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The Kopeh-Dagh zone of NE Iran is dominated by active strike-slip and thrust faults
that accommodate a part of the convergence between the Arabian and Eurasian
Plates. The Ashkhaneh thrust fault zone with approximately 80 km long is one of the
main accommodative structures, which has been dissected by a number of strike-slip
tear faults. Tectonic geomorphology, satellite-based Global Positioning System
(GPS), and seismic data imply that the development of tear faults is one of the main
controlling factors in structural deformation and related seismic activity along the
Ashkhaneh thrust fault zone. The tectonic activity of the Ashkhaneh fault zone is
mainly due to the E-W trending range-parallel reverse faults and NE-SW to ENE-
WSW trending range-crossing left-lateral strike-slip tear faults coming from two
stages. In the first stage, the major E-W trending Ashkhaneh thrust fault zone has
been developed in response to the collision of Central Iran with the South Caspian
Basin. In the second stage, the progressive N-S shortening resulted in mountain
curvature in eastern Alborz and the formation of strike-slip tear faults in response to
the differential shortening along the Ashkhaneh fault zone. The sense of slip and
geometry of the tear faults and the Ashkhaneh thrust fault seems to provide insights
into faults interaction, so that the likely movement along one of these faults may
cause reactivation of the other fault(s); similar to the earthquake occurrences on
the Shalgun-Yelimsi tear fault (2019/11/07, Mw 5.9) and South Bozgush thrust
fault (2019/11/10, Mw 4.4) in northwestern Iran.
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ABSTRACT

1. Introduction

Tear faults are relatively small-scale local
strike-slip faults, commonly subsidiary to other
structures such as folds and thrust faults (Twiss &
Moores, 2007; Qingfen et al., 2008; Yong, 2010;
Yong et al., 2014). In terms of geometry, tear
faults are steeply dipping (or near vertical) shear
zones sub-parallel to the regional direction of dis-
placement which accommodate different amounts
of crustal lengthening or shortening in adjacent
regions (Twiss & Moores, 2007; Qingfen et al.,
2008; Yong, 2010; Yong et al., 2014; Lin et al.,
2011) (Figure 1).
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Thrust sheets are not structurally continuous
features; instead, they are divided (or segmented)
by tear faults, which accommodate the differential
displacement of different parts of the sheet, or
connect parts of the active thrust that are not
coplanar (Figure 1) (Twiss & Moores, 2007). Tear
faults likely connect en-echelon thrusts at depth
and transfer stress among them (Lin et al., 2011).
This study focuses on the role of tear faults on the
morphology and seismic activity of the Ashkhaneh
(Takal-Kuh) fault zone in northeast Iran (Figure 2).
Ashkhaneh fault is a thrust fault zone with a
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Figure 2. Active faulting in northeastern Iran. Our study area is outlined by the red rectangle on the index map. Black, blue, and
green focal mechanisms are from Mirzaei et al. (2002), the Global Centroid Moment Tensor Project (GCMT), and the Iranian
Seismological Center (IRSC), respectively. The epicenter of the earthquakes is from IRSC. Major faults are mainly based on Hollings
worth et al. (2006, 2008, 2010), and Javidfakhr et al. (2011). AFZ: Ashkhaneh fault zone, BQFZ: Bakharden-Quchan fault zone,
FF: Farhadan fault, CHF: Cheshmeh-Nik fault, NEYF: Neyshabur fault zone, RIF: Rivand fault zone, MTF: Maraveh Tappeh fault zone,
SHAF: Shandiz fault zone, GHOF: Gholaman fault zone, JF: Jajarm fault zone, BF: Baghan fault, QF: Quchan fault, BJF: Bajgiran
fault, SHF: Shirvan fault zone.

Figure 1. Thrust sheets segmented by strike-slip tear faults.

slight sinistral motion that is extended about 80 km
in the western Kopeh-Dagh mountain belt
(Figure 2). Visible changes in the strike of this

fault zone, imply that morphological responses to
tectonic activities should be different along the
fault. Here, we describe and discuss the significance
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of the tear faulting in this zone to introduce local
tectonic deformation and its related seismic pro-
cesses in the context of the Arabia-Eurasia
collision. An important by-product of this work is
introducing the rule of tear faults in the seismic
hazard of the region.

