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ABSTRACT

The East Anatolian Fault Zone (EAFZ) is one the main tectonic elements of Turkey, which borders
the Anatolian plate from the east. EAFZ, which is NE-SW direction, consists of many fault segments.
In the historical and instrumental period, many damaging earthquakes occurred, the largest being 6.8
(Ms) as the 1971 Bingol earthquake. The last magnitude 6.6 (Ml) (Mw = 6.8) earthquake occurred
on January 24, 2020 in Elaz1g - Sivrice Hazar - Sincik segment of EAFZ. However, considering the
historical and instrumental activity, it is seen that many fault segments are silent. In this study, the
silent and active segments, and their seismic velocity (as % Vp and Vp) and attenuation pattern (as
Q"p) are determined in order to determine the earthquake behavior of EAFZ in the near future. From
the results obtained by using the data of the earthquakes that occurred from 2007 to the end 0of 2019,
it was clearly determined that the velocity and attenuation increased on the Hazar - Sincik segment.
It has been determined that Vp is 4.08-8.2 km/sec, Q"p is + 0.005 and the frequency dependency
varies between 0 - 1.08 along the zone. The variation of velocity and attenuation on the segments
where the earthquake occurred and in the silent section were revealed.

1. Introduction

The East Anatolian Fault Zone (EAFZ) is the
largest tectonic member after the North Anatolian
Fault Zone in Turkey (NAFZ). The EAFZ, which
forms the southern border of the Anatolian Plate with
the Arabian plate, joins with the NAFZ in Bingol -
Karliova. The region where both these tectonic belts
join together is the area where the largest stress occur
depending on the plate movements in Turkey. The
greatest stress occurs here with the pressure exerted
by the Arabian plate from south and the Anatolian
plate moves westward along the borders of the NAFZ
and EAFZ (Allen et al., 2004). In this respect, the
EAFZ forms the other border of the Anatolian plate

on the land with the NAFZ. The EAFZ, which has a
length of 580 km between Karliova and Hatay, plays
a very active role in the geodynamic evolution of
the Anatolian block and in the seismicity of Turkey
(Arpat and Saroglu, 1972; Mc Kenzie, 1976; Taymaz
et al., 1991; Herece and Akay, 1992; Saroglu et al.,
1992; Nalbant et al., 2002; Aksoy et al., 2007; Bulut
et al., 2012; Kartal and Kadiroglu, 2013; Bulut, 2017;
Demirtas and Erkmen, 2019).

In the instrumental period, 1971 Bingdl and 2020
Sivrice earthquakes occurred along the Karliova -
Bing6l and Hazar - Sincik faults respectively with
magnitude of 6.5 (Ms) on the EAFZ, which borders
the Anatolian Plate from south and consists of many
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segments. It was suggested by Demirtag and Erkmen
(2019) that an earthquake should be expected on the
parts of Sivrice that continued in the north - east or
south - west of the EAFZ, which consists of six fault
segments. The very last seismic gaps were formed
between the Hazar - Sincik fault and the Bingdl -
Karliova fault after the Sivrice earthquake. In terms
of earthquake safety of the cities and large facilities
along the EAFZ, it has become important to determine
which segments these seismic gaps cover and what
kind of earthquake behavior the zone will exhibit in
the near future. The seismic velocity change occurring
along the zone will help determine the earthquake
behavior (Jordan et al., 2011). Considering the
ongoing earthquake activity on the EAFZ and finally
the 2010 Kovancilar - Elazig earthquake (Mw = 6.1),
it was suggested by Duman and Emre, (2013) that the
Pazarcik and Amanos segments had the potential to
produce destructive earthquakes in the near future.

Determining the seismic velocity change and
attenuation pattern in regions where the earthquake
activities are high such as the EAFZ is very important
for seismological studies. Seismic velocity diffusion
and attenuation within the crust and the mantle are
sensitive to heterogeneity in the environment. The
seismic attenuation is the decrease in wave energy
over time and distance due to the heterogeneity and/
or inelastic effects within the crust (Aki and Chouet,
1975; Sato, 1977; Aki, 1980; Pulli, 1984; Sato and
Fehler, 1998; Aydm et al., 2020). The transformation
of elastic energy into heat or other forms of energy
results from the energy dissipation in a heterogeneous
environment (Bianco et al., 2002; Abdel - Fattah et
al., 2008; Del Pezzo et al., 2006; Sertgelik, 2012).
Attenuation studies in time or frequency environments
have been performed by various methods using body
or surface waves (Pulli, 1984; Ibanez et al., 1990;
Mohanty et al., 2009; Mukhopadhyay and Sharma,
2010; Ford et al., 2010; Sharma et al., 2011). The
decrease in wave energy depends on the density of
the medium and dissipation. The seismic velocity
is low and attenuation is high in altered zones and
in areas with high volcanic activity, where the fault
zones and discontinuities are high. Many studies have
been conducted to determine the velocity change and
attenuation pattern in the crust in different regions of
Anatolia (Akinct et al., 1994; Akmei and Eyidogan,
1996; Eken et al., 2004; Horasan and Boztepe - Giiney,
2004; Salah et al., 2007, Sertgelik, 2012; Caglar, 2019;

142

Demirsikan et al., 2019; Salah and Sahin, 2019; Aydin
et al., 2020).

