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Abstract

The 11th August 2012 Ahar-Varzaghan earthquake doublet Mw 6.4 and 6.2 occurred near the city of Ahar, northwest Iran, in a
region where there was no major mapped fault or any well-documented historical seismicity. To investigate the active tectonics and
the state of pre and post-seismic stress distribution of the source region, we applied a combination of Coulomb stress change, b-value
mapping, and the Fry method. Inferred Coulomb stress field reveals the E-W-striking (dextral) fault responsible for the first event
and the NNE-SSW-striking (sinistral reverse) fault for the second event. The high slip stress-released regions in the obtained b-value
map and the dominant anisotropies of aftershocks on regional stress-parallel cross-sections achieved by the Fry method, together with
the distribution of aftershocks mechanisms, merely highlight the particular wedge-shaped structures namely the rhombic structures.
The clockwise block rotation about the vertical axis under the right-lateral regional shear between the Kura basin to the north and the
Central Iranian Block to the south and NW-oriented coeval shortening leads to the formation of rhombic structures. The results of
this study improve our understanding of the kinematics of active deformation in NW Iran and have important implications for
seismic hazard assessment of the region and potential future failure area.

Keywords: Ahar-Varzaghan earthquake doublet; Coulomb stress change; Spatial b-value variation; Fry analysis; Rhombic structure.

1. Introduction

On August 11" 2012, a strong earthquake doublet (Mw
6.4 and 6.2) occurred in northwest Iran which affected
both Varzaghan and Ahar and destroyed 20 villages and
caused more than 300 deaths and 3000 injuries
(Razzaghi and Ghafory-Ashtiany 2012). The 6.4 Mw
Varzaghan—Ahar earthquake occurred at 12:23 UTC at a
depth about 9 km. It was followed by a second event of
comparable size, 6.2 Mw and at about 12 km depth only
6 km and 11 minutes apart. This doublet mainshocks
were followed by three events of 5+ magnitude and
many smaller aftershocks during a span of later few
months. The biggest one occurred at 6:26 UTC on
November 7" with 5.6 Mw. Institutions, providing
global seismic moment tensors on an automatic base,
determined consistently a nearly strike-slip mechanism
on an east-west- or north—south-oriented plane for the
first mainshock. For the second mainshock, they
determined an either pure or oblique reverse mechanism
with NNE-SSW-oriented planes (Fig. 1).

The main surface rupture associated with the doublet
was about 12 km long (Blue line in the Fig. 1) extending
from about 46.64° to 46.79° longitude as a nearly east-
west right-lateral strike-slip fault with a maximum
horizontal offset of ~70 cm and a maximum vertical
displacement of ~25 cm showing frequent
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left steps especially on its eastern section (Faridi and
Sartibi 2012; Copley et al. 2014; Ghods et al. 2015).
Two other independent segments of surface rupture
were observed immediately after the earthquakes (See
Fig. 2 for locations; Faridi and Sartibi 2012). The first
was a reverse fault with ENE-WSW strike and about
~1.3 km long south of Zaghan Abad village and the
other was a N20E-striking fault, with a length of ~2.4
km and a few centimetres of sinistral offset northwest of
Guy Dareh village, beyond the eastern termination of
the main rupture zone (Ghods et al. 2015).

The term doublet is usually used as a pair of earthquakes
of similar magnitude being close in time and space and
having some so far unknown physical connection
between causative faults (Donner et al. 2015). The
intracontinental earthquakes occur within collision zone
in response to a generally uniform, compressional stress
field associated with large-scale tectonic forces.
Following Djamour et al. (2011), the collision between
Arabia and Eurasia at northwest Iran, hosting the 2012
doublet, is purely intracontinental. Intracontinental
earthquake doublets are rare and less studied. Therefore,
the Ahar case is a good chance to learn more about the

possible causes of intracontinental earthquake doublets.
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Fig 1. Inset: Outline map of the Arabia-Eurasia collision. Bold black arrows and associated numbers present plate velocities
(Reilinger et al. 2006). Main figure: Active faults based on tectonic map of geological survey of Iran and recent works e.g., Copley et
al. (2014), Donner et al. (2015), Ghods et al. (2015), Faridi et al. (2017), shown as red lines, the epicenters of great pre-historical and
historical earthquakes of NW Iran, the epicenters and focal mechanism solutions of the Ahar-Varzaghan earthquake doublet
(2012.08.11) plotted over the SRTM 90m DEM. Focal mechanism solutions of the earthquakes processed by international
seismological centers show a nearly strike-slip mechanism on an east—west- or north-south-oriented plane for the first mainshock and
an either pure or oblique reverse mechanism with NE-SW-oriented planes for the second mainshock. The Ahar-Varzaghan doublet
mainshocks are shown as red stars. Only the E-W main surface rupture was marked as blue line and the two other surface ruptures
couldn't be displayed with respect to the map scale. Violet circles present epicenters of pre-historical and historical earthquakes with
magnitude above 5 from 2™ C. AD to 1965, modified by Ambraseys and Melville (2005). Abbreviations for faults are AF: Ahar
fault, GF: Guyjabel Fault, MF: Moghan fault, NBF: North Bozgush fault, NTF: North Tabriz fault, SBF: South Bozgush fault, and for

mountains are Sabalan Mountain and Sahand Mountain.

Earthquake doublets not only present particular
challenges for seismic hazard assessment after a large
event, but also provide insights into earthquake
triggering (Ammon et al. 2008). For intracontinental
earthquake doublets, various scenarios have been
considered such as segmented seismicity (e.g., Daryono
et al. 2012), Coulomb stress transfer on parallel faults
(e.g., Astiz and Kanamori 1984; Horikawa 2001,
Quintanar et al. 2004), the propagation of similar sized
earthquakes along a large-scale fault zone (e.g.,
Bowman 1992; Bannister and Gledhill 2012), or elastic
rebound of the second mainshock responding to the first
mainshock (Chen et al. 2008).

Although historical seismicity in the northwest of Iran is
mostly associated with the North Tabriz and the
Bozqush faults, the doublet occurred in a region that is
tectonically not well studied and faced with almost no
historic or recent seismicity (Berberian and Yeats 1999;
Iranian Seismological Center [IRSC]). The Ahar-
Varzaghan doublet occurred in a region that has been
characterized as having a low deformation rate and
being bounded by deep-seated faults (Cisternas et al.
1997; Reilinger et al. 2006; Djamour et al. 2011). Such
a characterization was consistent with the seismic record
until 2012. Although seismic hazard information can be
inferred from GPS velocities and related tectonic
models, deformation of this type can be difficult to
detect with typical regional geodetic networks (e.g.

Thatcher 2003). Tectonic activity in such regions of low
tectonic and seismic activity rate resembles that of
stable continental regions (Crone and Luza 1990; Crone
et al. 1997; Wheeler and Crone 2001), where faults are
characterized by relatively brief episodes of activity,
separated by long periods of inactivity (Ghods et al.
2015). Long recurrence intervals and low long-term slip
rates imply that geomorphic features associated with
faults commonly are subtly expressed and poorly
preserved. Therefore, detailed studies on the kinematic
style in the current stress regime will be very crucial.

