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1 INTRODUCTION

SUMMARY

Lithospheric deformation throughout Anatolia, a part of the Alpine-Himalayan orogenic belt,
is controlled mainly by collision-related tectonic escape of the Anatolian Plate and subduction
roll-back along the Aegean Subduction Zone. We study the deeper lithosphere and mantle
structure of Anatolia using teleseismic, finite-frequency, P-wave traveltime tomography. We
use data from several temporary and permanent seismic networks deployed in the region.
Approximately 34 000 P-wave relative traveltime residuals, measured in multiple frequency
bands, are inverted using approximate finite-frequency sensitivity kernels. Our tomograms
reveal segmented fast seismic anomalies beneath Anatolia that corresponds to the subducted
portion of the African lithosphere along the Cyprean and the Aegean trenches. We identify
these anomalies as the subducted Aegean and the Cyprus slabs that are separated from each
other by a gap as wide as 300 km beneath Western Anatolia. This gap is occupied by slow
velocity perturbations that we interpret as hot upwelling asthenosphere. The eastern termina-
tion of the subducting African lithosphere is located near the transition from central Anatolia
to the Eastern Anatolian Plateau or Arabian—Eurasian collision front that is underlain by large
volumes of hot, underplating asthenosphere marked by slow velocity perturbations. Our tomo-
grams also show fast velocity perturbations at shallow depths beneath northwestern Anatolia
that sharply terminates towards the south at the North Anatolian Fault Zone (NAFZ). The
associated velocity contrast across the NAFZ persists down to a depth of 100-150 km. Hence,
our study is the first to investigate and interpret the vertical extent of deformation along this
nascent transform plate boundary.

Overall, the resolved upper-mantle structure of Anatolia is directly related with the geology
and tectonic features observed at the surface of the Anatolian Plate and suggest that the
segmented nature of the subducted African lithosphere plays an important role in the evolution
of Anatolia and distribution of its tectonic provinces.

Key words: Mantle processes; Seismic tomography; Transform faults; Subduction zone
processes; Continental margins: convergent; Dynamics of lithosphere and mantle.

tant role in the tectonic development of the region (Bozkurt 2001,
Fig. 1).

Anatolia is a part of the Alpine—Himalayan orogenic belt, formed
by discrete coalesced pieces of continental lithosphere amalgamated
during the Cenozoic closure and terminal suturing of the northern
and southern branches of the Neotethys Ocean (Sengér & Yilmaz
1981; Goriir et al. 1984; Robertson & Dixon 1984; Sengér et al.
1984). The recent tectonics of the region is controlled by north-
ward collision of the Arabian Plate and westward extrusion of the
Anatolian Plate along the North Anatolian and East Anatolian Fault
Zones (NAFZ and EAFZ, respectively). In addition, the northward
subduction of African lithosphere along the southwestward retreat-
ing Aegean trench and obstructed Cyprean trench plays an impor-
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The processes of collision-related tectonic escape of the Ana-
tolian Plate and the subduction roll-back taking place along the
Aegean Subduction Zone (ASZ) resulted in different styles of litho-
spheric deformation throughout the region. Based on these deforma-
tion styles, the Anatolian region can be subdivided into four tectonic
provinces as described by Sengor et al. (1985): the East Anatolian
contractional, the North Anatolian, the Central Anatolian and the
West Anatolian extensional provinces (Fig. 1).

In the framework of these provinces, the Aegean and the Cyprean
trenches play a key role in the distribution of the tectonic regimes
within the Eastern Mediterranean region. Studies showed that the
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Figure 1. Location map of the study area and the major tectonic and geological features of the region. The distribution of the seismic stations used in our study
is also shown. The thick white arrows shows the motion directions of the associated plates with respect to Eurasia (McClusky et al. 2003). The approximate
boundaries between zones of different tectonic deformation styles (different tectonic provinces) are indicated with thick dashed lines. These provinces are
EACP, Eastern Anatolian Contractional Province; CAP, Central Anatolian Province; WAEP, Western Anatolian Extensional Province; NAP, North Anatolian
Province (modified from Barka & Reilinger 1997; Bozkurt 2001). The yellow region shows the Isparta Angle (IA) and the grey regions show the Antalya
and Cilicia Basins (AB and CB, respectively). NAFZ, North Anatolian Fault Zone; EAFZ, East Anatolian Fault Zone; DSFZ, Dead Sea Fault Zone; FBFZ,

Fethiye-Burdur Fault Zone; SF, Sultandag Fault.

Cyprean trench is less active in terms of seismicity compared to the
Aegean trench (Wdowinski ef al. 2006). Based on the large-scale
tomographic model of Piromallo & Morelli (2003), Faccenna et al.
(2006) described the subducting portion of the African lithosphere
between southwestern Anatolia and the Cyprus Island as less well
defined and vertically discontinuous. Faccenna ef al. (2006) further
observed that the seismic velocity anomaly related with this slab-
like structure disappears completely east of Cyprus. Many studies
point out that subduction along the Cyprus section of the trench
is influenced by the collision of the Eratosthenes Seamount (a part
of the African promontory) with the Cyprean trench (Robertson
1994, 1998; Robertson & Grasso 1995; Glover & Robertson 1998,
Fig. 1).

To investigate the relationship between the distribution of the
major geological and tectonic features associated with the tectonic
provinces and the upper-mantle structure beneath Anatolia, we car-
ried out seismic tomography analysis in this region. Our aim in
this study was to provide better constraints on the structure of the
subducting African lithosphere along both the Aegean trench and
particularly the Cyprean trench.

1.1 Tectonic setting

The East Anatolian Contractional Province (EACP) is characterized
by N-S convergence between the Arabian Plate to the south and the

Eurasian Plate to the north. Following the closure of the southern
branch of Neotethys during the middle Miocene N-S contraction in
the region gave way to the formation and widespread distribution
of left- and right-lateral conjugate strike-slip faults during the early
Pliocene (~5 Ma). Recent geophysical investigations in the region
revealed thin crust and mantle lithosphere beneath the Eastern Ana-
tolian Plateau (EAP, Fig. 1, Tiirkelli et al. 1996; Sandvol ef al. 1998;
Gok et al. 2000; Al-Lazki et al. 2003; Zor et al. 2003; Angus et al.
2006; Ozacar et al. 2008, 2010b). Based on these observations and
geochemical analysis of igneous rocks exposed in the EAP, it has
been proposed that the uplift of the plateau is associated with the
steepening and break-off of the northward subducting Arabian litho-
sphere (~11 Ma). Consequently, the upwelling hot asthenosphere
replaced the slab, giving way to recent volcanism and supporting
the 2-km-high plateau (Keskin 2003; Sengor et al. 2003). This
event also marks a dramatic change in the stress field throughout
the EAP, as suggested by Kogyigit et al. (2001) and Orgiilii et al.
(2003). Teleseismic tomography studies by Lei & Zhao (2007) indi-
cated the presence of a detached slab located at depths as shallow as
180 km beneath the EAP. However, a more recent teleseismic tomog-
raphy study by Zor (2008) indicated the presence of the detached
slab at ~600 km depth.

The North Anatolian Province (NAP) is the area located to the
north of the NAFZ and is characterized by nearly E-W striking dex-
tral strike-slip faults. The basement of the Northern Anatolian crust
is relatively old, with variably metamorphosed, intensely deformed
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and imbricated Precambrian to Late Palaeozoic rocks associated
with the closure of Paleotethys (Aydin er al. 1986; Okay 1996;
Gortir ef al. 1997; Dean et al. 2000). It is commonly agreed that the
NAFZ follows the Neotethyan suture along the northern margin of
the Anatolian Plate (Kogyigit, 1996; Bozkurt 2001; Sengor et al.
2005). There are many studies on the age and the total offset of the
dextral NAFZ. The latest studies indicates that NAFZ is fairly young
(~5-7 Ma) and accommodates offsets in the range of ~25-85 km
along its different segments (Kogyigit 1991; Bozkurt & Kogyigit
1996; Barka et al. 2000; Bozkurt 2001; Sengor et al. 2005). Several
geophysical studies from the western NAP around the Marmara Sea
(Fig. 1) reported crustal thickness estimates ranging between 25 and
30 km around the Marmara Sea (Giirbiiz & Uger 1980; Laigle et al.
2008; Becel et al. 2009). Karahan et al. (2001) reported crustal
thickness estimates of 39 km from the eastern Marmara region. In
a recent study, Ozacar et al. (2010a) reported crustal thicknesses in
the order of 35—40 km for the central NAP. Unlike the EAP and the
EACP, the deeper structure of the remaining parts of the NAP is not
well constrained due to the lack of geophysical investigations.

