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1. INTRODUCTION
The area east of Gabal Atud, the type locality of the Atud 

Formation, locates in the Central Eastern Desert of Egypt 
along Marsa Alam road (Fig. 1a) and covers an area of about 
123 km2 between latitude 24˚58´30˝N to 25˚03´00˝N and 
longitude 34˚25´30˝E to 34˚ 31´30˝E. The study area (Fig. 1b) is 
mainly covered by Atud Formation, metasediments (schist- 
mudstone-greywacke series, serpentinites-talc-carbonates, 
metagabbro-diorite complex, and grey granite (Essawy, 1964). 
The Atud Formation extends about 7.5 km E-W, and about 
2-3 km wide and thrusted southward over the schist- mudstone- 

greywacke series and the serpentinites due to the emplacement 

of the massive Mubarak-Dabr metagabbro complex (Akaad and 

Essawy, 1964).

The tectonic setting, origin and depositional duration of 

the Atud Formation are still uncertain. The Atud conglomerates 

are considered to be deposited as part of an accreted prism 

due to the subduction of an oceanic plate in front of magmatic 

arcs (Soliman and Hegazy, 1989). The Atud conglomerates 

were suggested to be deposited in a continental environment 

rather than a deep-marine environment (Abu El-Ela, 1990). 
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Abstract. The east of Gabal Atud area is covered by a variety of Precambrian basement rocks including Atud Formation, Atud tectonized mélange, 
metavolcanics, and serpentinites-talc-carbonates. These rocks were later intruded by the island arc metagabbro- diorite complex which in turn is invaded 
by some dykes. Operational Land Imager (OLI) and Sentinel-2A were applied for the first time for lithological discrimination of the exposed rock units in the 
east of Gabal Atud area. Five image enhancement techniques are applied including optimum index factor, false color composites, band rationing, principal 
component analysis, and minimum noise fraction for the interpretation of OLI and Sentinel-2A datasets. The integrated image-processing techniques allow 
the effective lithological discrimination of the east of Gabal Atud area, Central Eastern Desert, Egypt. The acid metavolcanics have been effectively discriminated 
from basic metavolcanics and serpentinites through FCC S2 b12-b11-b1, OLI PCA b4 -b3-b2, S2 PCA b5-b2-b3, and OLI band ratio (b4/b2, b6/b7, b4/b6). 
The sandstone facies highlight the fantastic (folding and faulting) structures of the Atud Formation on OLI and S2 images including OLI PCA of b1-b2-b3,  
S2 PCA of (b2), and S2 PCA of b5-b2-b3. Conglomerate facies can be differentiated from diamictite facies using the band ratio of the S2 (b7/b12). Although, 
the serpentinites and diamictite have different lithological compositions, they show similar colors in some OLI and S2 images (e.g.  OLI PCA b1-b2-b3,  
S2 PCA b2) but they can be discriminated using other OLI and S2 techniques as OLI PCA b4-b2-b1, S2 PCA b5-b2-b3, and band ratio applications (e.g.  OLI 
b6/b7 and OLI (b6/b7, b5/b6, b4/b2)). 
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More recently, the Atud Formation was assumed to be 
deposited between 720 and 700 Ma, concurrent with the 
production of oceanic arcs in the Arabian Nubian Shield 
(ANS), but before the collision of the juvenile arc terranes 
with the continental crust (Li et al., 2018). 

The metagabbro represents the southern part of the 
extensive masses of Wadi Dabr metagabbro exposed within the 
Precambrian basement complex in the Eastern Desert of Egypt. 
These metagabbro rocks were named epidiorite (Amin et al., 
1953), epidiorite–diorite association (El-Ramly and Akaad, 1960), 
and metagabbro–diorite complex (Akaad and Essay,1964b). 
The rocks constituting the complex extended N-S about 40km, 
from Wadi Mubarak to Gabal Atud and about 34km E-W, from 
Gabal Igla El- Ahmar to Gabal Homret Waggat (Essawy, 1976). 
The Atud metagabbro consists of metagabbro, metadiorite, 
and metabasalt, together with minor relics of the original 
gabbros and hybrid diorites with appinitic tendencies. More 
recently, U–Pb zircon age determinations were carried out for 
the gabbroic and dioritic rocks from the Atud igneous complex 
in the Eastern Desert (Stern et al., 2020), the results show that 
the rocks are the same age (U–Pb zircon ages of 694.5 ± 2.1 Ma 
for two diorites and 695.3 ± 3.4 Ma for one gabbronorite) and 
the Atud magmas formed above a subduction zone as part of a 
large and long-lived (c. 60 myr) convergent margin.

