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The Sea of Marmara and western Turkey are characterized by intense seismicity and crustal deformation
due to transition tectonics between the North Anatolian Fault Zone (NAFZ) and the extensional Aegean.
Seismic imaging of the crust and uppermost mantle in W-NW Turkey is crucial to obtain a better under-
standing of its seismotectonics and geodynamics. So far, the Sea of Marmara and surroundings were con-
sidered in various active and passive seismic experiments providing significant information on crustal
properties. Here, we further investigate the 3-D seismic velocity structure in this rapidly deforming
region using non-linear full-waveform tomography based on the adjoint method. Our model is con-
strained by complete waveforms of 62 regional earthquakes (epicentral distance < 10°) with magnitudes
M,, > 3.7, which occurred between 2007 and 2015. Validation tests show that our final 3-D Earth model
is able to explain seismic waveforms from earthquakes not used in the inversion at periods from 8-100 s
to within the data uncertainties. Furthermore, quantitative resolution analyses yield 15 to 35 km hori-
zontal resolution lengths in the shallow and deep crust beneath well-covered areas of W-NW Turkey.
Our full-waveform tomography results indicate the presence of strong lateral and vertical velocity vari-
ations (2.55 < Vs < 4.0 km/s) down to depths of ~35 km. The seismic velocity distribution is characteris-
tic of highly deformed and distributed crustal features along major fault zones (e.g. NAFZ and its
branches), historic and recent regional volcanism (e.g. Kula volcanic province), and metamorphic core
complex developments (e.g. Menderes and Kazdag massifs). Radial anisotropy is very strong (around
20%) throughout the crust, further attesting to strong deformation and heterogeneity. Generally, our
3-D model is overall consistent with the active tectonics of western Turkey.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction
1.1. The Aegean extensional domain — western Turkey

The active tectonics of Turkey are the result of interactions
between continental collision of the Arabian plate with the Eura-
sian plate in the east, and subduction of the African plate beneath
the Aegean (McKenzie, 1972; Dewey et al., 1986; Meulenkamp
et al., 1988; Taymaz et al, 1991, 2007; Endrun et al, 2011;
Fielding et al., 2013; Yolsal-Cevikbilen et al., 2014). These tectonic
motions have an important role in the development of the west-
ward extrusion of Turkey, which is accommodated by the North
Anatolian Fault Zone (NAFZ), and ongoing lithospheric-scale exten-
sion due to trench roll-back in the Hellenic subduction zone
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(Taymaz et al., 1990; Confal et al., 2016). As a consequence, the
extensional deformation in the North Aegean and the Sea of Mar-
mara is combined with strike-slip tectonics. This leads to an
unusually complex tectonic framework, summarized in Fig. 1.
Expressions of this complexity include intense seismicity along
the right-lateral strike-slip NAFZ, and volcanism in the Aegean
extensional domain.

Structural complexities with different rock and basement types
in western Turkey evolved due to continental collosion, ophiolite
formation, subduction dynamics, continental extension, magma-
tism, and core complex developments. In this framework, major
tectonic structures in W-NW Turkey include the following: [1]
The right-lateral strike slip North Anatolian Fault Zone (NAFZ),
and its three branches towards to west around 31°E, which result
from the interaction with the extensional Aegean (McKenzie,
1972; Sengor, 1979; Sengor et al., 1985; Taymaz, 1996; Taymaz
et al., 2004; Taymaz et al., 2007). [2] The Intra-Pontide Suture Zone
(IPSZ), which represents the boundary between the Strandja Massif
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Fig. 1. Active tectonic boundaries in the study area and surroundings, compiled from Mascle and Martin (1990), Taymaz et al. (1990, 1991, 2004, 2007), Saroglu et al. (1992),
Taymaz and Price (1992), Taymaz (1996), Aksu et al. (2008), Hall et al. (2008), Yolsal (2008), Yolsal-Cevikbilen and Taymaz (2012), Yolsal-Cevikbilen et al. (2012, 2014),
Yolsal-Cevikbilen (2014) and Cubuk et al. (2014 ). Abbreviations: AS: Apseron Sill, ASM: Anaximander Sea Mountains, BF: Bozova Fault, BGF: Beysehir Golii Fault, BMG: Biiyiik
Menderes Graben, BuF: Burdur Fault, CTF: Cephalonia Transform Fault, DSF: Dead Sea Transform Fault, DF: Deliler Fault, EAF: East Anatolian Fault, EcF: Ecemis Fault, EF:
Elbistan Fault, EPF: Ezine Pazar1 Fault, ErF: Erciyes Fault, ESM: Eratosthenes Sea Mountains, G: Gokova, Ge: Gediz Graben, GF: Garni Fault, HB: Herodotus Basin, IF: Igdir Fault,
KBF: Kavakbasi Fault, KF: Kagizman Fault, KFZ: Karatag-Osmaniye Fault Zone, MF: Malatya Fault, MRF: Main Recent Fault, MT: Mus Thrust, NAF: North Anatolian Fault, NEAF:
North East Anatolian Fault, OF: Ovacik Fault, PSF: Pampak-Savan Fault, PTF: Paphos Transform Fault, RB: Rhodes Basin, SaF: Salmas Fault, Si: Simav Graben, SuF: Sultandag
Fault, TeF: Tebriz Fault, TF: Tatarli Fault, TGF: Tuz G6lii Fault. Black arrows exhibit relative plate motions with respect to Eurasia (McClusky et al., 2003; Reilinger et al., 2006).
Bathymetric contours are shown at 1000 m, 1500 m and 2000 m, and are obtained from GEBCO-BODC (1997). The red box outlines the study area.
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Fig. 2. Tectonic sketch map of Turkey (replotted from Okay and Tiiysiiz, 1999; Okay, 2008). Main suture zones are displayed with thick black lines. Former and current
subduction zones are marked with filled and open black triangles, respectively.
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(SM), the istanbul (1Z) and Sakarya zones (SZ) (Okay and Tiiysiiz,

