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Region-Specific Key Seismic Parameters for Earthquakes in Northern Iran

by Dariush Motazedian

Abstract Strong-motion accelerograms recorded within northern Iran are used to
examine the propagation characteristics of shear wave, including geometric spreading
behavior, O-value, #,, and horizontal-to-vertical (H/V) ratio. These region-specific
key seismic parameters are estimated from 259 three-component records of 22 earth-
quakes with magnitude ranging from M 4.9 to M 7.4 in northern Iran. The geometric
spreading follows a trilinear behavior with a strong postcritical reflection from the
Moho. The first and second hinges of the trilinear behavior are at 75 and 150 km,
respectively. The associated Q-value, based on the vertical component is Q =
87 f'°. K, value for vertical and horizontal components are 0.03 and 0.05, respec-
tively. Because of lack of station-specific site information, the H/V ratio is considered
to be a rough estimation of generic site amplification. The obtained region-specific
parameters are used to estimate the average stress drop based on three stochastic
modeling approaches. Stochastic point-source modeling suggests a Brune stress drop
of 125 bars, whereas stochastic finite-fault modeling based on static and dynamic

corner frequency approaches suggests a stress drop of 68 bars.

Introduction

Iran has experienced a high level of seismicity, includ-
ing several catastrophic earthquakes with thousands of ca-
sualties (e.g., Bam, 2003, M 6.5; Manjil, 1990, M 7.4;
Tabas, 1978, M 7.4; etc.). The seismic source and wave
propagation characteristics in Iran are complex because of
hazard contributions from distinct seismotectonic regions,
all of which behave differently in terms of their seismic
source and ground-motion propagation characteristics (e.g.,
Stoklin, 1968; Takin, 1972; Berberian, 1976; Nowroozi,
1976; Khademi and Nayeri, 1997; and Mirzaei et al., 1999).
The focus of this article is on 22 earthquakes in northern
Iran, listed in Table 1 and shown in Figure 1. These earth-
quakes are located in similar seismotectonic settings.

To enable reliable seismic-hazard estimation for the re-
gion, the study of region-specific seismic-source and wave-
propagation parameters, in addition to seismic-site effects,
is a priority for research. Region-specific parameters can fur-
ther be used to predict average expected ground-motion am-
plitudes. The approach taken in this study is to use the results
of empirical analyses of strong-motion records to formulate
the basic seismic characteristics. Empirical data are used to
examine the seismic-propagation characteristics of ground
motions, such as geometric spreading behavior, anelastic at-
tenuation (Q-value), r, and site-amplification factor, each
described separately in the following sections. Then, these
key region-specific parameters are used to estimate stress
drop, based on stochastic point-source and finite-fault mod-
eling approaches. In the application of finite-fault modeling
both static and dynamic corner frequency approaches (Mo-
tazedian and Atkinson, 2005b) are applied.

Database

The Building and Housing Research Centre of Iran
(BHRC) operates more than 1000 strong-motion stations
composed of three-component accelerographs. The network
has recorded more than 2000 earthquakes since its inception
in 1973 (BHRC, 2005). The BHRC ground-motion database
has been growing steadily during the past decade because of
increasing numbers of strong-motion stations and the occur-
rence of large-magnitude earthquakes. One particular ex-
ample, the M 6.3 Kojour earthquake in northern Iran, was
recorded on approximately 139 three-component BHRC
strong-motion stations.