Remote sensing data have proven their eligibility in 
various geological applications, particularly in lithological 
mapping (Sadek et al., 2015; Dawoud et al., 2017; Shebl et al., 
2021; Abdelkader et al., 2022; Dawoud et al., 2022), detection 
of structural features (Abd El-Wahed et al., 2019; Shebl and 
Csámer, 2021a, 2021b; Badawi et al., 2022) and targeting 
mineral deposits in arid and semi-arid areas (El-Desoky et al., 
2022; El-Magd et al., 2015; Shebl and Csámer, 2021b). 

The lithological discrimination based on remote sensing 
data mainly depends on the differences in physical and 
chemical properties between all rock types, mineralogy, 
weathering characteristics, elevation, and vegetation 
distribution (Xiong et al., 2011). Moreover, the spectral 
characteristics and textural features of the rocks in satellite 
images are influenced by tectonics, weathering, drainage or 
erosion. Comprehensive data on the mineralogy of various 
rock types on the Earth’s surface were provided due to the 
advancement of remote sensing technology (e.g. Zhang 
et  al., 2007), many image processing techniques have been 
developed to map the boundaries of rock bodies, weathered 
rock zones, and hydrothermally altered rock zones, 
particularly in arid regions with no or little vegetation cover 
(e.g. Loughlin, 1991; Abdelsalam and Stern 2000; Ramadan 
et al., 2001; Kusky and Ramadan 2002; Liu et al., 2007; Gaber 

Fig. 1. (a) Geological map of the Eastern Desert of Egypt showing granitoids, gneisses, and arc units, along with basement subdivisions of North, 
Central, and South Eastern Dessert (modified after Ali et al., 2015) Location of the study area is marked by the black rectangle. (b) Geological map 

of east Gabal Atud area (after Akaad and Essawy, 1965a; modified by Abu El Ela, 1990).
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et al., 2015; Ali-Bik et al., 2012; Zoheir and Emam 2012; Sadek 
et al., 2015; Dawoud et al., 2017; Emam et al., 2018; Shebl 
et al., 2021; Shebl and Csámer, 2021a; Dawoud et al., 2022; 
Abdelkader et al., 2022).

This study aims to produce for the first time a novel 
detailed geological map for the east of Gabal Atud area based 
on the analysis of remote sensing data, earlier geological 
mapping, field validation, and petrographic studies using 
the integrated data of S2-A and Landsat-8 satellite images, 
to improve lithological discrimination of various rock types in 
the east of the Gabal Atud area. 

2. MATERIALS AND METHODS

2.1. Remote sensing data

Two multispectral datasets, including Operational Land 
Imager (OLI) and Sentinel-2A (S2) were downloaded from 
the USGS website (https://earthexplorer.usgs.gov) and used 
in this study. The Landsat-8 satellite, launched in February 
2013, carries the OLI and Thermal Infrared Sensor (TIRS) that 
senses the Earth’s land surface with a 16-day repeat cycle 
over a 185 km wide swath (Irons et al., 2012; Loveland and 
Irons, 2016). Landsat OLI provides images of nine spectral 
wavelengths with a spatial resolution of 30 meters for VNIR 
(Table 1). Sentinel-2 satellites are operated by the European 
Space Agency (ESA) and are equipped with a Multi-Spectral 
Instrument (MSI) to image the ground at an altitude of nearly 
786 km (Drusch et al., 2012). Sentinel-2 MSI data comprises 13 
spectral bands (Table 1) with a spatial resolution ranging from 
10 to 60 m (Drusch et al., 2012; Shebl et al., 2021; Abdelkader 
et al., 2022). Due to their spatial and spectral variability among 

the OLI and S2, their integrated results could generate more 
detailed lithological discrimination for the study area.

2.2. Data Pre-processing

The cloud-free Landsat 8 (Granule ID: “LC817404320 
17100LGN00”) and Sentinel-2A (Granule ID “L1C_T36RXN_
A036826_20220711T081249”) scenes are atmospherically 
corrected and resized. The Landsat 8 OLI images are resampled 
to 15 m spatial resolution, atmospherically corrected, and 
layer stacked using image processing and analysis software 
version (ENVI V5.3.). Sentinel-2A cloud-free images are 
resampled to 10 m spatial resolution, and layer stacked into 
one file using the ESA-provided Sentinel Application Platform 
(SNAP) software.

2.3. Methods

OLI and S2 data are processed using several techniques 
such as Optimum Index Factor (OIF), False Color Composite 
(FCC), Principal Component Analysis (PCA), Minimum Noise 
Fraction (MNF), and Band Rationing (BR). These techniques 
are integrated to re-map the rock units of the east of Gabal 
Atud area, according to our adopted workflow (Fig. 2). The 
resultant grayscale and false-colored images have been 
interpreted to obtain information about the rock units 
exposed in the study area.

