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coda-Q, Eastern Anatolia.  Eastern Anatolia is a tectonically active area, where continent-to-continent collision and 

accretion processes are shaping the crust and leading to high seismic characteristics. The 
main motivation of this research is to calculate the Coda Wave Spatial Variation in the depth 
and horizontal plane using 3438 events recorded by 26 seismic stations. The Coda Q features 
from 1 to 16 Hz are computed for various lapse times, which determine the coda waves depth 
distribution. The contours of Q-variation in the regional crust at different depths are 
obtained. The Coda-Q values range from ~180±120 at 1 Hz to ~800±500 at 16 Hz in the study 
area. The Q characteristics are interpreted concerning tectonics, crustal anomalies, and 
possible geothermal regime variations. Low Q values are observed in and around major fault-
lines, zones of high tectonic activity, and geothermal spots. The results suggest that 8 Hz 
coda-Q distribution may be associated with the Curie point depth distribution. Low Coda-Q 
values specifies high attenuation features, while low-frequency exponent can define clear 
principal attenuation according to molten lower crust along Arabian-Anatolian plate 
collision zone and presence old volcanic units, such as Tendürek, Agri, Süphan, and Nemrut 
Mountains scattered all around the study area, as well as geothermal reservoirs. 

1. Introduction 

One method of quantifying seismic energy attenuation is by the 
analysis of coda waves. The coda wave quality factor (coda-Q or Qc) 
gives significant information about the tectonic activity of a region. 
Coda-Q (Qc) varies with depth and depends on processing parameters, 
like lapse time, frequency, coda window length, signal to noise ratio 
(SNR), besides the tectonics of the region. Therefore, Havskov et al. 
(2016) [1] reported that the coda-Q values can allocate some tectonic 
regions if identical processing parameters are utilized. The coda Q is 
usually associated with the tectonics of the region; thus, it is related 
to faulting and heterogeneity of the medium. Low Qc values have 
consistently been obtained in tectonically active areas [2]. Moreover, 
some researchers [3-7] show that Qc also reduces in the close 
proximity of known geothermal reservoirs. This suggests that coda-Q 
may well be used as an indicator of potential geothermal resources if 
supplemented with other evidence.  

Several works have been applied to define the crustal and lithospheric 
features beneath Eastern Anatolia. Zor et al. (2003) [8] determined the 
S- wave velocity structure using the receiver function method for 
East Anatolia. Turkelli et al. (2003) [9] found that some of the events 
occur in the lower-crust during the East Anatolian Fault Zone (EAFZ), 
whereas, mostly upper-crust earthquakes are observed throughout 
the North Anatolian Fault Zone (NAFZ). Sandvol et al. (2003) [10] 
observed a possible anisotropy in the asthenosphere beneath Eastern 
part of Anatolia. Gok et al. (2003) [11] declared that Eastern Anatolia 
was supported with a hot and thin lithospheric mantle by using Sn 
attenuation tomography technique. Bektas et al. (2007) [12] examined 
the geothermal potential using some important geophysical methods 
such as aeromagnetic, heat flow, and gravity in Eastern Anatolia and 
conclude that Curie Point Depth (CPD) from 13 to 23 km in the region. 
Zor (2008) [13] obtained a three-dimensional (3-D) velocity feature and 
stated a partially molten asthenosphere gives rise to a negative 
velocity anomaly beneath Eastern Anatolia. Sertcelik (2012) [2] 

claimed that higher attenuation in Karliova triple junction might be 
evaluated as the NAFZ being effective in the upper crust. Gokalp (2012) 
[14] revealed a very thin lithosphere and partially molten 
asthenosphere in eastern Anatolia using local earthquake 
tomography method. Vanacore et al. (2013) [15] calculated that the 
Moho depth extends up to 55 km for Eastern Anatolia region and 
concluded that the high Vp/Vs values (>1.85) might be related to recent 
volcanism. Aydin (2015) [16] showed that two different attenuation 
areas were distinguished from south to north as Palu-Mus and 
Erzincan-Erzurum. Cinar and Alkan (2015) [17] determined the crustal 
thickness using the receiver function method was 42 km for Eastern 
Anatolia. Simao et al. (2016) [18] emphasized anisotropy in the new 
kinematic model and showed low-velocity values beneath Lake Van 
and surroundings in the lithospheric mantle. Sertcelik and Guleroglu 
(2017) [19] presented the coda feature along the NAFZ from 20 to 40 
second lapse times. They presented that the coda value for NAFZ 
changes with frequency from 262 to 2454 for 20 sec lapse time. Ozer 
et al. (2019) [20] released a new 3-D seismic velocity model and 
reported Conrad and Moho discontinuities to be at ~20 km and ~35 km, 
respectively. Some coda studies have been performed in Eastern 
Anatolia [1, 2, 16, 21] according to recent literature. But; variation of 
coda-Q with depth at different frequencies is obtained for the first 
time in the study area. Thus, plots of spatial variation of coda-Q at 
different frequencies and discussions distinguish this research from 
earlier studies conducted in Eastern Anatolia. 

