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Abstract: The aim of this study is the
geomorphological analysis of neotectonic deformation
in the Avaj region in the NW part of the Iranian
Plateau. We use observations from detailed field
surveys and the analysis of digital elevation model
(DEM) and satellite images (Landsat-7 ETM+, 30-m
resolution) to explore a new E-W trending strike-slip
fault system in the study area. The major active faults
of the Avaj region are the NW-SE trending Avaj and
Hassanabad fault zones. The Avaj Fault is a SW-
dipping reverse fault with a transport toward NE and
the Hassanabad Fault is a NE-dipping reverse fault
that has moved Paleozoic rocks over Cenozoic
sedimentary units. Moreover, there are some E-W
trending left-lateral strike-slip faults which cut Late
Quaternary deposits. The relationship between the
NW-SE and E-W faults indicates that the slip at the
termination of the NW-SE faults changes from
reverse to left-lateral strike-slip faults. The activity of
the left-lateral faults has formed a series of offsets and
displacements in drainage paths. These left-lateral
faults probably initiated in 5+2 Ma because of the
convergence between the Central Iran and the South
Caspian blocks.
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Introduction

Many destructive earthquakes have occurred
during the past centuries in NW of the Iranian
Plateau (Stocklin et al. 1968; Berberian and King
1981). The present-day convergence between the
Arabian and Eurasian plates and the motion of the
South Caspian and Central Iran blocks are
responsible for these destructive earthquakes
(Berberian 1983; Axen et al. 2001). The southern
Caspian block is moving to the northwest and the
Central Iran is moving to the east due to this
convergence (Priestley et al. 1994). Generally, the
seismicity and dominant tectonic features of the
boundary between these blocks in NW Iran involve
reverse faults (Coplay and Jackson 2006; Ritz et al.
2006; Toori and Seyitoglu 2014).

The Avaj region in NW Iran is located in a
critical area among these major reverse faults and
the active tectonic belt between the Central Iran
and the Caspian blocks constitutes the morphology
of this region (Figure 1). Although earthquakes
with the magnitudes of up to 6.5 (Changureh-Avaj
earthquake (MW=6.5) on June 22, 2002) have
occurred in the Avaj region, there is no detailed
geological study on the active faults of this region.
Most previous studies focused on the focal
mechanism, epicenter location, and source
parameters of the Changureh-Avaj earthquake (i.e,



Zare 2003; Gheitanchi 2004; Walker et al. 2005).
Therefore, the current study has focused on the
geometrical and kinematic analyses of the active
faults of this region. We present a new
interpretation for active faults of the Avaj region
and propose a new E-W trending left-lateral strike-
slip fault system in addition to the NW-SE trending
reverse faults mentioned in previous studies. For
this purpose, detailed field observations and the
analyses of satellite images and digital elevation
models are used.

1 Geological Setting

The Avaj region is located in the collision
zone between the Arabian and Eurasian plates at
the NW end of the Central Iran geological zone
(Figure 1). This region corresponds to two different
geological subzones based on surface outcrops: the
Abegarm sub-zone in the NE and the Razan sub-
zone in the SW (Bolourchi 1979) (Figure 2). The
boundary between these two sub-zones is
coincident with the NW-SE trending Avaj fault
zone. In the Razan sub-zone, the Paleozoic and
Lower to Middle Triassic depositions are not
exposed and the oldest formations are the slightly
metamorphosed rocks of upper Triassic-Jurassic
strata which are disconformably overlain by upper
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Jurassic conglomerate and limestone. The Tertiary
rocks of the Razan sub-zone compose a relatively
complete succession. The Abegarm sub-zone is
located in the NE part of the study area, is
composed of a relatively complete succession of
Precambrian (i.e. the Kahar Formation) to recent
deposits, and comprises several unconformities
and gaps. (Bolourchi 1979). The NE part of this
sub-zone has been dissected by the Hassanabad
and Kharrud faults. Furthermore, the most
important fault structures around the Avaj region
are the E-W trending Ipak fault zone, the NW-SE
trending Soltanieh fault zone, and the WNW-ESE
trending Koushke-Nosrat fault zone (Berberian
1983; Allen et al. 2011).

