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Abstract: This study evaluates high-risk dynamic zones in
northeastern Kerman, focusing on the effects of kinematic brittle
deformation and their correlation with recorded earthquakes. The
region is tectonically active, influenced by major fault systems
that contribute to seismic hazards and surface deformation.
Identifying these hazardous zones is crucial for risk assessment,
infrastructure development, and disaster management. The
research integrates geological surveys, remote sensing
techniques, and seismic data analysis to assess fault dynamics,
lithological ~ characteristics, and  historical  earthquake
occurrences. High-resolution Digital Elevation Models (DEMs)
and satellite imagery are employed to map structural
discontinuities and deformation patterns. Additionally, seismic
records and fault activity data are analyzed to determine the
relationship between brittle deformation zones and earthquake
distribution. Findings indicate that areas with intense brittle
deformation align with active fault zones, making them highly
susceptible to seismic hazards. The study reveals that
northeastern Kerman experiences frequent moderate-to-strong
earthquakes, with significant deformation occurring along major
thrust and strike-slip faults. These deformations increase the
likelihood of future seismic activity and ground instability. The
results provide valuable insights for urban planners, engineers,
and policymakers to enhance seismic hazard mitigation
strategies. By identifying high-risk zones, the study contributes
to informed decision-making for infrastructure planning, land-
use management, and disaster preparedness. Future research
should focus on integrating machine learning models with
geophysical data to improve earthquake prediction accuracy and
hazard assessments in tectonically active regions.

Keywords: Seismic hazard, Brittle deformation, Earthquake
susceptibility, Fault dynamics, Northeastern Kerman.

I. INTRODUCTION

aults are fractures in the Earth's crust along which significant
displacement has occurred due to tectonic forces (Brideau et
al., 2009). These structures play a key role in shaping the Earth's

surface, influencing seismic activity, and contributing to
landscape evolution (Paronuzzi & Bolla, 2015). Faults are
formed in response to stress generated by plate movements,
which result in deformation processes ranging from minor
fractures to large-scale fault systems (Chigira, 1992).
Understanding faults and their mechanisms is essential for
assessing seismic hazards, predicting earthquake risks, and
implementing effective land-use planning strategies in
tectonically active regions (Schultz, 1996).

Faults are classified based on the nature of displacement and
the stress regime that governs their formation (Atkinson, 2015).
The three primary types of faults are normal faults, reverse (or
thrust) faults, and strike-slip faults. Normal faults occur under
extensional stress, where the hanging wall moves downward
relative to the footwall, typically forming in divergent plate
boundaries. Reverse faults result from compressional forces,
causing the hanging wall to move upward relative to the
footwall, commonly found in convergent plate settings. Strike-
slip faults, such as the San Andreas Fault, involve lateral
movement along fault planes due to horizontal shear stress, often
occurring at transform boundaries (Torabi & Berg, 2011). Fault
movement is governed by stress conditions within the Earth's
crust (Killick, 2003). These stresses, categorized into
compressional, extensional, and shear stresses, dictate how faults
behave. Compressional stress leads to reverse and thrust faulting,
forming mountainous regions like the Himalayas (Bell, 2007).
Extensional stress results in normal faulting, often seen in rift
valleys such as the East African Rift. Shear stress causes strike-
slip faulting, which is prevalent in transform fault systems
(Fasching & Vanek, 2011). The movement along these faults
generates seismic energy that propagates as earthquakes (Blyth &
De Freitas, 2017).

A fault consists of several structural components, including
the fault plane, fault trace, hanging wall, footwall, and fault zone.
The fault plane is the surface along which displacement occurs,
while the fault trace represents the intersection of the fault with
the Earth's surface (Riedmiiller et al., 2001). The hanging wall
refers to the block of rock above the fault plane, and the footwall
is the block below (Avar & Hudyma, 2019). In large-scale fault
zones, multiple fault strands, fractures, and deformation bands
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contribute to complex fault networks that accommodate tectonic
movements (Stead & Wolter, 2015). Active faults are responsible
for most of the world's earthquakes, as they release accumulated
stress when slip occurs (Mandl, 1999). Earthquakes generated by
fault movement vary in magnitude, depth, and frequency
depending on the fault type and tectonic setting (Harris, 2017).
Faults with high slip rates and significant accumulated strain
pose the greatest seismic hazard (Krinitzsky, 2002).
Seismologists monitor fault activity using geodetic techniques,
GPS measurements, and seismic records to assess the potential
for future earthquakes (Ulusay et al., 2002). Tectonic settings
play a fundamental role in fault formation and evolution. At
divergent boundaries, normal faults accommodate crustal
extension, forming mid-ocean ridges and continental rift systems.
Convergent boundaries host reverse and thrust faults, where
subduction zones and continental collisions generate
compressional stress. Transform boundaries are characterized by
strike-slip faults, which facilitate lateral displacement between
tectonic plates. Each tectonic environment exhibits unique
faulting patterns and deformation styles (Scawthorn & Chen,
2002).

