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Abstract: The Igla Ahmr region in the Central Eastern Desert (CED) of Egypt comprises mainly
syenogranites and alkali feldspar granites, with a few tonalite xenoliths. The mineral potential
maps were presented in order to convert the concentrations of total rare earth elements (REEs) and
associated elements such as Zr, Nb, Ga, Y, Sc, Ta, Mo, U, and Th into mappable exploration criteria
based on the line density, five alteration indices, random forest (RF) machine learning, and the
weighted sum model (WSM). According to petrography and geochemical analysis, random forest
(RF) gives the best result and represents new locations for rare metal mineralization compared with
the WSM. The studied tonalites resemble I-type granites and were crystallized from mantle-derived
magmas that were contaminated by crustal materials via assimilation, while the alkali feldspar
granites and syenogranites are peraluminous A-type granites. The tonalites are the old phase and are
considered a transitional stage from I-type to A-type, whereas the A-type granites have evolved from
the I-type ones. Their calculated zircon saturation temperature TZr ranges from 717 ◦C to 820 ◦C at
pressure < 4 kbar and depth < 14 km in relatively oxidized conditions. The A-type granites have high
SiO2 (71.46–77.22 wt.%), high total alkali (up to 9 wt.%), Zr (up to 482 ppm), FeOt/(FeOt + MgO)
ratios > 0.86, A/CNK ratios > 1, Al2O3 + CaO < 15 wt.%, and high ΣREEs (230 ppm), but low CaO
and MgO and negative Eu anomalies (Eu/Eu* = 0.24–0.43). These chemical features resemble those of
post-collisional rare metal A-type granites in the Arabian-Nubian Shield (ANS). The parent magma
of these A-type granites was possibly derived from the partial melting of the I-type tonalitic protolith
during lithospheric delamination, followed by severe fractional crystallization in the upper crust in
the post-collisional setting. Their rare metal-bearing minerals, including zircon, apatite, titanite, and
rutile, are of magmatic origin, while allanite, xenotime, parisite, and betafite are hydrothermal in
origin. The rare metal mineralization in the Igla Ahmr granites is possibly attributed to: (1) essential
components of both parental peraluminous melts and magmatic-emanated fluids that have caused
metasomatism, leading to rare metal enrichment in the Igla Ahmr granites during the interaction
between rocks and fluids, and (2) structural control of rare metals by the major NW–SE structures
(Najd trend) and conjugate N–S and NE–SW faults, which all are channels for hydrothermal fluids
that in turn have led to hydrothermal alteration. This explains why rare metal mineralization in
granites is affected by hydrothermal alteration, including silicification, phyllic alteration, sericitization,
kaolinitization, and chloritization.

Keywords: Nubian Shield; rare metal-bearing granites; mineral chemistry; hydrothermal alterations;
machine learning; Egypt
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1. Introduction

Granitic rocks are the main constituent of the continental crust and can be classified
into S-, I-, and A-types based on their chemical features (e.g., [1–5]). These granite types
may reflect the tectonic regime in which they were formed [1–5]. The I- (subduction-related)
and A-type (anorogenic) granites are widespread in the Arabian-Nubian Shield (ANS) and
show different mineralogical and geochemical compositions [3–9]. The post-collisional
granites can refer to geodynamic evolution of the ANS because they represent a major mass
addition to the upper juvenile continental crust [6–10]. They are highly fractionated or
evolved, highly silicified (high in silica), and crystallized from peraluminous magmas. The
post-collisional granites also have an economic interest because they are highly enriched in
both rare earth elements (REEs > 200 ppm) and high field strength elements (HFSEs); these
REEs and HFSEs are possibly controlled by parent magmatic compositions and fractiona-
tion processes [4–7,11]. Furthermore, most ANS granites are affected by post-magmatic
processes, including greisenization, albitization, microclinization, muscovitization, seric-
itization, kaolinitization, silicification, and chloritization. These metasomatic processes
and hydrothermal alteration increase the rare metal contents and are essential to their
accumulation [2–11].

The rare metal granites in the ANS have received much attention from economic
geologists due to their substantial potential as sources of REEs, Nb, Au, Li, Ta, Sn, W,
Mo, U, Zr, and Th [12–14]. They are mainly distributed in definite zones in the Central
Eastern Desert (CED) and in the northern border of the Southern Eastern Desert (SED)
of Egypt in fourteen localities (Supplementary Figure S1), including (1) Umm Naggat,
(2) Umm Samra, (3) Abu Dabbab, (4) Nuweibi, (5) Ineigi, (6) Homrit Waggat, (7) Igla (or Igla
Ahmr; this study), (8) Zabara, (9) Mueilha, (10) Nugrus, (11) El-Gharabiya, (12) Nikeiba,
(13) Homrit Akarem, and (14) Um Hibal [4–7,9,11,13,15,16]. The high rare metal content in
these fourteen mineralized granite plutons is not haphazard, but it was possibly controlled
by structural trends (mainly NW–SE of the Najd fault) and the magma composition of
granitic plutons [7,8]. Therefore, it is important to determine the magma sources and
melting conditions of mineralized granites in the ANS, and to understand the mechanism
of rare metal enrichment during magmatic versus metasomatic processes. According
to previous studies, highly fractionated granites are enriched in rare metals and REEs
(>500 ppm) relative to less fractionated or evolved ones [17–19]. The evolved REE- and
HFSE-rich granites can be classified either as highly fractionated I-type [20] or A-type
granites [19].

Machine learning algorithms (MLAs), which comprise artificial neural networks
(ANNs), regression trees (RTs), random forests (RFs), and support vector machines (SVMs),
are widely used in mineral prospectively [21–23]. MLAs have the potential to recognize
and simulate the intricate non-linear correlations between mineral occurrences and evi-
dencing aspects [24]. These methods are capable of handling a broad variety of evidential
characteristics that could be essential in prospective mineral research. The model becomes
unacceptable to overfitting due to the curse of dimensionality; however, more input eviden-
tial features may result in higher complexity and bigger numbers of model parameters [21].
It is used for the first time in delineating a potential map of rare metal-bearing granites in
Egypt. This model was applied to the Igla Ahmr granite pluton, which is one of the best
plutonic intrusions of rare metal granites in the ANS [8].

The Igla Ahmr rare metal-bearing granites (this study) are considered the older phase
of the mineralized granites in the ANS and formed at 679–691 Ma [9]. The NW–SE and
N–S structural trends are dominant in the Igla Ahmr granite pluton and possibly control
the distribution of the rare metal mineralization [8]. This study deals with remote sensing,
mineral chemistry (major and trace elements), and whole-rock compositions of granitic
rocks from the Igla Ahmr area to unravel the origin and evolution of the mineralized
granites and to understand factors controlling rare metal mineralization. Our study aims
to explain why rare metal-bearing granites are distributed in a particular region or zone
of the Eastern Desert of Egypt and why some plutons are mineralized but most are not.
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Remote sensing and geochemical data may shed light on the role of the Najd fault system
in concentrations of rare metal-bearing granites in a specific region in the Eastern Desert
of Egypt. Using machine algorithms like weighted overlay and random forest are crucial
for outlining the rare metal potential maps in the Igla Ahmr region. This study also gives
evidence for the consistent relationship between the rare metal enrichment in the Igla Ahmr
granites and both granitic magma composition and associated hydrothermal activity.