2 Material and Methods

In this paper, we propose geometrical and
kinematical evidence of new E-W trending left-
lateral strike-slip fault systems in the Avaj region
based on three types of data: digital elevation
model, geological maps, and field data. First, the
analyses of the satellite images (Landsat-7 ETM+,
30-m resolution) and the digital elevation model
indicate a neotectonic evidence of fault movements
such as offsets along the path of streams. These
offsets were calculated by projecting the trend of
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Figure 1 (a) General tectonic setting of the north Iranian Plateau (Zanchetta et al. 2009). The black rectangle shows
Figure 1b. (b) General tectonic map of the north Iranian Plateau merged with the SRTM image. The black rectangle
shows the location of the study area. AFZ: Avaj fault zone, HFZ: Hassanabad fault zone, NTF: North Tehran Fault.
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Figure 2 The geological map of the study area (Bolourchi 1979). The Razan and Abegarm sub-zones are located in the
southeast and northeast of the study area, respectively. The rectangles show the locations of the following figures.

the downstream and upstream sections to the fault
trend and the distance between the projected
points indicates the amount of the offsets (Alipoor
et al. 2012; Yan and Lin 2015). The digital elevation
model was obtained by ArcGIS from Shuttle Radar
Topography Mission (SRTM, 30-m resolution).
Geological maps at 1/1.000.000 scale (Bolourchi
1979) and high-resolution Google Earth images
provided information about the lithologies, faults
trends, and major landforms of the study area.
Then, we examined the results of the E-W left-
lateral faulting through field observations. The
evidence of faulting in the field observations
included the slickenline on fault planes,
displacement in layers, faults breccia, and fault
steps.

3 Results and Interpretations

The morphology of the Avaj region is
composed of two NW-SE trending ranges and sub-
basins (the Abegarm and Razan) (Figure 2). In
previous studies, the regional morphology was
explained by the NW-SE trending reverse faults
and new observations presented in this research
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demonstrate new E-W trending left-lateral strike-
slip faults. Generally, the active fault zones in the
Avaj region are divided into two major NW-SE
trending fault zones, namely, the Hassanabad fault
zone in the northern part and the Avaj fault zone in
the central and southern parts (Figure 2). The E-W
trending left-lateral strike-slip faults have formed
between the NW-SE faults segments and the slip at
the termination of the NW-SE faults changes from
reverse to left-lateral strike-slip mechanism. In
addition, the recent activity of the left-lateral faults
has formed a series of offsets and displacements in
the drainage paths. However, our findings in this
paper present a new description of the neotectonic
framework for the Avaj region.

3.1 Hassanabad fault zone

The Hassanabad fault zone is located in the
northern part of the Avaj region and the most
important structures in this zone are NW-SE
trending Hassanabad and Kharrud reverse faults.
The NW-SE trending Hassanabad Fault with a
length of about 75 km is exposed in the northern
part of the Abegarm sub-zone. The eastern
termination of this fault extends to the Ipak seismic



fault (Fig. 1). Noticeably, the Ipak Fault has been
disrupted during the Buin-Zahra earthquake of
September 1, 1962 (Ms=7.2) (Ambraseys and
Melville 1982) with a reverse dip separation of
about 1.4 m and a left-lateral strike-slip
displacement of 0.6 m (Berberian 1983).

Although the Hassanabad Fault had
previously been mapped in the geological map of
the study area (Bolourchi, 1979), there is no data
about the kinematics and geometry of this fault.
Our findings indicate two sets of fault planes with
different kinematics in the Hassanabad fault zone.
The first set comprises the NW-SE trending reverse
faults which moved Paleozoic rocks over Cenozoic
sedimentary units. The second set is composed of
the recent E-W trending strike-slip faults cutting

Cenozoic rocks and Quaternary alluvium (Figure 2).

