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Abstract 
One of the largest earthquakes in the Zagros region occurred on November 12, 2017, in 
Sarpol-e Zahab with Mw=7.3. We considered the aftershocks of this event and collected the 
S-wave amplitude spectra from 87 strong-motion records to determine the source, path, and 
site effects using a non-parametric generalized inversion technique. The grid-searching 
method based on Brune’s ω2 model was employed to determine some of the source  
parameters. The corner frequency and seismic moment vary from 1.11 to 5.14 Hz and from 
9.12×1014 to 1.36×1017 N.m, respectively. Also, The seismic moment and the cube of  
corner frequency are inversely related to each other. The stress drop of  
earthquakes is determined with the ε indicator. In this study ε is equal to 1.91; thus this value 
indicates that frictional overshoot has occurred with the dynamic frictional stress larger than 
the final stress. The S-wave quality factor is estimated as Q=101f0.67. The value of Q0 is 
small, which is characteristic of an active tectonic environment. We compared the site effects 
that were calculated by GIT and H/V methods. In most cases, a very good agreement was 
observed and the small difference between them is mainly due to the constraints and  
assumptions of these methods.  
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1    Introduction 
The convergence between the Arabian 
plate in the southwest and Eurasia in the 
northeast led to the formation of the Zag-
ros continental collision zone (Jackson 
and McKenzie, 1984). The Zagros is an 
active area and most of its events have 
magnitude less than 5.0 and only one 
events with M>7.0 within 400 years. The 
Zagros region is affected by frequent 
earthquakes of magnitude generally less 
than 5 at the depth of lower than 20 Km 
beneath the sedimentary sequence (Paul et 
al., 2006). No earthquake with a depth of 
more than 30 km has occurred in the Zag-
ros (e.g. Tatar et al., 2004; Nissen et al., 
2011), attesting that subduction is not seis-
mically active beneath the suture at pre-
sent (Motaghi et al., 2017). One of the 
largest earthquakes in the region occurred 
on November 12, 2017, in Sarpol-e Zahab 
(near the Iranian-Iraqi border). The lat., 
long., Depth, and O.T. are reported as 
34.77  ͦN, 45.76 ͦE, 18 km, and 18:18:16, 
respectively. Several studies have been 
conducted on the parameters of source, at-

tenuation, and site effect for different re-
gions of Iran. The results of this research 
can be used in the estimation of region-
specific parameters to predict accurate 
ground-motion amplitudes, simulating 
strong ground motion and studies seismic 
hazard analysis. For example, recently 
Ahmadzadeh et al. (2017) estimated the 
site and the source parameters for the 2006 
Silakhor aftershocks using the generalized 
inversion approach. Sakhaei et al. (2021) 
also used the same approach to determine 
the parameters of Sarpol-e Zahab region.  
    The purpose of this paper is to estimate 
source parameters, path attenuation, and 
site effects. To achieve this goal, a 2-step 
generalized inversion technique was used. 
This method was first proposed by An-
drews (1986) by recasting the method of 
spectral ratios into a generalized inverse 
problem. Other researchers used and de-
veloped this method (e.g. Castro et al., 
1990; Boatwright et al., 1991;Hartzell, 
1992; Parolai et al., 2000; Salazar et al., 
2007; Oth et al., 2008, 2009). Source spec-
tra, attenuation  characteristics,   and   site 

 
 
 

 
Figure 1. Magnified image of the blue box on the left; red circle: aftershocks, blue triangle: stations (the 

reference station is highlighted), black line: records ray path. 
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response functions were obtained using 
only as many constraints as necessary to 
be able to solve the inversion problem, and 
not assumed any predefined functional 
form of the source spectra or the attenua-
tion. Appropriate aftershocks of Sarpol-e 
Zahab Mw=7.3 mainshock were selected 
from November 12, 2017, to January 18, 
2018, and their S-wave spectra were ex-
tracted as inversion inputs (observed 

data). The source spectrum was adapted to 
Brune’s model (1970, 1971) to estimate 
some of the source parameters such as cor-
ner frequency, seismic moment, radiated 
energy, etc. From the attenuation function, 
the quality factor and geometrical spread-
ing were determined and compared with 
other previous studies in this area. Finally, 
the site effects were obtained and com-
pared with the H/V method.  

 
Table 1. The accelerometer stations were used in this study. Vs30 for the number of stations is reported by 

BHRC. The surface geology is based on the geological base map (1:250,000 scale) of the Geological Survey 
of Iran. 

