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Abstract Attenuation of P and S waves has been inves-
tigated in Alborz and north central part of Iran using the
data recorded by two permanent and one temporary
networks during October 20, 2009, to December 22,
2010. The dataset consists of 14,000 waveforms from
380 local earthquakes (2 < ML < 5.6). The extended
coda normalizationmethod (CNM)was used to estimate
quality factor of P (QP) and S waves (QS) at seven
frequency bands (0.375, 0.75, 1.5, 3, 6, 12, 24 Hz).
The QP and QS values have been estimated at lapse
times from 40 to 100 s. It has been observed that the
estimated values of QP and QS are time independent;
therefore, the mean values of QP and QS at different
lapse times have been considered. The frequency de-
pendence of quality factor was determined by using a
power-law relationship. The frequency-dependent rela-
tionship for QP was estimated in the form of
(62 ± 7)f(1.03 ± 0.07) and (48 ± 5)f(0.95 ± 0.07) in Alborz
region and North Central Iran, respectively. These rela-
tions for QS for Alborz region and North Central Iran
have estimated as (83 ± 8) f (0 .99 ± 0 .07) and
(68 ± 5)f(0.96 ± 0.05), respectively. The observed low Q
values could be the results of thermoelastic effects and/
or existing fracture. The estimated frequency-dependent

relationships are comparable with tectonically active
regions.

Keywords Seismic attenuation . Bodywaves .Wave
propagation . Coda normalizationmethod (CNM)

1 Introduction

Studying the seismic hazard and evaluating and
predicting the strong ground motions require the knowl-
edge of seismic wave attenuation. It is well known that
some of the major uncertainties in earthquake hazard
analysis are caused by uncertainties in seismic wave
attenuation. Attenuation of seismic waves is an impor-
tant parameter for determination of source parameters,
physical properties of the media, seismic hazard assess-
ment, and simulation of seismic waveform (Pulli 1984;
Mukhopadhyay and Tyagi 2007). Moreover, the knowl-
edge of attenuation properties within the media is re-
quired for investigation of earth structure and
seismotectonic activity (Singh and Herrmann 1983; Jin
and Aki 1988; Del Pezzo et al. 1995; Bianco et al.
2002). Tectonic activities can change the stress fields,
which will result in the geomorphological deformation
within the media and cause microfractures and brittle
zone and fault zones. These fractures can change the
attenuation properties of media. Therefore, a good phys-
ical agreement can be expected between attenuation
properties, seismicity, and tectonics.

Seismic wave’s amplitudes decrease as travel dis-
tance increases, due to some phenomena like
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geometrical spreading, scattering attenuation, intrin-
sic attenuation, etc. The attenuation of seismic
waves except the geometrical spreading effect can
be quantified by the inverse of a dimensionless
quantity called quality factor Q (Q−1). Attenuation
(Q−1) is defined in terms of the fractional loss of
energy per cycle of oscillation (Knopoff 1964; Lay
and Wallace 1995). The attenuation of seismic
waves (Q−1) is the combination of the effects of
scattering attenuation (QSc

−1) and intrinsic absorp-
tion (Qi

−1): Q−1 = QSc
−1 + Qi

−1. Intrinsic absorption
is due to the conversion of kinematic seismic energy
into heat due to anelastic properties of media
(Jackson and Anderson 1974). The scattering atten-
uation is an elastic process in which energy of
se ismic waves does not d iss ipa ted but i s
redistributed due to the existing inhomogeneities
within the media. Scattering of seismic waves is
responsible for the generation of the later parts of
seismograms that follows direct P and S waves,
which are named coda waves (Aki 1969; Sato and
Fehler 2008; Sato et al. 2012).