1999; Okay and Satir, 2006). The iZ has a Precambrian crystalline
basement, while metamorphic basement units, the Karakaya
Complex, and Oligo-Miocene granitoids mainly characterize the
SZ (e.g. Kazdag and Uludag massifs, Cataldag granitoid). [3] The
Izmir-Ankara-Erzincan suture zone (IAESZ) defines a collision and
magmatic boundary between the SZ and the Anatolide-Tauride
Platform (ATP) (Sengor and Yilmaz, 1981; Okay and Tiiysiiz,
1999). [4] In the south, the Anatolide-Tauride block consists of
metamorphic (e.g. Menderes Massif) and volcano-sedimentary
units (van Hinsbergen et al., 2010; Altunkaynak et al., 2012).
Numerous E-W oriented horst-graben systems developed in this
region as a result of the extensional tectonics (e.g. Gediz, Biiyiik
Menderes, Kiiciik Menderes, Simav). These abovementioned
tectonic structures are presented in a simplified tectonic sketch
(Fig. 2). The distribution of the regional geologic features is
subsequently presented in Fig. 3.
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Fig. 3. Regional geological units of western Turkey (replotted from Yilmaz et al.
(2000)). Abbreviations: SC: Sakarya Continent, MM: Menderes Massif.

While the subsurface structure in relation to active tectonics
has long been studied, recent advances in computational
seismology now allow us to obtain a yet more detailed image of
the complex crust beneath W-NW Turkey. In this paper, we
describe a new 3-D radially anisotropic shear wave velocity model
of western Turkey built with full-waveform tomography, which
allows us to optimally exploit the available regional seismic data.
Our model provides new insight into the seismic velocity and ani-
sotropy characteristics of the crust and uppermost mantle beneath
the Sea of Marmara and western Turkey.

1.2. Outline

With the objective to present a new 3-D radially anisotropic
shear wave velocity model of the crust and uppermost mantle of
W-NW Turkey, this paper is organized as follows: First, we
describe the characteristics and the selection of seismic data. Sub-
sequently, we briefly review the full-waveform tomography
method to construct 3-D Earth models. We then present waveform
fitting and quantitative resolution tests in the model analysis sec-
tion. We describe the main features of the 3-D Earth model sepa-
rately for the isotropic S velocities, SH and SV velocities, and
radial anisotropy. This is followed by a detailed discussion on the
likely causes of the observed seismic velocity anomalies and radial
anisotropy patterns. Additional waveform fits, final 3-D crustal
velocity model parameters and movies showing the model varia-
tions with depth are presented as online Supplementary Material.

2. Data

We used three-component complete waveforms from
earthquakes that occurred during 2007-2015 in order to constrain
the 3-D crustal structure of W-NW Turkey. The data primarily
originated from the broadband stations of the Bogazici
University-Kandilli Observatory and Earthquake Research Institute
(BU-KOERI, Turkey, 50 stations). We also used 4 broadband
stations of the Disaster and Emergency Management Presidency,
Earthquake Department (AFAD-ERD, Turkey). Additional broad-
band stations that are located within the study region and
operated by the Hellenic Unified Seismic Network (HUSN, Greece,
4 stations) and the GEOFON Program (Germany) also provided
regional earthquake data (epicentral distance A < 10°). The distri-
bution of the seismic broadband stations is shown in Fig. 4. Based
on a visual quality assessment, we selected and simulated velocity
recordings with significant signal amplitudes above the back-
ground noise. To maximize tomographic resolution, we exploited
all seismic phases, including body waves, surface waves and inter-
fering phases on all three components. We filtered observed and
synthetic data in a frequency band of 0.01-0.125 Hz (8-100s),
which allows us to jointly resolve crustal and uppermost mantle
structure. Our dataset consists of moderate-size earthquakes
(3.7 <My, <£5.9), allowing us to neglect finite-source effects. We
principally obtained earthquake locations from the International
Seismological Centre (ISC) database. Earthquake source mecha-
nisms and corresponding moment magnitudes originate from the
Institute of Geodynamics of the National Observatory of Athens
(NOA-IG), the Global Centroid Moment Tensor Catalog (GCMT),
the Disaster and Emergency Management Presidency, Earthquake
Department (AFAD-ERC) and the Kandilli Observatory and Earth-
quake Research Institute (BU-KOERI) databases. To exclude poten-
tially unreliable source mechanism solutions, we selected moment
tensor inversion results with a variance reduction of >50%, a double
couple value of >50%, and a compensated linear vector dipole of
<20%. To ensure the efficiency of the adjoint method (Tarantola,
1984; Fichtner et al.,, 2009a), we restricted ourselves to earth-
quakes recorded by at least 10 different stations.

The revised dataset contains 2’985 recordings from 62 earth-
quakes, distributed throughout the region. The ray coverage is
shown in Fig. 5.

