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Imaging the Crustal Structure Throughout the East Anatolian Fault Zone, Turkey, by Local
Earthquake Tomography

CAGLAR OZER, 1.2

Abstract—This paper presents new models of the seismic
velocity structure of Eastern Anatolia, Turkey. We applied a local
earthquake tomography method to arrival time data produced by
local and regional events in Eastern Anatolia to understand the
three-dimensional seismic velocity and V,/V; models and their
correlation with the geological evolution and tectonic processes in
the study area. The data are obtained from 78 broadband seismic
stations, owned by the Earthquake Department of the Disaster and
Emergency Management Presidency, for the period between 2008
and 2017. Seven depth cross sections are taken along various
segments of the East Anatolian Fault Zone. Travel times of 53,099
phase readings (29,122 P-phase and 23,977 S-phase picks) from
4249 high-quality earthquake recordings are analysed to develop
3-D V, (lithological) and V,/V; (petrological) models of the study
area. The resulting P-wave velocities describe intrusive magmatic
bodies, sediment thickness and the structure of the basin. The V/V
structures aid to limit the position of the faults, areas of weakness,
and gas- or liquid-saturated units with regions of high pore pres-
sure. Four main seismic crustal layers down to 40 km are
determined. The upper crust (0-8 km) has V;, < 4.6 km/s, whereas
in the middle crust (~ 9-20 km) a V,, perturbation between 4.6 and
5.8 km/s is observed. In the lower crust (~ 20-35 km), V;, changes
from 5.9 to 7.3 km/s and in the upper mantle layer (below 36 km),
V, exceeds 7.4 km/s. In all cases, seismic velocities are well-re-
solved in the first 40 km. Tomograms are compatible with the
geological characteristics of the region. Dominant high P-velocity
values are observed beneath the collision zone. Conrad disconti-
nuity is detectable at 20 km depth, while Moho depth is observed
to vary between 30 and 40 km in the study area.
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1. Introduction

Turkey is mainly located in the Alpine-Himalayan
orogenic belt. The seismic activity of the Eastern
Anatolian Region results from the convergence of the
Eurasian, African and Arabian plates (McKenzie
1972, 1976; Dewey et al. 1986; Jackson 1994; Le
Pichon et al. 1995; Sengor and Natal’in 1996;
McClusky et al. 2000; Gok et al. 2011; Delph et al.
2015). The Arabian plate is moving in a north-
northeast direction with respect to Eurasia at a rate of
about 15 mm/year. This northward migration of the
Arabian plate results in continental collision along
the Bitlis Suture Zone (BSZ) and Zagros Belt.
(Hempton et al. 1981; Hempton 1985, 1987; Sandvol
et al. (2003); Dolmaz et al. 2008; Aktug et al. 2016)
(Fig. 1). The northward motion of the African plate
exhibits a plunge in the oceanic lithosphere beneath
the Anatolian plate along the Aegean-Cyprian Arc
(Le Pichon and Kreemer 2010; Reilinger et al. 2006;
Walters et al. 2014; Simao et al. 2016). Tectonic,
seismologic and geodetic studies divide the region
into three main geodynamic regions: a strike-slip
regime in the north and northwest along the North
Anatolian Fault Zone (NAFZ), a N-S extension in the
west (Aegean region), and a strike-slip deformation
in the east of Turkey, particularly along the East
Anatolian Fault Zone (EAFZ) (Burke and Sengor
1986; Nalbant et al. 2002; Gursoy et al. 2003; Orgulu
et al. 2003; Vanacore et al. 2013; Simao et al. 2016).
The EAFZ is a 550 km-long fault zone extending
between Karliova in the northeast and Antakya in the
southwest. It is an approximately northeast-trending,
left-lateral strike-slip fault zone (Fig. 2) consisting of
a number of segments (Perincek and Cemen 1990;
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Figure 1
Tectonic settings of Anatolia. Blue dashed line represents the study area. AER Aegean extensional regime, AS Aegean Sea, EAFZ East
Anatolian Fault Zone, KJ Karliova Junction, MS Mediterranean Sea, NAFZ North Anatolian Fault Zone (compiled from Emre et al. 2013;
Bartol and Govers 2014)

Saroglu et al. 1992; Aksu et al. 1992; Italiano et al.
2013).

The main fault segments of the EAFZ from SW to
NE are as follows: Antakya-Turkoglu, Turkoglu-
Golbasi, Golbasi-Celikhan, Sincik-Hazar, Hazar-Palu
and Bingol-Karliova, respectively (Italiano et al.
2013). Earthquakes of varying magnitude throughout
the EAFZ indicate ongoing tectonic activity. The
Antakya-Turkoglu segment (Fig. 3a) has a left-lateral
fault structure accompanied with an eastward dip-slip
component. This segment is generally not straight
(Ergin et al. 2004; Duman and Emre 2013).
According to focal mechanism solutions, Turkoglu-
Golbasi segment (Fig. 3b) is a left-lateral strike-slip
fault with a slight dip-slip component (Kop et al.

