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Abstract: The Wadi Samra—Wadi Kid district in southeastern Sinai, Egypt, has undergone extensive
investigation involving remote sensing analysis, field geology studies, petrography, and geochemistry.
The main aim of this study is the integration between remote sensing applications, fieldwork, and
laboratory studies for accurate lithological mapping for future mineral exploration in the study region.
The field relationships between these coincident rocks were studied in the study area. Landsat-8 (OLI)
data that cover the investigated area were used in this paper. The different rock units in the study
area were studied petrographically using a polarizing microscope, in addition to major and trace
analysis using ICP-OES tools. The Operational Land Imager (OLI) images were used with several
processing methods, such as false color composite (FCC), band ratio (BR), principal component
analysis (PCA), and minimum noise fraction (MNF) techniques for detecting the different types of
rock units in the Wadi Kid district. This district mainly consists of a volcano-sedimentary sequence
as well as diorite, gabbro, granite, and albitite. Geochemically, the metasediments are classified as
pelitic graywackes derived from sedimentary origin (i.e., shales). The Al;O3 and CaO contents are
medium-high, while the Fe;O3 and TiO, contents are very low. Alkaline minerals are relatively low—
medium in content. All of the metasediment samples are characterized by high MgO contents and low
SiOy, FeyO3, and CaO contents. The granitic rocks appear to have alkaline and subalkaline affinity,
while the subalkaline granites are high-K calc-alkaline to shoshonite series. The alkaline rocks are
classified as albitite, while the calc-alkaline series samples vary from monzodiorites to granites. The
outcomes of this study can be used for prospecting metallic and industrial mineral exploration in the
Wadi Kid district.

Keywords: remote sensing; Operational Land Imager (OLI); petrology; geochemistry; Wadi Kid;
metasediments; albitite

1. Introduction

Geological mapping plays a vital role in understanding the Earth’s surface and sub-
surface characteristics. On a global scale, many forms of mapping and the detection of
alterations in mineralized zones have been effectively accomplished using remote sensing
and GIS approaches. Remote sensing techniques offer valuable tools for such mapping,
allowing for efficient data acquisition and analysis over vast regions. For lithological,
structural, and mineralogical mapping, ASTER, Landsat-8, and Sentinel-2 data have been
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extensively employed [1-5]. Remotely sensed spectral photography shows great promise
for overcoming the logistical and financial constraints associated with conventional field-
based geological mapping over large areas [6,7]. The most effective uses of satellite imagery
for mineral exploration are hydrothermal mineral detection and mapping, lithological
discrimination, and lineament analysis [8-10]. Several researchers have utilized Landsat-8
and ASTER data to distinguish lithological mapping and hydrothermal alteration zones for
exploring mineral discoveries (e.g., [11-25]).

The Arabian-Nubian Shield (ANS) is one of the largest blocs of Neoproterozoic
juvenile continental crust [26]. This shield was formed between 900 Ma and 550 Ma
and is characterized by many crustal growths, including intra-oceanic magmatism, the
amalgamation of arc complexes, and collisions between the eastern and western blocks of
Gondwana [27-36]. The basement complex of Egypt, especially the Sinai Peninsula, is a part
of the Arabian—Nubian Shield (ANS). This area can be divided into three groups, from oldest
to youngest: (1) a metamorphic unit made up of low- to medium-metamorphosed volcano-
sedimentary rocks, (2) calc-alkaline granites, and (3) within-plate granites (e.g., [37-43]).
However, the distribution of granitoids within this area is not homogeneous. Several works
indicate an “older Granite suite” (OGS) ranging between quartz diorite and granodiorite,
formed during active subduction processes [44,45], and a younger granite suite (YGS) made
up of calc-alkaline I-type granites and A-type granites that are strongly peraluminous
to slightly metaluminous in composition. The younger rocks are mostly alkali feldspar
granites, syenogranites, and monzogranites, associated with mafic plutons or dykes [45-47].
A few but no less important rocks, like A-type granites, have also been identified within the
younger granites and are thought to have been emplaced in anorogenic extensional within-
plate settings (e.g., [48-50]). However, recent studies have shown that the emplacement of
these rocks was almost coeval with the ages (610-590) of the younger granites (e.g., [51-53]).
The petrogenesis of A-type granites and their relationship with younger granites remain
poorly constrained.

The Wadi Kid district, located in the southern part of the Sinai Peninsula, belongs
to the Kid metamorphic complex [54]. These rocks underwent polyphase deformation
and low-pressure metamorphism, ranging in grade from greenschist facies in the south
to amphibolite facies in the center and the north [54-58]. This area is also characterized
by many metasedimentary rocks and granitic plutons associated with A-type rocks, as
well as basic rocks. In this contribution, detailed field mapping and petrographic studies
associated with major and trace data for the spatial association of granitic rocks and
A-type granites were conducted to constrain their sources, their tectonic environment, and
their petrogenetic processes. The major goals of the current study were to understand the
geochemical affinity, petrogenesis, and geological context of the exposed rock sections. The
numerous rock units in the research region were lithologically differentiated using remote
sensing and GIS methods.

2. Geological Background

From a geological perspective, the Sinai Peninsula is the most appealing area in Egypt.
This peninsula is situated between the Mediterranean Sea to the north and the Red Sea to
the south, the Suez Gulf to the west, and the Aqaba Gulf to the east. Its triangular shape,
which was inspired by the Mediterranean shoreline, has an apex created by the union of
two Gulfs: Aqaba and Suez. The southern part of Sinai is formed of a complicated system
of rough peaks that are composed of igneous and metamorphic materials. Geographically,
this region is distinguished by highlands in the north and mountains in the south, with
St. Catherine at 2640 m above sea level being the highest mountain peak.

The Kid Metamorphic Complex (KMC) is composed of volcano-sedimentary se-
quences, as well as migmatites, diorites, and granite plutons that form a dome structure
of about 600 km? located along Wadi Kid in southeast Sinai (Figure 1). Post-collisional
granitoids can also be observed in the study area [52]. The mapping of the Wadi Kid
Complex and stratigraphic division of the sequence were studied in previous works [59,60].
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Sinai metasediments occur as sedimentary successions within the volcano-sedimentary
sequences of the KMC. According to [61], the Wadi Kid region has relatively thin, lengthy,
severely deformed bands of sedimentary and volcanic rocks that divide the Midyan terrane
from a portion of the Gerf terrane. The metamorphic grade increases from the south toward
the west—central and northern parts of the complex [58].