2. Regional Geology and Location of the Study Area

The Igla Ahmr area covers an area of about ~307 km2 in the Central Eastern Desert
(CED) of Egypt as part of the northern region of the ANS (Figure 1a,b), which is the
northern part of the East African Orogen (EAO) and composed mainly of the juvenile
Neoproterozoic crust [25]. This area lies at 10 Km NW of Marsa Alam City. The Igla
Ahmr area is bound by latitudes 25◦04′N to 25◦17′N and longitudes 34◦35′E to 34◦45′E
(Figure 1a,b), and is one of Egypt’s fourteen mineralized granite plutons (Supplementary
Figure S1). The distribution of mineralized granites in the Homrit Waggat, Nuweibi, Abu
Dabbab, and Umm Naggat areas is mainly in a certain zone in the CED and close to the
Igla Ahmr mineralized granites (Figure 1a), while the Sikait and El-Hima mineralized
granites are found in the northern border of the South Eastern Desert (SED) [5–9,12–16].
All these granites and their rare metal deposits were structurally controlled by NW–SE
and N–S trends [5–9,12–16,26–28] (Figure 1a). The NW-trending tectonic fabric is dominant
in the CED, where the transpressional-related NW sinistral shear was conjugated with
the predominant dextral transpression along the NE–SW shear zone associated with N–S
faults [26–28] (Figure 1a). The Igla Ahmr area occurs 10 km north of the major E–W dextral
strike fault that extends along the Idfu-Marsa Alam asphaltic road (Figure 1a). The Neopro-
terozoic rocks exposed in the Igla Ahmr area comprise ultramafic rocks (e.g., serpentinites),
mafic metavolcanic rocks, metasediment, metagabbro-diorite plutons, and granitoid rocks
(Figure 1b). Therefore, the geology of the Igla Ahmr area is commonly described according
to three major tectonostratigraphic units, from the oldest to the youngest unit: (1) dismem-
bered ophiolite and ophiolitic mélange, (2) island arc associations (e.g., metasediment), and
(3) syn- to post-orogenic gabbroic to granitic intrusions. All rocks in the Igla Ahmr area
were affected by two major sets of faults, showing NW–SE and N–S trends (Figure 1b). This
resembles the geology and structure of the CED, where the crustal rocks and ophiolite in the
CED were intruded by syn-tectonic granite and a series of late to post-tectonic mineralized
granites [28]. The NW–SE structural trend is attributed to the major NW-trending sinistral
shear zones of the Najd fault system (640–540 Ma ago; [28]). The Igla Ahmr granitoid stocks
are considered the south extension of the highly enriched rare metal-bearing granites in
the Abu Dabbab area (Figure 1a) that was affected with the NW–SE trending (3-km-wide,
15-km-long) fault, forming the Wadi Abu Dabbab shear zone [28]. The Igla Ahmr granitoid
stocks are cut by dykes and aplite veins, which take the same trend (NW–SE) as that of the
faults in the studied area.
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bearing granites [29]. (b) The geological map of the Igla Ahmr area produced from the combination 
of remote sensing images, field study, petrography, and geological maps modified after the Egyp-
tian Geologic Survey and Mining Authority [8,30]. The structure and tectonic fabric trends in panel 
(a) are compiled from Greiling et al. [26], Fritz et al. [27], and Abd El-Wahed [28]. 

3. Remote Sensing Data and Methods 
The data layers or evidential maps used in this study were derived from four da-

tasets: lithology, structure, ASTER alteration indices, and geochemistry. The geological 
map (Figure 1a,b) used in this study was derived from the accurate discrimination of lith-
ological rock units integrating remote sensing, field investigation, and petrography [8]. 
The structural features were detected using Sentinel-1 radar data [8]. ASTER data were 
used as the third dataset, which was processed after correction [8]. Five evidential maps 
were produced from ASTER images as an alteration index (b4/b5) that emphasizes several 
alteration zones, phyllic alteration (b5 + b7/b6), Fe+2 - Si alteration (b5/b4), propylitic alter-
ation (b7 + b9/b8), and hydroxyl group index (b7/b6) × (b4/b6) (Supplementary Figure S2). 
Rare metal geochemical data using kriging interpolation were the last dataset used in this 
study (Supplementary Figure S2). 

3.1. Weighted Sum Model 
In this study, extracting multi points to the raster tool have been applied as a prepro-

cessing step using ArcGIS-pro version 3.0 to calculate each relative value for each cell of 
raster input data (evidence layer) (Supplementary Table S1). These values are added (as 
separate fields) to the geochemistry attribute layer of the rare metal concentrations. Then, 
an exploratory regression tool was applied in order to see the significance or importance 

Figure 1. (a) Geological map of the Eastern Desert of Egypt showing the distribution of rare meta-
bearing granites [29]. (b) The geological map of the Igla Ahmr area produced from the combination
of remote sensing images, field study, petrography, and geological maps modified after the Egyptian
Geologic Survey and Mining Authority [8,30]. The structure and tectonic fabric trends in panel (a) are
compiled from Greiling et al. [26], Fritz et al. [27], and Abd El-Wahed [28].

3. Remote Sensing Data and Methods

The data layers or evidential maps used in this study were derived from four datasets:
lithology, structure, ASTER alteration indices, and geochemistry. The geological map
(Figure 1a,b) used in this study was derived from the accurate discrimination of litholog-
ical rock units integrating remote sensing, field investigation, and petrography [8]. The
structural features were detected using Sentinel-1 radar data [8]. ASTER data were used
as the third dataset, which was processed after correction [8]. Five evidential maps were
produced from ASTER images as an alteration index (b4/b5) that emphasizes several
alteration zones, phyllic alteration (b5 + b7/b6), Fe+2 - Si alteration (b5/b4), propylitic
alteration (b7 + b9/b8), and hydroxyl group index (b7/b6) × (b4/b6) (Supplementary
Figure S2). Rare metal geochemical data using kriging interpolation were the last dataset
used in this study (Supplementary Figure S2).

3.1. Weighted Sum Model

In this study, extracting multi points to the raster tool have been applied as a prepro-
cessing step using ArcGIS-pro version 3.0 to calculate each relative value for each cell of
raster input data (evidence layer) (Supplementary Table S1). These values are added (as
separate fields) to the geochemistry attribute layer of the rare metal concentrations. Then,
an exploratory regression tool was applied in order to see the significance or importance of
evidence layers. In addition, the significant weights for each data input were determined
using the exploratory regression tool.

Based on the exploratory regression results, the weighted sum model has been applied
using the 18-evidence layer with regard to the different weights (Supplementary Table S1).
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By using the weighted sum model, the highest prospective areas related to rare metal
mineralization appeared with a rose color (Figure 2), and the lowest prospective areas
were discriminated with a red color (Figure 2). The total surface area was calculated and
related to 10 classes of the analyzed rare metals prospective priority (REEs, Sc, Y, Zr, Th, U,
Nb, Ta, Mo, and Ga), as well as five alteration indices and line density at the study area
(Supplementary Figure S2).
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Figure 2. Weighted sum model showing the distribution of rare earth elements in the Igla Ahmr area.
Ab. 31, TW. 26, TW. 29, and TW. 81 are granite sample numbers enriched with REEs.

3.2. Random Forest-Based Classification and Regression

The forest-based classification and regression tool produces models and creates predic-
tions using the adaptation of Leo Breiman’s random forest algorithm that is a method of the
supervised machine learning. Random forest (RF) is a set of classification and regression
trees used for predictions [31,32]. It is possible to make predictions for continuous variables
(regression) and categorical variables (classification). The form of fields in the attribute
table of the training features shows explanatory variables. The predictions can be made
for the features in addition to the validation of model performance in accordance with the
training data [31,32]. Recently, RF is among the most widely used ensemble classifiers of
rock units using remote sensing data [33].