2014). The length of the segment is ~ 30 km and
filled with sediments. The Golbasi-Celikhan segment
(Fig. 3c) consists of ~ 20 km sub-segments with
active left-lateral strike-slip characteristics. The
drainage connection is offset by a few meters to
0.5 km within Holocene-age sediments (Duman and
Emre 2013). The Sincik-Hazar segment (Fig. 3d) is
separated from the Hazar-Palu segment by Hazar
Lake, which was interpreted as a pull-apart basin
(Cetin et al. 2003). Due to its complex structure at the
extremities, the Hazar-Palu segment (Fig. 3e) is
separated into three parts. The Bingol-Karliova seg-
ment (Fig. 3f) starts at the junction of the NAFZ and
the EAFZ, which is known to be the Karliova
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Figure 2
Topography and main tectonic units for a large area of Eastern Anatolia. Blue and white lines show the location of profiles and main fault
zone, respectively. (a) Antakya-Turkoglu segment, (b) Turkoglu-Golbasi segment, (c) Golbasi-Celikhan segment, (d) Sincik-Hazar segment,
(e) Hazar-Palu segment and (f) Bingol-Karliova segment. EAFZ East Anatolian Fault Zone, KJ Karliova Junction, NAFZ North Anatolian
Fault Zone (compiled from Emre et al. 2013; Italiano et al. 2013)

Junction (KJ). This segment comprises right-stepping
sections ranging in length from 4 to 12 km.

Several geophysical studies of seismic activity
have been conducted in Eastern Anatolia. Gok et al.
(2003) noted an increasing depth of the Moho, from
34 to 52 km, in a south-to-north direction in Eastern

Anatolia. Using the receiver function method and a
set of teleseismic events from the temporary PASS-
CAL network of 29 seismometers, Zor et al. (2003)
determined a crustal thickness and an average S-wave
velocity of 45 km and 3.7 km/s, respectively, for the
Eastern Anatolian Plateau. Sandvol et al. (2003)
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Figure 3
Main geological map of Eastern Anatolia, Turkey (compiled from Emre et al. 2013; Italiano et al. 2013). (a) Turkoglu Antakya segment,
(b) Turkoglu-Golbasi segment, (c) Golbasi-Celikhan segment, (d) Sincik-Hazar segment, (e) Hazar-Palu segment and (f) Bingol-Karliova
segment. EAAC Eastern Anatolia Accretionary Complex, EAFZ East Anatolian Fault Zone, KJ Karliova Junction, NAFZ North Anatolian
Fault Zone

revealed the structure of the Bitlis/Zagros zones and
the EAFZ and NAFZ using the PASSCAL network to
image the upper mantle and crustal structure scope of
the Eastern Turkey Seismic Experiment (ETSE)
project. Kaypak and Eyidogan (2005) found evidence
of an approximately 2 km-thick sedimentary cover in
the Erzincan basin with very low P-wave velocity as
well as a crustal structure characterized by a low V,/

V, ratio throughout Eastern Anatolia. Gok et al.
(2008) reported crustal thickness of 38 km for Mar-
din in a study using receiver function analysis carried
out in Iraq and its surroundings. Ozacar et al. (2008)
calculated crust and lithosphere thickness of 40 and
65 km, respectively. Zor (2008) proposed that nega-
tive velocity perturbation at 200 km could indicate a
partially molten asthenosphere. The region is also
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identified by low seismic velocities, as demonstrated
by Mutlu and Karabulut (2011), while Salah et al.
(2011) showed that the low-velocity values of P- and
S-waves imply partial melting of the upper mantle.
Gokalp (2012) imaged the crust beneath Eastern
Anatolia using the local earthquake tomography
method. Sertcelik (2012) investigated the EAFZ
using the coda wave attenuation method to show
attenuation changes at different segments. Bektas
(2013) reported Curie point depths of Eastern Ana-
tolia ranging from approximately 16 to 19 km using
aeromagnetic and gravity data. Warren et al. (2013)
imaged high velocity at 20 km that may be associated
with the underthrusting Arabian Plate in the south-
eastern part of Turkey. Skolbeltsyn et al. (2014)
asserted that the high-velocity areas beneath the
eastern Caucasus and Kura region were associated
with ongoing subduction. Maden et al. (2015) cal-
culated average sedimentary thickness, Moho and
Conrad depths of 5.2, 43.0 and 20.9 km, respectively,
in the Erzurum area, Eastern Anatolia.

Local earthquake tomography (LET) is a suit-
able technique for examining the tectonics and
seismogenic properties of a region (Ozer and Polat
2017a, b, c; Ozer et al. 2018). Seismic velocity
changes in the crust are generally associated with
lithological units, petrological features and tectonic
variations. The calculated seismic images obtained by
the LET method provide an understanding of the
relationships of shallow to deep tectonic character-
istics, weakness zones and changes in seismic
characteristics in the crust related to geological fea-
tures (Gentile et al. 2000). The main purpose of the
current study is to use arrival time knowledge to
calculate V), and the V,/V; ratio characteristics for the
crust beneath the EAFZ and to reconcile them with
the tectonics based on previous geological and geo-
physical studies in the region. Such analysis can also
reveal the structure of tectonic processes and geo-
logical units the region has experienced from past to
present (Kaypak 2008; Salah 2014).

In this study, we apply the LET method to eval-
uate crustal thickness variations in Eastern Anatolia.
The P-velocity and V,/V; ratio changes in the crust
are generally associated with the lithological and
tectonic units as well as petrological characteristic of
rocks, such as faults or rich fluid content and high-

Imaging the Crustal Structure Throughout the East Anatolian Fault Zone, Turkey 2239

pore-pressure zones. We present 3-D models of
seismic velocity structure V,, and V,/V for the crust
in Eastern Anatolia. We used regional event data
recorded between 2008 and 2017 by the Turkish
National Seismic Network of the Earthquake
Department of Disaster and Emergency Management
Presidency (AFAD); the network description, opera-
tion and use of data can be found elsewhere (Kilic
et al. 2017). The distribution of seismic stations and
events is shown in Fig. 4. During this period, 48,106
events in Eastern Anatolia were recorded in the net-
work and located using a preliminary seismic
velocity model (Table 1) (Maden 2012). We suggest
a new seismic crustal model to better reflect the
collisional deformation at the upper crustal layer. The
results of this study facilitate our understanding of
continental collision processes and the rheological
characteristics of the crust. Thus, although the seis-
mic velocity model covers the entire subduction zone,
the discussion of the results in this paper will focus
on those parts in the Eastern Anatolian Region that
are new and have not been analysed before.