2.  Tectonic Setting and Seismicity
2.1. Regional Tectonic

The Kopeh-Dagh mountain range of north-
eastern Iran, as a part of the Alpine-Himalayan
Mountain belt in western Asia, is located at the
eastern corner of the Arabia-Eurasia collision
zone (Jackson et al., 1995) (Figure 2). It represents
up to 10 km thick Mesozoic and Tertiary sediments,
deposited in a subsiding basin during the Mesozoic
extensional regime, which were folded during the
last phase of the Alpine orogeny (Tchalenko, 1975;
Berberian, 1981). The Kopeh-Dagh and Binalud
mountain ranges together form a mountain belt of

about 600 km long and about 200 km wide forming
the Kopeh-Dagh major seismotectonic province
(Figure 2) (Mirzaei et al., 1998). The present-day
kinematics of northeast Iran is characterized by a
northward motion with respect to Eurasia, whose
amplitude decreases linearly toward the eastern
and northern borders of Iran (Figure 2) (Vernant
et al., 2004; Hollingsworth et al., 2008). Based on
geodetic GPS measurements (Vernant et al.,
2004), the accommodation of Arabia-Eurasia
plate convergence within the Kopeh-Dagh region
occurs with a present-day shortening rate of
6.2±2 mm yr-1. Faulting in this region includes
NNW-SSE right-lateral and ENE-WSW left-
lateral strike-slip, and E-W thrust-slip motion
(Hollingsworth et al., 2006, 2008, 2010; Shabanian
et al., 2009) (Figure 2). The dominance of strike-
slip faults in the Kopeh-Dagh region, between
57-59°E, is a result of block rotation (Hollings-
worth et al., 2008, 2010) (Figure 3). The zone

Figure 2. Simplified summary tectonic map of northeastern Iran modified from Hollingsworth et al. (2010). Faults are shown in red.
Anticlockwise rotating blocks (blue arrow) of the Central Kopeh-Dagh are shown schematically (Hollingsworth et al., 2006, 2010).
Green arrows and their associated values show approximate northward velocities across NE Iran (mm/yr), relative to Eurasia,
based on the GPS measurements. Shortening across the Kopeh-Dagh is accommodated by oblique slip on range-bounding thrust
faults east of 59° E, anticlockwise rotation of right-lateral strike-slip faults which cut obliquely across the range between 57-59° E,
and westward extrusion of the West Kopeh Dagh block in the west of 57° E. TE: Tehran, BF: Baghan fault, QF: Quchan fault, BJF:
Bajgiran fault, SSZ: Sistan Suture zone, GF: Gowk-Nayband fault system, SBF: Sabzevar fault zone, KAF: Kashafrud fault zone,
MKTF: Main Kopeh-Dagh thrust fault, AFZ: Ashkhaneh fault zone, EF: Eyvanekey fault zone, MOF: Mosha fault zone, MYF: Meyamey
fault zone.
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of NNW-SSE right-lateral strike-slip faults and
their anticlockwise rotation accommodates
shortening and along strike extension (Hollingsworth
et al., 2006, 2008, 2010). East of 59°E and West
of 57° E N-S shortening is accommodated by
range-bounding thrust faulting, and the westward
extrusion of the western Kopeh-Dagh between
the Shahrud fault zone and the Ashkabad fault
zone, respectively (Hollingsworth et al., 2006,
2008, 2010) (Figure 3).