The Central Anatolian Province (CAP) is a wedge-like region
that is bounded by the NAFZ to the north and EAFZ to the south-
east, and that extrudes westward along these structures (Fig. 1). The
central part of this region is characterized by generally SW-NE
striking, widely spaced, oblique-slip faults with dextral and sinis-
tral components. Some of these structures are thought to be related
to earlier deformation phases that were reactivated due to the N-S
convergence between the African and Anatolian Plates and the an-
ticlockwise rotation of the Anatolian block (Sengér et al. 1985;
Reilinger et al. 1997; Bozkurt 2001; Taymaz et al. 2007a,b). The
presence of diffuse fault zones in the central part of this province
manifests itself with a flatter topography compared to Western Ana-
tolian Extensional Province and EACP. This region is also charac-
terized by ~13 Ma to Recent post-collision related volcanism that
was followed by emplacement of several stratovolcanoes (Pasquare
et al. 1988; Notsu et al. 1995). Recently, the northern and central
parts of this province were studied in detail using P, tomography.
Results indicate the presence of anomalously slow P, velocities
(<7.8 km s7!) located at the eastern edge of this province (Gans
et al. 2009). The southwestern edge of this province is known as the
‘Isparta Angle’ (IA on Fig. 1).

The Isparta Angle is a tectonically complex zone consisting of
SE- and SW-vergent allochthons that were emplaced during multiple
tectonic phases between the Late Cretaceous and the Late Miocene
(Sengor & Yilmaz 1981; Robertson et al. 2003; Robertson et al.
2009). This zone is bounded by the NW-SE striking Sultandag Fault
(SF) to the east (Boray ef al. 1985) and transtensional left-lateral
NE-SW trending Fethiye-Burdur Fault Zone (FBFZ) to the west
(Dumont et al. 1979; Taymaz & Price 1992; Price & Scott 1994,
Fig. 1). The southernmost, offshore part of the Isparta angle is
marked by the Anaximander Mountains. This region of pronounced
sea floor relief with an anticlinal core is a part of the Anatolian
Plate and is located at the cusp where the Aegean and western
Cyprus trenches (Florence Rise) meet (Zitter et al. 2003; ten Veen
et al. 2004, Fig. 1). In addition to these structures, the complexity
of the region is further accentuated by the presence of the Late
Pliocene—Recent Aksu-Kyrenia thrust at the centre of the Isparta
Angle (McCallum & Robertson 1995; Poisson et al. 2003, Fig. 1);
this marks the latest change in tectonic translation directions within
this zone (Poisson et al. 2003). The region of the Isparta Angle hosts
several basin bounding grabens, half-grabens and transtensional
faults of various sizes (ten Veen et al. 2004; Algigek et al. 2005;
Verhaert et al. 2006, Fig. 1). In the south, the offshore segment of
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the Aksu fault controls the NE margin of the Antalya forearc basin
on the westside and the southern margin of the Cilicia forearc basin
on the eastside (Aksu et al. 2005; Isler et al. 2005, Fig. 1). Recent
onshore and offshore analysis of the structures and sediments hosted
by these basins documented a change in stress field in the region
during the latest phase of deformation.

The northern tip of the Isparta angle defines the boundary be-
tween the Western Anatolia Extensional Province (WAEP) and
the Central Anatolia Province (Barka & Reilinger 1997; Glover
& Robertson 1998; Bozkurt 2001, Fig. 1). The Western Anatolia
Province is characterized by N—S extension and related formation of
grabens bounded by roughly E-W striking normal faults (Taymaz
et al. 1991; Jackson et al. 1992; Jackson 1994). The age and cause
of the crustal extension in Aegean region is a subject of ongoing
debate. Proposed explanations include tectonic escape (Dewey &
Sengor 1979; Sengor 1979; Sengor et al. 1985; Gordir et al. 1995),
subduction roll-back (Mckenzie 1978; Le Pichon & Angelier 1979)
and orogenic collapse (Seyitoglu & Scott 1991; Seyitoglu et al.
1992). The tectonic escape model suggests that the extension in the
west is controlled by the westward extrusion of the Anatolia Plate
along the NAFZ and EAFZ since 12 Ma (Bozkurt 2001, Fig. 1). The
subduction roll-back model suggests that SW retreat of the Aegean
trench results in backarc extension in Aegean region and Western
Anatolia (Fig. 1). The orogenic collapse model proposes that the
extension is due to the collapse and thinning of the thickened crust
following the closure of the Neotethys ocean. The controversial
ages for the extension ranges between 5 and 60 Ma depending on
the controlling mechanism invoked (Bozkurt 2001). Several stud-
ies on the crustal seismic properties of the WAEP indicated crustal
thicknesses ranging between 28 and 35 km (Kalafat ef al. 1987;
Saunders et al. 1998; Sodoudi et al. 2006; Zhu et al. 2006). Re-
sults of regional seismic tomography indicate the presence of the
steeply dipping Eastern Mediterranean lithosphere underneath the
Aegean region, favouring the idea that subduction roll-back plays
an important role in the evolution of the region (Spakman et al.
1988; Faccenna et al. 2003; Piromallo & Morelli 2003; Faccenna
etal. 2006). The central part of this province is characterized by Late
Miocene and Pliocene volcanism (Y1lmaz 1990; Delaloye & Bingol
2000; Y1ilmaz et al. 2001). Recent geochemical studies showed that
the evolution of these volcanics could be associated with a vertical
tear in the subducting Mediterranean lithosphere (de Boorder et al.
1998; Tokgaer et al. 2005; Dilek & Altunkaynak 2009; Dilek &
Sandvol 2009).

2 DATA AND METHOD

Seismic tomography is an important tool in investigating the man-
tle structure beneath an array of seismic stations. The mantle
structure beneath the Mediterranean region has been studied by
Spakman (1985), Bijwaard et al. (1998) and Piromallo & Morelli
(2003) using seismic tomography. These studies covered broad re-
gions and hence, had limitations in resolving finer-scale structures.
The recent improvements in the geographical coverage of National
Earthquake Monitoring Center (NEMC) seismographic network of
Turkey (Kalafat ef al. 2008) and several temporary seismic deploy-
ments have made it possible to improve the resolution and quality
of the seismic studies for the Anatolia region. We studied a smaller
part of the Eastern Mediterranean region at a finer scale using tele-
seismic P-wave tomography with finite-frequency approximation
(Fig. 1). Although the narrower geographical span of the studied
region limits the maximum depth for the resolvable structures, we
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Figure 2. (a) Global distribution of the teleseismic events used in our study. (b) The backazimuthal coverage of all the arrivals (rays) picked.

can get finer resolution at shallower depths when compared to larger
regional studies.

2.1 Data

The traveltime data that we have used in our analysis comes from
201 broadband and short-period seismic stations belonging to mul-
tiple seismographic networks operated in the region between 1999
and 2009. These networks are the National Earthquake Monitoring
Center network (NEMC) (both short period and broadband deploy-
ments) (Kalafat et al. 2008), Global Seismographic Network (GSN),
Eastern Turkey Passive Seismic Experiment (ETSE) (Ttirkelli et al.
2003), Geophone (GE), Western Anatolia Seismic Recording Ex-
periment (WASRE) (Zhu et al. 2006) and our North Anatolian
Fault passive seismic experiment network (NAF) (Gans et al. 2009,
Fig. 1).

We used arrivaltime data from 409 teleseismic events with mag-
nitudes M, > 5.0 located at distances of 30-90° for direct P phases
and 155-180° for PKPdf phases (Fig. 2a). We used the multichannel
cross-correlation technique of Pavlis & Vernon (2010) for picking
arrivals and calculated residual times with respect to IASP91. A
total of 33 771 direct P and 219 PKPdf phases were picked on ver-
tical components of broadband records in three frequency bands, to
incorporate the measured traveltime residuals in a finite-frequency
approximation. The passband filters that we used have corner fre-
quencies of 0.2-0.8 Hz (short period), 0.1-0.4 Hz (intermediate
period) and 0.04—0.16 Hz (long period) for broadband records. The
picks associated with the short, intermediate and long period bands
constitute 34, 36 and 27 per cent of the entire data set, respectively.
The data from short-period stations are filtered only with a passband
filter with corner frequencies 0.5-1.5 Hz and this subset constitutes
only 3 per cent of the entire data set due to the lower quality of the
teleseismic records. To avoid any directional bias in our results, we
optimized the backazimuthal distribution of the observed residuals
(Fig. 2b). The measured traveltime residuals were then demeaned
for each event to obtain the relative traveltime residuals. The rms of
the observed raw relative residuals is 0.56 s (also see Appendix Al,
in the Supporting Information, for distribution of relative traveltime

residuals). This is in agreement with the rms values for individual
frequency bands that are all within 0.54-0.58 s.

