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A net of pegmatite veins crosscut gneiss and dismembered ophiolitic ultramafic rocks are
abundant in theMigif-Hafafit culmination area, South Eastern Desert, Egypt. Some of these
pegmatites are corundum-bearing. Corundum-bearing pegmatites are studied in eight
localities around the Migif-Hafafit complex. The present study aims to integrate field
investigation, whole rock and corundum chemistry, remote sensing studies, and the
conventional methods to detect the corundum-bearing pegmatites, which led to finding
out the genesis of the corundum mineralization. In addition, the tectonic regime has been
detected using bulk rock geochemistry. False-color composite (FCCs), band ratio (BR),
principal component analysis (PCA), minimum noise fraction (MNF), decorrelation stretch
(DS), and the constrained energy minimization (CEM) image processing algorithms were
proposed and applied on Landsat-8 OLI, and Sentinel-2A data to discriminate the
exposed lithological units and to detect the corundum-bearing pegmatites in the study
area. These detected pegmatites are structurally controlled following the NW-SE direction.
The ultramafic rocks are the host of six areas and the gneisses are the host rocks of the two
others. Gneisses and pegmatites are characterized by a steep slope of LREEs relative to
HREEs with week Eu negative anomaly. The studied pegmatites have both plumasite and
marundite. On the other hand, the studied corundum has Al2O3 content up to 99.72 wt%
in pegmatite-gneiss and up to 100 wt.% in pegmatite-ultramafics. Corundum is ascribed
to metamorphic/metasomatic type according to its chromosphere. Desilication in
pegmatites led to the excess of alumina content in the residual melt producing
corundum mineralization.
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1 INTRODUCTION

Corundum is the hardest mineral after diamond with a specific gravity of about 4 (Bonewitz,
2012). It is composed mainly of alumina (Al2O3) with a few various trace elements such as Cr,
Fe, and Ti (Abduriyim and Kitawaki, 2006); in addition, little amounts of other elements such as
V, Ga, and Mg (Guillong and Gunther, 2001; Ranking et al., 2003). The pure corundum is
colorless but chromophores such as Cr, Ti, and Fe trace elements can replace Al in the
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corundum crystal structure forming ruby (red gem type of
corundum) and sapphire (certainly blue gem one) (Dill,
2015). The red ruby gem of high quality is important as
diamond (expensive), which attracts the attention of many
exploration authorities (Shor and Weldon, 2009).

In the field of petrology, corundum represents an accessory
mineral of under saturated silica (Ahmed and Gharib, 2018),
which occurs in igneous rocks (mafics-ultramafics) (Hattori
et al., 2010), metamorphic or by the hydrothermal activity of
Al-spinel phases of ultramafics (Nozaka, 2011) and
sedimentary rocks (Watt, 1994). In addition, it is
commonly found in pegmatite whether it is marundite
(corundum with margarite) or plumasite (corundum with
plagioclase, Bucher et al., 2005). Plumasite is also named
corundum-bearing desilicate pegmatites as veins within
ultramafics (Dill, 2015). Corundum deposits can be
classified into primary and secondary deposits. The former
is either crystallized in the rock or as xenoliths, whilst the
secondary ones are of sedimentary origin. The primary
deposits can be subdivided into magmatic and
metamorphic/metasomatic deposits. Magmatic deposits as
those hosted in alkali basalt (Sutherland et al., 1998),
lherzolite (Coenraads et al., 1990), lamprophyre (Brownlow
and Komorowski, 1988), syenite (Hughes, 1997), and
kimberlite (Hutchinson et al., 2004), whereas metamorphic
one like those hosted in marble, granulite, gneiss, migmatite,
and metapelite (Themelis, 2008). Metamorphic/metasomatic
deposits are characterized by high fluid-rock interaction and
metasomatism (Simonet et al., 2008; Giuliani et al., 2014).
This metasomatic process is achieved when hot igneous
injecting the cool older rocks causing gain/loss of some
chemical components as a result of solution/rock
interactions (Pirajno, 2013).

Remote sensing can be a powerful resource in geology to
delineate target exploration areas for a lot of mineral deposits.
Worldwide, it has been used in mineral exploration since the
1970s (Cardoso-Fernandes et al., 2019). The 20th century
witnessed a huge development in remote sensing sensors and
its associated image analysis techniques, which minimized the
geologist’s efforts before and during field expeditions (Gabr
et al., 2015). The newly developed sensors offer detailed
information on the mineralogy of different rock types
comprising the Earth’s surface (Zhang et al., 2007). The
processed remotely sensed data are used to detect
volcanogenic massive sulfide ore deposits (e.g., Berger
et al., 2003) epithermal gold deposits and hydrothermal
gold exploration (e.g., Crósta et al., 2003; Feizi et al., 2016;
Ramezanali et al., 2020a; Ramezanali et al., 2020b), porphyry
copper deposits (e.g., Pour and Hashim, 2015; Feizi et al.,
2017), and Li-bearing pegmatites (Cardoso-Fernandes et al.,
2019; Cardoso-Fernandes et al., 2020). In the Egyptian
Nubian Shield (ENS), many authors are pointed out that
Landsat-8 with (OLI) sensors is considered as one of the
most effective data widely and successfully used for
lithological mapping and exploration targets (Gabr et al.,
2015; Hassan et al., 2015; Aboelkhair et al., 2020; Hamimi
et al., 2020). They used Landsat-8 OLI and Sentinel 2A data to

discriminate the exposed lithological units of gneisses,
ophiolites, island arc metavolcanic-metasedimentary
association, granitoid, and their associated mineralization
at the Eastern Desert of Egypt (northern part, e.g., Mohy
et al., 2017; central part, e.g., Mohammad et al., 2019, and
southern part, e.g., Zoheir et al., 2019, Abd El-Wahed et al.,
2021).

The Migif-Hafafit area is located at the south Eastern Desert,
Egypt, between latitudes 24° 38′ and 24° 51′ N and longitudes 34°

26′ and 34° 34′ E, covering about 327 km2 (Figure 1A). It is
considered as one of the famous Precambrian metamorphic
complexes in the Nubian Shield representing metamorphic,
structural, and economic interests (Ahmed and Gharib, 2018;
El Ramy et al., 1993). It is a well-known locality in Egypt
containing a unique industrial to semi-gem corundum within
corundum-bearing pegmatite veins (Serotta and Carò, 2014).
Although the pegmatite veins are widely distributed in the
Precambrian rocks of the Eastern Desert of Egypt, the
corundum-bearing pegmatites are concentrated in some sites
in the Migif-Hafafit area. Most of the previous studies have
investigated the corundum-bearing pegmatites in the study
area based on the mineralogical and geochemical studies only
(e.g., Gharib, 1999; Ahmed and Gharib, 2018). Therefore, the
present study aims to use an integrated analysis of remote sensing
data, petrography, and bulk rock geochemistry, electron
microprobe analysis (EPMA) of corundum, and field
investigations, to detect the occurrences, distribution, and the
genesis of the corundum-bearing pegmatites in the study area.
Eight localities in the Migif-Hafafit area, including Wadi El Qarn,
Um Karba, UmMaiat, Abu Merikhat, Um Nimr, North El Hima,
South El Hima, and Um Shegera have been chosen to achieve the
goal of this study, because of the abundance of corundum-bearing
pegmatites hosted by gneisses and ultramafic rocks in these areas
(Figure 1B).

2 GEOLOGICAL SETTING

Neoproterozoic crystalline rocks of Egypt are considered as
the northern sector of the Arabian Nubian Shield (ANS) that
represent the northern extension of the highly
metamorphosed Mozambique belt (El Mezayen et al., 2019;
Lasheen et al., 2021a; Saleh et al., 2022). The ANS is
interpreted as a juvenile crust that is formed by the
collision of East and West Gondwana and the closing of
the Mozambique Ocean (Lasheen et al., 2021b). On two
flanks of ANS, Nubian shield on one hand (western side)
and the Arabian shield on the other hand (eastern side),
infrastructure gneiss complex and suprastructure rocks
(low-metamorphic-ophiolitic rocks, arc metavolcaniclasts,
and metavolcanic assemblages as well as syn to post
granitic intrusions) are widely distributed (El Gaby et al.,
1990).

The Migif-Hafafit complex represents the largest gneissic
metamorphic core in the Egyptian Eastern Desert (more than
55 km). It extends from Wadi Shait in the north to Wadi El
Gemal in the south. Moreover, it represents one of the most
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stunning metamorphic core as a result of its economic
constituents (Ahmed and Gharib, 2018; Abu Elatta and Ali,
2020). It represents a huge doubly plunging anticline trending in
the NW-SE with five separated gneissic domes, which are dissected
by major faults trending in NE-SW, N-S, and NNW-SSE
(Figure 1B). The main rock units exposed in Hafafit complexes
are gneiss rocks, dismembered masses of ophiolitic rocks
(ultramafics and metagabbros), granodiorites, younger granites,
and variable size of pegmatites (Figure 1B).

