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1. Introduction

114 three-component strong motion records from 2012 Ahar-Varzaghan double

earthquakes (Mw=6.5, 6.3) are used to study the apparent source spectra of these

two events. For this purpose, all the known effects of local site and travel path were

deconvolved from the observed spectra. As of path effects (attenuation model), two

models are considered: 1)a model developed by the authors in an earlier study with

the geometrical spreading form of R%° at close distances, 2) a model developed in

this study in which the geometrical spreading has the more conventional form of
R at close distances. These two models have very similar associated Q factors, as

the Q factor is more affected by the rate of geometrical spreading at longer
distances. It is observed that the inferred source spectrum (particularly Brune stress

drop) depends strongly on the considered attenuation model. For the studied events,

the apparent observed source spectra for vertical and horizontal components show
overall similarity, with horizontal component having bigger scatter and higher
fluctuations. The apparent source spectrum of the first event almost perfectly matches
the well-known Brune model; whereas the second event is a fair match to the Brune
model and is better represented by a double corner frequency model. Out of four
double-corner frequency models of source spectra where evaluated here, only the
recently developed generalized double-corner-frequency model can successfilly
reproduce the observed ground motions; the other three lack flexibility in matching
the high-frequency spectral level.

One of the important issues in earthquake hazard
assessment is the estimation of the expected ground
motion as a function of distance and earthquake
magnitude. The ground motion at a particular site is
influenced by three main components: source, travel
path and local site conditions. Source factors include
magnitude, fault geometry, stress drop, rupture
process and slip distribution on the fault. Travel path
effects include geometrical attenuation, dissipation
of seismic energy due to the earth's anelasticity and
elastic waves scattering in heterogeneous media. Site
factors constitute of a combination of amplification
through crustal profile and near-surface diminution.

In this study, the first of these three main elements
(i.e. source factors) is addressed. Estimation of
either of these factors is a step forward in earth-
quake risk assessment in a region.

In frequency domain, the observed spectrum of
ground motion at a site can be separated to con-
tributions from source, travel path and site, each
represented by a spectrum. If each of these spectra
1s estimated well, the combination of them can be
used in stochastic simulation/prediction models of
strong ground motions like SMSIM [1] or ESXIM
[2]. The predicted/simulated strong ground motions
are used in seismic design or checking of special
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structures at a site [3] or are employed to develop
Ground Motion Prediction Equations (GMPEs) to
predict maximum amplitudes of ground motions
(i.e. PGA, PGV and response spectra) as function
of magnitude and distance [4].

The aim of this study is to estimate the apparent
source spectra of two strong earthquakes of
Ahar-Varzaghan and implications of attenuation
models on this estimation. For this purpose, site and
travel path effects should be removed from observed
spectra. Two models for travel path effects are
considered here; the first model is based on an
earlier study by the authors [5] and the second
model is determined in this study with a different
assumption about geometrical spreading compared
to the one adopted by Samaei et al. [5]. Moreover,
site effects for the strong motion stations are
studied to the possible extent and removed from
the observed spectra. The remaining spectrum is so
called "apparent source spectrum". Comparisons of
the estimated spectra with some theoretical and
empirical models are also presented.

2. Tectonic Setting

Iran plateau is located in the collision zone of
Eurasian plate on one side and Arabian plate on the

other side, which caused major crustal shortening
and thickening along the Iranian active fold-thrust
mountain [6]. In northwestern Iran, the relative
motion between these two plates are about 20 mm
per year. The deformation in the area near Tabriz
is dominated by the North Tabriz Fault, a WNW-
ESE trending right-lateral strike-slip fault, which
has been responsible for seven historical earth-
quakes with magnitudes greater than 6 since AD 858
[7].

On August 11, 2012 two destructive earthquakes
occurred 11 minutes apart near two towns of
Varzaghan and Ahar in Northwestern Iran; the first
with moment magnitude of 6.5 at 12:23 UTC and
the second with moment magnitude of 6.3 at 12:34
UTC [8], resulting in over 300 deaths and 3000
injuries. These earthquakes have two important
aspects: first, they are the biggest events recorded in
Northwestern Iran, and second, they are very well
recorded events, being recorded on more than 60
strong motion stations on Iran Strong Motion
Network (ISMN) out to hypocentral distances of
more than 200 km [9], Table (1) and Figure (1). These
strong motion accelerograms have provided us
with excellent database to study the earthquake
parameters in the region.
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Figure 1. Location of events and stations. Stars denote the location of events and black triangles show the stations.Major faults

are also shown as presented by Nazari et al. [10].