In this study, Fourier and response spectra of 761 ac-
celeration time series recorded by 259 three-component
BHRC instruments for the 22 earthquakes presented in
Figure 1 and Table 1 were computed and analyzed. In the
course of data processing, the shear-wave portion of signal
(including direct, reflected, and refracted phases) were win-
dowed for all time series of events at distances up to 200
km. For each record the general procedures are: (1) tapering
the windowed time series using a 5% cosine taper on each
end of the signal; (2) zero-padding the time series to the next
greatest power of 2; (3) transforming to frequency domain
by fast Fourier transform; (4) removing instrument response;
(5) transferring to time domain by applying the inverse Fou-
rier transform; (6) calculating response spectra for 5% damp-
ing from corrected acceleration time series; (7) discarding
the frequencies with a signal to noise ratio less than 2 in the
frequency domain, where the pre-event noise is available
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Table 1
Study Earthquakes Recorded by BHRC Accelerographic Stations in Northern Iran
Event No. yyyy-mm-dd hh:mm:ss  Latitude  Longitude =~ M#*  Depth (km)  Reference’
1 1980-07-22 5:17:06 37.36 50.35 5.5 37 ISC,HRVD
2 1980-12-03 4:26:15 37.17 50.47 5.3 44 ISC,NEIS,HRVD
3 1985-10-29  13:13:40 36.75 54.81 6.1 15 NEIS,HRVD
4 1987-04-10 6:43:20 37.21 57.70 5.1 6 ISC,HRVD
5 1990-01-20 1:27:10 35.89 53.00 5.9 25 ISC,HRVD
6 (Manyjil) 1990-06-20  21:00:11 36.99 49.35 74 15 ISC,HRVD
7 1990-06-24 9:46:01 36.88 49.42 5.3 10 ISC,HRVD
8 1990-07-06  19:34:54 36.91 49.30 5.3 35 ISC,NEIC
9 1991-11-28  17:19:53 36.92 49.60 6.5 16 ISC,NEIC
10 1995-10-15 6:56:34 37.05 49.47 52 33 HRVD
11 1996-01-03 8:42:26 38.99 48.72 5.3 56 NEIS,HRVD
12 1997-02-04 9:53:55 37.56 57.30 54 10 NEIS,HRVD
13 (Garmkhan)  1997-02-04  10:37:47 37.66 57.29 6.5 11 NEIS,HRVD
14 1997-02-05 7:53:45 37.63 57.59 52 10 NEIS,HRVD
15 1997-02-28  12:57:45 38.08 48.05 6.1 10 NEIS,HRVD
16 1997-03-02  18:29:42 38.00 47.89 5.3 10 ISC,NEIS,HRVD
17 1998-07-09  14:19:18 38.72 48.51 5.9 26 NEIS,HRVD
18 1998-08-04  11:41:59 37.34 57.27 5.3 33 NEIS,HRVD
19 1999-11-19 4:40:24 37.34 54.40 5.4 35 NEIS,HRVD
20 1999-11-26 4:27:24 36.92 54.90 5.3 33 NEIS,HRVD
21 2000-08-16  12:53:02 36.72 54.36 4.9 33 NEIS,HRVD
22 (Kojour) 2004-05-28  12:38:46 36.52 51.82 6.3 17 ISC,NEIS,HRVD

*M is moment magnitude based on the Harvard Centroid Moment Tensor database.

ISC, International Seismological Centre; HRVD, Harvard Seismology; NEIS, National Earthquake Infor-

mation Centre.
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Figure 1. Distribution of the study earthquakes in northern Iran recorded by the

Building and Housing Research Centre (BHRC) strong-motion stations.
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(the record is discarded where the pre-event noise is not
available and the quality of signal is poor); and (8) smooth-
ing the Fourier spectra. The spectra were smoothed by using
a weighted nine-point smoothing algorithm, and tabulated
over frequencies from 0.1 Hz to 20 Hz, where available.
Both vertical and horizontal components were compiled.
The main use of the Fourier amplitude spectral database is
in the investigation of attenuation characteristics of the
events as discussed in the following sections.

Iranian earthquake magnitudes are generally compiled
based on teleseismic earthquake records located by inter-
national agencies; thus, large differences exist between
earthquake magnitude scales, in particular, for smaller
events. To avoid the inclusion of the resulting uncertainty in
magnitude, the only magnitude used in this study is the mo-
ment magnitudes based on the Harvard Centroid Moment
Tensor database (HRVD-CMT), which provides a uniform
characterization of amplitude level for all events on a com-
mon scale. The magnitude-distance distribution of data in
northern Iran compiled for this study is shown in Figure 2.
The empirical database is poor at higher magnitudes and
dominated by small to moderate events (M < 6.5). This
places significant constraints on the use of the empirical
database in ground-motion studies.

0-Value

Q-value, which is inversely related to the anelastic at-
tenuation of seismic waves, varies from place to place, de-
pending on the seismotectonic features (e.g., Aki, 1980).
Knowledge of anelastic attenuation is important because
anelastic attenuation determines the shape of the high-
frequency spectrum whereas the absolute level of the spec-
trum is controlled by the stress drop. Anelastic attenuation
has been widely investigated in various regions of the world
by using direct regression on the shear-wave Fourier ampli-
tude spectra (e.g., Raoof et al., 1999; Sokolov et al., 2002;
Atkinson, 2004; Motazedian and Atkinson, 2005a). In this
study, regression analysis of the Fourier amplitude spectra
is used to determine anelastic attenuation based on the pre-
viously mentioned database. Regression is performed by the
maximum likelihood method by using the algorithm of Joy-
ner and Boore (1993, 1994). In general, the following form
is considered for the observed Fourier amplitudes at each
frequency.

logA; = ¢ + o(M; — 4) + cs(M — 4y
+ blog Ry + c4Ry; + logS, (1)

where A is the observed spectral amplitude of earthquake i
at station j. R;;, b, M and S are the hypocentral distance, the
geometric spreading coefficient, the moment magnitude and
the site effects, respectively. ¢, through c, are empirically
determined coefficients. In this step the main focus is on the
anelastic coefficient c,, which is inversely related to the qual-
ity factor, Q:
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Figure 2. Magnitude-distance distribution of
study accelerograms recorded by the BHRC in north-
ern Iran.

