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Abstract Lately, Saudi Arabia has been develop-
ing its mineral exploration. However, comprehen-
sive studies of the collected data are not accessible.
Thus, the purpose of this research is to identify and
map the hydrothermal alteration zones and structural
lineaments that regulate the mineral occurrences
in the Nugrah region of the Kingdom of Saudi Ara-
bia using remote sensing and aeromagnetic data. To
achieve the desired goal of the study, ASTER remote
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sensing data were employed, and they were processed
in several ways, including principal component analy-
sis, band ratio, and false color composites to reveal
the zones of alteration and structure lineaments. In
addition, aeromagnetic data was employed to map
the lineaments controlling the mineralization. These
datasets were integrated using GIS tools to generate a
new mineralization potential map of the Nuqrah area,
which was classified into three classes: low, moder-
ate, and high probability mineralization. The results
showed thirteen intriguing anomalies (high potential
mineralization) dispersed over the research area to be
prospected. Additionally, techniques such as residual,
regional, first vertical derivative, and tilt derivative
were utilized to detect the potential mineral-related
geologic structures. The results were validated by
plotting known mineralization sites on our maps. Six
significant faulting trends have been found, according
to the lineament map and rose diagrams from remote
sensing: NE-SW, WNW-ESE, N-S, ENE-WSW,
NNE-SSW, NW-SE, and E-W. The research region
is most affected by the NW-SE, ENE-WSW, E-W,
and N-S trends, which are organized in decreasing
order of magnitude, according to the rose diagram of
the aeromagnetic maps. The applied approach can be
employed to map potential mineral deposits in Saudi
Arabia and similar zones around the globe.
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Article Highlights

e Generate new maps for mineral potentialty in
Nugrah area, Saudi Arabia.

e Aeromagnetic and RS data were used to achieve
the aim of the study.

e These maps were used to find potential mineral-
related geologic structures.

e Indicated six major faulting trends controlling the
area.

Keywords Mineralization potentiality - Remote
sensing - Alteration zones - Aeromagnetic -
Structures - Saudi Arabia

1 Introduction

Recently, geospatial technologies have helped
increase our knowledge of the earth and its
treasures. This is done by providing a way to gather
data very quickly and convert it into important
information. Remote sensing (RS) and geographic
information system (GIS) technology have proven
their usefulness and role as tools that can be applied
confidently and efficiently in all disciplines of earth
sciences, especially in geological mapping, mineral
exploration, flash flood hazards, seismotectonic
hazards, and urbanization through the capabilities
of processing satellite images (Hajibapir et al. 2014;
Arnous and Omar 2018; Arnous et al. 2018; Omar
2021; Saad et al. 2020; Eldosouky et al. 2021; Omar
et al. 2021; Bencharef et al. 2022; Hegab et al. 2022;
Kharbish et al. 2022; Mahdi et al. 2022; El-Qassas
et al. 2023; Omar et al. 2021, 2023a, b). In this study,
the spaceborne Advanced Thermal Emission and
Reflection Radiometer (ASTER) image data were
used to identify the hydrothermal alteration mineral
(HAM) areas associated with mineralization areas.
The HAM has spectral absorption properties in the
near infrared (VNIR) and short-wave infrared (SWIR)
regions (Abrams et al. 1983).

The Magnetic data in geophysical exploration is a
powerful method for locating subsurface structures,
magnetic objects and mineral exploration (Eldosouky
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et al. 2022a). This method uses the Earth’s natural
magnetic field to detect anomalies that may be inves-
tigated and studied further. It deals with the variations
in magnetization between various rock types to help
identify zones of interest. The magnetic method was
developed over time with improved accuracy and
resolution. It can map out the subsurface structures,
such as faults, shear zones, and contacts which may
form pathways of mineralization or ore deposits and
mineral exploration (Assran et al. 2019; Eldosouky
et al. 2021, 2022b; Pham et al., 2021; Elkhateeb et al.
2021; El-Qassas et al. 2021, 2023; Abdelrahman et al.
2023; Ekwok et al. 2023, 2024).