 

2. Geology, Tectonic, and Seismic Activity  

Eastern Anatolia is dominated by young volcanic units, which are 
related to the Miocene-Pliocene collision. Quaternary volcanism has 
also been observed in the region [22]. Paleozoic-Mesozoic rocks can be 
seen in the Bitlis massif metamorphic belt while the Malatya region 
contains the metamorphic [23]. Eastern Anatolia has also several 
basins, such as Erzincan and Erzurum basin. Erzincan Cenozoic Basin 
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is covered by younger sedimentary deposits [24]. Erzurum pull-apart 
basin lies between the ophiolitic mélange of the Erzincan-Caucasus 
suture zone and Miocene-Pliocene volcanic. Paleotectonic and 
neotectonic units constitute an important part of local geology in the 
Erzurum basin [25]. 
 
Eastern Anatolia is a tectonic area, where progressive convergence of 
Arabian-Eurasian plates takes place. The crust is thus highly 
fractured and some of the most active tectonic units are located in 
this region [26-28]. The collision between the Eurasian and Arabian 
plates plays a significant attribute in the tectonic evolution of the 
Eastern Anatolian [29]. The collision has given rise to both crustal 
thickening and counter-clockwise tectonic escape of Anatolian Block 
[26]. GPS studies define that the Arabian plate makes an N-NW motion 
relative to Eurasia [30]. This movement between plates has given rise 
to ∼2 km topographic elevation and a 50 km average crustal thickness 
[31-32] and caused the creation of the Bitlis-Zagros Thrust Belt (BZTB). 
The region contains two prominent fault systems, the NAFZ and the 
EAFZ on which many devastating earthquakes have occurred 
throughout history. The NAFZ and EAFZ converge in the Karlıova are 
the two biggest active tectonic units in Turkey. The NAFZ is a dextral 
strike-slip fault, while EAFZ is a sinistral strike-slip fault [37-38].  
 
In the instrumental seismological era, December 27, 1939 Erzincan 
and October 23, 2011 Van earthquakes resulted in a plethora of 
casualties and severe damages to structures. 1939 Erzincan 
earthquake, the largest recorded in Turkey, occurred on the east part 
of NAFZ on a right-lateral strike-slip fault [33-34]. More recently, 2011 
Van Earthquake [35], on the other hand, displayed a relatively short 
surface rupture of approximately 8 km, displaying complex 
kinematics comprising both thrust and strike-slip components [36]. 
The 2011 Van earthquake source mechanism showed that the main 
event had a thrust focal mechanism, while the aftershocks were of 
strike-slip type by teleseismic waveform data [36]. Earthquake 
Department of Disaster and Emergency Management Authority 
(AFAD) fault kinematic solutions for some of the destructive events in 
Eastern Anatolia show that the tectonics of the region is normal, 
thrust, and particularly by strike-slip fault regimes. 
 
 
3. Data and Method 

In this study, 26 seismic stations operated by Ataturk University 
Earthquake Research Center (ATA-DAM), AFAD, and Georgian Seismic 
Network (shared with AFAD) are used (Figure 1). Only, the ERZM station 
is a vertical component short period seismometer (station 15 in figure 
1), while the other stations host three-component broadband 
seismometers. 

 

Figure 1. The seismic stations (white triangles) and the major faults 
[37-38] (black line) of the study area. 