3. Full-waveform tomography
3.1. Technical details

Full-waveform tomography - also referred to as full-waveform
inversion or adjoint tomography - is a recently developed class of
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Fig. 4. Distribution of seismic broadband stations in the study area. Background seismicity is also shown with yellow circles (M > 4). Earthquake and bathymetry data are
obtained from the USGS-NEIC (1973-2014) and ETOPOT1 relief model. Blue and green triangles mark seismic stations of the BU-KOERI and HUSN, while purple and red
triangles mark locations of stations within the GEOFON and AFAD-ERC networks, respectively. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

BLACK SEA

Fig. 5. Ray coverage for earthquakes used in this study (2007-2015). Red lines
indicate the source-receiver paths. Source mechanisms are located at earthquake
epicenters. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

tomographic techniques that allow us to exploit complete seismo-
grams for the benefit of improved resolution (e.g. Chen et al., 2007;
Fichtner et al., 2009a; Tape et al., 2010; Colli et al., 2013; Rickers
et al., 2013; Zhu et al., 2015). Numerical solutions of the wave
equation ensure that forward modelling errors for complex 3-D
Earth models can practically be neglected, and the use of adjoint
techniques (Fichtner et al., 2006a,b; Fichtner et al., 2010) provides
the correct finite-frequency sensitivity kernels for any type of mea-
surement that is found to be suitable for a specific dataset.

For this study, we employed the spectral-element solver SES3D
to simulate seismic wave propagation through 3-D heterogeneous,
anisotropic, visco-elastic Earth models in spherical coordinates
(Fichtner et al., 2009b; Gokhberg and Fichtner, 2016). To prevent
unphysical reflections at model boundaries, we implemented ani-
sotropic perfectly matched layers (APMLs; Teixeira and Chew,
1997; Zheng and Huang, 1997).

To organize both the data and the inversion workflow, we
employed the LArge-Scale Seismic Inversion Framework (LASIF;
Krischer et al., 2015). To quantify the discrepancies between
observed and synthetic waveforms, we measured time- and
frequency-dependent phase misfits (Fichtner et al., 2008) for any
part of the recordings that are clearly above the noise level and
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not suffering from obvious cycle skips. We minimized this misfit
by updating P velocity, SH velocity, SV velocity, and density, using
a non-linear conjugate-gradient algorithm (Hestenes and Stiefel,
1952; Fletcher and Reeves, 1964). The sensitivity kernels needed
in the conjugate-gradient iteration were computed with the help
of adjoint techniques (Tarantola, 1984; Liu and Tromp, 2006;
Fichtner et al., 2006a,b).

3.2. Application to western Turkey

Reliable a priori information is crucial to ensure convergence of
the iterative inversion towards the global optimum (Kissling et al.,
1994; Gao, 2004). We implemented the initial 3-D Earth model
from the multi-scale inversion of Fichtner et al. (2013a,b) for Eur-
ope and western Asia. Their radially anisotropic model already cov-
ers western Turkey, though with much less data than our more
targeted study. The attenuation model, already included in the ini-
tial model, is QL6 by Durek and Ekstrém (1996).

Our modelling domain ranges from 24 to 33°E longitude, from
37.5 to 43°N latitude, and from the surface to 471 km depth. It is
discretized by 69’888 finite elements within which the seismic
wavefield is approximated by tensorized polynomials of degree
4. This translates to a total of around 9 million grid points. This
setup allows us to model waves with a minimum period of around
8 s with sufficient accuracy, i.e., with modelling errors much smal-
ler than the data uncertainties.

During the inversion, we iteratively updated SH and SV velocity
(Vsn, Vsv), P velocity (Vp), and density (p). However, since Vp and p
are less resolved by our surface wave-dominated data, they will
not be interpreted in this paper.

Since the differences between observed and synthetic wave-
forms on the 500-km scale are by far dominated by crustal hetero-
geneities on the order of 10%, we did not perform a joint inversion
for earthquake source parameters. However, as explained in the
Conclusions, a source inversion will be performed in a future study
in order to further improve results.

We stopped the inversion after 19 iterations, because the misfit
reduction per iteration became negligibly small, less than 1% of the
initial misfit of 1.35. The final misfit was 1.04. Misfit statistics are
summarized in Fig. 6. During the inversion, the total number of
usable measurement time windows - intervals where observed
and synthetic seismograms are sufficiently similar to allow for a
meaningful comparison - increased from 368 in the first iteration
to 2302 in the final iteration. This increase reflects the successively
better match between observations and synthetics that cause a
decrease of cycle skips with each iteration.

4. Model analysis

Prior to the detailed description and interpretation of our final
model, we present an analysis of tomographic resolution, and of
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the model’s ability to explain seismic waveforms used and not
used in the inversion.

4.1. Resolution analysis

We performed a resolution analysis for our 3-D radially aniso-
tropic Earth model following the random probing method devel-
oped by Fichtner and van Leeuwen (2015). Resolution analysis by
random probing yields position- and direction-dependent resolu-
tion lengths, thus being less subjective and more quantitative than
synthetic recovery tests.

