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The fault systems that control the
occurrences of iron ore deposits in
northeastern Aswan, Egypt

Mohamed Abd EI-Wahed", Ibrahim A. Salem?, Mohamed Attia? & Dina Younis*

The present study combines remote sensing data (Landsat-8 and ASTER) with structural analysis to
identify the fault systems affecting the distribution of the ironstone beds in northeastern Aswan,
Egypt. Sedimentary rocks, such as the Abu Aggag, Timsah, and Umm Brammily formations,
characterize northeastern Aswan. The Abu Aggag Formation consists of kaolinitic conglomerate,
conglomeratic sandstone, and mudstone. The upper Timsah Formation consists of ferruginous
sandstones, oolitic ironstone, and mudstone. Fluvial sandstone forms the Umm Brammily Formation.
The oolitic sandy ironstone (2-2.5 m thick) is rich in dark red oolitic hematite and goethite. The
ironstone deposit ranges in composition from oolitic sandy ironstone to oolitic ironstone. The
distribution of iron minerals is extremely consistent with the iron concentration grade indicated by the
Landsat-8 and ASTER Brand Ratios. Five main fault sets to control the extension of the ironstone beds:
NNE-SSW left-lateral strike-slip faults (set 1); ENE-WSW normal faults (set 2); NNW-SSE normal faults
(set 3); NW-SE normal faults (set 4); and NE-SW normal faults (set 5). The subsequent displacement of
Set 3 faults increased the depth of the ironstone bed, which raised the sedimentary overburden load
and increased the cost of ironstone exploitation, as well as the absence of iron ore exploitation zones
bordering the Nile River.

Keywords Iron ore deposits, NE Aswan, Abu Subeira, Abu Aggag, Multi-sensor remote sensing data,
Structural analysis

Iron ore is a vital resource for global economic development. Iron accounts for around 95% of all metals consumed
each year, with China being the world’s largest user of iron ore and manufacturer of steel, followed by Japan and
Korea'™. In Egypt, iron ore deposits are represented in the Sinai Peninsula, Eastern Desert, Western Desert, and
along the Nile Valley. According to the Egyptian Mineral Resource Authority®, nine main iron ore deposits may
be found in Egypt, including those in the Aswan, Bahariya, Abu Marwat, Umm Ghamis El-Zarga, Um-Nar, El
Oweinat, Gabal El-Hadid, Wadi Karim, and Wadi El-Dabbah regions (Fig. 1a). Recently, iron, ilmenite, and gold
have been considered the main pillars of the Egyptian mining industry for metallic ores, as well as manganese
and chromite (with small-scale mining). According to the tectonic-magmatic stages, Botros and Noor® divided
the Egyptian mineral deposits into the following categories: the island arc stage, the accretional stage (Orogenic
stage), and the late orogenic-extensional stage, in which the Egyptian iron ores are represented by ironstone and
the banded iron formation (BIF)’.

Ironstone in Egypt is well represented within the Phanerozoic sediments of Bahariya and Aswan’. It
served as the primary source for the Egyptian iron and steel industry until Bahariya iron ore took its place.
Hussein® asserts that the Egyptian ironstone is a bedded oolitic type of the Senonian age that originated in
sedimentary lacustrine settings. The ironstone is exposed as two bands, varying in thickness from 0.2 to 3.5 m,
interbedded with ferruginous Nubian sandstone and clay. Hematite is considered the main iron mineral, with
minor representations of magnetite, limonite, and goethite, accompanied by some gangue minerals (e.g., pyrite,
siderite, quartz, gypsum, halite, and clay)®. Salem and El Gammal'? pointed out that these iron oxides are mainly
represented in the western and northeastern parts of Aswan Lake, particularly along Wadi Abu Subeira, Wadi
Abu Aggag, Um Baramil, Um Hebal, and Um Hakban, where the iron ore deposits are concentrated.

Remote sensing techniques have recently gained importance in mineral exploration due to their ability to
save time and effort compared to manual field surveys, as well as the availability of data!*-!¢. Consequently, the
global search for iron ores has employed several spectral remote sensing techniques'®!-22, For instance, the
detection of iron content was performed using Landsat 8 and ASTER data using various methods, including
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Fig. 1. A location map of the study area (red box) over the Egyptian territory map showing (a) distribution
of the important sites of the iron ore deposits (after®*); (b) A color composite 234-RGB of Landsat-8 shows
the outlines of the study area. (b) is a Landsat 8 image downloaded through USGS. The figure was created and
processed by ENVI v. 5.6.2. software: https://www.13harrisgeospatial.com/Software-Technology/ENVI), which
is mainly utilized for image processing).

False color composite (FCC), Band Ratios (BRs), Principal Component Analysis (PCA), and Minimum Noise
Fraction (MNF)?*?*, When compared to Landsat OLI, the detailed spectral characteristics of ASTER data
commonly lead to the mapping of probable iron ore zones?>~*. We applied several spectral methods, such as
Spectral Angle Mapper (SAM), Constrained Energy Minimization, and Mixture Tuned Matched Filtering, to the
ASTER dataset to detect and map the ore deposits and hydrothermal alteration minerals?!-2327:30-33,

Several regular faults in diverse directions impact the iron ore in northeastern Aswan, the displacement of
which has led to the formation of graben and horst, as well as the displacement of iron-rich zones. As a result,
displacement along these faults controls access to the iron-bearing layer, as well as the cost of extraction. One of
the most significant goals of this research is to investigate the fault orientations that generate these displacements.
The presented study aims to detect potential iron ore zones by mapping the distribution of different iron oxide
minerals using Landsat-8 and ASTER images. Additionally, the potential zones of iron content were linked
and interpreted through a detailed structural analysis via Sentinel 1 data, field investigation, and structural
measurements to manifest the effect of structural features in controlling iron ore deposits in the area under
consideration, besides resolving the complicated structural features through introducing a structural/tectonic
model for the investigated area.

