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Abstract

This study presents a detailed structural and fracture analysis of the western
segment of the Katrol Hill Fault (KHF) and its surrounding region within the
Kachchh Rift Basin in western India. Through the application of integrated
geological and structural mapping, remote sensing, field investigations and
paleostress analysis, this study identifies a complex fault system, oriented east-
west to ENE-WSW/ESE-WNW. This system is characterized by asymmetric
flexures and a network of strike-slip and oblique-slip faults. Multiple fracture
types, including extension joints, veins, en-echelon shear fractures and pinnet
joints, reflect successive deformation phases under evolving transtensive stress
regimes oriented from N-S to NNE-SSW, influenced by magmatic intrusions
such as the Nanamo Hill plug and fault activity. Fault-related folds exhibit
both normal and reverse drag styles, governed by heterogeneous displacement
fields along faults, with conical drag folds and brecciation, indicating mechan-
ical heterogeneity within lithologies. The integration of field data, remote
sensing and paleostress reconstruction elucidates the kinematic evolution,
fault segmentation and fracture network development in the Kachchh Rift Ba-
sin, providing valuable insights into seismic hazard assessment and regional
tectonic interpretations.
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1. Introduction

Deformation zones are complex systems in which fractures, faults and joints in-
teract to control fluid flow, mechanical behavior and seismic activity [1]. Under-
standing these interactions is crucial for assessing seismic hazards, predicting fluid
pathways and evaluating the potential for fault reactivation in various geological
settings [2]-[4]. Fracture analysis involves studying the characteristics, patterns
and interactions of fractures in rock formations, which includes: 1) Identifying
different types of fractures (e.g., extension, compressional and shearing-mode
fractures), 2) Analyzing the geometric and topological relationships between frac-
tures, 3) Determining the relative ages of fractures, 4) Examining kinematic rela-
tionships and displacement patterns. Characterizing fracture networks and their
properties [5].

The Kachchh Rift Basin (KRB) in western India is a structurally controlled ba-
sin with numerous intrabasinal faults and associated transverse faults [6] [7]. Sev-
eral studies have been conducted on various aspects of the structural analysis of
intrabasinal faults and associated transverse faults of the KRB [8]-[18]. These ef-
forts have improved our knowledge of the nature and neotectonic behavior of Ka-
chchh’s intrabasinal and transverse faults.

With regard to the understanding of the stress pattern along the fault system of
the KRB, most research has been conducted in the Kachchh Mainland Uplift
(KMU), Wagad Uplift (WU) and Island Belt Uplift (IBU) regions [14]-[17] [19]
[20] with only a few attempts at the structural and tectonic analysis of the Katrol
Hill Fault (KHF) has been achieved. The first attempt was made by [12] [19]-[22]
who studied fracture systems and fault systems around the Bhuj and KHF, Ka-
chchh Mainland Fault (KMF), IBF and VGKEF. In addition, quaternary studies
along the KHF are available, which describes the climate, geomorphology, mor-
photectonics and neotectonics aspects [10] [11] [23]-[31]. This provided basic in-
formation on the orientation of regional fractures, their possible origin and their
neotectonic and activation in the Quaternary period. As for the fracture morphol-
ogy, the time relation and other criteria of fracture in different formations of rocks
remain a question. This study aims to understand the various joints, faults, fault-
related folds and their relationship to outcrop and regional-scale deformation in

the western segment of the KHF.

2. Location and Geology of the Study Area

The study area is located in the central Kachchh mainland of the Kachchh region
(Figure 1) and consists of the Charwar hill Uplift along the western part of the
KHEF, starting from the West of Deshalpar village to Varamseda in the west. The
study area is bounded by the Bhuj low in the north and the Dhola hill range in the

south.

2.1. Stratigraphy

The study area represents Mesozoic rock of the Jhuran and Bhuj formations and
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a thin cover of Quaternary Alluvium [21] [32]. Jhuran Formation in the Charwar
Range is uniform and comparable to the type section [21] [32]. The formation’s
thickness varies between 1000 and 1370 ft. and is sporadically fossiliferous [21]
[32]. The study area is mostly outcropped by the Bhuj formation starting from
Kurbai village, represented by the Kurbai Plant Bed, a dark carbonaceous shale (8
- 10 ft. thick), containing rich plant fossils and later surrounding the outcrops of
the Jhuran formation [21]. The Bhuj Formation surrounding Jhuran is repre-
sented by the intercalation of sandstone siltstone shale beds and massive sand-

stone beds of the lower members of the Bhuj Formation [21] [32].
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Figure 1. Location and geological map of the study area with major lithologies and struc-
tures [7].

