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Abstract: Earth fissure structures are a common type of geohazard associated with geotechnical
surface ruptures that can occur almost anywhere on the ground surface due to a variety of different
mechanisms, and in most cases, these hazardous cracks have resulted in severe damage to infrastruc-
ture. Investigation of the structural characteristics of fissures in an active tectonic area (such as Birjand
in eastern Iran) can improve our understanding of connections between the fissures and structural
geology. The first reported earth fissures in NW Birjand are distributed along the North Birjand
fault. Field observations and analysis of the detailed topography cross-sections using the real-time
kinematic (RTK) technique have been used to infer the fissure development. Morphometric analysis
of faults and fissures shows that the long axis of most fissure structures is distributed perpendicular
to the strike of the North Birjand fault. The average volume strain in the study area was calculated to
be 14.68 percent based on fissure geometry studies, with the maximum volume strain corresponding
to the location of the North Birjand fault’s youngest splay. This splay formed fault-propagation
folds with exposed fissure structures. This study shows that the fault-propagation folds in this
system are subjected to the activity and evolution of the ground fissure as a result of the expansion of
tensile stress.

Keywords: fissures structure; fault-propagation folds; natural hazard; active faults

1. Introduction

Earth fissure, a discontinuous and broken rupture on the ground surface, could be
formed as a result of tectonic activity [1–4]. This lesser-known geohazard feature has the
potential to impact the environment by causing significant damage to civil foundations
such as roads, dams, buildings, and underground pipes due to stress. The fissures pose
significant risks to farmlands, properties, and infrastructures. Ground surface discontinu-
ities, on the other hand, can be interpreted as indicators of deformation history and stress
patterns. In structural geology, analysis, evidence, and their corresponding interpretations
can provide a proper consideration in controlling physical processes and supporting any
related hazard assessment [5]. Analyzing the structural discontinuities such as faults, joints,
bedding planes, and fractures in hard-rock slopes allows us to define unstable areas [6–10].
In contrast, the analysis of surface fissures in soft-rock slopes may imply an explanation for
future failures, which is frequently accounted for as a geo-indicator of a fault zone’s activity
phases [11]. In some areas, the characteristics of the surface fissure affect water infiltration
and drainage, which in turn affects the kinematic response of slopes to hydrogeological
events and the groundwater system. Large fissures along a fault may be detectable in
very high-resolution (VHR) space-borne images [12], but their widths are typically in the
decimeter range, and the real-time kinematic (RTK) technique and airborne photographs
can provide sufficient details to detect them.
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In this paper, we investigate the mechanism of ground fissure formation in the Birjand
area (as a case study) using tectonic analyses, taking into account the scientific importance
of ground fissures and the potential for environmental damage.

The tectonics of the study area is characterized by active faulting, instrumental earth-
quakes, and young volcanism around a rigid block (Lut block) in eastern Iran. Tectonic
activity along the western and eastern boundaries of the Lut Block contributes significantly
to geomorphic landscapes and natural hazards [13–18]. The Sistan suture zone (SSZ) is
overprinted by the Nehbandan fault system at Lut’s eastern boundary. Some splays of this
fault with EW strikes, such as the North Birjand fault, are located in the center of the Sistan
suture zone. These faults with reverse and left-lateral strike-slip movements formed some
fault-propagation folds in the Quaternary sediments. Due to its proximity to cities such as
Birjand, the study of structural features associated with the North Birjand fault (e.g., fissure
structures) is critical.

2. Geological Setting

The NS active faults on the western and eastern margins of the Lut block in eastern
Iran are among the fastest-slipping faults [19–21]. They are currently slipping laterally at a
rate of 4.4 ± 0.4 and 5.6 ± 0.6, respectively [22–24]. The weighted average direction of the
compressional stress in the eastern margin of the Lut, as determined by the seismic strain
rate (SSR), focal mechanism stress inversion (FMSI), and GPS-derived strain rates (GSRs),
was obtained at about N20◦E [25]. This direction is positively correlated with the faults’
mechanism in the region. As a result, the region’s NS and EW faults exhibit right-lateral
and left-lateral movement in addition to dip-slip movements.

