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S U M M A R Y
On 2012 August 11, an earthquake doublet (Mw6.5 and Mw6.3), separated in time by 11
min, occur in the northwest of Iran. The hypocentres of these earthquakes are close (∼6 km)
and located near the cities of Ahar and Varzaghan. The rupture process of both main shocks
is retrieved by inverting the near-field strong motions data and using the elliptical subfault
approximation method. Our calculations show that the two earthquakes are occurring on two
distinct fault planes: the first main shock (M1) has nucleated at a depth of ∼8.5 km, and is
located ∼4 km east of the eastern termination of the E-W trending surface rupture. The slip
reaches the ground surface west of the hypocentre on an E-W striking fault (N88◦E) that dips
almost vertically (80◦S). This earthquake exhibits a right-lateral strike-slip mechanism. The
entire slip is imaged on a single patch that ruptures with an average speed of 2.4 km s−1. The
rupture duration is ∼5.6 s and the earthquake releases a seismic moment of ∼8.41E + 18
N·m. The slip reaches the surface with a right-lateral dislocation value of ∼1 m, which is
consistent with the observed surface rupture. About 11 min later, the second main shock (M2)
nucleates ∼5 km to the west and 4 km to the north with respect to the hypocentre of the
M1, and at a depth of ∼16.5 km. The M2 rupture evolves toward shallower depths and to the
west on an ENE-WSW oriented fault plane (strike ∼256◦) with a dip of ∼60◦ northward. The
slip is essentially distributed on two distinct patches with strike-slip and reverse mechanisms,
respectively. The first patch has a pure right-lateral strike-slip mechanism, and ruptures at a
relatively fast speed of over 2.8 km s−1, and last for about 2.6 s until it reaches the second
patch. The latter has a reverse mechanism (rake∼112◦) and extends the rupture toward shallow
depths, and to the west at a speed of ∼2.5 km s−1, and its rupture lasts for ∼2.5 s. The top of
the slip distribution of M2 stops at a depth of ∼8 km. We observe that aftershocks surround
the M1 and most of the M2 slip models. They are not distributed in the region of high slip
(∼3.1 m) of M1. We show that the rupture of M2 is controlled by the static Coulomb stress
changes caused by M1, with the maximum slip of M2 located in the positive Coulomb stress
caused by M1. The M2 rupture stops where it reaches the area of high negative Coulomb
stress change (over −10 bars). The cumulative Coulomb stress fields of both main shocks
show a transfer of positive static Coulomb stress change of >0.1 bars on the eastern segment
of the North Tabriz Fault. This segment did not rupture since the 1721 M∼7.6–7.7 event that
has destroyed the city of Tabriz, and that currently hosts 2 million people. The occurrence of
this earthquake doublet with different mechanisms reveals the slip partitioning of the oblique
convergence regime of NW Iran on the Ahar–Varzaghan complex fault system.
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1 I N T RO D U C T I O N

Earthquake doublets are two earthquakes with comparable magni-
tudes that are close in time and space. They can occur in different
segments of the same fault or on two different faults (e.g. Lay &
Kanamori 1980; Toda & Stein 2003). They are often located in
complex fault systems which favour stress interactions (e.g. Lay &
Kanamori 1980; Kagan & Jackson 1999; Vallee & Di Luccio 2005;
Ammon et al. 2008; Lay et al. 2010; Nakano et al. 2010; Nissen
et al. 2016; Ye et al. 2016).

On 2012 August 11, two shallow destructive earthquakes (Mw6.5
and Mw6.3; hereafter referred to as M1 and M2, respectively) oc-
cur close to the cities of Ahar and Varzaghan, northwest of Iran
and have caused over 300 fatalities and 3000 injuries (Razzaghi &
Ghafory-Ashtiany 2012). The peak ground acceleration of M1 and
M2 is 0.48g and 0.53g, respectively. Both earthquakes are close in
space (∼6 km) and time (∼11 min). In terms of mechanism, M1
exhibits an almost pure strike-slip faulting, while M2 is a reverse
faulting earthquake with a significant strike-slip component (Fig. 1).
Field observations reveal 12–13 km of surface ruptures (Faridi &
Sartibi 2012) striking E-W with dominant right-lateral strike-slip
faulting, and with up to ∼1 m of horizontal offset and ∼20 cm
of uplift of the southern block on the western part of the rupture
(Fig. 1).

The Ahar–Varzaghan earthquake doublet has occurred on previ-
ously unrecognized faults within a zone of right-lateral strike-slip
faulting in the Turkish-Iranian plateau (Fig. 1). This region mostly
accommodates the strike-slip component of the Arabia-Eurasia
oblique convergence relative motion (Jackson 1992; Copley & Jack-
son 2006) as also evidenced by GPS (Global Positioning System)
measurements (Vernant et al. 2004; Masson et al. 2006; Reilinger
et al. 2006; Djamour et al. 2011).