In this study, the velocity change (%Vp and Vp)
and the P wave attenuation (Q,”!) pattern with the
frequency dependency degree (1) according to the
characteristics of the environment during the wave
propagation were determined the earthquake behavior
on the EAFZ January 24, 2020 Sivrice earthquake.
The Poisson tomography method was applied for
many regions of the world to determine the velocity
change and the Coda normalization method was used
to determine the seismic attenuation values (Um and
Thurber, 1987; Zhao et al., 1992, 1994; Salah et al.,
2007; 2011; De Siena et al., 2009; Salah and Sahin,
2019; Demirsikan et al., 2019; Toker and Sahin, 2019,
Sahin and Oksiim, 2020). The elastic wave propagation
and attenuation relationships were used to determine
these changes. According to the results obtained using
the data collected by the end of 2019, it was observed
that the %Vp change (Vp values increased) and the
attenuation on the Hazar - Sincik fault, where the
Sivrice earthquake had occurred, was low. Based on
these results, it has been tried to determine what kind
of earthquake behavior the other segments on the
EAFZ will exhibit.

2. Tectonics and Seismicity of the East Anatolian
Fault Zone (EAFZ)

The EAFZ extending between Karliova in the
northeast and Hatay in the southwest, which is
approximately 600 km long, consists of 6 different
fault segments varying between 50 km to 145 km
(Herece, 2003; Demirtas, 2003; Demirtas and Erkmen,
2019). These segments, are respectively Tiirkoglu
- Antakya, Golbasi - Tiirkoglu, Celikhan - Gdlbasi,
Hazar - Sincik, Palu - Hazar and Karliova - Bingol
faults as numbered from 1 to 6 in Figure 1. However,
the part shown with number 7 not named and it is the
intersection of EAFZ fault as shown on the Active
Fault Map of Turkey indicated by MTA (2013). On
the other hand, the fault shown as number 8 indicates
the part where the 2003 Bingdl earthquake occurred
(Demirtag 2003; Demirtag and Erkmen, 2019). This
part is in the same direction with the Yayla Fault
(Figure 1).

Structural and geological studies carried out along
the EAFZ show that the fault has actively moved in a
left - lateral character for the last 3 - 5 million years,
with slips around 9 - 40 km (Arpat and Saroglu, 1972;
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Figure 1- Segments belonging to the Eastern Anatolian Fault Zone (EAFZ) (Demirtas and Erkmen, 2019) and their
tectonic locations. Black arrows show the direction of movement of the plates (Reilinger et al., 2006; Djamour
et al., 2011). The segments were shown with red areas, 1. Tiirkoglu-Antakya segment, 2. Golbasi-Tiirkoglu
segment, 3. Celikhan-Golbas1 segment, 4. Hazar-Sincik segment, 5. Palu-Hazar segment, 6. Karliova-Bingol
segment. The zone number 7 here is not named, but it is one of the seismic gaps. The number 8 shows the
segment where the May 1, 2003 Bing6l earthquake occurred.

Hempton, 1985; Dewey et al., 1986; Allen et al., 2004;
Herece and Akay, 1992; Herece, 2003; Aksoy et al.,
2007; Demirtas and Erkmen, 2019). According to the
geological data, the age of the EAFZ is expressed as
the Upper Pliocene and the average slip rate is 5 - 8
mm/year (Herece, 2003, Demirtas and Erkmen, 2019).
Using the historical earthquake data, it has been
determined that there are two seismic gaps between
Golbas1 - Tiirkoglu and Palu - Bingdl in EAFZ (Barka
and Kadinsky - Cade, 1988; Nalbant et al., 2002;
Demirtag, 2003).

One of the important earthquakes that occurred
in the historical period on the segments that form the
Eastern Anatolian Fault Zone, numbered as segment
1 above (Figure 1), is the 1822 Antakya Earthquake
(Ms = 7.5), which created approximately 200 km of
surface rupture (Demirtag and Erkmen, 2019). The
1866 Karliova - Bingol Earthquake (Ms = 7.2), has a
surface rupture of approximately 45 km. The May 22,
1971 Bingol earthquake (Ms = 6.8), took place on the
same fault. The historical periods of the earthquakes
are respectively; 1872 Amik Lake Earthquake (Ms =

7.2, with approximately 20 km surface rupture) 1874
and 1875 Hazar Lake Earthquakes (Ms=7.1 and Ms =
6.7 with 45 and 20 km surface ruptures, respectively)
and 1893 Malatya Earthquake (Ms = 7.1) (Kartal
and Kadiroglu, 2013; Demirtas and Erkmen, 2019).
The EAFZ, which has a deeper seismogenic zone
compared to the NAFZ, produces -earthquakes
reaching depths of approximately 26 km (Bulut et
al., 2012) that started from the NE end of the EAFZ
and continued towards SW. The general distribution
of historical earthquakes is concentrated in the middle
and NE parts of the EAFZ. It is seen that there have
not been any devastating earthquakes that formed a
surface rupture for the last 500 years on the Golbasi
- Tiirkoglu segment (Figure 1) where the fault folds
to the SW.