Faults evolve over geological timescales, influenced by
factors such as lithology, temperature, pressure, and regional
stress fields (Krinitzsky, 2002). Some faults remain active for
millions of years, accumulating strain and producing recurrent
earthquakes (Avar & Hudyma, 2019). Others may become
inactive due to changes in stress conditions or tectonic
reorganization (Scawthorn & Chen, 2002). The study of ancient
fault systems provides insights into past tectonic processes and
helps predict future fault behavior (Ulusay et al., 2002). Faults
pose significant risks to human settlements, infrastructure, and
natural environments (Hencher, 2013). Ground shaking, surface
rupture, landslides, and secondary hazards such as tsunamis can
result from fault movement (Lin et al., 2021). Understanding
fault behavior is critical for earthquake-resistant construction,
early warning systems, and disaster preparedness (Bird and
Bommer, 2004). Engineers and geologists collaborate to develop
building codes and zoning regulations that minimize seismic
risks in fault-prone areas (Scawthorn & Chen, 2002).

Advancements in remote sensing and Geographic
Information Systems (GIS) have revolutionized fault mapping
and hazard assessment. Satellite imagery, LiDAR, and InSAR
(Interferometric Synthetic Aperture Radar) enable detailed
analysis of fault structures, displacement patterns, and surface
deformation (Deligiannakis et al., 2018; Mehrabi et al., 2021).
These technologies enhance our ability to monitor fault activity,
predict seismic hazards, and plan for sustainable development in
tectonically active regions (Zhang et al., 2018). The study of
faults and their associated seismic hazards is crucial for
understanding earthquake risks and mitigating potential disasters
in urban areas (Liu et al., 2012). Faults influence ground
stability, infrastructure integrity, and land-use planning, making
them a key factor in urban development strategies (Ahmad et al.,
2017). By identifying active fault zones and assessing seismic
risks, decision-makers can implement policies that enhance
public safety and minimize the impact of earthquakes on cities
and communities (Hashemi et al., 2011). Such studies provide
essential data for designing earthquake-resistant structures,
optimizing land-use planning, and improving early warning

systems (Scawthorn & Chen, 2002). One of the major advantages
of fault studies is their contribution to disaster risk reduction
(Ahmadi & Pekkan, 2011). By mapping active fault lines,
geologists and engineers can identify high-risk zones where
urban expansion should be carefully managed (Karimzadeh et al.,
2014). This knowledge allows planners to establish construction
regulations that prevent development in hazardous areas,
reducing potential damage and casualties (Krinitzsky, 2002).
Additionally, seismic hazard assessments inform emergency
response strategies, ensuring that cities are better prepared for
potential earthquakes through improved infrastructure resilience
and effective evacuation plans (Stead & Wolter, 2015).

Despite these benefits, fault studies also face several
limitations. The complexity of fault behavior, variations in
seismic activity, and uncertainties in earthquake prediction pose
significant challenges (Barreca et al., 2013). While modern
remote sensing and geophysical techniques have improved fault
mapping, predicting the exact time, location, and magnitude of
an earthquake remains highly uncertain (Rodriguez-Peces et al.,
2014). Additionally, implementing fault-based urban planning
requires strong governance, financial investment, and public
awareness (Lin & Tung, 2004), which may not always be
feasible in rapidly expanding cities with limited resources
(Rahman et al., 2015). Moreover, balancing urban development
with seismic risk mitigation is a significant challenge
(Rodriguez-Peces et al., 2014). Many cities experience rapid
population growth and increasing infrastructure demands,
making it difficult to restrict development in high-risk areas
(Avar & Hudyma, 2019). Retrofitting existing buildings and
enforcing strict building codes require substantial funding and
long-term planning (Mandl, 1999). Public resistance to relocation
from hazard-prone zones also complicates the implementation of
seismic risk management strategies (Scawthorn & Chen, 2002).
Therefore, integrating fault studies into urban development
requires a multidisciplinary approach involving geologists,
engineers, policymakers, and community (Torabi & Berg, 2011).
Also, the continuous advancement of geospatial technology,
machine learning, and real-time monitoring systems is improving
our ability to assess seismic risks more accurately (Rouet-Leduc
et al., 2017). With better data integration and proactive policies,
cities can enhance their resilience against earthquakes while
maintaining sustainable development (Tan et al., 2021). Investing
in research, infrastructure reinforcement, and public education is
essential for minimizing the impact of seismic hazards and
ensuring safer urban environments (Hulbert et al, 2019).
Northeastern Kerman is a tectonically active region with a
history of significant earthquakes due to the presence of major
fault systems. Understanding the dynamics of brittle deformation
and its correlation with seismic activity is essential for assessing
high-risk zones and guiding sustainable urban planning in this
region. Our research focuses on evaluating these high-risk
dynamic zones by integrating geological surveys, remote
sensing, and seismic data analysis. By identifying areas prone to
instability, we aim to provide valuable insights for urban
planners, engineers, and policymakers to develop safer
infrastructure, implement risk mitigation measures, and enhance
disaster preparedness in northeastern Kerman.
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II. GEOLOGY OF STUDIED LOCATION

