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Abstract This study investigates the 2D-lateral distri-
bution of frequency-dependent crustal seismic attenu-
ation parameters beneath the central part of the North
Anatolian Fault Zone in Turkey. Parameter estima-
tions are based on an optimal fit between observed
and synthetically computed seismogram envelopes in
four different frequency bands (1.5 to 12 Hz). The for-
ward modeling of the synthetic data relies on acoustic
radiative transfer theory under the assumption of mul-
tiple isotropic scattering. Lateral variations of intrinsic
and scattering attenuation clearly separate the main
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Department of Electronics and Communication
Engineering, The Faculty of Electrical and Electronics,
Istanbul Technical University, Maslak 34469,
Istanbul, Turkey

T. Eulenfeld · U. Wegler
Institute of Geosciences, Friedrich Schiller University,
Burgweg 11, 07749 Jena, Germany

branch of the central part of the fault zone. Com-
parisons between intrinsic and scattering attenuation
imply that seismic energy loss in the region of the cen-
tral part of the North Anatolian Fault Zone is clearly
dominated by the process of intrinsic attenuation. As
a by-product of the inversion, moment magnitudes
of the investigated events are calculated. Comparison
of coda-derived magnitudes with magnitudes obtained
from the earthquake catalog indicate that the analytical
inversion approach can successfully be applied, even
in this tectonically complex regime.

Keywords Intrinsic and scattering attenuation ·
Acoustic radiative transfer theory · North Anatolian
Fault Zone · Turkey

1 Introduction

The North Anatolian Fault Zone (NAFZ) is regarded
as one of the largest plate bounding transform faults
and separates the Anatolian Plate to the south from
the Eurasian Plate to the north. To describe and bet-
ter understand the propagation of seismic waves in
that region, a profound knowledge of the Earth’s het-
erogeneous subsurface between source and receiver
is required. In addition to the commonly investigated
parameters such as seismic velocity or anisotropy,
information about the seismic attenuation parameters
of the medium is of great importance. Attenuation
is expressed by the decrease of seismic wave ampli-

http://crossmark.crossref.org/dialog/?doi=10.1007/s10950-019-09842-1&domain=pdf
http://orcid.org/0000-0001-7331-3399
https://doi.org/10.1007/s10950-019-09842-1
mailto:peter.gaebler@bgr.de


914 J Seismol (2019) 23:913–927

tude and is mainly caused by three factors. The first
factor is energy loss due to geometrical spreading
of the seismic waves from the source into a spher-
ical wavefront. The second mechanism responsible
for the decrease in seismic wave amplitude is intrin-
sic attenuation. The propagation of seismic waves is
not completely elastic and consequently small frac-
tions of wave energy are converted into other forms of
energy, such as mineral dislocations or frictional heat.
The third parameter, which contributes to the apparent
attenuation of seismic waves, is scattering attenuation.
This mechanism can be described as the redistribu-
tion of seismic energy at 3D-heterogeneities of the
subsurface medium. These scattering events gener-
ate the seismic coda, the part of the seismic signal
recorded after the passage of the direct phase arrivals
(Aki 1969; Aki and Chouet 1975). Numerous studies
in the past suggested that unlike direct waves, high-
frequency scattered waves are more or less insensitive
to source radiation pattern effects due to an averag-
ing of coda waves that sample the entire focal sphere
(Aki 1969; Aki and Chouet 1975; Mayeda and Walter
1996; Eken et al. 2004). Due to the fact that the coda
wave amplitude is proportional to the excitation of the
source, the use of coda waves to extract information
about the seismic source has recently become popular.
Coda wave amplitudes derived from a recent empirical
coda normalization approach using local and regional
earthquakes have been found to be three to four times
more robust than those obtained from the direct phases
(Yoo et al. 2011). A comprehensive review for mul-
tiple theoretical and observational approaches for the
analysis of coda waves can be found in Sato et al.
(2012). Several approaches are routinely used for the
separation of intrinsic and scattering attenuation. One
approach is referred to as diffusion approximation and
is based on the assumption of strong multiple scat-
tering and can only be applied for long lapse times
(Dainty et al. 1974; Wegler and Lühr 2001). A further
commonly used method to investigate the attenua-
tion parameters is radiative transfer theory (RTT), a
method first introduced by Chandrasekhar (1960) to
describe the transport of light in the turbulent atmo-
sphere and which was only later transferred to the
field of seismology (Weaver 1990; Turner and Weaver
1994; Ryzhik et al. 1996). Two main branches of this
method were developed for the purpose of seismic
attenuation imaging. A majority of studies use the
approach of isotropic acoustic scattering of seismic