The forest-based regression model is applied to predict the prospective rare metal
enrichment (Figure 3). The highest prospective rare metal value is highlighted with red to
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pink colors at alkali feldspar granites (Figure 3), while the map shows a range of blue to
yellow colors at syenogranites (see geological map, Figure 1).
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4. Field Observation and Petrography

Granitoid rocks and their related altered samples (120 samples) were mainly collected
based on remote sensing and field studies for laboratory studies. The Igla Ahmr granitic
pluton is composed of syenogranites and alkali feldspar granites with few tonalite xenoliths
(Figures 1b and 4a–f). These tonalite xenoliths occur as very low relief in syenogranites
and/or at the contact with metavolcanics at the northwestern part of the studied area,
forming a sharp contact with metavolcanics (Figure 4a,b). Syenogranites are found as
an elliptical shape and form the majority of the Igla Ahmr pluton (Figures 1b and 4c,d).
Syenogranites are more abundant and cover 85 km2 in area. They are coarse-grained, have
high relief terrain, and show a pink color (Figure 4d). Syenogranites intruded into the
metagabbro-diorite plutons and formed sharp contacts with serpentinite, metasediment,
and mafic metavolcanic rocks (Figures 1b and 4c). The coarse-grained red alkali feldspar
granites, which are roughly 15 km long, occur at the eastern margin of the studied pluton
(Figure 4e,f). The gradational contact was recognized between the syenogranites and alkali
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feldspar granites [8]. The sharp intrusive contact is dominant between the alkali feldspar
granites and the metagabbro-diorite complex [8]. They are highly weathered at their
bottom (Figure 4e) and cut by many quartz veins typically less than 50 cm wide (Figure 4f).
These veins show the same NW–SE trends as fractures and faults in the investigated area
(Figures 1d and 4f). The studied granites suffered from various types of alteration, such as
kaolinitization (Figure 4e), silicification (Figure 4f), and phyllic alteration.
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Figure 4. Field photographs of the Igla Ahmr granites. (a) Tonalites intruded by mafic dykes. (b) The
intrusive sharp contact between weathered tonalites and mafic metavolcanics. (c) The sharp intrusive
contact between syenogranites and metavolcanics. (d) Kaolinite alteration in syenogranites. (e) Close-
up view of the contact between fresh and weathered alkali feldspar granites. (f) High silicification
and formation of quartz vein cutting alkali feldspar granites.

The nomenclature of granites is not only based on geochemistry but also based on
point counting of modal volume% of their minerals and petrographic description of textures
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(Figure 5) under polarized and reflected microscopy. Scanning electron microscopy (SEM)
energy dispersive X-ray spectroscopy (EDS) with petrographic description was used to identify
accessory minerals; please refer to Supplementary Figure File for further information on the
analytical method. The Igla Ahmr granite pluton includes rare metal-bearing minerals such
as zircon, rutile, allanite, xenotime, and parisite. Additionally, stream sediment derived from
granites include zircon (ZrSiO4), monazite (Nd, Ce, La, Th) (P, Si)O4, and betafite (Ca, U)2(Ti,
Nb, Ta)2O6(OH) (Supplementary Table S2; Figures 6 and 7). The EDS spectrum and SEM
images indicate the morphology of rare mineral grains and their distribution with other
major silicate minerals. The rare metal-bearing minerals are accumulated around both Fe-Ti
oxides (ilmenite and titanite; Figures 6a–d and 7b–d) and the K-rich phases such as biotite
and K-feldspar (Figure 7c,d) as well as chlorite (Figure 6d). Allanite is intergrown with
titanite and includes high Ti contents from the latter (Figure 7d). Betafite is heterogeneous in
color and cracked due to the effect of hydrothermal alteration, suggesting a secondary origin
(Figure 7e).
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Figure 5. Photomicrographs images of the Igla Ahmr granites. (a) Plagioclase (Pg) crystal exhibiting
normal zoning in the tonalites. (b) Coarse subhedral crystals of plagioclase (Pg) altered to sericite
and associated with anhedral crystals of amphibole (Amp) in tonalites. (c) Chlorite flaky after biotite
crystals filling interstitial spaces between primary silicates in syenogranite. (d) Small subhedral
crystals of K-feldspar (Kfs) associated with large crystals of biotite flakes (Bt) in syenogranites.
(e) Kaolinite and chlorite (Chl) alterations due to metasomatism, syenogranites. (f) Biotite (Bt)
flaky existence as clots in interstitial between quartz (Qz) and feldspar in syenogranites. (g) Highly
altered K-feldspar (Kfs) and plagioclase (Pg) in alkali feldspar granites. (h) Micrographic texture of
intergrowth between fine-grained quartz and alkali feldspar in alkali feldspar granites. (i) Sericite
alteration in the core of plagioclase (Pg) grains associated with chlorite (Chl) in alkali feldspar granites.
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Figure 6. SEM images with EDS spectrum analyses of accessory minerals in the Igla Ahmr granites.
(a) Coarse subhedral Fe-oxide crystals in alkali feldspar granites. (b) Tiny ilmenite crystals in
plagioclase associated with zircon (Zr) in alkali feldspar granites. (c) Subhedral apatite crystals (Ap)
accompanied with zircon (Zr) and Fe-oxide in alkali feldspar granites. (d) Small disseminated grains
of titanite (Tnt) in alkali feldspar granites.

Tonalite xenoliths are coarse grained with a hypidiomorphic granular texture and
consist mainly of plagioclase (50–60 vol.%), quartz (18–26 vol.%), K-feldspar (6–8 vol.%),
biotite ~3 vol.%, chlorite ~2 vol.%, and hornblende ~1 vol.% (Figure 5a,b). Accessory
minerals are Fe-Ti oxides, apatite, titanite, and zircon. Plagioclase occurs as subhedral to
anhedral crystals (Figure 5a). Some plagioclase crystals show normal zoning (Figure 5b) and
are sometimes altered to sericite and carbonate, mainly in the cores (Figure 5a,b). K-feldspar
exists as anhedral crystals filling the interstitial spaces between the other silicates. Quartz
interstitially exists as small anhedral crystals between plagioclase grains. Biotite is found
as flakes or tabular crystals, which are partly altered to chlorite. Amphibole is found in the
interstitial spaces between plagioclase crystals as small to medium-sized anhedral crystals
(Figure 5b).
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Figure 7. SEM images with EDS spectrum analyses of rare metal-bearing minerals in the Igla Ahmr
alkali feldspar granites and stream sediments. (a) Subhedral zircon crystals associated with apatite,
titanite, and chlorite in the silicate matrix. (b) Subhedral to euhedral rutile crystals. (c) Small anhedral
grains of xenotime at the rim of Fe-oxide. (d) Titanite intergrowth with allanite as a composite grain
at edge of iron oxide. (e) Betafite grains in stream sediments.
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Syenogranites show hypidiomorphic granular textures and are essentially composed of
K-feldspar (38–44 vol.%), quartz (25–35 vol.%), and plagioclase (15–25 vol.%) with subordinate
biotite and muscovite (~1 vol.%) (Figure 5c–f). Epidote, amphibole, chlorite, kaolinite, and
sericite are secondary minerals (1–2 vol.%) (Figure 5c–f). Accessory minerals (<2 vol.%) are
euhedral zircon, Fe-Ti oxides, apatite, titanite, and xenotime (Figure 6a–d). Plagioclase occurs as
prismatic crystals with albite twining, while few crystals show normal zonation (Figure 5c–f).
Few plagioclase crystals are altered to sericite in their core (Figure 5c–f). K-feldspars are found
as subhedral to anhedral columnar crystals of perthite and microperthite (Figure 5c–f). Quartz
forms sharp boundaries with other rock constituents and sometimes occurs as fine aggregated
grains (Figure 5d,f). Biotite is found as interstitial flakes between quartz and feldspars and or
as fine blades within the coarse crystals of feldspar (Figure 5d,f). It is converted to chlorite,
mainly along the cleavage and crystal margins (Figure 5d). Muscovite exists as small flakes
between plagioclase and quartz [8]. Apatite occurs as small needle-like crystals (Figure 5c),
while Fe-oxide exists as euhedral crystals or as fine aggregated grains accompanied with altered
biotite and chlorite (Figure 6d).

