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ABSTRACT
The East Anatolian Fault Zone (EAFZ) is Turkey's main tectonic unites bordered the Anatolian plate from
the southeastern side. EAFZ, which is NE-SW direction, consists of many fault segments. Many damaging
earthquakes occurred in the historical and instrumental period, the largest being 6.8 (Ms). The last
earthquake occurred on January 24, 2020, magnitude 6.6 (Ml) (Mw=6.8). This earthquake in Elazığ-Sivrice
occurred in the 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 attenuation structure (as
and
is determined by using the high-frequency band as 12 and 24 Hz. The values of attenuation of P and
S waves are determined as ±0.002 and ±0.001, respectively. The frequency dependency values are obtained
between 0.01 and 1.2 for P and S waves. From the results obtained with the use of the data of the
earthquakes that occurred from 2007 to the end of December 2019, it was determined that the attenuation
increased in the Caspian-Sincik segment. The attenuation values on the segments of EAFZ where the
earthquake occurred and in the silent section are revealed.
Keywords: Attenuation, EAFZ, earthquake, tomography.
1. Introduction
The East Anatolian Fault Zone (EAFZ) is the second-longest tectonic structure with respect seismic activity
in Turkey. EAFZ, which forms the southern border of the Anatolian Plate with the Arabian plate, joins with
the North Anatolian Fault Zone (NAFZ) in Bingöl-Karlıova. Karlıova region, where both tectonic zones
Cite this article: ŞAHİN, Ş. (2020). The High Frequency Seismic Attenuation Structure of the East Anatolian Fault Zone. European
International Journal of Science and Technology, 9(11), 19-36.

