentary sequences that have been 

metamorphosed and deformed by processes relating to the closure of the Neotethys 

Ocean in the Late Cretaceous (Okay & Tüysüz 1999). In the EACP, the ATB crust is 

largely composed of accretionary material characterized by high heat flow and the 

presence of young Miocene-Holocene volcanics (Şengör et al. 2003). The Bitlis-Zagros 

Suture is the collisional boundary between the ATB and the Arabian Plate.  

Western Turkey is dominated by extensional deformation associated with the 

rollback of the subducting African lithosphere. In conjunction with the adjacent Aegean 

Sea, western Turkey is characterized by metamorphic core complex formation beginning 

in the Early Miocene (Ring et al. 2010). This region is bound to the southeast by the 

Isparta Angle, which is located at the cusp of the Aegean and Cyprus trenches and is 

comprised of imbricated thrust sheets of several different Mesozoic carbonate platforms 

formed during the closure of the Neotethys. Its topographic expression as an inverted 

“V”-shape formed in a two-stage process: 1) the 40° clockwise rotation of the eastern 

limb of the Isparta Angle since the late-Eocene – Oligocene, and 2) the 30° 

counterclockwise rotation western limb since Miocene times (Kissel et al. 1993; Meijers 

et al. 2011). In the western limb of the Isparta Angle, the Lycian Nappes, which have 

been suggested to previously overlay the Menderes Massif, were transported 

southeastward and overthrust the Bey Dağlari platform carbonates in the early to mid-

Miocene (Hayward 1984; van Hinsbergen 2010). GPS measurements show that the 

counterclockwise rotation of the western limb of the Isparta Angle with respect to 

Anatolia is still occurring, indicating that this region may be decoupled from western 
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Anatolia along the Fethiye-Burdur Fault Zone (FBFZ; Tiryakioğlu et al. 2013), which 

represents the western boundary of the Isparta Angle. The FBFZ is thought to be the 

surficial representation of a slab-tear at depth (STEP fault; Govers & Wortel 2005) due to 

its similar alignment with the Pliny Transform Fault (Woodside et al. 2000; Hall et al. 

2009; Aksu et al. 2009). The Pliny Transform Fault is accommodating the differential 

motion between the Aegean trench, retreating at a rate of ~33 mm/yr, and the Cyprus 

trench, retreating at a rate of ~10 mm/yr (McClusky et al. 2003; Schattner 2010). The 

southernmost extent of the Isparta Angle is marked by the tilted fault blocks of the 

Anaximander Mountains, generally composed of platform rocks similar to those of the 

Taurus Mountains (Zitter et al. 2003). 

1.2 Previous Seismic Studies 

The Neotethyan fault systems appear to be exploiting the rheological weaknesses 

of the suture zones in Anatolia (Şengör et al. 2005). The North Anatolian Fault Zone 

propagates mostly through the Sakarya Zone along the IAESZ and the Intra-Pontide 

Suture. Many investigations have been focused on using contrasts in seismic 

characteristics across the NAFZ to elucidate its vertical and lateral extent (Gans et al. 

2009; Biryol et al. 2010, 2011; Yolsal-Çevikbilen et al. 2012; Fichtner et al. 2013). It has 

been proposed that the NAFZ is a lithospheric-scale structure extending down to 100-150 

km but may have a weak lower crustal signature (Gans et al. 2009; Biryol et al. 2011; 

Mutlu & Karabulut 2011; Fichtner et al. 2013; Warren et al. 2013). The Central 

Anatolian Fault Zone (CAFZ), defining the eastern limb of the Inner-Tauride Suture, has 

a significant geophysical expression in both the crust and upper mantle. Gans et al. 

(2009) found that Pn velocities markedly changed along the Inner-Tauride Suture, 
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correlating well with Bouguer gravity anomalies in the region (Ates et al. 1999). Warren 

et al. (2013) observed a similar contrast for shear-wave velocities across the CAFZ in the 

crust and in the uppermost mantle using a subset of our dataset.  Similarly, the East 

Anatolian Fault Zone, which spatially correlates with the westernmost Bitlis-Zagros 

Suture, shows a marked change in seismic characteristics relating to the juxtaposition of 

the Arabian lithosphere with the EACP (Gök et al .2007; Özacar et al. 2010; Warren et al. 

2013). Slow seismic velocities are prevalent north of the BZS in the EACP (Gök et al. 

2007; Ozacar et al. 2008; Gans et al. 2009; Mutlu & Karabulut 2011; Warren et al. 2013) 

and have been attributed to: 1) elevated temperatures within the crust related to young 

volcanism, 2) intrusive bodies in the crust (Gök et al. 2007), 3) a lack of continental 

basement in the lower crust due to the EACP’s character as an accretionary complex 

(Şengör	et al. 2003), and 4) the influx of hot asthenosphere to shallow depths after the 

breakoff of the subducting Arabian slab (Şengör	et al. 2003; Keskin 2003). These slow 

velocities terminate along the BZS, transitioning to the fast seismic velocities of the 

Arabian lithosphere. 

There is abundant seismic evidence for the lack of a significant mantle lithosphere 

and hot asthenosphere at shallow depths beneath Anatolia (Gök et al. 2000; Al-Lazki et 

al. 2003; Zor et al. 2003; Gans et al. 2009; Biryol et al. 2011; Mutlu & Karabulut 2011; 

Salaün et al. 2012; Fichtner et al. 2013). Many authors suggest that slab tears, slab 

breakoff, and lithospheric delamination has played a major role in the evolution of the 

Anatolian Plate as the African and Arabian Plates collide with the Eurasian margin 

(Şengör	et al. 2003; Keskin 2003; Faccenna et al. 2006; Dilek & Altunkaynak 2009; Gans 

et al. 2009; Biryol et al. 2011; Cosentino et al. 2012). These processes allow hot 
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asthenosphere to rise to the base of the crust or thin lithosphere and are manifested in the 

slow seismic velocities (Gök et al. 2007; Salaün et al. 2012), Miocene and younger 

volcanism, apparent crustal isostatic undercompensation of topography in Anatolia (Zor 

et al. 2003; Boschi et al. 2010), and rapid uplift of marine sedimentary successions at the 

southern margin of the CAP (~2 km uplift since 8 Ma)(Cosentino et al. 2012; Schildgen 

et al. 2012). 

In southwestern Turkey, the teleseismic P-wave tomography results of Biryol et 

al. (2011) image an apparent tear between the Hellenic slab and the western Cyprus slab 

near the Isparta Angle. In the upper mantle, the western edge of this tear parallels the 

Aegean coastline of southwestern Turkey and the eastern edge strikes north-south 

beneath the western side of Antalya Bay, defining a large asthenospheric window 

underlying the Menderes Massif and the western part of the Isparta Angle.  

2. Data and Methods 

Ambient Noise Tomography (ANT) obtains surface wave dispersion 

measurements similar to earthquake-generated surface wave studies, but at higher 

frequencies. These higher frequencies allow for a detailed investigation of crustal 

structures. Also, ANT has the advantage that each station acts as a source to all other 

stations, and thus sources are not dependent on earthquakes and are well distributed 

azimuthally. We use ANT to obtain interstation Rayleigh-wave phase velocities using the 

vertical component of continuously recorded broadband seismic data sampled at 1 Hz. 

 To maximize the number of contemporaneously operating stations necessary for 

this analysis, we include data for the time periods of 1999-2001, 2006-2008, and 2012 

from 215 broadband seismic stations consisting of both temporary and permanent 
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networks located throughout the region (Fig. 2). We use data from the North Anatolian 

Fault Experiment (YL, 2006-2008), the Eastern Turkey Seismic Experiment (XG, 1999-

2001; Sandvol et al. 2003), nearby GSN stations (ANTO, GNI, Butler et al. 2004), 

Aristotle University of Thessaloniki Seismological Network, GEOFON, National 

Observatory of Athens Digital Broadband Network, the MEDNET Project (HT, GE, HL, 

and MN. www.orpheus-eu.org/data/vebsn_contributors.html), and the Kandilli 

Observatory Digital Broadband Seismic Network (KO, KOERI-NEMC) (Fig. 2). 

2.1 Ambient Noise Tomography    

We follow the ANT processing methods described by Bensen et al. (2007). 

Seismograms are first processed by removing the mean, trend, and instrument response of 

the data, applying a bandpass filter between 5 and 150 seconds, and using temporal 

normalization to decrease the amplitude of earthquake generated signals. We then 

perform spectral whitening in an attempt to normalize the amplitudes of all frequencies in 

the seismogram, which broadens the band of the ambient noise signal and weakens the 

effects of coherent and persistent signals that can interfere with ambient noise cross-

correlations (Bensen et al. 2007). After this, daily seismogram cross-correlations are 

computed between each pair of stations, resulting in a causal and acausal signal 

representing seismic waves travelling between the stations in opposite directions. The 

waveforms produced by a daily cross-correlation are stacked over the duration during 

which the stations were contemporaneously operating to amplify the signal-to-noise ratio, 

and then the causal and acausal waveforms are averaged to create a “symmetric” 

waveform (Bensen et al. 2007). These symmetric cross-correlations represent interstation 

Empirical Green’s Functions, which can be used to calculate phase velocities via 
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frequency-time analysis (Levshin et al. 1992). A signal-to-noise ratio of 10 is set as the 

minimum cut-off for waveforms in order to be used in the computation of dispersion 

curves and phase-velocity maps, and all dispersion measurements with residuals larger 

than 3 seconds and interstation distances less than three times the wavelength at any 

period are removed. We also remove dispersion measurements with unreasonable phase 

velocities for the periods investigated (< 1.5 km/s and > 5.0 km/s).  

2.2 Phase Velocity Inversion 

 Interstation dispersion curves are then inverted to solve for phase velocities at 11 

different periods (Fig. 3) for a 0.1° x 0.1° tomographic grid following Barmin et al. 

(2001). This small grid-spacing is justified by the distribution and density of our high-

quality cross-correlations (Fig. 3, Supplementary Fig. 1).  While we do not have 10 km 

resolution of individual features as implied by our grid-spacing, our results show that we 

do have the resolution to locate sharp boundaries between features at this scale. The 

inversion for phase velocity maps depends on damping (α), path density (β), and spatial 

smoothing (σ) factors, which can be varied based on direct correlation of a priori 

knowledge of regional geology. For this study, we used α, β, and σ values of 300, 100, 

and 100 km to gain insight into average surface wave phase velocity variations with 

period and reduce effects of lateral streaking in the model. Local streaking is still 

apparent at some periods in regions where the azimuthal distribution of raypaths at a 

gridpoint is poor. We used a total of 13,778 unique cross-correlations from 215 stations 

to calculate dispersion curves and create phase velocity maps (Fig. 3 & 4). At shorter 

periods, the number of cross-correlations is mainly limited by the signal-to-noise ratio of 

the interstation Rayleigh waves while at longer periods, we start to lose north-south 
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oriented raypaths due to fewer station pairs having the sufficient spacing  (3x 

wavelength) to provide reliable results. This results in the bell-shaped distribution of 

cross-correlations with period seen in Fig. 3. While phase velocities obtained from 

ambient noise can be affected by seasonal variations due mostly to storm activity over the 

northern and southern hemispheres, these variations are averaged out if stations are 

operating for the duration of at least one year (Yang & Ritzwoller 2008; Warren et al. 

2013). We used over 7 years of data, so seasonal variations will have a negligible effect 

on our final results. 

2.3 Shear-wave Inversion 

 To obtain 1-D shear-wave velocity profiles throughout our volume, we invert 

phase velocities at grid points that have dispersion data for all 11 periods with a spatial 

resolution of <= 200 km defined by the inversion of Barmin et al. (2001). We shade 

regions between 100-200 km resolution to make the reader aware of the decrease in 

resolution. We use a linear least squares iterative inversion scheme to calculate shear-

wave velocity profiles in the upper 50 km of the Anatolian Plate (Herrmann & Ammon 

2004). Streaking patterns in the phase velocities may propagate into the shear-wave 

inversion, and must be taken into account when interpreting the results. Surface waves at 

the periods used in this study do not have much sensitivity to depths > 50 km due to their 

increasingly broad resolution kernels with depth, so we interpret only the crustal and 

uppermost mantle structure of the Anatolian Plate.  

2.3.1 Starting Models 

 A variety of different starting models were used to investigate the differences that 

arise based on the initial model and inversion parameters. Because surface waves are not 
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sensitive to sharp discontinuities within the Earth, we prefer a two-layered initial velocity 

model consisting of a constant velocity crust and an upper mantle with either an 

increasing gradient or a constant velocity down to 200 km (Table 1). This model is 

broken up into one-kilometer intervals down to 120 km, where it then increases to ten 

kilometer intervals and merges with the IASP91 Earth model if the initial model contains 

a gradational mantle. One kilometer increments were chosen to allow for smoothly 

varying shear-wave velocity profiles and do not imply that we have one kilometer 

vertical resolution.  

To define the crustal thickness in our initial model, we approximate Moho depths 

between stations analyzed by Vanacore et al. (2013) via receiver function analysis by 

interpolation using a natural neighbor scheme (Sambridge et al. 2004). We then smoothed 

these results using a moving average over 1 degree bins every 0.1 x 0.1 degrees to obtain 

a smooth and continuous Moho with no large offsets (Fig. 5). This grid spacing allows 

for each dispersion curve in our volume to have an associated Moho depth based on 

constraints from Vanacore et al. (2013). Due to the lack of crustal thickness estimates for 

the seafloor of the Aegean, we assume a crustal thickness of 25 km based on the gravity 

inversion of Tirel et al. (2004). 

2.3.2 Moho Discontinuity Weighting Parameter 

Large velocity contrasts imposed by the initial velocity model, such as the Moho 

in our initial models, tend to change very little during the inversion. However, assuming a 

near constant crust-mantle velocity contrast throughout Anatolia is problematic due to 

well-documented uppermost mantle seismic wavespeed heterogeneity found in the region 

(Gans et al. 2009; Mutlu & Karabulut 2011) and sparse crustal velocity studies. In an 
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attempt to better elucidate upper mantle shear-wave velocity variations beneath Anatolia, 

we allow the shear-wave velocity inversion some freedom to change the velocity contrast 

across the Moho imposed by the initial models by adjusting a weighting parameter 

associated with the magnitude of change at the Moho boundary. This weighting 

parameter positively correlates with the magnitude of the change in the shear-wave 

velocity contrast across the Moho. At high values, the velocity contrast across the 

boundary approaches unrealistic Earth structures, while at low values, the velocity 

contrast between the lowermost crustal layer and uppermost mantle layer changes very 

little from the initial model. Choosing a value for this parameter is somewhat arbitrary, 

but we selected a weighting parameter value of 5 for the Moho discontinuity because it 

results in the best convergence of different initial models toward a final model, as seen by 

the high concentration of low standard deviations across all inverted gridpoints (Fig. 6).  

2.3.3 Inversion 

 Following the procedure outlined by Ward et al. (2013), we calculate the mean of 

the data misfit of the inversion solution with the dispersion data for each gridpoint in our 

volume defined by 

𝜺 𝝀,𝝓 =  !
!

𝒄𝒐𝒃𝒔 𝑻𝒊,𝝀,𝝓 − 𝒄𝒑𝒓𝒆 𝑻𝒊,𝝀,𝝓
!!

!!!
!/!

 (1) 

where 𝜆  is latitude, 𝜙 is longitude, T  is a vector of the periods used, n is the number of 

periods used, and 𝜀 is the mean data misfit. We differ from Ward et al. (2013) in that we 

allow the inversion to continue iterating until a period averaged misfit of < 6 m/s is 

attained or 50 iterations is reached. We choose a period average misfit of 6 m/s because it 

reduces the effect that the damping value has on the final velocity model by terminating 

the inversion when this threshold is reached. We find that this method gives us a stable, 
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consistent final model regardless of the initial velocity model and damping value used in 

the inversion for well-constrained regions (Fig. 7). We follow this procedure using a 

damping value of 0.5 to invert our six different initial velocity models (Table 1). We then 

calculate the mean shear-wave velocity profile and standard deviation from the final six 

profiles for our final shear-wave velocity model (Fig. 8a). The mean standard deviation 

for our shear-wave velocity profiles is 21.56 m/s with a mode of 15.22 m/s in the top 50 

km. Larger values for the standard deviation tend to be concentrated at and below the 

Moho and in regions where Moho depth is less well-constrained (e.g. the Aegean Sea), 

but rarely reach more than 100 m/s, indicating that all starting models give comparable 

results (Fig. 8b). It should be noted that assuming an incorrect crustal thickness will have 

a non-negligible effect on upper mantle and lower crustal shear-wave velocity profiles by 

inverting phase velocities with sensitivities in the crust into the mantle and vice-versa. 

However, we generally find that while the absolute shear-wave velocities may change 

slightly if the Moho depth changes, the overall structures resolved by the shear-wave 

inversion remain stable (Supplementary Fig. S2). Our final shear-wave velocity model 

has been corrected for elevation using sea level as a reference by shifting the 1-D profile 

by the elevation at that gridpoint. 

3. Results 

3.1 Phase Velocity Results 

 Phase velocity maps are useful for providing a first order view of Earth structure 

prior to the inversion for shear-wave velocity structure. Thus, we create phase velocity 

maps for all 11 periods (Fig. 4, Supplementary Fig. S3) and present 4 phase velocity 
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maps in percent perturbation to gain insight into the general structure and velocity 

variations of the Anatolian Plate (Fig. 4b).  

Short period surface waves are sensitive to shallower depths (e.g. 10 s period has 

the highest sensitivity at 8-16 km depending on velocity structure) and therefore, the 

phase velocity perturbations can be correlated with surface geology, providing a more 

intuitive test of resolution than the resolution matrix of Barmin et al. (2001). We find that 

our 10 second phase velocity map corresponds well with the locations of continental 

basement blocks (Istanbul Zone, Eastern Pontides, and Kirşehir Block), which appear as 

fast phase velocity perturbations while sedimentary basins (Thrace, Tuz Gölü, Çankiri 

basins) appear as prominent slow phase velocity perturbations (Fig. 4b). The correlations 

of surficial structures and terrane boundaries with the 10 second period phase velocity 

perturbations indicate that we have good resolution in our volume, and gives us 

confidence to interpret structures at longer periods corresponding to deeper depths. 