energy, an approach which only simulates the prop-
agation of shear wave energy under the assumption
of scattering with no preferred direction. One method
that is using this approach as forward algorithm
is multiple lapse time window analysis (MLTWA).
MLTWA is applying coda normalization and uses
energy ratios calculated from averaged data in mul-
tiple time windows to estimate attenuation parame-
ters. Detailed information for studies employing the
MLTWA can be, for example, found in Fehler et al.
(1992), Hoshiba (1993), or Carcolé and Sato (2010).
A further approach uses isotropic acoustic RTT to
directly fit synthetic and observed coda and a time
window for the direct S-wave. This approach does
not rely on coda normalization. For studies applying
this approach, see for example Sens-Schönfelder and
Wegler (2006) or Eulenfeld and Wegler (2016). The
assumption of anisotropic scattering was further incor-
porated in the approach of RTT and was for example
used by Gusev and Abubakirov (1987). This devel-
opment allowed the modeling of forward scattering
and consequently the simulation of peak broadening
effects of the direct seismic wave arrivals. The sec-
ond branch of studies deals with the modeling of
elastic energy propagation (Zeng 1993; Przybilla and
Korn 2008; Sens-Schönfelder et al. 2009; Gaebler
et al. 2015b) and subsequently allows including the
propagation of P-energy as well as conversion effects
between P- and S-energy. In this study, we simulta-
neously invert for attenuation parameters, as well as
source and site effects using the approach of acoustic
RTT under the assumption of multiple isotropic scat-
tering without having to apply a coda normalization
method. The choice of isotropic scattering is justi-
fied also for an anisotropic scattering regime. This
was shown in a study by Gaebler et al. (2015a), in
which results from more complex elastic RTT simu-
lations yielded nearly identical results as simulations
based on a simpler approach using acoustic isotropic
RTT. These findings allow us to rely on the concept
of acoustic isotropic RTT, even in this very heteroge-
neous and complex tectonic regime developed under
intense active deformation.

2 Study area and data

Section 2.1 briefly summarizes the tectonic and geo-
logical setting of the NAFZ, and some previous studies
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focusing on the region of interest are presented in
Section 2.2. Information about the utilized seismic
data and station details can be found in Section 2.3.

2.1 The North Anatolian Fault Zone

The Cenozoic closure of the Tethys ocean and the
following convergent plate motions (for example the
continental collision of the Arabic Plate with the
Eurasian plate) are considered to be responsible for
shaping the recent tectonic settings of the eastern
Mediterranean and Anatolia (Dewey and Şengör 1979;
Taymaz et al. 1990; Taymaz et al. 2004). See Fig. 1 for
an overview of the tectonic settings of Anatolia and of
the surrounding regions.

The NAFZ and the East Anatolian Fault Zone
(EAFZ) represent the major plate boundaries along
which the strain localization controls the current
deformation. The NAFZ is an intercontinental right
lateral (dextral) strike-slip fault of 1600 km length
between the Eurasian plate in the north and the Ana-
tolian plate in the south. The present work focuses on
seismic attenuation characteristics within the crustal
portion of the central NAFZ consisting out of var-
ious converging tectonic blocks such as the Central
Pontides, the Istanbul Zone, the Intra-Pontides, the
Izmir-Ankara-Erzincan Suture Zones (IAESZ), the
Kırşehir Massif, the Ezine Pazari-Sungurlu Fault, and
the Çankırı Basin (Kaymakçı et al. 2000). Two char-
acteristic geological features are the Pontides to the
north, which are considered as the eastern follow-up
of the Rhodope-Pontide fragments and the Çankırı
Basin consisting of an upper Cretaceous ophiolitic
melange and granitoids (Robertson et al. 2009). A
more than 4-km-thick sedimentary infill ranging from
Late Cretaceous to present age is typical for that basin.

2.2 Previous investigations of crustal properties
in the study area

Recently conducted temporary passive seismic exper-
iments in the region have greatly contributed to an
increase of knowledge of the crustal structure. They
shed light into unknown seismic P- and S-wave speed
variations as well as the geometry of discontinuities in
crust and mantle. Investigations of the lateral distribu-
tion of the coda wave quality factor Qc estimated in
five subregions along the NAFZ from east to west have
shown that the largest change of Qc with lapse time