2.3.1. Optimum index factor (OIF)

The Optimum Index Factor is a statistical value that is 
often used to designate the best three-band combinations 
out of all possible three-band combinations to create a color 
composite (Chavez et al., 1982; Chavez, 1984, Shebl and 
Csámer, 2021a; Abdelkader et al., 2022). 

Table 1. Characteristics of landsat 8 and Sentinel- 2A MSI data (Barsi et al., 2014; Drusch et al., 2012)

Landsat- 8 (OLI) Sentinel 2A

Bands Spectral Region Central 
Wavelength (μm)

Spatial 
Resolutions Bands Spectral Region Wavelength (μm) Spatial 

Resolutions

1 Coastal aerosol 0.433 - 0.450 30m 1 Ultra Blue 0.433 - 0.453 60m

2 Blue 0.450 - 0.515 30m 2 Blue 0.458 - 0.523 10m

3 Green 0.525 - 0.600 30m 3 Green 0.543 - 0.578 10m

4 Red 0.630 - 0.680 30m 4 Red 0.650 - 0.680 10m

5 VNIR 0.845 - 0.885 30m 5 VNIR 0.698 - 0.713 20m

6 SWIR 1.560 - 1.660 30m 6 VNIR 0.733 - 0.748 20m

7 SWIR 2.100 - 2.300 30m 7 VNIR 0.773 - 0.793 20m

8 Panchromatic 0.500 - 0.680 15m 8 VNIR 0.785 - 0.899 10m

9 Cirrus 1.360 - 1.390 30m 8A VNIR narrow 0.855 - 0.875 20m

9 SWIR water vapor 0.935 - 0.955 60m

10 SWIR cirrus 1.360 - 1.390 60m

11 SWIR 1.565 - 1.655 20m

12 SWIR 2.100 - 2.280 20m

VNIR = visible near-infrared, SWIR = short wave infrared, and TIR = thermal infrared
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ILWIS software version 3.8. was applied to compute the 
OIF to fi nd the suitable band combination with the least 
redundancy and highest feature identifi cation. ILWIS open 
software applies the following algorithm to obtain the 
highest-ranked OIF index, based on equation (1) (Chavez, 
1984):

 (1),

where Si, Sj, and Sk are the standard deviation for bands I, j 
and k respectively, and Ri,j, Ri,k, and Rj,k are the correlation 
coeffi  cients between any two of the three bands being 
evaluated.

2.3.2. False-color composite (FCC)

False-color composites are the representation of any 
three bands in an order that diff ers from True Color Composite 
(TCC). Many diff erent false-colored composites are applied 
to highlight diff erent lithological features and hydrothermal 
alteration zones in the Eastern Desert (e.g.  Emam et al., 2018; 
Abd El- Wahed et al., 2019 Dawoud et al., 2022; Abdelkader et 
al., 2022).

2.3.3. Principal  component analysis (PCA)

Principal  component analysis is a mathematical algorithm 
used to analyze the correlated multispectral datasets that are 
arranged along with the greatest variability axis to produce 
new non-correlated components (Pearson, 1901; Crosta 
et al., 2003; Ranjbar et al., 2004; Richards, 2012). Simply, 
this transformation technique analyses and removes the 
redundancy of information that occurs between the dissimilar 
bands to extract valuable information from them (Loughlin, 
1991; Gomez et al., 2005; Gasmi et al., 2016) and is usually 
employed to construct powerful color composites, which 

improves the visual perception of surface material mapping 
(Yamaguchi and Naito, 2003; Shebl et al., 2021; Abdelkader et 
al., 2022).

2.3.4. Minimum noise fraction (MNF)

The Minimum noise fraction transformation technique 
applies to equalize noise in imaging data and reduce the 
computations  required for successive image processing 
(Green et al., 1988; Pournamdari et al., 2014). The minimum 
noise fraction (MNF) approach is an orthogonal rotation 
that can generate components organized in increasing rank 
of random noise rather than decreasing rank of variance in 
principal components (Kruse et al., 2003; Khan et al., 2007; Liu 
et al., 2009; Berman et al., 2012; Lixin et al., 2015; Assiri, 2016). 

2.3.5. Band rationing (BR)

Band rationing is a mathematical transformation technique 
based on the division of one spectral band by another (Sabine, 
1999; Sabins and Floyd, 1986). It allows the investigation of the 
absorption features of objects and leads to more enhanced 
gray-scale images compared with the original data (Drury, 
2001). In geological applications, BR is considered a simple 
and eff ective method for decreasing the eff ect of topography 
and increasing the minor diff erences in spectral refl ectance 
properties of rocks and soils (Rowan et al., 2003; van der 
Meer et al., 2012; Langford, 2015; Corumluoglu et al., 2015). 
Additionally, it may emphasize specifi c features or materials 
that cannot be highlighted in the individual raw band (Sabine, 
1999; Ninomiya 2003; Mars and Rowan, 2006).