Gneisses rocks are represented by biotite-rich gneiss and
gneiss that are widely distributed in Wadi El Qarn and um
Karaba areas (Figures 2, 3A). The gneiss rocks are
characterized by banding and are resistant to weathering
processes. The study areas exhibit vast areas of gray and white
gneissose granodiorite and tonalite (Figure 1B), where the last
one is highly injected by pegmatite veins and lenses. The

superastructure of the Neoproterozoic ultramafic rocks
(serpentinites), occurs with different sizes, shapes, and
exhibits variable alteration degrees certainly along shear
zones. They are widely distributed in Um Maiat, Abu
Merikhat, Um Nimr, North El Hima, South El Hima, and
Um Shegera areas. Numerous pegmatites are recorded in the
Hafafit complex and surrounding areas cutting basement rocks
(Figures 2, 3B–D). They can be easily distinguished from the
surrounding rocks by their white-red color with variable width
(>20 cm) and length (ranges from 0.06 up to 1.16 km). They
also appeared in the southwest of the study area as a pegmatite
body trending NW (Figures 1B, 2). They follow the structures
of the Hafafit area with variable ages (Abu Elatta and Ali,
2020). Their economic importance is related to corundum
mineralization that is used as abrasive materials (Serotta and
Carò, 2014). Intrusion of felsic magma (pegmatite) within

FIGURE 1 | (A) Location map of the study area and (B) Detailed geological map of Migif-Hafafit area (updated and modified after El Ramly and Greiling, 1988). The
black boxes represent the location of the eight studied areas, which were selected to detect corundum-bearing pegmatites and host rocks. 1: Um Karba, 2: Wadi El
Qarn, 3: Um Maiat, 4: Abu Merikhat, 5: Um Nimr, 6: North El Hima, 7: Um Shegera and 8: South El Hima. HGR = Migif-Hafafit gneisses and associated rocks, OCA =
Ophiolitic and Calc-alkaline assemblages, and LGR = Late granitoid. The thick black line represents asphaltic road from Marsa Allam to El-Sheikh El-Shazly.
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ultramafics (serpentinites) produces an alteration zone with new
minerals (as a result of metasomatic reactions). The new
mineral associations include actinolite, anthophyllite, and
vermiculite within serpentinized ultramafics (silica deficient
rocks), and alumina rich minerals such as Al-rich mineral

phases such as corundum, hercynite, and almandine were
formed in Al-rich veins (pegmatite) (Ahmed and Gharib, 2018).

Dykes are widespread in the Migif-Hafafit area with two main
types. The first one is composed mainly of lamprophyre dykes
and trending dominantly NE-SW, whereas the second type is

FIGURE 2 | Field-scale geologic maps of the eight studied areas showing the distribution of the corundum-bearing pegmatites in the host rocks (ultramafics and
gneisses). For locations, Figure 1.
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composed mainly of acidic and intermediate dykes, which have
NE-SW, N-S, and NW-SE trends (Figure 1B). The two types have
crosscutting relationships explaining that the NE-SW direction is
the youngest one.

3 MATERIALS AND TECHNIQUES

Herein, the geological mapping is planned to update the
geological boundaries of the map produced by El Ramly and
Greiling, (1988) for the study area. The generation of the updated
version of the geological map and detection of corundum-bearing
pegmatites has been carried out using different satellite image
processing techniques, microscopic examination, geochemical,
and mineral chemistry analyses in addition to the field relations
and observations.

3.1 Remotely Sensed Data
For the digital image processing and interpretation, Landsat-8
OLI and Sentinel-2A multispectral images were used because

their spectral ranges are more adequate for lithological
discrimination and mineral detection. This is due to important
absorption mineral features in the near-infrared (NIR) and short-
wave infrared (SWIR) that must be covered by the specificc
band’s spectral ranges (Cardoso-Fernandes et al., 2019). For
detailed information on the spectral and spatial characteristics
of Landsat-8 OLI and Sentinel-2A, see the supplementary data file
(Supplementary Section S1 and Supplementary Table S1).

Two cloud-free and georeferenced scenes of level-1T Landsat-
8 and level-1C Sentinel-2A were obtained from the USGS
platform and processed in this study. The preprocessing
techniques of pixel resampling, subsetting, radiometric, and
atmospheric corrections were considered and performed. The
atmospheric correction is used to minimize the influences of
atmospheric factors in multispectral data (Liang andWang, 2020;
Van der Meer et al., 2014). The Landsat-8 digital numbers (DNs)
were converted to top of the atmosphere (TOA) reflectance. The
Landsat-8 is subjected to the dark object subtraction (DOS)
atmospheric correction to convert TOA reflectance to surface
reflectance (Chavez, 1996). The Sentinel-2A image is already

FIGURE 3 | Field photographs showing corundum-bearing pegmatite veins invading (A) gneiss and (B–D) Serpentinite rocks and (E,F) hand specimen of
corundum minerals.
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provided in TOA reflectance. The internal average relative
reflection (IARR) method was applied to the Sentinel-2A data.
The IARR technique for mineral mapping does not need prior
knowledge of the geological features (Ben-Dor et al., 1994). The
IARR normalizes the images to a scene with an average spectrum.
The image processing is performed using ENVI v. 5.3 and the
Sentinel Application Platform (SNAP v. 7) software for the image
processing where the output of geologic and geospatial maps are
carried out by the ArcGIS v. 10.5 packages.

3.2 Geochemical Techniques
Major, trace, and rare earth elements (REEs) were carried out by
(ICP-MS) in ACME Labs, Vancouver, Canada, following fusion
with lithium tetraborate/metaborate with digestion by nitric acid.
Calibration of the ICP-MS was carried out using standards. The
analytical precision, as calculated from replicate analyses, was 0.5%
for major oxides and varied from 2 to 20% for trace elements. The
detection limits for trace elements and major oxides were
0.01–0.5 ppm and 0.001 wt%-0.04 wt%, respectively. Some
samples were tested for major elements using the method of
Shapiro and Brannock (1962) using lithium tetraborate as a fux
at the laboratories of the Nuclear Materials Authority, Cairo, Egypt.
The corundum was analyzed with a JEOL JXA-733 electron probe
microanalysis (University of New Brunswick) equipped with ds
spec and dQant32 automation (Geller Micro Analytical Labs). An
accelerating voltage of 15 kV and a probe current of 30 nA. The
peak counting times were 30 s (Al and Si), 90 s (Ti, V, Cr, and Cs),
and 120 s (Na, Mg, K, Ca, Mn, Fe, and Ni. The environmental
scanning electronmicroscope (ESEM) investigation was done at the
Nuclear Material Authority (NMA). The ESEM is equipped with
link analytical AN-1000/855 energy dispersive X-ray spectrometer
(EDX) calibrated using natural standards to identify elements and
detect, semi-quantitatively, the corundum compositions.

4 SATELLITE DATA BASED LITHOLOGICAL
AND MINERALOGICAL MAPPING

Themultispectral remote sensing sensors become an efficient tool
in lithological and mineralogical mapping in metallogenic zones
(Zoheir et al., 2019). The possible detection of corundum-bearing
pegmatites using the remotely sensed data in the study area was
made based on two approaches: the first one; the outline of the
ultramafics, gneisses, and gneissose granodiorite which are
injected by the pegmatite veins. The second one is the
identification of hydrothermally altered zones associated with
the pegmatites (through the discrimination of iron oxides and
clay minerals), which in turn detect the corundum-bearing
pegmatites. In the present study, Landsat-8 OLI and Sentinel-
2A data were used to discriminate lithological units, alteration
zones and pegmatites bodies, veins and lenses, and their
associated ore deposits (e.g., corundum). Three bands of
Sentinel-2A (1, 9, and 10) were excluded from the image
processing, as they do not contain geological/mineralogical
information. These bands contain information related to
atmospheric issues (e.g., aerosol scattering, water vapor
absorption, and detection of thin cirrus, Supplementary

Table S1) irrelevant to the present study (Paganelli et al.,
2003). False-color composites (FCCs) (e.g., Pour and Hashim,
2015), band ratio (BR) (e.g., Mahboob et al., 2019), principal
component analysis (PCA) (e.g., Cheng et al., 2011), minimum
noise fraction (MNF) (e.g., Green et al., 1988), decorrelation
stretch (DS) (e.g., Asran and Hassan, 2021), and the constrained
energy minimization (CEM) spectral mapping techniques
(Harsanyi, 1993) were adopted to discriminate lithologies,
alteration zones, pegmatites, and their associated
mineralization in the study area.

