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ARTICLE INFO ABSTRACT
Keywords: Fusing multi-source (remote sensing and geophysical) data and diverse approaches validation in targeting hy-
Hydrothermal alterations drothermal alteration and structural anomalies enhances the potential for accurately detecting and character-

Rare metals

ASTER izing mineralization zones. Sentinel 2 data and ASTER were processed for lithological and hydrothermal

Sentinel-2 alteration mapping in the rare metal-rich Umm Naggat area (Egypt). Different image processing techniques were

Mineral chemistry implemented, including false color composites, minimum noise fraction, band rationing, band math, mineral

Arabian Nubian Shield indices, relative absorption band depth, and constrained energy minimization. The rare metal-bearing Umm
Naggat younger granite (NYG) pluton was lithologically discriminated and intra-differentiated to mafic-rich
biotite granites, mafic-poor alkali feldspar granites, and albitized granites. Extensive hydrothermal alterations,
such as albitization, ferrugination, propylitization, argillization, and phyllitization, overprint the NYG pluton.
Normalized standard deviation, automatic lineament extractions, and trend analysis highlighted the key struc-
tural directions (NW, NNW, NNE, and NE) and distinguished the NYG pluton as a moderate to high structural
density zone. The high structural density and intensive alteration zones are spatially associated and more
localized within the NYG pluton than the surrounding rocks. Spatial overlay analysis confirmed that the hy-
drothermal alterations and fluid circulation systems are structurally-controlled. Furthermore, the hydrothermal
alteration mapping and structural analysis outcomes were verified by combining fieldwork, slab polishing,
petrographic investigations, and mineral chemistry through semi-quantitative scanning electron microscopy with
energy dispersive spectroscopy (SEM-EDS) and quantitative electron probe microanalysis (EPMA) analysis. As a
result, the hydrothermal genesis of rare metal-bearing minerals (Nb-rutile, Nb-ilmenite, and columbite) close to
or incorporated within alteration minerals (chlorite, muscovite, and hematite) is confirmed from the alteration
zones (propylitic, phyllic, and ferruginated). In addition, biotite muscovitization and chloritization significantly
contribute to the secondary rare metal enrichment. The current study emphasizes the extensive distribution of
secondary rare metal-bearing minerals within the entire NYG pluton (not only limited to the northern albitized
granite as depicted by previous studies), which might shed light on these hydrothermally-altered younger
granites as a new potential source for Nb and Ta in Egypt.

* Corresponding author at: Department of Mineralogy and Geology, University of Debrecen, 4032 Debrecen, Hungary.
E-mail address: ali.shebl@science.tanta.edu.eg (A. Shebl).

https://doi.org/10.1016/j.gexplo.2024.107598
Received 23 October 2023; Received in revised form 8 August 2024; Accepted 3 October 2024

Available online 9 October 2024
0375-6742/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:ali.shebl@science.tanta.edu.eg
www.sciencedirect.com/science/journal/03756742
https://www.elsevier.com/locate/gexplo
https://doi.org/10.1016/j.gexplo.2024.107598
https://doi.org/10.1016/j.gexplo.2024.107598
http://creativecommons.org/licenses/by/4.0/

M.A. Abdelkader et al.

1. Introduction

Deep-seated tectonic zones are the main structures that run deep into
the Earth’s crust. Regarding the Arabian Nubian Shield (ANS), where
our study area is located, they are mostly connected to the Pan-African
Orogeny’s transpressive (like metamorphic domes and nappe assem-
blage thrust packages) and extensional (like molasse sedimentary basins
and post-orogenic magmatism) features. They act as channels for
magmatic-bearing fluids flowing through these fracture systems to the
surface, consequently localizing potential mineralization. These zones
are distinguished by mafic and acidic affinities (Garson and Krs, 1976;
Hamimi et al., 2020; Hamimi et al., 2021b; Johnson, 2021; Krs, 1977;
Nations, 1973).

The intrusion of such younger granites characterizes Egypt’s late
Neoproterozoic crustal evolution (Abdel-Rahman and El-Kibbi, 2001; El
Hadek et al., 2016; Hamimi et al., 2021a; Hamimi et al., 2020; Hamimi
et al., 2021b; Hussein, 1973; Johnson, 2021; Kiister, 2009; Sabet, 1973).
These granites represent 30 % of the plutonic batholiths within the
Egyptian Basements, with a notable prevalence in the Northern regions
compared with the Central and Southern ones (Akaad and AM, 1978; El-
Gaby et al., 1988; Hamimi et al., 2021a; Hamimi et al., 2020; Hamimi
etal., 2021b; Johnson, 2021; Said, 1990). These granitic are classified as
post-orogenic to anorogenic and are composed of monzogranite, sye-
nogranite, and alkali granite (Beyth et al., 1994; Hamimi et al., 2021a;
Hamimi et al., 2020; Hamimi et al., 2021b; Johnson, 2021; Said, 1990;
Stern and Gottfried, 1986).

In Egypt’s Central Eastern Desert, more than 15 rare-metal granitic
bodies and pegmatitic systems have been identified such as Abu Dabbab,
Nuweibi, Igla, Zabara, Sikait, Abu Rusheid, Mueilha, Humr Waggat, El-
Yetima, Um Salim, Ineigi, Umm Naggat, Um Bisilla, EI-Bakriya, and Abu
Diab (Abd El Wahed, 2006; Abdalla and Mohamed, 1999; Abdalla et al.,
2008; Abouzeid and Khalid, 2011; Dawood, 2010; EI-Rus et al., 2017; El-
Sayed et al., 2004; El-Sayed, 2006; Emam et al., 2018; Hamimi et al.,
2021a; Hamimi et al., 2020; Hamimi et al., 2021b; Johnson, 2021;
Melcher et al., 2015; Moghazi et al., 1999; Sabet, 1973; Sami et al.,
2017; Sami et al., 2018). Niobium and tantalum, classified as rare
metals, possess considerable geological and economic importance. The
economic significance of niobium and tantalum is relevant due to their
scarcity and crucial role in present-day technology. This has led to
increased global exploration activities and emphasized the necessity for
new potential sources to maintain a sustainable supply chain (Abd El
Wahed, 2006; Abdalla et al., 2008; Abuamarah et al., 2022; Azer et al.,
2019; El-Dokouny et al., 2023; El-Rus et al., 2017; Khedr et al., 2023;
Zoheir et al., 2020). Recently, several approaches utilizing traditional
remote sensing techniques and machine learning (ML) methods were
used for mapping rare metal and rare earth-rich granites and granitic
pegmatites (Abdelkader et al., 2022; Cardoso-Fernandes et al., 2021;
Cardoso-Fernandes et al., 2020; Kohler et al., 2021; Santos et al., 2022).

Integrating remote sensing satellite images and geophysical data
with laboratory methods, such as petrography and mineral chemistry
analysis, represents a swift and cost-efficient means of identifying hy-
drothermal areas for mineral extraction to facilitate the exploration and
utilization of mineral resources of such granitic rocks (Aali et al., 2022;
Alrefaee et al., 2023; Araffa et al., 2022; Badawi et al., 2023; Cardoso-
Fernandes et al., 2020; El-Qassas et al., 2023; Gabr et al., 2022; Gemusse
et al., 2023; Hegab et al., 2022; Mahdi et al., 2022; Olatunji, 2022;
Salawu et al., 2023; Santos et al., 2022; Sayah et al., 2023; Shebl et al.,
2022; Shebl et al., 2023a; Shebl et al., 2021). Throughout the hydro-
thermal processes, the alteration zones can be detected and precisely
characterized and categorized (albitization, ferrugination, propylitic,
argillic, and phyllic) based on their spectral characteristics and extent,
which can be observed through ASTER and Sentinel 2 data.

Consequently, within the Umm Naggat area (Egypt), the present
investigation utilized Sentinel 2, ASTER, and aeromagnetic datasets due
to their superiority in similar geological applications. These datasets had
the leverage to highlight several forms of hydrothermal alteration,
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structures, and their associated mineralization (rare-metal bearing),
which can serve as valuable indicators for identifying promising
mineralization zones (e.g., Nb and Ta). This investigation was then
corroborated through field surveys, petrographic examinations, and
mineral chemistry through scanning electron microscopy with energy
dispersive spectroscopy (SEM-EDS) and electron probe microanalysis
(EPMA), reinforcing the accuracy of our findings. Additionally, the
current research substantially contributes to the continuing debate
regarding the hydrothermal genesis of rare metals. It triggers the need
for additional research and investigation of unexplored reservoirs of
hydrothermally-generated rare metal deposits, which might be a new
potential source for Nb and Ta mineralization in Egypt and worldwide.

2. Study area and geological setting

The Umm Naggat area is situated in the Central Eastern Desert of
Egypt within longitudes 34° 10"E-34° 19'E and latitudes 25° 27"N-25°
32N (Fig. 1a, b). It mainly comprises igneous and metamorphic base-
ment rocks such as serpentinites, metagabbro-diorites, metavolcanics,
metasedimentary rocks, older granites, and rare metal-bearing younger
granites (Fig. 1c) (Abd El Nabi, 2012; Abdelkader et al., 2022; Al-Arifi
et al., 2021; Badr et al., 2014; El-Afandy et al., 2000; Gaafar, 2015;
Gaafar et al., 2022; Gamal-Adeen et al., 2023). The former lithological
units are frequently dissected by several trachyte plugs and dykes.

The Umm Naggat rare metal-bearing younger granite (NYG) con-
stitutes the major rock unit in the study area, forming a high, moun-
tainous, nearly oval-shaped pluton (Fig. 1b). The NYG pluton is
classified into three distinct granitic varieties: mafic-rich biotite gran-
ites, mafic-poor alkali feldspar granites, and albitized granites (Fig. 1c)
(Abdelkader et al., 2022). The granitic pluton has irregular boundaries
and sharp intrusive contacts towards the country rocks. Several off-
shoots of the NYG are frequently recorded within the metavolcanics,
metasedimentary rocks, and older granites along the intrusion’s north-
ern side.

Biotite granite (BTG) is predominantly exposed in the southern and
western parts of the NYG, forming a 25 km? -body that extends in the
East-West direction (Figs. 1c and 2a). Several scattered occurrences of
the BTG are recorded in the northwestern portion of the study area
(Fig. 1c). Moreover, enclaves of older rocks, specifically metagabbro-
diorites, are frequently observed within the biotite granite. The latter
is considered the early-crystallized granitic phase within the pluton. The
BTG mainly consists of biotite-rich alkali feldspar granite; however,
biotite-rich monzogranite and syenogranite variations are infrequently
recorded around the outer peripheries of the pluton. It usually exhibits
gradational contacts towards the mafic-poor alkali feldspar granite and
the albitized granite (Fig. 2d). The BTG is characterized by coarse-
grained textures, buff to reddish colors, and considerable amounts of
mafic minerals, particularly biotite, Fe-Ti oxides, and amphibole
(Fig. 2€).

The mafic-poor alkali feldspar granite (AFG) outcrops in the central
part of the NYG pluton, located to the North of the BTG (Fig. 1c). It
usually shows moderate to high reliefs and grades into albitized granite
along its northern boundaries (Fig. 2b). The AFG represents a more
differentiated phase after the BTG. It exhibits medium to coarse-grained
textures and massive structures characterized by a relatively lower
abundance of mafic minerals than the BTG (Fig. 2f).

The albitized granite (ABG) predominantly exists as marginal dome-
shaped cupolas or protrusions around the NYG’s peripheries (Fig. 2c).
The most prominent outcrop of the ABG is situated towards the North of
the AFG, constituting an E-W-oriented body covering a distance of
approximately 3 km (Fig. 1c). The ABG mainly exhibits irregular
boundaries, low to moderate reliefs, and is distinguished by whitish fine-
to medium-grained texture (Fig. 2g). Furthermore, it exhibits grada-
tional contacts with biotite granite and the mafic-poor alkali feldspar
granite (Fig. 2b, d). At the northern contacts of the NYG, numerous
apophyses of the albitized granites intrude into the surrounding
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Fig. 1. (a) A simplified map of Egypt shows the main geomorphological units and location of the study area, (b) Google satellite image showing the main topography
and wadies of the study area with the Umm Naggat younger granite pluton (NYG) in the center, and (c) geological map of the exposed rock units in the Umm Naggat

area modified after Abdelkader et al. (2022).

metavolcanics.

Generally, The NYG pluton has undergone significant metasomatic
reworking due to the infiltration of hydrothermal fluids, resulting in
various alterations and rare metal enrichment (Abd El Nabi, 2012;
Abdelkader et al., 2022; Al-Arifi et al., 2021; Gaafar et al., 2022; Gamal-
Adeen et al., 2023; Khedr et al., 2023). The most common alterations are
Na-metasomatism (albitization), chloritization, muscovitization, silici-
fication, argillization, and ferrugination. Swarms of quartz-fluorite veins
are prevalent. The NYG pluton exhibits chilled margins and locally
distinct blackish to brownish staining, primarily attributed to impreg-
nations of Fe-Mn-rich infiltrations along the joint planes and shearing
zones. The NYG pluton is dissected by several post-granitic acidic to
basic dykes and strike-slip faults of predominating NS, NNW, and NNE
trends.

3. Materials and methodology
3.1. Remote sensing data and pre-processing

The present study employed multi-sensor satellite data from Sentinel
2 and Advanced Spaceborne Thermal Emission and Reflection Radi-
ometer (ASTER) to decipher the nature and distribution of hydrothermal
alterations as well as the structural framework linked to rare metal-
hosting granites in the Umm Naggat area (Appendix A). The Sentinel
2A satellite, as a part of the Copernicus Project’s multispectral imaging
mission, was launched on June 23, 2015. It operates in conjunction with
the Sentinel 2B satellite, successfully launched on May 7, 2017, creating
a binary satellite system. The Sentinel 2 satellite comprises a total of 13
spectral channels that span from visible light to shortwave infrared.
These channels can be classified into two sets: (1) ten visible and near-
infrared (VNIR) bands spanning a wavelength range of 0.433-0.955

pm, and (2) three shortwave infrared (SWIR) bands with a wavelength
range of 1.360-2.28 pm (Appendix A). The spatial coverage of each
Sentinel 2 scene is 290 x 290 km?.