Resolution lengths in E-W and N-S directions for W-NW Turkey
are displayed in Fig. 7. Generally, resolution length varies strongly
due to the heterogeneous data coverage. Beneath the most densely
covered regions - including the Biga Peninsula, the Menderes Mas-
sif, Lesvos Island, the Gulf of Saros, the Sea of Marmara and the
Kula Volcanic Province - horizontal resolution reaches around
20 km. This is close to the minimum wavelength, and thus close
to the theoretically expected resolution optimum. With increasing
depth, the resolved volume decreases because the short epicentral
distances used in this study provide little illumination below
30km depth. Due to the small depth extent of our model,
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Fig. 8. Waveform comparison of the February 17, 2009-05:28 (M: 5.0) Simav (western Turkey) earthquake. Three-component velocity seismograms of each station are
displayed for the BHZ, BHN and BHE channels, respectively. Observed data are plotted with solid black lines. Synthetic waveforms are represented with dashed black and solid
red lines for the initial and final 3-D Earth models, respectively. Epicenter distance and azimuth information are indicated below each vertical component seismogram.
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web version of this article.)

resolution in the vertical direction can unfortunately not be com-
puted with the random probing technique (Fichtner and van
Leeuwen, 2015). However, the comparison of crustal thickness in
our model, with crustal thicknesses reported by previous receiver
function studies, indicate that the vertical resolution of both meth-
ods is similar, i.e. around few kilometers (see Section 6.2).

4.2. Waveform fits

In this section, waveform comparisons between initial and final
3-D Earth models, as well as synthetic tests for model validation
and data predictability are presented. An additional set of wave-
form comparisons is displayed in the Supplementary Online
Material.

Waveform comparisons were performed for selected
earthquake-station pairs that sample the study area along differ-
ently oriented ray paths. The final model is able to explain body
and surface waveforms from 8 to 100 s period significantly better
than the initial model. For most events, traveltimes are matched
to within 1 s or less, and amplitudes to within 10% of their maxi-
mum. We observe the least significant improvements for events
located close to the boundaries of the modelling domain, where
Earth structure is less resolved. An examplary waveform compar-

ison for the initial and the final models for the February 17, 2009
Simav earthquake (M,, 5.0) is presented in Fig. 8.

To further assess the quality of the model, we compare
observed and synthetic waveforms for six regional earthquakes
that were not used in the inversion. Also for these additional
events, the misfit for the final model (9 = 1.14) is significantly
smaller than for the initial model (o = 1.39). These misfit values
are similar to those obtained in the actual inversion, thus indicat-
ing that the data have not been overfit significantly. An example
waveform comparison for the November 18, 2015 Cal-Denizli
earthquake (M,, 4.1) is presented in Fig. 9. Additional comparisons
are shown in Appendix A.

5. Crustal and uppermost mantle structure

Our tomographic model provides new insight into 3-D varia-
tions of shear wave velocity and radial anisotropy to depths of
~30-35 km. Figs. 10 and 11 present the SH and SV velocity models,
respectively. At upper-crustal depths, we infer the lowest SH veloc-
ities (2.3-3.2 km/s) beneath major fault zones, e.g., the NAFZ and
its branches. SH velocities are low, ~2.6-3.3 km/s, in the Sea of
Marmara, as well. In the upper crust, we constrain shear wave
velocities of 2.9-3.3 km/s, and 3.1-3.4 km/s underneath the
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Fig. 9. Waveform comparison of the November 18, 2015-14:55 (M,,: 4.1) Cal-Denizli (southwest Turkey) earthquake. The velocity seismograms of each station are displayed
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Earth models, respectively. Epicenter distance and azimuth information are indicated above and below each vertical component seismogram, respectively. Amplitudes are
normalized and all waveforms are filtered between 8 and 100 s. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Kazdag massif. At mid- to lower-crustal depth ranges, high SV
velocity is found beneath the Kazdag massif and surroundings
(3.5-4.0 km/s). Further south, around the Menderes massif, we
observe the highest SH wave velocities in the upper crust
(>3.3 km/s), and corresponding SV wave velocities vary between
2.8 and 3.2 km/s. At mid- to lower crustal depth ranges, SH and
SV wave velocities increase to ~4.0 km/s beneath the Menderes
massif.

To facilitate the geologic interpretation of our results in Sec-
tion 6, the following paragraphs provide a more detailed analysis
of the isotropic shear velocity and shear anisotropy.

5.1. Absolute isotropic S velocity

Fig. 12 displays a horizontal slice obtained from the 3-D isotro-
pic shear velocity (Vs) model at 5 km depth. In Appendix B, we
additionally present horizontal depth slices throughout the

W-NW Turkey crust. The interpreted tectonic features and major
city locations are indicated on the horizontal depth sections
(Figs. 12 and 13). The color scale represents low to high absolute
isotropic seismic velocities from dark red over white to dark blue
(2.55-4.0 km/s), while black shades represent the upper mantle
velocities from 4.0 to 5.0 km/s. We calculate the absolute isotropic
S wave velocity from the SV and SH velocities as V2 =2V, +1VZ,.