2.2. Structure

The structural features of the western part of the Charwar Range flexure are char-
acterized by a marginal long narrow anticline along the KHF and a second, sub-
parallel to the oblique axis of folding to its south [7] [8] [21] (Figure 2). The west-
ern part of the marginal anticline includes the Gurukul Dungar Anticline, Dhru-
biya Half Anticline and Varamseda Plunging Syncline. A prominent structural
basin, the Kurbai Basin, is located in the low area between the Gurukul anticline,
Dhrubiya half-dome and Waramseda nose [21]. The marginal anticline of the
KHEF terminates in a sharp nose near Waramseda, west of the Dhrubiya half-dome
[7] [21]. South of the Kurbai Basin lies a fold axis parallel to the Nabhoi fault, a
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prominent fault with a length of 13 km, which shows three different fold struc-

tures along the trace.
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Figure 2. Structural map of the study area on a 30 m resolution DEM with major fold axis,
faults with stereograms, PBT axis and stress directions [7].

Igneous activity was more pronounced in the western region. Large plutons,
such as the Nanamo Hill Plug south of Varamseda and Mangwana, invade the
marginal folds [7] [21] [33]. A very large sill starting from the Dhrubiya half-dome
defines folds, as it outcrops from the north to the south of the study area [21] [33].
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Apart from a few dykes near the Nanamo Hill plug, a transverse dyke originating

from Deccan trap rocks crosses the Sill.

3. Methodology
3.1. Structural and Geological Mapping

The methodology involves geological and structural mapping of the study area, as
well as the analysis of fault-related folds using a combination of remote sensing,
field data collection and analytical techniques.

Fault data and fold boundaries were digitized from published maps using GIS
software. Satellite imagery and Google Earth Pro (GEP) map major structures,
lineaments and folds, which are overlaid on a 30 m Copernicus Global Digital
Elevation Model. Google Earth Pro was used to identify lineaments on the anti-
clines and measure their orientation and length. Remote sensing techniques, in-
cluding directional filtering, overlaying of lithological units and extraction of tec-

tonic lineaments, were further verified with field data [34].

Field Data Collection

{

Figure 3. (A) Jamthada dyke plane exposing the slicken lines along the strike of the plane;
(B) South-dipping fault plane of the Nabhoi fault near the Rukmavati river section south
of Vadasar Village; (C) A Sinistral reverse fault with slicken lines near Kurbai Madhapar
road indicates a reverse oblique slip movement in the NW direction; (D) Sinistral reverse
Fault zone with Positive flower structure along a narrow river valley East of Kurbai village;
(E) Nabhoi fault with dipping bed on NE (up thrown block) and horizontal on SW (down
thrown block) exposed in a river SE of Nabhoi village.

Fieldwork was conducted in the exposed sections of fault and fold limbs in the
vicinity of the western segment of the KHF. Clear photographs of the fault planes
were captured. Ten faults and folds along them were selected for the present study
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and various elements and structural features were measured on selected sites for
structural analysis. The fault data include the azimuth of the fault planes, dip di-
rection, dip amount, and kinematic indicators along the slickenside surfaces, such
as the rake and plunge of the slickenlines (Figure 3). Multiple data points were
collected from a single fault plane at different locations along the same fault to
minimize errors and to address any variability in kinematics along the fault plane,
if present. Data pertaining to the fold-limbs was collected for the purpose of drag
fold analysis. Additionally, data concerning various joint sets were documented
(Figure 4). The dataset includes types of joint, mineralization present, orientation,
and its relationship with lithology and major structural features in the surround-

ing area.

Figure 4. (A) Sinistral reverse fault zone with a positive flower structure along a narrow
river valley East of Kurbai village. Note the small reverse faults along with the pinnet joints
and younger joints crossing the faults; (B) A dextral normal fault across the river, with I, Y
and X open mode joints and open en-echelon joints; (C) Various types of fractures are
represented by sealed joints, open-mode en-echelon joints parallel to sealed joints and joints
forming limonitic box works; (D) Joints along with an en-echelon calcite vein between the
hammer and the open joint (Blue: N-S, Yellow: NE-SW, Purple: NW-SE, Pink: E-W).