 At intermediate periods (18 seconds) corresponding to lower crustal and upper 

mantle depths depending on crustal thickness, a fast phase velocity anomaly is located 

south of the Bitlis-Zagros Suture Zone corresponding to the Arabian basement, as seen by 

Warren et al. (2013). We also find that the thin crust of the Aegean Sea has fast phase 

velocity perturbations, indicating that these periods may be sampling upper mantle 

wavespeeds. The Isparta Angle shows large velocity perturbations of ~ -8% at 10 seconds 

and ~ -10% at 18 seconds, indicating the presence of a slow anomaly that is mainly 

located in the crust. Longer periods (30s, 40s) sensitive to lower crustal and upper mantle 

velocities show that most of the upper mantle beneath Turkey is seismically slow.  
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3.2 Shear-wave Velocity Results 

Figures 9-12 show our final shear-wave velocity models for the Anatolian Plate 

and surrounding regions. Here, we discuss the robust seismic characteristics of the 

Anatolian Plate using both phase velocity results (Fig. 4, Suppl. Fig. S3), a map of the 

average shear-wave velocities for the crust in Anatolia (Fig. 9), and our shear-wave 

velocity results in four depth slices and eight cross sections (Figs. 10, 11, 12, associated 

standard deviations Supplementary Fig. S4). 

Overall, we observe very slow average crustal shear-wave velocities (Fig. 9). The 

average whole-crust shear-wave velocity in Anatolia ranges from 3.0 – 3.7 km/s with a 

mean of 3.36 km/s and a standard deviation of 0.1 km/s, and decreases from north to 

south. Taking the average global crustal Poisson’s ratio to be ~0.27 (Zandt & Ammon 

1995; Christensen 1996) corresponding to a Vp/Vs of ~1.78, we find P-wave speeds for 

Anatolia within 1σ of the average shear-wave speed for the crust to be 5.8 - 6.15 km/s. 

These P-wave velocities are slow when compared to the global average of 6.4 km/s for 

continental crust (Christensen & Mooney 1995). The low average velocities of the 

Anatolian crust are indicative of a dominantly felsic crustal composition and may also be 

affected by high crustal temperatures, crustal hydration, and crustal melting in some 

areas, which we discuss later. The lack of seismic velocities corresponding to mafic 

material indicates that the oceanic rocks of the Neotethys must have been modified or 

consumed during ocean basin closure.  

  In agreement with the past studies of Warren et al. (2013) and Fichtner et al. 

(2013), we observe relatively sharp shear-wave velocity contrasts in the upper and mid-

crust across parts of the NAFZ (Figs. 10 - 11). South of the NAFZ, the accretionary 
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complexes of the Ankara and Tokat Lobe (Fig. 10a, 11), and the EACP are characterized 

by relatively slow seismic velocities, whereas the seismic velocities found to the north of 

the NAFZ are relatively high in the eastern Pontides and Istanbul Zone (Fig. 9b,10a, 11d, 

11f). This relationship is consistent with the argument that the NAFZ exploited the 

lithospheric weakness’ of the Neotethyan suture zones as it propagated westward since 

~13 Ma (Şengör et al. 2005). In contrast to the results of Fichtner et al. (2013), we find no 

obvious low velocity anomaly in the uppermost mantle beneath the NAFZ (Fig. 10d). 

However, the anomaly identified by Fichtner et al. (2013) was located at 60 km, where 

we have no resolution. 

The eastern Inner-Tauride Suture represents a significant seismic velocity contrast 

as seen by Gans et al. (2009) and Warren et al. (2013). We find a similar shear-wave 

velocity contrast across the suture zone of ~100 – 200 m/s in the crust, however the 

mantle signature of this anomaly seems to be weak in our study. This seismic velocity 

contrast likely corresponds to differences in basement rock composition resulting from 

the accretion of the ATB to the Kirşehir Block, rather than a juxtaposition of different 

basements via lateral displacement along the CAFZ. Near the Central Anatolian 

Volcanics (CAVs, Fig. 1b), slightly slower shear-wave velocities are seen at lower crustal 

depths (Fig. 10c); however, these seismic velocities are not isolated to the CAVs. 

Therefore, it is difficult to associate these slower velocities strictly to any sizeable magma 

bodies that may be feeding the young volcanism in the region. The seismic signature of 

the western Inner-Tauride Suture is difficult to identify due to the large accumulation of 

sedimentary material (and therefore, slow seismic velocities) in the Tuz Gölü Basin, 

which dominates the seismic signal in this region. However, the relatively fast velocities 
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of the Kirşehir Block are sharply bounded in the southwest by the Tuz Gölü Fault at 

shallow depths. This contrast decreases in the lower crust, and indicates that the Tuz Gölü 

Fault may be limited in extent to the upper crust (<15 km below sea level) (Figs. 10, 11).  

Further to the east, the Bitlis-Zagros Suture (BZS) juxtaposes the fast seismic 

velocities associated with the Arabian Plate with the slower seismic velocities of the 

EACP. This area is on the edge of our ambient noise resolution; hence, not all phase 

velocity inversion results are within the acceptable resolution (<= 200 km) to invert for 

shear-wave velocity. Thus, we examine the phase velocity maps to gain insight into the 

region. Phase velocities are relatively slow in the EACP, ~3.1 km/s and ~3.35 km/s at 18 

and 30 second periods respectively (Fig. 4), consistent with slow shear-wave velocities in 

the mid-to-lower crust. This result is in agreement with previous seismic studies in the 

area (Gök et al. 2007; Gans et al. 2009; Mutlu & Karabulut 2011; Warren et al. 2013), 

and is most likely due to high temperatures within the crust associated with young 

volcanism and shallow asthenosphere related to slab breakoff. Consistent with Warren et 

al. 2013, the slow velocity perturbations terminate abruptly along the BZS, transitioning 

to fast seismic velocities that we attribute to the subducted Arabian lithosphere. The sharp 

transition from slow to fast seismic velocities along the BZS is consistent with the idea 

that the Arabian slab detached relatively close to the Bitlis-Zagros Suture. 

Overall, the uppermost mantle shear-wave velocities beneath Turkey are much 

slower than in global or regional models (~4.2 km/s vs. ~4.46 km/s, Fig. 10d) (Kennett & 

Engdahl 1991; Pasyanos et al. 2004) and are in agreement with the study of Fichtner et al. 

(2013). Slab tears are thought to be prevalent beneath Anatolia (Biryol et al. 2011), and 

the influx of hot asthenosphere through these slab gaps is leading to the slow phase and 
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shear-wave velocities seen in the upper mantle throughout Turkey (Fig. 10d). In southern 

Turkey, shear-wave velocities of ~4 km/s are consistent with low-density/hot mantle 

supporting the high elevations of the central Taurus Mountains. However, a lack of 

seismic stations in this region leads to uncertainty in crustal thickness estimates and a 

higher uncertainty in shear-wave velocities compared to other regions in this study.	 

Southwestern Turkey has the largest negative phase velocity perturbations in the 

study area for periods up to ~30 s (Fig.4).  The shear-wave velocities in this region are 

anomalously slow down to the base of the crust, reaching only ~3.15 km/s in the western 

Isparta Angle (Fig. 12).  The anomaly is concentrated in the Isparta Angle region in the 

upper crust, but broadens and encompasses nearly the entire western ATB including the 

Menderes Massif in the lowest crust. This anomaly is also visible in the results of 

Fichtner et al. (2013) but was not interpreted in that study. There is significant 

disagreement on the crustal thicknesses in the Isparta Angle, which adds uncertainty to 

our absolute shear-wave velocities, especially near the Moho. To be consistent, we use 

the results of Vanacore et al. (2013), which estimate a 30-35 km crustal thickness in the 

region, in agreement with the results of Dolmaz (2007) and Kalyoncuoğlu & Özer (2003). 

However, other studies (Zhu et al. 2006; Gürer & Bayrak 2007; Erduran 2009) found 

significantly thicker crust (~40 km) in the region (for a model with a deeper Moho in this 

area, see Supplementary Fig. 2). Regardless of the range of imaged crustal thickness, the 

very slow shear-wave velocities in southwestern Turkey are well resolved. 

4. Discussion 

The three main factors that could contribute to anomalously slow shear-wave 

velocity in the Isparta Angle region are composition, temperature, and the presence of 
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melt/fluids. Compositionally, there are few rock types that can account for these 

velocities in the middle to lower crust, as even granitic rocks at lower crustal pressures 

have shear wave velocities ~3.5 – 3.7 km/s (Christensen 1996; Fliedner et al. 2000). An 

exception is marble, or calcium carbonate at elevated pressure-temperature conditions, 

which is characterized by shear-wave velocities of 3.3-3.4 km/s (Hacker et al. 2014).  The 

Bey Dağlari carbonate platform is exposed in a narrow area of the western Isparta Angle, 

but this terrane may cover a larger area, thought to be overthrust by the thin thrust sheet 

of the Lycian Nappes emplaced during the early to mid-Miocene unroofing of the 

Menderes massif (van Hinsbergen 2010). While the Bey Dağlari is not metamorphosed at 

the surface, elevated pressure-temperature conditions associated with the underthrusting 

of the Bey Dağlari beneath the Lycian Nappes, thought to have been transported >100 km 

southeastward during this unroofing event, may have resulted in the metamorphism of the 

Bey Dağlari carbonates. The area characterized by a Vs < 3.2 km/s at 7 and 15 km depth 

correlates closely to the predicted overthrust area from restoration of western Anatolia by 

van Hinsbergen & Schmid (2012) (LN, Fig. 10a,b). Therefore, we propose that the 

presence of the Bey Dağlari carbonate platform rocks beneath the Lycian Nappes may be 

partially responsible for the low shear-wave velocities seen at shallow to mid-crustal 

depths in southwestern Turkey. In addition, an area of high Vs (> 3.6 km/s) at depths of 

15 km and 5 km above the Moho offshore of southwest Turkey correlates well with the 

highly extended and attenuated crust of the southern Aegean Sea (van Hinsbergen & 

Schmid 2012) (Fig. 10b,c). 

The low velocities imaged in this region continue into the lower crust and 

uppermost mantle (Fig. 10c, d). The lowest velocities occur beneath the western Taurus 
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Mountains bounded by the FBFZ and the Antayla basin in the western limb of the Isparta 

Angle, an area we call the Fethiye Lobe (FL, Fig, 1b). Given the proximity of this area to 

the location of the proposed slab tear beneath southwestern Turkey (Fig. 12), an obvious 

possibility to consider is partial melt. However, relatively low to moderate heat flow (< 

70 mW/m2; Tezcan 1995), limited upper mantle seismicity (Fig. 11d, g), and the absence 

of young volcanics make this interpretation unlikely for the Fethiye Lobe, although it has 

been proposed for the northern Isparta Angle (Enduran 2009). However, high fluid 

content may contribute to the low shear-wave velocity, as a high conductance anomaly, 

indicative of the presence of fluids, underlies a resistive anomaly in the Fethiye Lobe and 

corresponds to a lack of seismicity in this region (Gürer & Bayrak 2007, fig. 4a). Gürer & 

Bayrak (2007) interpret the base of the shallow resistive anomaly to represent the 

boundary between the brittle upper crust and ductile lower crust. The brittle-ductile 

transition may trap fluids at deep crustal levels by creating a vertically impermeable but 

horizontally interconnected zone (Fyfe 1985; Marquis & Hyndman 1992), explaining the 

low shear-wave velocities seen in this study, as well as the conductive lower crust and 

resistive upper crust observed by Gürer & Bayrak (2007). 

The question then becomes what is the source for these fluids? The occurrence of 

subduction beneath this region is enigmatic, as a clear Wadati-Benioff zone is lacking 

beneath the western limb of the Isparta Angle. Using teleseismic tomography, Biryol et 

al. (2011) identified a fast seismic anomaly with a steep dip near the northern tip of the 

Isparta Angle, but could not image the upper 60-80 km because of resolution issues 

associated with their imaging technique.  To connect this steeply dipping anomaly to the 

location of the Mediterranean ridge, Biryol et al. (2011) suggested that the slab is 
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subducting beneath southwestern Turkey at a shallow angle until it reaches the northern 

tip of the Isparta Angle. They suggest the shallow subduction angle is due to the 

underthrusting of an attenuated, buoyant continental fragment that rifted off of the 

African Plate, similar to the Eratosthenes Seamount south of Cyprus. We suggest that the 

subduction of this continental fragment occurred in early to mid-Miocene, corresponding 

to the rapid extension in the Aegean (Ring et al. 2010) and the counterclockwise rotation 

of the western limb of the Isparta Angle (Kissel et al. 1993; Meijers et al. 2011). We 

further suggest the continental fragment slowed or stalled the subduction of the Cyprean 

slab, contributing to the formation of a slab tear between the Aegean and Cyprean slabs 

by creating a buoyancy contrast along what was originally (pre-Miocene) a laterally 

continuous subduction zone south of Turkey and the Aegean. The formation of the STEP 

fault associated with this slab tear led to the counterclockwise rotation of the Fethiye 

Lobe due to the faster retreat of the trench in the west than in the east. (Fig. 13a).  

Due to relatively low heat-flow in the region, evidence for fluid in the lower crust 

from conductivity characteristics, evidence for shallow subduction, and anomalously 

slow seismic velocities, we propose recently subducted and underplated hydrated 

sediments and accretionary material is introducing aqueous fluids beneath this region 

near the base of the crust (Fig. 13b). These fluids are percolating through the ductile 

lower crust and collecting at the brittle-ductile transition (Fig. 13b). This interpretation is 

similar to the findings of Calkins et al. (2011), who observed a similar anomaly (Vs ~3.0-

3.3 km/s) above the subducting Juan de Fuca Plate at a depth of ~20 km in the Cascadia 

subduction zone.  
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5. Conclusions 

We have determined the shear-wave velocity structure of the Anatolian Plate and 

surrounding regions down to a depth of 50 km using ambient noise tomography. The 

resulting 3-D shear-wave velocity model is used to interpret major lithospheric seismic 

anomalies in the region, and is in good agreement with past studies where coverage 

overlaps. We confirm that the average uppermost mantle shear-wave velocities (~4.2 

km/s) are much slower than global averages (~4.46 km/s), and are closely related to the 

break-up of the downgoing African slab. Also, changes in seismic characteristics across 

suture zones reinforce the idea that Neotethyan fault systems are exploiting suture zones 

related to the amalgamation of Anatolia. 

The new conclusions of this paper are summarized below:  

1.	The	average	crustal	shear-wave	velocity	is	low	(~3.4	km/s)	throughout	the	

Anatolian	Plate	when	compared	to	global	average	continental	crustal.		These	

velocities	generally	decrease	from	north	to	south,	and	are	consistent	with	a	

dominantly	felsic	crustal	composition.	This	result	suggests	that	much	of	the	mafic	

oceanic	lithosphere	associated	with	the	Neotethys	must	have	been	strongly	

modified	or	consumed.	In	some	regions,	high	temperatures	and/or	fluids	may	also	

be	contributing	to	the	observed	slow	crustal	shear-wave	velocities.		

2. Slow seismic velocities in the shallow crust in southwestern Turkey shows a strong 

correlation with the surficial location of the Lycian Nappes. We propose that the Bey 

Dağlari platform carbonates, which have been overthrust by the Lycian Nappes, have 

been metamorphosed and are responsible for the slow upper-crustal velocities seen in the 

region. 
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3. The western limb of the Isparta Angle (Fethiye Lobe) exhibits anomalously slow 

shear-wave velocities (~3.15 km/s at 25 km) and high conductivity in the lower crust that 

we interpret as the result of aqueous fluids being introduced by the underplating of 

accretionary materials as a result of the underthrusting of a buoyant continental fragment 

of Gondwanan affinity similar to the Eratosthenes seamount. This buoyant fragment may 

have controlled the location of the formation of the STEP fault in the eastern Aegean Sea 

during rapid slab rollback of the Aegean Arc in early Miocene times. The dynamics of 

slab rollback along with the underthrust fragment led to the rotation of the Fethiye Lobe 

above a ductile lower crust.  
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Tables 

Table 1: Initial Models used for shear-wave velocity inversion 
 

Initial Model 
1 2 3 4 5 6 

 
Crustal Velocity (km/s) 

3
3.5 

3
3.5 

3
3.5 

3
3.6 

3
3.8 

3
3.8 

 
Mantle Velocity (km/s) 

3
3.7 

4
4.0 

4
4.2-4.5 

4
4.2-4.5 

4
4.4 

4
4.46-4.5 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



78 

Figures 

 

 
 