Figure 1. Geological map of the Wadi Kid district, southeast Sinai, Egypt (modified after [62,63]).

The northern part is made up of the Um Zariq and Malhaq formations. This area
displays metamorphosed and amphibolite-grade facies. The Um Zariq formation is domi-
nated by quartz-rich metapelites and metapsammites (e.g., graphitic phyllites and mica
schists) that are interbedded with lithic metagraywackes, related metatuffs, and minor
lavas of silicic and intermediate composition [54]. These rocks have been considered to
be formed during an active continental margin [64]. The Malhaq formation comprises a
series of metavolcanic rocks of mainly acidic-to-intermediate varieties with minor basic
composition [65,66]. This formation includes vesicular lavas, pyroclastic and finely bedded
tuffs, and their derived sediments of conglomerates, pebbly graywackes, and pelites. It has
been described as back arc/arc-related calc-alkaline volcanic rocks and sediments [55].

The central Kid district is dominated by low-grade metamorphosed rocks, which are
mixed sequences of metasediments and metavolcanic rocks. The metasediments’ succession
contains a significantly thick sequence of turbiditic slate and graywacke (Beda turbidites)
with cobble and boulder conglomerate beds. The rocks display a lower metamorphic
grade than the Um Zariq and Malhaq formations and are less deformed. Ref. [55] shows
that the rocks were formed in an island-arc—volcanic environment and deposited in a
marine environment.

The southeastern part of the Kid complex consists of the variable lithologies of the Tarr
complex. These include low-grade metamorphosed dacitic-andesitic lavas, ignimbrites,
volcanic breccias and tuffs, pebbly mudstones, and impure carbonates. These rocks depict
greenschist facies conditions of 300 °C and P 2 k bars, but up to 550 °C [65,660]. Several
studies [67-69] have shown that the metasediments and metavolcanic rocks display an
age of 610-615 Ma for the Wadi Kid district. Also, a weighted mean 206Pb /238U age of
615 £ 6 Ma was obtained for Kid metasediments. The most important feature in this area is
a small intrusion of albitites.
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3. Materials and Methods
3.1. Remote Sensing Data

Landsat-8 (OLI) data that cover the investigated area were used in this paper. Landsat-
8 is equipped with two instruments: the Operational Land Imager (OLI) and the Thermal
Infrared Sensor (TIRS). The OLI is represented by 9 bands, while the TIRS data only provide
2 bands. On 28 September 2021, the scene that encompasses the investigation region was
path 174 and row 40. The projection system of the Landsat-8 image is the UTM (Universal
Transverse Mercator), Zone N36, related to the WGS-84 datum. The Landsat-8 image
underwent a number of processing techniques for lithological mapping, including false
color composite (FCC), principal component analysis (PCA), minimum noise fraction
(MNF), and band ratio (BR) [70]. The integration of Landsat-8 (OLI) and ASTER data, along
with laboratory analysis, is presented in the given flowchart (Figure 2).

Figure 2. Flowchart illustrating the integration of the used methodology in the studied area.

3.1.1. Preprocessing

Remote  sensing images downloaded from the USGS  website
(http:/ /earthexplorer.usgs.gov) were preprocessed by the data providers. The Landsat-8
image was processed to level 1 terrain-corrected (L1T), which is radiometrically, geomet-
rically, and topographically accurate [71]. To preprocess the OLI data and correct for
atmospheric, solar, and topographic effects, several steps were followed. The first step
was radiometric calibration, which involved calibrating the data to radiance or top-of-
atmosphere reflectance. This step took into account the Earth-Sun relationship, time of
day, and year. The second step involved using the Fast Line-of-Sight Atmospheric Analysis
of Spectral Hypercubes (FLAASH) algorithm [72] for atmospheric correction. To process
the multispectral images digitally, ENVI software version 5.1 was used. This software is a
complete digital processing program capable of carrying out preprocessing, enhancement,
transformation, and classification of remote sensing images. These processes were used to
extract spatial and spectral information related to geology, such as lithological mapping.
Finally, ArcGIS 10 was used for some processing and finalization.
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3.1.2. Image Processing Techniques

In the realm of geological analysis and remote sensing, the use of multispectral data
derived from OLI images offers a wealth of diverse spectral information. Surprisingly, a
mere three bands are sufficient to create visually captivating color images by combining
them to represent the red (R), green (G), and blue (B) channels, commonly known as
RGB. The challenge lies in selecting the most optimal band combinations that reduce
information redundancy, highlight desired features, and minimize correlations between
bands [73]. To address these requirements, principal component analysis (PCA) emerges
as a fundamental multivariate statistical method [74]. By transforming the data, PCA
effectively separates noise components and reduces spectral dimensionality, producing
uncorrelated output bands. Additionally, the minimum noise fraction (MNF) technique
comes into play, further reducing dataset dimensionality while preserving important noise-
free components, resulting in efficient subsequent processing with reduced computational
demand [75]. Another powerful image processing tool, the band ratio technique, proves
invaluable in accentuating anomalies and enhancing spectral differences between surface
materials. Importantly, it effectively suppresses unwanted information, such as changes
in scene illumination conditions [75]. This study leverages the band ratio technique to
advance the discrimination between distinct rock units, paving the way for enhanced
geological insights [76-79].

3.2. Field and Laboratory Investigations

The following points summarize the field and laboratory investigations carried out for
this research work:

1. Fieldwork conducted during the field investigation (which lasted seven days) included
sampling and description of field relations and structural settings of the rock units
exposed in the study area, particularly metasediments, Shahira gabbros, diorites,
granitic rocks, albitites, and aplitic dykes.

2. The assessment of the lithology of the different rock units in the study district was
based on petrographical studies of about 35 thin sections using the polarizing micro-
scope at the Laboratories of Al-Azhar University.