Coulomb stress change is one of a number of models
related to the stress triggering in earthquakes
(Hardebeck et al. 1998). Since the 1990s, the Coulomb
stress change has been widely employed to probe the
causality of triggering in several general types of
studies: a) main shock-main shock triggering, b) main
shock-aftershock triggering, and c¢) faults optimally
oriented for failure. A large number of studies have
investigated the Coulomb stress changes and earthquake
interactions (e.g., King et al. 1994; Stein et al. 1994;
Harris et al. 1995; Deng and Sykes 1997; Hardebeck et
al. 1998; Harris 1998; Wang and Chen 2001; Parsons
2002; Wang et al. 2003; Lin and Stein 2004; Steacy et
al. 2005; Lin et al. 2011; Mitsakaki et al. 2013; Yadav et
al. 2012; Catalli et al. 2012; Hainzl et al. 2014; Wang et
al. 2014; Bazoobandi et al. 2015; Sarkarinejad and
Ansari 2014, 2015; Sharifi Teshnizi et al. 2021). There
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are recent works of Ansari (2016) and Momeni et al.
(2019) that have measured the Coulomb stress changes
induced by the first shock on the nearby optimally
oriented faults including the second causative fault. In
both of them, first, the fault geometries of the Ahar-
Varzaghan earthquake doublet had been defined or
determined by other methods, then the Coulomb stress
calculation was applied to investigate the stress
distribution triggering the second mainshock and
aftershocks (the "a" and "b" categories). Momeni et al.
(2019) utilized the inversion nearfield strong-maotion
method to determine the geometry of the causative
faults, but Ansari (2016) selected one of the nodal
planes of each event as the causative faults without any
explanation or documentation for such selection.

All  studies performed on the Ahar-Varzaghan
earthquake doublet based on different methods such as
seismology, INSAR and field observations (e.g., Copley
et al. 2014; Donner et al. 2015; Ghods et al. 2015;
Ansari 2016; Momeni et al. 2019) agree on the E-W
strike of the first mainshock fault plane, while there is
no agreement on its dip, and the strike and dip of the
second mainshock fault plane. In this paper, we used the
static Coulomb stress changes in an innovative way to
define the fault geometries of the 2012 Ahar-Varzaghan
doublet. According to this, the Coulomb stress changes
induced by regional stress have been implemented to
find out optimally oriented nodal planes of the
earthquake doublet for failure. Moreover, their
interactions with the surrounding area were investigated
by correlation between the epicentral distribution of
aftershocks and the increased Coulomb stress zones.
The comparable magnitudes of two mainshocks and
their close spatial and temporal relationship suggest the
structural dependence of causative faults. Accordingly,
the spatial changes of b-value and Fry of the aftershocks
on the stress-parallel cross-sections are estimated to find
out whether the causative faults have a structural
relationship or not. The current study aims to recognize
the kinematics of active faulting in the area and consider
them by a broader geodynamic framework. To these
ends, combined methods have been applied to propose a
kinematic model for NW Iran. Although many studies
have investigated the Ahar-Varzaghan earthquake
doublet, this paper clarifies deep structural aspects of
the mainshocks and aftershocks shedding light on the
pattern of active deformation in NW Iran that has not
been mentioned yet. The results of this study have
important implications for seismic hazard assessment of
the region and potential future failure.

2.Tectonics setting

The Ahar-Varzaghan area is located in the northwestern
block of Iran bounded on the west by the Borjomi
Kazberg fault (BKF), on the south by the North Tabriz—
Gailatu fault system (NTGS), and on the east by a series
of N-S faults west of the Caspian Sea. At a regional
scale, this fault-bounded area forms a triangular shape

(the area confined to the BKF, NTF and WCF in the
gray inset figure of the Fig. 1) moving NNE with
respect to Eurasia (e.g. Reilinger et al. 2006). Moreover,
active deformation inside the triangular shaped area is
accommodated along faults of different kinematics and
orientations. The tectonics of northwest Iran are
influenced by the northward motion of the Arabian
indenter, the westwards extrusion of the Anatolian plate
along the North- and East-Anatolian faults, and the
reverse tectonics and subduction under the Greater
Caucasus and the Apsheron—Balkhan sill, respectively,
to the north (McKenzie 1972; Jackson 1992; Copley and
Jackson 2006; Vernant and Chery 2006; Dabiri et al.
2011).

The 2012 doublet event happened within a pure
intracontinental collision zone to the west of Sabalan
and east of Sahand Quaternary volcanoes (See Fig. 1 for
their locations). Before the 2012 earthquake sequence,
our knowledge of active faulting in the region was
limited to general information on geological maps
(1:100 000 and 1:250 000 scales). No pre-earthquake
active faulting is recognizable from available satellite
images at the epicenter location and the contribution of
the area to active deformation was unclear. The
widespread seismic activity in the area is mostly
localized on major block-bounding NW-SE right-lateral
active faults such as the North Tabriz fault (NTF) which
are responsible for historical and destructive
earthquakes (Fig. 1; e.g. Innocenti et al. 1976; Pearce et
al. 1990; Berberian 1997; Berberian and Yeats 1999).
The sinistral NNE-SSW striking faults contribute to the
accommodation of the N-S Holocene convergence
between the Eurasian and Arabian plates in northwest
Iran (Faridi et al. 2017). The Ahar-Varzaghan sequence,
however, proved that there are hitherto unknown faults
active north of the NTF.

The fault map of the region presented here (Figs. 1 and
2) is based on tectonic map of geological survey of Iran
and recent works (e.g., Copley et al. 2014; Donner et al.
2015; Ghods et al. 2015; Faridi et al. 2017). The
structural pattern of the area is defined by at least four
distinct Quaternary fault sets trending E-W, WNW-
ESE, NE-SW, and N-S (Fig. 2). Despite these main
trending faults, at the epicenter location, no pre-
earthquake strike-slip faulting is recognizable from
available satellite images, and the destructive
earthquakes were mostly located along deep-seated
NW-SE right-lateral active faults. Large fold structures
are rare in the area; the large one (~10 km length) is a
SE-verging asymmetric Plio-Quaternary fault-related
anticline trending NE, on the hanging wall of some NE-
SW compressional faults at the north side of the surface
rupture (Fig. 2). In the source region, the age of rock
units changes drastically across the mapped surface
rupture. The area to the north of the rupture line is
mostly covered with Pliocene to Quaternary deposits
(Fig. 2). On the southern side, the lithology is different
and composed of Upper Cretaceous to Paleocene.
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Fig 2. The general geological map is drawn according to GSI maps with scale 1:250.000. The topography is taken from SRTM data
with a resolution of 90 m. See Figure 1 for the location. The Ahar-Varzaghan earthquake doublet is shown by red stars. Blue lines
mark the surface ruptures. Red circles present epicenters of historical earthquakes. The dashed rectangle show the region of the A.F.S
(Ahar Fault System) with the lack of seismicity in the past. Each segment of A.F.S is marked by a dotted ellipse. Blue ellipse shows

the rupture segment of 2012.