Figure 1 (A) A map of the generalized geologic terranes of the eastern Mediterranean. 
AM, Anaximander Mountains; ATB, Anatolide-Tauride Block; BD, Bey Dağlari; ES, 
Eratosthenes Seamount; KB, Kirşehir Block; IAESZ, Izmir-Ankara-Erzincan Suture 
Zone; LN, Lycian Nappes; MM, Menderes Massif. (after Okay & Tüysüz 1999, van 
Hinsbergen 2010). The red triangles are late Cenozoic volcanic centers. (B) A map of the 
neotectonic setting of Turkey. Orange bars separate (from left to right) the Western 
Anatolian Extensional Province (WAEP), Central Anatolian Province (CAP), and Eastern 
Anatolian Contractional Province (EACP) (Şengör et al. 1985). Geodetic displacement 
rates shown by thick black arrows (Reilinger et al. 2006). Diagonal lines show the 
approximate location of Isparta Angle. The shaded region labeled FL is the Fethiye Lobe 
in the western Taurus Mountains. AB, Antalya Bay; BZS, Bitlis-Zagros Suture; CAFZ, 
Central Anatolian Fault Zone; CAVs, Central Anatolian Volcanics; CB, Çankiri Basin; 
CTM, Central Taurus Mountains ; DSFZ, Dead Sea Fault Zone; EAFZ, East Anatolian 
Fault Zone; EAP, East Anatolian Plateau; FBFZ, Fethiye-Burdur Fault Zone; FL, Fethiye 
Lobe; IA, Isparta Angle; KTJ, Karliova Triple Junction; NAP, North Anatolian Province; 
NEAFZ, Northeast Anatolian Fault Zone; NAFZ, North Anatolian Fault Zone; TGB, Tuz 
Gölü Basin; TGF, Tuz Gölü Fault. The red triangles are late Cenozoic volcanic centers. 
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Figure 2. A map of the stations used in this study. The inverted triangles are seismic 
stations and upright triangles are late Cenozoic volcanic centers. Data was obtained 
through IRIS (www.iris.edu), ORFEUS (www.orfeus-eu.org), and Kandilli Observatory 
and Earthquake Research Institute (www.koeri.boun.edu.tr). The black outline shows the 
study region of Warren et al. (2013). 
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Figure 3: The number of cross-correlations used per period is a function of station 
spacing (> 3 wavelengths) and signal-to-noise ratio (10). In this study, the Aegean Sea is 
less well-resolved at short periods due to large interstation spacing, causing SNR to be 
low, while at long periods, many north-south raypaths in the study area do not meet the 3 
wavelength criteria, and are not used. 
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Figure 4: (A) Plot of the dispersion curves from phase velocity maps in 5 different 
geologic terranes. The locations of the dispersion curves are shown as stars in the 10 s 
phase velocity map. The dispersion curve for AK135 is plotted in black. IST: Istanbul 
Zone, AEG: Aegean Sea, CAP: Central Anatolian Plateau, EAP: East Anatolia Plateau, 
ISP: Isparta Angle. (B) Rayleigh wave phase velocity perturbations relative to the mean 
for 4 periods (10, 18, 30, 40 s). The colors of the stars in 10 s phase velocity map 
correspond with the color of dispersion curve in (A). Due to the dispersive nature of 
Rayleigh waves, different periods are sensitive to different depth ranges, with longer 
periods sampling deeper structures. At short periods, perturbations correspond very well 
to surficial geologic structures (e.g. Tuz Gölü Fault and Kirşehir Block at 10 s). The data 
inside the white outline corresponds to areas with < 200 km resolution.  
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Figure 5: A map of interpolated and smoothed Moho depths derived from Vanacore et al. 
(2012) used in this study. We used a natural neighbor approximation between stations 
and smoothed the results using a 1° x 1° moving average every 0.1° in order to obtain a 
more smooth and continuous Moho map than that published in Vanacore et al. (2013). 
These depths were used to define the layer boundary at which an increase in shear-wave 
velocity occurred in the initial model for a given gridpoint. The shear-wave velocity 
inversion then allowed the velocity contrast at this boundary to change during the 
inversion. This map also shows the region at which we have reasonable (< 200 km) 
resolution. 
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Figure 6: A test of the effect of the Moho weighting parameter on inversion results. The 
background shows the number of velocity profiles with the corresponding mean standard 
deviation in the top 50 km. Around a value of 5, the shear-wave velocity models 
converge to the most similar profile as shown by the tight distribution of standard 
deviation values and also attains a low average standard deviation. 
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Figure 7: Plot of the resulting shear-wave velocity models in the five locations from Fig. 
4 for six different inversions using damping values of 0.05, 0.1, 0.5, 1, 2, and 5. Each 
color represents one model. We find that damping value has little effect on the final 
model if the mean misfit of the dispersion data reaches approximately the same value. 
We choose a damping value of 0.5 to prevent large changes in the model after each 
iteration while reducing computation time. 
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Figure 8: (A) Plot of the shear-wave inversion results for the 5 locations shown in Fig. 4 
using 0.5 damping until a mean misfit of < 6 m/s or 50 iterations were reached. The mean 
shear-wave velocity model of the six different starting models is shown in black with 
standard deviation in red. The standard deviation throughout the region, especially in the 
crust is low, but tends to increase near the Moho boundary and into the upper mantle due 
to the uncertainties in initial models’ Moho depths. (B) A histogram of standard 
deviations for individual layers for all shear-wave velocity profiles down to 50 km below 
sea level. Layers above the Moho are colored blue, while layers below the Moho are 
colored red. 
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Figure 9. (A) A plot showing the distribution of average crustal shear-wave velocities in 
Anatolia. The mean and standard deviation the average shear-wave velocity in the crust 
are 3.36 km/s and 0.10 km/s. (B) A map of Anatolian mean crustal shear-wave velocity. 
The thick black lines denote Tethyan Suture zones and geologic terranes (see Fig. 1A). 
Eastern and central Anatolia are characterized by average Vs between 3.3 – 3.5 km/s. In 
western Turkey there is a strong gradient from N-NW to S-SE in average velocity from 
3.5 km/s associated with the Sakarya terrane in NW Turkey and 3.1 km/s in the Isparta 
Angle. The Aegean Sea crust is more uniform with average Vs between 3.2 and 3.4 km/s. 
The Anatolide-Tauride Block is slower on average than Istanbul Zone, Eastern Pontides, 
and Kirsehir Block. The Arabian Plate is faster that the EACP directly to the north. The 
differences in seismic velocities correlate well with the different terranes along the 
Tethyan suture zones, indicating the juxtaposition of significantly different continental 
material. 
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Figure 10. Maps showing the shear-wave velocity perturbations from the average at 7 
km, 15 km, 5 km above the Moho, and 5 km below the Moho with respect to sea level. 
Faults and tectonic terrane boundaries are shown by thick black lines, late Cenozoic 
volcanoes are shown as red triangles, and gray contours show absolute shear-wave 
velocity values in intervals of 0.2 km/s. (A) At shallow depths, slow shear-wave 
velocities correlate well with the Thrace Basin (TB), Çankiri Basin (CB), Tuz Gölü Basin 
(TGB), Sivas/Kangal Basin, Lycian Nappes (LN), and accretionary complexes of eastern 
Anatolia, the Ankara Lobe (AL) and to a lesser extent, the Tokat Lobe (TL). Fast shear-
wave velocities correlate well with the Istanbul Zone (IZ), Eastern Pontides (EP), and the 
crystalline rocks of the Kirşehir Block (KB). 
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Figure 11. (A-F) Shear-wave velocity cross-sections have 5:1 vertical exaggeration on 
topography and 2:1 vertical exaggeration for the shear-wave velocity model. Contour 
intervals correspond to lines in color palette. Earthquakes are shown as black circles in 
the cross-sections. Note the change in crustal velocities across suture zones (shown as 
thick black lines on topography). BZS, Bitlis-Zagros Suture; CAFZ, Central Anatolian 
Fault Zone; EAF, East Anatolian Fault; EAFZ, East Anatolian Fault Zone; EAP, East 
Anatolian Plateau; FBFZ, Fethiye-Burdur Fault Zone; IA, Isparta Angle; IAESZ, Izmir-
Ankara-Erzincan Suture Zone; IPS, Intra-Pontide Suture; IST, Istanbul Zone; ITS, Inner-
Tauride Suture; NAF, North Anatolian Fault; NAFZ, North Anatolian Fault Zone; 
NEAFZ, Northeast Anatolian Fault Zone; SAK, Sakarya Zone; TGF, Tuz Gölü Fault; 
WAEP, Western Anatolian Extensional Province. (G) A seismicity map for the eastern 
Mediterranean with relocated earthquakes from 1970-2008 (Engdahl et al. 1998) and 
earthquake locations for 2009-2013 from the Eastern Mediterranean Seismic Center 
(EMSC) with a magnitude threshold of 3.7. Black lines denote locations of cross-sections 
and have a white circle every 100 km for reference.  
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Figure 12. Cross-sections through Isparta Angle with shear-wave velocity results in the 
crust and teleseismic P-wave tomography results in the mantle (Biryol et al. 2011). The 
earthquakes from Fig. 10 are shown as black circles. Grayed out areas are regions where 
resolution was >200 km from our ambient noise tomographic inversion and thus not 
included in the shear-wave inversion. For abbreviations, see Fig. 11. 
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Fig 13. (A) Present day subducting African lithosphere beneath western Anatolia (after 
Biryol et al. 2011). (1) The buoyant, subducting fragment controlled the location of the 
(2) slab tear and allowed for the influx of hot asthenosphere (3). The red outline 
corresponds to the region shown in B. (B) 3D diagram across the Fethiye Lobe at 29.8° 
longitude showing our interpretation. The subducting, buoyant fragment is underthrusting 
the Isparta Angle and controlling the location of the slab-tear in the eastern Aegean. 
Hydrated sediments that are accompanying subduction are introducing fluids to the 
region, which are trapped in the ductile zone of the lower crust that has accommodated 
the rigid rotation of the upper crust in the Fethiye Lobe. We interpret mid-crustal 
structures in light of the findings of Gürer & Bayrak (2007). 
 

 



91 

Supplemental Material 

 

 
Figure S1. Left: A path density plot based on the phase velocity inversion with 
smoothing and damping parameters as stated in the text. Right: The interstation raypaths 
used to solve for phase velocity maps at the specified period.  Overall, we have very good 
raypath coverage across most of Anatolia. 
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Figure S2. A comparison of shear-wave velocity cross-sections in the Isparta Angle 
region using two different depths to the Moho in the starting model.  The top panel shows 
the shear-wave inversion using our preferred Moho depth from Vanacore et al. (2013).  
The bottom panel shows the same inversion using a Moho depth 5 km deeper in the 
starting model.  The location of the cross-sections are shown in Fig. 11 of the main text.  
Although shear-wave velocities vary slightly near the Moho, the overall crust and 
uppermost mantle anomalies are relatively constant despite the deeper Moho. 
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Figure S3. Phase velocity perturbation maps for 8, 12, 14, 16, 20, 25, and 35 s periods. 
The average phase velocity for each period is also shown. The shaded regions have 
resolution < 200 km. See manuscript for 10s, 18s, 30s, and 40s phase velocity maps. 
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Figure S4. The standard deviations for our shear-wave velocity model for depth slices 
shown in Fig. 10. Standard deviation general increases near and below the Moho. 
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0. Abstract 

 We present a new approach to the joint inversion of surface wave dispersion data 

and receiver functions by utilizing Common Conversion Point (CCP) stacking to 

reconcile the different sampling domains of the two datasets. Utilizing CCP stacking 

allows us to suppress noise in the data by waveform stacking, and correct for 

backazimuthal variations and complex crustal structure by mapping receiver functions 

back to their theoretical location. When applied to eastern Turkey, this approach leads to 

a higher resolution image of the subsurface and clearly delineates different tectonic 

features in eastern Turkey that were not apparent using other approaches. We observe 

that the slow seismic velocities near the Karliova Triple Junction correlate to moderate 

strain rates and high heat flow, which leads to a rheologically weak crust that has allowed 

for the upward propagation of Miocene and younger volcanics near the triple junction. 

We find seismically fast, presumably rigid blocks located in the southeastern Anatolian 

Plate and Arabian Plate are separated by a band of low shear wave velocities that 

correspond to the East Anatolian Fault Zone, which is consistent with the presence of 

fluids in the fault zone. We observe that the Arabian Plate has underthrust the Eurasian 

Plate as far as the northern boundary of the Bitlis Massif, which can explain the high 

exhumation rates in the Bitlis Massif as a result of slab breakoff of the Arabian oceanic 

lithosphere. We also find a shallow (~33km) anomaly beneath eastern Turkey that we 

interpret as a localized wedge of mantle that was underthrust by a crustal fragment during 

the collision of Arabia and Eurasia. These observations are possible because of the high-

resolution images obtained by combining common conversion point receiver function 
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stacks with ambient noise dispersion data to create a data-driven three-dimensional shear 

wave velocity model. 

Keywords: Continental lithosphere, Seismic Imaging Techniques, Eastern 
Mediterranean, Neotectonics 
 

1. Introduction 

 Imaging how the crust and upper mantle deform in response to stresses is critical 

to the understanding of Earth’s tectonic processes. A widely used and relatively high-

resolution seismic method to do this is through receiver function analysis (Langston 

1979). This method isolates P-to-S wave conversions at impedance contrasts in the Earth 

to recover Earth structure immediately beneath a seismic station. However, receiver 

function analysis suffers from an inherent non-uniqueness with respect to the absolute 

shear wave velocities that are responsible for the resulting receiver function profile 

(Ammon et al. 1990). More recently, the development of Ambient Noise Tomography 

(ANT) has led to the accurate recovery of short period Rayleigh waves sensitive to 

absolute shear wave velocities in the crust and uppermost mantle, which were previously 

difficult to obtain via earthquake-generated surface waves (Shapiro et al. 2005). 

Dispersion data obtained from surface wave inversions are widely used to recover the 

shear wave velocity structure of the Earth through shear wave inversions, but suffer from 

their own non-uniqueness, as the broad sensitivity kernels of Rayleigh waves sample a 

wide range of depths depending on their frequency (Fig. 1) and thus are not ideal for 

imaging sharp velocity discontinuities. Inverting these two datasets separately results in 

an inverse problem with a large number of models that satisfy the data, which can lead to 

biases in velocity models due to their strong dependence on poorly constrained a priori 

models. 
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 The joint inversion of surface wave velocities and receiver functions has resulted 

in a vast improvement in the calculation of shear wave velocity models by utilizing each 

method’s individual strengths (Özalabey et al. 1997; Julia et al. 2000). Receiver functions 

constrain the depth to boundaries and their associated velocity contrasts, while Rayleigh 

wave dispersion data constrain the absolute shear wave velocities between the 

boundaries. By utilizing both receiver functions and high frequency surface wave 

dispersion data, many studies have been successful in gaining insight into crustal 

structure at a resolution unprecedented before the development of this joint technique 

(Shen et al. 2013b, Ward et al. 2014). However, the sampling regions and resolutions of 

these two datasets are vastly different  (Fig. 1), and must be reconciled before presenting 

models of shear wave velocity via this technique. 

 Past studies have attempted to reconcile the different sampling regions of these 

two techniques using different approaches. The most common approach is the single 

station joint inversion (Julia et al. 2000; Kgaswane et al. 2009). This approach uses all 

receiver functions recorded at a single station, accounts for differences in ray parameter, 

and constrains shear wave velocities using a surface wave dispersion curve from a 

gridpoint near the station location. This results in the approximation of a 1D shear wave 

velocity profile as a function of depth beneath each individual station. This approach, 

however, suffers when large backazimuthal variations exist beneath an individual station. 

Shen et al. (2013a) attempted to account for backazimuthal variation via “harmonic 

stripping”, which ideally creates azimuthally independent receiver functions. If a 3D 

velocity model is sought, joint inversion studies generally interpolate the single-station 

velocity profiles between stations (Shen et al. 2013b, Liu et al. 2014), leading to a 3D 
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velocity model that is dependent on the interpolation method as opposed to a data-driven 

3D velocity model. Ward et al. (2014) attempted to improve upon the single station 

method by broadening their data-driven shear wave velocity recovery through a multistep 

inversion process: first, individual receiver functions were inverted with dispersion data 

and the resulting shear wave velocity profile was back-projected along the theoretical 

raypath of the receiver functions to account for backazimuthal variations. This resulting 

profile served as the starting model for a shear wave inversion of dispersion data, 

followed by an interpolation where there was no ray coverage. This method is an 

improvement in creating a 3D volume of shear wave velocities using a joint inversion 

approach, but may suffer from the inversion of contaminating noise in individual receiver 

functions, which may lead to spurious velocity information that is later propagated 

through the model via mathematical interpolation. Conversely, Chai et al. (2015) 

smoothed receiver function waveforms over large distances to obtain a low-noise receiver 

function containing information about first order discontinuities. This leads to a good 

first-order model at the cost of local heterogeneities, and thus resolution. 

 In this paper, we present a new approach to the joint inversion problem to develop 

a more robust 3D shear wave velocity model. We utilize common conversion point 

(CCP) stacking (Dueker & Sheehan 1997), which is widely used to create 3D volumes of 

receiver function amplitude as a function of depth to gain insight into impedance 

contrasts in the Earth. By using a depth-to-time migration on the resulting 1D amplitude 

profiles created by CCP stacking, we can create receiver functions that account for 

backazimuthal variations, dampen noise, mitigate the dependence of receiver function 
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data on station location, and lead to a high-resolution data-driven 3D shear wave velocity 

model when jointly inverted with dispersion data. 

2. Methods: The Creation of CCP-derived Receiver Functions 

CCP stacking creates a 3D amplitude volume throughout a study area by 

averaging receiver functions that fall in a grid cell (or bin) after being ray-traced along 

theoretical raypaths assuming an average velocity model for an area. The average 

amplitudes in the volumes represent the location of discontinuities in the crust and 

mantle, successfully accounting for backazimuthal variations beneath a station, albeit 

rather smoothly. Commonly in the CCP method, the grid spacing and information in 

individual bins is user-defined by the radius of the bin and the bin spacing, which 

constrains the data that is used in the solution for amplitude in that bin.  

 In order to extract a receiver function for each grid-point from our CCP stacks, we 

must have a continuous amplitude profile as a function of depth. Due to the localization 

of raypaths beneath individual stations at shallow depths, bins are often empty between 

stations if the bin width is less than station spacing. In an attempt to alleviate this issue 

and create a more continuous image of the shallow crust, we allow our predefined bin 

width to dilate until a minimum number of raypaths is incorporated into the bin. We use 

true receiver function amplitudes (i.e. non-normalized), migrate the receiver functions to 

depth for the CCP stacking analysis using a regional 1D velocity model, and then extract 

a vertical receiver function amplitude profile for each grid-point as a function of depth. 

Then, a depth-to-time migration is performed using the average ray parameter in the 

uppermost bin and the same 1D regional velocity model used for ray-tracing and time-to-

depth migration in order to minimize the effect that an incorrect velocity model might 



101 

have on the resulting CCP-derived receiver functions. To avoid aliasing in the CCP-

derived receiver functions, we must choose thin CCP depth bins so that the time spent in 

each bin is less than the sampling rate in our original receiver function. Thus, for an input 

receiver function, we can use the following equation to find the maximum thickness for a 

CCP depth bin that, when migrated with a certain velocity model, will produced data 

points that sample at a desired sampling rate:  

𝑑𝑧 =
𝑑𝑡

1
min (𝑉!)!