The NE-dipping Hassanabad reverse fault is the
most prominent NW-SE structure (Figure 3a)
which has transported the middle Cretaceous
limestone over the upper Cretaceous limestone and
marls. In the vicinity of the Aghche-Qaleh village,
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the Hassanabad fault plane is well exposed (Figure
3b) with an attitude of N55°W/85°NE (Figure 3c).
Accordingly, the mechanism of this fault is a NE-
dipping reverse fault and the direction of the fault
plane lineation indicates a transport toward SW
(Figure 3d). Indeed, the sensation of roughness is
in the direction of fault movement. The NW-SE
trending Kharrud reverse fault with a length of
more than 40 km is another important fault in the
central part of the Abegarm sub-zone (Figure 3).
Cambrian to Mesozoic deposits are exposed in the
northern part of this fault, whereas there is a
depression basin in the southern part. This fault
separates the lower Paleozoic deposits in the
northeast from the Cenozoic deposits in the
southwest.

The NE-dipping reverse Hassanabad Fault and
other left-lateral strike-slip faults are observable at
several localities. Both left-lateral strike-slip and
reverse fault planes are exposed near Sinak and
Hassanabad villages (Figure 4a). Close to Sinak
village, the massive limestone of the upper

Jurassic Marl and Limestone

Cretaccous Limestone

Figure 3 (a) SRTM image map of the Hassanabad fault zone. See Figure 2 for the location. The blue box shows the
location of Figures 3b, 3¢, and 3d. (b) Cretaceous limestones are thrust over the Jurassic marl and limestone along the
Hassanabad fault zone. (c), (d) The fault plane of the Hassanabad Fault with a NW-SE trend.
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gure 2 for the location. (b) The

Hassanabad fault zone causing the thrusting of the Cretaceous limestone over the Permian limestone. (¢) The
Hassanabad fault plane surface, and (d) slickenline on the fault plane with a slip rake angle of 75°S indicates a reverse

mechanism.

Cretaceous was uplifted due to the movement of
the Hassanabad Fault and emplaced over the
Permian limestone and sandstone (Figure 4b,
Figure 2). The striations on the fault plane surface
demonstrate a reverse displacement in the fault
zone and a transport toward the SW (Figure 4c).
These striations indicate the left-lateral component

of the oblique reverse slip on the Hassanabad Fault.

The attitude of this fault plane is N65°W/75°NE
with a slip rake angle of 75°S. This reverse fault has
cut the Cretaceous limestone and the motion of the
hanging-wall is upward and to the right (left-lateral
oblique) as evidenced by the slickenlines and steps
on the fault plane (Figure 4d).

The Hassanabad and Kharrud reverse faults
are the oldest faults of the study area continued by
E-W left-lateral strike-slip faults. A number of left-
lateral strike-slip faults are observed in the
Hassanabad fault zone. Close to Sinak village, a
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fault plane with a strike-slip mechanism cuts the
Permian limestone (Figure 5a). The attitude of this
fault plane is N80°E/85°NW with a slip rake angle
of 20°S (Figure 5b). The striations and nearly
horizontal slickenlines on this fault plane indicate a
left-lateral strike-slip mechanism. Thus, two fault
plane sets were recognized in the Hassanabad fault
zone: early reverse faults (Figure 3 and 4) and late
left-lateral strike-slip faults (Figure 5). The data
obtained from the NW-SE reverse faults and E-W
left-lateral strike-slip faults indicate that the slip at
the termination of the NW-SE faults changes from
reverse to left-lateral strike-slip in the study area
(Figures 5 and 6).

The E-W trending left-lateral strike-slip faults
are also observed in the middle parts of the
Hassanabad fault zone (Figure 6a). Close to Qaleh
Abdollahkhan village, limestone and marl of
Eocene are cut by a vertical E-W trending fault



Permian Limestone

(a)

Figure 5 (a) Permian limestones have been displaced by an E-W trending strike-slip fault along the Hassanabad fault
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zone. See Figure 4 for the location. (b) The nearly horizontal slickenlines (with a slip rake angle of 20°S) on the fault

plane surface indicate left-lateral strike-slip movements.
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Figure 6 (a) The SRTM image of the middle part of the Hassanabad fault zone. See Figure 2 for the location. (b) The
fault zone of the E-W trending strike-slip fault has cut Eocene limestone and marl. (c), (d) The fault plane surface and
sub-horizontal slip rake angle (15°S) show a left-lateral strike-slip mechanism.