2. Data, Algorithm and Checkerboard Test

We used arrival times recorded by permanent
three-component broadband seismic stations in an
area of about 8° x 5° in Eastern Anatolia. A total of
48,106 regional earthquakes (ML > 2.0) were
recorded over a period of 9 years by 78 seismic
recorders in the region located between the coordi-
nates 36—42°N and 36—44°E, covering the collision
zone of the Arabian and Eurasian plates. The events
picked by AFAD were selected according to the
following criteria: a minimum of ten P-phase arrivals,
with a clear onset per earthquake and an RMS smaller
than 0.3 s; in addition, an earthquake was discarded if
the horizontal distance to the nearest instrument
exceeded 500 km. There were 4249 events deter-
mined to satisfy these criteria, with 29,122 P- and
23,977 S-wave arrival times. The average accuracy of
the final P- and S-travel time residuals were 0.28 and
0.41 s, respectively, after five iterations (Table 2). In
general, the V,-V,/V inversion technique leads to
larger RMS values than the V-V, scheme. However,
this situation does not imply that the older method
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Figure 4

Locations of initial 48,106 (gray) and selected 4249 (blue) events (hand-picked, M > 2.0) recorded between 2008 and 2017 in Eastern
Anatolia. Stations, initial earthquakes and selected events are represented by filled red triangles, gray circles and blue circles, respectively.
Thin black lines show fault traces (digitized after Emre et al. 2013). Events are mainly located in the first 40 km depth of the crust, as is
clearly visible from vertical sections and the histogram which displays the number of events versus depth

Reference model for P velocity (Maden 2012)

Table 1

provides a poorer solution than the latter, taking into
consideration that the inversion process for V,—V,/V
provides minimization of differential P-S residuals,

while the V,-V, scheme minimizes the P and S

Depth (km) P-wave velocity (km/s)
0.0 4.4
4.0 5.8
20.0 6.2
35.0 7.1
50.0 8.0

residuals separately, which are accounted for in the
reported RMS (Koulakov et al. 2010).

The LET has been used to compute the seismic
velocity structure of the Earth’s crust and uppermost
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Table 2

RMS (s) values of the P- and S-wave residuals after five iterations for V, and V inversion procedures

Iteration RMS P (s) RMS S (s) Reduction P (%) Reduction S (%)
1 0.41 0.68 - -

2 0.36 0.48 12 28

3 0.34 0.45 16 32

4 0.30 0.43 20 35

5 0.28 0.41 24 37

mantle at local or regional scales (from the surface to
100 km) (Serrano et al. 2002; Gokalp 2007, 2012;
Koulakov et al. 2009; Dinc et al. 2010; Jaxybulatov
et al. 2011; Kaypak and Gokkaya 2012; Totaro et al.
2014). Because there is a trade-off between the
earthquake location and origin time and the seismic
velocity structure, these data are solved simultane-
ously. We use a popular LET algorithm, LOTOS-12
(Koulakov 2009), for simultaneous inversion of Vy—
Vo/Vs structure and hypocentral parameters. The
LOTOS algorithm can be used with very different
data sets and has a user-friendly interface. Based on
Maden (2012), we formed an initial 1-D seismic
velocity model (Maden 2012) (Table 1). The algo-
rithm starts with preliminary earthquake locations
and an initial 1-D seismic velocity model. In this part
of the analysis, earthquake origin times and source
coordinates are obtained by a grid search method
(Koulakov and Sobelev 2006). The main aspect of
this method is the goal function (GF), which indicates
the contingency of earthquake location in the 3-D
model space. At the first stage, the travel times are
considered the same as in the 1-D velocity model;
this feature speeds up location computations. Then
the earthquake locations in the 1-D velocity model
are corrected iteratively in the simultaneous inversion
step for 1-D velocities, source coordinates and origin
times. After the optimization of the final 1-D seismic
velocity model, the sources are relocated by the 3-D
velocity model. In this stage, two options are avail-
able in the LOTOS-12 code to parameterize the
velocity profile: (1) with cells and (2) with nodes. In
this study, the node parameterization method is used
for modelling the area. We also used several grids
with different orientations (0°, 22°, 45° and 67°) in

order to decrease any grid dependency by averaging
the results.

The inversion process may also be controlled by
the amplitude and smoothness matrix block. The
weight of this regulator matrix can improve the
inversion results dramatically. With these special
matrices, source correction and other free parameters
can be determined using synthetic tests (Koulakov
2009; Koulakov et al. 2010; Khrepy et al. 2015). The
inversion algorithm used in P velocity and the V/V;
ratio is described extensively in Wagner et al. (2007).
The LSQR algorithm used in the matrix inversion is
described in detail in Paige and Saunders (1982).

The synthetic test in LOTOS allows us not only to
determine the best values for the free inversion
parameters, such as amplitude damping, smoothing
factor and weight factor, but also to determine the
resolution of the model, which may then be used to
improve the inversion with real data. We tried several
synthetic and computed data to achieve the optimal
values for free parameters. The synthetic travel times
are calculated by a bending ray tracing algorithm
which is characterized by alternating positive and
negative velocity anomalies. In addition, a large part
of the study area is adequately covered in terms of ray
traces, with a plethora of ray paths along and across
the EAFZ (Fig. 5).