Ray theory is used to calculate traveltime corrections for the
observed relative traveltime residuals to account for crustal hetero-
geneities (Schmandt & Humphreys 2010). We incorporated crustal
thickness and velocity estimates from several deep seismic sounding
studies and from receiver function analysis for the region (Giirbiiz
& Uger 1980; Kalafat et al. 1987; Giirbiiz & Evans 1991; Tiirkelli
etal. 1996; Sandvol et al. 1998; Saunders ef al. 1998; Karahan et al.
2001; Zor et al. 2003; Sodoudi et al. 2006; Zhu et al. 2006; Laigle
et al. 2008; Becel et al. 2009; Ozacar et al. 2010a,b) to calculate
correction times. The rms for these crustal corrections is 0.08 and
after the corrections the rms of the relative traveltime residuals is
0.55, which is nearly the same value as the rms before the crustal
corrections. This might be due to the lack of a direct correlation
between observed traveltime residuals and the crustal corrections.
In addition, this also shows that the major part of the seismic-speed
anomaly exists in the mantle.

2.2 Method

The seismic arrivals observed on seismic records have a finite-
frequency band width and their traveltimes are sensitive to seismic
speed variations within the volume surrounding the geometrical ray
path (Woodward 1992; Marquering et al. 1999; Dahlen et al. 2000;
Hung et al. 2000; Zhao et al. 2000). The seismic waves with different
frequency contents have different Fresnel zone widths and thus they
sample different volumes of medium surrounding the geometrical
ray path.

In this study, we used the teleseismic tomography algorithm of
Schmandt & Humphreys (2010), which incorporates the use of fre-
quency dependent 3-D sensitivity kernels. The use of these kernels
helps us to account for volumetric variations in wave speeds when
calculating the velocity perturbations in the tomography model. The
usage of sensitivities is limited to the first Fresnel zone. Born the-
oretical ‘banana—doughnut’ kernel approximation of Dahlen et al.
(2000) is used to calculate these sensitivities. The sensitivity ker-
nels are approximated as a function of the dominant period of the
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seismic arrival, epicentral distance, distances normal to the ray path
and along the ray path and ray centred azimuth. Details of this
algorithm are explained in Schmandt & Humphreys (2010). We
prefer this tomographic algorithm because it allows us to incorpo-
rate means of interpreting the frequency dependence of traveltime
data, making better use of broadband records and it introduces an
intrinsic smoothness constraint for tomography through the use of
approximate sensitivity kernels (see Appendices C1, C2 and C3,
in Supporting Information, for comparison of single-frequency and
integrated three-band frequency tomographic models for our data
set). In addition, the sensitivity kernel approximation used in this
algorithm has a high computational efficiency.

Smoothing is applied on the approximated sensitivity kernels to
account for geometrical ray location uncertainty normal to the ray
and along the ray path. Gradient and norm damping are also used
to regularize the inverse problem. The gradient damping algorithm
incorporates variations of ray path-normal damping weights as a
function of depth to account for the increasing angle of inclination
of the mean ray path. Norm damping, on the other hand, attempts
to obtain the model with smallest possible perturbations satisfy-
ing the traveltime data, while strongly down-weighting anomalies
that are weakly sampled by the observed set of rays (Schmandt &
Humphreys 2010). The inverse problem is solved using the LSQR
method of Paige & Saunders (1982) with an objective of minimizing
the least-squares misfit between calculated and observed data in an
iterative sequence. We performed trade-off analysis between Euclid-
ian model norm and variance reduction to determine the smoothing
weight and the overall damping factor (Menke 1989). Indeed, our
tests showed that the variation in variance reductions for inversions
with slightly varying (£1.0) damping and smoothing weights were
small (see Appendix A4, in Supporting Information, for various
smoothing/damping trade-off plots and Appendix B1 and B2 for
comparison of results obtained using different smoothing/damping
parameters). We obtained an rms of 0.1 for the residuals after the
inversion with favoured values of damping (6) and smoothening (7),
achieving a variance reduction of ~81 per cent.

Even though crustal corrections are applied to the observed rela-
tive traveltime residuals, station terms are included for each station
in the inversion to account for the small-scale local variations and
errors in incorporated crustal thicknesses and velocities. The rms
for these terms is ~0.09, which is small compared to the rms of
the entire data set (0.55), showing that these terms explain only
a small fraction of the data. Indeed, strong damping is applied to
station terms to avoid any absorption of mantle structure by these
terms. We tested the case where no crustal traveltime corrections
were applied to the raw data. In this case, we observed that the rms
for the station static terms increased by ~0.05. This indicates that
the station static terms effectively accounts for the varying shallow
structure in the study area.

Event terms are also calculated representing the adjustment of the
mean arrivaltime for the set of stations that recorded each event (see
Appendices A2 and A3, in Supporting Information, for distribution
of station and event terms). Our data set is composed of traveltime
data from patchwork of regional seismic networks some of which are
not concurrent in time. This might introduce the problem of shifts
in calculated mean traveltime residuals between these networks
that were deployed at geographically different parts of the study
area. However, both the incorporation of the event terms in the
inversion and usage of data from long-operating, spatially well-
distributed/enveloping networks such as NEMC and GSN (Fig. 1)
help us to account for variations or shifts in mean velocity structure
in different portions of the study area. The calculated rms for the
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event terms is ~0.02, also small compared to the overall rms of the
data set.

2.3 Model parametrization

The region that we studied covers an area approximately 1100 km
(E-W) x 900 km (N-S) and our average station spacing is roughly
50 km (Fig. 1). This region is parametrized with an irregularly
spaced 3-D rectangular grid that starts at 35 km depth and extends
down to 655 km depth. The lateral node spacing at the top of this
volume varies from 35 to 50 km, with denser spacing (35 km)
present only at the central to outer central parts of the seismic
array. Towards the edges of the modelled volume, the node spacing
increases gradually up to 50 km to account for the effects of reduced
resolution power at the edges (Fig. 3a). The vertical node spacing
increases from 35 to 50 km with increasing depth. Similarly, the
horizontal node spacing gradually increases from 35 to 48 km at
the centre of the model (50 to 70 km at the edges) from the top of
the model to the bottom (Fig. 3b). Such dilations in node spacing
as a function of depth constitute a more efficient parametrization
approach, as the Fresnel zone width increases with depth whereas
the resolution decreases. Our parametrized model has a total of
41 808 nodes with 67 (latitudinal)-by-39 (longitudinal) nodes in
16 layers.

To estimate the resolving power of our inversion with our data set,
we investigated our sampling of the model space. For this purpose,
we calculated hit quality maps for each depth layer of our model
space (Figs 4a—d). These normalized hit quality maps are based on
density of sampling of each node in a given layer, where the quality
is also a function of the backazimuthal distribution of the sampling
rays. The function governing the assignment of hit quality index
is custom-built based on the idea that better resolution in seismic
tomography is provided by rays from various directions intersecting
at high angles (Schmandt & Humphreys 2010) (see Appendix D,
in Supporting Information, for a summary table). Thus, a quality
of 1 indicates that the associated node is sampled by at least five
rays from each of the four geographical quadrants (NE, SE, SW
and NW) and a quality of 0 indicates that the associated node is not
sampled. The maps in Fig. 4 show us that better node sampling is
restricted to nodes located directly beneath the individual stations
at shallower depths (Fig. 4a), particularly for the top layer (35 km
depth), due to the near vertical incidence of teleseismic arrivals
that cluster around the stations. Thus, the broad-scale resolution is
poor for this top layer. Further, this layer compensates for the errors
in crustal corrections and poorly constrained variations in upper
mantle. Hence, in the following sections where we discuss and
interpret the resolved perturbations in our model, we will ignore
anomalies resolved in this layer. In deeper parts of the modelled
volume, the ‘good’ hit quality regions spread out to cover almost
the entire study region (Figs 4b and c). At the bottom of the model,
however, due to the reduction in sampling density at the edges of the
model, the better sampled portions are limited to the central parts
of the study area (Fig. 4d). We also observe a persistent pattern of
relatively lower qualities in central parts at shallower depths (Figs 4a
and b), which is an artefact of wider station spacing in these portions
of the study area.