−max (𝑝)! − 1
 𝑉!!

−max (𝑝)! 

 (1) 

where Vp is the P-wave velocity corresponding to the minimum S-wave velocity layer 

(Vs) in the CCP profile, dt is the desired sampling rate of the CCP-derived receiver 

function, and p is the average ray parameter in the uppermost bin of that CCP profile. 

Choosing a depth bin thickness less than dz will ensure the signal is not aliased. The 

depth-to-time migration does not produce constant sampling rates if we migrate with a 

non-constant velocity model, and thus we must downsample our resulting CCP-derived 

receiver function to a desired frequency, producing an equivalent, yet CCP-derived 

receiver function similar to our input receiver functions. This procedure is outlined in 

Fig. 2, and results in a single stacked receiver function for each gridpoint that can later be 

paired with dispersion data for the joint inversion following the method described by 

Julia et al. (2000).  

3. Application to real data: Eastern Turkey Seismic Experiment 

 The Eastern Turkey Seismic Experiment (ETSE) consists of 29 stations deployed 

from 1999-2001 with the goal of investigating the crustal and upper mantle structure 
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beneath the East Anatolian Plateau (EAP) (Fig. 3; Sandvol et al. 2003a). This region was 

initially thought to be a small-scale Himalayan-type orogen due to the broad deformation 

in the plateau and characteristic tectonic escape of the Anatolian Plate to the west along 

the North and East Anatolian Faults (NAF and EAF) as a result of the collision of the 

Arabian plate with Eurasia (Şengör & Kidd 1979). However, notable differences between 

this region and the Himalayan-Tibet system are apparent as shown by research done with 

the ETSE seismic data (Al-Lazki et al. 2003; Zor et al. 2003; Sandvol et al. 2003b; Gök 

et al 2003; Gök et al. 2007; Zor 2008; Ozacar et al. 2008; Özacar et al. 2010).  

The evolution of what is now eastern Turkey is rather enigmatic before ~15 Ma 

due to extensive volcanic cover and the complexity of the termination of the Tethyan 

system, and many models for the tectonic history of eastern Turkey have been proposed 

(see Keskin 2007 for review; Şengör et al. 2008; Oberhänsli et al. 2012). Today, the EAP 

is generally characterized by high heat flow (Tezcan 1995), broad internal deformation in 

a crust composed largely of weak accretionary material formed during the closure of the 

Neotethys Ocean (Şengör et al. 2003; Şengör et al. 2008; Özeren & Holt 2010), and 

Miocene to recent volcanics which young to the south and are interpreted to reflect a 

more asthenospheric geochemical signature as a result of rollback and detachment of the 

Arabian slab in the mid-late Miocene (Keskin 2003; Keskin 2007). The easternmost 

Izmir-Ankara-Erzincan Suture (here called the “Eastern Pontide Suture”, EPS, Fig. 3) 

separates the accretionary material of the EAP from the igneous rocks of the eastern 

Pontides in the north, while the crystalline rocks of the Bitlis Massif bound its southern 

extent. Internal deformation in the EAP is largely constrained between the eastern 

Pontides and Bitlis Massif. The Anatolian Plate is separated from the Eurasian Plate 
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along the NAF and EAF, which converge at the Karliova Triple Junction (KTJ), where 

some of the highest strain rates in eastern Turkey are found (Özeren & Holt 2010). 

Because of the large number of seismological studies in eastern Turkey as a result 

of the Eastern Turkey Seismic Experiment, it is an excellent test area for this new joint 

inversion approach. Our goal is to compare the results of both the single-station joint 

inversion technique and our CCP-derived receiver function technique and evaluate their 

spatial resolution. A total of 224 events from 29 stations with event magnitudes greater 

than 5.5 were used, leading to a total of 1929 receiver functions (Supplemental Section 

S1). We produced receiver functions with a 2.5 Gaussian pulse width, resulting in a 

vertical resolution of ~1 km using the iterative deconvolution method as described by 

Ligorria & Ammon (1999). Rayleigh wave dispersion data from ambient noise 

tomography (Delph et al. 2015) are paired with these receiver functions to constrain 

absolute shear wave velocity in the joint inversion.  

3.1 CCP-Derived Receiver Function Parameters 
  

We first produce CCP stacks of 10 samples per second (sps) non-normalized 

receiver functions across the region with a dilating bin width from 0.3 to 1.2 degrees until 

there is a minimum of 10 rays in each bin. We use a CCP bin spacing of 0.1 degrees so 

that we obtain a CCP-derived receiver function at each grid-point where we have 

dispersion data. The receiver function data are migrated to depth using a layer over 

halfspace velocity model consisting of a 3.4 km/s crust down to 44 km and 4.2 km/s 

mantle (Delph et al. 2015) with a constant Vp/Vs of 1.78. Based on our velocity model, 

the largest vertical slowness is defined by our slowest seismic velocity (0.16 s/km or 

1/3.4 kms-1) and highest ray parameter (~0.08 s/km). Using Eqn. (1), the maximum 
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thickness for our depth bin in our CCP calculation can be 0.72 km to avoid aliasing the 

output of a 10sps receiver function. We choose a depth bin thickness of 0.5 km for ease 

of computation. The resulting CCP volume is similar to that obtained by Özacar et al. 

(2010), with small differences arising due to the varying bin width and velocity model 

used for migration. We extract depth-domain receiver functions from the CCP stacks and 

perform a depth-to-time migration using the same velocity model used in the CCP 

stacking analysis. These CCP-derived receiver functions are then resampled to a constant 

sampling rate of 10sps. 

3.2 Joint Inversion Parameters 

We use the same inversion parameters for the joint inversion of both the CCP-

derived receiver functions and the single-station receiver functions so that any differences 

that arise between the models will be due strictly to the different approaches. For the 

single-station joint inversion, we pair the receiver functions with dispersion data at the 

nearest gridpoint to the station, resulting in a single shear wave velocity profile at each 

station. Due to the ~1 km resolution of 2.5 Gaussian receiver functions, our initial models 

for the joint inversion consist of a halfspace of 4.5 km/s with 1 km thick layers. Our 

constant velocity starting model alleviates biases that a priori models may introduce, thus 

all “structure” in the resulting profiles is derived from the data itself. We perform the 

inversion a maximum of 40 times or until we reach a minima defined by a model change 

of less than 0.05% from the previous inversion iteration. The joint inversion method 

described by Julia et al. (2000) requires a dataset weighting parameter that ranges from 0 

to 1, with 0 performing a receiver function only inversion and 1 representing an inversion 

of dispersion data only. We favor a heavier weight on receiver function fit in order to 
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take full advantage of the information gained by incorporating receiver functions into the 

inversion. We choose a damping parameter of 0.5 and weighting parameter of 0.3 (70% 

Receiver function, 30% Dispersion data), which helps prevent the inversion from fitting 

noise that may be present in the receiver functions. Regardless of weighting parameter, 

the fit to the dispersion data remains relatively constant (Fig. 4). The normalized RMS fit 

of the inverted receiver functions and dispersion information to the observed data is 

shown in Fig. 5.  

As seen in Eqn. (1), we only focus on Ps conversions and attempt to ignore strong 

seismic multiples that may be present in the receiver functions. By only inverting the first 

10 seconds after the direct P arrival, we avoid inverting the high-amplitude multiples 

associated with the Moho. We also inspect each receiver function for evidence of shallow 

structural complexity, which will lead to a delayed receiver function amplitude peak at t 

> 0 and will introduce multiples into our time window. Thus, stations with significantly 

delayed peak amplitude times (e.g. station HINS, peak at t ~ 0.4 s) were discarded. 

Multiples from mid-crustal discontinuities generally arrival in the 6 – 10 second time 

window and will effect shear wave velocities at depths > 50 km, where the sensitivity of 

the dispersion data used in this study is low (Fig. 1B). Thus, to avoid ambiguities created 

by crustal multiples and decreased dispersion sensitivities, we show only the top 50 km 

of our model.  

4. Comparison of Results and Discussion 

In Fig. 6 and 7, we show the comparisons between past techniques used to 

investigate crustal structure, such as CCP stacking and shear wave inversions of 

dispersion data only, with the joint inversion interpolation and CCP-derived receiver 



106 

function approaches. In comparing these different techniques and approaches, we see that 

the main features of the models are recovered rather consistently, but the smoothness of 

the models decreases as shown in Fig. 6. This results from a lack of receiver function 

input in the shear wave inversion of dispersion data only, the averaging of receiver 

functions to produce one shear wave velocity profile at each station, and the 

incorporation of CCP-derived receiver functions. As we would expect from the inversion 

of the CCP-derived receiver functions, many of the features seen in the CCP stacks 

propagate their structure into the resulting joint inversion results. As we consider CCP 

stacking analysis as a robust way to interpret impedance contrasts within the Earth, this 

new approach allows us to gain a higher resolution image of structures and associated 

shear wave velocities in our region.  

As seen consistently in past studies, the Arabian lithosphere shows up as the most 

prominent fast velocity anomaly at depth (Fig. 7D; Warren et al. 2013; Delph et al. 

2015). The typical depth to a shear wave velocity of 4.2 km/s, which we use as a proxy 

for crustal thickness in the Arabian Plate, is ~34 km. These results are in general 

agreement with the H-k results of Özacar et al. (2010) for the Arabian Plate. This method 

also clearly delineates the abrupt lateral termination of the Arabian lithosphere’s seismic 

signature near the Bitlis-Zagros suture in the 38 km depth slice (Fig. 7D) as opposed to 

the interpolation procedure (Fig. 7C).  

A prominent seismic velocity contrast is also observed across the EPS between 

the eastern Pontides and the East Anatolian Plateau (Fig. 6D), consistent with the 

findings of Delph et al. (2015). By incorporating receiver functions into the inversion, we 

observe bands of low shear-wave velocities in the lower crust beneath the Miocene to 
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recent volcanics not apparent via the other techniques (Fig 6D, 7B). Seismic velocities in 

the crust are mainly affected by anisotropy, fluids, and compositions. These velocities 

(<3.2 km/s) are too low for most rock compositions expected at mid-to-lower crustal 

depths (Christensen 1996), and the backazimuthal distribution of our station-event pairs 

is too poor to constrain crustal anisotropy. However, the CCP stacking method may help 

diminish the effects of anisotropy through stacking raypaths of different backazimuths in 

the same bin. Hence, assuming isotropy, while acknowledging that our shear wave 

velocities may be effected by anisotropy that we cannot characterize in this study, the low 

velocities, high heat flow, low resistivity, and high attenuation in this region (Tezcan 

1995; Gök et al. 2003; Türkoğlu et al. 2008; Pasyanos et al. 2009) could indicate the 

presence of fluids (most likely melt) in the lower crust of the Eurasian Plate related to the 

young volcanism, as proposed by Gök et al. (2007). By modifying the Raymer-Hunt-

Gardner relationship between P-wave velocity and porosity, Dvorkin (2008) presented a 

relationship between shear wave velocity and porosity, or in this case, melt percentage. 

Using this equation, we calculate a melt percentage roughly between 5% and 8% for the 

lowest shear wave velocity (3.07 km/s) observed in the northern EAP. These estimates 

are in good agreement with the 3% - 10% melt percentage proposed by Türkoğlu et al. 

(2008) based on magnetotelluric data, which is very sensitive to the presence of fluids. 

Conversely, using the relationship for shear wave velocity as a function of melt 

percentage from the study of Hammond & Humphreys (2000), we obtain a melt 

percentage between~1.5 %– 2% (Fig. 8, see Supplemental Material Section S2 for 

details).  
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Near the Karliova Triple Junction, where the North Anatolian and East Anatolian 

Faults merge, broad and moderate strain rates (Özeren & Holt 2010) correlate with slow 

lower crustal shear wave velocities (W1, Fig 7B,D). These strain rates, accompanied by 

high (~90mW/m^2) heat flow (Tezcan 1995) are indicative of a weak lower crust. This 

broad region of strain may have allowed for the upward propagation of melt generated as 

a result of hot asthenosphere at shallow depths, leading to the observed correlation 

between extensive Miocene to recent volcanics seen at the surface and slow shear wave 

velocities at depth. Also, regions of low strain-rate in the southeastern Anatolian Plate 

and Arabian Plate correlate with fast seismic velocities at 38 km (R, Fig. 7D). The high 

shear wave velocities, low strain-rates, and lack of abundant earthquakes in this 

tectonically active zone (Fig. 6A) indicate the presence of strong, rigid lithosphere. 

Relatively low shear wave velocities separate the two rigid blocks (Fig. 6B; W2, Fig. 7D) 

and spatially correlate with the young (~5 Ma) and broad (~20 km) East Anatolian Fault 

Zone (EAFZ; Bulut et al. 2012). A recent high-resolution magnetotelluric line across the 

EAFZ imaged a vertical high conductance anomaly located beneath the trace of the 

EAFZ starting ~10 km and extending to the bottom of their model (25 km), interpreted to 

be a highly permeable fault zone where fluids are present (Türkoğlu et al. 2015). We 

propose that this decrease in seismic velocities is due to a rheological weakening of the 

lower crust due to the fluids seen by Türkoğlu et al. (2015). 

Our results show that the Arabian continental lithosphere appears to underthrust 

as far as the northernmost boundary of the eastern Bitlis Massif (Fig. 6C). While we do 

not have the depth resolution to image exactly how far north the Arabian lithosphere 

underthrusts the Eurasian Plate, high Sn attenuation (Gök et al. 2003) and low Pn 
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velocities (Al-Lazki et al. 2003) are indicative of a shallow lithosphere-asthenosphere 

boundary beneath most of the EAP. The lack of earthquakes associated with the Bitlis-

Zagros suture in this area and similar lateral displacement velocities from geodetic (GPS) 

observations in the northern Arabian Plate and near the northern edge of the Bitlis Massif 

(Reilinger et al. 2006) indicate that these systems are acting as a block, and may be 

responsible for transmitting stresses from the Arabian-Eurasian collision further into the 

plateau. Further evidence supporting the possibility that the Arabian lithosphere has 

underlies the Bitlis Massif comes from apatite fission track dating, which shows the 

highest exhumation rates in the Bitlis Massif (0.5 – 0.6 km/My) occurring from 12 – 8 

Ma (Okay et al. 2010). This timing coincides with the breakoff of the Arabian plate’s 

oceanic lithosphere ~13 – 8 Ma (Şengör et al. 2003; Keskin 2003, 2007) and the 

presumed rebound of the Arabian continental lithosphere. These exhumation rates are 

consistent with the topographic responses of slab breakoff (Duretz et al. 2011). In the 

western portion of the study area, it is difficult to image the relationship between the 

Arabian lithosphere and Anatolia due to deformation from the East Anatolian Fault.  

Consistent with Özacar et al. (2010), we find an anomalously high-amplitude, 

positive-negative converter beneath the Lake Van region (near station AHLT, Fig. 3) at 

about ~33 km and 40 km (Fig. 6C). This anomaly was interpreted to be a lower-crustal 

conversion as opposed to a Moho conversion by Özacar et al. (2010). However, with the 

joint inversion approach, we can determine the absolute shear wave velocity at these 

depths. We find a relatively high shear wave velocity (~4.2 km/s at 33 km, Fig. 6C) 

consistent with the velocity of the upper mantle beneath eastern Turkey (Delph et al. 

2015), which suggests this anomaly may represent the Moho discontinuity. These 
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relatively fast shear wave velocities continue to a depth of ~40 km, where there is a large 

decrease in seismic velocity to ~3.5 km/s, consistent with the shear wave velocities in the 

lower crust of our study area. We cannot unambiguously constrain the origin of such a 

structure, but we speculate that it may represent a locally uplifted wedge of mantle 

material underthrust by a thin wedge of continental crust formed during the collision of 

the Arabian and Eurasian Plates prior to breakoff of the Arabian oceanic lithosphere. A 

similar seismic structure has been interpreted in the analog of the Adriatic – European 

collision zone beneath the Alps (Schmid & Kissling 2000, plate 1), and underthrusting of 

lower crust in a collision zone is possible as shown by geodynamic modeling (Beaumont 

et al. 1996, fig. 2). 

5. Conclusions 

 We present a new approach for creating a data-driven three-dimensional shear 

wave velocity model using the joint inversion of P-wave receiver functions and Rayleigh-

wave dispersion measurements. We mitigate the different spatial sensitivities of the two 

techniques by computing CCP stacks to reduce the dependence of receiver function data 

on station location by placing more emphasis on ray path coverage. We then generate 

receiver functions at each gridpoint where we have dispersion data by performing a 

depth-to-time migration on vertically continuous profiles in the CCP stack. This resulting 

receiver function decreases noise through stacking and can be paired with a dispersion 

curve, allowing for the joint inversion for each gridpoint where both receiver function 

and dispersion data exist. This approach gives us the ability to resolve shear wave 

velocity anomalies at finer detail than previous joint inversion studies.  
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 Consistent with past studies, we find slow shear wave velocities in the lower crust 

that correlate with surficial deposits of Miocene to recent volcanism. A broad region of 

moderately high strain-rate at the surface near the Karliova Triple Junction correlates 

with slow shear wave velocities in the lower crust. The strain rate and high heat flow in 

the region indicate a weak lower crust that may have allowed for the upward propagation 

of young volcanics in eastern Anatolia. We also observe a low shear wave velocity band 

paralleling the EAF that separates fast velocity anomalies on either side. This slow 

velocity band correlates with a region of moderate strain rate and is consistent with fluids 

in a permeable fault zone, whereas the fast anomalies correspond to regions of negligible 

strain rate interpreted to represent either rigid and/or coherent lithosphere.  