The noise in the synthetic data set is created by
random values of histogram type residuals. The
average amplitude of noise is taken as 0.28 s and
041 s for P- and S-waves, respectively. Initial
residual values of the largest 1.0 s travel time were
found to fall below 0.5 s after the inversion process
(Fig. 6). The initial models of all synthetic tests are
formed using node parameterization.
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Horizontal ray path coverage of P-wave data set in plain perspective. Straight red lines show the pathway between earthquakes (black circles)
and seismic stations (blue triangles). Black lines display the locations of profiles

In this study, the velocity model produced by
Maden (2012) was used as a 1-D seismic velocity
model. The four prominent seismic velocity models
reported for the study area were tested as an input
model; they were compared with the LOTOS 1-D
velocity optimization results, and the best model that
converged to them was selected. It is clearly seen that
the 1-D seismic model produced by Maden (2012)
coincides and converges with the data set (Fig. 7a). A
velocity model reported by Teoman et al. (2005) is
the second best model to represent the study area.
However, a mismatch was observed in this model,
especially after a depth of 10 km (Fig. 7b). In addi-
tion, the calculated RMS values were higher in the
velocity models reported by Salah et al. (2011)

(Fig. 7c) and Gokalp (2012) (Fig. 7d), which is
thought to be related to model uniformity.

Figure 8 illustrates the final reconstruction of the
checkerboard models defined for all even and odd
data sets. The size of anomalies is 50 x 50 km? in all
models and the values of anomalies in all cases are
+10%, periodically.

In order to determine the effect of noise on the
resolution and the optimal values of free parameters,
we conducted various synthetic tests. When con-
ducting the checkerboard tests, a solution is accepted
when neither the earthquake location nor the initial
1-D seismic velocity model is known previously. A
successful synthetic checkerboard test shows which
part of the model can be solved better, sufficiency of
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Initial (blue) and final (red) travel time residual values of earthquakes

station and event coverage. The artificial travel times
are computed for source-receiver pairs in the same
way as for the real observed data. The source loca-
tions of real events are fixed after five iterations in
order to calculate unknown parameters more accu-
rately. The synthetic data consist of random noise,
giving the same variance reduction as in the real data
inversion case. At the end of synthetic data process-
ing, we disregard all source and velocity model
information and start to rebuild using the same
operation and inversion parameters as in the real data
processing. These tests can be used to determine the
well-resolved part of the study area, and also give an
idea about the values to be adopted for free inversion
parameters in tomography. In this study, the
checkerboard test showed that the data were able to
successfully resolve almost the entire central part of
Eastern  Anatolia between 37.5-40.5°N  and
37.0-43.0°E and its near surroundings down to about
40 km (Fig. 8).

The even/odd synthetic tests show the effect of
noise in the data. The travel time catalog is randomly
subdivided into two parts according to event num-
bers, and the effect of noise on the final results can be
predicted using these tests. For instance, in our study,

the results of the even tests are similar to those of the
odd tests up to a depth of 10 km, while 20, 30 and
40 km horizontal cross-section anomalies in the
central part of the study area look similar to each
other. However, in the horizontal section at the sur-
face, model reconstruction is not correct, because
surficial event sources do not exist in the data. The
even/odd and the checkerboard test results demon-
strate whether the outcomes are robust and unaffected
by other factors (Fig. 8). The major characteristics
discussed here are obvious in all cases, indicating that
our model is rather robust by all tests (Koulakov
2009; Koulakov et al. 2010; Jaxybulatov et al. 2011;
Totaro et al. 2014; Khrepy et al. 2015). Furthermore,
to be able to prove the adequacy of horizontal ray
distribution in the study area, we used fine grid
spacing (5 km) in a lateral section at the central part
of the model, which has a high ray density, especially
along the EAFZ (Fig. 5). Therefore, the good ray
coverage displayed in most cross sections of eastern
Turkey shows the reliability of the computed wave
velocity and thus the V,/V; ratio based on the data set
used in this research (Fig. 8).

In order to better understand the resolution in the
study area, 25 x 25 km horizontal (Fig. 9) and
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30 x 30 km (with 5 km gap) vertical checkerboard
tests were conducted for V, (Fig. 10) and V,/V;
(Fig. 11) models along with even/odd tests consti-
tuted by 50 x 50 km cubes. As a result of all these
tests, the areas where the resolution of the tomo-
graphic model was high are determined. In the
horizontal checkerboard model, the resolution is very
poor in the southern part of the working area. This
poor resolution along the Syrian border is due to the
sparse station distribution and the resulting decreased
ray intensity. A similar situation is observed along the
Black Sea coastline in the north. The checkerboard
test results show that the resolution gradually
decreases from 0 to 40 km. However, the resolution
is still satisfactory, as can be seen in the horizontal
sections of 40 km. Therefore, the horizontal sections

Pure Appl. Geophys.

Figure 8
Horizontal checkerboard test results obtained for P-wave travel
times to predict the optimal values of inversion parameters down to
40 km depth layers with unlimited vertical columns. Periodic
negative (blue) and positive (red) anomalies display +10% velocity
perturbations for 50 km box size. The input for each model is given
at the top of each column. Synthetic (checkerboard) tests (left
column) are applied to determine the resolution capacity of the
model. Even/odd test results of the inversion of two independent
data subsets down to 40 km are presented in the middle and right
columns, respectively

in this study were interpreted as reliable up to a depth
of 40 km. In order to precisely interpret the seismic
vertical models, a checkerboard test was used for Vo
and V,/V, sections, and the areas where the resolution
was high were determined (Figs. 10, 11). According
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Horizontal checkerboard test results for 25 x 25 km? box size with unlimited vertical columns. Anomalies change +10% for P-wave
velocities. V,/V; ratio ranges from 1.5 to 2.0. The dashed lines indicate well-resolved areas
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to these results, the resolution decreases slightly in
the last 20 km of profile 1 and in the middle parts of
profile 6. V,, and V,/V vertical checkerboard test
results show that all vertical sections can be reliably
interpreted. The vertical profile locations designed by
taking into consideration the ray intensity, seismic
station geometry and earthquake distributions are
sufficient to reveal the tectonic structure of the EAFZ
(Figs. 10, 11).