was observed at the western edge in the Yalova-Saros
region. This emphasizes the significance of regional
heterogeneity (Sertcelik and Guleroglu 2017). The
analysis of converted waves showed that crustal thick-
ness varies between 35 and 40 km (Vanacore et al.
2013). Findings on crustal thicknesses from an off-
shore seismic survey implied that the crust could be
much thinner (25 to 30 km) towards the west in
the Marmara Sea region (Laigle et al. 2008). Seis-
mic activity in Central Anatolia is not only associated
to the main branch of the NAFZ. There are sev-
eral moderate earthquakes, for example the 2000 Orta
earthquake (Taymaz et al. 2007) or the 2005 and 2008
Balâ-Sırapınar earthquakes (Çubuk et al. 2014) that
are distributed widespread in the southern block as
the possible indication for ongoing internal deforma-
tion across the Anatolian Plate. Using the inversion
of travel time, residuals extracted from the seismic
activity (Yolsal-Çevikbilen et al. 2012) have reported
pronounced P-wave velocity heterogeneities of up to
6% in the central part of the NAFZ. Results from Pn-
phase traveltime inversions exhibited average Pn-wave
velocities of around 7.9 km/s with average velocity
fluctuations of 0.1% along the strike of the NAFZ
(Gans et al. 2009). This is consistent with the shear
wave velocity distribution at 50 km depth in a recent
multi-scale waveform tomographic inversion (Ficht-
ner et al. 2013a, b; Çubuk-Sabuncu et al. 2017) as well
as with S-wave velocity perturbations resolved within
the inversion of ambient noise data (Delph et al. 2015).
Most recently, based on azimuthal variations of P-
to S-converted waves, Licciardi et al. (2018) reported
a clear asymmetric distribution of crustal properties
between the northern and southern blocks divided by
the NAFZ. They observed more heterogeneous and
stronger anisotropic behavior in the southern block
while in the north, a simple and weakly anisotropic
crust is typically observed.

2.3 Earthquake data and station network

The waveform data used in this study was recorded
within the framework of the North Anatolian Fault
passive seismic experiment, a joint project between
the University of Arizona, Istanbul Technical Univer-
sity, Middle East Technical University, and Boğazici
University (Kandilli Observatory and Earthquake
Research Institute) (Beck and Zandt 2005). The con-
tinuous waveform data of this experiment can be
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Fig. 1 a Tectonic settings of Anatolia and surrounding regions.
Yellow rectangle highlights the study region. Major plate
boundary data are taken from Bird (2003). b Major tectonic
and geological elements of the study area (ESF, Ezinepazar-
Sungurlu Fault; DF, Dodurga Fault; EFZ, Eldivan Fault; IZ,
Istanbul Zone; CP, Central Pontides; ÇB, Çankırı Basin; KM,

Kırşehir Massif; IAESZ, İzmir-Ankara-Erzincan Suture Zone;
IST, Intra-Tauride Suture; NAFZ, North Anatolian Fault Zone).
The tectonic boundaries are taken from Okay and Tüysüz
(1999). White framed black circles indicate the 39 broadband
seismic stations used in this study

accessed via the database management center main-
tained by the Incorporated Research Institutions for
Seismology (IRIS). We used seismic data from 35
out of 39 broadband stations in the time frame from
January 2006 until May 2008. Data from four of
the stations could not be used in the inversion pro-
cess due to low signal-to-noise-ratios at that particular
stations. Overall, 1422 waveforms with high-quality
S-wave signals from 172 local events were used in the
inversion process. Local magnitudes ML of the events
range from 3.0 to 5.0, epicentral distances of the used
waveforms are in the range from 0 to 120 km, to avoid
first arrivals from guided Sn-waves. Only events in
depth range between 0 and 10 km were used for the
estimation of the attenuation parameters. This is to
ensure that the coda waves mainly sense the upper
crust and do not reflect the attenuation parameters of
the lower crust or upper mantle. Earthquake param-
eters, such as hypocenter location, source-time, and
magnitudes, were reported by the Turkish Disaster
and Emergency Management Authority (AFAD). An
overview of station and event locations is presented in
Fig. 2.

3 Inversion using acoustic radiative transfer theory

The inversion procedure consists of two steps. First,
for each analyzed earthquake and all nearby stations,
attenuation parameters and spectral source densities
are determined at different frequencies using acous-
tic RTT. Second, the attenuation results for different
events are averaged at each station and interpolated
between station locations. In this study, we simulta-
neously invert for the intrinsic absorption parameter
b, the transport scattering coefficient g∗, the dimen-
sionless energy site amplification factor R, and the
spectral source energy W in Joule/Hz by solving a
least squares linear equation system. Bounds for b

and g∗ are 10−9 to 10−2 and 10−4 to 101, respec-
tively. The details of the inversion method are compre-
hensively described in Eulenfeld and Wegler (2017).
Here, we only give a summary of the processing steps
and specify the parameters employed in the present
study. For each earthquake, we use data of stations
with a distance smaller than 120 km. Data is filtered
with a Butterworth bandpass filter in octave frequency
bands with central frequencies at 1.5, 3.0, 6.0, and
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Fig. 2 Locations of the 35 broadband stations (triangles) and the 172 events (circles) used in this study. Event colors indicate
magnitude, gray dashed line represents the central part of the NAFZ. A total of 1422 observations are used in the inversion process