3.2. Structural Analysis

Structural analysis involved the characterization of folds and faults in the study
area. Detailed field work was conducted to measure the parameters for fold char-
acterization, such as dip, strike and dip amount of the beds along the folded sur-
face. Fault studies were conducted by measuring the dip, strike and dip amount
of the faults. To conduct a paleostress analysis of the faults, the rake and pitch of
the slickenlines, which are grooves on the fault surface, were measured.

3.2.1. Fault-Related Fold Study

The study of fault-related folds (including drag faults and fault-bend folds) in-
volves several key methods, including examining small-scale drag folds along
faults to document their geometry and relationship to the main fault. The geomet-

ric relationships between small-scale fractures (meso-fractures) and larger faults
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were observed. Identifying structures, such as faults, to determine stress or strain
trajectories. Poles to bedding were plotted on stereograms to understand the over-
all geometry of the folds (e.g., conical or cylindrical). These field studies allow a
detailed description of fault segmentation, fault-related fold architecture at vari-
ous evolutionary stages and the relationship between folding and lithological units
(members).

The asymmetry and vergence of the folds were analyzed in relation to the fault
orientation and slip direction. For fault-bend folds, documenting the changes in
the dip of the fault surface and the corresponding changes in fold geometry is a
key aspect and by integrating these methods, a genetic relationship between the
faults and their associated folds can be established to interpret the broader defor-

mation history of the region.

3.2.2. Paleostress Analysis

Paleostress analysis involves the calculation of stresses incurred during a defor-
mation event in a region or body [35]. Paleo-stresses are indicated by stress ten-
sors consisting of three mutually perpendicular principal axes along tectonic
zones [35]-[37]. The measurement of fault plane orientations and slickenside stri-
ations is crucial for determining the slip directions [36]. Surface markings on
faults, such as striations and steps, provide vital information regarding fault move-
ment and stress orientation.

Win Tensor is a paleostress reconstruction program developed by Damien Del-
vaux initially for DOS and later converted to Windows. The version of the pro-
gram used was Win Tensor 5.9, which was developed in 2021. The methods avail-
able for constructing stress tensors are the PBT axis method and the Right Dihedra
Method (RDM) [35]. The fault inversion analysis also generates three strain axes,
J1 (maximum), &2 (intermediate) and 3 (minimum); and their orientation in the
tensors. The calculated stress ratio is essential for defining the stress regime of the
fault plane slip data. The stress regime is calculated under three defined criteria:
1) when o1 is vertical, it defines an extensional regime under which R’ = R, which
is further sub-divided into radial extensive (R’ = 0 - 0.25), pure extensive (R’ =
0.25 - 0.75) and transtensive (R’ = 0.75 - 1.25); 2) when 02 is vertical, it defines a
strike-slip regime under which R’ = 2 — R, which is further sub-divided into pure
strike-slip (R’ = 1.25 - 1.75) and transpressive (R’ =1.75 - 2.25); when 03 is vertical,
it defines compressive regime under which R’ = 2 + R, which is further sub-di-
vided into pure compressive (R’ = 2.25 - 2.75) and radial compressive (R’ = 2.75 -
3.0) regime [37].

4. Field Investigation and Data Analysis

The study area represents the westernmost part of the KHF and consists of various
generations of faults and folds. The KHF is generally an east-west trending fault
with an occasional change in the trend of the fault strike to ENE-WSW to ESE-
WNW. It has produced a narrow Flexure (150 - 200 m width) parallel to the fault.

The northern flank of the flexure is mostly eroded, with a few outcrops preserved
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along with the exposed KHF. The southern flank is abrupt and parallel to the KHF,
which is further dissected by several crisscross-cutting transverse faults [7] [8].
The flexures along the southern flank are moderate-dipping asymmetric folds
with an average dip of 35° towards the KHF and 15° - 20° away from the KHF
towards the south.