3. Tomographic Results

3.1. Horizontal Tomographic Results

The horizontal sections obtained up to a depth of
40 km reveal a =10% velocity change for the P-wave
inversion. Black dashed lines show the area at high
resolution (Fig. 12). The positive P-wave velocity
change along the EAFZ is remarkable in the 0 km
horizontal depth section. These observed high veloc-
ities are very similar to those of Neogene-Quaternary
volcanic and ophiolite unit distribution geometry
(Italiano et al. 2013). The similar velocity structure
continues increasingly in the 10 km depth layer. In
addition, the low velocities between 2 and 4 km
reported by Gok et al. (2007) are clearly traceable on
the 10 km section. Gok et al. (2011) point out the
seismic velocities which are relatively homogenous at
the horizontal shear wave sections and decrease as the
depth increases. In this study, the negative velocity
changes started after 20 km depth and continued
down to 40 km. Gok et al. (2007) reported very low
shear wave velocities from 30 to 38 km in the
Northeast Anatolia Plateau. Furthermore, they stated
that the Love wave velocities continue down from 10
to 40 km. In addition, the ETSE project result showed
that the crustal thickness continues up to 48 km. By
interpreting attenuation and tomographic studies
together, Gok et al. (2007) concluded that the Eastern
Anatolian Plateau lacks the mantle lithosphere, which
is associated with the fracture of the wracked part
towards the north and the melting of lower levels of
volcanism. The Anatolian Plateau crust is not as thick
due to contact with the hot atmosphere as a result of
volcanism (Sandvol et al. 2003; Gok et al. 2011;
Bartol and Govers 2014). The low velocities reported
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to be more than 20 km deep in previous studies (Gok
et al. 2007, 2011; Warren et al. 2013; Skolbeltsyn
et al. 2014) were also observed in horizontal tomo-
graphic sections. These negative changes traced in
deeper layers are thought to be caused by the hot
mantle effect associated with volcanism as noted by
Sandvol et al. (2003) and Gok et al. (2011) (Fig. 12).

3.2. Vertical Tomographic Results

The tomographic inversion results for P-wave
velocity and V,/V; ratio profiles at seven parallel
vertical cross sections are shown in Figs. 13 and 14,
respectively. The absolute velocity distribution indi-
cates a nearly horizontal layering, and the tomogram
shows good correlation with the known tectonic and
geological characteristics of the study area. Our
tomographic models illustrate P-wave velocities that
vary from 3.0 to 9.0 km/s, from the surface to crustal
depth of 40 km. It is observed that in most of the
vertical velocity profiles, the P-wave velocity image
characteristics are very similar. Some variations can
be explained by the complex geological structures
and the active tectonics of the upper crust. The crust
beneath Eastern Anatolia is under a compressive
tectonic process and saturated with fluid/gas in the
fractured zones (Italiano et al. 2013; Kop et al. 2014;
Gulec and Hilton 2016). For instance, the fractured
igneous rocks give rise to higher P-wave velocities,
as saturation typically increases P-wave velocity. On
the other hand, fracture accompanied by fluid satu-
ration reduces the S-wave velocities, leading to a
proportional increase in V,/V, values (Hauksson
2000; Kaypak 2008; Kaypak and Gokkaya 2012;
Polat et al. 2016; Ozer et al. 2018).

Some studies claim that low P-wave velocity and
low V,/V; ratios are found in gas-impregnated rocks,
while low P-wave velocity and high V,/V; ratios are
associated mainly with fluid-saturated, fractured and
high-pore-pressure rocks such as dolomitic limestones,
marbles, sandstones, ophiolitic melanges and evapo-
rates (Hauksson 2000; Kaypak and Gokkaya 2012).

3.2.1 P-Velocity Model

The P-wave velocity model gives important infor-
mation about the internal characteristics of different
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<«Figure 10
Vertical V,, checkerboard test results for seven depth cross sections.
The input depth cross sections (Fig. 10a) with block size of
30 x 30 km? (with 5 km empty size) are applied to assess the
stability of the vertical model. The tomographic results can be
reliably interpreted according to the results of vertical checker-
board tests (Fig. 10b). The dashed lines indicate well-resolved
areas. Periodic negative (blue) and positive (red) anomalies display
+10% velocity perturbations

geological layers. The inversion suggests four hori-
zontal layers of seismic velocity structures beneath
Eastern Anatolia: (1) the upper crust (~ 0-8 km,
with  V, < 4.6 km/s), (2) the middle crust
(~ 8-20 km, with 4.6 <V, < 5.8 km/s), (3) the
lower crust (~ 20-35 km, with 5.8 <V, < 7.4 km/
s) and (4) the upper mantle layer (below 35 km, with
Vp > 7.4 km/s).

The upper crust layer (~ 0-8 km) Low P-wave
velocity anomalies (V,, < 4.0 km/s) are found along
tectonic zones. It is clearly seen that V, anomalies
correlate with main geological characteristics and
tectonic structures (Fig. 13). Low-velocity anomalies,
on the other hand, follow the sedimentary basins and
unconsolidated material deposits (Gok et al. 2007;
Yusufoglu 2013; Kocyigit and Canoglu 2017).