The character of convergence along the Arabian–Iranian plate boundary changes
radically eastward from the Zagros ranges to the Makran region, where the northward
subduction of the oceanic part of the Arabian Plate beneath the Lut and Afghan blocks
in the northwestern Indian Ocean has mainly affected the seismicity and deformation of
eastern Iran [26]. Tectonic activities are relatively high in the Birjand area (Figure 1), which
contains a series of NW–SE and EW linear mountain ranges. The ranges are separated
by narrow basins with young terraces and gravel fans [27]. According to the geological
map [27], alluvial units are Quaternary in age, whereas folded gravel bed sediments and
all older alluvial units are Neogene [28]. The sediments’ Neogene age indicates that the
geological structures in which they are exposed are late Tertiary relics. In the Sistan suture
zone, the ranges represent ophiolitic rocks from the Late Cretaceous to the Eocene epochs.
The trend of the shear zones and lithological units in the Sistan structural zone runs parallel
to the topography [28]. In particular, the trend of the geological structure (North Birjand
fault) is EW along the northeastern margin of the Lut in the north and northwest of Birjand
(Figure 1). Numerous extension structures (fissure swarms, mostly NS trending) have
developed in this area along the North Birjand mountains.

We initially thought they were formed as a result of subsidence or water erosion;
however, field studies revealed that they were formed as a result of tectonic activity. We
identified their characteristics, origin, process, and mechanism of formation in this study.
The North Birjand fault is the main fault in the study area, which can be assumed as a
segment of the splays at the north termination of the Nehbandan fault zone as a dominant
structural trend in the east of Iran [28,29] (Figure 1). Previous studies in the Birjand
area [8,28–32], have revealed the importance of right-lateral strike-slip and reverse faults
in the area’s deformation, as well as the observation of various stress distributions related
to the regions’ plasticity and fracture intensity [28]. The presence of extension structures
(fissures) in the center of a compressional zone is an unanswered question addressed in
this paper (Figure 2).
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Figure 1. (a) Location of the Birjand area (blue cadre) in Iran, and (b) Close-up view of the study area
(yellow cadre) in the NW of the Birjand city.

Figure 2. Field examples of the fissures in the study area. Fissures have an average depth of 4 m.
(a) Parallel fissures; (b) fissures with NS, NE–SW trends; (c) fissures with zigzag edges; (d) fissures
with EW trend.
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3. Methods and Results

Structural characteristics of the faults, fault-propagation folds, and fissures in terms
of density, length, number, and position related to the fault plains were determined using
merging topography terrain interpretation, satellite image analysis, and field surveys. We
produced a digital elevation model (DEM) (accurately 0.03 m) using the real-time kinematic
(RTK) technique in order to prepare the detailed topographic cross-sections of the area. We
used the Mohr circle method for the cross-sections and applied two-dimensional strain
types along with them (volume strain on planes XY and YZ). Based on the volume strain
on planes XY, YZ, and XZ, we calculated the 3-D volume strain within the fault zone.

3.1. Observation and Interpretation of a Fissure Structure

Figure 3b–d depicts the most commonly used fissure patterns, which are known as
“geo indicators” of specific deformation processes in some studies [5,33,34]. The formation
of en-echelon fissure arrays (Figure 3b), also known as Riedel shears, is one of the more
consistent pieces of evidence for such a pattern. Shearing in the margins of the blocks with
different or similar displacements typically causes tensile and shear stress. Transversal
fissure arrays (Figure 3c) are commonly associated with tension in the steeper upper slopes,
whereas fissures generated by lateral extension and compression (Figure 3d) are typically
associated with the gentler slopes in the accumulation and transit zones along a fault.
The location of fissure patterns corresponding to fault zones with complex geometry may
deviate significantly from this simple scheme [33] (Figure 3).

Figure 3. Types of fissures. (a) Styles of fracture deployment: Style I (opening), Style II (sliding),
and Style III (tearing); (b) fissures expanding in Mode I and effecting from tensile stress; (c) fissures
expanding in Mode I and effecting from shear stress; (d) fissures expanding in Mode I, effecting from
compressive stress and lateral expansion.

3.2. D Volume Strain

Strains deal with the shortening and stretching of nearly linear (straight) objects or
lines in a one-dimensional state. One could argue that one-dimensional strain makes no
sense because stretching straight lines only changes their length. In other words, a change
in form, such as from a circle to an ellipse, can be explained by a change in the length of
the lines in different directions. As a result, changing the length of the lines in the sense of
strain is appropriate.
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Elongation, stretching, extension, shortening, and contraction are all examples of
specific characters that can be used to describe strain values, and they are dimensionless.
Line elongation is calculated as e = (L − L0)/L0, where L and L0 are the line lengths
after and before deformation, respectively. Elongation in the natural or logarithmic form
ē = Ln € is also used. In general, positive elongation (e) is used to describe the extensional
area, whereas negative extension is referred to as contraction (the concepts of tension and
compression are reserved for stress). Line stretching is determined by s = 1 + e, where
s is the stretch. As a result, s = L/L0 stretching factors are commonly associated with
the structural analysis of extensional basins and rifts. These are sometimes referred to as
b-factors, but they are identical to s.

