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This study reports the application of remote sensing data and knowledge-driven GIS
modeling to provide favorability maps for gold and copper mineralized areas. The South
Gaba Um Monqul (SGUM) and the Gabal Al Kharaza (GKZ) prospects located in the
northern Eastern Desert of Egypt are the targets for the present study. Four thematic
layers (lithology maps, old trenches buffer anaysis, lineament density maps, and
alteration zone maps) were prepared and used as inputs for a weighted overlay GIS
model. Combined results from false color composite images, particularly the RGB
parameters (PC2, PC1, and PC3) and the RGB parameters (MNF1, MNF2, and MNF3)
classified the host rocks in both prospects. PCA-based extraction of lineaments was
considered using line algorithm of PCI Geomatica. QuickBird band math (G+B), (R+G),
and (G-B) for RGB was successful in ddineating ancient workings within the
mineraized zones. Old trenches layers were buffered to 20 m wide bands extending in
all directions. Landsat-8 band ratios imagery (6/5 * 4/5, 6/7, and 6/2) in red, green, and
blue (RGB) is potent in defining ateration zones that host gold and copper
mineraizations. Acceptable scores of 30%, 30%, 20%, and 20% were assigned for the
alteration zone maps, ancient workings buffer analysis, lithology maps and lineament
density maps, respectively. Two favorability maps for mineralizations were generated
for the SGUM and GKZ prospects. Vdidation of these maps and their potential
application to detect new minerdization sites in the northern Eastern Desert were
discussed.

1. Introduction

Detecting and mapping hydrothermd dteration
zones are complex processes. However, remote
sensing together with Geographic Information
System (GIS) are effective techniques for mapping
geological structures and locating hydrothermal
ateration zones that may host mineralizations.
Thus, these techniques were used to generate
mineral exploration models for areas of high
potentialities for various metals. Remote sensing
and GIS techniques have been proven to be very
successful in detecting and mapping hydrothermal
ateration zones associated with gold-copper
mineralizations [1-9].

X Corresponding author: abdallah@sci.cu.edu.eg (A. Atef)

In Egypt, some workers [9-19] utilized the
Landsat Thematic Mapper (TM), Enhanced
Thematic Mapper Plus (ETM+), Operational Land
Imager (OLI), and the Advanced Spaceborne
Thermal Emission/Refl ection Radiometer
(ASTER) imageriesfor lithologicd discrimination.
Such techniques are powerful enough to identify
and to delineated precisdy gold-bearing ateration
zones in the Arabian-Nubian Shied (ANS), which
is known for his high potentiaity for gold
mineralizations as wdl as the Eastern Desert that
represent the northwestern extension of the shield
[6,9, 12, 16, 17].
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Utilization of GIS as a tool for minera
exploration is based on its capability to combine,
integrate, manage, and anal yze multi-spatial layers
to get a GlS-based prediction modd. Knowledge-
driven and data-driven GIS models have been
utilized to integrate multiple data for mapping and
ddineating favorable areas for promising mineral
exploration programs [20-25]. Data-driven
approaches involve quantitative analysis of data
rich concessions with various known minerd
occurrences used as training samples in mode
training [22, 24, 25]. In contrast, knowl edge-driven
methods are used in poorly explored concessions
where mineral occurrences arescarce [23, 25]. No
training samples are required in knowl edge-driven
methods [22, 23, 25]. The choice of using data-
driven or knowledge-driven approaches depends
mainly on the availability of exploration data [22].
knowl edge-driven method is the best scenario used
in the current study depending on the quality of
available data.

The mgjority of gold deposits in the ANS are
structuraly controlled. They are related to shear
zones that host gold-bearing quartz veins and
ateration zones[21]. Gold occurrences in the north
Eastern Deset (NED) are not frequently
recognized compared to the Central Eastern Desert
(CED) and South Eastern Desert (SED) (Figurela).
The South Gabal Um Monqul (SGUM) and the
Gabal Al Kharaza (GK Z) prospects were exploited
for gold and copper from the Pre-dynastic Period
(ca. 3000 BC) until the Arab time (ca. 1350 AD)
[2Y, 28]. In the NED, the SGUM prospect areais
located at the southeastern part of the Ras Gharib
segment whereas the GKZ prospect area occupies
the centra part of the southwest Gabal Dara
environ (Figure 1). The SGUM area covers
approximately 20.2 km? that lies between latitudes
27°47 40" to 27°4921" N, and longitudes
33'02'48" to 33'05'38” E. The GKZ area covers
approximately 6.3 kn? that lies between | atitudes
from 27°54'07” to 27°55'8” N and longitudes from
32°50'44” to 3352'30" E. The current study
presentsaregiond prediction modd (PM) to define
promising occurrences of gold and copper
mineralizations for further exploration not only at
the SGUM and GKZ prospects but dso for the
Precambrian basement rocks of the ANS and other
arid terrains.

