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Abstract

In this study, the statistics properties of the aftershock
sequence and coulomb stress changes due to the mainshock
of the M,,= 6.3, 9 April 2013 Shonbeh earthquake have
been studied. The spatial distribution of aftershocks and
focal mechanism event with M,,>5.0 declared a NW-SE
striking rupture with oblique thrust fault mechanism. The b-
value is estimated as 0.77+ 0.05 and the mainshock
occurred in a highly stressed region and sequence
comprised larger magnitude aftershocks due to the presence
of large size asperities within the rupture zone. Also the
high p-value (1.16 + 0.05), implying fast decay rate of
aftershocks, evidences high surface heat flux. A value of the
spatial fractal dimension (D,) equal to 2.60 = 0.02 indicates
random spatial distribution and source in a two-dimensional
plane that is being filled-up by fractures. Moreover, the
evaluated coseismic Coulomb stress using the variable slip
model for depth range 0-20 km reveals a ‘butterfly’ pattern
and most of the aftershocks fall (95%) in the region of
enhanced Coulomb stress.

Keywords: Shonbeh Earthquake, aftershock sequence,
statistics properties, Coulomb stress changes, spatial
distribution,

1. Introduction

The Shonbeh earthquake M,,=6.3 (IGUT) occurred on
9 April 2013 at 11:52 UTC (16:22 local time). The
mainshock was at a depth of 11.3 km with the epicenter
located in the sparsely populated Borazjan region in South
of Iran. This event occurred in Eastern side of Kazerun fault
which known SE Zagros (Fig.1).
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The Zagros Fold-and-Thrust Belt is one of the most
seismically active regions of the world. It seems
earthquakes in the Zagros belt are limited to the upper
continental crust with depths less than 20 km, with no
evidence for a seismically active subduction slab dipping
NE beneath Central Iran (MAGGI et al. 2000a,b;
JACKSON et al. 2002; TALEBIAN and JACKSON 2004;
TATAR et al. 2004; ENGDAHL et al. 2006). The majority
of seismicity in the Zagros happens within the late
Neoproterozoic  basement longitudinal reverse and
transverse right-lateral strike-slip master faults, separated
from the top sedimentary cover folds along the Upper
Vendian—Lower Cambrian Hormoz Salt decollement, with
smaller  events happening throughout the  belt
(BERBERIAN 1976, 1981, 1995; BERBERIAN and
NAVAI 1977, 1978; BERBERIAN et al. 1977,
BERBERIAN and PAPASTAMATIOU 1978; MAGGI et
al., 2000a,b; TALEBIAN and JACKSON 2004).

However, the intensity of the mainshock was VII-VIII
on the modified Mercalli Intensity (MMI) scale in and
around the mainshock epicenter (USGS). However, the
earthquake killed at least 37 and hurt more than 950 people
and also the event ruined 100 houses, left 1000 homeless,
and damaged 500 more houses in nearby villages
(ESMAEILII et al. 2013). The most precise location is the
estimate from the Institute of Geophysics at University of
Tehran (IGUT), based on their permanent seismic stations.
IGUT determined this event at 28.467N and 51.568E. In the
present study, we employed the Institute of Geophysics,
University of Tehran (IGUT) data. The Shonbeh
aftershocks sequence consists of more than 602 earthquakes
of 2.0<My< 6.3 documented by IGUT from April 9, 2013
till December 31, 2013 (Fig.2). The focal mechanism
solution obtained by IGUT shows mostly reverse
component with very slightly right-lateral strike-slip
component. The focal mechanism of the mainshock and
aftershocks with M,, > 5.0 are presented in Fig. 2 via beach
balls and listed in Table 1. All the aftershocks M,,>5.0
show oblique thrust fault mechanism. The focal
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mechanisms of the Shonbeh mainshock and its aftershocks
confirm that this area is under compressional regime and the
thrust faults that resulted to this regime are effective in the
neotectonics of the region.

