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Abstract: In this paper, faults, one of the most important causes of geohazards, were investigated
from a kinematic and geometric viewpoint in the northern part of the Sistan suture zone (SSZ),
which serves as the boundary between the Afghan and Lut blocks. Furthermore, field evidence was
analyzed in order to assess the structural type and deformation mechanism of the research area.
In the northern Birjand mountain range, several ~E-W striking faults cut through geological units;
geometric and kinematic analyses of these faults indicate that almost all faults have main reverse
components, which reveals the existing compressional stress in the study area. The northern Birjand
mountain range is characterized by four main reverse faults with ~E-W striking: F1-F4. The F1
and F2 reverse faults have southward dips, while the F3 and F4 reverse faults have northward dips.
Moreover, the lengths of the F1, F2, F3, and F4 faults are 31, 17, 8, and 38 km, respectively. These
faults, with reverse components that have interactive relationships with each other, form high relief
structures. The study area’s main reverse faults, including F1 to F4, are extensions of the Nehbandan
fault system, while their kinematics and geometry in the northern Birjand mountain range point to
an N-S pop-up structure.
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1. Introduction

Iran is situated in a tectonic convergence zone between the Eurasian and Arabian
plates in the north and south, respectively. This convergence is mostly accommodated by
the Alborz Mountains, the Zagros Mountains, and the Makran zone [1,2]. Iran, on the other
hand, has a complex tectonic evolution associated with the Tethys history [3]. The closure
of several Neo-Tethys oceanic domains in the late Cretaceous and early Tertiary can be
seen by the formation of the SSZ, Nain Baft, and Sabzevar sutures [4]. The SSZ is located
adjacent to the eastern Iranian border with Afghanistan and Pakistan [5]. The northward
movement of Iran in relation to Afghanistan induces several right-lateral strike-slip faults
on the edge of Lut [6,7]. The SSZ, which is overprinted by the Nehbandan fault at the
eastern limit of the Lut block, is an accretionary prism of the Sistan Ocean between the
Afghan and Lut blocks [8-10]. The western edge of the Lut block includes a number of N-S
faults, including the Nayband, Sabzevaran, and Gowk faults, which are affected by the
Arabia—Eurasia continental plate collision [11]. A number of significant seismic events in
the SSZ occurred by strike-slip faults and their splays, which also play an important role
in the current morphology of the area [12]. Iran’s predominant tectonic mode has shifted
to strike-slip from compressional since the Pliocene [13]. As shown in Figure 1, the study
area, including the Nehbandan faults branches, is located in the N-S Sistan suture zone.
Detailed field surveys have not yet documented the northern Birjand mountain range in
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the Sistan suture zone in terms of its geometric kinematics. Moreover, in this research,
the structural style of the study area was investigated using geometric-kinematic analysis.
This methodology has been found to be useful in places such as northeast Iran [14,15]; the
Himalayan fold-thrust belt [16]; the Andes [17]; the Zagros mountain range [18], the Mosha
fault in the Central Alborz range, Iran [19]; NE Ghats Province, India [20], the western
Ordos fold-thrust belt, China [21]; the NW Zagros Mountains, Kurdistan Region, Iraq [22];
and Shekarab Mountain in eastern Iran [23,24].
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Figure 1. The structural zones of Iran. The black rectangle shows the area where the study took place
(Neh. F = Nehbandan fault).