19

European International Journal of Science and Technology

ISSN: 2304-9693

www.eijst.org.uk

join, is the largest stress area. This stress zone occurs according to the movement of plates in Turkey. With
the pressure of the Arabian plate from the south, the most significant stress occurs in this region, and the
Anatolian plate moves westward along the borders of the NAFZ and EAFZ (Allen et al., 2004). In this
respect, DAFZ, together with the NAFZ, shapes the other border of the Anatolian plate on land. DAFZ,
which has a length of 580 km between Karlıova and Hatay, has a very significant role in the geodynamic
evolution of the Anatolian block and Turkey's earthquake (Arpat and Şaroğlu, 1972; McKenzie, 1976;
Taymaz et al., 1991; Herece and Akay, 1992; Şaroğlu et al., 1992; Nalbant et al., 2002; Aksoy et al., 2007;
Bulut et al., 2012; Kartal and Kadiroğlu, 2013; Bulut, 2017; Demirtaş and Erkmen, 2019). The westward
movement of the Anatolian Plate causes a left-lateral deformation of around 4-13 mm / year on the EAFZ
and slipping where friction is low. The tectonic studies along the EAFZ carried out that the fault with a slip
distribution around 9-40 km has actively moved in the left lateral character for the last 3-5 million years
(Arpat and Saraglu, 1972; Hempton, 1985; Dewey et al., 1986; Allen et al., 2004; Herece and Akay, 1992;
Aksoy et al., 2007; Demirtaş and Erkmen, 2019). DAFZ, which has a deeper seismogenic zone than the
NAFZ, produces earthquakes reaching depths of about 26 km (Bulut et al., 2012).
In the instrumental period, on the DAFZ, which bordered the Anatolian Plate from the south and
consisted of many segments, the earthquakes of 6.5 (Ms) and above on the Karlıova-Bingöl and HazarSincik segments 1971 Bingöl and 2020 Sivrice earthquakes occurred respectively. Demirtaş and Erkmen
(2019) suggested that an earthquake should be expected on the segments that continue in the north-east or
south-west of Sivrice on the EAFZ, which consists of six fault segments. After the last Sivrice Earthquake, a
seismic gap has occurred between the Hazar-Sincik fault and the Bingöl-Karlıova fault. In terms of
earthquake safety of the cities and extensive facilities along the EAFZ, it has become essential to determine
which segments these seismic gaps cover and what kind of earthquake behavior the zone will exhibit soon.
In terms of the cities` earthquake safety and ample facilities located along the EAFZ, it has become essential
to determine which segments these seismic gaps cover and what kind of earthquake behavior the zone will
exhibit shortly. The changes in attenuation and seismic velocity along the zone will help determine the
earthquake behavior (Jordan et al., 2011).
The attenuation of seismic waves in the crust is the decrease in wave energy with time and distance due
to heterogeneity and/or inelastic effect within the crust (Aki and Chouet, 1975; Sato, 1977; Aki, 1980; Pulli,
1984; Sato and Fehler, 1998; Aydın et al., 2020). The decrease in wave energy depends on the density of the
medium and the scattering. The attenuation in the crust varies depending on these features.
Absorption is high in the altered zones, in the areas with high volcanic activity, in the places with high
fault zones and discontinuities, in other words, environments with low seismic velocities medium. Seismic
waves are scattered in the areas with high heterogeneity. In this study, the attenuation of P and S waves
(
and
and the degree of frequency dependence () are determined according to the
environment`s characteristics during wave propagation. Elastic wave propagation and decay relationship are
used to determine these changes. According to the results obtained using the data collected until the end of
2019, it was observed that the attenuation on the Hazar-Sincik fault, where the Sivrice earthquake occurred,
was low. Based on these results, it has been determined that the earthquake behavior will be exhibited on
other segments on the EAFZ.
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2. The Tectonics and seismicity of the Eastern Anatolian Fault Zone
The EAFZ, extending between Karlıova in the northeast and Hatay in the southwest, approximately 600
km in length, is consisted of 6 different fault segments with lengths varying between 50 km and 145 km
(Herece2003; Demirtaş 2003; Demirtaş and Erkmen, 2019). The Türkoğlu-Antakya fault, given as number 1
in Figure 1, is approximately 145 km long and has a strike of N30-35E. The Gölbaşı-Türkoğlu fault, given
as the number 2, extends between Gölbaşı and Türkoğlu, approximately 90 km in length, and its strike is
N55E. The fault extending between Çelikhan and Gölbaşı and shown as five numbered is called the
Çelikhan-Gölbaşı segment and this fault has a length of approximately 50 km and a strike of N65E. The
Hazar-Sincik fault, where the 2020 Sivrice earthquake occurred and shown as number 4, is about 85 km
long and extends between Lake Hazar and Sincik, and consists of two sub-sections. The northern part
striking N60E is located between Lake Hazar and Doğanyol. The Palu-Hazar fault, shown as five the
number, is approximately 50 km long with the N60E strike and is located between Palu and Lake Hazar. The
Karlıova-Bingöl fault, where the 1971 Bingöl earthquake occurred, extends between Karlıova and Bingöl.
This segment, which has a strike of N50E, has a length of approximately 65 km and is shown as number 8 in
Figure 1. The segment not named and given the number 6 is the intersection zone between Yayla fault
(MTA, 2013) and EAFZ (Fig. 1). On the other hand, the fault given number 7 indicates the 2003 Bingöl
earthquake segment (Demirtaş 2003; Demirtaş and Erkmen, 2019). This segment has the same strike of the
Yayla Fault (Fig. 1).