The ASTER satellite, a component of NASA’s Earth Observing System
program, was successfully launched on December 18, 1999. The ASTER
data encompasses 14 spectral channels distributed across three distinct
spectral domains, ranging from the visible light region to the thermal
infrared region: (1) three VNIR bands spanning a wavelength range of
0.52-0.86 pm with a 15-m spatial resolution; (2) six SWIR bands with a
wavelength range of 1.6-2.43 pm and a 30-m spatial resolution; (3) five
thermal infrared (TIR) bands having a wavelength range of 8.125-11.65
pm and a 90-m spatial resolution (Appendix A). Each scene captured by
ASTER encompasses a spatial extent of 60 x 60 km?2. The performance of
the ASTER subsystems was rudimentary until April 2008. No additional
SWIR data could be acquired at that time due to a malfunction of the
detector cooling apparatus (not the Stirling cycle chiller) in the SWIR
subsystem (Abrams and Yamaguchi, 2019).

The study utilized the two satellite scenes (Sentinel 2, acquired on
August 30, 2021, and ASTER, acquired on March 29, 2004) for further
image processing, spectral characterization, and structural analysis.
Both datasets (ASTER and Sentinel 2) are free of clouds, and the area is
completely arid, maximizing the output of the remote sensing analysis in
hydrothermal alteration detection. The atmospheric preprocessing of
the Sentinel 2 satellite remote sensing dataset was conducted using the
sen2cor processor, which is integrated into the Sentinel 2 Application
Platform (SNAP). The ASTER satellite data underwent atmospheric and
radiometric correction using the Fast Line-of-Sight Atmospheric Anal-
ysis of Spectral Hypercubes (FLAASH) plugin combined with the Envi-
ronment for Visualizing Images (ENVI) (version 5.6) and ArcGIS
software packages (version 10.8). Unifying the data characteristics is
recommended for spectral analysis studies to maintain better
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Alkali feldspar Granite
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Fig. 2. Field photographs show (a) an outcrop of the reddish buff mafic-rich biotite granite (BTG), (b) an outcrop of the reddish mafic-poor alkali feldspar granite
(AFG) in contact with the whitish Albitized granite (ABG), (c) a large outcrop of the albitized granite, exhibiting white color, in the southwestern part of the NYG, (d)
the gradational contact between the biotite granite and the albitized granite, (e, f, and g) polished hand specimens from the BTG, AFG, and ABG, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

comparison results. Therefore, Sentinel 2 and ASTER surface reflectance
scenes were resized to the study area boundaries (to minimize the
computational analysis time) and underwent resampling to achieve a
pixel size of 10 m. Fusing ASTER and Sentinel 2 data was performed
using the Gram-Schmidt pan-sharpening methodology proposed by
Chen et al. (2022) to enhance the lithological mapping results. Their
study provided evidence supporting the efficacy of fusing ASTER and
Sentinel 2 data to improve ASTER’s ground resolution while preserving
its spectral consistency (Abdelkader et al., 2022; Chen et al., 2022).
Chen et al. (2022) stated that Principal Component Analysis (PCA),
Gram-Schmidt (GS), and High-Pass Filtering (HPF) had the best fusion
effect. The fused bands utilized in their study are Sentinel 2 b2, b3, b4,
and b8, which correspond to the wavelength range of the ASTER bands.
The imagery utilized in this study has undergone georeferencing to the
UTM zone 36 North projection, employing the WGS84 datum.

3.2. Airborne geophysical (aeromagnetic) data

The Total magnetic intensity (TMI) map of the Umm Naggat area
(Fig. 3a) is a part of the aeromagnetic survey conducted by the aero-
service division of Western Geophysical Company of America sur-
veyed and compiled between 1983 and 1984 (Aero-Service, 1984). The
survey covered a large section of the central and northern Red Sea

Mountains in the eastern desert of Egypt as part of the mineral,
groundwater, and petroleum assessment program. The survey used the
following flight specifications: (1) Flight altitude is 120 m terrain
clearance, (2) The flight line direction is NE-SW, (3) Traverse flight line
spacing is 1.5 km, (4) Tie line spacing is 10 km., and (5) Twin-engine
Cessna-Titan, type 404 aircraft. The TMI data is reduced to the mag-
netic pole (Fig. 3b) to place the magnetic anomalies directly over their
sources.

3.3. Methodology

3.3.1. Satellite imagery processing techniques

Various techniques have been employed for the analysis of multi-
spectral data, such as false color composites (FCC), minimum noise
fraction (MNF), band rationing (BR), band math (BM), mineral indices
(MI), relative absorption band depth (RBD), and constrained energy
minimization (CEM). The majority of the composites generated through
these techniques exhibit greyscale coloration. In order to enhance
visualization and facilitate correlation for hydrothermal alteration
mapping, colored ramps were devised from the gray-scale images. The
implemented approach in the current study is designed as a flowchart in
Fig. 4. To ensure the reliability of our findings, our research focused on
detecting hydrothermal alteration patterns within the study area using
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Fig. 3. Aeromagnetic data (a) TMI shaded relief map, and (b) RTP shaded relief map of the study area.

widely-approved band combinations across different multispectral sen-
sors supplemented by geophysical data and field investigations. Given
the complexity and variability of the terrain’s hydrothermal alterations,
machine learning algorithms were not employed in this study as they
often provide thematic classifications based solely on pixel values
without adequate consideration of the regional geological context
necessary for accurate interpretation. Instead, our approach utilized
specific band indices to differentiate alteration types, allowing for a
more nuanced interpretation informed by field observations and the
broader geological context of the area. All the utilized techniques are
summarized in Appendix A.

3.3.1.1. False color composites. The FCC technique is widely employed
in remote sensing and satellite imagery analysis for several purposes
such as lithological and hydrothermal alteration mapping (Anwar et al.,
2023; Dawoud et al., 2023; Fahmy et al., 2023a; Fahmy et al., 2023b;

Meyyappan and Brijesh, 2022; Ousmanou et al., 2023; Shebl et al.,
2023a). The FCC technique enables allocating three types of information
(e.g., spectral bands) to the primary red, green, and blue (RGB) chan-
nels. It facilitates the visualization of multichannel images as a result of
color and texture variations based on the values in their spectral single
channels, leading to a more accurate interpretation (Abdelkader et al.,
2022; Pohl and van Genderen, 2014; Shebl et al., 2023a; Shebl et al.,
2021). Consequently, they effectively improve the discrimination of
lithological units, minerals, and areas of alteration by utilizing specific
spectral properties (Bajwa et al., 2020; Bety, 2022; Qari et al., 2008;
Salem et al., 2016). The current study utilizes the proposed VNIR-SWIR
Sentinel 2 FCC of b6-b2-b12 in RGB and SWIR ASTER FCC of b9-b8-b5 in
RGB to better discriminate the exposed rocks in the study area and
subsequently facilitate the correlation of different types of alteration
with their respective lithologies.
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3.3.1.2. Minimum noise fraction. Minimum noise fraction is a
commonly utilized technique in image processing for enhancing the
identification and mapping of subtle spectral variations, including hy-
drothermal alterations (Abdelkader et al., 2022; Mahanta and Maiti,
2022; Niyeh et al., n.d.; Pazand and Pazand, 2022; Rani et al., 2022;
Shebl and Hamdy, 2023). It was frequently employed to assess the
inherent dimensionality, segregate noise in the image data, and
condense the computing requirements for succeeding analysis
(Abdelkader et al., 2022; Ducart et al., 2016; Green et al., 1988; Shebl
et al., 2023a; Shebl et al., 2023b). The MNF employs a preliminary
transformation to condense the most significant data into a limited
number of spectral bands, with the most relevant bands appearing first
(Denghui and Le, 2011; Sayed et al., 2023; Xi et al., 2022). This study
uses MNF linear transform in noise whitening, extracting key features,
and reduction of spectral data. Particularly, utilizing the MNF3-MNF1-
MNF2 components following Sentinel 2 transformation is beneficial in
identifying distinct alteration types.

3.3.1.3. Band rationing, band math, and mineral indices. Through the
literature, numerous band ratios were widely utilized and refined for
mapping hydrothermal alterations and enhancing the variance in spec-
tral signatures of their associated minerals while mitigating the influ-
ence of topographical factors and solar illumination. (Aisabokhae and
Tampul, 2019; Badawi et al., 2023; El-Desoky et al., 2022a; Fotze et al.,
2019; Frutuoso et al., 2021; Holben and Justice, 1981; Osinowo et al.,
2021; Pour et al., 2018; Shebl et al., 2023b). Band ratios, band math, and
mineral indices involve performing basic arithmetic computations on

various bands, allowing for semi-quantitative analysis of the prevalence
and intensity of specific absorption or reflectance features (Sabins Jr and
Ellis, 2020). Specifically, BR involves dividing one band’s digital num-
ber value by another’s digital number value. Consequently, BR, BM, and
MI are effectively employed in digital image processing to visualize and
analyze variations in spectral characteristics. The current study
employed various BR, BM, and MI to highlight the altered rock units and
classify their alteration type and secondary minerals. The implementa-
tion of several band rationing computations resulted in the identification
of the optimal combinations of band ratios as (b4/b11,b4/b3, and b11/
b12) for Sentinel 2 proposed and utilized by Shebl et al. (2023a), and
(b2/b1, b5/b3 + bl/b2, b4/b3, b4/b6, b7/b6*b4/b6, b5/b4, b7/b5,
b4/b5*b8/b6, b9/b5*b7/b8, b7/b6, and b7/b6*b4/b6) for ASTER im-
ages, proposed and utilized by Ninomiya (2003a, 2003b), Ninomiya
et al. (2005), Pour et al. (2019b), Shebl et al. (2023a), Van der Meer
et al. (2014) and Van der Meer et al. (2012), to be effective in high-
lighting different types of hydrothermal alterations. All of these ex-
pressions are tabulated in Appendix A.

3.3.1.4. Relative absorption band depth. The relative absorption band
depth can highlight the spectral differences between altered and non-
altered rocks (Abdelkader et al., 2022; Alarifi et al., 2022; Canbaz,
2023; El-Desoky et al., 2022a; Niyeh et al., n.d.; Saed et al., 2022; Shebl
et al., 2023a). In order to determine the RBD, the numerator of the
calculation involves the summation of the bands that enhance the
shoulder of an absorption feature (Crowley et al., 1989). Conversely, the
denominator is the band closest to the absorption feature (Crowley et al.,



M.A. Abdelkader et al.

1989; Mars and Rowan, 2006). ASTER [(b4 + b7)/b6] and [(b5 + b7)/
b6] and [(b7 + b9)/b8] images have been applied in previous studies to
delineate propylitic, phyllic, and argillic mineral assemblages imple-
menting SWIR data (Rowan and Mars, 2003; Shebl et al., 2023a). Spe-
cifically, the current study calculated the ASTER RBD of [(b5 + b7)/b6],
proposed by Mars and Rowan (2006) and Rowan and Mars (2003), to
highlight the OH-bearing alteration.

3.3.1.5. Constrained energy minimization. The CEM method is a linear
spectral approach widely utilized for mapping mineral intensity levels
(Alarifi et al., 2022; Ali et al., 2023; Atif et al., 2022; El-Desoky et al.,
2023; El-Desoky et al., 2022a; Mahdi et al., 2022; Ousmanou et al.,
2023; Shebl and Hamdy, 2023). The CEM amplifies the response of the
known end member (target alteration mineral) using the partial
unmixing matrix and minimizes the response of the composite unknown
background (gangue minerals), thus correlating and highlighting the
reference and target signatures (Farrand and Harsanyi, 1997; Harsanyi,
1993; Pour et al., 2019a; Shebl et al., 2021). The results of the CEM
analysis are represented by a set of gray-scale images, with each image
corresponding to a specific end member selected for analysis. The CEM
possesses the advantage of being a straightforward method that can be
employed to map the alteration zones. Epidote, muscovite, hematite,
Ilmenite, calcite, albite, chlorite, kaolinite, sericite, illite, and alunite are
considered markers for the distinct types of alterations (e.g., alkali
metasomatism, Ferrugination, argillic, phyllic, and propylitic) within
various hydrothermal systems (Abdelkader et al., 2022; Beygi et al.,
2021; Mars and Rowan, 2006; Pour and Hashim, 2012; Zamyad et al.,
2019). Identifying and differentiating targeted alteration minerals in the
study area using CEM were conducted using the USGS spectral library
through the ENVI software and ASTER data.