(Figure 6b). The indicators of this fault plane such
as the nearly horizontal slickenlines indicate a left-
lateral strike-slip movement (Figure 6c¢). The
attitude of the fault plane is N88°E/85°NW with a
slip rake angle of 15°S (Figure 6d). Hence, our
structural field data from the Hassanabad fault
zone demonstrate that two different fault

mechanisms occur in the northern part of the study
area. The NW-SE trending longitudinal faults are
the main structures in the study area. The E-W
trending left-lateral strike-slip faults comprise the
recent range-crossing faults. This indicates that the
mechanisms of reverse faults, at least at their
termination, have changed into left-lateral strike-
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slip faults.

3.2 Avaj fault zone

The Avaj fault zone with a length of about 75 km
passes through Avaj city and separates the
Abegarm and Razan sub-zones (Figure 7a). The
strike of this fault varies from N50°W to N60°W in
the boundary between the metamorphic rock units
of the Razan sub-zone and recent alluvium deposits
(Figure 1). The Avaj Fault has been reactivated
since the Eocene and pyroclastic metamorphosed
upper Triassic-Jurassic rocks were transported
over the Miocene Upper Red Formation.

The Avaj reverse fault trace has been
observed at several localities (Figure 7). The
limestone, marl, and green tuff of the Karaj
Formation (Eocene) in the southwest of Avaj city
were uplifted due to the Avaj reverse fault and
emplaced over the marl and red sandstone of the
Upper Red Formation (Figure 7b). This oblique
SW-dipping reverse fault has formed a crash zone.

49°20'0"E

49°10'0"E

The fault plane indicators such as striations and
nearly vertical slickenlines demonstrate a reverse
displacement in the fault zone and a transport to
the NE (Figure 7c¢). The attitude of this fault is
N56°W/72°SW with a slip rake angle of 70°S
(Figure 7d).

The NW-SE trending Qameshlu Fault is
another prominent structure between Avaj and
Abegarm cities. This fault begins near Qameshlu
village and extends about 45 km toward the
southeast (Figure 2). Limestone, tuff, and basalt of
the Qom Formation (Oligo-Miocene in age) in the
NE part of this fault were uplifted and emplaced
over the marl and red sandstone of the Upper Red
Formation (Figure 2). The Qameshlu reverse fault
is observed at several localities (Figure 8a).
Detailed field observations revealed that this fault
trace is associated with two styles of faulting in the
outcrop. The limestone of the Triassic Elika
Formation has been thrust over the dolomite and
limestone of the Jurassic Lar Formation in the
northwest of Gandahu village (Figure 8a). The fault

Oligo-Miocene
Limestonc and Tuff

e o £ X
. - -
e A B\ S A A

Figure 77 (a) The SRTM image shows the Avaj fault zone. See Figure 2 for the location. (b) The Avaj fault zone crosses
the Oligo-Miocene limestone and marl. (c) The fault zone, and (d) the fault plane surface of the NW-SE reverse Avaj

Fault with a slip rake angle of 70°S.
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Figure 8 (a) The SRTM image of the Qameshlu fault zone. See Flgure 2 for the location. The blue boxes show the
locations of Figures 8b, 8c, and 8d. (b), (c) the fault plane surface and the nearly vertical slickenline (with a slip rake
angle of 75°S) indicate the reverse mechanism of the Qameshlu Fault. (d) E-W left-lateral strike-slip faults crossing

the Qameshlu reverse fault

plane indicators demonstrate a displacement
toward the SW along this NE-dipping reverse fault
(Figure 8b). The nearly vertical slickenlines
indicate a reverse faulting in this part of the
Qameshlu Fault (Figure 8c). The measured fault
plane attitude is N64°E/75°NW with a slip rake
angle of 80°S indicating an oblique reverse
displacement (Figure 8c). Both reverse and left-
lateral strike-slip fault planes of the Qameshlu
Fault are exposed in the northwest of Gandahu
village indicating an oblique reverse and left-lateral
strike-slip faulting along the Qameshlu Fault
(Figure 8a). The field observations indicate that
this reverse faulting is followed by E-W trending
left-lateral strike-slip faults. Close to Gandahu
village, a sharp fault plane crosses the Jurassic
limestone. The attitude of this fault is
N76°E/80°NW with a slip rake angle of 15°S and
the slickenlines on the fault plane indicate a left-

lateral strike-slip faulting (Figure 8d).