Image processing is promoted by the end-member/training
areas collection from the image scene, which can help choose the
best bands in the processing technique. The training areas are
defined as a distinct spectral response and may represent
individual minerals or mixtures of minerals. Eleven spectral
signatures of the widely exposed rock units in the study area
were identified manually from the Landsat-8 and Sentinel-2A
images (Supplementary Figures 1A,B). Supplementary
Figure 1A illustrates all rock units including pegmatites have
moderate absorption around Landsat-8 bands 2 and 3 and strong
absorption around bands 5 and 7. In addition, the average
spectral characteristics diagram (Supplementary Figure 1B)
shows that all rock units have moderate absorption around
Sentinel-2A bands 3 and 5 and strong absorption around
bands 8, 8A, and 12.The pegmatites bodies give absorption
around Sentinel-2A bands 3, 5, 8A, and 12.

4.1 Lithological Mapping
4.1.1 False-Color Composites
False-color composites (FCCs), also known as red-green-blue (RGB)
combination is a very useful image enhancement technique, which
offered powerful means to visually interpret multispectral satellite
data (Novak and Soulakellis, 2000). Pour and Hashim (2015) stated
that the color composites image can easily enhance hydrothermally
altered rocks and lithological units at a regional scale. Someminerals
and mineral groups in hydrothermally altered rocks have unique
absorption characteristics in the electromagnetic spectrum. For
example, clay and carbonate minerals have absorption features
from 2.1 to 2.4 μm and reflectance from 1.55 to 1.75 μm (Ali and
Pour, 2014); iron oxides commonly have a strong reflectance near
red and low blue reflectance (Han and Nelson, 2015). In the present
study, FCCs of Landsat-8 bands and their equivalent in Sentinel-2A
were tested. To identify hydrothermally altered rocks, Landsat-8 (L8)
RGB-567 (Pour and Hashim, 2015) (Supplementary Figure 2A)
and Sentinel-2A (S2) RGB-81112 (Cardoso-Fernandes et al., 2019)
(Supplementary Figure 2B) were produced, whereas L8 RGB-257
(Ali and Pour, 2014) and S2 RGB-2812 (Cardoso-Fernandes et al.,
2019) were used to locate the iron oxides and clay minerals. Also,
Cardoso-Fernandes et al. (2019) used L8 RGB-327 (Figure 4A) and
S2 RGB-3212 (Figure 4B) to detect the pegmatite veins and their
associated mineralization.

4.1.2 Band Ratio
The band ratio is an image processing technique that enhances
the contrast between features by dividing a measure of reflectance
for the pixels in one band by that of the pixels in another band of
the same satellite image (Mahboob et al., 2019). This technique
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has been widely used for visualizing andmapping hydrothermally
altered rocks. For lithological mapping, Abrams ratio (L8 RGB-6/
7, 4/3, 5/4; Figure 4C), Chica-Olma ratio (L8 RGB-6/7, 6/5, 4/2;
(Supplementary Figure 2C), S2 RGB-11/7, 12/5, 11/12

(Figure 4D), and S2 RGB-12/8A, 11/8A, 12/11
(Supplementary Figure 2D) were produced. These ratios
successfully discriminate ultramafics, gneisses, gneissose
granodiorite, and associated pegmatites.

FIGURE 4 | Lithological discrimination based on (A) Landsat-8 (RGB-327), (B) Sentinel-2A (RGB-3212), (C) Landsat-8 (RGB-6/7, 4/3, 5/4), (D) Sentinel-2A (RGB-
11/7, 12/5, 11/12), (E) Landsat-8 PCA123 and (F) Sentinel-2A PCA145. The yellow boxes represent the selected areas. For abbreviations, see the legend of Figure 1.
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FIGURE 5 | (A) Landsat-8 (MNF-531) and (B) Decorrelation stretch of Sentinel-2A (RGB-12118) discriminate the lithological contacts. Mineralogical detection (C)
Landsat-8 (4/2) and (D) Sentinel-2A (4/2) for mapping iron oxides, (E) Land-sat-8 (6/7) and (F) Sentinel-2A (11/12) for mapping hydroxyl/clay minerals. The yellow and
white boxes represent the selected areas. Note: the band ratio (C–F) is offered by the density slice method (high ratio values shown in red). Inset gray scale band ratios
versions are also presented in (C–F).
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4.1.3 Principal Component Analysis
PCA is a multivariate statistical method used to study associations
between variables. It transformed several correlated variables into
uncorrelated combinations (eigenvector loadings) of principal
components (PCs) based on their covariance or correlation matrix
(Loughlin, 1991). PCA reduces the dimensionality and redundancy of
data sets and is commonly applied to enhance information
interpretability (Cheng et al., 2011). The eigenvector matrix for
the Landsat-8 and Sentinel-2A data derived from the PCA are
given in Supplementary Tables S2, S3, respectively. The principal
component (PC) image with moderate to high eigenvector loadings
for the indicative bands (reflection and/or absorption bands) and
opposite signs enhances efficient discrimination of a certain mineral.
If the loading value is positive, the mineral appears with a bright pixel
but if it is negative it will appear as a dark pixel (Zoheir, et al., 2019).
Commonly, the three first PCA images (PC1, PC2, and PC3),
containing the highest topographical and spectral information, are
suitable for lithological discrimination (Cheng et al., 2011). In the
present study, a PCA123 (Figure 4E) and PCA432 (Supplementary
Figure 2E) for Landsat-8 and PCA145 (Figure 4F) and PCA643
(Supplementary Figure 2F) for Sentinel-2A were produced to
enhance the geological contacts and mineralogical targets.

4.1.4 Minimum Noise Fraction
Minimum Noise Fraction (MNF) transformation is used to
determine the inherent dimensionality of image data, segregate
noise in the data, and reduce the computational requirements for
subsequent processing (Green et al., 1988). The MNF imagery
bands are effective for visualizing spectral variation and lithological
discrimination within a scene through false-color RGB images.
One of the most effective trials to build an MNF-531 image for the
Landsat-8 bands is shown in Figure 5A, which promotes the
geological contacts, especially for the ultramafics and different
types of gneisses. The eigenvector matrix for the Landsat-8 data
derived from the MNF is shown in Supplementary Table S4.

4.1.5 Decorrelation Stretch
Decorrelation stretch technique removes the high correlation
between multispectral satellite data and enhances the visual
interpretation by producing more colorful color composite
images (Asran and Hassan, 2021). The decorrelation stretche
(DS) technique has been applied on spectral bands of Sentinel-2A
data with a high spatial resolution (10 m) to enhance the
pegmatite veins and different lithological contacts. In the
present study, the decorrelation stretch was applied on 10
spectral bands of Sentinel-2A, the resultant decorrelations
stretch of the color composite image (RGB-12118) is the most
useful in discriminating the different rock units in the study area.
Pegmatite bodies, veins, and lenses are highlighted well and
appear in yellowish cyan tones (Figure 5B).

4.2 Pegmatites and Associated
Mineralization Detection
Generally, all the mineral deposits show characteristic spectral
signatures on multispectral spectral remote sensing systems
based on their mineralogy and texture. As mentioned above

the detection of pegmatites and associated mineralization in
the examined area is based on the identification of the country
rocks (ultramafics and gneisses) and the hydrothermally
altered zones. The hydrothermal alteration zones are
characterized by substantial contents of hydrous
ferromagnesian silicate and iron oxides. Therefore, the band
ratio technique was applied to Landsat-8 and Sentinel-2A data
to recognize types of hydrothermal alteration. For the Landsat-
8, the band ratios 4/2, 6/7, 4/3, and 6/5 (Figures 5C,E,
Supplementary Figures 3A,C, respectively) are used to map
iron oxides, OH-bearing minerals, ferric iron, and ferrous
minerals, respectively. Where the band ratios of sentinel-2A
of 4/2, 11/12, 11/8A, and 12/11 (Figures 5D,F, Supplementary
Figures 3B,D, respectively) are used to map iron oxides,
hydroxyl minerals, ferric oxides, and ferrous silicate,
respectively. A density slice method was applied to enhance
the band ratio results. The color ramp of this method offers the
lower values (e.g., cyan) in cold colors and the higher values in
hot colors (e.g., red). The resultant images emphasize subtle
gray scale differences that may be imperceptible (Sabins,
1996).

Hunt (1977) pointed out that the corundum Al2O3 mineral
type provides strong absorption in 2.10 µm and shows an
intense absorption feature in 2.40 μm of the electromagnetic
spectrum. Moreover, the standard spectral curve of corundum
in the USGS spectral library shows that it provides high
reflectance in 1.5 µm and high absorption in 2.1 µm
(Figure 6A). Therefore, the band ratios 6/7 of Landsat-8
and 11/12 of Sentinel-2A are very helpful in detecting the
corundum-bearing pegmatites and Al2O3 rich rocks in bright
pixels in the study area. The constrained energy minimization
(CEM) technique developed by Harsanyi (1993)has been used
to solve the typical adaptive beam-forming problem in signal
processing. CEM has become one of the most widely used
techniques today for minerals mapping (Gabr et al., 2010).
This technique was adopted in the present study as a spectral
mapping method for detecting corundum-bearing pegmatites.
It was applied to Landsat-8 bands to detect corundumminerals
with reference to the USGS spectral library. The potential
distribution of corundum-bearing pegmatites is dropped
over gray scale band ratio of 6/7 of Landsat-8 (Figure 6B)
as well as in El Qarn area and south El Hima areas (Figures
6C,D, respectively).

