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Abstract

The Neoproterozoic Wadi Mahasin metavolcanics (WMYVs) in the Central Eastern Desert,
Egypt, were remapped using Landsat-8 and Sentinel-2 imagery and verified by field obser-
vations, and their petrogenesis was evaluated using petrography, whole-rock geochemistry,
and Pb isotopes. The image processing techniques of decorrelation stretch (DS), band ratios
(BR), principal component analysis (PCA), and Minimum Noise Fraction (MNF) were ap-
plied to three remotely sensed datasets from Landsat-8, Sentinel-2B, and Planet to produce
an updated geologic map of the study area. Moreover, two robust supervised classification
techniques, maximum likelihood (MLC) and the support vector machine (SVM), enhanced
geological contacts, structural elements, and produced classified images by 95.68% and 96%,
respectively. The WMV suite comprises metadacite and metarhyolite with SiO, contents
of 61.8-66.5 and 77.8-79.8 wt.%, respectively, and belongs to a subalkaline calc—alkaline
series with a transitional medium- to high-K character at the felsic end. Primitive mantle-
normalized patterns show enrichment in LILEs (Rb, U, K, and Pb) and depletion in Nb, Ta,
Ti, and P, consistent with subduction-related felsic magmatism. Chondrite-normalized REE
patterns are characterized by enriched LREEs, flat to weakly fractionated HREEs ((Gd/Yb)y
~ 1.5), and negative Eu anomalies (Eu/Eu* = 0.30-0.81). The flat HREE segment suggests
melting of a garnet-free source, most plausibly a plagioclase-amphibole-bearing crustal
assemblage. Eu/Eu* correlates positively with Sr for the suite as a whole, indicating plagio-
clase control during differentiation. Metarhyolite samples form a tightly clustered evolved
group, whereas metadacites show broader scatter that mainly reflects differentiation. Pb
isotopes and crust-like trace-element ratios (high Y/Nb, low Ce/Pb, and low Nb/U) indi-
cate strong crustal involvement. Although assimilation—fractional crystallization from a
mantle-derived parent magma cannot be excluded completely, the available isotopic data
do not define a simple mantle-to-crust differentiation trend, and the uniformly evolved
major- and trace-element signatures favor direct partial melting of felsic continental crust,
followed by limited fractional crystallization. The WMV suite is, therefore, interpreted as a
mature continental-arc felsic assemblage within the Arabian-Nubian Shield.
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1. Introduction

The northwest region of the Arabian—Nubian Shield (ANS) comprises the Neoprotero-
zoic complexes discovered in the Sinai and Eastern Desert (ED) [1-4]. The East African
(900-530 Ma) Orogen caused ANS development. The ANS is a mixture of granitic intrusions,
metasedimentary assemblages, arc-related metavolcanic rocks, and low-grade metamor-
phosed ophiolite complexes [5,6]. Numerous ANS terranes comprise Tonian/Cryogenian
volcanic rocks, which have undergone sporadic metamorphism to greenschist facies. An
understanding of the development of Neoproterozoic subduction region magmatism can
be attained by examining arc volcanic rocks found in various ANS regions. Furthermore,
the arc volcanic rocks of the ANS have the potential to host Cu deposits and banded iron,
plus other potential significant critical resources [7,8].

The arc maturity regime involves an understanding of the various stages of ongoing
growth of intra-oceanic arcs [9]. Tholeiitic (mafic) basalts are the hallmark of the early
immature arc stage, whereas calc-alkaline to shoshonitic felsic lavas are hallmarks of the
mature later stage [10]. Throughout the Neoproterozoic Egyptian Shield, the volcanic rocks
make up significant geological units and cover large areas. There are two main volcanic
phase categories represented: Neoproterozoic and Phanerozoic volcanic rocks. The Dokhan
volcanics and metavolcanic rocks (older and younger, respectively) are the main volcanic
episodes that make up the first category [7,11]. By contrast, the Phanerozoic volcanic rocks
are the products of minor volcanic activity and include the Natash volcanic rocks [12].
The metavolcanic rocks (metamorphosed) are extensively dispersed in the Central and
Southern Desert, which comprises the older (ascribed to ophiolitic sequence) and younger
sequences (medium-K calc-alkaline rocks that originate within the arc regime) with a mafic
to felsic range. Conversely, the unmetamorphosed Dokhan Volcanics (615-560 Ma) are
widely distributed in the North Eastern Desert and Sinai, are typically rhyolitic to andesitic,
have medium-high K affinities, and commonly contain welded tuffs [11,13,14].

Said [15] shed light on the genesis of the gold mineralization in the gold-bearing
quartz veins cutting across the island arc metavolcanic rocks of the Wadi Mahasin area.
They proposed that the development of gold resources in the Wadi Mahasin area involved
the intrusion of syenogranites and quartz—feldspar dike in the arc rocks and nearby ser-
pentinites, accompanied by a convection flow system at their contacts, leading to leaching,
mobilizing, and redeposition into quartz veins.

Remote sensing in geological studies has been a vital method to obtain data to comple-
ment geological mapping [16]. The identification and enhancement of geological contacts
is a cornerstone of this geological mapping. Satellite images are considered to be the most
helpful and efficient technique for discriminating rock unit varieties in desert environments.
In context, these images contain valuable information on the spectral characteristics of
these rock units. Satellite images have the advantage of being multi-sensor and multi-scale
with high spatial resolution, particularly in vast and remote areas.

Arnous [17] suggested that remote sensing is the most significant modern technology
used to produce litho-structural maps and mineral detection. Sabins [18] suggested that
the greatest benefit of remote sensing is when it is used in the detection of lithological
differences between rock units and alteration zones mapping. In addition, remote sensing
algorithms have been improved to recognize different lithological units. These techniques
offer different approaches based on spectral characteristics (e.g., band ratios) and statistical
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analysis (e.g., principal component analysis). The integration of the results of these different
techniques has become a more cost-effective method for geological mapping than the
conventional methods. The accuracy of the produced geologic maps can be enhanced
when the complexity and spectral features of variable rock units have been taken into
consideration. The geological mapping using remotely sensed data in the Nubian Egyptian
Shield has been paid attention to by many authors [19-21].

In the current study, the crystalline rocks from the research area were refined using
image processing from the Landsat-8 OLI/TIRS and Sentinel 2A, with a focus on the
metavolcanic rock units. Previous geological maps (Figure 1) of the study area were
reviewed [20,22], and a new geological map was created depending on remote sensing
data interpretation, which was verified by ground truthing and petrology. Therefore,
multisensor remote sensing data were integrated with field observations, petrography,
whole-rock geochemistry, and Pb isotopes to refine the lithological map of the Wadi Mahasin
metavolcanics and to constrain their petrogenesis. The objectives are to: (i) improve the
geological mapping of the WMV rocks, (ii) define their petrochemical and tectonomagmatic
affinities, (iii) evaluate the relative roles of crustal melting, fractional crystallization, and
possible AFC overprinting, and (iv) place the Wadi Mahasin suite within the evolution of
Neoproterozoic arc magmatism in the Arabian-Nubian Shield.
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Figure 1. (a) Location of Wadi Mahasin map and (b) geologic map of Mahasin area (after [23]).

2. Materials and Methodology
2.1. Remotely Sensed Data

One of our approaches used in this study was refining the previous geological map
with emphasis on the metavolcanic rocks. To achieve this aim, two optical remote sensing
datasets were processed: Landsat-8 OLI/TIRS and Sentinel-2B. Landsat-8 carries two
optical sensors: the Operational Land Imager (OLI) and Thermal Infra-Red Sensor (TIRS).
The spectral ranges of the OLI are offered on 9 channels possessing the visible-near-infrared
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(VNIR) and short-wave-infrared (SWIR) ranges and with a resolution of 30 m for bands of
(1-7 and 9), and 15 m for the panchromatic band 8. The TIRS sensor contains two thermal
bands (10 and 11) with a resolution of 100 m (https://www.usgs.gov/landsat-missions/
landsat-8, accessed: 2 December 2025). The Sentinel-2B sensor was in orbit in June 2015
and provides spectral data in 13 bands, which cover ranges of VNIR, TIR, and SWIR. The
spatial resolution of Sentinel-2B data is offered in three classes. Band-1 has 60 m spatial
resolution, whereas the VNIR bands of 2, 3, 4, 8, and 8A have a 10 m spatial resolution. The
two SWIR bands (11 and 12) have 20 m spatial resolution (https://www.earthdata.nasa.
gov/data/instruments/sentinel-2-msi, accessed: 2 December 2025).