Quadratic elongation, λ = S2, is equal to the Eigenvalues of the matrix (D). Quadratic
stretch is a more accurate concept, as it considers the square of the stretch, rather than
its length.

Strain is affected by changes in an element’s shape and dimensions. When the defor-
mation is along a single axis, strain concepts can be defined as follows:

λ′ = 1/λ (1)

RXY = R.cosγ (2)

RYZ = R.cosα (3)

RXZ = R.cosβ (4)

D = ((RXY − 1)2 + (RYZ − 1)2)1/2 (5)

where α, B, and γ are the angles formed by the normal of the plane and each of the principal
stress axes (x, y, z). The normal strains are generally parallel to three perpendicular axes.
Typically, the stress function modifies the element’s volume. For this reason, volumetric
s€in (e) is calculated as a function of normal stresses:

e =
change volume
original volume

(6)

The normal strains similarly affect the volume strains. The original volume of the
rectangular solid was calculated using the formula V0 = ∆x. ∆y.∆z. (Figure 4), whereas for
a deformed body, it would be calculated as:

Figure 4. (a) Coordinate axes in a block diagram; (b) coordinate strain axes of the block for the
obtained volume strain.

V = ∆x(1 + εx) × ∆y(1 + εy) × ∆z(1 + εz) = ∆x∆y∆z(1 + εx + εy + εz + εxεy + εyεz +
εzεx + εxεyεz)

(7)

Since the strains are small, the high order terms are ignored, where

V ≈ ∆x∆y∆z(1 + εx + εy + εz) (8)

Finally, volume strain can be defined as:
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e = (v − v0)/v0 = εx + εy + εz (9)

3.2.1. Volume Strain on Planes XY, YZ

On XY and YZ planes, we used the Mohr circle method for two-dimensional strain
analysis. There are fissures among the three trends in this method (Figure 5). Figure 5
shows a digital elevation model (DEM) of a case study of fissures in a part of the area
that we obtained to assist Kinematic GPS. We calculated the strain ellipsoid using Mohr’s

method: (R =
√
λ′2/

√
λ′1).

Figure 5. Dem image of the study area, obtained by the Kinematic GPS. Volumetric strain was
assessed along the sections.

We used the Mohr circle method for eight cross-sections of the DEM image (Figure 5)
and applied two-dimensional strain types along the cross-sections (Figure 6 and Table 1) to
assist in Equations (2), (3) and (5). Finally, RXY, RYZ, and D are calculated on planes XY and
YZ (Table 2).
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Figure 6. Mohr circles for eight sections which are shown in Figure 5. Part (a) is related to section 1,
part (b) is related to section 2, and so on. Using these circles, the ratio strain ellipsoid was obtained
for each section. Abbreviations: α, B, and γ = angles formed by the normal of the plane and each
of the principal stress axes (x, y, z) (see Figure 5); λ′ = 1/(quadratic elongation) along (a–c) as the
triangular grid sides (see Figure 5).

Table 1. Statistical values of longitudinal and shear strains along the triangular grid sides (a,b,c)
for the desired sections. Abbreviations: e = line elongation; S = line stretching; λ′ = 1/quadratic
elongation; R = strain ratio.

Section ea% eb% ec% Sa Sb Sc λ′a λ′b λ′c R

1 1.62 0.12 0.84 2.62 0.87 1.84 0.144 0.13 0.29 2.5
2 1.19 1.1 0.95 2.19 2.1 1.95 0.207 0.225 0.267 2.05
3 1.08 0.96 0.8 2.08 1.96 1.08 0.229 0.25 0.307 1.75
4 1.15 1.42 1.5 2.15 2.42 2.5 0.216 0.17 0.16 1.35
5 1.61 1.46 1.41 2.61 2.46 2.41 0.146 0.16 0.17 1.8
6 1.95 1.9 0.43 2.95 2.9 1.43 0.114 0.118 0.48 2.24
7 0.52 0.62 1.26 1.52 1.62 2.26 0.42 0.37 0.195 2
8 0.62 0.79 0.69 1.62 1.79 1.69 0.38 0.31 0.35 1.35
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Table 2. Statistical values of volume strain for the desired sections. Abbreviations: α, B, and
γ = angles formed by the normal of the plane and each of the principal stress axes (x, y, z); RXY,
RYZ = strain ratio on planes XY and YZ; D = Eigenvalues of the matrix.