According to historical records, two damaging
earthquakes occurred on the Golbasi - Tiirkoglu fault
in 1114 and 1513 on the EAFZ (segment number 2
in Figure 1). It is stated that after the earthquake that
occurred on the segment shown with number 7 in
1789, no significant activity has occurred in this part
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(Kartal and Kadiroglu, 2013; Demirtas and Erkmen,
2019). After this date, the damaging earthquakes
occurred on the Tiirkoglu - Antakya fault (segment
number 1) in 1822 and 1872, Palu - Hazar (segment
number 5) in 1874, Hazar - Sincik in 1875 (segment
number 4 where the Sivrice earthquake occurred in
2020), in 1893 and 1905 on the Celikhan - Golbasi
segment.

In the instrumental period, damaging earthquakes
occurred (Ms = 6.8) on the Karliova - Bing6l fault
(segment number 6) in 1971, in Bing6l (Mw = 6.4)
(segment number 8) in 2003 and in Elaz1g - Sivrice
(Mw =6.8) on the Hazar - Sincik fault in 2020 (segment
number 4) (AFAD, 2020). An earthquake (Mw = 5.2)
occurred on the same segment on April 4, 2019. It is
observed that earthquakes with Ms = 6.7 and larger
occurred along the faults that form the EAFZ in the
historical period. The instrumental magnitude of the
largest earthquake in the EAFZ in the last century is
6.8 (Ms). If an evaluation is made by considering the
mentioned instrumental sizes, it can be said that the
middle and NE segment of the EAFZ are more active
in the instrumental period. On the other hand, when
the historical and instrumental earthquake activities
of the EAFZ are assessed together, it is observed
that the Golbasi - Tiirkoglu fault is silent in terms of
seismic activity. In addition, the fact that there is no

earthquake on segments 2 and 7 (Figure 1) causes
that there is a seismically silent phases (Kartal and
Kadiroglu, 2013).

3. Data and Method

In this study, the total of 249,369 P wave arrival
time data of 29,687 earthquakes (red circles in Figure
2) was used that had occurred between the latitudes
of 35.2 - 41.7 °E and longitudes of 35.9 - 40.1 °N
in order to determine the P wave velocity pattern
of the Eastern Anatolian Fault Zone. The total of
4,474 digital signals (P phase) of 922 earthquakes
(blue circles in Figure 2) was evaluated in order to
determine the attenuation pattern that had occurred
between the same coordinates. Data were recorded
by 40 three - component broadband stations operated
by the Kandilli Observatory and Earthquake Research
Institute (KOERTI) (Figure 3). The location information
of stations is given in Table 1. The response function of
seismographs in which the earthquakes were recorded
is in the range of 0.02 - 100 Hz. The local magnitudes
(ML) of the earthquakes used vary between 1 and 6.1
(Figure 2). In determining the attenuation pattern, the
signal - to - noise ratio of the earthquake recordings
was taken as 1.5 and higher. The beam paths created in
determining the beam path distribution velocity values
(% Vp and Vp) of the earthquakes used in the study

Longitude

Figure 2- The distribution of earthquakes used in the study. Here, black lines show faults and red circles show
the distribution of data used in velocity tomography and blue circles show distribution of earthquakes

used in attenuation tomography.
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Figure 3- The beam paths created in determining; a) velocity values (% Vp and Vp) and b) attenuation (Q,') values of the earthquakes used in
the study. Here, red lines indicate faults (MTA, 2013) and yellow triangles indicate earthquake stations (KOERI, 2020).

Table 1- Location information (KOERI) of the stations where the data used to determine % Vp, Vp and Q,! values are recorded.

Station Code Latitude Longitude Height (m) Station Code Latitude Longitude Height (m)
ARPR* 39.0929 38.3356 1522 BNGB* 38.9913 40.6792 1180
BNN 38.8522 35.8472 1380 CEYT* 37.0107 35.7478 100
DARE* 38.5712 37.4832 1080 DYBB 37.9532 40.1393 657
ERZN* 39.5867 39.7220 1317 GAZ* 37.1722 37.2097 992
ILIC 39.4518 38.5675 1295 KARO* 39.3089 41.0493 1820
KHMN* 37.3916 37.1574 640 KMRS* 37.5053 36.9000 590
KOZT* 37.4805 35.8268 381 KRTD* 36.5934 35.4157 47
KRTS* 36.5730 35.3750 53 MALT* 38.3134 38.4273 1112
MAZI 37.4593 40.4465 1204 PTK* 38.8923 39.3923 1835
SARI 38.4072 36.4182 1673 SVAN 38.1512 41.1985 650
SVRC* 38.3775 39.3060 1680 SVSK 39.9175 36.9925 1630
TAHT* 36.3755 36.1855 278 URFA* 37.4410 38.8213 938
VRTB* 39.1603 41.4558 1498 YEDI* 39.4377 40.5443 1557
YOz 39.6376 35.3152 1422 BINT* 38.8758 40.4890 1342
BTMT 38.1148 41.2935 854 MYA* 38.3262 38.4253 1050
DIY 37.8958 40.2265 657 EZM 39.9200 41.2800 1870
EZC* 39.7520 39.3535 1500 HTY* 36.1211 36.1378 84
YURE* 36.8258 35.6323 491 DORT* 36.8260 36.1966 27
YAYL* 36.0343 36.1070 1225 ERZM 39.9045 41.3622 23800
ATA5 39.9046 41.2448 18650 EIDE 39.8337 41.3035 29800

*Stations used for attenuation study.

are given in Figure 3a and the beam paths created in
determining the attenuation (Qp’l) values are given in
Figure 3b.