Alkali feldspar granites are pink to red in color and show a micrographic texture (Figure 5h).
The main rock-forming minerals are K-feldspar (55–65 vol.%) and quartz (30–35 vol.%), with
subordinate albite (6–10 vol.%), biotite, and muscovite (~1 vol.%) (Figure 5g–i) [8]. Chlorite,
kaolinite, and sericite are secondary minerals (Figure 5g–i). The main accessory minerals are
Fe-Ti oxides, zircon, titanite, rutile, xenotime, and apatite (Figures 6 and 7). Alkali feldspar
comprises orthoclase, microcline, and perthite [8]. Anhedral crystals of quartz can occasionally
intergrow into K-feldspar and plagioclase, forming a myrmekitic texture. The existence of a
micrographic texture indicates the effect of hydrothermal fluids, causing hydrothermal alteration
in the Igla Ahmr alkali feldspar granites. Plagioclase exists as subhedral columnar crystals
and is usually corroded (Figure 5e). Plagioclase is mainly albite and oligoclase in composition
and contains many apatite inclusions (Figures 5e and 6c; Supplementary Table S2). Biotite
exists as coarse flakes and is generally altered to chlorite (Figure 5f) due to the hydrothermal
alteration of the alkali feldspar granites. Biotite contains inclusions of zircon, ilmenite, and
Fe-oxide, suggesting its primary origin. Amphibole is rare and occurs as subhedral plate crystals.
Fe-oxide exists as anhedral to euhedral crystals and is usually associated with zircon, ilmenite,
apatite, and xenotime (Figure 6a,c and Figure 7c). Zircon occurs as disseminated euhedral to
subhedral crystals in chlorite and biotite (Figure 6a,b and Figure 7a); it is sometimes associated
with apatite and xenotime (Figures 6c and 7a). Some feldspar crystals are altered to sericite,
kaolinite, and chlorite due to the effect of hydrothermal fluids, which in turn have caused these
alteration products (Figure 5).

5. Mineral Chemistry
5.1. Major Element Composition

Major element contents of plagioclase, K-feldspar, amphibole, and accessory minerals
including magnetite, geothite, ilmenite, titanite, rutile and apatite, along with rare metal-
bearing minerals such as monazite, rutile, tantalite, zircon, parisite, and xenotime in
the Igla Ahmr granites, were analyzed using an electron probe microanalyzer (EPMA)
with wavelength dispersive X-ray spectrometry (JEOL JXA-8600SX) (JEOL Ltd., Tokyo,
Japan) housed at Niigata University, Japan (207 analyzed points; Supplementary Table S2).
Some elements in rare metal-bearing minerals were confirmed by energy dispersive X-
ray spectroscopy (EDS) at Niigata University. Some minerals (biotite and chlorite) were
determined using EPMA with wavelength dispersive X-ray spectrometry (JEOL JXA-8230-
XM160041-0041) at the Graduate School of Science, Chiba University, Japan. For more
information, please check the Supplementary Figure File.

Representative points of both plagioclase (24 points) and alkali feldspars (31 points)
in both syenogranites and alkali feldspar granites were analyzed and are listed in Sup-
plementary Table S2. The investigated plagioclase ranges in composition from albite to
oligoclase (Figure 8a), with considerable variation in anorthite content (0.17–23.8 mol.%)
(Supplementary Table S2). The investigated plagioclase gives Ab90An9Or1 as average
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compositions (Supplementary Table S2). Otherwise, the K-feldspar plots at orthoclase
end-member, with an average composition of Ab4An0Or96 (Supplementary Table S2). The
investigated alkali feldspar plots in the microcline–orthoclase–sanidine field (Figure 8b)
based on the feldspar classification diagram [34].

Biotite (17 points) in both syenogranites and alkali feldspar granites has an average
composition of SiO2 (36.78 wt.%), TiO2 (2.94 wt.%), Al2O3 (13.10 wt.%), FeOt (25.87 wt.%),
MgO (7.19 wt.%), and K2O (9.13 wt.%). The analyzed points of biotite plot mainly in
the field of primary biotite (Figure 8c) based on the biotite discrimination diagram [35].
Moreover, the biotite in syenogranites has a chemical composition similar to sub-alkaline
biotite, whereas biotite data in alkali feldspar granites plot in the calc-alkaline and alka-
line/peralkaline biotite field [36] (Figure 8d).

Representative analyses of amphibole (11 points) in syenogranites and alkali feldspar
granites are listed in Supplementary Table S2. The analyzed amphibole crystals are primary
with high TiO2 (>0.7 wt.%). According to classification diagram of Leake et al. [37], the
analyzed amphiboles are calcic type. They plot in the field of ferroedenite (Figure 8e). The
studied magmatic amphiboles have slightly high Fe# (Fe/(Fe + Mg) contents with a range
from 0.53 to 0.72 (Supplementary Table S2), reflecting the early crystallization of amphibole
from granitic parent magmas.

The analyzed chlorite (25 points) has significant FeOt (35.36 wt.%, on average), Al2O3
(17.51 wt.%), and MgO (7.46 wt.%) (Supplementary Table S2). This chlorite is secondary in
origin and derived from the alteration of biotite (Figure 5). Chlorite is mainly ripidolite,
brunsvigite, and diabanite [38] (Figure 8f).

Zircon is found in all granitic phases and stream sediments of the Igla Ahmr area. It
shows limited variations in its composition. Zircon contains high ZrO2 (63.57–66.02 wt.%)
and SiO2 (34.45–35.14 wt.%) in alkali feldspar granites as well as in stream sediments, i.e.,
ZrO2 (64.02–65.60 wt.%) and SiO2 (33.89–35.15 wt.%) (Supplementary Table S2).

5.2. Compositions of Trace Elements

Trace element concentrations of few feldspar and chlorite crystals (Supplementary
Table S3) in Igla Ahmr alkali feldspar granites were determined in situ by laser ablation-
inductively coupled plasma mass spectrometry (LA-ICP-MS) using a quadrupole ICP-MS
(Agilent 7500a) (Agilent Technologies, Inc., Santa Clara, CA, USA) coupled to a 213 nm
Nd: YAG laser ablation system (New Wave Research UP213) housed at Niigata University,
Japan. For more information about the analytical methods and conditions of LA-ICP-MS,
please see the Supplementary Figure File.

Albite and K-feldspar in alkali feldspar granites show very low concentrations of trace
and rare earth elements (REEs) with ΣREEs of 0.087 ppm and 0.009 ppm, respectively
(Supplementary Table S3). Figure 9a shows that albite and K-feldspar patterns exhibit
positive Pb anomaly, according to chondrite (CI)-normalized REEs and primitive mantle
(PM)-normalized spider patterns [39]. Chlorite in alkali feldspar granites shows variable
concentrations of trace elements with significant amounts of Zn (60 ppm), Li (14.4 ppm),
V (9.4 ppm), Ga (6.7 ppm), and Sc (2.8 ppm), and very low contents of REEs (ΣREEs:
0.68 ppm; Supplementary Table S3). The CI-normalized REE patterns of chlorite show
negative Eu and Ce anomalies (Figure 9e; [39]). The PM-normalized spider patterns of
chlorite exhibit positive anomalies of U, La, Pb, Nd, and Sm, and negative Ba and Eu
anomalies (Figure 9f; [39]).



Minerals 2024, 14, 522 13 of 33Minerals 2024, 14, x FOR PEER REVIEW 13 of 33 
 

 

 
Figure 8. Mineral chemistry of the Igla Ahmr granites. (a,b) Feldspar compositions plotted on an 
albite (Ab)-anorthite (An)-orthoclase (Or) ternary diagram [34]. (c) 10 * TiO2-(FeOt + MnO)-MgO 
ternary diagram for classification of biotite [35]. (d) Mg versus Al discrimination diagram of ana-
lyzed biotites 36]. (e) Si versus Mg# discrimination diagram of amphibole [37]. (f) Si versus (Fe+2 + 
Fe+3) binary diagram for classification of chlorites [38]. 