The Flexure is dissected by many faults with strikes Perpendicular or Oblique
to KHF (Figure 2). The data of faults determine it to be strike-slip and oblique-
slip in nature and at places, they dissect and displace the KHF. In the western part
between Magwana and Varamseda village, a subsidiary NNW-SSE fault with a dip
of 64° towards the East divides the KHF into two parts, forming the Varamseda
nose in the north-west region. Field evidence and fault data suggest that this fault
is transtensive (Stereogram 1 of Figure 2). The contact between this subsidiary
fault and the KHF forms the Varamseda syncline (Figure 5(D)), which appears to
be a noncylindrical plunging drag fold created during the faulting of the KHF and
subsidiary fault.

Figure 5. (A) NW limb of the Nabhoi anticline along the Nabhoi Fold; (B) A low-angle
reverse fault section with normal drag in shale sandstone intercalation of the Bhuj for-
mation, Rukmavati river, south of Vadasar; (C) A series of low-angle reverse faults with
normal drag along the fault plane in the Black Shales of Jhuran formation, 2 km east of
Mangwana Gadhashisa road; (D) Google Earth view of Varamseda Plunging Non-Cylin-
drical Syncline dipping ENE to NE.

This fault is large compared to other faults near the KHF and extends 7 km SE,
dissecting and cross-cutting the Nanamo Hill plug, Dhrubiya Sill and Nabhoi fault.
Near the SE end of the fault, it merges with three to four high-angle en-echelon
normal and sinistral strike-slip faults. The sandstone of the Jhuran formation
shows various types of fractures, including calcite veins oriented in the N-S (pur-
ple colour line in Figure 4(B)), box work fractures and orthogonal joint sets ori-
ented in the N-S, E-W, NW-SE and NE-SW directions (Figures 4(B)-(D)) and an
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open-mode en-echelon shear fracture system (Figures 4(B)-(D)). These en-eche-
lon fractures show signs of tearing and faulting in the presence of transtensive
stress.

On the northern side near the north limb of the Kurbai synclinal basin, a series
of en-echelon dextral oblique slip faults crosscut the Jhuran and Bhuj formation
rocks (Figure 1). The throw of these faults varies from a few meters to a few tens
of meters. Figure 3(C) and Figure 3(D) show two such faults from Sites 5 and 6,
respectively. Both these faults are oblique slip faults (reverse dextral faults) and
the fault at site 6 shows a positive flower structure. These faults cross the Dhrubiya
half dome and other parts of the flexure near the KHF. The fault at site 6 shows
pinnate joints and an array of en-echelon faults and joints developed within the
fault zone (Figure 4(A)). All these faults are transpressive in nature with maxi-
mum compression from NNW-SSE and NW-SE (stereograms of site 3, 4, 5 and 6
in Figure 2).

The flexure formed north of Kurbai village by the KHF shows several types of
fractures, including orthogonal strike joints, dip joints and cross joints oblique to
flexure (Figure 6(A) and Figure 6(B)). The orientation of these joints and faults
is mainly N-S, E-W, NE-SW and a few NW-SE. Strike and dip joints appear to be

formed by expansion during flexural folding on different flanks.

Figure 6. (A) Jhuran Shale showing orthogonal joint sets with various abutting relation-
ships and I, Y, and X nodes; (B) Jhuran sandstone with open mode N-S joints and NW-SE,
NE-SW cross joints (Red: N-S, Yellow: NE-SW, Green: NW-SE, Blue: E-W).

In the eastern part near the Gurukul Dungar anticline, a NE-SW fault at site 6
(Figure 1 and Figure 2) crosses the Jhuran Formation across the anticline and
displaces the KHF by several tens of meters. This fault shows a typical strike-slip
movement, which can be observed by the formation of overturned anticlines and
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small horizontal flexures near the fault in the Jhuran rocks, indicating a pure
strike-slip stress pattern (stereogram 7 in Figure 2).

The major feature of the southern part is a 12 km long NW-SE striking Nabhoi
fault, which is a normal fault dipping south at an angle of 64° - 68°. The fault is
exposed in the Vadasar River section, a tributary of the Rukmavati River. Analysis
of the Nabhoi fault plane data suggests a pure extensive stress in the NE-SW di-
rection. The fault plane forms an anticline plunging NW on the downthrown
block in the NW tip of the fault (Figure 5(A)). A second structure in the form of
a NW-plunging synclinal basin is observed near the NE of Nabhoi village, which
is large and broad compared to the anticline in the NW. Apart from this, the
southern side of the study area shows low-angle reverse faults with very minor
displacement. However, despite their small scale, these faults indicate the for-

mation of drag folds along their displacement (Figure 5(B) and Figure 5(C)).