The Arabian—Nubian shield is made up mostly
of juvenile crust that developed during Cryogenian-
Ediacaran time through the amalgamation of several
oceanic terranes. These terranes are underlain by
metamorphosed volcano-sedimentary belts that are
favorable hosts for volcanogenic massive sulphide
deposits. These mineral occurrences are often
clustered in metallogenic belts and provinces, and one
of the most prominent of these is the Nuqrah belt in
the north Central Arabian shield. Mineral occurrences
in this belt have been worked since ancient times (the
third or second millenium B.C.) with the last known
excavations taking place in the A.D. 675-835 period
(Heck 1999), especially at Nuqra South which is one
of the largest historic copper mines in the Arabian
Shield (Morony 2019).

In our study, we aim to produce new mineral
potentiality maps for Nuqrah area from integration
of Aster and aeromagnetic data. To achieve this goal,
we applied different aeromagnetic data processing
approaches, band ratio (BR), principal component
analysis (PCA), and false color composites (FCC)
methodologies. The visionary aspect of our study is
the extended integration of ASTER with aeromag-
netic data employing GIS tools. This approach allows
for accurate and detailed mapping of mineralized
zones and structural lineaments, which has not been
considerably accomplished in the Nugqrah territory,
Saudi Arabia, an area with limited previous investiga-
tions. The results will be employed to map the prom-
ising altered zones and dominant structures. This
will lead to excessive and detailed ground studies for
exploitation purposes.
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2 Geology

It is now well established that the Arabian Shield is
made up of several tectonostratigraphic terranes that
amalgamated in the period 605-780 Ma, follow-
ing the clousure of the Mozambique Ocean and the
ensuing collision between east and west Gondwana
(Johnson et al. 2011). The Nugrah region lies within
the northern extremity of the Afif composite ter-
rane (Fig. 1), and as the name indicates this terrane
is made up of a number of volcanomagmatic arcs
and subterranes. The volcanic arc in the Nuqrah area
is distinctly older than others further south, and the
initial 143Nd/144Nd ratios are in the range + 1.6 to

+6.9 (Duyverman et al 1982) signifying a juvenile
upper mantle source with little or no older crustal
component. The best age estimate for this part of the
shield is 839423 Ma based on a U-Pb concordant
age from zircons separated from a rhyolite collected
near the Nugrah mines (Calvez et al 1983).

The Nugqrah region (Fig. 1) is underlain by mafic
and subordinate acidic volcanics and sediments that
underwent greenschist grade metamorphism; this
assemblage was assigned to the Hulayfah Group by
Delfour (1977). The name Isamah Formation was
later proposed by Johnson (2005) to replace the terms
“Hulayfah group” for sedimentary and volcanic rocks
east of the Hulayfah suture zone, which he believes
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Fig. 1 Geologic map of Nuqrah area (Kingdom of Saudi Arabia Ministry of Petroleum and Mineral Resources 1977), Kingdom of

Saudi Arabia, with a location map (inset)
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to be older than other belts assigned to the Hulay-
fah Group. According to Delfour (1977) rocks of the
Hulayfah Group are exposed in steeply folded, nonh-
trending belts that are offset by the sinistral strike-slip
faults of the Najd system.

On the basis of their stratigraphy, rock succes-
sions within these belts can be divided into the Afna
and Nugrah formations (Fig. 1). The older Afna for-
mation consists mostly of basic volcanics, while the
younger Nuqgrah formation has a bi-modal mafic-
felsic nature. The Afna formation has a thickness
of nearly 2000 m, and it lies unconformably upon
the basalts of the Bi’r Tuluhah Ophiolitic Complex;
at this locality the contact is marked by a basal
conglomerate which grades upward to alternating
beds of calcareous and dolomitic marble, that may
reach a thickness of 300 m at the type locality in
Jabal Afinah. Above these marbles is a 300 m thick
rhyolitic tuff member. Northwards, this member is
replaced by pyroclastics that eventually grade to red
siltstone. The upper Nugrah subunit has an average
thickness of 4000 m, most of which is made up of
andesitic or basaltic lava flows, with intercalated
tuff, breccia, agglomerate, marble and green silt-
stone. Within the belt containing the Nuqrah gos-
sans and ancient workings, marble lenses alternate
with graphitic tuff and sulfide mineralization (Del-
four 1977).