Aki (1969) proposed coda waves that are
scattered waves by inhomogeneities within the lith-
osphere. A single backscattering model of S waves
was introduced to formulate the decay rate of coda
wave’s envelope with the assumption of collocation
of source and receiver (Aki and Chouet 1975).
Later, the single isotropic scattering model was
introduced for non-collocated source and receiver
situations (Sato 1977). Coda normalization method
(CNM) was proposed based on the similarity be-
tween source and site effects of S and coda waves,
for individual estimation of shear wave quality fac-
tor (Aki 1980). Using CNM, the source and site
effects can be eliminated by division of S wave
amplitude by the S coda amplitude, and attenuation
(Q−1) can be individually estimated. Radiative
transfer theory (RTT) was introduced into seismol-
ogy to formulate higher-order scattering (Wu 1985).
Zeng (1991) introduced a hybrid approximation for
RTT, which describes the energy pattern versus
time and distance. Based on RTT, Aki (1992) con-
cluded that coda waves are mainly composed of
backscattering S waves or conversion of P to S
wave. Later, the extended CNM was proposed for
P wave’s quality factor estimation based on the
similarity of source effect of P and S waves for
low to moderate earthquakes (Yoshimoto et al.

1993). A more reliable approximation of RTT was
introduced by Paasschens (1997), which shows bet-
ter agreement with the exact solution of RTT com-
pared to Zeng (1991). This approximation has been
used to estimate attenuation and source parameters
for different regions (Sens-Schönfelder and Wegler
2006; Ugalde et al. 2010).

In this study, the attenuation properties of P and
S waves are investigated in Alborz region and
North Central Iran. These regions are among the
most populated areas of Iran with a population of
more than 20 million. The capital of Iran, Tehran,
as well as many important industrial areas are lo-
cated within the studied area (Fig. 1). The study
area has experienced some destructive earthquakes
in the past (Ambraseys and Melville 1982). This
region is categorized as high to very high seismic
hazard zone (BHRC 2007). A temporary network
(TN) has been installed for a period of 14 months
after occurrence of a moderate magnitude earth-
quake (ML 4.0) in the vicinity of Tehran on Octo-
ber 17, 2009. Data provided by TN have been
combined with the data of two existing permanent
networks to increase the ray coverage. Finally, the
collected data were used to investigate the attenua-
tion properties of direct waves within the studied
areas.

The attenuation of this region was estimated by
several investigators using different methods
(Motazedian 2006; Kamalian et al. 2007; Rahimi
et al. 2010; Motaghi and Ghods 2012; Naghavi
et al. 2012; Farrokhi et al. 2015). In this study,
we estimated attenuation of direct P and S waves
using extended CNM (Aki 1980; Yoshimoto et al.
1993). Our new dataset provides a more reliable
estimation of QP and QS by considering 69 sta-
tions and 380 earthquakes. The lapse time depen-
dency of estimated Q values has been investigated
using 61 time windows from 40 to 100 s.

�Fig. 1 a Studied area, active faults in the Alborz region and North
Central Iran. Locations of Seismic stations and earthquakes have
been plotted with triangles and circles. The inverse triangles are
IRSC stations, white triangles are the broadband seismic stations
of IIEES, and yellow triangles are the stations of TN. Thick black
V-shape line shows the approximate boundary of Alborz and
Central Iran regions. Red star shows the location of October 17,
2009, Tehran-Ray earthquake. The Damavand volcano has been
shown. b Ray path of the used waveforms is plotted at each region
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2 Tectonic setting and seismic activity

Alborz region, which is seismically active with E-W
trending mountain belt, is a folded and faulted area
extended for a distance of 960 km across the northern
part of Iran (Farrokhi et al. 2015). This region is bound-
ed to the Caspian Sea Block from the north and the
Central Iranian block from the south. Its active tectonic
was developed due to three tectonic stages. The first
stage was the collision process between the Central
Iranian block and Eurasia starting in the late Triassic
that caused the closure of Paleo-Tethys Ocean (Stöcklin
1974; Jackson and McKenzie 1984). This stage follow-
ed by an extension stage caused andesitic eruption and
volcanic rocks in central Alborz. The third tectonic stage
was compression phases due to the Arabia-Eurasia con-
tinental collision, which results in the closure of Neo-
Tethys oceanic lithosphere started in late Eocene (Guest
et al. 2007). This collision-related compression affects
the Northern Iran and Caspian basin and caused accel-
eration of tectonic processes and shortening in early to
late Miocene (Ballato et al. 2011). Ballato et al. (2011)
has suggested a two-stage collision process for Arabia-
Eurasia collision, soft collision process for initial conti-
nental collision (36Ma), and hard collision process (20–
17.5 Ma) due to the arrival of unstretched Arabian
continental lithosphere in the collision zone.

