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largest aftershocks of the mainshocks studied tend to occur 
inside the stress-increased lobes that were also stressed by 
the background earthquakes and not to occur inside the 
stress-increased lobes that fall into the stress shadow of the 
background earthquakes. We suggest that the stress shad-
ows of the previous mainshocks may persist in the crust 
for decades to suppress aftershock distribution of the cur-
rent mainshocks. Considering active researches about use 
of the Coulomb stress change maps as a practical tool to 
forecast spatial distribution of the upcoming aftershocks 
for earthquake risk mitigation purposes in near-real time, 
it is further suggested that the background mainshocks 
along the neighbouring faults should be taken into account 
in producing the stress change maps for commenting on 
aftershock occurrences.

Keywords  Coulomb stress · Aftershock triggering · 
Eastern Turkey · Lut block · Imperial Valley · 
Seismotectonics

Introduction

An earthquake is not an isolated event and changes stress 
condition in the surrounding volume of crust, causing both 
stress increase and decrease on neighbouring faults (Stein 
1999, 2003; King 2007). This means that static stress per-
turbation caused by a mainshock can promote or demote 
stresses along the neighbouring faults and thus triggers or 
delays following mainshocks and aftershocks along them. 
Understanding of these stress interactions can be utilized 
for interpreting location of future mainshocks (King et al. 
1994; Stein et  al. 1997; Nalbant et  al. 2002; McCloskey 
et al. 2003; Utkucu et al. 2003; Parsons 2004; Doser et al. 
2009; Lin et al. 2011).

Abstract  Earthquake ruptures perturb stress within the 
surrounding crustal volume and as it is widely accepted 
now these stress perturbations strongly correlates with 
the following seismicity. Here we have documented five 
cases of the mainshock–aftershock sequences generated 
by the strike-slip faults from different tectonic environ-
ments of world in order to demonstrate that the stress 
changes resulting from large preceding earthquakes dec-
ades before effect spatial distribution of the aftershocks 
of the current mainshocks. The studied mainshock–after-
shock sequences are the 15 October 1979 Imperial Val-
ley earthquake (Mw = 6.4) in southern California, the 27 
November 1979 Khuli-Boniabad (Mw = 7.1), the 10 May 
1997 Qa’enat (Mw = 7.2) and the 31 March 2006 Silakhor 
(Mw =  6.1) earthquakes in Iran and the 13 March 1992 
Erzincan earthquake (Mw = 6.7) in Turkey. In the litera-
ture, we have been able to find only these mainshocks that 
are mainly characterized by dense and strong aftershock 
activities along and beyond the one end of their ruptures 
while rare aftershock occurrences with relatively lower 
magnitude reported for the other end of their ruptures. 
It is shown that the stress changes resulted from earlier 
mainshock(s) that are close in both time and space might 
be the reason behind the observed aftershock patterns. The 
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Spatial correlations between mainshock coseismic stress 
changes and aftershock occurrences have been globally 
documented over different tectonic environments (Toda and 
Stein 2003; Steacy et  al. 2005; Raju et  al. 2008; Lasocki 
et  al. 2009; Sato et  al. 2012; Kassarasa et  al. 2014). Tiny 
stress increases can bolster occurrence of aftershocks (or 
increase seismicity rates) while a few aftershocks occur 
(or seismicity rate decreases) in the area of stress drops or 
stress shadows (Stein 2003; Toda et al. 2012).

One of the main concerns following a destructive main-
shock is where and how big the upcoming aftershocks 
would be in the earthquake struck area. Because, a strong 
aftershock may enhance the destruction made by the main-
shock and cause more fear among the people. A recent 
example was the 23 October 2011 Van earthquake sequence 
in the eastern Turkey (Utkucu 2013; Utkucu et al. 2013). A 
strong aftershock with magnitude Mw = 5.9 on 9 Novem-
ber 2011 caused considerable damage and loss of life in the 
city centre of Van, which experienced relatively low dam-
age and loss of life from the mainshock.

In the present study, coseismic Coulomb stress changes 
associated with five strike-slip mainshocks occurred in 
Turkey, Iran and California have been studied with their 
aftershock distributions (Table  1; Fig.  1). These main-
shocks are characterized with relatively dense and strong 
aftershock activity along and beyond the one end of their 
ruptures while anomalously sparse and lower magnitude 
aftershock activity along and beyond the other end of their 
ruptures. Why such a spatial pattern has been observed is 
the motivation behind the present study. These observed 
aftershock patterns are investigated not only by means of 
stress changes in their respective mainshocks but also by 
means of stress changes in the background large earth-
quakes occurred in the near vicinity of these mainshock 
ruptures as well. Because, the maps of stress changes may 

help identification of the areas where aftershocks are much 
likely to occur and, in turn, may provide a powerful tool for 
mitigating aftershocks-related earthquake losses (McClos-
key and Nalbant 2009).

Tectonic settings of the studied mainshocks

Active tectonics of Turkey and Iran is dominated by the 
convergence of Arabian and Eurasian plates (Fig. 1a) (Ver-
nant et al. 2004; Copley and Jackson 2006; Reilinger et al. 
2006). The Anatolian plate moves to the west along the 
North and East Anatolian Fault Zones while the bound-
ary of the Arabian and eastern Anatolian block, the Bitlis 
Thrust Zone, has lesser importance in coping with the con-
vergence-related deformation (McClusky et al. 2000; Sand-
vol et  al. 2003; Reilinger et  al. 2006; Bulut et  al. 2012). 
The deformation is mainly accommodated through strike-
slip faulting and laterally transported to the Caucasus, 
Talesh and Alborz thrust zones in eastern Turkey and NW 
Iran (Jackson 1992; McClusky et  al. 2000; Vernant et  al. 
2004; Djamour et al. 2011).

In contrast to the Bitlis Thrust Zone, the shortening 
along the Zagros thrust zone is one of the main tectonic 
elements in accommodating deformation to the farther 
east (Vernant et al. 2004; Mouthereau et al. 2012). How-
ever, comparable amount of deformation is transferred 
beyond the Zagros Thrust Zone within the Iranian plateau 
in order to be eliminated along the Alborz and Kopet Dagh 
mountain ranges through N–S-trending strike-slip faulting 
and block movement within the Iranian plateau (Vernant 
et al. 2004; Reilinger et al. 2006). The Main Recent Fault 
is another major tectonic property in the region and lies 
parallel to the Zagros Thrust Zone (Talebian and Jackson 
2002; Vernant et al. 2004; Reilinger et al. 2006). It accom-
modates boundary parallel component of the oblique 

Table 1   Focal and source 
parameters of the mainshocks, 
whose background and 
aftershock seismicity are 
investigated by means of 
Coulomb stress changes 
analysis in the study

See Fig. 1 for the epicentral distribution of the mainshocks

* Ms
1  Hartzell and Heaton (1983); 2 Walker et al. (2004); 3 Walker et al. (2011); 4 Pınar et al. (1994); 5 Tan 
(2004); 6 Berberian et al. (1999); 7 Sudhaus and Jonsson (2011); 8 United States Geological Survey (USGS)

No. Earthquake Time Lat.
(º)

Lon.
(º)

Depth
(km)

MW Strike
(º)

Dip
(º)

Rake
(º)

1 15.10.1979
Imperial Valley1

23:16 32.61 −115.32 15 6.4 143 90 180

2 27.11.1979
Khuli-Boniabad2,3

17:10 34.06 59.76 8 7.1 261 82 8

3 13.03.1992
Erzincan4,5

17:18 39.71 39.60 27.2 6.8* 125 78 −167

4 10.05.1997
Qa’enat6,7

07:57 33.83 59.81 10 7.2 338 89 177

5 31.03.2006
Silakhor8

01:17 33.50 48.78 10 6.1 314 54 180
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convergence of the Arabian plate along the Zagros Thrust 
Zone.