Section α γ B RXY RYZ D

1 60 80 40 1.32 2.04 0.32
2 60 80 40 1.08 1.67 0.45
3 60 80 40 0.92 1.43 0.43
4 60 80 40 1.105 0.714 0.3
5 60 80 40 0.95 1.47 0.68
6 60 80 40 1.18 1.83 0.84
7 30 75 75 1.05 1.63 0.39
8 60 80 40 0.71 1.1 0.3

3.2.2. Volume Strain on Plane XZ

To achieve a three-dimensional volumetric strain, we must include the strain in the
calculations along with the XZ plane. The volumetric strain ratio is applied to the planes XY
and YZ in Equation (5). Therefore, along with this plane, in the desired directions (Figure 5),
cross-sections (Figure 7) and the volume strain ratio on the plane (XZ) were prepared to
assist the cross-sections (Table 3).

Table 3. Values of the surface volume strain on the plane XZ.

Section
The Initial Area of the

Rock Mass, Along
Section (A0)

Changes in Rock Mass Area
(Area of Fissure Structures),

Along Section (∆A)

Volumetric Strain
(V= ∆A

A0
)

1 74.7 24 0.321
2 344 79 0.229
3 325 81 0.249
4 358 96.5 0.269
5 249.4 92.4 0.37
6 220 85.5 0.388
7 256 69.5 0.271
8 91 30 0.329

The eight cross-strike profiles were performed throughout the case study’s fissure
swarm. The findings suggest that the majority of fissures are open fractures with minimal
vertical displacement (Figures 5 and 7). Each main fissure is composed of a densely packed
group of gashes ranging in depth from a few centimeters to 9 m, with individual gashes
ranging in width from a few centimeters to 2 m. The fissures are nearly V-shaped and
appear to be opening I-type fractures.

3.2.3. Results of 3D Volume Strain in the Study Area

The 3D volume strain permits the simultaneous assessment of strain and volumetric
changes resulting from the creation of fissure structures. The purpose of this section is to
investigate and describe the 3D volume strain changes with distance from the fault in a
specific part of the study area.

Generally, a complete strain analysis is performed in three dimensions. These values
can be found in the Flinn diagram or similar diagrams that illustrate the strain’s elliptical
shape, also referred to as the strain geometry. Furthermore, stereographic net tools can be
used to visualize the direction of principal strains.

Field investigations of 3D strain are frequently based on combining the two-dimensional
values of several oriented sections. It will be simple to calculate the 3D strain if each
section contains two axes of the principal strain. Using the two-dimensional strain values
calculated in the previous sections and according to Equation (7), the three-dimensional
strain was obtained in the study area (Table 4).
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Figure 7. Topography cross-sections obtained along the desired directions on the XZ plane for eight
sections which are shown in Figure 5. Part (a) is related to section 1, part (b) is related to section 2,
and so on. Using integration methods, we obtained the surface strain values on the XZ plane. The
vertical and horizontal axes are the elevation data and the length of the cross-sections, respectively.
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Table 4. Values of the three-dimensional volume strain (3D strain) along Sections 1 to 8. D = Eigenvalues
of the matrix.

Section Strain on Planes XY,YZ (or D) Strain on Plane XZ 3D Strain

1 0.32 0.321 10.27
2 0.45 0.229 10.3
3 0.43 0.249 10.7
4 0.3 0.269 8.07
5 0.68 0.37 25.16
6 0.84 0.388 32.59
7 0.39 0.271 10.56
8 0.3 0.3292 9.8

The average volumetric strain in the study area is 14.68 percent. Figure 8 illustrates
the volume strain changes in various sections of the study area, indicating that the greatest
volumetric strain occurs along Sections 5 and 6, which contain the North Birjand fault’s
youngest splay.

Figure 8. Diagram of the volume strain changes (ev) along the topographic cross-sections.

