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Abstract

Hydrothermal alteration minerals are important indicators of copper mineralization, but their reliable de-
tection in rugged mountainous terrains remains challenging because of spectral mixing, complex geologi-
cal settings, and limited field accessibility. This study presents an integrated multi-sensor remote sensing
framework for hydrothermal alteration mapping and copper prospectivity assessment in District Skardu,
Gilgit-Baltistan, Pakistan, within the Karakoram orogenic belt. ASTER, Sentinel-2A, and Landsat-8 datasets
were integrated using diagnostic band-ratio indices and Spectral Angle Mapper (SAM) classification to de-
lineate quartz, clay, carbonate, and iron-oxide alteration assemblages. Mineral endmembers derived from
the USGS Spectral Library were used to classify alunite, kaolinite, illite, hematite, goethite, dolomite, calcite,
epidote, and quartz. The results demonstrate the superior performance of ASTER for hydrothermal alter-
ation mapping, identifying substantially larger and more spatially coherent alteration zones, including al-
unite (43.04km?), calcite (28.81km?), dolomite (159.28km?), epidote (176.86km?), goethite (432.02km?),
hematite (244.11km?), kaolinite (51.84km?), and quartz (77.17km?), compared with Landsat-8. Band-ra-
tio analysis further showed that ASTER mapped a larger quartz-rich area (127.95km?), whereas Senti-
nel-2A more effectively delineated clay-rich zones (82.08km?), highlighting the complementary strengths
of high spectral and high spatial resolution sensors. Validation using field observations and the Shahzad
International Pvt. Ltd. mining lease at Shigri Balla demonstrated strong spatial correspondence between
mapped alteration zones and known mineralized areas. Unlike previous studies that primarily relied on
individual ASTER or Sentinel imagery for hydrothermal alteration mapping, this study integrates ASTER,
Sentinel-24, and Landsat-8 within a unified framework combining spectral indices, SAM classification, and
field validation to improve the reliability of hydrothermal alteration mapping and copper prospectivity
assessment in the complex Himalayan terrain of northern Pakistan. This integrated workflow provides a
cost-effective, scalable, and reproducible approach for regional mineral exploration in remote and tecton-
ically active regions.

Keywords: Hydrothermal alteration; Copper prospectivity; ASTER SWIR; Spectral angle mapper (SAM);
Sentinel-2A; Multi sensor remote sensing

Introduction

Remote sensing has become an essential technology in modern mineral exploration,
especially in tectonically active and inaccessible mountainous regions. Multispectral satellite
systems enable detection of diagnostic spectral responses of surface minerals associated
with hydrothermal ore-forming environments [1]. Alteration minerals such as kaolinite, illite,
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alunite, hematite, and goethite act as reliable surface indicators
of subsurface mineralization processes and exhibit diagnostic
absorption features in visible, near-infrared, and shortwave infrared
spectral regions [2]. District Skardu in Gilgit-Baltistan lies within
a structurally complex segment of the Karakoram orogenic belt
characterized by active tectonics and diverse lithology [3]. Field-
based geological exploration in this region is highly constrained
due to rugged topography, extreme altitude, and harsh climatic
conditions [4]. As a result, remote sensing provides a cost-effective
and scalable alternative for preliminary mineral exploration and
regional mapping [5]. However, single-sensor approaches often fail
to fully capture the complexity of hydrothermal alteration systems
in mountainous terrains due to spectral mixing and resolution
limitations [6]. This study integrates ASTER, Sentinel-2A, and
Landsat-8 datasets to improve spectral discrimination and enhance
alteration mapping accuracy in Skardu [7]. The main objective is to
develop a robust multi-sensor framework for identifying copper-
associated hydrothermal zones in complex geological settings [8].

This integrated approach strengthens geological interpretation
by combining complementary spectral and spatial
capabilities. Hydrothermal alteration systems are key indicators
of porphyry copper mineralization due to fluid-rock interactions
during ore formation [9]. These systems typically produce zoned
alteration assemblages including argillic, phyllic, and propylitic
types, each characterized by distinct spectral signatures in
the shortwave infrared region [10]. Such minerals exhibit
diagnostic absorption features that can be effectively detected
using multispectral remote sensing techniques [11]. ASTER is

sensor

particularly effective for mineral discrimination due to its six
SWIR bands covering key absorption wavelengths associated with
alteration minerals [12]. Landsat-8 provides broader spectral and
thermal coverage useful for regional geological interpretation and
structural analysis [13]. Sentinel-2A offers high spatial resolution
imagery but has limited SWIR capability for detailed mineral
separation [14]. Each dataset therefore provides partial but
incomplete information when used independently in structurally
complex terrains [15]. Previous studies have shown partial success
in single-sensor mineral mapping but highlight limitations in
spectral discrimination and mapping accuracy [16]. Multi-sensor
integration remains underexplored for copper exploration in

Himalayan tectonic environments [17]. This study addresses this
gap by integrating complementary satellite datasets into a unified
analytical framework [18]. The approach enhances reliability and
reduces uncertainty in hydrothermal alteration detection across
complex terrains.

Recent advances in remote sensing have significantly improved
hydrothermal alteration mapping and mineral prospectivity
assessment through the integration of multispectral satellite data
and advanced image processing techniques [19]. Studies conducted
between 2022 and 2026 consistently demonstrate that ASTER
remains the most effective multispectral sensor for discriminating
hydroxyl-bearing, carbonate, and silica-rich alteration minerals
because of its six SWIR bands, whereas Sentinel-2 provides superior
spatial resolution for delineating surface alteration patterns, and
Landsat-8/9 contributes valuable regional geological information
and long-term temporal coverage [20].

Recent investigations have employed image fusion, Principal
Component Analysis (PCA), band ratios, Spectral Angle Mapper
(SAM), matched filtering, and deep learning algorithms to enhance
hydrothermal alteration mapping and mineral exploration [21].
Nevertheless, most studies have focused on either single-sensor
datasets or limited sensor combinations and have frequently
relied on additional airborne geophysical datasets or artificial
intelligence models that may not be readily applicable in data-
scarce mountainous regions. Consequently, challenges associated
with spectral mixing, transferability, and robust field validation
remain unresolved, particularly in structurally complex terrains
such as the Himalayan and Karakoram orogenic belts [22,23]. A
critical comparison of representative studies published between
2022 and 2026 (Table 1) highlights these methodological advances
while revealing the limited application of an integrated ASTER-
Sentinel-2A-Landsat-8 workflow that combines diagnostic band-
ratio analysis, Spectral Angle Mapper (SAM) classification, and field
validation for copper prospectivity mapping [24]. Therefore, this
study addresses an important research gap by developing a unified,
multi-sensor framework that exploits the complementary spectral
and spatial capabilities of the three satellite systems to improve
hydrothermal alteration mapping in the tectonically complex
terrain of northern Pakistan.

Table 1: Comparison of recent studies (2022-2026) on hydrothermal alteration mapping.

Year Study Area Sensors Methodology Key Findings Limitation Reference
. Image fusion (HPF, Fusion improved . .
2022 Pulang Cl.l Deposit, ASTER+Sentinel-2 PCA), spectral hydrothermal alteration No Lan.d.sat integration or [19]
China - . unified workflow.
matching mapping over ASTER alone.
ASTER SWIR successfully .
2022 Takab-Baneh, Iran ASTER MNF, PPI, MTMF’ discriminated alteration Single-sensor approach [20]
PCA, Band Ratios ) only.
minerals.
Eastern Desert ASTER+Sentinel- Band ratios, Multi-source integration Required airborne
2023 ! 2+Landsat-8 EO-1 PCA, geophysical improved alteration mapping q . [21]
Egypt . ; geophysical datasets.
ALI integration accuracy.
Demonstrated complementary
. I PCA, entropy performance of ASTER and No SAM classification or
2024 Brazil ASTER+Sentinel-2 analysis Sentinel-2 for hydrothermal field validation. (22]
alteration mapping.
Aspects Min Miner Sci Copyright © Zeenat Khan
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. . Band ratios, . Depended on airborne
2024 lgarra .SChl.St Belt, ASTIER+A11.‘b0rne FCC, radiometric Int.egratlon .enhar.lFed . datasets rather than [23]
Nigeria Radiometric Data ) . alteration zone identification. .
interpretation satellite-only workflow.
Machine Improved mapping of Foc.used on gold
2025 | Fatira Mine, Egypt Landsat- learning+field Iteration zones usin mineralization [24]
atra & Leyp 8+ASTER+Sentinel-2 earning+he a’teration zones using rather than copper
mineralogy multisensor imagery and Al L
prospectivity.
. Successfully mapped argillic, .
2025 | Anti-Atlas, Morocco ASTER SFF, MF, LS-Fit, phyllic, propylitic and iron- Use.d only ASTER' no [25]
CEM : . multisensor integration.
oxide alteration.
Three-sensor integration Conducted in Chile;
2025 Coastal Cordillera, ASTER+Sentinel- Band ratios, DPCA, improved mapping of applicability to 126]
Chile 2+Landsat-9 SAM porphyry copper-related Himalayan terrain not
alteration minerals. assessed.
B-VAE, DWT, Deeé’;ﬁ;;’:{_‘iﬁ‘;::gced No ASTER or Landsat
2026 Zafarghand, Iran Sentinel-2 Gaussian Mixture . comparison; focused on [27]
hydrothermal alteration and S
Model . . . Al classification.
iron mineral mapping.