ID 
 

Sta-
tion 

Code 
Number of Records Longitude ( ͦ ) Latitude (  ͦ) Elevation (m) 

Vs30 

 (m/s) 

Type 
of In-
stru-
ment 

Geology Condition 

1 GRS 9 45.845 34.218 663 403 SSA-2 

Marl, limestone, and 
shale (Upper Cretaceous 

to Paleocene) Gurpi-
Pabdeh Formation 

2 SPZ 14 45.868 34.459 558 619 SSA-2 

Thin-walled, fine-
grained clay limestones, 
with shale and regular 

stratification 

3 SPZ1 5 45.868 34.459 558 619 Guralp 

Thin-walled, fine-
grained clay limestones, 
with shale and regular 

stratification 

4 BZN 15 45.982 34.473 1009 - SSA-2 

Dolomite, dolomitic 
limestone, limestone 
(Shahbazan- Asmari 

Formation) 

5 KRD 3 46.240 34.279 1562 800 SSA-2 

Dolomite, dolomitic 
limestone, limestone 
(Shahbazan- Asmari 

Formation) 

6 QSR 11 45.591 34.506 395 340 SSA-2 
Gypsum and evaporative 

sediments (Gachsaran 
Formation) 

7 QSR1 7 45.591 34.506 395 340 Guralp 
Gypsum and evaporative 

sediments (Gachsaran 
Formation) 

8 DGG 2 46.447 35.226 1295 - SSA-2 
Sandy shale, limestone 

lenses and volcanics 

9 SVA 2 46.369 35.311 1025 - SSA-2 
Massif and thick bedded 

partly fetid limestone 
(Mainly upper Jurassic) 

10 EZG 8 45.843 34.832 710 - SSA-2 

Thin-walled, fine-
grained clay limestones, 
with shale and regular 

stratification 

11 SLS2 7 46.154 34.738 1248 281 SSA-2 

Limestone containing ra-
diolarite with pyrite and 
chert shale (Garau For-

mation) 

12 GGH1 2 45.925 34.140 830 692 Guralp 

Marl, limestone, and 
shale (Upper Cretaceous 

to Paleocene) Gurpi-
Pabdeh Formation 

13 JAV 2 46.489 34.809 1340 298 SSA-2 
radiolarites, intercalated 
with radiolarian bearing 

marls and siliciferous 
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Figure 2. Demonstrating the approach used in this study for finding the start and end times of the S-wave (t1 
and t2). From bottom to top: a corrected record by fourth-order Butterworth bandpass filter (0.1-30 Hz), Husid 
plot (Energy ratio E/Et) to estimate start time (t1), envelope function, cumulative function to estimate the end 
time (t2), the S-wave record.  
 
1    Data Processing 
In order to perform inversion, the records 
of the accelerometer network of Road, 
Housing, and Urban Development Re-
search Center of Iran have been used. The 
criteria for selecting the data were  signal-
to-noise ratio larger than 3, recording of 
each event by at least two stations, and re-
cording of at least two events by each sta-
tion. Based on these conditions, 87 records 
were selected from the available data 
(black line in Figure 1). These records, 
which were recorded in 13 stations (Table 
1), are related to 30 aftershocks. The loca-
tion, origin time, and magnitude of these 
aftershocks are listed in Table 2 by 
Sakhaei et al. (2021). Sampling rate and 
instrument period are 200 and 0.02 sec-
onds, respectively. Most records were rec-
orded by stations BZN and SPZ with 15 
and 14 data, respectively. The origin time, 
location, and magnitude of the events are 
taken from the International Seismologi-
cal Center (IRSC). The magnitude range 
of ML is from 3.8 to 5.3 and the hypocen-
tral distance range is from 9 to 70 km. Of 
course, records with larger hypocentral 
distances were also available, but due to 
the low density of records at distances 
larger than 70 km, they were not selected 
for inversion.  
    Since the major portion of the seismic 
energy is generated in the form of S-
waves, the analysis should be performed 

on this part of the strong motion records 
(Zafarani et al., 2012). Husid’s (1967) 
method was used to select the start time of 
S wave (t1); That is when the record en-
ergy (E) reaches 5% of the total wave en-
ergy (Et). Kinoshita’s (1994) method was 
also used to select the end time of the S-
wave (t2). Kinoshita (1994) defined the ac-
celeration envelop function (e(n)) and the 
cumulative acceleration function (c(k)) 
according to the following equations: 

𝑒(𝑛) = (𝑎 (𝑛)  +  𝐻 {𝑎(𝑛)})            (1) 

𝑐(𝑘) =  (𝑘  ∑ 𝑒 (𝑛))               (2) 
    In this relationship, a is the record of ac-
celeration and H is the Hilbert transform. 
In this method, the end time of the S-wave 
is equal to the time at which the cumula-
tive envelope function begins to decline 
(Figure 2). In the next step, the Fourier 
spectrum of the S-wave must be calcu-
lated. However, the sudden interruption of 
the wave has a great impact on the Fourier 
spectrum. Therefore, after selecting the 
time of the beginning and end of the S-
wave, a cosine taper was applied to it. In 
this study, the length of each taper was 
considered as 5% of the total length of the 
record. 
    The mentioned steps should be done for 
both horizontal components and then their 
root mean square (RMS) should be calcu-
lated. Due to sudden changes in the Fou-
rier spectrum, a smoothing function must 
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be applied to it. One of the suitable meth-
ods for this work is the method of Konno 
and Ohmachi (1998). In this method, a 
window is applied to the records accord-
ing to the following equation: 

W(f, f ) =  
( ( ) )

( )
                    (3) 

where fcent represents the center frequency 
around which the smoothing is performed, 
and b is a constant number where sup-
posed b=40. The frequency range in this 
study is 0.5 to 25 Hz, from which the val-
ues of the acceleration spectrum at 40 
points with the same logarithmic distances 
are interpolated from this range. 
    As mentioned, one of the criteria for 
choosing the appropriate record is that the 
signal-to-noise ratio is greater than 3 
(SNR(f) >3). For this purpose, pre-event 
noise windows with the same length as the 
S-wave windows were selected and then 
their Fourier Amplitude Spectrum (FAS) 
was calculated. For example, the signals 
of two different events with their FAS are 
shown in Figure 3. SNR was calculated at 
40 selected frequencies (in the range of 0.5 
to 25 Hz) to test condition SNR(f) >3.  
 