The Poisson Tomography method developed by
Zhao et al. (1992) was used to determine the seismic

velocity pattern of the Eastern Anatolian Fault Zone
(EAFZ). In this method, the three - dimensional (3 - D)
grid spacing was determined from the inverse solution
of the P wave arrival times (Figure 4). The model can
be adapted to a general velocity pattern that includes
the seismic velocity discontinuities, and 3 - D velocity
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changes can be determined throughout the model.
The discontinuities represent the known geological
boundaries such as Conrad and Moho discontinuities.
For this, while defining the initial checkerboard model,
the study area was divided into cells (Figure 4), and the
velocity distribution in each cell was defined (Figure

S5a, b). While the velocity distribution was defined,
it was given as the initial velocity model in Table 2
(Kalafat et al., 1987) considering the approximate
velocity changes in the study area. Again, Vp / Vs ratio
was taken as 1.73 based on in this study. The velocity
change at any point in the model is calculated by linear
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Figure 4- Position of grid spacing in horizontal (top) and vertical (bottom) directions.
The grid spacing was taken as 0.3° * 0.3° in the horizontal direction and as -3,
-5, -9 and -17 km depths in the vertical direction.
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Figure 5- Checkerboard resolution model for; a) P-wave velocity (%Vp and Vp) and b) P-wave attenuation (Q,™).
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Table 2- Initial velocity model used to determine % Vp, Vp and
0,7! values (Kalafat et al., 1987).

Depth (km) Vp (km/sec) Vs (km/sec)
0 4.50 2.60
5.4 5.91 3.41
31.6 7.80 4.51
89.2 8.30 4.80

interpolation of the velocity changes at eight nodes
surrounding that point. The iterative Pseudo Bending
technique was used to calculate the arrival times and
ray paths, accurately (Um and Thurber, 1987; Zhao et
al., 1992). This technique is a three - dimensional ray
tracing method. The detection of beam paths is based
on Snell's law. In this method, the station heights were
also taken into account which is defined as the Poisson
tomography.

At the stage of determining the initial model for
the checkerboard test (Figure Sa, b), many trials were
conducted by changing the horizontal and vertical
cell spacing and velocity distributions, considering
the width of the study area and the possible velocity
changes in the region. As a result of these trials, the
study area was gridded at 0.3° * 0.3° in the horizontal
direction and as 1 km interval in the vertical direction.
The model depth was defined up to 30 km in order
to complete the beam paths in the study area. The
amplitudes and P wave velocity anomalies for
attenuation anomalies were determined as + 3% and +
0.01, respectively (Figure 5a, b).

Tomographic methods are based on the inverse
analysis of arrival times of seismic waves within
the parameters specified above (Zhao et al., 1994).
In visualizing the crust and mantle structure, the
geometric shape of the structure is taken into account
in the model parameterization stage (Thurber, 1987).
The TOMOTOOLS (Farouk and Zhao, 2006) software
obtained with the interface created for the code of the
TOMOG3D (Zhao et al., 1992) software was used
to determine the structure of P and S velocities. This
software was designed to determine the crust and upper
mantle velocity structures from the inverse resolution
of arrival times of the recorded local earthquakes.
TOMOTOOLS enables the determination of existing
complex discontinuities in a realistic model and
obtaining 3 - D changes between the velocities.

The vertical component P wave was used to
determine the three - dimensional attenuation pattern
by tomographic method. For this, the signals that
were windowed on the P phase and the noise selected
5 seconds before the 2 second time interval were
selected and the spectral amplitudes of the selected
signals were determined. The ratio of P wave and noise
spectral amplitudes was calculated. The selection
of signal and noise is given in Figure 6. The Coda
Normalization Method used in the study is based on
spectral amplitude ratios. Based on this method, the
attenuation patterns were determined with the Matlab
- based MuRATvV.2 software (De Siena et al., 2016,
2017) developed by De Siena et al. (2009).

This software was developed, which is based on
the approach of the coda normalization method model
by Del Pezzo et al. (2006), Aki (1980) and Frankel
et al. (1990). The method applied is based on the
assumption that the average source size and ground
amplification calculated from many earthquake data
spread in different directions are independent of the
source - receiver direction and the average value varies
geographically (Aki, 1980). The (Qp’l) values, which
are P wave attenuation parameters, are calculated
from the decrease of the P wave amplitude of the
crust caused by inelastic conditions at each station
(Aki, 1980; Frenkal et al., 1990). For this purpose, 2
- second windows (At = 2 seconds) on the P wave and
noise were selected and calculated as seen in Figure 6.
This process is based on the approach of (Aki, 1980;
Frenkal et al., 1990).