 We image the Arabian lithosphere underthrusting the Eurasian Plate to the 

northern edge of the Bitlis Massif. An absence of seismicity and nearly constant GPS 

velocities across the Bitlis-Zagros Suture indicate that the eastern Bitlis Massif and 

Arabian Plate have coalesced, and transmit stresses further into the Eurasian Plate. The 

timing of high exhumation rates in the Bitlis Massif correlates well with the breakoff of 

the Arabian oceanic lithosphere, and the rates are consistent with topographic responses 

to slab breakoff from geodynamic modeling.  

 We observe an anomalously shallow, local converter (~33 km) located near Lake 

Van. When inverted with Rayleigh-wave phase velocities, we find that shear wave 

velocities below this converter reach 4.2 km/s and extend down to ~40 km depth, which 

we interpret to be mantle material. This is underlain by shear wave velocities of ~3.5 

km/s, consistent with the shear wave velocities of lower crustal material in this study 

area. We propose this layered lithospheric structure developed as a result of collisional 
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processes between the Eurasian and Arabian plates by the underthrusting of lower crustal 

material beneath mantle, in a structure similar to what has been imaged in the Alps.  
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Figures 

 

 
 

Figure 1. (A) Sampling regions of receiver functions (dark gray cones) and Rayleigh 
waves (light gray background). Rayleigh waves sample the entire region, while receiver 
functions are limited by station distribution. Black, circular arrows show conceptual 
particle motion of a Rayleigh wave as it propagates to the right. (B) Sensitivity kernels 
for Rayleigh waves at different periods for a simple 1D shear wave velocity model (black 
line). (C) Radial receiver function response to a velocity contrast at depth (shown by 
black line representing velocity structure).  
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Figure 2. Flow chart for the new approach to the joint inversion of surface wave 
dispersion data and receiver functions. 

 



 121 

 
Figure 3. A map of the Eastern Turkey Seismic Experiment (operating from 1999-2001). 
The East Anatolian Plateau is shaded. Blue, Bitlis Massif; Red, Miocene to recent 
volcanics on the East Anatolian Plateau. BZS, Bitlis-Zagros Suture; EAF, East Anatolian 
Fault; EPS, Eastern Pontide Suture; KTJ, Karliova Triple Junction; NAF, North 
Anatolian Fault.  
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Figure 4. Average normalized RMS fit of dispersion data (gray) and receiver function 
data (black) and associated standard deviation as a function of weighting parameter in the 
CCP-derived dataset. The dispersion fit stays high (>97% fit) regardless of weighting, but 
the receiver function fit degrades rapidly as less importance is given to fitting the receiver 
functions. 0.0: Receiver function inversion only (Dispersion fit is off the graph), 1.0: 
Surface wave inversion only. Note that the receiver function fit is still ~86%, even when 
no information from the receiver function is used. 
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Figure 5.  Fit to (A) CCP-derived receiver functions and (B) dispersion data for a 
weighting of 0.3. 
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Figure 6. (A) Station map with earthquakes M > 3 from the ISC catalog. Purple triangles, 
broadband stations; red triangles, Holocene volcanos; black dots, earthquakes. Black 
lines are cross sections, and white dots along line are increments of 100km. (B,C,D) 
Cross sections lines with 1:1 horizontal to vertical ratio. Elevation exaggerated 5x. 1) 
CCP stacks from which we derived our receiver functions for each profile. Red indicates 
an increase in velocity with depth and blue indicates a decrease in velocity with depth 
across a boundary. Black line is interpreted Moho conversion. 2) Shear wave velocity 
inversion of dispersion data only (Delph et al. 2015). 3) Single station joint inversion 
collapsing all receiver functions at a station onto a single profile (white vertical lines). 
Interstation shear wave velocities derived using a linear interpolation. White, horizontal 
line is interpreted Moho conversion depth from CCP stack. 4) Joint inversion of CCP-
derived receiver functions. White, horizontal line is interpreted Moho conversion depth 
from CCP stack. 
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Figure 7: Depth slices through the shear wave velocity models derived from the single 
station joint inversion with interpolation (A,C) and the CCP-derived joint inversion 
(B,D). At 33 km, there is a correlation between slow shear wave velocities and Miocene 
to recent volcanic deposits (outlined in red). (D) At 38 km, the lateral seismic signature 
of the Arabian lithosphere abruptly terminates along the Bitlis-Zagros suture in the CCP 
model, but the interpolation model does not resolve this feature. Region inside the white 
outline has strain rates >1*10-15 s-1 with rates as high as 4*10-15 s-1 (Özeren & Holt 2010). 
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Figure 8: Shear wave velocity as a function of porosity based on the Raymer-Hunt-
Gardner relationship (Dvorkin 2008) and the finite element analysis of Hammond & 
Humphreys (2000). For details of calculation, see Supplementary Material Section S2. 
Orange: Assumes Vs for a dry, non-porous rock is 3.5 km/s (near the average in this 
study). Blue: Assumes granite-gneiss shear wave velocity in the mid-to-lower crust (3.6 
km/s; Christensen 1996). Green: Assumes granite-granodiorite shear wave velocity in 
the mid-to-lower crust (3.7 km/s; Christensen 1996). Shaded region is melt fraction 
estimate from Türkoğlu et al. (2008) 
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Supplementary Material 

S1: Table of Stations and # receiver functions used 
Station	 Longitude	 Latitude	 #	RFs	
AGIN	 38.71	 38.94	 78	
AHLT	 42.48	 38.75	 44	
BNGL	 40.6	 38.92	 73	
BTLS	 42.12	 38.43	 107	
BYBT	 40.27	 40.24	 51	
BYKN	 41.78	 38.17	 52	
CMCY	 43.2	 39.92	 13	
DGRL*	 43.33	 41.06	 99	
DGSU	 42.73	 39.13	 23	
DYBR	 40.32	 37.82	 79	
ERGN	 39.73	 38.26	 97	
EZRM	 41.36	 40.1	 38	
HAMR	 42.99	 39.61	 18	
HINS**	 41.7	 39.35	 --	
HRPT	 39.25	 38.7	 105	
HRSN	 42.29	 39.95	 34	
ILIC	 38.57	 39.45	 70	
IMRL	 38.12	 39.88	 14	
KARS*	 43.07	 40.62	 18	
KOTK	 43.01	 40.22	 74	
KRLV	 40.99	 39.37	 100	
KTLN	 41.71	 37.95	 49	
KYPR*	 41.17	 37.56	 60	
MRDN*	 40.7	 37.29	 124	
MSDY	 37.78	 40.46	 99	
MUSH	 41.48	 38.76	 89	
SILN	 41.04	 38.14	 60	
SIRN	 39.12	 40.2	 66	
UZML	 39.72	 39.71	 122	

 	 	*	no	dispersion	data	
** Station omitted due to shallow complexity 
 
S2: Computation of melt fraction from shear wave velocities 

 We use the relationship proposed by Dvorkin (2008) to calculate shear wave velocity as 

a function of porosity by assuming a composition in the area of interest, from which you 
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can attain the density and shear wave velocity of a dry, non-porous rock and the density 

of a fluid. The relationship between Vs and Porosity is as follows: 

𝑉𝑠!"# = (1− 𝜑)!𝑉𝑠!"#$
(1− 𝜑)𝜌!"#$

1− 𝜑 𝜌!"#$ +  𝜑𝜌!"#$%
 

where Vswet is the observed velocity in the area of suspected fluid, Vsrock and ρrock are the 

theoretical velocity and density for a non-porous rock of a known composition, ρfluid is 

the density of the fluid, and φ is the porosity. To generate Fig. 8 and obtain a melt 

percentage (porosity), we assume a felsic lower crust and melt and vary φ while holding 

the other variables constant. The following values for the calculation: 

Vswet = 3.07 km/s  

- Based	on	lowest	shear	velocities	in	the	northeast	portion	of	our	study	

area	

Vsrock =  (1) 3.5,  (2) 3.6, (3) 3.7 km/s 

- Velocities	correspond	to	(1)	average	lower	crustal	shear	wave	velocity	in	

this	study,	(2)	shear	wave	velocity	of	granite	gneiss	at	600	MPa	based	on	

Christensen	(1996),	(3)	shear	wave	velocity	of	granite	–	granodiorite	at	

600	MPa	based	on	Christensen	(1996).	

ρrock = 2.65 g/cm^3 

- Based	on	density	of	granitic	composition	rocks	from	Christensen	(1996)	

ρfluid = 2.3 g/cm^3 

- Based	on	density	of	rhyolite	from	compilation	of	Bass	(1995)	and	further	

supported	by	Ochs	III	&	Lange	(1999)	
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The results of Hammond and Humphreys (2000) suggest a relatively constant decrease in 

velocity for low melt percentages. For the relationship of Vs, they determine a velocity 

reduction of ~7.9% per percent of melt for a peridotite composition. 
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0. Abstract 

Through the joint inversion of Rayleigh wave ambient noise and earthquake-

generated dispersion data with P-wave receiver functions, we are able to obtain a high-

resolution 3D shear wave velocity model of the central Anatolian Plate down to 150 km. 

This velocity model elucidates the complex interactions between the downgoing, 

segmenting African lithosphere and the overriding Anatolian Plate.  

 In general, the lithosphere of Anatolia and the northern Arabian Plate is thin (<50 

to 80 km), while very little evidence for mantle lithosphere is found beneath the Central 

Anatolian Volcanic Province. Gradients in lithospheric thickness also correlate with 

neotectonic fault density and Miocene to recent volcanism throughout central Anatolia, 

implying that mantle lithosphere plays a roll in controlling tectonic features at the 

surface. The fastest shear wave velocities in the region are observed beneath the Central 

Taurus Mountains, which have experienced ~2 km of uplift in the past ~6 Ma. This result 

provides further evidence that the underthrusting Cyprean slab underlies these mountains 

and that uplift may be due to slab rebound after the detachment of the oceanic portion of 

the Cyprean slab beneath Anatolia rather than the presence of shallow asthenospheric 

material. These fast velocities extend to the northern margin of the Central Taurus 

Mountains, giving way to a NE-SW trend of very slow upper mantle shear wave 

velocities (<4.2 km/s) beneath the Central Anatolian Volcanic Province. These slow 

velocities are interpreted to be shallow, warm asthenosphere in which melt is present. 

The combination of a shallow asthenosphere and lithospheric-scale weaknesses 

associated with relict tectonic structures are responsible for the spatial distribution of 

volcanism in the CAVP. Finally, we present a model for the evolution of central Anatolia 
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that brings together the volcanism, extension in the Kirsehir Block, uplift of the southern 

margin of central Anatolia, and our seismic images in 3 main stages: 1) The Kirsehir and 

Anatolide-Tauride Block were accreted to the margin of Eurasia as crustal-scale nappes 

due to their buoyancy after decoupling from their underlying mantle lithosphere during 

collision. The underlying mantle lithosphere continued underthrusting at a shallow angle 

as far north as the Izmir-Ankara-Erzincan Suture Zone until the Oligocene. 2) The 

underthrusting slab foundered and steepened, leading to extension and exhumation in the 

Kirsehir Block in early-mid Miocene and allowing for the influx of asthenosphere, 

initiating volcanism in the mid-late Miocene. This steepening continued and led to the 

SW-younging of the initiation of volcanism in the Central Anatolian Volcanic Province. 

3) Slab detachment began ~6 Ma as the underthrusting Cyprean lithosphere transitioned 

from oceanic to continental material, leading to the initial uplift of the Central Taurus 

Mountains due to slab rebound. 

1. Introduction 

The tectonic implications for ocean-basin closure are ill-defined, despite being a 

crucial part of the Wilson Cycle in plate tectonics (Wilson, 1968). This process is 

currently taking place in the Mediterranean region, where convergence between the 

African and Eurasian plates is leading to the termination of subduction and final closure 

of the long-lived Tethyan Ocean as part of the ~15,000 km long Alpine-Himalayan 

orogenic belt (Lister et al., 2001). The Anatolian region is centrally located in this 

extensive orogenic belt, and is complicated along strike. In the east, complete oceanic 

closure as been accomplished at the Arabia-Eurasia collision zone, while continuous 

subduction of old Neotethyan lithosphere is still taking place along the Aegean trench in 
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the west (Fig. 1). Central Anatolia represents a transition between these end-member 

processes, making it an ideal place to study the tectonic interactions between the 

overriding and subducting plates during the terminal stages of subduction. 

Deformation in the Anatolian Plate is intimately tied to the behavior of subducting 

African lithosphere along its southern margin. Slab rollback along the Aegean trench is 

imposing some of the highest observed extensional strain rates in the world on the 

western Anatolian continental lithosphere (Le Pichon and Kreemer, 2010), while 

continent-continent collision between Arabia and Eurasia has formed the third largest 

orogenic plateau on Earth (Şengör et al., 2003). However, the character of the subducting 

Cyprean slab beneath central Anatolia is enigmatic due to a lack of a continuous Wadati-

Benioff zone and the fragmented appearance of the slab as seen in various tomographic 

models (Piromallo and Morelli, 2003; Biryol et al., 2011). Thus, these images indicate 

that the early stages of subduction termination may be in progress beneath central 

Anatolia. Subduction is further complicated by the arrival of the Eratosthenes Seamount, 

an attenuated continental fragment rifted off the northern margin of Gondwana, at the 

Cyprean trench (Robertson, 1998; Schattner, 2010). In order to better understand the 

relationship between the evolution of subduction in central Anatolia its neotectonic 

history, high-resolution seismic images of the uppermost mantle and crust are necessary.  

Recently, a dense array of 65 broadband seismic instruments was deployed to 72 

locations spanning the boundaries between the Anatolian, Eurasian, and westernmost 

Arabian plates as part of the Continental Dynamics – Central Anatolian Tectonics (CD-

CAT) project. This array provides unprecedented spatial sampling throughout central 

Anatolia with a ~600 km x ~400 km footprint and station spacings of ~20 – 40 km 
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(Abgarmi et al. 2016). The goals of this project are multifaceted, but generally focus on 

elucidating the links between the behavior of subduction along the southern margin of 

Anatolia, voluminous ignimbrite volcanism in the Central Anatolian Volcanic Province 

(>1000 km3 erupted material; Le Pennec et al., 1994, Aydar et al., 2012), ~2 km of uplift 

along the southern margin of central Anatolia since the late Miocene (Cosentino et al., 

2012; Schildgen et al., 2012; Radeff et al., 2015), and neotectonic deformation. 

In this study, we combine P-wave receiver functions (Abgarmi et al. 2016) with 

Rayleigh wave dispersion data from ambient noise and earthquake-generated Rayleigh 

waves through a joint inversion. The combination of these datasets allows us to obtain 

high-resolution images of the shear wave velocity structure beneath central Anatolia 

down to ~150 km. These depths are important for imaging the fine-scale interactions 

between the African lithosphere in the uppermost mantle and the overriding continental 

lithosphere of the Anatolian Plate. 

2. Tectonic Background 

The Anatolian region comprises various continental fragments that have 

undergone a complex history of amalgamation related to the closure of the Tethys Ocean 

system (Sengör and Yilmaz, 1981; Bozkurt, 2001; Whitney and Hamilton, 2004). 

Collision of the Arabian Plate in the east and rollback along the Aegean slab in the west 

has led the formation of structures typical of a “tectonic escape” environment (e.g. the 

conjugate strike-slip North and East Anatolian faults) which bound the Anatolian Plate 

(Şengör et al., 1985; Burke and Şengör, 1986). The Anatolian Plate translates as a 

coherent unit in a regional sense (Reilinger et al., 2006), with central Anatolia 

representing the interior of the Anatolian Plate (Fig. 1). However, the apparent coherency 
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of this tectonic block does not imply simplicity in the tectonic structures that have been 

imposed by the long-lived evolution of the Tethyan Ocean and the recent dynamics of the 

convergent margin.  

Two main geologic terranes comprise our study area: the Kirsehir Block and the 

Anatolide-Tauride Block (ATB) (south of ITS; Fig. 2). The basement of the Kirsehir 

Block consists primarily of crystalline metamorphic and plutonic rocks along with 

obducted ophiolitic fragments (Whitney et al., 2001; Lefebvre et al., 2015). This domain 

is bounded in the north and south by the south-vergent Izmir-Ankara-Erzincan Suture 

Zone (IAESZ) and Inner Tauride Suture (ITS). Whether subduction was occurring south 

of the Kirsehir Block is enigmatic, but the ITS is thought to mark the closure of a small 

Neotethyan ocean basin that separated the ATB from the Kirsehir Block (van Hinsbergen 

et al., 2016). Regardless, the eastern ITS marks the surficial location of a drastic change 

in geophysical properties, including Bouguer Gravity anomalies (Ates et al., 1999), Pn 

velocity (Gans et al., 2009, Mutlu and Karabulut, 2011), phase velocities from ambient 

noise tomography (Warren et al., 2013; Delph et al., 2015a), and crustal thickness 

(Abgarmi et al. 2016). The ATB in central Anatolia consists largely of unmetamorphosed 

and undeformed sedimentary rocks separated from the Kirsehir Block by the sedimentary 

deposits of the Tuz Golu, Konya, and Ulukisla basins (hereafter referred to as the Central 

Anatolia Basin, CAB). The ATB becomes more heavily deformed in the eastern Taurus 

Mountains across the Central Anatolian Fault Zone due to stresses imposed by the 

Arabian Plate.  

The ~730 km Central Anatolian Fault Zone (CAFZ) is a relatively seismically 

quiescent, transtensional structure with small amounts of lateral displacement (no more 
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than 80 km total, and only ~2-3 km since 13 Ma; Kocyigit and Beyhan, 1998). The 

CAFZ largely exploits the lithospheric weakness associated with the ITS, but can be 

tracked to the southern coast of Anatolia. Deformation in the central portion of the CAFZ 

has become largely extensional since the late Pliocene, leading to the formation of a pull-

apart basin that is home to the northern portion of the Central Anatolian Volcanic 

Province (CAVP) (Toprak, 1998; Higgins et al., 2015). The CAVP is a NE-SW trending 

long (~300 km) and broad (40-100 km) volcanic region comprising voluminous 

ignimbrite deposits (>1000 km3; Le Pennec et al., 1994), large polygenetic 

stratovolcanoes, and smaller monogenetic cones and domes that seems to exploit the 

lithospheric weakness associated with the CAFZ/ITS (Toprak and Göncöoglu, 1993; 

Toprak, 1998; Aydin et al., 2014). Ignimbrite volcanism in the region began in the mid-

late Miocene (Aydar et al., 2012) and is concentrated near the junction of the Tuz Golu 

Fault and CAFZ at the buried transition from the Kirsehir Block to the ATB. This large 

volume ignimbrite volcanism appears give way to smaller, more mafic eruptions in the 

ATB, and the initiation of volcanism in central Anatolia also appears to young to the 

southwest (Schleiffarth et al. 2015). 