Q = (nf)/(In (10)csf), @

where £ is the shear-wave velocity and fis frequency in hertz
(e.g. Atkinson and Mereu, 1992). Note that there is a pos-
sible trade-off between the source and geometric spreading
terms in the regression procedures (Joyner and Boore, 1993,
1994). Two approaches were considered to avoid distance-
magnitude trade-offs. (1) Equation (1) was applied to a sin-
gle earthquake with a very rich database (the M 6.3 Kojour
earthquake). Thus, the first three terms are constant and there
is no trade-off between the source term and the other re-
gression terms. The Kojour earthquake is considered for this
approach because it was recoded on 139 three-component
BHRC strong-motion stations, which covers more than 50%
of the study database (417 of 792 vertical and horizontal
records). Thus, this earthquake by itself provides a reason-
able database for regression analyses. (2) The source terms
were replaced by dummy variables in the regression proce-
dures.

Figure 3, which plots vertical peak ground acceleration
(PGA) versus distance for a subset of data (earthquakes with
magnitude from M 6.3 to M 6.5), clearly shows the different
behavior of b-values at different distances and suggests a
possible trilinear behavior for geometric spreading. Thus, the
geometric spreading coefficient (b-value) should be deter-
mined at different distances for any possible multisegment
behavior due to postcritical reflection effect from Moho
(Burger et al., 1987) and domination of multiply reflected
and refracted shear waves at larger distances (Hermann and
Kijko, 1983). Because of the lack of information on BHRC
site conditions, and because the vertical component is af-
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fected less by site conditions than horizontal components,
using vertical components in this step minimizes the effect
of the site on the results. Thus, in this step, equation (1) is
only applied to vertical components.

A general trilinear behavior for geometric spreading is
considered for the regression analysis on 139 vertical com-
ponent records of the Kojour earthquake. R, the first hinge
point, is the distance between the source and where the po-
steritical effect from Moho appears. R,, the second hinge
point, is the distance where multiply reflected and refracted
shear waves dominate the signal. b,, b,, and b5 are the b-
values for distances from the source to R, R; to R,, and
beyond R,. A wide range of values were considered for these
parameters. R, R,, b,, b,, and b varied from 40 to 90 km,
60 to 160 km, —1.3to —0.5, —0.5t0 0.5, and —0.5t0 0.5,
respectively. The maximum likelihood method was applied
to all possible combination of R, R,, b, b,, and b5 (about
20,000 combinations). For each combination the regression
results were compared with the observed records by calcu-
lation of residuals, where the residual is defined as the log
of observed Fourier amplitudes minus the log of Fourier
amplitudes predicted by equation (1). The best distribution
of residuals is for the case where R, = 70 km, R, = 150 km,
b, = —0.6,b, = + 0.2, and b; = —0.1. The positive b-
value for the second segment suggests that a strong postcrit-
ical reflection effect from Moho appears at 70 km. A similar
positive behavior for b-value was also discovered by Atkin-
son (2004) for eastern North America. The results of both
approaches, using dummy variables for the source terms and
regression on a subset of data, which includes only the Ko-
jour earthquake, are similar. The symmetric behavior of re-
siduals versus distance without any specific trend, as shown
in Figure 4, confirms that the selected b-values are reason-
able for the study region.

Having a fixed b-value for different segments of the
trilinear model of geometric spreading, the QO-value can be
determined by using equation (2). To avoid any potential
magnitude-distance trade-offs in this step the source terms
were replaced with dummy variables in the regression pro-
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Figure 3.  Vertical PGA versus distance for earth-

quakes with magnitude from M 6.3 to M 6.5. The
different behavior of b-values at different distances is
clear.
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cedures. The obtained Q-value for northern Iran is shown in
Figure 5. The behavior of Q-values is represented by a U-
shaped curve, following

log(Q) = 1.99(log f)* — 0.67(log ) + 2.32. (3)

The U-shaped behavior of Q-value has been observed
by many investigations such as Aki (1980), Cormier (1982),
Boore (2003), and Atkinson (2004). Although the behavior
of the Q-value is represented by a U-shaped curve, the Q-
values for frequencies above 1.0 Hz, the portion of most
interest in frequency space, can be approximated by a
straight line as shown in Figure 5. The straight line presented
in Figure 5 is given by
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Figure 4.  Distribution of residuals versus distance
where Ry = 70 km, R, = 150 km, b, = —0.6,
b, = +0.2 and b; = —0.1. Residual is defined as
the log of observed Fourier amplitudes minus the log
of predicted Fourier amplitudes by equation (1).
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Figure 5.  The regional Q-value for northern Iran
follows a U-shaped curve. Q-values for frequencies
greater than 1.0 Hz can be roughly represented by a
straight line given by Q = 87 f'°.
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0 = 87f%. 4)

Thus, the behavior of anelastic attenuation versus dis-
tance is modeled through Q-values. In the next section the
focus is on x,, which is considered to represent the near-
surface attenuation of seismic wave.