Figure 1- It is the map of the segments belonging to the Eastern Anatolian Fault Zone (EAFZ) (Demirtaş
and Erkmen, 2019). The arrows show the plate directions. The segments, shown with a red rectangle and
ellipse, are 1) Türkoğlu-Antakya Segment, 2) Gölbaşı-Türkoğlu Segment, 3) Çelikhan-Gölbaşı Segment, 4)
Hazar-Sincik Segment, 5) Palu-Hazar segment, 8) Karlıova-Bingöl segment. The number 6 is not named
here, but it is one of the region`s seismic gaps. Segment number 7 shows the fault segment of the earthquake
that occurred on May 1, 2003.
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The total left lateral offset along the EAFZ is between 15 and 22 km (Arpat and Şaroğlu 1972, Herece
2003). According to geological data, the age of EAFZ is the Upper Pliocene and has an average slipping
velocity of 5-8 mm / year (Herece 2003, Demirtaş and Erkmen, 2019). Due to no paleo seismological studies
that have been carried on the EAFZ, it is stated that there is not enough information about the behaver of the
different fault segments on the zone (Demirtaş and Erkmen, 2019). Using historical earthquake data, it has
been stated that there are two seismic gaps between Gölbaşı-Türkoğlu and Palu-Bingöl in EAFZ (Barka ve
Kadinsky-Cade, 1998; Nalbant et al., 2002; Demirtaş, 2003).
One of the earthquakes that occurred in the historical period on the segments that shape the Eastern
Anatolian Fault Zone and given above as numbered (Fig. 1) is the 1822 Antakya Earthquake (Ms = 7.5), and
it was stated that it caused approximately 200 km surface rupture (Demirtaş and Erkmen, 2019). The
Karlıova-Bingöl Earthquake (Ms = 7.2), which occurred in 1866, caused approximately 45 km of surface
rupture. The Bingöl earthquake (Ms = 6.8) occurred on the same fault on May 22, 1971. Historical period
earthquakes are the 1872 Amik Lake Earthquake (Ms = 7.2, approximately with 20 km surface rupture),
1874 and 1875 Hazar Lake Earthquakes (Ms = 7.1 and Ms = 6.7 45 and 20 km surface rupture) and 1893
Malatya Earthquake (Ms = 7.1) (Kartal and Kadiroğlu, 2013; Demirtaş and Erkmen, 2019). Earthquakes
started from the NE end of the EAFZ and movement towards the SW. The general distribution of historical
earthquakes is concentrated in the middle and NE parts of the EAFZ. There has not been a devastating
earthquake that has caused surface ruptures in the last 500 years on the Gölbaşı-Türkoğlu segment where the
fault folds into the SW (Fig. 1) (Demirtaş and Erkmen, 2019).
According to the historical records, two damaging earthquakes occurred on the Gölbaşı-Türkloğlu fault
(segment number 2 in Figure 1) in 1114 and 1513 on the EAFZ. After the earthquake that occurred in 1789
on the segment numbered 6, no significant activity occurred (Kartal and Kadiroğlu, 2013; Demirtaş and
Erkmen, 2019). After 1789, on the segments of Türkoğlu-Antakya in 1822 and 1872 (segment number 1),
Palu-Caspian (segment number 5) in 1874, Hazar-Sincik in 1875 (segment number 4 where the Sivrice
earthquake occurred in 2020), Çelikhan-Gölbaşı in 1893 and 1905 Earthquakes have occurred on the
segment.
In the instrumental period, the earthquakes occurred in 1971 (Ms = 6.8) on the segment of KarlıovaBingöl (segment number 8), in 2003 in Bingöl (Mw = 6.4) (segment 7), and in 2020 in Elazığ-Sivrice (Mw
= 6.8) the Caspian-Sincik segment (segment number 4) (AFAD, 2020). Meanwhile, an earthquake of 5.2
(Mw) occurred on the Caspian-Sincik segment on April 4, 2019. It is observed that Ms = 6.7 and bigger
earthquakes occurred on the faults that make up the EAFZ in the historical period (AFAD, 2020). In the
instrumental period, the magnitude of the most massive earthquake is 6.8 (Ms) in the EAFZ. It can be said
that the middle and NE part of the EAFZ are more active with respect to seismotectonic in the instrumental
period. On the other hand, in the historical and instrumental earthquake activity of the DAFZ, it is observed
that the Gölbaşı-Türkoğlu fault is silent in terms of seismic activity (Kartal and Kadiroğlu, 2013). Besides,
there is no earthquake on the 2 and 6 segments, and there is a seismically silent phase on these segments
(Fig. 1).
3. Data and Method
In this study, to determine the P and S wave attenuation structure along the Eastern Anatolian Fault Zone
(EAFZ), 4474 digital signals (P and S phases) belonging to 922 earthquakes that occurred between the
coordinates 35.2-41.7 E and 35.9-40.1 N were has been analyzed (Fig. 2). The data set is recorded by the
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three-component broadband stations coded as ARPR, BNGB, CEYT, DARE, ERZN, GAZ1, GAZ, KARO,
KHMN, KMRS, KOZT, KRTD, KRTS, MALT, PTK, SVRC, TAHT, URFA, VRTB, SEVEN, BINT,
MYA, EZC, HTY, YURE, DORT and YAYL operated by Kandilli Observatory and Earthquake Research
Institute (KOERI) (Fig. 3). The stations are marked as yellow triangles in Figure 3. The response function of
seismographs is between 0.02 and 100 Hz. The local magnitudes (ML) of the earthquakes are between 1 and
6.1 (Fig. 2). In determining the attenuation structure, the earthquakes` signal to noise ratio was taken as 1.5
and higher. The ray paths of earthquakes are given in Figure 3.