Table 1. Fault data with a sense of slip Lithology, Stress axis, Shmax, Shmin, Regime Index (RI) and stress regime. (NS: Pure Exten-
sive [37], TS: Transpressive [37], NF: Transtensive [37]. S§S: Pure Strike-Slip [37]. UNF: Unnamed Fault, ND: Normal Dextral, NS:
Normal Sinistral, IS: Inverse/Reverse Sinistral, ID: Inverse/Reverse Dextral.

Site

B~ W N

w

7
8
9

10 Jamthada Dyke

Fault name

UNF
UNF
UNF
UNF
UNF
UNF
UNF
UNF
Nabhoi Fault

Sense
of Slip

ND
NS
IS
IS
IS
IS
ID
N
N
ND

No. of Map parameters
Lithology  Collected al o2
fault data ShmaxShmin RI  Stress regime

Bhuj, Jhuran 8 217461 0112426 106411 020 110 0.5 NF
Jhuran 8 3392443 183445 081«£12 166 076 0.5 NF
Bhuj 3 164221 051445 2712437 171 081 2.0 TS
Bhuj 3 179418 069447 283438 005 095 20 TS
Bhuj, Jhuran 4 338413 078436 232451 153 063 2.0 TS
Bhuj, Jhuran 4 160405 063455 254435 161 071 1.5 SS
Jhuran 4 245,03 121485 335404 065 155 1.5 SS
Bhuj 3 258464 348400 078226 168 078 0.5 NF
Bhuj, Jhuran 10 022268 1122400 202222 112 022 0.5 NS
Bhuj 5 076424 204476 114200 009 099 1.5 SS

The Jamthada dyke, named after the village Jamthada, crosscuts the Dhrubiya
sill (Figure 1). The dyke serves as site 10, which is located South of the Nabhoi
fault and has a NW-SE trend. The dyke shows slicken lines parallel to the strike,
indicating later reactivation of the fault along the intrusion, which is dextral
strike-slip in nature (Figure 3(A)). This indicates a transition of stress from pure
extensive to pure strike-slip in (Stereogram 10 in Figure 2). Outcrops and remote
sensing imagery show no sign of dykes crosscutting the Nabhoi fault. Site 8 shows
another such feature located NE of the Nabhoi village. A normal fault with a NW-
SE strike has formed a fault scrap with the outcrops of the Dhrubiya sill in the SW
(Figure 1 and Figure 2). This fault has a length of nearly 4 km with a down throw

in the NE direction, although the nature of this fault is in question as it may be an
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oblique slip or strike-slip fault as good exposure of the fault plane with slickens
are not available. Table 1 shows the fault data of the study area with their PBT or

ol, 02 and 03 axis.

5. Relationship between Faults and Other Fractures

The study of mesofractures, such as small faults, veins and joints, is a powerful
tool for determining regional stress and strain trajectories [38]. The fractures in
the study area are represented by various types of faults, joints and veins. [39]
describes the temporal relationships between various joints and faults. Even a sin-
gle joint set often shows evidence of development through a multi-phase failure
sequence. By stating this, [38] implies that tectonic stress fields are not static and
that rock masses are progressively fractured over time. This can be seen as the N-
S joint system prevailing in the study area, but at the same time, it is made up of
different kinds of fractures, such as open mode extension fractures, veins and
sealed joints. This indicates that all joints with this orientation were formed dur-

ing different deformation events.

Figure 7. (A) Strike-slip fault with pinnate fractures or horse tails; (B) Reactivation of these
joints forms antithetic faults (modified from [1]); (C) Pinnet joint joints in the strike slip
fault in a narrow river valley East of Kurbai village (See Figure 4(A) for similar features in
same fault).

Most faults in the study area are oblique slip faults, either reverse or normal
oblique faults and some are normal or strike-slip faults. Fault analysis suggests
that the paleo-stress conditions in the study area changed over time, during which
various faults were generated or reactivated. The fault data analysis suggests N-S
to NNE-SSW Transtensive stress along the Western NNE-SSW. This might have
formed during the intrusion of the Nanamo Hill plug and KHF. Other faults near
the KHF show a similar nature, but they appear to be reactivated. This is indicated

by the nearly same orientation of the different stress patterns of compressive or
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transpressive nature along the fault plane.