The boundary between different lithologies of the
southern and northern parts corresponds to a set of W-
to NW-trending topographic ridges the middle sector
(top) of which is affected by the 2012 rupture (see Faridi
and Sartibi 2012; Copley et al. 2014; Fig. 2). On the
southern side, the lithology is different and composed of
Upper Cretaceous to Paleocene. The boundary between
different lithologies of the southern and northern parts
corresponds to a set of W- to NW-trending topographic
ridges the middle sector (top) of which is affected by the
2012 rupture (see Faridi and Sartibi 2012; Copley et al.
2014; Fig. 2). Therefore, the E-W dextral fault reflects
the geological boundary controlling the extent of both
the Miocene and Pliocene-Quaternary sedimentary
basins. This topography must have been built by a
reverse fault transporting the older rocks on top of the
younger ones in former times, which seems to be
inactive at times (Donner et al. 2015). These reverse
fault systems have formed a crustal weakness playing an
important role in the later tectonic regime. More
recently, the kinematic regime must have changed
because shear strain is accommodated along right-lateral
strike-slip fault (the main surface rupture) instead of
contraction in the previously reverse faults at the source
region. One possibility of this kinematic conversion is
the geometry change in a way that the older reverse
faults are connected at depth with a newly formed
subvertical strike-slip fault, which ruptured the surface

during the Ahar-Varzaghan earthquake doublet (Donner
et al. 2015).

At the western part of the main surface rupture, sets of
N-S and NW-SE faults which have been less frequently
expressed in previous researches, are observed. The
fault-controlled geometry of bedding, by producing
elongate topographic ridges, disrupts the NE-draining
drainage patterns (Ghods et al. 2015). The eastern
termination of the main surface rupture is also located in
proximity of an active system of east-west-striking
blind reverse faults (Copley et al. 2014). Farther east of
47.0° longitude, beyond the blind reverse fault system,
an almost east-west-striking right-lateral strike-slip fault
system is visible, as suggested by several dextral river
offsets with on average 2 km displacement at about
47.4° longitude (Donner et al. 2015). The entire fault
system, hereafter referred as Ahar fault system (the
dashed rectangle in Fig. 2), clearly separates geological
units older than Pliocene from younger ones and cuts
bedding planes (Copley et al. 2014). The Ahar fault
system, including the rupture segment of 2012, the
reverse faults at its eastern and western terminations,
and the strike-slip fault farther east, is strongly
segmented, and depending on the fault segment
geometry and the strain partitioning, exhibits different
kinematics on different fault segments probably at
different stages.
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The transitions between the segments include stepovers
(the dotted ellipses in Fig. 2) without distinct linking.
Such an incomplete linkage may be an indication of a
very young structure, which has not fully developed yet.
The lack of seismicity in the past supports this
assumption (Donner et al. 2015).

Previous works (i.e., Donner et al. 2015; Ghods et al.
2015) on distribution of aftershock mechanisms reveal
more details about the structures within the area affected
by the earthquake doublet. The aftershocks with strike-
slip  mechanisms (only considering events before
November) are located along a subparallel linear at the
northern edge of the sequence, all showing the same
right-lateral character assuming the east-west-oriented
planes to be the fault planes with coinciding
deformation to the main rupture. The focal depths
decreased at both ends of the aftershock zone especially
in the western segment which was apparently separated
from the main pattern of aftershock activity (Ghods et
al. 2015). On November 7%, the largest aftershock with
Mw 5.5 initiated a new subsequence of aftershocks
implying north—south-oriented structures at the very
western end of the sequence. The aftershocks with
oblique reverse mechanisms were placed along the
eastern and western end of the aftershock sequence on
minor reverse faults subparallel to the minor surface
ruptures. The geomorphology analyzed by geological
maps (Geological Survey of Iran [GSI]), satellite images
(Google Earth), and digital elevation data suggests the
occurrence of reverse structures to the east and west of
the sequence (Donner et al. 2015).

3. Methods and Materials

The slip occurring on faults (refered as source faults)
during earthquakes, deforms the surrounding medium
and changes its stress field. A method to estimate the
change is the Coulomb static stress (Mitsakaki et al.
2013; Meier et al. 2014). The Coulomb stress changes
can be derived from strain created by displacement of a
source fault. Therefore, the shear and normal
components of the stress change can be resolved on an
area or on specified receiver fault planes. Receiver
faults are planes with a specified strike, dip, and rake of
slip vector (slickenline), on which the stresses are
imparted by the source faults or tectonic regime. In
other representation, the faults having optimal
orientation with respect to the regional (also called
tectonic) stress or the stress imparted by the source fault,
and the assumed friction coefficient are suitable for
sliding and could be as a receiver fault. The Coulomb
failure stress change, ACFS, is defined as (Das and
Scholz 1981; Stein et al. 1992; Harris 1998):

1) Aof(ACFS) = Atg + p'Aoy

where Az, is the change in shear stress on the receiver
fault (set positive in the direction of fault slip), Ag,,- is
the change in normal stress acting on the target fault (set
positive for unclamping) and u” is the effective
coefficient of friction (Stein 1999; Toda 2008). The

shear stress increase or decrease is dependent on the
position, geometry, and slip of the source fault and on
the position and geometry of the receiver fault,
including its rake. The normal stress change is
independent of the slip vector rake of receiver fault. The
parameter u” is often called the apparent coefficient of
friction and is intended to include the effects of pore
pressure changes as well as the material properties of
the fault zone (Harris 1998). Fault friction u” is often
inferred to be 0.4-0.8 for faults with little cumulative
slip, which tend to be rough, and 0-0.4 for faults with
great cumulative slip, which tend to be smooth (Ma et
al. 2005). This parameter is typically found to be around
0.4 for strike-slip faults or faults with unknown
orientation (Parsons et al. 1999; Sumy et al. 2014).

The positive ACFS (red regions in Coulomb map)
indicates that the plane of interest was brought closer to
failure; the negative ACFS (blue regions in Coulomb
map) indicates that the plane of interest moved away
from failure. Both increased shear and unclamping of
faults promote failure (Stein et al. 1997; Harris and
Simpson 1998; Parsons 2005; Toda et al. 2008; Aron
and Hardebeck 2009). The Coulomb stress change
depends on the geometry and slip of the earthquake, the
geometry and sense of slip of the fault and the effective
coefficient of friction (Stein et al. 1994).

There are two principal considerations of the Coulomb
stress changes on receiver faults: stress changes on the
specified receiver fault and stress changes on an
optimally oriented receiver fault. The specified receiver
faults rely on resolving stress changes on faults with
known geometry (Ma et al. 2005; Hainzl et al. 2010).
The optimally oriented receiver faults are determined by
assuming that the earthquakes will be triggered only on
those planes with maximum total Coulomb stress (King
et al. 1994; Lin and Stein 2004; Ishibe et al. 2011;
Catalli and Chan 2012).