The V-shaped structure of the Alborz Mountains
results in a redistribution of the tectonic forces along
this range. The strikes of the Alborz range vary from
N110° E in the western part to N80° E in the eastern
part. The existing faults of the region are mostly
parallel to the range (Allen et al. 2003). North-
south shortening of 5 mm/year has been reported
across Alborz region between Central Iran and
South Caspian basin (Vernant et al. 2004). The total
amount of shortening of 30 km has been reported for
this range since early Pliocene (Allen et al. 2003).
Ritz et al. (2006) mentioned the clockwise rotation
for South Caspian block. The arcuate shape of the
central part of Alborz region toward Central Iran
makes its microseismicity and existed stresses com-
plicated to understand. The existence of Damavand
volcano in the center of Alborz region exceeds the
complexity of stresses affecting the region (Fig. 1a).
Damavand volcano is known as a dormant volcano
which is the highest summit of Iran (5670 m). The
first volcanic activity of Damavand started at
1.8 Ma, and the youngest eruptive products are lava

flows which dated to ca. 7 ka (Davidson et al.
2004).

The study area has experienced several large de-
structive earthquakes with magnitude greater than 7
from 4th BC to 1830 (Ambraseys and Melville
1982). The most important instrumentally recorded
earthquakes, which occurred within or near this re-
gion, are the 1962 Buin Zahra earthquake with mag-
nitude MW 7.2, the 2002 Changureh (Avaj) earth-
quake with magnitude MW 6.5, the 2004 Firozabad
Kojor earthquake with magnitude MW 6.3, and the
2007 Kahak-Qom earthquake with magnitude
MW = 5.9 (Farrokhi et al. 2015). The nearest event,
which occurred near Tehran and recorded by modern
seismic instruments, was the October 17, 2009,
Tehran-Ray earthquake with magnitude ML 4.0
(Fig. 1).

3 Data

We have used data recorded by one temporary and
two permanent networks. The TN operated for a
period of about 14 months from October 20, 2009,
to December 22, 2010. The data recorded by perma-
nent networks of International Institute of Earth-
quake Engineering and Seismology (IIEES) and Ira-
nian Seismological Center (IRSC) have been used in
order to increase the ray coverage. We have used
five broadband velocity seismometers of IIEES and
26 short-period velocity seismometers of IRSC. The
TNs consisting of 38 velocity seismometers were
installed by IIEES. Seismometers of IIEES, TN,
and IRSC, which are used in this study, are Güralp
CMG-3T, CMG-6TD, and Kinemetrics (SS1) with
sampling rates of 50 and 100 and 50 Hz, respective-
ly. The frequency responses of IIEES, TN, and IRSC
networks were flat from 50 Hz to 0.01, 0.1, and
1 Hz, respectively. All stations were connected to
an external GPS for time synchronization.

The extracted events have been merged,
preprocessed, and located using HYPOCENTER
subroutine (Lienert and Havskov 1995). The study
area has been divided into North Central Iran and
Alborz region (Fig. 1). To estimate the quality factor
of P and S waves, we have considered 380 well-
located earthquakes. The criteria for selection of
these events are based on the (i) recorded at least
at eight stations and (ii) epicentral error of less than
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8 km. The selected events have local magnitudes
(ML) from 2 to 5.6 and hypocentral distances from
30 to 130 km (Fig. 2). It is worth noting that events
with a magnitude less than 4 have been used to
estimate the P wave attenuation.

4 Methodology

The source spectral amplitudes of P (SP), S (SS), and
coda waves (Sc) have the following relation:

SP fð Þ∝SS fð Þ∝Sc f ; tcð Þ ð1Þ

where f and tc are the frequency and lapse time
(determined from the origin time of event), respec-
tively. Aki (1980) proposed CNM in which S wave’s
amplitude becomes normalized by coda waves. This
method assumes a proportionality between the site
effect and the coda for S waves (Tsujiura 1978; Sato
et al. 2012) and proportionality of source spectra of
S and coda waves. Source, site, and instrument
effects can be eliminated by this method. Therefore,
anelastic attenuation can be individually estimated
(Aki 1980). Yoshimoto et al. (1993) have extended
the CNM for estimation of P wave attenuation based
on the similarity between source spectra of P to S
waves for earthquakes with low to moderate

magnitude range. Equations 2 and 3 have been used
to estimate QP and QS values (Yoshimoto et al.
1993):