The middle crust layer (~ 8-20 km depth) The
velocity characteristics of the middle crust layer
compare to the upper crust layer, and a distinctive
velocity feature is obvious at the middle-lower
transmission at ~ 20 km, known as the Conrad
discontinuity (Fig. 13). It is evident that the well-
resolved areas extend from 8 to 20 km, because of the
hypocentre distribution (Fig. 4).

The lower crust layer (~ 20-35 km depth)
Includes seismic velocities down to the upper mantle.
The P-wave velocity in this layer ranges from 5.8 to
7.4 km/s. These velocities may also be related to the
presence of volcanic units. Italiano et al. (2013)
reported that the magnetic fluids were driven to the
surface by lithospheric discontinuities along the
EAFZ and that different lithologies might be impreg-
nated with magma bodies, probably from the
widespread Neogene-Quaternary volcanic activity in
the upper crust (Fig. 13).

The upper mantle layer (> 35 km depth) The high
P-wave velocity (V, > 6.5 km/s) characteristics in
the southward-dipping region is related to the
subducting lithosphere. This high V,, zone is overlain
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by a wedge-like body with V,, ranging between 7.4
and 9.0 km/s, representing the collided continental
crust. The precise location of the Moho can be clearly
seen in the tomogram (see also the even/odd and
checkerboard test; Figs. 8, 9). Even though the
stability of the tomographic computations at this
depth is reduced, the Moho discontinuity can be
deciphered from the undulated flat shape at
~ 35 km. This depth is compatible with the conclu-
sions of other studies using the receiver function
method (Zor et al. 2003; Zor 2008; Salah et al. 2011;
Bakirci et al. 2012; Sertcelik 2012; Vanacore et al.
2013; Tezel et al. 2013; Warren et al. 2013;
Skolbeltsyn et al. 2014; Kind et al. 2015).

Low V,, velocities (V,, < 4.0 km/s) were observed
along the EAFZ and local faults (LF). Yusufoglu
(2013) reported that regional compression occurred
due to tectonic escape deformation between the
Malatya-Adiyaman-Elazig triangle. They observed
that the high seismic velocities (V, > 6.5 km/s)
pointed to this escape and contacted upwards in
profiles 2 and 3. Gok et al. (2007) claimed that low
velocities (V, < 4.0 km/s) were associated with sed-
imentary units at depths of 2-4 km between
longitudes 39.0—42.0 and latitudes 37.5-39.0. How-
ever, they also noted the sediment thickness of up to
7 km in the same study. These low velocities
(Vp < 4.0 km/s) can be observed along the EAFZ
and BSZ at profiles 3, 4 and 5 (Fig. 13). Kocyigit and
Canoglu (2017) pointed out that no study had been
conducted to reveal the geothermal potential of
Erzurum and that the region had great potential in
terms of hot water. In addition, geochemical studies
carried out in the field of study show promising
results, suggesting the presence of geothermal
resources (Bayraktutan et al. 1996; Keskin et al.
2006; Yuce and Taskiran 2013; Italiano et al. 2013;
Gulbay 2015; Kaygusuz et al. 2018). The V}, and V,/
Vs models along Erzurum and its surroundings are
examined, and important indications can be traced. In
particular, low V, (< 4.0 km/s) and high V,/V;
(> 1.85) models are remarkable along local faults
(Figs. 13, 14; profile 7). These anomalies support the
notion that the region may be rich in terms of
geothermal fluids, and much more work on a local
scale should be planned. The obtained tomograms
show that, except for profile 6, the Moho depth starts
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<«Figure 11
Vertical V,/V checkerboard test results for seven depth cross
sections. The size of anomalies is 30 x 30 km? with 5 km empty
size (Fig. 11a). The tomographic results can be reliably interpreted
according to the results of vertical V,/V, checkerboard tests
(Fig. 11b). The dashed lines indicate well-resolved areas. V/V;
ratios range from 1.5 to 2.0

at 35 km and changes at a relatively flat rate. The
tomographic sections coincide with the results
reported by Gok et al. (2007, 2011). Profile 6 draws
a different view from the other profiles. This is
thought to be related to the tectonic compression
regime, that the profile is cut by many local faults and
located on the BSZ.

3.2.2 V)V, Ratio Model

The V,/V; ratio indicates the mechanical and petro-
logical properties of the crust. The low V,/V; ratio
(Vp/Vs < 1.65) can relate to low V, and low Vi

42.0

36.4 38.0 40.0 42.0 Longlttude ‘E 40.0 42.0 36.4 38.0 40.0 42.0 435
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velocities (Fig. 14). The low value of the ratio is due
to the fact that P-wave velocities are proportionally
much lower than S-wave velocities, and thus the
anomaly is generally associated with the presence of
some type of gas (mostly CO,). On the other hand,
high values of the ratio (V,/V, > 1.85) are associated
with low S-wave velocities, and they are interpreted
as highly fractured, saturated rocks with high pore
fluid pressure. This higher ratio can be used as an
indicator of geothermal fluids (Dorbath and Granet
1996; Hauksson 2000; Kaypak 2008; Kaypak and
Gokkaya 2012; Yolsal-Cevikbilen et al. 2012;
Kuznetsov and Koulakov 2014; Ozer and Polat
2017b, c). Hence, there are two types of anomaly
patterns, low and high V,/V; ratio.