These earthquakes are the only well-recorded (>100 seismic sta-
tions within a 300 km radius from the epicentres) large seismic
events (M > 6) in NW Iran, north of the well-known North Tabriz
Fault (NTF), which stretches over 500 km and crosses the northern
part of the city of Tabriz with a population of over two million
(Fig. 1). Indeed, prior to this doublet, the instrumental seismic ac-
tivity recorded by the Iranian permanent National Seismic network
of the Iranian Seismological Center (IRSC) in the Ahar–Varzaghan
region was negligible (Momeni & Tatar 2018). The last major histor-
ical earthquakes that have occurred on the NTF are the 1780 magni-
tude 7.4 and 1721 magnitude 7.6–7.7 events (Ambraseys & Melville
1982; Berberian 1994; Berberian 1997) both showing ∼50 km of
surface ruptures (red ellipses on Fig. 1) and causing over 200 000 fa-
talities in the city of Tabriz. Recent GPS measurements on the NTF
showed ∼7 mm yr−1 of right lateral surface deformation (Djamour
et al. 2011).

Recent microseismic activity on NTF monitored by a local tem-
porary seismic network confirms the right-lateral strike-slip mech-
anism along east–southeast trending fault planes (Moradi et al.
2011). The occurrence of the earthquake doublet 50 km north
of the NTF highlights the presence of a previously unidentified
and complex fault system and indicates spatially distributed de-
formation in this region. Studying the rupture kinematics of the
Ahar–Varzaghan earthquake doublet is important for better un-
derstanding the complexity of the interactions between faults at
the local scale as well as their interactions with the NTF at a
larger scale. The ultimate goal is the assessment of the earth-
quake hazard and the understanding of the recent tectonics in this
high-risk area.

2 U N C E RTA I N T I E S O N T H E
L O C A L I Z AT I O N A N D G E O M E T RY O F
T H E M A I N S H O C K S RU P T U R E S

Previous studies based on seismology, InSAR and field observations
reach different conclusions on the localization and rupture geometry
of these two main events (Alipour 2013; Copley et al. 2013; Donner
et al. 2015; Ghods et al. 2015; Zafarani et al. 2015; Rezapour 2016;
Yadav et al. 2016; Amini et al. 2018; Momeni & Tatar 2018; Yazdi
et al. 2018; see Table 1). Most of them agree on the EW strike of
M1, while there is no agreement on its dip and the strike and dip of
the M2 fault plane.

Alipour (2013) has measured the coseismic (along with
some post-seismic) surface deformation of the doublet using
RADARSAT2 satellite images. She concludes that the observed
surface deformation can be explained by only one E-W oriented
fault plane which has a vertical dip. In this scenario, M1 occurs on
the eastern part, while M2 is located towards the western part and
exhibits a major dip-slip component.

Donner et al. (2015) have inverted the regional waveforms of the
doublet and large aftershocks to derive their moment tensors. Con-
sidering geological information and satellite and digital elevation
data, they argue that M1 has occurred on an almost E-W striking
fault which dips steeply northward, while M2 takes place on an
NNE-SSW striking fault which dips to the ESE.

Ghods et al. (2015) have relocated the doublet and their after-
shocks using body wave traveltimes recorded by a local seismic
network, which is composed of three short-period stations that were
installed 2 d after the doublet, as well as strong-motion stations of
the Iranian Strong Motion Network (ISMN) and the IRSC network
(see Figs A1 and B1 of Appendices A and B, respectively). Ghods
et al. (2015) agree with the geometry of M1 proposed by Donner
et al. (2015). Although, according to the first-motion polarities, they
mention that the M1 fault plane can have a vertical dip. For M2,
Ghods et al. (2015) suggest an ENE-WSW striking fault plane with
a dip of ∼70◦ to NNW as the causative fault.

Zafarani et al. (2015) have adopted the E-W oriented nodal planes
of both M1 and M2 focal mechanisms reported by Global Centroid
Moment Tensor catalogue (GCMT) as well as the epicentral lo-
cations to perform stochastic source simulation using near-field
strong motions. They have adopted the geometry of M1 and M2
as 084◦/84◦S (strike/dip) and 255◦/63◦N (strike/dip), respectively.
However, we note that the GCMT solutions for M1 and M2 show
centroids that are about 10 and 6 km to the south of the surface
rupture, respectively (Figs A1 and B1).

Yadav et al. (2016) have used GPS data from the Iranian National
permanent GPS network and have modelled the surface deformation
to retrieve the slip distribution for the earthquake doublet on the base
of Copley et al. (2013) and Donner et al. (2015) fault geometries
for M1 and M2, respectively. M1 exhibits slip at shallow depth,
reaching the surface with ∼0.9 m of right-lateral offset consistent
with the reported surface ruptures. M2 shows a maximum oblique
slip of 0.4 m at a depth of ∼6–8 km. For Yadav et al. (2016), M2 fault
model dips towards the east and starts from the eastern termination
of the M1 fault plane extending towards the north.

