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INTRODUCTION

The Himalayas represent one of the most active

Abstract

This study presents an integrated structural analysis of the Higher Himalaya in
the Kaghan Valley, Pakistan, utilizing Sentinel1 Cband and ALOS PALSAR
L-band synthetic aperture radar (SAR) data combined with detailed field-based
geological mapping. Key tectonic features, including the Main Mantle Thrust
(MMT), Main Central Thrust (MCT), and associated folds and back-thrusts,
were identified and analyzed. Sentinel-1 (VV, VH) imagery highlighted
topographic contrasts and steep structural elements, while ALOS PALSAR
(HH, HV) offered superior vegetation penetration, enhancing the wvisualization
of geomorphic offsets and fault scarps. The integration of satellite-derived
lineaments with fieldmapped structures refined the regional tectonic framework.
Comparative analysis indicates that Cband data effectively delineate ridges and
faultcontrolled drainages, whereas L-band imagery excels in identifying buried or
vegetated faults. This combined approach produces a validated structural map
that advances understanding of Himalayan tectonic architecture and its
neotectonic implications, aligning with recent advancements in SAR applications
for landslide and deformation monitoring.

invaluable for Himalayan studies

(Small &

orogenic systems on Earth, formed by the ongoing
collision between the Indian and Eurasian plates
(Yin, 2006). Structural mapping of thrusts and
associated folds is essential for understanding
tectonic evolution and contemporary neotectonic
processes (Bilham, 2019). However, the region's
steep relief, dense vegetation, and harsh weather
often limit direct field observations (Ghosh et al.,
2023). Synthetic aperture radar (SAR) remote
sensing provides an day-night
capability deformation
topographic expressions of structures, making it

allweather,

for  detecting and

Schubert, 2019; Rather & Bukhari, 2025).

This study compares Sentinel-1 (Cband) and
ALOS PALSAR (Lband) data to delineate
tectonic structures in the Higher Himalaya of the
Kaghan Valley, integrating remote sensing outputs
with field mapping to enhance accuracy. Recent
SAR

improved detection

applications  of  multi-sensor have

demonstrated of active
landslides and subsurface deformations in similar

terrains (Liu et al., 2021; Xiong et al., 2017,
Oludare et al., 2023). By fusing these datasets, we
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aim to refine the tectonic model of the Kaghan
Valley, contributing to geo-hazard assessments in
the northwestern Himalaya (Ahmed et al., 2023;
Karaca et al., 2021).

2. Study Area

The Kaghan Valley, located in the northwestern
Himalaya of Pakistan, occupies a tectonically

complex sector bounded by the MMT, MCT, and

subsidiary splays (Figure 1) (Baig & Lawrence,
1987). The exhibits  pronounced
geomorphic evidence of active deformation, such
as triangular facets, offset drainages, shutter ridges,
and linear valleys (Shahzad & Gloaguen, 2011).
Lithologically, the area comprises metamorphic
and igneous rocks of the Higher Himalayan

valley

Crystalline Sequence and Lesser Himalayan units

(Shami & Baig, 2002).

|
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Figure 1: Tectonic map of northwest Himalayas of
Pakistan, compiled from Wadia (1928), Latif
(1970), and Rana (1982), Baig and

Kazmi

73°00"E 74°00"E 75°00"E 76°00"E

I T 1
0 20 180 Km
MKT: Main Karakoram Thrust
MMT. Main Mantle Thrust

MCT: Main Central Thrust

MBT: Main Boundary Thrust
SRT: Salt Range Thrust

AT. Abbottabad Thrust

HT: Hazara Thrust

PT. Panjal Thrust

MT: Muzaffarabad Thrust

KT. Kurram Thrust

JF:  Jhelum Fault

KBF: Kalabagh Fault

Lawrence (1987), Shami and Baig (2002), Baig et
al. (2010). Rectangle shows the study area.
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3. Data and Methods

3.1 Remote Sensing Data Acquisition and
Processing

Remote sensing plays a crucial role in identifying
topographical and structural features in structural
geology (Zeinalov et al., 2000; Ahmadi et al.,
2023). Sentinel-1 satellite imagery, along with its
by-products (e.g., with and without
flattening), aids in identifying regional fault lines
through variations in polarization patterns (Saraf
et al.,, 2002; Small & Schubert, 2019). In this
study, Sentinel-1 and ALOS PALSAR data were
used to analyze topographic and structural
features (Figures 3, 4, 5 and 6).

terrain

Dual-polarization Sentinel-1 (VV, VH) and ALOS
PALSAR (HH, HV) scenes were processed using
SNAP and ENVI Processing steps
included calibration,
correction, and speckle filtering (Huang et al.,
2017; Thollard et al.,, 2021). Terrain flattening
was selectively applied to Sentinel-1 imagery, as
unflattened data better highlighted reverse and

software.

radiometric terrain

back-thrust faults in complex topography
(Abdikan et al., 2016; Zhu et al, 2022).
Polarization ratios (VH/VV, HH/HV) were

generated to accentuate lithologic and structural

contrasts (Bhosle et al., 2009; Ji et al., 2020).