3 Data used and methods
3.1 Remote sensing (RS)

The study area is covered by one ASTER level
L1T 00302072004080000 scene that was acquired
on 7-2-2004, with different spatial resolutions for
the multispectral and panchromatic bands (Aita
and Omar 2021; El-Qassas et al. 2023). It has the
qualities of high spatial and spectral resolution in
addition to being corrected radiometrically, atmos-
pherically (Flaash), and geometrically in the UTM
projection WSG84 zone 37N. False colour compos-
ites (FCC), band ratios (BR), and principal com-
ponent analysis (PCA) are just a few of the tech-
niques used on ASTER satellite data to identify the
various HAM related to the mineralization in the
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studied area. ENVI 5.3 and Arc GIS 10.5 were used
to manipulate, preprocess, and process this data.
The Eq. (1) was used to apply the thresholding pro-
cess on PCA and BR approaches to eliminate the
various HAM from low concentration values as
well as to extract and delineate halo zones of these
minerals.

Mean + n * (Standard Deviation) (1)

where nis 1 or 2, or 3.

Spectral properties of HAMs in ASTER data:

According to laboratory spectral characteristics
from the USGS Mineral Spectral Library (Clark
et al. 1993), which is imported from the ENVI ver-
sion 5.3 software, the Fe-oxide/hydroxide, phyl-
lic, argillic, and propylitic alteration types were
identified and characterized in the VNIR-SWIR
range (Fig. 2a, b) using the following: (1) Seric-
ite (propylitic alteration) has a strong absorption
feature at 2.20 pm (6th ASTER band), resulting
from AL-O-H absorption, as well as a less strong
absorption feature at 2.33 pm (8th ASTER band,
resulting from Fe-, Mg—O-H absorption); (2) The
argillic-altered rocks (kaolinite and alunite), which
display AL-O-H absorption properties at 2.20 and
2.17 pm (5th ASTER band), respectively (Rowan
et al. 2003); (3) Propylitic-altered rocks (chlorite,
epidote, and carbonates, most notably calcite),
which display an absorption feature at 2.33 pm (8th
ASTER band) owing to vibrational interactions
between Fe—O-H, Mg-O-H, and CO; (Rowan and
Mars 2003; Tommaso and Rubinstein 2007); (4)
Hematite, goethite, and limonite all display notable
Fe* absorption features at 0.9-70.83 and 0.48 pm,
respectively, (1st, and 3rd ASTER bands) accord-
ing to (Hunt 1977). Jarosite shows Fe—O—H absorp-
tion characteristics at 0.94 and 2.27 pm (ASTER
Band 7) (Fig. 2b).

3.2 Aeromagnetic

The study area was included in aeromagnetic survey
between 1965 and 1966 for the Ministry of Petroleum
and Mineral Resources of the Kingdom of Saudi
Arabia. This survey was achieved by a Consortium
of Aero Service Corporation, Hunting Geology and

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Geomech. Geophys. Geo-energ. Geo-resour. (2024) 10:149

Page50f 19 149

Fig. 2 Laboratory spectra 1 2 3 7 89 ' 2 3 2 —r

of common hydrothermal T g T Y v T r -
. . . ﬂ) JECTETRPPRIIIES | b)

alteration minerals showing L e,

(a) the laboratory spectra 4
that are used in this study 3
are grouped according to
alteration assemblages and
include muscovite, which
is associated with phyllic
alteration; kaolinite and |

Kaolinite

alunite are associated with Bl e
argillic alteration; epidote, "l &
chlorite, and calcite are o
associated with propylitic 5
alteration; and (b) the labo- < |
ratory spectra of limonite, = i
jarosite, hematite, and ey [ 2~ Temamees
goethite ©

B Calcite

E

o }

]

=

3]

[+

K3
13

Fe .