Kaypak (2008) showed that the low V,/V; ratios
were observed along the fault zones and could
continue up to 10 km in Erzincan. Similarly, in all
profiles except profile 7, low V,/V; ratios (V,/

40.0 Velocity perturbation (%)

N
1138.0

—1136.0

36.4 38.0 40.0 42.0 Longittude ‘E 40.0 42.0 43.5

Figure 12
V,, tomographic horizontal section results for Eastern Anatolia. The dashed lines indicate well-resolved areas. Periodic negative (blue) and
positive (red) anomalies display +10% velocity perturbations
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Vs < 1.65) were observed along the fault zones in (Italiano et al. 2013; Gulec and Hilton 2016; Kocyigit
this study. Some studies carried out in the area have and Canoglu 2017). In profile 7, low V;, (V, < 4.0
reported that the area could contain hot water km/s) and high V,/V, (V,/V, > 1.85) ratios observed
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<«Figure 13
Vertical sections of absolute P-wave velocity models. Locations of
the profiles are presented in Fig. 2. Dashed thin black and white
lines show approximate Conrad and Moho discontinuity depth,
respectively. A detailed interpretation of low or high V,/V; ratios,
along with V,, profiles, is given in the text. The thick black dashed
lines indicate well-resolved areas. LF' local fault

in Erzurum and its surroundings may indicate undis-
covered hot water potential in the region (Fig. 14).
For this reason, detailed local-scale studies are
recommended in the study area.

4. Discussion

The V,, and the V,/V; ratio in particular are cap-
able of portraying fault zones that operate to transport
hot gas or fluid from deeper parts of the crust to the
surficial layers in Eastern Anatolia. The results of
other studies in the literature (Zor et al. 2003; Dolmaz
et al. 2005; Bektas et al. 2007; Ozacar et al. 2008;
Gokalp 2012; Bektas 2013), which use heat flow,
Curie depth, receiver function, teleseismic tomogra-
phy and microgravity measurements along the EAFZ,
are in line with the V;, and V,/V; profiles obtained in
this study.

Some prominent results from the above-mentioned
studies are summarized in Fig. 15. Zor et al. (2003)
point out the presence of a low S-wave velocity zone
between 15 and 25 km, and report a tapering of crustal
thickness based on the results of the V/V; ratio in the
region. They also discuss that the low-velocity zone
may originate from younger basaltic volcanic rocks.
In the southern part of the available Moho map, high
seismic velocities are clearly visible at shallow
depths, in concordance with the velocity characteris-
tics in the first 40 km of the profiles in this study
(Fig. 16). Bektas et al. (2007) give the depth of the
brittle-ductile transition zone at around 20 km, which
corresponds to the interface shown as the Conrad
discontinuity in this study (Fig. 13). Pamukcu et al.
(2007) emphasize that tectonics of Eastern Anatolia
controlled by continent—continent collision and the
thickness of the crust changes from 40 to 45 km.
Ozacar et al. (2008) obtained a model of the crust
(40 km) and the lithosphere (65 km) by the receiver
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function method, and report that low velocities in the
uppermost mantle create delays in arrival times. These
results are coherent with the raised topography created
by the partially molten and floating asthenosphere
structure (Sengor et al. 2003). Zor (2008) studies the
presence of upper mantle negative velocity perturba-
tion values used to describe the uplift of the Eastern
Anatolian Plateau. The slab-like high velocity along
the Eastern Anatolia Accretionary Complex (EAAC)
is interpreted as being a result of detached southern
and northern slabs. Cambaz and Karabulut (2010)
discuss the high volcanic activity from the upper
Miocene to the Quaternary in Eastern Anatolia, and
note that the Neo-Tethyan ocean floor was completely
destroyed as a result of the collision of the Arabian
and Eurasian plates during the Early Miocene.
Therefore, high group velocities are normally
observed in the Pontides and Bitlis-Poturge massif,
which agrees well with our results. Salah et al. (2011)
remark on the low P-velocities observed in the
vicinity of the NAFZ, EAFZ, and the active volca-
noes. In addition, most of the earthquake activity in
the region is confined to the NAFZ and EAFZ. Some
narrow zones with higher P-wave velocities are also
observed, which suggests the presence of strain. In
this region, earthquake activity is sparse. Bakirci et al.
(2012) relate low seismic velocities to young Neogene
and Holocene volcanism and claim that the Eastern
Anatolian Plateau is under compression and has a
weak structure as a subduction-accretion complex.
They also report high seismic velocities beneath the
subducting Arabian mantle lithosphere from the
Zagros suture, substantiating our results in this study.
Gokalp (2012) suggests that the high-velocity
anomalies are related to remnants of the subducted
lithosphere, which is partly responsible for the vol-
canism since the Late Miocene period, in eastern
Turkey. Maden (2012) computes a temperature of
590 °C at a Moho depth of 35 km and shows the
existence of a brittle-ductile zone. The Curie depth of
29 km, which can be associated with the crustal
magma chambers, is found to be 5-7 km above the
Moho depth. The high heat flow gradient in the mantle
is likely related to melting of the lithospheric mantle,
leading to upwelling of the asthenosphere. Bektas
(2013) estimates the Moho depth in the region to vary
between 33 and 37 km. The tomographic sections in
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Figure 14
Vertical sections of V/V; ratio models. Locations of the profiles are presented in Fig. 2. The thick black dashed lines indicate well-resolved
areas

this study are compared with the magnetic, gravity, systems in the region are associated with the current
thermal structure and Curie depth values in the liter- fault zones. Tezel et al. (2013) estimate a Moho depth
ature, which supports the notion that geothermal of 40 km because of the high-altitude terrain in the
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Summary view of notable tomographic studies previously performed in the study area: (a) Zor et al. (2003), (b) Ozacar et al. (2008), (c) Zor
(2008), (d) Cambaz and Karabulut (2010), (e) Bakirci et al. (2012), and (f) this study

region and S-wave velocities of 4.1-4.4 km/s in the
uppermost mantle. The low-velocity layer was cal-
culated at 2040 km depth. These results are
associated with the Pontides, where the Eurasian and
Arabian plate collision results in the volcanic arc and
subduction in the region. Bartol and Govers’ (2014)
lithospheric model is also consistent with our tomo-
grams for Eastern Anatolia. Skolbeltsyn et al. (2014)
imaged the uppermost mantle structure in the Eastern
Anatolian Region using surface wave tomography to
display the regional tectonic structure of the collision
between the Arabian and Eurasian plates. Their
tomographic images enhance our understanding of the
tectonic processes, which are responsible for the
2 km-high plateau and the volcanic activity in eastern