3.3.1.6. Structural lineaments extraction. Automated methodologies for
lineament extraction have been acknowledged for their capacity to
achieve reproducibility and enhance efficiency (El-Desoky et al., 2022b;
Shebl and Csamer, 2021; Weerasekara et al., 2014). Moreover, geolog-
ical structures have a crucial role in tracing the development of mineral
deposits (Badawi et al., 2023; Beygi et al., 2021; Bishta et al., 2014; Gabr
et al., 2022; Ibrahim, 2013; Megwara and Udensi, 2014; Salawu et al.,
2023; Sayed et al., 2023). These structural features can be accurately
mapped at a regional level using several spatial data sources. This study
used the first principal component of Sentinel 2 data (Sentinel 2 PC1) to
extract linear or curvilinear edges successfully by employing the edge
enhancement “LINE” extraction algorithm tool incorporated within the
PCI Geomatics software package (version 2016) (Gabr et al., 2022;
Ghoneim et al., 2022; Hung et al., 2003; Shebl and Csamer, 2021). The
“Line” algorithm encompasses the processes of thresholding, edge
detection, and curve extraction to extract lineaments from any single 8-
bit image (Abdelnasser et al., 2023; Bishta et al., 2014; Maged and
Mazlan, 2010). The selection of Sentinel 2 was based on its superior
spatial (ground) resolution, ability to amplify the response of structural
elements of geological origin, and improvement of edge contrast and
topographic variations (Hung et al., 2005; Immaculate et al., 2020). The
algorithm utilizes pairs of parallel-facing and closed polylines regulated
through pre-defined parameters (Appendix A). The initial procedure for
automatic lineament extraction involves an experimental evaluation by
employing several trial values for each variable within the LINE module
to define the best values that give the most reliable results to visual
inspection, manually extracted lineaments, and field data (Appendix A).
The polylines have the potential to be extracted as a vector layer and
subsequently integrated into the ArcGIS software, which is commonly
employed for manual inspection of lineaments to remove erroneously-
extracted wadi (valley) lines due to tonal contrast, density map creation,
data analysis, and image layout finalization. Spatial and statistical an-
alyses followed the lineament extraction, including orientation and
frequency analysis using rose plots integrated into Rockworks software
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(version 16). Consequently, the Sentinel 2-PC1 component, which con-
tains the most information, yielded extensive data, capturing the most
variability of lineaments and enabling enhanced observation of small
structural characteristics within the study area.

3.3.2. Airborne magnetic data processing techniques

3.3.2.1. Tilt derivative (TD). Commonly, derivatives of potential field
data assist in identifying and estimating the physical properties of the
source structures (e.g., shear zones, fractures, contacts, edges, faults)
causing the anomaly. The tilt derivative is suitable and has distinct ad-
vantages over many conventional derivatives for mapping shallow
structures, principally the edges of magnetic structures (zero contour
line represents the contact location). The filter is described by Miller and
Singh (1994) in Eq. (1) as

TD =tan ' | ——% @
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where % is the first vertical and E,;{, are horizontal derivatives of the

magnetic field in the x and y directions, respectively. Since TD relies on
the ratio of derivatives, large- and small-amplitude anomalies are well
improved.

3.3.2.2. Normalized standard deviation (NSTD). Several techniques
based on vertical or horizontal derivatives were suggested for mapping
edges, faults, and contacts. The normalized standard deviation is one of
these methods (Cooper and Cowan, 2008), which relies on the ratio of
the windowed standard deviation of derivatives and is computed using
Eq. (2).

NSTD = 2)
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where f is the magnetic field in %, y, and z directions, and ¢ is the
standard deviation computed utilizing a moving square window of data
points.

3.3.2.3. 3D Euler deconvolution method. Euler deconvolution is a widely
applied methodology in interpreting filed data to estimate the shape and
depth of the causative sources (Reid et al., 1990). The homogeneity
equation that Thompson (1982) obtained provides the base of 3D Euler
deconvolution. It relates the geopotential field (aeromagnetic) and its
gradient components to the source location. The usual Euler’s formula is
given in Eq. (3) as

OF

oF oF
(x*xo)&+(Y*YO)O*},JF(Z*ZO)&*N(B*F% 3)
where F is the measured field at (x, y, z) and X, yo, o are coordinates, N
is the structural index, and B is the field base level.

3.3.3. Field and laboratory analyses

Comprehensive field observations were conducted through three
excursions to the study area (September 2021, March 2023, and July
2023) to investigate the field relationships between various rock units
(particularly the NYG pluton) and to understand the diverse alteration
processes. This fieldwork also aimed to validate and approve the find-
ings derived from our remote sensing and geophysical data analysis,
verify the spatial distribution of hydrothermal alteration zones, and
asses hydrothermal alteration mineral identification reliability through
integrated multisource remote sensing and geophysical data. A GNSS
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(Global Navigation Satellite System)-based inspection was conducted to
accurately correlate the coordinates of the different field features and
the collected samples. Field high-resolution photography (20 Mega-
pixels) was employed to capture the attributes and characteristics of
lithological units and hydrothermal alteration zones.

Over 60 samples from the Umm Naggat rare-metal granite and the
alteration zones have been collected and sliced for hand specimen
scanning and to investigate their microscopic primary-secondary min-
eral assemblages and alteration textures through petrographic analysis.
Polished thin sections were prepared from fresh and altered samples and
investigated using a conventional transmitted, reflected-light polarizing
microscope. A subset of the thin sections was coated by a 15-20 pm thick
carbon layer. Subsequently, the mutual textural relationship and
mineralogical composition of alteration minerals and their related rare
metals were identified and semi-quantitatively confirmed using a scan-
ning electron microscope (JEOL JSM-IT300) equipped with an energy
dispersive spectrometer housed at Akita University in Japan. The
operating conditions for SEM-EDS were 15-20 Kev and 15 mm working
distance.

Major element contents of biotite, muscovite, chlorite, and
alteration-formed rare metal-bearing minerals in the Umm Naggat
granites were quantitatively determined using an electron probe
microanalyzer equipped with wavelength dispersive X-ray spectrometry
(JEOL JXA-8230) housed at Akita University in Japan. Operating con-
ditions were 15 kV accelerating voltage, 20 nA beam current, and 1-5
mm beam diameter. Natural and synthetic standards were used for
calibration, and the raw data was corrected using oxide ZAF matrix
correction. For major elements, the peak count time was 20 s, and the
background time was 10 s; for trace elements, the corresponding times
were 40-60 s and 20-30 s.

4. Results
4.1. Lithological mapping results

In this study, two FCCs were generated by employing Sentinel 2 and
ASTER datasets. Producing these FCCs primarily aims to distinguish the
predominant rock units within the Umm Naggat area by enhancing the
detection of lithological contacts. Additionally, these FCCs were inten-
ded to provide guidance and a general outline for the subsequent hy-
drothermal alteration mapping. In order to obtain the highest level of
discrimination, the selection of the RGB of FCC combinations is estab-
lished on prior familiarity with the exposed rocks and their mineralog-
ical composition that broadly directs their spectral behavior.

Sentinel 2 proposed VNIR-SWIR b6-b2-b12 have been assigned to the
RGB channels to outline the major rock units in the study area (Appendix
B). This FCC demonstrated the Sentinel 2 ability to demarcate both the
geomorphological features and the overall geological framework.
Through the previous Sentinel 2 FCC visual inspection, the NYG
boundaries are sharply distinguished from the surroundings by a
contrast signature in violet hue. The basement rocks surrounding the
NYG exhibit a similar bluish-green hue, making them indistinguishable,
except for the trachytes that are highlighted by brown coloration.

Subsequently, the SWIR b9-b8-b5 of ASTER was assigned in RGB to
generate the second FCC image (Appendix B). ASTER FCC revealed an
enhanced capability in distinguishing the exposed rocks with great
spectral sensibility and improved details than Sentinel 2 owing to the
sharper spectral resolution of ASTER. Therefore, it provides better
discrimination results between various rock units with sharp contacts.
For instance, the NYG was separated by a light brown color. At the same
time, the neighboring rocks were characterized from each other by
different colors owing to their different spectral characteristics. This
ASTER band combination outlines the curved boundary contacts and the
zonation within the NYG, which gradually transitions from a lighter
brown hue (mafic-rich biotite granite) in the southern region to a darker
brown shade (mafic-poor alkali feldspar granite) in the northern region.
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This color variation suggests a sequential process of late-stage magmatic
differentiation. The metavolcanics exhibit a distinct blue color, whereas
a prominent greyish-green coloration characterizes the metasedi-
mentary rocks. Moreover, older granites, metagabbro-diorites, and ser-
pentinites are separated by blackish-green color due to their analogous
intermediate-mafic composition.

4.2. Hydrothermal alteration results

4.2.1. Na-metasomatism (albitization)

Spectrally informative MNF is implemented to investigate Na-rich
alterations (albitization). MNF is crucial for accentuating specific spec-
tral features that may not be readily discernible in FCC images. The
execution of the RGB MNF2-MNF3-MNF1 was performed utilizing the
Sentinel 2 dataset (Fig. 5a). The favorable selection of the first three
components following the MNF transformation was governed by their
substantial embedded information with less noise than subsequent
components. For instance, the former MNF combination effectively
highlights the zones of Na-metasomatism or albitization, which are
visually represented by a striking sky-blue contrast. Albitization mainly
occurs as a marginal alteration phase confined to the younger granites in
the central part of the study area. It predominantly occurs as irregular
patches along the outer boundaries of the NYG pluton. Occasionally, Na-
alteration exhibits a linear trend following the NNW-trending fracture
system within the NYG pluton (Fig. 5a). The analysis of the MNF
transformation applied to the Sentinel 2 image emphasizes that this
technique effectively detects albitized granitic rocks with high color
contrasts and more accurate boundaries.

4.2.2. Fe-bearing alteration (ferrugination)

The outcomes obtained by the color ramp images for Fe-bearing al-
terations, Al-OH alteration, and Mg-Fe-OH alteration in the study area
are classified into three alteration-intensity levels: low or weak, mod-
erate, and high or strong. Various band ratios and mathematical band
combinations were employed to effectively utilize ASTER and Sentinel 2
data for delineating Fe-bearing alteration and the associated minerals.
Band rationing is the most efficient technique for delineating the
abundance of iron oxides from Sentinel 2 and ASTER imagery in various
parts of the study area. The absorption characteristics of iron hydroxide/
oxide minerals exhibit notable distinctions throughout the wavelength
range of 0.50 to 1.0 pm, which corresponds to band 1 (0.52-0.60) and
band 2 (0.63-0.69 pm) of ASTER (Sekandari et al., 2022). Consequently,
The ASTER’s VNIR-SWIR combination (b4/b2 + b2/b1) was employed
to analyze the iron oxides distribution (Fig. 5b). Iron-bearing alteration
principally extends into the NYG pluton and the metavolcanics, exhib-
iting moderate to slightly strong concentrations (Fig. 5b). The NYG
displays varying degrees of ferrugination, with the mafic-rich biotite
granite in the southern region and the albitized granite in the northern
region exhibiting moderate to strong levels of alteration. Furthermore,
the mafic-poor alkali feldspar granite content exhibits areas of weak
alteration as well as areas of strong alteration. Sentinel 2 and ASTER
data were further utilized in order to classify the iron-bearing alteration
into ferrous and ferric types.

4.2.2.1. Ferrous-bearing alteration. The band ratios of Sentinel 2 (b11/
b4) and ASTER (b5/b3 + b1/b2) were utilized to extract ferrous-bearing
minerals in the study area (El-Desoky et al., 2022a; Pour et al., 2019bj;
Shebl et al., 2023a; Van der Meer et al., 2014; Van der Meer et al., 2012).
Sentinel 2 BR of (b11/b4) discriminates the exposed rock units into
ferrous-rich and ferrous-poor (Fig. 5c). The majority of ferrous iron-rich
zones are found in the younger granites (BTG-ABG) and metavolcanics.
On the other hand, older granites, metagabbro-diorites, serpentinites,
and metasedimentary rocks exhibit lower quantities of ferrous minerals.
Locally, the NYG pluton shows variable ferrous alteration ranging from
extremely weak (blue color) to extremely strong (brown color). The AFG
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Fig. 5. (a) Albitization mapping utilizing the Sentinel 2 MNF2-MNF3-MNF1, (b) color ramp showing the overall Fe-bearing alteration utilizing ASTER combination
of (b4/b2 + b2/b1), the dashed red line shows the boundaries of the NYG pluton, and (c) color ramp showing the ferrous-bearing alteration utilizing Sentinel 2 band
ratio of (b11/b4). Weak, moderate, and strong refer to the degree of alteration intensity. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

demonstrates minimal ferrous alteration within the pluton (dark blue
color) (Fig. 5¢).

In comparison, the mafic-rich biotite granite and the albitized
granites display varying degrees of iron-bearing signatures, ranging
from moderate (yellow) to strong (brown). Notably, the southern pe-
ripheries of the BTG exhibit pronounced stronger intensities of ferrous

alteration (extremely dark brown). Certain instances characterized by
elevated levels of ferrous concentrations have a linear extension,
traversing both the ABG and the AFG in the NNW direction (as shown by
dark brown mesh-like fractures crossing from BTF through AFG to ABG).
Moreover, the distribution of ferrous-bearing alteration throughout the
metavolcanics exhibits a lack of uniformity. Metavolcanic rocks largely
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show moderate levels of ferrous minerals, occasionally disturbed by
irregular patches of low-ferrous concentrations (Fig. 5¢).

Additionally, the VNIR-SWIR (b5/b3 + bl/b2) combination of
ASTER yields comparable allocation outcomes for the ferrous-bearing
altered rocks to the Sentinel 2 band ratio, thus confirming the validity
of the obtained mapping (Fig. 6a). Similar to Sentinel 2, the ASTER
combination defines the NYG as exhibiting a weak to moderate degrees
of ferrous alteration. This ferrous alteration is spatially associated with
the two ends of the NYG: the mafic-rich biotite granite and the albitized
granite. In contrast to Sentinel 2 results, the western outcrop of the BTG
shows very weak ferrous alteration. At the same time, older granites
exhibit moderate concentrations of ferrous minerals. Metasedimentary
rocks, metagabbro-diorites, and serpentines were differentiated into
weakly-altered and moderately-altered patches. Moreover, ASTER (b5/
b3 + bl/b2) highlights the metavolcanics in the northeastern and
northwestern in deep brown color, indicating their high-ferrous content.
Conversely, the metavolcanics in the southeastern area display inter-
mediate quantities of ferrous iron.

4.2.2.2. Ferric-bearing Alteration. In order to demarcate the ferric iron
alteration, Sentinel 2 (b4/b3) and ASTER (b2/bl) VNIR band ratios
were applied (Pour et al., 2019b; Shebl et al., 2023a; Van der Meer et al.,
2014; Van der Meer et al., 2012). These combinations show concordant
results regarding the ground distribution and intensities of the ferric-
bearing minerals. Visual inspection of the two Sentinel 2 and ASTER
color ramps (Fig. 6b, c, respectively) demonstrate the prominent prev-
alence of ferric-bearing alteration limitedly in the NYG pluton. Simul-
taneously, most country rocks exhibit no ferric alteration, including
metavolcanics, older granites, metasedimentary rocks, serpentinites,
and metagabbro-diorites.