Iran is situated at the convergence zone between the Arabian
Plate, the Eurasian Plate, and the Indian Plate, making it one of
the most tectonically active regions in the world (Aghanabati,
2012). This complex interaction has resulted in a diverse range of
structural and geological features, including major fault systems,
fold-thrust belts, and active seismic zones (Stern et al., 2021).
The ongoing collision between the Arabian and Eurasian plates
has led to intense crustal deformation, forming key tectonic
provinces such as the Zagros Fold and Thrust Belt, the Alborz
Mountains, and the Central Iran Plateau (Mirzaei et al., 1998).
This tectonic activity is responsible for frequent earthquakes and
significant landscape changes over geological timescales (Clapp,
1940). The major fault systems in Iran play a crucial role in
accommodating crustal deformation (Aghanabati, 2012). Some
of the most prominent ones include the Main Zagros Fault, the
Doruneh Fault, the Nayband Fault, and the North Tabriz Fault,
all of which contribute to strike-slip and thrust faulting
mechanisms (Stocklin, 1968). The Zagros-Makran Transfer Zone
(ZMTZ) marks the transition from the collision-driven tectonics
of the Zagros Belt to the subduction-dominated regime of the
Makran Trench (Stern et al., 2021). Additionally, the Central Iran
Microcontinent, which is bordered by ophiolitic suture zones and
strike-slip faults, exhibits a complex interplay of extensional and
compressional tectonics, influencing seismic activity in the
region (Aghanabati, 2012; Amirihanza et al., 2018).

Iran’s tectonic setting has significant implications for
geotechnical engineering, earthquake hazard assessment, and
natural resource exploration (Stocklin, 1968; Ebrahimi et al.,
2021). The Zagros Belt is rich in hydrocarbons, while the Central
Iran region contains numerous mineral deposits formed by
tectonically controlled magmatic and hydrothermal processes
(Walker & Jackson, 2004). Seismic hazards remain a major
concern, with historical earthquakes causing widespread
destruction in cities like Tabas, Bam, and Manjil-Rudbar.
Understanding the tectonic framework of Iran is essential for
infrastructure  development, disaster risk reduction, and
sustainable resource management in this geologically dynamic
region (Camp & Griffis, 1982). Figure 1 presents a simplified
tectonic map of Iran overlaid on a shaded-relief image from the
Shuttle Radar Topography Mission (SRTM). This map illustrates
the major tectonic domains and the primary strike-slip fault
systems that accommodate the Arabia-Eurasia convergence
(Tadayon et al., 2017). The tectonic framework of Iran is shaped
by the ongoing collision between the Arabian and Eurasian
plates, leading to a highly complex system of faults and
structural zones (Madanipour et al., 2017). The tectonic
framework includes major fault systems and tectonic zones,
which play a crucial role in accommodating regional deformation
(Berra et al., 2017). The inset map provides GPS velocity vectors
(black arrows), illustrating the relative motion of Iran with
respect to stable Eurasia, based on data from Walpersdorf et al.
(2014). The studied region is located in central Iran zone.

Central Iran is a structurally complex region located between
the Zagros Fold and Thrust Belt to the southwest and the Alborz
Mountains to the north (Aghanabati, 2012). It is characterized by
a mosaic of microcontinents, bounded by major strike-slip faults
and suture zones that reflect its long tectonic evolution (Stocklin,
1968). This region has experienced multiple phases of

