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Figure 4. Examples of folding on the hanging wall of reverse Quaternary faults. (a) Structural setting of the faults shown in (b) and (c). (d) The southeastern
limb of an anticline developed in the hanging wall of a blind fault north of Mirza-Ali-Kandi village. (e) Small reverse faults produced due to local contraction
at the front of the fault-related anticline. See Fig. 3 for the location of the photographs.

not used in the single event location because their traveltimes can-
not be predicted with sufficient accuracy. Pn phases are used for
first motion focal mechanism solutions and also (along with tele-
seismic phase readings) for improving the relative relocation of the
events using the multiple event relocation method discussed below.
We used a 1-D velocity model that is routinely used by INSN for
locating local and regional events in Iran (Table 1).

Fig. 7(a) shows the epicentral distribution of 372 selected events
located using only phase readings from the IASBS temporary net-
work. The events all have a local magnitude greater than 2.5 and
residual rms of less than 0.1 s. Formal uncertainties are less than
2 km for epicentre and less than 3 km for focal depth, but the true
uncertainties are larger because of the small number of data used
for the locations, large open azimuth (240◦ ± 40◦) and the unknown
reading errors and errors related to unknown velocity structure. As
shown in Fig. 7(a), this representation of the aftershock seismicity

forms a cloud about 18 km long in the east–west direction with a
width of about 7 km, offset by several kilometres to the north of
the surface trace of the main-shock rupture. The majority of events
have a depth range of 12–14 km but the depth range conspicuously
shallows to ∼4–8 km in the western end of the rupture zone and
foci also become shallower on the eastern end (Fig. 7b).

To improve the resolution of the aftershock seismicity we lo-
cated 184 of the larger (local magnitude 3+), more widely ob-
served events using all available arrival time data sets, including
the temporary network (Fig. 8a), again in single event mode. These
events have a mean azimuthal gap of 128◦ ± 18◦, calculated with
Pg and Sg arrivals only. The epicentral and focal depth distribu-
tion of these selected events is in good agreement with the patterns
established in the larger aftershock data set (Fig. 7a), in particu-
lar the northward offset of the seismicity from the mapped surface
rupture.
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Figure 5. (a) Topographic block diagram (ASTER GDEM V2) of the area marked in Fig. 3. (b) Topographic profiles on top of three topographic ridges formed
in the hanging wall of Quaternary faults. The trace of these profiles is marked by coloured lines in (a). ‘D’ and ‘B’ show valley sections of the two streams of
which longitudinal profiles A–B and C–D (Fig. 4c) are analysed. (c) Two longitudinal profiles and their morphotectonic interpretation. The location of faults
is marked by dashed black lines. The discrepancy between the upstream and downstream topographies indicates active uplift due to the faults activity.

Multiple event relocation

To refine the seismicity patterns in the Varzaghan–Ahar sequence
even further, and especially to place the main-shock epicentres in the
context of the well-recorded aftershocks, we apply a multiple event
relocation method (program mloc), based on the Hypocentroidal
Decomposition (HD) algorithm introduced by Jordan & Sverdrup
(1981), that has been developed to produce calibrated locations,
that is, locations with minimal bias of the sort that typically results
from the convolution of an unevenly distributed constellations of
recording stations with unknown earth structure. Furthermore, the

method produces reliable estimates of location uncertainty, mainly
because it employs empirically determined (from the data itself)
estimates of data uncertainty. The method has been used in a number
of recent studies (e.g. Ghods et al. 2012; Aziz Zanjani et al. 2013;
Hayes et al. 2013; Walker et al. 2013; McNamara et al. 2014). For
this study, the cluster consisted of the 184 events located in single-
event mode in Fig. 8. All events have at least 12 phase readings and
open azimuth less than 150◦ before HD processing (which involves
identifying outliers whose removal may increase the open azimuth).

In HD processing, as in all multiple event relocation methods,
the arrival time data are organized in station-phase groups (e.g. all
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Figure 6. Different local and regional seismic networks in the vicinity of the
study area. The red stars are the epicentres of the Varzaghan–Ahar doublet
event. The inverted triangles show the IASBS temporary seismic stations.
Three IASBS seismic stations lie within the epicentral region. Other stations
belong to Iranian Seismological Center (IRSC), the Iranian National Seis-
mograph Network (INSN), Iranian accelerometer network (BHRC), Kandilli
Observatory and Earthquake Research Institute, Turkey (TURK), and Incor-
porated Research Institutions for Seismology (IRIS).

Table 1. The standard crustal model used in the broad-band
seismic network run by International Institute of Earthquake
Engineering and Seismology (iiees.ac.ir). A Vp/Vs ratio of 1.73
is used to derive the S velocities.

Layer P velocity (km s−1) Depth to the top of layer (km)

1 5.4 0
2 6.0 6.0
3 6.3 14
4 6.5 18
5 8.05 48
6 8.1 80

Figure 7. (a) Epicentral distribution of 372 aftershock events recorded by
the IASBS 3-station local network. The selected events happened during
2012 August 13–24 and have a local magnitude of larger than 2.5 and a
residual rms of less than 0.1 s. Uncertainty in focal depth is less than 3
km. (b) Cumulative E–W depth profile. The two black triangles are two of
the IASBS local network stations. The red curve is the trace of the mapped
surface rupture (Faridi & Sartibi 2012).

Figure 8. (a) Epicentral distribution of 184 selected events of Varzaghan–
Ahar sequence located using data from all local and regional networks.
Events occurred from 2012 August 11 to November 7 and have a local
magnitude greater than 3. (b) Cumulative E–W depth profile. The two red
circles show epicentres of the doublet main shocks. The first main shock
is east of the eastern end of the mapped surface rupture (red curve). The
second main shock is about 7 km to the NW of it. The two black triangles
are the two IASBS local network stations within the aftershock cloud.

Pg readings at station GRMI). Since all readings in such a group
follow nearly the same path from source(s) to receiver, we expect
that correctly observed phase arrivals cannot depart too significantly
from the average traveltime. We use robust statistical procedures to
estimate the spread of residuals within each station-phase group.
This leads to an iterative ‘cleaning’ process that is used to refine
the estimate of the spread of residuals (which we refer to as the
‘empirical reading error’) for each station-phase group. This metric
is used to identify (and exclude) outlier readings, finally producing
a data set in which all readings are within ±3σ of the mean for that
particular station-phase and the associated empirical reading error.
In other words, the cleaning process yields a data set for reloca-
tion that approximately (but much more so than most arrival time
data sets) satisfies the assumption of a Gaussian distribution that
underlies all calculations for parameter uncertainty. The empirical
reading errors are also used for inverse weighting in the inversion.
We impose a minimum value of 0.10 s for the empirical reading
errors for local-distance stations and 0.15 s for regional and tele-
seismic stations. Most P-phase values of empirical reading error
range from a few tenths of a second to about 1 s. Empirical reading
errors for S phases tend to be larger, as expected.

For stations very close to the cluster, the assumption breaks down
that all ray paths for a particular station-phase are largely in com-
mon. This has no bearing on the correctness of the HD relocation
and parameter uncertainties, however, because the empirical read-
ing errors reflect the actual degree of scatter in the data, regardless
of the cause, and partial derivatives are calculated independently for
each ray path in mloc (not for the ray path from each station to the
centroid of the cluster, as in Jordan & Sverdrup 1981).

The cleaned data set for the Varzaghan–Ahar cluster consists
of 5671 readings associated with 1013 independent station-phases
at all epicentral distances, which are used (in the form of travel-
time differences) to estimate the cluster vectors that describe the
relative locations and times of all events. Readings are weighted
inversely to their empirical reading error. Theoretical traveltimes
and derivatives are calculated from ak135 for teleseismic phases
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and from a custom 1-D layered model for local and regional phases
(see below). Because estimation of the cluster vectors is based on
travel-time differences, it is quite insensitive to the accuracy of the
theoretical traveltimes (e.g. baseline offsets). Confidence ellipses
are determined for each cluster vector from the covariance matrix
of the estimation process.