JSEE/VWl. 18, No. 1, 2016



Source Spectra of 2012 Ahar-Varzaghan Double Earthquakes, Northwestern Iran

Table 1. Earthquakes information.

. . . Depth . Seismic Moment No. of

Event Date Time Latitude Longitude (km) Magnitude (N.m) Reference Records
First shock  8/11/2012 12:23:15  38.433 46.812 9 Mw 6.5 6.342x10" IRSC* 49
Second shock 8/11/2012 12:34:35  38.423 46.802 4 Mw 6.3 3.828x10" IRSC * 65

* Jranian Seismological Center

3. Database

The data used in this study were all recorded by
Iran Strong Motion Network (ISMN), which have
been installed and maintained by Building and
Housing Research Center (BHRC). The BHRC
ground-motion database has been expanded con-
tinuously during the past decades due to the added
new strong-motion stations and occurrence of large
earthquakes. So far, more than 10000 strong motion
records have been obtained by ISMN since its
inception in 1973. By now, this network comprises of
1160 stations composed of three component digital
accelerographs in the different active seismic regions
of the country [9, 11].

As we noted earlier, Ahar-Varzaghan earthquakes
are recorded on more than 60 strong motion stations
comprised a database of 114 three-component
records. All the stations were equipped with three-
component digital SSA2 accelerographs for which
the transducer response for them is flat up to 50 Hz.
This makes no necessity of correction for instrument
response. The sampling rates of the records are 200
Hz (0.005 seconds intervals). Table (1) shows the
earthquakes information and Figure (1) shows the
location of earthquakes and stations.

Strong motion records of Varzaghan-Ahar
double earthquakes are readily available from
ISMN website [9].

4. Processing of the Records

Signal processing for the dataset is discussed in
detail in Samaei et al. [6], and here is just briefly
explained.

After a zero order baseline correction [12], S
wave Fourier Amplitude Spectra (FAS) of the
acceleration time series were computed using time
windows that start with the first arrival of the S wave
and end when 90% of the total energy is reached.
Time windows were tapered with a 5% cosine taper
before calculation of FAS.

Since we work with the data in frequency
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domain, the most important issue would be
the bandwidth that can reliably be used. At high
frequencies, FAS starts to fall toward higher fre-
quencies until it flattens and touches the noise
floor [13]; the data have been used out to the
frequency that FAS touches that floor. This is most
recognizable in frequency-FAS plot when frequency
is in linear units (not in log units).

The lowest usable frequency is chosen mostly
based on the shape of FAS and filtering and inspect-
ing integrated time series. The shape of FAS should
be relatively falling toward lower frequencies based
on theoretical models of source spectra, and
integrated acceleration time series to velocity and
displacement should be physically reasonable [14].

Computed FAS for S wave portion of the record
is smoothed with a box window of length of five
data points and interpolated in 24 logarithmically
spaced frequencies between 0.1 to 20 Hz. An
example of a record with its raw and interpolated
FAS is presented in Figure (2). FAS of the noise
in this figure is normalized to the length of the S
wave window by multiplying the factor of (T, / T,)"?
where T, and T, are the durations of the data
sample and the noise sample, respectively [15].

5. Method

For obtaining the apparent source spectra, all
the known effects to the observed spectra should be
removed. Assuming a point source, Fourier spectrum
of ground motion consists of contributions of source
(E), Path (P) and local site condition (G) [16-17]:

Y(£,R) = E(f,M,)x P(f,R)x G( f) (1)

where M, is the seismic moment and R is the dis-
tance from source to observation point.

Source spectrum is parameterized as:
E(f, My) = CMy(2xf)* S(M,, 1) 2)

where the constant C is C= R, FV/(4npp®), in
which Ry, is the radiation pattern (average value of

3
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Figure 2. Top: Horizontal T component of the first event,
recorded at Basmanj station after zero order baseline
correction, with its selected noise and S wave
windows (hypocentral distance of 58 km). Bottom:
Computed FAS of the S wave (Black line), noise
window (dotted line) and smoothed and interpolated
FAS of S wave for using in regression and source
spectum estimation (triangles).