Routinely, it has been accepted that aftershocks
commonly happen after large earthquakes and it is assumed
that they are motivated by stress transfer during an event.
When an event happens there are neighbor regions where
the stress is raised. Also They as well as display an outcome
of intricate triggering mechanisms which move in a highly
heterogeneous system of non-linearly cooperation faults
accommodated in a visco-elastic medium (BEN-ZION
2008). In other words, relaxation of these stresses causes
aftershocks (RYBICKI 1973; MENDOZA and HARTZELL
1988; KING et al. 1994; HARDEBECK et al. 1998). Thus,
a profound conception of physics and mechanisms of
aftershocks is thus of crucial importance. The present study
proposes preparing detailed and precise statistical
inferences about the Shonbeh aftershocks sequence. In this
respect, Statistical evolution of the aftershock data was
further carried out (b-value, p-value, D.-value and slip rate)
in an effort to make light to the seismotectonic properties of
the area. Also, Coulomb stress changes due to the
mainshock coseismic slip were evaluated so as to explicate
the aftershock activity.
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Figure 1. Tectonic and geomorphological map
of the SE Zagros
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2. Tectonics

The NW-SE striking Zagros fold-and-thrust belt is a
region of active continental collision. This belt agrees with
to a continental accretionary prism within the Arabian plate,

which accordance about 10 mm/yr of NNE trending
shortening, between Eurasian and Arabian (TATAR et al.
2002). Also, this orogenic belt estimates at 1500 km long
with a 250-400 km wide. It extends from eastern Turkey to
the Oman Gulf, where it ends out at the Makran subduction
zone. To the East, the E-W-striking Makran belt is the
emerged part of an accretionary prism resulting from the
subduction of the Oman Gulf oceanic lithosphere under the
Iranian platelet (BYRNE et al. 1992; MCCALL 1997).
Thus, continental collision between the Eurasian and
Arabian plates has happened along the Zagros Suture Zone
and continual subduction among the Eurasian and Arabian
plates has resulted in the foundation of the Makran ranges
in the SE of the Iranian Platcau (JACOB and
QUITTMEYER 1979). However, Zagros has separated
from Makran by Zendan-Minab fault system in the Western
part.
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Figure 2. Epicentral location of Shonbeh earthquake sequence
(mainshock (Black star) and aftershocks) occurred
during the period of April 9-December 31, 2013.
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Moreover, Zagros includes about 6-14 km of
sedimentary rocks covering the Precambrian metamorphic
basement with a thick sequence of Late Upper Vendian—
ower Cambrian Hormoz Salt deposits acting as a
decollement zone (JAMES and WYND 1965; STOCKLIN,
1968; BERBERIAN 1976, 1995; BERBERIAN and KING
1981).

Almost half of the GPS-derived convergence rate
between the Arabian plate and Central Iran (1044 mm/year)
is embedded in the

Zagros by north—south crustal shortening and strike-
slip faults oblique to the strike of the belt (BERBERIAN
2014). The convergence rate is regressive from 9+2
mm/year in the southeastern Zagros to 7+2 mm/year near
the longitude of Kazerun in central Zagros and to 4.5+2
mm/year in the northwest (TATAR et al. 2002,
NILFOROUSHAN et al. 2003; VERNANT et al. 2004).

However, Zagros Fold-and-Thrust Belt is detached
into two discrete along-strike blocks via the north-south-
trending Kazerun Fault (Fig. 1). The Kazerun fault zone is
one of the most prominent features in the Zagros; it
obliquely truncates the northwest—southeast trending Zagros
Fold-and-Thrust Belt. As previously mentioned, the
Shonbeh mainshock has occurred in Eastern side of
Kazerun Fault which known SE of Zagros. It should be
noted that the eastern side of the Kazerun fault zone, has its
own tectonics and seismicity that differ from those of the
other parts of the Zagros Fold-and-Thrust belt as a result of
the hydrocarbon fields, many salt diapirs, the major strike-
slip faults stretched obliquely to the main trend of the
Zagros and the anticlines pierced by the salt diapirs and
penetrated by active blind faults (SARKARINEJAD et al
2012). Another significant structure which has an important
role in present seismicity, topography and geometry of folds
of Zagros Fold-and-Thrust is Mountain Front Fault (MFF).
The MFF is forcefully segmented (MOLINARO et al. 2005;
MOUTHEREAU et al. 2006) by dextral transfer zones
(e.g., the 1zeh-Hendijan Fault, the Kharg-Mish Fault and the
Kazerun Fault) that well-developed as a partner inherited
basement normal faults (mainly oriented N-S). The MFF
coincides with the 1500 m contour and the major zone of
earthquake activity in the southwest of the Simply Folded
Belt (ZAMANI and AGH-ATABAI, 2009).