The aforementioned processed color composite and gray scale
images of Landsat-8 and Sentinel-2A integration with field
investigations, petrographical, and geochemical data
interpretation have been used to update the geological map of
El Ramly and Greiling (1988) of the study area (Figure 1B). In
addition, the new geologic map recognized the pegmatite bodies,
veins, and lenses, which contain corundum mineralization in the
study area.

5 PETROGRAPHY

Representative samples of the examined ultramafics exhibit that
they are completely serpentinite according to their
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mineralogical composition. Serpentinites are mainly composed
of antigorite, with a subordinate amount of carbonates.
Chromite and magnetite are the main opaques and
accessories. Primary minerals such as olivine and pyroxene
were not survived from serpentinization processes. The
pseudomorphic texture of olivine and pyroxene is indicated
by mesh and bastite textures. Antigorite occurs as fine-grains
of fibro-lamellar with plumose textures and reveals irregular
aggregates (Figure 7A). Carbonates occur either as scattered
patches or veinlets crosscutting antigorite. Chromite is the
main primary mineral that survived serpentinization and
metamorphism. Gneiss rocks are fine-to medium-grained,
massive to foliated and represented by gneiss. They mainly
consist of quartz and feldspars (plagioclase and microcline)
with subordinate biotite minerals. The main accessory
minerals are zircon and iron oxides (Figure 7B).
Corundum-bearing pegmatites are mainly composed of
microcline, quartz and plagioclase, exhibiting often perthitic
and micrographic textures. In the hand specimen, corundum is
colorless to pale violet with high relief (Supplementary
Figure 4A). Corundum reveals elongated and fractured
crystals of different sizes. Its color varies from brown to
black in cross-polarized light (Figures 7C,D). Occasionally,
it is enclosing different minerals such as magnetite and allanite
and is corroded by plagioclase and biotite. Moreover,
corundum is indicated by ESEM and EDA analysis
(Supplementary Figure 2B).

6 GEOCHEMISTRY

6.1 Bulk Rock Geochemistry
6.1.1 Ultramafic Rocks
Bulk rock (major, trace, and REEs) analysis of the examined
ultramafic samples collected from six localities (Um Nimr, Um
Maiat-Abu Merikhat, Um Shegera, and North-South El Hima)
are given in Table 1. Loss of ignitions (LOI) ranges from
3.85 wt.% (Um Shegera) to 5.6 wt.% (North-South El Hima),
reflecting different serpentinization degrees. It is noticeable that
all of the studied samples have TiO2, MnO, Na2O, K2O, and
P2O5 contents lower than 1 wt.%. Moreover, they have low
Al2O3 (1.45–1.8 wt.%) and very low contents of CaO
(0.52–0.85 wt.%) that are comparable with Pan-African and
fore-arc peridotite (Bodinier and Godard, 2003; Deschamps
et al., 2013; El Mezayen et al., 2018), reflecting their
refractory origin (e.g., Gamal El Dien et al., 2016). The
studied samples are depleted in CaO and Al2O3 relative to
the primitive mantle (PM) and depleted (DM) according to
Salters and Stracke (2004) and Palme and O’Neill (2004). They
possess a very low content of Al2O3/SiO2 (less than 0.06) relative
to PM (McDonough and Sun, 1995) and SiO2/MgO ratio varies
from 0.88 to 1.02, which is comparable with ophiolitic peridotite
(Bodinier and Godard, 2003; Figure 8A). The examined
ultramafics are classified as harzburgite (Li et al., 2004;
Figure 8B).

On the other hand, the investigated ultramafics contain high
concentrations of compatible elements such as Ni

(1,125–2,154 ppm), Cr (1,478–2,987 ppm), and Co
(75–110 ppm). This may be ascribed to the substitution
process between these elements and Mg2+ in olivine.
Furthermore, they encompass low concentrations of high
field strength elements (HFSEs) such as Zr (0.77–4.0 ppm),
Hf (0.06–1.08 ppm), Nb (0.24–0.96 ppm), and Y
(0.44–3.0 ppm) as well as very low contents of low field
strength elements (LFSEs) such as Rb (0.05–2.06 ppm), Ba
(2–6 ppm) and Sr (7–21 ppm). Multi-elements patterns of the
examined ultramafics normalized to PM of Sun and
McDonough (1989) exhibit a clear strong positive anomaly
of fluid mobile elements such as Pb (Figure 9A). Pb positive
anomaly may be ascribed to fluid percolation during
serpentinization processes (Deschamps et al., 2013). The
studied rocks containing ∑REEs vary from 1.9 to 4.21 ppm.
The patterns of the examined samples (normalized to (Cl)
chondrite of Sun and McDonough (1989), exhibit slight
enrichment of low rare Earth elements (LREEs) compared
with high rare Earth elements (HREEs) (Figure 9B), which is
consistent with fore-arc serpentinites (e.g., Deschamps et al.,
2013) and Mariana fore-arc (Kodolanyi et al., 2012). This is
related to their mobility of (LREEs) during subduction/
alteration.

6.1.2 Gneiss Rocks
Whole-rock (major, trace, and REEs) analysis of the Wadi El
Qarn and Um Karaba) are given in Table 2. Wadi El Qarn and
Um Karaba gneisses are characterized by a high content of SiO2,
which varies from 74.79 wt.% inWadi El Qarn to 75.25 wt.%, and
moderate amounts of Al2O3 (av. 11.54 wt.%), Fe2O3 (av.
3.8 wt.%), and Na2O + K2O (av. 7.93 wt.%). The relatively
wide variation is observed in Ba (297–840 ppm), Sc
(11–33 ppm), Cu (16–142 ppm), Zn (125–266 ppm) Sr
(45–108 ppm, and Zr (298–987 ppm) (Table 2). Some trace
elements are normalized to the primitive mantle of Sun and
McDonough (1989), and their patterns exhibit strong P and Ti
negative anomalies (Figure 9C). Rare Earth elements of the
examined gneisses pattern reveal (enrichments) a steep slope
of LREEs relative to HREEs with a weak Eu negative anomaly
(Figure 9D).

6.1.3 Pegmatites
Whole-rock (major, trace, and REEs) analysis of the studied
pegmatite samples collected from eight areas, hosted in two
gneiss localities (Wadi El Qarn and Um Karaba) and six
ultramafic masses (Um Nimr, Um Maiat-Abu Merikhat,
Um Shegera, and N-S El Hima) are given in
Supplementary Table S5. Among the analyzed pegmatites
hosted in ultramafics, Um Maiat-Abu Merikhat has the
highest contents of SiO2 (55.02 wt.%), Ga (88.8 ppm), Rb
(318 ppm), Sr (27.4 ppm), V (50.4 ppm), Cu (100 ppm)
relative to those of other areas. On the other hand, Um
Shegera contains the highest amounts of Al2O3

(40.57 wt.%), Fe2O3 (7.57 wt.%), CaO (5.22 wt.%), Zn
(168 ppm), and La (105.6 ppm) relative to those of other
localities. The high Al2O3 content of the examined
pegmatites is related to the abundance of corundum
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mineralization. On the other hand, the studied pegmatites
hosted in ultramafics contain high contents of Al2O3

(34.97 wt.%), and MgO + Fe2O3 (8.67 wt.%) relative to

those hosted in gneiss rocks (22.15, 7.19 wt.%, respectively).
The high contents of MgO + Fe2O3 may be ascribed to the
contribution of serpentinite rocks. Multi-elements of the

TABLE 1 | Whole rocks (major, trace, and REEs) of Um Nimr, Um Maiat-Abu Merikhat, Um Shegera, and-North-South El Hima ultramafic rocks.