3    Two-Step Generalized Inversion 
Technique (GIT) 
We have used the 2-step generalized in-
version technique to estimate some seis-
mic parameters. This method is based on 
the ground motion convolution model 
(multiplication in the frequency domain): 
 
𝑈 (𝑓, 𝑅) = 𝐴 𝑓, 𝑅 . 𝑆 (𝑓). 𝐺 (𝑓)    (4) 
    Where Uij(f, R) is the FAS (in this 
study, the horizontal component of the ob-
served acceleration) from the i-th source 
and the j-th station at the hypocentral dis-
tance R. Si(f) is the source function and 
A(f, R) is the attenuation function along 
the path (e.g. geometrical spreading, ane-
lastic and scattering attenuation) and Gj(f) 
is the local amplification of the site. We 
applied logarithms to both sides of this 
equation, to achieve a linear problem: 

log 𝑈 (𝑓, 𝑅) = log 𝐴(𝑓, 𝑅) +

log 𝑆 (𝑓) + log 𝐺 (𝑓)                             (5) 
    Castro et al. (1990) proposed a 2-step 
GIT which does not include any parame-
terization of the attenuation characteris-
tics. The advantage of the 2-step method 
is that by splitting the problem into sub-
inversions, the number of unknowns in-
volved for each of these cases becomes 
significantly smaller, which makes the in-
version problem more practicable (Castro 
et al., 1995; Oth, 2007). In the first step, 
the observed spectra can be expressed as: 
𝑈 (𝑓, 𝑅) = 𝐴 𝑓, 𝑅 . 𝑀 (𝑓)                 (6) 
    Where M is a scale factor for source i 
(dependent on the size of ith earthquake). 
There is no presumption about the form of 
the attenuation function, but it is con-
strained to be a smooth function of dis-
tance and its value is 1 in the reference dis-
tance (R0). By taking the logarithm of 
Equation 6 and converting it to a linear 
problem, the system of equations can be 
written as the following matrix: 
 

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡

1 0    0        0  ⋯    0
0 1  0          0  …  0
⋮
0

ω
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0
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ω
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ω
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0
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⋯
⋯
⋯
⋮

⋮
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⎥
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⎤

 

 

.

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
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ln A(f, R )

ln A(f, R )

ln A(f, R )
⋮

ln A(f, R )

ln M (f)

ln M (f)
⋮

ln M (f) ⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 =  

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡

ln U (f, R )

ln U (f, R )
⋮

ln U (f, R )
0
0
0
⋮ ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎤

                                                             (7) 

 
    Where ω1 is a weighting factor to con-
strain A(f, R0) = 1 at reference distance 
(R0), and the value ω2 determines the de-
gree of smoothness of the solution by im-
posing a small second derivative concern-
ing distance. The distance is divided into 
N parts and the attenuation function is cal-
culated for each part.  
    In the second step, the attenuation func-
tion obtained in the first step is divided by 
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the observed record, and then another in-
version is performed for the source spec-
trum and site effects: 

( , )

( , )
=  𝑆 (𝑓). 𝐺 (𝑓)                      (8) 

    In this step, there is a trade-off between 
the source and site functions. To eliminate 
this degree of freedom, the site amplifica-
tion function for one or more stations can 
be considered a default value (Andrews, 
1986). 
Parolai et al. (2000, 2004) employed the 
Efron’s (1979) bootstrap method to ana-
lyze the stability of inversion with new 
data set. In this study, we used  
these methods and repeated inversion in 
100 iterations. Then, the mean and stand-
ard deviation of each parameter is esti-
mated.  
 
4    Source parameters 
It should be noted that in the first step of 
inversion, the cumulative attenuation 
within the reference distance does not ap-
pear in A(f, R), but manifests itself in the 
second step of inversion. Due to the elim-
ination of the trade-off between the source 
and the site functions by selecting the de-
fault values for site amplification of one or 
more sites, the source functions will in-
clude cumulative attenuation effect. 
Therefore, its effect must be removed 
from the inverted source spectra. In other 
words, the source spectrum obtained in in-
version (Sinv) must be divided into the cu-
mulative attenuation (ψ) to obtain the real 
source spectrum (S): 

𝑆(𝑓) =
𝑆 (𝑓)

𝜓(𝑓)                          (9) 

 
Assuming that the source spectrum fol-
lows the ω2 source model (Brune, 1970; 
1971): 