The implementation of geological mapping is predicated on the choice of suitable
and effective reference remotely sensed data. Ideally, if the reference data are sufficient in
spatial resolution, the produced maps can be highly accurate and detect small-scale rock
units. The present study area is considered a relatively small area, and the two sensors,
Landsat-8 and Sentinel-2B, are classified as moderate spatial resolution images regarding
geological mapping. Therefore, the present study used high-resolution remotely sensed
data from Planet satellite with ~3 m resolution to enhance the spatial resolution of the two
aforementioned sensors to create a detailed lithological map (Figure 1). Moreover, this
adopted approach can help in detecting structural elements and their kinematic indicators
in the study area. Fortunately, the Planet satellite images at this spatial resolution allow
for the mapping of larger clear-cut areas and significantly increase the ability to detect
small-scale rock exposures. Planet satellites are operated by Planet Labs and are considered
a high-resolution Earth observation satellite constellation. It is composed of hundreds
of small cubesats called “Dove”. The system was launched in 2014 and comprises over
130 active satellites orbiting at about 475 km altitude in sun-synchronous orbits. Each
satellite holds a multispectral optical sensor, capturing red, green, blue, and near-infrared
bands. In 2021, they replaced Dove with the SuperDoves satellite, which introduced four
additional spectral bands: green I, red edge, yellow, and coastal blue (https://docs.planet.
com/data/imagery/planetscope, accessed: 2 December 2025). Moreover, this adopted
approach can help in detecting structural elements and their kinematic indicators in the
study area. The Planet satellite system is a group of over 200 satellites. Planet satellite
sensors record four bands of visible (R-G-B) and NIR spectral region ranges from 0.455 to
0.860 pm.

In the preprocessing stage, the three datasets were subjected to computational proce-
dures such as data preparation (for lithologic units) and feature extraction (for the structural
elements). The results of these preprocessing corrections were used to obtain pure pixels
and spectral signatures comparable to specific rock unit varieties [24]. The datasets were
geometrically corrected to zone 36 of the Universal Transverse Mercator (UTM), using
the datum from WGS84, and they are cloud-free. Landsat-8 and Sentinel-2B scenes were
adjusted radiometrically utilizing the ENVI 5.3 algorithm, which is necessary for converting
the images from digital number (DN) to reflectance data. This step is important to improve
the datasets, which in turn give an accurate geologic map of the study area. The Landsat-8
and Sentinel-2B data were atmospherically corrected using Fast Line-of-Sight Atmospheric
Analysis of Spectral Hyper cubes (FLAASH) [25], but the Planet scenes were subjected
to simple crosstalk correction. After that, the basic procedures of layer-stacking of each
satellite band and subsetting to determine the precise field of study were performed on
the three datasets. Finally, a Gram—-Schmidt pan-sharpening improvement function was
utilized to enhance the spatial resolution of Landsat-8 (30 m) and Sentinel-2B (10 m) using
the 3 m spatial resolution of Planet images.

To construct the geologic map, the discrimination of lithological contacts and extrac-
tion of the structural elements required us to enhance the datasets used by one of the
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methods for processing images. The techniques performed included false color combi-
nation (FCC), decorrelation stretch (DS), band ratios (BR), principal component analysis
(PCA), Minimum Noise Fraction (MNF), and supervised classification. These techniques
successfully converted the spectral characteristics of the different rock units to colorful
images that are easier to interpret.

2.2. Field Work and Petrography

Twenty-four specimens were collected from the volcanic rocks of the Wadi Mahasin
(WMVs), of which eighteen representative samples were prepared as thin sections to
examine their mineralogy and textural relationships under a polarizing microscope.

2.3. Bulk Rock Analysis

Chemical analysis was performed on fifteen samples at ALS Geochemistry in North
Vancouver, Canada. After lithium metaborate fusion, major element concentrations were
determined by ICP-OES, whereas trace elements (Cs, Ba, Cr, St, Ta, Ga, V, Hf, Zr, Nb, U, Rb,
Th, Y, and REE) were measured using ICP-MS (method ME-MS81). Other trace and major
elements were analyzed using an ultra-trace four-acid digestion, after which a blending of
ICP-OES and ICP-MS analysis was conducted. A number of approved reference materials
were utilized for tracking the accuracy of the data: OREAS-101b, 920, 47, 45e, and 14p, and
AMIS0167, 0085, 0304.

2.4. Analysis of Lead Isotopes

Lead (Pb) isotopic compositions were determined at ALS Geochemistry (North Van-
couver, BC, Canada) using a quadrupole Inductively Coupled Plasma Mass Spectrometer
(ICP-MS, manufactured by Agilent Technologies, Santa Clara, CA, USA), following the
ALS method MS61L-PbIS. Finely pulverized whole-rock samples were subjected to an
ultra-trace level four-acid digestion, using a mixture of nitric, perchloric, and hydrofluoric
acids (HNO;3-HClO4-HF). The samples were evaporated to incipient dryness and then
reconstituted in hydrochloric acid (HCI) to ensure the complete dissolution of silicate matrix
and refractory minerals. Following digestion, the sample solutions were introduced into
the ICP-MS to measure the abundances of 20°Pb, 207Pb, 298P, and 294Pb isotopes. Instru-
mental mass bias and signal drift were strictly monitored and corrected utilizing internal
standardization and standard-sample bracketing protocols. Analytical quality, accuracy,
and reproducibility were verified through the concurrent analysis of procedural blanks
and replicate analyses of certified reference materials (CRMs) and internal rock standards,
including OREAS-920, OREAS-47, and OREAS-45e. Procedural blanks yielded negligible
Pb concentrations, indicating an uncontaminated background. Replicate analyses of the
standards indicate that the analytical precision (20 relative standard deviation) is better
than 0.5% for the measured 20°Pb /204Pb, 207Pb /204Pb, and 298Pb /204Pb ratios.

3. Field Observations

The eastern segment of the ANS (the greatest part of Earth’s continental crust) in the
Arabian and the western flank of Egypt have remarkable Precambrian occurrences due to
uplift induced by the Red Sea rifting [26]. The ANS achieved tectonic stability at around
540 Ma. An essential history of the tectonic events that characterized multiple phases can
be found in the Neoproterozoic ANS crust, including ophiolitic-subducted arc terranes,
continental collision, and post-collisional evolution. The Dokhan Volcanics, pink granites,
and Hammamat sediments delineate the final stage of the evolution of the ANS [6,7,27-32].
The study covers about 82.28 km? and is accessible through a 5 km paved road to the south
of Qift-Qusier and an asphaltic road to the south of Gabal Duwi (Figure 1). It is located
at the entrance of Wadi Karim at the intersection with Wadi Mahasin in the Egyptian
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Central Desert (Figure 2). The WM region, the subject of this work, is situated in Egypt’s
Central Desert. Field observations reveal post-tectonic dikes, syenogranite, metavolcanics,
metavolcaniclastic, and serpentinites rock. About 70% of the current area is made up of
the arc metavolcanic and metavolcaniclastic rocks (Figure 1). The metavolcanic rocks are
comprised of a variety of weakly metamorphosed felsic rocks and form noticeable hills
with moderate relief. Felsic metavolcanic rocks are massive, fractured, and weathered
along fault planes (Figures 2 and 3). The arc metavolcanic and their metavolcaniclastic
rocks, as well as granitic rocks, are intruded by mafic and felsic dikes. In the study area,
dikes are commonly observed cutting granitic rocks in a variety of directions, but primarily
vertical. Metadacite and metarhyolite are representative lithologies. In the southwestern
portion of the research region, syenogranite is primarily found as low hilly blocks; in the
southern portion, syenogranite intrudes the arc metavolcanic rocks. This coarse-grained,
pinkish-colored rock exhibits elliptical weathering forms.