Figure 8. Mineral chemistry of the Igla Ahmr granites. (a,b) Feldspar compositions plotted on an
albite (Ab)-anorthite (An)-orthoclase (Or) ternary diagram [34]. (c) 10 * TiO2-(FeOt + MnO)-MgO
ternary diagram for classification of biotite [35]. (d) Mg versus Al discrimination diagram of analyzed
biotites [36]. (e) Si versus Mg# discrimination diagram of amphibole [37]. (f) Si versus (Fe+2 + Fe+3)
binary diagram for classification of chlorites [38].
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feldspar granites. (a) Chondrite (CI)-normalized REE patterns of albite. (b) Primitive mantle (PM)-
normalized trace element patterns of albite. (c) The CI-normalized REE patterns of K-feldspar. (d) The
PM-normalized trace element patterns of K-feldspar. (e) The CI-normalized REE patterns of chlorite.
(f) The PM-normalized trace element patterns of chlorite. REE and trace elements are normalized to
CI and PM values, respectively, after Sun and McDonough [39].

6. Whole-Rock Chemistry

The analyzed granitoid samples have been selected from different varieties based
on petrographic description. The Igla Ahmr granitic varieties (19 samples) were selected
for major, trace, and REE analyses. XRF and ICP-MS analyses were carried out at the
GeoAnalytical Lab, Washington State University (WSU), Pullman, WA, USA. For more
details about the XRF and ICP-MS analyses, see the Supplementary Figure File.

The Igla Ahmr syenogranites and alkali feldspar granites are highly evolved with
a high silica content (71.46–77.22 wt.%) compared to tonalites (SiO2 = 65.34 wt.%) (Sup-
plementary Table S4). All granitic types have high total alkali contents (6.99–8.49 wt.%),
except for one sample of alkali feldspar granites, which has a low alkali content (5 wt.%)
(Supplementary Table S4). Their average differentiation index is high (D.I. = 95.73), similar
to ANS granites [4–7], and their ΣREE (214 ppm on average) increases with the increase in
the D.I. (Supplementary Table S4). The studied granites have slightly high Na2O (4.33 wt.%,
on average) and K2O (3.43 wt.%), moderate Al2O3 (12.91 wt.%), but lower FeOt (1.84 wt.%),
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CaO (0.76 wt.%) and MgO (0.18 wt.%) as well as TiO2 (<0.18 wt.%) values than the aver-
age composition of the continental crust values ([40]; Supplementary Table S4). The Igla
Ahmr granites have relatively low K2O/Na2O ratios of 0.82 (Supplementary Table S4).
Additionally, syenogranites and alkali feldspar granites have low Mg# [MgO/(MgO + FeO)
× 100] ratios of 1.95–13.90, but tonalites have high Mg# of 25.69 (Supplementary Table S4).
The high Na2O content of the Igla Ahmr granites is due to abundant oligoclase (Figure 7a;
Supplementary Table S2), implying the change in Ca-rich plagioclase composition by
Na-metasomatism, forming dominant Na-rich plagioclase.

The studied granites display enriched REEs (ΣREEs up to 230 ppm), high field strength
elements (HFSEs) as Zr (up to 481.55 ppm) and Nb (up to 14.0 ppm). They are rich in Ba
(467.45 ppm on average), Rb (70.54 ppm), Sr (66.96 ppm), Y (48.74 ppm), Sn (12–22 ppm),
Ga (15.78 ppm, on average), Th (12.28 ppm), and Nb (8.65 ppm on average), but are low in
U (2.48 ppm), Ta (0.67 ppm), and W (0.61–4.57 ppm). The studied granites are peraluminous
(molar A/CNK: Al2O3/(CaO + Na2O + K2O) > 1), except one sample of alkali feldspar
granite, which shows metaluminous affinity (Supplementary Table S4). The studied granites
are characterized by high LREEs/HREEs fractionation [(La/Yb)N = 1.88–6.36] and show
a clear tetrad effect of REE patterns (TE1-3 = 1.01–1.09) (Supplementary Table S4). On
the R1–R2 classification diagram [41], the Igla Ahmr granites lie mainly in the field of
syenogranites and alkali feldspar granites with subordinate tonalite (Figure 10).
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Figure 10. R1–R2 classification diagram [41] of the Igla Ahmr granites. All samples are mainly
syenogranites and alkali feldspar granites except one sample of tonalites. The field of A-type
mineralized granites in the ANS collected from the Umm Naggat, Homrit Waggat, and El-Inegi areas
is modeled after Sami et al. [4] and Khedr et al. [7].

The CI-normalized REE patterns [39] of syenogranites and alkali feldspar granites
(Figure 11a) display enrichment in light rare earth elements (LREEs) relative to heavy rare
earth elements (HREEs) with negative Eu anomalies (Eu/Eu* = 0.24–0.43; Supplementary
Table S4), like those of A-type granites in the ANS [4–7]. The negative Eu anomalies are
possibly related to feldspar separation from the melt either through crystal fractionation
or during partial melting of the feldspar-rich source material. The primitive mantle-
normalized trace elements [39] of the Igla Ahmr granites exhibit negative Nb, Ta, P, and
Ti anomalies and positive Rb, Th, U, and Pb, similar to A-type granites in the ANS [4,6,7]
(Figure 11b).
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McDonough [39].

7. Discussion
7.1. Mapping of Rare Metal-Bearing Granites Using Machine Learning Algorithms

Localizing geological characteristics associated with the target mineralization through
the use of lithological units, different types of alteration, structures, and index minerals is
one of the essential steps in mineral exploration [8,33,42–44]. There are some limitations in
the prospective modeling in this study due to the lack of information for ore body depth
from geophysical surveys. In this study, the machine learning algorithms, which include
weighted sum and random forest maps, produce credible predictions with major implica-
tions for future research. Chemical analysis, ASTER hydrothermal alteration indices, and
line density are the input tools of the deep learning methods, which are used to predict the
concentration of rare metals in wide areas to save time and money. We evaluated the high
rare metal mineralization in specific regions in the Igla Ahmr area (Figures 2 and 3). The
expected concentration of rare metals based on machine learning algorithms was confirmed
by the whole-rock analysis of different granitic varieties. This is in agreement with the
geochemical data of collected samples from the Igla Ahmr granites, where mineralized
granites occur in these high-potential regions (Figures 2 and 3).

The mineral potential map was delineated to translate the concentration of total REEs
and associated elements such as Zr, Nb, Ga, Y, Sc, Ta, Mo, U, and Th as well as line density
and five alterations indices (Supplementary Figure S2) into mappable exploration criteria
for REEs (Figures 2 and 3). This will help our community to explore high contents of rare
metals in new areas using the same techniques. The gained information was used to assess
the relative weights of each practical feature that was used to examine the model. The
findings reveal that the predictive models are most significantly influenced by intrusion-
related components acting as proxies for the source process. With the superior values for
sensitivity, negative predictive value, and accuracy, the performance assessment reveals
that the random forest model has the highest predictive accuracy in both the training and
test datasets (Figures 2 and 3; Supplementary Figure S2). This is consistent with Pradhan
et al. [23] and Sun et al. [45] who stated that the random forest is the best machine learning
method, and yielded a more accurate prediction than the weighted sum method.