(Ln{DY * Ap(f) /AP =a—b*D )

Here; D is the source - receiver distance, g is
the geometric radiation effect, 4, (#) is the spectral
amplitude of the P wave and A (/) is the noise spectral
amplitude. The coda normalization method is widely
used in the calculation of attenuation in the earth crust
independent of soil and instrumental transfer function
(Aki, 1980; Sato and Fehler, 1998; Sahin and Alptekin,
2003; Aydn et al., 2012).

The P wave attenuation in the EAFZ in Del Pezzo
et al., (2006) model was calculated for certain depths
along each wave path (Figure 4). The energy reduction
relation used for this is given by the formula of;

Eij(fr) , 1
EG(Ft) U T P(ftg)

exp [—2nffL--] 2

v(DQF
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Figure 6- Representation of P and S wave phases on the signal. Here, P and N is the 2-second P wave
selected to determine the attenuation parameters, and t, indicates the time of occurrence of

earthquake.

With the application of linear integral by taking
the logarithms of both sides, the following formula is
obtained;

1 1

G _ _* __ \'N—cell -1
di =5;1n (P(f,tc)) Yp=1" Lep SpQ €)

Here the 9¢ value gives the logarithm of the P
wave and the noise spectral ratio determined for the
beam length and is gridded for the given metric range.
The N cells gridded is the total number of blocks
traversed by the beam. Here, the S, attenuation value
is the & beam path length that cuts the block b, which
is characterized by the /;;, O quality factor, and £ is the
wave path index between the earthquake focus and the
station.

The equation (3) can be rewritten so that the
average attenuation value of each b block in the
studied area is Q,' and increasing dQ,'. As a result;

di =X5=f" by Sy Qp" 4)
From here the following formula is obtained (De

Siena et al., 2009).

j6 = L 1 _ jC _ np—-1vyN-—cell 5
G = anln (P(f,tc)) di = Q' Xy ey Sy ()
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From here, Qp’1 values are calculated for a
certain frequency value in each cell. In this study, the
frequency value was taken as 18 Hz.

With the Coda Normalization Method, the
spectral amplitude ratios of the P waves and the
noise window are displayed as a function of the
distance of earthquakes to the earthquake station,
and the attenuation pattern is calculated from the
decrease of the amplitude ratio (Aki, 1980; Frenkal
et al., 1990). In the last stage, the average O, wave
attenuation parameter for each cell was determined
by proportioning the spectral amplitude values of the
P wave. In this way, the discontinuities in the crust
and the continuity of structures were determined.
In the method developed by De Siena et al. (2009)
(MuRATV.2), P and S wave attenuation is determined
depending on the velocity structure in the environment
(De Siena et al., 2016; 2017; Sahin and Oksiim, 2020).

4. Discussion

Checkerboard test was applied to determine the
resolution in determining the rate and attenuation
pattern on the EAFZ (Figures 7 and 8). Initially, the
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checkerboard resolution model was created (Figure
Sa, b) and the resolution tests were applied according
to the velocity model given in Table 2. The parameters
applied for the matrix before the inverse solution are
determined according to the station and earthquake
distribution, the region examined and the number of
rays. For this reason, the special parameterization is
made for each study area during the synthetic tests
stage and its effects on the results are investigated.
The study area in the checkerboard test is divided into
square / rectangular prisms of certain sizes (Figure 5a,
b). To each of these prisms negative / positive or low
/ high attenuation values are assigned. Then, the noise
is added to the synthetic arrival times considering
the phase reading errors and as a result of the inverse
solution, it is checked whether these prisms can be
synthetically recovered. If the desired resolution is
not obtained, then the test is repeated by changing the
dimensions of the square / rectangular prism (Ozer
et al., 2018). In this study, the prism dimensions for
the P wave were designed to be 0.3° *0.3°, + 3% for
the DVp% values and + 0.01 AQP’1 values for the
attenuation pattern (Figure 5a, b). It was considered

as if the seismic model produced by synthetic arrival
times had not been known and the inverse process
was performed using a new initial model. In this way,
the checkerboard model used in the beginning was
tried to be obtained. Checkerboard resolution maps
were obtained based on the initial crustal depth and
velocity model (Figures 7 and 8). In addition, the
resolution sections were taken along the fault zone
and perpendicularly (Figures 12, 15 and 18a, d). The
resolution level of the designed resolution model at
different depths for the P wave velocity and attenuation
was examined. According to the results obtained, it was
seen that the resolution for the P wave velocity values
on the surface could be obtained at 30 km depth, but for
P wave attenuation, the resolution could be obtained
down to 17 km. In both methods, it was observed
that the resolution was low at 2 km depth from the
surface, and the resolution increased after 3 km. Based
on these results, depth maps were obtained for both
methods depending on the resolution at 3, 5, 9 and 17
km. When the map is divided into cells consisting of
positive and negative anomalies, it was observed that
the results with high resolution were obtained at these