Waq; Kareim

acidic

Figure 2. Field observations: (A) a general view of the Mahasin metavolcanics (WMVs); (B) quartz—
feldspar porphyries intruded in the WMVs; (C) the Mahasin metavolcanics at the intersection of W.
Kariem and W. Mahasin; (D) a close view of the basic Mahasin metavolcanics; (E) intercalation of
acidic and basic metavolcanic rocks; (F) syenogranite (Gr) intruded in serpentinites (Sp) at the south
of W. Mahasin; (G) fractured metarhyolite; and (H) acidic dikes intruded in metarhyolite.
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Figure 3. Field observations: (A) foliated metarhyolite and metadacite; (B) the highly sheared
metavolcanics at W. Mahasin; (C) the slightly foliated metavolcanics at W. Kareim; (D) the sinistral
strike—slip fault and jointed metavolcanics at W. Mahasin; (E) the jointed metavolcanics at W. Kareim;
and (F) a general view of the W. Kareim major fault.

Although absolute geochronological data for the Wadi Mahasin volcanics (WMVs)
were not obtained in this study, regional stratigraphic correlations and previous radiometric
dating of equivalent island arc metavolcanic assemblages in the Central Eastern Desert
constrain their emplacement to the Neoproterozoic Era, specifically during the Cryogenian
to early Ediacaran periods (620-585 Ma; [33]). The WMVs represent a well-preserved
segment of the juvenile ANS crust, and field relationships indicate that the felsic units
(metadacites and metarhyolites) were extruded contemporaneously as part of a continuous,
subduction-related volcanic episode.

4. Results
4.1. Petrography

The main representatives of the WMV rocks that were gathered are metarhyolite and
metadacite. These volcanic rocks are all porphyritic, with between 20 and 66% of the
total rock mass composed of phenocrysts. Metadacite is grayish green with a fine-grained
groundmass. It mostly consists of relic phenocrysts of biotite, plagioclase, and quartz.
Iron oxides are accessory minerals. I suggest revising it to: secondary alteration minerals
include kaolinite, chlorite, epidote (Figure 4a,b), and carbonates (Figure 4c). Plagioclase
composition ranges from andesine to oligoclase (An;s—Ang;). Plagioclase makes up around
33% of the rocks and appears as fine-grained laths that can reach lengths of 0.25 mm and
widths of 0.18 mm. Plagioclase centers and peripheries show epidote, and they are zoned
and fully saussuritized (Figure 4a,b). Quartz is colorless and is rounded to subrounded.
Quartz rarely exhibits wavy extinction as a result of deformation. Metarhyolites contain
small platy K-feldspar phenocrysts (porphyroblastic texture), in addition to phenocrysts of
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quartz and plagioclase in a fine-grained felsic matrix. Quartz is found in the matrix as fine
grains that are elongated to equant. A wavy extinction is seen in some crystals.

Figure 4. WMV photomicrographs: (a,b) the extensive epitodized porphyroblastic plagioclase (P1)
with a strongly turbid surface, metadacite; (c) the microveinlet of carbonate minerals (Cb) filling the
fracture; (d,e) phenocrysts of plagioclase and quartz (Qz), metarhyolite; and (f) the disseminated
magnetite (Mag) in metarhyolite.

Plagioclase (albite—oligoclase; Ang—Anj3) crystals are fine-grained and essentially
unaltered (Figure 4d,e); they can rarely have a slightly muddy surface that indicates
kaolinitization. Iron oxide minerals are disseminated along fractures (Figure 4f).
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4.2. Litho-Structural Mapping Based on Remotely Sensed Data
4.2.1. Lithological Discrimination

Image processing algorithms like FCC, PCA DS, BR, and MNF were applied on the
three datasets using ENVI v. 5.3 and ArcGIS 10.7 software. The produced image data
highlights the lithology and structural elements of the Wadi Mahasin metavolcanic rocks,
which have been paid particular attention to as the main target rock unit during the
interpretation process of the produced images. The color image from FCC can be produced
by displaying three bands in the RGB channels. FCC is a simple and straightforward
method, and it is effective when the selected bands contain the spectral features of the
cropped rocks. Due to the many bands in each satellite image, the potential triplet band
combinations have a wide range of possibilities. Therefore, the current study adopted the
Optimum Index Factor (OIF) function to rank and order the possible combinations from
high values in decreasing order. OIF value reflects the power of a certain combination
to present the spectral characteristics of rock materials in sharp and clear images. The
determined OIF values for the three datasets, using the Ilwis software (v. 3.3), reflect that
the band combination of bands 7-5-3 in RGB from Landsat-8, bands 11-2-8 in RGB from
Sentinel-2, and bands 3-2-1 in RGB from Planet (Figure 5A, B and C, respectively) attain
the highest values of OIF. From the visual inspection of the three FCCs, the brown shades
and textural characteristics of the Wadi Mahasin metavolcanic rocks can be differentiated
from dark blue pixels of serpentinite (Sp) and light brown pixels of syenogranite (Gr)
(Figure 5A-C). The DS process helps in decreasing the cross-correlation between spectral
bands without affecting the quality of the pixels” brightness. Three specific bands of 7-5-3
from Landsat-8 and 12—-6-2 from Sentinel-2 were chosen for decorrelation, and colorful
images were produced (Figure 5D and E, respectively). The two images successfully
enhanced the lithological units, even small-scale ones. The Wadi Mahasin metavolcanic
rocks are presented as reddish violet patches in the two images, where they are easily
differentiated from the bluish cyan pixels of serpentinite and dull cream of syenogranite
(Figure 5D,E). The distinctive bright green of the N-S quartz—feldspar porphyries enhances
the sinestral movement of the NW strike—slip fault (Figure 5D,E).

The recognition of rock exposures for geological mapping can be effectively performed
by using the band ratio technique, where dividing the reflectance of pixels in one spectral
band by the comparable value in another spectral band can produce grey and/or color
images that discriminate between minerals/rock types [18]. Many earlier researchers have
adopted BR for lithological recognition, especially for the metavolcanic rocks in the Eastern
Desert of Egypt [19,34].

In the present study, we adopted the band ratios 6/7-4/2-6/5 x 4/5 in RGB for
Landsat-8 (Figure 5F), 6/7-6/5-4/2 in RGB for Landsat-8 (Figure 6A), and 4/6-4/2-6/7
in RGB for Landsat-8 (Figure 6B); these provide enhanced isolation of the different rocks.
The band ratios of 6/7-4/2-6/5 x 4/5 in RGB for Landsat-8 discriminated the WMVs in
blue with shades of light violet. Serpentinites are light to dark brown, where the quartz—
feldspar porphyries appear as whitish violet (Figure 6F). The band ratio of 6/7-6/5-4/2
from Landsat-8, which is known as the Chica—Olma band ratio (Figure 6A), offered an
excellent differentiation of the WMV rocks. Where the WMV rocks appear as diagnostic
dark to grass green representing the mafic and felsic metavolcanic rocks, serpentinites have
dark brown pixels, and the quartz—feldspar porphyries appear as bright yellow (Figure 6A).
The band ratio of 4/6-4/2-6/7 in RGB from Landsat-8 (Figure 6B) highlighted the WMV
rocks as red-stained by patches of blue and dull green, the serpentinites as bright purple
pixels, and quartz-feldspar porphyries as cyan pixels (Figure 6B).
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Figure 5. The discrimination lithology of: (A) the FCC band composite of 7-5-3 in RGB from Landsat-
8; (B) the FCC band composite of 11-8-2 in RGB from Sentinel-2; (C) the FCC band composite of
3-2-1 in RGB from Planet; (D) the decorrelation stretch of bands 7-5-3 from Landsat-8; (E) the
decorrelation stretch of bands 12-6-2 from Sentinel-2; and (F) the band ratio of 6/7-4/2-6/5 x 4/5 in
RGB from Landst-8. Note: Sp: Serpentinite, WMV: Mahasin metavolcanics, Gr: Syenogranites, Qfp:

Quartz-feldspar porphyries, Phs: Phanerozoic succession, Wd: Wadi deposits.
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Figure 6. The lithological discrimination of (A) band ratio of 6/7-6/5-4/2 in RGB from Landsat-
8, (B) band ratio of 4/6-4/2-6/7 in RGB r4om Landst-8; (C) PCA-432 in RGB from Landsat-8,
(D) PCA-543 in RGB from Sentinel-2; (E) MNF-421 in RGB from Landsat-8; and (F) MNF-321 in RGB
from Sentinel-2. For abbreviations, see Figure 5.