The Imperial Valley Region in southern California and 
NW Mexico is a complicated plate boundary between the 
North American and Pacific plates and connects the north-
westward progressing spreading ridge complex of the 
Gulf of California to the San Andreas transform fault sys-
tem (Fig. 1b) (Allen et  al. 1965; Sharp 1982a; Fuis et  al. 
1982; Rockwell and Klinger 2013). The connection takes 
place through interlinked fault systems. Although these 
faults are mainly right-lateral and near-vertical faults strik-
ing NW, a number of parallel left-lateral faults that trend 
NE–SW and appear to connect the right-lateral faults can 

also be noticed. The southern part of the San Jacinto fault 
(the Cayote Creek fault), the Elsinore fault, the Supersti-
tion Mountain fault, the Imperial fault, the Laguna Salada 
fault, the Cerro Prieto fault, the Pescadores fault and the 
southernmost part of the San Andreas fault are the right-lat-
eral faults lie in the region. The small spreading centres or 
seismic zones that connect the right-lateral faults represent 
another conspicuous seismotectonic feature in the region. 
The Brawley Seismic Zone (BSZ) in the South of the 
Salton Sea links the San Andreas and Imperial faults and 
accommodates tectonic deformation between those faults. 
The BSZ is bounded by Brawley Fault in the east (Meltzner 
et al. 2006). In the Mexican side of the international border, 

Fig. 1   Major tectonic elements 
of a eastern Turkey and Iran 
and b southern California. The 
rectangle in b encloses the map 
areas shown in Figs. 2a and 3. 
Black stars and black–white 
beach balls represent the epi-
centres and source mechanisms 
of the mainshocks studied. 
Active faults are compiled from 
MTA (2012), Hessami et al. 
(2003), Sharp (1982a), and 
source mechanisms are from 
Hartzell and Heaton (1983), 
Pınar et al. (1994), Berberian 
et al. (1999) and USGS-NEIC. 
NAFZ North Anatolian Fault 
Zone, EAFZ East Anatolian 
Fault Zone, BTZ Bitlis Thrust 
Zone, MRF Main Recent Fault, 
DBF Dasht‐e Bayaz Fault, AF 
Abiz Fault, SAF San Andreas 
Fault
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the southern end of the Imperial fault is connected with 
the Cerro Prieto Fault through Cerro Prieto Seismic Zone 
(CPSZ) or spreading centre. The region is characterized by 
intense seismic activity with sporadic occurrence of mod-
erate and large magnitude mainshocks (Allen et  al. 1965; 
Johnson and Hill 1982) and earthquake swarms (Johnson 
and Hadley 1976; Hauksson et al. 2013).

Coulomb stress analysis

The Coulomb failure stress change (Δσf) can be simply 
expressed as:

where Δτ and Δσn represent the changes in the shear 
(positive in the fault slip direction) and the normal stresses 
(positive for extension) over the target fault plane, respec-
tively, while μ′ is the apparent coefficient of the friction 
(Harris 1998), which includes the unknown effect of pore 
fluid pressure and has been postulated to vary in the range 
0.2–0.8. The selection of value of μ′ has been pointed out 
to be not crucial in affecting the pattern of change in Cou-
lomb failure stress (King et  al. 1994; Cocco et  al. 2000; 
Steacy et  al. 2004). We have used μ′ =  0.4 in our stress 
calculations and base them on the coseismic elastic disloca-
tion modelling of the earthquakes (Okada 1992) by assum-
ing earthquake ruptures as rectangular dislocation surfaces 
in an elastic half-space having Young’s modulus of 80 GPa 
and Poisson’s ratio of 0.25. Coulomb 3.2 software is used 
to estimate Coulomb failure stress changes (Lin and Stein 
2004; Toda et al. 2005).

Mainshock–Aftershock Sequences Investigated

Following a comprehensive review of the literature, we 
have been able to obtain only five mainshock–aftershock 
sequences that have one-sided aftershock distributions 
and occurred along different strike-slip faults in Turkey, 
Iran and California for the stress changes analysis. The 
focal and source parameters of these mainshocks are 
listed in Table 1, and their epicentre locations are shown 
in Fig.  1. As we demonstrate below these mainshocks 
have been followed by more intense and relatively 
higher magnitude aftershock activity in the one side of 
their rupture lengths in spite of increases in respective 
coseismic stresses in the both sides their ruptures as 
expected (Fig. 2).

The 15 October 1979 Imperial Valley earthquake 
(Mw = 6.4)

The 1979 Imperial Valley earthquake ruptured northern 
two-third of the Imperial fault, which had been entirely 

(1)�σf = �τ + µ′�σn

ruptured by the 19 May 1940 Imperial Valley earthquake 
(Mw =  6.9–7.0) (Allen et  al. 1965; Sharp 1982b; Sharp 
et al. 1982; Rockwell and Klinger 2013) (Fig. 2a). Though 
its surface ruptures were wholly mapped in the south-east 
California, the epicentre was located in the south of the 
international border (Chavez et  al. 1982) and some rela-
tively minor deep slips for several kilometres southward 
from the border were obtained through inversion of the 
seismic waveform data (Hartzell and Heaton 1983). The 
aftershock activity succeeding the earthquake extended for 
100  km in the trend of the mapped surface ruptures and 
included a ML = 5.8 aftershock a day after the main shock 
(Fig.  2a) (Johnson and Hutton 1982; Hutton et  al. 2010). 
Though the M  ≥  3.0 aftershocks higher in number and 
much stronger (including the largest aftershock of the 16 
October 1979 (Mw = 5.8)) in the north and NW of the rup-
ture (named as the northern cluster—the NC) (Fig. 2a), the 
whole 1-year-long activity was characterized by three dis-
tinct clusters (inset map in Fig. 2a). The NC was observed 
over and around the BSZ. A small cluster (the middle clus-
ter- the MC) along the Imperial fault between the epicen-
tre of the mainshock and Brawley fault and another cluster 
over the CPSZ, well beyond the southern extreme of the 
surface rupture can be defined (the southern cluster—the 
SC).

Four large earthquakes occurred in the close vicinity of 
the 1979 Imperial earthquake since 1930 (Fig.  2a) (Allen 
et al. 1965; Rockwell and Klinger 2013). The 30 December 
1934 Laguna Salada (Mw =  6.5) and 31 December 1934 
Colarado River (Mw = 7.0) earthquakes occurred along the 
Laguna Salada and Cerro Prieto faults, respectively. The 19 
May 1940 Imperial earthquake (Mw = 7.0) ruptured whole 
Imperial fault with displacement as much as 7 m, while the 
9 April 1968 Borrego Mountain earthquake (Mw =  6.5) 
was produced by the Cayote Creek fault with 0.4-m peak 
dislocation. Table  2 lists the source parameters of these 
background earthquakes.

The 27 November 1979 Khuli‑Boniabad earthquake 
(Mw = 7.1)

The 1979 Khuli-Boniabad earthquake ruptured eastern part 
of the Dasht-e-Bayaz fault that bounds the Lut Block in the 
North (Figs. 1a, 2b; Table 2) (Berberian and Yeats 1999). 
Its rupture length was 60 km, along which vertical displace-
ment of as much as 2.5  m and left-lateral displacement 
of 4  m have been reported (Haghipour and Amadi 1980; 
Walker et al. 2004, 2011). No other displacement measure-
ment is available. The earthquake was followed an after-
shock activity that comprises the 7 December 1979 Kalat-
e-Shur earthquake (Mw = 5.9) just beyond the eastern tip 
of the rupture (Berberian et al. 1999; Walker et al. 2011). 
Epicentral distribution of the available 39 aftershocks with 
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M > 3.5 aftershocks, 27 of which were relocated by Walker 
et  al. (2011) and 12 of which were taken from Interna-
tional Institute of Earthquake Engineering and Seismology 
(IIEES) of Iran, is shown in Fig. 2b.