The absolute location of the cluster in space and time is deter-
mined in the second part of the HD algorithm, the location of the
hypocentroid of the cluster. This is analogous to a single event lo-
cation problem, except that all relevant arrival time data from the
cluster are used (as true arrival times, not traveltime differences) as
if they were associated with a single event, corrected for the loca-
tion of the specific event relative to the hypocentroid (i.e. the cluster
vector). To reduce the biasing effect of unknown earth structure, we
restrict this inversion to use arrival time data only at short epicen-
tral distances, in this case less than 1.2◦ (133 km). The principle
concern is to avoid using Moho-refracted phases, especially Pn, for
the location of the hypocentroid, because Pn arrival times in the
Iran region generally depart significantly with distance and azimuth
from any 1-D model.

For the Varzaghan–Ahar cluster we used 2753 readings of Pg
and Sg (grouped into 118 independent station phases) within 1.2◦

epicentral distance to locate the hypocentroid of the cluster (Fig. 9a).
We use a 1-D layered velocity model to predict theoretical travel
times at local and regional distances. During the course of the
relocation analysis we adjust the layer thicknesses and velocities in
a forward modelling approach to closely fit the curvature of observed
traveltimes (Fig. 9b). A three-layered crustal model works well in
the case of the cluster. The lengths of the semi-axes of the 90 per
cent confidence ellipse of the hypocentroid are 0.5 and 1 km, with
the major semi-axis oriented nearly N–S. By adding the individual
cluster vectors to the hypocentroid, we obtain the absolute location
for each event, with an uncertainty comprised of the sum of the
uncertainty of the relative location and that of the hypocentroid
(through conversion of both ellipses to matrix form, addition and
conversion back to elliptical form).

The results of the HD analysis for calibrated locations are shown
in Fig. 10 and listed in Table 2. The uncertainties in locations repre-
sented by the confidence ellipses in Fig. 10 are those of the cluster
vectors (relative locations) only, which gives the clearest image of
the pattern of seismicity. The absolute location of the entire fixed
constellation of locations (e.g. for comparison to mapped surface
features) has an additional component of uncertainty associated
with the estimation of the hypocentroid. When the uncertainty of
the hypocentroid is added to the uncertainties of the individual
cluster vectors, the final estimate of location error for any indi-
vidual event in the Varzaghan–Ahar sequence ranges from 1 to 3
km, with most being less than 2 km. Confidence ellipses listed in
Table 2 are for absolute location, at the 90 per cent confidence level.
The confidence ellipse (for absolute location) for the 2012 August
11 first main shock has a semi-major axis length of 1.2 km oriented
at N9E; for the second main shock, the confidence ellipse has a
semi-major axis length of 1.1 km oriented at N4E.

Depth determination

Minimizing the residuals of direct Pg and Sg arrival times of close
IASBS temporary stations or Sg–Pg relative phase arrival times at
close BHRC accelerometer stations, we calibrated the depths of 168
events out of the 184 events in the cluster (Table 2 and Fig. 10).
The depths of the remaining events were set to 12 km. The depth

of the first main shock is loosely constrained at 14 km by readings
at a permanent station at an epicentral distance of 19 km and also
one Sg–Pg relative phase reading from a BHRC station at the same
distance. The focal depth of the second main shock is estimated
to be 17 km, constrained by one Sg–Pg relative phase reading at
a BHRC station at a distance of 14 km. Our estimates of depth
are obviously coupled to the assumed velocity structure and are
also influenced by any location bias. We estimate the uncertainty of
focal depths determined this way to be about ±3 km at 90 per cent
confidence.

The pattern of depths determined in the HD analysis (Fig. 10b) is
consistent with the pattern obtained by locating a large number of
aftershocks with the three-station temporary network (Fig. 7b) or the
pattern of larger aftershocks using data from the temporary network
combined with other local and regional phase readings (Fig. 8b).
All three data sets include a subset of events on the western side
of the rupture zone occurring at shallower depth, and separated to
some extent from the main pattern of aftershocks.

Focal mechanism solutions

We determined focal mechanisms for 15 events that have a loca-
tion error (based on the HD analysis described above) of less than
3 km and a relatively well-constrained depth, using a minimum of
17 P-wave polarities on the focal sphere (Fig. 11). To increase the
azimuthal coverage, we added first motion readings from the Turk-
ish broadband network and stations in Armenia. Except for events
111305, 111438 and 220528, all solutions are sampled in all quad-
rants. For all events both nodal planes are constrained within 20◦.
The solutions show a range from dextral strike-slip on E–W nodal
planes to reverse faulting on nodal planes oriented NE–SW, plus
mechanisms combining these two end-member types.

Comparing our first-motion solution for the first main shock with
the best double couple of the centroid moment tensor reported by
the USGS (grey mechanisms in Fig. 11), there is good agreement
for the first main shock. For the second main shock, we could not
calculate a reliable first polarity solution because the first polarities
were obscured by the coda of the first main shock. Donner et al.
(2015) calculated a moment tensor solution for the second main
shock based on tensor inversion of regional waveforms. The solution
is very similar to the CMT solution for the second main shock
(Fig. 11). The CMT solution for the first main shock conforms
comfortably with the fault geometry observed in the first main
shock. It contains one nodal plane that is subparallel to the strike
of the mapped fault, striking ENE and dipping to the north. If this
nodal plane is selected as the fault plane the sense of strike-slip
motion (in a dominantly reverse mechanism) is dextral, like the first
main shock.

FAU LT K I N E M AT I C S A N D A C T I V E
T E C T O N I C R E G I M E

The state of stress in the crust provides the context for understanding
the dominant tectonic regime of a region, that is, the kinematics of
active geological structures (e.g. Ritz & Taboada 1993; Bellier &
Zoback 1995; Shabanian et al. 2010). In regions of low tectonic
and seismic activity, the subset of active faults among a complex
fault network can be distinguished on the basis of their orientation
with respect to the regional stress field (Shabanian & Bellier 2012;
Shabanian et al. 2013). Tectonic activity in such regions resembles
that of stable continental regions (Crone et al. 1997, 2003; Crone &
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Figure 9. (a) Ray paths used to locate the hypocentroid of the Varzaghan–Ahar cluster. Only rays shorter than 1.2◦ are used to calculate the hypocentroid. Open
circles are epicentres. Solid triangles are seismic stations. Open diamonds are BHRC accelerometer stations. The red circle is centred at the hypocentroid with
the 1◦ radius. (b) Observed phase arrivals and traveltimes calculated from the local velocity model used for the calibration of the Varzaghan–Ahar cluster. A
two-layer crust (upper crust of 15 km, Vp = 5.9 and Vs = 3.35 km s−1; lower crust of 35 km, Vp = 6.35 and Vs = 3.65 km s−1) over a half-space (Vp = 8.0 and
Vs = 4.6 km s−1) best fits the observed phase arrivals. The dashed line show the cut-off distance of 1.2◦ for data used for the calculation of the hypocentroid.
Traveltime curves are shown for both P (Pg in red, Pn in green) and S (Sg in red, Sn in green) phases. P phases are indicated by crosses and S phases by
circles. For all phases, theoretical traveltimes (solid lines) are shown for the average depth of events in each cluster. The dashed lines represent the theoretical
traveltimes for the shallowest and deepest events in the cluster.

Luza 1990; Wheeler & Crone 2001), where faults are characterized
by relatively brief episodes of activity, separated by long periods of
inactivity. Long recurrence intervals and low long-term slip rates
imply that geomorphic features associated with faults commonly are
subtly expressed and poorly preserved. Overcoming this difficulty
requires the use of detailed information on the kinematic history of
geological structures that have been reactivated in the current stress
regime.

We have collected fault kinematic data comprising measurements
of fault planes and associated striations (the trend and plunge of slip
vector on a fault plane, with a clear sense of slip) at nine sites dis-
tributed over the source area of the Varzaghan–Ahar earthquake

sequence (Fig. 12). Except for three sites, all fault slip data were
measured in Pliocene to Quaternary deposits. At some sites the
tuff lithology of pyroclastic materials affected by Quaternary faults
precluded the measurement of the high quality fault slip data neces-
sary to calculate a well-constrained deviatoric stress tensor. In most
Pliocene sites, only a single generation of striations is observed,
while in sites in Paleocene or Eocene rocks, two or three gener-
ations of movement can be distinguished. In these cases, the last
generation of striations is coherent with that observed in Pliocene–
Quaternary deposits. The youngest fault kinematic measurements
in pre-Pliocene rocks were analyzed together with Quaternary mea-
surements from six other sites. We observe five distinct fault trends
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Figure 10. Relocation of 184 Varzaghan–Ahar events, from 2012 August
11 to November 7, using the calibrated multiple-event relocation method.
90 per cent confidence ellipses for the relative locations of epicentres are
shown to reveal the seismicity pattern. (b) Cumulative E–W depth profile.
The doublet main shocks are shown in red.

controlling the tectonic geomorphology of the Varzaghan–Ahar
source region:

1. East-striking faults (±20◦), parallel to the first main-shock
rupture, are strike-slip dextral faults, with slip angle of between 0
and 25◦ (Fig. 12). This range of slip angles is consistent with the
geomorphically derived pitch that varies from 0 to 18◦ along the
earthquake rupture (see Copley et al. 2013).