2. Geologic Setting and Host Rocks of
Mineralizations

Neoproterozoic rocks in the NED remarkably
differ fromthoseinthe CED and SED. Inthe NED,
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there are no records of Tonian-Cryogenian
ophiolite sections or ophiolitic mélanges but it
includes the Ediacaran island arc assemblages of
the Dokhan volcanic series, voluminaous
granitoids, and the Hammamat sediments (Figure
1c) [27, 29-37]. According to [35], the SGUM
prospect areais occupied mainly by monzogranite,
which is the main rock type in the mgjority of
outcrops, with lesser amount of the Dokhan
vol canics and fresh gabbro. This gabbro has an age
of 603 + 3.5 Ma [35]. The gabbro shows low to
moderate relief, and theintrusion is represented by
a few scattered and detached masses. It is
melanocratic and varies in color from dark gray to
grayish green. Sometimes, the color becomes
lighter due to the relative proportion of mafic to
felsic minerals, i.e. mesocratic. In comparison with
the volume of the Dokhan volcanics and
monzogranite, the gabbro isthe least abundant and
is restricted only to a few limited locations in the
western extreme of the SGUM area. The Dokhan
volcanics in the SGUM area are wel-exposed at
the entrance of the prospect covering its
northwestern extreme. They are represented
mainly by dacite and rhyodacite, which are fine-
grained and some varigties show porphyritic
texture. The age of the Dokhan volcanics in the
SGUM area is a matter of debate. The volcanic
rocks in the SGUM prospect are considered as the
southern expression of the Dokhan Volcanics of
Gaba Mongul [29, 30], which is dated as 618 Ma
by [32]. Recently, LA-ICPMS U-Pb zircon age of
773 £ 6.9 Ma were assigned for the SGUM
volcanics [35]. Considerable volumes of these
volcanics were mapped as granodiorite by [33]
(Figure 1c).

Granite covers morethan haf of therock volume
inthe SGUM area. It hosts numerous pitsthat were
excavated during ancient times, which dated back
to the dynastic and Arab eras (Figure 2a). The
granites are represented by syenogranite and
monzogranite. The granites occur commonly as
low-lying hillocks and as rugged hills of moderate
elevation. It has pink to red color due to the
predominance of feldspars. In some instances, the
color becomes gray with common brownish desert
varnish. In the hand specimen, the granite is
medium- to coarse-grained, equigranular with
some dispersed coarse feldspar crystals (up to 1.7
cm long) exhibiting porphyritic appearance. The
granitein the SGUM areawas locally sheared, and
these shear zones were invaded by Fe-dominated
mineralizing fluids containing appreciable Au, Cu,
and Ba contents (Figure 2b). These shear zones
(Figure 2c), and fractures exhibit different trends
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and various thicknesses. The granite is dtered the following sections, and based on Figures 5 and
along joints and fracture planes and dissected by 6) were utilized to obtain a modified geological
mafic dikes of basaltic composition. In the present map of the SGUM area (Figure 6a).