2.2. Seismicity

The spatial distribution of both historical and in-
strumental earthquakes indicates that northeastern
Iran is a seismically active zone (Figure 2)
(Ambraseys & Melville, 1982; Berberian & Yeats,
1999; Berberian, 2014). Northeastern Iran has
witnessed destructive earthquakes of 943/08
(Mw 7.6), 1695/05/11 (Mw 7.0), 1879 (Mw 6.6), and
1997/02/04 (Mw 6.5) near Bojnurd; 1673/07/30
(Mw 6.5) in Mashhad; 1209 (Mw 7.3), 1270/10/07
(Mw 7.1), 1389/02 (Mw 7.6), 1405/11/23 (Mw 7.6) in
Neyshabur; 1810 (Mw 6.4) in Gholaman; 1851.06
(Mw 6.9), 1871/12/23 (Mw 7.2), 1893/11/17 (Mw 7.1),
and 1895/01/17 (Mw 6.8) near Quchan and
1929/05/01 (Mw 7.2) near Shirvan (Figure 2)
(Ambraseys & Melville, 1982; Hollingsworth et
al., 2006). A destructive earthquake in 1673/07/30
destroyed many regions of Mashhad and killed
about 4000 people (Figure 2) (Ambraseys &
Melville, 1982). NW-SE trending Shandiz fault has
been proposed by Hollingsworth et al. (2010) as a
possible source of this earthquake. Four earthquakes
(1851, 1871, 1893, and 1895) that occurred near
Quchan were associated with the Bakharden-
Quchan fault zone and killed more than 8000
people (Tchalenko, 1975; Ambraseys & Melville,
1982). The 1929 destructive major earthquake
(Mw 7.2) with a coseismic ground rupture length
of more than 50 km along the Baghan fault caused
considerable damage north and east of Shirvan
and killed 3500 people (Tchalenko, 1975; Ambraseys
& Melville, 1982; Hollingsworth et al., 2006)
(Figure 2). The 1997 earthquake (Mw 6.5)
occurred ~30 km north of Bojnurd (Figure 2),
completely destroying 4200 houses, and damaging
about 11,000 houses in more than 170 villages,
which killed 88 and injured 1950 people

(Hollingsworth et al., 2006; Berberian, 2014). The
1997 earthquake ruptured a right-lateral strike-
slip fault, with a strike similar to Quchan and
Shirvan faults (Hollingsworth et al., 2006) (Figure 2).
The most recent major earthquake that occurred
in the region, was the 2017/04/05, Mw 6.1, that
occurred in the Kashafrud thrust fault located
(Figure 2) (Ghayournajarkar & Fukushima, 2020;
Prajapati & Mishra, 2021). The spatial distribution
of earthquakes shows that moderate and large
magnitude earthquakes (M ≥ 5.0) have been
concentrated along major fault zones such as the
Binalud, Bakharden-Quchan, and Neyshabur fault
zones (Figure 2). Most of the focal mechanism
solutions of earthquakes in the region indicate
strike-slip faulting (Figure 2). They are associated
with the NNW-SSE trending right-lateral faults
and ENE-WSW trending sinistral faults. There are
also a few mechanisms showing reverse motion
associated with the eastern part of the Cheshmeh-
Nik fault zone and the southern end of the
Kashafrud fault zone. Based on the Global
Centroid Moment Tensor (GCMT) solutions, the
centroid depth of earthquakes ranges from 15 to
20 km (https://www.globalcmt.org/).

No earthquakes with M ≥ 5.0 have been
recorded along the Ashkhaneh fault zone
(Figure 2), but  local networks of the Iranian
Seismological Center (http://irsc.ut.ac.ir) have
recorded a considerable number of small (M < 5.0)
earthquakes along and in the vicinity of the fault
zone since 2006 (Figures 2 and 4). Ambraseys and
Melville (1982) point to a historical earthquake
with an estimated magnitude of 7.6 near the eastern
tip of the Ashkhaneh fault in 943 (Figure 2).
This earthquake killed 5000 people and more than
30 villages were affected by landslides and
ground deformation in the Samalqan region of
North Khorasan province (Ambraseys & Melville,
1982).

3. Ashkhaneh Fault Zone

The E-W to NW-SE trending Ashkhaneh fault
zone, with ~ 80 km length, located in the western
part of Ashkhaneh town of North Khorasan
province, is one of the most important thrust fault
zones of the western Kopeh-Dagh mountain
range (Figures 2 and 5a) (Javidfakhr et al., 2009,
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Figure 4. Epicenter distribution map of earthquakes recorded by IRSC from 2006 to 2022. WATF: West Ashkhaneh tear fault,
AFZ: Ashkhaneh fault zone.

Figure 5. (a) Google Earth satellite imagery of the Ashkhaneh fault zone (AFZ). See also Fig. 2 for the location. Black quadr-
angles indicate the sites with observed left-lateral strike-slip displacement. (b-e) Google Earth satellite images, showing left-lateral
displacement. The inset in Figure 5c shows the topographic profile across the fault. Red circles and red arrows represent the AFZ
trace. WATF: West Ashkhaneh tear fault, KDF: Kuh-e-Docheng fault, NBF: North Beruj fault, SBF: South Beruj fault, Sa: Samalqan.
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Figure 5. Continue.