3.  Eighteen representative rock samples were chemically analyzed for major and trace
elements at the laboratories of the National Research Center, Dokki, Egypt. In the
study area, the samples were procured from 5 samples of diorite, 6 samples of granite,
2 samples of albitite, and 5 samples of metasediments. Following a lithium metabo-
rate/tetraborate fusion and diluted nitric digestion, a 0.2 g sample was analyzed by
ICP-OES to determine the total abundances of the main oxides and a number of minor
elements. Common oxides for each element were used to express them, such as Al,O3,
CaO, Fe; 03, K,0, MgO, MnO, NayO, P;0s5, and TiOy. One gram of each sample was
heated for 90 min at 950 °C to determine the loss on ignition (L.O.L.), and the weight
loss that occurred during this procedure was converted to L.O.L ICP-OES was used
to determine the trace elements (Cr, Co, Sr, Zr, Nb, Cu, Pb, Zn, Y, Ga, and Ce). The
categorization, nomenclature, magma type, and tectonic setting of the studied rocks
in the research region were ascertained using the geochemistry (Minpet) program and
the current data.

4. Results and Discussion
4.1. Remote Sensing
4.1.1. False Color Composite (FCC)

In order to display the various rock units in the study area, the Optimum Index Factor
(OIF) technique was employed to select the most suitable false color composite (FCC) from
the available data. The histogram showcases the min/max/mean reflectance values of
the OLI multispectral bands, offering a comprehensive overview of the spectral properties
utilized in our study (Figure 3). The analysis of the OIF results showed a combination
of OLI data for enhancing lithological rock units (Table 1). There were six combinations
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of bands as a result of the relationships between the standard deviations and correlation
coefficients of the OIF calculations [80,81]. For better extraction of lithological information,
triplets of higher band combination values were used, since they use bands with the highest
variance and least redundancy in OLI images (b7, b6, b1) in RGB (Figure 4a). The FCC
combinations (7, 5, and 1) in RGB (Figure 4b) were selected for the best visual interpretation
and lithological differentiation of different rock units in the investigated area.

Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7

Data Value (Reflectance)
O O O O o o o o
P N W b U O N

o i

HMin HMax B Mean

Figure 3. Histogram for the min/max/mean reflectance of the OLI multispectral bands.

Table 1. OIF highest rankings.

Rank Band Triplet %
1 75,1 72.17
2 7,6,1 72.15
3 7,6,2 71.63
4 72,1 71.35
5 7,31 70.81
6 7,52 70.62

Figure 4. Cont.
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Figure 4. (a) Landsat-8 7, 6, and 1 in RGB false color composite. SCH: schist, PR: porphyritic rhyolite,
PD: porphyritic dacite, PC: pyroclastic, RDT: rhyodacitic tuffs, Con: conglomerate, SGR: syenogranite,
Ab: albitite. (b) Landsat-8 7, 5, and 1 in RGB false color composite. (¢) Landsat-8 PCA (PC1, PC2, and
PC3 in RGB). (d) Landsat-8 PCA (PC1, PC3, and PC6 in RGB).

4.1.2. Principal Component Analysis (PCA)

Among the many multivariate statistical methods, principal component analysis (PCA)
transform is crucial [82,83]. In order to separate noise components and decrease the spectral
dimensionality of the data, PCA can be used to produce uncorrelated output bands. Based
on the eigenvalues of PCA, the first PCA band contained the highest variance of 96.71%,
while the second PCA band contained the second-highest variance of 2.27% (Table 2).
The last PCA band contained the minimum variance, high correlation, and noise. In this
study, the best PCAs were PC1, PC2, PC3, and PC6 according to the eigenvectors for the
OLI bands. Therefore, by projecting the first three principal components, a false color
composite was created for PC1, PC2, and PC3 in RGB. Porphyritic rhyolite, porphyritic
dacite, and pyroclastic are shown in pink. Syenogranite is characterized by cyan color. The
conglomerate shows a pale gray color on the eastern and western sides of the study district.
Rhyodacitic tuffs are shown as a yellowish-green color, while albitite shows as a light green
color (Figure 4c). Another PCA band composite of the OLI data (PC1, PC3, and PC6) in
RGB (Figure 4d) discriminated between lithological rock units in the study district.

Table 2. The eigenvector values of PCA for OLI bands.

Eigenvector Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Elgerol/:/alues
PC1 0.9318 —0.3512 0.08086 —0.0438 0.0002 —0.0004 0.00142 96.71
PC2 —0.29157 0.8543 —0.4064 —0.1015 0.09809 0.00198 —0.0049 2.27
PC3 0.19939 —0.2991 0.87965 —0.2182 0.22019 0.02908 —0.0056 0.51
PC4 —0.025 0.15422 —0.1403 —0.9642 —0.1612 —0.0116 0.01049 0.23
PC5 —0.0712 —0.16038 —0.1694 —0.0889 —0.75793 0.53086 —0.1187 0.14
PCé6 0.03617 —0.0867 0.07753 —0.04854 —0.5231 0.77822 —0.3218 0.11
PC7 0.00777 —0.0169 0.0097 0.01441 —0.0748 0.33403 —0.93924 0.03
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4.1.3. Minimum Noise Fraction (MNF) Transforms

The MNF lowers the dataset’s dimensionality while keeping a sparse number of noise-
free components. As a result, less computing power is needed for subsequent processing.
The result of this study revealed that the first MNF bands (MNF3, MNF2, MNF1; MNF1,
MNEF2, MNF4; and MNF2, MNF3, MNF4) in RGB provide premium lithological differentia-
tion because they carry the most information and have less noise than subsequent bands
(Figure 5a—c). For example, MNE3, MNF2, and MNF1 in RGB showed good discrimination
between different rock units of the study area. This contrast gives exquisite detection of
rhyodacitic tuffs (pink color) in the center of the investigated area, while syenogranite
shows with a pinkish-yellow color (Figure 5a—c).

Figure 5. (a) Landsat-8 MNFs (MNF3, MNF2, and MNF1 in RGB). (b) Landsat-8 MNFs (MNF1,
MNF2, and MNF4 in RGB). (c) Landsat-8 MNFs (MNE2, MNF3, and MNF4 in RGB). (d) OLI RGB
color ratio image (4/6, 6/7, and 4/1) for the study area matching with [84]. Symbols as shown in
Figure 4.