Study area and geological setting
The investigated area is located in the northeastern region of Aswan City, situated to the east of the Nile Valley
and to the south of Egypt (Fig. 1). The area of northeastern Aswan is covered mainly by Phanerozoic rocks
(sedimentary) set unconformably over basement rocks of Precambrian age*»* (Fig. 2). The Precambrian units
show up as heavily fractured gneissic granite hills and younger granite with a tonalitic to granodioritic makeup.
The Cambrian-Upper Cretaceous Nubia sandstone (NSS) sequence is the sedimentary cover of the area,
composed mainly of sandstones intercalated by siltstones and shale, as well as some iron oxides (e.g., hematite
and goethite). The Nubia sandstone succession (Cambrian to upper Cretaceous) has been classified by Attia*®
into three main parts: (i) the lower part is made of kaolin, and conglomeratic beds rest unconformably over the
Precambrian rocks; (ii) the middle part is marked by oolitic iron ores and ferruginous beds; and (iii) the upper
part is dominated by a thick quartzitic sandstone. Salem and El Gammal'” arranged the succession from the
youngest to the oldest, as follows: Quaternary deposits and sand sheets were succeeded by the Quseir, Umm
Brammily, Timsah, Abu Aggag, El Burg, Lake Nasser, and Abu Simbel formations. The study area includes the
following lithologies: 1. The Precambrian assemblages (Fig. 2); 2. The Nubia succession, represented by the Abu
Aggag, Timsah, and Umm Brammily formations (Fig. 3a).

The Abu Aggag and Umm Brammily formations cover the majority of the study area. The E-W-trending Wadi
Abu Aggag traverses the Abu Aggag Formation, marking a sharp contact with the basement rocks (Fig. 3a). The
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Fig. 2. Geological map of the NE Aswan (modified after Klitzsch et al. 1987). (Created by SmartSketch v. 4.0
software; https://smartsketch.software.informer.com/4.0/).

central part of the study area, above the Abu Aggag Formation, exposes the Timsah Formation in small parts.
According to Salem and El Gammal'’, the Timsah Formation is identified as the primary origin of iron ore in
the examined zone. The Timsah Formation consists of ferruginous sandstone beds. These beds are formed by a
combination of fluvial, marine shore, and eolian processes. These beds also contain interbedded channels and
soil deposits (Fig. 3b). Figure 2 records a red ferruginous faint that colors the outcrops of the three formations.

Our field investigations indicate that the Abu Aggag Formation is characterized by a significant fining-upward
cycle that originated in a braided stream system. The Abu Aggag Formation is composed of three successive
units: (i) At its base, the first unit is a kaolinitic conglomerate, primarily composed of channel lag deposits (Fig.
4a,b). This unit represents the accumulation of sediment in the distal channels of braided streams. (iii) Located
at the top, the third unit primarily consists of mudstone, symbolizing the sedimentation of the floodplain (Fig.
4a,b). The Abu Agag Formation appears to be devoid of fossils, but it may contain some poorly preserved plant
remains and root molds¥’.

Sandstone makes up the top portion of the Timsah Formation, while massive, laminated gray (light to dark,
brownish to yellowish) and hard clays make up the lower portion. Beds of kaolinitic and ferruginous sandstones,
oolitic ironstone, and mudstone, rhythmically alternating and laterally intertonguing (2-6 m), follow the basal
mudstone-dominated unit. The sandstone is very difficult to indurate, exhibiting different structures (trough and
cross-bedded) and sizes (e.g., fine to coarse-grained), with a wide range of colors.

Fluviatile sandstone makes up the Umm Brammily Formation. Fluvial clastics from the Um Brammily
Formation were deposited in the area that was studied when the sea level dropped during the Santonian-
Campanian period®®. The Umm Brammily Formation is composed of a fining-upward sequence, beginning with
channel lags at the base, followed by cross-bedded sandstones (Fig. 4c) and conglomerates. The sequence ends
with fine-grained sandstones, siltstones, and a paleosol®®. The ball clay in the Abu Subeira and Abu Aggag areas
consists mainly of gray, beige, reddish-gray, and brownish-gray clays. Many ceramic and tile firms mine ball clay
for both household and industrial usage.

The Oolitic iron ore

The oolitic sandy ironstone of the Timsah Formation varies in thickness from 2 to 2.5 m and is enriched in dark
red oolitic hematite and goethite (Fig. 4e,f). In some places, the main oolitic sandy ironstone is separated into
two beds: the lower compact bed and the upper fine-grained strongly laminated bed. This ironstone bed ranges
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Fig. 3. (a) A representation of the Timsah Formation’s upward cycles of shoaling and the location of the
associated ironstones in the Gabal Timsah type locality in the southern region of Aswan, Egypt, modified after
El Aref et al.'s (1996) and Salama’s (2014) work. (b) An overview of the lithostratigraphic columnar sections
of Abu Aggag (AG) and Abu Subeira (AS-1, 2, and 3) located in the northeast region of Aswan, Egypt, as
illustrated in Sharaka et al.'s (2022) work.
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Fig. 4. (a, b) showing Abu Aggag Formation composed of three successive units: (i) kaolinitic sandstone, (ii)
conglomeratic sandstone and (iii) mudstone-dominated unit, (¢, d) Timsah Formation in Wadi Abu Subeira is
made up of rhythmically alternating and laterally intertonguing beds of kaolinitic and ferruginous sandstones,
oolitic ironstone and mudstone overlain by sandstones and conglomerates of Umm Brammily Formation, (e,
f) Oolitic sandy ironstone of Timsah Formation is found as brecciated bed vary in thicknesses from 2 to 2.5 m
and enriched in dark red oolitic hematite (e) and goethite (f). The field photographs in figure are taken by the
authors (Mohamed Abd El-Wahed and Dina Younes) of current research. These photos are our own and we
agreed to publish them.

in composition from oolitic sandy ironstone to oolitic ironstone and consists of grain-supported quartz grains
and less abundant ferruginous ooids. The oolites are bound together by pure amorphous hematitic material and
ferruginous silica, resulting in a matrix with a lower iron concentration than the oolites. The oolitic hematitic
grains are easily visible to the naked eye and come in varying sizes in different specimens and even within the
same specimen. The true oolitic ironstone has been replaced by oolitic sandy ironstones or sheeted cross-bedded
sandstone (Fig. 4e,f).