2.4. Validation: Field and petrographic investigation

The resultant information from the processed remote 
sensing data has been confi rmed by fi eldwork as the 
lithological boundaries of the basement rocks exposed in the 

Fig. 2. Flow chart for lithologic mapping of east of Gabal Atud area based on the integrated OLI data and Sentinel-2A.
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study area have been identified as well their field relations 
have been verified. Representative samples from different 
rock units were collected, and petrographic studies were 
operated to validate the resultant remote sensing data.

3. RESULTS AND DISCUSSION 

The OLI and Sentinel-2A data were applied for the first 
time in the east of Gabal Atud area, resulting in comprehensive 
lithological discrimination and geological mapping of the 
exposed lithologies. Remote sensing results were integrated 
with field investigations, preceding geological maps (e.g.  
Essawy 1964; Akaad and Essawy 1964; Abu El-Ela, 1990) as 
well as the petrographic studies to construct a novel detailed 
geological map for the east of Gabal Atud area.

3.1. Remote sensing results

3.1.1. Optimum index factor (OIF)

Applying the OIF algorithm for seven OLI-reflected 
VNIR- SWIR bands results in six color combinations ranked 
according to the highest OIF values in (Table 2). So, the best 
color composites for lithological mapping within the study 
area include composite bands of b7-b6-b1 in RGB. These 
band combinations are the most informative images to 
discriminate between the rock units, in addition, highlight 
the main structural features in the study area. The RGB color 
composite of b7-b6-b1 enhances basic metavolcanics (Mvb) 
with blue, from the acid metavolcanics (Mva) with yellow-
green color (Fig. 3a). Serpentinites (Srp), and diamictite (Dm) 
show similar colors, and metagabbro (Mgb) exhibits brown 
color.

3.1.2. False-color composite (FCC)

OLI and S2 FCC images mainly give precise information 
about the exposed basement rocks and the lithological 
boundaries for the geological map. According to the OLI FCC 
of b7-b5-b1 (Fig. 3b), the metagabbro show deep violet color 
at the north of the study area, toward the south at the contact 
with the Atud Formation, a belt of the metagabbro exhibits 
a light color and different texture, this may be attributed to 
the differentiation of the metagabbro into diorite, and/ or the 
intrusion of the metagabbro into the Atud Formation as it 
encloses xenoliths of diamictite (greenish blue). 

Applying S2 FCC of b12-b11-b1 produces an image 
with high resolution (Fig. 3c) effectively used in mapping 
serpentinites (Srp), basic metavolcanics (Mvb) and diamictite 
(Dm) in blue, metagabbro (Mgb) with brown color, the acid 
metavolcanics (Mva) with green color, conglomerates (Cgl) with 
dark olive green and sandstone (Ss) with buff color. S2 FCC b12-
b6-b2 (Fig. 3d), differentiates the basic metavolcanics (Mvb) and 
serpentinites (Srp) in greenish-blue color, the acid metavolcanics 
(Mva) in light brown, the Atud Formation as greenish-blue, olive 
green and red color for diamictite (Dm) facies, conglomerates 
(Cgl) facies and sandstone (Ss) facies, respectively. 

3.1.3. Principal component analysis (PCA)

The PCA transformation technique is computed for OLI 
VNIR- SWIR and S2 bands to obtain the best informative PCA 
color composite. The obtained data reveal that the OLI PCA 
b2 grey-scale image (Fig. 4a) and S2 PCA b2 grey-scale image 
(Fig. 4b) are the best for mapping the sandstone facies, as well 
as to differentiate the serpentinite and the basic metavolcanics 
with a bright tone from acid metavolcanics with a dark tone. 
As the S2 PCA b2 shows the highest resolution, it enhances the 
faulting and folding structures affecting the Atud Formation 
that are mostly indicated by repeated, folded and faulted strips 
of the sandstone (Ss) facies with dark tones alternated with the 
diamictite facies with grey tones.

The OLI color combination of PCA b1-b2-b3 in RGB 
(Fig. 4c) differentiates the sandstone facies in maroon and red 
color, the color of the sandstone becomes lighter southward 
with increasing the portion of the intercalations with the 
conglomerate toward the southeast of the Atud Formation. 
The metagabbro appears cyan and its color changes to 
purple at the contact with the sandstone facies of the Atud 
Formation. Serpentinites, basic metavolcanics and diamictite 
display similar colors (sky blue). 

On the other hand, the OLI PCA of b4-b2-b1 in RGB image 
(Fig. 4d) discriminates serpentinites and basic metavolcanics 
with bright green from the conglomerates and diamictite 
facies of the Atud Formation which displays dark yellow and 
bright-yellow colors, respectively. Moreover, the OLI PCA b4- 
b3-b2 in RGB (Fig. 5a), discriminates serpentinites and basic 
metavolcanics with aqua blue color from the diamictite with 
white color, and conglomerate with pinkish white. It also 
enhances the acid metavolcanics with yellowish- green color.