In the upper part of the crust, we observe prominent low-
velocity anomalies (2.55-3.2 km/s) beneath the NAFZ and the Sea
of Marmara. Magnitudes of these low-velocity zones (LVZs) vary
laterally along the NAFZ. For example, the strongest low-velocity
anomaly of 2.55-2.8 km/s occurs above 10 km depth in the south-
western part of the Armutlu Peninsula where the southern branch
of the NAFZ reaches into the sea through the Gulf of Gemlik. In the
Gulf of Saros, low velocities of 2.7-3.2 km/s are recognized down to
15-20 km depth, which clearly marks the western continuation of
the NAFZ.
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Fig. 12. Horizontal slice obtained from the absolute isotropic S wave velocity model
(Vs) of W-NW Turkey at 5km depth. The color scale represents low to high
isotropic S-wave velocities between dark red and white to dark blue shades
(2.55 < Vs < 4.0 km/s), while the upper mantle velocities are represented with black
color between the 4.0 < Vs < 5.0 km/s range. Depth label is indicated in the lower left
corner. Main tectonic features are labeled on top of the horizontal section.
Abbreviations: AP: Armutlu Peninsula, BP: Biga Peninsula, BZ: Bergama-Zeytindag
Fault Zone, EFZ: Eskisehir Fault Zone, G: Gelenbe Fault Zone, GG: Gulf of Gemlik, Gi:
Gulf of izmit, GS: Gulf of Saros, KC: Karakaya Complex, KF: Kiitahya Fault, KM:
Kazdag Massif, KP: Kocaeli Peninsula, KVP: Kula Volcanic Province, MM: Menderes
Massif, NAFZ: North Anatolian Fault Zone, SAM: Sultandag Mountain, SFZ: Simav
Fault Zone, SM: Strandja Massif, SK: Soma-Kirkaga¢ Fault Zone, TB: Thrace Basin,
YGF: Yenice-Gonen Fault Zone.

Below 40°N, low-velocity variations (2.55-2.9 km/s) appear
down to 14 km depth beneath the Bergama-Zeytindag FZ, the So
ma-Kirkaga¢ FZ and the Gelenbe FZ (W Turkey). We observe clear
low-velocity signatures (2.7-3.2 km/s) down to ~14 km depth
beneath the Simav region. Another distinct low-velocity zone
(2.9-3.2 km/s) is confined between 10 and 28 km depth beneath
the Kula Volcanic Province (28.5°E-38.6°N).

Striking high-velocity signatures (>3.3 kmy/s) are found beneath
the Menderes and the Kazdag massifs. We also infer prominent
high velocities in the Armutlu Peninsula below 10 km depth. Shear
wave velocities increase progressively, and the highest isotropic S
wave velocities are found within the lower crust throughout the
region (3.7-4.0 km/s).

We further present vertical depth sections extracted from the 3-
D absolute isotropic S-wave velocity model. The profile locations
and the vertical cross-sections are shown in Figs. 13 and 14,
respectively. Most vertical profiles display striking Moho undula-
tions beneath W-NW Turkey.

5.2. Radial anisotropy

Fig. 15 displays the 3-D distribution of radial anisotropy from 5
to 30 km depth beneath W-NW Turkey. The radial anisotropy
parameter ( is calculated as the difference between horizontally
(SH) and vertically polarized (SV) shear wave velocities, normal-
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Fig. 13. The profile locations for vertical cross-sections are shown with thick white
lines on the shallowest (5 km) absolute isotropic S wave velocity model a) for the E-
W direction, b) for the N-S direction, and c) for the NE-SW direction. Thin black lines
represent regional faults reported by Saroglu et al. (1992), and the yellow circles
denote major city locations.
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Fig. 14 (continued)

ized with the isotropic shear wave velocity, i.e. { = (Vsy — Vsy)/Vs.
In each figure, the color scale ranges between —0.2 < { < +0.2, indi-
cating negative (Vsy > Vsy) and positive (Vsy > Vsy) radial aniso-
tropy. The 3-D full-waveform tomography reveals a strong radial
anisotropy in the W-NW Turkey crust of up to 20%. The strongest
negative radial anisotropy is found in the upper crust, and it mostly
emerges in the close vicinity of known weakness zones, e.g. the
NAFZ and its segments around the Sea of Marmara and the Gulf
of Saros. Another significant negative radial anisotropy patch
(15-20%) is centered near 27.25°E-39.7°N around the Biga Penin-
sula between 15 and 25 km depth. We infer strong positive radial
anisotropy (15-20%) beneath the Menderes Massif at upper crustal
depth ranges. We also notice that radial anisotropy is mostly pos-
itive for greater depths (>20 km), and magnitude of the observed
radial anisotropy drops below 10% in the mid to lower crust.

The strong radial anisotropy may indicate a high rate of defor-
mation and heterogeneity in W-NW Turkey. The heavily fractured
and fluid-saturated rocks, alignments of anisotropic minerals,
heterogeneous isotropic layers, and crustal flow can generate the
observed anisotropy patterns at different crustal depths (Babuska
and Cara, 1990; Vergne et al., 2003; Sherrington et al., 2004;
Mainprice, 2007). Since a quantitative distinction between the var-
ious factors that contribute to observed anisotropy is hardly possi-
ble (Wang et al., 2013; Fichtner et al., 2013c), its interpretation
requires caution and additional inversions of combined geophysi-
cal, geological and petrological data.

6. Discussion

We discuss principal characteristics our 3-D radially anisotropic
Earth model and its isotropic component in terms of the regional

geology, seismicity and other published geophysical studies for
regions with sufficiently high resolution. The overall tectonic his-
tory of western Turkey has resulted in the formation of very com-
plex crustal structure. The closure of the Neo-Tethyan oceanic
basin was followed by post-orogenic extension and widespread
magmatism in the region (Sengor and Yilmaz, 1981). On-going
subduction of the African plate is also causing high-rate of crustal
deformation and extension (20-30 mm/yr; Reilinger et al., 2006;
McClusky et al., 2003).

The resolved features of our 3-D Earth model provide insight
into diverse geological contrasts that evolved due to complex
interactions of subduction roll-back, continental collison, exten-
sional and strike-slip tectonics, block rotations, young and former
magmatism (Oligocene-Neogene), high rate of fracturing and
large-scale metamorphism.