compression, extension, and strike-slip deformation, primarily
due to the ongoing collision between the Arabian and Eurasian
plates (Stern et al., 2021). The Central Iran Microcontinent is
bordered by key fault systems, including the Doruneh Fault, the
Nayband Fault, and the Kashmar-Kerman Tectonic Zone
(KKTZ), which accommodate significant crustal deformation.
The region also features ophiolitic remnants, marking the closure
of ancient oceanic basins (Tadayon et al., 2017). The structural
configuration of Central Iran, as illustrated in Figure 2, reveals
distinct tectonic subdomains, including the Lut Block, Tabas
Block, and Yazd Block, which are separated by major fault
systems (Aghanabati, 2012). These blocks have been subject to
differential uplift and subsidence, leading to varied topography
and seismic activity (Berberian, 1981). The region is seismically
active, with historical earthquakes indicating ongoing crustal
adjustment (Zanchi et al., 2006). Additionally, Central Iran hosts
extensive magmatic and mineralized zones, making it a key area
for geological and economic studies (Stern et al., 2021). The
tectonic evolution of this region continues to be a focus of
research, as it plays a crucial role in understanding the broader
Arabia-Eurasia collision system and its implications for
earthquake hazards and resource exploration (Aghanabati, 2012).
The Kerman region is one of the most geologically diverse
and fascinating areas in Iran, characterized by a wide range of
geological and tectonic formations (Aghanabati, 2012). This
region encompasses multiple tectonic zones, each with distinct
structural and lithological features (Ameri et al., 2022). Moving
from the northernmost parts of the region towards the south, the
complexity of these formations becomes more evident (Walker et
al., 2010). A key structural unit in this region is the Central Iran
Microcontinent, which forms a significant part of Central Iran
(Aghanabati, 2012). This microcontinent is bounded by several
major geological features, including the Sistan Ophiolitic Suture
Zone, the Naien Ophiolitic Belt, the Baft Ophiolite, the Doruneh
Fault, and the Kashmar-Sabzevar Ophiolites (Stocklin, 1968).
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(Geological Survey of Iran, 2010)

It is further segmented by large-scale right-lateral strike-slip
faults, which display a characteristic westward curvature. Based
on these structural and geological characteristics, the Central Iran
Microcontinent can be divided into several distinct tectonic units:
the Lut Block, the Shotori Uplift, the Tabas Depression, the
Kalmard Uplift, the Posht-e-Badam Block, the Biyaz-Bardsir
Graben, and the Yazd Block. Each of these units has undergone
unique geological processes, contributing to the rich tectonic and
mineralogical complexity of the region. Their interactions have
played a crucial role in shaping the geological landscape of
Kerman, making it an essential area for further geological,
geotechnical, and mineral exploration studies. Figure 3 is
provided the geological map of the studied area. The Cretaceous
limestones around the city of Kerman have extensive outcrops.
The lithological sequence of these outcrops includes marly
sandstone limestones, marly limestones, bioclastic limestones,
detrital-bioclastic limestones, and micritic limestones along with
marl. In the study area, Aliabad Mountain is visible, as shown in
Figure 3. According to the geological map of Kerman
(Geological Survey of Iran, 2010), the Cretaceous sequence in
this region outcrops in the plunging anticline structure

(Aghanabati, 2012). The northwestern parts of the Cretaceous
outcrop in this area are covered by the Kerman conglomerate,
which is a result of tectonic displacement (Ghorbani, 2013). The
geological formation of this area is characterized by complex
tectonic features and various rock types. The limestones in the
region are indicative of shallow marine deposits, while the
Kerman conglomerate suggests more dynamic conditions during
the Cenozoic (Aghanabati, 2012). The transition from limestones
to conglomerates represents a significant shift in depositional
environments, influenced by tectonic forces and regional uplift
(Ghorbani, 2013). Additionally, an aerial map of the region is
provided in Figure 4, which offers a detailed view of the
landscape and geological formations.

In accordance with the geological map, the cretaceous
formations in the Kerman area are divided into Early and Late
Cretaceous periods. The Late Cretaceous is more prevalent,
while the Early Cretaceous is relatively thin. The Late
Cretaceous is further divided into two groups. One outcrop,
located 15 km northeast of Deh Mohammad Shah, shows a
sequence of conglomerates and red sandstone-shales overlying
the K,™ wunit. Above this, marls, marl-limestones, and
limestones, attributed to the Lower Senonian, are found. This
sequence is followed by a 2-3m, thick conglomerate, succeeded
by dark grey to black reef-rudist-bearing limestone. The majority
of Saidi Mountain is composed of this unit.