4.1.4. Band Ratio (BR)

A popular and effective image processing method called band ratio is used to highlight
anomalies and enhance the spectral differences between surface materials while suppress-
ing other information, such as changes in scene illumination conditions [84]. Consequently,
this technique was utilized in this study to enhance the discrimination between rock units.
Regardless of the absolute reflectance values observed in the bands, the ratioed images
clearly show the variations in the slopes of the spectral reflectance curves between the
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two bands in question [85,86]. Several band ratios were used in this study to differentiate
between lithological rock units of the Wadi Kid area. The band ratio (4/6, 6/7, and 4/1)
shows albitite rocks with blue color, syenogranite with light blue color, schist with pale
blue color, and Hammamat conglomerates with a reddish-blue color (Figure 5d) that corre-
sponds to (3/5,3/1, and 5/7) used in [84]. A new FCC band ratio (2/1, 3/4, and 4/7) was
created to discriminate between different rock units in the study area. This FCC was used
to detect clearly different types of granitic rocks, where albitite appears with an orange
color in the center of the study area, and syenogranite is characterized by a pinkish-red
color on the southern side of the investigated area (Figure 6).

Figure 6. OLI RGB color ratio image (2/1, 3/4, and 4/7) for the study district.

4.2. Fieldwork and Analytical Techniques
4.2.1. Fieldwork

In the Wadi Kid district, the main rock assemblage consists of metasediment se-
quences, granitic intrusions, and gabbros. These rocks were mainly observed in the Wadi
Samra, Khashm El-Fakh, Khashm El-Biya, and Ghorabi El-Hatimyia areas. Metasedi-
ments are represented by well-developed foliated fine-medium-grained dark gray schists
(Figure 7a—c). The S1 deformational event is characterized by a major scale overturned fold
with northwest-southeast axial trends affected by intense deformation and metamorphism
(Figure 7a). Metasediments are affected by acidic dykes.
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Figure 7. Field photographs showing (a) Sy foliation (delineated by yellow dashed lines) and
mesoscopic, tight-folded, overturned (recumbent) metasediments (Schist) at Wadi Tarr; (b) acidic dyke
cross-cutting metasediments (metagraywackes) at Wadi Ghorabi El-Hatimyia; (c) well-developed
foliation in schists at Wadi Samra; (d) offshoots of granites within Shahira gabbros; (e) pegmatoidal
gabbros dissecting the gabbros at Wadi Shahira; (f) intrusive contact between diorites and granites;
(g) hand specimen showing a xenolith of mafic rocks embedded in diorites at Wadi Kid; (h) offshoots
of granites intruding into Dokhan volcanics (basalt) close to east Qabila; (i) different basic dykes
extruded within granites of the east Qabila area.

The Shahira layered gabbro-diorite is located north of Wadi Kid. Field relations
indicate that it is younger than the surrounding metamorphic rocks and older than the post-
orogenic granites. This rock is medium-coarse-grained, ranging in color from dark to light
greenish-gray (Figure 7d,e). Granitic rocks are intercalated with metagabbro (Figure 7d).
Few pegmatitic xenoliths can be observed (Figure 7e). Diorites are characterized as well
exposed in Wadi Kid and the east area of Qabila, and close to the contact with the granitic
rocks (Figure 7f). Few xenoliths of mafic enclaves are observed within the gabbros near the
contacts with the granitic country rocks (Figure 7g).

The younger granites cropping out high-relief masses, as well as exfoliation and
weathering, were recorded. The granitic rocks are stained by a red color and in sharp
contact with diorites and Dokhan volcanics (Figure 7f-i). These rocks are usually jointed
and fractured. The available zircon U-Pb ages of the granitic rocks range from 604 to
607 Ma [51,69,87], which represents the crystallization age of the magma. The albitite
masses are isolated from any granitic intrusions and have intrusive contacts against the
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country rocks, without any structural control. The main body of albitites (~1.2 km?)
occurs as small and brecciated irregular intrusions encountered upstream of Wadi Tarr
(Figure 8a—e). On the other hand, the small albitite masses of Wadi Ghorabi El-Hatimyia and
Wadi Khashm El-Fakh have a porphyritic texture defined by a fine-grained matrix carrying
large albite phenocrysts with structural rotation and a distinctively volcanic texture.

Figure 8. Field photographs showing different localities of albitites: (a—d) Offshoots of buff-colored
albitites cross-cutting Dokhan volcanics (basalt) in Wadi Samra, Wadi Khashm El-Fakh, and Wadi
Tarr. (c) Google Earth satellite image showing light-colored albitite masses in the Tarr quarry.
(e) General view showing albitite offshoots in the Tarr quarry.

The Kid Dokhan volcanics have compositions ranging from andesites to rhyolites.
The studied dyke’s swarms are composed of mafic (trachybasalts-basalts), intermediate
(basaltic andesites—trachyandesites), and felsic types (rhyodacites—rhyolites), according
to field studies and the previous literature [88]. Both metamorphic and plutonic rocks
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are crosscut by dykes in the investigated area (Figure 9a,b). The observed dyke rocks are
vertical to sub-vertical in shape, unevenly distributed throughout the studied region, and
have sharp contacts with the surrounding rocks.

Figure 9. Field photographs showing (a) a thick vertical buff/acidic dyke and (b) a general view of
the different sizes of basic dykes extruded within the younger granites.

4.2.2. Petrographic Studies

The petrographic description of the thin sections representing the different rock units
exposed in the studied areas was dealt with. These rock units, arranged chronologi-
cally from oldest to youngest, are metasediments, Shahira gabbro, diorites, granitic rocks,
albitites (syenites), and aplitic dykes. The metasediments are represented by tremolite—
actinolite schists. According to data on the modal composition for the plutonic rocks plotted
on the IUGS classification diagram as described in [89] (Figure 10), the plutonic rocks are
represented by gabbro, diorites, granitic rocks, and syenite.
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Figure 10. Modal composition of the studied plutonic rocks according to [89].