In addition to the quality of sampling of model space, we inves-
tigated the resolution in our model area through synthetic tests.
Our synthetic tests involve layers with ‘checkerboard’ type ve-
locity anomalies embedded in a neutral background. With this
setup, we aimed to place constraints on the lateral (Figs 5a—d) and
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Figure 3. Node and layer spacing in our parametrized model. (a) Lateral node spacing at 60 km depth. (b) Layers and node spacing of our parametrized model
on a verticle section along 39° latitude. Red diamonds shows the stations used in this study. Note the dilation in node spacing both towards the edges and with

increasing depth.

vertical (Figs 5e and f) resolving power of our data set within the
parametrized model. The volume of each perturbation in the lay-
ers of the checkerboard is defined by cube of two nodes (eight
nodes total). Hence, the lateral and vertical extents of the individual
anomalies vary as a function of position in the model and dilate
with depth (Figs 5e and f) and towards the edges in accord with
the dilation in node spacing within the model (Figs 3 and 5a—d).
The intensities of the input perturbations are —3 and +3 per cent
for slow and fast anomalies, respectively. These anomalies are sep-
arated by a cube of two nodes belonging to neutral background.
Figs 5(al—f1) shows the input synthetic structure and recovery of
it after inversion (Figs 5a2—f2). The results of this test show that
our resolution is good within the modelled volume and the study
area. However, there is some amplitude decay and dilation in re-
covered perturbations due to minimum-length solution objective
of the inversion procedure and subvertical incidence of teleseis-
mic rays (Schmandt & Humphreys 2010). The inversion for the
synthetic model achieved 60 per cent amplitude recovery of the
input perturbations within the central parts of the model. In other
words, a 3.0 per cent perturbation in the input synthetic model

is recovered as an anomaly of 1.8 per cent within the resolved
model. The peak amplitude recovery is 78 per cent. The losses in
amplitude recovery during the inversion process are also a conse-
quence of applied damping, smoothing and imperfect ray coverage.
The vertical cross-sections also show some dilation and streaking
of the recovered perturbations at the edges of the model due to
sparse sampling. Although the reliability of these resolution tests
is limited by the basic tomographic assumptions (i.e. isotropic and
elastic mantle, well constrained ray locations at depth, accurate
traveltime sensitivity kernels), the recovery of the pattern of per-
turbations in our resolution test indicates that we should be able to
retrieve major upper-mantle structures (i.e. subducted lithosphere,
plumes) using the data set at hand and the preferred parametrized
model. In the following section, we will show results from addi-
tional resolution tests on specific features that emerge from the
inversion.

It is important to keep in mind the results of the hit quality and
checkerboard resolution tests when interpreting the modelled veloc-
ity perturbations, to avoid misinterpretation of anomalies located in
regions of the model that are poorly resolved.

© 2011 The Authors, GJI, 184, 1037-1057
Geophysical Journal International © 2011 RAS
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Figure 4. Normalized hit quality maps for our data set and parametrized model at various depths (plots a—d). Hit quality is based on the number and azimuthal
distribution of rays. Red shading indicates good hit quality (1 on scale) and blue shading shows poor hit quality (0 on scale) for each node. White diamonds
show the stations used in this study. Note that the spreading of the pattern of better hit qualities at deeper parts of the model.

3 RESULTS

3.1 Inversion

The data variance reduction is a common way of assessing the
quality of the least squares solution to the tomographic inverse
problem. As pointed out by Schmandt & Humphreys (2010), the
overall variance reduction for the entire modelled volume gives a
rather optimistic estimate owing to the fact that the setup of the for-
ward problem heavily relies on the a priori assumptions (i.e. elastic,
isotropic upper mantle, accurate ray locations) and the resolution
of the solution shows variations throughout the modelled volume.
As reported earlier, we obtained an overall data variance reduction
of 81 per cent after the inversion. This indicates that the resul-
tant model successfully explains most of the observed traveltime
residuals. To test how successfully our resolved model explains
the observed data, sampling the well-resolved parts, we adopted
the same approach as Schmandt & Humphreys (2010), calculat-
ing the variance reduction for the portions of the model that are
densely sampled and well resolved with a hit quality greater than
0.4 (i.e. rays from at least two backazimuth quadrants, excluding
the top and bottom two layers). We obtained a variance reduction of
73 per cent for the ‘high quality’ parts of the resolved model. This
shows that major portion of the observed traveltime residuals is
explained within the well-sampled, well-resolved part of the model,
although a minor portion of it is resolved as probable artificial het-
erogeneities at the poorly sampled, poorly constrained parts of the
model (i.e. edges of the model), due to the objective of least squares
inversion to minimize the length of the solution.

3.2 Tomograms
The resultant tomograms are shown in Figs 6 (map views) and 7

(cross-sections). In this section, we summarize the most prominent

© 2011 The Authors, GJI, 184, 1037-1057
Geophysical Journal International © 2011 RAS

features of the resolved model and results of the realistic anomaly
recovery analysis for testing the robustness of resolved features.
The most significant feature of the resultant model is the fast
anomalies located to the north of the Aegean and the Cyprean
trenches (Figs 6a—d and 7b and c). Overall, these fast anomalies
have a mean perturbation of +1.7 per cent within the entire model
and they shift in a northerly direction as a function of increasing
depth. The general strikes of these anomalies are roughly NW on the
Aegean side and E-W on the Cyprean side. The individual mean
perturbations for Aegean and Cyprean anomalies above 450 km
depth are +1.8 and +1.7 per cent, respectively. These two anoma-
lies are separated by an N—-S trending volume of slow perturbation
located between 28° and 30° longitudes (Figs 6a—e and 7e and f).
This slow anomaly has a mean perturbation of —1.4 per cent. We
can also observe relatively fast anomalies (mean perturbation of
+1.6 per cent) located to the north of the NAFZ at the western
and eastern parts of the study area (Figs 6a and b). However, these
anomalies are only observed at shallower depths (Figs 7c and d).
The rest of the resultant model mostly contains scattered, small-
scale and weaker slow velocity perturbations. The patterns of slow
anomalies, however, are more persistent and continuous beneath
eastern Anatolia (Figs 6a—d and 7d and e). The mean amplitude
of the ‘blob’ of slow velocity anomaly beneath the EAP is —1.5
per cent. At depths below 500 km, the separated fast anomalies
throughout the study area merge to form a continuous, WNW-ESE
trending belt (mean perturbation of +1.7 per cent) that occupies the
deeper, northern portions of the resolved model (Figs 6f~h and 7¢).
The vertical slices (cross-sections) that cut across the study area
show the dipping fast anomalies associated with the Aegean and the
Cyprean trenches (Figs 7b and c¢). We also observe a clear eastern
termination of the fast anomaly associated with the Cyprean trench
at ~34°E longitude (Fig. 7f). Along latitude 37°N, the slow anomaly
that separates the Aegean and the Cyprean anomalies extend down
to depths of 300 km (Fig. 7). It becomes clear on the cross-sections
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Figure 5. Results of the resolution tests presented in the form of horizontal slices (plots a—d) and vertical (latitudinal) cross-sections (plots e and f). The effects
of vertical streaking can be seen at shallower depths (al and a2). The lateral resolution is generally good but there is some amplitude decay. The open triangles
show the location of stations.
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Figure 6. Horizontal slices at depths between 60 and 605 km (plots a—h) from the resultant tomography model. Open stars indicate the stations used in our
study. The dark-shaded areas remaining outside of the white dashed line are poorly resolved portions of the model with hit qualities less than ~0.2.

that these dipping fast anomalies merge at depths of ~500 km and
starts flattening out close to the bottom of the mantle transition
zone (660 km) (Figs 6g and h and 7f). At the western part of the
study area, the shallow fast anomalies located north of the NAFZ
extend to depths of 100—150 km and terminate rather sharply at the
downward projected trace of the NAFZ (Figs 6a and b). In the east,
we observe consistent slow anomalies beneath the EAP that extend
to depths of 300-400 km (Figs 6d and f). This is in agreement
with the results from a recent teleseismic tomography study by Zor
(2008). An earlier seismic tomography study by Lei & Zhao (2007)

© 2011 The Authors, GJI, 184, 10371057
Geophysical Journal International © 2011 RAS

indicated the presence of a discontinuous, northward dipping fast
anomaly in this region. Although our resolving power and hit quality
is good in this portion of the study area, we do not observe such a fast
structure. This discrepancy between the two tomographic models
might be due to the differences in styles of sampling of the modelled
volume of upper mantle. As it is mentioned earlier, we homogenized
the backazimuthal ray coverage of our data set to avoid unwanted
inversion artefacts such as smearing of imaged seismic anomalies
along the ray paths. In their study, Lei & Zhao (2007) used rays from
dominantly east backazimuths which might have introduced some
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Figure 8. Results of realistic amplitude recovery tests on multiple cross-sections. Locations and section numbers are shown on the map at top right-hand
corner. The top panel shows (plots al—a3) input synthetic structure and the middle panel (plots bl-b3) shows the recovered anomalies after inversion. The
bottom panel (plots c1—c3) shows the results from our tomographic model for comparison.

directional bias in resolved seismic anomalies in their tomographic
model.