2. North–South faults (±15◦) are present at almost all measure-
ment sites; they are pure strike-slip sinistral (slip angle ≤ 10◦) with
the same structural significance as the E–W faults (1). Their surface
expression is, however, less common than other fault trends.

3. Northeast- to ESE-striking faults are oblique-slip reverse-
dextral (Fig. 12). They control the main geomorphology of the
area by forming elongate topographic ridges and Quaternary folds
(see section Tectonic Geomorphology of Quaternary Faults).

4. NW-striking faults are strike-slip sinistral (Fig. 12).
5. Infrequently observed faults trending N300E ± 10◦, with

oblique-slip dextral motion.

Northwest- and northeast-striking (sets 3 and 4) faults are sta-
tistically the most frequent and have the clearest expression in the
geomorphology. On the other hand, north–south (set 2) and east–
west (set 1) pure strike-slip faults have little structural significance
and geomorphic expression. This may be only due to the different
kinematics of the faults such that motion with a larger vertical com-
ponent has a stronger influence on the post-Pliocene topography of
the area, relative to pure strike-slip motion, reducing the chance of
observation.

Inversion of geological fault kinematics

We have investigated the modern stress field of the Varzaghan–Ahar
area through the inversion of the fault kinematic data described
above. For each site, a deviatoric stress tensor was calculated using
an inversion method that minimizes the angular deviation (misfit an-
gle) of the observed striations (Carey & Brunier 1974; Carey 1979;
Lacombe 2012; and Hippolyte et al. 2012). The inversion results
include the orientation (azimuth and plunge) of the principal stress

axes (σ1 ≥ σ2 ≥ σ3, corresponding to maximum, intermediate and
minimum stress axes, respectively) of the mean deviatoric stress
tensor as well as a ‘stress ratio’ R

R = (σ2 − σ1)/(σ3 − σ1) = 1 − ϕ

where ϕ takes values between 0 and 1 (e.g. Angelier 1979; Zoback
1989); it has been found to be a useful parameterization of a tectonic
regime (see Bellier & Zoback 1995; Shabanian et al. 2010, and
references therein).

The results of inversion and the calculated stress tensors are
presented in Table 3 and Fig. 12. The modern stress field of the
Varzaghan–Ahar area is characterized by a mean compressional
(maximum horizontal stress, σ1) axis orientated at ∼N125E. The
value of the stress ratio R varies between ∼0.5 and ∼0.9 for
constrained stress tensors. The inversion of all kinematic data to-
gether yields a well-constrained stress tensor in which a variety
of non-parallel strike-slip, oblique-slip and reverse faults are active
(Fig. 12c). These characteristics represent a transpressional tectonic
regime (R = 0.9) prevailing in the study region. There is no evidence
of a transtensional or extensional tectonic regime. In this stress state,
east–west faults (parallel to the earthquake rupture) have strike-slip
dextral kinematics accompanied by a small component (slip an-
gle of ≤10◦) of reverse faulting, and north—south faults are pure
sinistral.

Inversion of seismologically determined fault kinematics

We also carried out an inversion of the slip vectors obtained from
earthquake focal mechanisms to obtain a second estimate of the
present-day stress regime of the region, using the method described
by Carey-Gailhardis & Mercier (1987) (Fig. 12b). In this method,
the presumed fault plane from among each pair of nodal planes must
be specified. This can be done by selecting the nodal plane that re-
sults in the greatest consistency with the inferred stress field, but
it is obviously preferable to specify the fault plane independently,
for example, from seismological investigations of the rupture pro-
cess or the spatial distribution of aftershocks. In determining the
regional state of stress, the importance of the main shocks (even a
single datum) is significantly greater than that of the aftershocks be-
cause small earthquakes likely reflect kinematic instabilities due to
heterogeneous deformation and independent faulting in small-scale
bodies (e.g. Carey-Gailhardis & Mercier 1992).

For the first main shock we have very good information on the
rupture geometry from field observations (Faridi & Sartibi 2012;
Copley et al. 2013). This serves as a reference, against which to
test the compatibility (in a geometric sense) of other events, espe-
cially the second main shock. Analysis of the focal mechanisms
determined in this study yields a well-constrained deviatoric stress
tensor that represents a regional transpressional tectonic regime with
maximum principal stress axis σ1 oriented N132E ± 2◦ (Fig. 12b).
This is very similar to the transpressional stress field derived from
geologically determined fault kinematic data (σ1 at N125E), dis-
cussed above, and both stress tensors are compatible with the sense
of slip and known fault plane of the first main shock. The compat-
ibility with this state of stress with the focal mechanisms of other
earthquakes in the sequence with a range of magnitudes supports the
view that the related fault planes were reactivated under a consistent
state of stress without significant stress perturbations.

For the second Varzaghan–Ahar main shock, only one nodal
plane, the ENE-striking one (azimuth/dip: N256E/67◦N) is com-
patible with the regional stress state described above. The other
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Table 2. Calibrated epicentres of earthquakes in the study region determined using HD multiple event relocation method. ‘Depth’
column reports the focal depth of events (in km) as calculated by nearby seismic and BHRC accelerometer stations. Mag reports local
magnitude of events calculated using local magnitude formula of Hutton & Boore (1987). Columns C and O are the epicentral distance
of the closest station in degree and largest open azimuth in determining the hypocentroid, respectively. A1 and A2 are the azimuths in
degrees, clockwise from north, of the semi-axes of the 90 per cent confidence ellipse for the epicentre. L1 and L2 represent the lengths
of the corresponding semi-axes in km. Area is the area in km2 of the 90 per cent confidence ellipse.

#Event Date Time Latitude Longitude Depth Mag. C O A1 A2 L1 L2 Area

1 2012/08/11 12:23:15.86 38.399 46.842 14 5.5 0.2 12 279 9 0.7 1.2 2
2 2012/08/11 12:30:12.86 38.415 46.744 17 4.5 0.1 61 278 8 0.9 1.5 5
3 2012/08/11 12:34:34.23 38.425 46.777 17 5.9 0.1 12 274 4 0.6 1.1 2
4 2012/08/11 12:44:39.28 38.407 46.735 18 3.7 0.1 79 277 7 0.9 1.4 4
5 2012/08/11 12:49:15.34 38.405 46.674 12 4.4 0.1 30 275 5 0.7 1.3 3
6 2012/08/11 13:05:54.36 38.405 46.691 13 3.7 0.2 51 278 8 0.8 1.4 4
7 2012/08/11 13:14: 5.72 38.426 46.687 15 4.4 0.1 22 281 11 0.8 1.2 3
8 2012/08/11 13:23:16.51 38.418 46.821 10 3.6 0.2 124 280 10 0.9 1.8 5
9 2012/08/11 13:29:22.86 38.411 46.773 12 3.2 0.2 124 279 9 0.8 1.9 5