1. Statistical properties of the aftershock sequence
Many statistical methods have been employed to
research on the seismic characteristics in time, space, and

size of earthquakes and aftershock sequence (UTSU 1961;
BATH 1965; RANALLI 1969; PAPAZACHOS 1971;
DRAKATOS and LATOUSSAKIS 1996, 2001;
DRAKATOS 2000; TELESCA et al. 2001;
SHCHERBAKOV and TURCOTTE 2004; YADAYV et al.
2011, 2012; BAYRAK et al. 2013). In the following
subsections, we inspect the physical properties of the
Shonbeh earthquake sequence on the basis of generally
admitted and extensively used empirical and statistical laws.

3.1. Frequency—magnitude scaling relationship

One of the power-law relations commonly applied in
seismicity studies is the frequency-magnitude earthquake
distribution, FMD (ISHIMOTO and |IDA 1939;
GUTENBERG and RICHTER 1942),

log1oNm = a, — bM @

which predicts the distribution of earthquakes with respect
to magnitude. In Eq. (1), M is magnitude, a and b are
constants and N is number of earthquakes equal to or larger
than M. The parameter 'b' is very significant in seismology
for its affiliation with various geotectonic characteristics of
a region (MOGI 1967; SCHOLZ 1968). Its significance for
dealing problems of earthquake predict (WYSS 1973;
PAPAZACHOS 1975) or quantifying seismicity (ALLEN
et al. 1965) has widely been employed by
the seismologists for the last many years. On a local scale,
the b-value has been reported to exhibit a comparatively
broad range of variation (0.3 to 2.5 more; e.g. SCHOLZ
1968; UTSU 1971; SMITH 1981; IMOTO 1991; WIEMER
et al. 1998; JAUME and SYKES 1999, NUANNIN 2006).
These changes have been illustrated to arise from one or
more of the subsequent factors: tectonic setting, crustal
heterogeneity, focal depth, predominant stress state,
incomplete catalog data, pore pressure, geothermal gradient,
petrological/environmental/geophysical specifications,
clustering of events, and/or method of calculation. Except
the latter, all of these elements appear to be connected,
directly or indirectly, with the impressive condition of stress
(EL-ISA and EATON 2013). However, the b-value is in
most cases close to unity for long time periods and large
areas. Locally, the b-value not merely indicates the relative
ratio of the number of large and small earthquakes in the
region, but it is also associated to the stress situation over
the region (MOGI 1962). It seems b-value larger than 1.0
depicts regions of low applied stress and crustal
heterogeneity, whereas values lower than 1.0 depicts high
differential stress and crustal homogeneity (WIEMER and
KATSUMATA 1999; WIEMER and WYSS 2002;
YADAYV 2009; YADAV et al. 2011).
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One of the most suitable theoretical ideas related to b-value
variations is that an earthquake fault includes of locked
segments that resist asperities where stress is concentrated
(GORGUN et al. 2009; LEI 2003; SCHORLEMMER and
WIEMER 2005; WIEMER and KATSUMATA 1999;
ZHAO and WU 2008).

Vol. I, Issue 1, 2015

3.2. Decay rate of aftershock activity —
Omori-Utsu law

It is broadly realized that the decay rate of aftershock
activity with time is ruled by the modified Omori law or
Omori-Utsu law (UTSU et al. 1995).

K
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Table 1. Source parameters and focal mechanism solutions of mainshock and aftershocks M,,>5.0 in the Shonbeh earthquake

sequence shown in Fig 2.

ID Date Time  Latitude Longitude depth Mo (N.m) Mw Strike Dip Rake
(N) (E) (km) O O 0O
Main Shock 20130409 11:52:49  28.467 51.568 113 3.61E+18 63 151 39 101
1-Aftershock 20130409 12:05:41  28.456 51.557 111 1.258E+17 53 147 45 88
2-Aftershock 20130410 1:58:28  28.396 51.635 20.0 2313E+17 55 145 38 107
3-Aftershock 20130410 7:10:40  28.264 51.686 100 7.19E+16 52 311 58 102
4-Aftershock 20130410 8:00:00  28.406 51.653 20.0 8.699E+16 52 161 53 106

However, there are different methods used to compute
the b-value, in the present research we assessment b-value
based on the method of the maximum likelihood, where the
process is implicit by Eq. (1). The Maximum likelihood
(ML) method is the most rugged and widely accepted
method in which b-value is calculated using the formula
(AKI 1965).