𝑆(𝑓) = (2𝜋𝑓) .  .
( ⁄ )

    (10) 

 
Where Rθϕ is the mean value of the radia-
tion pattern of the S-wave and the value V 
=1/√2 is considered for the separation of 

S-wave energy on two horizontal compo-
nents. F is the free surface amplification 
that is considered equal to 2 in most stud-
ies. βs and ρs are the shear wave velocity 
and density near the source, respectively. 
M0 and fc are also seismic moment and 
corner frequency, respectively.  
    Where the unit of the seismic moment 
in this relationship is dyn-cm (10-7N.m). If 
a small earthquake (Here with the S index) 
is regarded as the empirical Green’s func-
tion (EGF) of a large earthquake (Here 
with the L index), the differences of the 
path attenuation in the strong-motion re-
cordings at the same station from large 
and small earthquakes can be ignored. The 
FAS ratio UL(f)/US(f) can be approxi-
mately expressed as the theoretical source 
spectral ratio SL(f)/SS(f) (Wang et al., 
2018): 

( )

( )
≈

( )

( )
= ∙

 ( ⁄ )

 ( ⁄ )
          (11) 

    According to this relationship, the cor-
ner frequencies for the large and the small 
events can be obtained by minimizing the 
difference between the observed FAS ra-
tio and the theoretical source spectrum ra-
tio. By substituting the corner frequency 
in Equation 10, the theoretical source 
spectrum is obtained and then the cumula-
tive attenuation ψ can be estimated by us-
ing Equation 9.  
    In this study, source number 30 was se-
lected as a large earthquake, and sources 
number 9, 10, and 12 were selected as 
small earthquakes. The cumulative attenu-
ation function was calculated with these 
three pairs of large/small earthquakes: 
30/9, 30/10, and 30/12. The seismic mo-
ments of these 4 events were calculated 
with the relationship proposed by Nemati 
and Tatar (2015) as log 𝑀 = 1.47 𝑀𝐿 +
9.19. The grid searching method was used 
to obtain the corner frequencies. The best 
adaptation between the spectral ratio of 
large to small sources (observational and 
theoretical) was obtained in the ratio of 
S30/S10 with RMS=0.46. Three small 
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earthquakes have three different magni-
tudes. However, the cumulative attenua-
tion functions are independent of the mag-
nitude of the selected earthquakes (Figure 
4). In this study, an average of three ψ 
functions was taken to determine the final 
cumulative attenuation function. 
    In the next step, all source functions that 
were achieved from inversion were  
divided into ψ to obtain the real source 
functions. Then, the corner frequency and 
seismic moment corresponding to each 
source will be calculated by fitting the real 
source function and the Brune (1970, 
1971) source model. For this purpose, the 

grid searching method has been used. For 
the range of the seismic moment variation, 
the equation proposed by Hanks and 
Kanamuri (1979) (log 𝑀 = 1.50 𝑀 +
9.05) and the condition of ML-0.40 
≤Mw≤ ML+0.40 are used. Since the stress 
drop Δσ for small to moderate earthquakes 
varies from 0.1 to 100 MPa (Kanamori, 
1994), the range of corner frequency will 
be calculated according to the ranges of 
stress drop and seismic moment, and 
based on Brune’s equation:  

𝑓 = 4.9 ×  10 𝛽(𝛥𝜎
𝑀 ) ⁄             (12) 

For example, the 3 sources with their best- 

 

 
Figure 4. The cumulative attenuation function was obtained with three pairs of earthquakes and their average. 
 

 
Figure 5. The diagram of 3 selected source spectrum. Blue: the source spectrum obtained by GIT. Red: the 

best-fitted curve (theoretical source). 



8                                                                                    Sakhaei et al.     Iranian Journal of Geophysics, Vol 16 NO 4, 2023 

 

 
Figure 6. (Left) Moment magnitude (Mw) versus local magnitude (ML) with the best-fitted line 
Mw=0.86ML+0.76 (R2=0.91), (middle) corner frequency versus seismic moment, (right) S-wave radiated en-
ergy versus seismic moment with the best-fitted line. 

 
 

fitted theory curves are shown in Figure 5. 
The maximum and minimum values of the 
corner frequencies are 5.14 and 1.11 Hz, 
for sources 11 and 24, respectively. Also, 
the seismic moment varies from 9.12×1014 
to 1.36×1017 N.m, with the maximum and 
minimum values being for sources 24 and 
11, respectively (Table 2). The Mw range 
is obtained from 3.94 to 5.39. The best-fit-
ted line for this diagram is estimated to be 
Mw=0.865 ML + 0.76 and its regression 
correlation coefficient was R2=0.91. The 
diagram of Mw versus local magnitude 
(ML) is shown in Figure 6. 
     Other quantities such as the source  
radius r and the stress drop Δσ in Brune’s 
model (Brun 1970, 1971) are defined as 
follows: 

𝑟 =
.  