Fig. 4 Satellite image of the study area (Landsat TM data)
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The Quaternary sedimentary unit, Q™°, covers large areas in
the northern and eastern parts of the region. It consists of
unconsolidated conglomerates, mainly horizontal, except in fault
zones where they are cemented. The area also contains sand
dunes and windblown sands in the northeast. Older alluvial fans
(Q:", Q;") are cut by younger alluvial fans and floodplains (Q,",
Q,"), with younger deposits being associated with riverbeds,
wind-blown sediments, and debris. Metamorphic rocks in the
area, such as skarns and marbles, form due to the intrusion of
basic dikes into Upper Cretaceous limestones, with outcrops seen
in the Jangal-e-Ghaem region. Igneous rocks, including
monzonitic and diabase dikes, are found in areas like Kuh-e-
Saheb-al-Zaman and Saidi stone quarries, exhibiting a
porphyritic texture. These dikes contain clinopyroxenes that
often alter into biotite, and the groundmass is made of
plagioclase and alkali feldspar. Some dikes undergo intense
alteration, converting minerals into calcite, chlorite, and albite.

III. HIGH-RISK DYNAMIC ZONES ANALYSIS

The in-situ stress field plays a crucial role in shaping the
geological and geomorphological features of northeastern
Kerman. The region is characterized by a complex network of
faults, fractures, and brittle deformation structures, which are
primarily controlled by regional tectonics (Bell, 2007). These
stress-induced discontinuities have resulted in various high-risk
dynamic zones that are susceptible to instability, posing
significant challenges for infrastructure development and urban
expansion (Hencher, 2013). Figure 5 illustrates an example of in-
situ stress field in a large-area (Twiss & Moores, 2006). The
intricate fault systems in northeastern Kerman, including major
strike-slip and thrust faults, have led to diverse morphological
landforms such as fault scarps, uplifted blocks, and subsided
basins. These features are strongly influenced by the orientation
and intensity of the regional stress regime. The continuous
tectonic activity has not only shaped the landscape but also
contributed to geotechnical hazards, including slope failures,
differential settlements, and seismic-induced deformations. The
dependency of morphological structures on the prevailing stress
field is evident through the spatial distribution of brittle
deformation zones. Northeastern Kerman lies at the convergence
of several active fault zones, where stress accumulation leads to
localized shearing, tension fractures, and block rotations. The
tectonic control over these deformations dictates the stability of
slopes, foundation conditions, and subsurface integrity, making it
crucial to analyze these factors for engineering applications.
Understanding the spatial distribution of high-risk dynamic zones
is essential for geotechnical and urban planning projects. This
knowledge is particularly beneficial in determining the safest
locations for infrastructure development, reducing the risks
associated with seismic activity and ground instability. In
geotechnical design, recognizing the influence of brittle
deformation on soil and rock mechanics helps in optimizing
foundation systems and excavation techniques. For instance,
areas affected by fault-induced fracturing may require
specialized reinforcement measures, such as deep foundations,
retaining structures, and ground improvement techniques, to
mitigate settlement and instability issues.

Fig. 5 A simplified example for in-situ stress field
(Twiss & Moores, 2006)

The presence of high-risk dynamic zones also has
implications for hydrology and groundwater flow patterns. Fault
zones often act as conduits or barriers to subsurface water
movement, influencing the distribution of aquifers and potential
flooding risks (Twiss & Moores, 2006). In northeastern Kerman,
where water scarcity is a concern, understanding these structural
controls is vital for sustainable water resource management and
land-use planning. From an urban development perspective,
integrating tectonic hazard assessments into zoning regulations
can significantly enhance disaster resilience. By mapping out
high-risk deformation zones, authorities can establish buffer
zones around active faults, enforce stricter building codes, and
implement early warning systems to protect communities from
potential geohazards. The role of geospatial technologies, such as
remote sensing and GIS-based modeling, is invaluable in
analyzing high-risk dynamic zones. By combining satellite
imagery with field-based geological investigations, researchers
can accurately delineate fault-controlled deformations and
predict areas of future instability. This approach enables
proactive risk management strategies that can prevent
catastrophic failures. As northeastern Kerman continues to
experience tectonic activity, continuous monitoring of stress-
related deformation is necessary to refine geotechnical models
and improve hazard mitigation strategies. The integration of
geophysical surveys, stress-strain analysis, and seismic
monitoring networks will provide a more comprehensive
understanding of the evolving stress regime in the region. The
study area in this research is classified as an extensional zone.
According to Shahabpour (2005), this region has developed
within the back-arc setting resulting from the subduction of the
Neotethys Ocean beneath the Iranian Plate. The presence of
normal faults and dykes within the area serves as strong evidence
of this extensional regime. These geological structures indicate a
history of tensional forces that have significantly influenced the
region's geodynamic evolution (Mirzababaei & Shahabpour,
2014).
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Widespread shear zones are observed throughout the study
area (Figure 6), which have formed due to a combination of
tensile and shear fractures, commonly referred to as hybrid
fractures. These hybrid fractures are characterized by oblique
displacement along the fracture surface, occurring under
conditions where the minimum principal stress (o3) is less than
the normal stress (on,) but still within a range that allows tensile
failure to dominate (03 < 6, < 0). This stress state promotes the
formation of dilation faults, which accommodate extensional
strain and facilitate the intrusion of magma, leading to the
development of dykes. The presence of extensional structures
such as normal faults, dykes, and hybrid fractures suggests that
the study area has undergone significant tectonic stretching. This
extensional regime is a direct result of the regional tectonic
forces acting in the aftermath of the Neotethys subduction. The
movement along these structures not only contributes to the
overall deformation pattern of the region but also influences the
mechanical properties of the rock mass, affecting its stability and
behavior under stress conditions (Figure 7). In addition to normal
faulting, the extensive shear fractures in the region highlight the
progressive deformation that has taken place over geological
time. These shear structures are commonly associated with zones
of high strain concentration, where the combined effects of
compressive and extensional stresses lead to complex
deformation patterns. The hybrid nature of these fractures
suggests a transitional stress regime where both brittle and
ductile deformation mechanisms interact, further complicating
the region’s structural evolution.
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Fig. 7 Map of the studied region's main faults