Figure 2- It is the map of the epicenter distribution of earthquakes used in the study. Here the black lines
denote the fault lines.
The initial model for the checkerboard test is designed according to the changing the horizontal and
vertical cell spacing and velocity distributions, the width of the study area, and the possible velocity changes
in the region (Fig. 4). This model is tested much time according to the features mentioned above. As a result
of these tests, it was observed that the study area was gridded at 0.44 * 0.33 ° horizontally and 0.5 km
vertically, and when divided into cells consisting of positive and negative anomalies, relevant results were
obtained at depths of 3, 5, 9 and 17 km (Fig. 5). Model depth has been designed to the depth of 30 km to
complete the ray paths in the study area. Amplitudes for P and S wave attenuation anomalies were
determined as ± 0.001 (Fig. 4).
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Figure 3- Ray paths created in determining P and S wave attenuation values
and
In here,
brown lines denote faults, and yellow triangles denote earthquake stations. EAFZ denotes the East Anatolian
Fault Zone, and vertical sections (given in Figure 11-16) were taken along this line has given red color.
The "Coda Normalization Method", based on the ratio of the vertical component P and S wave amplitudes to
the noise and the coda wave amplitudes separately, was used to demonstrate the three-dimensional
attenuation structure in a tomographic method. To determine the attenuation as tomographic, MuRATv.2
program is used developed by De Siena et al. (2009) based on Matlab code (De Siena et al., 2016; 2017).

Figure 4- The checkerboard resolution model for P and S wave attenuation
24
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Figure 5- The interval of grid spacing as horizontal (top) and vertical (bottom). The grid spacing are 0.44 °
x 0.33 ° in the horizontal direction and -3, -5, -9 - 17 km in the vertical direction.
Table 1- The initial velocity model was used to determine attenuation values
al., 1987)
Depth (km)
Vp (km/sec)
Vs (km/sec)
0
4.50
2.60
5.4
5.91
3.42
31.6
7.80
4.51
89.0
8.30
4.80

ve

(Kalafat et

MuRATv.2 is prepared based on the approach of Del Pezzo et al. (2006). This approach is also based on
the “Coda Normalization Method” model of Aki (1980) and Frankil et al. (1990). This method assumes 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). According to this; by using the spectral amplitude of the P wave by the noise spectral amplitude
and the spectral amplitude of the S wave by the spectral amplitude of the coda wave, the effects of the
source, ground and instrument are eliminated. The attenuation values (
ve
) are calculated from
the reducing of the P and S wave amplitude of the crust caused by inelastic conditions or scattering at each
station (Aki, 1980; Frenkal et al., 1990). The amplitude spectra were calculated by selecting P and S waves
and Δt = 2-sec lengths of noise and coda waves, respectively. This process is given the equation (1) (Aki,
1980; Frenkal et al., 1990);
〈

{

}〉

(1)

Where D is the source-receiver distance,  is the geometric scattering effect, Ap,S(f) is the spectral amplitude
of the P and S wave, and AN,c(f) is the noise and coda wave spectral amplitude, respectively. The coda
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normalization method is widely used to calculate the attenuation in the earth's crust independent of soil and
instrumental transfer functions (Aki, 1980; Sato and Fehler, 1998; Şahin and Alptekin, 2003; Aydın et al.,
2012). With Del Pezzo et al. (2006) model, the attenuation of P and S waves in the EAFZ was determined
for certain depths along each ray path (Fig. 3). The equation of energy reduction used in this study is given
below;
[

∫

]

(2)

With the application of linear integral by taking the logarithms of both sides, the equation (3) is obtained as
below.
(

)

∑

(3)