study, new remote sensing data (to be discussed in

Figure 1. a) Location map of the studied district (red rectangle). Outlines of the Neoproter ozoic Nubian Shield
areshown in green. Theyellow circlesrepresent the gold occurrencesin the Eastern Desert of Egypt after [38].
b) Google Earth image for the studied district in the NED. The white rectangles define the SGUM and GKZ
prospects. ¢) Gedogical map of the Ras Gharib segment in the NED modified after [33]. The black rectangles
definethelocations of the SGUM and GKZ prospects.
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Figure 2. a) Satedlite image showing the ancient mining activities following a NE-SW direction at the SGUM
(marked by thered arrows). b) Fe-rich alteration zone within the monzogranite of the SGUM prospect. c)
Shear ed monzogranite at the SGUM prospect.
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Figure 3. a) Satellite image of the GKZ prospect showing the alignment of ancient activitiesto the NW-SE
direction within the granodiorite (mar ked by thered arrows). b) Well-devel oped shafts (excavated) in the
granodiorite at the GKZ prospect (marked by thered arrows). ¢) Secondary copper minerals staining thejoints
in the granodiorite at the GKZ praspect.
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Regarding the other prospect in this study, the
GKZ is known for ancient mining activities in the
vicinity of the west Wadi Dara prospect [27, 28,
39]. Ancient mining trenched in the GKZ prospect
followed well-defined NW-trending structures
(Figure 3a and b). The area comprises a thick
vol cano-sedimentary succession and is represented
by intercalated Dokhan vol canics and Hammamat
sediments [33, 34]. Remote sensing work that was
confirmed by Field investigations (Figure5 and 6),
revealed that the Neoproterozoic rocks in the
praspect are dominated by granodiorite and quartz-
feldspar porphyryand diorite. The present study
considered the Au-Cu minerdizations of the
ancient mining sites hosted by diorite, quartz-
feldspar porphyry, and granodiorite.

Dioriterepresents the ol dest rock type exposed in
the GKZ area. The diorite covers a reatively vast
area and occupies the southern part of the mapped
area (Figure 6b). It occurs as low to moderate hills
with gentle slopes. It has grayish green color and it
is mesocratic. The diorite is eguigranular and
consists mainly of plagioclase and amphiboles. In
some i nstances, the diorite exhibits some extents of
heterogeneity in grain size (very coarseto
medium-grained) and in composition (gabbro to
diorite). Only one variety of older granitoids inthe
GKZ area was distinguished, which is the
granodiorite. The granodiorite is highly sheared
and jointed. These fractures exhibit a well-
developed conjugate system, which can be
identified both on megascopic and microscopic
scd es. Boudinaged gold-bearing quartz veins (as
thin as 10-15 cm), as well as secondary copper and
iron minerds, fill into these fractures (Figure3c). In
the hand-specimens, the granodiorite is light-
colored and has a pinkish to reddish appearance
due to predominance of feldspars. It is generally
medium-grai ned and exhibits a porphyritic texture,
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with large white plagioclase phenocrysts. thereis a
huge amount of dumps surrounding the old
excavations of the ancient workings in the
prospect. Despite the presumably extensive metal
extraction during the Arab times, the dumps ill
preserve valuable specimens with secondary Fe-
and Cu-minerals dominated by Fe-oxyhydroxide
and chrysocolla. Quartz-feldspar porphyry (dacite
porphyry) is less predominant relative to the
granodioritein the northwestern part of the mapped
area (Figure 6b). This porphyry is fine-grained,
inequigranular and mostly leucocratic. It composed
of plagioclase and quartz phenocrysts embedded in
a reddish groundmass. The quartz-feldspar
porphyry isintensively sheared in the same way to
the adjacent granodiorite. Generaly, the joint-
dominated fractures are variably inclined and are
occasiondly vertical.

3. Dataset and M ethodol ogy

Satellite data used in this study originated from
different multispectra spatial satellite data, which
are frequently used for geologica mapping,
detection of alteration zones, and density of

lineaments. Landsat-8
(LCO8 _L1TP 175041 20190117 20190131 01
T1) and Sentind-2

(S2A_MSIL1C 20191018T081941

N0208 R121 T36RV_20191018T103632.SAFE)
were downloaded from the United States
Geological Survey (USGYS) website
(http://glovis.usgs.gov/). A scene of Landsat-8
image (path 175, row 041) induding SGUM and
GKZ prospect is used for this study. The output
format of Landsat-8 is (GeoTIFF) with 1 quality
assessment band image (GeoTIFF) and 1 metadata
file (ASCII). All Landsat-8 and Sentinel-2 images
areset in UTM /WGS84 datum and zone 36N.

Table 1. Band wavelengthsfor Landsat-8 OL| and Sentinel-2 M SI.