The Gutenberg and Richter (1944) relation describes the
number of earthquakes occurring in a given region as a
function of their magnitude M as log N = a — bM;
where N is the cumulative number of earthquakes with
magnitude equal to or larger than M, and a and b are
real constants that may vary in space and time. The
intercept "a" characterizes the general level of
seismicity in a given area during the study period (i.e.,
the total number of earthquakes), while the slope "b"
describes the relative size distribution of earthquakes.
The parameter b can be estimated either by linear least
squares regression or by maximum likelihood using the

equation (Aki 1965; Ustu 1965; Bender 1983):
1

2) b= loge

_ M—Mpin
where M denotes the mean magnitude and M,,;, the
minimum magnitude of the given sample. The
determination of M,,;, relies on the magnitude
distribution. Generally and practically, the minimum
magnitude, M,,;,, is considered to be equal to the

magnitude of completeness. The magnitude of
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completeness, M., is determined by plotting the
cumulative number of events as a function of
magnitude. These plots are then fitted with a straight
line and M, is the level at which the data falls below the
line.

General global average value of the b parameter,
obtained by mixing different crustal rock volumes and
different tectonic regimes, is close to unity. The b-value
is believed to depend on the stress regime and tectonic
character of the region (Allen et al. 1965; Mogi 1967;
Hatzidimitriou et al. 1985; Tsapanos 1990). Statistically
significant changes of b-values have been extensively
studied for various stress regimes such as a subducting
slab (Wyss et al. 2001), along fault zones (Wiemer and
Wyss 1997) and in aftershock zones (Wiemer and
Katsumata 1999). Based on seismicity studies,
Schorlemmer and Wiemer (2005) suggested that the b-
value can be used as a stressmeter. Regionally, changes
in b-value are believed to be inversely related to
changes in the stress level (Bufe 1970; Gibowicz 1973).
Observations of local changes in b-values compared to
the global average value, also reflect the effective stress
(Scholz 1968). An increase in applied shear stress or
effective stress results in a decrease in b-value (Wyss
1973; Urbancic et al. 1992). Low b-values have been
correlated with areas of asperity, locked part of a fault
where the nucleation of earthquakes is likely to happen
(Schorlemmer et al. 2004; Tormann et al. 2012). High b-
values have been correlated with the highest slip during
large earthquakes (Sobiesiak et al. 2007; Gorgun et al.
2009).

Fry method offers a quick and visually attractive
approach to search for anisotropies in the distribution of
point objects and specifically to investigate whether
linear trends occur within a given data set. The
technique was originally developed by Norman Fry
(1979) to quantify finite strain based on a 2-D analysis
of the nearest neighbors to a central reference point.
There are so many researches applying Fry method for
strain analysis (Bhattacharya and Weber 2004; Xypolias
2009). For the first time, Vearncombe et al. (1999) used
the Fry method to assess distribution patterns of
mineralization and potential controlling structures.

This method can be done manually by placing a tracing
overlay with a coordinate origin and a pair of reference
axes on top of a sketch or picture of the section. The
origin is placed on a point and all other points are
marked on the tracing paper. The tracing paper is then
moved, without rotating the paper with respect to the
section, so that the origin covers a second point, and
each remaining point is again marked on the tracing
paper. This procedure is repeated until the area of
interest has been covered (Fry 1979). The resultant
graph, commonly known as Fry plot, displays the
position of each point relative to all other points viewed
from a central position. If there are regular patterns in
terms of spacing and orientation of points, the Fry plot
will enhance such patterns allowing for an intuitive

visual analysis of their spatial controls. Fry analysis is
an alternative to variography for directional studies. The
orientations between every two points in a Fry plot can
be represented in a rose diagram, which allows further
analysis of spatial trends which are inherent, but not
obvious, in the original Fry plot. If the original data set
is a perfectly random point distribution, lines of all
lengths will be homogeneously distributed in all
directions. If the original distribution is not random,
lines of particular lengths and/or orientations will occur
more frequently displaying a fabric. The method yields
interpretable results with small as well as large data sets
(Vearncombe and Vearncombe 1999).

In earthquake studies by the Fry method, similar to what
mentioned above, earthquake epicenters are marked on
the scaled map with a pair of reference lines in N-S and
E-W directions. The Fry method translates earthquake
epicenters into a Fry plot by using every epicenter as an
origin for translation. On a second tracing overlay but
empty map, N-S- and E-W-trending reference lines are
also drawn and an origin for translation is marked at the
intersection of them. The origin in the second map is
placed on top of one of the epicenters in the first map,
while the reference lines in both maps are kept parallel.
The positions of all the epicenters are recorded in the
second map. The origin in the second map is then placed
on top of a different epicenter in the first map, the
reference lines in both maps are still kept parallel, and
the positions of all the epicenters are recorded again in
the second map. The procedure is repeated until all the
epicenters in the first map have been used as the origin
in the second map. In this way, the dominant trends in
the earthquake epicenters appraising the trace of seismic
faults can be shown in the rose diagram.

4. Results

In this research, recorded data by the Iranian
Seismological Center (IRSC, irsc.ut.ac.ir) and also
collected by the International Seismological Centre
(ISC) from 2006 (once the data has been completely
recorded) to 2018 with My (Nuttli magnitude) have
been used. The Wells and Coppersmith (1994) empirical
magnitude-area relations were implemented to estimate
appropriate ruptures area of the first and second events.
The characteristic of the earthquake doublet and four
nodal planes given from the focal mechanism solutions
of Global CMT and the moment tensor solutions
determined by United State Geological Survey (USGS),
are presented in Table 1. The rake angle of possible slip
vectors obtained from waveform inversion method for
the first and second mainshocks, are taken from GCMT
and ISC. If there are a variety of different focal
mechanisms within a region of uniform stress,
determination of the principal stress directions and a
measure of relative stress magnitudes is possible
because on each fault plane, slip occurs in the direction
of resolved shear stress (Bott 1959). Inversely, the stress
state that produced the brittle structures can be partly
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reconstructed knowing the direction and sense of slip on
variably oriented fault planes. Each focal mechanism
restricts the stresses generating the fault motion and is

consistent with only a relatively limited family of stress
tensors (Gephart and Forsyth 1984).

Table 1. The geometry of the Varzaghan-Ahar earthquake doublet nodal planes taken from GCMT and ISC.

Geometry of nodal Different* combinations of nodal
Date Time Lat Lon Depth M Length Width planes planes
(UTC) (°N) | C°EB) (km) | (km) (km)  [Strike (°) Dip (°) Rake
©)

: A:173 74 1 1#AB;
J012-08. | 1223 3833  46.83 9 64 245 101 e gg 164 DA
11 _ B1256 67 135 3#AB:
12:34 3839 46.74 12 62 19 gy 49 a1 ARy

By inspecting the overlap of families of stresses (Nedaei and Alizadeh 2020). Theoretically, the

associated with a number of focal mechanisms, the
WinTensor program defines the range of stresses which
may have acted over the region and combines the
minimization of the misfit angle a and the maximization
of the shear stress T on every plane (Delvaux and
Sperner 2003). The goal is to find the set of stresses that
is most nearly consistent with all the observed focal
mechanisms. The best-fitting regional stress tensor

compatible with the majority of ISC collected
earthquake focal mechanisms over the period of years
was defined by WinTensor program (Table 2). The
result is very similar to the stress field derived from
kinematic-fault geological data by Ghods et al. (2015)
and deduced the stress regimes from stress inversion of
earthquake focal mechanisms by Afra et al. (2017).