No. Ultramafic rocks

Um Nimr Um Maiat-Abu Merikhat Um Shegera North-South El Hima

UN1 UN2 UN3 UN4 UMM1 UMM2 UMM3 UMM4 US1 US2 US3 US4 UH1 UH2 UH3 UH4

SiO2 42.67 40.92 40.25 39.45 40.26 39.47 39.24 39.45 40.67 39.22 39.14 40.25 39.67 40.55 40.27 39.36
Al2O3 1.45 1.69 1.25 1.77 2.24 2.05 2.36 2.14 1.64 1.96 1.78 1.45 2.14 1.58 1.78 1.69
Fe2O3 9.47 10.25 10.56 8.36 9.66 9.24 9.44 9.34 9.65 9.44 9.24 9.37 8.47 10.37 9.22 9.68
MgO 41.55 42.36 41.78 44.25 42.12 43.25 41.78 42.36 43.24 44.56 44.15 43.58 43.24 41.25 41.24 41.05
CaO 0.25 0.66 0.78 0.63 0.78 0.93 0.85 0.83 0.75 0.64 0.69 0.78 0.45 0.28 0.69 0.67
Na2O 0.12 0.13 0.11 0.09 0.04 0.05 0.07 0.14 0.16 0.09 0.04 0.03 0.06 0.03 0.04 0.05
K2O 0.06 0.04 0.08 0.03 0.02 0.03 0.05 0.07 0.06 0.05 0.02 0.01 0.03 0.01 0.02 0.03
TiO2 0.06 0.07 0.05 0.11 0.09 0.07 0.06 0.12 0.17 0.16 0.19 0.24 0.21 0.09 0.11 0.13
P2O5 0.03 0.04 0.02 0.02 0.04 0.03 0.05 0.04 0.02 0.03 0.04 0.06 0.05 0.02 0.04 0.03
MnO 0.12 0.11 0.13 0.14 0.09 0.07 0.06 0.04 0.08 0.12 0.14 0.13 0.11 0.12 0.08 0.13
LOI 3.60 3.30 4.70 4.80 4.30 4.40 5.70 5.20 3.30 3.70 4.50 3.90 3.60 5.40 5.80 7.60
Sum 99.35 99.57 99.71 99.65 99.64 99.59 99.66 99.73 99.74 99.97 99.93 99.80 99.03 99.70 99.29 100.39
Ba 4.00 4.00 3.00 3.00 5.00 4.00 4.00 3.00 2.00 4.00 3.00 4.00 5.00 5.00 4.00 6.00
Cr 1,865 17,580 1,564 1,478 2,457 2,653 2,784 2014 1,654 1987 1985 1963 2,314 2,687 2,987 1996
Ni 1,125 1,452 1,365 1,254 1,689 1758 1854 1795 2,154 2016 2089 2,144 1968 1874 1786 1,598
Sc 5.00 9.00 7.00 9.00 8.00 12.00 10.00 9.00 4.00 9.00 7.00 8.00 9.00 10.00 3.00 6.00
Mo 1.09 1.08 1.56 1.80 1.70 1.50 1.40 1.60 2.30 2.80 2.70 2.50 2.60 2.90 2.80 2.40
Cu 41.00 45.00 44.00 49.00 55.00 59.00 62.00 67.00 39.00 37.00 41.00 42.00 71.00 75.00 69.00 67.00
Pb 4.00 5.00 6.00 6.00 8.00 9.00 7.00 10.00 11.00 12.00 13.00 10.00 8.00 9.00 10.00 12.00
Zn 66.00 62.00 59.00 54.00 77.00 72.00 71.00 69.00 55.00 58.00 52.00 51.00 74.00 85.00 82.00 81.00
As 10.00 9.00 14.00 18.00 16.00 22.00 25.00 31.00 34.00 26.00 33.00 41.00 45.00 52.00 55.00 48.00
Cd 0.27 0.23 0.24 0.26 0.29 0.33 0.34 0.38 0.23 0.24 0.22 0.21 0.14 0.18 0.19 0.12
Sb 8.00 9.00 5.00 10.00 12.00 11.00 10.00 8.00 9.00 7.00 8.00 10.00 9.00 8.00 7.00 5.00
Bi 0.15 0.16 0.22 0.31 0.36 0.34 0.56 0.45 0.57 0.74 0.58 0.59 0.66 0.44 0.63 0.54
Ag 3.22 2.66 2.78 2.88 3.90 4.55 4.22 4.69 5.24 5.60 5.90 5.70 6.47 7.25 8.20 9.20
Au (ppb) 0.63 0.53 0.45 0.57 0.96 0.58 0.66 0.77 0.80 0.90 0.70 0.50 0.44 0.65 0.78 0.96
Hg 0.02 0.03 0.05 0.07 0.21 0.23 0.27 0.29 0.32 0.34 0.36 0.39 0.45 0.78 0.48 0.58
Be 0.50 0.40 0.60 0.30 0.40 0.70 0.80 0.90 0.40 0.50 0.30 0.30 0.20 0.50 0.60 0.70
Co 75.00 79.00 85.00 88.00 92.00 94.00 102.00 99.00 84.00 92.00 87.00 79.00 102.00 106.00 110.00 99.00
Cs 0.05 0.05 0.06 0.06 0.07 0.07 0.05 0.10 0.10 0.06 0.08 0.06 0.09 0.07 0.05 0.07
Ga 3.00 2.00 2.00 3.00 3.00 4.00 4.00 5.00 6.00 5.00 6.00 4.00 3.00 3.00 2.00 2.00
Hf 0.09 0.08 1.02 0.07 1.06 1.07 1.05 1.07 1.02 1.08 0.09 0.08 0.07 0.06 1.02 1.07
Nb 0.25 0.66 0.48 0.96 0.77 0.55 0.34 0.85 0.81 0.24 0.36 0.66 0.78 0.59 0.64 0.78
Rb 0.09 0.07 0.08 0.09 2.01 2.06 1.55 1.36 0.05 0.06 0.09 1.02 2.04 2.03 1.66 1.21
Sn 10.00 15.00 172.00 19.00 10.00 12.00 13.00 9.00 14.00 12.00 14.00 12.00 14.00 12.00 14.00 12.00
Sr 8.00 10.00 9.00 7.00 12.00 14.00 16.00 14.00 18.00 19.00 20.00 21.00 8.00 9.00 11.00 12.00
Ta 0.07 0.05 0.06 0.07 1.05 1.06 1.09 1.00 1.08 1.06 1.02 1.04 1.07 1.06 1.08 1.08
Th 0.09 0.05 0.06 0.07 0.06 0.05 0.05 0.08 0.12 0.14 0.15 0.30 0.40 0.20 0.10 0.10
U 0.02 0.04 0.02 0.04 0.10 0.04 0.02 0.03 0.10 0.00 0.05 0.05 0.05 0.06 0.05 0.05
V 29.00 25.00 24.00 30.00 34.00 38.00 40.00 36.00 38.00 42.00 50.00 47.00 45.00 41.00 36.00 34.00
W 1.23 1.66 1.78 1.35 0.92 0.84 0.73 0.65 0.86 0.82 0.77 0.66 0.45 0.25 0.36 0.75
Zr 2.00 3.00 3.00 4.00 1.00 0.99 0.77 0.88 2.00 2.00 3.00 2.00 1.00 2.00 2.00 1.00
Y 0.44 0.66 0.77 0.86 1.00 2.00 3.00 2.00 1.00 3.00 1.00 1.00 2.11 2.44 2.66 2.90
La 0.15 0.18 0.22 0.26 0.32 0.35 0.36 0.37 1.02 1.06 1.04 1.06 0.17 0.22 0.25 0.28
Ce 0.35 0.32 0.31 0.37 0.42 0.45 0.48 0.49 0.65 0.67 0.78 0.96 0.77 0.73 0.65 0.49
Pr 0.12 0.14 0.16 0.18 0.09 0.07 0.08 0.22 0.35 0.39 0.37 0.42 0.45 0.46 0.38 0.37
Nd 0.55 0.56 0.59 0.57 0.89 0.87 0.65 0.57 0.81 0.88 0.98 0.67 0.56 0.46 0.44 0.56
Sm 0.02 0.03 0.12 0.15 0.09 0.08 0.07 0.05 0.09 0.07 0.06 0.08 0.18 0.16 0.21 0.22
Eu 0.08 0.06 0.05 0.07 0.03 0.02 0.04 0.05 0.08 0.07 0.05 0.06 0.09 0.11 0.08 0.07
Gd 0.09 0.11 0.12 0.13 0.22 0.24 0.26 0.25 0.31 0.32 0.35 0.38 0.09 0.12 0.11 0.15
Tb 0.02 0.03 0.06 0.05 0.02 0.03 0.04 0.05 0.02 0.04 0.03 0.02 0.06 0.07 0.08 0.06
Dy 0.16 0.22 0.24 0.26 0.33 0.37 0.36 0.28 0.29 0.25 0.24 0.26 0.36 0.38 0.37 0.34
Ho 0.04 0.05 0.06 0.07 0.05 0.04 0.03 0.08 0.09 0.04 0.03 0.02 0.02 0.03 0.03 0.04
Er 0.12 0.11 0.14 0.15 0.25 0.23 0.21 0.20 0.09 0.08 0.07 0.06 0.15 0.18 0.16 0.14
Tm 0.02 0.03 0.03 0.02 0.04 0.05 0.04 0.02 0.03 0.02 0.02 0.03 0.04 0.03 0.02 0.02
Yb 0.15 0.14 0.16 0.19 0.22 0.24 0.28 0.29 0.12 0.13 0.14 0.16 0.21 0.23 0.24 0.28
Lu 0.03 0.02 0.03 0.02 0.02 0.02 0.03 0.02 0.03 0.02 0.02 0.03 0.04 0.05 0.03 0.02
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studied pegmatites normalized to the upper continental crust
of Taylor and Mclennan (1985) and their pattern reveal strong
Ba and Sr negative anomalies (Figure 10A). In addition, they
exhibit a notable enrichment of LREEs with a steep slope
relative to nearly flat HREEs (Figure 10B).