L andsat-8 Sentinel-2
Band number Wavelength (nm) Spatial resolution (m) Band number Wavelength (nm) Spatial resolution (m)
2 450-515 30 2 458-523 10
3 525-600 30 3 543-578 10
4 630-680 30 4 650-680 10
5 845-885 30 8 785-900 10
6 1560-1660 30 11 1565-1655 20
7 2100-2300 30 12 2100-2280 20
Procedures of this investigation rely on the In addition to preprocessing techniques

integration between the opticd satdlite data
(Landsat-8, Sentind-2, and QuickBird) and GIS
modeling. Flow sheet for the generation of the
predictive modds (PMs) is presented in Figure 4.
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(geometric correction and atmospheric correction),
some image processing techniques such as
minimum noise fraction, band math, band ratio,
Principal  Component Anaysis (PCA) and
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lineament analysis have been carried out to
discriminate the different lithologies, to ddineate
the dteration zones and the ancient workings and
to locate structural lineaments. Pre- and post-
processing of different satellite data were carried
out using the Environment for Visualizing Images
(ENVI) version 5.3, PCl Geomatica, 2016, and the
Arc GIS pro-2.8 software. Sentinel-2 and Landsats
have the same geographic coordinate system and
similar wavelengths (Table 1). Accordingly, this
provide an excellent opportunity to combine these
two types of data in order to obtain a higher
accuracy in the results. All the available satdlite
images were fused with band 2 of Sentind-2 using
the Gram-Schmidt Pan-Sharpening method. Four

Journal of Mining & Environment, Val. 14, No. 4, 2023

data layers (thematic maps) have been generated
from different sources of the satellite data. The
thematic maps were utilized as inputs to generate
the PMs for gold and copper mineraizations in the
SGUM and GKZ prospects (i.e). The input
datasets involve updated geological maps
(lithology layer), old pits/trenches buffer anaysis,
alteration zone maps, and lineament density maps.
All the previous layers were prepared for the GIS-
based PMs using knowledge-driven and weighting
techniques. Gold-and-copper favorability maps
were validated using wel-documented data from
previous works as well as the current fiedd and
petrographic studies.

Figure 4. Flow chart of the methodology showing the various steps used to gener ate favor ability/predictive maps
(PM) for gdd and copper mineralizations at the twoinvestigated prospectsin the NED of Egypt.
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4. Results and Discussion
4.1. Preparation of thematic layers

The credibility of the PCA technique was
approved by severd studies, which considered the
lithological discrimination and the hydrothermal
ateration mapping[ ', 10, 14, 40-43]. Inthe SGUM
and GKZ prospects, the PCA was performed for
the six bands of (visible, NIR, and SWIR) sub-
systems of the Landsat-8 data. The PCA results of
the eigenvalues (Table 2) indicate that the PC1
displays the highest variance amounting 97.1% of
thetotal variances of the Landsat-8 data. PC1, 2, 3,
and 4 together represent 99.7% of thetotal variance
and spectral information content of the data. The
rest bands represent the remaining 0.3% of the
weight. Similar to the PCA, the MNF technique
was used to compute the Landsat-8 visible, NIR,
and SWIR. The first MNF contains the maximum
variance and minimum noise and the last MNF
contains the minimum variance and maximum
noise. Detailed visua inspection of the first four
PC was combined in red, green, and blue (RGB)
and indicated that the fal se-color composite (FCC)

Journal of Mining & Environment, Val. 14, No. 4, 2023

image of PC2 (R), PC1 (G), and PC4 (B) represent
the best color composite image for the lithol ogical
discrimination of the GKZ areain particular. MNF
technique is applied to reduce data dimensionality
and to remove noise from the spectral data [44].
The computed data indicate that the MNF color
composite, MNF1(R), MNF3 (G), and MNF4 (B)
is the best combination for the classification of the
different rock units at the GKZ area. I ntegration of
PCA and MNF results reveded a significant
delineation and discrimination of the lithological
contacts between therock units. Theresults of PCA
image show that the granodiorite has a rose image
signature whereas quartz-diorite shows pink color
(Figure 538). The MNF successfully discriminated
granodiorite, in distinct blue color, from the
Dokhan volcanics, in light green color, and from
diorite, in dark green color, (Figure 5b). These
results were verified during fidd work, and
correlated with some previous published maps for
theinvestigated areas[30, 34, 35, 37]. Finally, fied
data together with the above-mentioned results
were used to generate new geol ogical maps for the
SGUM and GKZ prospects (Figures 6a and b).

Table 2. Eigenvector matrix and Eigenval ues per centage of PCA results of Landsat-8 data at the area of study.