Bounding the southern edge of the CAVP and CAB are the Central Taurus 

Mountains (CTMs). The CTMs have experienced multiple phases of uplift since the Late 

Miocene: the first ~6 Ma, interpreted as a result of slab breakoff, and the second 

beginning ~1.6 Ma, contemporaneous to the arrival of the Eratosthenes seamount to the 

south of Cyprus (Schildgen et al., 2012). This results in a cumulative uplift of ~2 km in 

the absence of significant compressional deformation as evidenced by nearly flat-lying 

shallow marine carbonates that comprise much of the mountains (Cosentino et al., 2012; 
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Schildgen et al., 2012). Upwelling asthenosphere as a result of slab breakoff has been 

proposed to be responsible for this dramatic uplift (Cosentino et al. 2012), however, 

recent geophysical imaging of upper mantle structure beneath the CTMs indicates that the 

Cyprean slab may be present as far north as the northern margin of the CTMs (Bakırcı et 

al., 2012; Abgarmi et al., 2016). As the presence of a slab would make asthenosphere-

supported topography in the CTMs unlikely, Abgarmi et al. (2016) interpreted the 

vertical motion to be related to the rebound of underthrusted attenuated continental 

African lithosphere after breakoff of the oceanic portion of the subducting slab. 

The Bitlis-Zagros Suture (BZS) represents the boundary between the Anatolian 

and Arabian plates. The western portion of this suture roughly delineates the location of 

the ~500 km long, broad, and very seismically active East Anatolian Fault Zone (EAFZ; 

Bulut et al., 2012). The southern extension of the EAFZ branches into multiple strands 

near the Adana Basin (AB, Fig. 2), transitioning from left-lateral strike-slip motion to a 

diffuse transtensional plate boundary as the result of a compatibility gap at a continental 

triple junction (Dewey et al., 1986; Radeff et al., 2015). This has led to drastic crustal 

thinning beneath the Adana Basin, a steep gradient in crustal thicknesses (Abgarmi et al. 

2016), and differential uplift rates across the Kozan Fault, which separates the Adana 

Basin from the CTMs (Radeff et al., 2015).   

3. Methods 

3.1 Ambient Noise Tomography 
 In this study, we add an additional two years of seismic data  (May 2013 – May 

2015) from ~170 stations attributed to the recent Continental Dynamics: Central Antolian 

Tectonics (CD-CAT) deployment and the Kandilli Observatory and Earthquake Research 
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Institute to the dataset of Delph et al. (2015a). The seismic portion of the CD-CAT 

project involved the deployment of 64 broadband seismic stations (STS-2 and CMG-3T 

sensors) in 72 locations throughout central Anatolia.  

 We perform ambient noise tomography on this new dataset following the method 

of Bensen et al. (2007). The addition of the CD-CAT dataset nearly doubles the number 

of raypaths that sample the Anatolian region from Delph et al. (2015a) while adding 

significant data coverage to the central portion of Anatolia. We first remove the trend, 

mean, and instrument responses from all data and filter between the periods of 5 – 150s 

so that consistent measurements of ground motion can be cross-correlated for all 

contemporaneously recording seismic stations. These interstation cross-correlations are 

then stacked over the duration of operation to increase their signal-to-noise ratio. The 

positive and negative time-lags of the cross-correlations are then overlaid and averaged to 

obtain a waveform that represents a Rayleigh wave traveling between stations.  

Waveforms with a SNR >= 10 are analyzed using Frequency-Time Analysis (FTAN) to 

estimate interstation Rayleigh-wave phase velocities. Recent research has shown that 

accurate Rayleigh wave measurements can be obtained at a station spacing ~1 

wavelength, contrary to past assumptions that an interstation spacing of at least 3x 

wavelength were necessary to accurately recover surface wave velocities (Luo et al., 

2015). This significantly increases the number of useable interstation phase velocities 

recorded by the CD-CAT array. These phase velocities are then used in the tomographic 

inversion of Barmin et al. (2001) with alpha, sigma, and beta parameters of (300,50,100). 

These parameters are chosen via a trade-off plot of fit improvement relative to an initial, 

constant velocity starting model, and the trace of the smoothing term in the inversion 
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matrix normalized by the size of the smoothing matrix (Fig 3A). The smoothing 

parameter is slightly smaller than that used in Delph et al. (2015a) as justified by the 

trade-off plot and the very dense ray coverage after the introduction of the CD-CAT data 

(Fig. 3A). 

3.2 Two Plane-wave Tomography 

 Two plane-wave tomography (TPWT; Forsyth and Li, 2005) has proven to be a 

powerful way to obtain surface wave dispersion data with a distributed array. TPWT 

models an incoming surface wave as two interfering plane waves described by amplitude, 

phase, and direction to account for lateral heterogeneities and scattering outside of the 

array that cause the raypath to deviate from the great-circle path between the earthquake 

and array. To fully incorporate the different frequency content of the Rayleigh waves 

used in this study, finite frequency sensitivity kernels using the Born single-scattering 

approximation are used, allowing for the accurate recovery of anomalies as small as ~1 

wavelength at the period of interest (Zhou et al., 2004; Yang and Forsyth, 2006). Since 

this research focuses on central Anatolia, we perform TPWT only on the CD-CAT 

stations.  

 For this dataset, we inspect Mw >=6 earthquakes at 25°-125° epicentral distances 

from our station locations on vertical 1 sample per second waveform data. First, we 

removed the trend, mean, and instrument responses of all stations to ensure data is in a 

common unit (displacement). After discarding all traces where an earthquake was not 

easily observable, we perform a narrow bandpass filter with a 1 mHz wide filter width 

centered at 13 frequencies with periods corresponding to 25 – 143 seconds. High-quality 

Rayleigh-wave arrivals were then windowed and used for TPWT. Periods < 40 seconds 
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were not used because of a lack of high-quality measurements, as most of the higher 

frequency content of the Rayleigh waves had attenuated due to the large epicentral 

distance of the earthquakes in this study (>70 degrees (Fig. 4). Some longer periods were 

also excluded (125, 143 seconds) as the wavelength of the Rayleigh waves approach the 

spatial dimensions of the seismic array, compromising the accuracy of the phase velocity 

measurements (Fig. 5) (Yang and Forsyth, 2006). The TPWT model region extends 

beyond our array so that nodes outside of the array can absorb velocity heterogeneities 

that are due scattering outside of the footprint of the seismic array.  

As the two plane-wave inversion is a smoothed, damped least squares inversion, it 

is important to have an initial model that is close to the actual structure of the study 

region (Rau and Forsyth, 2011). To account for vertical and lateral variations in crustal 

velocity structure, we follow the method described by Delph et al. (2015a) to obtain a 

simple 3D shear velocity structure from ANT-derived dispersion data using an updated 

compilation of crustal thickness estimates for the Anatolian region (Ozacar et al., 2010; 

Vanacore et al., 2013; Abgarmi et al. 2016). Below the crust, we append a constant 

velocity mantle of Vs = 4.3 km/s. Other mantle velocities were tested as well, but did not 

change the resulting phase velocity maps by more than ~50 m/s. This 3D velocity model 

with a simplified mantle structure was then forward modeled to produce a starting model 

of dispersion data for our two plane-wave inversion at the periods of interest (40, 45, 50, 

59, 67, 77, 91, 100, 111). 

 The two-plane wave inversion is dependent on a spatial smoothing and damping 

parameter to stabilize anomalies within the model area. For spatial smoothing, we use a 

similar Gaussian pulse width as used in the ambient noise tomographic inversion (50 
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km), which acts to smooth the sensitivity kernels estimated from the Born approximation. 

This smoothing parameter has a much greater effect on short periods compared to longer 

period kernels (see Li, 2011 fig. 3 for example). We choose a damping parameter of 0.2, 

as the rank of the resolution matrix stabilizes at this value (Fig. 3B). Our grid spacing is 

set at 0.2 x 0.2 degrees to match that of the ambient noise tomography. The TPWT 

inversion is a two-step process for which we perform 3 iterations at each step. In the first 

step, the inversion solves for the amplitude, phase, and direction of two interfering plane 

waves that best reproduce the windowed waveforms from each event using simulated 

annealing. In the second step, the phase velocity perturbations are solved using the 

observed and predicted arrival times of the waveforms based on the best-fitting wave 

parameters from the first step, which can be further adjusted in this step (Forsyth and Li, 

2005; Yang and Forsyth, 2006). 

3.3 The Joint Inversion of Multiple Datasets 

By combining receiver functions derived from Common Conversion Point (CCP) 

Stacking (Dueker and Sheehan, 1997) with ANT-derived dispersion data, a high 

resolution shear wave velocity model could be obtained for the crust and uppermost 

mantle (Delph et al., 2015b; Delph et al. 2016). In this study, we build on this approach 

by combining longer period dispersion data obtained through TPWT to obtain reliable 

shear wave velocity results deeper within the upper mantle. However, since Rayleigh 

waves at periods obtained from earthquake sources (generally >20 seconds) have very 

little sensitivity to upper crustal structure, it is important to supplement them with shorter 

period data from ANT. By utilizing the joint inversion of receiver functions and ANT-

derived dispersion data, we can obtain a reliable crustal model that decreases the need to 
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assume an a priori crustal model that may be weakly constrained, leading to a better 

image the upper mantle in central Anatolia. 

We follow the methodology described by Delph et al. (2015b, 2016) to create 

CCP-derived receiver functions. We re-compute the high-quality receiver functions 

obtained by Abgarmi et al. (2016) with a 2.8 alpha parameter. We then compute a CCP 

volume with bin spacing of 0.2 degrees and a minimum bin width of 0.3 degrees that will 

dilate until a minimum of 10 rays is incorporated into the bin or a bin width of 1 degree is 

reached. This approach creates a laterally smoothed, 3D model of impedance contrasts in 

the Earth. The receiver functions in this analysis are migrated with a 2 layer velocity 

model consisting of crustal and mantle shear velocities of 3.4 km/s and 4.2 km/s with a 

Vp/Vs of 1.78, representative of the average structure in central Anatolia (Delph et al., 

2015a). This velocity model has a minimal effect on the resulting CCP-derived receiver 

functions, as the same velocity model is used to migrate the newly stacked receiver 

functions back to time. The resulting CCP profiles are then filtered to diminish the effects 

of newly incorporated data into a bin, which can introduce spurious and unrealistic 

amplitude artifacts into the receiver function (Delph et al. 2016). The end result is a 2.5 

Gaussian P-wave receiver function (~1 km vertical resolution) at each gridpoint where 

we have a dispersion curve from ambient noise and two plane-wave tomography. 

In order to avoid inverting receiver function multiples generated from the crust-

mantle boundary (PpPs and PsPs+PpSs, respectively), we invert only the first 8 seconds 

of the receiver function (sensitive to depths <65 km). At depths greater than this, only 

Rayleigh wave dispersion data are used in the inversion for shear velocities. Because of 

the broad sensitivity kernels of Rayleigh waves (e.g. Fig. 6B), we increase our model 
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layer thickness so that the diagonal of the resolution matrix is >0.1 with respect to the 

dispersion data. With the dispersion data used in this study, we obtain a reliable shear 

wave velocity model down to ~150 km (Fig. 7A). In order to create a smoothed, 

continuous volume of shear wave velocities in the upper mantle where layers are thick, 

we perform a cubic interpolation between layer velocities for every depth profile. The 

resulting profile honors all layer velocities and does not significantly degrade fit to the 

dispersion data. Some of the stations of Abgarmi et al. (2016) were omitted from this 

analysis due to complicated waveforms at times corresponding to shallow crustal depths, 

which the joint inversion algorithm struggles to model. Gaps in the resulting 3D model 

were filled using a linear interpolation between nearby data points for each layer. There 

were no gaps more than 0.4 degrees away from any data point constrained by the joint 

inversion, and these gaps were largely focused in the western Central Anatolian Basin. 

4. Results 

4.1 Phase Velocity Results 

 The new ambient noise tomography model that incorporates 2 year of CD-CAT 

and KOERI seismic data is very similar to the ambient noise tomography dataset of 

Delph et al. (2015a). At overlapping periods (40, 45, 50 seconds), Rayleigh-wave phase 

velocity maps from ANT and TPWT are consistent (within ~0.05 km/s on average; Table 

1).  

Phase velocities from TPWT and ANT at intermediate periods corresponding to 

uppermost mantle velocities are slow throughout most of central Anatolia relative to 

global models (Figs. 6; 8A, anomaly 1).  Dispersion curves from ANT and TPWT 

beneath the Arabian Plate (AP), the Eastern Taurus Mountains (ETMs), the Central 



 144 

Taurus Mountains (CTMs), and the Central Anatolian Basin (CAB) are shown in Fig. 6 

(locations in Fig. 8D, colored stars). Beneath the northwestern Arabian plate, phase 

velocities are indicative of a thin crust and fast uppermost mantle as seen by the steep 

increase in phase velocities at short periods (green). At longer periods, the phase 

velocities beneath the northern Arabian Plate are similar to those in the ETMs and the 

CAB, indicating that deeper mantle shear velocities in both regions may be similar. The 

slow phase velocities in the shortest periods for the CAB are most likely due to the 

presence of thick sedimentary deposits. Consistent with past studies (Bakırcı et al., 2012; 

Salaün et al., 2012; Fichtner et al., 2013; Delph et al., 2015a), these phase velocities stay 

slow at longer periods despite the region having a thin crust (Abgarmi et al., 2016), 

indicating that the shear wave velocities of the uppermost mantle are slow. The ETMs 

show slightly faster velocities at intermediate periods. As the crust is up to 20 km thicker 

beneath the ETMs, the faster phase velocities indicate lower crust or uppermost mantle 

must contain faster shear wave velocities than the surrounding areas (Abgarmi et al. 

2016). Lastly, the dispersion curve from the CTMs shows a character consistent with 

thick crust based on its low gradient at short periods. This dispersion curve, however, 

becomes much faster at intermediate and long periods compared to most of Anatolia, 

indicating the presence of fast shear velocities extending to significant depths. In fact, a 

fast phase velocity anomaly underlies much of the Central Taurus Mountains (Fig. 8, 

anomaly 2). Recently, Abgarmi et al. (2016) proposed that the African lithosphere (or the 

“Cyprean slab”) was present beneath central Anatolia as far north as the northern margin 

of the Central Taurus Mountains based on intermediate depth (~50-70 km) conversions in 

receiver functions and shear velocities obtained from the inversion of Rayleigh waves 
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(Bakırcı et al., 2012). Our phase velocity results are consistent with the presence of fast 

shear wave velocities beneath the Taurus Mountains, such as those that might comprise 

the lithospheric mantle of the subducting Cyprean slab. Phase velocities at longer periods 

show much less lateral variation, with a minor relative fast velocity anomaly underlying 

much of central Anatolia (Fig. 8D, anomaly 3). 

4.2 Shear Wave Velocity Model 

The Arabian Plate can be distinguished from the Anatolian Plate by its thin crust 

and relatively fast uppermost mantle shear wave velocities (>4.4 km/s) compared to the 

thicker crust and seismically slower uppermost mantle of the Anatolian lithosphere (Fig. 

9B). Crustal thickness estimates in the Arabian Plate (30-35 km) agree well with a sharp 

increase in shear wave velocities from ~3.5 km/s to >4.4 km/s. These fast shear velocities 

extend down to ~50-60 km where they are underlain by a large negative gradient, 

eventually reaching shear velocities that are much slower than expected for mantle 

lithosphere (<4.2 km/s at ~60-110 km below the surface) (Figs. 9C, D, 10B, D).  

Further to the west, there is a sharp transition from the fast velocities observed in 

the crust and mantle of the Arabian Plate to very slow crustal shear velocities in the 

Adana Basin (<3.2 km/s) extending down to ~17 km (Figs. 9A, 10A). However, faster 

shear velocities extend below the eastern portion of the Adana Basin as well as locally 

beneath the eastern Taurus Mountains that are consistent with the Arabian lithospheric 

mantle. These fast velocities terminate against velocities consistent with the lower crust 

of the Anatolian Plate near the center of the basin (Fig. 10B).  

Beneath the Central Taurus Mountains and westernmost Adana Basin, we observe 

vertically extensive, fast shear velocities (up to 4.8 km/s) beginning at a depth of ~60 km 
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(Figs. 9C,D, 10B,C). These fast velocities appear to underlie much of the Central Taurus 

Mountains and extend as far north as the Central Anatolian Basin, where they transition 

rather abruptly to slow shear velocities. To the east, these fast velocities are separated 

from the fast velocities associated with the upper mantle of the Arabian Plate by a narrow 

band of slow shear velocities that indicates that these are separate features (Fig. 10B).  

Shear velocities in the upper crust of the Central Anatolian Basin are generally 

low (<3.4 km/s) due to the thick sedimentary deposits in the region (Fig. 9A). In the 

mantle, we observe the slowest shear velocities in the study area, reaching velocities as 

low as 3.8 km/s beneath Mt. Erciyes, the largest Quaternary stratovolcano in the Central 

Anatolian Volcanic Province (Figs. 9C, 10A). The spatial footprint of slow mantle shear 

wave velocities extends across a much broader region than just the Central Anatolian 

Volcanic Province, encompassing nearly the entire Central Anatolian Basin and even the 

eastern Taurus Mountains near the Central Anatolian Fault Zone. However, the slowest 

shear velocities in the uppermost mantle are focused on the western edge of the Central 

Anatolian Fault Zone and show a NE-SW trend similar to that of the Central Anatolian 

Volcanic Province (Fig. 9C).  