〈ln
AP f ; rð Þ
AC f ; tcð Þ GS rð Þ

� �
〉
r�Δr

¼ −
π f

VPQP fð Þ r þ constP fð Þ ð2Þ

〈ln
AS f ; rð Þ
AC f ; tcð Þ GS rð Þ

� �
〉
r�Δr

¼ −
π f

VSQS fð Þ r þ constS fð Þ ð3Þ

where AP and AS are the maximum amplitudes of direct
P and S waves at hypocentral distance of r, respectively
(Fig. 3b). Ac is the average amplitude of coda wave at
lapse time tc (measured from the origin time of the
seismic event). The geometrical spreading correction
factor, GS(r), is considered to be (r) for r < 90 km and
(90 r)0.5 for r > 90 km. The Vp and Vs are the average
velocities of P and S waves, which are calculated from
travel time curve of Pg and Sg seismic phases as 6 and
3.5 km/s, respectively. The symbol 〈〉r ± Δr is the spatial
averaging within the hypocentral distance of r ± Δr
(Δr = 10 km). Constp and consts are constants and can
be determined by regression analysis of Eqs. (2) and (3).

Aki (1980) assumed that the amplitude of the direct
body waves will become independent of azimuth when
averaged over many events with a wide range of direc-
tions from the station. The average value has no system-
atic geographical variation (Aki 1980). With this as-
sumption, we could smooth out the radiation pattern
differences when the measurements are made over a
large enough number of earthquakes with good azi-
muthal coverage. On the other hand, it has also been
reported that if the window length of P and S waves
became much greater than earthquake source time func-
tion, the effect of radiation pattern will be eliminated
(Del Pezzo et al. 2006). The source time functions are
less than 1.5 s for most of events. We have used a time
window with a width of 5 s to determine the maximum
amplitude of P and S waves, which is much greater than
source time function of most of events (1.5 s). There-
fore, the effect of radiation pattern on the maximum
amplitude of direct waves is negligible.

We have considered lapse times greater than twice
the arrival times of S waves (2ts) to have uniform energy
distribution for scattered coda waves (Aki and Chouet
1975; Rautian and Khalturin 1978).Fig. 2 ML magnitude versus hypocentral distance distribution
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5 Data processing

The extended CNM has been used to estimate the
attenuation of direct P and S waves. We have used
vertical component data for the determination of P
wave’s amplitude. The horizontal components have
been used for S wave and coda wave amplitude
determination. A cosine taper with a width of 5%
of the data length has been applied to both ends of
each waveform after removing the trend and base-
line correction (Fig. 3a). Then, the waveform has
been bandpass filtered using different frequency
bands (Table 1). The window length of 5 s has been
considered for determination of P and S wave am-
plitudes, which starts from the arrival time of P and
S waves, respectively (Fig. 3b). The P and S wave
window lengths were considered to be much longer
than the source time function of most of the events.
The maximum amplitudes of filtered seismogram
have been considered as AP and AS at the selected
time window of P and S waves, respectively.

A 5-s window length has been considered before the
arrival time of P waves for determination of noise am-
plitude. The root-mean-square (RMS) value of the noise
time window was used as an estimate of the noise
amplitude (Fig. 3b). We have considered a window of
5 s for estimation of coda wave amplitude (Ac), which
centered at lapse time tc (tc > 2ts). Then, the RMS of
selected window has been calculated and considered as
coda wave amplitude (Ac). We have considered 61 coda
time windows moving from 40 to 100 s to investigate
the lapse time dependence of QP and QS (Fig. 3b). The
first window starts from 37.5 to 42.5 s, and the last
window starts from 97.5 to 102.5 s. In this study, the
signal-to-noise ratios of 3, 4, and 2 have been consid-
ered for P, S, and coda waves, respectively.