Despite significant advances in hydrothermal alteration
mapping, several important challenges remain unresolved. Most
recent studies have focused on individual satellite sensors or
limited multisensor combinations and have been conducted in
relatively well-characterized mining districts outside the Himalayan
region. Consequently, the transferability of these approaches to the
tectonically complex Karakoram orogenic belt remains uncertain
due to rugged topography, heterogeneous lithology, spectral mixing,
and limited field accessibility [7].

Furthermore, few studies have integrated the complementary
spectral capabilities of ASTER, the high spatial resolution of
Sentinel-2A, and the regional geological coverage of Landsat-8
within a single, field-validated framework for copper prospectivity
assessment [24-27]. Therefore, there remains a need for a robust,
cost-effective, reproducible methodology
capable of improving hydrothermal alteration mapping in remote
mountainous environments. This study addresses this gap by
developing and validating an integrated remote sensing framework
for identifying copper-associated hydrothermal alteration zones in
District Skardu, northern Pakistan.

and multisensor

Geologically, District Skardu is located within the collision
zone between the Indian and Eurasian plates characterized by
intense deformation, thrusting, folding, and intrusive activity
[28]. This tectonic setting has generated extensive fault systems
and hydrothermal pathways that facilitate fluid circulation and
mineral deposition [29]. The region consists of metamorphic rocks
such as schists and gneisses along with igneous and sedimentary
formations [30]. These lithological units provide a favorable
structural environment for copper mineralization and hydrothermal
alteration processes [31]. Copper-bearing minerals such as
chalcopyrite, malachite, and azurite are commonly associated with
these alteration zones [32]. However, strong topographic relief and
structural complexity create significant spectral mixing challenges
in remote sensing interpretation [33]. Traditional field mapping
is limited due to inaccessibility, high elevation, and logistical
constraints [34].

Therefore, satellite-based mineral mapping becomes essential
for regional exploration in such environments [35]. Techniques such

as band ratioing and Spectral Angle Mapper classification improve
detection of alteration minerals [36]. These methods enable
systematic identification of hydrothermal alteration zones linked
to ore-forming processes [37]. The geological complexity of Skardu
makes it an ideal natural laboratory for integrated remote sensing
analysis. Motivated by the identified research gap, the primary
objective of this study is to develop and validate an integrated multi-
sensor remote sensing framework for hydrothermal alteration
mapping and copper prospectivity assessment in District Skardu
using ASTER, Sentinel-2A, and Landsat-8 datasets. The methodology
combines spectral preprocessing, band ratio analysis, and Spectral
Angle Mapper classification to enhance mineral detection
accuracy across multiple spatial and spectral scales. Diagnostic
spectral indices are applied to highlight quartz, carbonate, and
clay alteration zones associated with hydrothermal systems. SAM
classification is performed using USGS spectral libraries to ensure
standardized and reliable mineral identification. Ground truth
validation is incorporated using known mining lease boundaries
and field observations from hydrothermally altered zones.
Comparative analysis evaluates the performance of each sensor in
terms of spectral discrimination and spatial mapping capability.
ASTER provides high spectral resolution suitable for detailed
mineral identification, Sentinel-2A offers fine spatial resolution
for structural interpretation, and Landsat-8 ensures regional-scale
geological coverage. The integration of these datasets enables
multi-scale interpretation of hydrothermal systems and reduces
uncertainty associated with single-sensor analysis. The novelty
of this study lies in the systematic fusion of three complementary
satellite datasets for copper alteration mapping in a complex
Himalayan terrain. The findings demonstrate improved accuracy in
delineating hydrothermal alteration zones compared to individual
sensor approaches. Overall, this research establishes a scalable,
reliable, and cost-effective framework for copper exploration in
structurally complex mountainous environments.

Materials and Methods
Study area

District Skardu, located in Gilgit-Baltistan, northern Pakistan,
constitutes a tectonically active segment of the Karakoram orogenic
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belt and represents a high-potential metallogenic province for
copper-associated mineralization. The region is characterized
by extreme topographic variability, with elevations ranging from
~2,200m to >5,000m above sea level, forming deeply incised
valleys and structurally controlled high-relief mountain systems
(Figure 1). Climatically, Skardu is dominated by a cold-arid regime
with minimal precipitation and sparse vegetation cover, conditions
that significantly enhance lithological exposure and improve the
effectiveness of optical remote sensing for bedrock characterization.
Structurally, the study area lies within the India-Eurasia collision

zone, where ongoing crustal convergence has generated a complex
deformational architecture comprising thrust systems, fold belts,
and brittle-ductile shear zones. This tectonic framework has played
a critical role in channeling hydrothermal fluids and facilitating
ore-forming processes. Lithologically, the region comprises high-
grade metamorphic units (schists and gneisses), intrusive igneous
bodies (granites and diorites), and subordinate sedimentary
sequences, collectively forming a favorable geological environment
for hydrothermal mineralization systems.

COMPREHENSIVE GEOLOGICAL AND MINERAL OCCURRENCE MAP:
SKARDU DISTRICT
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Figure 1: Geographic location and geological setting of the study area, District Skardu, Gilgit-Baltistan, Pakistan.

Previous geological investigations have documented
widespread occurrences of copper-associated mineral phases,
including chalcopyrite, malachite, and azurite, typically occurring
within structurally controlled alteration zones. However, the
extreme terrain complexity, limited accessibility, and logistical
constraints severely restrict systematic field-based mapping
and sampling campaigns. Consequently, Skardu represents an
ideal natural laboratory for evaluating advanced remote sensing-
based mineral exploration methodologies. Overall, the study area
provides a structurally and lithologically optimal setting for multi-
sensor hydrothermal alteration mapping.

Data acquisition

A multi-source remote sensing dataset was assembled to enable
robust characterization of hydrothermal alteration signatures
and associated lithological variability in District Skardu. Freely
available multispectral satellite datasets, including ASTER Level-
1T, Sentinel-2A Multispectral Instrument (MSI), and Landsat-8
Operational Land Imager (OLI)/Thermal Infrared Sensor (TIRS),
were selected because of their complementary spectral and spatial
characteristics for hydrothermal alteration mapping. The spectral
bands, spatial resolution, primary applications, and data sources of

the selected datasets are summarized in Table 2. Image selection
prioritized cloud-free or minimally cloud-contaminated scenes
acquired under favorable atmospheric conditions to maximize
lithological exposure and minimize spectral interference. The
selected datasets represent comparable seasonal conditions
to ensure spectral consistency during multisensor integration.
ASTER Level-1T imagery was acquired with primary emphasis
on the Shortwave Infrared (SWIR) bands (Bands 4-9), which are
highly sensitive to the diagnostic absorption features of hydroxyl-
bearing, carbonate, and silica-rich alteration minerals. Sentinel-2A
multispectral imagery was incorporated because of its high spatial
resolution (10-20m) and the availability of visible, red-edge, Near-
Infrared (NIR), and SWIR bands, enabling vegetation suppression,
iron-oxide enhancement, and lithological discrimination. Landsat-8
OLI/TIRS data were integrated to provide complementary spectral
and thermal information, supporting regional-scale lithological
mapping, structural interpretation, and thermal anomaly analysis.
To strengthen geological interpretation, ancillary datasets,
including regional lithological maps obtained from the Geological
Survey of Pakistan and documented mineral occurrence records
(chalcopyrite, malachite, and azurite), were incorporated. GPS-
referenced field observations collected during reconnaissance

Aspects Min Miner Sci
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surveys were further used for spatial validation and georeferencing
refinement. The integration of multisource satellite imagery with
geological and field datasets provided a comprehensive and cost-

effective framework for hydrothermal alteration mapping in the
structurally complex terrain of the Karakoram orogenic belt.