Understanding the distribution and orientation of these
tectonic features is crucial for several applications, including
geotechnical engineering, resource exploration, and seismic
hazard assessment. The formation of dilation faults and hybrid
fractures can create weak zones within the rock mass, making
certain areas more susceptible to landslides, rockfalls, and
ground subsidence. Moreover, these structures can act as fluid
pathways, influencing groundwater movement and the formation
of mineral deposits in the region. The study of these high-risk
dynamic zones is particularly important for infrastructure
development, as identifying regions with intense extensional
deformation can help engineers design safer foundations and
more resilient structures. Furthermore, the interaction of normal
faulting and shear fracturing plays a significant role in the
seismic activity of the region, making it essential to incorporate
tectonic analyses into urban planning and disaster management
strategies.

IV. KINEMATIC STRESS ANALYSIS FOR NORTHEASTERN
KERMAN

The study area, covering approximately 50 km? is in the
northeastern part of Kerman Province. This region features
extensive outcrops of Cretaceous-aged limestones with a diverse
lithological sequence. The exposed rock units primarily consist
of sandy marl limestones, marl limestones, bioclastic limestones,
detrital-bioclastic limestones, micritic limestones, and marls. One
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of the most prominent structural features in these limestones is
the presence of fault systems exhibiting both normal and strike-
slip kinematics, which have played a key role in shaping the
region’s geological framework. Detailed structural analyses
indicate that strike-slip faults are younger than normal faults in
this region. The average dip of faulted layers provides further
evidence of this chronological relationship, with strike-slip faults
showing an average dip of 69 degrees, whereas normal faults
exhibit a steeper dip of 76.5 degrees. Among the surveyed faults,
14 normal faults with distinct slickenlines and 26 well-defined
strike-slip faults were selected for paleostress analysis. These
faults were chosen based on their high-quality slip indicators and
optimal mechanical conditions, ensuring reliable results (Figures
8 and 9). To minimize uncertainties in fault kinematics, only
faults with clear slip indicators, such as fault steps, striations, and
associated secondary fractures, were incorporated into the final
stress analysis. Paleostress analysis serves as a fundamental tool
for understanding the structural evolution of tectonically active
regions, particularly in areas affected by brittle deformation. This
method is especially valuable in deciphering complex fault
networks, where multiple stress phases have influenced fault
activity over time. The primary objective of paleostress analysis
is to reconstruct the stress tensor responsible for fault slip, a
process commonly referred to as the inverse problem.
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To determine the orientation of slip vectors, two critical
factors are considered: the orientation of the principal stress axes
and the geometric shape of the stress ellipsoid. According to
Anderson's theory of faulting, the relative positioning of the three
principal stress axes (o1, 62, and o3) dictates the faulting regime.
If o1 (maximum principal stress) is vertical, normal faulting
occurs; if o2 (intermediate stress) is vertical, strike-slip faulting
occurs; and if o3 (minimum principal stress) is vertical, reverse
faulting dominates (Twiss & Moores, 2006). Several researchers
argue that one of the principal stress axes must always be vertical
during fault activity. Based on this assumption, in the study area,
o1 is considered vertical for normal faults, while o2 is assumed to
be vertical for strike-slip faults. To gain a more comprehensive
understanding of the regional stress field, all fault-slip data were
plotted on stereonets, ensuring that for normal faults, o1 is placed
at the stereonet center, while for strike-slip faults, o2 is positioned
at the center.