Between the 31 August 1968 Dasht-e-Bayaz and the 
1979 Khuli-Boniabad earthquakes, three moderately large 
earthquakes took place in the near source region (Fig. 2b; 
Table  2). The first one is the Qayen earthquake of the 

7 November 1976 (Mw  =  6.0), along the EW-trending 
Avash fault, lying parallel to the Dasht-e-Bayaz fault 
(Walker et  al. 2011). The second one is the 16 January 
1979 Boznabad earthquake (Mw =  6.5), the source fault 
of which has not been clearly identified, but NS-trending 
Boznabad and Pavak faults are possible candidates (Ber-
berian et al. 1999; Walker et al. 2011). The last one is the 
14 November 1979 Korizan earthquake (Mw = 6.6), which 

Fig. 2   Local tectonic features, epicentral distributions (black stars), 
rupture extends (black‐outlined elongated ellipses) and source 
mechanisms (black–white beach balls) of the large background 
earthquakes in the near source region of the mainshock‐aftershock 
sequences studied. Red stars and red‐outlined elongated ellipses 
denote the mainshocks and the rupture extents of the mainshocks 
focused in the present study, respectively, while the aftershock loca-
tions and source mechanisms are represented with green filled cir-
cles (the largest ones with green stars) and green–white beach balls, 

respectively. a The 15 October 1979 Imperial Valley (Mw  =  6.4) 
earthquake mainshock–aftershock sequence with 1-year-long 
M ≥  3 and M ≥  0.5 aftershocks (inset map). b The 27 November 
1979 Khuli‐Boniabad (Mw =  7.1), c the 13 March 1992 Erzincan 
(Mw = 6.7), d the 10 May 1997 Qa’enat (Mw = 7.2) and e the 31 
March 2006 Silakhor (Mw = 6.1) mainshock–aftershock sequences. 
See text for the sources from which information presented in the 
maps compiled. PF Pülümür fault, ES Erzincan segment
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Table 2   Rupture parameters of the earthquakes selected for the Coulomb stress change analysis of the each mainshock–aftershock sequence 
studied

Earthquake name Lat.
(°)

Lon.
(°)

Mw Strike
(°)

Dip
(°)

Rake
(°)

Fault length (km) Fault
width
(km)

Slip
(m)

15.10.1979 Imperial Valley earthquake

30.12.1934
Laguna Salada

32.25 −115.50 6.5 3111 881 1801 30 122 0.5a

31.12.1934
Colorado River

32.00 −114.75 7.0 3171 891 1801 60a 14a 1.5a

19.05.1940
Imperial Valley

32.87 −115.48 7.0 3251 901 1801 642 12a Variable3

09.04.1968
Borrego Mountain

33.19 −116.13 6.5 3111 781 1791 324 10a Variable4

15.10.1979
Imperial Valley

32.61 −115.32 6.4 1435 905 1805 405 125 Variable5

27.11.1979 Khuli-Boniabad earthquake

31.08.1968
Dasht-e-Bayaz

34.05 58.95 7.1 270 846 56 75 18.80a Variable7

07.11.1976
Qayen

33.83 59.17 6.0 846 796 121 13.21a 7.07a 0.14a

16.01.1979
Boznabad

33.91 59.47 6.5 1628 668 1158 28.60a 11.03a 1.00a

14.11.1979
Korizan

33.96 59.73 6.6 S1 1909 876,8 −1776,8 98 20 1.00a

S2 1409 876,8 −1776,8 118 20 0.60a

27.11.1979
Khuli-Boniabad

34.06 59.76 7.1 2616,8 826,8 86,8 606,8 18.80a Variable10

13.03.1992 Erzincan earthquake

26.12.1939
Erzincan11

39.77 39.53 7.8* S1 114 86 160 20 18 Variable

S2 106 86 160 51 18 Variable

S3 112 86 160 31 18 Variable

13.03.1992 Erzincan 39.71 39.60 6.8* 12511 7811 −16711 3012 1812 Variable12

10.05.1997 Qa’enat earthquake

30.06.1936
Abiz

33.61 59.96 6.0* 16613 8713 18013 126,12 6.5a 0.15a

31.08.1968
Dasht-e-Bayaz

34.05 58.95 7.1 270 846 56 75 18.80a Variable7

07.11.1976
Qayen

33.83 59.17 6.0 841 796 126 13.21a 7.07a 0.14a

16.01.1979
Boznabad

33.91 59.47 6.5 1628 668 1158 28.60a 11.03a 1.00a

14.11.1979
Korizan

33.96 59.73 6.6 S1 1909 876,8 −1776,8 98 20 1.00a

S2 1409 876,8 −1776,8 118 20 0.60a

27.11.1979
Khuli-Boniabad

34.06 59.76 7.1 2616,8 826,8 86,8 606,8 18.80a Variable10

10.05.1997
Qa’enat13

33.83 59.81 7.2 S1 190 87 −175 20 20 Variable

S2 140 87 −175 25 20 Variable

S3 164 87 −175 30 20 Variable

S4 330 87 −175 45 20 Variable

S5 118 87 135 10 20 Variable

31.03.2006 Silakhor earthquake

23.01.1909
Lurestan14

33.41 49.13 7.4* 135 90 180 45 25 2.0

16.08.1958
Firuzabad

34.30 48.17 6.6* 13014 9014 18014 20a 19a 0.5a
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ruptured the northern section of the Abiz fault for 20  km 
with lateral measured displacement of 1 m (Berberian et al. 
1999; Walker et al. 2011). The source parameters of these 
background earthquakes are given in Table 2.

The 13 March 1992 Erzincan earthquake (Mw = 6.7)

The 1992 Erzincan earthquake took place in the eastern sec-
tion of the notorious North Anatolian Fault Zone (NAFZ), 
along the Erzincan segment (ES) (Pınar et al. 1994; Barka 
1996; Fuenzalida et al. 1997; Grosser et al. 1998; Kaypak 
2008) (Figs. 1a, 2c). The ES constitutes northern boundary 
of the Erzincan basin, which is one of the several pull-apart 
basin along the NAFZ (Aktar et  al. 2004; Kaypak 2008). 
The 1992 Erzincan earthquake ruptured eastern half of the 
ES, while the western half had been ruptured by the great 
Erzincan earthquake of the 26 December 1939 (MS = 7.8–
8.0), slip of which tapered down from 5 to 6  m to 1  m 
along the segment (Barka 1996; Fuenzalida et  al. 1997). 
The earthquake produced no clear surface ruptures but 
some ground cracks (Fuenzalida et al. 1997). A teleseismic 
finite-fault modelling of the earthquake indicated a rupture 
mostly below 5 km for a length of 30 km and slip as much 
as 1.2 m (Tan 2004). The rupture propagated 20 km to the 
west and 10 km to the east from the focus. The aftershocks 
of the earthquake mostly occurred in the SE of the epicen-
tre and include Mw =  5.8 shock, namely Pülümür earth-
quake of the 15 March 1992 (Nalbant et al. 1996; Fuenza-
lida et al. 1997; Grosser et al. 1998; Kaypak and Eyidoğan 
2005; Kalafat et al. 2007) (Fig. 2c). The aftershocks form a 
cluster that extend from the eastern termination of the ES, 
where the left-lateral Ovacık fault meets the NAFZ, to Pül-
ümür town in the SE (Fig. 2c). For the time period between 
13 March and 30 March 1992, the aftershocks are taken 
from Kalafat et al. (2007) and are M > 3.5. Two weeks after 
the earthquake, a temporary seismic network was deployed 
to record the aftershock seismicity and precisely relocated 
867 aftershocks with M > 1 for the time period 30 March 
and 22 April 1992 (Kaypak and Eyidoğan 2005). The 1939 

Erzincan earthquake is the only large and destructive shock 
to occur in close vicinity of the 1992 Erzincan earthquake 
rupture in the instrumental period before 1992.

The 10 May 1997 Qa’enat earthquake (Mw = 7.2)

10 May 1997 Qa’enat earthquake occurred along the Abiz 
fault in the Zirkuh region of Iran near Afghanistan bound-
ary (Figs.  1a, 2d) (Berberian et  al. 1999; Gheitanchi and 
Zarifii 2004; Walker et  al. 2011). The Abiz fault extends 
from Dasht-e-Bayaz fault in the North to the Sepestan 
Mountain in the South and constitutes NE boundary 
between the Lut block and the Afghan block. NS-trending 
strike-slip fault bounding the Lut block accommodates dif-
ference in northward crustal motion between eastern and 
western Iran (Vernant et al. 2004).

The 1997 Qa’enat earthquake produced about 125-km-
long multi-segment surface rupture along the Abiz fault 
(Fig. 2d) (Ikeda et al. 1999; Berberian et al. 1999). Though 
approximately 1 m of vertical displacement measured along 
the south-easternmost section of the rupture, the faulting 
mostly dextral and observed dextral displacements exceed 
2 m in some places along the rupture. These observed and 
complex character of the faulting have been confirmed by 
both point source (Berberian et  al. 1999) and finite-fault 
(Sudhaus and Jonsson 2011; Durmuş 2014) analysis using 
teleseismic waveforms and geodetic data.