Table 2. OIF Index highest ranking of OLI VNIR- SWIR bands

N Red Green Blue Rank %

1 Band 6 Band 2 Band 1 70.54

2 Band 7 Band 2 Band 1 70.46

3 Band 7 Band 6 Band 1 70.25

4 Band 7 Band 3 Band 1 69.30

5 Band 7 Band 6 Band 2 69.17

6 Band 6 Band 3 Band 1 69.11
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Fig. 3. FCC of OLI and S2. (a) FCC OLI OIF image of b7-b6-b1 as RGB of OIF rank 3; (b) FCC OLI b7-b5-b1 as RGB; (c) FCC S2 b12-b11-b1 as RGB; 
(d) FCC S2 b12-b6-b2 as RGB. Serpentinite (Srp), basic metavolcanics (Mvb), Acidic metavolcanic (Mva), metagabbro (Mgb), diamictite (Dm), 

conglomerate (Cgl), sandstones (Ss).
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Fig. 4. PCA resultant images of OLI and S2 (VNIR-SWIR) bands east of Gabal Atud area. (a) OLI PCA of (b2) grey-scale image; (b) S2 PCA of (b2) 
grey-scale image; (c) OLI PCA b1-b2-b3 in RGB; (d) OLI PCA b4-b2-b1 in RGB.
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The S2 PCA b1-b2-b3 (Fig. 5b) and S2 PCA b3-b2-b1 
(Fig. 5c) images help in the verification of the rock units and 
deducing the boundaries of rock units. The S2 PCA b3-b2-b1 
differentiates metagabbro in blue, acid metavolcanics in 
purple, while serpentinites, basic metavolcanics, diamictite 
and conglomerates show similar whitish colors. Sandstone 
displays a violet color. 

Otherwise, serpentinites and basic metavolcanics can 
be discriminated with bright blue color on the S2 PCA color 
combination of b5-b2-b3 (Fig. 5d), while the sandstone, 
conglomerate and diamictite facies of the Atud Formation 
display pink, pinkish white and bright white colors, 
respectively. The acid metavolcanics show reddish brown 
color, while the metagabbro shows a variation of colors.

3.1.4. Minimum noise fraction (MNF)

As a well-known technique for delivering potential 
lithological discrimination, the OLI MNF2 grey-scale image 
reveals the serpentinites and the basic metavolcanics in a 

dark tone while the acid metavolcanics display a bright tone 
(Fig. 6a). The S2 MNF4 grey-scale image is more effective in 
the discrimination of serpentinites and basic metavolcanics 
with a black tone (Fig. 6b). Diamictite, conglomerate and acid 
metavolcanics display grey tones. Metagabbro shows pale 
grey tones while sandstone shows bright tones.

 The processed color composite image of OLI data of 
MNF1-MNF2-MNF3 discriminates the lithology and the 
structure affecting the study area, especially the Atud 
Formation. The OLI color combination of the MNF1-MNF2-
MNF3 image (Fig. 6c) discriminates the serpentinites and 
basic metavolcanics with pink, metagabbro with purple and 
sandstone with blue. 

The Sentinel-2A band combination of MNF5-MNF4-MNF3 
in RGB (Fig. 6d) differentiates the serpentinites and basic 
metavolcanics with blood red color, diamictite with light red 
color, conglomerates with bronze color, and sandstone (Ss) 
with yellow color. The acid metavolcanic shows a sky blue 
color while the metagabbro shows varied colors. 

Fig. 5. PCA results of OLI and S2. (a) OLI PCA b4 -b3-b2 in RGB; (b) S2 PCA b1-b2-b3 in RGB; (c) S2 PCA b3-b2-b1 in RGB; (d) S2 PCA b5-b2-b3 in 
RGB.
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3.1.5. Band rationing (BR)

The band rationing results are extremely useful for 
structure delineation and detailed lithological mapping of the 
east Atud area. The OLI band ratios (b6/b7, b7/b3, b6/b2, b6/
b5, b4/b2, b5/b6, b4/b5, b7/b3) were processed to discriminate 
the different rock units exposed in the study area. The band 
ratio (b6/b7) is the best to discriminate the serpentinites 
and the basic metavolcanics in a bright tone (Fig. 7a) due to 
the band 7 absorption features by MgO– and OH–bearing 
minerals around OLI band 7 (2.1–2.3 µm) and reflectance 
features around OLI band 6 (1.56–1.66 µm) (Sultan et al., 1986; 
Gad and Kusky, 2006; Emam et al., 2018). On the other, the OLI 
band ratio (b7/b3) brings out the serpentinites and the basic 
metavolcanics with dark tones, diamictite, conglomerates, and 
metagabbro show grey tones, while the sandstone and the 
acid metavolcanics have bright tones as shown in (Fig. 7b). 