The ratios of AP/Ac and AS/Ac were calculated for all
lapse times for each seismogram. It was observed that
the normalized amplitudes of AP/Ac and AS/Ac increase
as lapse time increases (Fig. 3d). The values of QP and
QS have been estimated (at each lapse time) from slope
of linear regression of Eqs. (2 and 3), versus hypocentral

Fig. 3 a Raw seismogram located at Damavand station (IIEES)
with hypocentral distance of 56 km with a magnitude of 4.0. b
Butterworth bandpass-filtered seismogram at 6 Hz. Noise, P, S,
and 61 codawindows for determination of noise,AP,AS, andAc are

shown with N, P, S, and coda windows, respectively. c AP, AS, and
Ac are plotted by triangle, circle, and diamonds, respectively. d
The normalized amplitudes of AP/Ac and AS/Ac are shown with
triangles and circles at the used lapse times, respectively
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distance, respectively (Fig. 4). The R-square criteria (R2)
have been considered to be greater than 0.7 and 0.5 for
QS and QP estimations, respectively.

It is well known that coda waves sample the attenu-
ation properties inside a spheroidal region around the
station (Aki and Chouet 1975; Pulli 1984). The similar-
ity between the decay rates of coda waves at different
stations, which result in the similar increase rate for
normalized amplitude of AP/Ac and AS/Ac, is related to
the attenuation properties around these stations. There-
fore, data from different stations with similar coda trend
can be simultaneously analyzed (Kim et al. 2004). Sev-
eral studies have reported the combination of data,
which have provided by spatially distributed stations
with distances up to 300 km (Frankel et al. 1990;
Chung and Lee 2003; Mahood et al. 2009). We have
observed the same trend for the normalized amplitudes of
AP/Ac and AS/Ac at different stations inside eastern and
western parts of Alborz region and North Central Iran
(Fig. 5). Therefore, the combined information of all sta-
tions in each region has been considered forQ estimation.
The average of the normalized amplitude of P and S
waves has been plotted at the right-end image of Fig. 5
for Alborz (top) and Central Iran (bottom) regions.

6 Results and discussion

Attenuation of P and S waves has been studied by using
380 local earthquakes, which occurred within the
Alborz region and North Central Iran. A total number
of 14,000 waveforms have been used to estimate atten-
uation properties of P and S waves by using the extend-
ed CNM (Yoshimoto et al. 1993).

The decay rate of the normalized amplitude contains
the effects of geometrical spreading as well as attenua-
tion. It is accepted that the body wave’s geometrical
spreading (GS) is related to travel distance. However,
this effect becomes a little complicated, when the anal-
ysis considers the maximum amplitude of body wave.
The effect of GS has been considered based on a two-
step approach: (i) GS(r) = r for r ≤ hm and (ii)
GS(r) = (r.hm)

0.5, and hm may be considered to be twice
the thickness of crust (Hermanns and Kijko 1983;
Kumar et al. 2005; Mahood et al. 2009; Hamzehloo
et al. 2010). The Moho depth has been reported to be
between 45 and 52 km for this region (Sodoudi et al.
2009; Radjaee et al. 2010; Rahimi et al. 2014). There-
fore, hm was considered as 90 km. Motaghi and Ghods
(2012) have reported that the GS effect changes at
distance of greater than 80 km.

The attenuation of P (QP
−1) and S waves (QS

−1) was
estimated at each lapse time by using Eqs. 2 and 3. The
estimated QS

−1 and QP
−1 values are nearly lapse time

independent for lapse times between 40 and 100 s
(Fig. 6). Therefore, the mean values of estimated QS

−1

and QP
−1 have been considered at each frequency band

at lapse times from 40 to 100 s (Table 1). A frequency-
dependent relationship in the form of Q(f) = Q0f

n has
been considered. These relationships are tabulated in
Table 2 for both Alborz region and North Central Iran.
Figure 7 shows variation of QP

−1 and QS
−1 versus fre-

quency for both regions.
We have also used synthetic seismogram to verify

this lapse time independency. For this purpose, we have
used Paasschens (1997) approximation of RTT to syn-
thesize the envelopes of seismograms at different hypo-
central distances (10, 20, 30, 40,…, 110 km; Fig. 8).