 
                                            (13) 

∆𝜎 =  
 

 
                                          (14) 

Also, the apparent stress σa can be calcu-
lated by σa=μEs/M0. where μ and Es are the 
rigidity modulus (μ=ρ.β2) and the radiated 
energy of S-wave, respectively. In this 
study, the equation of Izutani and Kana-
mori (2001) is used to estimate the S-wave 

energy: 

𝐸 =   ∫
 

 ( )
 𝑑𝑓       (15) 

    All of these values mentioned above are 
listed in table 2. The maximum and mini-
mum values of the stress drop are 33.37 
and 3.84 MPa, respectively. The relation-
ship between stress drop and apparent 
stress is estimated as Δσ=4.52σa. The 
range of S-wave radiated energy is from 
3.69×1010 to 2.59×1013 J, and the relation-
ship between the seismic moment is calcu-
lated as log 𝐸 =  −9.70 + 1.36 log 𝑀  
with regression coefficient R2=0.91. 
    Only three of the records were in the 
Harvard catalog (GCMT). To compare the 
moment magnitude (and the scalar mo-
memt) obtained from the GIT with the 
GCMT catalog, their values are shown in 
Table 3. The slight difference is due to the 
choice of empirical relationship between 
Mw and M0. In the GCMT catalog, the 
formula of Kanamori (1977) has been 
used (that is, Mw=2/3*(log M0 – 9.1), 
while in this study, the formula of Hanks 
and Kanaamouri (1979) is considered. 
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5    Path 
One of the results of inversion is  
nonparametric attenuation functions, 
which are estimated at different  
frequencies. For example, Figure 7 shows 

 
 three attenuation functions at frequencies 
2.75, 9.17, and 20.46. As can be seen, the 
attenuation function changes smoothly 
and decreases with increasing distance. To  

 
Table 2. Some of the source parameters such as moment magnitude (Mw), corner frequency (fc), seismic 

moment (M0), source radius (r), stress drop (Δσ), apparent stress (σa), S-wave energy (E). 

Source Number 
Lon. Lat. Depth ML 

 
Mw 

 fc (Hz) 
RMS 

 
M0  

(N.m) 
r 

 (m) Δσ (Mpa) 
σa 

 (Mpa) 
E  
(J) 