Within the NYG, the western outcrop of the biotite granite displays
the peak density of ferric-related minerals in both Sentinel 2 and ASTER
outcomes, evidenced by the dark brown coloration. The Sentinel 2 VNIR
(b4/b3) (Fig. 6b) demonstrates superior precision and efficacy when
compared to ASTER in differentiating the main body of the NYG pluton
according to their relative content of ferric alteration. The mafic-rich
biotite granite, which represents the southern portion of the pluton,
exhibits a higher level of ferric enrichment compared to the mafic-poor
alkali feldspar granite and albitized granite, which comprise the
northern half. Biotite granite shows moderate to extensively high ferric
character, whereas the AFG and ABG exhibit weak signs of ferric
alteration.

Despite the band ratio of ASTER VNIR (b2/b1) (Fig. 6¢) showing
similar overall ferric characterization to the Sentinel 2 of the NYG, the
distribution pattern of ferric alteration is locally inconsistent. Since
ASTER has a lower spectral resolution than Sentinel 2 in the VNIR re-
gion, the ferric distribution pattern resulting from ASTER is not uniform.
The NYG demonstrates irregular concentrations of ferric-bearing alter-
ation ranging from significantly low to slightly high. Generally, the
consistent results between Sentinel 2 and ASTER (with acceptable dif-
ferences) validate the results and confirm the superiority of Sentinel 2 in
mapping alterations with distinct absorption characteristics in the VNIR
region.

4.2.3. OH-bearing Alteration

In order to accurately delineate the broad framework of the OH-
bearing alteration, two ratio images, Sentinel 2 (b11/b12) (Fig. 7a)
and ASTER (b4/b6) (Fig. 7b), were implemented using SWIR bands.
These ratios were utilized to improve the spectral contrast of absorption-
reflectance anomalies specific to OH-bearing minerals. Focusing on the
selected SWIR bands helped to mitigate the impact of shadow effects
resulting from variations in solar illumination due to the rugged
topography of the various rock units in the study area, especially BTG,
AFG, and ABG (Hewson et al., 2006; Ninomiya et al., 2005; Sengar et al.,
2020). Coinciding with Pour et al. (2019b); Shebl et al. (2023a), the two
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ratio images show similar results, highlighting that most of the OH-
bearing alterations are confined to the Umm Naggat younger granite
pluton (Fig. 7a, b). The hydroxyl-bearing alterations exhibit a predom-
inant occurrence as linear trends that intersect with one another in NW-
NNW-WNW-NNE directions. Several occurrences of hydroxyl-bearing
alteration are prominently observed towards the East along the con-
tact boundary between the NYG and the adjacent metavolcanics
(Fig. 7a). Both the ASTER and Sentinel 2 images demonstrate the clas-
sification of the metavolcanics and country rocks as weakly OH-altered.

The ASTER BR image provides a more precise demarcation of OH-
alteration compared to the Sentinel 2 image (Fig. 7a, b). For instance,
the NYG pluton exhibits moderate to strong OH alteration in the ASTER
image, while it is classified as weakly- to strongly- altered in Sentinel 2.
Furthermore, the ASTER image reveals the presence of irregular patches
containing OH-bearing minerals along the southern boundary of the
BTG, which are not discernible in the Sentinel 2 image. Utilizing ASTER,
further detailed discrimination of different OH-alteration types, such as
propylitic, Phyllic, and argillic, is facilitated due to the sufficient spec-
tral resolution of ASTER in the SWIR region (Rowan and Mars, 2003)
and the previously demonstrated superior performance over Sentinel 2
data.

4.2.3.1. Propylitic Fe-Mg-OH-bearing alteration and ferrous silicates.
Alteration mapping outcomes demonstrate the reliability of utilizing the
ASTER SWIR band math (b5/b4 + b9/b8) to generate spectrally-
enhanced images that identify Fe-Mg-OH enriched minerals, indi-
cating propylitic alteration. Additionally, the former combination
effectively detects ferrous silicate minerals associated with propylitic
and potassic alterations, such as chlorite, epidote, amphibole, and bio-
tite (Shebl et al., 2023a; Van der Meer et al., 2014). The common min-
erals of the Mg-Fe-OH group (epidote, chlorite, biotite, and amphibole)
display their diagnostic spectral features around 2.33 pm and 2.166 pm
(Ninomiya et al., 2005; Pour et al., 2019b; Sengar et al., 2020). Partic-
ularly, the maximum reflectance feature associated with these minerals
is located within the range of bands 5, 6, and 9. In contrast, band 8
(2.295-2.365 pm) displays an intense absorption feature (Ninomiya
et al., 2005; Pour et al., 2019b; Sengar et al., 2020).

The color ramp image obtained from ASTER SWIR (b5/b4 + b9/b8)
effectively distinguishes the Mg-OH and ferrous silicate-bearing alter-
ation, uniquely characterizing the propylitic alteration zone (Fig. 7c). In
the Umm Naggat area, the propylitic and ferrous silicate zone has largely
developed in the central NYG pluton. Also, the wall rocks surrounding
the pluton represent a broad propylitic and ferrous silicate zone
distributing an outward semi-circular pattern around the NYG pluton.
The predominant alteration minerals of the propylitic zone are mainly
chlorite, followed by epidote, along with other ferrous silicate minerals
such as biotite.

Furthermore, the visual analysis of Fe-Mg-OH alteration within the
studied area reveals a lack of discernible spatial patterns. The distribu-
tion of alteration is characterized by uneven patterns with different in-
tensities extending across a significant portion of the Umm Naggat
region ramp, indicating that a substantial area of the exposed rocks had
undergone propylitic alteration (Fig. 7c). Mapping results using (b5/b4
-+ b9/b8) of ASTER SWIR bands highlight the spatial distribution of a
strongly developed propylitic alteration zone in the metavolcanics, older
granites, and serpentinites where the alteration is more intensive and
less scattered. In contrast, the NYG exhibits varying degrees of
iron-magnesium hydroxide (Fe-Mg-OH) alteration, ranging from weak
to strong, which is comparatively less extensive and more dispersed than
the metavolcanic rocks. Significantly, results show a decrease in the
density of Fe-Mg-OH minerals when proceeding from the southern re-
gion, characterized by mafic-rich biotite granite, towards the northern
region, characterized by mafic-poor alkali feldspar granite and albitized
granite. This observation provides evidence for the spatial and spectral
correlation between the occurrence of the mafic-rich biotite granite in
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the southern region and the concentration of the Mg-Fe-OH minerals
and, consequently, the intensity of the propylitic and ferrous silicate
alteration.

Additionally, the peripheries of the NYG exhibit a relatively lower
degree of alteration. In contrast, the density of propylitic alteration
tends to intensify towards the core of the pluton. Towards the East, the
metasedimentary rocks mostly exhibit a modest propylitic alteration,

12

whereas the metagabbro-diorites reveal a weak to moderate intensity of
propylitic alteration. The observed association (alteration density-rock
type) demonstrates the congruity between the geological data
collected in the field and the mapping outcomes derived from remote
sensing data.

4.2.3.2. Argillic AI-OH-bearing alteration. The most prominent minerals
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in argillic and phyllic alteration zones are alunite, kaolinite, illite, ser-
icite, and muscovite. Al-OH minerals demonstrate a distinct spectral
absorption characteristic at a wavelength of 2.205 pm, which may be
observed in the ASTER band 6 (ranging from 2.235 to 2.285 pm).
However, a narrower absorption characteristic at 2.165 pm, located
within band 5 (ranging from 2.145 to 2.185 pm), discriminates kaolinite
from other Al-OH minerals (Appendix C) (Pour et al., 2019a; Sengar
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et al., 2020). Band ratios, mineral indices, and RBD are applied to
classify argillic and phyllic alteration zones, utilizing SWIR bands of
ASTER data.

The diagnostic spectral characteristics of argillic minerals, such as
kaolinite and alunite, serve as the basis for mapping argillic alteration.
Argillic minerals exhibit pronounced reflectance characteristics in the
wavelength range of band 4 (1.60-1.70 pm), while they demonstrate
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Fig. 8. Color ramps showing the spatial distribution and intensity variations of (a) argillic alteration utilizing ASTER band ratio of (b7/b5), (b) kaolinitic alteration
utilizing ASTER kaolinite index of [(b4/b5) * (b8/b6)1, and (c) alunitic alteration utilizing ASTER alunite index of [(b9/b5) * (b7/b8)]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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significant absorption features in the wavelength ranges of band 5
(2.145-2.185 pm) (Mars and Rowan, 2006; Rowan and Mars, 2003;
Sengar et al., 2020). Consequently, ASTER band ratio (b7/b5), kaolinite
index (KLI) [(b4/b5) * (b8/b6)], and alunite index (ALI) [(b9/b5) * (b7/
b8)1, proposed by Ninomiya (2003a, 2003b), were selected to empha-
size the occurrence of argillic alteration and to delineate the distribution
of its associated Al-OH minerals especially kaolinite and alunite (Fig. 8).

The SWIR band ratio of ASTER (b7/b5) distinguishes the general
argillic alteration zones, characterized by their irregular shapes and
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indistinct borders (Fig. 8a). Argillic zones are primarily restricted to the
NYG pluton and its interfaces with the surrounding country rocks,
particularly the metasedimentary rocks (Fig. 8a). The argillic alteration
density exhibits a gradual decrease from the northern region (ABG +
AFG) to the southern region (BTG) within the NYG. Towards the South,
older granites are characterized by moderate degrees of argillic alter-
ation. On the other hand, metavolcanics, serpentinites, and metagabbro-
diorites exhibit inconstant argillic alteration fluctuating from weak to
moderate (Fig. 8a).
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Fig. 9. Color ramps showing the spatial distribution and intensity variations of phyllic alteration utilizing ASTER (a) band ratio of (b7/b6), (b) phyllic OH-index of
[(b7/b6) * (b4/b6)1, and (c) RBD of [(b5 + b7)/b6]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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A reasonable allocation of argillic Al-OH minerals is further distin-
guished regarding the different lithologies. For instance, the identifica-
tion of kaolinite is achieved through the utilization of the KLI employing
ASTER SWIR bands [(b4/b5) * (b8/b6)] (Fig. 8b). Kaolinite widely
covers the extensively weathered NYG pluton in the central part of the
study area with variable intensities. Generally, the whole NYG pluton is
characterized by a moderate-kaolinitic alteration with a gradual
decrease in the abundance of kaolinite towards the mafic-rich biotite
granite in the South (Fig. 8b). In contrast, the stronger phase of Al-OH
kaolinitic alteration occurs as subparallel linear alterations cut
through the albitized granites, mafic-poor alkali feldspar granite, and
extending to the western outcrop biotite granite. The kaolinite linear
pattern exhibits NNW-NW-NNE-NE directions, suggesting that the
structure and fracture systems in the study area might control kaolinitic
alteration. Minor occurrences of kaolinite, with strong density, are
dispersed along the outer southern peripheries of the NYG (Fig. 8b). The
majority of country rocks display a notable absence (very weak) in
kaolinitic alteration, except for the metasedimentary rock, which dem-
onstrates a moderate to a high level of kaolinitic alteration intensities.

Moreover, the delineation of alunite is conducted by employing
[(b9/b5) * (b7/b8)] ASTER shortwave infrared index (Fig. 8c).
Compared to kaolinite, alunite demonstrates a limited occurrence clus-
tering inside the northern part of the NYG and the metasedimentary
rocks. Alunite displays a dispersed and non-uniform distribution char-
acterized by varying levels of intensity. For instance, the ABG and AFG
notably show moderate to strong alunite alteration. In contrast, the
biotite granite is alunite-poor (Fig. 8b). Metavolcanics exhibit signifi-
cant variations in alunite abundances, contingent upon their
geographical distribution. In the eastern region, the metavolcanic rocks
exhibit a range of alunite alteration from weak to moderate; however, in
the western region, the alunite alteration varies from moderate to
slightly strong. Unlike the propylitic alteration zone, the surface distri-
bution pattern of the argillic alteration zone, kaolinite, and alunite is
variable and mostly spatially correlates with the NYG in the central parts
of the study area (Figs. 7c and 8).

4.2.3.3. Phyllic Al-OH-bearing alteration. The phyllic alteration zones
are particularly important in geological exploration as they frequently
accompany high-grade mineralization (Sillitoe, 2010). The spectral ab-
sorption characteristics indicative of the mineral assemblages in the
phyllic zone, such as muscovite, illite, and sericite, are observed in the
ASTER SWIR band 6 (Sengar et al., 2020). Consequently, several ASTER
combinations, including band 6, were utilized, such as band ratio,
mineral indices, and relative absorption band depth.

The ASTER band ratio (b7/b6) was employed to highlight the rock
units displaying Phyllic alteration (Fig. 9a). The results differentiate the
study area into two dissimilar groups characterized by varying levels of
Phyllic alteration intensity: (1) the NYG and metasedimentary rocks and
(2) metavolcanics, serpentinites, older granites, and metagabbro-
diorites. The NYG and metasedimentary rocks primarily exhibit mod-
erate concentrations of Phyllic alteration, which is overprinted by an
irregularly distributed strong phyllic pattern (Fig. 9a). The most exten-
sive phyllic alteration exhibits a non-uniform distribution within the
ABG and AFG in the northern half of the NYG pluton. Furthermore, there
is a noticeable decline in the strength of Phyllic alteration within the
NYG as one moves from the northern (ABG + AFG) to the southern
(BTG) regions (Fig. 9a). This transition is accompanied by an evolution
from strong phyllic to moderate phyllic alteration, and ultimately
culminating in weak phyllic alteration along the southern boundary of
the NYG and metavolcanic rocks. Furthermore, metavolcanics, older
granites, serpentinites, and metagabbro-diorites exhibit varying levels of
phyllic alteration, ranging from significantly weak to moderate (Fig. 9a).