-3 -2 -1

AV P %

1 2 3

Figure 7- P wave velocity distribution checkerboard test results (% Vp and Vp) at 3km, 5 km, 9 km and 17 km depths.
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Figure 8- Checkerboard test results for P wave attenuation (AQ,!) at 3km, 5 km, 9 km and 17 km depths.

depths. According to the checkerboard results, the
resolution decreases in the number of rays due to the
low number of stations and rare earthquakes, and the
low intensity of earthquakes as going towards deeper
parts. The resolution changes after 9 km depth for the
P wave velocity changes obtained in the checkerboard
test results, and after 5 km depth for the attenuation
change. The amount of error in depth for determining
the change in the P wave velocity is + 1.24 km and
+ 0.9 km for determining the attenuation values. The
resolution of the P wave velocity change is higher.
Here, the velocity change values were calculated from
earthquake data showing both spatial distribution and
along the fault, and attenuation values were obtained
only from earthquakes occurring along the EAFZ.
The deeper adoption of P wave velocity changes in
depth sections is due to the long and more beam paths.
Therefore, a difference occurs in the deep alignment
of the beam path.
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By applying the inverse solution to the arrival
times of P waves of the earthquakes occurring
between longitudes of 35.2° - 41.7° E and latitudes of
35.9° - 40.1° N in the Eastern Anatolian Fault Zone
(EAFZ), the three - dimensional velocity changes
and the attenuation pattern along the EAFZ were
determined (Figures 9-11). The % Vp, Vp and AQP‘1
values were correlated with the depth given above
and the distribution of earthquakes in the underlying
layer (Figures 9-11). According to the results, it was
observed that the velocity change and attenuation
was low in the Hazar - Sincik segment (segment
4 in Figure 1) where the January 24, 2020 Sivrice
earthquake had occurred, and the Vp velocity is the
same as the peripheral units down to a depth of 7 -
8 km, but lower in deeper parts with respect to the
environment (Figures 9-10).

Although % Vp, Vpand AQI,‘1 values show regional
distribution in parts close to the earth, it is noteworthy
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Figure 9- Spatial distribution of P wave velocity change (Vp%) values at 3, 5, 9 and 17 km depths and their relation with the tectonic
structure. The points here show the focal distribution of earthquakes at the depths given.
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Figure 10- The spatial distribution of P wave velocity (Vp) values at 3, 5,9 and 17 km depths and their relationship with the tectonic
structure. The points here show the focal distribution of earthquakes at the depths given.
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Figure 11- The spatial distribution of P wave attenuation (AQ, ') values at 3, 5, 9 and 17 km depths and their relationship with the tectonic
structure. The points here show the focal distribution of earthquakes at the depths given.

that they show a change due to faults as going deeper.
The variation starts from the 5" kilometer depending
on the fault planes. At this depth, the decrease in % Vp
values (Figure 9) and the increase in Vp values (Figure
10) are particularly concentrated on the Hazar - Sincik
fault. This situation continues down to 30 km depth
(Figures 9 and 10). In the results obtained by geodetic
studies too, it was suggested that the slip had reached
a depth of 20 km (Melgar et al., 2020). However, there
is observed an increase in % Vp and AQP‘1 values
in the NAFZ in the Karliova region. In addition, the
existence of similar situation was detected in Hatay,
which is on the Tiirkoglu - Antakya segment where
two important earthquakes had occurred in 1822 and
1872, in the Adana Basin where the 1945 and 1998
earthquakes had occurred, in Golbasi - Tiirkoglu,
where the 1114 and 1513 earthquakes had occurred,
and on Karliova - Bingdl segments where the 1866 and
1971 earthquakes had occurred (Imamoglu and Cetin,
2007; Yal¢in et al., 2012; Demirtas and Erkmen, 2019;
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Jamalreyhan et al., 2020). It was observed that the %
Vp, Vp and AQP’1 values obtained were compatible
with the heat flux values (Cirmik, 2018). It is possible
to say that the mantle material approaches the surface
in this region. It was determined that the slip velocity
on the EAFZ was mostly over the Hazar - Sincik
segment and the velocities obtained from the fault
surround were concentrated in the Bingdl - Karliova
region (Bulut, 2017).

Two separate sections in two different directions
along the EAFZ (Figure 12-17) as being perpendicular
to the Hazar - Sincik segment (from the 24 January
2020 Sivrice earthquake epicentre) (Figure 18)
were taken and the changes of % Vp, Vp, AQ, ! and
frequency dependency degree (h) were determined.
It was seen that the deep seated earthquakes that
occurred along the EAFZ in the instrumental period
concentrated on this segment. The increase of h up
to 1.08 on this segment indicates that seismotectonic
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activity is high here (Figure 16). In sections taken
perpendicular to the EAFZ as given in Figure 17,
it was observed that the effects of velocity and
attenuation were on the Hazar - Sincik segment where
the deepest Sivrice earthquake occurred on January
24, 2020. On the other hand, there is an earthquake
clustering on Golbasi - Tiirkoglu (segment number
2), Bingol - Karliova (segment number 6) and the
unnamed segment number 7 on the EAFZ. However,
it is possible to say that the cluster on segment number

7 is the Bingodl earthquake that occurred on May 1,
2003 and its aftershocks.