6.1. Connection to surface-geological features

6.1.1. Marmara Sea region

Several tectonic belts, active faulting, as well as geothermal
areas encompass the Sea of Marmara and are expressed as hetero-
geneous subsurface structures. The transition between the E-W
strike-slip character of the NAFZ and the N-S extensional regime
of the Aegean further causes complex geometry and rotational
movements in the region with a broad zone (~120 km; Sengdr
et al., 1985) of distributed deformation. Striking low-velocity sig-
natures (2.6-3.2 km/s, Vsy, sv) clearly mark these weakness zones
along the NAFZ (Figs. 12, 13, and Appendix B). We mainly observe
the low-velocity pattern within the tectonically active deep sedi-
mentary basins (~5 km, Laigle et al., 2008) of the Sea of Marmara,
in the Gulf of Saros (<15km), and in the Armutlu Peninsula
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Fig. 14 (continued)

(<10-12 km). These results indicate that the upper crust is highly
deformed and heavily fractured due to westward extrusion of the
Anatolian Plate along the North Anatolian transform fault. Shear
wave velocities are higher at mid-to-lower crust and resolved
LVZs are within the reported seismogenic depths (~15km;

Altuncu-Poyraz et al., 2015; Yolsal-Cevikbilen et al., 2012), which
suggest a ductile behavior below the brittle upper crust.

The strong negative radial anisotropy (10-20%) in the S-SE Mar-
mara (e.g. around the Armutlu Peninsula) and the Gulf of Saros
extends down to 10-14 km depths. Based on shear wave splitting
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analysis, Eken et al. (2013) also pointed out the presence of aniso-
tropy within the upper 10 km of the crust in the eastern Sea of Mar-
mara region. This underlines that anisotropy tends to occur mostly
within the upper crust, even though uniquely addressing its origins
is hardly possible. Besides its strong anisotropic properties, the
crust beneath the eastern Sea of Marmara significantly undulates
with respect to its surroundings (Fig. 14 profiles as 4, by, ¢34). This
undulating character of the Moho might be attributed to complex
block rotations (e.g. Hergert et al., 2011) observed between two
branches of the NAFZ and adjacent Armutlu Peninsula.

6.1.2. Kiitahya-Simav Graben

Recent analysis of intensive seismicity (focal depths of ~9-
15 km) revealed that the N-S extensional deformation is still pre-
vailing in the Kiitahya-Simav region (Taymaz et al., 2004;
Yolsal-Cevikbilen et al., 2014). Active faulting (e.g. Simav detach-
ment fault), granitic intrusions, magmatism, and also geothermal
activity mainly characterize the Simav and surroundings. Reported
heat flow values (110 mWm 2, ilkisik, 1995; 220 mWm 2, compi-
lation of Kiling, 2004) are also remarkably higher than the world
average (65 mWm 2, Pollack et al., 1993) due to the presence of
a thin continental crust. Such high-temperature conditions can
play a significant role to decrease seismic velocities and cause par-
tial melting. We observe mid-to-lower crustal (20-29 km) rela-
tively weak LVZs (2.9-3.2 km/s) between N-NW Simav, Emet and

Kiitahya (e.g. Fig. 14, a7, bss, cg). The presence of partial melts
might have a significant effect to decrease seismic velocities at
greater depths in the region. The V,/V; ratio (>1.85) analysis of
Vanacore et al. (2013) also supports the idea of possible partial
melting in the lower crust associated with the regional extension
in western Turkey. Thus, the Kiitahya-Simav and surroundings is
a good example of weak nature of highly fractured, high tempera-
ture crust resulting in lowered seismic velocities.

6.1.3. Kazdag (Biga peninsula), Menderes Massif

The Kazdag and the Menderes massifs are metamorphic core
complex features developed during the tectonic evolution of the
W-NW Turkey crust. The resolved shear wave velocities (Vs> 3.3
km/s) of our model reflect metamorphic composition beneath
those regions (Figs. 3, 12, and Appendix B). In the Menderes massif,
the radial anisotropy is positive throughout the crust at all resolved
depths mostly implying the horizontal alignment of anisotropic
minerals under the extensional tectonics. In the Biga Peninsula,
the strong negative patterns (10-20%) tend to occur below
~10 km depth down to the base of the crust. The Biga Peninsula
comprises various tectonic units with different origins (e.g. oceanic
assemblages, granitoid emplacements). The Late Oligocene meta-
morphic units of the Kazdag Massif and strongly deformed meta-
morphic rocks of the Karakaya Complex dominate among these
units (Pickett and Robertson, 1996; Okay and Satir, 2000; Okay
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and Gonclioglu, 2004; Duru et al., 2004). The mid crustal negative
radial anisotropy pattern in the Kazdag massif and surroundings
may have emerged from the deeper expression of pronounced
strong lithological variations.