Table 1 Frequency bands used in this study

Frequency band
(Hz)

Central frequency
(Hz)

Alborz Region North Central Iran

QP QS QP QS

0.25–0.50 0.375 18 ± 11 24 ± 7 15 ± 5 31 ± 2

0.50–1.0 0.75 40 ± 20 75 ± 8 32 ± 25 49 ± 12

1.0–2.0 1.5 149 ± 36 147 ± 13 94 ± 31 85 ± 34

2.0–4.0 3.0 195 ± 83 271 ± 17 193 ± 70 173 ± 64

4.0–8.0 6.0 394 ± 155 460 ± 40 256 ± 137 442 ± 95

8.0–16.0 12.0 861 ± 193 858 ± 67 425 ± 122 756 ± 115

16.0–24.0 24.0 1342 ± 570 911 ± 157
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Fig. 4 Plot of the left-hand side of Eqs. (2) and (3) against hypocentral distance for a P waves and b S waves, respectively. The regression
lines are expressed by solid lines
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Intrinsic absorption, scattering attenuation, and total
attenuation are considered for frequency of 6.3 Hz as
1/220, 1/523, and 1/178, respectively (de Lorenzo et al.
2013). It was observed that the estimated values ofQ are
lapse time independent based on the synthetic seismo-
gram envelopes (Fig. 8d). We observed the lapse time
independency of Q for both observed and synthesized
seismograms. This lapse time independency at lapse
times 40 to 100 s is related to this fact that the energy
of seismic waves is similarly attenuated at the applied
distance range (30–130 km).

The frequency-dependent relationships ofQP and QS

values in this study have been compared with other
results (Fig. 9) in Iran (Motazedian 2006; Zarean et al.
2008; Shoja Taheri and Farrokhi 2009; Mahood et al.
2009; Motaghi and Ghods 2012). The quality factors
estimated for Alborz region and North Central Iran are
higher compared to other regions of Iran. This shows
that direct seismic wave attenuations in these regions are
less than those in other parts of Iran. The frequency-
dependent relationships of QP and QS, which have

estimated for North Central Iran, are comparable with
Mahood et al. (2009) for east Central Iran. The similar-
ity is due to this fact that these two regions are related to
the same seismotectonic province of Central Iran
(Berberian 1976).

The estimated QS values are bounded between the
results of Motaghi and Ghods (2012) and Motazedian
(2006) in Alborz region. We used extended CNM to
eliminate the effects of source, site, and instrumental
response and individually estimate the attenuation of P
and S waves. While, the other researchers used ground
motion attenuation relation, which can be used for si-
multaneous estimation of source, site, GS, and anelastic
attenuation. The trade-off between different parameters
of ground motion attenuation relation may affect the
attenuation estimation.Motaghi and Ghods (2012) over-
estimate the attenuation properties. This overestimation
was partly due to considering higher shear wave veloc-
ity of 3.7 km/s, which consequently results in lower QS

values. It is well known that the Q value increases with
increasing distance. While, Motaghi and Ghods (2012)

Fig. 5 Normalized amplitude of P (AP/Ac) and S waves (AS/Ac) is
plotted versus lapse time for a Alborz region and b North Central
Iran at 6 Hz. Themean value ofAP/Ac andAS/Ac can be observed at

the right end of figure. Triangles and circles are related to P and S
waves, respectively

J Seismol (2017) 21:631–646 639



did not consider the effect of different distance ranges in
theQ estimation. Motazedian (2006) underestimated the
attenuation properties, which seem to be related to in-
appropriate data selection (Motaghi and Ghods 2012).

We observed that the estimated QP and QS

values of Alborz region are higher than those of
North Central Iran (Fig. 9). Station correction of
ground motion attenuation relation for the similar
area (Motaghi and Ghods 2012) confirms our re-
sults. This spatial variation of Q values may be
due to the different geological or lithospheric
structures. Motaghi and Ghods (2012) reported that
the attenuations within the North Central Iran are
higher than those of Alborz region and related
these differences to geological environmental of
each region. They explained that the variation of
station correction can be related to the change in
the local geology. The North Central Iran is main-
ly composed of Cenozoic-Quaternary evaporates of

Qom formation (National Iranian Oil Company
1977, 1978). The rocks existed within the Alborz
region are mostly composed of older Paleozoic
rocks or consolidated Tertiary volcanic rocks of
Karaj formation (National Iranian Oil Company
1977, 1978). It has been known that evaporates
(salt and gypsum, etc.) have higher attenuation
properties compared to the consolidated volcanic
rocks. Therefore, the variation between the two
regions may be a result of local geology
(Motaghi and Ghods 2012). By investigation of
coda wave attenuation, Rahimi et al. (2010) con-
cluded that the deeper regions of Central Iran’s
lithosphere are more attenuative compared to the
Alborz region. This result has been approved by
surface wave tomography (Rahimi et al. 2014).
The results of Rahimi et al. (2014) explained that
a shallow asthenosphere existed beneath the Cen-
tral Iran (66–137-km depth). The existence of
shallow asthenosphere beneath Central Iran may
result in the high seismic attenuation of this region
compared to the Alborz region.