As indicated by our hit quality and synthetic tests, the resolution
of our model is good in the central parts of our study region (Figs 4c
and d and 5), although we lose resolution rapidly at the edges of our
model. In this respect, the fast anomaly associated with the Aegean
trench is less well resolved compared to the one for the Cyprean
trench. The model edge related loss in resolution is also true for
the central northern part of the study area and the southeastern
corner, where station coverage is relatively sparse. Even though the
sampling of the nodes and the associated hit qualities are strongly
controlled by the station locations and station spacing at shallower
depths (<100 km) (Fig. 4a), the station density is high enough at
critical locations associated with major tectonic zones and structures
(i.e. Isparta Angle) ensuring proper resolution of major fast and slow
anomalies in the upper mantle.

To assess what fraction of the actual perturbation amplitudes can
be retrieved in the resolved model, we carried out realistic amplitude
recovery tests. These tests also provided us with additional means
for assessing the robustness of the dipping Aegean and Cyprean fast
anomalies. We used a synthetic input model space having exactly
the same properties and parameters (i.e. size, number of nodes) as
the model used in actual inversions. We introduced dipping fast per-
turbation patterns similar to the resolved Aegean and the Cyprean
anomalies in this synthetic model (Figs 8al and a2, respectively).
We assigned fixed +3 per cent perturbation amplitudes to these
anomalies throughout the model. Using exactly the same governing

© 2011 The Authors, GJI, 184, 10371057
Geophysical Journal International © 2011 RAS

forward problem as our actual tomographic problem, we calcu-
lated artificial traveltime residuals and used these residuals in the
synthetic inversion. Figs 8(b1-b3) summarizes the results of these
recovery tests, which show that our data set, model parametriza-
tion and inverse problem setup can successfully retrieve the general
outline of the input synthetic anomalies. The general mean of the
recovered amplitudes is +1.5 per cent, which is half of the input
synthetic perturbation. The mean of the recovered amplitudes for
the Aegean (Figs 8bl and b3) and the Cyprean anomalies (Figs
8b2 and b3) are +1.4 and +1.6 per cent, respectively. We attribute
this difference to the fact that the Aegean anomaly is located to-
wards the western edge of the model and hence is relatively less
well sampled. These types of recovery tests are useful for inferring
actual amplitudes of real resolved structures. However, one must
keep in mind that such a proxy is limited by the aforementioned
basic tomographic assumptions and the character of the inversion
algorithm.

4 DISCUSSION

In this section we interpret the robust features of our tomographic
model and discuss how the resolved upper-mantle structures might
be related to the different tectonic deformation styles and associated
tectonic provinces across Anatolia. We conclude the discussion with
an evolutionary scenario, with constraints on timing from regional
geological investigations.
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Figure 9. (A) General map of the study area with inferred contours (in km) of the Aegean and the Cyprean slabs, tectonic provinces, major structural and
geological features. The dashed magenta lines show locations of cross-section shown in Fig. 9(B). The slab contours are plotted by tracing the approximate
upper edges/surfaces of the Aegean and Cyprean fast anomalies in our tomograpic model. (B) Interpretation of the tomographic images along multiple sections
across Anatolia. See inset in Fig. 9(A) for abbreviations. Small open circles are earthquake hypocentres (M, > 4.0) for the period 1900-2010 acquired from
European Mediterranean Seismological Center and Kandilli Observatory and Earthquake Research Institute catalogues. Topographic profiles with 10x vertical

exaggeration are also shown at the top of cross-sections.

4.1 The slabs

The most prominent structures in our tomography model are the
fast anomalies located to the north of the Cyprean and Aegean
trenches. Based on their vertical extents and relationships with the
associated trenches, we interpret these structures as segments of
the subducting African oceanic lithosphere (Fig. 9B, cross-sections
B’-B, C—C’ and D-C’). The fast anomaly associated with the
Aegean trench has also been detected by Spakman et al. (1988),
Bijwaard et al. (1998), Piromallo & Morelli (2003) and Chang
et al. (2010) using traveltime tomography, and interpreted as the
subducting oceanic lithosphere of Africa (hereafter referred to as
‘the Aegean slab’) beneath the Aegean basin and Western Anato-
lia (Fig. 9B, B’—B). However, none of these studies were able to
clearly resolve the fast anomaly associated with the Cyprus trench
(hereafter referred to as ‘the Cyprus slab’) (Faccenna et al. 2006).
Our tomographic cross-sections across this structure indicate that
the Cyprus slab is subvertical at depths shallower than 200 km and
begins dipping northward with a ~45° angle at depths between
200 and 400 km (Fig. 9B, C—C’). Below 400 km, the dip of the

slab becomes much gentler and it begins to flatten out, suggest-
ing that it lies flat on the 660 km mantle transition zone (Fig. 9B,
D-C’). The Cyprus slab terminates rather sharply at the tip of the
Isparta Angle in the west and along 34°-35° longitude in the east
(Fig. 9A). Our tomograms also indicate that the lateral continuity
of the Cyprus slab is disrupted by a minor northeastward offset or
tear at shallow depths (<200 km), west of Cyprus (Figs 9A and 10).
This right-lateral tear aligns with the dextral Paphos transform fault
on the surface (Fig. 1), which is associated with intermediate depth
seismicity (Engdahl et al. 1998; Papazachos & Papaioannou 1999;
Pilidou et al. 2004; Papadimitriou & Karakostas 2006; Wdowinski
et al. 2006).

Our tomograms show that the Aegean slab and the Cyprus slab
are clearly separated from each other (Figs 6a—f and Fig. 9A). The
Aegean slab has its eastern termination at the north part of the Pliny
and Strabo trenches/transforms (Figs 1 and 9A). In this region, it
dips northwestward with an angle of ~45° (below 100 km), but
the dip direction changes to N and NE towards its western parts.
Hence, the slab defines a roughly northward-concave configuration
(Fig. 10). The western portions of this slab beneath the central

© 2011 The Authors, GJI, 184, 1037-1057
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Aegean Sea are located at the edge of our tomographic model and
are poorly resolved. The eastern parts that remain beneath Anatolia,
however, are better resolved.

The seismic anisotropy and dynamics of the upper mantle in the
eastern Mediterranean region was investigated in various studies
(Hatzfeld et al. 2001; Sandvol et al. 2003; Schmid e al. 2004;
Sapas & Boztepe-Guney 2009; Biryol ef al. 2010). Many of these
studies examined the relationships between the Aegean subduction
roll-back related crustal strain-field and observed pattern of mantle
anisotropy. In their recent study, Biryol et al. (2010) argued that
the SW roll-back of the Aegean Slab could be responsible for the
consistent NE-SW pattern of anisotropy/asthenospheric-flow un-
derneath the north-central Anatolia. The observed configuration of
the Aegean slab in our tomographic model is in accord with this in-
terpretation. However, the lack of shear wave splitting observations
from southern and central Anatolia makes further interpretations
difficult regarding the effects of the Cyprus slab and the gap be-
tween the two slabs.