On the other hand, the Nabhoi fault in the south of the study area is older or
synchronous to the other faults in the study area. It shows a normal or pure ex-
tensive stress field with minor variations to transtensive at a few places. This fault
is crosscut and displaced by the NNE-SSE fault and shows a trailing pinnet frac-
ture in the flexural fold of the Nabhoi fault (Site 1 Fault in Figure 2 and Figure
7(A)). These trailing fractures are reactivated as faults with similar stress fields
[1]. Similar pinnet joints and faults are also present in the site 6 fault (Figure 4(A),

Figure 7(B) and Figure 7(C)) along a narrow river valley East of Kurbai village.

6. Fault-Related Folds

In the study area, fault-related folds are mainly found along the KHF and Nabhoi
Faults. However, these folds were modified by en-echelon faults. The KHF shows
both types of drag folds in the flexure, normal drag, and reverse drag (Figure 8).
[40] shows that the formation of either normal or reverse drag is a result of the
heterogeneous displacement field created by the fault slip. This field has two main
components.

1) Fault-Parallel Displacement (uz): This component causes a marker to bend
into a concave shape in the direction of the slip, contributing to the reverse drag.

2) Fault-Normal Displacement (u,): This component causes the marker to bend
into a convex shape in the direction of the slip, contributing to the normal drag.

Whether normal or reverse drag ultimately forms depend on which of these
displacement components has a dominant effect. This dominance is determined
by the orientation of the marker relative to the faults. This can be seen in the case
of the nabhoi fault, a high-angle normal fault with reverse drag forming a gentle
cylindrical (later Converted in Conical drag) anticline on the hanging wall and a
Gentle Synclinal basin on the footwall. [40] [41] demonstrate that drag effects can
change along a single fault, transitioning from reverse drag at its centre to normal
drag at its termination. This seems to be true for the KHF, which shows both types
of drag (Figure 8(A) and Figure 8(C)). Although more studies required for a
complete understanding of the drag folds in the KHF.

The western side of the Nabhoi fault shows a NW-plunging anticline (Figure
8(C)). According to [42], conical drag folds are formed through the passive rota-
tion of a competent (hard) rock bed that is surrounded by incompetent (soft),
flowing media, especially in the vicinity of faults where the shear is oblique. This
seems true for the above-mentioned anticline, which might have formed because
of the Intersection of Nabhoi fault and NNW-SSW fault in the western part of the
study area. Rocks in this particular part are represented by shale sandstone inter-
calations of Jhuran formation and a sill. On the SE end of the fault, a plunging
syncline is observed east of the Nabhoi village and north of the Ajapar village,
where an NW-SE fault crosses the syncline (Figure 8(B)).

The formation of conical drag folds can involve the development of small-scale

faults or fractures within the competent (harder) rock layer, which causes ductile
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flow and brecciation in incompetent rocks such as shale (Figure 5(C)) [42].

A. <N | B <N

Varamseda Syncline Nabhoi Fault

Dhrubiya half dome

Nabhoi Fault

Kurbai Basin

Figure 8. (A) A schematic section diagram for Varamseda Syncline indicating Reverse
Drag Reverse fault; (B) A schematic section through SE portion of Nabhoi fault forms a
syncline on the footwall indicating a reverse drag in Normal fault; (C) A schematic section
diagram illustrating the normal drag in Reverse fault (KHF) forming the Dhrubiya half
dome and Reverse drag in normal fault (Nabhoi fault) and formation of the Kurbai struc-
tural basin (Sections not to scale).

All these fault-related folds form a structural basin between the Nabhoi and
KHEF faults, Waramseda nose and Gurukul dunger anticline [21]. This was later
filled by sediments eroded from the Jhuran formation black shales and deposited
in the basin, forming the Kurbai plant bed, which was later gently folded due to
the progressive deformation of the KHF.

7. Deformation History

The western segment of the Katrol Hill Fault (KHF) can be divided into multiple
phases distinguished cross-cutting and abutting relationships among fractures,
mineral sealing versus open fractures, and indicators of fault reactivation.

1) Early Extensional Phase: Characterized by the formation of open-mode ex-
tension joints and normal faults, notably the Nabhoi fault exhibiting a pure exten-
sional stress regime, oriented NE-SW. This phase is identified by open fractures
and absence of mineral sealing.