In addition, a 3 - dimensional cross - section was
taken to determine the change of % Vp, (AQ,™") and
n along the EAFZ (Figures 19-21). The compatibility
of %Vp with (AQ,™") values in the horizontal cross
- section maps and each other at the intersection
points of the lines are noteworthy. Based on the cross
- sections and examination of the earthquake focal

Longitude

Figure 12- Checkerboard test result for P wave attenuation (AQ, ') along the EAFZ. Segments on the
cross section; 1) Tiirkoglu-Antakya segment, 2) Golbasi-Tiirkoglu segment, 3) Celikhan-
Golbast segment, 4) Hazar-Sincik segment, 5) Palu-Hazar segment and 6) Karliova-Bing6l
segment. The number 7 here is not named, and it is one of the seismic gaps present in the

region.

Longitude

Figure 13- %Vp change along the EAFZ. Here, the black dots indicate the focal distribution of
earthquakes along the zone, and the blue star indicates the focal depth of the January 24,
2020 Elazig-Sivrice earthquake. Numbers on the cross section are the same as in Figure 12.
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Figure 14- Vp (km/sec) change along the EAFZ. Here, the black dots indicate the focal distribution of
the earthquakes occurring along the zone, while the blue star indicates the focal point of the
January 24, 2020 Elazig-Sivrice earthquake. Numbers on the cross section are the same as
in Figure 12.
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Figure 15- Checkerboard test result for P wave attenuation (AQ,!) along the EAFZ. Numbers on the
cross section are the same as in Figure 12.

depths, the EAFZ depth is estimated to be around 36
km. It was observed that the %Vp, Vp, (AQ,™") values
obtained were compatible with seismogenic zones and
crustal attenuation determined in the region (Turkelli
et al., 2003; Zor et al., 2007).

It is observed that the %Vp change decreases
to 30 km, AQ,”' value decreases to 17 km and the
frequency - dependent change decreases down to 15
km in vertical sections obtained along the EAFZ. It
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is seen that all three values reach the deepest point in
the Hazar - Sincik segment (Figures 12-17). On the
other hand, the decrease of the %Vp and the increase
of the Vp values were detected in the segment 6 and
in the segment 2, close to the boundary of segment
1 (Figures 13 and 14). There was observed a change
on the boundary region of the Dead Sea Fault and the
EAFZ in AQ,”" values, and it is compatible with the
change in velocity (Figure 16). A similar situation is
also observed in the values of h (Figure 17). It was
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Figure 16- The variation of attenuation (AQ, ") values along the EAFZ. Here, the black dots indicate the
focal distribution of earthquakes along the zone, and the blue star shows the focal depth of
the 24 January 2020 Elazig-Sivrice earthquake. Numbers on the cross section are the same as

in Figure 12.

Longitude

Figure 17- The change of frequency dependency degree (h) values along the EAFZ. Here, the black dots
indicate the focal distribution of the earthquakes occurring along the zone, while the blue star
indicates the focal point of the January 24, 2020 Elazig-Sivrice earthquake. Numbers on the

cross section are the same as in Figure 12.

revealed that the results obtained from the cross -
sections given in Figure 18 were consistent with the
results obtained along the EAFZ and Hazar - Sincik
segment, which is the most important segment
of EAFZ, and its slope was shown linearly. It is
demonstrated that the change in %Vp, Vp, AQ,! and

h clearly continued along the fault.

All these determinations are given in three
dimensions in figures 19, 20 and 21. The changes in
%Vp, AQP’1 and h values are revealed more clearly.
It is clearly seen that the decrease in the %Vp and
the increase in Vp values are in the Hatay region, in
segment number 2, in Hazar - Sincik and in Bingo6l -
Karliova segment which is segment number 6 (Figure
19). Similarly, it is observed that the change in values
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Figure 18- The change of a) DVp%, b) %Vp, c) Vp, d) AQ,! checkerboard test, ) AQ,”! and f) n (Figure 1) along the section taken
perpendicular to the Hazar-Sincik segment of the EAFZ shown as number 4 (Figure 1). Here, the black dots indicate the focal
distribution of the earthquakes occurring along the section, and the blue star shows the focal point of the January 24, 2020
Elazig-Sivrice earthquake.
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. Deplh (km)

Figure 19- Three-dimensional view of %Vp change along the
EAFZ. Here, the star refers to the epicenter of the
January 24, 2020 Elazig-Sivrice earthquake.
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Figure 20- Three-dimensional view of the change in AQ,™! value
along the EAFZ. The other information is the same as in
Figure 19.

Depth (km)

Figure 21- Three-dimensional view of the change in i value along
the EAFZ. The other information is the same as in
Figure 19.

of AQ,”' concentrates on the same segments, but
differently, the value of AQP’1 decreases in the Yayla
fault that cuts the EAFZ (MTA, 2013) (Figure 20).
The fact that the maximum value in the frequency
dependency level is in segment number 2 indicates
that this region is in the character of an intersection,
therefore it is a highly altered area. The value of h was
observed in segment number 5 mostly at a depth of
15 km.