2. Tectonic and Geological Setting

The Sistan suture zone, which has been defined by a deformed accretionary prism
since the early Cretaceous, has a rather complex history that includes rifting, subductions,
ophiolite emplacement, continental collision, and uplift, as well as at least three phases
of Cenozoic deformation, which has resulted in its current state [8,25]. Several strike-slip
faults bordering the Lut block accommodate the N-S right-lateral component of the shear
between the Afghan and Lut blocks [4,26,27], resulting in a right-lateral shear with the
N-NNE movement of Iran with respect to the stable Afghan block. Major N-S right-lateral
strike-slip faulting dominates this zone, along with some E-W left-lateral strike-slip faults
and some NW-SE reverse faults [28]. The region of Birjand is relatively elevated, with a
series of roughly east-west linear mountain ranges that expose Late Cretaceous to Eocene
ophiolite rocks of the SSZ, which are predominantly affected by shear zones [7,29]. The
N-S trending Nehbandan strike-slip fault has sub-branches in its southern and northern
terminals that are mainly reverse faults with an E-W trend [30]. Nearly all of the faults
in the northern Birjand mountain range are reverse faults with a strike-slip component,
according to geometric and kinematic analyses of identified faults (Table 1, Figures 2 and 3).
The main lithologies of the study area are ophiolite, phyllite, flysch, tuff, limestone, and
young terraces (Figure 4).
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Figure 2. Structural map of eastern Iran (Sistan suture zone) on a shaded relief map, Neh = Nehban-
dan fault.
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Figure 3. Digital elevation model structural map of the tectonic features. The orientation of the
principal stress axes associated with faults is represented by stereonets.
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Figure 4. Geological map of the northern Birjand mountain range.

Table 1. The kinematic and geometric location of faults identified in the study region.

Fault Geometric Slicken Line Fault

Name Position Position Mechanism
F1 N90E, 50S S88E, 70 Reverse with a dextral component
F2 NB84E, 50S S28E, 48 Reverse with a dextral component
F3 N90E, 60N N21E, 58 Reverse with a sinistral component
F4 NS85E, 40N NZ2E, 39 Reverse with a sinistral component
F5 N10W, 50NE N4W, 8 Sinistral with a normal component
Fo6 N60W, 78SW N76W, 19 Sinistral with a reverse component
F7 NBS8OE, 86SE NB8OE, 11 Dextral with a reverse component

3. Material and Methods

The spatial orientation of fault planes and associated slicken lines were measured
as the fault kinematic data (Figure 3, Table 1). In addition, the digital elevation model
(DEM), fieldwork, satellite images, and geological maps were used to study the structural
style as well as the lithological information in the northern Birjand mountain range. To
analyze the fault mechanisms, the kinematics and geometry of the faults were investigated
using slicken lines. In order to conduct kinematic and structural analyses of the study area,
the tilting and offset of the rock units and the orientation of the main fault planes were
measured. The directions of principal stress, including sigma 1, sigma 2, and sigma 3, were
determined using the kinematic axes method including P (shortening) and T (extension).
The P and T axes correspond to the directions of the principal stress of sigma 1 and sigma 3,
respectively [31,32]; we used this most robust method using FaultKin 8 software [33]. In
order to reconstruct the tectonic history that led to the deformation of the northern Birjand
mountain range, we analyzed the data collected from various sites and suggest a tectonic
model to understand the structural style of the study area.
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4. Results

To define the mechanisms of faults, it is necessary to comprehend their surface traces
and kinematic/geometric properties. This section describes the fault patterns in order to
comprehend the deformational patterns associated with the faults in the study area. This
study collected brittle structures, including the spatial orientation of the fault planes and
the associated slicken lines, from seven major faults. On the structural map, the faults and
data collection sites are indicated. In order to determine the structural style and kinematic
of the northern Birjand mountain range, we first attempted to analyze the brittle tectonic
data collected from various sites. The Nehbandan fault system consists of the West Neh
and East Neh, which run parallel to one another. The thrust splays of the Nehbandan fault
system formed the northern Birjand mountain range (Figure 2). The main reverse faults of
the northern Birjand mountain range, F1 to F4, are the continuation of the Nehbandan fault
system. We characterized the kinematic—geometric relationships, displacement direction,
the stress that exists in the intersection zones, and the angle between the intersecting lines
in the northern Birjand mountain range. Therefore, using these parameters, we present
the relationships between the structural zones and faults in the study area. In a two-
dimensional view, some faults have no interaction with other faults (e.g., the F4 fault).
Some exposed faults in the northern Birjand mountain range are characterized by their
segmentations. For example, the east-west faults, such as F1 and F3, are composed of
linked segments. The main reverse faults of the northern Birjand mountain range have
nearly east-west strikes. The structural evidence for active faulting is described in the
following sections.