Fe,
Mg-O-H

Goethite

L I 10% Reflectance |

i " i " i

0.5 1.0 1.5

Wavelength (micrometers)

1.0 1.5 2.0 25

Wavelength (micrometers)

Geophysics Limited, and Lockwood Survey Corpora-
tion Limited, under the supervision of the Bureau de
Recherches Géologiques et Minieres. The Fluxgate
Gulf Mark III magnetometer with analog recording
was used to conduct this survey. The flight lines for
the aeromagnetic survey were flown along parallel
traverse lines oriented in a NE-SW direction, with an
azimuth of 45° from the true north and 800 m spacing
(Aero Service 1966). The tie lines were flown 150°
away from true north at an azimuth of NW-SE, at a
right angle to the direction of the flight line. The tie
lines were spaced at intervals of 16 km. Total mag-
netic intensity (TMI) measurements were made at a
sensor altitude of 150 m above the ground (Aero Ser-
vice 1966).

The reduced to the pole (RTP) grid map was uti-
lized to identify the magnetic source bodies. Fast

Fourier transformation (FFT) was used in the ongo-
ing study to create the radially averaged power spec-
trum, residual, and regional magnetic component
maps from the RTP aeromagnetic data. The first ver-
tical derivative (FVD), and tilt derivative (TDR) were
applied to the RTP airborne magnetic data. These
maps were used to find potential mineral-related geo-
logic structures (faults, contacts, shear zones, etc...).
Where, they offer boundaries of sources at shallow
and deep depths.

Gunn (1975) provides the formula for the vertical
derivative as follows:

@
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where M, (x, y) is the vertical derivative of the mag-
netic field. M (x, y) refer to the original magnetic
field. x and y represent the spatial coordinates. n is
the order of the derivative.

This equation can be rewritten to be as:

2 2\ /2
M.(x, y) = M, y)(x :y ) 3)

Miller and Singh (1994) deduced that the angle
derivative (TDR) was defined as the ratio of the first
vertical derivative and the horizontal gradient of
the potential field. They described the tilt derivative
(TDR) equation as the following:

VDR
),

TDR = tan—‘(H = “4)

where VDR represents the vertical derivative of the
magnetic field, while HGM is its horizontal gradient
magnitude.

The steps of the methodology employed in this
study are delineated in the flowchart depicted in
Fig. 3.

@ Springer
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4 Results and discussion
4.1 Hydrothermal alteration mapping

The following ASTER processing techniques were
applied for mapping and detecting the different types
of HAM.

4.1.1 Band ratio technique (BR)

The Band Ratio technique (BR) is a robust strategy
that involves the division of one spectral band by
another, aimed at accentuating characteristics that
might remain indiscernible in raw bands (Pour and
Hashim 2015; Hegab 2021; El-Qassas et al. 2023).
Leveraging spectral reflectance and absorption prop-
erties (Fig. 2a), we applied specific band ratios to
effectively detect various alteration minerals associ-
ated with hydrothermal processes. Specifically, the
4/5 ratio was employed to discern argillic alteration
minerals (Fig. 4a), the 4/6 ratio to identify phyl-
lic alteration minerals (Fig. 4b), and the 4/7 ratio
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Fig.4 a ASTER band ratio 4/5 image reveals areas where
agillic minerals (kaolinite, and allunite) highlighted with green
color, b ASTER band ratio 4/6 discriminates phyllic minerals
(muscovite) highlighted with, ¢ ASTER band ratio 4/7 iron

minerals (jarosite) are abundant shown in orange tones, and
d ASTER FCC band ratio (4/5, 4/6. And 4/7) image shows
jarosite, argillic, and phyllic alteration minerals in white pixels
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Table 1 Basic statistics