12.0 Hz. Each frequency band is inverted separately.
Total energy envelopes from the full seismograms of
the three components at each station are calculated
with the help of the Hilbert transform. The envelope
noise level before the P-wave arrival is removed from
the data. Preliminary S-wave arrivals are calculated
using a local S-wave velocity model compiled from
Delph et al. (2015). As no phase picks are available,
the S-wave window is chosen rather broad to ensure
that it includes all direct S-wave energy and starts 3 s
before the S-wave arrival and ends 5 s afterwards. The
coda window is defined to start at the end of the S-
wave window and has a maximum length of 95 s. The
coda window might be shorter if signal to noise ratio
falls under a level of three or if the smoothed envelope
does not decline with time but starts rising again (for
example due to an aftershock). Waveform data of sta-
tions with coda windows shorter than 20 s are not used
in the inversion, though. If data of less than three sta-
tions is available, the corresponding frequency band is
completely removed from the analysis for this event.
Furthermore, to clearly mark the boundary between
the northern and southern part of the NAFZ, only
station-event-pairs that are both located either north
or south of the NAFZ are used in the inversion pro-
cess. Stations on the opposite site of the NAFZ as the
investigated event are discarded and not used in the

inversion. Theoretical envelopes are calculated based
on Eulenfeld and Wegler (2016, eq. 1):

Emod(t, ri ) = WRiG(t, ri , g
∗)e−bt (1)

where i, t , and ri represent station index, lapse time,
and the distance vector pointing from the hypocenter
to the station location, respectively. G is the scatter-
ing Green’s function of the envelope given by acoustic
radiative transfer (Paasschens 1997). The theoretical
envelopes are fitted to the observed envelopes on a
logarithmic scale. The fitting parameters are b, g∗, and
Ri ·W . Several trade-offs between the different fitting
parameters exist. In general, there is a perfect trade-
off between Ri and W in Eq. 1. This trade-off can
be resolved by fixing the geometric mean of Ri to 1
(�Ri = 1). From Eq. 1, we expect a moderate trade-
off between W and b. Trade-offs between g∗ and all
other parameters are expected to be rather small due
to the fact that the value of g∗ is basically fixed by
the energy ratio of the direct S-wave and the level of
the coda waves. Attenuation parameters b and g∗ are
directly related to Q−1

i and Q−1
s (Gaebler et al. 2015a;

Eulenfeld and Wegler 2017):

Q−1
s = g∗v0

2πf
Q−1

i = b

2πf
. (2)
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The parameter f denotes frequency, and v0 is the
mean S-wave velocity, which is obtained from a local
S-wave velocity model by Delph et al. (2015). Data
in the S-wave window is averaged and weighted with
the length of the S-wave window. Data in the coda
window is smoothed with a 1-s Bartlett window. The
reasoning behind the special handling of the S-wave
window is that effects of anisotropic scattering are not
correctly described by the employed acoustic Green’s
function near the direct S-wave arrival. For exam-
ple fits between observed and modeled envelopes, we
refer the reader to Figs. 3 and 4. In the second step,
we follow the procedure described in Eulenfeld and
Wegler (2017). The calculated observables Q−1

i and
Q−1

s are assigned to the stations used in the partic-
ular inversion. After that, values for each station are
averaged and interpolated between station locations.
Results for the spatial distribution of Q−1

i and Q−1
s

are given in Section 4.

4 Results of the inversion process

Example fits between synthetic and observed
envelopes demonstrate the performance of our inver-
sion and are presented in Section 4.1. A comparison
of magnitudes obtained in the inversion and from the
catalog is given in Section 4.2. Finally in Section 4.3,
we present the 2D-lateral distribution of intrinsic and
scattering attenuation that is individually estimated at
each station.

4.1 Example data fits

To model the synthetic envelopes, the method of
acoustic RTT is applied; therefore, it is only possible
to model the propagation of S-wave energy. Conse-
quently, only the fit between the direct S-wave arrival
as well as the fit between the seismic coda follow-
ing the direct S-wave arrival of the synthetic and
observed data can be determined. This is justifiable as
S-wave energy dominates most of the seismic signal,
mainly from the direct arrival of the S-wave to the late
parts of the seismic coda (Ryzhik et al. 1996; Gaebler
et al. 2015b). In Fig. 3, envelope fits for four different
events with different local magnitudes (ML 3.0, 3.1,
3.2, and 4.0) and different frequency bands (1.5, 3.0,
6.0, and 12.0 Hz) are presented.