0.55 for shear waves), F is free-surface ampli-
fication (2.0), Vis the partition onto two horizontal
components (0.71), and p and B are density and
shear-wave velocity in the vicinity of the source [18].

S(M,, f) is the shape of the displacement
source spectrum and can be represented as m square
model of Brune [19-20]:

S(f):;

f2
1+ (— 3
( fo) A3)
where f; is the corner frequency, having the follow-
ing relationship with stress parameter (Ac):

(4)

in which £ is in Hz, B is in km/s, Ac is in bars,
and M, is in dyn-cm. In the Brune model defined
by Egs. (3) and (4), source spectrum is controlled
at low frequencies by seismic moment and at high

f;, =4.906x10°B(Ac/ M,)"?

frequencies by Ac.
The path effect (P) constitute of multiplication of
geometrical spearing (Z) and an elastic attenuation

4

(which includes Q operator):
P(f,R)=Z(R)exp(—r f R/ QP) (5)

These two parameters are estimated for the
current database in an earlier study [5]:

1 0.9
(EJ R< 60km
Z(R - 1 0.9 60 0.5 (6)
— — R> 60km
60 R
And associated quality factor:
Q(f) =148 (7)

We call this model "Attenuation model A" here-
after. In this model, geometrical spreading has a
gentler slope at close distances (0.9) compared to
the typical geometrical spreading (1.0). However, it
is shown that the rate of geometrical spreading at
close distances is frequency dependent, and as it is
explained in Samaei et al. [5], for the frequencies
of engineering interest (1 to 10 Hz), the following
form of geometrical spreading could be assumed:

i R< 60km
Z(R) = 05
' 8
L @j R > 60km ®)
60\ R

Based on the assumed geometrical spreading, as
illustrated in Figure (3), the following function for
quality factor is derived:

104}
103}
e}
102}
10 m Estimated Q(f)
10
‘ ‘ —Q(f) = 157061
10" 100 10!
Frequency

Figure 3. Estimated values for Q(f) with their 90% lower and
upper confidence intervals of the coefficient estimates
from the regression (blue bars). Solid black line
shows the least squares fit to the estimated values.
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Q(f)=157 £ )

The regression method for obtaining this quality
factor is as explained in Samaei et al. [5]. The latter
attenuation model (Egs. (8) and (9)) is called
"Attenuation model B" hereafter. This way, we are
able to evaluate the inferred source spectra in more
depth.

It is noticed that although the rate of geometrical
spreading is significantly different for two models,
this makes little difference to the associated quality
factor. This is not surprising as the quality factor
majorly affects longer distances where the two
models have similar rate of geometrical spreading
(0.5).

Finally, site response () can be assumed in the
form of:

G( )= A(f)exp(~nx, f) (10)

where A( f) is amplification and x, is the spectral
decay parameter at high frequencies for zero
distance [13].

High frequency decay parameter at zero distance
for current events is estimated by Samaei et al. [21].
In the mentioned sudy, it has been shown that in
classical method of estimating kappa, the results are
very sensitive to the choices of f;, (where spectrum
starts to fall) and f, (where spectrum reaches the
noise floor) and automated procedures for esti-
mating kappa are likely to lead to a biased estima-
tion. Samaei et al. [21] found an obvious concavity in
dependency of kappa on distance so the kappa
values in distance were regressed to a trilinear shape
for which the first line has a zero slope. Based on
this trilinear shape, the values of the zero distance
kappa are 0.043 and 0.026 for horizontal and vertical
components respectively. These results are shown
in Figure (4).

It is generally believed that the effect of local site
conditions on vertical component of the strong
ground motion is negligible [22-24]; therefore, the
amplification of unity was assumed for vertical
components. For horizontal components, average
shear wave velocity to the depth of 30 m (V) for
some of ISMN stations are available [25]. This
includes about half of our recordings. For consider-
ing the amplification for horizontal components,
available sites were divided into two categories of
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Figure 4. Behavior of kappa in distance for the studied
events [21].

generic rock (average V. =620) and generic soil
(average V., =310) sites, and Boore and Joyner [26]
crustal amplification factors were used. These
factors were originally derived for California based
on square root impedance method, but are used
extensively in many active tectonic regions around
the world. The combined site effects for horizontal
components based on Boore and Joyner [26] factors
and «, estimated by Samaei et al. [21] are shown in
Figure (5).