The fast anomalies associated with the Aegean slab and the
Cyprus slab merge at depths of ~500 km to form a coherent, gently
dipping or nearly flat lying fast anomaly beneath Anatolia (Fig. 9B,
A-A"). Previous larger-scale seismic tomography studies in the re-
gion resolved this broad and flat anomaly as well (Spakman 1985;
Bijwaard et al. 1998; Piromallo & Morelli 2003). This is probably
associated with the upper-mantle phase transition at 660 km that ob-
structs the penetration of the subducting lithosphere into the deeper
mantle. This anomaly is also observed in receiver function results

© 2011 The Authors, GJI, 184, 10371057
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of Ozacar et al. (2008) and in tomography models of Bijwaard et al.
(1998), who indicate that it follows the palacotrace of the Tethyan
ocean and continues to the southeast beneath the Himalayan orogen
(at depths of 500-1400 km) (see also Hafkenscheid et al. 2006).

The mean fast velocity perturbations associated with the Cyprus
and the Aegean slabs are ~+1.7 per cent (Fig. 9B, B'-B, C-C’
and D—C’). Our amplitude recovery test showed that the inversion
achieves a ~50 per cent recovery of the actual anomaly amplitudes,
so the expected actual amplitudes of the perturbations associated
with these slabs are ~3.4 per cent. This velocity perturbation is
comparable to the perturbations on the order of 3—4 per cent ob-
served for old subduction zones such as Izu-Bonin, Tonga, Japan,
Kuril (Deal & Nolet 1999; Deal et al. 1999) and agrees well with
the Mesozoic age (>100 Ma) of the subducting African lithosphere
(van Hinsbergen ef al. 2005).

The fast velocity perturbations on the order of ~1.6 per cent
located in the northwest part of the study area (Fig. 9B, C-C,
D-C’ and E-E’) are probably associated with the thicker and older
lithosphere of the northern Anatolian province (Figs 1 and 9A).
This region is characterized by intensely deformed, imbricated Pre-
cambrian to Late Paleozoic basement of the so-called Eastern and
Western Pontides, which represent the accreted continental terrains
during the Cimmerian orogeny (Bozkurt 2001). Although this re-
gion is located at the northern edge of our tomographic model, the
resolution here is good enough, particularly at the western and east-
ern ends, owing to the denser station coverage. We interpret the fast
anomalies located to the west of north Anatolia as thick lithospheric
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Figure 10. 3-D diagram of the resolved segmented geometry of the subducting African lithosphere beneath Anatolia inferred from our tomographic model.
The isosurfaces for this slab model are obtained by tracing the slab related and coherent fast anomalies with amplitudes larger than +1.5 per cent. Dashed,
black lines shows the projected locations of the slab features on the surface (3-D map at top). Important structural features are shown both on the 3-D model

and on the relief map.

mantle beneath the western Pontides (the regions labelled ‘Istanbul
Zone’ on Fig. 9B, C—C’, D-C’ and E-E’). The thick lithosphere
terminates abruptly at the southern block of the NAFZ at shallower
depths (<100 km), whereas it exhibits some dipping structural com-
plexity at depths between 100 and 200 km. In this respect, the
NAFZ forms a rather sharp, lithospheric scale structural boundary
between the older lithosphere of the north Anatolian province and
the younger Central Anatolian province or Anatolian Plate. This
implies that the NAFZ is a lithospheric scale transform fault, mean-
ing the associated deformation extends through the entire crust and
penetrates into the uppermost mantle, at least for its western seg-
ment. This observation agrees with the interpretation that the NAFZ
follows the weakness zone associated with the northern sector of
the Neotethyan suture(s) at the northern part of Anatolia (Bozkurt
2001; Sengér et al. 2005). Based on this result, our study is the first
to resolve and interpret the deeper structure of the North Anato-
lian Fault. Similar observations exist for portions of the much older
San Andreas Fault (SAF), which is thought to be analogous to the
NAFZ. Zhu (2000) and Yan & Clayton (2007) observed a 6—8 km
vertical offset of the Moho discontinuity across the SAF in southern
California using P-wave receiver functions, and argued that the SAF
extends through the entire crust for that segment. Using P-wave to-
mography, Benz ef al. (1992) detected a velocity contrast following
the strike of the SAF beneath its central segment.

In various studies (i.e. Dilek & Altunkaynak 2009; Dilek &
Sandvol 2009) it is argued that the deeper section of the Cyprus slab
is detached along a trench-parallel tear and the shallower attached
portion is now dipping with a shallow angle at the eastern side of

the Isparta Angle, generating the Quaternary Central Anatolia Vol-
canics (CAV) (Fig. 9a). Our tomographic images contradict the idea
of a shallow dipping Cyprus slab with a deeper detached section.
In this respect, the eastern sector of the Cyprus slab is too deep
(~250 km) beneath the CAV to explain the young volcanism there
(Fig. 9B, D-C’), although, flow related to the sinking of the slab
may play a role.

4.2 The tears and slab edges

Another robust feature of our tomographic model is the N-S
trending slow velocity anomalies, with amplitudes in the order of
—1.4 per cent, that extend from 60 km down to depths of 300 km
between the Aegean and Cyprus slabs (Fig. 9B, A—A’ and E-E’).
Various studies associated this region that is roughly defined by the
Isparta Angle (and hence the western termination of the Cyprus
slab) with a vertical tear within the northward subducting African
lithosphere (Biiytlikasikoglu 1979; Wortel & Spakman 1992; Barka
& Reilinger 1997; Dilek & Altunkaynak 2009; Dilek & Sandvol
2009). Our tomographic model supports the idea of a vertical or
subvertical tear between the Aegean and the Cyprus slabs that is
now occupied by slow velocity perturbations (Figs 6a—f). This fea-
ture is also visible in tomographic models of Spakman et al. (1993)
and Piromallo & Morelli (2003); De Bordeer et al. (1998) inter-
preted the slow anomaly pattern as vertically rising asthenosphere
along a vertical tear in the subducting Aegean slab. Based on our to-
mography model, we support this interpretation. Our model shows
that the tear might be subvertical, however, and it is between the
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Cyprus and Aegean slabs, which are separated from each other with
a left-lateral offset (slab contours on Fig. 9A). In addition, our to-
mograms show that the lateral extent of the tear spans nearly the
entire width of the WAEP (Figs 6a—e and 9B, A—A"). In our tomo-
graphic model, the trends of the upwelling hot asthenosphere are
located directly below the Kirka-Afyon-Isparta (KAIVF) and Kula
Volcanic Fields (KVF) (Fig. 9B, A—A’ and C—C’). The KVF is asso-
ciated with Pliocene—Pleistocene alkaline volcanism (Richardson-
Bunbury 1996). Geochemical analysis by Giilen (1990) and Tokgaer
et al. (2005) indicates that the volcanism in the region is associated
with rapid upwelling of asthenosphere beneath western Anatolia.
Similar to KVF, KAIVF is also associated with alkaline volcan-
ism with a southward younging pattern of ages from Middle-late
Miocene (~17 Ma) to Pliocene (~4 Ma) (Savas¢in & Oyman 1998;
Dilek & Altunkaynak 2009). This southward younging pattern is
interpreted in terms of propagation of the tear between the Cyprus
and the Aegean slabs (Dilek & Altunkaynak 2009). In brief, our
tomographic images clearly show the geometry of this inferred tear
between the Cyprus and Aegean slabs and the upwelling hot as-
thenosphere through it (slab contours on Figs 9A and 9B, A-A/,
C—C’ and E-E').

Our tomographic model shows an abrupt eastern termination of
the Cyprus slab along the zone defined by the 33—34°E longitudes
(Figs 6¢c—f and 9B, A—A"). To the east of this zone, we observe a
relatively homogeneous slow velocity anomaly beneath the EAP
and the collisional Neogene volcanics of East Anatolia starting east
of 35-36°E longitude (Figs 6a—e, 7d—f and 9B, A—A’). The mean
velocity perturbation associated with this anomaly is approximately
—1.5 per centand it extends as deep as 400 km beneath the EAP. This
slow velocity anomaly is resolved in various studies using different
techniques (Al-Lazki et al. 2003; Lei & Zhao 2007; Gans et al. 2009)
and it is associated with the asthenosphere that ascended and was
emplaced beneath the plateau after the detachment of the northward
subducting Arabian oceanic lithosphere (Keskin 2003; Sengor et al.
2003). Our model clearly outlines the 3-D extent of this hot, buoyant
asthenospheric body that is believed to be supporting the relatively
thin crust of this ~2 km high plateau (Sengor et al. 2003; Zor et al.
2003; Ozacar et al. 2008, 2010b). The volcanism associated with the
EAP shows various compositional characteristics. It is calc-alkaline
and old in the north (11 Ma) and alkaline and younger in the south
(~2.0 Ma). Keskin (2003) argued that the subduction component
of the volcanics decreases from north to south, in the later phases
of the volcanism. This is in agreement with our tomograms for this
region, where we observe the largest volumes of highest amplitude
slow perturbations in the southern parts of the EAP (Figs 7d and 9B,
A-A"). Our tomograms also show that the eastern termination of the
Cyprus slab (the eastern edge of the subducting African lithosphere)
and the western tip of the emplaced asthenosphere nearly align with
the boundary between EACP to the east and CAP to the west (Figs
9A and 9B, A-A’). This is in good agreement with P, velocity
observations of Gans et al. (2009) and tomography results of Lei &
Zhao (2007).