The PCA is a mathematical algorithm introduced by Pearson [35]. It is extensively
used in lithological mapping to reduce the number of associated spectral bands into a
smaller number of uncorrelated spectral bands termed principal components [36]. It allows
eliminating the noise and redundancy in the dataset, and allows only spectral information
with the greatest variance and the smallest correlation. In accordance with the produced
eigenvector table associated with the produced principal components, it can select the best
PC bands to generate the PCA false color composite image in RGB. In the current work, the
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PCA-432 from Landsat-8 and PCA-543 from Sentinel-2 (Figure 6B,C) were considered as
the most informative principal components. The PCA-432 from Landsat-8 highlighted the
WMVs as a bright green color, serpentinites as dark brown, and quartz—feldspar porphyries
as a whitish—violet color. Where PCA-543 from Sentinel-2 offers the WMVs as a bluish-red
color, serpentinites as light to dark blue, and N-S quartz—feldspar porphyries exposure as a
bright green color.

The MNF is an algorithm to confirm that spectral data is inherently dimensional,
separate out noise from the data, and reduce the amount of computing power required for
further processing [37]. This process accomplishes higher signal-to-noise ratios than the
PCA technique for signal-dependent noise. In the current study, MNF-4-2-1 in RGB from
Landsat-8 and MNF-3-2-1 from Sentinel-2 datasets were generated (Figure 6E,F). Figure 6E
shows distinctive discrimination of rock units, where the WMV rocks appear as light to
bright cyan in accordance with the felsic and mafic metavolcanic rocks. The serpentinites
are shown as dark brown, and the quartz—feldspar porphyries are bright purple. The
WMV rocks are highlighted as cyanic purple in MNF-3-2-1 from Sentinel-2, whereas the
serpentinites are dark violet and the quartz—feldspar porphyries are orange (Figure 6E). It
is obvious that the two MNF images successfully detected the offset of rock blocks of the
sinistral and dextral NNW and NW strike-slip faults due to the shift in the tonal variations.

Supervised classification: A lot of data regarding the types of surfaces seen in the
study area and input from an image analyst are needed for supervised classification. Maps
or fieldwork may be used to gather this data, where different surface classifications are
identified and subsequently input into software as regions of interest (ROI). It is also
possible to do supervised classification by gathering end members or obtaining a distinct
spectrum for every segment of rock. A number of supervised classifications were tested,
including those that utilized maximum likelihood and Mahalanobis distance.

Two supervised classification techniques were utilized in the current investigation:
the maximum likelihood classification (MLC) and the support vector machine (SVM). The
two techniques are widely accepted for lithological mapping of the basement rocks in
the Eastern Desert of Egypt using Landsat-8 data [19,38,39]. The maximum likelihood
classification (MLC): The MLC discriminates the exposed rock varieties in accordance with
their maximum similarities of the provided training classes assigned by the analyst for
each single rock type [40].

The SVM is an extremely advanced algorithm for machine learning used for classifying
the different rocks depending on the spatial extent of the similar varieties to the prepared
ones in the training classes file [41]. The classes in the training pixels file were assigned
depending on the data on the previous maps (at scales 1:250,000 and 1:100,000) and field-
work. The location and shape of the test areas were carefully drawn away from lithological
boundaries and were adequate for the rock unit size. In accordance with the rock varieties
in the current research, six training areas for the lithological units were delineated with an
acceptable degree of separability. The chosen training areas are assigned as serpentinite,
Mahasin metavolcanics, syenogranite, quartz—feldspar porphyries, Phanerozoic succession,
and Wadi deposits.

Importantly, the degree of the training class’s separability was performed using the
Jeffries—Matusita (J-M) function presented in ENVI. This algorithm connects every class
pair with one another, according to scale from 0 to 2, where 0 means low separability
and 2 means high separability. Specifically, the high separability is expected to produce
an accurate lithologic map, whereas the classes of low separability values should be re-
classified to avoid high spectral similarities and misclassification. Attention was paid to
the Mahasin metavolcanics and their degree of separability in relation to the other rock
units. The results obtained showed that the WMVs have a high degree of separability
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from the other five classes, which range from 1.9 to 2.0. The J-M values for metavolcanics
against four rock units of serpentinite, syenogranite, quartz—feldspar porphyries, and
Wadi deposits were 1.9, but with the Phanerozoic succession, attained 2. Figure 7A,B
show the resultant discriminated WMV map using the MLC and SVM, respectively. The
accuracy assessment of the two obtained classified maps is ascertained through the use
of stratified random sampling, which is implemented in ENVI. This method correlates
between the sample grid representing the locations of rock units in the produced maps
and their corresponding locations in the field and/or previous geologic maps. Table 1
presents the confusion matrix and accuracy of the two classified maps. In addition, the
Kappa coefficient also measures and attains values from zero to one, where a zero value
means very low accuracy, and a value of one means high accuracy. The general precision
of the categorized map generated using the MLC algorithm (Figure 7A) was 95.68%, with
a 0.95 Kappa coefficient, whereas the general precision of the categorized map generated
using the SVM algorithm (Figure 7B) was 96.00%, with a 0.95 Kappa coefficient. The
MLC results indicated that the user accuracies of all classes ranged between 88.93% for
the quartz—feldspar porphyries and 100.00% for the Phanerozoic succession. Whereas
producer accuracies ranged from 91.59% for serpentinite to 100.00% for the Phanerozoic
succession, the SVM results showed that the user accuracy for each class varied from 93.12%
for metavolcanics to 100.00% for the Phanerozoic succession. In contrast, producer accuracy
varied from 93.46% for syenogranite to 100.00% for the Phanerozoic succession. The high
accuracy and Kappa values attained using both the supervised classification techniques
(MLC and SVM) provided the effectiveness of the two algorithms in the discrimination of
the different WMV rocks (Figure 7A,B). Moreover, all the producer and user accessories
of the different rocks were over 91%. The two classified techniques successfully delin-
eate the Mahasin metavolcanics and enhance their sharp contacts with other rock units
of serpentinite, syenogranite, and quartz—feldspar porphyries. The MWVs cover about
34.12 km? and represent about 41.46% of the total area.

Table 1. The confusion matrix of the supervised classification algorithms (MLC and SVM).

(a) Maximum Likelihood Method

Ground Truth
Class Sp WMVs Gr Qfp Phs Wd Total PA UA
. Sp 7860 125 133 271 0 193 8582 99.54 91.59
& WMVs 25 9090 82 4 0 44 9245 91.88 98.32
= Gr 0 370 4938 20 0 0 5328 94.65 92.68
2 Qfp 11 0 64 2369 0 15 2459 88.93 96.34
& Phs 0 0 0 0 6630 0 6630 100.0 100.0
5“ Wd 0 308 0 0 0 6004 6312 95.97 95.12
Total 7896 9893 5217 2664 6630 6256 38,556 - -
Overall Accuracy = 95.68%; Kappa Coefficient = 0.95
(b) Support Vector Machine
Ground Truth
Class Sp WMVs Gr Qfp Phs Wd Total PA UA
. Sp 7706 47 0 119 0 9 7881 97.59 97.78
& WMVs 96 9212 260 0 0 214 9782 93.12 94.17
= Gr 0 340 4917 4 0 0 5261 94.25 93.46
3 Qfp 36 0 40 2517 0 1 2594 94.48 97.03
:% Phs 0 0 0 0 6630 0 6630 100.0 100.0
6‘ Wd 58 294 0 24 0 6032 6408 96.42 94.013
Total 7896 9893 5217 2664 6630 6256 38,556 - -