5. Discussion 

This new shear wave velocity model derived from this joint inversion of receiver 

functions and Rayleigh wave dispersion from both ambient noise and earthquake 

measurements, lends insight into the relationships between the lithospheric structure of 

central Anatolia, volcanism in the CAVP, and the behavior and evolution of the Cyprean 

slab. 
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5.1 A link between lithospheric thickness, deformation, and volcanism? 

The seismic definition of the lithosphere-asthenosphere boundary (LAB) is 

generally associated with a gradational decrease in shear wave velocities corresponding 

to a decrease in viscosity and possibly a small amount of melt (Fischer et al. 2010; Eaton 

et al. 2009). In this study, we investigate the character of the upper mantle using two 

separate approaches to provide evidence (or lack thereof) for the presence of 

subcontinental lithospheric mantle beneath central Anatolia. 

In the first approach, we define the LAB as the depth of the maximum negative 

velocity gradient after a shear velocity of 4.4 km/s is reached, which we infer as being 

representative of lithospheric mantle. The lithospheric thickness of the Anatolian Plate 

was found to be at a relatively constant depth of ~80 km based on a recent regional-scale 

S-wave receiver function study (Kind et al. 2016), however at the finer-scale resolved in 

this study, we observe a much more variable lithospheric thickness ranging from <50 km 

in the Arabian Plate to ~80 km in the Eastern Taurus Mountains and northern Kirsehir 

Block (Fig. 11A).  In Figure 11A, the white regions indicate that the depth to the LAB is 

ambiguous due to either shear velocities that do not reach our defined cut-off of 4.4 km/s 

as a proxy for lithospheric mantle (e.g. the Central Anatolian Volcanic Province), or a 

nearly monotonically increasing velocity-depth profile such that a negative velocity 

gradient isn’t obtained at a realistic depth for the LAB (e.g. the Central Taurus 

Mountains). 

 As shear velocities in the uppermost mantle beneath central Anatolia are found to 

be very slow (Fig. 10C), the “negative-gradient” approach described above does not 

return results for profiles that do not reach 4.4 km/s. Thus, to provide evidence for the 
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presence of lithospheric mantle throughout the entire regions, we compute the average 

shear wave velocity in the top 30 km of the mantle relative to crustal thickness estimates 

derived from receiver functions (Ozacar et al., 2010; Vanacore et al., 2013; Abgarmi et 

al., 2016). We use a lower shear velocity limit (4.3 km/s) as indicative of the presence of 

mantle lithosphere in this analysis to allow for uncertainties in crustal thickness estimates 

(which could average crustal velocities into the mantle if our estimated crustal thickness 

is shallower than the true crustal thickness) and the possibility that the lithospheric 

mantle is <30 km thick (Fig. 11B).  

Based on the combination of these two analyses, there is very little evidence for 

the presence mantle lithosphere beneath the Central Anatolian Volcanic Province (Fig. 

11). Thus, this thin to negligible mantle lithosphere allows for hot asthenospheric 

material to come into close proximity to the base of the central Anatolian crust. Beneath 

the Central Taurus Mountains, the lithospheric thickness of the overriding plate is 

difficult to differentiate from the fast, vertically extensive shear velocities associated with 

the underthrusting African lithosphere (Hashed area, Fig. 11A). Regardless, the presence 

of this fast velocity material would protect the lithosphere of the Central Taurus 

Mountains from being exposed to this asthenospheric material, making the interpretation 

that the Central Taurus Mountains are supported by shallow asthenosphere unlikely. 

Beneath the Arabian Plate, Eastern Taurus Mountains, and northwestern Kirsehir Block, 

there is evidence from both algorithms for the presence of a thin and fast mantle keel 

corresponding to lithospheric mantle. 

The strike of neotectonic fault zones appear to spatially correlate with boundaries 

between relatively thick and thin/negligible mantle lithosphere as inferred from shear 
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velocities. In particular, a semi-circular pattern of faulting is located in the Eastern 

Taurus Mountains at the boundary between slow and fast upper mantle velocities 

associated with the Arabian Plate and the thicker lithosphere in the Eastern Taurus 

Mountains (Figs. 11B,12, anomaly 1). Also, the N-S trending thicker lithospheric mantle 

of the Eastern Taurus Mountains appears to correlate well with areas that show the 

highest density of neotectonic faulting (Figs. 11B, 12, anomaly 2). A similar pattern can 

be seen southwest of the Central Anatolian Basin, where NW-SE striking fault 

orientations bound a thin zone of faster mantle shear velocities (Figs. 11B, 12, anomaly 

3). The correlation between major neotectonic structures and the transition from 

relatively thick mantle lithosphere to thin mantle lithosphere (as inferred from shear 

velocities) could imply that variations in lithospheric thickness contribute to the 

distribution of deformational structures at the surface, as the thickness of mantle 

lithosphere should contribute to the strength of the lithosphere as a whole similar to what 

is seen in the western United States (Levander & Miller 2012). 

The magmatic products of the Central Anatolian Volcanic Province are thought to 

exploit regional tectonic structures that align with the Central Anatolian Fault Zone and 

Tuz Golu Fault (Toprak and Göncöoglu, 1993; Toprak, 1998) (Fig. 2). At depth, 

volcanism throughout central Anatolia also seems to correlate with the transition between 

slow and fast upper mantle velocities. This may be because strain in the crust and upper 

mantle is concentrated at these boundaries, leading to zones of weakness through which 

melt from the mantle is able to propagate. In particular, Mt. Erciyes, the largest 

stratovolcano in the Central Anatolian Volcanic Province, is located near the Inner-

Tauride Suture at the edge of a step-over boundary in the Central Anatolian Fault Zone 
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(Higgins et al. 2015). The depth projection of the Inner-Tauride Suture corresponds well 

with ~40 km band of slow velocities that separate the fast upper mantles of the Kirsehir 

Block and Eastern Taurus Mountains (Fig. 10A). Thus, the relict lithospheric weakness 

associated with the Inner-Tauride Suture (and now utilized by the Central Anatolian Fault 

Zone) represents an efficient pathway for mantle-derived melt to propagate to the surface. 

5.2 The Cyprean Slab beneath the Central Taurus Mountains 

 Evidence for the presence of the Cyprean slab below the southern margin of the 

Anatolian Plate is accumulating based on upper mantle seismic velocities and impedance 

contrasts beneath the central Taurus Mountain (Bakırcı et al., 2012; Salaün et al., 2012; 

Abgarmi et al., 2016). The fast (>4.5 km/s) shear wave velocities we image below the 

CTMs corroborate this interpretation. Abgarmi et al. (2016) recently proposed that the 

rapid ~2 km uplift of the central Taurus Mountains was not due to the influx of 

asthenosphere beneath the region (Cosentino et al., 2012), but rather slab breakoff and 

subsequent rebound after the removal of oceanic lithosphere (Duretz et al., 2011; 

Schildgen et al. 2012). The removal of this load would allow for the uplift of the central 

Taurus Mountains without requiring internal compressional deformation, preserving the 

near horizontal layering of late Miocene sedimentary rocks (Cosentino et al., 2012). 

Although the fast anomaly resolved in this study does not delineate the structure of the 

subducting slab in detail, it appears that the slab is present until the northern edge of the 

Central Taurus Mountains near the transition to the Central Anatolian Basin. The fast 

seismic signature of the Cyprean slab is then replaced by very slow shear velocities 

beneath the Central Anatolian Basin and the Central Anatolian Volcanic Province. In the 

east, the slab anomaly is replaced with anomalously slow shear wave velocities in the 
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upper mantle beneath the Adana Basin. These slow velocities appear to merge with the 

slow and shallow (~60 km) shear wave velocities beneath the Arabian Plate (Fig. 10B). 

The discontinuous appearance of fast anomaly along the southern margin of central 

Anatolia is consistent with the interpretation that the slab is actively deforming and 

breaking up, leading to the development of slab tears and gaps (Biryol et al., 2011). The 

presence of attenuated continental material underthrusting central Anatolia was recently 

verified by magnetic anomalies (Granot, 2016); thus, this slab deformation may be due to 

a recent transition from the underthrusting of old Tethyan oceanic lithosphere to the 

attenuated continental lithosphere of the African passive margin. The underthrusting of 

continental fragments is thought to be common throughout the eastern Mediterranean 

(Schattner, 2010; Biryol et al., 2011; Delph et al., 2015a; Delph et al., 2015b), with the 

Anaximander Mountains and Eratosthenes Seamount representing un-subducted 

analogues. 

5.3 The Central Anatolian Volcanic Province 

 The very slow (<4.2 km/s) shear velocities beneath the Central Anatolian 

Volcanic Province add to a wealth of seismic evidence that indicates the presence of a hot 

upper mantle beneath the region (Gök et al., 2003; Biryol et al., 2011; Mutlu and 

Karabulut, 2011; Bakırcı et al., 2012; Salaün et al., 2012). The presence of melt beneath 

the CAVP however, is harder to constrain, as the effects of high temperatures vs. the 

presence of melt on shear wave velocity are difficult to differentiate. Through the 

numerical modeling of an upper mantle system, Hammond & Humphreys (2000) 

estimated a decrease in shear velocity of ~7.9% per percent melt. Assuming the mantle 

lithosphere and asthenosphere are compositionally similar and that the wavespeed of 
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lithospheric mantle is ~4.5 km/s, our shear velocities of ~4.1 km/s suggest a melt 

percentage of >1% beneath the CAVP (8.9% velocity decrease). Alternatively, neglecting 

the temperature effects and considering only the poroelastic effects of interstitial melts, 

~4-6% melt could be present depending on the upper mantle compositions (Yoshino et al. 

2005; Delph et al. 2016). While the effects imposed by the combination of temperature 

and melt are not well-quantified, recent experimental data on polycrystalline aggregates 

with analogous characteristics to mantle rocks found that it is difficult to lower shear 

velocities below ~4.2 km/s without temperatures crossing the solidus (~1300° C), 

initiating melting (McCarthy & Takei, 2011). The anomalously slow shear velocities 

observed in the upper mantle beneath the CAVP, along with the aforementioned studies 

on the relationships between seismic velocities and melts, provide strong evidence that 

the upper mantle beneath central Anatolia most likely contains some fraction of melt.  

5.4 The evolution of central Anatolia 

 The late Cretaceous - early Tertiary evolution of central Anatolia is complex, but 

can be summarized by the closure of the northern branch of the Neotethys Ocean along 

the south-vergent Izmir-Ankara-Erzincan Suture Zone in the late Cretaceous – Paleocene 

and the Inner-Tauride Ocean in the Eocene along the south-vergent Inner-Tauride Suture 

(Sengör and Yilmaz, 1981; Boztuǧ et al., 2009; Parlak et al., 2013). The accretion of the 

Kirsehir Block and Anatolide-Tauride Block onto the Eurasian margin as crustal-scale 

nappe complexes was accommodated by detachment/decoupling of the crust from the 

underlying mantle lithosphere (Bartol and Govers, 2014; van Hinsbergen et al., 2016). 

The accretion led to a continuous southward migration of the trench from Eocene 

onwards (van Hinsbergen et al., 2016; Menant et al., 2016). Volcanism, however, stayed 
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near the northeastern margin of the Kirsehir Block until the Oligocene (Menant et al., 

2016), indicating that the mantle lithosphere of the subducting plate continued to 

underthrust at a relatively shallow angle (Fig. 13A). Shortly thereafter, the subducting 

slab began to founder as the convergence rate between Africa and Eurasia decreased, as 

seen by the development of back-arc basins corresponding to slab rollback throughout the 

entire Mediterranean region (Jolivet & Faccenna 2000). This led to extension in the upper 

plate as evidenced by the early - mid Miocene unroofing of metamorphic core complexes 

in the Kirsehir Block (Fayon and Whitney, 2007) due to  slab-delamination from the 

overriding lithosphere (Bartol and Govers, 2014). The lower crust and thin (if present) 

mantle lithosphere of the central Anatolian region was then exposed to hot upwelling 

asthenospheric material that adiabatically melted and initiated voluminous ignimbritic 

eruptions beginning in the mid-Miocene (Fig. 13B). A possible explanation for the felsic 

ignimbrite composition could be due to the melting of relaminated, highly silicic material 

associated with underthrusting of the Anatolid-Tauride Block beneath the Kirsehir Block 

at the Inner-Tauride Suture. The distribution of this relaminated material may be 

responsible for the compositional variations in the CAVP, as felsic ignimbrites dominate 

the northern CAVP in the Kirsehir Block and smaller mafic – intermediate compositions 

dominate the southern CAVP in the Anatolide-Tauride Block. Alternatively, the 

compositional variation may be due to the amount of time that the crust has been exposed 

to shallow, hot asthenosphere, as volcanism initiated earlier in the northern CAVP than in 

the south. The slab continued rolling back to the southwest, leading to the SW-younging 

of the initiation of volcanism in the CAVP and NE-SW oriented shear wave splitting 

orientations in Anatolia (Fig. 13C) (Paul et al., 2014). In the late Miocene, the slab began 
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breaking up beneath the CTMs, and initiated the uplift of the CTMs as a result of a 

reduced downgoing load (Duretz et al., 2011; Schildgen et al., 2012; Abgarmi et al., 

2016). The slab-sinking has been complicated by the arrival of Gondwanan-derived 

continental fragments along the southern margin of Anatolia in Pliocene – younger times 

(e.g. Schattner, 2010; Delph et al., 2015a), as attested to by accelerated uplift of the 

CTMs (Schildgen et al., 2012) and apparent change in dip of the Cyprean slab from W-E 

(Biryol et al., 2011) that corresponds well with the inferred boundary between subducting 

oceanic and continental material in the Eastern Mediterranean (Granot et al, 2016). 

6. Conclusion 

By inverting earthquake-generated dispersion data from the CD-CAT seismic 

deployment with receiver function and ambient noise dispersion data, we obtain a high-

resolution, data-driven 3D shear wave velocity model of the central Anatolian Plate down 

to 150 km. This novel approach alleviates the dependence of the final shear velocity 

model on generalized or poorly constrained initial models, as all discontinuities in the 

resulting model are necessary to fit the receiver function data. The main findings of this 

research are: 

1. We find that the lithospheric thickness beneath Anatolia is variable but generally 

thin. Beneath the Arabian Plate, eastern Taurus Mountains, and northwestern 

Kirsehir Block, lithospheric thickness ranges from ~50 to 80 km, while very little 

evidence for mantle lithosphere based on shear wave velocities is found beneath 

the Central Anatolian Volcanic Province. Gradients in lithospheric thickness also 

correlate with neotectonic fault density and Miocene to recent volcanism, 
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implying that lithospheric thickness may be a factor in imparting neotectonic 

structures at the surface. 

2. The fastest shear wave velocities in the region are located beneath the Central 

Taurus Mountains. The presence of these fast velocities provides further evidence 

that the subducting Cyprean slab underlies the CTMs, which have been uplifted 

~2 km in the past 6 Ma. We propose that the majority of the uplift of the CTMs is 

due to slab rebound after the detachment of the oceanic portion of the Cyprean 

slab beneath Anatolia rather than dynamically supported by asthenospheric 

material. This would allow for the uplift of the CTMs without significant internal, 

compressional deformation.  

3. The fast seismic velocities associated with the underthrusting Cyprean slab 

beneath the CTMs appear to drop nearly vertically into the mantle at the northern 

margin of the CTMs. These fast velocities give way to a NE-SW trend of very 

slow upper mantle shear wave velocities (<4.2 km/s) that correlate well with the 

CAVP. These slow velocities are interpreted to be shallow asthenosphere in 

which melt is present. This shallow, warm asthenosphere combined with the 

lithospheric-scale weakness of the Inner Tauride Suture is responsible for the 

distribution of volcanism in the CAVP. 