Several mineral indices (MI) have been established using logical
band math operators to target the Phyllic Al/Fe-OH minerals more
precisely. Ninomiya (2003b, 2004) proposed the utilization of the
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Phyllic OH-index (OHI,) [(b7/b6) * (b4/b6)] to differentiate the Al/
Fe-OH group minerals (sericite, muscovite, and illite) commonly asso-
ciated with phyllic alterations (Fig. 9b). Detecting Al/Fe-OH-enriched
minerals using OHI, shows a more accurate allocation of the Phyllic
alteration than the ASTER band ratio (b7/b6) (Fig. 9a, b). Strong phyllic
alteration occurs as subparallel NNW-NNE-trending swarm-like patterns
that limitedly occur in the northwestern part of the NYG pluton. Zones
with extremely strong Phyllic alteration may suggest a convergence or
coincidence of argillic and Phyllic Al-OH minerals (as depicted in
Figs. 9b and 8b). The previously proposed overlapping issue is ascribed
to the narrower absorption feature observed in ASTER band 5 for
kaolinite and its deep absorption in band 6 (Appendix C). Consequently,
kaolinite is often confused with other Al-OH group minerals, such as
illite and muscovite, which are distinguished solely by their spectral
absorption in band 6. Moreover, a few isolated occurrences of the biotite
granite, metagabbro-diorites, and metasedimentary rocks, showing
moderate Al/Fe—OH minerals, are scattered around the southern and the
eastern part of the NYG. Metavolcanics, serpentinites, and older granites
show no signs of Phyllic minerals (Fig. 9b).

The RBD is more efficient than the BR in mapping Fe/Al-OH distri-
bution as it calculates the intensity of spectral absorption features for
targeted minerals (Sengar et al., 2020). The RBD efficiently normalizes
the illumination and atmospheric variances between the exposed rocks
with different elevations, hence diagnosing the targeted alteration with
higher accuracy. It is important to highlight that RBD can map a diverse
array of hydrothermal alteration mineral associations; however, it
cannot particularly identify a specific single mineral compared to
spectral localization methods such as constrained energy minimization
(Shebl et al., 2023a). Using ASTER SWIR, the RBD [(b5 + b7)/b6] was
utilized to confirm the Phyllic alteration distribution previously high-
lighted by the BR and OHI,, (Fig. 9¢). The alteration pattern resulting
from RBD shows a more sporadically dispersed distribution than BR and
OHI,,. According to the RBD, Phyllic alteration moderately to strongly
overprints the albitized granite and the mafic-poor alkali feldspar
granite towards the North of the NYG pluton.

On the other hand, the mafic-rich biotite granite demonstrates a
rather limited occurrence of phyllic alteration, except for its southern
peripheries, where a small number of localized, extensively altered areas
may be observed (Fig. 9c). Metasedimentary rocks and metagabbro-
diorites exhibit notable quantities of Al/Fe—OH minerals, ranging from
moderate to high levels. Metavolcanics can be distinguished into two
unique groups. The first group, located in the northeastern part of the
study area, exhibits minor Phyllic alteration. Conversely, the second
group, situated in the southeastern portion of the study area, displays
moderate to high levels of Phyllic alteration (Fig. 9¢). Hence, a resem-
blance can be observed in mapping Phyllic alteration using BR, OHI,,
and RBD regarding allocation. However, there are some variations in the
distribution pattern and the intensity of Al/Fe-OH minerals exhibited by
both methods (Fig. 9).

4.3. Structural analysis results

4.3.1. Structural framework from remote sensing data

Most lineaments are concentrated in the central part of the Umm
Naggat area, with fracturing density decreasing outwards towards the
borders. The lineaments mapping, including their occurrence, di-
rections, and density in the study area, suggest lineaments have diverse
orientations but mainly trend in the WNW-NNE NNW-NW-NE-ENE and
N-S directions (Fig. 10a). The NYG exhibits the maximum number of
structural lines and the closest spatial spacing relative to the country
rocks (Fig. 10a). The heterogeneity in lineament directions indicates
complex tectonic fabrics and structural systems in the Umm Naggat area,
particularly the NYG pluton. The analysis of the rose diagram plot
demonstrates the prevalence of the NNW, NW, and NNE fault-fracture
pattern over other directions (Fig. 10a). The line density map classi-
fied the study area into low, medium, and high structural density zones
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Fig. 10. (a) Automatically extracted lineaments with rose diagram in the bottom right corner, and (b) Structural lineaments density map showing the classification of
the study area into low, medium, and high-structural density zones; a, b, ¢, and d are the locations of field photos in Fig. 15, the dashed blue line shows the
boundaries of the NYG pluton. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

according to the number of lines (n) per unit area (n/km?) (Fig. 10b).
The yellow and red colors indicate the highest densities, which are hy-
pothesized to correspond to a greater degree of fracturing, serving as a
probable conduit for the transfer of fluids (Badawi et al., 2023; Gabr
etal., 2022; Gupta, 2003; Ibrahim, 2013; Shebl et al., 2023a; Shebl et al.,
2021). Zones characterized by a high lineament density are crucial in the
concentration and localization of potential ore resources. Remarkably,
the rare metal-bearing NYG pluton is an extensively structured zone
predominantly characterized by medium to high structural density
(Fig. 10b). The surrounding rocks are less structured than the NYG
pluton, with low to medium-density zones prevailing over the high-
density zones.
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4.3.2. Structural framework from aeromagnetic data

The RTP shaded relief magnetic map exhibits both low and high
magnetic signatures, respectively, in the area (Fig. 3b). The low mag-
netic zones are notable in the center of the area of interest with an
average amplitude of 42,300 nT, related to the highly fractured rocks.
The magnetic anomalies are oriented towards NNE or NNW. The sur-
rounding rocks have high magnetic signatures and are oriented in NW
and/or NE directions.

For more details about the prominent structural features (e.g., edges,
faults, fractures, contacts), a tilt derivatives map and a normalized
standard deviation map were generated from the RTP data (Fig. 11a, b).
Examination of the two maps shows that the center of the study area (the
NYG) is dominated by NNE and NNW trends that are mostly responsible
for hydrothermal alteration. The southern part of the Umm Naggat area
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Fig. 11. Aeromagnetic results: (a) TD shaded relief map of the RTP data, (b) NSTD shaded relief map of the RTP data, and (c) Standard Euler deconvolution solutions
of RTP data with SI = 0. The dashed white line shows the orientation over the area of interest, while the dashed black lines show the trends on the sides of the area.
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is more fractured, which supports the higher intensities of hydrothermal
alterations related to the BTG. These types of trends were depicted as
white dashed lines on both maps. It is worth mentioning that more de-
tails were extracted from the NSTD map (Fig. 11b). Additionally, The
NW and/or NE directions are dominant in the western and eastern parts
of the area and exhibit black dashed lines (Fig. 11a, b).

In order to locate potential subsurface structures from the utilized
airborne magnetic data, the standard Euler deconvolution technique has
been implemented in the RTP grid map, defining a contact model
(structural index N = 0) with a moving window of 4 x 4 data points.
Euler solutions were acknowledged on the criterion of a relative error of
7 %. The depth ranges of the Euler solution are shown in Fig. 11c. Most
of the depths range from 0 to 500 m, indicating shallow depths for the
magnetic sources. In comparison, depths over 500 and up to 1500 m
indicate the deepest magnetic sources. The application of this method
shows a very good clustering of solutions manifesting linear segments of
structural elements oriented towards the north in the study area.

5. Multiscale analysis and validation of the detected
hydrothermal alterations and their associated mineralization

The presence of the remotely-sensed albitization along with ferru-
ginated, propylitic, argillic, and phyllic alteration zones was verified
through the identification of their corresponding and diagnostic mineral
associations (albite, hematite, ilmenite, chlorite, epidote, calcite, biotite,
kaolinite, alunite, muscovite, and illite) using the CEM technique
applied to ASTER data pluton (Appendix D). Furthermore, a systematic
application of conventional techniques, including fieldwork, field sam-
pling, petrography, backscattered imaging, and SEM-EDS analysis, was
employed in conjunction with CEM to validate the identified alteration
zones, secondary alteration minerals, and secondary rare metal-bearing
minerals associated with the mineralized NYG pluton (Appendix D).

5.1. Na-metasomatism (albitization)

Albitization is one of the most pronounced alterations in the NYG
pluton. In order to validate the findings obtained by the conventional
MNF methodology (Fig. 5a), the spectral fingerprints of albite were
retrieved using the CEM method (Appendix E). Visual correlation be-
tween the two results demonstrates spatial coherence in allocating
albitization from the MNF and albite from the CEM. During field in-
vestigations, albitization was extensive, where albitized granites are
commonly observed as dome-like protrusions within the BTG (Appendix
E). Additionally, swarm-like parallel thin layers of albite were observed
along the outer peripheries of the AFG. These layers are closely spaced
with variable thickness. Friable albitization zones up to several meters in
width frequently develop grading from the biotite granite. Hence, albi-
tization facilitated the fluid circulation of the subsequent alterations.

Additionally, NW-trending dykes of the albitized granites frequently
dissect AFG and BTG. Several apophyses of albitized granites cut across
the country rocks, particularly metavolcanics towards the North. The
thickness of these dykes and apophyses is mostly less than 3 m. Thus, the
albitization process and albite abundance are largely fracture-bound
alterations developing close to the granitic pluton and its tectonic line-
aments. The whitening phenomenon exhibited in feldspars or granitoid
outcrops is a significant macroscopic signal of intense albitization,
which has been frequently documented in numerous albitized granitoids
(Azer et al., 2019; El-Dokouny et al., 2023; Kaur et al., 2012; Zoheir
etal., 2020). Therefore, albitization has washed out the original pinkish-
buff color of the granite and turned it white albite-dominated granite.
Albitized granites exhibit a grain size varying from medium to coarse-
grained and occasionally porphyritic (Appendix E). Silicification and
iron oxide impregnations are developed in close spatial association with
the albitization. The presence of Fe-oxide is inferred to have caused the
gray coloration of the rock (Appendix E). Silicification leads to the
recrystallization of quartz and the formation of large quartz crystals
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(Appendix E). Consequently, albitized granite develops locally into
albite-quartz-rich varieties. In areas characterized by intense hydro-
thermal alteration, the formation of albitite may occur sporadically.

In thin sections, the albitization is marked by the precipitation of
new albite crystals recorded as an intra-crystalline or inter-crystalline
secondary phase. Albite crystals tend to have a smaller grain size than
other mineral components. While albite increases, alkali feldspar and
quartz decrease without extensive textural changes. The granitic rocks’
original textures may still be preserved during albitization, even after
completely altering the primary mineralogy. Intra-crystalline albite
dominantly disturbs and replaces the original Na-rich phase of perthites
to form the patchy perthites after string, rod, or vein perthitic textures
(Appendix E). Moreover, the albite lamellae within the k-feldspar per-
thites are size-amplified and broadened as a record for the Na-alteration
(Appendix E). Chessboard-twinned albite is one of the most prominent
features of the albitized rocks, which is considered to have resulted from
the intense replacement of microcline by albite. Inter-crystalline albite
frequently fills the fractures between the primary minerals such as
quartz and perthites. Recrystallized swapped-albite rims are common
and frequently developed along the boundaries between adjacent feld-
spar crystals, indicating the redistribution of the albite within the sur-
rounding perthitic feldspar (Appendix E). Quartz-rich albite veins are
also recorded cutting across the major mineral constituents. These
albitization-indicative textures are readily observed in the whole NYG
varieties, predominantly the albitized granite samples, hence offering
compelling evidence of Na-metasomatism. The former textures are
further supported by SEM-EDS backscattered images where patchy
perthites evolve at the expense of rod perthites and irregular invasions of
newly-formed albite are infiltrated through the boundaries of perthitic
k-feldspar (Appendix E).

5.2. Fe-bearing alteration (ferrugination)

Ferrugination exhibits a wide distribution within the Umm Naggat
region, increasing the total concentration of iron oxides (Fe>*/Fe?") that
lead to the formation of hematite, ilmenite, goethite, and limonite
within the invaded rocks (Robb, 2005). The CEM approach was
employed to extract and map the spectral signatures of hematite and
ilmenite, representing the Fe-bearing oxides. The highlighted results of
the iron-bearing alteration extracted from Sentinel 2 and ASTER using
band ratios (Figs. 5b, ¢, and 6) are comparable to those confirmed by
extracted hematite and ilmenite spectral fingerprints (Fig. 12a). The
field observations and sampling indicate that ferrugination is very
common, and iron oxides impregnations are widely observable. Iron
oxides exhibit red or black colors and could cement to form surface iron
rust in oxidation zones. Shear zones and joint planes were invaded by
reddish iron oxides, especially along the outer peripheries of the NYG
pluton. Intense iron alteration results in completely ferruginated blocks
in the southern part of the study area (Fig. 12b). The rocks collected
from the NGY pluton are often highly hematitized and display a range of
reddish hues, which can be attributed to the varying levels of invasion
by Fe-oxides. Ilmenite exhibits submetallic luster with an iron-black
color. Polished samples show partial to complete ferrugination and
staining by deep reddish tints (Fig. 12c). Iron oxides occur in various
forms where they fill the fractures and interspaces between mineral
grains and replace the rock-forming minerals in the hand specimen.
Ferrugination frequently overprints albitization and kaolinization in
hand samples.