6.1.4. Kula Volcanic Province (Usak)

A prominent low-velocity anomaly and a positive radial aniso-
tropy pattern (10-20%) exist between 10 and 28 km depth below
the Kula volcanics (e.g. Figs. 12, 14, 15, profiles ag, a;q, C3, C4, Cg).
There is a strong relation between the resolved deep LVZ and pos-
sible emplacement of a magmatic body beneath the Kula Volcanic
Province (KVP). The KVP represents the youngest volcanism (Plio-
Quaternary) in western Turkey (Richardson-Bunbury, 1996;
Westaway et al., 2004) and different origins (e.g. upwelling of
asthenospheric material, decompression melting) have been sug-
gested by various studies (Richardson-Bunbury, 1996; Saunders
et al, 1998; Alict et al, 2002; Tokcaer et al., 2005; Griitzner
et al., 2013). Recently, tomographic models of Biryol et al. (2011)
and Fichtner et al. (2013a) imaged low seismic velocities between
~75 and 300 km depths corresponding to the KVP. Biryol et al.
(2011) interpreted this anomaly as a rapid upwelling of the
asthenospheric material (Tokcaer et al., 2005), which originates
from the tear between the Cyprus and the Aegean slabs. Based
on the previous implications, the resolved low-velocity anomaly
is important to support the possible deployment of this hot mate-
rial into the mid-to-lower crust as a result of slab tearing beneath
the western Turkey. However, SH velocities faster than SV suggest
a non-vertical flow beneath the crust underlying KVP. This LVZ
might have resulted from horizontally aligned minerals in previ-
ously deployed magmatic material or melting rather than indicat-
ing ongoing vertical intrusion of deep magma (Figs. 14 and 15).

6.2. Comparison with other tomography and receiver function studies

Seismic velocity properties of western Turkey have long been
investigated using different data and methods (e.g. Baris et al.,
2005; Akyol et al., 2006; Salah et al., 2007; Cambaz and
Karabulut, 2010; Biryol et al., 2011; Mutlu and Karabulut, 2011;
Salaiin et al., 2012; Bakirc et al., 2012; Yolsal-Cevikbilen et al.,
2012; Delph et al., 2015). Here, we first provide a comparison to
the initial model, presented and discussed in Fichtner et al.
(2013b) and Govers and Fichtner (2016). This will be followed by
a comparison to receiver function studies.

Our 3-D Earth model improves the shallow to deep crustal
velocity structure of the initial model in W-NW Turkey thanks to
the large quantity of newly added local earthquake data. Thus,
three-component complete waveforms are explained significantly
better with a total misfit reduction of 24% percent with respect
to Fichtner et al. (2013b). The small-scale features, and the pres-
ence of deep and shallow LVZs (e.g. the Sea of Marmara, the Gulf
of Saros, and the Kula Volcanic Province) became more distinctive
throughout the iterations. Despite these refinements, our results
are still in good agreement with the interpretation of the initial
model by Govers and Fichtner (2016). They indicated low isotropic
S wave anomalies beneath western Turkey and Aegean crust with
respect to the global continental average (Vs=~ 3.75-3.90 km/s).
They defined average S wave velocities to be Vs~ 3.6-3.7 km/s
for the middle crust, and Vs~ 3.8-4.0 km/s for the lower crust,
which is compatible with our findings.

Further, we compare lower crustal average velocities (Vs> 3.8 -
km/s, Christensen and Mooney, 1995) of our model with reported
Moho depths. The crustal thickness of western Turkey has been
investigated by a significant number of receiver function studies
using different techniques and data (e.g. Vanacore et al., 2013;
Karabulut et al., 2013; Kind et al., 2015). Vanacore et al. (2013)
reported a thinned Moho with 30 km thickness beneath western

Turkey. Karabulut et al. (2013) implied 25-27 km Moho depth
for the Sea of Marmara and the Menderes Massif, while Zor et al.
(2006) indicated average Moho depths of 29-32 km for the Mar-
mara region. Zhu et al. (2006) also estimated a crustal thickness
around 28-30 km beneath the Menderes Massif. In Fig. 16, we pre-
sent comparison of the 1-D velocity-depth profiles extracted from
our 3-D Earth model beneath the arbitrarily selected receivers with
the Moho depth estimates of Vanacore et al. (2013). For example,
these comparisons yield 0.3 km difference for stations BALB and
CRLT, 1.5 km for SVRH, and 2 km for BLCB station. These small dif-
ferences indicate that our 3-D Earth model has comparable vertical
resolution to receiver functions, and that it is largely consistent
with previously reported Moho thicknesses in the region. The strik-
ing Moho undulations throughout western Turkey are also well
resolved (Fig. 14) and consistent with recent observations of
Karabulut et al. (2013).

7. Conclusions

In this paper, we present a 3-D radially anisotropic shear wave
velocity model of the W-NW Turkey crust and uppermost mantle
based on full-waveform tomography. Our model provides new
insight into the three-dimensional crustal S, SH and SV wave veloc-
ity variations and radial anisotropy patterns. Results indicate the
complex tectonic evolution of the region, and are generally in good
agreement with other reported geological and geophysical studies
(e.g. heat flow, tomography, receiver function, seismicity). The
principle findings of this study are summarized as follows: [1] In
the upper crust, the isotropic shear wave velocities are strikingly
low (2.55-3.2 km/s) and likely to be associated with active fault-
ing, young volcanism and elevated crustal temperatures due to
extensional and strike slip tectonics. High-velocity characteristics
are also very prominent in relation with the metamorphic massifs
(e.g. Strandja, Kazdag, and Menderes massifs). [2] In the mid-to-
lower crust, velocities increase progressively with depth (3.4-
4.0 km/s) except within several LVZs (e.g. Kula Volcanic Province,
Simav-Emet region) indicating magmatism, high temperatures
and partial melting in the deep crust. [3] Radial anisotropy is found
to be very strong (~20%) throughout the upper crust, while its
strength reduces with depth. [4] The undulating nature of the
Moho discontinuity in almost all vertical sections reveals a com-
plex subcrustal deformation beneath W-NW Turkey.