10 2012/08/11 13:32:15.08 38.473 46.790 10 3.5 0.3 129 278 8 1 2.6 8
11 2012/08/11 13:42:11.30 38.417 46.690 – 3.7 0.3 27 280 10 0.8 1.6 4
12 2012/08/11 13:51: 9.80 38.384 46.769 14 3.4 0.2 105 274 4 0.7 1.7 4
13 2012/08/11 13:54:21.75 38.41 46.807 12 3.4 0.2 112 279 9 0.9 2.1 6
14 2012/08/11 14:10: 3.67 38.437 46.664 12 3.5 0.3 77 280 10 0.7 1.5 3
15 2012/08/11 14:16:48.50 38.440 46.714 12 3.6 0.3 76 281 11 1 2.1 7
16 2012/08/11 14:25:15.34 38.419 46.677 – 4.3 0.3 32 280 10 0.8 1.4 3
17 2012/08/11 14:33:53.54 38.427 46.810 13 3.8 0.2 110 282 12 0.9 1.9 5
18 2012/08/11 14:38:23.10 38.418 46.774 14 3.7 0.2 22 278 8 0.8 1.3 3
19 2012/08/11 14:53:36.94 38.422 46.868 12 3.2 0.2 124 280 10 0.9 1.8 5
20 2012/08/11 14:58: 6.43 38.387 46.818 13 3.3 0.2 107 279 9 0.8 1.7 4
21 2012/08/11 15:21:14.41 38.458 46.803 14 4.3 0.2 31 274 4 0.7 1.2 3
22 2012/08/11 15:43:19.38 38.422 46.722 18 4.7 0.3 27 276 6 0.7 1.2 3
23 2012/08/11 16:00:50.15 38.423 46.796 14 3.7 0.2 30 285 15 0.8 1.5 4
24 2012/08/11 16:21:53.25 38.406 46.665 – 4.0 0.3 30 280 10 0.9 1.6 4
25 2012/08/11 16:34:32.64 38.398 46.664 – 3.1 0.3 124 274 4 0.8 1.8 4
26 2012/08/11 17:00:27.74 38.394 46.811 12 3.0 0.2 123 275 5 0.7 1.8 4
27 2012/08/11 17:54:44.51 38.449 46.746 12 3.7 0.3 128 277 7 0.7 1.6 4
28 2012/08/11 17:58:32.84 38.393 46.807 11 3.8 0.2 29 285 15 0.9 1.5 4
29 2012/08/11 18:30:19.47 38.406 46.874 13 3.6 0.2 67 278 8 0.8 1.5 4
30 2012/08/11 18:42:23.62 38.392 46.789 12 3.0 0.2 123 276 6 0.8 1.7 4
31 2012/08/11 18:49:47.45 38.423 46.755 – 3.0 0.5 125 278 8 0.9 1.6 4
32 2012/08/11 18:56:51.12 38.41 46.717 – 3.8 0.5 76 287 17 0.9 1.5 4
33 2012/08/11 19:52:44.48 38.444 46.792 13 4.2 0.2 21 279 9 0.7 1.3 3
34 2012/08/11 20:02: 2.60 38.404 46.788 14 3.6 0.2 78 279 9 0.8 1.5 4
35 2012/08/11 20:10:29.78 38.443 46.748 11 3.2 0.3 127 284 14 1 2.1 7
36 2012/08/11 20:11:23.41 38.415 46.747 12 3.2 0.3 135 274 4 0.8 2.2 6
37 2012/08/11 21:06:34.31 38.418 46.818 13 3.1 0.2 124 280 10 0.9 1.8 5
38 2012/08/11 21:56:25.80 38.429 46.673 13 3.2 0.3 85 273 3 0.7 1.3 3
39 2012/08/11 22:03:20.88 38.443 46.711 12 3.1 0.3 127 280 10 0.8 1.8 5
40 2012/08/11 22:04:32.05 38.406 46.694 – 3.3 0.3 124 279 9 0.9 2 6
41 2012/08/11 22:05:52.66 38.394 46.785 14 3.3 0.2 123 277 7 0.9 1.8 5
42 2012/08/11 22:16:48.70 38.414 46.677 – 3.0 0.3 125 277 7 0.8 2 5
43 2012/08/11 22:24: 2.17 38.441 46.713 14 4.6 0.3 13 279 9 0.7 1.2 3
44 2012/08/11 23:00:16.27 38.438 46.726 – 3.8 0.5 40 278 8 0.9 1.6 4
45 2012/08/11 23:58:13.52 38.435 46.692 – 3.4 0.5 127 275 5 0.8 1.7 4
46 2012/08/12 00:20:23.27 38.404 46.734 10 3.0 0.3 124 276 6 1 2.7 8
47 2012/08/12 00:34:16.26 38.407 46.749 – 3.4 0.5 124 278 8 0.8 1.8 5
48 2012/08/12 01:41:49.15 38.438 46.844 10 3.9 0.2 39 283 13 0.8 1.5 4
49 2012/08/12 02:24:42.88 38.434 46.792 12 3.5 0.2 46 277 7 0.7 1.5 3
50 2012/08/12 02:38:34.24 38.418 46.739 13 3.0 0.3 125 274 4 0.8 1.9 5
51 2012/08/12 04:25:22.22 38.394 46.794 15 3.9 0.2 22 283 13 0.8 1.4 4
52 2012/08/12 04:42: 3.07 38.411 46.689 15 3.2 0.2 125 282 12 0.8 1.9 5
53 2012/08/12 06:10:37.71 38.423 46.772 15 3.2 0.2 125 283 13 1 2 6
54 2012/08/12 06:40:44.76 38.415 46.660 – 4.0 0.3 32 278 8 0.8 1.5 4
55 2012/08/12 07:51:14.04 38.393 46.687 16 3.6 0.2 123 281 11 1.1 2.4 8
56 2012/08/12 09:52:43.31 38.412 46.724 13 3.3 0.2 125 283 13 1.5 2.6 12
57 2012/08/12 09:55:42.86 38.410 46.854 13 3.1 0.2 123 279 9 0.9 1.7 5
58 2012/08/12 10:15:33.59 38.420 46.732 13 3.1 0.1 125 276 6 0.7 1.6 4
59 2012/08/12 10:48:27.03 38.413 46.691 13 3.2 0.1 125 276 6 0.7 1.6 4
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Table 2 – continued

#Event Date Time Latitude Longitude Depth Mag. C O A1 A2 L1 L2 Area

60 2012/08/12 11:51:31.43 38.398 46.789 11 3.1 0.2 123 277 7 0.7 1.4 3
61 2012/08/12 13:35:12.63 38.442 46.857 11 3.2 0.2 126 293 23 1 1.8 5
62 2012/08/12 14:04:57.55 38.403 46.880 8 3.2 0.1 123 285 15 1.1 1.7 6
63 2012/08/12 14:15:18.18 38.442 46.836 11 3.5 0.2 126 283 13 0.8 1.6 4
64 2012/08/12 14:19: 9.07 38.420 46.784 13 3.0 0.2 125 277 7 0.7 1.4 3
65 2012/08/12 15:29:51.40 38.420 46.787 12 3.1 0.2 125 276 6 0.7 1.3 3
66 2012/08/12 15:32:47.02 38.423 46.758 12 3.1 0.2 125 279 9 0.8 1.6 4
67 2012/08/12 15:40:25.55 38.419 46.775 13 3.0 0.2 125 278 8 0.8 1.5 4
68 2012/08/12 20:06:44.87 38.410 46.670 12 3.0 0.1 125 275 5 0.8 1.4 4
69 2012/08/12 20:43:15.02 38.422 46.850 11 3.0 0.2 124 280 10 0.8 1.5 4
70 2012/08/12 20:57:41.33 38.379 46.803 16 3.2 0.1 121 272 2 0.8 2 5
71 2012/08/12 22:16:56.48 38.431 46.794 12 3.3 0.2 91 280 10 0.8 1.4 4
72 2012/08/13 00:18: 2.38 38.433 46.878 9 3.1 0.1 125 282 12 0.8 1.6 4
73 2012/08/13 00:22: 8.54 38.412 46.670 11 3.2 0.1 125 286 16 1.2 2.6 9
74 2012/08/13 01:56:10.05 38.449 46.683 16 4.5 0.1 21 279 9 0.7 1.2 3
75 2012/08/13 02:52:17.24 38.431 46.712 12 3.3 0.1 126 283 13 0.9 1.6 5
76 2012/08/13 03:19:41.30 38.427 46.680 11 3.0 0.1 126 277 7 0.8 1.4 3
77 2012/08/13 04:15:52.54 38.414 46.670 10 3.8 0.1 75 285 15 1 1.8 6
78 2012/08/13 05:58:50.00 38.415 46.755 15 3.5 0.2 125 276 6 0.7 1.5 3
79 2012/08/13 06:58:22.22 38.424 46.676 13 3.2 0.1 126 282 12 0.9 2 6
80 2012/08/13 08:00:58.89 38.438 46.727 14 3.2 0.1 127 277 7 0.7 1.4 3
81 2012/08/13 08:16:49.48 38.441 46.880 5 3.8 0.1 43 273 3 0.8 1.4 4
82 2012/08/13 10:45:44.88 38.431 46.601 13 4.2 0.1 24 309 39 1.1 1.7 6
83 2012/08/13 11:08: 3.35 38.433 46.790 7 3.6 0.2 85 285 15 0.9 1.5 4
84 2012/08/13 11:17:54.72 38.427 46.774 12 3.1 0.2 126 281 11 0.8 1.6 4
85 2012/08/13 12:45:58.24 38.413 46.705 11 3.9 0.1 75 282 12 0.8 1.4 3
86 2012/08/13 12:53:47.23 38.411 46.703 12 3.2 0.1 125 277 7 0.8 1.7 4
87 2012/08/13 13:12:23.84 38.419 46.794 13 3.0 0.1 125 275 5 0.7 1.3 3
88 2012/08/13 14:23:44.21 38.443 46.668 4 3.2 0.1 127 89 179 1 1.4 4
89 2012/08/13 14:25:13.32 38.423 46.728 14 3.0 0.1 125 273 3 0.7 1.3 3
90 2012/08/13 18:40: 4.66 38.452 46.597 5 3.3 0.1 128 296 26 1.2 1.7 6
91 2012/08/13 19:09:36.76 38.444 46.743 13 3.0 0.1 127 273 3 0.7 1.3 3
92 2012/08/13 19:43:22.46 38.418 46.637 4 3.4 0.1 125 87 177 0.9 1.5 4
93 2012/08/13 20:52: 2.55 38.420 46.885 13 3.5 0.1 122 275 5 0.7 1.6 4
94 2012/08/13 22:37: 4.57 38.419 46.654 4 3.3 0.1 125 89 179 0.8 1.3 3
95 2012/08/14 01:49:19.99 38.433 46.673 5 3.0 0.1 126 271 1 1 1.4 5
96 2012/08/14 03:07:51.84 38.460 46.655 4 3.5 0.1 129 59 149 1.4 1.5 7
97 2012/08/14 05:28:13.26 38.436 46.782 11 3.5 0.1 126 274 4 0.7 1.5 3
98 2012/08/14 10:22: 0.93 38.429 46.894 9 3.2 0.1 125 278 8 0.8 1.7 4
99 2012/08/14 10:28:43.48 38.458 46.683 5 3.7 0.1 77 85 175 1.1 1.3 5