The petrographic analysis reveals a notable occurrence of iron ox-
ides, specifically hematite and ilmenite. Most primary minerals are
stained by hematite, which diminishes their optical properties. Hematite
predominantly manifests as irregular aggregates, veinlets, and elon-
gated fibrous crystals with no preferred orientation, resulting in
noticeable brownish-red stains (Fig. 12d). In addition, most perthitic
feldspars are turbid by reddish hematite along twinning planes. Hema-
tite and ilmenite dominantly coexist, settled along grain margins and
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Fig. 12. Systematic validation of iron-bearing alteration including (a) hematite and ilmenite minerals extracted by the CEM from ASTER data; b and c are the field
locations of (b) and (c) images, (b) field photo show a completely ferruginated block of the NYG pluton, (c) polished hand specimen showing the extensive fer-
rugination of granitic sample from the NYG pluton, (d) microscopic photo (XPL) showing irregular invasions of hematite and ilmenite through the cracks and
intergranular spaces, (e) microscopic photo (XPL) showing micro veins of ilmenite and hematite invading through the grain boundaries and felspar twin lamellae
respectively, (f) BSE showing secondary ilmenite along the grain boundaries, and (g) SEM-EDS chart confirming the elemental composition of ilmenite as niobium

(Nb)-bearing ilmenite. Nb = niobium, Hem = hematite, and Ilm = ilmenite.

cleavage planes of the biotite crystals. Veins of blackish-red iron oxides
cut along and across the feldspars twinning lamellae and cleavages. The
association of hematite and ilmenite in close proximity to feldspar and
biotite and along their cleavages could imply a co-genetic link, probably
due to the feldspar and biotite breakdown during alteration. Commonly,
veins of ilmenite cut across the essential minerals or fill the fractures in
between (Fig. 12e). The SEM analysis and backscattered imagery
confirm the secondary origin of ilmenite, which occurs as non-uniform
infiltrations through the cracks or along crystal boundaries (Fig. 12f).
The elemental composition of ilmenite has been confirmed through
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semi-quantitative and quantitative mineral chemistry. This analysis re-
veals the presence of a significant quantity of Nb. Thus, ilmenite might
be a possible potential source for Nb and other rare metals in the study
area.

5.3. OH-bearing alterations
The study area exhibits a variety of hydroxyl-bearing alteration

types, including propylitic, argillic, and phyllic alterations, commonly
detected in the exposed rocks.
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5.3.1. Propylitic alteration

The spectral fingerprints of chlorite and epidote were highlighted
using CEM to verify the results of remote sensing image processing
techniques (BR). These two minerals are most commonly associated
with propylitic and ferrous silicate-rich alteration zones. The abundance
of chlorite and epidote is more pronounced in the granitic rocks and
metavolcanics than in other country rocks (Fig. 13a). The distribution of
chlorite-epidote produced by CEM exhibits similarities to band rationing
results, as depicted in Fig. 7c. Both results provide mutual support for
their respective validity.

Field investigation shows a standard green color associated with
propylitic and ferrous silicate alteration zones due to the formation of
epidote, chlorite, and calcite (Fig. 13b). Commonly, epidote is a green-
to-yellow-green mineral formed during the reaction between plagioclase
feldspar and hydrothermal fluids rich in calcium and aluminum. Chlo-
rite is a greenish mineral formed during the alteration of ferromagnesian
minerals, such as biotites and amphiboles, due to the invasions of hy-
drothermal fluids (Fig. 13c). White calcite veins or veinlets may form
due to the circulation of calcium-rich fluids. The alteration process often
produces a less hard rock with a finer-grained texture, and the original
rock-forming minerals may become less distinguishable (Fig. 13c). The
colors of the altered minerals can vary depending on the abundance of
secondary alteration minerals like epidote and chlorite (Fig. 13b, ¢). The
alteration process can create microfractures, miarolitic cavities, and
micro veins due to the chemical redistribution of minerals during hy-
dration and alteration. Epidote, chlorite, and calcite frequently precip-
itate within these fractures and voids. Transitional zones are frequently
observed within the BTG when the original rock undergoes partial
alteration, resulting in the formation of altered rock enriched with
secondary propylitic minerals. The propylitized rocks are occasionally
spotted close to the albitization phases. Disseminated opaques, mainly
hematite, ilmenite, and rarely magnetite, are observed in hand speci-
mens (Fig. 13c).

Plagioclase feldspar, ferromagnesian biotites, and amphiboles are
the primary minerals undergoing propylitic alteration in thin sections.
This type of alteration is often associated with chloritization. The orig-
inal equigranular texture changes locally to a finer-grained altered
texture. Aggregates of secondary minerals such as chlorite, epidotes, and
carbonates partially to completely replace the primary minerals during
the alteration process (Fig. 13d). Chlorite and epidote are preferentially
associated with opaque minerals. Additionally, the boundaries between
alteration minerals (chlorite-epidote-carbonates) and non-altered min-
erals (plagioclase-biotite-amphibole) turn into gradational and are not
easily distinguished. A common feature of propylitic alteration is the
alteration of ferrous silicates, such as biotites, into chlorite. Most biotites
in the NYG are extensively altered and exhibit partial or complete
chloritization. Chlorite pseudomorphs after biotite are common
(Fig. 13e). Chlorite ranges from colorless to light green to brown,
exhibiting a fan-shaped to fibrous morphology. Chlorite partially re-
places biotites along the grain boundaries or the cleavage planes. The
alteration commonly proceeds from the crystal peripheries and extends
towards the cores. The propylitic alteration and chloritization are
further surveyed using mineral chemistry and backscattered imagery.

Interestingly, rare metal-bearing minerals such as ferrocolumbite
(Fe*?Nb,0¢) are recorded within chlorite. Columbite is one of the most
crucial minerals as a source of Nb. Marginal fine grains of columbite
within chlorite are aligned parallel to the biotite boundaries (Fig. 13f).
Occasionally, columbite is found disseminated within chlorite lamellae
along biotite cleavage planes (Fig. 13f). Semi-quantitative elemental
analysis using EDS confirms the higher iron content in columbite rather
than manganese, and the Nb reaches up to 53 % of the composition
(Fig. 13g).

5.3.2. Argillic alteration
The CEM technique was executed using kaolinite and alunite spectral
signatures to define the highest pixel value for the two minerals. The
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visually observable correlation suggests a reasonable agreement be-
tween band ratio-mineral indices and CEM results (Fig. 8 and Appendix
F). The field outcrops exhibit remarkable evidence of argillic alteration,
characterized by various zones of friable kaolinitic alteration showing
extensive textural and mineralogical changes. The kaolinized rocks often
show a characteristic pale yellowish-brown color due to the presence of
clay minerals (Appendix F). Kaolinitic alteration is best evidenced in the
granitic rocks characterized by high fracturing and jointing, facilitating
fluid transport (Appendix F).

Kaolinitic alteration sometimes grades into or merges with propyli-
tized rocks, especially within biotite granite in the South. Thrust faults
are commonly enclosed in argillic alteration zones, such as those along
the contact between the BTG and metagabbro-diorites. The alteration
zones associated with kaolinization are marked by the existence of fine-
grained clay minerals and a high degree of silica enrichment due to the
aluminosilicates base-leaching in the surrounding rock. Rocks under-
went bleaching, resulting in various colorations such as pale yellow,
white, and light gray (Appendix F). These rocks exhibit a distinctive
porous texture; vugs are abundant. Locally, impregnations of man-
ganese-iron oxides are precipitated within the zones of kaolinitic
alteration. Clay minerals have a lower refractive index than most pri-
mary minerals, resulting in light scattering and giving the polished
samples a distinctive dull appearance (Appendix F).

Feldspar crystals are hydrolyzed and altered into clay minerals in
kaolinization. In thin sections, feldspar minerals, particularly the K-rich
phases (orthoclase and microcline), show a cloudy appearance. Clay
minerals are inter-dispersed throughout the rock, filling inter-crystalline
spaces. Polymineralic (clay and quartz) veins are common. Moreover,
Kaolinite prominently forms irregular patches disturbing orthoclase and
microcline (Appendix F). Perthites, in particular, are extensively kaoli-
nized; however, the alteration is confined to the k-rich phase. In per-
thites, kaolinitic alteration exhibits the same shape as the k-feldspar:
lamellar, rod, patches, or flames (Appendix F). Kaolinite pseudomorphs
after K-feldspar argillization are also recorded. Sometimes, the clay
minerals are interlocking with granular, fine quartz, and minor hema-
titic dust.

5.3.3. Phyllic alteration

Phyllic hydrothermal alteration is widespread in a variety of exposed
rocks in the Umm Naggat area. The spectral signatures of the muscovite
and illite were used in the CEM technique to highlight their abundance
within the study area and to confirm the mapping outcomes of phyllic-
altered zones by BR and RBD. Notably, the obtained muscovite-illite
distribution within the NYG pluton is moderately similar to the BR
and RBD techniques that highlighted phyllic alteration (Figs. 14a and 9).

During phyllic alteration, most rock-forming minerals were replaced,
and the primary textures were destroyed (Fig. 14b). Severely affected
phyllic alteration zones in the field are characterized by intensive
muscovitization and subsequent silicification rather than illitization.
The phyllic zones cover broad areas mainly within the BTG in the
western and southern parts of the NYG pluton. In outcrop, zones
exhibiting phyllic alteration are readily observable due to their dull
brownish-white coloration and abundance of rust stainings. Silicifica-
tion usually concludes phyllic alteration, where swarm-like quartz veins
are common.

The collected samples are characterized by a brittle sticky surface
and an assemblage of mm-wide sericite-muscovite-recrystallized silica
(Fig. 14c). Pure sericite occurrences are also noted in the extensively
altered samples. Moreover, sericitization and muscovitization can be
pervasive, selectively-pervasive (certain minerals are replaced), or non-
pervasive (cavity-controlled or bordering on fractures). The hand spec-
imens exhibiting phyllic alteration display a bleached coloration and
nearly textureless surface. Pervasively altered samples are commonly
white to gray, and primary textures are often obliterated. Sericite is
exceedingly fine-grained and may exhibit white or pale-yellowish-
brown coloration or pale pinkish flakes (Fig. 14c). Since quartz is
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Fig. 13. Systematic validation of propylitic alteration including (a) chlorite, epidote, and calcite minerals extracted by the CEM from ASTER data; b and c are the
field locations of (b) and (c) images, (b) field photo showing propylitic alteration occurring in green, (c) polished hand specimen showing the extensive propylitic
alteration (d) microscopic photo (XPL) showing irregular fine aggregates of chlorite, epidote, and carbonates filling the intergranular spaces, (e) microscopic photo
(PPL) showing fine aggregates of chlorite in green and chlorite pseudomorph, (f) BSE showing secondary columbite-Fe as a marginal phase due to alteration of
biotite, and (g) SEM-EDS chart confirming the elemental composition of columbite. Nb = niobium, Hem = hematite, Chl = chlorite, Bt = biotite, Clb-Fe = columbite-
Fe, and Ep = epidote. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 14. Systematic validation of phyllic alteration including (a) sericite (muscovite-illite) minerals extracted by the CEM; b and c are the field locations of (b) and (c)
images, (b) field photo showing phyllic alteration (muscovitization) occurring with quartz veins cutting through the phyllic alteration zone, (c) polished hand
specimen showing the complete sericitization of granite sample, (d) microscopic photo (XPL) showing irregular fine aggregates of muscovite filling the intergranular
spaces, (e) microscopic photo (XPL) showing fine aggregates of sericite replacing quartz and feldspars, (f) BSE image showing the secondary columbite-Fe and Nb-
rutile as an alteration phase after biotie muscovitization, and (g) SEM-EDS chart confirming the elemental composition of rutile as Nb-rich rutile. Nb = niobium, Ser
= sericite, Ms. = muscovite, Qz = quartz, Rt = rutile, and Clb-Fe = columbite-Fe.
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typically associated with phyllic alteration, the altered rocks range in
hardness from soft (predominantly sericitized) to hard (sericite-quartz
dominant).

In thin sections, phyllic alteration dominantly includes the formation
of very fine sericite-muscovite after partial or complete replacement of
feldspars and biotite. Muscovite is widely disseminated as an interstitial
phase between primary feldspars (Fig. 14d). In extensive phyllic alter-
ation zones, the granitic rocks are entirely altered to sericite-quartz-
dominated rock (Fig. 14c, e). Sericite occurs as fine anhedral aggre-
gates and is typically colorless or pale yellow under the microscope, but
pale green varieties are rarely recorded. Sericite commonly fills cavities
and fractures. Biotite is frequently altered to muscovite and quartz.
Muscovite pervasively replaces biotite and the replacement proceeds
from crystal boundaries towards the core. Flakes of muscovite occur
along cleavage planes of biotite (Fig. 14f). Tiny anhedral crystals of
columbite-(Fe) and rutile are observed within secondary muscovite
using the mineral chemistry analysis. Columbite and rutile crystals are
frequent byproducts of biotite alteration (muscovitization). Remark-
ably, the elemental analysis of rutile reveals the Nb enrichment
(Fig. 14g). The observed spatial correlation between columbite and
rutile with inter-embayed muscovite suggests a cogenetic relationship.

5.4. EPMA analysis of gangue and secondary rare metal minerals

Alteration-formed rare metal-rich minerals are reasonably common
in the studied granites and are mostly associated with biotite, muscovite,
chlorite, albite, and hematite (Figs. 12, 13, and 14), indicating a genetic
relationship. Therefore, the precise chemical composition of some host

Table 1
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and ore minerals was analyzed by EPMA for quantitative investigation
(Tables 1 and 2). Quantitative EPMA analysis of biotite (Table 1) implies
the iron enrichment of the studied biotites with FeO contents ranging
between 27.99 and 31.92 wt%. According to compositional classifica-
tion of Foster (1960), this biotite exhibits a siderophyllite composition
(Fig. 15a). The average contents of SiO5, K20, and Al,O3 are 33.88, 8.90,
and 16.76 wt%, respectively. The volatile content (H20 and F) reaches
up to 3.55 wt%. Remarkably, the Ti and Nb contents are enriched in the
studied biotite and consequently can be categorized as Nb-rich biotites.
The TiO5 contents vary from 1.05 to 1.90 wt% (average = 1.44 wt%),
while the Nb,Os5 contents range between 0.17 and 0.20 wt% (average =
0.18 wt%). Based on the ternary 10TiO2—(FeO + MnO)-MgO discrimi-
nation diagram, the biotite plots within the hydrothermally-altered
biotite field due to its relatively low Ti contents as an indication for
alteration (Nachit, 1985) (Fig. 15b).

