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1- Introduction

The occurrence of aftershocks after the main shocks makes one of the conditions of increased hazard in the
short term. Investigations show that the pattern, density, and degree of heterogeneity of the spatial
distribution of aftershocks are different in different regions. In places with a higher density of aftershocks,
especially those with a significant magnitude, the level of risk may also be higher. One of the methods that
may use to predict the possible location of aftershocks immediately after a mainshock knowing its location,
magnitude, and focal mechanism, is the method of calculating Coulomb stress changes (Coulomb stress
changes, ACFS) (Toda et al., 2005; Lin and Stein, 2004). Earthquakes can influence the occurrence of other
earthquakes, and aftershock sequences are an example of this behaviour (Kilb et al., 2002). A direct
relationship exists between the stress field changes and the aftershock distribution pattern. Many
researchers have studied aftershock patterns and Coulomb stress changes in Iran. For example, Maleki
Asayesh (2013) investigated the Coulomb stress changes of Regan and Ahar-Varzghan earthquakes, Agh-
Atabai and Jafari Hajati (2014) studied the Coulomb stress changes and their relationship with some of the
aftershocks of reverse earthquakes in Iran.

This research investigated the changes in Coulomb stress and its correlation with the pattern of the
aftershocks of the 21 November 2017 Ezgeleh earthquake with Mw: 7.3. This earthquake is the largest
earthquake recorded in the Zagros fold and thrust belt with a thrust mechanism (Fathian et al., 2021). Most
of the Zagros earthquakes have occurred on the thrust faults covered by folds and upper sediments (Jackson
and Mckenzie, 1984), such as the High Zagros Fault (HZF), the Mountain Front Fault (MFF), the Main
Zagros Reverse Fault (MZRF), and the Zagros Foredeep Fault (ZFF). Many aftershocks with magnitudes
up to more than 6 followed The Ezgeleh earthquake (Figure 1). Despite the thrust mechanism of the main
shock, a significant number of aftershocks with a strike-slip mechanism were also observed besides the
thrust ones (Pirdadi et al., 2023). For example, the two more significant aftershocks of Tazeh-Abad (Mw:
5.9) and Sarpole-Zahab (Mw: 6.2) occurred with a strike-slip mechanism (Fig. 1a).

2-Material and methods
This research used the method of calculating Coulomb stress changes (ACFS) to obtain static stress
changes. (Chinnery, 1963; Weertman and Weertman, 1964; Okada, 1992).

(equation 1) AGf(ACFS or ACFF) = Ats + ' Aon

On which Acf is the Coulomb stress change, Arts is the shear stress change that is positive in the
orientation of fault slip, Aon is the change in normal stress (positive if the fault is unclamped), and p' is the
effective friction coefficient on the fault, which varies between 0 and 1 (Stein, 1999). However, the logical
value of this coefficient is between 0.4 and 0.8 (Yue et al., 2008), the highest value of which is 0.8 for thrust
faults and 0.4 for strike-slip faults such as the San Andreas fault (Lin and Stein, 2004). This model assumes
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that the change in Coulomb stress resulting from sliding on the source fault or faults (the fault on which
slip occurs and creates stress) can affect the receiver fault (the fault on which slip does not occur and
receives stress) (Toda et al., 2005; Lin and Stein, 2004). The receiver fault is considered in two forms: the
specified receiver fault, and the optimally oriented planes. The optimal receiver fault does not have specific

information and the tectonic stress of the region is used for calculation (Lin and Stein, 2004).

To investigate the relationship between the areas of stress changes resulting from the mainshock and the
distribution pattern of aftershocks, the parameters related to this earthquake and its aftershocks with Mc>2.2
were extracted from the Iranian Seismological Center (IRSC).
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Fig 1- Seismicity map of the studied area. Ezgeleh earthquake with My:7.3 is marked with a red star, aftershocks with
green dots, and two larger aftershocks studied in this research with black stars (information taken from IRSC of
aftershocks with a minimum magnitude of 2.5). MFF: Mountain Front fault, HZF: High Zagros Fault, EZF: Ezgeleh
Fault, TF: Tazeh-Abad Fault, SP: Sarpole Zahab Fault . Fault map taken from Hessami et al. (2003) and Fathian et al.
(2021), and (b) Fault map of the region on the Google Earth image, the faults are marked in red, the axial effect of the
folds in blue, the yellow star for the main earthquake and the black stars for the aftershocks> 5. (Faults and the axis
of folds taken from the maps of one hundred thousand Qasr-Shirin and Sarpole- zahab).