4.2.3. Metasediment Rocks (Tremolite—Actinolite Schists)

The metasediments are represented by tremolite—actinolite schists. They are character-
ized by a schistose texture displaying fine-medium-grained rocks. The tremolite—actinolite
schists are composed mainly of actinolite, tremolite, and quartz, as well as some accessory
minerals such as carbonate and opaque minerals (Figure 11a—d). Tremolite and actinolite
occur as fine-grained, acicular, elongate, and prismatic crystals whose orientation imparts
the rock with its foliation feature (Figure 11a). They form long prismatic and rhombic
crystals that are well oriented with the foliation. Actinolite exhibits a pale green color,
usually fibrous in shape and wrapped with tremolite due to deformation (Figure 11b,c).
Quartz occurs as colorless, medium—fine-grained, and with a granular shape (Figure 11b,c).
Carbonate minerals occur as fine-medium-grained aggregates or patches of colorless, euhe-
dral and subhedral crystals. Occasionally, these carbonates occur as mature and immature
granular aggregates (Figure 11d). Opaque minerals occur as interstitial, fine grains dis-
seminated within tremolite and actinolite. They embay fractures of both tremolite and
actinolite—mostly black, scattered grains arranged along the schistosity planes (Figure 11b).

4.2 4. Plutonic Rocks
(A) Shahira gabbros

Shahira gabbros display a hypidiomorphic texture, as well as subordinate ophitic,
subophitic, and cumulated textures. They consist mainly of hornblende, olivine, pyroxenes,
and plagioclase. The main secondary minerals include chlorite and biotite, while the ac-
cessory minerals are opaque minerals (Figure 11e—i). Olivine is distinguished by tabular
high-relief crystals and altered to fine fibrous pyroxene and iron oxides (Figure 11e). Horn-
blende and pyroxene occur as subhedral crystals with pale green to pale yellowish-green
and green colors (Figure 11h). Both hornblende and pyroxene crystals are altered into
chlorite, while others contain opaque minerals (Figure 11e,g).
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Plagioclase occurs as deformed or altered prismatic, tabular crystals of saussurite
(Figure 11fh). Quartz occurs as fine-medium-grained euhedral or subhedral crystals and
corroded by plagioclase, hornblende, and pyroxene crystals (Figure 11g). Biotite is found
as subhedral, brown, elongated flakes that are strongly dichroic. Biotite is partially altered
to chlorite (Figure 11i). Opaque minerals occur as fine-medium spots arranged along
microfractures and cleavages of minerals.

Figure 11. Photographs showing (a) well-oriented tremolite-actinolite (Tr-Act) crystals parallel with
the foliation; (b) green actinolite (Act) crystals associated with quartz (Qtz) and opaque minerals (Oq);
(c) disordered acicular prismatic tremolite—actinolite (Tr-Act) crystals associated with quartz (Qtz);
(d) granular texture of quartz (Qtz) associated with tremolite-actinolite and immature carbonate
minerals; (e) high-relief olivine (Ol) crystals; (f) brown biotite (Bt), prismatic with tabular plagioclase
(P1) crystals; (g) twinning of plagioclase (Pl) with clear quartz (Qtz) and pyroxene (Pyx) crystals; (h)
hornblende (Hbl) containing opaque minerals (Oq) with plagioclase (Pl) crystals; (i) brown biotite
(Bt) flakes associated with pyroxene (Pyx) crystals.
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(B) Diorites

Diorites are primarily composed of plagioclase, quartz, hornblende, and pyroxene, so
they have a medium-—coarse-grained texture. The three main secondary minerals are saus-
surite, chlorite, and zoisite. The two primary accessory minerals are opaque and carbonate
minerals. The texture of the rock is granular, showing as tabular subhedral-anhedral crys-
tals of plagioclase. In addition to their alteration into sericite and zoisite, they occasionally
disappear and exhibit lamellar twinning (Figure 12a). Quartz occurs as medium-grained,
subhedral-euhedral crystals. Sometimes, micro quartz crystals show shadow extinction
filling the interstitial spaces (Figure 12b). Hornblende occurs as subhedral crystals and is
mostly altered to chlorite (Figure 12c). These crystals generally contain opaque minerals as
inclusions.

Pyroxene occurs as subhedral crystals that are highly altered to chlorite (Figure 12d).
Saussurite forms thin tabular crystals and shreds that present as fine flakes, with minute
inclusions within the plagioclase as an alteration product (Figure 12d). Zoisite is formed
from the alteration of plagioclase crystals (Figure 12b). Carbonate minerals occur as fine-to-
very-fine grain aggregates or patches of colorless, euhedral-subhedral crystals. Chlorite
exists as fine-medium grains dispersed in the interstitial spaces (Figure 12,e). Opaque
minerals are fine-coarse-grained and occur as disseminated fine dots within the mineral
constituents (Figure 12e,f).

(C) Syenogranites

Syenogranites are medium-coarse-grained and display a porphyritic texture consist-
ing of quartz, plagioclase, potassic feldspar, and biotite. Accessory minerals are represented
by opaque minerals. On the other hand, chlorite, muscovite, and kaolinite are the main
secondary minerals (Figure 12g—j). Plagioclase consists of subhedral tabular crystals. Some
plagioclase laths display microperthites (Figure 12g). Microcline is a representative of potas-
sic feldspars. Microcline shows subhedral crystals and frequently offers an anti-perthite
texture (Figure 12j). Potassic feldspar can occasionally be altered to kaolinite and filled with
quartz. Plagioclase and microcline are mainly associated with one another (Figure 12h).
Compared to euhedral crystals, quartz crystals are less abundant and subhedral. In
Figure 11i, they exhibit significant undulose extinction. Biotite consists of anhedral-
subhedral elongated flakes. Some biotite is altered into chlorite (Figure 12i). Muscovite
occurs as subhedral crystals filing the interstitial spaces (Figure 12h).

(D) Albitites

Albitites are medium—coarse-grained with a porphyritic texture and composed of pla-
gioclase laths, quartz, and opaque minerals. Alkali feldspar occurs as subhedral-anhedral
crystals, represented mainly by albite composition. Plagioclase feldspars are surrounded
by quartz aggregates (Figure 12k). Quartz is present as subhedral-anhedral crystals. Some
quartz crystals occur as inclusions in plagioclase crystals, producing a myrmekitic texture.
Opaque minerals characterized by a dark brownish-black color and occur as inclusions in
the feldspar and quartz (Figure 12k).