Table 2: Characteristics of the multispectral satellite datasets used for hydrothermal alteration mapping in this study.

Dataset Product Spectral Bands Used Spatial Resolution Primary Purpose Data Source
Hydroxyl-, carbonate-,
ASTER Level-1T VNIR (1-3), SWIR (4-9) 15m g‘];lvlll% 30m and silica-rich mineral NASA LP DAAC
discrimination
High-resolution
Sentinel-2A MSI Level-1C/Level-2A* Bands 2-84, 11, 12 10-20m lithological and alteration | Copernicus Data Space

mapping

Landsat-8 OLI/TIRS OLI/TIRS Bands 2-7,10-11

30m (OLI), 100m
(TIRS)

Regional lithological and

thermal analysis USGS Earth Explorer

Preprocessing

All datasets were subjected to a standardized preprocessing
workflow implemented in ENVI to ensure radiometric consistency,
atmospheric correction, and geometric harmonization across
sensors. Raw digital numbers were first converted to at-sensor
radiance and subsequently transformed into surface reflectance to
facilitate reliable inter-sensor spectral comparison. Atmospheric
correction of ASTER and Landsat-8 imagery was performed using
the Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubes
(FLAASH) module in ENVI, whereas Sentinel-2A imagery was
processed using the Sen2Cor processor to generate Level-2A
surface reflectance products. Following atmospheric correction,

g{ ASTER xSentmel 2A % Landsat-

Correction

[ Geometric

Band
Stacking

| e
iy

all datasets were geometrically co-registered to the WGS 84/
UTM Zone 43N coordinate reference system to ensure pixel-
level alignment across sensors prior to multisensor integration.
Following correction, spectral bands were systematically stacked to
generate multispectral composites optimized for mineral detection.
ASTER VNIR and SWIR bands were integrated, while Sentinel-
2A bands 2-8A, 11, and 12 were included to capture diagnostic
reflectance variations across visible and SWIR domains. Landsat-8
bands 2-7 and thermal bands 10-11 were incorporated to support
lithological discrimination and thermal response analysis. The
overall methodological workflow adopted in this study, from
data acquisition and preprocessing to spectral analysis, mineral
classification, and validation, is illustrated in Figure 2.
USGS Spectral

Sl

Band Y — 4

Band X
=

LBRARY [N m
|t

Distribution Maps

v
LM

Final Hydrothermal Alteration Map

Figure 2: Workflow of the proposed multi-sensor remote sensing methodology for hydrothermal alteration mapping
and copper prospectivity assessment.

Spectral analysis

Spectral analysis was conducted using a hybrid approach
combining targeted band-ratio enhancement techniques
and Spectral Angle Mapper (SAM) classification to delineate

hydrothermal alteration mineral assemblages. Band-ratio

composites were designed to amplify diagnostic spectral contrasts
associated with iron oxides, phyllosilicates, carbonates, and silica-
rich lithologies. Iron oxide mineralization was enhanced using
ASTER band ratio 2/1 and Landsat-8 band ratio 4/2, which are
widely used to emphasize ferric iron-bearing minerals due to their
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diagnostic spectral characteristics in the visible region [38]. Clay
and hydroxyl-bearing minerals were highlighted using ASTER band
ratio 4/7 and Landsat-8 band ratio 6/7, exploiting the characteristic
Al-OH absorption features within the shortwave infrared region
[39]. Quartz-rich and silicified zones were delineated using the
ASTER 7/6 ratio, which enhances silica-rich lithologies and
hydrothermal alteration associated with porphyry mineral
systems [40]. SAM classification was implemented using mineral
endmember spectra obtained from the USGS Spectral Library
to ensure standardized and reliable mineral identification. The
spectral library included representative alteration and host-rock
minerals, including almandine, alunite, calcite, dolomite, epidote,
goethite, hematite, illite, kaolinite, and quartz. The Spectral Angle
Mapper algorithm measures the spectral similarity between image
spectra and reference endmembers by calculating the spectral
angle in multidimensional feature space, making it relatively
insensitive to illumination effects while preserving spectral shape
[41]. Since no universal threshold exists for SAM classification,
angular thresholds were evaluated through iterative testing, and
a range of 0.10-0.15 radians was selected because it provided the
best compromise between omission and commission errors and
showed the highest agreement with geological maps, mining lease
boundaries, and field observations. Similar threshold optimization
approaches have been widely adopted in mineral exploration
studies using multispectral remote sensing [42,43]. The resulting
mineral classification outputs were subsequently validated against
known geological formations and mining-related occurrences to
assess spatial reliability. The spectral processing workflow and
SAM classification integrated spectral methodology enhances the
robustness of hydrothermal alteration detection in structurally
complex mountainous environments.

Result
Spectral angle mapper (SAM) classification

The Spectral Angle Mapper (SAM) classification was applied
to ASTER and Landsat-8 datasets to identify and delineate
hydrothermal copper
mineralization within District Skardu, Gilgit-Baltistan. SAM is
a robust spectral classification technique that compares image
spectra with reference mineral spectra derived from established
spectral libraries, allowing accurate discrimination of alteration
assemblages based on spectral similarity. In this study, reference
spectra for alunite, almandine, calcite, dolomite, epidote, goethite,
hematite, illite, kaolinite, and quartz were selected from the ASTER

alteration minerals associated with

and USGS spectral libraries to characterize the mineralogical
composition of the study area. The classification results reveal
substantial differences between ASTER and Landsat-8 in terms
of mineral detection capability and spatial delineation accuracy.
Overall, ASTER produced more extensive and spatially coherent
mineral distributions, particularly for exhibiting
diagnostic absorption features in the Shortwave Infrared (SWIR)
region.

minerals

The enhanced spectral resolution of ASTER enabled improved
discrimination of alteration minerals commonly associated with

hydrothermal systems, whereas Landsat-8 provided broader
regional patterns with comparatively reduced mineralogical
specificity. The spatial
demonstrates the occurrence of extensive hydrothermal alteration
zones across northern, central, and northeastern sectors of
the study area. These alteration zones correspond closely with
structurally controlled corridors, fault systems, and lithological

distribution of classified minerals

contacts that likely served as pathways for mineralizing fluids. The
resulting mineral maps provide a valuable basis for evaluating the
hydrothermal evolution of the region and identifying areas with
elevated mineral exploration potential. The sensor specifications
(Table 3) highlight the complementary
characteristics of ASTER and Landsat-8 for mineral exploration
applications. ASTER offers superior spectral capability within the
SWIR region through dedicated mineral-sensitive bands, enabling
detailed identification of alteration minerals. Landsat-8 provides
broader spatial coverage and regional geological context, making
it useful for reconnaissance-scale investigations. The integration
of both datasets therefore supports multi-scale characterization of

summarized in

alteration systems across the Skardu region.

Table 3: Satellite data specifications.

Parameters ASTER Landsat-8
. . 15m (VNIR), 30m 30m (VNIR/SWIR),
Spatial Resolution (SWIR), 90m (TIR) 15m (Pan)
Spectral Range (um) 0.52-11.65 0.43-12.50
Number of Bands 14 11
SWIR Capability Yes Yes

Mineral-specific SAM classification

Alunite: Alunite is a characteristic mineral of advanced argillic
alteration and is commonly associated with acidic hydrothermal
environments related to porphyry and epithermal mineralization
systems. Its occurrence serves as an important indicator of
hydrothermal fluid activity and potential ore-forming processes.
The ASTER-derived SAM classification identified approximately
43.04km?
across the northern and central sectors of the study area. These
occurrences correspond closely with structurally controlled zones
exhibiting evidence of hydrothermal alteration. The high spectral
resolution of ASTER within the critical 2.17-2.20pum absorption
region enabled accurate identification of alunite-rich zones and
produced continuous, geologically meaningful alteration patterns.

of alunite-bearing terrain distributed primarily

In contrast, Landsat-8 identified only 3.49km? of alunite-
bearing terrain, represented by isolated and discontinuous
patches (Figure 3). The limited detection capability reflects the
broader spectral bandwidths of Landsat-8 SWIR channels, which
reduce discrimination between alunite and spectrally similar
clay minerals. The nearly twelve-fold increase in mapped area
obtained from ASTER demonstrates the importance of narrowband
SWIR observations for advanced argillic alteration mapping and
highlights the potential significance of the identified alunite zones
for future exploration activities.