6.2 Corundum Chemistry
Representative electron microprobe analysis (EMPA) of the
examined corundum revealed that the Al2O3 is the dominant
constituent (Supplementary Table S6). The Al2O3 reaches up
to 99.72 wt.% in pegmatite-gneiss and up to 100 wt.% in
pegmatite-ultramafics (Um Nimr area). Other constituents
such as SiO2, MnO, CaO, MgO, FeO, Cr2O3, TiO2, Ga2O3,
Na2O, and K2O have an average of less than 0.5 wt.%. The main
differences in the examined corundum of all localities are in
chromophores (traces) such as Ti, Cr, Fe, and Mg. The studied
corundum of pegmatite hosted in-gneiss contain the lowest
amounts (Maximum concentrations) of TiO2 (0.02 wt.%), FeO
(0.36 wt.%) and Cr2O3 (0.29 wt.%) relative to those of
pegmatite hosted in ultramafics (0.12, 0.42, and 1.88,
respectively).

7 DISCUSSION

7.1 Remote Sensing Data Analysis
The tested false-color composites are apt to discriminate between
the different lithological units, lithological contacts, and
structures in the study area. The composites that better
identify hydrothermally altered rocks are RGB-567 for L8 in
faint green tones (Supplementary Figure 2A). The RGB-2812 for
S2A demarcates the iron oxides and clay minerals in whitish pink
color (Supplementary Figure 2B). The two composites of RGB-
327 for L8 (Figure 4A) and RGB-3212 for S2A (Figure 4B)
manifest rocks enriched with ferromagnesian minerals by strong
dark pixels, and the degree of pixel opacity decreases slightly for
rocks with lower ferromagnesian content. The highly folded
ultramafics and metagabbros can be easily detected in the
pinkish-gray color of the white gneissic granodiorite. Al2O3

rich rocks are enhanced by the light to dark buff color as
shown in Figure 4A.

The ultramafic rocks can be well identified in the band ratio of
RGB-6/7, 4/3, 5/4 for (L8) (Figure 4C) with the dark to bright
bloody color. These rocks are separated with sharp contacts from

FIGURE 6 | (A)Diagram showing the USGS spectra of corundum, (B)CEM results (red pixels) showing the pegmatites and associated corundum abundance in the
study area drapped over Landsat-8 (6/7) band ratio, (C,D) showing the validation of the distribution of pegmatites using the matching of the sample locations in two
areas; El Qarn area and South El Hima area, respectively.
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the dark blue pixels of biotite gneisses and pinkish-gray color of
gneissose granodiorite. The pegmatite veins and bodies exhibit
orange color. The band ratio RGB-11/7, 12/5, 11/12 of (S2A)
(Figure 4D) shows the ultramafics in lemon green, gneisses in
bright green, the highly injected white gneissic granodiorite with
pegmatites in blue colors. The pegmatites are demarcated by the
light magenta color. The Chica-Olma ratio RGB-6/7, 6/5, 4/2 of
(L8) (Supplementary Figure 2C) highlights the ultramafics rocks
in reddish yellow, gneisses in dark green, gneissic granodiorite-
tonalite in light violet to dark blue color. The pale yellow color of
pegmatite bodies can be detected well from the dark background
colors of gneissic granitic rocks. In addition, the ultramafic rocks
in the six studied areas of Um Maiat, Abu Merikhat, Um Nimr,
North El Hima, South El Hima, and Um Shegera exhibit bright

green colors in the band ratio RGB-12/8A, 11/8A, 12/11 of (S2A)
(Supplementary Figure 2D). These ultramafics are injected by
pale color pegmatite veins and lenses.

Loughlin (1991) pointed out that the magnitude and sign
(positive or negative) of the eigenvectors depend on which
spectral properties of rocks and/or minerals are responsible for
the statistical variance mapped into each principal component
(PC). The eigenvector loadings of PC1, PC2, PC3, and PC4 show
high contributions with bands 5, 6, 7 of Landsat-8
(Supplementary Table S2). Therefore, PCA123 (Figure 4E)
and PCA432 (Supplementary Figure 2E) were performed to
highlight areas enriched with iron oxides and clay minerals,
which are associated with the pegmatite veins. The dark red
and blue pixels have a high surface abundance of iron oxide/

FIGURE 7 | (A) Microveinlets of carbonates intersected antigorite (Atg); (B) Anhedral microcline (Mc) crystal corroded by quartz (Qtz) and plagioclase (Pl); (C,D)
Margarite (Marg) between high relief anhedral and fractured corundum (Cor).

FIGURE 8 | (A) Al2O3 against SiO2/MgO diagram of Bodinier and Godard (2003) and (B) CaO-Al2O3-MgO ternary diagram (Li et al., 2004).
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hydroxide minerals, which are mostly associated with ultramafic
rocks (Figure 4E and Supplementary Figure 2E). Al–OH
mineral groups which occurred in the gneissic granitic rocks
were enhanced by cyan and light green colors in Figure 4E and
Supplementary Figure 2E, respectively. The pegmatite bodies are
brought out by the dark red pixels in the two images. In
accordance with the eigenvector loadings of the Sentinel-2A,
the PC1, PC3, PC4, and PC6 have strong loadings of bands
8A, 11, and 12 (Supplementary Table S3). Therefore, the
PCA145 (Figure 4F) and PCA643 (Supplementary Figure 2F)
were produced to map the gneisses in pink pixels in Figure 4F
and in pinkish-blue in supplementary Figure (2f). Al2O3 rich rock
enhanced with bright green pixels in Figure 4F and yellowish pale
green in Supplementary Figure 2F. Moreover, the MNF-531 of
Landsat-8 (Figure 5A) and the decorrelation stretch for the RGB-
12118 (Figure 5B) of Sentinel-2A shows good and useful
discrimination of ultramafics (in green and light blue pixels),
gneisses (in red pixels), biotite gneisses (greenish cyan pixels), and
white gneissose granite (in cyan pixels). A good appearance of the
pegmatite veins and lenses in a bright yellowish-green cut the
ultramafics and gneissic background in the two images
(Figures 5A,B).

To enhance the mineralization zones in the study area,
specific band ratios were applied to Landsat-8 and Sentinel-2A

data. The band ratios 4/2 to Landsat-8 (Figure 5C) and
Sentinel-2A (Figure 5D) are used to delineate the iron
oxides commonly in bright pixels in the gray scale version.
The present study offers the color density slice version of the
two gray scale ratios with red areas corresponding to the
highest surface reflectance values and easy to detect. The
band ratios 6/7 to Landsat-8 (Figure 5E) and 11/12 to
Sentinel-2A (Figure 5F) enhanced in red color the areas
rich with hydrothermal minerals, which are associated with
the ultramafics and pegmatite bodies. To map the ferric oxides
band ratios of 4/3 to Landsat-8 (Supplementary Figure 3A)
and 11/8A to Sentinel-2A (Supplementary Figure 3B). Where
the band ratios 6/5 to landsat-8 (Supplementary Figure 3C)
and 12/11 to Sentinel-2A (Supplementary Figure 3D) are
successful to map the ferrous minerals. The resultant images of
the previous band ratios provide coinciding results from the
Landsat-8 and Sentinel-2A band ratios and confirm each other.
The distribution of the iron oxides and hydroxyl minerals
helps in detecting the pegmatite veins and associated
mineralization.

Figure 6B shows the potential areas to the presence of the
corundum-bearing pegmatites based on the CEM technique
appear in red color pixels drapped over the band ratio 6/7 of
Landsat-8. The validation of this map is carried out using 32

FIGURE 9 | (A) Primitive mantle and (B) chondrite (Cl)-normalized trace element patterns of the examined ultramafic rocks after Sun and McDonough (1989); (C)
Primitive mantle and (D) chondrite (Cl)-normalized trace element patterns of the examined gneissose rocks after Sun and McDonough (1989).
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ground control points or sample locations of corundum-bearing
pegmatites. The accuracy assessment attained 90.6% where 29
points are failed over the detected potential pegmatites pixels.

Figures 6C,D shows the matching of the sample locations with
the corresponding potential pegmatites pixels in the Wadi El
Qarn area (No. 2, corundum-bearing pegmatites hosted in

TABLE 2 | Whole rocks (major, trace and REEs) of Um Karaba and Wadi El Qarn gneisses rocks.