; Alteration type  Ratio Min. Max. Mean SD Threshold value Confedence
of BR technique, threshold
degree (%)
value and confidence degree
of endnlleglbefssgggfa jarosite B4/B7 0 255 1264 575 2414 95
resampied to Phyllic B4/B6 0 255 1267 537 2341 95
Argillic B4/B5 0 255 142.7 57.3 200 92
Fe-Oxide B4/B3 0 255 100.2 50.95  253.05 97
Propylitic B5/B8 0 255 10997 594 228.77 95

to highlight jarosite minerals, which manifested as
bright pixels (Fig. 4c). These tailored ratios facili-
tated the detection of minerals indicative of hydro-
thermal alteration in rocks. Following the appli-
cation of Equation No. 1, the threshold for each
mineral type was determined, leading to the deline-
ation of their geographical distribution (Table 1,
Fig. 4a—c). Additionally, a False Color Composite
(FCC) BR (4/5, 4/6, and 4/7) was utilized (Fig. 4d)
to discriminate and delineate jarosite, phyllic, and
argillic altered rocks, which were represented by
light pixels.

Furthermore, we introduced additional ratios in
this study, including the (4/3) ratio (Fig. 5a) to iden-
tify Fe-oxide/hydroxide phases in altered rocks such
as limonite, goethite, and hematite, and the (5/8)
ratio for detecting rocks altered by propylitic altera-
tion, which encompass chlorite, epidote, carbonate,
and calcite (Fig. 5b). To enhance discrimination
among various alteration minerals, we applied the
FCC BR transformation image (4/3, 5/8, and 4/7),
visualized in RGB format (Fig. 5¢). This composite
facilitated the differentiation of three primary altera-
tion minerals: (1) a red halo indicating the presence
of jarosite minerals, (2) green halos highlighting
the distribution of alteration minerals such as chlo-
rite, calcite, and epidote (propylitic alteration miner-
als), and (3) a blue zone indicating the presence of
jarosite minerals.

4.1.2 Principal component analysis (PCA)
PCA stands as an effective tool for accentuating
spectral responses linked to specific minerals result-

ing from hydrothermal alteration within multivari-
ate datasets, such as multispectral satellite images

@ Springer

(Crosta et al. 2003; Eldosouky et al. 2021; El-
Qassas 2023; Hegab et al. 2023). In our investiga-
tion, PCA was employed to analyze both VNIR and
SWIR ASTER bands. The eigenvector matrix for
the selected ASTER datasets bands is elucidated in
Tables 2 and 3.

Table 2 illustrates the eigenvector loadings for
the ASTER VNIR and SWIR bands, generated
using the computational component of PCA. Nota-
bly, reflectance bands crucial for mapping argillic,
phyllic, propylitic, and Fe-Oxides alteration min-
erals exhibit substantial loading in PCS8, PC6, PC5,
and PC2, respectively, with loadings of 0.707759,
—-0.621699, —0.620146, and 0.734322, respec-
tively, in bands 5, 4, 8, and 3 (Table 2). Conse-
quently, PC8 and PC2 images manifest argillic
and Fe-oxide alteration minerals as bright pixels
due to their high positive loading in bands 5 and
3, respectively. Conversely, PC6 and PC5 portray
propylitic and phyllic alteration minerals as dark
pixels due to their high negative eigenvector load-
ing in bands 8 and 4, necessitating multiplication
by —1 to convert dark pixels into bright ones.
The threshold for these alteration minerals was
established using equation No. 1 (Table 3), with
the alteration zones of these minerals depicted as
green, orange, violet, and red overlays on density
slices (Fig. 6a—d).