 
A total of 3438 hand-picked events (1.0≤ML≤6.8) were recorded in the 
study area, covering Eastern Anatolia, Iraq and Syria as well as the 
Caucasus and the Black Sea. The distance between the epicenter and 
the station of these earthquakes range between 10 and 400 km (Figure 
2). HYPOCENTER algorithm [39-40] in SEISAN program [41] was used 
to locate the earthquakes. The 3438 earthquakes are recorded between 
2010 and 2015. The depths of earthquakes vary from 5 km to 50 km. 
Root Mean Square (RMS) values of events range from 0 to 0.5 sec. 
 

 
 
Figure 2. Ray paths of the initial catalog (red lines) (blue triangles are 

stations; gray circles are the earthquakes). 

The coda Q spatial variation is computed by using the single 
backscattering method of Aki and Chouet (1975) [42] in Eastern 
Anatolia. In the single backscattering method, the distance between 
the receiver and the source is insignificant. This method defines the 
coda values as a superposition of secondary resources originating 
from scattering by heterogeneities. There is a decline in the amplitude 
of the coda waves with time at a special frequency. According to this 
method, the change of amplitude of coda waves is considered to be of 
the following form [42]: 
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𝐴𝐴(𝑓𝑓, 𝑡𝑡) = 𝑐𝑐(𝑓𝑓) ⋅ 𝑡𝑡−𝛽𝛽 ⋅ 𝑒𝑒−
𝜋𝜋⋅𝑓𝑓⋅𝑡𝑡
𝑄𝑄𝑐𝑐                                              (1) 

 
where, c(f) is the origin function at the frequency (f), and β represents 
the geometrical spreading value. For body waves, β equals 1, yet it is 
0.5 for Love and Rayleigh waves. Qc(f) is the coda waves quality factor 
[42]. 
 
 
The frequency of interest for Qc values and the coda window length 
(30 sec) should be selected first for computing the coda-Q. The 
envelope is estimated by RMS averaging window. Provided that the 
SNR is smaller than 3, this seismogram is ignored. Then, the 
correlation coefficient is calculated. The minimum value of this 
coefficient is chosen to be 0.60 in our study. The seismograms are 
filtered at different frequency bands with central frequencies of 1.5, 3, 
6, 12, 18, 24 Hz and with bandwidths of 1, 2, 4, 8, 12, and 16 Hz; 
respectively. Figure 3 represents processing an example seismogram 
of November 26, 2011 Van Earthquake (ML=2.9), used for coda-Q 
analysis in this study. 
 

 
 
Figure 3. a) Raw Seismogram example from station GEVA and steps 
of coda-Q processing in SEISAN. (b) to (g) filtered coda window. Big 

red arrows indicate origin time, coda start and end time; 
respectively. 

 

The coda-Q values are computed by codaq program in the SEISAN 
package [41]. Fixed lapse time is used in the computations. By the 
single-scattering theory, Pulli (1984) [43] claims that the volume 
exemplified by the coda waves is an ellipsoid, and plane projection has 
the following form: 

          𝑥𝑥2

((𝑉𝑉𝑉𝑉×𝑡𝑡)/2)2
+ 𝑦𝑦2

((𝑉𝑉𝑉𝑉×𝑡𝑡)/2)2−(𝑅𝑅2)2
= 1                                         (2) 

 

where R, shear wave velocity (Vs), t are epicentral distance, Vs and 
average lapse time, respectively [43], and whose foci are the source 
and the station. The variables x and y symbolize the surface 
coordinates and the x-direction for the ellipsoid is along the event-
station path. It was chosen to use Vs = 3.2 km/sec, in compliance with 
the literature [20, 44]. The lapse time is the time length coming from 
the origin time to the coda beginning [1, 42, 43, 45]. Some researchers 
suggest the lapse time to be taken as 2* ts (twice shear wave arrival), 
however, since lapse time determines the volume exemplified by the 
coda waves, in order not to sample different depths in one analysis, 
we fix the length of lapse time, as suggested by Havskov et al. (1989; 
2016) [1, 46] and Havskov and Ottemöller 1999; 2010 [41, 45] (Fig. 4).  

 

Figure 4 shows coda-Q variation at each frequency for 20, 50, 80, 100 
s lapse times. The histogram is useful when analyzing coda values in 
different areas. There is an inverse correlation between computed Q-
values and the epicentral distance. Black plus signs indicate that for 
all lapse times, the number of Coda-Q decreases with epicentral 
distance (Figure 4). 

 

 
 
Figure 4. Coda Q results for 20, 50, 80, 100 s lapse time, respectively.  