2) Transtensive Phase Associated with Magmatic Intrusions: Marked by the
development of en-echelon shear fractures, veins, and strike-slip to oblique-slip
faults, including the N-S to NNE-SSW oriented faults near the Nanamo Hill plug
and KHF. Mineral sealing in veins and sealed joints indicates multiple defor-
mation events, while open fractures and cross-cutting relationships show ongoing
activity. Paleostress analysis links this phase to a transtensive regime with evolving
stress orientations from N-S to NNE-SSW.

3) Reactivation and Transpressive Phase: Evidenced by reactivation of older
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faults (faults near KHF) showing compressive or transpressive stress patterns,
with features such as pinnet joints and antithetic faults forming along strike-slip
faults. Cross-cutting relationships and overprinting of fracture sets indicate this
later phase under a transpressive regime with maximum compression from NNW-
SSE and NW-SE.

Each phase is temporally constrained by the relative timing of fault and fracture
generations, mineralization stages, and structural overprints, correlating with the
transition from pure extension (Nabhoi fault) to transtension linked with mag-

matic activity, and finally to transpression during fault reactivation.

8. Conclusions

e The western segment of the Katrol Hill Fault (KHF) has a complex defor-
mation history characterized by multiple generations of faults, joints and
fault-related folds. The analysis indicates that the tectonic stress fields in the
region were not static, leading to progressive fracturing of the rock masses
over time. This is evidenced by the presence of various fracture types, such as
open-mode extension fractures, veins and sealed joints, which, despite shar-
ing an N-S orientation, likely formed during different deformation events.

e Structural and fracture analyses of the western segment of the Katrol Hill
Fault (KHF) and its surrounding region revealed a complex interplay of fault-
ing, folding and fracture development influenced by multiple deformation
events.

e  The KHF exhibits an east-west to ENE-WSW/ESE-WNW-trending fault sys-
tem characterized by moderate to steeply dipping asymmetric flexures and a
network of strike-slip and oblique-slip faults that dissect the fault zone.

e  The presence of various fracture types, including extension joints, veins, en-
echelon shear fractures and pinnet joints, indicates multiple phases of defor-
mation under varying stress regimes.

e DPaleostress reconstructions suggest a transtensive stress regime with N-S to
NNE-SSW orientations linked to magmatic intrusions, such as the Nanamo
Hill plug and KHF activity.

e  The faults in the area are predominantly oblique-slip, with some normal and
strike-slip faults. Paleo-stress analysis suggests that stress conditions changed
over time, causing the generation of new faults and reactivation of older ones.
For instance, faults near the KHF show signs of reactivation with different
stress patterns (compressive or transpressive) along the fault planes. The
Nabhoi fault, a major normal fault in the south, exhibits a pure extensional
stress field and appears to be older than or synchronous with other faults, as
it is cross-cut and displaced by a younger NNE-SSE fault.

e  Fault-related folds are prominent along the KHF and Nabhoi faults. The KHF
displays both normal and reverse drag folds along its length, a phenomenon
dependent on the orientation of rock layers relative to the fault and the dom-

inance of fault-parallel versus fault-normal displacement. The Nabhoi fault
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features a reverse-drag anticline on its hanging wall and a synclinal basin on
its footwall. Conical drag folds, such as the anticline at the western end of the
Nabhoi fault, formed owing to the passive rotation of competent rock layers
within softer flowing media near fault intersections.

Fault-related folds, including normal and reverse drag folds, demonstrate het-
erogeneous displacement fields along faults, with fold geometries influenced
by fault-parallel and fault-normal displacement components. The develop-
ment of conical drag folds and associated brecciation further highlights the
mechanical heterogeneity of the lithologies and the dynamic nature of fault
deformation.

These structural features, including the Waramseda nose, Gurukul Dungar
anticline, and folds along the Nabhoi fault, collectively form a structural basin
between the KHF and Nabhoi fault. This basin was subsequently filled with
sediments, forming the Kurbai plant bed, which was gently folded by the on-
going, progressive deformation of the KHF.

Opverall, this study emphasizes the significance of integrating field observa-
tions, remote sensing and paleostress analysis to elucidate the deformation
history and kinematic evolution of the KHF and adjacent structures.

These findings contribute to a better understanding of fault segmentation and

fracture network development in the Kachchh Rift Basin.
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