1 45.865 34.466 8.0 4.00 4.29 3.11 1.19 3.05E+15 443.30 15.35 3.39 2.85E+11 

2 45.803 34.605 8.0 4.50 4.60 1.79 0.96 8.91E+15 770.20 8.54 1.89 4.63E+11 

3 45.804 34.421 10.0 4.80 4.74 2.4 1.55 1.45E+16 574.44 33.37 7.37 2.94E+12 

4 45.824 34.428 10.0 4.30 4.50 2.76 1.24 6.31E+15 499.52 22.16 4.89 8.51E+11 

5 45.755 34.421 8.0 4.70 4.85 1.83 1.87 2.11E+16 753.37 21.63 4.78 2.78E+12 

6 45.74 34.471 8.0 4.50 4.63 2.69 1.18 9.89E+15 512.51 32.14 7.10 1.93E+12 

7 45.911 34.457 8.0 4.10 4.29 2.76 0.63 3.05E+15 499.52 10.73 2.37 1.99E+11 

8 45.849 34.504 8.0 4.00 4.11 2.41 0.17 1.64E+15 572.06 3.84 0.85 3.83E+10 

9 45.588 34.589 9.5 4.20 4.48 2.91 1.49 5.89E+15 473.77 24.24 5.35 8.69E+11 

10 45.615 34.403 9.3 3.80 4.02 3.24 0.27 1.20E+15 425.51 6.83 1.51 5.00E+10 

11 45.558 34.598 8.0 3.80 3.94 5.14 0.46 9.12E+14 268.22 20.68 4.57 1.15E+11 

12 45.631 34.512 13.0 4.50 4.57 2.49 1.02 8.04E+15 553.68 20.72 4.58 1.01E+12 

13 45.96 34.447 8.0 4.10 4.35 3.06 0.7 3.76E+15 450.54 17.99 3.97 4.11E+11 

14 45.951 34.426 10.0 3.90 4.14 2.57 0.51 1.82E+15 536.44 5.16 1.14 5.71E+10 

15 46.392 35.218 8.5 4.20 4.07 2.61 0.34 1.43E+15 528.22 4.24 0.94 3.69E+10 

16 45.832 34.901 12.0 4.30 4.57 2.56 0.84 8.04E+15 538.54 22.52 4.97 1.10E+12 

17 45.653 34.554 10.0 4.00 4.17 3.21 0.48 2.02E+15 429.49 11.15 2.46 1.37E+11 

18 45.693 34.758 10.0 4.20 4.46 2.61 0.83 5.50E+15 528.22 16.32 3.60 5.46E+11 

19 45.832 34.578 15.0 4.40 4.47 2.22 1.09 5.69E+15 621.02 10.39 2.30 3.60E+11 

20 45.81 35.105 8.0 4.80 5.07 1.5 3.91 4.52E+16 919.11 25.47 5.63 7.01E+12 

21 45.64 34.64 8.0 4.70 4.67 2.23 2.2 1.14E+16 618.23 21.02 4.64 1.45E+12 

22 45.938 35.1 10.0 4.30 4.59 2.26 1.11 8.61E+15 610.03 16.60 3.67 8.7E+11 

23 45.733 34.428 5.8 4.20 4.39 2.21 0.46 4.32E+15 623.83 7.78 1.72 2.04E+11 

24 45.75 35.07 20.0 5.30 5.39 1.11 4.19 1.36E+17 1242.04 31.17 6.88 2.59E+13 

25 45.844 35.106 10.0 4.90 4.95 1.88 1.8 2.99E+16 733.33 33.13 7.32 6.02E+12 

26 45.874 34.764 7.7 4.20 4.43 2.71 1.06 4.95E+15 508.73 16.47 3.64 4.97E+11 

27 45.826 34.467 8.0 4.50 4.63 2.49 0.93 9.89E+15 553.68 25.49 5.63 1.53E+12 

28 46.262 34.665 6.0 4.60 4.76 1.96 0.74 1.55E+16 703.40 19.48 4.30 1.84E+12 

29 45.793 34.588 12.0 4.40 4.59 2.02 0.85 8.61E+15 682.51 11.85 2.62 6.21E+11 

30 45.79 34.47 14.0 5.00 5.00 1.55 0.27 3.55E+16 889.46 22.07 4.87 4.77E+12 
 

 
Table 3. Values of Mw and M0 in GCMT and GIT. 

Source 
Number 

Origin Time M0 
(this study) 

 

Mw 
(this study) 

 

M0 
(GCMT) 

 

Mw 
(GCMT) 

 yy/mm/dd hh:mm: ss 

24 17/12/11 14:09:56 1.36×1017 5.4 2.7×1017 5.5 

25 17/12/11 14:42:40 2.99×1016 4.9 2.33×1016 4.8 

30 18/01/06 15:22:07 3.55×1016 5.0 5.39×1016 5.1 
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better understand the attenuation function 
curve, its variations in all 40 selected  
frequencies along with curve 1/R are 
shown in Figure 8. This figure is plotted in 
the four different displacements (less than 
20 km, 20 to 35 km, 35 to 50 km, and more 
than 50 km). Due to the choice of R0=9Km 
as the reference distance, the log (A, R) in 
this distance is zero. Although they all 
show that the attenuation increased slowly 

and almost uniformly with distance, the 
rate of attenuation increased at greater  
distances than at shorter distances. It 
should be noted that from a distance of 9 
km to 45 km, which is a large number of 
data, we were able to divide the distance 
into 2 km sections (N = 18). We divided 
the distance greater than 45 km into 5 km 
sections (N= 5). That is, in total N= 23.

 

  

 
Figure 7. the attenuation spectra versus hypocentral distance in 3 selected frequencies. The gray crosses and 
shaded area represent the attenuation and the standard deviation around the mean, respectively. 

.  
Figure 8. Attenuation spectra versus hypocentral distance for all frequencies. 
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Figure 9. top The geometrical spreading exponent for all frequencies. bottom) The Q values at each frequency 
(0.5 to 25 Hz) along with their error bars. The solid lines represent the best fitted of Q-model for this study and 
previous study. 
 
Considering the attenuation equation 
(Boore, 2003): 

𝐴(𝑓, 𝑅) = exp(
  

( ) ∙
(𝑅 − 𝑅 ))     (16) 

    In this study,  is a simple model of ge-

ometrical spreading with b as a geomet-
rical spreading coefficient. By applying 
the logarithm to the sides of Equation (16) 
and arranging its sentences we will have: 
                                                            (17) 

log 𝐴(𝑓, 𝑅) − log =  
  

( ) ∙
(𝑅 − 𝑅 )  

According to the necessary condition of 

log 𝐴(𝑓, 𝑅) − log < 0, we seek out a 

maximum b to meet this condition for 
each frequency, indicating the strongest 
geometrical spreading (Wang et al., 2018). 
By drawing the diagram of the left of 
Equation (17) versus distance (for each 
frequency) and calculating the slope, the 
Q factor will be determined. On the other 
hand, we considered an additional condi-
tion (in addition to the above condition) so 
that by selecting it, the regression coeffi-
cient of Equation (17) becomes at least 
0.80. Values of 0.3 to 1 were tested for all 
frequencies and the appropriate value is 
shown in Figure 9. It has also been com-
pared with the previous study (1-step 
GIT). As can be seen, values of b are dif-
ferent in 1-step and 2-step approaches. It 
is clear that this difference is due to the 
different attenuation functions in these 

two approaches. Ahmadzadeh and Javan 
Doloei (2019) also obtained different at-
tenuation functions for the Zagros by these 
two approaches, which may be due to the 
conditions of the sites. The temporary 
seismic stations located on the surface of 
the ground with a few meters of clay have 
severe amplification effects with consider-
able differences between site responses 
(Ahmadzadeh and Javan Doloei, 2019). 
The values of Q at different frequencies 
are shown in Figure 9. A line (Q=Q0fN) 
was traditionally fitted to it. In this study, 
the quality factor was estimated as 101f0.67 
by the least-square solution. ,To compares 
the results of one-step and two-step ap-
proaches, the Q values of the previous 
study are also shown in this figure. 
 