The EPMA analysis (Table 1) included the examination of secondary
muscovite and chlorite, which were formed as a result of biotite alter-
ation. Muscovite contains higher Si and Al than biotite, with SiOy and
Al;03 contents peaking at 53.23 and 29.83 wt%, respectively. The K;O
contents of muscovite are widely variable, ranging between 2.57 and
9.80 wt% (average = 4.60 wt%). Considerable amounts of Fe, Ti, and Nb
are still preserved (after biotite) within the crystal structure of musco-
vite. According to the chemical classification diagram after Foster
(1960), the studied muscovites are classified as Fe-rich, containing up to
14.19 wt% of FeO (Fig. 15a). The TiO, and NbyOs contents are lower
than biotite, averaging at 0.76 and 0.11 wt%, respectively. The alter-
ation processes enriched the secondary muscovite with Li;O compared
to biotite (average = 1.01 wt%). On the other hand, chlorite contains the

EPMA analyses (wt%) of the primary biotite, secondary muscovite, and secondary chlorite from the studied granites in the Umm Naggat area.

Mineral Primary biotite (n = 12) Secondary muscovite (n = 7) Secondary chlorite (n = 8)

Oxides Min Max Avg Min Max Avg Min Max Avg
SiO, 31.66 35.02 33.88 48.02 53.23 49.71 19.55 28.19 25.22
TiOy 1.05 1.90 1.44 0.30 1.25 0.76 0.16 0.49 0.25
Al,03 15.76 17.74 16.76 22.08 29.83 24.13 8.70 14.50 12.00
FeO 27.99 31.92 29.33 6.05 14.19 10.22 42.26 53.33 47.19
MnO 0.81 1.34 1.09 0.03 0.75 0.47 0.01 0.05 0.04
MgO 0.00 0.30 0.03 0.00 1.61 0.23 0.45 0.76 0.60
Nb,Os5 0.17 0.20 0.18 0.02 0.23 0.11 0.01 0.14 0.05
Tas0s5 nd nd nd nd nd nd nd nd nd
CaO 0.00 0.17 0.09 0.01 0.09 0.03 0.65 0.82 0.71
Na,O 0.09 0.14 0.12 0.06 0.12 0.09 0.01 0.05 0.03
K0 8.29 9.34 8.90 2.57 9.80 4.60 0.14 1.07 0.54
BaO 0.01 0.09 0.05 0.00 0.06 0.02 0.04 0.17 0.10
F 0.12 0.77 0.48 1.04 3.49 2.16 0.00 0.00 0.00
Cl 0.06 0.08 0.07 0.00 0.01 0.00 0.00 0.01 0.01
Li,O* 0.00 0.50 0.21 0.25 1.01 0.60 nd nd nd
H,0* 3.17 3.50 3.34 2.54 4.12 3.25 9.02 10.33 9.80
O=F,Cl 0.07 0.34 0.21 0.44 1.47 0.91 0.00 0.00 0.00
Total 93.75 97.97 95.74 94.08 98.87 95.48 92.26 99.81 96.54
Structural formula calculated based on 22 O (biotite and muscovite) and 14 O (chlorite)

Si 5.46 5.76 5.66 6.76 6.98 6.88 2.60 3.27 3.08
Al 2.24 2.54 2.34 1.02 1.24 1.12 0.73 1.36 0.92
AV 0.80 1.11 0.95 2.47 3.39 2.81 0.00 1.23 0.81
Ti 0.13 0.24 0.18 0.03 0.13 0.08 0.01 0.04 0.02
Fe2* 3.94 4.60 4.10 0.65 1.66 1.19 4.27 5.93 4.85
Mn 0.12 0.19 0.15 0.00 0.09 0.06 0.00 0.01 0.00
Mg 0.00 0.07 0.01 0.00 0.31 0.05 0.09 0.13 0.11
Nb 0.01 0.01 0.01 0.00 0.02 0.01 0.00 0.00 0.00
Li* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.00 0.03 0.02 0.00 0.01 0.00 0.08 0.10 0.09
Na 0.03 0.04 0.04 0.02 0.03 0.02 0.00 0.01 0.01
K 1.79 2.02 1.90 0.42 1.76 0.82 0.02 0.17 0.09
Ba 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00
F 0.06 0.40 0.25 0.43 1.54 0.95 0.00 0.00 0.00
Cl 0.00 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00
OH* 3.58 3.92 3.73 2.46 3.57 3.05 8.00 8.00 8.00

LiO5y* calc. from Monier and Robert (1986).
H,0* calculation after Tindle and Webb (1990).
nd = not detected.
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Table 2

EPMA analyses (wt%) of alteration-formed columbite, rutile, and ilmenite from the studied granites in the Umm Naggat area.
Mineral Secondary columbite (n = 5) Secondary rutile (n = 5) Secondary ilmenite (n = 5)
Oxides Min Max Avg Min Max Avg Min Max Avg
CaO 0.00 0.63 0.22 0.00 0.07 0.01 0.91 1.18 1.00
Al,O3 0.00 0.99 0.29 0.00 0.00 0.00 1.73 1.95 1.84
FeO 14.65 16.20 15.55 7.05 8.49 7.94 20.56 23.38 21.90
MnO 4.10 5.35 4.66 0.00 0.03 0.02 0.08 0.10 0.08
SiO, 0.00 0.36 0.15 0.00 0.08 0.02 1.57 1.83 1.73
TiOy 1.77 3.05 2.39 62.79 70.49 66.67 62.68 65.77 64.27
Nb,Os5 62.29 69.08 66.96 18.12 21.45 19.97 3.66 4.01 3.81
Tas0s 4.12 10.85 6.52 1.36 5.13 3.74 nd nd nd
SnO, nd 0.33 0.13 0.66 1.61 1.23 nd 0.17 0.09
WO3 2.09 4.12 2.78 0.44 0.73 0.56 nd nd nd
Total 98.72 100.56 99.94 99.25 101.50 100.17 94.01 95.64 94.73
Structural formula calculated based on 6 O (columbite and ilmenite) and 2 O (rutile)
Ca 0.00 0.04 0.01 0.00 0.00 0.00 0.05 0.06 0.05
Al 0.00 0.07 0.02 0.00 0.00 0.00 0.10 0.11 0.10
Fe 0.70 0.80 0.76 0.09 0.11 0.10 0.80 0.93 0.86
Mn 0.20 0.26 0.22 0.00 0.00 0.00 0.00 0.00 0.00
Si 0.00 0.02 0.01 0.00 0.00 0.00 0.07 0.09 0.08
Ti 0.08 0.13 0.11 0.73 0.78 0.75 2.24 2.31 2.28
Nb 1.72 1.80 1.76 0.12 0.15 0.14 0.08 0.08 0.08
Ta 0.06 0.13 0.09 0.01 0.02 0.02 0.00 0.00 0.00
Sn 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.00
w 0.03 0.05 0.04 0.00 0.00 0.00 0.00 0.00 0.00

nd = not detected.

highest iron content relative to biotite and muscovite, with FeO contents joints, and shear zones are common (Fig. 16a). These linear structures
reaching 53.33 wt%. Therefore, in the classification diagram of Ruiz exhibit a proximal spatial relationship with diverse alteration types.
Cruz and Nieto (2006), chlorite plots within the Fe-chlorite member Albitization is frequently observed in diverse forms, such as albite dykes
(chamosite) (Fig. 15¢). The SiO, and Al,O3 are depleted in chlorite with that traverse the granitic rocks in the study area (Fig. 16b). These dykes
average contents of 25.22 and 12.00 wt%, respectively. Low but sig- extend into adjacent rocks, such as metavolcanics in the northern
nificant amounts of TiO and NbyOs (averages = 0.25 and 0.05 wt%, portion. Additionally, quartz veins are prevalent structural attributes
respectively) are detected within chlorite. It is worth mentioning that frequently occurring as parallel swarm-like patterns. Quartz veins,
the concentration of Ta in biotite, muscovite, and chlorite is consistently indicative of silicification, are often found in conjunction with phyllic
below the detection limit. alteration (Fig. 16¢). Shear zones exhibit a large distribution in associ-

Secondary rare metal-bearing minerals such as columbite, rutile, and ation with granitic rock, precisely along the boundaries of the NYG
ilmenite were also analyzed using EPMA, as shown in Table 2. Sec- pluton. Iron-bearing alteration frequently invades these zones, resulting
ondary columbite is richer in Fe than Mn containing up to 16.20 and in a distinctive reddish tint distinguishing them from the surrounding
5.35 wt%, respectively. Accordingly, it is classified as Ferro-columbite host rocks (Fig. 16d). It is essential to highlight that the field measure-
regarding the quadrilateral diagram for classifying Columbite-tantalite ments of dykes, veins, and shear zones confirm the consistency in trends
group minerals after Cerny (1989) (Fig. 15d). Columbite is the major found in these lineaments (such as N4OE-N50W-N35W-N30W) as iden-
host for Nb and Ta compared to rutile and ilmenite. It contains high tified by remote sensing, airborne magnetic data, and rose diagrams
amounts of Nb and Ta, summing up to 73.84 wt% on average. The high (Figs. 16, 10, and 11). Moreover, most structural features observed
contents of Ti (up to 3.05 wt% of TiO) within columbite are significat in during the field survey (dykes, veins, and shear zones) plot within the
indicating its secondary origin. medium to high structural density zones highlighted by the automatic

Furthermore, the analysis results of secondary rutile show extreme lineaments extraction results (Figs. 16 and 10b).

enrichment of rare metals (Table 2). While rutile contains high amounts
of TiOy (up to 70.49 wt%), elevated amounts of Nb, Ta, Sn, and W are 6. Discussion
substantially incorporated at the expense of Ti in the crystal structure.

The highest substitution is exhibited by Nb, reaching up to 21.45 wt%, 6.1. Structurally-controlled hydrothermal alterations and secondary rare
followed by Ta (up to 5.13 wt%). The contents of Sn are higher than W, metal mineralization

averaging 1.23 and 0.56 wt%, respectively. Ilmenite has lesser amounts

of rare metals compared to rutile, mostly because it has lower titanium The evolutionary history of the ANS is characterized by a prolonged
content (Table 2). However, the titanium concentrations in ilmenite are period of magmatic activity spanning from 800 to 540 Ma (Stern, 1994;
considerably higher than iron, suggesting that it has a secondary origin. Johnson et al., 2011). The culmination of this activity was evidenced
Ilmenite can have a maximum of 4.18 wt% combined amounts of Nb, Ta, with highly fractionated A-type granite with mafic to felsic dikes.
Sn, and W. The TiO; and FeO amounts range from 62.68 to 65.77 wt% Liegeois et al. (1998) stated that this event marked a transition towards
and from 20.56 to 23.38 wt%, respectively. Ilmenite is present either as intra-plate, alkaline magmatism. After a collision, rifts, transtensional
a result of the alteration of biotite within muscovite or chlorite, or it is domains, and large-scale horizontal shear zones are common and would
formed directly from hydrothermal fluids associated with hematite or result in high-K calc-alkaline and alkaline-peralkaline magmas (Liegeois
filling the spaces between essential minerals like quartz and feldspars. et al., 1998; Fowler, 2001; Bonin, 2004). According to several authors

(e.g., Abdel-Rahman and Martin (1990), Beyth et al. (1994), and others),
the main magmatism in this area is thought to be caused by (1) low-
angle normal faults and extensional tectonics; (2) deformation after
collisions; and/or (3) relatively shallow-level epizonal plutons along
active continental margins. The granitoids were subdivided into

5.5. Field observations of linear structures and their related alterations

The exposed rock units, specifically the NYG pluton, exhibit signifi-
cant fracturing and structural deformation. Dykes, veins, fractures,

24



M.A. Abdelkader et al.

Mg-biotite

[ Biotite

W Muscovite Fe-biotite
& LN,
& Fe-muscovite Siderophyllite
4@‘ | |
R min]
VI +3 M 5
Al'+Fe +Ti Fe”+Mn
o
c - LT
i .
S Fe-chlorite
Chamosite
A ©
an ©
2 o
+
(]
[ 9
==
o x|
-~ o
Mg-chlorite
S Clinoclore
o
o T T T
2 3 4 5 6
Si

Journal of Geochemical Exploration 267 (2024) 107598

10*TiO,

otite

FeO+MnO MgO
d e
Tapiolilc-Fq7,»/"“/’7
3 M ibili
o iscibility gap -
Fa Tantalite-Mn

© |

b
E ~  Tantalite-Fe
+
¥
&<
g2

Columbite-Fe Columbite-Mn
N
[
o 3]
P4 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Mn/(Fe+Mn)

Fig. 15. (a) chemical classification diagram of primary biotite and secondary muscovite after Foster (1960), (b) the ternary 10TiO>—(FeO + MnO)-MgO discrim-
ination diagram of primary, hydrothermally-altered and secondary biotite after (Nachit, 1985), (c) compositional classification diagram of secondary chlorite after
(Ruiz Cruz and Nieto, 2006), and (d) Columbite-tantalite quadrilateral diagram for the classification of secondary columbite after Cerny (1989).

foliated, mafic, gray (Older Granites), syn-to-late-orogenic of diorite to
granodiorite composition (ca. 800-610 Ma: Bentor, 1985; Hassan and
Hashad, 1990; Lundmark et al., 2012), and nonfoliated, felsic, pinkish-
red (Younger Granites), post-orogenic granites of alkali granite, sye-
nogranite and monzogranite composition (ca. 600 and 530 Ma: Lund-
mark et al., 2012; Hassan and Hashad, 1990; Stern and Gottfried, 1986;
Beyth et al., 1994).