No. Gneisses

Um Karaba Wadi El Qarn

NQK1 NQK2 NQK3 NQK4 NQK5 NQK6 NQK7 NQK8 NQK9 NQK10

SiO2 75.56 75.33 74.57 76.48 74.29 73.48 75.21 76.49 74.44 74.34
Al2O3 11.23 11.66 10.23 10.58 12.24 12.56 12.47 10.36 11.49 12.56
Fe2O3 3.56 3.48 3.47 3.64 3.69 4.25 3.56 4.12 4.92 3.28
MgO 0.04 0.04 0.06 0.05 0.07 0.04 0.03 0.04 0.06 0.07
CaO 0.36 0.26 0.69 0.47 0.75 0.99 0.92 0.65 0.66 0.52
Na2O 4.56 4.25 5.23 5.16 4.83 3.89 3.96 3.47 4.39 5.01
K2O 3.66 3.45 3.85 3.14 3.12 3.47 3.21 3.34 3.67 3.62
TiO2 0.23 0.34 0.51 0.36 0.27 0.41 0.39 0.45 0.62 0.37
P2O5 0.03 0.05 0.02 0.03 0.04 0.04 0.03 0.02 0.06 0.04
MnO 0.06 0.07 0.06 0.07 0.09 0.04 0.09 0.05 0.04 0.03
Cr2O3 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002
LOI 0.6 0.7 0.7 0.5 0.4 0.3 0.3 0.5 0.4 0.3
Sum 99.89 99.63 99.39 100.38 99.79 99.43 100.17 99.49 100.75 100.14
Ba 589 356 726 569 739 297 462 537 840 429
Ni 9 10 8 7 8 10 11 5 6 4
Sc 22 26 27 32 15 24 18 33 11 28
Mo 2.0 4.0 3.0 5.0 7.0 4.0 6.0 4.0 10.0 6.0
Cu 16.0 23.0 45.0 32.0 37.0 45.0 55.0 24.0 99.0 142.0
Pb 10.0 22.0 14.0 16.0 17.0 19.0 10.0 6.0 17.0 12.0
Zn 178 155 236 249 182 149 266 145 136 125
As 11.0 12.0 5.0 8.0 9.0 12.0 7.0 8.0 12 18.0
Cd 1.6 1.2 1.7 1.4 2.2 2.8 1.9 1.2 1.6 0.5
Sb 0.1 0.3 0.2 0.6 0.7 0.9 0.4 0.5 0.3 0.2
Bi 25.0 19.0 45.0 15.0 16.0 24.0 17.0 10.0 9.0 18.0
Ag 0.1 0.02 0.03 0.1 0.1 0.1 0.1 0.1 0.07 0.09
Au (ppb) 0.03 0.1 0.1 0.4 1.6 1.9 0.1 0.1 0.1 0.1
Hg 1.56 1.78 1.69 0.88 2.45 0.75 1.56 1.69 1.25 1.64
Be 2 1 2 2 1 1 2 2 1 1
Co 4 2 2 3 8.0 7.0 5.0 9.0 2.0 3.0
Cs 0.7 0.5 0.7 0.9 0.8 0.4 0.5 0.6 0.9 0.4
Ga 15.0 16.0 20.0 18.0 22.0 24.0 26.0 21.0 22.0 18.0
Hf 8.0 7.0 5.0 10.0 11.0 12.0 10.0 5.0 6.0 7.0
Nb 22 55.0 39.0 63.0 46.0 51.0 35.0 29 26.0 39.0
Rb 62 68.0 75.0 48.0 71.0 75 89.0 39.0 40 63.0
Sn 12 15 16 11 9 12 10 8 18 12
Sr 71.0 92.0 96.0 55.0 63.0 102.0 78.0 63.0 45.0 102.0
Ta 3.0 5.0 2.0 8.0 4.0 7.0 2.0 2.0 3.0 7.0
Th 22.0 15.0 12.0 13.0 17.0 10.0 23.0 12.0 25.0 27.0
U 3.0 2.0 1.0 1.0 2.0 1.0 3.0 1.0 3.0 4.0
V 9 15 16 13 10 21 7 14 9 14
W 2.0 5.0 6.0 5.0 4.0 9.0 7.0 2.0 3.0 4.0
Zr 754.0 623.0 589.0 457.0 335.0 298.0 368.0 987.0 952.0 845.0
Y 75.0 122.0 69.0 85.0 97.0 112.0 106.0 136.0 145.0 134.0
La 69.0 97.0 102.0 114.0 57.0 78.0 69.0 92.0 88.0 63.0
Ce 157.0 142.0 136.0 157.0 169.0 148.0 211.0 217.0 185.0 232.0
Pr 5.69 8.29 4.78 7.88 9.78 5.39 9.22 6.14 6.47 5.49
Nd 25.9 45.6 55.7 46.7 45.6 66.2 29.6 37.6 35.7 41.7
Sm 4.56 6.78 5.77 4.69 3.78 3.78 8.47 5.92 5.12 4.34
Eu 0.96 0.78 1.24 0.62 0.74 0.69 0.77 0.83 0.96 1.05
Gd 4.69 5.47 6.55 3.59 4.66 7.24 6.34 4.39 4.29 3.14
Tb 1.26 0.98 0.86 0.99 1.23 1.29 0.78 1.64 0.89 0.76
Dy 5.36 4.77 3.48 5.68 5.64 4.78 6.22 3.65 4.15 4.29
Ho 1.26 0.82 1.29 1.02 1.05 0.87 1.78 0.95 1.22 0.76
Er 1.26 2.54 3.48 1.89 2.88 3.25 3.14 2.69 2.78 1.86
Tm 1.26 1.69 0.54 0.78 0.86 0.93 0.47 0.36 0.67 1.47
Yb 2.89 2.64 2.44 3.12 3.41 2.66 1.75 2.78 2.39 2.69
Lu 0.66 0.45 0.86 0.45 0.78 0.63 0.37 0.41 0.53 0.37
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gneisses, Figure 6C) and South Wadi El Hima area (No. 8,
corundum-bearing pegmatites hosted in ultramafics,
Figure 6D). One hundred and forty-one (141) pegmatite veins
and lenses have been detected in the study area (Figure 1B). Their
lengths are ranging between 0.06 and 1.16 km and with an
average length of 0.21 km. Figure 11A shows the density map
of these pegmatite veins drapped over the shade relief map of the

study area. These pegmatite veins are trending mostly NW-SE
which is affected by the foliation trend of the gneisses, and the
foliated ultramafics. The distribution of Al2O3 content percent in
the corundum-bearing pegmatites (Supplementary Table S6)
drapped over the potential map of the pegmatite (Figure 11B) to
reflect the coincide results of the geochemistry and remote
sensing. Figure 11B shows the high Al2O3 content in the

FIGURE 11 | (A)Density map of the extracted pegmatite veins and lenses (Note: this map excluded the white pegmatite body in the southwestern part of the area,
Figure 1 and (B) Geospatial distribution of Al2O3 content of the pegmatites veins and lenses based on the chemical analysis of the collected samples drapped over the
potential abundance of pegmatites produced by the remotely sensed data.

FIGURE 10 | (A) Trace elements of the studied pegmatites normalized to the upper continental crust of Taylor andMcLennan (1985); and (B) chondrite-normalized
REEs of Sun and McDonough (1989).
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corundum-bearing pegmatites in the Um Shagara, North, and
South El Hima areas but offers a moderate content in the rest of
the studies areas.

7.2 Tectonic Setting of the Studied
Ultramafic Rocks
These rocks are remnants of oceanic crust that are related to
Neoproterozoic ophiolitic rocks (Figure 12A). Serpentinization
processes reflect low-grade metamorphism (Greenschist facies)
affecting the rocks. Bulk-rock composition of the examined
ultramafics can be used to manifest post magmatic processes
affecting the protolith, including metasomatism and partial
melting (El Mezayen et al., 2018; Lasheen et al., 2021a).

Despite different tectonic signatures of the ophiolitic rocks in the
Eastern Desert of Egypt, recent studies can infer the applicable
environment based on primary mantle minerals certainly Cr-
spinels and olivine relics. Most studies suggest that the Egyptian
ophiolitic ultramafics are formed in sub-arc and emplaced in fore-arc
(e.g., Azer and Stern, 2007; El Mezayen et al., 2018; Lasheen et al.,
2021a). Bulk rocks analysis (hydrous) show that they have SiO2

content that varies from 39.14 to 42.67 wt.%, MgO from 41.05 to
44.56 wt.%, Fe2O3 from 8.36 to 10.56 wt.%, CaO from 0.25 to
0.93 wt.%, and TiO2 from 0.05–0.24 wt.%, suggesting high partial
melting degrees (Uysal et al., 2012). Further constraints, the studied
ultramafic rocks have high contents of MgO (40.05 wt.%), Ni

(1745 ppm), Cr (2,134 ppm), and Co (92 ppm), reflecting their
depleted mantle sources (Lasheen et al., 2021a). Moreover, their
lower contents of Nb and Zr suggest their depleted source (Geng
et al., 2011). SiO2, as well as Al2O3 of the ultramafics, are relatively
immobile compared to CaO (e.g., Niu, 2004) and their ratios can be
used to infer the tectonic setting (Hattori and Guillot, 2007). The
studied ultramafics possess an Al2O3/SiO2 ratio (av. 0.05) lower than
that of PM (McDonough and Sun, 1995) and MgO/SiO2 ratios (av.
1.06) higher than that of PM (~0.85), which compares with fore-arc
peridotites. The examined samples straddle in and are akin to (due to
higher content of Al2O3) fore-arc field (Ishii et al., 1992; Pearce et al.,
2000; Niu, 2004; Figure 12A). Further supporting, Ahmed and
Gharib (2018) concluded that the Cr-spinel composition (Cr# >
0.7) of Hafafit ultramafics reflects high partial melting degrees and
formed within the fore-arc environment. On the other hand, mantle
wedge, subducted, and abyssal ultramafics can be separated from each
other’s using some trace and REEs. In terms of, U, Ba, and Cs (ppm)
against Yb (ppm), the examined rocks are located far from the
terrestrial array in the subducted field (Figures 12B–D).