Our findings suggest that the 3-D radially anisotropic velocity
model successfully marks zones that evolved as a result of active
tectonics in the region. With our model, we anticipate to con-
tribute to earthquake source mechanism inversion and localization
efforts of small to moderate earthquakes in which proper 3-D vari-
ation of seismic velocity distributions are required (e.g. Hejrani
et al., 2017). Future work may include refining regional complexi-
ties with adding more high-quality three-component data
recorded in the Aegean Sea and central Anatolia. We expect to
obtain moment tensor inversions of future regional earthquakes
using three-component complete waveforms produced by our 3-
D Earth model. We also would like to emphasize the importance
of developing combined inversions of different observations (e.g.
seismic velocity, density, temperature, petrological data, etc.) to
better qualify the observed anisotropy in the future.
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Appendix A

In appendix A, we present waveform comparisons between
observations, initial and final synthetics of example regional earth-
quakes, which are not used in the inversion process in order to val-
idate accuracy of the final 3-D Earth model. Synthetic waveforms
are calculated using both the initial and final 3-D Earth models.
Results of waveform comparisons are displayed in appendix
Figs. A1-A5.
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Fig. A1. Waveform comparison of the September 10, 2015 - 08:12 (My,: 4.7) earthquake occurred in the Aegean Sea region at 15 km depth. The velocity seismograms of each

station are displayed for the BHZ channel. Header information is as in Fig. 9.
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20150918_223028.0 TEPEBASI-ESKISEHIR Earthquake Mw: 3.7
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Fig. A2. Waveform comparison of the September 18,2015 - 22:30 (My,: 3.7) earthquake occurred in the Tepebasi-Eskisehir region at 7 km depth. The velocity seismograms of
each station are displayed for the BHZ channel. Header information is as in Fig. 9.

20150922_071110.0 Inlice-Simav Earthquake Mw: 4.1
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Fig. A3. Waveform comparison of the September 22, 2015 - 07:11:10.0 (Mw: 4.1) earthquake occurred in the inlice-Simav region at 9 km depth. The velocity seismograms of
each station are displayed for the BHZ channel. Header information is as in Fig. 9.
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20151013_231810.0 Ahlathgesme - Kiitahya Earthquake Mw: 4.0
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Fig. A4. Waveform comparison of the October 13, 2015 - 23:18 (M,y: 4.0) earthquake occurred in the Ahlatligesme region at 9 km depth. The velocity seismograms of each
station are displayed for the BHZ channel. Header information is as in Fig. 9.

20151116_154543.48 Sea of Marmara Earthquake Mw: 3.9
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Fig. A5. Waveform comparison of the November 16, 2015 - 15:45 (M,,: 3.9) earthquake occurred in the Sea of Marmara region at 7.7 km depth. The velocity seismograms of
each station are displayed for the BHZ channel. Header information is as in Fig. 9.
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Appendix B low to high isotropic S wave velocities between dark red and white
to dark blue shades (2.55 < Vs < 4.0 km/s), while the upper mantle

In appendix B, we present horizontal depth slices through the velocities are represented with black color between the 4.0 < Vs -
absolute isotropic S wave velocity model (Vs) of W-NW Turkey < 5.0 km/s range. Depth labels are indicated in the lower left cor-
crust and upper-most mantle between 7 and 35 km depth. In each ner. Main tectonic features are labeled on top of the each
horizontal depth section (Figs. B1-B7), the color scale represents horizontal section. Abbreviations: AP: Armutlu Peninsula, BP: Biga
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Fig. B1. Horizontal slice obtained at 7 km depth from the absolute isotropic S wave Fig. B3. Horizontal slice obtained at 15 km depth from the absolute isotropic S
velocity model (Vs) of W-NW Turkey crust and upper-most mantle. wave velocity model (Vs) of W-NW Turkey crust and upper-most mantle.
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Fig. B2. Horizontal slice obtained at 10 km depth from the absolute isotropic S Fig. B4. Horizontal slice obtained at 20 km depth from the absolute isotropic S

wave velocity model (Vs) of W-NW Turkey crust and upper-most mantle. wave velocity model (Vs) of W-NW Turkey crust and upper-most mantle.
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Fig. B5. Horizontal slice obtained at 25 km depth from the absolute isotropic S
wave velocity model (Vs) of W-NW Turkey crust and upper-most mantle.
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Fig. B6. Horizontal slice obtained at 30 km depth from the absolute isotropic S

wave velocity model (Vs) of W-NW Turkey crust and upper-most mantle.

Peninsula, BZ: Bergama-Zeytindag Fault Zone, G: Gelenbe Fault
Zone, GG: Gulf of Gemlik, Gi: Gulf of izmit, GS: Gulf of Saros,
KM: Kazdag Massif, KP: Kocaeli Peninsula, KVP: Kula Volcanic Pro-
vince, MM: Menderes Massif, NAFZ: North Anatolian Fault Zone,
SdM: Sultandagi Mountain, SM: Strandja Massif, SK: Soma-Kirkag
¢ Fault Zone, TB: Thrace Basin.
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Fig. B7. Horizontal slice obtained at 35 km depth from the absolute isotropic S
wave velocity model (Vs) of W-NW Turkey crust and upper-most mantle.

Appendix C. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.pepi.2017.06.014.
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