The oolitic sandy ironstone of the Timsah Formation is locally brecciated, where it is found as massive,
sharp-angled shards contained in a fine-grained matrix of smaller particles. This brecciation is caused by faulting
and fracturing. The Aswan iron ores are composed of various components such as cryptocrystalline hydrated
hematite, microcrystalline hematite, clay minerals, quartz with subangular to subrounded form, goethite, and
hydrogoethite. The matrix is more recrystallized than oolites because solutions flow through it more easily*’.
Anhedral detrital quartz grains may be observed distributed inside the hematitic matrix*’. Hematite and
goethite are secondary iron minerals that form through the weathering of primary iron-bearing minerals, such
as magnetite and pyrite®’.
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Landsat-8 OLI ASTER

Bands (B) | Wavelength (um) | Spectral Region | Resolution (m) | Bands (B) | Wavelength (um) | Spectral region | Resolution (m)

B2 0.452-0.512 B Bl 0.52-0.60

B3 0.533-0.590 G B2 0.63-0.69 VNIR 15

B4 0.636-0.673 R B3 0.63-0.69

B5 0.851-0.879 NIR 30 B4 1.60-1.70

B6 1.566-1.651 SWIR B5 2.145-2.185

B7 2.107-2.294 SWIR 5o 21852223 SWIR 30
B7 2.235-2.285

- - - - B8 2.295-2.365

- - - - B9 2.360-2.430

Table 1. The characteristics of the used spectral bands of Landsat-8 OLI sensor and ASTER data (Irons et ail,
2012, Roy et al., 2014). B Blue, G Green, R Red, NIR Near Infrared, SWIR Short wave Infrared, VNIR Visible
Nera Infrared.

Sentinel-1B
Radar AM Stripmap (SM) | Interferometric wide swath (IW) | Extra wide swath (EW) | Wave (WV)
Beam mode S1to S6 IW1 to IW3 EWI1to EW5 WVI&WV2
Center frequency C-band (5.405 GHz)

SP (HH or VV)

Polarization DP (HH +HV and VV + VH) SP (HH or VV)
Spatial resolution (range x azimuth) (m) | 5x5 5x20 m 25x100 5%20

Band width (Km) 80 250 4 2020

Chirp bandwidth (MHz) 87.6-42.2 56.5-42.8 22.2-10.4 74.5 & 48.2
Incidence angle (deg) 20-43° 30-42° 20-44° 23 & 36.5°

Table 2. Highlighted the characteristics of Sentinel-1B modes. (Torres et al., 2017; Schubert et al., 2017). AM
Acquisition mode, SP Single Polarization, DP Daul Polarization, deg Degree.

Remote sensing data and methods

Remote sensing data

Cloud-free scenes of Landsat-8 and ASTER were acquired on March 10, 2023, and May 16, 2015, respectively.
These datasets were obtained through the United States Geological Survey (USGS) and NASA Earth Data
Center, to enhance the lithological mapping and explore the potential areas of iron ore deposits within the
study area. The Landsat-8 satellite covers eleven bands with different spectral ranges and spatial attributes
(Table 1) through two sensors, including the Operational Land Imager (OLI) and the Thermal Infrared Sensor
(TIRS), while the ASTER includes 14 bands covering visible and near-infrared (VNIR), short-wave infrared
(SWIR), and thermal infrared regions (TIRS), as shown in Table 1. According to the spectral characteristics of
our target and the sensors utilized, VNIR and SWIR bands (B) of Landsat OLI (B2 to B7) and ASTER (B1 to
B9) were employed to unravel the spatial distribution of iron oxide and identify the lithological units of the area
under consideration. In addition to lithological discrimination, structural analysis was performed using radar
data due to its superiority in extracting linear features over multispectral data*!'. The current research used the
Sentinel-1B (S1B) scene, which was acquired on December 11, 2021 (SIB_IW_GRDH_1SDV_20211201T15
5425_20211201T155450_029834_038FB1_1B28), from https://search.asf.alaska.edu for automatic lineament
extraction. The use of S1B data could improve the structural analysis by extracting the linear features in the
study area and highlighting their influence on iron ore deposit allocation. The term S1B data refers to a synthetic
aperture radar (SAR) instrument that operates in the C-band and can provide a spatial resolution ranging from
less than 5 m to a swath width of over 400 km. The instrument can operate in either single polarization (VV or
HH) for the wave mode or dual polarization (VV + VH or HH + HV). Table 2 summarizes the properties of each
S1B mode.

Methods

Besides the fieldwork and structural analysis, different techniques were applied to the remote sensing datasets
to produce an enhanced geological map of the study area. Additionally, automatic extraction of lineaments and
comprehensive structural analysis were performed and linked with our remote sensing indications to detect the
favorable zones for iron ore deposits within the investigated area.

Pre-processing techniques of satellite datasets
The two scenes of ASTER data were mosaicked into a single scene covering the whole study area before applying
further pre-processing techniques. All the scenes from Landsat 8, ASTER, and S1B were geometrically corrected
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and georeferenced to the UTM Zone 36 North projection using the WGS-84 datum. The atmospheric correction
using the Internal Average Relative Reflection (IARR) technique was applied only to the Landsat-8 and ASTER
scenes to reduce or remove the atmospheric effects; this could affect the quality of the results from the processing
steps (e.g., image classification and mineral detection). Then, each of the six utilized bands of Landsat OLI data
(B2 to B7) and the nine bands of ASTER data (B1 to B9) were stacked.

To reduce the speckle in the radar imagery of Sentinel-1B, the enhanced Lee filter was applied to both
polarizations, VH, and VV while simultaneously conserving the texture evidence*!. Moreover, the band math
was performed to produce the VH + V'V, which was then stacked with the two polarizations, VH, and VV, as a
single layer. The satellite imagery of each of Landsat-8, ASTER, and Sentinel-1B is subsetted to show only the
area under study.