Aspects Min Miner Sci

Copyright © Zeenat Khan



AMMS.MS.ID.000860.15(2).2026

1880
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Figure 3: Comparative mapping of alunite mineral
distribution using Spectral Angle Mapper (SAM)
classification from ASTER and Landsat-8 datasets.

Almandine: Almandine is a metamorphic garnet mineral
commonly associated with medium- to high-grade metamorphic
environments and provides important information regarding
regional lithological variations and metamorphic processes.
Although not a direct hydrothermal indicator, its distribution
contributes to the geological interpretation of the study area.
SAM
lithologies within the study region (Figure 4). The detected
occurrences were primarily associated with metamorphic units
exposed throughout structurally uplifted sectors of District Skardu.
The mineral distributions coincide with known metamorphic
complexes comprising schists and gneisses that characterize the
regional geological framework. The identification of almandine
demonstrates the capability of spectral classification techniques
to distinguish not only hydrothermal alteration minerals but
also key lithological indicators. The occurrence of almandine-
rich assemblages provides additional geological context for
understanding the structural evolution and mineralization controls

classification successfully identified almandine-bearing

operating within the study area.

TOTAL AREA COVERED=146.286 km*

Legend
ALMANDINE

0510 20 30

TOTAL AREA COVERED= 118.26 km®
Legend

] auminoine

04285 17 255

Figure 4: Comparative mapping of almandine mineral
distribution using Spectral Angle Mapper (SAM)
classification from ASTER and Landsat-8 datasets.

Calcite: Calcite is a major carbonate mineral commonly
associated with hydrothermal alteration, skarn systems, and
carbonate host rocks. Mapping calcite distributions therefore
provides valuable information regarding fluid-rock interactions
and alteration processes. ASTER-based classification delineated
approximately 28.81km? of calcite-bearing terrain concentrated
mainly within northern and northwestern sectors of the study area
(Figure 5). The mapped zones appear as coherent and continuous
bodies corresponding with lithological contacts and structurally
controlled carbonate-bearing formations. ASTER’s narrow SWIR
channels effectively resolved calcite absorption features near
2.33pum, resulting in reliable mineral discrimination. Conversely,
Landsat-8 identified only 2.49km?
characterized by scattered and fragmented occurrences. The
substantial discrepancy between sensors reflects the limitations of
broader spectral bands for resolving subtle carbonate absorption
features. The results demonstrate that ASTER provides a more

of calcite-rich terrain,

reliable framework for carbonate alteration mapping and may
significantly improve exploration targeting within carbonate-
hosted mineralization environments.
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Figure 5: Comparative mapping of calcite mineral
distribution using Spectral Angle Mapper (SAM)
classification from ASTER and Landsat-8 datasets.

Dolomite: Dolomite represents another important carbonate
mineral frequently associated with hydrothermal systems and
carbonate replacement processes. Accurate delineation of dolomite-
bearing lithologies is critical for understanding fluid pathways and
mineralization controls. ASTER mapped approximately 159.28km?
of dolomite-rich terrain, making it one of the most extensive mineral
classes identified in the study. The mapped occurrences form
large, continuous bodies distributed predominantly throughout
northern and northeastern sectors. These extensive carbonate
domains suggest widespread fluid-rock interaction and significant
alteration development within the regional geological framework.
In contrast, Landsat-8 detected only 3.30km? of dolomite-bearing
terrain (Figure 6). This nearly fifty-fold difference underscores
the importance of ASTER’s enhanced SWIR spectral resolution for
carbonate mineral discrimination. The results suggest that ASTER-
derived dolomite maps provide a more realistic representation
of carbonate alteration patterns and contribute significantly to
regional mineral exploration assessments.
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Figure 6: Comparative mapping of dolomite mineral
distribution using Spectral Angle Mapper (SAM)
classification.

Epidote: Epidote is commonly associated with propylitic
alteration and represents an important indicator of hydrothermal
activity surrounding mineralized systems. Its occurrence frequently
marks peripheral alteration zones associated with porphyry copper
deposits. ASTER-based classification identified approximately
176.86km? of epidote-bearing terrain distributed across northern
and central sectors of the study area. The mineral exhibits extensive
spatial continuity and occurs in association with structurally
controlled alteration corridors. The distribution pattern suggests
widespread propylitic alteration linked to hydrothermal fluid
circulation. Landsat-8 identified 42.01km?* of epidote-bearing
terrain (Figure 7). Although substantial epidote occurrences were
detected, the mapped zones appear more fragmented and less
coherent than those derived from ASTER. These results confirm
ASTER’s superior ability to delineate alteration zoning and
hydrothermal mineral assemblages within complex mountainous
terrains.
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Figure 7: Comparative mapping of epidote mineral
distribution using Spectral Angle Mapper (SAM)
classification from ASTER and Landsat-8 datasets in
District Skardu.

Goethite: Goethite is an iron oxyhydroxide mineral commonly
associated with weathering processes and hydrothermal iron
enrichment. Its occurrence often indicates oxidation of sulfide-
bearing mineral systems and therefore represents an important
exploration target. ASTER mapped approximately 432.02km? of
goethite-bearing terrain, making it the most extensive alteration
mineral identified in the study area. Significant concentrations
occur within central and southern sectors where iron-rich alteration
appears particularly intense. The mapped distributions correspond
closely with exposed bedrock and structurally controlled alteration
Landsat-8 identified approximately 457.01km? of
goethite-rich terrain (Figure 8). Although the total mapped area
slightly exceeds that of ASTER, the Landsat-derived distributions
appear more generalized and exhibit lower spatial precision. The
broader spectral bandwidths of Landsat-8 likely contributed to
spectral mixing and possible overestimation of iron-rich zones.
Consequently, ASTER provides more reliable delineation despite
the comparable areal coverage.

systems.
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Figure 8: Comparative SAM-based goethite mineral
distribution derived from ASTER and Landsat-8
datasets in District Skardu.

Hematite: Hematite is a diagnostic iron oxide mineral
frequently associated with hydrothermal alteration and oxidized
mineral deposits. Its identification is particularly important for
exploration targeting due to its close association with mineralized
systems. ASTER-based classification delineated approximately
244.11km? of hematite-bearing terrain distributed throughout
central, northern, and southeastern sectors. The mineral occurs as
extensive, well-defined alteration zones associated with exposed
bedrock and structurally controlled mineralized corridors. By
comparison, Landsat-8 identified 120.19km?* of hematite-rich
terrain (Figure 9). The reduced extent and fragmented nature of
the mapped occurrences indicate lower spectral discrimination
capability. ASTER’s superior performance demonstrates the value
of high-resolution VNIR and SWIR observations for accurate iron
oxide mapping within hydrothermally altered terrains.
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Figure 9: Comparative SAM-based hematite mineral
distribution derived from ASTER and Landsat-8
datasets in District Skardu.

Illite: Illite is a common phyllosilicate mineral associated
with phyllic alteration and hydrothermal fluid-rock interaction.
Its occurrence often provides valuable information regarding
alteration intensity and hydrothermal zonation. ASTER identified
only 1.94km? of illite-bearing terrain, concentrated within localized
northern sectors of the study area. The limited extent may reflect
restricted surface exposure or spectral interference resulting from
complex lithological conditions. In contrast, Landsat-8 mapped
approximately 14.12km? of illite-rich terrain distributed more
broadly throughout central and southeastern sectors (Figure 10).
While the larger area suggests enhanced detection capability, the
possibility of spectral confusion with other clay minerals cannot be
excluded. Consequently, ASTER likely provides a more conservative
and mineralogically reliable representation of illite occurrence.
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Figure 10: Comparative SAM-based illite mineral
distribution derived from ASTER and Landsat-8
datasets in District Skardu.