Additionally, the OLI (b5/ b6) image (Fig. 7c), and S2 
(b7/b12) band ratio are both informative for the lithological 
differentiation of the exposed rock units. S2 (b7/b12) is a 

high-resolution image that brings out the serpentinites and 
the basic metavolcanics with a bright tone, the diamictite 
with light grey, the conglomerate with a grey tone, the 
sandstone with a dark tone, and acid metavolcanics with a 
black tone (Fig. 7d).

 The OLI band ratio (b6/b7, b5/b6, b4/b2) distinguishes, 
after (Abrams et al., 1983), the serpentinites and basic 
metavolcanics with yellow color. The diamictites and 
conglomerates of the Atud Formation have a green color, 
while the sandstone facies show blue color and the acid 
metavolcanics show purple color (Fig. 8a). 

The OLI band ratios (b4/b2, b6/b7, b4/b6) discriminate 
the serpentinites and the basic metavolcanics with bright 
blue color (Fig. 8b) and diamictites with sky blue color. The 
serpentinites and the basic metavolcanics display white 
color, the diamictites and the conglomerates have a yellow 
color, sandstones show dark green color, while the acid 
metavolcanics have blue color according to OLI band ratios 
(b4/b6, b5/b6, b6/b7) (Fig. 8c). 

Fig. 6. MNF resultant images of OLI and S2 (VNIR- SWIR) bands. (a) OLI MNF2 grey- scale image; (b) S2 MNF4 grey-scale image; (c) OLI MNF1-
MNF2-MNF3 in RGB; (d) S2 MNF5-MNF4-MNF3 in RGB.
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Also, the use of OLI band ratios (b6/b7, b7/b3, b6/b5) 
image effectively discriminates the serpentinites and the 
basic metavolcanics (light red) from the diamictites (dark red) 
(Fig. 8d).

4. GEOLOGY AND GEOLOGICAL SETTING

The geology and geological setting of the area east 
of Gabal Atud are executed from the remote sensing data 
which in turn are confirmed by the field and the petrographic 
studies resulting in a new detailed geological map (Fig. 9) 
for the east of Gabal Atud area. The field relations revealed 
that the basement stratigraphic sequences exposed in the 
area east of Gabal Atud are sometimes overlapped and 
synchronized rather than reflecting subsequent geological 
processes. 

The basement rocks of the study area are classified into 
Atud Formation, Atud tectonized mélange, metavolcanics, 
serpentinites-talc-carbonate, and the metagabbro-diorite 
rocks, in addition to some dykes, in decreasing age.  

In the present study, the authors assume that the term 
diamictite is more proper to describe the poorly sorted, 
polymictic, chaotic and matrix-supported rocks constituting 
the Atud Formation (Flint et al., 1960; Bates and Jackson, 1987; 
Eyles and Januszczak, 2004; Stern et al., 2006). Furthermore, 
the term tectonized mélange is more suitable than the term 
‘Schist-metamudstone group’ to describe the mélange that 
was only deposited by sedimentary depositional processes 
and not by tectonic ones, though it has been tectonically 
disturbed somewhat through its later history (Berkland et al., 
1972; Schuster, 1980; Erickson, 2011; Dilek et al., 2012; Festa et 
al., 2019).

4.1. Atud Formation 

The Atud Formation outcrops as a curvilinear belt of about 
10.5 km2 exposed in the center of the study area surrounded 
northward by the metagabbro-diorite complex, west and 
southward by serpentinites and related rocks, and eastward 
by the Atud tectonized mélange and metavolcanics. The 
Atud Formation comprises three facies, namely diamictite, 
conglomerate and sandstone. 

Fig. 7. Band ratio images of S2 and OLI data of the study area. (a) OLI (b6/b7); (b) OLI (b5/b6); (c) OLI (b7/b3); (d) S2 (b7/b12).
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Fig. 8. Band ratio images of OLI data. (a) OLI band ratio (b6/b7, b 5/b6, b4/b2) in RGB; (b) OLI band ratio (b4/b2, b6/b7, b4/b6) in RGB;  
(c) OLI band ratio (b4/b6, b5/b6, b6/b7) in RGB; (d) OLI band ratio (b6/b7, b7/b3, b6b/5) in RGB.
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The three facies exhibit steeply tilted bedding and 
repetitive lateral alternations (Fig. 10a). The Atud Formation is 
characterized by the entire absence of serpentinites, gneisses 
and basic metavolcanic lithic fragments. 