Processing techniques of satellite datasets

Several image transformations, including FCCs, BRs, MNFE, PCA, and decorrelation stretch, besides SAM as a
spectrum matching technique, were applied to the satellite datasets for high-quality geological mapping and
detection of iron oxide minerals in the study area. FCCis a helpful tool for lithological discrimination and tracking
the wadis or lineaments (e.g., fractures, joints, and faults)*>**. Band rationing is an essential image enhancement
tool that could be applied by dividing the pixels’ value of one band by the corresponding value for another
band or by applying other mathematical operations*!. BRs could be used for the lithological identification and
exploration of ores/minerals-rich localities (e.g., iron ores, clay minerals, and sulfides), allowing the production
of an index map for these minerals!”4>-47,

In image processing, decorrelation stretch increases color variation within a color image, thereby improving
and reducing redundancy in the images. Satellite data undergoes processing using PCA, a mathematical method,
to generate uncorrelated output bands. The method effectively separates noise components and minimizes
redundant information across different bands through a form of rotation. PCA is a feasible method used for
creating multispectral images for geological interpretation and the detection of minerals. The current study
primarily used PCA as a feature enhancement method to highlight lithological units and iron-rich zones,
providing insights into the main structural elements. MNE, a common technique that involves applying two
steps of PCA to multispectral imagery to reduce and separate noise in the data?®*°, was considered a useful tool
for lithological discrimination in this study.

The SAM method is a technique for calculating the spectral similarity of reference spectra collected from
field or laboratory observations and spectra produced from satellite images. Kruse et al.* originally proposed
the use of this spectrum technique, and it has since been applied by researchers such as Abedi et al.’! and Abd
El-Wahed et al.’. The SAM method relies on calculating the angles between the pixel spectra of the image and
training data (ROIs) or library spectra of specific minerals.

This study used Landsat-8 and ASTER data as input and applied BR and PCA techniques as image
transformations and SAM as a spectrum-matching technique to explore the iron ore minerals® in the study area.
Also, PCA was applied to S1B radar data to extract the lineaments and explore the area of high lineament density.
The latter was then employed with the SAM results to produce a potential map of iron ore in the northeastern
Aswan area. All the processing techniques were applied using a package of software such as ENVI (ENVI v.
5.6.2. software; https://www.I3harrisgeospatial.com/Software-Technology/ENVI) for the image classification
and spectrum matching techniques, as well as PCI Geomatica 2016 and RockWork16 software for lineament
extraction. The ArcGIS software (ArcGIS Desktop 10.8.: https://www.esri.com/en-us/arcgis/products/arcgis-de
sktop/overview) was employed for the all-satellite datasets.

Results

Lithological mapping based on Landsat-8 OLI

To provide additional information about lithological identification and to aid geological mapping in the study
area, a variety of image classifications were applied to Landsat-8 data. The FCC 765-RGB gives us useful details
for following the wadis, lineaments (like faults and joints), and lithological contacts between the different types
of rock that are exposed (Fig. 5a). Salem and El Gammal'’ applied the Landsat-8 BRs 5/7, 5/4, 4/2, and 4/2, 5/4,
5/7 in RGB to highlight the differences among the rock units and explore the iron ores east of Aswan. Therefore,
they applied the BRs 4/2, 5/4, and 5/7 (Fig. 5b) to the studied area. The BRs 4/2, 5/4, and 5/7 (Fig. 5b) distinguish
the Precambrian rocks with a greenish-yellow color, while the three formations exhibit different colors: Abu
Aggag (Ag) Formation is in blue to light violet-blue, the Timsah Formation (Tm) is in reddish brown, and the
Umm Brammily (Br) Formation is in green to deep violet. A decorrelation stretch was performed on FCCs 246-
RGB and 765-RGB to enhance the different colors resulting from the original-colored composites. The decorated
RGB images (246 and 765 in RGB) are successfully able to highlight and separate between the three formations
and the basement rocks south of the considered area. The decorrelated image 246-RGB (Fig. 5¢) identifies the
Precambrian rocks as white blue, the Abu Aggag Formation as green to yellowish green, the Timsah Formation
as pinkish deep violet, the Umm Brammily Formation as pinkish light violet, the green areas as deep blue, and
the recent deposits as cyan. In the decorated image of 765 (Fig. 5d), the basement rocks display a pink hue, while
the Abu Aggag Formation, Timsah Formation, and Umm Brammily Formation exhibit violet hues. The Abu
Aggag Formation appears in a reddish-green color, whereas the Timsah and Umm Brammily formations are in
a blue color, and the recent deposits are in a pinkish-bluish white color.

Moreover, the MNF and PCA transformations were carried out on Landsat-8 to help in the geological
mapping. The MNF 124 and 134 in RGB (Fig. 6a,b) were found efficient for highlighting and enhancing the
visualization of some rock units and the structural elements. MNF 124-RGB could successfully differentiate
between the Precambrian assemblages in blue color, the Abu Aggag Formation, and Timsah Formation in purple
to whitish purple color, and the Umm Brammily Formation appears in whitish blue color (Fig. 6a). The sharp
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Fig. 5. Demarcation of the lithological units of the study area using Landsat-8 OLI. (a) FCC 765-RGB; (b)

BR 4/2, 5/4, 5/7-RGB; Decorrelated stretch of FFCs (c) 246 and (d) 765 in RGB. Recent deposits=R; Aggag
Fm = Ag; Timsah Fm = Tm; Umm Brammily Fm = Br; Precambrian rocks = Pr; Green land area=G and River
Nile=RN. (These images (Landsat 8 and ASTER) were downloaded through USGS. These figures were created
and processed by ENVI v. 5.6.2. software: https://www.13harrisgeospatial.com/Software-Technology/ENVT),
which is mainly utilized for image processing, and 3-ArcGIS Desktop 10.8. (https://www.esri.com/en-us/arcgis
/products/arcgis-desktop/overview/).

contact between the highly jointed fractured basement rocks and Abu Aggag Formation was clearly visible, with
the basement being marked by a shiny blue color, Abu Aggag Formation a by nearly white color, Umm Brammily
Formation by a purple to bluish white color and Timsah Formation was exposed as a light purple to whitish
purple color (Fig. 6b). In the PCA 123-RGB (Fig. 6¢), Abu Aggag Formation appears in yellowish blue to shiny
yellow pixels, Timsah Formation by a blue to deep yellow pixels, and Umm Brammily Formation appears in deep
to light blue pixels, while the Precambrian units are marked by shiny cyan pixels.