4.1.3 Integration of HAM to identify prospective
mineralization zones

The mineral alteration maps generated through the
processed remote sensing (RS) data techniques
(Figs. 4, 5, 6) were integrated using GIS tools to
develop a mineralization potentiality model map

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Fig. 5 a ASTER band ratio 4/3 image reveals areas where
oxide/hydroxide phases as limonite, goethite and hematite
altered rocks highlighted with red color, b ASTER band ratio
5/8 propylitic alteration minerals as chlorite, epidote, carbon-

ate, and calcite minerals highlighted with magenta color, and
¢ ASTER FCC band ratio (4/3, 5/8, and 4/7) image displays in
RGB distinguish between several alteration minerals
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Table 2 Eigenvector matrix for the VNIR + SWIR bands of ASTER datasets

Eigenvectors B 1 B2 B3 B4 B5 B6 B7 B3 B9
PC1 —0.031201 —0.215838 —0.31911 —0.350038 —0.30221 —0.31467 —0.33936 —0.36541 —0.538525
PC2 0.100237  0.525656  0.734322  0.031124  —0.174006 —0.199290 —0.12416 —0.13268 —0.283677
PC3 0.012811  0.106309  0.043190  —0.652152 —0.404704 —0.226947 0.006941  0.328021  0.488461
PC4 —0.011021 0.084498 0.577881  —0.016878 —0.047885 —0.017301 —0.040072 0.036198  0.031631
PC5 0.100281  0.059132  0.084498 —0.179163 0.217046  0.281226  —0.470877 —0.620146 0.474090
PC6 0.032110  0.046863  0.120886  —0.621699 0.368317  0.508414  0.192635 0.115642  —0.389946
PC7 0.016710  0.028187  —0.035430 0.147996  —0.169188 0.375188  —0.719524 0.525342  —0.113832
PC8 0.121104  0.007145  0.010781  —0.102009 0.707759  —0.575433 —0.302019 0.256944  0.012085
PC9 —0.190114 0.291130  0.064310  —0.027531 0.091071  0.209812  —0.413026 —0.023118 —0.050338
Table 3 B.asic statistics of Alterationtype PCA  Min Max  Mean SD Threshold value Confedence
PCA technique, threshold degree (%)
value and confidence degree
of endmembers spectra Argillic PC8 0 255  139.95 56.88  253.7 95
resampled to ASTER Phyllic PC6 0 255 1317 569 2455 95

Fe-Oxide PC2 0 255 121.89 5831 2385 95

Propylitic PCS 0 255 11522 66.13  247.48 95

(Fig. 7). This comprehensive map was categorized
into three distinct probability levels: low, moderate,
and high mineralization potential.

The analysis reveals the presence of thirteen
intriguing anomalies, denoting high potential min-
eralization, dispersed across the research zone, each
distinguished by a red color (Fig. 7). Anomaly num-
ber one is confined to the Maraghan Formation (Fm.)
of the Mardamah group north of the Wadi (W) Al
Jafen area. Notably, high anomalies 2, 6, 7, 8, and
9 are associated with the Hulayfah group’s Nugrah
Fm. Anomalies numbers 3 and 11 are linked to rhyo-
lite, ignimrite, rhyolitic tuff, and breccia, as well as
subordinate conglomerate and volcanic sandstone.
Anomaly number 3 spans both sides of W. Altar-
fawy Elsharki, whereas anomaly number 11 is situ-
ated northeast of W. Alamariah and southeast of G.
El Hamimah, southwest of the study area. Anomalies
4 and 5 are confined to the Afna Fm. of the Hulayfah
group, lying between W. Alkhwiash in the east and
W. Altarfawy Elgharby in the west. Anomaly number
10 is associated with gabbro and serpentinite rocks

@ Springer

around Gabal (G) Dela El Hamimah and W. Altar-
fawy Elsharki, southwest of the study area. Anomaly
number 12 is restricted to older granite, situated at the
end of W. Alameirah southwest of the study area, and
west of G. Samraa Elseifiah. Finally, anomaly number
13 is associated with Cenozoic deposits behind W.
Alameirah and G. Samraa Elseiafiah.

4.2 Aeromagnetic

The Total Magnetic Intensity (TMI) map (Fig. 8a)
underwent a reduction-to-the-pole transformation,
yielding the RTP map of the Nuqrah area (Fig. 8b).
This resultant RTP map reveals varied magnetic
anomalies, characterized by both low (negative) and
high (positive) magnetic responses. Notably, three
discernible magnetic zones (Z1, Z2, and Z3) can
be identified. The high magnetic zone (Z1) exhibits
a broad range of magnetic values (40 nT to 756.1
nT), serving as the dominant magnetic zone in the
study area, evident across the northern, northeast-
ern, western, southern, and eastern sectors (Fig. 8b).