7.2. P-T and fO2 Conditions of Granite Crystallization

The high Zr concentration (up to 482 ppm) in the Igla Ahmr granites in addition to
zircon morphology and chemistry is relatively similar to that of the ANS granites [4,6,7].
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The Zr value in syenogranites and alkali feldspar granites ranges from 184 to 342 ppm and
127 to 482 ppm, respectively (Supplementary Table S4). On the other hand, tonalites have
a Zr content of 317 ppm (Supplementary Table S4). Zircon saturation temperature (TZr)
was estimated based on the whole-rock chemistry of the Igla Ahmr granites by using the
equation after Boehnke et al. [46]. Consequently, this TZr for tonalites, syenogranites, and
alkali feldspar granites is 763 ◦C, 807 ◦C, and 775 ◦C on average, respectively (Supplemen-
tary Table S4). There is slightly increasing of temperatures from tonalites to alkali feldspar
granites due to the fractionation of magma to crystalize several phases or several magmatic
impulses. The calculated TZr of the Igla Ahmr granites is similar to that (717 ◦C to 820 ◦C)
of A-type granites in the ANS [7].

In this study, pressure can be estimated based on whole-rock chemistry (Supplemen-
tary Tables S2 and S4). A mathematical method after Yang [47] was used for pressure
calculation [P = −0.2426 × (Qtz)3 + 26.392 × (Qtz)2 − 980.74 × (Qtz) + 12563], where Qtz is
normative quartz and P is pressure in MPa. The average calculated pressure of syenogran-
ites is 1.73 kbar at a depth of nearly 5.7 km, and alkali feldspar granites is 1.42 kbar at a
depth ~4.7 km (Supplementary Table S4), suggesting that both granite types crystallized in
the upper crust. In addition, the Qz–Ab–Or diagram (Figure 14f) shows that the Igla Ahmr
syenogranites and alkali feldspar granites plot close to the minimum melt composition at
~2 kbar to ~4 kbar, except for two samples that plotted between 6 and 8 kbar with excess
H2O rich fluid including 0.5% to 4% F [48]. This indicates a maximum pressure of up to
4 kbar at a depth of up to 13.5 Km in the upper crust. On the other hand, tonalites plot
near the albite apex, implying the role of hydrothermal metasomatism in the generation
of tonalites.

The oxygen fugacity (f O2 ) of the Igla Ahmr granites could be calculated from the
equilibrium expression equation [log f O2 = −30930/T + 14.98 + 0.142(P − 1)/T; [49],
where T is temperature (in Kelvin), and P is pressure (bars). By using the previous zircon
saturation temperature (TZr) and pressure based on whole-rock chemistry, the calculated
oxygen fugacity (log f O2 ) of tonalites is −14.50, which was compared with the commonly
used oxygen fugacity buffer, e.g., the fayalite-magnetite-quartz (FMQ) buffer as +1.67. The
log f O2 of syenogranites ranges from −13.0 to −14.28 (FMQ: +3.17 to +1.89) and alkali
feldspar granites have log f O2 values in the range −10.9 to −15.2 (FMQ: +5.27 to +0.97)
(Supplementary Table S4); this suggests that the Igla Ahmr granites originated in relatively
oxidized conditions (e.g., [6,7]).

7.3. Petrogenesis of Igla Ahmr Granites
7.3.1. Magma Type and Tectonic Setting

The Igla Ahmr granites are highly fractionated (SiO2 > 68 wt%) with a slightly per-
aluminous character (A/CNK > 1) (Supplementary Table S4). Based on a discrimina-
tion diagram of Sylvester [50], the syenogranites and alkali feldspar granites lie in the
highly fractionated calc-alkaline field (Figure 12a). Moreover, they are similar to ferroan
A-type granites, except tonalites lie in the field of magnesian granites [51] (Figure 12b).
Syenogranites show alkali to calc-alkalic affinities ([51]; Figure 12c), whereas tonalites
and alkali feldspar granites display calc-alkalic affinity. The analyzed syenogranites and
alkali feldspar granites show a peraluminous affinity (molar A/CNK: (Al2O3/CaO + Na2O
+ K2O) = 1–1.79) (Figure 12d). This is consistent with their high normative corundum
contents (up to 6.0 wt.%; Supplementary Table S4), and Al-rich phases such as primary
muscovite [8], and biotite (Figure 7c,d). On the other side, tonalites show a metaluminous
affinity (Figure 12d).

The Igla Ahmr granites show characteristics of A2-type granite (except tonalites of
I-type), originated in the post-collisional setting (Figures 12 and 13). On the other hand,
the Igla Ahmr tonalites exhibit features of I-type granites such as high Al2O3 (16.41 wt.%),
FeOt (4.0 wt.%) and MgO (1.39 wt.%) contents (Figure 5b; Supplementary Table S2), but
are low in silica content (SiO2 = 65.34 wt.%), K2O/Na2O (0.18 wt.%) and A/CNK (0.93),
in addition to having a metaluminous character and an absence of normative corundum
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(Supplementary Table S4) [6,18]. They plot in the I-type granite (Figure 12e), like phase I
granite (Figure 13d).

The investigated syenogranites and alkali feldspar granites are slightly peraluminous
A-type granites. The investigated A-type granites display chemical characteristics such as
high SiO2 (71.46–77.22 wt.%), high alkali (up to 9 wt.%), Zr (up to 482 ppm), FeOt / (FeOt

+MgO) ratios > 0.86, A/CNK ratios > 1, ΣREEs (102–230 ppm), and high Al2O3 + CaO <
15 wt.%, but are low in CaO and MgO contents (Supplementary Table S4). Consequently,
these granites mainly exhibit an affinity of A-type granites (e.g., [3–7,17,51,52]). These
granites belong to the low-P subtype of rare metal granites, characterized by high silica
contents, mainly (SiO2 > 73 wt.%), (Al2O3 < 14.5 wt.%) and (P2O5 < 0.1 wt.%), similar to
Deleihimmi granites in the CED of Egypt [53] (Supplementary Table S4).

In the Zr vs. 104 × Ga/Al diagram [17], tonalites and a few syenogranite samples
plot in the I-type granite field, while all alkali feldspar granites and other syenogranites
plot in the A-type granite field (Figure 12e). Stern and Ali [29] identified three primary
granitic magmatism periods in the CED, including I-type granitoids (710–630 Ma), A-type
granites (620–580 Ma), and minor Cadomian (550–540 Ma) rock types. The Igla Ahmr
granites are older phases of the transitional between I-type and A-type mineralized granites
in the Eastern Desert of Egypt, formed at 691.7–678.9 Ma with δ18OV-SMOW c. 5.95‰ [9].
Therefore, some of our syenogranites lie in both fields of I- and A-type granites (Figure 12e).
Additionally, the studied alkali feldspar granites plot in the A2 field (Figure 12f; [52]) and
are considered A2-type granites formed in a post-collisional setting (e.g., [4–7]). Finally, the
Igla Ahmr A-type granites with subordinate I-type (tonalites) have high ΣLREEs relative
to ΣHREEs (Figure 11a). They are depleted in Sr, P, and Ti due to the fractionation of
plagioclase and apatite during the formation of early-formed I-type granites (Figure 11b;
Supplementary Table S4).
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Al2O3/(Na2O + K2O) vs. Al2O3/(CaO +Na2O + K2O) for the studied granites [54]. (e) 104 × Ga/Al against 
Zr for distinguishing between I, S, M and A-type granites [54].  (f) The discrimination diagram of 
Nb-Y-Ga/3 showing subdivision of A-type granites into A1 and A2 sub-types, where A1 and A2 have 
element ratios similar to those observed for oceanic-island basalts and continental crust, respectively 
[52]. The field of A-type mineralized granites in the ANS collected from Umm Naggat, Homrit Wag-
gat, El-Inegi, Abu Dabbab, Nuweiba, Mueilha, and Abu Diab areas is modeled after Sami et al. [4]; 
Azer et al. [5]; Seddik et al. [11]; Moussa et al. [55]; Khedr et al. [7]; and Abuamarah et al. [56]. 