Iron ores distribution based on band rationing and SAM technique

Band Rationing

For iron mapping or demarcating iron ore mineral occurrences, several Landsat-8 and ASTER band ratios
are applied for iron ore detection, like Landsat OLI 4/23!317:3446_ 6/4 (ferrous iron oxides) and 4/3 (ferric iron
oxides)?®>3, 5/3 and 1/2 (for Fe**)?4%. Ghoneim et al.*” proposed a new Landsat-8 band ratio of 6/2 based on
the spectral signatures of iron minerals (e.g., hematite and limonite). This ratio was applied to highlight zones of
higher iron content at the Gabal El-Hadid and Wadi Karim areas in the Central Eastern Desert of Egypt. The BR
4/2 of Landsat-8 was recommended as an effective ratio for iron exploration by Ghoneim et al.*".

Scientific Reports | (2025) 15:4531 | https://doi.org/10.1038/s41598-025-88831-6 nature portfolio


https://www.l3harrisgeospatial.com/Software-Technology/ENVI
https://www.esri.com/en-us/arcgis/products/arcgis-desktop/overview/
https://www.esri.com/en-us/arcgis/products/arcgis-desktop/overview/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

32°52'30"E

24°17'30"N

24°4'30"N

32

°59'0"E 33°5'30"E 33°12'0"E 32°52'30"E 32°59'0"E 33°5'30"E

24°17'30"N
24°17'30"N
4°17'30"N

24°4'30"N
24°4'30"N

z z
o Q
® [ 3]
~ ~
- -
N S
< <
I\ I\

24"4'.30"N
24°4'30"N

32°52'30"E 32°59'0"E

Fig. 6. Lithological discrimination via MNF (a) 124 and (b) 134 in RGB; (¢) PCA 243 in RGB of Landsat-8
OLIL (These images (Landsat 8 and ASTER) were downloaded through USGS. These figures were created and
processed by ENVI v. 5.6.2. software: https://www.13harrisgeospatial.com/Software-Technology/ENVI), which
is mainly utilized for image processing, and 3-ArcGIS Desktop 10.8. (https://www.esri.com/en-us/arcgis/produ
cts/arcgis-desktop/overview/).

The BRs (4/6), (6/4) in grey, and 5/7, 5/4, and 4/2 in RGB of Landsat OLI, as well as the ASTER BRs (1/2) and
(2/1) in grey, were used as effective ratios to differentiate the iron oxides in the study area (Fig. 5). The Landsat-8
ratio 4/6 in grayscale (Fig. 7a) highlighted the iron oxides as bright pixels; in contrast, the ratio 6/4 in grayscale
(Fig. 7b) demarcated the iron oxides as dark or black pixels, but it shows the same sites of iron oxides displayed
by BR 4/6. The ratios of ASTER 1/2 and 2/1 (Fig. 7¢,d) confirmed the same sites for iron oxides obtained from
the Landsat-8 ratios, in which the iron oxides appear as dark pixels in ratio 1/2 (Fig. 5¢) and as bright pixels in
ratio 2/1 (Fig. 5d). The Landsat-8 ratio of 5/4, 4/2-RGB helped to separate the iron oxides, which showed up pink
spots spread out in the study area (Fig. 7e), especially in the middle part south of W. Abu Subeira and north of
W. Abu Aggag.

Spectral angle mapper (SAM)

The algorithmic SAM method was applied to the nine bands of ASTER data to identify the distribution of
iron oxide minerals, which are represented in the study area by hematite, magnetite, limonite, and goethite.
To determine the similarity between a reference spectrum obtained from a spectral library and an unknown
spectrum, the SAM technique computes the angle between two spectra by considering them as vectors in
n-dimensional space. This estimation process is based on processing the spectra using mathematical techniques,
as explained by Harris>%. Using the Wizard detection of ENVI software (ENVI v. 5.6.2. software; https://www.13
harrisgeospatial.com/Software-Technology/ENVI) and based on the spectral signatures for the four iron oxide
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Fig. 7. Allocation of iron oxides using band ratios. (a) BR 4/6 and (b) BR 6/4 in grey of Landsat-8 OLI
highlighted the iron oxides as bright and dark pixels, respectively; ASTER BRs (c) 1/2 and (d) 2/1 in grey
displayed the iron oxides as dark and bright pixels, respectively; (e) Landsat-8 BR 5/7 5/4 4/2 in RGB marked
the iron minerals as pink patches. (These images (Landsat 8 and ASTER) were downloaded through USGS.
These figures were created and processed by ENVIv. 5.6.2. software: https://www.l3harrisgeospatial.com/Softw
are-Technology/ENVI), which is mainly utilized for image processing, and 3-ArcGIS Desktop 10.8. (https://ww
w.esri.com/en-us/arcgis/products/arcgis-desktop/overview/).
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Fig. 8. The spectral signature of the four iron oxide minerals sourced from USGS spectral libraries associated
with the ENVI software (ENVI v. 5.6.2. software; https://www.13harrisgeospatial.com/Software-Technology/E
NVI).

Mineral | Method | Rule threshold | Target count | Average area km?
Hematite | SAM 0.500 7949 2349.7766
Magnetite | SAM 0.320 3713 925.75409
Limonite | SAM 0.320 4704 928.89032
Geothite | SAM 0.320 726 879.54547

Table 3. Statistic table show a brief summary of the SAM method for each mineral.

minerals (hematite, magnetite, limonite, and goethite; Fig. 8) sourced from the USGS spectral library, a series of
processing steps were applied to the nine ASTER bands. The SAM software generates a collection of grayscale
images, embellished with color depictions that highlight the most prominent regions of the iron minerals. To
produce the SAM images of the four iron minerals, the rule threshold was moved to a certain value shown in
Table 3, at which point each mineral started to appear, covering different areas with variable percentages (Fig.
9a-d).

The distribution of iron minerals (Fig. 9a-d) closely aligns with the iron oxide sites highlighted by the
Landsat-8 and ASTER BRs data. The SAM results for the four iron minerals, as well as the average area for each
mineral (Table 3), show that hematite is the most common iron oxide in the study area. Limonite, magnetite,
and goethite follow, each covering only small areas. All four iron minerals were displayed in a single image
to manifest the distribution of iron oxides in the study area (Fig. 9¢). The findings revealed a predominant
distribution of iron oxides in the eastern part of the study area, extending from south to southeast of W. Abu
Subeira, as well as in certain areas surrounding W. Abu Aggag.