 

4. Results and Discussion 

The Coda-Q characteristic of Eastern Anatolia is obtained by using the 
single-backscattering model [42] in this study. Figures 5, 6, and 7 
display Coda-Q horizontal deviation for 1 Hz, 8 Hz, and 16 Hz at 
different depths from 8 km to 32 km. The Coda-Q values range from 
~180±120 at 1 Hz to ~800±500 at 16 Hz (Figures 5, 6, and 7). This pattern 
proves that coda-Q increase with frequency and lapse time (i.e., with 
depth). Table 1 indicates the average Qc variation expressions with 
the lapse time for the whole region.  

 

It can be seen from Table 1 that Coda values at 1 Hz increases up to 90 
seconds lapse time then drops, whereas the exponent α reduces with 
lapse time up to 90 seconds then keep almost stationary thereafter. 
This observation complies with the structure of the crust getting more 
homogenous with depth, leading to less scattering of waves and thus 
higher quality factor. On the other hand, since scattering is less in the 
lower crust (intrinsic attenuation is more pronounced), the frequency 
dependence of the attenuation reduces; this fact is reflected in the 
lower frequency exponent. 

 
Table 1. Summary of lapse time (sec) versus derived Qc expressions. 
 
Lapse time 

(t, sec) 
Coda Q ±standard 

deviation 
Correlation 
Coefficient 

10 Qc=77±14 f0.72±0.09 0.97 
20 Qc=73±7 f0.75±0.05 0.99 
30 Qc=88±4 f0.71±0.03 1.00 
40 Qc=89±6 f0.71±0.04 0.99 
50 Qc=93±2 f0.70±0.02 1.00 
60 Qc=99±1 f0.64±0.01 1.00 
70 Qc=94±2 f0.67±0.01 1.00 
80 Qc=102±3 f0.68±0.02 1.00 
90 Qc=104±5 f0.61±0.04 0.99 

100 Qc=101±4 f0.61±0.04 0.99 
 
 
Qc values at 1 Hz at 16 km depth vary from about 90 in the west of the 
region to around 110 in the east, near Van, Mus, and Agri provinces 
(Figure 5). However, at 16 Hz, Qc values rarely exceed 700 in these 
regions (Figure 7). This rise in Qc may be related to the crust thickness 
from the BZSZ to Pontides [8, 47, 48]. The contour maps at these depths 
suggest that heterogeneity decrease with increasing depth due to the 
absence of faulting, velocity contrasts, or decrease in fluid content. 
Furthermore, attenuation reduces with increasing depth. 
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Figure 5. The spatial variation of Coda Q at 1 Hz. The white thin lines 

indicate main tectonic units [37, 38]. The thick black lines are the 
Coda Q contours. 

 
The CPD varies according to rheological strength, geological units, 
mineral content, pressure and tectonic conditions [49, 50]. Knowledge 
of the Curie point structure of an area helps better understand the 
tectonic and magmatic structure of a region [51]. A Curie isotherm 
map of whole Turkey is given by Aydin et al. (2005) [52] helping 
aeromagnetic data. Furthermore, Bektas et al. (2007) [12] give the CPD 
map specifically for the eastern Anatolia. By comparing the Curie 
point maps, it is seen that there is a good relationship between the 
Curie point map and Qc at 8 and 16 km, especially for 8 Hz contour 
maps [12, 52] (Figure 6). 
 

 
 
Figure 6. The spatial variation of Coda Q at 8 Hz. The white thin lines 

indicate main tectonic units [37, 38]. The thick black lines are the 
Coda Q contours. 

Wave penetration has an inverse relationship with frequency, i.e., 
long period (low frequency) waves travel deeper into the earth [53, 54], 
and the wavelength is inversely proportional to the frequency. 
Therefore, at shallow depths more reliable results are expected of 
high-frequency waves. Conversely, low-frequency waves give more-
accurate information about deep structures. At a depth of 16 km, Qc 
values in Agri and Van region exhibit an increase concerning the 
other regions (Figure 6). Vanacore et al. (2013) [15] claim that high 
Vp/Vs features may be related to recent volcanic activity. Also, the 
Van Lake and surrounding anomalies nearby at 1, 8, and 16 Hz are 
thought to be associated with young volcanic units [22, 55]. These 
suggest the possible existence of a correlation between the Vp/Vs ratio 
and spatial Coda-Q variation at 1 Hz in volcanic regions. 