Furthermore, left-lateral strike-slip faults
along the Qameshlu Fault can be observed in the
south of Gandahu village (Figure 8a). Marl and red
sandstone of the Upper Red Formation are cut by
strike-slip faults indicating recent left-lateral
displacement (Figure 9a). High angle dip and
nearly vertical bedding of the Upper Red
Formation marl close to the Qameshlu fault zone
are detectable in the field observations (Figure gb).
The fault responsible for this deformation through
the variegated layers of the Upper Red Formation
is a NE-dipping strike-slip fault. Structural and
morphological evidence demonstrates a left-lateral
shear along this fault. The attitude of this fault is
N84°E/82°NW with a slip rake angle of 30°S.
Striations and nearly horizontal slickenlines on the
fault plane indicate the left-lateral strike-slip
displacement of the fault (Figure 9c).
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Miocene Marl

Miocene marl in the south of Gandahu village. See
Figure 8 for the location. (b) The vertical bedding of the
Miocene marl along the E-W trending strike-slip faults
of the Qameshlu fault zone. (c) The nearly horizontal
slickenline on the fault plane indicates left-lateral
strike-slip movements.

At the middle part of the Avaj Fault, left-
lateral strike-slip faults cut recent alluvium and
terraces in the south of Avaj city (Figure 7). A
prominent fault trace in the Quaternary alluvial
deposits occurs near the termination of the E-W
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striking faults (Figure 10a). The deep incision on
the valley floor due to the displacement of these
strike-slip faults demonstrates a rapid vertical
denudation (Figure 10b). In this part of the study
area, the Quaternary alluvia are exposed along a
linear, abrupt, topographic step caused by recent
E-W strike-slip faults. The nearly horizontal
slickenlines on this fault plane indicate its left-
lateral strike-slip movement. The attitude of this
fault is N90°E/85°S with a slip rake angle of 10°S
(Figure 10c). Morphologically, the E-W striking
left-lateral strike-slip faults in the Avaj fault zone
continue the NW-SE trending major reverse faults.

3.3 Geomorphological evidence for left-
lateral movements

The displacement of the drainage paths is a
useful method for measuring fault offsets and has
already been used in Iran (i.e. Talebian and
Jackson 2002; Alipoor et al. 2012; Alipoor et al.
2011) and elsewhere (Wallace 1968; Replumaz et al.
2001). The examination of satellite images and
aerial photos indicates a series of offsets and
displacements in the drainage paths of the Avaj
fault zone. The recent E-W trending left-lateral
strike-slip faults of the Avaj region have affected
the drainage paths and the amount of fault offsets
can be estimated by restoring these drainage paths.
Thus, in this study, the offsets along the drainage
paths were measured based on the analyses of
Landsat satellite images and digital elevation
model.

The first offset along the left-lateral strike-slip
fault was measured in the middle part of the
Qameshlu fault zone (Figure 8). Google Earth
images indicate a strike-slip fault trace near Qezel-
Tappeh village where a left-lateral offset of about
850 m is detectable in the drainage path (Figure
11a). The amount of offset on this E-W trending
left-lateral strike-slip fault could be estimated via
the restoration of the drainage paths. Figure 11b
indicates the fault before and after the 850 m
restoration of the left-lateral strike-slip movements.

The strike - slip movement along the NW part
of the Avaj fault zone has led to the deflection of
the drainage paths. To estimate the amount of
offset in this part of the study area, Google Earth
images were used. A left-lateral offset along the E-
W trend fault is visible near Shurab village (Figure
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Recent alluvium

Figure 10 (a) and (b) Alluvial deposits are displaced by cross-cutting left-lateral strike-slip faulting along the Avaj
fault zone. See Figure 7 for the location. (c) Slickenlines on the fault plane with the slip rake angle of 10°S show a left-

lateral strike-slip mechanism.

12a). This left-lateral offset in the NW part of the
Avaj fault zone has caused a displacement of about
2500 m (Figure 12b).