1

logio M—(Mmm—ATM)]

Where M,,;, is the minimum magnitude or threshold
magnitude or magnitude of completeness (Mc) for the
earthquakes, M is the mean magnitude and AM is the
magnitude resolution. The minimum magnitude of
completeness (Mc) is an important parameter in seismicity
studies. This is the threshold magnitude for complete
reporting of earthquake magnitude. Estimation of Mc can be
made by the assumption of Gutenberg—Richter’s power-law
distribution against magnitude (WIEMER and WYSS
2002). The threshold magnitude (M,,;,) for Shonbeh
sequence was found equal to 2.9 with 90% goodness of fit
level (Fig. 3). The a and

b-values for Shonbeh sequence were establish equal to
4.92 and 0.77+ 0.05, respectively. The b-value is lower than
the global mean value of 1.0, which indicates that the
Shonbeh sequence consists of larger magnitude aftershocks
and high differential crustal stress in the regime (WIEMER
and KATSUMATA 1999; WIEMER and WYSS 2002).
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Figure 3. Frequency—magnitude distribution of G-R
relationship (loglON = a-bM) from which b-
value (0.77 £+ 0.05) is computed by maximum
likelihood estimation method. (M, = 2.9 shows
the magnitude of completeness).

where t shows the elapsed time since the mainshock;
K, c and p are constants. K depends on the whole humber of
earthquakes in the sequence, ¢ on the rate of activity in the
earliest part of the sequence and p is associated to the power
law decay of aftershocks. Among these parameters, p is the
most considerable and important. It variation is among 0.6—
1.8 (WIEMER and KATSUMATA 1999; OLSSEN 1999).
The aftershock decay is idea to reflect the stress
rearrangement pursuing the stress variations due to the
mainshock (BEN-ZION 2008). Stress readjustment can be
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considered to reflect the intricate relaxation processes
(STEIN and WYSESSION 2003), and structural
heterogeneity in the source volume (KISSLINGER and
JONES 1991; UTSU et al. 1995) associated to the tectonic
structure of the region. However, it is not obvious which
physical items are important in governing the p-value. It
seems p is individualistic of the threshold magnitude, M..
But c-value mostly shows powerful adherence on M,.
(UTSU 2002). This is most plausible due to missing data
shortly after the main shock when multiple small
aftershocks are not discernible on records.

The cause of disorderly of the p-value in the crust is
weakly understood. It may be attributed to different items.
For example, KISSLINGER and JONES (1991) argued a
conceivable effect of the regional crustal heat flow in the
source volume and LIU (1984) propounded that p<1l is
routinely for normal aftershock sequences, while p>1 is
seen for aftershock sequences prior another larger main
shock. MOGI (1962) referred the variation of p to stress,
structural heterogeneities and temperature in the crust (p
increases with increasing temperature). Therefore, a great
number of notice is paid in the calculation of the p-value
using the maximum likelihood as advised by
NYFFENGGER and FROLICH (1998, 2000).

The maximum likelihood method is used to calculate
the values of constant K, p and ¢ of Eq. (3) for this sequence
and illustrated in Fig. 4.

No. of Earthquakes / Day
3

p=1.16+-005 =
c=0413+/-0118 e
k=89.68+/-13.93
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Figure 4. Decay rate of aftershock activity versus time after

the mainshock for events with magnitude greater

or equal to mc by using the modified Omori law.

The parameters of the relation p, k and ¢ and their

standard deviations are given on the graph.

A p-value 1.16 + 0.05 was calculated for this sequence,
which is higher value compared to the usual values of the
order of 1.0. Also, this high p-value shows evidences a
quick decay of aftershock activity and evidences high
surface heat flux.