Kaolinite: Kaolinite is a characteristic clay mineral associated
with argillic alteration and hydrothermal systems. Its occurrence
serves as a key indicator of mineralizing fluid activity and alteration
intensity. ASTER-based classification identified approximately
51.84km? ofkaolinite-bearing terrain concentrated primarily within
northern sectors of the study area. The mapped zones coincide with
hydrothermal alteration corridors and areas of intense weathering.
Landsat-8 identified only 2.46km? of kaolinite-rich terrain (Figure
11). The significant difference between sensors reflects ASTER’s
enhanced capability for resolving kaolinite absorption features
within the SWIR region. These findings highlight the importance of
ASTER for mapping clay-rich hydrothermal alteration systems and
identifying prospective exploration targets.

Aspects Min Miner Sci

Copyright © Zeenat Khan



AMMS.MS.ID.000860.15(2).2026

1884

N
J GILGIT BALTISTAN
o nn
oy

TOTAL AREA COVERED=51.84 km*
Legend
[] kaounite

0510 20 30

TOTAL AREA COVERED= 2.46 km*

Legend
[ kaounite

04285

17 255
Kilometers)

Figure 11: Comparative SAM-based illite mineral
distribution derived from ASTER and Landsat-8
datasets in District Skardu.

Quartz: Quartz-rich zones represent silicification processes
commonly associated with hydrothermal
Mapping quartz distributions is therefore essential for identifying
structurally controlled fluid pathways and alteration systems.

mineralization.

ASTER delineated approximately 77.17km? of quartz-bearing
terrain distributed throughout northern and central sectors. The
mapped zones coincide with exposed silica-rich lithologies and
structurally controlled mineralized corridors. Landsat-8 identified
23.09km? of quartz-rich terrain (Figure 12). Although major
silicified zones were successfully detected, the extent and spatial
continuity were significantly lower than those obtained from
ASTER. The results confirm ASTER’s superior ability to identify
subtle silica enrichment and delineate hydrothermal silicification
patterns.
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Figure 12: Comparative SAM-based illite mineral
distribution derived from ASTER and Landsat-8
datasets in District Skardu.

Comparative Analysis of ASTER and Landsat-8
Mineral Mapping

The comparative Spectral Angle Mapper (SAM) classification
results (Figure 13) demonstrate distinct variations in hydrothermal
alteration mineral distribution derived from ASTER and Landsat-8
datasets in District Skardu. The mapped mineral assemblages
include quartz, hematite, goethite, kaolinite, illite, alunite, epidote,
calcite, and dolomite, which collectively represent key indicators
of porphyry-related hydrothermal systems. ASTER-derived SAM
outputs exhibit sharply defined and spatially coherent mineral
zones, reflecting its Superior Shortwave Infrared (SWIR) spectral
resolution. In contrast, Landsat-8 results display broader, more
generalized mineral distributions with reduced boundary precision
and increased spectral overlap. This contrast highlights ASTER’s
enhanced capability for detailed mineral discrimination, whereas
Landsat-8 provides broader reconnaissance-scale geological
context. Quartz-rich zones, iron oxides (hematite and goethite), and
clay minerals (kaolinite and illite) are distinctly mapped in ASTER
data, whereas Landsat-8 tends to amalgamate these lithologies into
less distinct spectral classes. Consequently, ASTER is more suitable
for detailed exploration targeting, while Landsat-8 supports
regional alteration trend identification.
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aluminosilicates. Landsat-8, although limited in spectral specificity,

ASTER SAM MINERALS MAP

Overlapping absorption features in the 2.0-2.4um range are better
resolved by ASTER, confirming its superiority for mineralogical
discrimination in complex terrains.

/| GILGIT BALTISTAN

N
! effectively captures iron-oxide and some clay-related signatures.

Table 4: Diagnostic spectral absorption features of
alteration minerals.

Mineral D aaanden Detected by Sensor
Features (um)
e E— Kaolinite 2.20-2.30 ASTER
— gLzl Illite 2.20-2.40 ASTER, Landsat-8
Bl orz EPIDOTE K
Hematite 0.86-0.90, 2.20 ASTER, Landsat-8
0510 20 30 40
Kiometors [ Alunite 2.17-2.20 ASTER
Dolomite 2.31-2.35 ASTER
Calcite 2.33-2.35 ASTER
Quartz 2.21-2.25 (weak feature) ASTER
Goethite 0.90-1.00, 2.27 ASTER, Landsat-8
Epidote 2.20-2.30 ASTER
Almandine 1.80-2.00 ASTER

The comparative bar chart (Figure 14) illustrates significant
_ variationsin mapped mineral extents between ASTER and Landsat-8
I cuz [ epoote Dsscve | el 5 R & datasets. Across most mineral classes, ASTER consistently reports

B <~ounite DOLOMITE LN vy >y M 3 . . . . . . .

r-'g B o ce R ] : T e higher or more refined area estimates, indicating improved spectral
HewaTTE [ AcuniTe <3 & g ; fee e aps . . -

I Geom™HTE [ ALNOINE f . ¥ 232 0 ey sensitivity and classification accuracy. Landsat-8, while effective for

04285 17 255 34 £ A el broad identification, tends to underestimate or generalize mineral
R — 2 & ¢ > )

extents due to its relatively lower spectral resolution. Table 5
Figure 13: Integrated SAM-based mineral classification demonstrates that ASTER provides significantly improved mineral

maps derived from ASTER and Landsat-8 datasets discrimination across key alteration minerals. Alunite and quartz
showing spatial distribution of hydrothermal alteration

: TR show particularly strong spectral definition in ASTER outputs,
assemblages in District Skardu.

while Landsat-8 fails to consistently resolve their spatial continuity.
The spectral characteristics summarized in (Table 4) indicate  Goethite is detected by both sensors; however, ASTER provides

that ASTER'’s extended SWIR coverage enables detection of a wider ~ more spatially reliable and geologically consistent mapping.

range of alteration minerals, particularly carbonates, clays, and
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Figure 14: Comparative analysis of mineral mapping areas derived from ASTER and Landsat-8 SAM classification
results across key alteration minerals in District Skardu.
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Table 5: SAM classification performance comparison.

Mineral ASTER Classification Result Landsat-8 Classification Result Interpretation

Alunite Clearly and continuously mapped Sparsely and discontinuously ASTER superior
detected

Quartz Moderately to well-defined zones Weak and fragmented signatures ASTER superior

Goethite Well-defined and spatially coherent | Broad but less distinct distribution Slight ASTER advantage

Table 6: Sensor-based capability comparison.

Parameter ASTER Landsat-8
Spectral Resolution High (SWIR-optimized) Moderate
Mineral Differentiation High precision Generalized
Spatial Coverage Moderate Extensive
Suitability for Mapping Detailed exploration targeting Regional reconnaissance

Table 6 summarizes the fundamental sensor differences
influencing mineral mapping performance. ASTER’s SWIR-
optimized spectral configuration enables high-precision mineral
discrimination, making it suitable for detailed exploration. In
contrast, Landsat-8 provides broader spatial coverage and is
more effective for regional-scale reconnaissance and preliminary
geological assessment.

Band-ratio index analysis

This section presents the results derived from band ratio indices
designed to enhance the detection of key hydrothermal alteration
minerals, specifically quartz, carbonates, and clay minerals, using
ASTER and Sentinel-2A multispectral datasets. These indices are
fundamental in identifying alteration zones commonly associated
with porphyry and epithermal mineral systems. Both sensors
provide relevant spectral information in the Shortwave Infrared
(SWIR) region; however, they differ significantly in spectral
resolution and band configuration, which influences mineral
discrimination capability. Band ratio techniques were applied to
enhance diagnostic absorption features and suppress background

lithological noise, thereby improving the interpretability of large
multispectral datasets. Quartz indices were used to delineate silica-
enriched zones, carbonate indices targeted calcite- and dolomite-
bearing lithologies, and clay indices highlighted hydroxyl-bearing
phyllosilicates such as kaolinite, illite, and alunite. ASTER, with its
six SWIR bands (2.1-2.5pm), provides enhanced spectral sensitivity
for distinguishing closely related mineral phases. In contrast,
Sentinel-2A, with only two SWIR bands, offers improved spatial
resolution (20m) and revisit frequency, making it suitable for
regional reconnaissance and temporal monitoring when integrated
with ASTER data. Table 7 summarizes the band ratio configurations
used for mapping hydrothermal alteration minerals across both
Sentinel-2A and ASTER datasets. Sentinel-2A indices utilize SWIR
bands B11 and B12 to differentiate quartz, carbonates, and clay-
rich zones, while ASTER indices leverage its narrower and more
mineral-sensitive SWIR bands for enhanced spectral separation.
The ASTER clay index, in particular, exploits internal band
relationships to emphasize hydroxyl-bearing mineral responses,
improving discrimination in structurally complex terrains.