Kappa Factor

High-frequency amplitudes are reduced through the
kappa operator (Anderson and Hough, 1984) by applying
the factor exp(— 7fic). Kappa acts to rapidly diminish spec-
tral amplitudes above some threshold frequency and is be-
lieved to be primarily a site effect (Atkinson, 2004). In this
study, the kappa factor for each individual record is obtained
from the slope of the smoothed log acceleration Fourier
spectral amplitude at high frequencies, generally greater than
5 Hz, where frequency is in linear scale. A least-squares fit
to the spectrum of each record is determined. Kappa factors
calculated for the vertical component of all records versus
distance are shown in Figure 6. As expected, x;; is a distance-
dependent parameter because of the frequency dependence
of anelastic attenuation. The best-fit line to the distribution
of kappa versus distance is fit to the form ¥ = xR + K.
The best-fit coefficients for the vertical component are ., =
0.0002 and x, = 0.029.

The kappa factor for the horizontal components is es-
timated based on the same procedures. The general trend of
kappa versus distance for horizontal components, which is
not shown for the sake of brevity, is similar to those of ver-
tical components but with different x, values. The x, for
horizontal components is 0.05, which is larger than that of
the vertical components. This confirms that the attenuation
of higher frequencies is much less on the vertical than the
horizontal component, as the vertical component is less sen-
sitive to the variation of shear-wave velocity of near-surface
deposits. The clear difference between vertical and horizon-
tal values suggests that x, contains a dependence on near-
surface site-specific attenuation effects. The kappa value for
northern Iran is intermediate compared with r, = 0.10 for
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Figure 6.  The distribution of kappa factor versus

distance for vertical components. The x, for vertical
components is 0.03.
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Turkey (Anderson et al., 2001), which is located immedi-
ately to the west of the study region, and r, = 0.02 to 0.04
for soft rock sites in California (Anderson and Hough, 1984;
Boore et al., 1992; Atkinson and Silva, 1997; Boore and
Joyner, 1997).

Horizontal-to-Vertical (H/V) Ratio

Currently, no specific information regarding the site am-
plification of BHRC stations exists, but BHRC is currently
conducting site-amplification measurements for its strong-
motion network. This study does not provide an accurate
estimation of site effect for BHRC stations, instead, it pro-
vides a rough but useful approximation for the scaling of
stress drop in northern Iran. An improvement on this issue
will be possible as further studies being conducted by the
BHRC establish the seismic-site classification across Iran.
The results of this study can easily be adjusted on the avail-
ability of the site information when they become available.

Earthquake waves propagate from the source region,
where the shear-wave velocity is typically about 3.6 km/sec
toward the surface, where the average shear-wave velocity
may be as low as 620 m/sec for generic soft-rock sites
(Boore and Joyner, 1997). The spectrum is amplified
through this velocity gradient by seismic-impedance effects.
Amplification effects are observed strongly on the horizontal
components, but weakly on the vertical one. Although there
is no strong theory behind the H/V ratio method, the ratio of
the H/V component of ground motion is generally considered
to be a good, if crude, estimate of site amplification, as dis-
cussed by Nakamura (1989), Lermo and Chavez-Garcia
(1993), Beresnev and Atkinson (1997), Atkinson and Cas-
sidy (2000), and Siddiqqi and Atkinson (2002).

In general, the overall site effect, S(f), is the site am-
plification, D(f), multiplied by the near-surface attenuation,
exp(—7ific) as: S(f) = D(fe ™. It is common to replace
the site amplification, D(f), by the H/V ratio. The most am-
biguous part is the x value that should be used along with
the H/V ratio, because both horizontal and vertical compo-
nents have already gone through surface attenuations, but
with different x values. Although it is assumed that the ver-
tical amplification is negligible compared with the horizon-
tal, yet a considerable near-surface attenuation for vertical
component is observed (x, = 0.03 in this study). Because
there is no strong theory behind this approach, the decision
should be made empirically based on the behavior of overall
spectrum at high frequencies, usually more than 5 Hz (G.
Atkinson, personal comm.). However, let us consider two
extreme cases for vertical x. (1) In the case of identical x
for both vertical and horizontal components (x, = k) the
effect of x values are canceled in the H/V ratio and the
e~ ™/ is needed to include the near-surface attenuation in
the site effect for the horizontal component. This means the
site term for the horizontal component is S(f) =
H/Ve™ ™/ (2) Another extreme case is x, = 0 # K, then,
the near-surface attenuation effect is already included in the
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H/V ratio and there is no need for additional ¢ =™/, The
site term for the horizontal component in this case is S(f) =
H/V. The common case is when the x, is not zero and not
identical to x;,. In this general case a portion of x value
(Ax = K, — K,) has already been included in the H/V ratio;
thus, it should be subtracted from the near-surface attenua-
tion term for the horizontal component. Hence, the site term
for the horizontal component can be considered (G. Atkin-
son, personal comm., 2006) as

S(f) = H/Ve ™= A0f = Hiye ™/, 3)

Figure 7 shows the site effect, S(f) = H/Ve ™/, for
BHRC stations in northern Iran compared with those of ge-
neric rock (V;, = 620 m/sec) and soil (V3o = 310 m/sec)
site classes (Boore and Joyner, 1997). The amplifications for
generic soil and rock sites (Boore and Joyner, 1997) were
multiplied by exp(— zfic), where ¥ = 0.035 for California
sites. Despite the ambiguity in this approach, the trend of
residuals at frequencies greater than 5 Hz, which is discussed
in the following sections and shown in Figures 8c and d,
confirms this decision.