6    Site Effect 
As mentioned, in order to eliminate the de-
gree of freedom of Equation 5, the re-
sponse of the one or more stations will be 
considered a default value. In some stud-
ies, a frequency-independent site response 
for very hard rock site is used (e.g. Ren et 
al., 2013; Wang et al., 2018). In these stud-
ies, the site response is constrained to be a 
specific number (usually 1 or 2) at all fre-
quencies. In other studies, some authors 
also used a specific (even frequency-de-
pendent) site response (e.g., Hassani et al., 
2011; Aram and Khazaei, 2019). 
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Figure 10. The site responses were obtained by GIT and H/V methods. 
 
    In this study, because the type of all 
sites doesn’t know, the site response of 
previous studies has been used. Boore and 
Joyner (1997) estimated the site response 
for the site with Vs30=620 m/s. According 
to Table 1, among our sites, the SPZ sta-
tion has Vs30=619 m/s and that is a ge-
neric rock site. Therefore, the site re-
sponse of the SPZ (and SPZ1) station was 
assumed to be known (i.e. equal to the val-
ues obtained by Boore and Joyner (1997) 
for Vs30=620 m/s). 
    Lermo and Chavez-Garcia (1993) esti-
mated the effects of the site by dividing 
the horizontal component of the earth-
quake record by its vertical component 
(the H/V method) and then this method 
has been widely used by various research-
ers. In this method, it is assumed that the 
local effects of the site do not have a sig-
nificant effect on the vertical component 
records. In this section, the effects of the 
site obtained from GIT and the H/V 
method were compared. The diagrams of 
site amplification from 2-step GIT (blue 
line), 1-step GIT (green line), and H/V 
method (red line) in the frequency range 
of 0.5 to 25 Hz are shown in Figure 10. 

7    Discussion and Conclusion 
The source, attenuation, and site parame-
ters of the 2017 Sarpol-e Zahab after-
shocks were investigated using the 2-step 
generalized inversion method. 87 acceler-
ation records were selected from 30 
sources for inversion. In order to evaluate 
the accuracy of the inversion results, the 
residuals from the synthetic results (gen-
erated by GIT) and observations were cal-
culated at each frequency. In this work, 
the residual diagrams in four frequencies 
of 1.23, 6.14, 10.14, and 18.50 are shown 
in the first row of Figure 11. This diagram 
is plotted in terms of hypocentral distance. 
In order to better represent of error bars, 
all the residuals of all the frequencies are 
plotted together as shown in Figure 11. 
Given the small amount of residual and 
also the independence of the distance, it 
can be concluded that the results of the in-
version are reliable and close to reality. 
    The range of the corner frequency and 
the seismic moment varies from 1.11 to 
5.14 Hz and from 9.12×1014 to 1.36×1017 
N.m, respectively. This range is consistent 
with other studies. For example, Zafarani  
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Figure 11. Top: residual diagram of GIT for all data at 4 frequencies (f=1.23 Hz (first column), f=6.14 Hz 
(second column), f=10.14 Hz (third column), and f=18.50 Hz (fourth column)). Bottom: all the residuals of all 
the frequencies together in a plot (red dot) vs the hypocentral distance and the average value (blue dot) and the 
corresponding standard deviation. 
 
et al. (2012) estimated the corner fre-
quency of Alborz as the range of 0.05 to 4 
Hz. Their data ranged in moment magni-
tude from 4 to 7.4 and seismic moment 
from 1.26×1015 to 1.41×1020 N.m. Also, 
Wang et al. (2018) calculated the seismic 
moment and corner frequency for Wen-
chuan aftershocks from 2.0×1014 to 
1.7×1018 N.m and from 0.1 to 3.1 Hz, re-
spectively. In more recent studies, Ah-
madzadeh et al. (2019) and Sakhaei et al. 
(2021) determined the corner frequencies 
in the Alborz and Zagros regions from 0.6 
to 14 Hz and from 0.8 to 3.8 Hz, respec-
tively. 
     In this study, we estimated Δσ=3.84 to 
33.37 Mpa. As we mentioned: ‘the stress 
drop Δσ for small to moderate earthquakes 
varies from 0.1 to 100 MPa (Kanamori, 
1994)’. However, in order to compare 
with other studies: 
- Hamzehloo et al. (2010) Calculated only 
three events: 3.2Mpa (for Mw=5.1), 
4.3Mpa (for Mw=6.1), and 2.8Mpa (for 
Mw=4.9). 
- Zafarani and Hassani (2013): Stress 
drops range from 1.4 to 35.0 MPa (14 to 
350 bars), with no clear dependence on 
magnitude. 
- Ahmadzadeh et al. (2017): The estimated 