For all magnitudes and frequency bands, the direct
onset of the S-wave can be modeled with high accu-
racy in terms of amplitude of the envelopes. The decay
of the seismic coda for time windows of up to 50–75 s
can be modeled with high accuracy as well. Note the
faster decay of the seismic coda for higher frequen-
cies. The overall quality of data fits is comparable with
fits presented in Gaebler et al. (2015a) and Eulenfeld
and Wegler (2016). Figure 3 clearly displays that for
different regions of the study area and for events with
different magnitudes, the observed data can be well
described with the model data. Figure 4 additionally
shows the fits in the remaining frequency bands for
event 1 not shown in Fig. 3 and points out that fits
are acceptable across all frequencies for one individual
event.

4.2 Magnitude comparison

As a side product of the inversion, additionally to the
attenuation parameters, the moment magnitude Mw

for each individual earthquake in our dataset is esti-
mated by taking the geometric mean of the source
displacement spectrum at frequencies smaller than
6 Hz. For further details on the computation of Mw,
the reader is referred to Eulenfeld and Wegler (2016).
Figure 5 shows a comparison between Mw estimated
during the inversion process and local Richter magni-
tudes obtained from AFAD.

In general, a good agreement between both types
of magnitudes can be observed. This indicates that
the modeling of scattered S-waves using acoustic RTT
under the assumption of multiple isotropic scattering
is appropriate to relate the amplitude and the decaying
character of the coda wave envelopes to the seismic
moment of the source. Routinely determined magni-
tudes such as ML or mb are calculated from phase
amplitudes and are strongly sensitive to source radi-
ation patterns and lateral variations along the path
(Pasyanos et al. 2016). Mw, in contrast to ML, essen-
tially represents a direct measure of the strength of
an earthquake caused by fault slip and is estimated
from a relatively flat portion of the source spectra at
low frequencies. For these low frequencies, seismic
attenuation is not drastically affected by near-surface
structure (Ristau et al. 2003). Earlier coda wave stud-
ies performed on local and regional earthquakes in the
region (Eken et al. 2004; Gök et al. 2016) utilized an
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Fig. 3 Example fits of observed and synthetic envelopes for
four different earthquakes with varying magnitude and four
different frequency bands. Annotated stations (triangles) are
shown in the bottom part of the figure, and non-annotated

stations are used in the inversion process, but are not shown in
the example envelopes. Frequencies increase from top to bot-
tom, and magnitudes of the example events decrease from top
to bottom
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Fig. 4 Same as Fig. 3, but fits are shown for three remaining frequency bands (3, 6, and 12 Hz) of event 1 (see Fig. 3)

empirical coda waves approach that assumes a simple
1-D radially symmetric spath correction. Furthermore,
the amplitude-distance relationships were examined

using coda waves based on 2-D path-corrected station
techniques earlier employed in Mayeda et al. (2005)
and Phillips et al. (2014) to improve the resolution

Fig. 5 Comparison of
catalog local magnitudes
and moment magnitudes
estimated during the
inversion process
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of earthquake source parameters. Resultant magnitude
estimates showed a good accordance with the esti-
mates from regional moment tensor inversions for the
same events. In this study, we do not have too many
earthquakes with Mw > 3.5 but for available ones, we
observe a promising correlation with the correspond-
ing local magnitudes. A good correlation between
coda-derived magnitudes with either moment or local
magnitude scales for the earthquakes with Mw > 3.5
suggests that empirical or non-empirical (this study)
coda envelope fitting algorithms successfully worked
in this tectonically complex region. In Fig. 5, it can
be observed that the correlation between ML and Mw

gets worse for smaller events. This could be explained
by the fact that direct waves of small events are more
subject to near-surface attenuation effects due to their
higher frequency content. Therefore, their amplitude
measurements for ML cannot easily be related to the
seismic moment. Furthermore, small errors during the
inversion in the estimation of the other parameters
(Q−1

i , Q−1
s ) may also lead to errors in the estimation

of the moment magnitude.

4.3 Intrinsic and scattering attenuation

The 2D-lateral distribution of intrinsic, scattering, and
total attenuation is presented in Fig. 6.

For the entire study area, our method yields val-
ues from 0.0015 in the 12 Hz band up to 0.008 in
the 1.5 Hz band for the inverse of the intrinsic qual-
ity factor Q−1

i . Values for the inverse of the scattering
quality factor Q−1

s are in the range from 0.0005 at
12 Hz up to 0.004 at 1.5 Hz. Q−1

i and Q−1
s can be

summed up in a value Q−1
t which is representative for

the total attenuation of seismic waves. Q−1
t is in the

range from 0.002 in the 12 Hz band up to 0.011 in
the 1.5 Hz band. While in the northern part, values for
Q−1