Turkey. The high-velocity values below the Arabian
Plate, on the other hand, indicate cold lithospheric
roots. The lack of a cold lithosphere in the model by
Skolbeltsyn et al. (2014) is highly supportive of the
existence of volcanism in the Arabian Plate. The
positive S-wave perturbations beneath the EAAC may
indicate a delaminated block of lithosphere. Thee
authors propose that this high-velocity body is another
piece of the broken-off Bitlis slab, probably the
shallowest part of the slab. In Maden et al. (2015), the
Moho, Conrad and sediment depths are computed as
43 km, 20.9 km and 5.2 km, respectively. The high
heat flow values are likely associated with the crustal
magma chambers and the ophiolitic and young vol-
canic rocks covering a large area in Eastern Anatolia.
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Figure 16
Conceptual cartoon beneath Eastern Anatolia along the SE-NW dgirection based on the P-wave structure. a Border of seismic structures
indicating four main seismic layers are shown schematically. b The predicted seismic layer boundaries are shown as blue dashed lines. Color
palette of V,,, same as in Fig. 13. Subduction zone boundaries are shown as black dashed lines. C Conrad discontinuity, EAFZ East Anatolian
Fault Zone, KJ Karliova junction, M Moho discontinuity. ¢ The location of the seven vertical depth cross sections

Hence, the high heat flow values can also be related to values are an indicator of fluid content along the
the melting of the lithospheric mantle owing to the EAFZ. All of these results are consistent with the
elevating asthenosphere. Turkoglu et al. (2015) note tomographic images developed in this study, as seen

that the measured low resistivity (high conductivity) in all depth cross sections.
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In this study, the EAFZ is investigated at a
regional scale and interpreted in detail. Figure 16
providing a summary of the study is given in Gok
et al. (2007) and Skolbeltsyn et al. (2014), and is
consistent with the schematic diagram of the N-S
direction plot. Our tomographic images open up a
new perspective for the Eastern Anatolian crustal
structure, as shown by the summary model in Fig. 16.
We propose high-velocity zones beneath the sub-
duction zone, as illustrated in V,, seismic depth cross
sections (Fig. 16b). The zones/structures with high-
velocity intrusion from the upper mantle to the upper
crust observed at lower levels of almost all seismic
layers probably indicate a thrust fault zone extending
from deeper parts up to 10 km. The relative motion of
the Arabian and Anatolian plates is clearly
detectable from the high V,, velocities. It is found that
the average crustal P-wave velocity profile in Eastern
Anatolia divides the region into four seismic zones
(Fig. 16a). In addition, the Conrad and Moho dis-
continuities are computed at depths of ~ 20 km and
~ 35 km, respectively (Fig. 16¢).

5. Conclusions

This study presents a new local earthquake
tomography application in Eastern Anatolia and
provides an important perspective regarding the tec-
tonic process in the region, suggesting the presence of
some clandestine reservoirs that have not yet been
investigated. P-wave velocity and V,,/V; ratio profiles
present important knowledge about the lithological
and petrological structure of the study area. The
seismic velocity values of the East Anatolian Fault
Zone, which presents the tomographic results of the
P-wave and V,/V; ratio, coincide with the geological
and tectonic structure. Using the data from 78 sta-
tions, operated by AFAD, 4249 earthquakes are
selected for this study. Seven depth cross sections (V,
and V,/V,) were created along the SE and NW
directions to evaluate and display seismic velocity
characteristics beneath some potential geothermal
areas and the subduction zone. The variations in the
V, and V,/V; ratio in eastern Turkey are tomograph-
ically mapped down to a depth of 40 km. P-wave
velocities and V,/V; ratio vary from 3.0 to 9.0 km/s
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and from 1.5 to 2.0, respectively. We propose a four-
layer seismic model of the crustal structure beneath
the Eastern Anatolia: the upper crust (~ 0-8 km
depth, V, < 4.6 km/s), middle crust (~ 8-20 km
depth, 4.6 <V, < 5.8 km/s), lower crust
(~ 20-35km depth, 58 <V, <7.4km/s) and
upper mantle layer (> 35 km depth, V, > 7.4 km/s).
The positive P-wave velocity values in the horizontal
section along the EAFZ on the surface are associated
with volcanic and ophiolite units. It is thought that
the negative velocity changes observed in deep parts
are due to the hot mantle effect which is related to
volcanism. The high seismic velocities (V}, > 6.5 km/
s) which are believed to be caused by the regional
compression effect depending on the tectonic escape
deformation, make contact from the deep parts to the
surface. In particular, the high V, velocities (V,, >
6.5 km/s) that make contact in the southeast are
associated with the subduction zone resulting from
the compression of the Arabian and Anatolian plates.
This study estimates the seismogenic depth to vary
from O to 20 km, with the Conrad discontinuity at
20 km. The average Moho depth is estimated at
around 35 km. Furthermore, low V;, (V, < 4.0 km/s)
and high V/V, (V,/Vs > 1.85) models increase the
likelihood that the region may be rich in geothermal
resources transported by local faults for Erzurum and
its surroundings. Additional local magnetotellurics
(MT), seismic and gravity measurements are needed
to determine whether the fault zone fluid content
controls the seismic characteristics or whether the
fluids are deployed only as a result of the deformation
process.
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