4.1.1. Diamictite lithofacies

Diamictite lithofacies is a term used to comprise and 
describe all the poorly sorted lithofacies exposed east of the 
Gabal Atud area which until that time were named matrix-
supported conglomerates and pebbly metamudstones. The 
diamictite lithofacies are exposed in the core of the Atud 
Formation large fold and at its eastern periphery, displaying 
a polymict nature and occurring as chaotic, poorly sorted, 
grey and black colored rocks (Fig. 10b) devoid of bedding. 
The lithic fragments are rounded to subrounded, ovoidal 

to sphere-like shapes of variable sizes. Commonly, the 
lithic fragments are dominated by relatively unaltered acid 
volcanics (metarhyolite-porphyry), granitic rocks, carbonates 
(Fig. 10c,d,e), polycrystalline quartz, chert, reworked clastic 
sediments (greywacke and mudrock). The matrix bounding 
these lithic fragments is represented by pebbly mudrock 
and consists of a mixture ranging from pebble-sized lithic 
fragments and sand-sized grains to fine grains (Fig. 10f ).

4.1.2. Conglomerate lithofacies

The conglomerate lithofacies is exposed in the northwest 
and southeast part of the Atud Formation. Both coarse and 
fine conglomerates are exposed and some conglomerates’ 
exposures show a preferred alignment of the enclosed clasts 
along their long axes (Fig. 11a). 

Fig. 9. New detailed geological map of east Gabal Atud area.
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Fig. 10. (a) Field photograph shows alternative beds of sandstone (less eroded with blocky structure) and conglomerate with rough surface, Atud 
Formation; (b) Photograph showing rounded to subrounded granite and carbonate lithic fragments within diamictite facies; (c) Photomicrograph 
showing metarhyolite lithic fragments, Atud diamictite facies; (d) Photomicrograph showing the mineral composition [quartz (Qz), K-feldspar 
(Kfs), and plagioclase (Pl) and graphic texture of graphic granite lithic fragments, Atud diamictite facies; (e) Photomicrograph showing well 
crystalline zoned dolomite crystals in carbonate lithic fragment, diamictite facies; (f) Photomicrograph showing rock fragment (R.F) embedded 

in sandy mud matrix of the diamictite.
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Fig. 11. (a) Photograph showing parallel to sub-parallel aligned rock fragments in grain-supported conglomerate facies; (b) Photomicrograph 
showing chert microclasts and reworked sediments within mud-carbonate-quartz matrix, conglomerate facies; (c) Photograph showing erosion-
al-related banding in sandstone facies due to variable composition; (d) Photomicrograph showing Quartz (Qz), plagioclase (Pl) and potash feld-
spar (Kfs) minerals, sandstone facies; (e) Photograph showing sandstone clast incorporated within relatively foliated matrix of Atud tectonized 

mélange; (f) Photomicrograph showing relatively foliated mineral constituents of the Atud tectonized mélange matrix.
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The conglomerate lithofacies exhibit variable green, grey 
and brown colors. They are poorly sorted clast-supported 
rocks that consist of subrounded to subangular spheroidal to 
less elliptical lithic fragments of metarhyolite, granodiorite, 
graphic granite, reworked clastic sediments, carbonates, 
chert, graphic lithic fragments, spherulitic lithic fragments 
and andesitic lithic fragments, quartz grains, feldspars (mostly 
plagioclase), heavy minerals such as zircon and opaques, 
embedded in a sandy matrix consisting of quartz, feldspars, 
carbonates and clay minerals (Fig. 11b).

4.1.3. Sandstone lithofacies

The sandstone facies are exposed in the northern part of 
the Formation, where they are intruded by the metagabbro. 
It is generally a massive, nonfoliated rock (Fig. 11c). The 
sandstone is texturally and compositionally sub-mature to 
immature and petrographically classified as greywacke (El-
Lithy, in preparation). The greywacke is made up of two main 
components: framework grains and cementing materials 
(matrix and cement). The framework grains are represented 
mainly by quartz and less frequent feldspar, rare rock 
fragments, and heavy minerals with or without biotite, all 
these components being set in a fine-grained matrix (quartz, 
clay minerals, and sericite) with some carbonate cement 
(Fig. 11d). 

4.2. Atud tectonized mélange 

The Atud tectonized mélange is located in the south of 
the study area. It occurs as scattered poorly-sorted, chaotic, 
small, low-laying exposures. The rocks are highly weathered, 
deformed, and relatively foliated, exhibiting green and brown 
colors. The contact between the Atud tectonized mélange 
and the Atud formation is unclear, but the fieldwork revealed 
that the tectonized mélange encloses blocks of the Atud 
Formation (Fig. 11e), thus it should be deposited sometime 
later than the Atud Formation. The Atud tectonized mélange 
consists of exotic and native rock fragments and blocks 
encircled within a fine-grained sheared and deformed matrix. 
The large blocks are dominated by blocks of Atud Formation 
(conglomerates and sandstones), blocks, and mappable 
lenses of serpentinites and metavolcanics. The pebble-
sized lithic fragments consist of metarhyodacite-porphyry, 
metagreywacke, quartz arenite, granodiorite, andesite 
and chert. All these lithic fragments are surrounded by a 
greywacke matrix consisting of quartz, k-feldspar, plagioclase, 
and clay minerals (Fig. 11f ). Dissimilar to clasts within the 
Atud Formation, the tectonic mélange is characterized by the 
complete absence of carbonate clasts.