stress drops range from 0.04 to 5.3 MPa 
with an average of 0.9 MPa, within the 
range typically observed for crustal earth-
quakes in other regions of the World. 
- Zafarani et al. (2012): The Brune stress 
drop estimates for individual earthquakes 
range from about 5 to 617 bars and the av-
erage value is around 135 bars for the 
magnitude range of events considered in 
this study. The estimated stress drop val-
ues are scattered and a scaling relation is 
not so obvious, but most of the values lie 
between 30 and 400 bars (for Alborz). 
Therefore, despite the low differences 
with other studies, it is in good agreement 
with the results of Zafarani and Hassani 
(2013).  
    As mentioned, the relationship between 
moment magnitude and local magnitude is 
estimated as Mw=0.86ML+0.76. In order 
to compare this relationship with previous 
studies, 6 equations were considered to 
form table 4. 
The relationship obtained in this study 
agrees well with other relationships, espe-
cially with the relationship of Shahvar et 
al. (2013), which has the least differences 
with it. In order to better represent and 
compare these relationships, their dia-
grams for the local magnitude range 3.6 to  
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Table 4. Some of the relationships between Mw and ML which considered in this paper. 
Number Equation Region Reference 

1 Mw=0.67ML+1.62 Zagros (Karimiparidari et al., 2013) 
2 Mw=0.74ML+1.35 Zagros (Shahvar et al., 2013) 
3 Mw=0.81ML+1.10 Zagros (Mousavi-bafrouei et al., 2014) 
4 Mw=1.01ML-0.05 Zagros (Zare et al., 2014) 
5 Mw=0.68ML+0.91 Parts of Zagros (Ahmadzadeh et al., 2017) 
6 Mw=0.71ML+1.27 Parts of Zagros (Sakhaei et al., 2021) 

 
 

Table 5. Comparison between the source parameters obtained 1-step (Sakhaei et al., 2021) and 2-step 
(This study) GIT. 

Minimum Maximum Average 

1-step 2-step 1-step 2-step 1-step 2-step Source Parameter 

0.80 1.11 3.80 5.14 1.98 2.48 Corner frequency (Hz) 

5.30×1014 9.12×1014 7.90×1016 1.36×1017 7.58×1015 1.41×1016 Seismic moment (N.m) 

0.98 3.84 30.18 33.37 7.65 17.95 Stress drop (Mpa) 

3.80 3.94 5.20 5.39 4.36 4.52 Moment magnitude 

5.96×109 3.69×1010 4.41×1012 2.59×1013 4.93×1011 2.16×1012 S-wave energy (J) 

 
5.5 are shown in Figure 12. The quality 
factor calculated in this study and other 
studies performed for Zagros has been 
compared with each other. Figure 13 
(right) shows four three Q diagrams from 
the studies of Hamzehloo et al. (2010), 
Ahmadzadeh et al. (2017), Sadeghi-
Bagherabadi et al. (2020), and Sakhaei et 
al. (2021). They estimated the Q factor to 
be 121f0.55, 36f0.77, 141f0.84, and 107f0.87 re-
spectively. The Q factor obtained in this 
study is well consistent with other results, 
especially with Hamzehloo et al. (2010). 
The slight differences between them can 
be due to the choice of different frequency 
ranges, the choice of different geometrical 
spreading, as well as the use of different 
methods for estimating the Q factor. 
    In order to quantitatively compare the 
results of the previous study (Sakhaei et 
al., 2021) and the results of this study, the 
minimum, maximum and average values 
of some source parameters obtained in 
both 1-step and 2-step inversion are shown 
in Table 5. Although there is little differ-
ence between the results of these two stud-
ies and they can be considered to be con-
sistent with each other, the values ob-
tained in this study are more than the val-
ues obtained from the 1-step inversion. 
Because there is a cumulative attenuation 

effect on the source spectrum in the previ-
ous study. While in this study, this effect 
is removed from the source spectrum in 
the second step of inversion. In other 
words, the source spectrum is adjusted to 
its true value. Therefore, the amplitude of 
the source spectrum in this study is greater 
than its amplitude in the previous study 
(due to the elimination of the attenuation 
effect). It is clear that the source parame-
ters mentioned in Table 5, which are di-
rectly related to the amplitude values of 
the source spectrum, are estimated in the 
previous study less than the values of the 
present study. As a result, it seems that in 
cases where R0 is small, these differences 
can be ignored and similar results were 
obtained in both studies. But in cases 
where R0 is large, we will see a significant 
difference and the source parameters ob-
tained from the inversion are not reliable 
without removing the cumulative attenua-
tion effect. This result can also be true for 
the non-parametric attenuation function 
(and consequently the quality factor). 
    We compared the site effects that were 
calculated by two different methods (GIT 
and H/V). In most cases, a very good 
agreement was observed and the small dif-
ference between them is mainly due to the 
constraints   and    assumptions   of  these 
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Figure 12. (Left) Comparison between the relationship between local magnitude and moment obtained in this 
study and other previous studies. (Right) Comparison between the quality factor obtained in this study and 
other previous studies. 
 
two methods; Because in the H/V method, 
the site effects on the vertical component 
are eliminated, and on the other hand in 
the GIT, the site effects for the reference 
station (in this study SPZ and SPZ1) are 
default values. 
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