The western extent of the EACP roughly aligns with the north-
ward projection of the Dead Sea Transform Fault (Barka & Reilinger
1997) (Figs 9A and 9B, A—A"). This fault marks the plate bound-
ary between Africa and Arabia. In an earlier study, Reilinger ef al.
(1997) argued that the crust of Eastern Anatolia is hot and weak
due to the presence of hot buoyant asthenosphere beneath the region
(Keskin 2003). Hence, it is this weak crust that accommodates the
N-S convergence between Eurasia and Arabia and defines the extent
of the EACP. This is in agreement with the distribution of the slow
anomalies in our tomographic model. Indeed, the western edge of
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the slow anomaly associated with Eastern Anatolia is roughly lo-
cated along the EACP—CAP transition zone and aligns with the
northward projection of the Dead Sea Transform Fault (Fig. 9A). In
Western Anatolia, the northern tip of the Isparta Angle defines the
boundary between WAEP and CAP. Similar to the EACP case ex-
plained above, Dilek & Altunkaynak (2009) argued that the strength
of the crust is relatively low in the Western Anatolia province due to
postcollisional magmatism, in agreement with high heat flow values
measured in this region (Ilkisik 1995). Hence the weaker crust of
western Anatolia is probably responsible for the distributed exten-
sion in WAEP compared to the relatively slowly deforming CAP
(Aktug et al. 2009). Our tomographic model shows that WAEP is
underlain by a wide tear that is occupied by hot, upwelling astheno-
sphere. In fact, there is a remarkable spatial correlation between the
eastern edge of the tear on our tomograms and the eastern limit of
WAEDP (Fig. 9A and 9B, A—A’). Based on these observations, our
tomographic model indicates that the distribution of upper-mantle
features such as slab tears, slab edges and upwelling hot astheno-
spheric volumes contribute to the distribution of the deformational
domains throughout Anatolia.

Various geochemical studies focusing on the CAV and the com-
position of the associated volcanics indicate a clear subduction com-
ponent (Kusgu & Geneli 2010 and references therein). As discussed
earlier, the location of the Cyprus slab is too deep (>200 km) to be
the direct cause of the volcanism here (Fig. 9B, D—C"). If subduction
is responsible for this volcanism, perhaps the dip of the slab was
shallower during Eocene—Early Miocene time, when a major phase
of calc-alkaline volcanism took place in this province (Savasgin &
Oyman 1998). The current location of the resolved western Cyprus
slab and its dip imply that the slab rolled southwards between Early
Miocene to present. Alternatively, some studies associate the calc-
alkaline volcanism in this region with post-collisional processes
(Druitt et al. 1995; Notsu et al. 1995). In contrast, recent studies
indicated that the late stage (Pliocene-Pleistocene) volcanism in
the region is associated with alkaline basalts having an astheno-
spheric source with no subduction-related geochemical signature
(Aydin 2008). On our tomograms, the region defined as the CAV
is directly underlain by slow velocity perturbations on the order of
1-2 per cent that extend as deep as 200 km (Fig. 9B, D-C’). It is pos-
sible that these slow anomalies are due to the presence of ascending,
hot, buoyant asthenosphere containing partial melts, which are re-
sponsible for the volcanism in the CAV. Although the current outline
of the Cyprus slab and the slow anomalies may favour a dominantly
asthenospheric source for the latest phase of volcanism in the re-
gion, in accord with results of Aydin (2008), a contribution from the
subduction of the Cyprus slab cannot be ruled out based on its close
proximity to the ascending asthenosphere. Hence, this configuration
might explain the mixed characteristics of volcanism (calc-alkaline
to alkaline) observed in the CAVP (Kuscu & Geneli 2010). Perhaps,
the earlier shallow dip of the Cyprus slab beneath central Anatolia
shielded this province from large volumes of upwelling astheno-
sphere and consequently contributed to its higher crustal strength
and lower internal deformation (Allmendinger et al. 2007; Aktug
et al. 2009). The presence of the Cyprus slab may also account for
the more gradational transition from N—S contraction in the east to
N-S extension in the west.

4.3 Evolution

We now address the question of how the observed upper-mantle
structures evolved into their present configuration. This question has
been extensively addressed for the Eastern Anatolia region (Keskin
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2003; Sengor et al. 2003). Hence we will mainly focus on the
evolution of the Cyprus and the Aegean slabs beneath the central
and western Anatolia.

In a recent study Govers & Wortel (2005) pointed out that slab
edges and associated tearing of subducting lithosphere along hor-
izontal terminations of subduction trenches (transform faults) are
commonly observed in the Mediterranean region. They termed these
kinks in plate boundaries as Subduction Transform Edge Propagator
(STEP). Govers & Wortel (2005) also argued that a STEP zone ex-
ists in the subducting African lithosphere between the Aegean and
the Cyprean trenches defined by the left-lateral Pliny and Strabo
transforms. They associated the formation of the STEP zone with
the differential trench retreat rates where the retreat is in an SW
direction and much faster for the Aegean trench (~30 mm yr—')
compared to the central Cyprus trench (<10 mm yr~—') (McClusky
et al. 2003; Wdowinski et al. 2006). Our tomograms show a clear
separation between the edges of the Cyprus and the Aegean slabs
both in shallower and deeper parts of the model (<500 km) (Figs
9A and 10). We believe the mechanism associated with this gap
is dynamically related to the initiation and propagation of the tear
between the rapidly SW retreating Aegean slab and the relatively
static Cyprus slab. The widest part of the tear is located at depths
between 250 and 350 km beneath the oldest volcanics of the KAIVF
(Figs 6d and e and 9A). This argues that the tear may have initiated
at a deeper part of the subducting African lithosphere beneath the
northern tip of KAIVF and propagated in both down-dip (North)
and up-dip (South) directions while the Aegean slab rapidly re-
treated to the SW. In this respect, the configuration of the Aegean
and the Cyprus slabs supports the existence of a STEP zone and
associated slab tear between the Aegean and the Cyprus slabs. Dilek
& Altunkaynak (2009) also associated the zone marked by the tip
of the Isparta Angle with a STEP related tear within the subducting
African lithosphere based on the distribution of alkaline volcan-
ism in this region. Our tomographic model is the first to show the
subsurface STEP tear geometry with a high resolution in 3-D (Fig.
10).

It is also important to address the initial causes of the ob-
served differential retreat rates between the Cyprean and the Aegean
trenches. In a recent review, Wortel ez al. (2009) argued that STEP
faulting could occur in a case where subduction is obstructed as con-
tinental crust enters into the trench. Recent active source surveys by
Netzeband et al. (2006) showed that the crust that is currently en-
tering the Cyprean trench is actually the thinned continental margin
of the African Plate. This could explain the obstruction or slowing-
down of the subduction/trench retreat along the entire length of the
Cyprus trench and STEP formation at its western margin where it
meets the Aegean slab.