All the previously mentioned regional key seismic pa-
rameters estimated in this study are used in the simulation
of the acceleration time series based on the stochastic mod-
eling approach to estimate the stress drop for earthquakes in
northern Iran, as discussed in the following sections.

» HNV X exp-o.oam
3 == Generic soil x exp
== Generic rock x exp

-0.035xf
-0.035wt

N

Site Amplification xexp™

1 " n PR 1 1 1 1 P
0.2 1 2 10
Frequency (Hz)
Figure 7.  Site effects, S(f) = H/Ve ™/, for the

horizontal components of the BHRC stations in north-
ern Iran in comparison with those of generic rock
(Vo = 620 m/sec) and soil (V3 = 310 m/sec) site
classes (Boore and Joyner, 1997). The amplifications
for generic soil and rock sites were multiplied by
exp(—rfic), where kx = 0.035 for sites in California.
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Estimation of Stress Drop

In this study, three stochastic modeling approaches are
applied to estimate stress drop for earthquakes in northern
Iran: (1) point source (e.g., Boore, 1983); (2) finite-fault ap-
proaches using a static corner frequency (Beresnev and At-
kinson, 1998a; Motazedian and Atkinson, 2005b); and (3)
finite fault using a dynamic corner frequency (Motazedian
and Atkinson, 2005b).

Point-Source Modeling

In stochastic point-source modeling, the acceleration
spectrum follows an «” shape for a fault at a distance R
which is modeled as a point source (Aki, 1967; Brune, 1970,
1971; Boore 1983). The acceleration spectrum of the shear
wave, A(f), is described by

—nfR
EQ B RbD(f)e — nﬁc()’ (6)

(Q2nf)’
2
(7
0
where the constant C = RY FV/(4npp®). R, F, V, p, b,
M,, and b are the radiation pattern (average value of 0.55
for shear waves), the free-surface amplification (2.0), the
partition onto two horizontal components (0.71), density,
shear-wave velocity, seismic moment, and geometric
spreading factor, respectively. b = —1 is applicable for

body-wave spreading in a whole space. The corner fre-
quency, fo, is calculated from

A(f) = CM,

B . AO')IB
Jo =49 X 10 ﬂ(ﬁ , @)

0

where Ag is stress drop in bars, and £ is shear-wave velocity
in kilometers per second. The quality factor, Q (f), is in-
versely related to anelastic attenuation. D(f) is the site am-
plification and exp( — nfic,) is a high-cut filter used to include
the effect of x,.

The approach of the stochastic point-source model is to
generate a transient time series that has a stochastic char-
acter, with an average of the spectra for many realizations
matching a specified desired amplitude spectrum (Boore,
1983). A window is applied to a time series of Gaussian
noise with zero mean and unit variance. The windowed time
series is transformed to the frequency domain and the am-
plitude spectrum of the random time series is multiplied by
the desired spectrum. Transformation back to the time do-
main results in a stochastic time series whose amplitude
spectrum is the same as the desired spectrum on average
(Boore, 1983, 1996, 2003).

The previously mentioned regional key seismic param-
eters are used in the simulation of the acceleration time se-
ries. Some general values are considered in this simulation.
Crustal shear-wave velocity and crustal density are consid-
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ered to be 3.6 km/sec and 2.8 (g/cm?®), respectively. The
duration of ground motion is generally represented as 7(R)
= Ty + dR, where T, is the source duration (7;, = fault
length/rupture velocity), and d is the coefficient controlling
the increase of duration with distance. A generic value of
0.1 is good for d to control the increase of duration with
distance (Beresnev and Atkinson, 2002).

By using the region-specific key seismic parameters and
the general parameters described previously, a synthetic ac-
celeration time series can be simulated corresponding to
each individual accelerographic record from the BHRC. The
stochastic point-source modeling is iterated over a wide
range of values for stress drop, the only unknown parameter
in equations (6) and (7). The frequency content of each sim-
ulated acceleration time series is compared with the actual
record by the calculation of residuals. Residuals are defined
as the log of observed PSA minus the log of predicted PSA
(where PSA is the horizontal component 5% damped pseudo-
acceleration). Residuals for frequencies from 0.1 Hz to
20 Hz over all records are calculated. The distribution of
residuals was plotted versus distance (as an example, Fig. 8a
for 1 Hz) to rule out a trend versus distance. The applied
geometric spreading factors in the time series simulation
provide reasonable results with the observed records.
The mean-square error, MSE = }1 E (PSA pserved —
PSA, i)’ and the mean value of residuals for each fre-
quency are calculated. The goal is to find the stress drop that
provides the minimum MSE, whereas increasing the stress
drop will shift almost the entire distribution of residuals in
Figure 8b downward and decreasing the stress drop shifts
the distribution upward. Stress drop of 125 bars provides the
minimum MSE and the mean values fluctuating around the
zero line with a maximum standard deviation of 0.46 as
shown in Figure 8b, which provides the mean value and MSE
of residuals versus frequency (error bars in Fig. 8b show =+
1 S.D.).