Where the
value is the logarithm of the spectral ratio between P with noise and S with coda determined
for the ray path length and is gridded for the given metric range, the gridded N cells are the total number of
blocks crossed by the ray path. lkb is the length of the k th ray path intersecting the b block characterized by
Sb and quality factor Q. In equation (3), k represents the ray path between the hypocenter of the earthquake
and the station. As in equation (3),
and
values are calculated for the whole region by dividing
equal to the whole area`s average quality factor. The attenuation values are calculated for a central
frequency value. In this study, the frequency band is between 12 and 24 Hz, and the central frequency value
as 18 Hz. The details of the method are given in De Siena et al. (2009). By comparing the spectral
amplitudes of the P and S waves to the noise and code wave amplitudes separately, the seismic attenuation
values were determined along the EAFZ. In this way, the discontinuities in the crust and the tectonic
structures have been determined. In the method developed by De Siena et al. (2009) (MuRATv.2), P and S
wave attenuation values are determined depending on the velocity structure in the crust (De Siena et al.,
2016; 2017; Şahin and Öksüm, 2020).
4. Results
The checkerboard test was applied to determine the attenuation structure`s resolution along the EAFZ
(Fig. 6-7). Initially, the checkerboard resolution model was designed (Fig. 4), and resolution tests were
applied according to the velocity model given in Table 1. Parameters for the matrix before the inverse
process are determined according to the station and earthquake distribution of the region examined, and the
number of rays. For this reason, during the synthetic tests step, specific parameterization is made for the
study area, and its effects on the results are investigated. The working area`s checkerboard test is divided
into square/rectangular prisms of certain sizes (Fig. 4-7). Each of these prisms is assigned negative/positive
or low/high absorption values. Then, by taking into account the phase reading errors, noise is added to the
synthetic travel times, and as a result of the inverse solution, it is checked whether these prisms can/cannot
be recovered synthetically. The seismic model produced by synthetic travel times is thought to be unknown,
and the inverse process has been performed using a new initial model. In this way, the checkerboard model
used in the beginning was tried to be obtained. If the sufficient resolution is not obtained, the test is repeated
by changing the square / rectangular prism (Özer et al., 2018). In this study, to determine the
ve
values, the attenuation amplitudes were designed as ± 0.001 for each prism, respectively (Fig. 6-7).
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According to the checkerboard results, the resolution decreases in the number of ray paths due to the low
number of stations and the number of earthquakes, and the low intensity of earthquakes towards deeper.
By applying the inversion solution test technique to the arrival times of P and S waves of local
earthquakes occurring between 35.2-41.7 E and 35.9-40.1 N coordinates, the three-dimensional attenuation
structure was determined along the EAFZ (Fig. 8-9). According to the obtained results obtained, it was
determined that attenuation was low in the Caspian-Sincik segment (segment 4 in Figure 1), where the 24
January 2020 Sivrice earthquake occurred.
Although
and
values show a spatial distribution in areas close to the surface, in the deeper
part of crust, they change according to the faults in the studying region. The results obtained from geodetic
studies have also suggested that the slip reaches a depth of 20 km (Melgar et al., 2020). There is a decrease
in the attenuation values (
ve
) in the Karlıova region. Besides, the existence of similar attenuation
structures is observed on the Türkoğlu-Antakya segment where two significant earthquakes occurred in
1822 and 1872 in Hatay, on the Adana Basin where the 1945 and 1998 earthquakes occurred, on the
Gölbaşı-Türkoğlu where the 1513 and 1114 earthquakes occurred and Karlıova were the 1866 and 1971
earthquakes occurred. The results obtained are consistent with previous studies (İmamoğlu and Çetin, 2007;
Yalçın et al., 2012; Jamalreyhani et al., 2020). It has been observed that the obtained values of
and
are compatible with the heat flow values (Çırmık, 2018). It is possible to say that the mantle material
approaches the surface in this region. It has been determined that the slip velocity on the EAFZ is mostly on
the Caspian-Sincik segment, and the velocities obtained from the fault periphery are concentrated in the
Bingöl-Karlıova region (Bulut, 2017).