The aplitic dykes are mostly composed of quartz crystals, with slight amounts of
feldspars, and sometimes a few flakes of mica, such as muscovite. These dykes are fine-
to very-fine-grained (Figure 121). Quartz is predominantly of a milky-white variety, but
yellowish quartz may also occur. It occurs as fine-to-very-fine, subhedral-euhedral, water-
clear crystals, in two generations. These crystals possess low relief, strong wavy extinction,
and corrosive action with the surrounding feldspar crystals (Figure 121). They form mosaic-
like aggregates and are either completely free of inclusions or may contain extremely
opaque minerals and muscovite (Figure 121).
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Figure 12. Photographs showing (a) pericline lamellar twinning of tabular plagioclase (P1) crystals
associated with quartz (Qtz); (b) Berlin blue zoisite (Zo) crystals after plagioclase (Pl) accompanied by
immature carbonate minerals; (c) elongated hornblende (Hbl) prismatic crystals containing inclusions
of pyroxene (Pyx) altered to chlorite (Chl); (d) tabular plagioclase (Pl) crystals altered to saussurite
(Sau) associated with pyroxene (Pyx) crystals; (e) high-relief and dark green chlorite (Chl) crystals
associated with opaque minerals (Oq); (f) pyroxene (Pyx) crystals exhibiting high-interference colors
associated with opaque minerals; (g) plagioclase (P1) crystals altered to kaolinite; (h) microcline
(Mc) and quartz crystals associated with muscovite (Ms) enclosed within the feldspars; (i) scattered
biotite (Bt) flakes partially altered to chlorite; (j) Large perthite crystals associated with kaolinitized
feldspars; (k) albite plagioclase (Ab-Pl) crystals and quartz (Qtz) in albitite (syenite) rocks; (1) quartz
(Qtz) revealing undulose extinction and opaque minerals (Oq) enclosed within aplitic dykes.

4.3. Geochemical Studies
4.3.1. Metasediments
(a) Major and Trace Elements
Table 3 shows the studied rocks” major and trace elemental composition, distinguished

by low-to-high SiO; contents, with values ranging between 47.63 and 65.51 wt.%. The
Al O3 (16.46-21.14 wt.%), CaO (1.28-9.25 wt.%), and MgO (0.7-12.99 wt.%) contents are
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medium-high, while the Fe;O3 (0.39-4.64 wt.%) and TiO, (0.2-0.1.5 wt.%) contents are
very low. Alkaline minerals (4.08 < NayO + KO < 9.46 wt.%) are relatively low to medium
in content. The K,O/NayO ratio of this rock is very high (0.02-0.59), which suggests
a very poor detrital feldspathic charge. The contents of other oxides, such as CryO3
(0.004-0.054 wt.%), MnO (0.01-0.17 wt.%), and P,Os (0.24-0.79 wt.%), are very low (less
than 1).

Table 3. Whole-rock major oxides and trace element compositions of Wadi Kid metasediments.

Rock Type Metasediments
Sa. No. 4T 14 Kh 2 Sam 9 Kh 1Gh
Major oxides (wt.%)
SiO; 65.517 52.058 60.792 47.632 58.973
TiO; 0.326 0.288 0.928 1.564 0.904
Al O3 21.147 17.423 16.499 17.685 20.254
FeO 0.318 2.868 0.958 8.258 3413
Fe;03 0.394 1.906 0.944 4.643 3.364
MnO 0.011 0.175 0.034 0.177 0.035
MgO 0.766 12.995 6.261 5.546 2.54
CaO 1.287 6.615 4.837 9.257 1.896
Na,O 9.243 4.395 7.491 2.562 6.736
K,O 0.225 0.632 0.272 1.523 1.386
P,05 0.477 0.247 0.777 0.796 0.278
SO3 0.068 0.144 0.044 0.024 0.031
Cl 0.031 0.075 0.049 0.027 0.053
Total 100 100 100 100 100
Trace elements (ppb)
Zn 0 9 0 20 5
Sr 30 43 11 99 17
Ba 30 22 50 44 16
Co - 30 20 25 14
Cr - - 27 17 16
Cu 80 20 6 16 5
Y 6 3 7 4 4
Zr 66 63 30 38 23
Nb 3 2 2 3 4
Sr 30 43 11 99 17
Ba 90 22 80 44 16
Ce - - - 38 19
Ga 3 - 4 2 2
Pb 2 - - - -
Si0,/Al,03 0.491 0.475 0.566 0.430 0.464
Fe,03/K,0 0.243 0.479 0.540 0.484 0.385
K;0/Na,O 0.024 0.144 0.036 0.594 0.206
CaO+Na,0 10.530 11.010 12.328 11.819 8.632
Si0,/Al,03 0.491 0.475 0.566 0.430 0.464

When compared to the international standards (PAAS, NASC, and UCC), all of these
metasediments have high MgO contents and low SiO,, Fe;O3, and CaO contents. The high
MgO contents could evoke the nature of their igneous protolith. The rocks show similar
contents of Al,O3 (average = 18 wt.%), with the international reference suggesting a low
clay content. However, the average abundances of the other major motifs are somewhat
comparable to the reference constructs reported in Table 3.

(b) Geochemical Origin of the Metasediments

Whole-rock geochemical data of fresh representative rock samples of the metasedi-
ments are given in Table 3. The NayO-FeO + MgO-K;O ternary diagram was used in [90]
to identify the source of the metasediment materials. The studied metasediments were
plotted in the field of graywackes (Figure 13a). This is also supported by the (510, /Al,O3)-
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(K20/NayO) binary diagram in [91], where the studied sample fell within the field of
pelitic graywackes (Figure 13b), supporting a sedimentary origin. The FeOt-MgO-Al,O3
ternary diagram in [92] supports the metamorphic origin of these rocks (Figure 13c). Based
on the log (FeO/K;0) versus log (510, /Al,O3) of [93], the sample points show that the
metasediments are originally from shales (Figure 13d).

Figure 13. (a) Geochemical classification of the metasediments by using the Nay,O-FeO + MgO-
K,O ternary diagram [90]. (b) FeO!-MgO-Al,O3 ternary diagram from [91]. (c) SiO, /Al O3 versus
K,0/NayO binary diagram [92]. (d) Log (FeO/K;O) versus log (5iO, / Al,O3) binary diagram [93-96].

(¢) Harker Diagrams

Harker graphs demonstrate variations in the metasediments” major elemental geo-
chemistry (Figure 14). Overall, the diagram shows negative correlations with Fe,Os3,
CaO, K;O, and TiO,. All of the metasediments show a peraluminous character with an
Al,O3/(CaO+Nap;O+K;0) ratio higher than 1 (1.30-2.02).
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Figure 14. Harker graphs for the Wadi Kid metasediments.