Point-source modeling of earthquake ground motion
may not be appropriate for large earthquakes, because the
effects of a large fault plane, including fault geometry, het-
erogeneity of slip on the fault plane, and directivity, can
influence the amplitudes, frequency content, and duration of
ground motion. A two-corner model has also been proposed
by Atkinson (1993) to represent finite-fault effects that are
important for large events. In the two-corner model, the
source term is given by

1 —
A(f) = CM,yQ2nf)* ( ;)2 + ‘ el (3)
Ja o

where the parameters ¢, fy, and fg are region-specific param-
eters (Atkinson and Boore, 1995) and for eastern North
America are given by
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log(e) = 2.52-0.637M )
log(fy) = 2.41-0.533M (10)
log(fiy) = 1.43-0.188M. (11)

For large earthquakes the stochastic method with a two-
corner source has been shown to best represent the source
spectrum (Atkinson and Boore, 1995), but despite the su-
perior advantages of the two-corner frequency over the
Brune model, in this section we are interested in the esti-
mation of stress drop, which can not be calculated from the
two-corner model. We further check the stress-drop values
by using finite-fault modeling, which has been another tool
for the prediction of ground motion near the epicenters of
large earthquakes (Hartzel, 1978; Irikura, 1983; Joyner and
Boore, 1986; Beresnev and Atkinson, 1998a,b; Motazedian
and Atkinson, 2005a,b; Motazedian and Moinfar, 2006). The
next section describes the applied stochastic finite-fault mod-
eling based on a static corner frequency.

Finite-Fault Modeling Based on Static
Corner Frequency

In finite-fault modeling, a large fault is divided into N
subfaults (N = nl*nw, where nl and nw are the number of
subfaults along the length and width of main fault, respec-
tively) and each subfault is considered to be a small point
source (introduced by Hartzell, 1978). The rupture spreads
radially from the hypocenter. In our implementation the
ground motions of subfaults, each of which is calculated by
the stochastic point-source method described in the previous
section, are summed to obtain the ground-motion accelera-
tion. The acceleration spectrum for a subfault can be mod-
eled as a point source with an w? shape (Aki, 1967; Brune,
1970, 1971; Boore 1983). In this approach equation (6) is
used to obtain the acceleration spectrum of the shear wave
for each subfault. In the application of equation (6) for the
ijth subfault A(f), fo, R, and M, are replaced by A (f), fo;»
R, and M,;, where they are the acceleration spectrum of
shear wave, corner frequency, distance from the observation
point and the seismic moment of the ijth subfault, respec-
tively. The corner frequency of the ijth subfault, f;,(2), is
defined as

Ac )1/3

Oave

foj = 49 X 106ﬁ<

A 1/3
= 49 X 105 N3 ﬁ(f) . (12)
0

where the average seismic moment of subfaults in dyne cm
is My, = M,/N. In identical subfaults, the moment of each
subfault is controlled by the ratio of its area to the area of
the main fault (M,; = M,/N, where M, is the seismic mo-
ment of the entire fault). If the subfaults are not identical the
seismic moment of each subfault is expressed as

D. Motazedian

M,S;
nl  nw ’

> XS

=1 k=1

where §;; is the relative slip weight of the ijth subfault (Be-
resnev and Atkinson, 1998a,b; Motazedian and Atkinson,
2005b). The ground motions of the subfaults are summed in
the time domain to obtain the ground-motion acceleration of
the entire fault, a(f)

nl  nw

aiy = 2 X At + Ay, (14)

i=1 j=1

where At; is the relative delay time for the radiated wave
from the ijth subfault to reach the observation point. This
approach has been implemented in the EXSIM (EXtended
fault SIMulation) program (Motazedian and Atkinson,
2005b). Application of stochastic finite-fault modeling based
on static corner frequency in EXSIM slightly differs from its
precedent, FINSIM (stochastic FINite fault SIMulation; Be-
resnev and Atkinson, 1998a), in the calculation of corner
frequency and seismic moment of each subfault.

EXSIM was used to simulate synthetic waveforms for
each actual record of the BHRC. The dimensions of each
fault are calculated based on Wells and Coppersmith (1994).
Input parameters to EXSIM are given in Table 2. Note that
the b-values needed for the finite-fault simulation should be
suitable for subfaults that are comparable to earthquakes
with magnitude M 4, or M 5. The b-value for the first seg-
ment of trilinear behavior (distances up to 70 km in this
study) was obtained under the influence of near-source and
finite-fault effects, because most of the database originates
from earthquakes with magnitudes greater than M 6.0.