The 45-day-long aftershock activity of the 1997 Qa’enat 
earthquake between 10 May and 25 June 1997 comprises 
55 aftershocks with magnitude M  >  3.5 and is compiled 
from Walker et  al. (2011) and USGS-NEIC catalogues 
(Fig. 2d). Fifty-two of these aftershocks are relocated after-
shocks (Walker et al. 2011), while the rest are taken from 
IIEES of Iran.

The source region of the 1997 Qa’enat earthquake is a 
seismically active region in the NE Iran where a tectonic 
system with EW-striking sinistral faults is substituted by 
the NS-striking dextral fault prevailing tectonic system 
towards the east (Fig. 2d). Five M ≥ 6.0 earthquakes took 

Table 2   continued

Earthquake name Lat.
(°)

Lon.
(°)

Mw Strike
(°)

Dip
(°)

Rake
(°)

Fault length (km) Fault
width
(km)

Slip
(m)

31.03.2006 Silakhor 33.50 48.78 6.1 318 63 174 3613 1613 Variable13

S1, S2, S3, S4 and S5 represent segment numbers in the multi-segment rupture parameterization of the earthquakes under interest. See Fig. 2 for 
the epicentral distribution of the earthquakes used in the study of the each sequence

* Ms
a  Wells and Coppersmith (1994)
1  Freed et al. (2007); 2 Deng and Sykes (1997); 3 Rockwell and Klinger (2013); 4 Clark (1972); 5 Hartzell and Heaton (1983); 6 Walker et al. 
(2011); 7 Ambraseys and Tchalenko (1969); 8 Walker et al. (2004); 9 Berberian et al. (1999); 10 Haghipour and Amadi (1980); 11 Barka (1996); 
12 Tan (2004); 13 Durmuş (2014); 14 Ambraseys and Melville (1982)
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place to effect the Abiz fault by means of stress changes in 
the source region after 1936 (Table 2; Fig. 2d) (Berberian 
et al. 1999; Berberian and Yeats 1999). These earthquakes 
are the 30 June 1936 Abiz (Ms = 6.0) and the 14 November 
1979 Korizan (Mw = 6.6) earthquakes that partly ruptured 
northern half of the Abiz fault, the 31 August 1968 Dasht-e-
Bayaz (Mw = 7.1) and the 27 November 1979 Khuli-Bon-
iabad (Mw = 7.1) earthquakes along the sinistral Dasht-e-
Bayaz fault and the 7 November 1976 Qayen (Mw = 6.0) 
and the 16 January 1979 Boznabad (Mw  =  6.5) earth-
quakes occurred along the faults within the Lut block. The 
source parameters of these earthquakes are summarized in 
Table 2.

The 31 March 2006 Silakhor earthquake (Mw = 6.1)

The 2006 Silakhor earthquake took place along the Main 
Recent Fault, causing 68 lives and about 2000 causalities 
(Figs.  1a, 2e) (Ramazi and Hosseinnejad 2009; Rezapour 
2009; Ghods et al. 2012). Though no surface ruptures were 
observed following the earthquake, a part of the NW–SE-
trending and 100-km-long Dorud fault segment has been 
assigned as the source fault because of the ground cracks 
along it and destruction of all of the villages surrounding 
the fault segment. The earthquake had been preceded by 
two foreshocks with magnitude mb =  4.7 and 4.9 on 30 
March 2006 (not shown here) and an aftershock activity 
comprising two shocks that having comparable magnitude 
with the foreshocks (Fig. 2e) (Rezapour 2009; Hamzehloo 
et  al. 2009; Ghods et  al. 2012). Source mechanism solu-
tions of the earthquake suggest dextral faulting along a 
NE dipping fault plane (Rezapour 2009; Hamzehloo et al. 
2009; Harvard GCMT; USGS-NEIC). Finite-fault mod-
elling using InSAR (Peyret et  al. 2008) and teleseismic 
(Durmuş 2014) data indicates that slip as much as 0.7–1 m 
occurred at depth over the rupture plane.

In the near source vicinity, four destructive earth-
quakes, all of which occurred different fault segments of 
the Main Recent Faults, preceded the 2006 Silakhor earth-
quake. These earthquakes are 23 January 1909 Lurestan 
(Ms =  7.4), the 13 December 1957 Farsineh (Ms =  6.7), 
the 16 August 1958 Firuzabad (Ms  =  6.6) and the 24 
March 1963 Karkhaneh (Ms = 5.8) earthquakes. However, 
only the first and the third earthquakes are close enough to 
alter stress condition of the 2006 Silakhor earthquake rup-
ture plane and are used in the stress changes estimates in 
the study (Table 2; Fig. 2e).

Modellings and results

In Fig. 3 and in the following figures showing stress change 
maps as well, the stress changes have been imaged at a 

depth of 8  km, which is approximately equal to the half 
of the seismogenic thickness in the source areas of the 
earthquakes studied, and shown in map view. Increase and 
decrease in the stresses are shown as red and blue colours, 
respectively. Not only the Coulomb failure stresses have 
been estimated over the optimally oriented strike-slip faults 
but also over the prescribed rupture planes with the excep-
tion of the 1979 Khuli-Boniabad earthquake. The rupture 
parameters (strike, dip, rake and slip values of the faulting) 
and respective references for the all earthquakes used in the 
stress change calculations are given in Table 2. If available, 
we use variable slip models based on displacement meas-
urements along the surface ruptures and from the inversion 
of earthquake waveforms and geodetic data. If there is no 
information to define a variable slip model, slip amplitude 
of the earthquake is defined regarding the magnitude of the 
relevant earthquake using the empirical relationships given 
by Wells and Coppersmith (1994), assuming homogeneous 
fault slip.

As the aftershock activity of the 1979 Imperial Val-
ley earthquake indicated three distinct clusters over the 
BSZ and the CPSZ and along the Imperial fault, the stress 
changes have been mapped over the rupture planes rep-
resenting these tectonic structures. Figure  3a, b shows 
the stress changes over the Imperial fault (strike =  143°, 
dip  =  90° and rake  =  180°) due to the 1979 Imperial 
Valley earthquake alone and the four earthquakes in the 
background together with the 1979 Imperial Valley earth-
quake, respectively. Next shown in Fig.  3 are the stress 
changes resolved over the structures-related BSZ and 
the CPSZ. These structures have been approximated by 
the NS-trending normal faults (strike =  185°, dip =  50° 
and rake  =  −90°) and left-lateral faults (strike  =  233°, 
dip =  66° and rake = −22°) that are conjugate to trend 
of the Imperial fault (Suarez-Vidal et  al. 2008; Hauksson 
et  al. 2013). Stress maps in Fig.  3c, e represent the 1979 
Imperial Valley earthquake’s stress changes, while Fig. 3d, 
f shows stress changes in the background earthquakes in 
addition to the 1979 Imperial Valley earthquake. Figure 3g, 
h shows the stress changes calculated over the optimally 
oriented strike-slip faults caused by merely the 1979 Impe-
rial Valley earthquake and including the background earth-
quakes, respectively. The regional stress directions have 
been adapted from Heidbach et  al. (2008) for the estima-
tion of the stress changes in Fig. 3g, h. With the exception 
of Fig. 3h in which the lower magnitude threshold is taken 
as M ≥ 3.0 aftershocks, in all of the stress maps presented 
in Fig. 3 comprise 1-year-long M ≥ 0.5 aftershocks.

Faulting of the background earthquakes in 1934 has been 
approximated by rupture areas and homogeneous slips after 
Wells and Coppersmith (1994) (Table  2). Heterogeneous 
slip distribution has been utilized for both the 1940 Impe-
rial Valley and the 1968 Borrego Mountain earthquakes 
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Fig. 3   Coulomb failure stress 
changes resulting from the 15 
October 1979 Imperial Valley 
(maps in the left) and the 1979 
Imperial earthquake together 
with the background earth-
quakes (maps in the right), 
which are the 30 December 
1934 (Mw = 6.5) Laguna 
Salada, 31 December 1934 
Colarado River (Mw = 7.0), 
the 19 May 1940 Imperial 
Valley (Mw = 7.0) and the 9 
April 1968 Borrego Moun-
tain (Mw = 6.5) earthquakes. 
The stresses are resolved 
onto a, b the Imperial fault 
(strike = 143°, dip = 90° and 
rake = 180°) and c, d normal 
faults (strike = 185°, dip = 50° 
and rake = −90°) and e, f 
left-lateral faults (strike = 233°, 
dip = 66° and rake = −22°) 
inside the Brawley and Cerro 
Prieto Seismic Zones, g, h the 
optimally oriented strike-slip 
faults. Black dots indicate 
1 year-long M > 0.5 (M ≥ 3.0 
in h) aftershock sequence from 
Southern California Earthquake 
Data Centre (Hutton et al. 2010) 
and active faults traces are from 
Rockwell and Klinger (2013). 
Green star denotes the epicentre 
of the 1979 Imperial Valley 
earthquake. Table 2 summarizes 
the rupture parameters used in 
the stress computations. The 
maps reflect stress changes at 
depth of 8 km
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regarding their observed surface ruptures (Clark 1972; 
Rockwell and Klinger 2013). For the 1979 Imperial Val-
ley earthquake, finite-fault slip distribution model of Hart-
zell and Heaton (1983) has been used in the stress changes 
calculations.