7. Results

Known effects of local site and travel path are
deconvolved from the observed spectra. This is
simply done by playing back the attenuation effects
of model A (Egs. (6) and (7)) or model B (Egs. (8)
and (9)) and site response. Shear wave velocity and
density in equation 2 are assumed to be 3.4 km/s
and 2.8 g/cm’ respectively in the region [27].

First, we evaluate the effect of attenuation
models on the inferred source spectra from vertical
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Figure 5. Combined effect of local site for horizontal com-
ponents, composed of amplification and high
frequency diminution. Amplifications at needed
frequencies in this study are obtained by interpolation
from Boore and Joyner factors, assuming a linear
dependency between log frequency and log amplifi-
cation.

component of the recordings. These results are
shown in Figure (6) for both events. The source
spectra are normalized to the reference distance of 1
km. It is observed that the apparent source spectrum
of the first event based on vertical components
almost perfectly matches the Brune source model.
However, the value of stress drop strongly depends
on the attenuation model. The inferred source
spectrum from attenuation model A has a value of
about 45 bars, whereas for the attenuation model B
it is about 80 bars. It is noted that the reported M,
by IRSC is used as a constraint for matching the
Brune source model. Regarding the second event,
Brune model is a fair match to the observed data
and can predict the high frequency (> 0.8 Hz) level
of the spectrum with a stress drop of about 70 bars
for Attenuation Model A and 130 bars for Attenua-
tion Model B. The second event seems to be better
represented by a two-corner frequency model (e.g.
[4,28]).

The difference between stress parameters
inferred from attenuation model A and B is sig-
nificant. It shows that the stress parameter depends
strongly on the attenuation model (geometrical
spreading in particular). This is the same conclusion
made by Boore et al. [29] and Boore [30].
Therefore, anywhere that determination of stress
parameter (Brune stress drop) is of interest, the
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Figure 6. Apparent source spectra at reference distance of
1 km for the studied events for attenuation models
A and B. Only observations from vertical component
recordings are shown. Error bars are standard
error of the source amplitudes, computed from
the standard deviation of the mean amplitude,
divided by the square root of the number of observa-
tions. Small error bars are due to the high number
of observations; the standard deviation is in order
of 1000 at high frequencies.

associated attenuation model should be noted. It is
necessary to state that the stress parameter (Ac)
is of fundamental importance in simulations of
ground motions, because this parameter along
with the seismic moment, largely control the ampli-
tude of high-frequency radiation from the source
[30].

Figure (7) further analyzes the source spectra, as
it depicts the observation from both vertical and
horizontal recordings. Interestingly, there is a simi-
larity of source spectra derived from horizontal and
vertical components in a relatively broad frequency
band (0.5-20 Hz). In lower frequencies, however,
horizontal components systematically show higher
amplitudes compared to vertical components. This
might be due to the assumed crustal amplification for
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horizontal components, as some studies [31-32]
show that Boore and Joyner factors underestimate
the soil amplification. There is a chance that this
under-estimation be more pronounced at low fre-
quencies. This mismatch can also be due to inherent
differences in H and V components. In a recent

study, Stewart et al. [33] derived GMPEs for

First Event, Mw = 6.5

1000,

e Vertical Apparent Source Spectrum, Attenuation Model A
m Horizontal Apparent Source Spectrum, Attenuation Model A
— Brune Source Spectrum, Ac= 45 bar

Source Spectra at R = 1 km (cm/s)
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1000 Second Event, Mw = 6.35
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B Horizontal Apparent Source Spectrum, Attenuation Model A
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10

0.1 1 10

Frequency (Hz)

Figure 7. Apparent source spectra at reference distance of
1 km for the studied events for attenuation model
A. Error bars are standard error of the source
amplitudes, computed from the standard deviation
of the mean amplitude, divided by the square root
of the number of observations. Small error bars are
due to the high number of observations; the standard
deviation is in order of 1000 at high frequencies.
Corner frequency for the first event is 0.18 and
for the second event 0.25 Hz.

vertical components from a global database. They
observed complicated (magnitude, distance and
period) differences between their derived coeffi-
cients and those of their earlier coefficients from
horizontal components [34]. These differences are
difficult to explain physically. It could be that they
are due to some combination of radiation pattern,
relative mix of P and S waves, differences in
attenuation of P and S waves, refraction due to
non-constant crustal velocities, etc. [38].

Overall, horizontal and vertical spectra are
similar with horizontal spectra having higher scatter
and higher fluctuations. This is very similar to
observations by Chen and Atkinson [35] in which
they evaluated source spectra in six different
tectonic regions around the world.