i are in the range from 0.002 at 12 Hz to 0.007
at 1.5 Hz, and values are lower in the southern part
of the NAFZ ranging from 0.0018 in the 12 Hz band
up to 0.0058 in the 1.5 Hz band. For Q−1

s , values in
the north range from 0.0009 at 12 Hz up to 0.003 at
1.5 Hz; in the southern part, values are slightly lower
and range between 0.0097 at 12 Hz and 0.0029 at
1.5 Hz. This translates into values for the total atten-
uation Q−1

t of 0.003 at 12 Hz up to 0.0103 at 1.5 Hz
in the northern part. Values for Q−1

t in the south-
ern part consequently are in the range from 0.0025

at 12 Hz up to 0.0087 in the 1.5 Hz band. Atten-
uation values at the individual stations are average
values calculated from several inversion runs of differ-
ent earthquakes. The deviations are calculated in terms
of the median absolute deviation in percent from the
individual attenuation measurements at the stations to
the average values for the different frequency bands.
For Q−1

i , the median absolute deviations are in the
range from 4 to 20% for 1.5 Hz, from 2 to 16% for
3.0 Hz, from 4 to 12% for 6.0 Hz and from 8 to 20%
for 12.0 Hz. For Q−1

s , the values range from 3 to 33%
for 1.5 Hz, from 10 to 30% for 3.0 Hz, from 10 to
40% for 6.0 Hz, and from 20 to 40% for 12.0 Hz.
An overview of the values for the median absolute
deviation in percent for Q−1

i and Q−1
s is given in

Fig. 7.
It is visible that deviations for Q−1

s are significantly
higher than the deviations for Q−1

i . The estimation
of Q−1

i is very robust, as it is mainly related to the
stable decay of the seismic coda. In contrast, the esti-
mation of Q−1

s is more susceptible to uncertainties, as
it relies on the energy ratio of the direct S-wave and the
coda wave. Despite the relatively high median abso-
lute deviations, our method still yields reliable results
for Q−1

i and Q−1
s , as we average over a large num-

ber of inversion results. For further information on the
stability of the inversion method, we refer the reader
to the Supplementary Material of this manuscript. An
overview of the aforementioned values for Q−1

i , Q−1
s ,

and Q−1
t for the northern and southern part of the

NAFZ is presented in Fig. 8.
The frequency dependence of the total attenuation

(see right part of Fig. 8) follows a best fitting power
law of 0.013 × f −0.67 for the blocks north of the
NAFZ and 0.011 × f −0.71 for the blocks south of
the NAFZ. These values are comparable with find-
ings from Eulenfeld and Wegler (2016), who inves-
tigated seismic attenuation parameters for geother-
mal reservoirs in Germany for frequencies between 1
and 70 Hz. Our results suggest that over the entire
study region, intrinsic attenuation is clearly dominant
over scattering attenuation. Amounts of attenuation
resolved in this study are comparable with results
for crustal structure estimated in other studies (Sens-
Schönfelder and Wegler 2006; Carcolé and Sato 2010;
Calvet and Margerin 2013; Gaebler et al. 2015a).
For an overview over crustal intrinsic and scattering
attenuation parameters, we refer the reader to the sup-
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Fig. 6 Seismic intrinsic (left), scattering (middle), and total
attenuation (right) in the study region represented by the inverse
of the quality factors (Q−1

i , Q−1
s , and Q−1

t ) for the four dif-
ferent investigated frequency bands (increasing frequency from

top to bottom). Blueish colors indicate weaker attenuation, and
yellowish colors represent stronger attenuation. Circles repre-
sent the attenuation values at the different stations, and values
in between stations are interpolated

plements of this manuscript or to Sato et al. (2012)
or Rachman et al. (2015). The lateral variations of
intrinsic attenuation exhibit clear visible differences
between parts north and south of the NAFZ in all
investigated frequency bands. This profound contrast
marks the surface boundary of the NAFZ between two
major tectonic units, the Çankırı Basin and the Cen-
tral Pontides in the study area. Seismic energy loss due
to the anelastic processes or internal friction during
wave propagation is strongly controlled by temper-
ature (Cormier 2011). Eulenfeld and Wegler (2017)
observed a clear dependency of Q−1

i on temperature

in the contiguous United States, with higher attenua-
tion values being observed for the younger and hotter
crust in the western part of the United States. In most
parts of our study area, heat flow values vary around
70–80 mW/m2. For a region in the north of the NAFZ
in the Central Pontides (34–35◦ E, 40.7–41.3◦ N),
higher heat flow values of around 130–140 mW/m2

were reported by Akın et al. (2014). These higher
heat flow values can be attributed to relatively shal-
low Curie point depths as well as the existence of hot
water sources and hot springs in the northern part of
the NAFZ. Such high values can be regarded as typical
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Fig. 7 Median absolute
deviation in percent for
Q−1