The Qc values also provide important details about the tectonic 
activity of the region. Gök et al. (2007) [56] suggest the presence of a 
thick and hot crust above a warm upper mantle at the Lake Van and 
near surroundings associated with low seismic velocity. At 16 Hz 
frequency, the Van region displays lower Qc values than the other 
regions, especially at a 16 km depth (Figure 7). For this reason, some 
strong anomaly must exist in this region, which may be related to 
strong deformation rates [18]. These lowest coda-Q zones also coincide 
with the epicenters of two destructive events that impact the Van 
province, on 23 October 2011 (Mw=7.1) and on 9 November 2011 
(Mw=5.7). Consequently, it can be inferred that the low Q values, 
particularly at high frequencies, coincide with the zones of high 
tectonic activity. 
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Figure 7. The spatial variation of Coda Q at 16 Hz. The white thin 
lines indicate main tectonic units [37, 38]. The thick black lines are 

the Coda Q contours. 

 
It is well known that computed Qc values depend strongly on 
processing parameters [1]. Havskov et. al. (2016) [1] evaluated 
variation of Qc by the processing parameters in disparate regions 
around the globe and introduced the idea of using optimum 
parameters for coda-Q estimation. Using these optimum parameters 
and a lapse time of 45 s, the following overall coda-Q relation is 
obtained for the whole region. The average values by Akinci and 
Eyidogan (2000) [34], Ozyazicioglu et al. (2014) [21], and Sertcelik (2012) 
[2] stated lower than our result, average relations by various authors 
are summarized in Table 2. 
 
 

Table 2. Qc expressions for Eastern Anatolia and surroundings by 
various researchers. 

Study Area Q0 α 

Eastern Anatolia, Turkey (this study) 91 0.70 

Karliova region, Turkey [19] 189 0.86 

Eastern Anatolia, Turkey [16] 97 0.93 

Eastern Anatolia-Iran Border [21] 68 0.77 

Eastern Anatolian Fault Zone, Turkey [2] 57.5 0.82 

Zagros, Iran [57] 88 0.90 

North Anatolian Fault Zone, Turkey [34] 40 0.45 

 

 

5. Conclusions 

Coda Wave Spatial Variation in the Eastern Anatolia at different 
frequencies and the variation with depth is demonstrated in this 
study. The Coda-Q values are evaluated by using a five-year-
earthquake data set via the single backscattering method and lateral 

variation of Qc (Q contours) at various depths is obtained by varying 
the lapse time. 

 

The Coda-Q varies from ~180±120 at 1 Hz to ~800±500 at 16 Hz in the 
study area. A regional average Qc equation, by using the optimum 
parameters [1] is also obtained. Low Q0 (91) and low-frequency 
exponent α (0.70) are unique to this region and distinguish Eastern 
Anatolia from other regions in the world when the same processing 
parameters are used. Low Q0 indicates high attenuation by scattering 
and nonlinear (intrinsic attenuation) effects, while low-frequency 
exponent may point out pronounced intrinsic attenuation possibly 
due to molten lower crust along Arabian-Anatolian plate collision 
zone (Bitlis-Zagros suture) and presence of old volcanic units, like Mts. 
Tendürek, Agri, Süphan, and Nemrut dispersed all around the region, 
as well as geothermal reservoirs. 

 

Overall, the lateral distribution of Q0 complies with the general 
observations conducted in other studies, with low Q values observed 
in and around major fault lines and zones of high tectonic activity. 
Besides, this study gives the following additional results: 

 

•There seems a high Q0 contrast at 32 km between south and north of 
a line connecting Tunceli, Mus, Bingol, Bitlis, and Van.  

•Low Qc values in the Van region are coherent with the tectonic 
characteristic. Remarkably, the low Q0 zone at the south shores of the 
Lake Van (west of Van province) coincides with Gevaş geothermal 
springs. 

•The results suggest that 8 Hz Coda-Q distribution may be used as a 
Curie point depth indicator. 

•The Erzincan region has lower Qc values at 16 Hz down to about 24 
km. Similarly, at 1 Hz low Q0 is observed in Erzincan down to 16 km. 
This shows the extent to which the NAFZ penetrates the crust. 
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