Overall Accuracy = 96.00%; Kappa Coefficient = 0.95
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Figure 7. The resultant supervised classified maps of (A) the MCL algorithm and (B) the SVM

algorithm.
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4.2.2. Structural-Based Landsat-8 Mapping

The fracture/fault elements can be recognized and retrieved from the data collected
by remote sensing with the help of software, and then verified in the field. The princi-
pal component PC1 from Landsat-8 contains the key details of linear structures in this
research study. Therefore, the present study used this component to help in identifying
the primary linear and structural characteristics. The PC1 was filtered by the Lee filter
included in the ENVI software to enhance the linear structures. It was then subjected to the
LINE algorithm function included in the PCI Geomatica software, v. 2016 to produce the
linear structures and faults in this research study. The surface linear structures extracted
using the LINE algorithm depended on default values of: filter radius (RADI) = 10, edge
gradient threshold (GTHR) = 50, curve length threshold (LTHR) = 30, line fitting threshold
(FTHR) = 3, angular difference threshold (ATHR) = 15, and connecting distance threshold
(DTHR) = 20. Subsequently, the extracted linear structural map was required to create the
azimuth-frequency graphs using the Rockworks program 16. Moreover, the automatic
extraction of the structural elements was confirmed using measurements of foliation and
jointing, and the faults were recorded in the field. The outlined faults and linear struc-
tures are grouped and presented in Figures 1 and 8A,B. The present study paid attention
to and presented the major fractures and faults, and excluded minor fractures/faults
for clarification.

The discovered structural features are surrounded by rocks and disintegrate in main
streams due to the existence of Wadi deposits and weathered substances. The WMV rocks
are affected greatly by the intersection and distribution of the fracture network. Moreover,
the geomorphological guides (straightness of stream, sharp bend, and straightness of the
mountain facets) and the offset of rock blocks enhance the movement of major faults. The
number of outlined major fractures/faults is about 35 characteristics with an overall length
of 62.45 km, and varies between 0.28 km and 6.72 km in length, with a mean of 1.8 km. The
extracted and detected faults were draped over the color image of MNF 432 to follow the
rock tonal variation and enhance the strike—slip faults movement (Figure 8A). Further, they
were draped over the Digital Elevation Model (DEM) (with 30 m resolution) to enhance
the topographical indicators. An inset azimuth frequency diagram was constructed to
represent the dominant linear structures’ directions (Figure 8B). Figure 8C shows that the
fractures/faults predominant trends in the WMV area are NW-SE, N-S, and NNW-SSE, in
decreasing order.

In the research area, the exposed basement rocks are classified as medium- to low-
grade metamorphic rocks. The processed remotely sensed data presented in Figures 5-7
successfully enhance the metavolcanic rocks and serpentinite foliations. These rocks
encounter slightly developed foliations strikes in the NNW-SSE and NW-SE, and their
dips range from 22° to 42° to the northeast. Well-developed foliations are noticed in the
processed images in the southwestern part of the study area around Wadi Abu Habban. The
field investigation detected a NW-SE asymmetrical anticlinal fold in the WMVs. The WMVs
and quartz—feldspar porphyries are affected by NW-sinistral strike-slip faults, where the
serpentinite rocks are affected by the NNW-dextral strike—slip faults. The serpentinite
rocks are thrust over the Mahasin metavolcanic rocks (Figure 6A,B).

The results of remote sensing were verified by collecting fieldwork ground control
points, which are presented in Figure 9, and petrographical and geochemical investigations.
The two produced classified maps (Figure 7A,B), using the other aforementioned image
processing techniques, help in enhancing previous geologic maps, and the updated final
MWYV geologic map is shown in Figure 9.
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Figure 9. The detailed geologic map, based on remote sensing analysis and confirmed by fieldwork
and petrological data.

4.3. Petrochemistry
4.3.1. Classification and Lava Variations

The WMV rocks form two internally coherent compositional clusters corresponding to
metadacite and metarhyolite (Supplementary Table S1), rather than a broad diffuse cloud.
This bimodality and the restricted internal spread of many metarhyolite parameters indicate
derivation from a comparatively homogeneous evolved melt batch, whereas the greater
scatter in metadacite chiefly reflects moderate differentiation, variable plagioclase control,
and some superimposed alteration [33,42,43]. On the Zr/TiO, vs. SiO, binary diagram
of Winchester and Floyd [44], the WMV rocks plot in the rhyolite and rhyodacite/dacite
fields (Figure 10a). For the WM volcanic rocks, our interpretation is based on trace ele-
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Si0,

Na,0+K,0

K,0

ments that are less impacted by alteration and metamorphism, such as Ti, Y, Nb, and Zr
(Figure 10b; [44]). The WMV rocks overlap the rhyolite and dacite domains in the TAS
binary diagram of Le Bas [45] for additional classification (Figure 10c). The examined rocks
are similar to those of the back-arc basin [46].
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Figure 10. The petrochemistry of Wadi Mahasin: (a) the Zr/TiO,-SiO; diagram [44]; (b) the Nb/Y-
Zr/TiO, diagram [44]; (c) SiO,-Nap,O+K;O [45]; (d) Fe,O3*-ALK-MgO [47]; and (e) K,O-SiO, [48].
The older metavolcanics (OMVs), Dokhan Volcanics (DVs), and YMVs fields are from [7,11,13] for
comparison, and (f) the Zr-Sr-Ba diagram [49].

The sub-alkaline nature of the rocks under examination is supported by Le Bas [45].
The Irvine and Baragar [47] diagram further identifies their alkalinity (calc-alkaline)
(Figure 10d), which is corroborated by the fact that the agpaitic index for the metadacites
ranges between 0.81 and 0.95, with a mean value of 0.86 relative to dacite (avg. 0.58),
indicating that the rocks under study are not alkaline.

Generally, the older metavolcanic rocks are typically recognizable as low-K basalts.
The younger metavolcanics, such as the WMV rocks under examination here, contain a
variety of SiO,, much like the Dokhan volcanics (which are typically medium-K to high-K),
but they are low- to medium-K. The SiO,-K,O diagram, which Le Bas [45] utilized to
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demonstrate this, reveals that the WMV rocks lie within the younger metavolcanics, within
the medium-K calc-alkaline field (Figure 10e).

4.3.2. Petrochemical Features

The major-element data show limited within-group dispersion but strong between-
group separation. Metarhyolite samples are chemically very restricted and only weakly
altered, as indicated by low LOI values near 1 wt.%. Metadacites display a broader compo-
sitional spread and higher LOI values, consistent with modest differentiation accompanied
by variable secondary alteration. In the K,O-5iO, space, the suite is best described as
mainly medium-K calc-alkaline, but several metarhyolite samples plot on or slightly above
the upper boundary of the medium-K field and extend into the high-K field; the WMV
suite, therefore, has a transitional medium- to high-K character at the felsic end.

The WM metarhyolite has high SiO; contents (77.8-79.8 wt.%) and total alkalis of
7.51-8.09 wt.%, but it is poor in Al,O3, CaO, MgO, and Fe;O3. Metadacite occupies a
distinct lower-silica field (61.8-66.5 wt.% SiO,) and contains distinctly higher Sr, CaO, MgO,
and Fe;Os. This bimodal distribution suggests that the analyzed samples represent two
discrete felsic magma groups or strongly separated stages of differentiation rather than a
densely sampled continuous liquid line of descent.

The trace and REE analytical results, along with the distinctive parameters that cor-
respond to them, for the WMV samples are shown in Supplementary Table S1. On the
Zr-Ba-Sr ternary diagram (Figure 10f), the WMV samples typically fall in/close to the
high Ba-Sr rhyolite-dacite field, demonstrating that these rocks are typical samples of high
Ba-Sr metarhyolite/dacite. The metadacite samples display Sr enrichment with a mean
value of 249.4 ppm, suggesting that they are less fractionated with abundant plagioclase.
Nonetheless, a small Sr depletion in the samples suggests that feldspar underwent crystal
fractionation in the source prior to magmatic generation. It is evident that every WMV
sample has a uniform distribution on the standardized primitive mantle spider diagram
(Figure 11a). Both semi-volatile elements (Pb) and large ionic lithophile elements (LILEs)
(Rb, U, and K) are markedly enriched in the WMV rocks. The WMV rocks are, however,
deficient in HFSEs, including Ti, Nb, Ta, and P, due to the segregation of iron oxide minerals,
feldspar, and apatite. Such trace elemental compositions imply that the magma may have a
crustal derivation (calc—alkaline of subduction-related) [49].