Figure 6- P-Wave attenuation (

) checkerboard test results at 3km, 5 km, 9 km and 17 km depths.
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checkerboard test results at 3km, 5 km, 9 km and 17 km depths

The vertical section of attenuation for P and S waves and frequency dependency was determined by taking a
cross-section along the EAFZ (Fig. 11-13). The increase of x up to 1 on this segment indicates that
seismotectonic activity is high here. Increasing  up to 1 on the EAFZ indicates that seismotectonic activity
is high (Fig. 13). In the sections taken along the EAFZ, it was observed that the attenuation effect was most
in-depth in the Caspian-Sincik segment that occurred on January 24, 2020, earthquake. It has been
determined that this effect is reached to the depth of 20 km, but the seismic velocity change is reached to the
36 km in the region (Salah et al., 2011; Salah and Şahin 2019). On the other hand, the earthquake activity is
high on the Gölbaşı-Türkoğlu (number 2), Bingöl-Karlıova (number 8), and the unknown segment number 6
on the EAFZ (AFAD, 2020).
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Figure 9- The spatial distribution of S wave attenuation
relation with tectonic structure.
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) values at 3, 5, 9 and 17 km depths and its

values at 3, 5, 9 and 17 km depths and its
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Figure 10- The spatial distribution of frequency dependency () values at 3, 5, 9 and 17 km depths and its
relation with tectonic structure.

Figure 11- The variation of P wave attenuation values (
) in the vertical direction along the EAFZ.
Here, the segment numbers on the section are the same as in Figure 1.
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Figure 12- The variation of S wave attenuation values
in the vertical direction along the EAFZ.
Here, the segment numbers on the section are the same as in Figure 1.

Figure 13- The variation of frequency dependency values () in the vertical direction along the EAFZ.
Here, the segment numbers on the section are the same as in Figure 1.
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Besides, 3-dimensional vertical sections were taken to determine the change of
,
and  values
during EAFZ (Figs. 14-16). It has been observed that these values are changing according to the
seismogenic structures in the studying region.
It is observed that
and
value, and the frequency-dependency values obtained from the depth
of 20 km and 15 km in the vertical sections along the EAFZ, respectively (Figs. 14-16). It is seen that the
three values reache the most profound part in the segments of Çelikhan-Gölbaşı (segment number 3 in Fig.
1), Caspian-Sincik (segment number 4 in Fig. 1), and Palu-Hazar (segment number 5 in Fig. 1) (Figs. 1116). The changes in attenuation and frequency dependency values have been revealed clearly.
According to these results and the 2020 Sivrice earthquake coulomb stress change (Jamalreyhani et al.,
2020), the active seismicity on the EAFZ should be expected to be in the Palu-Caspian segment. The
changes in attenuation and  values are in that direction. This situation is seen in vertical sections. Besides,
to make this study sustainable, it will be useful to follow the changes in the EAFZ with additional data.

Figure 14- The 3-D variation of P wave attenuation values (
32

) in the vertical direction along the EAFZ.
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in the vertical direction along the EAFZ.

Figure 16- The 3-D variation of frequency dependency values () in the vertical direction along the EAFZ.
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5. Conclusions
The three-dimensional
,
and  values were determined as tomographic and based on the Coda
Normalization Method using 4474 P and S wave signals from travel time inversion of local earthquakes
collected from 27 stations operated by KOERI along the EAFZ. The checkerboard resolution test results, the
number of rays, and the ray path’s maps show that the attenuation anomalies obtained are reliable reaches to
the depth of about 20 km.
The vertical longitudinal sections were taken along the EAFZ in the study area, and it was observed that
the change of
,
and  values are compatible with the tectonism. It indicates that the attenuation
and frequency dependence is high, the crust does not lose its heterogeneity with depth, and a complex
structure or upper mantle material that increases attenuation is close to the upper part of the crust.
,
and values vary significantly according to the heterogeneous structure in the upper crust. These
heterogeneities are shaped depending on the tectonics of the region. The high level of  indicates that
heterogeneity is not lost with depth, and there is a complex structure that increases attenuation.
The data used in this study is collected for the period until the end of 2019. In other words, it covers the
period until Sivrice earthquake on January 24, 2020, and shows that the stress accumulation occurred on the
Caspian-Sincik segment where this earthquake occurred. Along the EAFZ, the
value varies within the
range of ± 0.002 and the
value within the range of ± 0.001. In general, positive attenuation values
refer to heterogeneous medium in the crust.
Adding the 2020 data to the existing data can be followed in which segment the stress accumulation
occurs on the EAFZ. Knowing the earthquake behavior of the EAFZ soon is of vital importance for the
reduction of earthquake damages in the region where many cities with a significant population and
significant facilities for the economy of the country are located.
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