3.3. Relationship between Net Slip and 3D Volume Strain

The volume strain generated by a fault can be geometrically related to the net slip
of the fault, which is a vector with direction, magnitude, and sense of movement. So,
we can find a relationship between the maximum volume strain and fissure structures
across the fault zone (or fault-propagation folding). Four faults were observed in the
fissure structure canals along Sections 5, 6, 7, and 8 (Figures 9 and 10a–d). The net slip
was calculated using the measured horizontal and vertical displacements on these faults
(Table 5). Figure 11 depicts the obtained relationship between net slip and volume strain as
a suitable linear equation.

Table 5. Values of the net slip (Ns), and volume strain (V) along the desired section in the study area.

Fault Name Fault along Section Fault Attitude Ns—Meter %V

1 5 N80W, 60NE 11.32 25.16
2 6 N80W, 70NE 15.12 32.59
3 7 N80W, 50NE 9 10.56
4 8 N55W, 25SW 3.231 9.8

3.4. Relationship between Fissure Length Distribution and Number of Fissures

Satellite images, aerial photographs, and GPS mapping (GPS kinematics in an area of
approximately 1 km2) were combined to analyze the density, length, number, and position
of fissures associated with the North Birjand fault.

The GPS data had an average error of 3 cm. All fissure structures that are mostly
distributed as arrays along the fault have been mapped. Their strikes are in the azimuthal
range of NS, N30E, and N90E (Figure 5).
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Three types of fractures were identified as a result of three-dimensional structural
analysis:

- Fissures without a significant vertical throw (i.e., less than 1.1 m);
- Faults, particularly with scarp inside fissure channels;
- Faults with the various displacements at their tips;

A power function with a correlation coefficient of 0.9 is used to fit the length distribu-
tion (Figure 12). The lengths of the main composite fractures (for this case study) are more
than 9 m long (Table 6).

Table 6. Lengths, and mean throws of the fissures in the study area.

Fissure Fissure Length (m) Mean Fissure Throw (m)

1 9 0.3
2 10 0.3
3 10.5 0.4
4 11 0.3
5 11.5 0.4
6 11.8 0.4
7 12 0.5
8 12 0.5
9 12 0.5
10 13 0.6
11 15 0.6
12 17 0.65
13 19 0.5
14 25 0.5
15 29 0.6
16 41 0.8
17 42 0.8
18 43 0.8
19 51 0.9
20 56 1.1

Figure 9. The Bing maps aerial imagery of faults intersecting fisher structures. Four faults were
observed in the fissure structure canals along sections 5, 6, 7, and 8 (see the location of the sections on
the Figure 5).
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Figure 10. (a–d) Faults in the fissure structures canals; (e,f) folds formed on the hanging-wall of the
youngest splay of the North Birjand fault. These folds are visible within the fissure canals.

Figure 11. Schematic representation of the relationship between the net slip (Ns) and the volume
strain (V).
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Figure 12. (a) Graph depicting the number and length of fissures (classes of 10 m); (b) the log-log
diagram of the number (N) and length of fissures (L), illustrating the explicit linear distribution.

3.5. Relationship between Vertical Fissure Throws and Fissure Lengths

To determine the rate of uplift in the study area, alluvial fans with known levels were
compared (the youngest being the Shur River alluvial fan at 32◦54′32.78” N, 59◦4′7.79” E).
As a result, the uplift was about 45 m.

However, interpreting the study area’s differences in uplift values as a transpressional
zone [28] in terms of fissure numbers and lengths should be done with caution. Because the
fissuring concentrate in the study area is on the fault’s hanging wall, compressional activity
can result in greater apparent growth. A high uplift in this area, on the other hand, could
indicate an extensional activity. As a result, dilation should be considered when assessing
the evolution of the faulting and fissuring intensity.

The accuracy of the obtained model (Figure 5) enables us to determine the 3D co-
ordinates of each point of the stereo pair with an accuracy of approximately 0.03 m in
both horizontal and vertical directions (Table 6). We calculated the difference in elevation
between each fissure’s two edges (Figure 13).

By measuring the amount of offset in the fissure, which ranged from 0.3 m to 1.1 m, it
was discovered that the longest fissure has the most offset (Table 6). The fissure number,
length, and throw of the 20 identified fissures for a part of the study area (Figure 5) were
compared (Figure 14). Despite the dispersion, a straight-line fitting of a log-log graph’s
distribution of points suggests a power-law for the fissure. Although it is difficult to draw
definitive conclusions about the variation in fissure activity from these diagrams, it appears
that the maximum offset (throw) is perpendicular to the faults. This indicates that the fault
is growing upward, forming fissures in the transpressional zone.