4.1. The Nehbandan Fault System

Nehbandan fault, which delimits the boundary between the SSZ in the east and the
Lut Block in the west (Figure 1), is approximately 400 km long and consists of multiple
faults [34], including East Neh and West Neh on the western side of the SSZ (Figure 2) and
the F1, F2, F3, and F4 reverse faults in the northern Birjand mountain range. Some reverse
splays of the Nehbandan fault system have been located in the northern Birjand mountain
range; F1, F2, F3, and F4 are the main reverse faults in the study area, which are reverse
splays of the Nehbandan fault.

4.1.1. F1 Fault

The F1 fault, the northern reverse fault with ~E-W strike, is approximately 31 km long.
This fault has uplifted upper Cretaceous rocks (Figure 5), which are the oldest exposed
rocks in the study region. The fault plane with an attitude of N90° E, 50° S and a slicken
line with 71 SE rakes is a reverse fault with a minor dextral component.

4.1.2. F2 Fault

The F2 fault, a reverse fault with a minor dextral component, is approximately 13 km
in length and trends E-W. This fault is responsible for the movement of upper Cretaceous,
Eocene, and Oligocene rocks (Figure 6). Fault F2 thrusted the Eocene-Oligocene units over
the upper Cretaceous units. The geometric position of this fault is N84° E, 50° S, and its
slicken line shows a 78° SE rake.

4.1.3. F3 Fault

The approximately 8 km-long F3 fault, with an attitude of N90° E, 50° S and a slicken
line with a rake of 78° NE, is a reverse fault with a minor left-lateral component (Figure 7),
while the phyllite-schist units are elevated as a result of its activity. Along this fault, upper
Cretaceous rock units were thrust over the Eocene rock units; thus, the juxtaposition of
older and younger rock units indicates that this fault moved in reverse.
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Figure 5. (a) Trace of the reverse, dextral component of the F1 fault (shown by triangles); (b) slicken
line on the minor fault (the location is shown by the star). In the stereonet, the numbers 1, 2, and 3
represent the orientation of the principal stress axes, and the arrow in the stereonet indicates the
direction of movement of the hanging wall.

Figure 6. (a) Field photo of F2 fault trace (shown by triangles) that is reverse with a dextral strike-slip
mechanism; (b) slicken line on the minor fault (the location is shown by the star). Numbers 1, 2, and 3
in the stereonet denote the orientation of the principal stress axes; the arrow in the stereonet indicates
the movement direction of the hanging wall.

4.1.4. F4 Fault

The satellite image and digital elevation model (DEM) reveal a system of folds along
the F4 fault in the southern margin of the northern Birjand mountain range. Figure 8b
depicts the western portion of the F4 fault, the southernmost fault in the study area. The F4
fault is about 38 km in length and is a reverse fault with a sinistral component fault that
trends ~E-W; this fault is responsible for the uplift of the Neogean sediments (Figure 8).
Moreover, the F4 fault has cut and moved the Pliocene-Quaternary sediments. Along this
active fault, rivers and Quaternary offsets deflect nearly 40 m (Figure 8d). The river offsets
and the overlying of older units on younger units indicate reverse and sinistral movements
along this fault.

4.1.5. F5 Fault

The F5 fault has a length of approximately 11 km, is sinistral with a normal component
fault, and trends ~NW-SE; this fault has displaced the F1 fault (Figure 3). The cumulative
offset along this fault in the upper Cretaceous and Eocene units is approximately 0.5 km.
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Figure 7. (a) Field photo illustrating the uplift in phyllite rocks by F3 fault (shown by triangles); (b) the
trace of F3 fault with a closer view, which is a reverse fault with a sinistral component; (c) slicken line
on the minor fault in part. Numbers 1, 2, and 3 in the stereonet denote the orientation of the principal
stress axes; the arrow in the stereonet indicates the movement direction of the hanging wall.

59°06'

Figure 8. (a) Trace of F4 fault which is a reverse fault with a sinistral strike-slip component on the
satellite image (shown by triangles); (b) field photo illustrating the uplift in Neogean sediments by
F4 fault; (c) slicken line on the minor fault (the location is shown by a star); numbers 1, 2, and 3 in the
stereonet denote the orientation of the principal stress axes; (d) nearly 40 m offset and tilting of rivers
along the fault, arrow in the stereonet indicates the movement direction of hanging wall.
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4.1.6. F6 Fault

The approximately 9 km-long F6 is a sinistral fault with a reverse component trending
NW-SE. The cumulative displacement along the F6 fault is approximately 1 km. In addition,
this fault has cut and displaced the F1 and F2 faults, as well as Quaternary units, indicating
its activity (Figure 3).