The stress changes due to the 1979 Khuli-Boniabad 
earthquake alone and the background large earthquakes 
in addition to the 1979 Khuli-Boniabad earthquake have 
been computed over the optimally oriented strike-slip 
faults as shown in Fig. 4a, b along with the available after-
shock epicentres. Regional stress directions are taken 
from Durmuş (2014). Figure  4c is the same as Fig.  4b 

for the earthquakes used, but the stress changes have 
been resolved onto the rupture planes parallel to the 1968 
Dasht-e-Bayaz earthquake’s rupture plane (strike =  270°, 
dip =  84° and rake =  5°). Since no variable slip model 
exists for the earthquake, we used a 60-km-long rupture 
plane with homogeneous slip of 2  m, which is a product 
of the empirical relationship of Wells and Coppersmith 
(1994). However, reverse slip component with 0.3  m slip 
has been included for the eastern one-third of the rupture 
plane regarding the slip vector angle (Table 1) and vertical 
displacement reported by Haghipour and Amadi (1980) for 
the eastern part of the rupture in the field. Figure 4b shows 

Fig. 4   a Coulomb failure stress 
changes due to the 27 Novem-
ber 1979 Khuli-Boniabad earth-
quake (Mw = 7.1) alone and b 
along with previous mainshocks 
in the background, resolved 
onto the optimally oriented 
strike-slip faults. c Coulomb 
failure stress changes over 
the 31 August 1968 Dasht-e-
Bayaz earthquake rupture plane 
caused by the 27 November 
1979 Khuli-Boniabad and the 
background earthquakes. The 
stresses are sampled at depth of 
8 km. White circles indicates the 
available M > 3.5 aftershocks 
of the 1979 Khuli-Boniabad 
earthquake located by Walker 
et al. (2011) and IIEES of Iran. 
See Table 2 for the rupture 
parameters utilized in the stress 
calculations. Active faults traces 
are from Berberian et al. (1999)
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the stress changes in the earthquake along with the previ-
ous earthquakes in the background over the optimally ori-
ented strike-slip faults. Ambraseys and Tchalenko (1969) 
provided both detailed surficial ruptures maps and dis-
placement measurements for the 70 km-long 1968 Dasht-
e-Bayaz earthquake rupture. Nevertheless, the surface 
ruptures along the eastern half of the rupture were discon-
tinuous with slip in the order of tens of centimetres. There-
fore, we use a variable slip model for the western part and 
homogeneous slip with slip amplitudes of 0.7 and 0.1 m for 
the left-lateral and reverse slip components, respectively. 
The ruptures of the other three mainshocks have been rep-
resented with homogeneous slip regarding empirical rela-
tionships given by Wells and Coppersmith (1994).

Figure 5 depicts the Coulomb stress changes produced 
by the 1992 Erzincan earthquake alone together with the 
aftershocks. Figure  5a shows the stress condition for the 
optimally oriented strike-slip faults by using regional stress 
field with compressional stress axis lying in N–S direction 

(Fuenzalida et  al. 1997). We also estimates the stress 
changes along the specified fault planes because fault plane 
solutions of the aftershocks indicated separate zones of 
the aftershocks by means of the faulting types. The stress 
changes are resolved onto the normal faults (strike = 192°, 
dip =  50° and rake = −86°) along the SE margin of the 
Erzincan basin (as indicated by the aftershock zones 2 and 
3 defined by Fuenzalida et  al. (1997)), the Pülümür fault 
(strike  =  129°, dip  =  43° and rake  =  134°) and along 
the Yedisu fault segment (strike  =  106°, dip  =  85° and 
rake = 180°), which is going to be discussed as a possible 
source of the largest aftershock, in Fig. 5b–d, respectively. 
The stress changes from both the 1939 and 1992 Erzin-
can earthquakes are shown in Fig.  6. The 1939 Erzincan 
earthquake is the mere large earthquake in the instrumental 
period to alter stresses in the crust volume surrounding the 
1992 Erzincan earthquake. A variable slip model based on 
the field study of Barka (1996) has been used for the 1939 
Erzincan earthquake. Figure  6a represents stress changes 

Fig. 5   Coulomb failure stress changes merely due to the 13 March 
1992 Erzincan earthquake calculated over a the optimally oriented 
strike-slip faults, b the normal faults (strike =  192°, dip =  50° and 
rake = −86°) bounding the SE edge of the Erzincan basin, c the Pül-
ümür fault (strike = 129°, dip = 43° and rake = 134°) and the Yedisu 

fault segment (strike = 106°, dip = 85° and rake = 180°). White cir-
cles indicate the aftershocks compiled from Kaypak and Eyidoğan 
(2005) and Kalafat et al. (2007). See Table 2 for the rupture param-
eters. Active faults traces are from MTA (2012). The stress changes 
are sampled at depth of 8 km
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imparted by both earthquakes over the optimally oriented 
strike-slip faults. The faults mapped in the west of the 
1992 earthquake rupture are the easternmost fault segment 
(strike =  113°, dip =  86° and rake =  180°) of the 1939 
Erzincan earthquake and the approximately NS-trending 
normal faults (strike = 340°, dip = 50°and rake = −90°) 
along the NW edge of the Erzincan Basin as in the SE 
margin (MTA 2012). The stress changes estimated over 
these faults are shown in Fig. 6b, c, respectively. The stress 
changes in the 1939 and 1992 Erzincan earthquakes over 
the Yedisu fault segment (strike  =  106°, dip  =  85° and 
rake = 180°) are depicted in Fig. 6d.

We have estimated Coulomb stress changes caused by 
the 1997 Qa’enat earthquake alone as shown in Fig. 7. Fig-
ure  7a, b represents the stress changes for the optimally 

oriented strike-slip and thrust faults, respectively, along 
with the 45-day-long available aftershock activity. Regional 
stress direction used is the same as in 1979 Khuli-Boniabad 
earthquake and is adapted from Durmuş (2014). Figure 7c, 
d shows the stress changes over specified rupture planes 
regarding the available source mechanism solution of the 
two aftershocks (Berberian et al. 1999). One of these after-
shocks (16 June 1997 aftershock, Mw =  5.0) occurred at 
the southern tip of the 1997 Qa’enat earthquake rupture, 
the source mechanism of which suggests thrust faulting 
(strike = 120°, dip = 20° and rake = 90°), roughly coin-
ciding also with some mapped subparallel thrust fault 
extending conjugate to the Abiz fault in the south (Fig. 2d). 
The other one is the 25 June 1997 aftershock (Mw = 5.7), 
which was located near the junction of the Dasht-e-Bayaz 

Fig. 6   Coulomb failure stress changes resulting from both the 26 
December 1939 and 13 March 1992 Erzincan earthquakes at depth of 
8 km. Note that the stress changes resolved onto a the optimally ori-
ented strike-slip faults indicate stress increase at the both rupture ter-
minations of the 1992 Erzincan earthquake while the stress changes 
resolved onto b the easternmost fault segment (strike  =  113°, 
dip = 86° and rake = 180°) of the 1939 Erzincan earthquake and c 
the normal faults (strike = 340°, dip = 50° and rake = −90°) bound-
ing the NW edge of the Erzincan basin require the stress increase at 

the western rupture termination of the 1992 Erzincan earthquake vir-
tually to vanish. d The stress changes over the Yedisu fault segment 
(strike = 106°, dip = 85° and rake = 180°) indicate that the receiver 
fault was stress-loaded by both earthquakes, but the eastern after-
shock cluster hardly overlaps with the stress-loaded area and partly 
falls into the stress shadow (see also Fig. 5d). White circles indicate 
the aftershocks compiled from Kaypak and Eyidoğan (2005) and 
Kalafat et al. (2007), and active faults traces are from MTA (2012). 
See Table 2 for the rupture parameters used in the stress computations
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and Abiz faults where there are several roughly NS-strik-
ing strike-slip faults. The source mechanism of the later 
aftershock indicates strike-slip faulting (strike  =  181°, 
dip = 87° and rake = 170°) (Fig. 2d).