The orientation and elliptical shape of the regional stress field
exert significant control over the type, spatial distribution, and
slip direction of faults in the study area. As proposed by Angelier
(1994), stress field geometry dictates fault development and
kinematics, influencing how faults propagate and accommodate
strain. The process of determining the regional stress field from
fault-slip data is known as stress inversion, which helps
reconstruct the tectonic history of an area. The findings from this
study contribute to a deeper understanding of the tectonic forces
shaping northeastern Kerman.
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One of the key factors influencing paleostress analysis is the
friction angle (¢) of the rock mass during fault system activity
where main value in geotechnical designs. In this study, the R%
graph method and the fault plane analysis method were
employed to determine this angle. The following sections
provide a detailed explanation of these methods. In R%
approach, selected friction angles are plotted on the x-axis, while
R% values are plotted on the y-axis. By analyzing the normal
faults in the study area, two critical angles were obtained: 82
degrees at the maximum point and 45 degrees at the minimum
point of the graph. According to Marin et al. (2004), the
maximum point of the R% graph represents the internal friction
angle of the rock mass at the time of fault system activity. Based
on this, the 45-degree angle was selected as the internal friction
angle for the rock mass in the study area (Figure 10a). Similarly,
for strike-slip faults, the R% method yielded 84 degrees at the
maximum point and 45 degrees at the minimum point. As a
result, the 45-degree angle was adopted as the internal friction
angle of the rock mass during faulting, confirming its consistency
across different fault types (Figure 10b). These findings provide
critical insights into fault mechanics and stress conditions at the
time of fault activation, aiding in the broader understanding of
tectonic processes and geomechanical properties of the study
area.
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Fig. 10 Variations in the friction angle with R%: (a) normal, (b) strike-
slip faults

Understanding the orientation of compression (P) and tension
(T) axes is essential for reconstructing the paleostress field and
analyzing the kinematic behavior of faults. In the northeastern
Kerman region, where both normal and strike-slip faults are
present, identifying these axes provides valuable insights into the
tectonic forces governing the region. The results of this analysis
are illustrated in Figure 11, which presents sterecographic
projections of the P and T axes for normal and strike-slip
faulting. The P-axis represents the direction of ;, whereas the T-
axis corresponds to the 3. These axes are determined using fault
slip analysis, where the orientation of fault planes and the
direction of slip are used to derive the stress tensor responsible
for faulting. By mapping these axes, the prevailing stress regimes
in the study area can be better understood.

The first step in this analysis involved collecting fault slip
data from extensive field surveys. Measurements were taken
from fault planes, slickenlines, and fault-related structures, with a
focus on determining shear stress orientations. The data were
then plotted on a lower hemisphere equal-area sterconet,
allowing for the identification of the principal stress directions.
For normal faults, the T-axis is typically oriented vertically,
corresponding to the direction of o;. The P-axis, on the other
hand, lies within the horizontal plane, perpendicular to the
extension direction. The stereographic projections presented in
Figure 1la confirm a consistent extensional trend across the
region, indicating that normal faulting is controlled by crustal
extension forces. In contrast, strike-slip faults exhibit a different
stress distribution. For these faults, the P-axis lies in the
horizontal plane, aligned with the o;, while the T-axis is also
horizontal, aligned with the 3. This pattern suggests a shear-
dominated stress regime, which is clearly reflected in the
distribution of strike-slip fault P and T axes in Figure 11b.

The orientation of these axes has significant tectonic
implications. The observed normal faults suggest that the region
has experienced active crustal extension, possibly linked to post-
collisional tectonic relaxation. Meanwhile, the presence of strike-
slip faults indicates a secondary stress regime, associated with
lateral displacement along major fault zones. This combination
of extensional and shear stress fields highlights the complex
tectonic evolution of the region. A comparison of the derived P
and T axes with regional stress models reveals a strong
correlation between the northeastern Kerman stress field and the
broader tectonic framework of central Iran. The results suggest
that the region is currently influenced by a NW-SE extensional
regime, superimposed by localized transpressional forces. These
findings align with previous studies, reinforcing the idea that the
area is undergoing progressive deformation due to ongoing
tectonic activity. The precise determination of P and T axes is
crucial for understanding fault mechanics and assessing the
seismic potential of the region. The ability to reconstruct the
paleostress field allows for better predictions of fault
reactivation, which is vital for urban planning and geotechnical
projects in the area. So, the analysis of compression and tension
axes in the northeastern Kerman region provides essential data
on the regional stress regime and fault kinematics. The results,
illustrated in Figure 12, confirm the coexistence of normal and
strike-slip faulting, with distinct stress orientations governing
each fault type.
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All faults that share the same components in the four-
dimensional space of the reduced stress tensor can be considered
as part of a single stress phase. In other words, when the
principal stress axes and the stress field shape form a clustered
distribution in the four-dimensional tensor space, they are
regarded as belonging to a distinct phase of stress. Fault sets
observed in the field often experience multiple stress phases over
time. This results in heterogeneous datasets, necessitating a
method for differentiating stress phases. If a collected fault
dataset consists of N faults and needs to be divided into K
subsets, the number of possible solutions follows the
combinatorial equation (Yamaji, 2000):

N!