2011; Bretis et al., 2012). According to Bretis et
al. (2012), part of the Miocene to recent N-S
shortening between Iran and Eurasia has been
accommodated along the Ashkhaneh fault zone.
Geomorphic and geologic features along the
Ashkhaneh fault exhibit both lateral and vertical
offsets along the fault (Javidfakhr et al., 2009,
2011). Javidfakhr et al. (2011) indicated a trans-
pressional tectonic regime (with an N036±20°E
trending horizontal ?1) along the trace of the
Ashkhaneh fault zone. Bretis et al. (2012) intro-
duced the Ashkhaneh fault zone as an oblique
thrust with a number of sinistral strike-slip tear
faults which accommodate the N-S shortening
between Iran and Eurasia and the W-E extension
of the Western Kopeh-Dagh towards the South
Caspian Sea. Based on stereographic analysis of
the measured structural elements and constructing
cross-sections, Gholami et al. (2017) showed a
dominant reverse mechanism with the sinistral
strike-slip component for the Ashkhaneh fault
zone; as well as the migration of rock units toward
the south-southwest in this area. To the east and
in the hanging-wall of the Ashkhaneh fault zone,
several thrust faults such as the Kuh-e-Docheng
fault, North Beruj fault, and South Beruj fault
have geometrical characteristics similar to the
fault zone (Gholami et al., 2017) (Figure 5a).

The Ashkhaneh fault marks a distinct top-
ographic boundary between mountainous regions
(to the north) and low-land plains to the south
(Figures 5a, 5c). Uplifted surfaces, left laterally

offset streams, and deflected rivers along the fault
zone are the most significant morphological
markers of active faulting (Figure 5b-5e). Left-
lateral offsets as large as ~50 m have been
documented along the fault zone (see Figures 5b,
5d, and 5e). If this left-lateral offsets date from
the last major regional incision event, found to be
12 ± 2 ka in eastern Iran (Fattahi et al., 2006),
as assumed by Hollingsworth et al. (2008), to
estimate the slip rate on the Astaneh fault in
eastern Alborz, this would indicate a slip rate of
3-5 mm/yr on the Ashkhaneh fault. The observed
50 m offset may imply large earthquakes have
probably occurred on the Ashkhaneh fault zone
during the Holocene. However, these estimates
are very simple.

NE-SW to ENE-WSW trending tear faults are
visible along the Ashkhaneh fault zone, both in the
field geological exploration results (Bretis et al.,
2012) and on the satellite images (Figure 6a).
These tear faults which play a very important role
in separating structural units are steep and cut
through deeper (Xue et al., 2021). These tear
faults, with 5 to 25 km length, are mainly seen in
the eastern part of the Ashkhaneh fault zone
(Figure 6a). Left-lateral displacements on these
tear faults are variable, ranging from 150 to 1100 m
(Figures 6b-6g). The westernmost part of the
Ashkhaneh fault zone has been dissected by a
strike-slip tear fault (West Ashkhaneh tear fault)
(Figure 6a). The NE-SW trending West Ashkhaneh
tear fault is about 25 km long, located roughly
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70 km WNW of Ashkhaneh city (Figure 6a).
Numerous streams and rivers show evidence of
left-lateral offset along the fault (Figure 6f, 6g). A
deflected river with a left-lateral displacement
of about 150 m is visible along the fault (Figure 6f).

Figure 6. (a) Google Earth satellite imagery of the Ashkhaneh fault zone (AFZ). (b-e) Google Earth satellite imagery of the tear
faults with left-lateral movements cut the AFZ. Yellow circles and red arrows represent the tear strike-slip fault traces. (f and g)
Google Earth satellite imagery of the West Ashkhaneh tear fault (WATF). Yellow circles and red arrows represent the WATF trace.
KDF: Kuh-e-Docheng fault, NBF: North Beruj fault, SBF: South Beruj fault, Sa: Samalqan.

4. Discussion
In mountain belts, tectonic geomorphology

studies yield a unique insight into active faults
(Kirby & Ouimet, 2011). The tectonic activity of
the Ashkhaneh fault zone is mainly due to the
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E-W trending range-parallel reverse faults (Kuh-e-
Docheng fault, North Beruj fault, and South
Beruj fault) and NE-SW to ENE-WSW trending
range-crossing left-lateral strike-slip tear faults.
Left-lateral tear faults cutting the Ashkhaneh fault
zone influence its morphology conspicuously
(Figure 6b-f).