4.3.2. Intrusive Rocks
(a) Classification and Magma Type

Chemically, using the R1-R2 plot from [94] shows that samples of the alkaline rocks
are classified as albitite, while the calc-alkaline series samples vary from monzodiorites
to granites in composition (Figure 15). The granite samples show high contents of SiO,
(66.91-72.74 wt.%) and NayO + K70 (8.78-10.15 wt.%). These samples display low CaO
(0.88-1.6 wt.%), MgO (<1.85 wt.% in most samples), and Fe;Ost (<4 wt.%) contents, typical
of granites sensu stricto and similar granites of south Sinai [95].

The monzodiorite samples are characterized by low SiO, (54.19-57.29 wt.%) and
high CaO contents (4.82-9.95 wt.%) compared to granites. The total alkali silica content
is variable (NayO + KyO: 5.08-6.72 wt.%), and their MgO content varies from 2.45 wt.%
to 5.91 wt.%, with high Mg* values (57.37-71.28) close to the mantle [97]. The alkaline
samples show a syenitic composition with variable SiO, content (64.86-65.82 wt.%), typical
of intermediate rocks. The rocks exhibit high contents of AlO3 and NaO (up to 20 wt.%
and 10 wt.%, respectively). The MgO content is very low but displays Mg" between 68.81
and 85.01, indicating rocks derived from the mantle. The Na,O + K,O value is up to
10 wt.% for both samples. They display a low K,O/NayO ratio (less than 0.1).
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Figure 15. Classification of the studied granites using an R;-R, diagram [94].

In comparison with calc-alkaline rocks in the Sinai Peninsula [39], the Wadi Qabiliya
calc-alkaline rocks depict low average SiO,, Fe,O3, and CaO contents, and similar average
Al,O3 and MgO contents. However, except for the low SiO, content in the study district,
the other elements are similar to those found in southern Sinai. The alkaline samples in
the study district display low SiO, and Fe,O3 contents compared to alkaline rocks of the
Sinai Peninsula. However, they display higher contents of Al,O3 and Na,O than in the
Sinai Peninsula. On the Harker diagrams (Figure 15), the three granitic suites display the
evolution of major oxides against SiO; contents. Apart from total alkalis (K,O + NayO),
showing a positive trend, the other compounds (CaO, MgO, TiO,, and Al,O3) display an
overall negative correlation when SiO, increases (Figure 15). However, it is noticeable that
in all diagrams there is a tendency towards broad scattering of data points rather than tight
linear trends. In spite of this scattering, all of the general trends of the major oxides are in
accordance with a fractional crystallization model, as described by [39] in the Yahmid-Um
Adawi district.

Geochemical data on the major oxides and trace elements of Wadi Qabiliya are pre-
sented in Table 4. The total alkalis—silica diagram (Figure 16a) of these rocks shows that
they are plotted in alkaline and subalkaline fields. On the K,O versus SiO; binary diagram
from [96], the subalkaline granites are high-K, calc-alkaline-shoshonite series (Figure 16b).
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Table 4. Whole-rock major oxides and trace element compositions of Wadi Kid intrusive rocks.

Rock Type Diorite Granite Albitite
S. No. 5‘1 26Qe 2KD 7Qe Qle 15Qe 21Qe 1KD 18Qe 2KF 35Qe 13Kh 1T
Major oxides (wt.%)

SiO, 55.335 55.052 57.538 54.191 57.298 69.825 70.059 67.023 69.365 72.741 66.917 64.861 65.828
TiO, 1215 1255 0511 1503 1263 0279 0132 0669 0223 0172  0.546 0.93 0.32
Al,O3 17.307 16.499 17.947 14969 1538 1646 16.814 15.869 17.427 15441 1504 20562 20.872
FeO 5264 5852 2140 5815 4244 0825 0429 1.698 0562 0444 2121 0.307  0.206
Fe, O3 3722 4362 1.820 4433 3362 1053 0611 2032 0765 0598 2539 0411 0.285
MnO 0.19 021 0125 013 0127 0.047 0.048 0.107 0.026 0.088 0114  0.008  0.165
MgO 4748 442 245 5833 5911 0715 0333  1.857 0.45 0426 1173 0977  0.256
CaO 6.188 5806 9958 5576 4821 1298 1187 1.353 0943 0.886 1635 0866  0.379
Na,O 2.804 3369 5992 2628 2827 3.55 4.61 3153 4182 3543 3261 10.282 10.264
K;O 2277 235 0734 3508 3.142 5418 5545 5634 5582 5481 5551 0179  0.367
P,0s5 0521 041 0225 0628 056 0125 0.044 0271 0112 0.043 0271 0.46 0.052
SO; 0.047 0.095 0.149 0.146 0315 0.064 0005 0.032 0047 0.022 0419 0.038  0.019

Cl 0.028 0.03 0064 0121 0383 0.056 0.016 0.06 0.058  0.027 0081  0.049  0.056
Total 100 100 100 100 100 100 100 100 100 100 100 100 100
Trace elements (ppb)
Zn 16 17 15 0 10 6 0 11 7 0 0 3 -
Sr 103 82 24 97 199 115 44 27 76 8 97 12 15
Ba 75 53 76 103 15 104 65 75 94 12 103 30 40
Co 18 23 10 20 30 20 10 10 20 20 20 20 -
Cr - - - 26 - 7 - - - - 26 12 -
Cu 11 10 5 9 10 5 10 4 8 3 9 4 4
Y 3 4 9 5 6 4 3 1 3 5
Zr 43 38 88 65 87 16 20 63 28 24 65 25 51
Nb 1 1 7 3 3 2 2 5 1 3 3 4 5
Sr 103 82 24 97 199 115 44 27 76 8 97 12 15
Ba 75 53 76 103 15 104 65 75 94 12 103 39 30
Ce 51 45 44 71 - 0 0 - 0 - 71 -
Ga 4 4 5 3 4 4 5 3 5 2 3 3 4
Pb 3 0 6 3 4 4 4 2 9 6 3 3 2
Na,O+K,O 5.081 5719 6726 6.136 5969 8968 10.155 8787  9.764  9.024 8812 10461 10.631
Mg 61.653 57.380 67.115 64.134 71.285 60.698 58.057 66.097 58782 63.111 49.647 85.018 68.893
K,O/Na,O 0812 0.698 0122 1335 1111 1526 1203 1787 1335 1547 1702  0.017  0.036
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Figure 16. (a) Silica (wt.%) versus NayO + K;O [94] and (b) Silica (wt.%) versus K,O (wt.%) [96].