Utilizing our applicable methodology, particularly remote sensing,
demonstrates an enhanced ability to differentiate the younger granite of
Umm Naggat. This differentiation is achieved by considering the multi-
phase magmatism, as evidenced by the presence of mafic-rich biotite
granite (specifically, granite rich in magnesium hydroxide), mafic-poor
alkali feldspar granite, and albitized granite (see Figs. 5-9). The varia-
tion in the composition of mafic and felsic rock-forming minerals
significantly affects the resulting byproducts and subsequent hydro-
thermal alterations. Upon conducting a comprehensive analysis of the
observed alterations within the Umm Naggat pluton, it becomes evident
that the alterations characterized by magnesium-iron enrichment (spe-
cifically, propylitization, ferrugination, and ferrous-silicate alterations)

25

are more likely associated with the southern region of the pluton.
Conversely, the alterations marked by magnesium-iron depletion
(namely, argillization, phyllitization, and albitization) are found along
the western and northern flanks and are linked to the corresponding
fault sets. The former can document that these granites have evidenced
prolonged crustal fractionation, indicating emplacement of the pluton
from south to north contemporaneous with the development of mature
continental crust.

Regarding mineralization, the NYG is characterized by high con-
centrations of rare metals (particularly niobium and tantalum). The NYG
is widely accepted as one of the demonstrative models for magmatic-
hydrothermal rare metal deposits, which is characterized by a system-
atic hydrothermal alteration and potential mineralization zones (Abd El
Nabi, 2012; Abdelkader et al., 2022; Al-Arifi et al., 2021; Gaafar et al.,
2022; Gamal-Adeen et al., 2023; Khedr et al., 2023). However, the na-
ture of rare metal mineralization and petrogenesis (relative role of
magmatic versus hydrothermal processes) is still debated to the degree
that the majority of prior studies limit the occurrence of rare metals to
the albitized granite in the northern part of the NYG pluton (Abd El Nabi,
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Fig. 16. Field validation of the extracted lineaments, their trends, and alterations where (a) granitic dyke cutting through metagabbro-diorites, trending in N4OE
direction, (b) albitization occurring as albite dyke trending in NSOW direction and cutting through the biotite granite, (c) parallel swarms of quartz veins trending in
N35W directions and cutting through phyllic alteration zone, and (d) shear zone within the biotite granite trending in N30W direction and invaded by iron-bearing
hydrothermal fluids. Note that all the trends measured during field reconnaissance concord with those from the rose diagram analysis. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

2012; Abdelkader et al., 2022; Al-Arifi et al., 2021; Gaafar et al., 2022;
Gamal-Adeen et al., 2023; Khedr et al., 2023). This limitation is not
conformable with the granitic pluton’s widely and extensively altered
character, where it exhibits several types of alterations as depicted in the
current research. Mineral assemblages in hydrothermally altered rocks
are influenced by various factors, including pressure, temperature, fluid
composition (for instance, elements concentrations Cl-, H+, CO2, Na+,
K+, F, B, H2S), original host-rock composition, and the fluid-rock ratio
(El-Desoky et al., 2022b). Magmatic-hydrothermal processes are a crit-
ical contributor to rare metal mineralization (Abd El Monsef et al., 2023;
Abuamarah et al., 2022; Harlaux et al., 2017; Michaud and Pichavant,
2020; Sami et al., 2022; Su et al., 2021; Yang et al., 2020a). However,
there has been a scarcity of scholarly investigations focusing on the
occurrence of rare metal mineralization originating solely from sec-
ondary processes, specifically hydrothermal alteration (Yang et al.,
2023; Yang et al., 2020b; Zhu et al., 2019; Zhu et al., 2018). The former
issue was a strong motive in the current study to investigate more deeply
into the fluid circulation system (detailed analysis of hydrothermal
zones), structural framework (remote sensing and geophysical data),
and their spatial correlation (overlay analysis).

The study area is overprinted by several types of hydrothermal al-
terations like albitization, ferrugination, argillic, propylitic, and phyllic
alteration, as depicted by remote sensing results (Fig. 17a). Aero-
magnetic data and automatic lineaments directional analysis indicate
the occurrence of major faulting and fracturing in NW-NNW-NNE-NE
directions, with WNW, ENE, and N-S as minor trends. Structures are
key elements for hydrothermal alteration mapping since they serve as
pathways for the movement of hydrothermal fluids. Therefore, an in-
tegrated overlay analysis was conducted by superimposing the extracted
hydrothermal alterations onto the lineaments density map of the Umm
Naggat area to enable their spatial correlation (Fig. 17b). As a result, it is
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possible to discern the most promising regions for mineralization by
considering the convergence of areas with a high density of lineaments
and significant degrees of alteration (Fig. 17b).

Strikingly, the spatial overlay analysis of hydrothermal alteration
zones and structural density highlights the following: (1) Most high
structural density zones are confined within and around the Umm
Naggat rare metal-bearing granite, (2) the intensity of hydrothermal
alteration in the study area is primarily more pronounced in the NYG
pluton compared to the surrounding rocks, (3) the notable spatial cor-
relation between the hydrothermal alteration and the high structural
density zones, where the intense hydrothermal alteration is frequently
found overprinting or close to a high structural density zone, particu-
larly in the NYG, (4) the consistency between linear hydrothermal
alteration trends and the directional analysis results from remote
sensing and aeromagnetic data, several types of hydrothermal alter-
ations exhibit an NNW and NNE linear trends.

Field reconnaissance and sampling accurately delineated and vali-
dated the ground distribution of the various alteration types in the study
area and the spatial association between structural elements and alter-
ation zones. Moreover, the mineral assemblages, indicative of distinct
alteration types, were verified through petrographic investigations.
Remarkably, secondary rare metal-bearing phases resulting from hy-
drothermal alteration within the NYG were confirmed using back-
scattered imaging and mineral chemistry analysis. Secondary Ilmenite,
rutile, and columbite-(Fe) were recorded as fine flakes and dispersed
grains associated with secondary muscovite and chlorite or veins cutting
across and filling the spaces between the primary minerals. The utili-
zation of mineral chemistry analysis confirmed the elemental composi-
tion and facilitated the identification of the alteration minerals.
Secondary ilmenite, rutile, and columbite have a notable enrichment in
niobium (Nb) and hence present a potential reservoir of hydrothermal
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Fig. 17. (a) Integrated distribution of alteration minerals extracted by the CEM technique superimposed on a gray-scale image of ASTER band 1, and (b) integrated
alteration-structural density map for correlation and potentiality interpretation within the study area.

rare metals within the Umm Naggat area.

6.2. Preliminary insights about the origin of alteration-formed rare metal
minerals

Alteration is crucial in the transportation and concentration of
metals, such as Nb, Ta, Sn, and W, during hydrothermal processes (Li
et al., 2015; Monier and Robert, 1986; Monnier et al., 2022; Tindle and
Webb, 1990; Yang et al., 2023; Yang et al., 2020b; Yin et al., 2022).
Secondary minerals can precipitate directly from hydrothermal fluids or
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form due to the interaction between fluids and the parent mineral phases
(Yang et al., 2023; Yang et al., 2020b). In the Umm Naggat granites,
secondary rare metal-bearing minerals are recorded for the first time.
Secondary columbite, Nb-Ta-rich rutile, and Nb-rich ilmenite are found
incorporated along the cleavage planes of biotite included within sec-
ondary muscovite or chlorite (Figs. 13f and 14f). The former spatial
association indicates a genetic relationship, meaning that secondary rare
metal phases are formed during the alteration of biotite, particularly by
muscovitization and chloritization. Despite the fact that this type of
mineralization has not been reported in the study area, it is widely
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accepted that the alteration of biotites can result in secondary rare
metal-rich minerals such as rutile, ilmenite, and titanite (Yang et al.,
2023; Yang et al., 2020b; Zhu et al., 2018). According to Yang et al.
(2020b) and Zhu et al. (2018), the alteration of biotite by the action of
acidic and F-rich fluids during the processes of muscovitization and
chloritization leads to the release of Nb, Ta, Ti, and Fe from biotite into
the fluids. For instance, the Ti removal from the crystal structure of
biotite can be monitored through the classification of biotite as a
hydrothermally-altered type because of the depletion in its Ti content
relative to its primary fresh equivalent.

Subsequently, secondary mineral phases containing high concen-
trations of these elements can precipitate. In addition, Yang et al.
(2020b) proposed that this mineralization style represents a new po-
tential type of Nb-Ta mineralization from biotite alteration, considering
its distinct mineralogy, petrology, and texture. In addition, only a
limited number of experimental studies have been conducted to examine
the leaching of niobium (Nb) and tantalum (Ta) from biotite during
alteration (Yang et al., 2023). In line with the findings of Yang et al.
(2020b) and Zhu et al. (2018), the experimental investigations carried
out by (Yang et al., 2023) showed the sequential formation of a group of
alteration products consisting of titanomagnetite, ilmenite, Nb-rutile,
fergusonite, and aeschynite at various temperatures. These results
indicate that hydrothermal processes have the potential to cause the
mineralization of Nb and the enrichment of rare metals in the form of
oxides formed through alteration. Xiao and Chen (2020) studied the
elemental behavior during biotite alteration to chlorite and stated that
Fe, Mg, Al, and Ni are mostly retained in chlorite, whereas Co, Ga, Mn,
and Zn are commonly transferred to chlorite from the hydrothermal
fluid, and Sc, Sr, Si, V, Li, K, Nb, Ba, Rb, Ti, Cl, Na, Sn, and Cu from the
biotite mostly do not enter chlorite during chloritization.

Nevertheless, ilmenite can occasionally be seen in isolation, not
tightly associated with biotite, and documented as intergranular veins
that form along grain boundaries (Fig. 12f). This suggests that Nb-rich
ilmenite is formed directly from hydrothermal fluids that are rich in
Ti, Nb, and Fe. To summarize, the analysis of the mineral chemistry and
textures of the rare metal-bearing phases formed through alteration
confirms that these minerals were precipitated as a result of secondary
processes. They were directly precipitated from the hydrothermal fluids,
and there was a significant increase in the concentration of these metals
during the alteration of biotite into muscovite and chlorite in the studied
granites. Additional mineralogical, geochemical, and textural investi-
gation is necessary in the future to more accurately determine the origin
and the geochemical mechanisms that contribute to the secondary rare
metal enrichment in the Umm Naggata area.

Consequently, the hydrothermal alteration, structural mapping,
spatial overlay analysis, and multi-tool validations suggest that the hy-
drothermal alteration system and mineralization are structurally
controlled. Additionally, it is strongly favored to consider the whole
pluton of the NYG as a potential source for rare metals, particularly of
hydrothermal origin. Moreover, these findings have the potential to
significantly contribute to future geochemical and mineralogical anal-
ysis, aiming to resolve and reconcile the ongoing debate regarding the
impact of magmatic versus hydrothermal mechanisms and the origin of
rare metals in the Umm Naggat area.

Furthermore, our future research will focus on incorporating
hyperspectral data to explore its spectral potential in deciphering hy-
drothermal characteristics in the study area. While hyperspectral data
like PRISMA or EnMap offer rich spectral information, their coarse
spatial resolution presents a challenge. To address this limitation, we
aim to integrate very high-resolution (VHR) data, such as WV-3, which
can provide finer spatial detail. By combining these datasets, we antic-
ipate improved monitoring of geochemical changes and more accurate
delineation of transitions and borders within complex altered zones.
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7. Conclusion

The current study integrated remote sensing techniques, airborne
geophysical methods, field observations, polished samples, petrographic
investigations, and mineral chemistry analysis to delineate the hydro-
thermal alterations pattern and structural framework in the study area.
The study concludes the following:

1. Sentinel 2 and ASTER data efficiently discriminated the different
granitic verities (BTG-AFG-ABG) within the NYG pluton. This litho-
logical characterization serves as the base for improved hydrother-
mal alteration mapping.

2. Integrating Sentinel 2 and ASTER with various image processing
techniques (MNF, BR, BM, MI, RBD, and CEM) allowed reliable
detection of alteration zones and representative secondary minerals
within the VNIR-SWIR range.

3. Extensive alterations, such as albitization, ferrugination, propyliti-
zation, argillization, and phyllitization, widely overprint the Umm
Naggat area.

4. Aeromagnetic geophysical techniques (TD, NSTD, and 3D Euler
deconvolution), remote sensing lineament extraction, and direc-
tional analysis highlighted NW, NNW, NNE, and NE as the major
structural trends.

5. The high structural density and intensively altered zones are
spatially associated and more localized within the NYG pluton Than
the surrounding rocks.

6. Spatial overlay analysis and the concordant structural-linear alter-
ation trends confirm that hydrothermal alteration and fluid circula-
tion systems are structurally-controlled.

7. The mineral chemistry analysis confirms the hydrothermal genesis of
rare metal-bearing minerals (Nb-rutile, Nb-ilmenite, and columbite)
in the alteration zones, which might be a new potential source for Nb
and Ta in Egypt. Biotite muscovitization and chloritization signifi-
cantly contribute to the secondary rare metal enrichment in the
Umm Naggat area.

8. The current study emphasizes the extensive distribution of rare metal
mineralization within the whole NYG pluton, challenging previous
studies that suggested its confinement to the Northern albitized
granite.

9. The current findings recommend further geochemical and mineral
chemistry investigations to assess better the role of magmatic versus
hydrothermal processes in rare metal enrichment in the Umm Naggat
area.

Following our multiscale investigation of hydrothermal patterns in
the study area, we strongly recommend considering our integrated
approach beyond the study area. Our method, characterized by its
comprehensive nature and cost-effectiveness, is suitable for exploration
programs targeting rare-metal-bearing minerals. We believe that
adopting this method in other terrains will optimize exploration efforts
and enhance the efficiency of future exploration programs.
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