The second event is further analyzed here since
it shows some signs of following a two-corner
frequency source model. Two-corner frequency
models are developed to incorporate the complexity
near the source due to finite fault effects, and rather
than having a single corner frequency of f; have
two corner frequencies of f, and f,.

Table (2) shows the models used in this study.
The included models are: first, Atkinson and Boore
[4] model developed for earthquakes in Northeast-
ern America; second, Atkinson and Silva [28]
model based on California earthquakes; third,
Meghdadi and Shoja-Taheri [36] model developed
for earthquakes in eastern Iran; and fourth, a
generalized double corner frequency model presented
in a recent work by Boore et al. [37].

Figure (8) shows the comparison between the
observed source spectra and four models of Table
(2). The first three models are incapable of repro-
ducing the observed motions. They do a weaker job
even comparing with the Brune model. The reason
lies in inflexibility of these models. These models do
not have a free parameter to match the high-frequency

Table 2. Two corner frequency models of source spectra used in this study.

Model S

log(f,) log(f3) log(z)

Atkinson & Boore 1995

A=) [A+(S [ 1+ L+ 1 1))

241-0.533M 1.43-0.188M 2.52-0.637M

Atkinson & Silva 2000

A=) [A+(S [ 1+ L+ 1 1))

2.181-0.496 M 2.41 - 0.408 M 0.605-0.255M

Meghdadi & Shoja-Taheri 2014

VAL LT I AT

2.69-056M 3.40-053M 0.10-0.03M

GADCF*

O R L s - - -

* Generalized Additive Double Corner Frequency
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Figure 8. Comparing the second event with some two corner frequency models.

level of the spectra. This is the reason for introduc-
ing general double corner frequency models. Two
generalized models are introduced by Boore et al.
[37], first the multiplicative model and second the
additive model. The latter model is discussed here.
The generalized additive double-corner-frequency
(GADCF) model of the source spectra has the
following general form:

S(f)=
(1-¢) €

11
[+ (7 )P 1% [+ (£1 £)PR] .

where pfand pd stand for power of frequency
and power of denominator, and € is a weighting
parameter giving the relative contributions of the
two single-corner-frequency spectra. For a flat high-
frequency acceleration spectrum, the following
constraint must be satisfied:

(12)
With this constraint, high frequency level of

pf, x pd, = pt, x pd, =1

double corner frequency model can be equal to high
frequency level of equivalent single corner frequency
model if the following equation is fulfilled:

gnguwﬁf—a—w

€

(13)

where f; is the corner frequency of single corner
frequency model (e.g. Brune model). This would let
the GADCF model at high frequencies be defined

8

by Ac as the Brune model.

The GADCF model is fit to the observed appar-
ent source spectra of the second event based on
a grid search flowing Eq. (11) and assuming
pf, = pf, =2 and pd, = pd, =1. Theresult is shown
in Figure (8). As it is expected, GADCF model
has the same high frequency flat level of the Brune
model and matches the observed spectra consider-
ably better than all other models. This indicates on
the importance of the flexibility of GADCF model.

8. Conclusions

Source spectra of 2012 Varzaghan-Ahar double
earthquakes were evaluated in this study. This was
done by deconvolving all the known effects of local
site and travel path from the observed spectra. Two
attenuation models were considered and it was
shown that the inferred source spectra (particularly
Brune stress drop) depend strongly on the consid-
ered attenuation model (especially geometrical
spreading).

Apparent observed source spectra for vertical and
horizontal components show overall similarity, with
horizontal component showing bigger scatter and
higher fluctuations. The apparent source spectra of
the first event almost perfectly matches the well-
known Brune model; whereas the second event is
better represented by a double corner frequency
model. Out of four double corner frequency models
of source spectra evaluated here, only the recently

JSEE/VWl. 18, No. 1, 2016
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developed generalized double-corner-frequency
model can successfully reproduce the observed
ground motion.

In the present study, source spectra were evalu-
ated using two moderate well-recorded events. For
these events, estimated stress parameter of the
Brune model (Ac), depending of the considered
attenuation model, ranges between 45 to 130 bars.
If a typical geometrical spreading at close distances
(1/R) is to be considered, the estimated stress drop
averages to about 100 bars, which is a typical value
that is presented for many active regions around the
world.
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