4.3. Metavolcanics 

Metavolcanics are compositionally and texturally widely 
varied. Various metapyroclastics are exposed in the east of 
the study area along with lava flow. Metapyroclastics are 
represented meta-agglomerate that are welded manssive 
greenish-grey rocks. Microscopically, the meta-agglomerate 
consists of acid lithic fragments and crystal fragments of 

plagioclase and pyroxene (Fig. 12b). All these constituents are 
embedded in partially to completely altered fine groundmass. 

The lava flows can be separated into acid lava flow and 
pillow lava. The acid lava flow (metarhyolite porphyry), which 
outcrops small exposures of medium to low elevations 
(Fig.  12c). Metarhyolite porphyry exhibits blasto-porphyritic 
texture (Fig. 12d) and consists of subidioblasts polygonal 
quartz, highly altered k-feldspars, and minor fine muscovite 
flakes with fine groundmass rich in quartz, feldspar, 
muscovite, and fine minute biotite. Garnet, apatite, opaques 
and zircon present as accessories.

Pillow lava shows an observable spherical to nearly 
elliptical form in the field (Fig. 12e). It represents medium 
to fine-grained rocks exhibiting blasto-porphyritic texture 
and mainly consists of plagioclase, pyroxene, less minor 
hornblende, serpentine minerals, and chlorite are common 
alteration products (Fig. 12f ). Opaques are common 
accessories. 

4.4. Serpentinites-talc-carbonate

Serpentinites-talc-carbonate rocks are the metamorphic 
product of the parent ultrabasic members. They are exposed 
as lenses within the tectonized mélange in the southeastern 
sector and as a long belt in the west. They are intruded by 
the metagabbro and are younger than the Atud Formation, 
as there are no clasts enclosed within the Atud Formation. 
Petrographically, serpentinites exhibit pseudomorphic 
mesh texture and glass-hour texture. The serpentinites are 
primarily composed of serpentine minerals represented by 
antigorite and chrysotile pseudomorph after olivine and 
pyroxene (present as relics), carbonate, talc, chromite, and 
spinel (Fig13b). The talc-carbonate displays pale yellow to 
white colors and “cavernous and bird nests” structures. They 
mainly consist of carbonate, talc, and serpentine minerals 
(Fig. 13c). 

4.5. Metagabbro-diorite complex

The metagabbro-diorite complex is considered 
the youngest rock unit exposed in the northern half of 
the mapped area and intrude the other rock units. The 
metagabbro intrudes the Atud Formation at its northern 
outcrop (Fig. 13c) where xenoliths of the latter are enclosed 
in the metagabbro. Field and petrographic observation 
reveal that the metagabbro-diorite differentiates from 
the hornblende metagabbro in the north outcrops to the 
diorite southwards. Petrographically, the metagabbro-
diorite displays hypidiomorphic granular texture, ophitic and 
subophitic, and it consists of plagioclase, hornblende, minor 
tremolite-actinolite and opaque minerals (Fig. 13d). 

4.6. Post-metagabbro dykes

The dykes present in the study area only extrude and 
cut across the metagabbro. The dykes are mostly of acid 
composition (Fig. 13e) and rare basic to intermediate dykes 
are recorded as well. 
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Fig. 12. (a) Photograph showing agglomerate mass with angular rock fragments; (b) Photomicrograph showing lithic fragments of the agglom-
erate, PL. (c) Photograph showing low elevated acid lava flow; (d) Photomicrograph showing twinned quartz (Qz) porphyroblast embedded in 
fine groundmass, metarhyolite, CN; (e) Photograph showing pillow lava; (f) Photomicrograph showing zoned pyroxene (Px), plagioclase (Pl), 

hornblende (Hbl), and serpentinites (Srp) as the mineral constituents of pillow lava, CN.
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Fig. 13. (a) Photograph showing outcrop of serpentinite and talc-carbonate; (b) Photomicrograph showing olivine relict altered to serpentine 
minerals, serpentinites; (c) Photograph showing sandstone facies (dark color) of the Atud Formation intruded by the metagabbro (light color); 
(d) Photomicrograph showing ophitic and subophitic textures, metagabbro, C.N; (e) Photograph showing rhyolitic dyke extrudes the metagab-

bro; (f) Photomicrograph showing mineral composition of granitic dyke extrudes  metagabbro. C.N.
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