Using the paleomagnetic data, Mattei et al.
(2017) presented a geodynamic model for the
north and northeast of Iran (Figure 7). Their
geodynamic model implies two stages of faulting
in the Ashkhaneh fault zone. In the first stage
(6-4 Ma), the major E-W trending reverse faults
including the Ashkhaneh fault zone developed in
response to the collision of Central Iran with the
South Caspian Basin (Figure 7a). In the second
stage (present-day), the progressive N-S shortening
has resulted in mountain curvature in eastern
Alborz (Hollingsworth et al., 2010), and the forma-
tion of strike-slip tear faults in response to the
differential shortening along the Ashkhaneh fault
zone (Figure 7b, 7c), like the model presented by
Weil et al. (2010) in their investigation on kinematic
evolution of curved mountain belts.

Based on the geodetic Global Positioning

Figure 7. Schematic cartoon of the tectonic evolution of Northeastern Iran from 6 Ma to present (modified from Mattei et al.
2017) (a and b), and map of Ashkhaneh fault zone (c). SCB: South Caspian Basin, AF: Afghanistan, CEIM: Central-East Iranian
Microcontinent, AFZ: Ashkhaneh fault zone.

System (GPS) measurements (Vernant et al.,
2004; Khorrami et al., 2019), in the present-day
kinematics, the overall Arabia-Eurasia motion
(black arrows in Figure 8c) changes along the
strike of the Ashkhaneh fault. The GPS station
(St01) in the south of the Ashkhaneh fault zone,
and the GPS station (St02) in the north of the
Ashkhaneh fault (Figure 8a) show northward and
northwestward motion with respect to Eurasia,
respectively. The difference in the convergence
between northern and southern areas of the
Ashkhaneh fault zone appeared as different fault-
perpendicular velocities along the strike of the fault
zone (red arrows in Figure 8c), led to left-lateral
movements (Blue arrows in Figure 8c) on Ashkhaneh
fault zone. This is consistent with morphotectonic
evidence (uplifted surfaces, left laterally offset
streams, and rivers) along the fault (Figure 5b-5e).
It is noteworthy that the Ashkhaneh fault zone is
not the only structure located between GPS stations
St01 and St02; therefore, all the obtained lateral
displacements in Figure (8c) are not due to a sinistral
displacement along the Ashkhaneh fault zone.
For instance, the Cheshmeh Nik reverse sinistral
fault (Figure 2) located almost north of the St01
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contributes to strain accommodation as well
(Mousavi et al., 2013, 2015). Gholami et al. (2017)
argued that north-dipping thrust faults in the
hanging-wall of the Ashkhaneh fault zone (e.g.,
North Beruj and South Beruj faults) are evidence
of the greater convergence in the east than in the
west part of the Ashkhaneh fault zone. Such
differences in convergence movement (causing
different strain-rates) between the western and
eastern parts of the Ashkhaneh fault zone may lead
not only to change in the strike of the Ashkhaneh
fault, but also in the formation of tear faults and
their left-lateral movements (Figure 8d).

Large earthquakes related to tear fault ruptures
have been reported around the world. The 2003
Zemmouri (Mw 6.8) at the eastern edge of the
Tibetan plateau, and the 2008 Wenchuan (Mw 7.9)

Figure 8. (a) GPS-derived velocity field for the NE Iran, with
respect to stable Eurasia reference frame (Khorrami et al.,
2019). The yellow and red arrows represent the GPS-estimated
movement of the Arabian plate relative to the Eurasian plate.
AFZ: Ashkhaneh fault zone. (b) Strain-rate tensor using the
velocity field shown in Fig. 8a at the scale of Iran (Khorrami et
al., 2019). (c) Partitioning of convergence (black arrows)
via shortening (red arrows) on thrusts combined with right-
lateral strike-slip (blue arrows). (d) Schematic cartoon of the
Ashkhaneh fault zone evolution.