100 2012/08/14 10:48:10.71 38.419 46.652 5 3.0 0.1 125 88 178 0.7 1.3 3
101 2012/08/14 12:33:17.89 38.441 46.748 13 3.1 0.1 127 272 2 0.6 1.3 3
102 2012/08/14 14:02:25.27 38.508 46.783 15 5.1 0.1 19 276 6 0.7 1.1 2
103 2012/08/14 15:48:20.26 38.431 46.652 4 3.8 0.1 45 279 9 0.9 1.6 5
104 2012/08/14 16:36:24.90 38.417 46.678 6 3.4 0.1 75 270 0 0.8 1.5 4
105 2012/08/14 16:49: 0.43 38.407 46.814 12 3.2 0.2 65 277 7 0.8 1.5 4
106 2012/08/14 17:09: 9.91 38.423 46.690 6 3.2 0.1 126 88 178 1 1.4 4
107 2012/08/14 20:10:56.55 38.403 46.788 14 4.0 0.1 123 277 7 0.7 1.6 3
108 2012/08/14 20:20:33.30 38.423 46.649 5 3.1 0.1 136 290 20 1.2 2 7
109 2012/08/15 03:41:30.67 38.421 46.778 13 3.5 0.1 75 273 3 0.7 1.3 3
110 2012/08/15 04:29:39.29 38.435 46.813 11 3.0 0.2 126 274 4 0.7 1.3 3
111 2012/08/15 07:26:30.90 38.415 46.673 6 3.4 0.1 75 89 179 0.8 1.3 3
112 2012/08/15 08:39:21.51 38.444 46.866 3 3.0 0.2 126 280 10 1 2 6
113 2012/08/15 10:16: 0.52 38.429 46.731 14 3.0 0.1 126 271 1 0.8 1.5 4
114 2012/08/15 13:34:32.95 38.430 46.771 13 3.0 0.1 126 276 6 0.8 1.7 4
115 2012/08/15 14:56:56.76 38.424 46.799 12 3.1 0.2 125 276 6 0.7 1.4 3
116 2012/08/15 16:28:53.91 38.392 46.780 15 3.5 0.1 73 277 7 0.8 1.5 4
117 2012/08/15 17:49: 4.69 38.438 46.672 13 4.8 0.1 13 275 5 0.7 1.1 2
118 2012/08/15 18:00: 1.30 38.428 46.634 5 3.3 0.1 108 276 6 0.9 1.4 4
119 2012/08/16 00:15:16.52 38.425 46.640 5 3.3 0.1 126 273 3 0.8 1.4 3
120 2012/08/16 03:40:17.25 38.436 46.716 15 3.7 0.1 76 278 8 0.7 1.2 3
121 2012/08/16 04:39:47.65 38.433 46.627 4 3.0 0.1 127 276 6 0.9 1.4 4
122 2012/08/16 06:37:31.64 38.423 46.697 5 3.0 0.1 126 88 178 0.7 1.4 3
123 2012/08/16 09:27:47.20 38.411 46.684 5 3.0 0.1 125 89 179 0.9 1.6 4
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Table 2 – continued