4.1.7. F7 Fault

The F7 fault has a length of ~4.5 km with ~E-W trending; according to the field
observations, the mechanism of this fault is dextral with a reverse component (Figure 9). The
F7 fault has cut ~35 m of the Eocene and Oligocene rock units and caused fold displacement
in the study area.

Figure 9. (a) Field photo of F7 fault with dextral mechanism, the trace is shown by triangles; (b) slicken
line on the minor fault. In the stereonet, the numbers 1, 2, and 3 represent the orientation of the
principal axes of stress.

5. Discussion

The geometric, kinematic, and topological relationships between faults in the northern
Birjand mountain range were determined, with a focus on how these faults have formed
geologic structures. The structural style and mechanism of the study area were investigated
using field evidence. On the basis of their geometric relationships and kinematics, our
research provides a framework for analyzing interacting faults. The Nehbandan fault
system has sub-branches in the northern and southern terminals; the northern terminals of
the Nehbandan fault are reverse faults with ~WNW-ESE striking (Figure 2). In the northern
Birjand mountain range, several east-west trending faults cut through geological units
(Figure 3); field evidence indicates high tectonic activity associated with these fault systems.
Geometric and kinematic analyses of faults show that some planes of these fault zones
have reverse components, which reveal the existence of compressional stress in the study
area. In this research, the northern Birjand mountain range was characterized by four main
reverse fault planes with nearly E-W striking: the F1, F2, F3, and F4 faults with lengths
of 31 km, 17 km, 8 km, and 38 km, respectively. Furthermore, the F1 and F2 reverse fault
planes have southward dips, and the F3 and F4 reverse fault planes have northward dips
(Table 1). Most uplift in the area is related to the F1 and F3 fault planes, and it can be seen
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in the field observations and DEM images where these faults connect to the Nehbandan
fault system (Figure 4). The F1 fault cut the Upper Cretaceous to Oligocene rock units, the
F2 and F3 faults moved the Upper Cretaceous to Quaternary rock units, the F4 fault cut and
cut the Neogene and Quaternary rock units, the F5 fault displaced the Upper Cretaceous
to Eocene rock units, and the F6 fault displaced the Upper Cretaceous to Quaternary rock
units. Moreover, these main reverse fault planes are cut by minor left-lateral strike-slip
faults. A review of the faults in the northern Birjand mountain range implies that these
reverse fault planes join with the Nehbandan fault system, which is an N-S strike-slip
fault. In other words, reverse faults such as F1, F2, F3, and F4 are the continuation and
splays of the Nehbandan fault system. The relationships between these faults are relay
interactions; these faults with reverse components created high relief structures in the
northern Birjand mountain range. The pop-up structure in the N-S direction is suggested,
considering the mechanisms and geometry of the faults in the northern Birjand mountain
range (Figure 10). Our proposed model for the study area suggests that the NW-SE main
branches of the Nehbandan fault system are the source of reverse events on some fault
planes in the northern Birjand mountain range.

Ne+——

N

Figure 10. A schematic model of the pop-up structure for the study area in the north-south direction.

6. Conclusions

In the northern Birjand mountain range, several nearly east-west striking faults
cut through all of the geological units. In this research, we described fault patterns for
understanding deformational patterns related to the faults, and we characterized the
geometric-kinematic relationships, the displacement direction, and the angles between
intersection faults in the study area. According to the findings of this study, the northern
Birjand mountain range is characterized by four main fault zones: the F1, F2, F3, and F4
fault zones from north to south, respectively. These four reverse faults, which are preceded
by the Nehbandan fault system, were displaced by two main strike-slip faults. Apart from
the left-lateral strike-slip planes within the fault zone, structural evidence, such as uplifting,
folding, and offset of the rock units on the reverse planes of these fault zones, indicates high
tectonic activity. Moreover, these main reverse faults with different dip directions created
high relief structures in the study area. The kinematics and geometrics of the reverse planes
of the fault zones in the northern Birjand mountain range in the north-south direction
suggest a pop-up structure.
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