Table 2. Principle stress direction
01 ’ (3 ’0‘3

Trend | 131 244 42

Plunge 4 86 2

The most important question concerning the Ahar-
Varzaghan earthquake doublet is about the geometry
and kinematics of the causative faults. In other words,
we like to know which nodal planes would be the
causative fault planes. With respect to the lack of
seismicity and recognized active faulting in the Ahar
area, there is no definitive answer to this question.

Earthquake focal mechanisms are defined by two
orthogonal nodal planes, one of them being the plane
that accommodated the slip during seismic activation
(fault plane or causative fault) and the other being the
auxiliary plane. In the absence of seismological or
geological criteria, both nodal planes are potential slip
planes that cannot be discriminated. The Coulomb static
stress has been commonly used to determine the
distribution of stress induced by an event, but for the
first time, we applied it to realize the distribution of
regional stress triggering an event on appropriate fault

optimally oriented receiver fault is determined by
assuming that the earthquake will be triggered only on
the fault plane with maximum total Coulomb stress.
Inversely, the optimally oriented fault triggering the
earthquake should have maximum Coulomb stress
imparted by the regional stress (e.g., Toda et al. 2011).
Therefore, the earthquake causative faults can be
determined from nodal planes by resolving Coulomb
stress on them with respect to the regional stress and
selecting those on which the imparted Coulomb stress is
maximum. In order to conduct this for the Ahar-
Varzaghan earthquake doublet, four combinations of
each pair of the nodal plane doublet were considered
(Table 1; different cases in the last column).

The Coulomb stress change calculations were performed
using the software Coulomb 3.3 (Toda et al. 2011). For
all of the calculations of the Coulomb stress change, the
shear modulus (G), 32 x 10° bar, Poisson ratio (v) 0.25,
Young modulus (E) 8 x 10° bar, effective coefficient of
friction (") 0.4 (0.4 is often used) and the regional
stress presented in Table 2, were used. The parameter
values used in our calculations are based on the typical
values proposed by Toda et al. (2011). The cases
resulting in the greatest consistency with the inferred
Coulomb stress field (both nodals lying on the warm
colored regions in the Coulomb map), must be selected.
By resolving Coulomb stress on all four cases, case
number 2# and 4# represent more reliable results as both
nodal planes were located in the positive ACFS area
with greater than 0.5 bar (~0.5-~2.5 bars; Fig. 3b and
3d). The imparted Coulomb stress on case number 1#
and 3# indicates that one of the nodal planes is situated
in the negative ACFS regions (the cool colored regions
in the Coulomb map) with smaller than -0.5 bar (~-0.5—
~-2.5 bars; Fig. 3a and 3c). This means that the latter
ones are not appropriate for earthquake triggering which
caused them to be eliminated from the subsequent
calculations. The aftershocks preferentially occur in the
calculated stress increase and less likely in the
calculated stress decrease areas (Parsons et al. 2014).
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Fig 3. The Coulomb stress changes imparted by the regional stresses have been calculated with apparent coefficients of friction 0.4
for the various combinations of Ahar-Varzaghan earthquake doublet nodal planes. Figures a-d are related to case numbers 1-4 in the
last column of Table 1, respectively. The warm colored areas represent the high Coulomb stress regions and the cool colored areas
show the low Coulomb stress regions. Red rectangles show the hypothetical ruptures at focal depth based on Wells and Coppersmith
relation and nodal planes geometry. Green lines represent the assumptive fault traces on the ground. Both nodal planes of case
number 2 and 4 were located in the positive ACFS areas meaning they are appropriate for earthquake triggering. The imparted
Coulomb stress on case number 1 and 3 show one of the nodal planes is situated in the negative ACFS making them not optimally

oriented for failure.

Therefore, to assign whether case number 2# could be
the earthquake doublet causative faults or case number
4#, the aftershocks with My>3 by 3-month period
following the doublet were plotted on inferred Coulomb
stress map checking out which case is in good
agreement with aftershock events distribution (Fig. 4).
As is obvious from Figure 4, the spatial distribution of
aftershocks clearly confirms the Coulomb stress pattern
of case number 4#, namely, 82° for strike, 89° for dip
and 164° for rake of the first mainshock causative fault
with a dextral strike-slip mechanism and 7° for strike,
49° for dip and 31° for rake of the second mainshock
causative fault with sinistral reverse mechanism. The
hypocentral distribution of aftershocks on the o,- and
os-parallel (Table 2) cross-sections also coincides with
the positive Coulomb stress lobes (located in the warm
colored regions with greater than ~0.5 bars in Fig. 5).
The structural relationship between two causative faults
and the Coulomb stress status triggering the earthquake
sequence are explicit in the o,-parallel cross-section
(AA' cross-section in Fig. 5). Several studies (e.g.,
Wiemer and Wyss 1997; Wiemer and Katsumata 1999;
Wiemer et al. 2004; Tormann et al. 2012) compared the
relative earthquake-size distribution or b-value cross-

section with the slip distribution during the earthquake
sequence, suggesting that the high b-value regions
correlate with the large slip stress-released regions. The
postseismic slip regions highlight the barriers broken
after the mainshock due to an increase in dynamic stress
producing aftershocks (e.g. Scholz 2002). Therefore, to
investigate postseismic  stress-released regions or
barriers at depth, we can visualize the b-value as a
function of space in detail by projecting the aftershock
hypocenters onto a vertical cross-section along desired
strikes. In order to certify a homogeneous level of
catalog completeness, the minimum magnitude of
completeness (Mc) constraining the b-value map, should
be estimated (Wiemer and Wyss 2000) or could be
specified by homogeneity assumption of catalogue
(Schorlemmer et al. 2004). We estimated Mc of the
IRSC catalog from 2012.08.11 to 2013.02.10 (6-months
duration of aftershock sequence) using the maximum
curvature method estimated by the Zmap software to be
2.2 (Wiemer 2001). It means that above this magnitude,
the catalog is complete. The spatial distribution of b-
value was estimated by the maximum likelihood method
using constant number (N=50) for aftershock sequence.
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Fig 4. The aftershocks with magnitude greater than 3 (green dots) plotted over the Coulomb stress map for a) case number 2, and b)
case number 4 (see figure 3 for more comparison). As is shown, most of the aftershocks have matched well with the high Coulomb
stress area in case number 4 (b) but not in case number 2 (a). The distribution of aftershocks confirms case number 4 in Table 1
contains the causative faults of the Ahar-Varzaghan earthquake doublet. Blue lines in b are related to the presented cross sections in
Figure 5.
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Fig 5. The Coulomb stress changes imparted by the regional stresses calculated along the o, -parallel cross-section (AA") and the o3-
parallel cross-section (BB'). See Figure 4b for the orientation of cross-sections. Green dots represent the aftershocks. A characteristic
wedge-shaped structure has been seen in the o, -parallel cross-section.