Hence, b = —0.6 is not suitable for the first segment of the
trilinear behavior. Thus, a theoretical geometric spreading
factor, b = —1, for point source is considered for the first

segment of trilinear behavior of geometric spreading. This
selection is confirmed by the symmetrical distribution of re-
siduals around a zero line for near-source distances. To cover
all of the possible backward, forward, and null directivity
regions for each BHRC record a profile with a fixed closest
distance to the fault is considered. Each profile covers 15
values of azimuth from 0 to 180 degrees. In addition, a total
of five random hypocenters are considered for each earth-
quake (15*5 = 75, a total of 75 simulated records for each
actual BHRC record).

The same procedure that was applied in stochastic
point-source modeling is applied to calculate residuals in this
approach as well. The distribution of residuals averaged over
all events versus frequency is shown in Figure 8c. The best
value for the stress drop to produce the minimum MSE is 68
bars. Error bars in Figure 8c are = 1 S.D. The mean value
line is very close to zero at frequencies above 1 Hz with the
maximum standard deviation of 0.48 but deviates from the
zero line at lower frequencies.
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Table 2
Stochastic Model Input Parameters for EXSIM

Parameter

Point Source

Static Corner Frequency

Dynamic Corner Frequency

Stress drop

o

Duration

Site effects

K

v

Fault width

Pulsing area

125 bars

log(Q) = 1.99 (log f)* —
0.67 (log f) + 2.32

T, + 0.1 (km)
H/Ve ™ ™f
0.03

NA

NA

68 bars

log(Q) = 1.99 (logf)> —
0.67 (log /) + 2.32

T, + 0.1 (km)
H/Ve ™/
0.03

based on Wells and
Coppersmith (1994)

NA

68 bars

log(Q) = 1.99 (log f)* —
0.67 (log f) + 2.32

Ty + 0.1 (km)
H/Ve ™/
0.03

based on Wells and
Coppersmith (1994)

50%

percentage

Windowing Saragoni-Hart Saragoni-Hart Saragoni-Hart

function

Geometric R~ ' (R < 70 km) R0 (R < 70 km) R (R <70 km)

spreading* R™2(70km=R=150) R"?(@70km=R=150) R"?(70km =R = 150)
R~ (150 km < R) R™' (150 km < R) R™' (150 km < R)

Rupture velocity ~ NA 0.8 of § 0.8 of

Slip distribution NA random random

A theoretical geometric spreading factor, b = —1, for point source is considered for the first segment of

trilinear behavior of geometric spreading. This selection is confirmed by the symmetrical distribution of residuals

around zero line for near-source distances.

Stochastic finite-fault modeling based on dynamic cor-
ner frequency is able to improve the behavior of residuals at
lower frequencies (Motazedian and Atkinson, 2005b; Mo-
tazedian and Moinfar, 2006), which is applied in the next
section.

Finite-Fault Modeling Based on Dynamic
Corner Frequency

The approach of stochastic finite-fault modeling based
on dynamic corner frequency is similar to the static corner
frequency modeling described in the previous section, but
the corner frequencies of the subfaults are a function of time.
In this approach the acceleration spectrum of the shear wave
of the Zjth subfault, A;(f), is described by

*”fR,j
e®" RED(f)e o

Qnf)*
Aff) = CMy; Hy

ij
1+

T/ 7 \2]
Oij(f)) ]

5)

where the dynamic corner frequency, fq,;(?), is defined as a
function of the cumulative number of ruptured subfaults,
Ng(t), at time t:

A 1/3
fos() = 4.9 X 10° Nz N'? ﬁ(%) .36

H,; is a scaling factor that is applied to conserve the total
area under the spectrum of subfaults as the corner frequency
decreases with time (Motazedian and Atkinson, 2005b).
Note that the dependence of f;;(¢) on time and H;; are the
only differences between equations (16) and (6). The scaling
factor, Hy, is given by
Hy = (NS0 + (Af1)72

P+ (1)) an

Because the scaling factor, H;;, changes the spectrum at
all frequencies, the amplitude of the spectrum at low fre-
quencies, which represents the seismic moment, is changed.
In EXSIM, Hj; is tapered such that it gradually approaches
unity at low frequencies; thus, the seismic moment is con-
served. The practical effect of this taper function on the time
series and response spectra in the frequency range of engi-
neering interest is negligible. Motazedian and Atkinson
(2005b) have shown that the influence of the scaling factor
on lower frequencies is typically small.

In actual earthquake ruptures, the slip may only be oc-
curring on some part of the fault, whereas the other areas on
the fault are passive. In EXSIM only the active area contrib-
utes to the dynamic corner frequency at a given moment in
time, and therefore the passive area does not affect the dy-
namic corner frequency. In our implementation of this con-
cept, the cumulative number of pulsing subfaults, as given
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by Ny in equation (16), would increase with time at the be-
ginning of rupture but become constant at some fixed per-
centage of the total rupture area. This percentage is referred
to as the “%pulsing area.” This parameter can be used to
adjust the level of spectrum at lower frequencies (Motaze-
dian and Atkinson, 2005b).