Comparison of the estimated QS and Qc values
reported for this region (Qc = 105f0.93: Farrokhi
et al. 2015) indicates that the direct waves mostly
attenuate due to the effect of intrinsic attenuation
(Farrokhi et al. 2016). The anelastic attenuation

Table 2 Frequency-dependent relationships for the studied area

Region QP QS

Alborz region 62 ± 7f1.03 ± 0.07 83 ± 8f0.99 ± 0.07

North Central Iran 48 ± 5f0.95 ± 0.07 68 ± 5f0.96 ± 0.05

Fig. 6 The values of QP
−1

(triangle) and QS
−1 (circle)

estimated at different lapse times
in Alborz region
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changes due to the existence of cracks, fluid saturation
of rocks, thermoelastic effects,… (Jackson and
Anderson 1974). The thermoelastic effect results in high
dissipation of seismic waves due to partial melting,…
(Jackson and Anderson 1974). The existence of Quater-
nary Damavand volcano is the result of such thermal
effects. This young magmatism could be the origin of
high attenuation observed. Mostafanejad et al. (2011)
reported a low-velocity zone in the eastern part of Dam-
avand volcano and reported that region to the Dama-
vand magma chamber. The low Q values may be partly
associated with viscosity and thermal relaxation due to
the thermoelastic effects and partly originated from the
tectonic forces, existing faults, and fractures within the
crust.

The low Q0 values (Q0 < 200) and high-
frequency dependency (n) have been observed for
tectonically active regions (Fedotov and Boldyrev
1969; Console and Rovelli 1981; Rebollar et al.
1985; Yoshimoto et al. 1993; Del Pezzo et al.
1995; Yoshimoto et al. 1998; Martynov et al. 1999;
Bindi et al. 2006; Sharma et al. 2008). The high Q0

value (Q0 > 600) and low-frequency dependency (n)
have been reported for tectonically stable regions
(Kvamme and Havskov 1989; Sarker and Abres
1998; Chung and Sato 2001; Jeon and Herrmann
2004). The estimated values of QP and QS have
been compared with the results of other regions of
the world (Fig. 10). The estimated values of QP and
QS are similar to tectonically active regions.

Fig. 8 a Synthetic envelope of intensity calculated using the
Paasschens (1997) approximation for a half space at 10 km. b
Envelopes of seismograms with hypocentral distances from 10 to
110 km for a half space. c The regression of normalized intensity

of S waves by coda waves versus hypocentral distances at lapse
time of 50 s. d The estimated Q at lapse times from 30 to 120 s for
synthetic seismograms without noise. The following data are
considered in the calculation: Qi = 270, QSc = 523, and Qt = 178
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7 Conclusions

The quality factors of P and S waves were investigated
within the Alborz region and North Central Iran using
extended CNM. Based on the analysis of 14,000 wave-
forms, the following conclusions were emerged:

& The estimated Q values show high-frequency de-
pendence. The frequency dependence of QP was

determined in the form of 62 ± 7f1.03 ± 0.07 and
48 ± 5f0.95 ± 0.07 in the Alborz region and North
Central Iran, respectively. These relationships forQS

are in the form of 83 ± 8 f0.99 ± 0.07 and
68 ± 5f0.96 ± 0.05 in Alborz region and North Central
Iran, respectively.

& The lapse time dependency of the estimated QP and
QS values was investigated by using 61 normaliza-
tion coda windows. It has been observed that the
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estimated QP and QS values are not depending on
the used lapse time for hypocentral distance range of
30 to 130 km. The similar results were observed by
analyzing synthesized waveforms. It was observed

that the estimated Q values are lapse time indepen-
dent for distance of 30 to 130 km.

& Despite the low Q values estimated for the studied
area, it was also observed that the attenuation of
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direct waves in this region is less than other parts of
Iranian plateau.

& The Q values estimated for P and S waves are
similar to the tectonically active regions of the
world.
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