#Event Date Time Latitude Longitude Depth Mag. C O A1 A2 L1 L2 Area

124 2012/08/16 11:03:36.55 38.422 46.691 5 3.0 0.1 126 88 178 0.8 1.5 4
125 2012/08/16 12:19:34.01 38.430 46.652 6 3.5 0.1 126 273 3 0.9 1.6 4
126 2012/08/16 15:15:35.06 38.449 46.728 14 3.7 0.1 76 276 6 0.8 1.4 4
127 2012/08/16 17:14:13.00 38.462 46.731 14 4.4 0.1 24 274 4 0.7 1.2 2
128 2012/08/16 17:19:40.96 38.418 46.673 5 3.0 0.1 125 86 176 0.8 1.4 4
129 2012/08/16 17:22:27.81 38.420 46.676 5 3.0 0.1 125 270 0 0.9 1.5 4
130 2012/08/16 21:00:21.54 38.443 46.723 13 3.5 0.1 127 278 8 0.8 1.5 4
131 2012/08/17 03:34:20.49 38.427 46.671 5 3.0 0.1 126 271 1 0.9 1.6 5
132 2012/08/17 04:04:41.00 38.399 46.832 14 3.0 0.1 89 280 10 0.8 1.6 4
133 2012/08/17 04:48:15.03 38.421 46.682 5 3.8 0.1 38 272 2 0.7 1.3 3
134 2012/08/17 04:52:29.62 38.411 46.749 14 3.0 0.1 124 273 3 0.6 1.4 3
135 2012/08/17 06:21: 7.13 38.395 46.834 14 3.3 0.1 88 275 5 0.8 2 5
136 2012/08/17 06:42:23.13 38.418 46.686 5 3.0 0.1 125 88 178 0.8 1.4 3
137 2012/08/17 08:09:50.69 38.426 46.879 7 3.5 0.1 74 281 11 0.8 1.5 4
138 2012/08/17 09:18: 0.04 38.397 46.635 7 3.9 0.1 106 279 9 0.9 2 6
139 2012/08/17 12:09:50.61 38.422 46.633 5 3.0 0.1 126 275 5 0.9 1.4 4
140 2012/08/17 14:35:44.02 38.385 46.773 16 3.3 0.1 103 277 7 0.8 1.7 4
141 2012/08/17 20:15:34.02 38.432 46.657 5 3.7 0.1 76 90 180 1.2 1.4 6
142 2012/08/18 05:45:22.28 38.442 46.719 16 3.6 0.1 76 280 10 0.9 1.3 4
143 2012/08/18 07:47:55.86 38.408 46.612 4 2.8 0 125 282 12 1.1 1.5 5
144 2012/08/18 15:56: 5.52 38.425 46.880 6 3.2 0.1 124 282 12 0.9 1.7 5
145 2012/08/18 21:08:39.64 38.427 46.652 5 3.2 0.1 126 279 9 1.1 1.5 5
146 2012/08/18 21:09:40.53 38.430 46.633 4 3.4 0.1 126 275 5 0.8 1.3 4
147 2012/08/19 00:37: 6.71 38.420 46.694 9 3.3 0.1 125 274 4 0.8 1.5 4
148 2012/08/19 01:33:30.77 38.385 46.777 14 3.0 0.1 90 276 6 0.8 1.6 4
149 2012/08/19 01:46:12.63 38.382 46.822 16 3.1 0.1 71 278 8 0.8 1.6 4
150 2012/08/19 01:58:30.18 38.435 46.629 11 3.9 0.1 23 279 9 0.7 1.3 3
151 2012/08/19 11:37:15.92 38.458 46.632 4 3.6 0.1 28 274 4 0.9 1.2 3
152 2012/08/19 18:28:21.80 38.434 46.600 5 3.1 0.1 127 281 11 1 1.6 5
153 2012/08/19 19:37:26.80 38.433 46.714 14 3.6 0.1 47 273 3 0.7 1.3 3
154 2012/08/20 08:48:16.77 38.446 46.703 14 3.1 0.1 127 274 4 0.7 1.3 3
155 2012/08/20 16:54:51.79 38.427 46.669 3 3.0 0.1 126 272 2 1.2 1.6 6
156 2012/08/20 21:24:17.50 38.437 46.875 14 3.0 0.2 125 279 9 1 1.9 6
157 2012/08/21 04:48:59.33 38.374 46.966 11 3.5 0.1 119 275 5 1.3 2 8
158 2012/08/21 07:42:39.99 38.426 46.850 15 3.0 0.2 125 274 4 0.9 1.6 5
159 2012/08/21 11:48: 0.42 38.408 46.644 4 3.1 0.1 125 278 8 1.1 1.6 6
160 2012/08/22 02:35:47.78 38.413 46.662 3 3.4 0.1 125 89 179 0.8 1.5 4
161 2012/08/22 05:28:34.90 38.451 46.719 13 4.3 0.1 38 273 3 0.8 1.2 3
162 2012/08/22 09:50:22.93 38.418 46.630 3 3.4 0.1 143 273 3 0.8 1.3 3
163 2012/08/22 19:44:59.12 38.430 46.625 3 3.1 0.1 126 275 5 0.9 1.5 4
164 2012/08/23 02:35:26.22 38.417 46.884 13 3.0 0.1 124 280 10 0.8 1.6 4
165 2012/08/23 20:31:29.28 38.424 46.717 9 3.1 0.1 126 274 4 0.8 1.7 4
166 2012/08/24 07:38:38.94 38.517 46.989 9 3.4 0.2 131 299 29 1.1 1.7 6
167 2012/08/26 02:13:39.19 38.469 46.708 9 3.0 0.1 78 303 33 1 1.8 6
168 2012/08/26 09:43:22.29 38.408 46.663 13 3.0 0.1 68 283 13 0.8 1.4 4
169 2012/08/29 11:46:27.63 38.389 46.644 11 3.0 0.1 80 89 179 1 1.5 5
170 2012/08/31 08:34: 3.30 38.403 46.709 16 3.4 0.1 80 275 5 0.7 1.3 3
171 2012/09/02 08:50:11.34 38.435 46.775 14 3.8 0.1 20 274 4 0.7 1.3 3
172 2012/09/05 09:33:45.95 38.388 46.713 15 3.4 0.1 57 275 5 1 2.3 7
173 2012/09/10 08:55:50.36 38.384 46.697 13 3.5 0.1 32 279 9 0.9 1.9 5
174 2012/09/17 07:05:47.79 38.422 46.657 12 3.0 0.1 38 285 15 0.9 1.8 5
175 2012/09/22 04:50:35.84 38.419 46.678 12 3.7 0.1 38 280 10 0.8 1.6 4
176 2012/09/23 05:40:54.32 38.391 46.652 – 3.0 0.3 39 277 7 1 1.8 5
177 2012/09/27 00:56: 1.65 38.389 46.598 16 3.0 0.1 30 278 8 0.9 1.5 4
178 2012/10/08 08:25:54.56 38.399 46.630 12 3.5 0.1 65 285 15 1 1.7 5
179 2012/10/16 04:15:30.30 38.432 46.92 14 4.0 0.1 59 284 14 0.8 1.6 4
180 2012/10/26 22:31:16.01 38.437 46.637 14 3.2 0.1 30 275 5 0.8 1.3 3
181 2012/10/27 03:56:41.74 38.397 46.634 – 3.0 0.3 83 281 11 1 1.9 6
182 2012/11/07 06:26:31.18 38.449 46.597 16 5.5 0.1 14 278 8 0.7 1.3 3
183 2012/11/08 09:45: 3.44 38.469 46.602 – 3.0 1.1 107 22 112 0.9 1.4 4
184 2012/11/16 03:58:24.84 38.470 46.594 – 3.0 0.4 20 275 5 0.9 1.5 4
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Figure 11. Focal mechanism solutions and 184 relocated epicentres (yellow
circles) from the calibrated multiple event relocation analysis (Fig. 10). The
red circles show the epicentres of the doublet main shocks. Focal mecha-
nisms in black are from our first motion analysis; those in grey are the best
double couples from USGS moment tensor solutions for the doublet events.
The number on the top of each focal mechanism gives the origin time (day,
hour and minute) of the events, all in August 2012 except for one event
which includes the month (October) into the label.

nodal plane for this event, if selected as the fault plane, shows large
anomalies for the characteristic parameters of the fault plane such as
stress ratio, shear tendency and misfit angle. Furthermore, a stress
state in which the north–south plane of the second main shock is
active could not easily drive the geologically determined east–west
fault plane of the first main shock.

The strong consistency of all focal mechanisms (both main
shocks and the aftershocks) with a common stress state and the
lack of evidence for kinematic instabilities in the data set are strong
constraints on this stress model. According to this stress model,
among all focal data, N–S and E–W fault planes are the two main
fault sets reactivated during the Varzaghan–Ahar earthquakes. The
kinematic and structural significance of these trends are similar,
such that no distinction can be made through either kinematic or
mechanical parameters of the reactivated fault planes. This sug-
gestion is in agreement with two different orientations of surface
rupture observed in the field (Faridi & Sartibi 2012), and could
explain the reactivation of the N–S sinistral fault northwest of Guy
Dareh village (Fig. 3).

Another interesting point is the compressional stress arrangement
(σ3 is vertical) of the transpressional tectonic regime deduced from
the earthquake focal mechanisms (Fig. 12b). From a kinematic point
of view, strike-slip faults are not the principal features in this tectonic
regime, but those could reactivate together with other oblique to dip-
slip compressional faults. This implies that both N–S sinistral and
E–W dextral faults have the same role in the accommodation of
active deformation (see the discussion).

The N132E-trending σ1 stress axis determined from earthquake
focal mechanism data trends parallel to that determined by the in-
version of fault kinematics data (N125E). The consistency of these
two independently determined stress states indicates (1) that the
area is uniformly deforming at both the surface (cover) and at depth
(basement), and (2) that the current stress state has prevailed in
the area since the Quaternary, at least. An important implication
is that all the Quaternary faults and folds recognized in the area
are potentially active in the present-day stress state although they
may have remained aseismic for long periods in historic and mod-

ern times. Indeed, many potentially hazardous faults in regions of
low deformation rates may remain aseismic. Nevertheless, faults
that are favorably oriented in the current stress state could produce
damaging earthquakes, often in unexpected places (e.g. Crone et al.
1997; Crone & Luza 1990).

D I S C U S S I O N

Seismology of the Varzaghan–Ahar earthquake sequence

The set of earthquakes included in the plot of locations from the
temporary network (Fig. 7) does not include the early aftershocks,
as the network installation was completed about 2 d after the doublet
main shocks. The single event and HD analysis (Figs 8 and 10) con-
tain the doublet main shocks and large early aftershocks and so they
provides the best image of the overall pattern of seismicity in this
sequence. The pattern of relocated epicentres in Figs 10 and 11 can
be characterized as a cloud of aftershocks that spreads about 23 km
in E–W direction and about 7 km in N–S direction. This is a con-
sistent feature regardless of the quality of the earthquake location
set (Compare Figs 7, 8 and 10). The width (N–S) of the aftershock
region is much greater than the uncertainty in the epicentres.

Although both main shocks have probable fault planes that strike
roughly east–west, it is likely that the mapped surface faulting
should be associated with the first main shock because field ob-
servations record nearly pure strike-slip motion that would be in-
consistent with the transpressional mechanism of the second main
shock.