The configuration of the Cyprus slab in the region of the Isparta
Angle is rather complex. Our model shows that the steeply dipping
section of this slab between depths of 60 and 200 km is located near
the northern edge of the Isparta Angle (Fig. 9B, C—C’). This is also
supported by the presence of intermediate depth seismicity (70—
120 km deep) in this region (Figs 9A and B, C-C’). The resolution
of the model is poor at shallower depths owing to the subvertical
incidence angle of the teleseismic rays. Consequently, we can only
infer the location and configuration of the subducting lithosphere
above 60 km based on the position of the trench. Various studies
have stated that the junction of the Aegean and the Cyprean trenches
is at the cusp south of the Anaximander Mountains, offshore from
southwestern Anatolia (Zitter e al. 2003; ten Veen et al. 2004; Aksu
et al. 2009, Fig. 9A). If this is roughly the location of the tip of
the Cyprus Subduction Zone where the African lithosphere begins

to dip beneath southwestern Anatolia, then it should be dipping
NNE at fairly shallow angles until it reaches the tip of the Isparta
Angle, where it becomes steeper (Fig. 9B, C—C’). The distributed
intermediate depth seismicity in the zone of Isparta Angle might be
related to this configuration. In addition, receiver function analysis
for station ISP located in this region indicates fairly thick crust
(~42 km) with a rather complex structure (Zhu et al. 2006; Erduran
2009). Thus, the shallow dip of the subducting lithosphere might be
due to a subducted impediment that is similar to the Eratosthenes
Seamount located at the eastern segment of the subduction zone
(Fig. 1). Eratosthenes Seamount has been shown to be a continental
fragment of the African Plate embedded in attenuated continental
crust of the African margin (Robertson 1998; Netzeband et al.
2006). The anticlinal core/bulge of the Anaximander Mountains
(ten Veen et al. 2004) might be the surface expression of such a
deep seated, locally thicker crust subducting beneath the Isparta
Angle. This is in agreement with studies by Rotstein et al. (1985),
Poisson et al. (2003) and Robertson et al. (2009), who argued that
earlier phases of segregated plateau/platform subduction/accretion
might play an important role in the current configuration of the
Isparta Angle. The subduction of such an impediment may also
explain the tight curvature of the Cyprus slab and the presence
of a minor tear in between its western and eastern segments at
shallow depths (Fig. 10). Barka & Reilinger (1997) argued that
the zone defined by the Isparta Angle acts as an obstacle to the
westward motion of central Anatolia. They based their argument
on the slower westward motion of the Isparta Angle (10 mm yr~")
with respect to the faster moving (15 mm yr~!) southern Central
Anatolia Province, where western Anatolia is moving SW with
a much higher rate (~30 mm yr~!, Fig. 9A). The presence of the
obstructed, shallow subduction beneath this zone might argue for the
blockage of the westward motion of southern central Anatolia. This
‘backstop’ effect can also explain the relatively slower motion of
the Isparta Angle. This implies that the crustal deformation regimes
observed in the Central Anatolian province and the Isparta Angle
are possibly influenced by the obstructed, shallow subduction along
the western segment of the Cyprus Subduction Zone.

In an earlier study, Wortel & Spakman (2000) argued that the
continental collision or obstruction of subduction is a viable mech-
anism for slab steepening and detachment. In a recent study, Nolet
(2009) pointed out that there is now increasing evidence support-
ing the complexity of slab detachment processes and that slabs
may actually detach in the form of multiple fragments, rather than
as a single piece. The Cyprus slab appears thinner, with various
downdip separated segments at its eastern parts between depths of
130-400 km (Fig. 9B, D—C’). This ‘blocky’ appearance of the east-
ern portion of the Cyprus slab may be another example for complex
detachment processes. Hence, we argue that the eastern segment of
the Cyprus slab is in an early detachment phase. In addition, we
think that the relatively low tectonic and seismic activity along the
Cyprean trench (Bozkurt 2001; Pilidou et al. 2004; Papadamitriou
& Karakostas 2006; Wdowinski et al. 2006) and the subvertical
geometry of the slab argues for stagnation of the subduction of the
Cyprus slab, and hence, a terminal-stage of subduction and early
stage of detachment.

The detailed explanation of how and when the individual fea-
tures of the structural model of the African lithosphere subduction
evolved in this region needs further investigation and is beyond
the scope of this paper. We can give a general outline and a time
frame for the evolution, however, based on the robust features of
our model and various geological observations in the region. As
discussed earlier, our tomography results support the idea of STEP
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faulting and STEP-related tear formation between the Aegean and
the Cyprus trenches/slabs (Fig. 10). Various studies show evidence
of changes in deformation styles, trends and principle stress fields
in the vicinity of Isparta Angle beginning Late Miocene—Early
Pliocene (~7-5 Ma). The observations for the majority of these
studies come from structural analysis of onshore and offshore basins
and depocentres in the vicinity of Isparta Angle (e.g. Cilicia and
Antalya Basins on Fig. 1, Poisson et al. 2003; ten Veen et al. 2004;
Aksu et al. 2005, 2009; Algigek et al. 2005; Isler et al. 2005;
Verhaert et al. 2006; Ozel et al. 2007). In these studies, it is ar-
gued that beginning from Late Miocene—Early Pliocene, the stress
regime in southern—southwestern Anatolia changed, overprinting
earlier structures by extensional and transtensional structures. We
believe this modification of the regional stress field is associated
with the STEP fault/tear formation between the Aegean and the
Cyprus slabs and gradual release of accumulated strain in the re-
gion due to differential retreat rates between the eastern and western
segments of the African subduction zone prior to its segmentation.
This interpretation for the timing of the STEP faulting/tear overlaps
with the timing of the latest phase of volcanism located at the tip of
the Isparta Angle (Kirka—Afyon—Isparta zone) and central western
Anatolia (Kula region) (Savas¢in & Oyman 1998; Tokcaer et al.
2005; Dilek & Altunkaynak 2009). The current slab geometry and
independent geological observations from the surrounding region
suggests that the western segment of the Cyprus Subduction Zone
was obstructed, due to the subduction of a locally thicker conti-
nental fragment of the African Plate during Late Miocene—Early
Pliocene. Consequently, STEP faulting/tearing initiated at this lo-
cation (tip of Isparta Angle). This gave way to a reorientation of the
stress field in the region, and the Cyprus slab begun to steepen and
ultimately entered into the detachment phase. Indeed, this inferred
age of detachment initiation agrees with the numerical modelling
results from Wong A Ton & Wortel (1997), who calculated a ‘slab
breakoff time’ of ~4.9-5.0 Ma using a wide range of values for
subducting plate thermal structure.

5 CONCLUSIONS

Our P-wave traveltime tomography results for the Anatolian region
indicate the northward subducting African lithosphere is segmented
beneath Anatolia. These segments define the Cyprus and Aegean
slabs, which are separated by tears/gaps occupied by slow anoma-
lies and are possibly associated with hot upwelling asthenosphere.
Major slow perturbations located in our tomographic model under-
lie active volcanic centres of Anatolia (i.e. Kula, Central Anatolia,
Eastern Anatolia). The steep and downdip segmented configura-
tion of the Cyprus slab might be an indication that it is in the
early detachment phase. We also observe a clear contrast in litho-
spheric thickness across the western segment of the NAFZ in our
tomographic model to depths of 100-150 km. We believe this is
associated with the relatively thicker older lithosphere of the west-
ern Pontides. This strong contrast argues for the NAFZ being a
lithospheric scale fault extending through the entire crust and fol-
lowing the weak zone associated with the Neotethyan suture(s). In
this respect, the results of our analysis contribute significantly to
the understanding of the structure and deformation styles at depth
along this nascent transform plate boundary.

We observe a remarkable spatial correlation between the location
of slab tears, associated hot ascending asthenosphere, and distribu-
tion of tectonic provinces across the entire region. Particularly, the
subvertical and relatively continuous subduction along the Cyprean
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trench plays a key role in this framework. We suggest the presence
of a continuous cold Cyprus slab underneath the Central Anatolia
has a thermal shielding effect on the region and is an important in-
fluence on the relatively undeformed crustal characteristics of this
province.

Based on the resolved configuration of slab segments, we favour
a STEP model (Govers & Wortel 2005) for the segmentation and
hence tear formation/migration between the Aegean and the Cyprus
slabs. The generation of this STEP geometry is probably related
to differential retreat rates between the Cyprean and the Aegean
trenches that initiated when the attenuated continental margin of
the African Plate entered into the Cyprean trench. Geological
and structural records of changes in the stress field during Late
Miocene—Early Pliocene in the vicinity of the Isparta Angle may be
related to this STEP formation. We suggest the inferred gentle dip of
the western Cyprus slab at shallow depths (<60 km) beneath Isparta
Angle is related to subduction of a locally thicker continental frag-
ment of the African margin, similar to the Eratosthenes Seamount
further east. This continental fragment may have obstructed the sub-
duction near the Isparta Angle and slowed the westward motion of
southern Anatolia.
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Appendices A—D. The material in this document provides addi-
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set.
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