Lineament extraction using Sentinel-1B (S1B) data

The PCA was carried out to transform the layer stacked (VH, VV, and VH + VV) S1B data to produce PC1, PC2,
and PC3. As PC1 mostly involves the highest amount of information, PC1 was used and further processed for
the automatic extraction of lineaments and constructing a lineament density map. The extracted lineaments
(Fig. 10a) dropped over the gray image of PC1 were processed after that using RockWork16 to produce a
frequency diagram highlighting the main trends within the study area (Fig. 10a). Excluding the areas covered by
recent deposits, the Nile River, and green areas, the extracted lineaments were exposed as intensive red, short-
length lines distributed and dissected nearly through all the rock units (Fig. 10a). According to the azimuth
rose diagram (Fig. 10a), the most dominant trends of lineaments are NW-SE and NNW-SSE. Also, the NE-SW
and E-W trends were recorded and observed in the rose diagram, but these two trends have a smaller domain
than the NW trend. The density map (numbers per square kilometer; Fig. 10b) displays the density of the
linear segments throughout the entire area. The density map shows that the lineaments are high to moderately
concentrated along W. Abu Aggag, some parts along W. Abu Subeira, and the northern part of the basement
units. The central and northern regions of the study area exhibit low lineament densities.

Fault-related deformation

Besides the primarily automatic extraction of the linear features, further detailed structural analysis was
performed to specify the deformational events affecting the study area and mostly controlled iron ore deposits
through intensive field investigations and structural measurements. Our structural analysis revealed that
the primary slip surfaces (fault zones) of the Abu Agagg and Umm Brammily formations have developed
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Fig. 9. Allocation of the four iron oxide minerals using the SAM method. (a) Hematite; (b) Magnetite; (c)
Limonite; (d) Geothite and (e) shows the distribution of the four iron oxides in the whole study area. (These
images (Landsat 8 and ASTER) were downloaded through USGS. These figures were created and processed
by ENVI v. 5.6.2. software: https://www.13harrisgeospatial.com/Software-Technology/ENVTI), which is mainly
utilized for image processing, and 3-ArcGIS Desktop 10.8. (https://www.esri.com/en-us/arcgis/products/arcgi
s-desktop/overview/).
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Fig. 10. Automatically extracted lineaments using S1B data. (a) the extracted lineaments set over the PC1 in
grey and (b) the line density map. (These images (Landsat 8 and ASTER) were downloaded through USGS.
These figures were created and processed by ENVIv. 5.6.2. software: https://www.l3harrisgeospatial.com/Softw
are-Technology/ENVI), which is mainly utilized for image processing, and 3-ArcGIS Desktop 10.8. (https://ww
w.esri.com/en-us/arcgis/products/arcgis-desktop/overview/).
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widespread fractures and wide rock cataclasis zones. The examined fracture network is composed of many fault
sets. These fault sets can either be diverse, arising from the overprinting of two or more stress systems, or they
can be conjugate, occurring within the same stress system>>. This can lead to the formation of new faults with
different orientations and the reactivation of existing faults*”*8. Additionally, it can significantly influence the
formation of subsequent fault sets™.

Five primary fault sets were reported in the examined outcrops from Wadi Abu Subeira and Abu Aggag based
on their orientation and kinematics (Fig. 2): sub-vertical, NNE-SSW left-lateral strike-slip faults (set 1); ENE-
WSW normal faults (set 2); NNW-SSE normal faults (set 3); NW-SE normal faults (set 4); and NE-SW normal
faults (set 5). Figure 11a and b display the stereoplots and rose diagrams of the main fault sets.

Set 1 sub-vertical strike-slip faults displace mostly Precambrian rocks and the Abu Aggag Formation and
are characterized by apparent vertical offset (separations) ranging from a few millimeters to several meters.
These faults had an en-echelon structure (Fig. 11c), and their left-lateral horizontal displacement (Fig. 11d) may
be measured in kilometers (Fig. 2). Set 2 is made up of sub-vertical and ENE-WSW normal faults, mainly in
the Precambrian rocks and Umm Brammily Formation. The main course of Wadi Abu Subeira is part of Set 2
normal faults. Set 2 faults are distinguished by displacements of a few meters. Set 3 is the most common normal
fault in the study area. It is made up of NNW-SSE to N-S normal faults that move all the formations and have a
big effect on the Timsah Formation (Figs. 11e-h). The course of the Nile River belongs to Set 3. Sets 2 and 3 are
inner cataclastic fault cores that are made up of different types of rock fragments, cataclasites, and reddish clay
(Fig. 11f). Both set 2 and set 3 fault cores have pockets of breccias consisting of large subangular sandstone rock
clasts. These clasts are bound together by reddish, hematite-bearing laminae.

One of the set 3 normal faults strikes N20°W/45-55°SW (Fig. 11g) with the slickenlines plunging moderately
toward the SW (40°/S80°W). This fault exhibits two unique features: a fan-shaped bed-parallel stylolite near
the main fault plane and thicker beds in the fault hanging walls.. Both characteristics are clear signs of syn-
sedimentary fault activity. The vertical deviations along these faults range from a few tens of centimeters to one
meter. Also, the fault hanging wall of this Set 3 normal fault is displaced by another normal fault (Fig. 11h) that
strikes N30°E and dips 55° toward the NW (Set 5). Set 4 faults are present mainly within the Umm Brammily
Formation and dip from 50° to 70° to either SW or NE; their offset is up to a few meters. Set 4 faults crosscut Set 3
and, markedly, both Set 4 and Set 3 are crosscut by Set 5 normal faults that strike mainly NE-SW and dip toward
the NW (Fig. 11g,h). Also, the NE-SW faults crosscut the NNE-SSW left-lateral strike-slip faults.