It is a common procedure to analyze the swarm of fissures and faults in terms of the
size of the frequency distribution. In wide tectonic regions where faults span a wide range
of dimensions, a power-law distribution is used to define the size–frequency distribution.
The exponent value decreases with increasing strain. Our analysis of fracture patterns
in the NW Birjand reveals similar trends in terms of physical properties, as the fracture
distribution closely follows a power-law (Figure 12). This behavior suggests that the
evolution of the fissure swarm was controlled by fracture nucleation and linkage [35,36].
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Figure 13. Three field examples of the fissures with the vertical throw in the study area (a–c).

Figure 14. Correlative diagram between vertical fissure throws and fissure lengths. The horizontal
and vertical axes are plotted on a logarithmic scale (L, T), and the equation and correlation coefficients
are displayed.

4. Discussion

Investigations into the spatial distribution of faults and fissures are crucial for under-
standing the mechanisms of the underlying fault growth, and, more commonly, brittle
failure behaviors [37,38]. Linkage and forward propagation models can be used for the
interpretation of field observations. The process by which fault segments coalesce and how
this coalescence results in changes to the fault architecture has been well documented in a
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variety of tectonic settings. Additionally, numerous studies and measurements have been
carried out to verify the remote data.

Earth fissures are often connected by deep faulting, and their structural and active
characteristics are compatible with the underlying active faults [39]. Some of the surface
observed fissures can be directly formed by strong seismic vibrations [40]. Furthermore,
coseismic earth fissures caused by historical earthquakes may release deformation energy
in the form of fault creep or new seismic vibrations and re-emerge at the surface [41].
Some research indicates that earth fissures can appear on the hanging wall of normal
faults. Because of these earth fissures, the thickness of sediment differs on both sides of the
fissures [39]. In particular, there is evidence to show the occurrence of the synsedimentary
fissures in the Fenwei Graben System [42,43]. In some studies, the tectonic development of
monoclines has been investigated in terms of the hanging-wall growth of faults according
to field observation and numerical modeling [44].

Our model of Birjand fissures agrees with their propagation fault model. As a result,
the oblique displacement was used to explain the presence of folds in the cover sequence
where fissures exist (Figure 10). The findings of this study indicate that fissures are related
to the fault-propagation folds in the NW of Birjand (Figure 15), where North Birjand, a fault
system with an EW trend, is located (Figure 15). This fault, with reverse and left-lateral
strike-slip movements, is considered one of the terminal segments of the Nehbandan fault
with a similar sigmoidal trend.

Figure 15. Geological map and model of fissure structure in the study area. The model is related to
the fault-propagation folds. NB. F. stands for North Birjand Fault.

The spatial distribution of faults and fissures, as well as changes in fault throws,
makes it possible to study linkage and forward propagation models in both vertical and
horizontal directions in the NW of Birjand. These observations feature the process of the
fault segments’ coalescence and changes in the fault architecture. As mentioned, one of the
models of fissure structures resulting from compression and lateral extension (Figure 3d) is
more in line with the gentler slopes in the transit and transpressional zones [45].

This geohazard feature (the fissures), which has the potential to impact the environ-
ment by causing significant damage to civil foundations such as roads, dams, buildings,
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and underground pipes, needs to be monitored by interferometric synthetic aperture radar
(InSAR) and global positioning system (GPS). Civil foundations must be constructed at a
farther distance from the fissure area.

5. Conclusions

The formation of fissures is a key indicator for understanding and predicting slope
movements in the NW of Birjand. The correlation between vertical throw and fissure
lengths in the formations shows a power-law. The fissure population shows the power-law
of length distribution of fracture and linkage phenomena in the evolution of the NW Birjand
fissure swarm.

According to field evidence, the majority of Birjand fissure structures have a long axis
perpendicular to the strike of the main fault (North Birjand fault zone). The maximum
offset (throw) of the fissures is perpendicular to the fault plains, indicating that the fault
zone grew as a result of uplift.

The ~45 m uplift is related to the young splays of the North Birjand fault. The average
volume strain in the study area is 14.68%, with the maximum volume strain occurring
along Sections 5 and 6 of the North Birjand fault, which is the fault’s youngest splay.

The tectonic evolution of fissures has been investigated in terms of the hanging-wall
growth of faults, based on field observations. The results show that the fissures are related
to fault-propagation folds. Structures associated with the main fault are the result of
the interactions between branches of the North Birjand fault. The surface analysis of
the fault and fissure systems reveals brittle–ductile tectonic processes associated with
progressive compression.
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