3-Results and discussions

This research investigated the changes in Coulomb stress and its correlation with the aftershocks of the
2017 Ezgeleh earthquake (My:7.3). Due to the significant number of aftershocks with thrust and strike-slip
mechanism, the Coulomb stress change resulting from the main shock was calculated for optimal thrust and
strike-slip receiver faults using parameters provided by Fathian et al. (2021) (Figure 2). The used geometric
characteristics of the source fault of the Ezgeleh earthquake are given in Table 1. The regional stress field
provided by Zamani et al. (2009) was used to calculate the stress changes for optimal receiver faults. Since
most aftershock depths were reported between 6-10 km (Huang et al., 2019), the computational depth of 8
km (as an average) was taken to draw the stress change maps.
The calculated Coulomb stress changes for the receiver fault with optimal thrust geometry do not
correlate well with the aftershocks. The best correlation between the stress-increased areas and the
majority of aftershocks, including the two large aftershocks of Tazeh-Abad and Sarpole-Zahab,
which are marked with green and blue stars in Figure 2c, respectively, is obtained for the optimal
strike-slip receiver fault (Fig. 2a, b). In this map, the areas of stress increase are asymmetrical,
with two trends: a north-south trend almost parallel to the Ezgale fault and an east-west trend
observed in the east of the rupture (Fig. 2d). Investigating the structural map of the region around
the mainshock and on the south side of it, show that diversity in the structure is observed in both
regions, which indicates the structural complexity in the region.
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The density map of aftershocks (events per Km2) was also drawn to check the result. The results
show the best correlation between the aftershock distribution patterns and the coulomb stress
changes calculated for the optimal strike-slip receiver fault with the parameters provided by
Fathian et al. 2021 (Fig. 2a). In this stress change map, the pattern of the stress-increased areas is
quite similar to the areas of increased density of aftershocks with two north-south and east-west
trends.
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Fig. 2 (a) The stress change pattern resulting from the Ezgeleh earthquake with a depth of 11.4 km, considering the
friction coefficient of 0.6 on the receiver fault with the optimal thrust geometry. The main Ezgeleh earthquake with
Mw:7.3 is marked with a black star, the Sarpole Zahab aftershock with M,y:6.2 is marked with a blue star, and the Taz-
e- Abad aftershock with My:5.9 is marked with a green. (b) drawn profile of Coulomb stress change in A-B orientation
perpendicular to the rupture plane in the receiving fault state with the optimal thrust geometry c) The stress change
pattern resulting from the Ezgeleh earthquake with a depth of 11.4 km, considering the friction coefficient of 0.6 on
the receiver fault with the optimal strike-slip geometry, and (d) drawn profile of Coulomb stress change in A-B
orientation perpendicular to the rupture plane in the receiving fault state with the optimal strike-slip geometry.

Table 1: Parameters related to Ezgeleh earthquake of Kermanshah.

Nodal . Length Width

Longitude  Latitude Mw Plane Strike Dip Rake Depth (Km) (Km) Reference
NP1 004 10 157
45.76 34.77 7.4 18 - - IRSC
NP2 116 86 81
NP1 351 11 140
45.84 34.83 7.4 17.9 - - GCMT
NP2 121 83 82
NP1 351 16 137
45.96 34.91 7.3 215 80 50 USGS
NP2 122 79 78
Fathian et
45.86 34.73 7.24 - 354 16 137 11.4 40.4 21 al.,, 2021
Huang et
- - 7.2 - 355.5 17.5 1355 145 70 35 al.. 2019
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4-Conclusion