Compared to the WM metadacite samples, the metarhyolite samples have high } REE
values with an average of 181 ppm, Y LREE values with an average of 150.6 ppm, and
Y _HREE values with an average of 30.3 ppm. The range of } LREEs/Y HREEs is between
4.33 and 5.34 (avg. 4.97) for the WM metarhyolite, and from 4.34 to 5.72 (avg. 5.2) for the
WM metadacite (Figure 11b). Compared to the } LREEs of the WMV samples, the ) HREEs
fractionation is less pronounced, where they exhibit significantly enriched LREEs relative
to HREEs. They are similar to rhyolite from the Moganshan Basin [49] (Figure 10b), which
is clearly displayed in the standardized fractionation patterns [50].

All the WMV samples display the same fractionation patterns for the rare earth
elements. Additionally, both the WMV rock types have the same pattern and slope, with
the metarhyolite having slightly elevated REEs relative to the metadacites. The REE curves
display a right-sloping pattern as a result of the enhancement of LREEs relative to HREEs
(Figure 11b). Furthermore, the HREEs are not clearly fractionated, whereas the LREEs
exhibit considerable fractionation.

Eu/Eu* correlates positively with Sr (Figure 11g) when the WMV dataset is considered
as a whole (r = 0.66) because the Sr-poor metarhyolites also show the strongest negative
Eu anomalies, whereas metadacites are relatively Sr-rich and less Eu-depleted. Within
each lithology, however, the correlation is weak, indicating that the overall trend mainly
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records inter-group differentiation rather than a perfectly continuous single fractionation
path. This relation is compatible with progressive plagioclase removal during evolution
from metadacitic to rhyolitic compositions.
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Figure 11. (a) Standardized trace diagram [50]; (b) standardized REEs diagram [50]. Fields of
Moganshan rhyolites [49], Hamama rhyolites [51], and Atshan [51] dacites are utilized for comparison;
(c) Ce-Ce/Pb diagram. OIB and MORB [50]; upper continental crust (UCC; [52]); and Bulk Continental
Crust (BCC; [53]); (d) Nb/U-Ce/Pb diagram [54]; (e) (**°Pb/2%Pb)-(>?Pb/?%4Pb) diagram [49];
(f) C%Pb /2%4Pb)-(77Pb /2%4Pb) diagram; and (g) Eu/Eu*-Sr binary diagram.

Harker systematics show decreases in Al,O3, Fe;O3, CaO, MgO, TiO,, Sr, and Cu, with
increasing SiOp, which is interpreted to be a function of crustal fractionation (Figure 12).
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Both rock types exhibit similar patterns with respect to the total alkalis, Rb, Zr, W, and

Y 'REESs.
L e e L e e e e e T S v e LI B o e e o o
% Metarhyolite | | X
1 9% Metadacite i % I 4k = * i
17} E X X
a6 M4_ %@g al 1 st ]
QT 1< Q X
. P4 £ 13
15— % % - N ® |
IR 1 7r 4
XX 1 |
134 1 aF %&_
12....|....|....|..%.%;0....|....|....|....gf0....|....|....|..5zgm¢
3 I%II T | T T 7T T | T | I | R 0.7 l%l T I T T T T I T T L. I T T T 1 IIIIIIIIIIIIIIIIIII
% 0.6k - %
% x £ st 5
T XX 1 0sk XX - %
= b g ol J
= = % X
0.4F i Q
<
1 4 zG_ % % |
3k E
0 o %2@ K
0|||||||||||||||||%%g(,_21|l||1|l||||l||1|%§é P T N S T NS S S T A S S S
8Llgglllggllllllllnlllln4(||||||||||||||||||| j‘O|||||||||[||||||||I
70k X ] b4
X
L % | 300F 25)8 E X
x = 20} X X i
501— —& % = %
8 200+ % 4 O
40k e
K x
30k X% P4 10F " i
100 R
20+ 3T §?T X %%
B P S SO BN . nnnnllannnllnnnnflnnns 0|||yT
L LI e S S B Sy B S B By B s L] I R s B B B D B B B B B B | 300 ———T—T—T—T—T—T—"T"TT—TTTT—T—TTT
&3‘{ | y | | |
60} .
% % 700+ 2R
50— _ F g_ 200 %@_
@ 54
é P4 3500— %—L[E X
=4
40f R L EIA % X
% X X 100 %%X xR :
X X 300+ % i
30f X 1 X %
11 1 | 11 1 | j [ O | 11 1 | 1 11 L1 1 1 |lII||IIl
2% ols 7|0 7|5 50 104 —9% 6|5 7|o 75 80 Qg lals 1 '7!)' L '7|5 E—
Si0, 8i0, S0,

Figure 12. Harker binary diagrams between silica and others, including Al,Os, Fe,O3, CaO, MgO,
TiO,, Alk, Zn, Sr, Cu, Rb, W, and }_REEs.

5. Discussion
5.1. Analysis of Remote Sensing Data

This work establishes the power of remote sensing data in discriminating lithological
units and structural elements. Several techniques were adopted to accomplish this objective.
The triplet band combination of bands 7-5-3 in RGB from Landsat-8 and bands of 11-8-2
in RGB from Sentinel-2 were adopted (Figure 5A,B). The two combinations gave a general
overview and excellent differentiation between the exposed rocks in the research region,
where the application of decorrelation stretches on the bands of 7-5-3 from Landsat-8, and
12-6-2 from Sentinel-2 (Figure 6D,E) showed high efficiency in distinguishing the different
rocks. E.g., the WMV rocks are readily discriminated with warm colors and sharp contacts
with other rock units. Serpentinites, metavolcanic rocks, and quartz—feldspar porphyries
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are efficiently separated with good contacts in the Landsat-8 band ratio combinations of
6/7-4/2-6/5 x 4/5,6/7-6/5-4/2, and 4/6-4/2-6/7 (Figures 5F and 6A,B, respectively).

Moreover, excellent discrimination is observed in the PCA and MNF images. The
two computational techniques presented sharp contacts of serpentinites in PCA-432 from
Landsat-8 and PCA-543 from Sentinel-2 (Figure 6C,D), quartz—feldspar porphyries with
distinctive color in MNF-421 from Landsat-8 (Figure 6E), and metavolcanic rocks in MNF-
321 from Sentinel-2 (Figure 5F). Remarkable mapping of the exposed rock units was
provided by using the adopted two supervised classification techniques, the MLC and
SVM, with 95.68% and 96%, respectively (Figure 5A,B). Importantly, the integration of all
these techniques presented an accurate lithologic map of all the rock units. The correlation
between the produced geologic map and the previous geologic maps of [20,22] showed
differences between them. The lithological contacts of the exposed rocks are enhanced,
and the previous unmappable rock exposures are presented herein in the new geologic
map. The resultant accurate geologic map is ascribed to the application of images of high
spatial resolution, which reached up to 3 m, and comprehensive fieldwork. The Mahasin
metavolcanic rocks are recorded as felsic and mafic rocks intruded by quartz—feldspar
porphyries and syenogranite and are in thrust contact with serpentinite.

Structurally, the WMV is situated in the central Egyptian Desert, which was affected
by high-strain shear zones. The study area is characterized by NW-SE structural character-
istics that predominate and extend to the North of the Eastern Desert and are truncated
southward by the E-W structural faults. The detected NNW-SSE and NW-SE faults extend
several kilometers across the exposed rocks and symbolize the main crustal borders that
separate the various structural regions.