In Fig. 8a, the stress changes due to the background seis-
micity before the 1997 Qa’enat earthquake are shown along 
with the aftershocks. The 1997 Qa’enat earthquake is added 
to the background seismicity to calculate stress changes as 

depicted in Fig.  8b. The stress changes in Fig.  8a, b are 
resolved onto the optimally oriented strike-slip faults. Fig-
ure 8c, d shows the stress changes as in Fig. 8a, b, respec-
tively, but stress changes have been computed over the opti-
mally oriented thrust faults.

Stress changes caused by the 2006 Silakhor earthquake 
have been compared with the three-month-long aftershock 
distribution in Fig.  9a. Figure  9b shows stress changes 

Fig. 7   Stress changes after the 10 May 1997 Qa’enat earthquake 
alone together with the 45-day-long aftershocks distribution (white 
circles). The stress changes are resolved onto the optimally oriented 
a strike-slip and b thrust faults and resolved onto the two specified 
rupture planes with c strike of 120°, dip of 20° and rake of 90° and 

with d strike of 181°, dip of 87° and rake of 170°. The aftershocks 
are compiled from Walker et  al. (2011) and USGS-NEIC catalogue 
and active faults traces are from Berberian et  al. (1999). The stress 
variations are sampled at depth of 8 km. See Table 2 for the rupture 
parameters used in the stress computations
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imposed by the 2006 Silakhor and two background earth-
quakes along the Main Recent Fault, the 1909 Lurestan 
and 1958 Firuzabad earthquakes. Both stress changes have 
been estimated over the optimally oriented strike-slip faults 
using regional stress direction given by Zarifi et al. (2013).

Discussion

Coulomb stress modelling studies for the last three dec-
ades have demonstrated that there is a general correlation 
between the stress perturbations caused by mainshocks and 
aftershock distributions (King et  al. 1994; Nalbant et  al. 

1996; Steacy et  al. 2004, 2005; King 2007). Aftershocks 
generally tend to occur on favourably oriented fault planes 
close to failure in the region of stress increase following a 
mainshock. Strike-slip earthquakes have been characterized 
by static stress-increased lobes and, in general, the clusters 
of aftershock at both ends of the rupture (King et al. 1994; 
Stein 2003; Das and Henry 2003; King 2007). However, 
there have been some cases that the aftershock clusters 
observed only at the one end or in some cases no report 
of the aftershocks at the both ends at all (Das and Henry 
2003). The mainshock–aftershock sequences studied in the 
present study give some clues to discuss cause of the one-
sided aftershock patterns.

Fig. 8   Stress changes before (maps in the left) and after (maps in the 
right) the 10 May 1997 Qa’enat earthquake together with its 45-day-
long aftershock distribution (white circles). The stress changes are 
resolved onto the optimally oriented a, b strike-slip and c, d thrust 

faults. The maps reflect stress variations at depth of 8 km. See cap-
tion of Fig. 7 for the sources from which aftershocks and active faults 
traces are compiled and Table 2 for the rupture parameters used in the 
stress computations
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As mentioned above, five strike-slip earthquake ruptures 
are documented to have aftershocks only or mainly one 
end of their ruptures though they promoted static stresses 
at both ends of their ruptures, as indicated in Figs. 3a, 4a, 
5a, 7a and 9a. Why aftershocks sparsely occurred at the one 
end would be an interesting and significant question as the 
Coulomb stress maps have been put forward to comment 
on the most likely region aftershocks to strike for earth-
quake hazard mitigation purposes. In search for an answer 
to this question, influence of the background seismicity has 
been taken into account. It is realized that all of the main-
shocks have been preceded by large earthquake ruptures at 
their rupture ends with no aftershock observations or a few 
aftershock occurrence while no background large earth-
quake rupture at the other ends with abundant aftershock 
observations.

For the case of the 1979 Imperial Valley earthquake 
sequence, the relatively strong aftershock distribution 
exhibits a clear one-sided pattern (Fig.  2a). Though the 
whole activity without any magnitude threshold seems to 
be double-sided at first glance, the activity is still one-sided 
because the NC is much stronger and higher in number 
as compared to the SC. In addition, the SC is beyond the 
SE end of the rupture, while the NC covers northernmost 
section of the rupture and extends towards the Salton Sea. 
Neither stress distributions in Fig. 3a or b explain well the 
aftershock of the 1979 Imperial Valley earthquake. Remem-
ber that these maps reflect stresses mapped over the planes 
parallel to the Imperial fault (strike = 143°, dip = 90° and 
rake = 180°) resulted from the 1979 Imperial Valley earth-
quake and the background earthquakes. The NC over the 
BSZ partly falls into the increased stress area, while MC 

along the Imperial fault and the SC over the CPSZ com-
pletely or mostly fall into the stress-decreased areas. Notice 
that the SC is mainly outside of the stress-increased lobe 
in the south-east of the rupture. The most stressed part of 
the lobe is mostly avoid of the aftershocks, while almost 
half of the NC fall into the most stressed part of the north-
west stress-increased lobe. Figure 3b shows a clue for why 
the south-east stress-increased lobe is mostly avoid of 
aftershocks. The Imperial fault beyond the SE end of the 
1979 ruptures under the stress decrease due to the back-
ground earthquakes, the 1940 Imperial Valley earthquake 
in particular, suggesting that the stress increase caused by 
the 1979 earthquake did not overcome the stress shadow of 
the background earthquakes in that section. When the stress 
variations estimated over the structures (normal faults 
with strike = 185°, dip = 50° and rake = −90° and con-
jugate left-lateral faults with strike = 233°, dip = 66° and 
rake = −22°) related to the BSZ and CPSZ (Fig. 3c–f), it is 
seen that both stress changes caused by the 1979 Imperial 
Valley earthquake alone and along with the all background 
earthquakes correlate well with the aftershock clusters over 
the seismic zones in the ends of the rupture with the excep-
tion of the MC, which still falls into the stress-decreased 
area along the Imperial fault. Note the merely absence of 
the aftershocks related to the SC in the most stressed area 
of the south-east stress-increased lobe both in Fig. 3c, e as 
contrary to the aftershocks related to the NC, which mainly 
falls into the most stressed area of the north-west stress-
increased lobe. Stress changes maps shown in Fig.  3d, f 
indicate that the background earthquake ruptures strongly 
promoted stresses over the CPSZ while decreasing stresses 
between the SE end of the 1979 Imperial Valley earthquake 

Fig. 9   a Stress changes caused by the 31 March 2006 Silakhor 
earthquake at depth of 8  km have been compared with the three-
month-long aftershocks distribution (white circles). b Stress changes 
imposed by the 2006 Silakhor and two background earthquakes along 
the Main Recent Fault, the 1909 Lurestan and 1958 Firuzabad earth-

quakes together with the aftershock distribution. Both stress changes 
have been estimated over the optimally oriented strike-slip faults. The 
aftershocks and active faults traces are from IIEES and Ghods et al. 
(2012), respectively. See Table 2 for the rupture parameters used in 
the stress computations
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rupture and the main body of the SC, providing a reason-
able explanation for the observed aftershock pattern in the 
SE.

A NE–SW-trending elongated aftershock zone within 
the NC and just NW of the 1979 Imperial Valley earth-
quake rupture is clearly be separable indicating that one of 
the left-lateral fault conjugate to the Imperial fault in the 
south of the Salton Sea was activated by the stress trans-
fer caused by the earthquake (Johnson and Hutton 1982; 
Fuis et  al. 1982) (Figs.  2a, 3e, f). The fact that this fault 
produced the 2012 Brawley earthquake swarm (Hauks-
son et  al. 2013) supports not only its presence and active 
character but also its possible activation due to the stress 
transfer by the 1979 Imperial Valley earthquake. The MC 
falls into the stress shadow in the stress maps in Fig. 3a–
f. When the stress changes are calculated over the opti-
mally oriented faults (Fig.  3g), the MC is still inside the 
stress shadow of the 1979 Imperial fault. Nevertheless, the 
background earthquakes caused stress load in the area of 
the MC (Fig. 3h), which is located over a geothermal area 
(Fuis et al. 1982). Majority of the MC consists of M < 3.0 
aftershocks as it is clearly shown in Figs. 2a and 3h, indi-
cating that this cluster was a product of very heterogeneous 
crustal volume with differently oriented cracks surrounding 
that part of the Imperial fault resulting from the geothermal 
activity. Dynamic stress triggering could also be consid-
ered as the cause behind the MC activity because dynamic 
stresses do not have stress shadows and the heterogeneous 
crustal volume may provide proper condition for dynamic 
stress triggering.