The displacements associated with the set 3 normal faults significantly impacted the ironstone beds, with
the majority pointing westward. This increased the sedimentary load over the iron ore-bearing beds, as well
as the cost of extraction. Furthermore, the movement of the faults to the west resulted in the absence of iron
exploitation areas at the entrances to Wadi Abu Subeira and Abu Aggag, which would have increased the depth
of the ironstone beds.

Fractures associated with the strike-slip faults (set 1) have an NNE-SSW and ENE-WSW orientation,
running parallel and at low angles to the faults. On the other hand, fractures associated with normal faults strike
in the E-W, NW-SE, and NE-SW directions.

Discussion

Potentiality of iron ore occurrences

Figure 12a demonstrates a correlation between the presence of iron oxides and the occurrence of lineaments
with moderate to high densities. Consequently, the lineaments have a significant influence on the location and
distribution of iron ore deposits within the studied region. The assertion is consistent with the research conducted
by Mekkawi et al.'2, which determined that the presence of large faults and the movement of hydrothermal
solutions along these faults in the shallow region impacted the location of iron ore deposits in W. Abu Subeira.
As a result, we developed a prospective map to investigate the potential locations of iron ores. This was done by
merging the distribution of the four iron oxide minerals with the density map of lineaments. Faults and fractures
have a significant influence on the distribution of iron ores and serve as favorable pathways for iron-rich fluids,
which are believed to be a primary source of iron in the studied region.

Using a suitable scale or range, start from 1 to mark the area with low iron ores and end at 5 to mark the
areas with high content of iron ores (Fig. 12b); another range to characterize the density of linear segments also
starts from 1 as low density and ends at 5 as high density of linear segments. So, according to the proposed iron
potential map for the study area, it can be said that the areas shaded by blue colors (maximum range=>5) have a
high potentiality for iron ore occurrences that are located southeast of W. Abu Subeira and along W. Abu Aggag,
particularly in the Timsah and Aggag formations, where the density of linear segments is high (maximum
range =5). The areas shaded by yellow (minimum range = 1), where the density is low, are characterized by low
iron ore content and are located mainly north of W. Abu Subeira in the Umm Brammily Formation, as well as in
little sections in the southern part of the considered area (Fig. 12b).

Tectonic significance of fault trends

The documented five sets of faults can be categorized into groups based on their characteristics (Fig. 13) that are
kinematically compatible with major structure trends described by Meshref® and Khedr et al.?!. The sub-vertical,
NNE-SSW left-lateral strike-slip faults (set 1) are created syn-genetically with the Gulf of Aqaba (N15°5°E) and
Gulf of Aden (N70°5°E) trends. The sub-verticals, ENE-WSW normal faults (set 2), are probably related to the
Guinean-Nubian lineament (80°+5°) NE trend®!. The genesis of the Red Sea is connected to the emplacement
of peralkaline rocks in Egypt due to their alignment along two fault lines: the Guinean-Nubian lineament that
runs in an ENE-WSW direction and the Trans-African shear zone that runs in an NNW-SSE direction®2. The
Guinean-Nubian lineament, affecting the southern part of Egypt, ages from the Triassic to the recent past®®. This
is evidenced by the occurrence of rhyolites filling fault planes running NE 80°+5° as well as several orogenic
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Fig. 11. (a) Stereographic projections display the great circle of best-fit plane computed for each fault set, (b)
Rose diagram showing orientation of the dominant fault set, (c) Geologic map showing en-echelon pattern

of the NNE-SSW left-lateral strike-slip faults (set 1) in the Precambrian rocks and Abu Aggag Formation, (d)
NNE-SSW left-lateral strike-slip fault in Abu Aggag Formation displaced by NN'W-SSE striking normal faults
(set 3), (e, f) NNW-SSE normal faults (set 3) in Timsah Formation from Wadi Abu Subeira, (g) Set 3 normal
fault strike N20°W/45-55°SW with the slickenlines plunge moderately toward the SW (40°/S80°W) in Timsah
Formation from Wadi Abu Subeira, (h) The fault hanging wall in (g) is displaced by another normal fault
strike N30°E and dip 55° toward the NW (set 5). The field photographs in this figure are taken by the authors
(Mohamed Abd El-Wahed and Dina Younes) of the current research. These photos are our own and we agreed
to publish them.
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Fig. 12. (a) Distribution of the four iron oxide minerals set over a lineament density map, (b) A potential map
shows the area of high potentiality for iron exploration using a scale starting from 1 (as a low potentiality) and
ending with 5 (as a high potentiality). (These images (Landsat 8 and ASTER) were downloaded through USGS.
These figures were created and processed by ENVI v. 5.6.2. software: https://www.13harrisgeospatial.com/Softw
are-Technology/ENVI), which is mainly utilized for image processing, and 3-ArcGIS Desktop 10.8. (https://ww

w.esri.com/en-us/arcgis/products/arcgis-desktop/overview/).
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Fig. 13. Block diagram shows the relation between the different fault sets in the Abu Subeira-Abu Aggag area.

alkaline complexes in the southern part of the Abu Subeira area 4. The reactivation of ancient ENE-trending
shear zones in the Precambrian rocks®>-’ is what causes the ENE-WSW trend in the Mesozoic rocks from the
Abu Subeira-Abu Aggag area (Fig. 13).

The primary fault types in the area under investigation (Fig. 13) are the NNW-SSE normal faults, which are
associated with the N20°+5°W trend of the Red Sea. This trend is believed to have occurred during the initial
stage of the Red Sea rifting® 871, The N20°+5°W trend (Fig. 13) most likely developed because of tensional
forces that likely began in the late Precambrian’?, persisted during the Carboniferous because of depression,
and lasted until the Cenomanian to the early Tertiary®-’>74. The ancient Red Sea rift in the Gulf of Suez formed
during the Late Oligocene-Miocene period’>76. The left-lateral Dead Sea Transform, which separated the
two rifts from each other during the Late Miocene, allowed the Red Sea basin to continue opening. Highly
extensional normal faults (Fig. 13) characterize the Abu Subeira-Abu Aggag area, striking NNW-SSE (set 3) and
NW-SE (set 4), parallel to the Gulf of Suez trend (N35°-45°W). The dominant tectonic setting in the Gulf of
Suez is dominated by the major fault system, the NW-SE longitudinal faults (Clysmic trend)””. These sets align
with the tectonism of the Suez Gulf-Red Sea and the Clysmic faults of the mid-tertiary.. The Trans-Red Sea Trend
(N40°-50°E) aligns with the NE-SW normal faults (set 5).