Table 7: Band ratio indices used for mineral mapping (ASTER and Sentinel-2A).

Index Type Sentinel-2A Formula ASTER Formula Target Minerals
Quartz Index B11/B12 B14/B12 Quartz
Clay Index B5/B6 (B5xB6)/B62 Kaolinite, Illite, Alunite
Carbonate Index B13/B14 B13/B14 Calcite, Dolomite
Table 8: Sentinel-2A band configuration for mineral indices.
Index Type Band Formula (Sentinel-2A) Wavelength Range (nm) Spectral Sensitivity
Quartz Index B11/B12 1.61/2.19 Silica-rich lithologies
Carbonate Index B12/B11 2.19/1.61 Calcite, Dolomite
Clay Index (B11+B12)/2 SWIR mean response Kaolinite, Illite, Alunite

Table 8 illustrates the Sentinel-2A band ratio framework
used to extract hydrothermal alteration signatures. The Quartz
Index enhances silica-rich outcrops by exploiting reflectance
contrast between B11 and B12, while the inverse carbonate ratio
emphasizes carbonate-bearing lithologies. The clay index, derived
as the mean of SWIR bands, provides a generalized measure of

hydroxyl-bearing mineral abundance. Although Sentinel-2A lacks
the spectral resolution of ASTER, its fine spatial resolution enables
effective mapping of broad alteration trends, especially when
integrated with higher spectral resolution datasets. The combined
use of ASTER and Sentinel-2A band ratio indices enable a multi-
scale mineral mapping strategy, where ASTER provides high
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spectral discrimination of alteration mineralogy, while Sentinel-
2A contributes high spatial detail for structural and regional
mapping. This integration significantly improves the reliability of
hydrothermal alteration mapping in the complex geological terrain
of District Skardu.

Carbonate index

Carbonate index mapping identified extensive carbonate-
bearing zones associated with calcite and dolomite-rich lithologies.
Sentinel-2A delineated approximately 31.19km? of carbonate-rich
terrain, while ASTER identified 28.35km? (Figure 15). Although
the mapped areas were similar, ASTER produced more continuous
and geologically coherent carbonate distributions. The enhanced
spectral sensitivity of ASTER within carbonate absorption regions
enabled improved discrimination of carbonate-bearing lithologies
and hydrothermal alteration zones.
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Figure 15: Carbonate index maps derived from
Sentinel-2A and ASTER datasets showing spatial
distribution of carbonate-rich zones in District Skardu.

Clay index

Clay index analysis revealed widespread distribution of
hydroxyl-bearing minerals across the study area. Sentinel-2A

mapped approximately 82.08km? of clay-rich terrain, significantly
exceeding ASTER’s 23.20km? (Figure 16). The larger mapped
extent obtained from Sentinel-2A reflects its finer spatial resolution
and enhanced capability for detecting dispersed clay-rich surfaces.
However, ASTER provides greater mineralogical specificity
and remains essential for distinguishing among clay mineral

assemblages.
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Figure 16: Clay index maps derived from Sentinel-2A
and ASTER datasets showing spatial distribution of
clay-rich alteration zones in District Skardu.

Quartz index

The quartz index maps derived from Sentinel-2A and ASTER
datasets reveal distinct spatial patterns of silica enrichment across
District Skardu (Figure 17). Sentinel-2A delineates moderately
continuous quartz-rich zones (highlighted in red) along major
structural trends in the northern and central sectors. This pattern
reflects the sensor’s relatively high spatial resolution (20m), which
enables effective identification of exposed silicified outcrops and
structurally controlled alteration zones.
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Figure 17: Quartz index maps derived from Sentinel-
2A and ASTER datasets showing spatial distribution of
silica-rich zones in District Skardu.

In contrast, the ASTER-derived quartz index shows a more
extensive and spatially dispersed distribution of silica-rich
signatures, particularly across the southern and southeastern
regions. This broader detection is attributed to ASTER’s Superior
Shortwave Infrared (SWIR) spectral resolution, which enhances
sensitivity to diagnostic silicate absorption features and enables
detection of both strong and subtle quartz-related spectral

r 7 .
\Sum of Sentinel-2 Area (km2) Sum of ASTER Area (km?2) |

responses. While ASTER is more effective in capturing low-contrast
and alteration-proximal quartz occurrences, Sentinel-2A remains
reliable for mapping prominent silicified bodies with higher spatial
continuity and more frequent temporal coverage.

Table 9 demonstrates clear variability in mineral detection
performance between ASTER and Sentinel-2A datasets. ASTER
significantly outperforms Sentinel-2A in quartz detection,
mapping 127.95km? compared to 43.95km? highlighting its
enhanced SWIR spectral discrimination of silicate-rich lithologies.
Conversely, Sentinel-2A identifies a substantially larger clay-rich
area (82.08km?) compared to ASTER (23.20km?), reflecting its
finer spatial resolution and improved sensitivity to widespread
phyllosilicate distributions. Carbonate mapping shows close
agreement between both sensors, with Sentinel-2A (31.19km?) and
ASTER (28.35km?) yielding comparable extents, indicating similar
effectiveness in detecting calcite- and dolomite-bearing lithologies
despite differing spectral configurations.

Table 9: Area coverage of mineral indices derived from
ASTER and Sentinel-2A.

Mineral Index Sentinel-2A Area (km?) ASTER Area (km?)
Quartz Index 43.95 127.95
Clay Index 82.08 23.2
Carbonate Index 31.19 28.35

Figure 18 presents a comparative evaluation of mineral index-
based area coverage derived from ASTER and Sentinel-2A datasets.
The results indicate clear differences in detection capability
across the three mineral indices: carbonate, clay, and quartz. For
the carbonate index, both sensors demonstrate closely aligned
performance, with Sentinel-2A mapping approximately 31km? and
ASTER mapping around 28km?, indicating consistent carbonate
detection capability. In the clay index, Sentinel-2A significantly
outperforms ASTER by delineating approximately 82km? compared
to 23km?, reflecting its superior spatial resolution and ability to
capture widespread phyllosilicate alteration zones. In contrast,
the quartz index shows a strong advantage for ASTER, which
maps approximately 127km? compared to 43km? for Sentinel-2A,
confirming ASTER’s higher spectral sensitivity to silicate mineral
absorption features in the SWIR region.
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Figure 18: Comparative bar chart showing mineral index-based area coverage (km?) derived from Sentinel-2A and
ASTER datasets for quartz, clay, and carbonate minerals.
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Composite alteration mapping

Integration of quartz, clay, and carbonate indices generated
composite alteration maps that provide a comprehensive
representation of hydrothermal processes across District Skardu.
The composite maps reveal strong spatial associations between
multiple alteration assemblages and major structural features,
suggesting that fault systems played a critical role in controlling
hydrothermal fluid movement. ASTER-derived composite maps
exhibit superior mineralogical discrimination and define alteration
corridors with greater clarity. Sentinel-2A, however, provides
enhanced spatial detail that facilitates identification of smaller
alteration features and structural lineaments. The combined use
of both datasets therefore offers a robust framework for regional
mineral exploration and target generation.

Ground truth validation

Ground truth validation was conducted using the active mining
lease operated by Shahzad International Pvt. Ltd. within Shigri Balla,
District Skardu. The lease area provided an independent reference
for assessing the reliability of remote sensing-derived mineral
maps and alteration models. Overlay analysis demonstrated strong
spatial correspondence between mapped alteration zones and
known mineralized areas within the lease boundary (Figure 19).
Quartz, clay, carbonate, hematite, kaolinite, and alunite anomalies
identified through SAM classification and band-ratio analysis
consistently coincided with documented mineral occurrences and
active mining operations.
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Figure 19: Ground-truth validation map showing
overlay of SAM-based mineral classification results with
the Shahzad International Pvt. Ltd. lease boundary in
Shigri Balla, District Skardu.