As shown in Fig. 4a, there was no aftershock beyond the 
western end of the 1979 Khuli-Boniabad earthquake rup-
ture within the western stress-increased lobe while there 
were several aftershocks along and just beyond its east-
ern end within eastern stress-increased lobe, including the 
largest aftershock, namely the 7 December 1979 Kalat-e-
Shur earthquake (Fig. 2b). When the stresses imparted by 
the large earthquakes back in the time are taken into the 
account, the stress-increased lobe of the 1979 Khuli-Bon-
iabad earthquake in the west gets significantly suppressed 
by the stress shadow of the 1968 Dasht-e-Bayaz earthquake 
(Fig.  4b). The suppression becomes more apparent as the 
stress the stress is computed over the 1968 Dasht-e-Bayaz 
earthquake fault plane (Fig.  4c). It seems that the stress 
shadow of the 1968 Dasht-e-Bayaz earthquake had not 
faded away enough in the time period between 1968 and 
1979 to be fully overcome by the coseismic stress increases 
exerted by the 1979 Khuli-Boniabad earthquake, causing 
absence of the aftershocks in the west.

The stress map for optimally oriented strike-slip fault 
in Fig.  5a explains the 1992 Erzincan earthquake after-
shock distribution fairly well. However, the aftershocks 
just beyond the eastern rupture termination (corresponds to 

the aftershock zones 2–4 of Fuenzalida et  al. (1997)) fall 
into the stress-decreased area. There aftershocks fault plane 
solutions suggest EW-trending extension, which requires 
normal faulting along roughly NS-striking normal faults 
(Fuenzalida et  al. 1997; Grosser et  al. 1998) as expected 
for the fault stepover between the ES and Yedisu segment 
(Fig. 2c). A stress change calculation along rupture planes 
representing (strike = 192°, dip = 50° and rake = −86°) 
those normal faults, the representative rupture parameters 
of which have been approximately deduced from the results 
of stress tensor inversion of the respective aftershock clus-
ters by Fuenzalida et al. (1997), reveals stress increase for 
that area (Fig. 5b). This means that almost all of the east-
ern aftershock cluster fall into the stress enhancement area 
regarding both Fig. 5a, b.

The aftershock distribution of the 1992 Erzincan earth-
quake elongated in NW–SE direction and the elongation 
becomes more pronounced in its easternmost part (Fig. 2c). 
That part has been related to the rupture growth of the larg-
est aftershock, the 1992 Pülümür earthquake, by Fuenzalida 
et al. (1997). The strike of the aftershock elongation (about 
130°) differs almost 30° from the strike of the Yedisu fault 
segment and coincides quite well with extend of the Pül-
ümür fault (Fig. 2c) (MTA 2012). The Pülümür fault strikes 
more southerly as it goes to the east and its strike varies 
from 110° to 130°. Plus, the eastern extreme of the after-
shock cluster and change in its strike from east to west 
exactly fit to the end and strike change in the Pülümür fault, 
respectively, and SW dipping nodal plane (strike =  129°, 
dip =  43° and rake =  134°) from the source mechanism 
by Fuenzalida et al. (1997) coincides with the strike of the 
fault, considering its epicentral location (Fig. 2c). Both the 
epicentre of the 1992 Pülümür earthquake and the eastern-
most part of the aftershock cluster fall south of the Pülümür 
fault, supporting a south-west dipping rupture plane. Fig-
ure 5c shows stress changes map over the fault planes par-
allel to the Pülümür fault. When the stress changes resolved 
onto the Yedisu fault segment (strike =  106°, dip =  85° 
and rake = 180°) (Fig. 5d), it is seen that the eastern lobes 
of stress increase beyond the mainshock rupture in both 
Fig. 5a, c are in a better agreement with the off-fault after-
shock cluster as compared to Fig. 5d. Note that the strike of 
the Pülümür fault closely corresponds to the optimally ori-
ented dextral failure planes. All these findings support that 
it is much likely that the largest 1992 Pülümür aftershock 
and the easternmost aftershock cluster to be generated by 
the Pülümür fault rather than the left-lateral and NE–SW-
striking Ovacık fault zone as previously thought (Nalbant 
et  al. 1996; Fuenzalida et  al. 1997). The Coulomb failure 
stresses imparted by the 1992 Erzincan earthquake might 
have activated the Pülümür fault.

Why there is virtually no aftershock at the western 
termination of the 1992 Erzincan earthquake rupture as 
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compared to a large cluster of off-fault aftershocks at the 
other end is the question we focus on now. Note that there 
is a considerable stress-increased area not only at the east-
ern termination of the 1992 Erzincan earthquake rupture 
plane but also at the western end, along the optimally ori-
ented strike-slip faults (Fig.  6a). This contradicts with no 
observation of the off-fault aftershocks at the western rup-
ture termini of the 1992 Erzincan earthquake. Therefore, 
the stress changes are calculated over the specified fault 
planes (Fig. 6b, c). Figure 6b shows a stress shadow beyond 
the western rupture termination of the 1992 Erzincan earth-
quake rupture along the easternmost fault segment of the 
1939 Erzincan earthquake rupture. The stress shadow still 
persists when stress changes are sampled along the nor-
mal faults at the NW edge of the Erzincan basin (Fig. 6c). 
These suggest that the faults that would be possible source 
of the aftershocks in the west of the 1992 Erzincan earth-
quake rupture had been strongly relaxed by the 1939 Erzin-
can earthquake stress shadow, which was not overcome 
by the stress-increased lobe caused by the 1992 Erzincan 
earthquake rupture after about 50 years. In other words, the 
aftershock distribution of the 1992 Erzincan earthquake has 
been suppressed by the stress shadow resulting from the 
1939 Erzincan earthquake. This has been underlined by 
Nalbant et  al. (1996) as well. Also note that though opti-
mally oriented strike-slip fault planes under stress increase 
there is no optimally oriented mapped strike-slip faults to 
response as aftershock occurrences in the west. The exist-
ent fault planes are under stress shadow, demonstrating 
control of aftershock occurrences by the existing struc-
tures (McCloskey et al. 2003; Steacy et al. 2005). Note that 
though the Yedisu fault segment (strike = 106°, dip = 85° 
and rake  =  180°) is strongly stress-loaded by the 1939 
Erzincan earthquake as indicated in Fig. 6d and the after-
shocks are mostly located between stress-increased and 
stress-decreased lobes in the SW of the segment (Fig. 6d). 
Considering that the Yedisu Fault segment has not ruptured 
since 1784 and is a seismic gap, it is reasonable to claim 
that the segment is locked and has become much closer to 
failure after both of the Erzincan earthquakes. Recent stud-
ies (Reilinger et al. 2006; Cakir et al. 2014) have indicated 
that the slip rate along the segment about 20–25 mm/year. 
This means that about 5.5–6 m of slip accumulated along 
the segment after 1784 and the segment is currently capa-
ble of producing at least Mw = 7.4 earthquake, the occur-
rence of which has been quickened by the stress load of 
both 1939 and 1992 Erzincan earthquakes.