(b) Harker Diagrams

In the SiO, vs. oxides Harker diagrams, the distribution of symbols representing
different petrographic rocks is virtually linear and scattered. The inter-pluton fluctuations
or crustal contamination during magma storage and ascent may be responsible for the
general scattering on major elemental Harker diagrams (Figure 17).

Figure 17. Selected silica (wt.%) versus major elements (wt.%) diagrams for Wadi Kid granites.

(c) Tectonic Environment

All of the calc-alkaline and alkaline samples are magnesian in character on the
FeO*/FeO* + MgO vs. SiO, diagram (Figure 18a) from [98]. On the Shand’s index plot [99],
granites and albitite (syenites) are peraluminous, while the monzodiorite samples are
metaluminous (Figure 18b). The granites and syenites are I-to-S-type granitoids while the
monzodiorites are typical I-type granitoids (Figure 18b). According to [100], the granitic
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rocks were classified based on their intrusive settings into four main groups: ocean-ridge
granites (ORGs), volcanic-arc granites (VAGs), within-plate granites (WPGs), and syn-
collision granites (Syn-COLGs). They also suggested that the post-collision granite may be
plotted in the volcanic-arc, within-plate, or syn-collision fields depending on the relative
proportions of mantle- and crust-derived magmas.

Figure 18. (a) Silica (wt.%) vs. FeO/(FeO + MgO) [98] and (b) Shand’s index molar Al,O3/(CaO +
NayO + K;0) vs. Al;03/(NayO + K,0) diagram [99].

The analyzed samples have specific trace-element features that are similar to those of
within-plate granite (WPG) and some of the syn-collision granite (syn-COLG) fields in the
tectonomagmatic differentiation diagrams from [100] (Figure 19). The author recommended
interpreting this as a post-subduction extensional occurrence. Both granitic suites have
variable trace elements. They display high contents of Ba, Zr, Sr, and Co, along with low Pb
and Y, pointing to their felsic compositions. The Y/Nb ratios of both suites of granites vary
between 0.4 and 4, with an average of 1.66 (Table 3). The values less than 1.2 characterize
mantle-derived granites, while those above 1.2 are typical of crust-derived granites [39,101].
Hence, all samples are most likely derived from the mantle, with crustal contamination.

Figure 19. Tectonic discrimination diagram (Nb versus Y) based on [100] for the intrusive rocks.
Syn-COLG = syn-collision granite, WPG = within-plate granite, ORG = ocean-ridge granite.

5. Conclusions

The goal of the present investigation was to utilize multiple types of satellite im-
agery to obtain the most accurate images of the rocks in the area, verifying this separation
using petrographical and geochemical studies. According to the remote sensing and lab-
oratory studies, the main types of Precambrian rock units in the region were classified,
namely, volcanic-sedimentary sequences, diorite, gabbro, granite, and albitite. To com-
pare the geological map of the study district with the previously published map, several
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approaches—including fieldwork, petrography, geochemistry, principal component analy-
sis, band ratio, FCC, and MNF images from Landsat-8 photos—were used. The updated
map is more precise and effectively distinguishes between the various rock units in the
research district. Geological mapping of the Wadi Kid district was established successfully
by using different remote sensing techniques—i.e., false color composite (FCC), princi-
pal component analysis (PCA), band ratio (BR), and minimum noise fraction (MNF)—on
Landsat-8 images. The field study revealed that the main rock units observed in the study
district were metasediments, gabbros, diorites, granites, and albitites. The low-grade
metamorphosed metasediments were recorded in the central and southeastern parts of the
Wadi Kid district, encountered in the Wadi Samra, Wadi Khashm El-Fakh, Wadi Khashm
El-Biya, and Wadi Ghorabi El-Hatimyia areas as the Heib and Tarr formations. In the Heib
formation, the metasediment succession includes turbiditic slate and graywacke, as well as
cobble and boulder conglomerate beds and lenses with clasts, whereas the Tarr formation
includes dacite-andesite lavas, ignimbrites, volcanic breccias and tuffs, pebbly mudstones,
and impure carbonate minerals. Petrographically, the metasediments are discriminated into
tremolite—actinolite schists. Shahira gabbros were recorded in the northeastern part of the
study district as medium—coarse-grained, ranging in color from dark to light greenish-gray,
and characterized by hydrothermal alterations next to granite intrusions. Meanwhile, the
dioritic rocks are characterized as well exposed in Wadi Kid and the east Qabila district,
and close to the contact with the granites they are represented by syenogranites exposed
in the Wadi Qabila east and Kid districts that are stained red and in sharp contact with
diorites and Dokhan volcanics. The main body of albitites (~=1.2 km?) occurs as small
and brecciated irregular intrusions encountered upstream of Wadi Tarr, as well as at Wadi
Samra, Wadi Khashm El-Fakh, and Wadi Ghorabi El-Hatimyia. The common hydrothermal
alterations include petrographic carbonatization, silicification, sericitization, kaolinitization,
and chloritization. Geochemically, the studied rocks are classified into metasedimentary
rocks and intrusive rocks (e.g., diorites, granites, and albitites). The metasediments be-
long to pelitic graywackes originally from shales and characterized by high MgO contents
and low S5iO;, Fe;O3, and CaO contents. All of the metasediments show a peraluminous
character with an Al,O3/(CaO+Nay;O+K;O) ratio higher than 1 (1.30-2.02). Granitic rocks
are classified as having alkaline and subalkaline (high-K calc-alkaline-shoshonite series)
affinity. Alkaline rocks are classified as albitite, while the calc-alkaline series samples vary
from monzodiorites to granites in composition. The results of this investigation can be used
for future metallic and industrial mineral exploration in the Wadi Kid district. According
to geochemical analyses, the syenites, monzodiorites, and granites in the Kid region vary
from metaluminous to peraluminous rock series, and they formed during syn-collision and
within a plate environment.
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