The focal mechanism of the first main shock, with one excep-
tion, seems to be uncontroversial. The first-motion mechanism de-
termined here has a near-vertical fault plane, as do the best double
couple solutions from the Global CMT and moment tensor solu-
tions determined by the USGS, and these various estimates agree
closely as to strike and slip angles. There is an exception, however:
on the basis of a moment-tensor inversion of regional waveforms,
Donner et al. (2015) calculated a dip near 45◦ but they still prefer
the steeper dip. They believe the available waveform data cannot
resolve the steeper dips.

On the other hand, the offset of the aftershock cloud to the north
of the mapped surface faulting, as well as the well-resolved width
(in latitude) of the aftershock activity both suggest that the rupture
zone of the doublet main shocks dips to the north on average. Taking
into account the depth and epicentral location of the seismicity and
the surface trace of mapped faulting (Fig. 10b), we infer an average
dip of about 70◦. The location, depth and mechanism of the second
main shock is very consistent with this model and we attribute much
of the N–S scatter in aftershocks to the contribution of this event.

The various estimates of the focal mechanism of the first main
shock are in strong agreement that the strike of the fault plane is
slightly counter-clockwise from pure east–west, say, at an azimuth
of N85E. A near-vertical fault plane at this strike is consistent with
the western end of the mapped surface faulting; i.e. if the trend of
the western section is extended to the east it intersects the calibrated
location of the epicentre. The mapped surface faulting, however,
curves to the south as it goes east toward the epicentre. We take this
as evidence of deviation in the rupture plane, probably at shallow
depths in the eastern part of the rupture zone, perhaps in response
to near-surface variations in structure.

Our calibrated relocation places the first main shock near the
eastern end of the mapped surface faulting, close to the Tabriz-Ahar
road and near Guy Dareh village. The second main shock nucleated
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Figure 12. State of stress in the Varzaghan–Ahar area. (a) Geological map of the area together with the direction of geologically determined maximum stress
axis (converging arrows). (b) Stress tensor calculated using seismologically determined fault kinematics data. (c) Geological stress tensor obtained from fault
kinematics data measured in the field. (d) Kinematic model of fault trends affecting the area. Other symbols as in Fig. 3.

Table 3. The results of fault kinematics inversion characterizing the modern stress regimes in the Varzaghan–Ahar area.
The used inversion method (e.g. Carey 1979) assumes that slip represented by the striation occurs in the direction of
the resolved shear. Deviatoric principal stress axes: σ1, σ2 and σ3 are the compressional, intermediate and extensional
deviatoric axes, respectively. R = (σ2−σ1)/(σ3−σ1) is the stress ratio of the deviatoric stress tensor, a linear quantity
describing relative stress magnitudes. The location of sites of kinematic measurements are plotted as blue circles in Fig. 12;
N, number of fault slip pairs considered for stress calculation; Rm, stress regime: C, compressional; S, strike-slip; Q,
quality: A, well-constrained; B, constrained; C, poorly constrained solutions. For the fault data populations comprised of
less than four well-distributed fault directions, a ‘fixed’ solution (Bellier & Zoback 1995) was applied in which the principal
stress axes are fixed to lie in horizontal and vertical planes; the results were marked as ‘D’ quality. All angles are in degree.

Site Longitude Latitude Elevation Stress axis (trend/plunge) R Q N Rm Formation age
(◦E) (◦N) (m) σ1 σ2 σ3

25.1 46.8575 38.3754 1777 316/04 224/21 057/69 0.864 B 9 C Paleocene
25.2 46.8537 38.387 1703 140/19 333/70 232/04 0.433 B 9 S Paleocene
25.4 46.8647 38.4881 1458 141/13 236/21 023/65 0.936 D 4 – Pliocene
25.5 46.6779 38.4413 1905 105/00 270/90 015/00 0.318 D 3 – Pliocene
25.6 46.7038 38.3971 1889 105/00 270/90 015/00 0.318 D 3 – Pliocene
26.1 46.6598 38.4505 1887 130/00 220/00 347/90 0.878 D 3 – Pliocene
26.3 46.5817 38.4889 1858 327/08 062/34 225/55 0.766 B 5 C Pliocene
26.4 46.505 38.5036 1870 141/00 051/00 308/90 0.534 D 3 – Pliocene
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about 7 km northwest of the first event, and a few km deeper, near
Golijeh village. Both events have location uncertainties less than
2 km, so the separation between the two events is not related to
location errors. Our results do not support a model in which both
main shocks occurred on a single fault plane if the mechanism of
the first main shock is taken to represent faulting on an east–west
plane that is near vertical. If the mechanism of Donner et al. (2015)
is correct, however, a model of rupture can be supported in which
the faulting in both doublet main shocks occurred on the same, or
closely spaced faults with similar geometry, that is, dipping to the
north at angles in the range 45–70◦. We propose an interpretation
in which the ruptures occur on two related faults, both striking
approximately east–west, but at different dips.

The location of the epicentre of the first main shock near the
eastern end of the aftershock cloud and the observed rupture plane
(Fig. 11) suggests that rupture in this event occurred dominantly in
a unidirectional manner from east to west. We also see evidence of
directivity of this type in the waveforms of nearby accelerometer
stations.

Figs 7(b), 8(b) and 10(b) clearly show that the focal depths for
the majority of events are deeper than 10 km but the focal depths
decrease at both ends of the aftershock zone. The reduction of focal
depths is more significant in the western segment where we see many
events as shallow as 7 km. The western patch of shallow aftershocks
appears to be separated from the main pattern of aftershock activity.

The observed aftershock distribution (fault length) and depth
distribution, combined with the measured average surface slip, are
in good agreement with the reported magnitude 6.4 Mw for the
first main shock. Assuming a fault plane with an area of 228 km2

(15×12 + 8×6) and an average slip of 70 cm and shear modulus
of 3 × 1010 N m2 results in a magnitude estimate of 6.39 Mw. A
similar seismic moment release must be attributed to the second
main shock. However, currently the mapped surface rupture only
represents the slip of the first main shock of the doublet events.

Kinematics of deformation in NW Iran

The ongoing deformation in eastern Anatolia and northwestern Iran
[i.e. Caucasus block in Reilinger et al. (2006), including northwest
Iran and the Caucasus] is due to the convergence of the Arabian
plate and Eurasia (see Cisternas & Philip 1997; Reilinger et al.
2006). The opening of the Red Sea in the Tortonian initiated the
northward motion of the Arabian plate with respect to Africa. As
a result, the Anatolian block (Fig. 1) is being ejected westward,
and moves between two major strike-slip faults; the North Ana-
tolian fault (dextral) and the East Anatolian fault (sinistral). In
the southwest, Aegean subduction accommodates that motion. In
the eastern side of the Arabian syntaxis, an ejection eastward has
been suggested for the Persian block (Trifonov 1995; Philip et al.
1989; Zonenshain & LePichon 1986; Cisternas & Philip 1997). The
northwestern Persian block is 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 (Talesh
Fault System, TFS) west of the Caspian Sea (Figs 1 and 12).

At a regional scale, these boundary fault systems form a wedge
(Figs 1 and 13) moving NNE with respect to Eurasia (e.g. Reilinger
et al. 2006). Cisternas & Philip (1997) suggested that deformation
within the wedge is characterized (1) by folding and reverse faulting
transverse to the direction of shortening, and (2) by oblique strike-
slip faulting and volcanic alignments along normal faults oriented
parallel to the direction of shortening. Jackson (1992) has proposed
a different model, based on partitioning. This model fails to account

for observations concerning Quaternary and active deformation on
the eastern side (Cisternas & Philip 1997), the velocity field derived
from GPS data (Reilinger et al. 2006), or the observation of active
transpression in the interior of the wedge (this study).

The geological and seismological data presented in this study
suggest additional complexity. For instance, the orientation of the
NW-trending σ1 stress axis (Fig. 12) is at variance with the over-
all northward direction of the plate convergence. Moreover, active
deformation inside the wedge is accommodated along faults of dif-
ferent kinematics and orientations (Fig. 12), in accordance with the
mean regional stress state (section on Fault Kinematics and Active
Tectonic Regime). Another kinematic complexity is the coexistence
of N–S sinistral faults within the wedge and N–S dextral faults at the
eastern boundary of the wedge (Fig. 13). These opposing fault kine-
matics cannot be explained with either a simple extruding block in
which a single state of stress prevails (e.g. Cisternas & Philip 1997),
or partitioning of slip on parallel reverse and strike-slip faults (e.g.
Jackson 1992).