Field observations further confirmed the presence of
hydrothermal alteration, quartz veining, and visible copper staining
within the validated area. The agreement between remotely
sensed alteration signatures and field evidence demonstrates the
effectiveness of the integrated ASTER, Sentinel-24, and Landsat-8
approach for mineral exploration in mountainous and inaccessible
terrains. These findings provide strong support for the application
of multi-sensor remote sensing techniques in identifying copper-
associated hydrothermal systems within the Karakoram region.

Although the mapped hydrothermal alteration zones showed
strong spatial agreement with mining lease boundaries, regional
geological maps, and GPS-referenced field observations, a
comprehensive quantitative accuracy assessment, including
Overall Accuracy (0A), Producer’s Accuracy (PA), User’s Accuracy
(UA), and the Kappa coefficient, could not be performed because
of the limited availability of extensive ground-truth mineralogical
observations in the rugged mountainous terrain of the study area.
Nevertheless, the consistent correspondence between the remotely
sensed alteration patterns and independently verified geological
evidence demonstrates the reliability of the proposed multi-sensor
framework for regional hydrothermal alteration mapping and
copper prospectivity assessment. Future studies should incorporate
additional field sampling, laboratory-confirmed mineralogical
analyses, and statistical accuracy assessment to further validate

and refine the proposed methodology.
Discussion

The integration of ASTER, Landsat-8, and Sentinel-2A
datasets provided valuable insights into the spatial distribution
of hydrothermal alteration minerals associated with potential
copper mineralization in District Skardu. The results demonstrate
that sensor selection substantially influences the detection
and delineation of alteration assemblages due to differences in
spectral and spatial resolution. Among the evaluated datasets,
ASTER consistently exhibited superior performance for mineral
discrimination, particularly for hydroxyl-bearing, carbonate, and
silica-rich minerals, owing to its dedicated Shortwave Infrared
(SWIR) bands. These findings confirm the importance of high
spectral resolution in hydrothermal alteration mapping and are
consistent with previous investigations that identified ASTER
as one of the most effective multispectral sensors for mineral
exploration in arid and mountainous terrains. Similar observations
have been reported in hydrothermal alteration studies conducted
in the Zagros Mountains (Iran), the Tibetan Plateau (China), and the
Arabian Shield, where ASTER consistently outperformed Landsat-
based sensors because of its six SWIR bands specifically designed
for mineral discrimination [44-46]. These studies demonstrated
that ASTER effectively distinguishes hydroxyl-bearing, carbonate,
and silica-rich alteration minerals associated with porphyry copper
systems, supporting the findings obtained for the Karakoram region
in the present study.

The Spectral Angle Mapper (SAM) classification results revealed
significant differences between ASTER and Landsat-8 in the
detection of key alteration minerals. ASTER successfully mapped
substantially larger and more coherent occurrences of alunite,
kaolinite, quartz, dolomite, epidote, and hematite compared with
Landsat-8. For example, ASTER identified 43.04km? of alunite-
bearing terrain, whereas Landsat-8 detected only 3.49km?.
Similarly, dolomite occupied 159.28km? in the ASTER classification
but only 3.30km? in the Landsat-8 results. These differences can
be attributed to ASTER’s narrow SWIR channels, which capture
diagnostic absorption features between 2.0 and 2.5um, a critical
spectral region for distinguishing hydrothermal alteration
minerals. In contrast, the broader SWIR bands of Landsat-8 reduce
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spectral separability and increase the likelihood of mixed-pixel
effects, particularly in rugged mountainous environments where
lithological heterogeneity is pronounced. Comparable results
have been reported by Pour & Hashim (2015), who demonstrated
that ASTER provided significantly higher hydrothermal mineral
discrimination than Landsat imagery in structurally complex
terrains due to its enhanced SWIR spectral resolution.

Likewise, Rowan & Mars [31] concluded that ASTER improves
identification of alteration assemblages associated with porphyry
mineralization, particularly where mixed-pixel effects limit the
performance of broader multispectral sensors. Quartz, kaolinite,
and alunite are commonly associated with silicic and argillic
alteration zones developed around hydrothermal systems and
porphyry-style mineralization [47,48]. The extensive distribution of
these minerals identified by ASTER therefore suggests the presence
of significant hydrothermal activity within the study area. Quartz-
rich zones mapped by ASTER covered 77.17km?, compared with
only 23.09km? identified by Landsat-8. Likewise, ASTER detected
more than twenty times the area of kaolinite mapped by Landsat-8.
These observations indicate that ASTER is capable of resolving
subtle spectral variations associated with alteration halos that
are not readily distinguishable in coarser multispectral datasets.
The spatial association between quartz, kaolinite, alunite, and
structurally controlled zones further supports the interpretation of
hydrothermal fluid circulation pathways within the Skardu region.
These mineral assemblages are characteristic of porphyry copper
systems documented in the Himalayas, Tibetan Plateau, and Central
Asian Orogenic Belt, where quartz, kaolinite, and alunite commonly
occur within silicic and argillic alteration halos surrounding
mineralized [49,50]. The similarity between the
alteration patterns identified in this study and those reported

intrusions

from comparable tectonic environments further strengthens the
geological interpretation.

The mapping of iron oxide minerals also provided important
information regarding potential mineralized systems. Hematite and
goethite are widely recognized indicators of oxidation processes
associated with hydrothermal alteration and weathering of sulfide-
richdeposits. ASTERmapped 244.11km? of hematite-bearing terrain
compared with 120.19km? identified by Landsat-8, indicating
superior discrimination of ferric iron minerals. Interestingly,
Landsat-8 produced a slightly larger goethite extent (457.01km?)
than ASTER (432.02km?). This discrepancy likely reflects spectral
mixing and classification generalization caused by Landsat-8’s
broader spectral bands, which may result in overestimation of
iron oxide occurrences. ASTER-derived maps, however, exhibited
greater spatial coherence and better correspondence with known
geological structures, suggesting higher mineralogical reliability.
Band-ratio analysis further highlighted the complementary
strengths of ASTER and Sentinel-2A. The quartz index derived from
ASTER identified 127.95km? of silica-rich terrain, nearly three
times the area mapped using Sentinel-2A (43.95km?). This result
reflects ASTER’s enhanced sensitivity to silica-related absorption
features in the SWIR region. Conversely, Sentinel-2A detected a
substantially larger clay-rich area (82.08 km?) compared with

ASTER (23.20km?). The higher spatial resolution of Sentinel-
2A allows more effective recognition of small-scale clay-rich
exposures and alteration zones, particularly in areas characterized
by fragmented surface expressions. However, the broader spatial
distribution observed in Sentinel-2A may also indicate increased
sensitivity to mixed spectral responses and therefore requires
confirmation using higher spectral resolution datasets such as
ASTER. Similar complementary performance between Sentinel-
2A and ASTER has recently been reported in multisensor mineral
exploration studies, where Sentinel-2A contributed improved
spatial delineation of alteration zones while ASTER provided
superior mineralogical discrimination through its SWIR bands
[50,51]. These findings demonstrate that integrating both sensors
provides greater exploration reliability than either dataset alone.

Carbonate index results showed strong agreement between
the two sensors, with Sentinel-2A and ASTER mapping 31.19km?
and 28.35km? of carbonate-rich terrain, respectively. Despite
the similarity in total area, ASTER generated more continuous
and geologically coherent carbonate zones, whereas Sentinel-2A
produced more fragmented patterns. This observation emphasizes
the complementary relationship between spatial and spectral
resolution in alteration mapping. While Sentinel-2A provides
enhanced spatial detail, ASTER offers superior mineralogical
discrimination that is critical for accurate geological interpretation.
The spatial integration of SAM classifications and spectral
indices revealed several alteration assemblage’s characteristic of
hydrothermal mineral systems. Quartz-rich silicification zones
commonly coincided with clay and carbonate alteration areas,
suggesting the presence of complex hydrothermal processes
involving multiple alteration stages. The observed mineral
associations are consistent with alteration patterns reported from
porphyry copper environments, where silicic, argillic,and carbonate
alteration occur in close spatial proximity. The concentration of
these alteration assemblages along structural trends and fault-
controlled corridors further supports their genetic relationship
with hydrothermal fluid migration pathways.