4. The evolution of the central Anatolia can be most simply described by the 

accretion of crustal-scale nappe complexes to the southern margin of Eurasian, 

followed by a decoupling of the mantle lithosphere of the subducting plate and 

eventual slab foundering. This foundering is reflected in early-mid Miocene 

exhumation of massifs in the Kirsehir Block and the southward younging of the 
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initiation of volcanism in the Central Anatolian Volcanic Province. In the latest 

Miocene, the downgoing African lithosphere began to break-up as the 

underthrusting slab transitioned from the subduction of oceanic to continental 

material, leading to the initiation of uplift in the Central Taurus Mountains. This 

uplift was accommodated by the isostatic rebound of the underthrusting 

lithosphere after the removal of the oceanic portion of the subducting slab, and is 

being further accentuated by the arrival of the Erasothenes Seamount along the 

southern margin of Anatolia. 
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Tables 

 

Difference between TPW and ANT Dispersion results 
Period Average Difference (km/s) Standard Deviation (km/s) 

40 0.003 0.05 
45 0.033 0.056 
50 0.047 0.075 

Table 1: Average difference (TPW-ANT) and standard deviation between Rayleigh wave 
phase velocities at the same gridpoint derived from TPW and ANT tomography. In 
general, phase velocities obtained from TPW are slightly faster, while the standard 
deviation of the differences increase with increasing periods. 
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Figures 

 

 
 

Figure 1: Map of stations used for ambient noise tomography. Black lines are major 
neotectonic structures and plate boundaries. Red square outlines study area in Fig. 2. 
Plate motion velocities relative to Eurasia (Reilinger et al., 2006). 
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Figure 2: Filtered topography of central Anatolia (50 km boxcar filter). The elevated 
regions (dark brown to white) approximately delineate the Taurus Mountains. A sharp 
transition to lower elevations occurs along the Inner Tauride Suture (ITS) between the 
Taurus Mountains and the Kirsehir Block. Red polygons represent Miocene to recent 
volcanics. Thick black lines are sutures. Thin black lines are minor neotectonic faults. 
White lines are major faults. Green inverted triangles are CD-CAT stations used in two-
plane wave tomography. Yellow inverted triangles are KOERI stations used with CD-
CAT stations in the receiver function analysis (Abgarmi et al. 2016). AB, Adana Basin; 
BZS, Bitlis-Zagros Suture; CAB, Central Anatolian Basin; CAFZ, Central Anatolian 
Fault Zone; CAVP, Central Anatolian Volcanic Province; CTMs, Central Taurus 
Mountains; DSF, Dead Sea Fault; EAFZ, East Anatolian Fault Zone; ETMs, Eastern 
Taurus Mountains; IAESZ, Izmir-Ankara-Erzincan Suture Zone; ITS, Inner Tauride 
Suture; KB, Kirsehir Block; NAFZ, North Anatolian Fault Zone; TGF, Tuz Golu Fault. 
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Figure 3: (A) Trade-off plot of improvement of model fit to travel times as a function of 
the smoothing and damping parameter for the inversion of ambient noise phase velocities 
at 20 seconds (Barmin et al. 2001). A good balance of fit to the data and model 
smoothness is sought, which we find at a damping of 300 and smoothing kernel of 50 km. 
This relationship holds at all periods for which we obtained ambient noise results. (B) 
Trade-off plot of initial model covariance, which acts as a damping parameter, and trace 
of the resolution matrix for the two-plane wave inversion for 50 second earthquake-
generated Rayleigh waves. A covariance of 0.2 km/s allows for the largest variation 
while keeping the model from having unrealistic, high-amplitude anomalies. The 
smoothing parameter is set to 50 km to be consistent with the ANT inversion. 
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Figure 4: (A) Map of earthquake distribution used in this study. (B) Histogram of 
earthquakes as a function of distance. The dominant sources of earthquakes are from 
South America and the western Pacific. The large epicentral distances combined with 
high attenuation in the Anatolian region makes it difficult to measure short-period (<40 s) 
Rayleigh waves generated by earthquake sources. (C) Histogram of earthquakes as a 
function of magnitude. 
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Figure 5: Number of observations used in the two-plane wave tomographic inversion for 
each period. Longer periods showed significantly higher quality events. At periods >111 
seconds, the average wavelength of a Rayleigh wave (blue line) is longer than the N-S 
spatial footprint of the array (red line), limiting the reliability and lateral resolution of 
anomalies at longer periods; thus, periods of 125 and 143 were excluded from the shear 
wave inversion. 
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Figure 6: (A) Phase velocity dispersion results from inverted shear velocity model at 
different locations in the study area (locations shown in Fig. 8D). Most of Anatolia is 
slower than global velocity model dispersion data (black line). Low velocity gradients as 
a function of period indicate slow seismic velocities that could correspond to regions of 
thick crust or slow upper mantle velocities. Relatively fast phase velocities at 
intermediate periods beneath the CTMs are indicative of seismically fast material in the 
upper mantle. AP, Arabian Plate; ETMs, Eastern Taurus Mountains; CAB, Central 
Anatolian Basin; CTMs, Central Taurus Mountains. (B) Sensitivity kernels for different 
Rayleigh wave periods based on a simplified shear velocity model derived from Delph et 
al. (2015a) in black. Phase velocities are a result of the integrated depth sensitivity of the 
individual kernels. The depth to the peak sensitivity of each period is shown on the right. 
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Figure 7: (A) Diagonal of the resolution matrix for the shear wave inversion. The low 
values of the blue shaded region are a result of the thin layers where the joint inversion is 
controlling the shear velocity profiles. The thin layers are necessary to allow 
discontinuities from the receiver functions to be placed at their proper depths. At depths 
>65 km, layers thicken and only dispersion data are inverted for shear wave velocities. 
The region to the right of the red line is where we obtain satisfactory measurements. (B) 
Average shear wave velocity of all inverted gridpoints (red line) and the standard 
deviation (yellow lines). Background color is a histogram of individual shear wave 
velocity measurements, with darker colors indicating a higher number of measurements. 
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Figure 8: Phase velocity maps at (A) 50 second, (B) 67 second, (C) 91 second, and (D) 
111 second periods from two-plane wave tomography. Scale is relative to the mean for 
the period inside the red polygon, which approximately delineates the regions where we 
have reliable results. Anomaly (1) is consistent with slow seismic velocities at upper 
mantle depths beneath central Anatolia, which extend beneath the Central Anatolian 
Volcanic Province. Anomaly (2) is consistent with recent interpretations that there may 
be a slab beneath the central Taurus Mountains. Anomaly (3) indicates that slightly faster 
seismic velocities are present beneath central Anatolia at deeper (>100 km) depths. Stars 
in 8D show locations of dispersion data in Fig. 6A. 
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Figure 9: Depth slices relative to surface in absolute shear velocities (1,2) and shear 
velocities relative to the mean profile in Fig. 8B (3,4). Tectonic provinces and major 
faults shown as black lines; red triangle are Holocene volcanoes. (A) 10 km; slow shear 
velocities are observed in the CAB and Adana Basin, while faster shallow velocities 
characterize the Taurus Mountains, Kirsehir Block, and Arabian Plate. Thick black lines 
correspond to cross-sections in Fig. 10. (B) 40 km; differences between fast (>4.0 km/s) 
and slow (<4.0 km/s) correspond mostly to crustal thickness variations. The Taurus 
Mountains have thicker (>40 km) crust, while the Arabian Plate has thin (<35 km) crust 
(Abgarmi et al. 2016). (C) 70 km; very slow shear velocities (<4.2 km/s) present beneath 
most of the CAB/CAVP as well as below the fast mantle lithosphere of the Arabian Plate. 
Fast shear velocities along the southern margin of Anatolia are interpreted as subducting 
African lithosphere. (D) 100 km; Deep-seated slow velocities beneath the Arabian Plate 
may indicate that the origin of upwelling asthenosphere that is prevalent beneath the 
Anatolian Plate comes from the south, flowing to shallower depth in a northwesterly 
direction to the CAVP. Fast velocities beneath the southern Anatolian margin indicate the 
continued presence of Africa lithosphere. 
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Figure 10: Shear wave velocity cross-sections (locations shown in Fig. 9A). Absolute 
shear wave velocities shown from 0-50 km; the 50-150 km depth range is plotted as 
percent perturbation from an average shear wave velocity profile (Fig. 7B) with contours 
corresponding to absolute velocities. Red solid lines are LAB from negative gradient 
algorithm (Fig. 11A); red dashed lines are LAB inferred from visual inspection; white 
lines are crustal thicknesses (Vanacore et al. 2013; Abgarmi et al. 2016). (A) In cross-
section A, the southern KB (corresponding to the northern portion of the CAVP) is 
underlain by anomalously slow shear velocities in the upper mantle (<4.2 km/s). The 
slow velocity upper mantle visible near the downward projection of the ITS may be the 
subsurface expression of the suture zone. This zone also underlies Mt. Erciyes, the largest 
young stratovolcano in the CAVP. Thicker lithosphere is observed to the east and west of 
the ITS. (B) Cross-section B shows fast upper mantle shear velocities underlie the CTMs 
and terminate laterally beneath the Adana Basin. Fast velocities at ~50-60 km depth in 
the east correspond to the Arabian mantle lithosphere that appears to extend beneath the 
eastern Adana Basin. This fast upper mantle is underlain by very slow shear shear wave 
velocities. (C) In cross-section C, fast shear wave velocities in the uppermost mantle 
beneath the CTMs terminate at the transition to the CAB/CAVP, and transition to very 
slow shear velocities to the north. (D) In cross-section D, we observe no fast velocity 
anomalies extending into the uppermost mantle, as slow velocities underlie both the 
Arabian and Anatolian plates. The fast mantle lithosphere of the Arabian Plate appears to 
terminate near the BZS/EAFZ. 
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Figure 11: (A) Lithospheric thickness beneath the study area based on depth to the 
maximum negative shear wave velocity gradient below a velocity of 4.4 km/s is reached 
(Filtered with boxcar of 0.4°x0.4°). White regions show ambiguous results for depth to 
LAB for one of two reasons: 1) Shear velocities of 4.4 km/s are not reached until 
unrealistic depths to the LAB (CAVP and eastern ETMs); 2) No significant negative 
velocity gradient exists (CTMs). Cross-hashed areas are regions where the inferred slab 
contaminates measurements of lithospheric thickness. (B) Map of average shear 
velocities in the upper 30 km of the mantle relative to crustal thickness estimates (Ozacar 
et al. 2010; Vanacore et al. 2013; Abgarmi et al. 2016). Fast shear velocities are a proxy 
for where lithospheric mantle exists, while slow average velocities indicate either little to 
no mantle lithosphere (asthenosphere) or very warm mantle lithosphere. Numbers 
correspond to descriptions in text and Fig. 12. 
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Figure 12: A map of the gradient in lateral shear velocity derived from Fig. 11B (units of 
km/s/0.2 degrees). The rapid transition between fast and slow average shear velocities 
(lighter colors) seem to correlate well with higher fault densities and volcanics. (1) 
Faulting encompasses a zone of slow seismic velocities surrounded by faster mantle 
lithosphere in the Arabian Plate and Eastern Taurus Mountains. (2) A continuous, curved 
high velocity gradient correlates well with a curvature in the dominant strike of faulting 
in the Eastern Taurus Mountains. (3) Southern edge of NW-SE fast anomaly bounded by 
faults of similar orientation.  
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Figure 13: (A) Decoupling of the crust and mantle of the underthrusting lithosphere led 
to the accretion of crustal-scale nappe complexes onto the southern margin of central 
Anatolia. The trench migrated southward during this time, but the decoupled mantle 
lithosphere continued underthrusting at a shallow angle as evidenced by Oligocene 
volcanism near the Izmir-Ankara-Erzincan Suture Zone (IAESZ). (B) Exhumation in the 
Kirsehir Block provides evidence for extension in the overriding plate imposed by a 
steepening of the subduction angle. This slab-delamination allowed for the influx of hot 
asthenosphere to come into contact with the base of the crust in central Anatolia, which 
adiabatically melted and initiated ignimbritic volcanism in the mid-Miocene. (C) 
Continued rollback of the subducting slab led to the SW migration in the initiation of 
volcanism. The subducting African lithosphere began breaking apart in the latest 
Miocene, which led to the initiation of uplift in the Central Taurus Mountains due to a 
reduction in the down-going slab pull force and isostatic rebound subducting continental 
lithosphere (Schildgen et al., 2012).  
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Supplemental Material 

1. Comparison of models derived from joint inversion vs. dispersion data 

 As the joint inversion of ambient noise-derived dispersion data, earthquake-

generated dispersion data, and receiver functions is not commonly done, we compared 

the results obtained by the workflow described in this paper with the more traditional 

approach that involves the inversion of only dispersion data.  

 We used the same dispersion data that was used in the computation of the joint 

inversion shear-wave velocity model to invert for a shear velocity using the dispersion 

data only. The initial model for this shear-wave inversion consisted of a 4-layer crust 

with a variable crustal thickness derived from the results of Ozacar et al. 2010, Vanacore 

et al. 2013, and Abgarmi et al. 2016. The thicknesses of 3 of the 4 crustal layers were 

identical, with the remaining layer adapting to the remaining thickness needed so that the 

hybrid crustal thickness model was honored. The initial velocity each of the crustal layers 

was an average of the shear velocities in the 1-km thick layers that served as the starting 

model of the phase velocity inversion.  For the mantle, initial velocities in each layer 

were set to 4.3 km/s and thicknesses were derived based on the diagonal of the resolution 

matrix (Fig. 7). The final model was calculated using the same inversion parameters as in 

the main text, and resampled from the thicker layers to 1-km thick layers using a cubic 

interpolation.  

 We find that the absolute velocities in both the joint inversion model and 

dispersion model correlate very well with each other. The joint inversion model has more 

detail in the crust and uppermost mantle (<64 km) due to the incorporation of the receiver 

function data (Fig. S1). The similarities between the two models show that our 
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interpretations made basedon the joint inversion model would stand, even without the 

incorporation of the receiver function information. 

2. Normalization of Rank: an attempt to alleviate oscillations 

 Due to the period-dependent spatial resolution of surface waves based on the 

Fresnel zone, shorter period surface waves can resolve smaller lateral velocity anomalies 

than longer periods (e.g., Yang & Forsyth 2006, fig. 9). This leads to longer period 

surface wave phase velocity maps having a weaker sensitivity to an anomaly that could 

be well-resolved at a shorter period, reflected in the overall “smoother” velocity structure 

of longer period phase velocity maps. Thus, if damping parameters (a priori covariance 

and curvature in the case of the two plane-wave inversion) are held constant, the 

dispersion curves that are extracted from the final phase velocity maps will have different 

spatial resolutions. As the Frechet derivatives of the Rayleigh waves used in this study 

have overlapping depth sensitivities, shallow, relatively small, high-amplitude anomalies 

that can be recovered well at short periods can affect the final shear wave velocity model 

at deeper depths, mapping artificial structures of the opposite sign into the final model 

(e.g. Wang et al. 2009, fig. 3; Bell et al. 2016). 

 In an attempt to estimate if the shear velocity model obtained in this study are 

affected by shallow, high amplitude anomalies, we compare the dispersion data obtained 

with a constant curvature parameter to those obtained by the workflow of Bell et al. 

(2016), which utilizes a variable curvature parameter in an attempt to normalize the 

lateral resolution of the phase velocity information at all periods. In this approach, we 

normalize the “rank” of the two plane-wave inversion matrix (Forsyth & Li 2005; Yang 

& Forsyth 2006) that corresponds to the isotropic phase velocities, effectively laterally 
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smoothing velocity heterogeneities observed at shorter periods to return a similar 

resolution as the longer period measurements with broader Fresnel zones. This is 

accomplished by modifying the strength of the curvature parameter in the tomographic 

inversion. Thus, the phase velocities obtained by this workflow theoretically contain the 

same amount of lateral resolution at each period. This approach should mitigate the 

spurious shear wave velocity anomalies that arise due to high amplitude anomalies in 

shorter surface wave periods should they exist, but does so at the cost of lateral 

resolution. 

 In order to address the variability in the lateral resolution of Rayleigh waves at 

different periods, we change the strength of the curvature parameter in the two-plane 

wave tomographic inversion to force the isotropic velocity rank to be within ~2% of the 

highest rank at a user-defined grid spacing. We also slowly converge on a final, fine grid 

of 2D phase velocity maps by first inverting a very course grid (1 x 1 degree) to solve for 

large-scale heterogeneities, and then refine this grid to 0.5 x 0.5 and finally 0.2 x 0.2 

degrees. This multistep process is described below:  

1) Initially, the inversion is run on a coarse (1x1 degree) grid, with the minimum 

curvature parameter being constant (set to 1) at all periods. In this approach, rank of the 

isotropic portion (and therefore resolution) of the resulting phase velocity maps is 

variable and dependent on the size of the Fresnel zone at that period, number of raypaths, 

and the grid-spacing of the tomographic model. We repeat this step again with a 

minimum curvature parameter of 1.5 to estimate the change in rank as a function of 

curvature parameter. 
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2) After results are obtained for the two constant minimum curvature inversions, the 

ranks of the isotropic portion of the inversion matrix at each period are compared, and the 

period with the highest rank at a minimum curvature of (1) is the target rank for all 

periods. Assuming linearity between the minimum curvature and isotropic rank, the 

magnitude of the curvature parameter for each period is found that will obtain a isotropic 

rank within ~2% of the highest rank at a given grid-spacing. Generally, a new curvature 

parameter between 1 and 3 is sufficient to obtain a rank within 2% of the maximum rank.  

3) Then, the results from the two plane-wave inversion with variable curvature inversion 

are used as the final phase velocity model for that grid-spacing. The resulting phase 

velocities from two plane-wave tomography are paired with ambient noise tomography-

derived dispersion data that are inverted on the same grid-spacing as the two plane-wave 

model, and these joint datasets are inverted for shear velocity assuming a crust of 4 layers 

and mantle with 10 km layers. The crust in this study is derived from a compilation of 

receiver function studies (Ozacar et al. 2010; Vanacore et al. 2013; Abgarmi et al. 2016), 

and thus represents a 3D variable surface. We calculate phase velocities from the final 

shear wave velocity profiles, and interpolate these onto a finer grid-spacing (from 1 x 1 to 

0.5 x 0.5 and 0.5 x 0.5 to 0.2 x 0.2), and use these phase velocities as the starting model 

for the two plane-wave inversion at this finer grid-spacing.  

A comparison of the “constant curvature” and “variable curvature” approaches are 

presented in Fig. S2. Overall, phase velocities obtained by the variable curvature 

approach are similar at shorter periods and slightly faster at longer periods.  

 Despite the minor differences in phase velocity that arise from the application of 

the two different approaches, the final shear wave velocity models we obtain in this study 
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are negligibly different. This is most likely due to the incorporation of receiver function 

information in the computation of the shear wave velocities. We find that the general 

characteristics of the shear velocity profiles are more dependent on the receiver functions 

than the minor changes in phase velocity information in this case, as we weight the fit to 

the receiver functions higher than the dispersion data (70% to 30%) in the penalty 

function of the joint inversion (Fig. S3). 
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Supplementary Figures 

 
Figure S1: Comparison of velocity models derived from the joint inversion of receiver 
functions and dispersion data (left) and dispersion data only (right). The overall models 
are quite similar in both in character and absolute velocity, with the joint inversion 
generally having smaller and higher amplitude anomalies, especially in the uppermost 
mantle (<64 km) where receiver function data are incorporated. 
 



 187 

 
Figure S2: Comparison of “constant curvature” (column 1) and “variable curvature” 
(column 2) approaches at four periods. Differences between the two approaches 
presented in map-view (column 3) and as histograms. Overall, phase velocities obtained 
by the two approaches are similar at shorter periods, but deviate at longer periods, with 
the variable curvature approach resulting in slightly faster phase velocities. 
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Figure S3: Cross sections (corresponding to those in Fig. 10) of the shear wave velocity 
model derived from the constant (left) and variable (right) curvature approaches. 
Differences between the two models are negligible due to greater importance imposed on 
fitting the receiver function data than the dispersion data. 
 