Figure 9. Epicenter distribution map of earthquakes (2.5 ≤ MN
≤ 4.8) recorded by the IRSC from 2019/11/07 to 2020/02/30
(a). Seismicity on tear faults in Northwestern Iran (b), and
Avaj region in the west of Alborz belt (c). SBFZ: South
Bozgoush fault zone, NBFZ: North Bozgoush fault zone,
SYF: Shalgun-Yelimsi fault zone, AVFZ: Avaj fault zone, HA.

earthquakes in the Algiers region are well-known
examples of tear faulting events (Belabbes et al.,
2009; Feng et al., 2017; Akoglu et al., 2018).
Examples of M ≥ 5.0 earthquakes related to tear
faults in Iran are shown in Figure (9).



JSEE / Vol. 25, No. 3&4, 202310

Saeid Rahimzadeh and Noorbakhsh Mirzaei

The 2019/11/07, Mw 5.9 Turkmanchai earth-
quake in northwestern Iran that caused over 100
fatalities and extensive damages, mainly in the
Turkmanchai region, took place on the NE-SW
trending left-lateral strike-slip tear fault of about
25 km length within the Bozgush Mountains
(Valerio et al., 2020). Based on the Inversion of
Sentinel-1 DInSAR Measurements, Valerio et al.
(2020) proposed an active NE-SW trending left-
lateral strike-slip fault as a possible source of the
2019/11/07 earthquake. However, Isik et al.
(2021) point to dextral WNW-ESE trending right-
lateral strike-slip faults within the Bozgush
Mountains, where the 2019/11/07 earthquake
occurred. From 2019/11/07 to 2020/02/30, the
mainshock was followed by more than 185 events
with 2.5 ≤ MN ≤  4.8, as recorded by the Iranian
Seismological Center (IRSC) (Figure 9a). The
aftershocks of the 2019/11/07 Turkmanchai
earthquake represent a NE-SW direction that is
consistent with the geometry of the Shalgun-
Yelimsi fault. Near vertical NE-SW nodal plane in
the focal mechanism solution of the Turkmanchai
earthquake seems consistent with the location of
the mainshock and its aftershocks; although, the
location error in a range of a few kilometers is
inevitable (Figure 9a and 9b). The 2020/10/24,
Mw 5.0 earthquake in the Avaj region took place
on an E-W trending range-crossing left-lateral
tear fault of about 5 km length (Figure 9c). Tear
faults in the Ashkhaneh fault zone seem similar to
that of the Bozgush Mountains and Avaj region,
considering the length (5 to 25 km) and sense of
slip (left-lateral motion). Although no earthquakes
with M ≥ 5.0 have been recorded on or near the
tear faults of the Ashkhaneh fault zone during the
instrumental time-period, such tectonic similarity
may imply the potential of these tear faults to
cause moderate-magnitude earthquakes.

In seismically active regions, fault interaction
is an important and key issue for detailed seismic
hazard assessments (Ghassemi et al., 2014; Peacock
et al., 2017; Feng et al., 2017, Akoglu et al., 2018,
Valerio et al., 2020). The geometry of active faults
may provide insights into interactions between
fault structures as well as potential locations of
future-triggered earthquakes (Berberian, 2014).
Similar to the earthquake occurrences on the

Shalgun-Yelimsi tear fault (2019/11/07, Mw 5.9)
and South Bozgush thrust fault (2019/11/10, Mw 4.4)
in northwestern Iran (Figure 9b); and possibly the
Avaj thrust fault zone and its tear fault (Figure 9c),
the E-W trending Ashkhaneh thrust fault and
NE-SW to ENE-WSW trending strike-slip tear
faults in this fault zone seem to have interactions,
so that movement along one of these faults may
cause activation of the other fault. This is an
important and key issue for detailed seismic hazard
assessments.

5. Conclusion

The Ashkhaneh Fault zone is an active thrust
fault system in the western Kopeh-Dagh mountain
range, NE Iran, dissected by a number of NE-SW
to ENE-WSW trending sinistral strike-slip tear
faults with marked displacements. The Ashkhaneh
fault zone has been developed in response to the
N-S-oriented shortening between the central Iran
microcontinent and Eurasia. The Ashkhaneh fault
and its related tear faults, formed in response to
differential shortening along the fault zone, seem to
have interactions, so that the likely movement on
one of these faults will lead to movement in
another fault(s), similar to the experience of earth-
quakes on the Shalgun-Yelimsi tear fault and
south Bozgush thrust fault in northwestern Iran.
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