3.3 Spatial aftershock distribution

Concepts of fractal dimensions can be applied to study
self-similarity of phenomena and processes of fault
tectonics and seismicity. Especially, Seismicity is a good
sample of an intricate phenomenon that can be accounted
using fractal theory (TURCOTTE 1997). The fractal
distributions are the only distributions that do not consist a
specification length scale, and thus, are appropriate to scale
invariant phenomena. The fractal dimension (D,) values are
computed using the correlation dimension. The correlation
dimension as specified by GRASSBERGER and
PROCACCI (1983) measures the spacing of the set of
points, which in this case are the earthquake epicenters and
is given as

Dc = lim,._,4[logC(r)/logr] 4)

where C(r) is the correlation function. The correlation
function measures the spacing or clustering of a set of
points, here the earthquake epicenters, and is given by the
relation:

C(r) = 2Np<r/N(N — 1) ®)
where Ni..is the number of pairs (Xi, Xj) with a
smaller distance than r. If the epicenter distribution has a
fractal structure, the following relation is obtained:

Cr)~rP (6)

where D is a fractal dimension, more strictly, the
correlation dimension (GRASSBERGER and PROCACC
1983). Using this relation, the fractal dimension of spatial
distribution of the earthquakes is estimated. By plotting C(r)
against r on a double logarithmic coordinate, the fractal
dimension D is obtained from the slope of the graph. The
distance r between two events, (01, ¢1) and (02, ¢2), is
calculated by using a spherical triangle as given by
HIRATA (1989):

r = cos™! [cosO1cosO2 + sinO1sin@2cos(pl — ¢p2) (7)

The slope is obtained by fitting a least-square line in
the scaling region.
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We calculated spatial fractal dimension for the
Shonbeh sequence from the double-logarithmic plot of the
correlation integral and distance between hypocenters (Fig.
5), and found it to be equal to 2.60 + 0.02. The D, -value
larger than 2, although the three dimensional space was
considered, declares that the events are randomly
distributed into the fault zone crustal volume, whilst much
of this volume seems free from hypocenters.
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Figure 5. Fractal dimension (D.-value) from correlation
integral for the Shonbeh earthquake sequence.
The standard deviation and the scaling range are
displayed in the plot.

3.3. Slip ratio estimation

The rate of slip released throughout a seismic
sequence may be partially attributed to the mainshock and
also to the aftershock activity. Routinely, a fraction of
whole slip happens in primary fault system creating the
largest (and also smallest) event and the rest happens on the
secondary faults (KHATTRI 1995). The ratio of slip
happened on the primary fault to the whole slip is identified
as the slip ratio, which can be evaluate using spatial fractal
dimension as

2 =1-276GD) ®)

where S,, is the slip on primary fault and S is the total
slip (KHATTRI 1995; DIMRI et al 2005). In the case of
Dc=3, the whole rate of slip is escaped on the secondary
(smaller) faults, whilst in the case of Dc=0, the whole slip
released on the primary fault. In Shonbeh sequence, with
Dc=2.60, the slip ratio is found equal to 0.24. In other
words, 24% of the whole slip accommodates the primary
rupture during the Shonbeh sequence.

Vol. I, Issue 1, 2015

4. Coseismic Coulomb stress changes and triggering
of seismic activity

The classical methods of seismic risk evaluation are
generally founded on the empirical analysis of statistical
methods (AKI 1981; STEIN 2003). In other words, these
models do not consist dynamic mechanism of earthquake
occurrences, thus these models of seismic risk evaluation
are not extremely reliable. In order to become better the
validity of assessing the tendency of earthquake assessment
and seismic hazard, the mechanism of earthquake incident
and triggering process must be brought into regard. When
an earthquake happens, regional strain stored by tectonic
movement is released via the rupture of mainshock.
However, stored stress does not disappear instantly, but re-
distributes via the procedure of stress transfer, which could
trigger consecutive earthquakes as forecasted by the stress
triggering theory (STEIN 2003). According to this theory,
the increased (positive) coulomb stress due to coseismic
displacement on faults enhances the coulomb stress in some
areas and triggers seismic activities. In contradiction,
decreased coulomb stress in regions of stress shadow may
dissemination the stress on faults and dispirit earthquake
activities. In recent years, a number of prior works have
successfully employed the Coulomb Failure Stress model to
explain the aftershock distribution (DENG and SYKES
19973, b; KING et al. 1994; STEIN 1999, 2003; YADAV
et al. 2010; YADAV et al. 2012; BAYRAK et al 2013),
triggering of moderate to strong earthquakes (DENG and
SYKES 1996; HARRIS et al. 1995; JAUME and SYKES
1996) and earthquake sequence (NALBANT et al. 1998;
STEIN et al. 1994; XIONG et al. 2010).