The stress changes maps for the 1997 Qa’enat earth-
quake shown in Fig.  7 suggest that the aftershock distri-
bution is well explained by the stress changes resolved 
onto the optimally oriented strike-slip and thrust faults 
(Fig.  7a, b), considering the type of the nearby active 
faults (Fig.  2d). The aftershocks mostly occurred in the 

stress-increased lobes in the south and south-west of the 
1997 Qa’enat earthquake rupture, while there is no after-
shock in the stress-increased lobe in the north and north-
east of the rupture. Several aftershocks that fall into 
the stress shadow area in Fig.  7a in the west of the 1997 
Qa’enat earthquake rupture between 1936 Abiz and 1979 
Korizan earthquakes ruptures fall into stress-increased area 
when the stress changes are resolved onto the optimally 
oriented thrust faults (Fig. 7b). Because, active fault maps 
indicate NW–SE-trending subparallel thrust faults in that 
area (Berberian et  al. 1999) (Fig.  2d). The stress changes 
due to the background large earthquakes over the opti-
mally oriented strike-slip faults indicate that both sides of 
the northern half of the 1997 Qa’enat earthquake rupture 
mostly under strong stress shadow compared to the south-
ern half that is under a weak stress shadow (Fig. 8a). The 
past earthquakes imposed a stress-increased lobe in the east 
of the 1979 Khuli-Boniabad earthquake rupture. When the 
1997 Qa’enat earthquake rupture along with the past earth-
quakes is included in the stress estimates, it is obtained that 
stress shadow gets much broader towards south especially 
to the south-east for the strike-slip faults while two stress-
increased lobes appear around the southern extreme of the 
rupture (compare Fig.  7a with 8a). The stress-increased 
lobe of the 1997 Qa’enat earthquake in the northeast 
partly turns a stress-decreased area close to the Abiz fault 
due to the background earthquake ruptures (Fig. 8b). The 
stress shadow of the past earthquakes around the northern 
half of the 1997 Qa’enat earthquake rupture seems to be 
not fully overwhelmed by the 1997 Qa’enat earthquake’s 
stress changes, explaining relatively rare occurrence of 
the aftershocks around the northern half of the rupture as 
compared to the southern half. However, the stress shadow 
towards the south rupture extreme is not strong enough and 
has been overwhelmed by the 1997 Qa’enat earthquake 
stress increase, resulting in most of the aftershocks. Note 
that the stress changes over the optimally oriented thrust 
faults due to the background earthquakes require mostly 
stress enhancement around the northern half of the rup-
ture (Fig. 8c). Though the stress enhancement area became 
smaller following the 1997 Qa’enat earthquake (Fig. 8d), it 
coincides with the several aftershock occurrences that fall 
into the stress shadow in Fig. 8a, b. These findings suggest 
not only that the aftershock occurrences are controlled by 
the structures but also that the stress changes in the past 
background earthquakes and their coincidence with the 
stress changes in the current mainshock might influence the 
pattern of the aftershock sequence.

As shown in Fig. 9a, 2006 Silakhor earthquake rupture 
and its aftershock distribution resembles the 1992 Erzin-
can earthquake rupture and its aftershock pattern with an 
aftershock cluster only over a stress-increased lobe beyond 
the NW rupture termini. Figure  9b shows that the stress 
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changes caused by the two background large earthquakes 
promote the stresses along and beyond the rupture of the 
2006 Silakhor earthquake while they require stress decrease 
over the stress lobe beyond the SE rupture termini. The 
stress shadow of the 1909 Lurestan earthquake in the SE 
neighbourhood seems to be not overcome by the coseismic 
stress increase in the 2006 Silakhor earthquake resulting 
in unfavourable condition for the aftershock occurrence or 
halting of aftershock seismicity. However, the NW stress-
increased lobe of the 2006 Silakhor earthquake overlapped 
with the 1909 Lurestan earthquake’s stress increase in the 
north of its rupture and the 1958 Firuzabad earthquake’s 
southern stress-increased lobe, providing favourable condi-
tion for the aftershock occurrence. Compared to the 1909 
Lurestan earthquake rupture in the SE, the 1958 Firuzabad 
earthquake rupture is far away to cause stress decrease 
along and beyond the 2006 Silakhor earthquake rupture. 
Therefore, the 2006 Silakhor earthquake sequence exempli-
fies influence of the background stress field on the after-
shock pattern of the later mainshocks.

The five cases of the aftershock sequences in the strike-
slip fault environments presented in the study suggest that 
either the stress shadows or stress-increased areas result-
ing from large background earthquakes occurred decades 
before play a significant role in the spatial distribution of 
the aftershocks of the later shocks. It seems that the stress 
shadows from the large background earthquakes persist for 
decades to suppress the aftershocks occurrence of the cur-
rent large earthquakes such that there is a few or absence of 
aftershocks in the crustal volumes with stress decrease. The 
1979 Imperial Valley and 1992 Erzincan earthquakes exem-
plify not only the effect of the background stress shadows 
on the current aftershock patterns but also influence of the 
stress-increased areas from the earthquakes in the back-
ground. It is also important to note the stress changes from 
the background earthquakes playing a key role in the loca-
tion of the largest aftershocks. With the exception of the 
1997 Qa’enat earthquake, for the all studied earthquakes 
the largest aftershocks did not occur at the rupture ends 
influenced by the stress shadows of the earthquakes in the 
near past (compare Figs. 2a with 3h, 2b with 4b, 2c with 
6b, and 2e with 9b).

It is now well known that the post-seismic deforma-
tions can further alter the static stresses in the upper crust 
from several days to many decades in respond to large 
earthquakes. These post-seismic mechanisms are classi-
cally divided into three: (1) after slip which involves tran-
sient deformations on the generating fault following a large 
earthquake. This afterslip usually occurs in areas of low 
seismic slip, where the fault zone was loaded during the 
earthquake (Marone et  al. 1991); (2) poroelastic rebound 
which is time-dependent poroelastic re-equilibrium occur-
ring close to the rupturing fault (Bosl and Nur 2000); and 

(3) the viscoelastic relaxation of the ductile lower crust and 
upper mantle layers. The first two are affective in short-
time scales (days to weeks) mostly and the third one can 
last many decades depending on the magnitude of the 
mainshock (Pollitz et al. 1998).

Modelling of the stress changes caused by the post-
seismic deformations is out of scope of present paper. They 
would surely alter the stress field due to the background 
earthquakes in the upper crust, but it is shown that they 
are not the first-order mechanisms compared to the elastic 
coseismic ruptures (Steacy et al. 2005). It is also noted that 
for strike-slip faults, positive stress lobes increase in mag-
nitude owing to viscous relaxation, and regions in which 
coseismic stress changes were negative tend to get more 
negative (Freed and Lin 1998; Freed 2005). This means 
that the stress filed created by the background earthquakes 
can sustain many decades and influence the seismicity pat-
tern of the aftershocks.

All these mean that the stress changes in the past earth-
quake or earthquakes might be a factor to govern the after-
shock spatial distribution of the future earthquake and one 
of the reasons behind the one-sided aftershock clusters 
observation. This puts forward that they should be taken 
into account as an element of the earthquake hazard assess-
ment due to the aftershocks of the current mainshocks. The 
documented correlations between the stress field and both 
aftershock seismicity and background seismicity in the past 
(Nalbant et al. 1998; Toda et al. 2012; Sevilgen et al. 2012) 
support not only this reckoning but also significance of 
earthquake stress change maps in assessment of earthquake 
hazard.

Conclusions

Five mainshock–aftershock sequences taken from differ-
ent strike-slip fault environments of the globe have been 
studied by means of the Coulomb static stress changes, also 
considering the stress changes from the large earthquakes 
in their backgrounds. The 15 October 1979 Imperial Val-
ley earthquake (Mw = 6.4) in southern California, the 27 
November 1979 Khuli-Boniabad (Mw = 7.1), the 10 May 
1997 Qa’enat (Mw =  7.2) and the 31 March 2006 Silak-
hor (Mw = 6.1) earthquakes in Iran and the 13 March 1992 
Erzincan earthquake (Mw = 6.7) in Turkey have been stud-
ied because these earthquakes are mainly characterized by 
one-sided aftershock distributions considering numbers 
and magnitudes of the aftershocks. We documented that 
the stress changes resulted from background mainshock(s) 
that are close in both time and space might be the reason 
behind the observed aftershock patterns and aftershock 
occurrences were rare in the strong stress shadows result-
ing from the background earthquakes, particularly if they 
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overlap with the stress shadows of the mainshocks under 
interest. When the stress-increased areas from the back-
ground earthquakes coincide with the stress enhancement 
areas of the current earthquakes, the aftershocks were 
plenty in numbers in those areas, comprising the largest 
aftershocks. It is suggested that the stress changes from the 
previous mainshocks may persist in the crust for decades to 
influence aftershock distribution of the current mainshocks 
and they should be taken into account in the usage of the 
Coulomb stress change maps for earthquake risk mitigation 
purposes.
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