Ground-truth validation provided independent confirmation
of the remote sensing results. Overall, the present findings agree
well with previous remote sensing investigations conducted in
tectonically active mountain belts, confirming that multisensor
integration improves the identification of hydrothermal alteration
systems compared with single-sensor approaches. The combined
use of ASTER, Sentinel-2A, and Landsat-8 enables simultaneous
exploitation of high spectral resolution, fine spatial resolution,
and regional coverage, thereby providing a more comprehensive
interpretation of alteration mineral assemblages than individual
datasets alone. The alteration zones identified through ASTER,
Sentinel-2A, and Landsat-8 analyses showed strong spatial
correspondence with the active mining lease operated by Shahzad
International Pvt.Ltd.in Shigri Balla. Elevated quartz, clay, carbonate,
hematite, and alunite signatures occurred within and around the
lease boundary, while field observations confirmed the presence of
hydrothermally altered rocks, quartz veining, and copper-related
surface staining. The convergence of multiple mineral indicators

Aspects Min Miner Sci

Copyright © Zeenat Khan



AMMS.MS.ID.000860.15(2).2026

1891

within the validated area significantly increases confidence in the
interpretation and demonstrates the effectiveness of integrating
spectral indices with SAM classification for mineral exploration
in inaccessible mountainous regions. Overall, the results indicate
that ASTER remains the most effective multispectral dataset for
detailed hydrothermal alteration mapping due to its superior SWIR
spectral capability. Sentinel-2A provides valuable high-resolution
reconnaissance information and enhances spatial interpretation of
alteration patterns, while Landsat-8 contributes regional geological
context and long-term data continuity. The integration of these
complementary datasets therefore offers a robust and cost-effective
framework for mineral exploration in structurally complex terrains
such as the Karakoram region of northern Pakistan.

Limitations of the Study

Despite the promising performance of the proposed multi-
sensor remote sensing framework, several limitations should be
acknowledged. First, the study relies on multispectral satellite
imagery, which has lower spectral resolution than hyperspectral
sensors and therefore limits the discrimination of minerals
with similar spectral characteristics, particularly within clay
and carbonate alteration assemblages. In addition, the rugged
topography, steep slopes, and variable illumination conditions
of the Karakoram region may introduce terrain-induced spectral
distortions and mixed-pixel effects despite the application of
radiometric, atmospheric, and geometric corrections. Furthermore,
differences in spatial and spectral resolution among ASTER,
Sentinel-2A, and Landsat-8 may influence the consistency of
alteration mapping and contribute to uncertainties during
multisensor integration. Another limitation relates to the validation
of the classification results. Validation was primarily based on
mining lease boundaries, regional geological maps, and GPS-
referenced field observations because comprehensive laboratory-
based mineralogical analyses and extensive ground-truth datasets
were unavailable. Consequently, classification
accuracy metrics, such as Overall Accuracy (OA), Producer’s
Accuracy (PA), User’s Accuracy (UA), and the Kappa coefficient,
could not be computed. Moreover, seasonal variations, atmospheric
conditions during image acquisition, and the availability of field
observations may have influenced the detection and interpretation
of hydrothermal alteration minerals. Future studies should
incorporate hyperspectral imagery, extensive field spectroscopy,
geochemical sampling, and quantitative statistical validation to
further improve the reliability, reproducibility, and applicability
of the proposed framework for mineral exploration in complex

quantitative

mountainous terrains.
Conclusion

This study developed and evaluated an integrated multi-
sensor remote sensing framework for mapping copper-associated
hydrothermal alteration zones in District Skardu, Gilgit-Baltistan,
using ASTER, Sentinel-24, and Landsat-8 imagery. The combined
application of spectral indices and Spectral Angle Mapper (SAM)
classification successfully identified hydrothermal alteration
minerals, including quartz, kaolinite, alunite, illite, hematite,

goethite, calcite, dolomite, and epidote. Among the evaluated
datasets, ASTER demonstrated the highest mineral discrimination
capability, delineating 244.11km? of hematite, 176.86km?* of
epidote, 159.28km? of dolomite, 77.17km? of quartz, 51.84km?
of kaolinite, and 43.04km? of alunite, whereas Landsat-8 mapped
considerably smaller extents for most alteration minerals, including
120.19km? of hematite, 23.09km? of quartz, 3.49km? of alunite,
and 3.30km? of dolomite. Band-ratio analysis further showed that
ASTER detected 127.95km? of quartz-rich terrain, compared with
43.95km? identified using Sentinel-2A, while Sentinel-2A mapped
a larger clay alteration area (82.08km?) than ASTER (23.20km?)
because of its finer spatial resolution.

Carbonate alteration mapping showed comparable
results, with Sentinel-2A and ASTER identifying 31.19km?
and 28.35km? respectively. Ground-truth validation using the
Shahzad International Pvt. Ltd. mining lease, regional geological
information, and field observations confirmed strong spatial
correspondence between the mapped alteration zones and
documented hydrothermal mineralization, including quartz
veining, hydrothermal alteration, and visible copper staining. The
integration of ASTER’s superior SWIR spectral capability, Sentinel-
2A’'s high spatial resolution, and Landsat-8’s regional geological
coverage produced a more comprehensive interpretation of
hydrothermal systems than any individual dataset. The proposed
framework provides a rapid, cost-effective, and scalable approach
for identifying copper prospectivity in rugged mountainous terrains
and offers a transferable methodology for mineral exploration
in other tectonically active regions worldwide. By integrating
complementary multisensor datasets with spectral analysis and
geological validation, this study contributes a practical framework
for improving exploration efficiency, reducing reconnaissance
costs, and supporting sustainable mineral resource assessment.

Future Research Directions

Although the present study successfully demonstrated the
effectiveness of multisensor remote sensing for hydrothermal
alteration mapping, several opportunities exist to further improve
mineral exploration workflows in the Skardu region and similar
geological environments. Future investigations should incorporate
hyperspectral satellite datasets such as ENMAP and PRISMA, which
provide hundreds of contiguous spectral bands and enable direct
identification of mineralogical compositions at a much higher
level of precision than multispectral sensors. Such datasets could
significantly improve discrimination among spectrally similar
clay and carbonate minerals. The integration of machine learning
and artificial intelligence algorithms, including Random Forest,
Support Vector Machine, Extreme Gradient Boosting, and Deep
Learning approaches, represents another promising direction.
These methods may enhance classification accuracy and reduce
spectral confusion in complex mountainous terrains where
traditional spectral matching techniques encounter limitations.
Future studies should also incorporate detailed field spectroscopy
and geochemical analyses to establish quantitative relationships
between spectral signatures and mineral concentrations. Portable
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spectroradiometer measurements collected from validated
alteration zones would provide high-quality endmember spectra

for improving classification performance and reducing uncertainty.

Furthermore, combining multispectral and hyperspectral data
with geophysical datasets such as magnetic, radiometric, induced
polarization, and gravity surveys could facilitate the development
of integrated mineral prospectivity models. Such multidisciplinary
approaches would improve the identification of subsurface
mineralization systems and assist in prioritizing exploration
targets. Finally, temporal monitoring using long-term satellite
archives may provide insights into surface alteration evolution,
weathering processes, and anthropogenic mining activities.
Time-series analyses could contribute to sustainable resource
management and environmental monitoring in active mining
districts throughout Gilgit-Baltistan. Beyond mineral exploration,
the proposed multisensor framework has the potential to support
strategic mineral resource assessment, sustainable mining
planning, and evidence-based decision-making in other tectonically
active and mineral-rich regions worldwide. The integration of
advanced remote sensing technologies with artificial intelligence,
field spectroscopy, geochemical investigations, and geophysical
exploration is expected to improve exploration efficiency, reduce
operational costs, and minimize environmental impacts associated
with conventional exploration techniques. Consequently, the
methodology presented in this study provides a scalable and
transferable framework for future mineral exploration programs
and contributes to the broader advancement of sustainable and
technology-driven exploration practices.
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