In this study, it was determined that the P wave
velocity change increased up to 6% in areas near the
surface and along the fault zone. While this change
is higher in the fault segments as it goes deeper, it
decreases in other areas. Similar results were also
obtained in the studies conducted in the region. While
the high P wave velocity anomalies are seen in areas
close to the surface according to Salah et al. (2011),
low seismic velocity anomalies are observed in deeper
crustal layers. Aydin et al. (2020) stated that Vp was
in the range of 6.13 - 6.49 km/sec in areas close to
the surface in the region and the velocity increased
towards deeper parts. It was stated by Caglar (2019)
that between 22 - 35 km depths in Hatay and its
surroundings, Vp varied between 6.0 - 7.5 km/sec, and
Vp greater than 7.5 km/sec was seen in areas close to
the crust - mantle boundary.

It was determined that the P wave attenuation
(AQp‘l) value varied within the range of + 0.005 along
the EAFZ. On the other hand, the degree of frequency
dependency ranges from 0.1 to 1.08. Both values
indicate that the region is seismotectonically active.
Aydm and Kadirov (2008) determined the P wave
quality factor as 28.5 where Vp was 6.25 km/sec in
the region. Aydin et al. (2020) and Sertgelik (2012)
examined the Coda wave attenuation pattern in the
region and determined the seismic wave frequency
dependency degrees as 1.25 and 0.93, respectively.
These values show that the region has a high
heterogeneity and is seismotectonically active.

When all these results and the 2020 Sivrice
earthquake coulomb stress change (Jamalreyhani
et al., 2020) are examined, the seismicity on the
EAFZ should be expected to be in the Palu - Hazar
segment. The change in %Vp, Vp, AQP’1 and h is in
that direction. This situation is clearly seen in depth
sections. In addition, the changes on the EAFZ will
be followed with new data in order to make this study
sustainable.
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5. Conclusion

The three dimensional %Vp and Vp, AQ,! and
h values belonging to the local earthquakes recorded
by 26 stations along the EAFZ were calculated by
using the tomographic method to the multiple P
wave arrival time inverse solution belonging to the
local earthquakes recorded by 40 stations affiliated
to KOREI. The checkerboard resolution test results,
beam number and beam path maps show that the
velocity anomalies obtained give reliable results down
to a depth of approximately 30 km. Accordingly, it
was observed that velocity values were generally
lower than the average in some segments along the
EAFZ. Regions with low %Vp anomalies are clearly
visible at almost all depths. These can be interpreted
as the movement of the partial melt into the crust in the
lower crust and the melting mantle. It is noteworthy
that although some of the earthquakes occur in
high - speed regions in the region, most of them are
concentrated in regions with low velocity, but in areas
earthquakes with small magnitudes, active faults and
high heterogeneity. Along the EAFZ, there are many
sedimentary basins and widespread fault zones. The
existence of low - speed zones is due to such patterns.

Velocity variations in the region show a
heterogeneous pattern. It was observed that earthquakes
clustered at a depth of 0 - 10 km, where the velocity
changes were the greatest. However, it was observed
that there was a reduction in the decrease of P wave
velocity after 20 km depth. Then, the speed directly
increases as the depth increases. At approximately
20 km, the wave velocity generally increases and
reaches its highest level at this depth. This suggests a
formation change at around 40 km.

Cross - sections were taken in two different
directions in the study area, and the compatibility
of these sections with respect to each other, % Vp,
Vp, AQ,”! and h change maps were observed at the
intersection points of the sections. As a result of this
study, it is observed that velocity and attenuation
values vary according to seismogenic limits along
the EAFZ. Low Vp, high AQ,”! and h indicate that
the environment does not lose its heterogeneity with
depth and that a complex structure or upper mantle
material that increases the attenuation is close to the
upper part of the crust. The Vp, AQ, " and h frequency
dependency degree show significant changes
according to the heterogeneous structure in the upper
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crust. These heterogeneities are shaped depending on
the tectonics of the region. The high h indicates that
the heterogeneity is not lost with depth, and there is a
complex structure that increases the attenuation.

The data used in this study covers the period
until the end of 2019. In other words, it includes the
earthquake data that occurred until a time close to
the 24 January 2020 Sivrice earthquake. The results
obtained show that the stress accumulation was formed
on the Hazar - Sincik segment where the earthquake
had occurred. While the Vp value changes between
4 - 8 km/sec along the EAFZ, it was detected that it
increased up to 7.5 km/sec on this segment. While the
values of AQ,”! change within the range of £ 0.005, it
is seen that it falls on the boundaries of this segment.

By adding data for the year 2020 to the existing
data, it can be traced in which segment the stress
accumulation occurs on the EAFZ. This situation is
important for the sustainability of the study. Knowing
the earthquake behavior of the EAFZ in the near future
is of vital importance for the reduction of earthquake
damages in the regions where many cities with a
significant population and very important facilities for
the economy of our country are located.
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