Fritz [26] described the NW-SE regional structural trend as part of the Najd fault
system, characterized by left-lateral movement [55]. Kusky and Matsah [56] suggested
that movement across the Najd shear zone, which is primarily sinistral along faults that
trend from northwest to southeast, although there are some parts that record local dextral
movement across its NNE-SSW trending faults. The structural analysis of the study area
recorded two strike—slip shear zones, a sinistral NW-SE trend, and a dextral NNW-SSE
trend. The first one is enhanced by the left-lateral movement of quartz-feldspar porphyries,
and the second one is enhanced by the right-lateral movement of serpentinites. A large-
scale anticline fold was recorded in the metavolcanic rocks, and serpentinites are thrust
over granite. The thrust faults have NW-SSE and NE-SW orientations.

5.2. Radiogenic Pb Isotope Fingerprint

Only 2%4Pb, one of the four stable isotopes of lead, is non-radiogenic. Three intricate
decay chains from uranium (U) and thorium (Th) result in the other lead isotopes. However,
when geological periods of millions of years are involved, the intermediate members of
each series can usually be disregarded due to their comparatively short lifespans [57].

These samples have relatively consistent Pb isotopic values, according to the estimated
results for Pb isotopic compositions of the WMV rocks (Supplementary Table S1). It is
notable that both WMV rocks have similar variations in 2°°Pb/2%*Pb ratios from 19.31 to
20.89 (avg. 20.05) for metarhyolite, and from 19.00 to 20.11 (avg. 19.36) for metadacite
(Figure 11e,f). The same results are obtained for 207pp /204Pp for metarhyolite (15.84-16.83;
avg. 16.23) and 15.72 to 16.44 (avg. 15.99) for metadacite. These values are close to the
volcanic rocks of the mature arc (2%Pb /2%4Pb = 18.0-19.5 and 2% Pb /2%4Pb = 15.5-15.7 [58,59].
Additionally, the 2%Pb /2%Pb is (37.67-39.85; avg. 38.8) for metarhyolite and is (35.00-36.44;
avg. 35.49) for metadacite. This demonstrates that the magma was linked to crustal
materials, as discussed below.
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The Pb isotope compositions provide an independent but relatively low-resolution
test of source character. The analyzed samples plot at 2°°Pb/2%Pb = 19.00-20.89 and
207Pb /294Pb = 15.73-16.83, values that are uniformly shifted toward crust-influenced com-
positions. Metarhyolite is generally more radiogenic and Pb-rich than metadacite, consistent
with stronger crustal inheritance or interaction in the more evolved melts.

5.3. Features of Magma Source

The petrochemical data offer some constraints on the magma sources during their
evolution. The WMYV samples have a notable LILE enrichment (U, Rb, and K) and rel-
ative enrichment in LREESs, certainly for La (avg. 30.27 and 18.26 ppm for metarhyolite
and metadacite, respectively) and Ce (avg. 69.11 and 40.85 ppm for metarhyolite and
metadacite, respectively). Furthermore, the WMV samples are HFSE deficient (Nb, Ta, P,
and Ti), including Sr and some HREESs (especially Tm and Lu), with noticeable negative Eu
anomalies. These trace and REE properties imply that the calc-alkaline magma might have
been generated from anatexis of continental crust [49,60].

Additionally, the Mg# of the WMYV rocks is low, ranging from 0.03 to 0.17 (avg. 0.09)
in metarhyolite and from 0.29 to 0.34 in metadacite, consistent with a continental crustal
magma origin rather than mantle. Other ratios can be utilized to deduce the source of
these rocks, such as Y/Nb, Nb/U, and Ce/Pb. The WMV rocks have Y/Nb values above
1.2 (avg. 5 and 3.8 for metarhyolite and dacite, respectively), pointing to a continental
crustal source [61,62]. The Ce/Pb (1.58-14.3, with a mean value of 6.95 for metarhyolite,
and 3.73-9.83 with a mean value of 5.61 for metadacite) values are much lower than those
of the OIB (Ce/Pb =25 [63]) and primitive mantle (Ce/Pb = 9 [54]), but they fall within
the continental crust (Figure 11c) (Ce/Pb = 4 [63]) and close to the crustal Moganshan
rhyolites (avg. Ce/Pb = 3.10) [49], Hamama and Atshan felsic rocks (avg. 2.66) [51]. The
Nb/U values for the WM (3.29-3.58, with a mean value of 3.46 for metarhyolite, and
3.52-5.26, with a mean value of 4.29 for metadacite) are much less than those of the OIB
(Nb/U =47 [63]) and primitive mantle (Nb/U = 30 [54]), but they are similar to those of
upper continental crust (Nb/U = 10 [63]) (Figure 11d) and the crustally derived Moganshan
rhyolites (avg. Nb/U = 3.13) [49,58], suggesting that these samples are originated from
partial melting of continental crust.

On the binary isotopic diagram (2*°Pb/2%4Pb)-(*"”Pb /2%4Pb) by Wang [49] (Figure 11e),
the average value of the WMV rock points falls close to the upper continental crust. On
the (?°°Pb /24Pb)-(2%Pb /294Pb) diagram (Figure 11f), the U, Th, and Pb richness in the
source is indicated by the average value of the WM metarhyolite, which dropped above
the northern hemisphere Pb reference line, whereas the average of the metadacite plot is
below the line. The mean 2’Pb/2%*Pb value is >15.997 for the WMV rocks. Additionally,
the 206Pb /204PD is <18.768 for the mantle source, >18.82 for lower crust origin, and >18.823
for upper crust origin, according to Sainlot [64]. The WMV rocks have mean 2%°Pb/2%Pb
values 20.057 for WM metarhyolite and 19.368 for the WM metadacite, pointing to the
upper crust.

An alternative explanation is AFC involving a mantle-derived parental magma and
crustal assimilation. We, therefore, reassessed the suite from that perspective using the
available Pb isotope data. However, the key source-sensitive ratios show only weak covari-
ance with differentiation: 2°°Pb /294Pb versus SiO; givesr = 0.42 (n = 8), and 207pp, /204 Pp
versus SiO, gives r = 0.24. This weak isotopic—silica relation, together with the large silica
gap between metadacite and metarhyolite and the absence of any preserved primitive
samples, does not support a simple single-lineage AFC trend as the dominant first-order
process. Taken together, the data favor partial melting of felsic to intermediate continental
crust that had already been modified in a subduction environment, followed by limited
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crystal fractionation and local crustal interaction during ascent and emplacement [65,66].
In this interpretation, metadacite represents the less evolved member of the suite, whereas
metarhyolite corresponds to a more differentiated and compositionally homogeneous melt
batch [49,58].

5.4. Fractionation and Magma Separation

The WMV suite records fractional crystallization superimposed on a dominantly crust-
derived magma system. The transition from metadacite to metarhyolite is accompanied by
declining Mg#, CaO, Fe,O3, and Sr, whereas alkalis, Zr, W, and ) _REEs are maintained or
enriched, supporting progressive evolution toward a felsic residual melt.

On Harker diagrams, the whole-suite trends are clear, but within-group dispersion
is small, especially in metarhyolite, implying that much of the differentiation occurred
before or during segregation of the rhyolitic melt batch rather than during prolonged in
situ evolution after emplacement.

Similar Yb-Tb/Yb, Zr-Th/Nb, and La-La/Sm trends indicate that metadacite and
metarhyolite are genetically related. The progressive depletion in Sr and the development
of more negative Eu anomalies toward the rhyolitic end member are consistent with
plagioclase-dominated fractionation. Because the HREE segment remains nearly flat, the
fractionating assemblage was probably dominated by plagioclase £ amphibole rather than
garnet-bearing residues.

The change from metadacite to metarhyolite, which is demonstrated by the progressive
negative abundance groups between silica and Al,O3, TiO,, Fe;O3, CaO, MgO, Zn, Sr, and
Cu, is interpreted here to be a function of crustal fractionation (Figure 12). Both rock types
exhibit similar patterns with respect to the total alkalis, Rb, Zr, W, and }_REEs. Additionally,
the normalized primitive diagram showcases strong Ti, Nb, Ta, and P negative anomalies
in these rocks, consistent with crystal fractionation. There are other lines of evidence for
why these rocks experience varying degrees of fractional crystallization, including low and
fluctuating Mg# (0.04-0.35), and low Cr (57.3-161 ppm) and Ni (32.2-94 ppm) contents.