i (left) and Q−1
s (right)

the individual inversion
runs to the average values at
the stations for the four
different investigated
frequency bands (increasing
frequency from top to
bottom). Blueish colors
indicate smaller deviations
from the average, and
yellowish colors represent
larger median absolute
deviations

for a tectonically active region and hence can explain
the high intrinsic attenuation values in the north of the
NAFZ. In fact, high heat flow in this region is evi-
dent from the thick volcanic and volcano-sedimentary
rocks that are cut by steeply dipping faults (Ustaömer
and Robertson 2010). Besides this, an ∼ 4-km sedi-
mentary landfill that ranges from the Late Cretaceous
to present age in the Çankırı Basin is also visible
with high intrinsic attenuation variations in the south.
Scattering attenuation only contributes to a small por-
tion to the total attenuation in the investigated region

and furthermore, lateral variations of scattering atten-
uation are small in the central part of the NAFZ.
These two observations imply that crustal small-scale
heterogeneities (for example fractured upper crustal
rocks) only have a secondary influence on total seis-
mic attenuation. Overall geological differences across
the NAFZ between, i.e., upper Cretaceous ophiolitic
melange and granitoids in Çankırı Basin (Robertson
et al. 2009) and Permo-Carboniferous granitic mag-
matism, and Jurassic high-temperature low-pressure
metamorphism in the central Pontides (Okay and
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Fig. 8 Seismic attenuation in terms of Q−1
i , Q−1

s , and

Q−1
t in the northern and southern region of the central

part of the NAFZ. Dashed lines in the right part repre-
sent a best fitting power law for Qt

i . Gray lines indicate

the deviation in terms of median absolute deviation from
the individual stations north and south of the NAFZ to the
average values for the regions north and south of the NAFZ

Tüysüz 1999) appear to represent the distinct pattern
in the variation of attenuation properties between the
parts north and south of the NAFZ. Several recent seis-
mological and geoelectrical observations and models,
for example, fault guided head wave analysis and 3-D
seismic velocity distributions following travel time or
waveform tomography–derived imaging (Bulut et al.
2012; Yolsal-Çevikbilen et al. 2012; Fichtner et al.
2013a, b; Delph et al. 2015; Çubuk-Sabuncu et al.
2017), as well as 2D and 3D geoelectric models of the
crust (Tank et al. 2005; Kaya et al. 2009, 2013) pro-
vided additional data on the evidence for lithological
differences.

5 Conclusions

We apply an inversion approach using local earth-
quakes in the central NAFZ region to investigate
intrinsic and scattering attenuation properties of the
crust in the frequency range from 1.5 to 12.0 Hz.
Spatial variations of intrinsic and scattering attenua-
tion maps at various frequency bands exhibit a strong
dominance of intrinsic attenuation in the entire region.
We observe high attenuation parameters for the cen-
tral Pontides in the north with respect to the Çankırı
Basin in the south. Heat flow measurements in the
study area suggest that this distinct distribution of
attenuation parameters across the NAFZ might have
a thermal origin. Results are consistent with findings

from previous studies on the isotropic and anisotropic
seismic velocity structure in the region. Estimations of
the source magnitude parameter in the inversion indi-
cate a good agreement with local magnitudes within
the earthquake catalog provided by the AFAD. The
good fits between synthetic seismic envelopes calcu-
lated based on acoustic radiative transfer theory under
the assumption of multiple isotropic and observed
envelopes imply that our approach can be applied,
even in this tectonically very complex setting.
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Planets Space 61(7):871–884. https://doi.org/10.1186/
BF03353198

Kaya T, Kasaya T, Tank SB, Ogawa Y, Tunçer MK, Oshi-
man N, Honkura Y, Matsushima M (2013) Electrical