In this paper, the Coulomb stress changes of the Ezgeleh earthquake were calculated on optimal thrust and
strike-slip receiver faults. The results of calculations of Coulomb stress changes for the optimal thrust and
strike-slip receiver faults show that the best model for evaluating the spatial distribution pattern of the
aftershocks of the Ezgeleh earthquake is in the case of optimal strike-slip geometry. In this model, the
pattern of the stress-increased areas is significantly similar to the areas of increase in the density of
aftershocks, which are observed with two dominant trends, north-south and east-west. Two large
aftershocks of this earthquake with magnitudes of 6.2 and 5.9 and the clusters of most aftershocks are
located in the increased-stress areas. The noteworthy point in these maps is that the aftershocks are more
concentrated on the south side of the mainshock’s epicenter. According to the acceleration data of the
mainshock, the maximum acceleration is recorded on the south side of the epicenter. The inconsistency
between the aftershocks of the Ezgeleh earthquake with the stress-increased areas in the state optimally
thrust fault can be related to the higher magnitude of the Ezgeleh earthquake and the structural complexity
of the structural situation of the region, where during the stress transfer from the main earthquake, faults
with different mechanisms have been activated.
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Fig. 2. (2) Coulomb stress change for the strike-slip fault parallel to source fault, and (b) The change of Coulomb stress
for faults with optimal orientation under the conditions of a regional uniaxial compression of 100 bar. Red color is the
ranges of increasing stress, blue color, decreasing stress and green color without changing stress (King et al., 1994).
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Fig 3- Frequency-magnitude diagram for the aftershock sequence of the 2017 Ezgeleh earthquake. Squares and circles
represent cumulative and non-cumulative distribution, respectively
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Table 1: Parameters related to Ezgeleh earthquake of Kermanshah

Nodal Length Width

Longitude  Latitude  Mw ) Strike Dip Rake  Depth Reference
ane (Km) — (Km)
NP1 004 10 157

45.76 34.77 7.4 18 - - IRSC
NP2 116 86 81
NP1 351 11 140

45.84 34.83 7.4 17.9 - - GCMT
NP2 121 83 82
NP1 351 16 137

45.96 34.91 7.3 215 80 50 USGS
NP2 122 79 78

45.86 34.73 7.24 - 354 16 137 11.4 404 21 Fathian et al., 2021

- - 7.2 - 3555 175 1355 145 70 35 Huang et al., 2019
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Fig 4- (a) The pattern of stress change resulting from the Ezgeleh earthquake, considering the friction coefficient of 0.6
on the receiver fault with a specified geometry (source fault and causative fault). The main Ezgeleh earthquake with a
moment magnitude of 7.3 is marked with a black star, the Sarpole Zahab aftershock with a moment magnitude of 6.2 is

marked with a blue star, and the Taz-e- Abad aftershock with a moment magnitude of 5.9 is marked with a green star,
and (b) Sketched profile of Coulomb stress change in A-B orientation perpendicular to the rupture plane.
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(a) Specified faults: 34/63/170 Depth: 7.60 km Friction: 0,60 (b) Specified faults: 267/78/2 Depth: 1.50 km Friction: 0.60
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Fig. 5. (a) The pattern of stress change resulting from the Ezgeleh earthquake with a depth of 11.4 km, considering the
friction coefficient of 0.6 on the receiver fault with a specified geometry of the Sarpole Zahab fault and (b) The pattern

of stress change resulting from the Ezgeleh earthquake with a depth of 11.4 km, considering the friction coefficient of 0.6
on the receiver fault with a specified geometry of Taz-e- Abad fault. Other explanations are similar to Fig 4.

(a) Opt. thrust faults Depth: 8.00 km Friction: 0.60 (c) Opt. strike-slip faults Depth: 8.00 km Friction: 0.60
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Fig. 6. (a) The stress change pattern resulting from the Ezgeleh earthquake with a depth of 11.4 km, considering the
friction coefficient of 0.6 on the receiver fault with the optimal thrust geometry. Other explanations are similar to Fig 4,
(b) drawn profile of Coulomb stress change in A-B orientation perpendicular to the rupture plane in the receiving fault
state with the optimal thrust geometry and (c) The stress change pattern resulting from the Ezgeleh earthquake with a
depth of 11.4 km, considering the friction coefficient of 0.6 on the receiver fault with the optimal strike-slip geometry.

Other explanations are similar to Fig 4, and (d) drawn profile of Coulomb stress change in A-B orientation perpendicular
to the rupture plane in the receiving fault state with the optimal strike-slip geometry.
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Fig. 7. The density map of earthquakes, the location of the main earthquake, and its two large aftershocks with moment

magnitudes of 6.2 and 5.9 are marked with yellow stars. Sa Sarpole Zahab station and NoSood station, (a) Map repared
of earthquakes with minimum magnitude 2.2 and (b) Map prepared of earthquakes with minimum magnitude 4.
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Fig. 8. Iso-acceleration map of Ezgeleh earthquake. The location of the main earthquake is marked with a black star and
its two large aftershocks with moment magnitudes of 6.2 and 5.9 are marked with blue and green stars, respectively. Sa

Sarpole Zahab station and NoSood station, the aftershocks and acceleration data of the stations are taken from IRSC and
BHRC.
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