Eigenvector Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Eigenvalue’
PC1 -0.161159 -0.257743  -0.373829  -0.469988  -0.558179  -0.485176 97.11
PC2 0.215134 0.295052 0.434612 0.475252 -0.484795  -0.465707 2.34
PC3 -0.280481 -0.368511  -0.068957 0.357771 0.527799 -0.611722 0.3
PC4 0.298489 0.465107 0.178515 -0.567223 0.414552 -0.411238 0.15
PC5 -0.577515 0.170221 0.736241 -0.297424  -0.053295 0.064413 0.02
PC6 0.653036 -0.682211 0.304453 -0.12265 0.012035 0.015882 0.01

1246



Atef et al. Journal of Mining & Environment, Val. 14, No. 4, 2023

Figureb. a) Landsat-8 false cdor composite (FCC) image PC2, PC1, PC4in RGB for the GKZ prospect. b)
Landsat-8 MNF false color composite (FCC) image MNF1, MNF3, and MNF4 in RGB for the GKZ prospect.
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Figure 6. a) Geological map of SGUM prospect madified after [30, 31]. b) Geological map of the GKZ prospect
modified after [37].

Extraction of geologicd linear features such as
faults, joints, and fracture lines can be effectivdy
achieved using satelliteimages[16, 17, 22, 45-47].
The lineaments were automatically detected using
the model line of PClI Geomatica 2016. The default
parameters of the software were adjusted as
follows: Filter radius (pixels) = 10, edge gradient
threshold = 30, curve length threshold (pixels) =
10, line fitting eror threshold = 3, angular
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difference threshold (degrees) = 3, and linkage
distance threshold (pixds) = 20. The high spatia
resolution bands of the Sentinel-2 and principle
component bands were visualy tested, and the
results reveal ed that the PC1isthe optimal band for
the lineament extraction. PC1 is fused to obtain
high-qudity lineament maps. The extracted
lineaments were visually inspected to delete and to
edit incorrect lineaments (Figures 7a and b). Rose
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diagrams show that the orientation of the extracted
lineaments (Figure 8c) in the SGUM prospect
mostly follow the NE-SW trend, whereas the
lineaments in the GKZ prospect area show various
trends. The lineament density anaysis was
caculated using the sum of the length of the
lineament per unit area, and then the extracted

Journal of Mining & Environment, Val. 14, No. 4, 2023

lineaments were contoured to obtain a lineament
density map using the line density tool in the
ArcGIS software. Areas characterized by the
highest density of lineaments are represented by
red color whereas green color represents zones of
low density (Figures 7c and d).

Figure 7. a) Distribution of major lineaments over PCAL for the GKZ prospect. b) Distribution of major
lineaments over PCA1 for the SGUM praspect. ¢) Density map of the extracted lineaments for the GKZ prospect
using the line density tool. d) Density map of the extracted lineamentsfor the SGUM prospect using theline
density toal.

As mentioned earlier, The GKZ and SGUM
prospects are characterized by ancient mining
activities for copper and gold mineralizations [28,
29]. Walls of old mining activities are stained by
secondary green copper (Figure 3c) and reddi sh-to-
black iron materias (Figure 2b). QuickBird ratio
combinations (G+B), (R+G,) and (G-B) for RGB,
were utilized to deineate the ancient mining
activities (Figures 8a and b based on detailed fid d
observations, the walls of old trenches indicate
intensive deformation and alteration of host rocks.
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The old trenches layers are buffered to 20m wide
bands in al directions (Figures 8a and b). This
distance was found to be suitable for alteration
zones tha host gold and copper minerdizations.
The rose diagrams indicate that the ancient
activities in the GKZ prospect are aligned mostly
in the NW-SE direction (Figure 8c). Old trenches
a the SGUM prospect show heterogeneous
direction with the ascendancy of the lineaments
following the NE-SW and NW-SE trends (Figure
8c).
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Figure 8. a) Buffer analysis of the extracted old wor kings (mines) at the SGUM praospect. b) Buffer analysis of

the extracted old trenches at the GKZ praospect. ¢) Rose diagrams showing the dominant dir ections of ancient

pitsat the SGUM praspect (i), and the GKZ prospect (ii). In (iii) and (iv), the main directions of lineaments at
the SGUM and GKZ prospects, respectively, ar e shown.