Figure 12. Magma type of the Igla Ahmr granites. (a) Discrimination diagram using 100((MgO + FeOt

+ TiO2)/SiO2 vs. molar (Al2O3 + CaO)/(FeO + Na2O + K2O) to differentiate between calc-alkaline,
highly-fractionated calc-alkaline, and alkaline granites [50]. (b) Chemical classification diagrams
using SiO2 vs. (FeOt/(FeOt + MgO) of Frost [51]. (c) Chemical classification diagram using SiO2

vs. (Na2O + K2O)-CaO [51]. The A-type granite field is modeled after Whalen et al. [17]. (d) Molar
Al2O3/(Na2O + K2O) vs. Al2O3/(CaO +Na2O + K2O) for the studied granites [54]. (e) 104 × Ga/Al
against Zr for distinguishing between I, S, M and A-type granites [54]. (f) The discrimination diagram
of Nb-Y-Ga/3 showing subdivision of A-type granites into A1 and A2 sub-types, where A1 and
A2 have element ratios similar to those observed for oceanic-island basalts and continental crust,
respectively [52]. The field of A-type mineralized granites in the ANS collected from Umm Naggat,
Homrit Waggat, El-Inegi, Abu Dabbab, Nuweiba, Mueilha, and Abu Diab areas is modeled after
Sami et al. [4]; Azer et al. [5]; Seddik et al. [11]; Moussa et al. [55]; Khedr et al. [7]; and Abuamarah
et al. [56].
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ternary diagram of Egyptian granitoids [4,6,7,59]. Field of trondhjemites and calc-alkaline are after 
Barker and Arth [60], while the field of A-type mineralized granites in the ANS as in Figure 12. 

On the binary Y + Nb-Rb diagram after Pearce et al. [2], syenogranites and alkali feld-
spar granites plot in the field of post-collisional granites, while tonalites lie in the space 
close to this field (Figure 13a). There are systematic correlations between major elements 
such as Si, Fe, and Mg versus Zr (immobile element) in the Igla Ahmr granites (Supple-
mentary Figure S3g,h; S4a and S5d), suggesting these major elements are immobile during 
post-magmatic alteration and used in tectonic diagrams. Based on the SiO2 versus 
FeOt/FeOt + MgO tectonic discrimination diagram, tonalites plot in the field containing 
island-arc, continental-arc, and continental collision granitoids (Figure 13b; [54]), reflect-
ing their origin during the syn- to post-collisional stage. These tonalites (I-type) have low 
A/CNK = 0.93 and are similar to island-arc or continental arc granitoids that evolve in 
subduction zones [56]. On the other hand, the studied A-type granites are classified as 
post-orogenic granites based on SiO2 versus FeOt/FeOt + MgO diagram (Figure 13b; [54]). 
These I-type and A-type granites plot in the space of both syn-collision and post-collision, 
respectively, based on R1-R2 ratios (Figure 13c; [58]), suggesting their transitional origin 
between I-type and A-type and their tectonic setting transition from syn-collision to post-
collision. The chemistry of the biotite crystal supports the results obtained from whole-
rock geochemistry (Figure 8c,d), where biotite composition is mostly intermediate be-

Figure 13. Tectonic setting of the Igla Ahmr granites. (a) Y + Nb vs. Rb tectonic discrimination
diagram [2]. Post-collisional granites are after Pearce [57]. (b) SiO2 versus FeOt/(FeOt + MgO)
tectonic discrimination of Maniar and Piccoli [54]. (c) R1-R2 multi-cationic diagram [58]. (d) Na2O-
K2O-CaO ternary diagram of Egyptian granitoids [4,6,7,59]. Field of trondhjemites and calc-alkaline
are after Barker and Arth [60], while the field of A-type mineralized granites in the ANS as in
Figure 12.

On the binary Y + Nb-Rb diagram after Pearce et al. [2], syenogranites and alkali
feldspar granites plot in the field of post-collisional granites, while tonalites lie in the
space close to this field (Figure 13a). There are systematic correlations between major
elements such as Si, Fe, and Mg versus Zr (immobile element) in the Igla Ahmr granites
(Supplementary Figure S3g,h; S4a and S5d), suggesting these major elements are immobile
during post-magmatic alteration and used in tectonic diagrams. Based on the SiO2 versus
FeOt/FeOt + MgO tectonic discrimination diagram, tonalites plot in the field containing
island-arc, continental-arc, and continental collision granitoids (Figure 13b; [54]), reflecting
their origin during the syn- to post-collisional stage. These tonalites (I-type) have low
A/CNK = 0.93 and are similar to island-arc or continental arc granitoids that evolve in
subduction zones [56]. On the other hand, the studied A-type granites are classified as
post-orogenic granites based on SiO2 versus FeOt/FeOt + MgO diagram (Figure 13b; [54]).
These I-type and A-type granites plot in the space of both syn-collision and post-collision,
respectively, based on R1-R2 ratios (Figure 13c; [58]), suggesting their transitional origin
between I-type and A-type and their tectonic setting transition from syn-collision to post-
collision. The chemistry of the biotite crystal supports the results obtained from whole-rock
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geochemistry (Figure 8c,d), where biotite composition is mostly intermediate between
calc-alkaline and alkaline suites [32] that are a characteristic feature of post-collisional
intrusions in the ANS [5,53]. The studied A-type granites are similar to the Egyptian
younger granites (Figure 13d), while tonalites plot in the field of trondhjemites. The REE
patterns of the Igla Ahmr syenogranites and alkali feldspar granites fill the space of post-
collisional A-type granites in the ANS (Figure 11a; [4,6,7]). In summary, the Igla Ahmr
I-type tonalites crystallized from peraluminous magmas in the arc-related setting during
the arc-arc collision, while syenogranites and alkali feldspar granites are mainly A-type
granites that originated in the post-collision setting.

7.3.2. Petrogenesis Model of Rare Metal-Bearing Granites

There are debates regarding the origin of the Igla Ahmr I- and A-type granites and
if their origin and parent melts from the melting of the crustal source rocks or from
mantle-derived magmas that are contaminated with crustal sources during assimilation
or anataxis [8,9]. In order to answer, we will discuss in the following lines the difference
between granites derived from crustal and mantle source materials using some trace
elements. We selected some trace elements of granitic rock, which were not affected by
metasomatism and hydrothermal alteration. For instance, the systematic relationships
between immobile Zr versus Nb/Ta and Y/Nb reflect immobility of Nb, Ta and Y in the
Igla Ahmr granites and they can be utilized to determine their origin (Supplementary
Figures S4f and S5b–f). The mantle sources have Y/Nb ratios of <1.2, while the Y/Nb
ratio for materials of a crustal origin is more than 1.2 [52]. The Igla Ahmr I- and A-type
granites have Y/Nb values (3.93–6.88), reflecting their crystallization from melts of crustal
materials (Supplementary Table S4). In addition, the mantle-derived melts have a higher
Nb/Ta ratio (>17.5) than the typical continental crust value of less than 17 [40,61]. The
Nb/Ta values (7.53–15.44) of the Igla Ahmr A-type granites suggest their crystallization
from crustal source magmas, but these values are also close to the range of mantle-derived
melts (Supplementary Table S4), reflecting considerable contribution from the mantle
source. This is in agreement with the isotopic data of the Igla Ahmr granites, which have
positive initial εNd values (+3.3 to +6.9) with δ18OV-SMOW c. 5.95‰, typical for mantle
and juvenile crust [9]. Therefore, the Igla Ahmr granites possibly crystallized mainly from
partial melting of crustal source (possibly tonalite) rocks that were intermixed with some
parts of mantle-derived melts.