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Fig. 7 An integrated

alteration mineral predictive

model anomaly map of the
research region based on
ASTER data processing
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This zone’s magnetic response is likely attributed to
surface and subsurface Rharaba complexes (layered
gabbro and serpentinite). Meanwhile, the intermedi-
ate magnetic zone (Z2) displays values ranging from
40 to —63.3 nT, whereas the low magnetic zone
(Z3) encompasses values spanning from —63.3 to
—1112.9 nT. These zones correspond predominantly
to sedimentary and acidic rocks (Figs. 8b, 1). Further-
more, the frequencies and amplitudes observed in Z3
suggest variations in the depths of the causative mag-

netic bodies (Fig. 8b).

@ Springer

Utilizing the Power Spectrum approach, we gen-
erated residual and regional aeromagnetic maps for
the study area, yielding average depths of 434 m
and 898 m for residual and regional aeromagnetic
maps, respectively (Fig. 9a). The frequency range
of the residual component was chosen as 0.46 to
1.54 grid units, which corresponds to shorter wave-
lengths (Fig. 9b). This highlights the near-surface
and small-scale anomalies that are often associated
with mineral deposits. The frequency spectrum for
the regional component was selected as 0.00 to 0.46
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Fig. 8 a Total magnetic, and b reduced to the pole (RTP) aeromagnetic maps of Nuqrah area, Kingdom of Saudi Arabia (Aero Ser-

vice 1966)

grid unit. This range corresponds to longer wave-
lengths, catching the more general, deeper geologic
structures that extend over considerable dimensions
(Fig. 9¢).

The residual aeromagnetic map delineates vary-
ing frequencies and amplitudes of low and high mag-
netic responses across the southeastern corner of the
study area, following distinct directional patterns
such as NW-SE, NE-SW, E-W, and N-S (Fig. 9b).
Additionally, the regional aeromagnetic map (Fig. 9c)
reveals a positive magnetic zone (10-109.7 nT) occu-
pying the northern and western sectors, subdivided
into two subzones by a NW major fault. These sub-
zones are characterized by relatively high amplitude
and frequency, suggesting a shallow magnetic source
(Fig. 9c). Conversely, three low magnetic zones are
observed in the study region, with the first zone
extending from the center to the east, separated into

two subzones with distinct amplitudes and frequen-
cies, influenced by the same NW major fault. This
feature indicates the influence of the synclinal fold
affecting the central, northern, and western regions
(Fig. 9c). This observation correlates with the struc-
tural sketch map provided in the geological map of
the Nuqrah Quadrangle, 25E, Kingdom of Saudi
Arabia, compiled by Delfour (1977), wherein the
syncline, known as the Simaiyah, and its NW axis
consist of the Umm al-Aisah Formation (ju), repre-
senting a younger age. Furthermore, examination of
the geological and aecromagnetic maps (Figs. 1, 8b,
9c) suggests that the majority of mineralization sites,
as indicated on the geological map of the area, align
with the synclinal fold geologically associated with
the Hulayfah group (Nugrah Formation and Afna
Formation).
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(regional) aeromagnetic maps of Nuqrah area, Kingdom of Saudi Arabia

Moreover, we utilized the FVD approach to iden-
tify shallow and near-surface lineaments in the
RTP data (Fig. 10a). Meanwhile, TDR analysis was
employed to ascertain geological features poten-
tially related to shallow structures (Fig. 10b). The

@ Springer

zero-contour line depicted the position of verti-
cal contact between positive and negative magnetic
anomalies. This clarifies the structural influences
within the study area and their control over rock
formations.
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values of TDR), Nugrah area, Kingdom of Saudi Arabia

Additionally, remote sensing and aeromagnetic
maps were employed to illustrate the structural line-
aments within the study region (Fig. 11a—d). Rose
diagrams were constructed to delineate the main
structural trends in the research area (Fig. 11a—d).
The remote sensing-derived lineament map and
rose diagrams (Fig. 11a) identified six major fault-
ing trends, including NE-SW, N-S, ENE-WSW,
NNE-SSW, NW-SE, and E-W (in descending
order), with WNW-ESE representing a minor fault-
ing trend.