On the Yb-Tb/Yb (Figure 13a), Zr-Th/Nb (Figure 13b), and La/Sm versus La
(Figure 13c) diagrams, the samples display similar fractionation trends and features, con-
firming that the crustal rocks partially melted to generate the magma producing an inter-
mediate (iron and magnesian) magma, which underwent segregation crystallization to
form dacitic (moderate MgO and FeO) magma, followed by strong differentiation during
evolution forming metarhyolite (deficient in FeO and MgO) magma.

The elevated LREEs and LILEs demonstrate the function of metasomatic activity
throughout subduction compared to HREEs and HFSEs (e.g., Nb, P, and Ta). Aqueous
fluxes from slabs/sediments make up the majority of the metasomatic ingredients [9,67].
Each sample has a comparatively consistent Th/Yb (1.12-1.79) value in both WMV rocks.
but is variable in Ba/La (avg. 15.74 and 23 for metarhyolite and dacite, respectively) values,
suggesting that their petrogenesis was significantly influenced by incorporation of aqueous
fluids originating from subducted slabs (Figure 13d).

The integration of our geochemical and isotopic data confirms that the studied meta-
dacites and metarhyolites are intimately related and represent the products of the same
magmatic event. A co-genetic relationship is strongly supported by the continuous and
progressive variation trends observed in the Harker variation diagrams (e.g., systematic
depletion in Fe;O3, MgO, and CaO, and enrichment in alkalis, with increasing SiOy;
Figure 12). Additionally, the parallel to sub-parallel chondrite-normalized REE patterns
(Figure 11a,b) and the uniform radiogenic Pb isotopic signatures across both rock types
preclude diverse parental sources. Instead, these geochemical signatures indicate that
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the metadacites and metarhyolites evolved via fractional crystallization from a common,
compositionally uniform parental magma within the WMV complex.

0.6 g , T 15 ' ’ :

(a) (b)
.,
\‘v\f;’ &
¥ /* Fractional crystallization s & @
04} S - 1.0k = T /1h\g&\<§v& _
N, E 1 7 \\0_ &
) 223 “y 2 [ 7 ,.b'\‘g&\fip
E %2@ % NS 0;]‘ . 2 z E /éz&t;?&‘
O s, = =) v o
&= % % = Separation crysla]li_/:ti(m %% % %
02 - 0.5k § § % -
0.0 ! 1 1 0.0 1 1 1
1 3 5 7 "0 100 200 300 400
5 T T T 50 T T T
(c) (d)
\\&\:/ 40 -
‘i_,:fiiili_unal crystallization
£ < T § i
2 X %% = E
= 4r 7 < =
— % m A
20} I3 -
X X 15
I L]
| 5
% 10 - { 75} —
I ¢
i Sediments melts
3 1 1 1 0 1 1 1
0 10 20 30 40 0 5 10 15 20
L Th/Yb
a

Figure 13. (a) Yb—Th/Yb diagram; (b) Th/Nb-Zr diagram of Wang [49], (c¢) La-La/Sm [68], and
(d) Th/Yb-Ba/La diagram [69]. Symbols as shown in Figure 12.

5.5. Tectonic Environment

The WMV samples have relative enrichment in LREEs, and considerable enrichment
in LILEs (U, Rb, and K). Furthermore, the mantle-normalized diagram shows moderately
negative Eu anomalies in both rock types, and an extensive depletion in the HFSEs (Nb, Ta,
P, and Ti). The negative Eu and positive Pb anomalies are the features of rocks developed
in a subduction regime [51]. Additionally, these geochemical characteristics indicate that
they originated in a volcanic arc environment [70,71].

Numerous tectonic differentiation diagrams can also be used to establish the tectonic
context of the WMV rocks. Instead of transitional and tholeiitic affinity, all of the WMV
rocks have a calc-alkaline affinity (Figure 14a), as shown by the volcanic discrimination of
Ross and Bédard [72]. Certain immobile trace elements, like Y, Ti, Zr, and Nb, are commonly
used to differentiate between different volcanic conditions because of their stability against
metamorphism and alteration. The WMV samples straddle the calc-alkaline arc field, using
a ternary Th-Zr117-Nb/16 (Figure 14b) diagram [73]. Additionally, the WMV eruptions
took place in a continental setting as opposed to an oceanic one, according to the P,O5-K,O-
TiO, (Figure 14c) diagram of Pearce [70]. Instead of being in a within-plate and transition
zone, these rocks span the volcanic arc, according to the Nb-5iO, (Figure 14d) of Pearce and
Gale [74]. Furthermore, the volcanic arc environment is also deduced by several volcanic
diagrams, such as those of Pearce [75] (Figure 14e) and Hollocher [76] (Figure 14f).
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K,O [70]; (d) Nb-SiO;, [74]; (e) Nb/Yb-Th/YDb diagram [77]; and (f) La/Yb-Th/Nb diagram [76].
Symbols as shown in Figure 12.

The WMVs possess a high content of } REEs but are similar to the felsic members
of Hamama rhyolites, Atshan dacite rocks [51], and rhyolites formed in the Moganshan
Basin [49]. These rocks are similar to those developed in the back-arc basin of Shinjo and
Kato [46]. The WMV (rhyolite and dacite) rocks differ from East African Rift’s felsic rocks,
which are primarily made up of trachyte and high-K calc-alkaline rhyolite. They contain
lower ~REEs (avg. 142) and considerably lower (La/Yb)y ratios (avg. 4.93) than East
African Rift felsic members. Furthermore, the WMV rocks have a negative Nb anomaly
with low Nb/Th (1.38-2.16) and Nb/Zr (0.07-0.7) ratios contrasting East African Rift felsic
rocks. An understanding of the development of the Neoproterozoic subduction region can
be attained by examining such WMV rocks, which are widely exposed in the ANS.

6. Conclusions

The Wadi Mahasin metavolcanics (WMVs) comprise felsic metadacite and metarhy-
olite that were remapped successfully using multisensor remotely sensed datasets from
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Landsat-8, Sentinel-2, and Planet. The revised geological map improves lithological bound-
aries, but the petrogenetic significance of the suite is defined principally by the geochemical
and isotopic dataset. The accuracy of the classified maps produced by the MLC and
SVM techniques attained 95.68% and 96%, respectively. The produced lithologic and
structural maps were verified by field and petrographic observations. The structural fea-
tures affected in the study area, such as strike—slip shear zones, thrusts, and folds, were
successfully detected.

The WMV suite is calc-alkaline, with a transitional medium- to high-K character at the
felsic end. Metarhyolite forms a tightly clustered compositional group, whereas metadacite
shows broader scatter, especially in K,O, Sr, and LOI, indicating modest differentiation
together with some secondary modification. Primitive mantle-normalized patterns show
enrichment in LILEs and depletion in Nb, Ta, Ti, and P, consistent with subduction-related
felsic magmatism. Chondrite-normalized REE patterns are marked by enriched LREEs,
flat to weakly fractionated HREEs ((Gd/Yb)N = 1.5), and negative Eu anomalies. The
flat HREE segment indicates melting of a garnet-free source, most plausibly an amphibole
=+ plagioclase-bearing crustal assemblage, whereas the Eu anomaly and the whole-suite
Eu/Eu*-Sr relation are compatible with plagioclase control during differentiation. Pb
isotopes and crust-like Ce/Pb, Nb/U, and Y/Nb ratios require substantial crustal involve-
ment. Although AFC from an unseen mantle-derived parent cannot be excluded completely,
the available Pb isotope dataset does not define a simple mantle-to-crust differentiation
trend, and all analyzed samples have evolved and exhibit crust-like signatures. The most
parsimonious interpretation is, therefore, the partial melting of felsic continental crust
metasomatized in a subduction environment, followed by limited fractional crystallization,
and emplacement in a mature continental-arc setting within the Arabian-Nubian Shield.
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