However, in its most elementary form, the Coulomb
failure stress change, ACFF (also written ACFS) is

ACFF = At+y’ (4a, + AP) (9)

where t is the shear stress, and p'is the apparent
coefficient of friction and o, is the normal stress. The
change in shear stress At is positive in direction of the slip
of the following earthquake (the receiver fault); a,is
positive for increasing unclamping normal stress. The
equation implies that regional faults that lie in areas of
positive ACFF are brought closer to failure, whereas faults
that lie in areas of negative ACFF are brought further away
from failure (FREED 2005).

Commonly, coulomb stress variations among 0.1 and
1 bar are adequate to trigger the subsequent earthquakes.
Nevertheless, on that point is no threshold for stress
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triggering (ZIV and RUBIN 2000). In other words,
earthquake activity may be promoted when stress is
increased on a fault by as slight as 0.1 bars (STEIN 1999).
Small increases in stress due to earlier earthquake activity
(e.g., HARRIS 1998; STEIN 1999; KING and COCCO
2001; STEACY et al. 2005), an increase in pore pressure
from fluid injection or reservoir impoundment (e.g., NUR
and BOOKER 1972; ZOBACK and HARJES 1997;
GAHALAUT and HASSOUP 2012), dynamic stress
changes due to passing seismic waves (e.g., GOMBERG et
al. 2001, 2003), or even tidal stress (e.g., COCHRAN et al.
2004; STROUP et al. 2007, 2009; CRONE et al. 2011) can
trigger earthquakes. STIEN (2004) found that tidal stress
change is of the order of 0.01 bar and is capable of
earthquake triggering. It is only the delay and advance in
triggering, which appertains upon the amount of stress
change (YADAV et al. 2012). The 1-bar stress rise
contributed by the neighbor earthquakes may indicate about
150-250 year of typical stress accumulation (KING et al.
1994).

However, the friction coefficient on a fault is not easy
to calculate instantly as well, hence, the empirical values
have been elicited in some past studies (KING et al. 1994).
The friction coefficient limits among 0.0 - 0.8, and the
middle value 0.4 is routinely used (KING et al. 1994;
PARSONS et al. 1999) for common faults by supposing
earthquake ruptures as rectangular dislocation surfaces in an
elastic half-space. By the way, | used the shear modulus (G)
3.2 x 105 bar, Poisson ratio (v) 0.25, Young modulus (E) 8
x 105. All computations were taken out using the Coulomb
3.3 software (TODA et al. 2011).

The focal mechanism of the Shonbeh mainshock is
reverse faulting with a very slight right-lateral component,
with strike = 151°, dip = 39° and rake = 101°. The well-
known empirical relationships developed by WELLS and
COPPERSMITH (1994) have been applied to evaluate the
subsurface rupture length (=16.4km) and subsurface rupture
width (=9.77 km). The reverse component slip and right-
lateral strike-slip component was computed as 63.9 cm and
12.4 cm, respectively using the relation M, = uAD,
assuming a shear modulus (I) of 3.2 * 105 bars (STEIN et
al. 1994). Therefore, we calculated coseismic Coulomb
stress changes due to the mainshock to analyze the
correlation between increased Coulomb stress regions and
locations of aftershock activity. The coseismic coulomb
stress changes were determined on an optimally - oriented
plane of reverse fault.

The resultant coulomb stress modeling for the
Shonbeh mainshock for depth range 0-20 km is shown in

Fig.6a. At first glimpse, the calculated coulomb stress
changes for the Shonbeh earthquake presents a ‘butterfly’
type with positive (enhanced) coulomb stress as the
extensions of the butterfly.
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Figure 6. a) Combined coseismic coulomb stress changes
(in bars) due to the mainshock (M, 6.3) which
occurred on April 9, 2013, within depth range of
0-20 km for effective coefficient of friction 0.4
and it is resolved on optimally-oriented fault
plane for reverse. The locations of aftershocks
occurred during the period April 9-December
31, 2013 are shown with blue stars. It is observed
that maximum number of aftershocks fall in the
region of positive coulomb stress. b) The cross-
sectional view of Coulomb stress along line AB.

This kind of stress distributions (‘dog-bone’) are also
seen by TODA et al. (2002) and BAYRAK et al (2013). It
is shown that most of the Shonbeh aftershocks happened in
positive coulomb stress regions, suggesting that these
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shocks were triggered due to the transfer of positive
coulomb stress by the mainshock. Moreover, the best
located aftershocks (Blue Stars) are also presented in this
figure, being more plentiful in stress positive areas of more
than 0.1 bar. In other words, in Fig.6a we can see that over
than 95% of aftershocks which occurred on April 9, 2013-
December 31, 2013 placed in positive lobe of stress. Also as
shown in Fig.6a we can see that a few of aftershocks drop in
decreased lobe of stress.