The ferruginous concretion of iron ore

Two main theories have been previously postulated for the genesis of oolitic ironstones®”: (i) sedimentary
origin'*¢78 and (ii) volcanogenic origin’®. The iron ooids of Aswan ironstones are suggested to be formed in
sedimentary basins from land-derived iron-rich constituents. However, Schwarz and Germann® suggested that
the iron ooids were formed during the lateritization of the hinterlands and then transported into the marine
basin, where deposition took place. The volcanic origin for the oolitic ironstones is postulated by Tosson”®, who
proposed the derivation of iron from nearby volcanoes and its deposition in shallow marine environments. Other
studies on the genesis, mechanism of ooid formation, paleoenvironments, and diagenesis of Aswan ironstones
can be found in numerous publications'¥74081 The oolitic iron ores from Aswan are of marine (hydrogenous)
origin, generated in open space along the sediment-water interface by the accretion of FeO, SiO,, Al,O,, and
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tiny quantities of other oxides around solid particles such as quartz and fractured ooliths®2. The iron ores in
Aswan, represented by hematite, magnetite, limonite, and goethite, occur as ironstones. Salem and El Gammal'”
classified the iron ores in Aswan into (i) ferruginous sandstone iron ores, (ii) oolitic iron ore, and (iii) ferruginous
concretion iron ore. They also reported that the Fe,O, content in the ferruginous sandstones is estimated to be
about 70.46%, while in the oolitic iron ore, the Fe,O, content reaches 54%. Salem and El Gammal'” returned the
occurrence and distribution of the three iron ore types to lithostratigraphy and morphotectonics.

Even though oolitic iron ore has a low content of Fe,0, because of silica cement relative to the other types,
it is considered the most dominant and valuable iron ore type in the study area. It occupies the upper part of
the Timsah Formation, which lies south of W. Abu Subeira and occurs as dark red, compact oolitic hematite
beds with a thickness of up to 3 m. While the iron ore of the ferruginous sandstone type occupies the lower
parts of the Timsah Formation south of W. Abu Subeira, it occurs as inliers and caps of hematite and goethite
strata, including limonite patches, within the Nubia sandstone beds with thickness varying from 50 cm to 4 m.
This type of iron ore is marked by some common gangue minerals (e.g., quartz, gypsum, glauconite, and clay
minerals) and is considered a syn-genetic bedded of Senomanian deposits that developed under a lacustrine
environment!’. Youssef®* reported that the ore deposits are found in two beds (B1) and (B2) in W. Abu Subeira
and its surroundings, separated by ferruginous sandy clay and located at a depth of approximately 80 m. The
ferruginous concretion iron ore is an accumulation of ferruginous sandstone, oolitic iron ore, and ferruginous
concretion. It is exposed as thin ferric surfaces (hematite and goethite) of thicknesses ranging from 10 to 60 cm
between the Nubia sandstone, forming hard, compact masses of concretion beds and substratum rich in iron ore
along W. Abu Aggag.

Conclusions

This study integrated multi-source remote sensing data, field investigations, and detailed structural analysis
for a preliminary exploration of the iron-ore potential zones of NE Aswan, Eastern Desert, Egypt. The study
concluded the following:

o The sedimentary cover of the area is the Cambrian-Upper Cretaceous NSS sequence, composed mainly of
sandstones intercalated by siltstones and shale, as well as some ironstones. Abu Aggag, Timsah, and Umm
Brammily formations cover the surface of the research region. The Abu Aggag Formation is made up of huge
kaolinitic conglomerate, conglomeratic sandstone, and mudstone. The upper section of the Timsah Forma-
tion is composed of ferruginous sandstones, oolitic ironstone, and mudstone. Fluviatile sandstone makes up
the Umm Brammily Formation.

+ The Aswan iron ores consist of hydrated hematite with a cryptocrystalline structure, microcrystalline hema-
tite, clay minerals, quartz, and goethite. The oolitic sandy ironstone of the Timsah Formation is found as a
brecciated bed with a thickness of 2-2.5 m and is rich in dark red oolitic hematite and goethite. This ironstone
is composed of grain-supported quartz grains and less numerous ferruginous ooids and its composition rang-
es from oolitic sandy ironstone to oolitic ironstone.

« The Landsat-8 ratio of 5/4, 4/2-RGB was useful in distinguishing the iron oxides as pink patches spread across
the research region, particularly in the central sector south of W. Abu Subeira and north of W. Abu Aggag. The
distribution of iron minerals is largely comparable with the same iron oxide locations indicated by Landsat-8
and ASTER BRs. Most of the iron oxides are located in the eastern part of the research area, from south to
southeast near Abu Subeira and in certain locations near Abu Aggag.

« The two most prevalent lineament trends are NW-SE and NNW-SSE. The NE-SW and E-W trends were
also documented and highlighted in the rose diagram, although their domains are less than the NW trend.

o The current research strongly recommends integrating various remotely sensed data, e.g., PCA, Band ratios,
and SAM images, with the lineaments derived from radar data to map the distribution of the iron oxides
within the study area (mainly correlated with the highly dissected zones).

« Five main fault sets govern the growth of the ironstone beds, including left-lateral strike-slip faults oriented
in a NNE-SSW direction (set 1), normal faults oriented in an ENE-WSW direction (set 2), normal faults ori-
ented in a NNW-SSE direction (set 3), normal faults oriented in a NW-SE direction (set 4), and normal faults
oriented in a NE-SW direction (set 5). The intersection between Sets 2, 3, and 4 faults primarily controls the
exposed ironstone beds along Wadi Abu Subeira, while Set 3 faults control those at Wadi Abu Aggag. The
westward displacements of the Set 3 normal fault increased the depth of the ironstone beds and the thickness
of the sedimentary overburden. This illustrates the lack of iron exploitation zones around the entrances of
Wadi Abu Subeira and Abu Aggag, as well as to the west of the Nile River.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request.
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