Mapping and delineation of the alteration zones
are essentia targets of gold and copper expl oration.
The operation of band ratio is likely effective in
mapping and detecting alteration zones associated
with gold mineralization [8, 1), 15, 44, 48, 49].
Sericitization, silicification, chloritization, and
kaolinitization are the most common wall rock
ateration at SGUM and GK Z prospects[36, 37]. In
teems of the minerdization style, the SGUM
prospect likedy represents a porphyry copper
system [30] or an iron oxide-rich Cu-Au porphyry-
style system, i.e. an IOCG ore [3Y, 36]. The iron
oxide minerals are hematite (specularite), limonite,
magnetite, and goethite. The present study utilized
the Landsat-8 color ratio composite (6/5 * 4/5, 6/7,
and 6/2) for the RGB, respectivey (Figure 10a).
These band ratios were tested and sdlected based
on the spectral characteristics of the host rocks and
their associated alteration zones. Figure 9 shows
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the spectral reflectance and absorption of some
hydrothermally altered minerds aa GKZ and
SGUM prospects. The Landsat-8 6/5 ratio was
used for detedting ferrous (F€**) mineras such as
hematite [50], and the 6/7 ratio is for detecting
altered rocks containing day and other minerds
that contain a hydroxyl group (OH) [4, 43]. The
band ratio (6/5 * 4/5) was used for detecting Fe-
bearing minerals[51]. The utilized ratio composite
(6/5 * 4/5, 6/7, and 6/2) successfully mapped and
discriminated altered rocks from the fresh parental
rocks [51]. The atered rocks have a distinctive
orange col or in both the SGUM and GK Z prospect
(Figures 10a and b). The analyzed images were
tested by fidd observations to confirm the
alteration zones. The coincidence of these types of
mineralization with the alterations zones suggests
a high degree of gold and copper potentidities.
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Figure9. a) Laboratory spectral curvesfor muscovite, chlorite, kadlinite, alunite, calcite, and epidote. b)
Laboratory spectral curvesfor limonite, hematite, and goethite [52].

4.2. Application of GIS knowledge-driven
method

The spatid relationship of the input dataset with
the gold and copper occurrencesis quantified using
the weight of evidence and knowledge-driven
methods. The approach of predictive modd s (PMs)
is applied here to integrate the different datasets
into gold and copper prospection maps for any
future work in the two investigated prospects, as
wel as similar areasin the Eastern Desert of Egypt
and in neighboring countries. The PMs were
constructed by overlaying cumulative weght
assigned to the four thematic layers (maps of
lithology, lineament density, old trench density,
alteration zones) by applying the weighted overlay
method in the spatial anaysis tool in the ArcGIS
pro 2.8. Table 3 summarizes the weight and score
values for the obtained thematic maps and their
contribution to the occurrences of gold and copper
mineralizations. The score for each datase is
determined based onthefavorability degree of gold
and copper occurrences at the SGUM and GKZ
prospects. The greater the spatia association to
mineralization, the larger the scores of the dataset.
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Field observations and anal yses obtained from the
different remote sensing data revealed that the old
excavations and alteration zones are hosted in the
diorite, granodiorite, and quartz-feldspar porphyry
rocks at the GKZ prospect, while in the SGUM
prospect, they are hosted in the Dokhan vol canics
and the monzogranite Thereis no evidence of any
andent or contemporaneous mining activities
neither in the gabbro cropping out a the SGUM
prospect nor in the Dokhan volcanics at the GKZ
prospect. Much of the minerdized zones were
excavated in antiquity from shallow depths ranging
from 3to 7 m, andthereforethese zones most likely
extend to deeper levels in the subsurface and
possibly hit a primary or hypogene ore. These
zones are rich in secondary copper mineras in
addition to specularite and barite (Figure 2b),
which appear as gossans-like bodies. Among the
four input layers, the highest scores were assigned
to the buffer zones of ancient workings (30%) and
similarly to the alteration zone maps (30%).
Moderatdy high weights were assigned to the
lithology maps and to lineament density maps
(20%)).
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Figure 10. a) L andsat-8 band ratios composite image (6/5* 4/5, 6/7, and 6/2) in RGB for the SGUM pr ospect
showing altered rocks as orange color spats. b) Distribution of altered rocks (orange color) extracted from the
band ratioimage for the SGUM pr ospect.