For ALOS PALSAR, two Lband images
("ALPSRP087910680" and "ALPSRP087910690",
acquired on 18-09-2007, HH+HV polarization,
ascending  orbit) were downloaded and
interpreted (Shimada et al., 2009; Kwak et al.,
2007). The HH band provided high-resolution
geomorphology and topography, while HV aided
in vegetation and roughness analysis (Zhou et al.,

2015; Jiang et al., 2008).
3.2 Field Mapping and Integration

Fieldwork involved measuring fault orientations,
fold axes, and geomorphic markers for ground
validation (Mahmood et al., 2012; Waheed et al.,
2019). Satellite-derived lineaments were overlaid
with field data to validate interpretations (Lu et al.,

2021; Aoki et al., 2008).
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4. Results
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Figure 2: Field-based geological and structural map of the study area.
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Figure 3: Illustrates the comparison of Sentinel-1 ~ VV polarization (without terrain flattening)
imagery with and without terrain flattening: (a, e)  effectively delineated structural features, including
VH polarization; (b, f) VV polarization; (c, g VH major faults and folds, through geomorphic
over VV; (d, h) VV over VH (Bhosle et al., 2009).  indicators like drainage patterns, topographic
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fronts, triangular facets, linear springs, shutter
ridges, and fault-controlled ridges and streams
(Oguchi et al.,, 2003; Meixner et al., 2018; EL-
Omairi et al., 2024).

4.1 Sentinel-1 Analysis

The MMT, running northeast to southwest,
controlled stream patterns (Hu & Zhu, 2022).
Similarly, the NBT, BF, and BBT influenced
drainage and topography (Weilert & Lao-Davila,
2023). Higher backscatter in VV polarization
defined topographic highs and structural controls
(Watson et al., 2022; Huang et al., 2022).
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Figure 4: Sentinel-1 satellite imageries with identified structural features.

4.2 ALOS PALSAR Analysis
ALOS PALSAR's Lband provided penetration

through vegetation, detecting deformations and
displacements (Shimada et al., 2009; Xiong et al.,
2017). HH polarization excelled in surface
deformation monitoring, topographic mapping,
and fault characterization using InSAR techniques
(Jiang et al., 2008; Aoki et al., 2008; Lu et al,,
2007). HV polarization supported vegetation and

soil analysis (Bovenga et al., 2014; Zhang et al.,
2019).

Faults were identified based on geomorphic
features like river delineations, topographic fronts,
shutter ridges, strata truncations, triangular facets,
ridge omissions, linear springs, spurs, valleys,
uplifted peaks, dilations, and transecting fault sets
(Figure 5, 6). The MCT and MMT controlled
landslides and topography.
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Figure 5: ALOS PALSAR imageries with (a) HH and (b) HV polarizations.
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Figure 6: ALOS PALSAR imageries with identified structural features.
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4.3 Integrated Interpretation of Structural Features

The integrated interpretation combines satellite-
derived lineaments with field data, delineating the
MMT, MCT, Kaghan Thrust, and NE-SW-
trending back-thrusts and en-échelon folds,
confirming the regional thrust architecture

(Ghosh et al., 2023; Ahmed et al., 2023).

The integration of satellite-derived lineaments
from Sentinel-1 and ALOS PALSAR with field-
based geological data provides a comprehensive
analysis of the Kaghan Valley,
delineating key tectonic features such as the Main
Mantle Thrust (MMT), Main Central Thrust
(MCT), Kaghan Thrust, and northeast-southwest-
trending back-thrusts and en-échelon folds
(Ghosh et al., 2023; Ahmed et al, 2023).
Sentinel-1’s VV polarization highlighted fault-
controlled ridges and drainage patterns, effectively
mapping the MMT and MCT through
geomorphic indicators like triangular facets and
shutter ridges (Small & Schubert, 2019; Oguchi et
al.,, 2003). ALOS PALSAR’s HH polarization
penetrated vegetation to reveal buried fault scarps
and offset streams, enhancing the detection of
back-thrusts and folds (Shimada et al., 2009;
Xiong et al., 2017). Field measurements of fault
orientations and fold axes validated these findings,
confirming the of SAR-derived
lineaments with observed structures (Waheed et

structural

alignment

6. Conclusions

1. Sentinel-1 VV polarization outlines steep ridges
and fronts, while ALOS PALSAR HH delineates

vegetated structures.

2. Multi-sensor SAR with field mapping yields a
comprehensive structural interpretation.

3. The refined map defines the MMT, MCT,
back-thrusts, and folds.

4. Geomorphic evidence confirms active

deformation.

al.,, 2019; Mahmood et al., 2012). The resulting
structural map (Figure 2) synthesizes these datasets,
revealing active deformation and supporting neo-
tectonic assessments in the Higher Himalaya (Liu

et al., 2021; Zhao et al., 2022).

5. Discussion

The comparison of C- and L-band datasets reveals
that wavelength influences structural visibility.
Sentinel-1’s C-band is sensitive to slope and
roughness, excelling at topographic fronts and
ridge alignments (Abdikan et al., 2016; Zhao et al.,
2022). ALOS PALSAR’s Lband penetrates
vegetation, capturing fault signatures beneath

cover (Xiong et al., 2017; Ahmadi et al., 2023).

These findings align with prior Himalayan studies
(Wadia, 1928; Baig & Lawrence, 1987; Shami &
Baig, 2002) and recent remote-sensing analyses
(Lu et al., 2021; Oludare et al., 2023; Karaca et al.,
2021). Integration with field data validates SAR
lineaments coinciding with mapped faults,
particularly the MCT and Kaghan Thrust
(Mahmood et al.,, 2013; Waheed et al., 2019).
Geomorphic  evidence  indicates  ongoing
neotectonic activity (Shahzad & Gloaguen, 2011;
Rather & Bukhari, 2025).

The multi-sensor approach is effective for rugged
terrains, with implications for hazard assessment
(Liu et al., 2021; Ghosh et al., 2023).

5. This methodology provides a framework for
tectonic and hazard studies (Ahmed et al., 2023;
Oludare et al., 2023).
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