4 Discussion

The recent morphology of the Avaj region is
due to the activity of the major active faults. These
faults have been responsible for many destructive
earthquakes and the Changureh-Avaj earthquake
of June 22, 2002 is the most important
instrumentally recorded earthquake in the Avaj
region. This earthquake with an estimated
magnitude of MW 6.5 occurred at 07:28 local time
(02:58 GMT) in a sparsely populated region

(Walker et al. 2005). The focal mechanism solution
of this earthquake indicates a thrust fault and must
be related to the Avaj thrust fault (Toori and
Seyitoglu 2014) (Figure 13). Our findings in this
research indicate two stages of faulting in the Avaj
region in the NW of Iran. In the early stage, major
NW-SE trending longitudinal reverse faults
developed in response to the oblique convergence
between the Arabian and Eurasian plates. In the
late stage, E-W trending left-lateral strike-slip
faults occurred during the partitioning of the
deformations in the study area. It is suggested that
the early stage was related to the Cretaceous
oblique convergence, while the late stage resulted
from the Cenozoic collision. Considering the recent
movements and activities along the major fault
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Figure 11 (a) and (b) Google Earth images of the left-lateral fault movement before and after the reconstruction of
850 m offset. See Figure 8 for the location. The locations of the fault and drainage paths are shown by red and blue

lines, respectively.
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Figure 12 The SRTM image of the NW part of the Avaj fault zone before and after reconstructing the 2500 m left-
lateral movement. See Figure 2 for the location. The symbols are identical to those of Figure 11.

zones of the study area, it is important to
determine the precise timing of the inception of the
left-lateral deformation. The recent morphology of
the study area is controlled by the oblique plate
movements between the Central Iran and South
Caspian blocks. Generally, these oblique plate
movements and the clockwise rotation of the South
Caspian block caused a left-lateral shear in the Avaj
region. Therefore, the left-lateral movements along
the active fault zones of the Avaj region may have
been initiated when the South Caspian block began
to rotate.

Based on the observations of surface faulting
and earthquake focal mechanisms, Jackson et al.
(2002) suggested that the present motions of the
South Caspian block may have begun in Pliocene
(3—5 Ma). By dating on zircon, biotite, K-feldspar,
and apatite samples, Axen et al. (2001) noted that
the subsidence of the South Caspian block and the
reversal of Alborz strike-slip from right-lateral to
left-lateral faults began in 5+2 Ma. Using
morphotectonics and structural analysis, Ritz et al.
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Figure 13 The SRTM image indicates a simplified
neotectonic framework of the Avaj region based on the
new structural data presented in this research.

(2006) suggested that the clockwise rotation of the
South Caspian block began in the Pliocene age.



Given that the oblique convergence between the
Central Iran and South Caspian blocks caused a
left-lateral shear, the left-lateral faulting in the Avaj
region was probably initiated in 5+2 Ma.

The new data in this research indicate that the
convergence between the Central Iran and South
Caspian blocks has not been compensated only by
the NW-SE trending reverse faults as described in
previous studies. Rather, this convergence has also
been compensated by E-W trending left-lateral
strike-slip faults. The important point here is the
relationship between NW-SE trending reverse
faults and E-W trending left-lateral strike-slip
faults in the study area. The major NW-SE trending
reverse faults of the study area are the Kharrud and
Hassanabad fault in the NE of the region and the
Avaj fault zone in the SW part of the region. Thus,
major longitudinal NW-SE trending fault zones of
the study area indicate a reverse mechanism and
the structural data presented in this paper
demonstrate new E-W trending left-lateral strike-
slip faults. These E-W trending left-lateral strike-
slip faults in the Avaj region have been developed
among the NW-SE trending reverse fault segments.
Based on this new structural evidence, a new
simplified neotectonic framework of the study area
was constructed for the movements of the active
faults and the description of the tectonic conditions
in the study area (Figure 13).

5 Conclusion

The neotectonics of the Avaj region have been
complicated by three active fault zones: the E-W
trending Ipak fault zone with a left-lateral
compression mechanism, the NW-SE trending
Soltanieh fault zone with a left-lateral reverse
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