The application of weighted overlays mainly
concerns the raster format. The lithology layers
were rasterized and then reclassified into three
classes for the SGUM prospect and four d asses for
the GKZ prospects, in which each rock unit has a
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distinctive weight (Table 3). Alteration zone maps
were reclassified into two classes, one for atered
zones and the other for non-altered zones or fresh
rocks (Figures 10a and b). Density maps for the
lineament analysis were reclassified to integer
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numbers ranging from 1 to 5. Classes with higher
potential for gold and copper mineralizations were
assigned to have 5, whereas classes with low
mineralization potential were assigned to have 1.
Classes with moderate contribution were assigned
to have 3. The lineament density maps were
assigned from 1 to 5 on ascending order of
increasing density. The extracted maps from buffer
analysis were weighted internaly, whereas the
buffered zones (highest favorable) were assigned
to have5 whereas the other siteshave 1. Then, each
class within the themati c layers was wei ghted from
1 to 5 based on its contribution to the occurrences
of gold and copper mineralizations. Diorite,
granodiorite, and quartz-feldspar porphyry rocks at
the GKZ prospect, in addition to Dokhan volcanics
and granitic rocks of the SGUM prospect, were
assigned to have high potentidity ranks. The other
rock units were assigned to have lower potentiality
ranks. The non-atered zones were assigned to low
rank and the dtered zones were assigned to high
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rank. The results of PMs for the Au-Cu
mineralizations at the SGUM and GKZ prospects
are shown in Figures 11aand b. Two main types of
gold and copper deposits were documented at the
SGUM prospect. Thefirst oneisaporphyry copper
system with a defining five ateration zones
namely; potassic, phyllic, phyllic-argillic, sodic,
and propylitic zones (Figurela) [30, 36]. The
second is iron oxide-rich Cu-Au porphyry-style
systems (IOCG) [31, 36]. The prospective sites at
SGUM are associated mainly with potassic,
sericite-chlorite, and sodic zones (Figure Y1a). The
GKZ prospect has no previous remote sensing
studies concerning mapping alteration zones.
Detailed fidd and microscopic investigations
revealed that hydrothermal IOCG deposits are the
most dominant phase aa SGUM and GKZ
prospects. The suggested models in this study
present severa new prospective sites for 10CG
exploration at SGUM and GKZ prospects (Figures
laand b).

Table 3. Weight and score for the different thematic maps by their potentialitiesfor gold and copper

miner alizations.

Au and Cu mineralization potentiality

= o
‘U’ S
Parameter Class g &oi Very high High Moderate Low Very low
Class 5 (high) 5
Li ent Class4 4
denS|| E.Et“ Mans Class3 3 20%
YMaS  ~Class2 2
Class 1 (low) 1
Ancient Buffered zones 5
workings 30%
buffer analysis Non+buffered zones 1
SGUM area GKZ area
Granodiorite Monzogranite 5
Dokha_n Quartz feldspar 5 20%
volcanics porphyry
Diorite 5
Gabbro Dokhan volcanics 2
Alteration Altered rocks 5 0%
Zone maps Non-altered rocks 2 ’
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Figure 11. a) Favor ability/predictive map (PM) for Au and Cu mineralizations over the SGUM prospect. b) PM
for Au and Cu mineralizations over the GKZ prospect. Overlies of the alteration zones, Au contents, and Cu
anomalies wer e obtained from [30, 36, 53].

5. Validation of Suggested M odel

Validation of the obtained gold and copper PMs
is important to test the rdiability and
precision/accuracy of theresults. The PMs for gold
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and copper mineralizations at the SGUM and GKZ
prospects were validated using the known gold and
copper occurrences from previous works [30, 31,
36]. For further vaidation, theresultsare compared
with [31, 53]. The concentrations of gold and
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copper in ppm were obtained mainly from
analytical anaysis of more than 130 samples that
have been detected by the Egyptian Mineral
Resources Authority [53] using the fire assay
technique for theanalysis of gold. Theresults show
that the potential areas obtained from the PMs
(Figure 11) are corrdated with areas (overlies) of
high gold and copper anomalies. This confirmsthe
vdidation of the proposed PMs. Also, this was
supported by field data on the mineraized zonesin
the two praspects. Contribution of this study to the
NED is in harmony with some recent research on
the localization of gold deposits in the Eastern
Desert of Egypt [54]. Previous research was ableto
combineimagery data from Landsats and air-borne
magnetic surveys to confirm and ddineate gold-
rich shear zones and alteration zonesin sitesknown
for gold mineraization in the CED and SED.
Therefore, integration of the present findings with
those from [54-56] may represent a very useful
model for predicting areas with high gold
potentiaities in the Eastern Desert. and other arid
terrains.