NCK=——"
KI(N - K)!

(M

Initially, fault-slip data are analyzed using a selected stress
inversion method to determine the principal stress axes and stress
field shape. Data points that exhibit a clustered pattern are
identified as a subgroup representing a distinct stress phase and
are separated from the remaining dataset. To simultaneously
consider both stress axis orientation and field shape, the solutions
are visualized as bar symbols on two stereonets, using the visible
Newtonian color spectrum (Yamaji, 2000). In this visualization
method, the clustered data points on the left stereonet indicate the
position of 61 (maximum principal stress axis). Simultaneously, a
great circle appears on the right stereonet, where symbols
matching the color of the first stereonet concentrate to indicate
the location of os.

Since the stress shape ratio (@) varies between 0 and 1, this
range is divided into 11 equal intervals, each representing a 0.1
increment in ®. Different colors correspond to different stress
field shapes:

- Purple represents @ = 0, corresponding to a prolate

(cigar-shaped) ellipsoid.

- Red represents ® = 1, corresponding to an oblate (disk-

shaped) ellipsoid.

In the study area, this method was applied to determine the
orientation of principal stress axes and the shape of the stress
field. The results, illustrated in Figure 12, provide a detailed
representation of the stress regime variations in the region. This
technique allows for a comprehensive understanding of fault
kinematics, aiding in the interpretation of tectonic evolution and
geomechanical stability.

In paleostress analysis, the shape of the stress ellipsoid can be
determined using the direct inversion method with unscaled
Mohr circles. These circles represent the relative normal and
shear stresses calculated from the stress tensor for each fault
plane, without showing the absolute values of the principal
stresses. The distance between the stress axes (o1 and o3) is
arbitrary, but the ratio of stress differences is displayed. The
relative positions of Mohr circles are used to calculate shear
stress for each fault plane, and these circles represent the
equivalent ellipsoid. For this study, Mohr circles were drawn for
normal and strike-slip faults, assuming a 45-degree friction
angle. For normal faults, the shape factor (R = 0.43) indicates a
flat stress ellipsoid, with a second-type ellipsoid shape.

Some data points were located at the intersection of the
vertical line passing through o, with the 6,-05 plane, suggesting

conjugate shear planes. For strike-slip faults, the shape factor (R
= 0.45) also indicated a flat, second-type ellipsoid. Many data
points intersected at the same location, indicating conjugate shear
planes. Using the lineation and Warren methods, the stress field
shape was found to be prolate in both normal and strike-slip
faulting periods. The analysis of the study area revealed that
normal faulting showed a near-vertical maximum compressive
stress and a horizontal minimum compressive stress at NW
orientation. In strike-slip faulting, the maximum compressive
stress was at SSE orientation, and the smallest compressive stress
was at NW orientation, with both having a dip of zero. The
results confirmed that the stress field shape is prolate, and the
region has experienced multiple stress phases.

V. CONCLUSION

Based on the findings of this study, it can be concluded that
the paleostress analysis in the northeastern Kerman region
reveals complex tectonic interactions, dominated by both normal
and strike-slip faulting. The region's structural features, including
fault systems and the resulting morphologies, are strongly
influenced by the regional stress field, which is primarily
controlled by tectonic forces. The determination of stress tensor
components and the use of methods such as Mohr circles and
inversion techniques have provided valuable insights into the
stress field and faulting mechanisms in this area. The stress
ellipsoid shapes observed for both normal and strike-slip faults
are of the second type, indicating a dominant prolate stress
regime. The analysis of fault orientations and stress directions
shows that normal faults exhibit a near-vertical maximum
compressive stress and horizontal minimum compressive stress
in the northwest direction. In contrast, strike-slip faults
demonstrate a maximum compressive stress oriented SSE, with a
minimal compressive stress also aligned in the northwest
direction. These findings suggest a complex history of stress
evolution, with the region having undergone multiple stress
phases over time. Furthermore, the study emphasizes the
importance of understanding the relationship between fault
kinematics and the regional stress field for geotechnical and
urban development applications. The identification of shear
zones, fault slip behaviors, and stress orientations provides
critical data for future hazard assessments and infrastructure
planning in this seismically active region. Overall, the study
contributes to a deeper understanding of the tectonic processes in
northeastern Kerman and their implications for regional
structural development and seismic risk management.
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