Rezapour (2016) has relocated the hypocentres of the main
shocks and the aftershocks (Figs A1 and B1). The seismicity tends
to align along a ∼E-W striking vertical dip fault plane for M1. For
M2, Rezapour (2016) proposes a ∼ENE-WSW striking fault which
dips toward the NNW, and is situated a few kilometres to the north
of the M1 fault. He has determined the relative locations of the
main shock faults along the N-S direction. However, he noted the

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/217/3/2097/5352626 by guest on 09 D

ecem
ber 2023



Ahar–Varzaghan complex earthquake 2099

Figure 1. Map of the tectonic context of the study area. Stars are the Ahar–Varzaghan earthquake doublet (M1 12:23:16 GMT and M2 12:34:34 GMT) with
the respective focal mechanisms (Momeni & Tatar 2018). Big squares are large cities (>500 000 people) and small squares are small cities (∼100 000 people)
close to the 2012 doublet earthquake. Hexagons are historical earthquakes (M > 6.5) from Ambraseys & Melville (1982) catalogue. Circles are instrumental
earthquakes (5 < M < 6.1) from Engdahl et al. (2006) catalogue. Solid lines are active faults (Faridi 2013). Vectors show GPS velocities relative to fixed central
Iran (Masson et al. 2006). NTF stands for the well-known North Tabriz Fault. The two ellipses represent the surface ruptures related to the M7.6–7.7 1721 and
M7.4 1780 historical earthquakes.

existence of uncertainty in the locations of both main shocks and
aftershocks.

Yazdi et al. (2018) have relocated the M2 hypocentre along the
eastern termination of the surface rupture ∼4 km southeast of M1,
and both at a depth of 10 km (Figs A1 and B1). We note that based
on Donner et al. (2015), Ghods et al. (2015) and Momeni & Tatar
(2018), the M2 hypocentre is located northwest of the M1. Yazdi
et al. (2018) propose slip models for the two earthquakes based on
the GCMT reported focal mechanisms and scalar seismic moments.
They assume that M1 occurs on an E-W striking almost vertical dip
fault plane and analyse the Coulomb stress changes induced by M1
on the two nodal planes of the GCMT reported focal mechanism
for M2. They propose that M1 do not transfer positive stress on
the ∼E-W oriented nodal plane of the M2 focal mechanism, while
it transfers positive stress on the N-S striking nodal plane. They
conclude that M2 occurs on an ∼N-S striking fault which dips to
the east–southeast.

Amini et al. (2018) have inverted the teleseismic body waves
of the M1 for a finite-fault rupture model. They use a vertical fault
plane striking E-W. Similar to Yazdi et al. (2018), they have analysed
the Coulomb failure stress changes caused by their obtained source
model for M1 on the two nodal planes of M2 from GCMT. They
also propose that M1 did not transfer positive stresses on the ∼E-W
oriented nodal plane of the M2, but instead on the N-S striking nodal
plane. They also investigate the spatial distribution of the M > 4

aftershocks with respect to the Coulomb stress field produced by
both M1 and M2, and using the two possible nodal planes of M2.
Once again, they argue that M2 likely occurs on an ∼N-S striking
fault dipping to the E-SE.

Momeni & Tatar (2018) studied the aftershocks of this earthquake
doublet for about 24 d, starting two days after the main shocks, and
using a local seismic network of 17 stations. They show a complex
distribution of aftershocks with a large (∼10 km long) gap that
splits the sequence into two clusters. They relocate the hypocentre
of M1 ∼3 km east of eastern termination of the surface rupture and
at a depth of ∼10 km. The hypocentre of M2 is located ∼6 km
northwest of M1 and at a depth of ∼15 km (Figs A1 and B1). The
locations for both earthquakes epicentres are close to the results of
Ghods et al. (2015), but different from Yazdi et al. (2018).

Momeni & Tatar (2018) do not observe any lineation of after-
shocks in ∼NNE-WSW orientation neither near the hypocentre of
M2 and nor its centroid. They obtain a centroid for M2 that is ∼5 km
west of its hypocentre suggesting that M2 has occurred on an ∼E-W
oriented fault. They also show near the centroid of M2 a clear lin-
eament of aftershocks in the ∼ENE-WSW direction, dipping to the
north, with aftershocks exhibiting the same oblique-reverse mecha-
nisms than that of M2. Thus, they propose the ∼ENE-WSW nodal
plane as the fault plane of M2.

Whether or not the two main shocks of 2012 August 11 have
occurred on the same fault or on two distinct faults is a key question
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