7.3 Origin and Petrogenesis of Gneiss
Rocks
Different origins of the examined gneiss can be deduced using
several discrimination diagrams. To infer their igneous origin, the
examined samples were plotted on a binary diagram of Tarney

FIGURE 12 | (A) CaO against Al2O3 of bulk rock (Ishii et al., 1992); (B–D) Ba, U, and Cs vs. Yb (ppm) for the examined ultramafic rocks (Deschamps et al., 2013).
White and red stars are of the primitive mantle (PM) and depleted mantle (DM) are after McDonough and Sun (1995) and Salters and Stracke (2004), respectively. Field of
sedimentary poles is after Li and Schoonmaker (2003).
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(1977). The analyzed samples occupy the igneous source
(Figure 13A). Therefore, they are treated as igneous
(plutonic/volcanic) rocks in their classification, magma type,
and tectonic regime. According to Cox et al. (1979), the
analyzed gneisses plotted in the granite field (Figure 13B)
and in granite and alkali granite based on De la Roche et al.
(1980) (Figure 13C) diagram. Due to the enrichment of total
alkalis of the examined gneisses, their parental magma has the
chemical composition of A-type granites (Figure 13D)
according to Whalen et al. (1987). Therefore, the parent
rocks of the examined gneisses can be inferred using some
geochemical diagrams such as Nb against Y of Pearce et al.
(1984). The protolith of the examined gneisses seems to be
formed within the plate tectonic regime (Figure 13E).

7.4 Origin of Corundum
Corundum is commonly found in pegmatite either associated
with margarite (marundite) or plagioclase (plumasite) (Bucher
et al., 2005; Dill, 2015). Corundum-bearing pegmatites in the
Hafafit area have both plumasite and marundite (Ahmed and
Gharib, 2018). Corundum can be formed by magmatic as well as
metasomatic/metamorphic processes (Peucat et al., 2007;
Giuliani et al., 2014; Karmakar et al., 2017). Chromophores
(e.g., Cr, Mg, V, Ga, Fe, and Ti) can be used as reliable for
corundum origin (Peucat et al., 2007; Giuliani et al., 2014; Ahmed
and Gharib, 2018).

Themagmatic types can be distinguished by high Ga and low
Cr contents with Cr2O3/Ga2O3 ratio less than one, whereas the
metamorphic suites are characterized by high Cr and low Ga

FIGURE 13 | (A) SiO2 versus TiO2 variation diagram of Tarney (1977). Discrimination diagrams; (B) SiO2 vs., Na2O + K2O of Cox et al. (1979), (C)R1-R2 diagram of
De la Roche et al. (1980), (D) 10,000*Ga/Al vs. Zr, and (E) Y against Nb diagram of Pearce et al. (1984).
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contents with Cr2O3/Ga2O3 ratio of more than 3 (Sutherland
et al., 1998). The composition of the examined corundum has
Cr2O3/Ga2O3 values ranging from 2.5 to 134, reflecting their
metamorphic origin. In addition, the Ga/Mg ratio is used to
differentiate between magmatic and metamorphic types.
Magmatic corundum is defined by Ga/Mg more than six and
less than three for metamorphic and metasomatic types
(Giuliani et al., 2014), due to Ga substitute for Al and the
Ga/Al ratio is constant in the continental crust (Peucat et al.,
2007).

It is noticeable that the investigated corundum has Ga/Mg
ratio ≤3, reflecting metamorphic/metasomatic sources
(Figure 14A). Further constraints, Fe/Mg ratio is used to

differentiate between magmatic and metamorphic corundum.
This ratio is high for magmatic (>100) and low for
metamorphic and metasomatic types (<100), (Peucat et al.,
2007). The studied corundum has a composition that contains
Fe/Mg less than 100, suggesting its metamorphic origin. Fe-
Mg*100-Ti*10 diagram can be used to differentiate between
metamorphic and magmatic corundum (Peucat et al., 2007).
The investigated corundum has low Fe and Ti and high Mg
contents, therefore it straddles metamorphic/metasomatic field
(Figure 14B).

Therefore, the examined corundum is originated through
interaction processes between the intrusive pegmatite and the
host rocks (ultramafics and gneiss). Desilication of these
pegmatites led to an excess of alumina in the residual melt
producing corundum mineralization. The studied corundum
contains low Fe and high Mg contents as typical metamorphic
corundum, which is indicated byMg-Fe-Ti ternary diagram (Peucat
et al., 2007). Figure 15 shows a simple schematic model that
illustrates the metasomatic interaction between felsic magma
(pegmatite) and ultramafic rocks and gneisses. The emplacement
of pegmatite (silica and alumina rich) within ultramafic rocks
(serpentinites/silica deficient rocks), the mineralized zone has
been formed with new mineral associations in serpentinites. The
newly formed minerals include actinolite, anthophyllite, and
vermiculite. The residual melt becomes more Al-rich due to silica
diffusion. Therefore, alumina-rich minerals have been formed such
as corundum, hercynite, and almandine. On the other hand, the
tourmaline-rich zone was formed at pegmatite and gneiss
(containing B-rich fluids) contact. In addition, the small scale of
corundum-bearing pegmatites within ultramafics rocks represent
the main factor for preventing ruby (red corundum) due to less
remobilization of Cr and Fe.

8 CONCLUSION

The remotely sensed data were integrated with petrography,
geochemical analyses, and comprehensive field investigation to
detect and deduce the petrogenesis of corundum-bearing

FIGURE 14 | (A) Fe versus Ga/Mg (ppm) and (B) Mg-Fe-Ti (ppm) diagrams of the examined corundum. Fields of metamorphic and magmatic are obtained from
Peucat et al. (2007).

FIGURE 15 | Schematic model showing the metasomatic interaction
between felsic magma (pegmatite) and ultramafic rocks, from one hand, and
gneiss with the other hand. The emplacement of pegmatite (silica and alumina
rich) within ultramafic rocks (serpentinites/silica deficient rocks), the
mineralized zone has been formed with new mineral associations in
serpentinites. The newly formed minerals include actinolite (Act), anthophyllite
(Anth), and vermiculite (Verm). The residual melt becomes more Al-rich due to
silica diffusion. Therefore, alumina-rich minerals have been formed such as
corundum (Corn), hercynite (Hyr), and almandine (Alm). On the other hand, the
tourmaline-rich zone was formed at pegmatite and gneiss (containing B-rich
fluids) contact.
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pegmatites in eight occurrences in the Migif-Hafafit area, Egypt.
Different digital image processing algorithms and techniques
were applied to map the corundum-bearing pegmatites and
host rocks. The band ratio, principal component analysis, and
constrained energy minimization techniques proved to be more
significant and efficient for corundum-bearing pegmatites
exploration. The field and microscopic investigations revealed
that the host rocks are gneisses and ophiolitic ultramafic, which
are represented by serpentinites with harzburgitic protolith.
Moreover, the corundum is represented by elongated and
fractured crystals of different sizes in the thin sections. The
geochemical data revealed that the host rocks possess low Al2O3

(1.45–1.8 wt.%) and CaO (0.52–0.85 wt.%), as well as high
concentration of Ni (1,125–2,154 ppm), Cr
(1,478–2,987 ppm), and Co (75–110 ppm), reflecting depleted
sources and forearc setting. Corundum is formed as a result of
the intrusion of pegmatitic melt within ultramafics and gneiss
rocks. Its chromophore such as Cr, Mg, Ga, Fe, and Ti can be
used as reliable for corundum origin. They have Ga/Mg ratio ≤3,
Cr2O3/Ga2O3 values ranging from 2.5 to 134, and Fe/Mg less
than 100, suggesting metamorphic/metasomatic sources. This
study concluded that the automated remote sensing mapping of
corundum-bearing pegmatites and host rocks, which has been
verified by fieldwork, petrography, and geochemical analyses,
introduces a successful approach for identifying pegmatites and
associated corundum mineralization in the study area. It is
highly recommended to apply this approach to explore new
potential occurrences of the corundum-bearing pegmatites in a
similar geologic environment.
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