The rose diagram of the RTP aeromagnetic
map (Fig. 11b) illustrates that the study region is
primarily influenced by the NW-SE, ENE-WSW,
E-W, and N-S trends, arranged in decreas-
ing order of magnitude, with shallow and deep
structures impacting the Nuqrah area. Near-sur-
face structures affecting the area exhibit trends

such as WNW-ESE, NNW-SSE, NW-SE,
ENE-WSW, and N-S, ordered in decreasing mag-
nitude in the rose diagram of the residual magnetic
map (Fig. 11c¢). The E-W, N-S, and NE-SW trends
are depicted as the deepest trends in the Nuqrah
area, grouped in descending order of magnitude
on the rose diagram of the regional magnetic map
(Fig. 11d).

While previous investigations have explored the
mineralization of Saudi Arabia, with few focusing
on the Nuqgrah area (e.g., Delfour 1975; Collenette
and Grainger 1994; Eldosouky et al. 2022c), our
paper introduces the first detailed study of the Nug-
rah area. The integration of ASTER and aeromag-
netic data in this study has facilitated the generation
of a mineral potentiality map highlighting promis-
ing mineralized sites, validated by known mineral
deposits within the Nuqrah area.
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5 Conclusion

In our research, our main objective was to generate
new mineral potentiality maps for the Nugrah
area in Saudi Arabia by integrating ASTER and
aeromagnetic (geophysical) data, with the aim of
identifying potential targets for mineral exploitation.
To achieve our goal, a multifaceted approach
employing various techniques was utilized.

Utilizing ASTER satellite data, we used advanced
methods including False Colour Composites (FCC),
Band Ratios (BR), and Principal Component Analy-
sis (PCA) to delineate the various associated hydro-
thermal alteration minerals (HAM) within the Nuqrah
region. These approaches facilitated the identification
and mapping of alteration sites critical for mineral
exploration and resource assessment.

Moreover, the reduction-to-the-pole (RTP) map
obtained from aeromagnetic data played a pivotal
role in delineating magnetic source bodies, provid-
ing insights into the geological structures underlying
potential mineral deposits. Employing Fast Fourier
Transformation (FFT), we generated radially aver-
aged power spectrum, residual, and regional magnetic
component maps, enhancing our understanding of the
magnetic signatures associated with mineralization.
Furthermore, we employed the first vertical deriva-
tive (FVD) and tilt derivative (TDR) techniques on the
RTP airborne magnetic data to uncover potential min-
eral-related geologic structures, providing valuable
information for targeting mineral exploration efforts.

Our detailed analysis was further enriched by
leveraging ASTER data to map alteration sites, ena-
bling us to identify regions exhibiting hydrothermal
alteration indicative of mineralization potential.
Through remote sensing analysis, we delineated six
major faulting trends in the Nuqrah area, includ-
ing NE-SW, WNW-ESE, N-S, ENE-WSW,
NNE-SSW, NW-SE, and E-W trends. Addition-
ally, rose diagrams constructed from aeromagnetic
data revealed that the study region is predominantly
influenced by NW-SE, ENE-WSW, E-W, and N-S
trends, providing important insights into the struc-
tural controls governing mineralization in the area.

In conclusion, our study represents a significant
contribution in mineral exploration efforts in the
Nugrah region, offering new insights into the geo-
logical and structural characteristics underlying

mineralization. By integrating ASTER and aeromag-
netic data and utilizing advanced analytical tech-
niques, we have produced comprehensive maps that
introduce as invaluable tools for detecting prospective
mineral targets, thereby laying the groundwork for
future resources assessment and exploitation endeav-
ors in the area.
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