Tectonic model and regional implications

Based on the kinematic model deduced from the inversion of geo-
logical fault slip data and focal mechanisms determined in this study
(section on Fault Kinematics and Active Tectonic Regime), a variety
of fault trends are active in a transpressional tectonic regime in such
a way that the ∼N–S and ∼E–W faults have the greatest kinematic
significance. Active deformation is accommodated by nearly cross-
wise to conjugate oblique-slip reverse-dextral and reverse-sinistral
faults (Fig. 12). Similar configurations are observed in western
Kopeh Dagh and central Tibet.

In western Kopeh Dagh, NE-striking sinistral faults interact with
NW-striking dextral faults (Tchalenko 1975) taking up the reminder
of deformation between two crustal wedge-bounding structures, that
is, the Main Kopeh Dagh and Shahrud fault systems (e.g. Shabanian
et al. 2009 and references therein). At the eastern tip of the western
Kopeh Dagh wedge, there is no direct structural linkage between
these fault systems but a juxtaposition of small blocks surrounded
by dextral and sinistral faults, which accommodate distributed west-
ward and coeval northward motions of western Kopeh Dagh (see
Shabanian et al. 2012b, and references therein). In central Tibet, at
a larger scale, dextral faults are paired with sinistral faults that allow
distributed east–west extension and coeval north–south contraction
of central Tibet bounded by crustal-scale strike-slip faults (Armijo
et al. 1989; Taylor et al. 2003; Taylor & Peltzer 2006).

These examples indicate that the kinematic adjustment inside a
contracting wedge may occur along interacting crosswise or con-
jugate faults to accommodate lower rates of internal deformation
(relative to the boundary faults).

As for the Varzaghan–Ahar region, we suggest that the (pre-
sumed) rigid lithosphere of the South Caspian Basin (SCB; Fig. 13)
controls both the pattern and kinematics of active structures of the
region northeast of NTF. At a regional scale, there are suitable
conditions (e.g. dextral faulting along NTF and sinistral faulting on
NNE-striking faults) favouring an eastward translation of the region
north of NTF (Cisternas & Philip 1997; Reilinger et al. 2006) if the
buttressing role of the SCB were to be removed. In other words, the
SCB acts as an obstacle against the eastward translation of the region
along WNW- to E-striking dextral faults. Therefore the strike-slip
component of the overall Arabia–Eurasia convergence cannot be
accommodated by motion on E-W to ESE–WNW dextral faults.
Instead, other structures, especially ∼N–S sinistral faults, activate
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Figure 13. Simplified kinematic model of the tectonic setting in NW Iran. An idealized model is presented in the lower-right inset. Light grey stepped line
is an inferred marker to show eastward-increasing cumulative northward motion relative to the South Caspian Basin lithosphere. The orange beachballs are
first polarity focal mechanisms calculated in this study. The balck focal mechanisms for 1997 February 28 and 2011 March 4 events are from Global CMT
catalogue and Aziz Zanjani et al. (2013), respectively.

to accommodate the remainder of the movement driven by large-
scale plate motions (Fig. 13).

We suggest that the kinematic adjustment could occur by both
distributed deformation and structural deflections (not to be con-
fused with block rotations) in the region west of the SCB (Fig. 13).
Along a series of discontinuous N–S sinistral faults, the relative
northward displacement of material on the eastern side of faults
implies an increasing overall northward motion to the east of the
confined wedge. At the eastern boundary (TFS), however, the overall
northward motion encounters the relatively fixed SCB and produces
dextral faulting along N–S faults of the Talesh Mountains (Fig. 13).
This kinematic model may explain why N–S faults of western Talesh
are right-lateral (e.g. Sangavar fault) while other parallel faults to
the west are sinistral (e.g. the N–S nodal plane of the 1997 Mw 6.0
Ardebil earthquake—Aziz Zanjani et al. 2013; Berberian 2014). On
the other hand, the systematic changes in the main structural trends
of the region from E–W to NNE–SSW, which occur to the east of
both the Bozqush (Solaymani et al. 2011) and Sabalan highs, are
interpreted as a comparable kinematic adjustment through struc-
tural deflections (Fig. 13). These deflections, in turn, reflect the
northward mass transfer adjacent to the eastern boundary of the
wedge.

A strong piece of evidence for the confining role of the SCB
is the drastic decrease in WNW–ESE dextral faulting towards the
east. Strike-slip motion on WNW-striking faults dies out south of
the Bozqush Mountains when approaching the Talesh Mountains
(Solaymani-Azad 2009). Farther southeast, there is no evidence
of significant dextral faulting on WNW-striking faults such as the
Soltanieh fault (e.g. Reilinger et al. 2006; Solaymani-Azad et al.
2011). Interestingly, at the south front of the Bozqush Mountains,

the strike-slip component of the NTF changes to oblique reverse
faulting along E–W faults that gradually merge with NNE-striking
sinistral faults to the south of Sabalan volcano (Fig. 13; see also
Solaymani-Azad et al. 2011).

In summary, our data and derived tectonic model favour the north-
ward transfer of crustal material due to the blockage of an eastward
extruding wedge as it encounters the SCB lithosphere (Fig. 13).
This northward transfer of material can explain reverse faulting at
both the southern and northern margins of the Kura basin with-
out partitioning of deformation on spatially separated sub-parallel
thrusts and strike-slip faults (e.g. Jackson 1992). The NW direction
of the mean regional compression (different from the direction of
the plate convergence) may be due to a force balance between the
Arabia–Eurasia convergence and the eastward extrusion of the NW
Persian wedge (Fig. 13).

C O N C LU S I O N S

The pattern of relocated epicentres in Fig. 10 can be characterized
as a cloud of aftershocks that spreads about 23 km E–W and about
7 km N–S. The width (N–S) and location, centred a few km north
of the mapped surface rupture, of the aftershock region is at odds
with the steeply dipping E–W rupture plane of the first, largest main
shock. The majority of events have focal depth of larger than 12 km
and the focal depths do not change significantly in N–S direction
across the aftershock cloud. The epicentre of the second main shock
is about 7 km northwest of the epicentre of the first main shock, near
Golijeh village. These observations are incompatible with a model
in which both main shocks occurred on a single steeply dipping
E–W fault plane, or even a single E–W striking plane that dips
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to the north. The first main shock occurred near the eastern end
of the observed surface faulting, close to the Tabriz-Ahar road and
near Guradaragh village. Rupture in the first main shock propagated
from east to west. The second main shock occurred on a related fault
that is offset a few km to the north of the first rupture and oriented
ENE–WSW, dipping to the NW.

Field observations and the inversions for average stress tensor
(from both geologic and seismologic fault kinematics) reveal that
(1) a variety of fault trends are active in a transpressional tectonic
regime, with the σ1 oriented ESE–WNW, and (2) faults oriented
N–S and E–W were preferentially activated during the Varzaghan–
Ahar earthquake sequence and these fault sets have also been most
often active since the Quaternary.

Our data suggest that active deformation is accommodated by
nearly crosswise to conjugate reverse-dextral and reverse-sinistral
faults. This particular structural pattern allows a kinematic adjust-
ment to accommodate internal deformation of an eastward extruding
wedge which is confined against the rigid lithosphere of the South
Caspian Basin at its eastern boundary.

The proposed tectonic model favors the northward transfer of
crustal material through (1) distributed deformation along a net-
work of discontinuous N–S faults, and (2) structural deflections
of WNW-trending ranges and their associated geologic structures
such as the Bozqush and Qushadagh ranges. This northward trans-
fer of material, in turn, could explain reverse faulting at both the
southern and northern margins of the Kura basin without par-
titioning of deformation, and the coexisting parallel dextral and
sinistral N–S faults at the western boundary of the South Caspian
Basin.

Despite the basic assumption of ‘rigid blocks’ in geodetic plate
modelling, our results indicate that internal deformation of block-
like regions could control the kinematics of deformation, and the
level of seismic hazard within and around such regions of low
deformation rate. In the light of these new findings, the seismic
hazard map of the study region should be reassessed.
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