Based on this examination, we provided b-value spatial
variation maps on three sections: along the trend of
maximum regional stress (o;), along the trend of
minimum regional stress (o3), and along the maximum
elongational distribution of aftershocks subparallel to
the main surface rupture (Fig. 6). The b-value cross-
sections parallel to the trends of o, and subparallel to
the main surface rupture show high b-values larger than
1.2 at the area confined to the earthquake doublet source
suggesting the high postseismic slip at stress-released

area (AA' and CC' cross-sections in Fig. 6). These
regions showing characteristic wedge-shape structure
possibly  experienced  preseismic  stress-increased
proposed as the barriers (Das and Henry 2003). In
contrast, the high b-values regions on the o5-parallel
cross-section up to 1.3 are fully consistent with the large
slips across the main surface rupture along subparallel
dextral faults (BB' cross-section in Fig. 6; e.g. Donner et
al.2015).
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Fig 6. Insets: The spatial b-value cross-sections estimated for AA' parallel to the trend of o;, BB' parallel to the trend of o5 and CC'
as the maximum elongation of aftershock distribution subparallel to the main surface rupture (yellow line in the main figure). Yellow
to red areas represent high b-value due to numerous postseismic slips after the mainshocks. The high postseismic slip regions mark
the stress-released areas namely barriers broken after the mainshocks. These regions show characteristic wedge-shape structure on
AA'and CC' cross-sections. The high b-values regions on the o-parallel cross-section (BB") are consistent with the large slips across
the main surface rupture. Blue areas in the maps show low b-value regions. The location of the Ahar-Varzaghan earthquake doublet

was marked by red stars.

Fry analysis can appraise characteristic spatial trends in
the distribution of the earthquake epicenters which are
inherent, but not obvious potentially occurred along the
specific structures. In this way, the dominant trends in
the earthquake epicenters can be shown in the rose
diagram. For the first time, we utilized the Fry method
on cross-sections to find out the spatial pattern of
hypocentral distribution of aftershocks. Consequently,
anisotropies in the distribution pattern of aftershocks
specifically occurred along characteristic trends can be
revealed. In so doing, the DotProc program v1.3
(Kuskov et al. 2001) has been implemented. In Fry

analysis using DotProc, a 2-D distribution pattern of
data points is assessed by calculating connecting vectors
between all points within a fixed X-Y reference frame.
Fry plots were visualized by projecting the hypocentral
distribution of aftershocks onto the o,- and o5-parallel
vertical cross-sections using Zmap and ArcGIS
softwares. Subsequently, the aftershocks were re-
projected from a central point to reproduce distribution
pattern of seismic events that exists in the original data
set applying DotProc 1.3.
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The existence of anisotropies represented as orientation
and spacing of characteristic trends in the Fry plots can
be further investigated with rose diagrams, in which a
sub-set of wvectors are plotted and assessed for
preferential trends (Fig. 7). There are a few more
frequent orientations in the rose diagram constructed on
the o,-parallel cross-section of aftershock hypocenters,
including two dominant subhorizontal trends, two more
steepened but less dominant subvertical trends and one
moderate-dip trend (AA' cross-section in Fig. 7). These
trends demonstrate the existing anisotropies in the
hypocentral distribution of aftershocks and disclose

46° 46°30"
39° L n
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concentration of aftershocks on dominant stress-
releasing structures that are visible on the o;-parallel
cross-section. The strongest trend in the plotted rose
diagram on the cross-section parallel to the o5 trend,
displays only one dominant subhorizontal anisotropy in
hypocentral distribution of aftershocks representing an
overall structure at the os-parallel cross-section (BB'
cross-section in Fig. 7). The resultants of Fry analysis
on the stress-parallel cross-sections are in great
compliance with the information obtained from b-value
mapping on the same cross-sections.
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Fig 7. Insets: The distribution of aftershock events on the o, -parallel cross-section (AA") and the o3-parallel cross-section (BB'). The
associated Fry plot and rose diagram are drawn under each cross section. Anisotropies in the rose diagrams reveal the dominant
subhorizontal trends of aftershock concentrations on both cross-sections which is still much more intense on the o5-parallel cross-
section (BB'). There is wedge-shaped anisotropy characterizing the concentration of aftershocks on o, -parallel cross-section. Yellow
line in the main figure shows the main surface rupture. The location of the Ahar-Varzaghan earthquake doublet was marked by red

stars.
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5. Discussion

The first mainshock was located at 38.33° N and 46.83°
E, near Guy Dareh village and the second one nucleated
northwest of the first event and a few kms deeper, with
epicenter at 38.39° N and 46.74°E near Golijeh village.
The observed main surface rupture started in the west of
the first mainshock and extended farther westward by
curving to the south. It seems the extent of the surface
rupture to the east intersects the location of the first
mainshock epicenter. Evidently, the east-west-oriented
surface rupture must have been produced by the first
mainshock from profound depths upward with a
westward migration. An important question concerning
the second mainshock is whether it ruptured the same
east-west oriented plane as the first mainshock or an
obligue plane with north—south orientation (Fig. 2).

We applied the inferred Coulomb stress to find out
which nodal planes are more probable for failure.
Though each of the focal mechanism nodal planes of
earthquake doublet theoretically could be the fault
planes, those resulting in the greatest consistency with
the inferred Coulomb stress field (lying on the positive
ACFS regions of the Coulomb map) are the optimally
oriented closer to failure. Among four combinations of
each pair of nodal planes (Table 1), the imparted
Coulomb stress on case number 1# and 3# show that one
of nodal planes is situated in the negative ACFS (the
cool colored regions in Fig. 3a and 3c) making them
inappropriate for earthquake triggering and causing
them to be excluded from the subsequent calculations.
However, both nodal planes for case number 2# and 4#
were located in the positive ACFS area (the warm
colored regions in Fig. 3b and 3d). In the next step, the
epicentral distribution of aftershocks with Mx>3 plotted
on the inferred Coulomb stress map confirms that case
number 4# is the case composed of Ahar-Varzaghan
earthquake doublet causative faults, namely, 82 © strike,
89° dip and 164° rake for the first mainshock and 7°
strike, 49° dip to the east and 31° rake for the second
mainshock (Fig. 4b). This is in good agreement with the
previous work of Donner et al. (2015) that considered
the north—south-oriented fault for the second mainshock
fault plane corroborated by November 7% aftershock
subsequence.

Ansari (2016) selected the nodal plane with 84° strike,
84° dip, and 170° rake as the first mainshock fault plane
and the 255° striking nodal plane with a dip of 63°, and
a rake 134° as the second one. He did not provide any
declaration about his assumption. Such an assumption
about the characteristic of earthquake doublet (the fault
geometries and the epicenter locations of the events)
cannot kinematically justify two different mechanisms
as strike-slip and reverse for the two adjacent
subparallel causative faults. He also resolved the
Coulomb model on the causative fault geometries and
investigated the triggering of Coulomb stress change
caused by Ahar-Varzaghan earthquake doublet.
According to his examination, the second mainshock