HARRIS and SIMPSON (1996) concluded that a few
aftershocks or triggered earthquakes should happen in such
regions if the coulomb hypothesis is valid. Also, it is
deduced that aftershock cloud is placed in enhanced
coulomb stress region and nearby the ledges of fault rupture
due to accumulation of slip; the stress field has been settled
along line AB which is parallel to rupture and pictured in
Fig. 6b along with aftershock activity. It is documented that
coseismic slip of the Shonbeh earthquake triggered much of
the aftershocks at these locations exclusively.

5. Results and Conclusion

In the present research, seismogenesis and earthquake
triggering during the Shonbeh sequence have been
researched using statistical models and coseismic coulomb
stress modeling. For this objective, b-value, p-value, D.-
value, slip ratio and coulomb stress transfer have been
computed. For this analyze, we used aftershocks data from
IGUT catalog during the period April 9-December 31,
2013.1t should be noted, the causative fault related with the
Shonbeh sequence has a NW-SE strike, as documented by
both, spatial aftershock distribution and fault plane solution
determined for the events with M,, >5.0. However, It seems
causative fault of this event is parallel with MFF.

Elucidation of the b-value of earthquake frequency—
magnitude  distributions has  received  substantial
consideration in recent decades. The b-value of the
Gutenberg—Richter frequency magnitude calculated in this
research using the maximum likelihood estimation. To
extract credible b-value estimates, events with magnitude
above the threshold magnitude of completeness M, were
pick out, using the maximum curvature method. The
magnitude above which all events have been recorded, M,
is significant and meaningful value for seismicity- based
researches because it is essential to use the maximum
number of events to make certain high quality, which leads
often to underestimation of M, (WIEMER and WYSS
2002). With a completeness magnitude (M) of 2.9, as
found for the whole sequence, the b-value was calculated
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equal to 0.77+0.5. This b-value suggests that the region is
exhibited by high differential stress and the production of
high aftershock activity. The low b-value also corresponds
to the occurrence of larger size aftershocks, which resulted
due to the presence of large size asperities in the rupture
zone. The decay properties of Shonbeh aftershock sequence
is studied in terms of p-value of modified Omori law. The
p-value is observed as low as 1.16+0.05, which is higher
than the mean value (1.0). The higher p-value implies faster
decay of aftershock activity. The fractal dimension D, has
been derived using the integral correlation and used to
appreciate the slip ratio on the primary fault segment for
each aftershock sequence. The fractal dimension (D.)
adequate to 2.60 = 0.02 reveals that events are randomly
distributed into a two-dimensional fault plane that’s being
stuffed up by fractures. Also, the slip ratio has been
evaluated with the result of fractal dimension and seen that
24% of the entire slip happened on the primary fault
whereas large part of slip happened on secondary fault
systems which depicts that aftershocks happened on highly
fractured rock mass.

Several researcher (e.g. TODA and STEIN 2002;
GAHALAUT et al. 2003; KARAKOSTAS et al. 2003,
2004; GAHALAUT et al. 2004; RAJPUT et al. 2005;
GAHALAUT 2008; YADAV et al. 2011, 2012;
CHOULIARAS et al. 2013; BAYRAK et al. 2013)
considered the aftershock triggering owing to transfer of
coulomb stress variations. However, triggering does not
state that the coseismic stress variations associated with one
earthquake is enough to produce another earthquake at an
originally stress-free location. It state that stress at the
situation of the second earthquake formerly is near adequate
to failure so that the first earthquake can ‘trigger’ the
second one or move the fault into the failure regime by
showing a little positive increase in coulomb stress
(PAPADIMITRIOU and SYKES 2001; PAPADIMITRIOU
2002). In the present research, we employed coseismic
coulomb stress modeling for the Shonbeh earthquake using
a variable slip model which reveals a ‘butterfly’ type of
stress distribution with earthquake rupture collapsing in the
positive (enhanced) Coulomb stress region. The
intercommunity among aftershock distribution and
increased Coulomb stress region indicates that more 95%
aftershocks have been triggered by transfer of increased
Coulomb stress due to coseismic slip of mainshock.
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