Additionally, some polished and polished-thin
sections were prepared from the newly prospective
alteration zones to define opaque minerals of the
potential mineralized zones. The microscopic
investigations revealed that the mineralized zones
at SGUM and GKZ prospects consist of iron oxide
and sulfide mingds. The hydrothermal
mineralization is confined to the shear zones. The
shear zones are characterized by the presence of
copper and iron minerals. The alteration products
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are rdlated mainly to post-magmatic hydrothermal
solutions that were responsible for the
development or mabilization of iron, copper, and
gold. The iron oxide minerds are hematite
(specularite), magnetite, limonite and goethite.
Sulfide minerals are represented by pyrite and
chd copyrite. In hand specimens, the iron oxides
(magnetiteand specularite) occur as coarse-grai ned
crystals filling the fractures and crystallized in
between quartz crystals. Specular hemdtite is
present in a significant amount in both SGUM and
GKZ prospects. Specularite is medium-grained
occurring in the form of flaky or fibrous crystas
that crosscut each other. Other specular crystd's of
hematite are radiating from a common center
forming a fan-shape. They are randomly oriented.
However, they are sometimes showing certain
alignments parale to each other (Figure 12a).
Magnetite occurs as coarse, euhedra to subhedral,
tabular, irregular, and long prismatic crystals.
Magnetite is highly martitized along the cleavage
and aong the peripheries of the crystals (Figure
12b). Pyrite is mostly oxidized and occurs as
medium-grained in size and eqguant in shape
(Figure 12c¢). Chalcopyrite shows ether dlight
ateration or complete replacement to goethite.
Chalcopyrite is partially altered to covelite dong
its peripheries. Goethite occurs as large
pseudomorphic  crystas after pyrite and
chd copyrite and it exhibits perfect colloform
texture (Figure 12d). Gold occurs ether as
randomly tiny speaks in quartz crystals or as
aligned speaks filling microfractures (Figure 12c).
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Figure 12. Oremineralsin the mineralized alteration zonesat SGUM and GKZ prospects. All photomicrographs

in reflected light. a) Sheared specularite (hematite) (Hem) at SGUM prospect. b) Highly martitized magnetite at

SGUM prospect. ¢) Oxidized pyrite (Py) and possible gold speak (Au) at SGUM prospect. d) Partial replacement
of chalcopyrite (cp) by goethite (Gt) at GKZ prospect.

6. Conclusions

Utilization of remote sensing data and GIS
combined with the field observations, petrography,
geochemical analyses, and historical data seem to
be effective for highlighting areas with high
mineralization potentialities. The findings in this
study are summarized as follows:

1) Combining results from false color composite
images of PC2 (R), PC1 (G), and PC3 (B) in addition
to MNFL(R), MNR2 (G), and MNF3 (B) have
successfully classified the host rocks in SGUM and

GKZ gold-copper prospects.

2) Lineament density maps were generated after
extraction of lineaments using line modul e over PCA
images. 3) Buffer analysis mapswere generated after
extracting ancient workings sites using ratio
combination (G+B), (R+G) and (G-B) for RGB of
QuickBird imageries.

4) Landsat-8 band ratios imagery (6/5*4/5, 6/7 and
6/2) in RGB was successfully ddlineated ateration
zones that host gold and copper mineralizations.
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5) The scores 30%, 30%, 20%, and 20% were
assigned to alteration zone maps, old trenches buffer
anaysis, lithology map and lineament density maps,
respectively.

6) Results of the suggested PMs were classified into
five zones. very low, low, moderate, high, and very
high corresponding to variable potentids for
mineralization. Various new potentia sites for gold
and copper occurrences a SGUM and GKZ

prospects were suggested.

7) Field, geochemical, and petrographic studies to
SGUM and GKZ prospects vaidated the suggested
model.

8) The obtained PMs would provide a useful insight
for further exploration in the future in areas similar
to the GKZ and SGUM prospects elsewhere in the
ANS and other world examples of Neoproterozoic
shield terrains. Therefore, we believe that the
suggested PMs can be valid for different kinds of
economic potentidlities, not only for metallic ores
viz. Au and Cu, but for non-metdlic ores aswell.
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