and also post events were situated within the positive
Coulomb stress zones induced by the first and second
mainshock, respectively. In another study of this
earthquake doublet, Momeni et al. (2019) retrieved the
rupture process of both mainshocks by inverting the
near-field strong motions data and using the elliptical
subfault approximation method. Their calculations
showed that the two earthquakes occurred on two
distinct fault planes: the first mainshock has nucleated at
a depth of ~8.5 km on an E-W striking fault (N88°E)
that dips almost vertically (80°S). This earthquake
exhibits a right-lateral strike-slip mechanism. The
second mainshock occurred ~5 km to the west and 4 km
to the north with respect to the hypocenter of the first
mainshock, and at a depth of ~16.5 km on an ENE-
WSW oriented fault plane (strike ~256°) with a dip of
~60° northward. They observed that the slip of the
second event was essentially distributed on two distinct
patches with pure right-lateral strike-slip and reverse
mechanisms, respectively. The top of slip distribution of
the second mainshock has stopped at a depth of ~8 km.
Their obtained ENE-WSW striking fault plane for the
second event (strike=256 and dip=60) is different from
previous studies that have investigated the slip of this
earthquake (e.g. Donner et al. 2015). From a rock
mechanical perspective and by considering almost the
same size of both earthquakes, the proposed kinematics
by Momeni et al. (2019) for the second mainshock (first
pure right-lateral then reverse mechanism) is impossible
with respect to the geometry and right-lateral
mechanism of the first mainshock fault plane.
Moreover, the inversion method they utilized to
determine the geometry of the causative faults was
fundamentally different from our approach. They also
calculated the Coulomb stress distribution triggering the
second mainshock and aftershocks and showed that the
rupture and the maximum slip of the second mainshock
was controlled by the static Coulomb stress changes
caused by the first mainshock.

After the occurrence of the first and the second
mainshocks, the aftershocks migrated from the eastern
to the western end of the sequence over time and spread
over an area of about 20 km length in the E-W
direction. From the Wells and Coppersmith (BSSA
1994) empirical magnitude-area relations, we estimated
the size of the rupture plane for the first mainshock to be
24.5 x 10.1 km (Table 1) being in good agreement with
the spreading length of aftershocks and the depth of the
first mainshock hypocenter.

The postseismic stress-release (barrier) distribution at
depth was also investigated by the b-value spatial cross-
section. The b-value as a function of space was
visualized by projecting the aftershock hypocenters onto
the vertical cross-sections in a way that the high b-value
regions correlate with the large slip regions. The b-value
cross-sections parallel to the trends of o, and subparallel
to the main surface rupture show the characteristic
wedge-shape high b-value regions at the earthquake



124 Nedaei et al. / Iranian Journal of Earth Sciences, Vol. 14, No. 2, 2022, 112-130.

doublet source area (AA' and CC' cross-sections in Fig.
6). In contrast, the subhorizontal high b-value regions on
the o5-parallel cross-section reveal the large postseismic
slips across the main surface rupture along subparallel
dextral faults (BB' cross-section in Fig. 6; e.g., Donner
et al. 2015).

We also applied the Fry method on cross-sections, for
the first time, to find out the spatial pattern of
hypocentral distribution of aftershocks. Anisotropies in
the distribution pattern investigated further by rose
diagrams, revealed the specific trends of aftershock
concentrations. The Fry plot and rose diagram
constructed on the o,-parallel cross-section show more
dominant subhorizontal anisotropy in the hypocentral
distribution of aftershocks which is even much more
intense on the os-parallel cross-section (Fig 7). The o;-
parallel cross-section also displays two other less
frequent  subvertical and  steep  orientations
demonstrating  wedge-shaped  anisotropies  that
characterize the concentration of aftershocks on related
stress-releasing structures (AA' cross-section in Fig 7).
The dominant anisotropies of Fry analysis on the stress-
parallel cross-sections are in great compliance with the
information obtained from b-value mapping on the same
cross-sections except that based on the b-value
calculation method, the high b-value regions show the
continuous display against the discrete dominant trend
in related rose diagrams. Compliance between
anisotropies (concentrations) of aftershocks obtained by
Fry method, and the high b-value regions (high slip
stress-released regions), together with the distribution of
aftershock mechanisms (i.e., Donner et al. 2015; Ghods
et al. 2015), merely highlight the pattern and kinematics
of deformation in a deep particular structure and put
more interesting suggestions ahead. The subhorizontal
trends unveiled on o5-parallel cross-sections in Fry
analysis and b-value mapping represent the main strain-
partitioning due to the large postseismic right-lateral
strike-slip across the east—west-oriented fault planes at
defined depth with coinciding deformation to the main
rupture (BB' cross-sections in Figs. 6 and 7). The
wedge-shaped structure revealed on o,-parallel cross-
sections of Fry plot, b-value map (AA' cross-sections in
Figs. 6 and 7), and also Coulomb stress cross-section
(AA' cross-section in Fig 5) suggest stress-accumulation
and -release on characteristic structure one side of which
coincides to the east—west right-lateral strike-slip faults
subparallel to the main surface rupture and the other
side to the nearly north—south oblique reverse faults
subparallel to the minor surface rupture confirmed by
November 7t subsequence.

Rotation of rigid basal blocks about vertical axis in a
bookshelf fashion, causes strike-slip faulting along the
blocks. Movement along parallel basement strike-slip
faults and the subsequent shortening of the overlying
cover units, leads to the formation of typical wedge-
shaped structures namely the rhombic structures (Koyi
et al. 2016). They are similar to positive flower

structures in appearance and development of positive
topographies but are totally different in kinematics,
genesis and structural extent from positive flower
structures developed in transpressional zones. However,
there are some fundamental differences between
rhombic and positive flower structures (Koyi et al.
2016):

1. The sense of movement along the bounding strike-
slip faults of rhombic structures is opposite to positive
flower structures. In the rhombic structure, i.e., the two
sinistral strike-slip fault segments overlaping in a left-
step configuration, but in a positive flower structure, the
strike-slip faults are in a left-step configuration, which
need to be dextral, not sinistral.

2. Unlike in positive flower structures, where the thrusts
dip towards each other, dip direction of thrusts in the
rhombic structures can vary depending on which types
of thrusts (fore- or back-thrusts) the strike-slip faults
cross. In the rhombic structure, when strike-slip faults
cross two adjacent fore-thrusts, the opposite thrusts dip
in the same direction towards the hinterland; when
strike-slip faults cross a fore- and back-thrust pair, the
opposite thrusts dip in towards each other similar to
regular flower structures or dip away from each other if
the fore-thrust is located in the hinterland side of the
back-thrust; and strike-slip faults cross-cutting two
adjacent back-thrusts produce a rhombic structure where
thrusts dip in the same direction towards the foreland.
There is a difference between the two structures in the
relationship between the thrusts and strike-slip fault
segments. This is because the thrusts within the rhombic
structure are the result of regional shortening, not a local
shortening due to strike-slip faulting as seen in the
flower structures. In regular flower structures, thrusts
form and are active only within the area bounded by the
strike-slip faults. By contrast, the thrusts associated with
the rhombic structures are not confined to the area
defined by the strike-slip fault segments.

3. In regular flower structures, the thrusts form as a
result of movement along the strike-slip faults and are
active only within the area of the influence of the latter.
This does not seem to be the case in rhombic structures
since the thrusts are not a product of movement along
the strike-slip faults, but have been formed due to the
regional shortening. Thrusts are not confined to the area
defined by the strike-slip fault segments and seem to
cut/displace the strike-slip faults that bound the same
rhombic feature.