Similar to the approach taken in the last section for the
application of static corner, 75 synthetic records were sim-
ulated for each BHRC record to estimate stress drop based
on the region-specific key seismic parameters. All other
EXSIM parameters in the application of dynamic corner fre-
quency have been described previously and given in Table 2.
In the first step, we change the stress drop to adjust the am-
plitude of higher frequencies and in the second step we ad-
just the amplitude of lower frequencies by varying the per-
centage of pulsing area. The lowest residuals averaged over
all events and all frequencies are shown in Figure 8d. The
minimum MSE is provided by the stress drop of 68 bars. The
average residual is close to zero at all frequencies with the
maximum standard deviation of 0.47. The close-to-zero dis-
tribution of residuals in Figure 8d displays good agreement
between simulated and observed data, which gives us
enough confidence in the overall trend of our simulated ac-
celeration time series.

To evaluate the assumed generic geometric spreading
factor for the study area, the distribution of residuals versus
distance is plotted for 1 Hz and shown in Figure 9a. The
distribution of residuals versus magnitude in Figure 9b
shows a trend beyond M 6.5, where data are very sparse and
can not be judged.

Conclusions

Acceleration time series of 22 earthquakes recorded on
BHRC strong-motion stations were processed and analyzed
to obtain region-specific key seismic parameters. Fourier
amplitude spectra were used to determine geometric spread-
ing model and anelastic attenuation by using a maximum
likelihood regression method. These parameters are mainly
derived from the vertical component, assuming that the ver-
tical component is less affected by the site condition than
the horizontal components, because there is no site-specific
information on BHRC stations. A trilinear geometric spread-
ing model is suggested by the analysis of residuals with
hinges at 70 km and 150 km. The regional Q-value is Q =
87 f146 based on the obtained trilinear geometric spreading
model for the region.

The distance-dependent kappa factors, for both horizon-
tal and vertical components, were obtained from the slope
of the smoothed amplitude of Fourier acceleration spectrum
at higher frequencies. The x, for horizontal and vertical com-
ponents are 0.05 and 0.03, respectively. The clear difference
between vertical and horizontal x, values suggests that there
should be a distinguishable near-surface site-attenuation ef-
fect on the horizontal components compared with the ver-
tical component.
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Residuals
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Hypocentral Distance (km)
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Frequency (Hz)

Figure 9.  (a) Distribution of residuals versus dis-
tance for 1.0 Hz. (b) The distribution of residuals ver-
sus magnitude for 1.0 Hz. Note that beyond M 6.5
the data are sparse and cannot be judged.

The ratio of the H/V component of ground motion is
considered to be a rough estimate of site amplification. The
overall site term, which is the site amplification multiplied
by the near-surface attenuation, can be considered to be
H/Ve™ ™/ because a portion of the kappa value has already
been included in the H/V ratio. Despite ambiguity in the
theory of this approach, the trend of residuals at frequencies
greater than 5 Hz confirms this decision. The overall site
effect for BHRC staions in northern Iran follows the general
trend of generic soil-site effect (Boore and Joyner, 1997)
with lower amplitudes.

After the calculation of the earlier mentioned regional
key seismic parameters, three stochastic approaches were
applied to estimate stress drop for the study region. Sto-
chastic point-source modeling, suggests stress drop of 125
bars, whereas stochastic finite-fault modeling, using both
static and dynamic corner frequencies, suggests 68 bars.
Finite-fault modeling based on static corner frequency pro-
vides a better close-to-zero distribution of residuals over
higher frequencies than point-source modeling, because the
effects of a large finite source are considered in this ap-
proach.

The most frequent criticism of finite-fault modeling
based on the static corner frequency approach, including
those by Schneider et al. (1993), Silva and Darragh (1995),
and Beresnev and Atkinson (1998a, 1999, 2000, 2002), has
been that the results depend on the selected subfault sizes.
In addition, simulated near-source acceleration time series
for large earthquakes often contain artificial gaps due to the
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Figure 10. Some of simulated times series for magnitudes from M 5.2 to M 7.4
where the response spectrum closely follows the spectrum of the recorded spectrum.
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large subfault size. The stochastic finite-fault modeling
based on dynamic corner frequency offers several advan-
tages over previous stochastic finite-fault models, which has
been described by Motazedian and Atkinson (2005b). To
avoid production of gaps in the near-source acceleration time
series due to the subfault-size dependence of the static corner
frequency approach, stochastic finite-fault modeling based
on a dynamic corner frequency was applied. The behavior
of residuals confirms that a better agreement between the
observed and simulated spectra at lower frequencies is pro-
duced with the application of dynamic corner frequency.

The distribution of residuals shows that the simulated
time series in some cases is far from the recorded time series.
This is because of two main facts: (1) All of BHRC sites,
including any possible rock site along with all other soil
types, were treated equally in terms of site effects because
of the lack of site-specific information. Site effects by them-
selves place a considerable wide range of residuals even in
well-studied seismic stations. (2) The fault geometry of the
main part of database is unknown, but the distribution of
residuals suggests that the simulated time series on average
are reasonable compared with the recorded series. Figure 10
shows some example spectra where the simulated and ob-
served series are similar for a wide of magnitude from M
52toM74.
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