https://doi.org/10.1029/JB074i002p00615
https://doi.org/10.1029/JB080i023p03322
https://doi.org/10.1029/2001GC000252
https://doi.org/10.1029/2001GC000252
https://doi.org/10.1016/j.epsl.2012.02.001
https://doi.org/10.1785/0120120239
https://doi.org/10.1111/j.1365-246X.2009.04394.x
https://doi.org/10.1016/j.tecto.2014.07.005
https://doi.org/10.1016/j.pepi.2017.06.014
https://doi.org/10.1007/BF00565388
https://doi.org/10.1093/gji/ggv141
https://doi.org/10.1130/0016-7606(1979)90$<$84:AASRCM$>$2.0.CO;2
https://doi.org/10.1130/0016-7606(1979)90$<$84:AASRCM$>$2.0.CO;2
https://doi.org/10.1029/2004GL019627
https://doi.org/10.1029/2004GL019627
https://doi.org/10.1093/gji/ggw035
https://doi.org/10.1093/gji/ggw035
https://doi.org/10.1002/2017JB014038
https://doi.org/10.1111/j.1365-246X.1992.tb03470.x
https://doi.org/10.1016/j.epsl.2013.04.027
https://doi.org/10.1093/gji/ggt118
https://doi.org/10.1093/gji/ggt118
https://doi.org/10.1093/gji/ggv393
https://doi.org/10.1093/gji/ggv393
https://doi.org/10.1093/gji/ggv006
https://doi.org/10.1111/j.1365-246X.2009.04389.x
https://doi.org/10.1111/j.1365-246X.2009.04389.x
https://doi.org/10.1785/0120160045
https://doi.org/10.1016/0031-9201(87)90130-0
https://doi.org/10.1016/0031-9201(87)90130-0
https://doi.org/10.1029/93JB00347
https://doi.org/10.1029/93JB00347
https://doi.org/10.1186/BF03353198
https://doi.org/10.1186/BF03353198


926 J Seismol (2019) 23:913–927

characterization of the North Anatolian Fault Zone
underneath the Marmara Sea, Turkey by ocean bot-
tom magnetotellurics. Geophys J Int 193(2):664–677.
https://doi.org/10.1093/gji/ggt025
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Tunçer MK, Çelik C, Tolak E, Işikara AM (2005) Magne-
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Adiyaman HE, Özacar AA (2012) 3-D crustal structure

https://doi.org/10.1093/gji/ggt025
https://doi.org/10.1016/j.epsl.2008.02.031
https://doi.org/10.1016/j.pepi.2018.01.012
https://doi.org/10.1029/96JB00112
https://doi.org/10.1029/2005GL022882
https://doi.org/10.1144/GSL.SP.1999.156.01.22
https://doi.org/10.1144/GSL.SP.1999.156.01.22
https://doi.org/10.1103/PhysRevE.56.1135
https://doi.org/10.1103/PhysRevE.56.1135
https://doi.org/10.1785/0120150336
https://doi.org/10.1007/s00024-013-0646-1
https://doi.org/10.1007/s00024-013-0646-1
https://doi.org/10.1111/j.1365-246X.2008.03747.x
https://doi.org/10.1111/j.1365-246X.2008.03747.x
https://doi.org/10.1785/0120140259
https://doi.org/10.1785/0120030035
https://doi.org/10.1111/j.1365-246X.2006.03139.x
https://doi.org/10.1111/j.1365-246X.2006.03139.x
https://doi.org/10.1029/2008JB006107
https://doi.org/10.1515/geo-2017-0037
https://doi.org/10.1515/geo-2017-0037
https://doi.org/10.1016/j.pepi.2004.08.033
https://doi.org/10.1111/j.1365-246X.1990.tb04590.x
https://doi.org/10.1111/j.1365-246X.1990.tb04590.x
https://doi.org/10.1144/SP291.12
https://doi.org/10.1121/1.410586
https://doi.org/10.1121/1.410586
https://doi.org/10.1144/SP340.13
https://doi.org/10.1093/gji/ggs107
https://doi.org/10.1016/0022-5096(90)90021-U
https://doi.org/10.1016/0022-5096(90)90021-U
https://doi.org/10.1046/j.1365-246x.2001.01390.x
https://doi.org/10.1046/j.1365-246x.2001.01390.x


J Seismol (2019) 23:913–927 927

along the North Anatolian Fault Zone in north-central Ana-
tolia revealed by local earthquake tomography. Geophys
J Int 188(3):819–849. https://doi.org/10.1111/j.1365-246X.
2011.05313.x

Yoo SH, Rhie J, Choi H, Mayeda K (2011) Coda-derived source
parameters of earthquakes and their scaling relationships in
the Korean Peninsula. Bull Seismol Soc Am 101(5):2388–
2398. https://doi.org/10.1785/0120100318

Zeng Y (1993) Theory of scattered P- and S-wave energy in a
random isotropic scattering medium. Bull Seismol Soc Am
83(4):1264–1276

Publisher’s note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

https://doi.org/10.1111/j.1365-246X.2011.05313.x
https://doi.org/10.1111/j.1365-246X.2011.05313.x
https://doi.org/10.1785/0120100318

	Imaging of shear wave attenuation along the central part of the North Anatolian Fault Zone, Turkey
	Abstract
	Introduction
	Study area and data
	The North Anatolian Fault Zone
	Previous investigations of crustal properties in the study area
	Earthquake data and station network

	Inversion using acoustic radiative transfer theory
	Results of the inversion process
	Example data fits
	Magnitude comparison
	Intrinsic and scattering attenuation

	Conclusions
	Acknowledgments
	Open Access
	References
	Publisher's note