The large right-lateral regional shear between the Kura
basin to the north and the Central Iranian Block to the
south (Vernant et al. 2004) causes the clockwise rotation
of the basal fault-bounded blocks about vertical axis.
This clockwise rotation of the blocks in NW Iran has
been documented in many studies (e.g. Vernant et al.
2004; Masson et al. 2014; Khorrami et al. 2019). It
seems the NNE-SSW striking left-lateral faults
mentioned by Faridi et al. (2017) are the active
basement faults playing an important role in
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deformation of NW Iran (the dashed line with sinistral
slip in Fig 8). The sinistral slip along these basement
faults accommodates the Holocene shortening by
clockwise rotation of the blocks. Interaction of the

NNE-SSW basement faulting and NW-oriented
shortening (the o, trend in Table 2) of the cover units,
results in the formation of rhombic structures (Fig 8).

Fig 8. Simplified kinematic model of the study area plotted on Figure 1. This model presents formation of rhombic structures (dark
red rhombuses) as a result of right-lateral shear between the Kura basin to the north and the Central Iranian Block to the south
(Vernant et al. 2004) and NW-oriented coeval shortening (this study and Afra et al. 2017). The sense of shear in adjacent sides is
opposite. The bold white arrows present the direction of present-day compressional stress. Black dashed lines represent clockwise
rotating basal fault systems. The different stages of deformation have been presented according to Koyi et al. (2016) in the outside
figure. Only the E-W main surface rupture was marked as blue line and the two other surface rupture couldn't be displayed with
respect to the map scale. The position of historical earthquakes (violet circles) and the Ahar-Varzaghan earthquake doublet (red stars)
concentrate at the rhombus sides. The mechanisms of Ahar-Varzaghan earthquake doublet, the clockwise rotation (Vernant et al.
2004; Masson et al. 2014; Khorrami et al. 2019) of NE-striking fault-bounded blocks, the accommodation of pre-historical and
historical earthquakes along NTF, the existence of NW-striking normal faults west of Uremia lake are reasonable by this model.

The rhombic structures are bounded on two opposite
sides by thrusts (or oblique thrusts) on and on the other
two sides by strike-slip faults (oblique slip faults),
which are partly overstepped. The E-W dextral strike-
slip and NNE-SSW sinistral reverse faults which are
two main fault sets reactivated or nucleated on closely
spaced faults during the Ahar-Varzaghan earthquake
doublet (i.e., the N-S sinistral fault northwest of Guy
Dareh village; Faridi and Sartibi 2012; Ghods et al.
2015) fall into the rhombic pattern. In general, the thrust
and strike-slip segments bounding the rhombic
structures are oblique slip faults and the sense of lateral-
slip in adjacent sides of the rhomb is opposite. Although
in the model presented by Koyi et al. (2016), both fault
sets may rotate with the progressive deformation to
trends oblique to the bulk shortening direction, at the
epicenter area only the NNE-SSW sinistral reverse
faulting side of the rhombic structure has rotated with
respect to the NW regional shortening. Their rotation
leads to initiation of oblique rather than pure slip along
them. The degree of oblique slip depends on the degree
of their rotation.

Our resolved Coulomb stress on the causative faults of
Ahar-Varzaghan earthquake doublet, confirms that the
first mainshock is the E-W striking dextral fault and the
second one has a sinistral reverse mechanism with the
NNE-SSW strike. These two fault sets cannot be
considered as Y and R1 Riedel shears for the following
reasons:

1. The mechanism of the second mainshock is reverse
with a minor component of left-lateral slip (See Fig 1),
however, to be the R1 Riedel shear, it should have had a
pure sinistral slip.

2. The geometrical relationship between the E-W
dextral strike-slip fault and the NNE-SSW sinistral
reverse fault does not match with the Y, R1, and T
Riedel shears. The second fault sets should have been
NW-SE or ENE-WSW oriented faults as supposed to
be R1 or T Riedel shears, respectively.

3. The Ahar-Varzaghan earthquake doublet (Mw 6.4
and 6.2) separated in space by ~6 km and time by ~11
minutes. Such a similarly strong earthquake doublet
only could be created by similar ranking faults, not by
primary and subsidiary faults like Y and R1 Riedel
shears.
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4. Previous works (i.e., Donner et al. 2015; Ghods et al.
2015) reveal that the aftershocks with right-lateral
strike-slip mechanisms were located along a subparallel
linear to the main rupture, and confined to the ones with
oblique reverse mechanisms placed along the eastern
and western end of the sequence on minor reverse faults
subparallel to the minor surface ruptures. This pattern is
more consistent with rhombic structures rather than
Riedel shear systems.

The rhombic structure implies similar sinistral reverse
kinematics for other north-northeast-striking and dextral
for east-striking faults distributed in the region, playing
the role of linkage between the distinct NNE-SSW
basement fault systems of NW Iran. In regions of low
tectonic and seismic rate activity such as Ahar-
Varzaghan area, the subset of active faults controlled by
a regional complex structure like a rhombic structure,
can be distinguished on the basis of their orientation
with respect to the regional shear. An important
implication in NW Iran is that all recognized faults and
folds with NNE-SSW and E-W striking in the area are
potentially hazardous in the present-day stress state and
could produce damaging earthquakes, often in
unexpected places (e.g., Crone and Luza 1990; Crone et
al. 1997) although they may have remained aseismic for
long periods in historic and modern times.

6. Conclusions

Accurate knowledge of geometry and kinematics of rare
and less studied intracontinental earthquake doublets is
crucial for characterization of dominant tectonic regime
of the region and leads to a better understanding of the
relevant geodynamic processes and a more realistic
seismic hazard assessment. Therefore, the Abhar-
Varzaghan case gives an excellent opportunity to
investigate the active deformation and learn more about
the possible causes of intracontinental earthquake
doublets.

In this study, we investigated the Coulomb stress
distribution  triggering August 11" 2012 Ahar-
Varzaghan earthquake doublet to understand the
geometry and kinematics of the earthquake doublet as
finding out which nodal planes are more probable for
failure. Our results reveal the east—west-oriented dextral
fault for the first mainshock and nearly the north—south-
oriented sinistral reverse fault for the second mainshock.
We also applied the spatial b-value change and Fry
method on the regional stress-parallel cross-sections of
aftershock hypocenters to suggest the postseismic stress-
release distribution and the pattern of hypocentral
distribution of aftershocks at depth. The high slip stress-
released regions (barriers) obtained from b-value
mapping are in good agreement with the dominant
anisotropies (concentrations) of aftershocks in Fry
analysis. This compliance, together with the distribution
of aftershock mechanisms, merely highlight the pattern
and kinematics of deformation in a deep particular
rhombic structure. The E-W dextral strike-slip faults

subparallel to the main surface rupture and the NNE—
SSW sinistral reverse faults subparallel to the minor
surface rupture are the two main fault sets reactivated or
nucleated during the Ahar-Varzaghan earthquake
doublet falling into a typical structure known as the
rhombic.

The right-lateral regional shear between the Kura basin
to the north and the Central Iranian Block to the south
causes the clockwise rotation of the blocks about
vertical axis. The coeval block rotation and NW-
oriented shortening lead to the formation of rhombic
structures in NW Iran. Recognizing the pattern and
kinematics of active deformation can help us to shed
light on structural aspects of other block subjected to
active deformation and answer some open questions on
the geodynamics of northwestern Iran. The results of
this study have important implications for seismic
hazard assessment of the region and potential future
failure area.
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