Assimilation–fractional crystallization (AFC) is the most likely differentiation mech-
anism [62] for the examined granitoids (Figure 14a,b). During ascent and storage of the
parent magmas in higher crustal levels, these mantle-derived magmas concurrently absorb
and assimilate crustal rocks during assimilation processes and the resultant mixed magmas
were evolved during fractional processes and crystallization of the first-stage granite. The
relative rate of assimilation and crystallization is an important factor controlling the parent
magma compositions and the compositions of the primitive magma and assimilated crustal
materials. This is further supported by the plotting of the investigated tonalites on the
ternary discrimination source diagram [63], which suggests that the tonalites were derived
from a low-K mafic source (Figure 14c). According to petrography, the frequent occurrence
of oscillatory-zoned plagioclase (Figure 5a) in the investigated tonalites may point to a
specific type of the open-system magmatic process [3].

Using whole-rock data, we attempted to estimate the contribution of crust versus mantle
in magma genesis of the Igla Ahmr granites using the Rb versus K/Rb diagram [64] and
Th/Nb ratios versus Zr contents (Figure 14a,b). Based on these diagrams, the Igla Ahmr
I- and A-type granites take assimilation and fractional crystallization trends (Figure 14a,b).
The Y/Nb (~3.93–6.88) values of the Igla Ahmr granites are primarily consistent with those
of granite that mainly originated from a crustal source (like tonalite melts) (Supplementary
Table S4) [6,7,40,52,65]. The studied granites are higher in Nb (3.91–13.45 ppm) than Ta
(0.34–1.2 ppm) contents (Supplementary Table S4) with high Nb/Ta ratio, implying crustal
sources [66]. On the TiO2 versus Al2O3/TiO2 diagram, the curved trend is typical of magmatic
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differentiation of Garcia et al. [67] and compatible with the fractional crystallization model
(Figure 14e) [53].

From aforementioned results, we found that tonalites are similar to I-type granites and
derived from mantle-derived magmas that are contaminated by crustal materials during
assimilation. Therefore, we cannot exclude the role of mantle-derived melts in the formation
of the Igla Ahmr I-type granites (metaluminous) by significantly fractional crystallization.
But the Igla Ahmr A-type granites show the peraluminous character, suggesting that their
parent melts have been produced by partial melting of a juvenile crustal source (possibly
tonalite), followed by fractional crystallization (Figures 12c, 14 and 15).

It is well known that tonalites (source of A-type magma) crystallized from the partial
melting of intermediate and mafic crustal sources above a subduction zone [3,12,68] due to
the increasing of the geotherm [3,7,69]. Based on diagrams of granite parent sources [63],
the Igla Ahmr A-type granites mainly plot in the field of tonalites (Figure 14c), implying
that tonalites could provide an appropriate protolith for the investigated A-type granites
that follow the assimilation–fractional crystallization trend [70] (Figure 14a,b). Therefore,
the studied tonalites (Figure 14c) may be the primitive source of the Igla Ahmr granites
(Figure 14d) (e.g., [5,7,12]). This is consistent with Patiño Douce [71], who stated that
the calc-alkaline tonalite (0.4 Gpa) source was considered the primary melt source of
A-type granites.

High K2O contents of the studied granites (up to 4.11 wt.%; Supplementary Table S4)
are possibly related to K-metasomatism along shear zones of NW–SE and N–S trends
(Figure 1b). Syenogranites resemble alkali feldspar granites in both texture and chemical
composition (Figure 5c–i; Supplementary Table S4), suggesting that they possibly originated
from the same parent source such as a partially melted calc-alkaline I-type tonalite source,
where the latter is more evolved by fractional crystallization (Figure 14a,b) [5,7,12]. This is in
agreement with major, trace, and REE patterns of syenogranites and alkali feldspar granites,
which are nearly the same without gaps in their concentrations (Supplementary Figure S3).
The residual melts/fluids of a partially melted tonalite source have been enriched in
alkalis, silica, water, and rare metals as a result of the crystallization of syenogranites
and alkali feldspar granites. These late melts/fluids migrated from the depth to upward,
and created fractures that extended into the surrounding rocks and produced greisen,
pegmatites, and quartz veins (Figure 4d) (e.g., [5,7,11,12]). The negative P and Ti anomalies
in the spider diagram (Figure 11b) reflect minor fractionation of apatite and Fe-Ti oxide,
respectively [53]. In summary, the Igla Ahmr A-type peraluminous granites crystallized
from primary magmas generated by partial melting of highly fractionated I-type tonalites,
followed by extensive fractional crystallization and fluid interaction, while the studied
tonalites resemble I-type granites and crystallized from mantle-derived magmas that were
contaminated by crustal materials during assimilation.
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5(K2O/Na2O) ternary diagram for the studied A-type granites [62]. The fields of A-type and I-type 
granites in the ANS are adopted from Robinson et al. [72]. (d) Compositions of the Igla Ahmr A-
type granites compared to melts produced by experiment of the dehydrated melts of various lithol-
ogies [71]. (e) TiO2 versus Al2O3/TiO2 (wt.%) diagram of the Igla Ahmr granitoids, showing a curvi-
linear trend of magmatic differentiation (f) Qz–Ab–Or normative compositions for granite ther-

Figure 14. Whole-rock compositions of the Igla Ahmr granites showing their origin and thermometry.
(a) Zr vs. Th/Nb variation diagrams displaying fractional crystallization (FC), assimilation–fractional
crystallization (AFC), and bulk assimilation (BA) trends [70]. (b) The Rb vs. K/Rb diagram for
assimilation–crystal fractionation [64]. (c) Petrogenetic discrimination of Al2O3/(FeOt + MgO)-3CaO-
5(K2O/Na2O) ternary diagram for the studied A-type granites [62]. The fields of A-type and I-type
granites in the ANS are adopted from Robinson et al. [72]. (d) Compositions of the Igla Ahmr
A-type granites compared to melts produced by experiment of the dehydrated melts of various
lithologies [71]. (e) TiO2 versus Al2O3/TiO2 (wt.%) diagram of the Igla Ahmr granitoids, showing
a curvilinear trend of magmatic differentiation (f) Qz–Ab–Or normative compositions for granite
thermometry. Dashed lines display quartz-alkali feldspar cotectic limit and trace of water saturated
minimum melt compositions at range of pressure from 0.5 to 10 kbar [73]. The trace of minimum
melt compositions at 1 kbar with excess H2O and increasing fluorine (F, up to 4 wt. %) delineated by
solid lines [48].
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to have formed from melting of crustal rocks following the delamination of the litho-
spheric root. The role of lithospheric delamination processes in generation of calc-alkaline 
magmas has also been explained the tectonic of several orogenic zones around the world 
[4–7,77,78]. The highly fractionated granitoids that evolved in the northern ANS have been 
interpreted as evidence of a change from collisional to extensional tectonics, making them 
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(b) post-collision A-type granites, showing lithospheric delamination, partial melting of lower crust
and formation of A-type granites in the upper crust [5,7,11,74]. Crust and mantle thicknesses are not
to scale.

7.3.3. Geodynamic Evolution and Development of the CED Juvenile Crust

The Igla Ahmr granites are part of the CED of Egypt, which is part of the ANS.
The Neoproterozoic tectonic and geodynamic processes led to the development of the
ANS juvenile crust including the collision of East and West Gondwana, post-collisional
expansion, and stabilization of the ANS crust [75,76]. The post-collisional granitoids are
thought to have formed from melting of crustal rocks following the delamination of the
lithospheric root. The role of lithospheric delamination processes in generation of calc-
alkaline magmas has also been explained the tectonic of several orogenic zones around
the world [4–7,77,78]. The highly fractionated granitoids that evolved in the northern ANS
have been interpreted as evidence of a change from collisional to extensional tectonics,
making them geodynamically and economically significant [53].

The geodynamic model of the Igla Ahmr granites is shown in Figure 15. The Igla
Ahmr tonalites are old granitic phases in the studied area, and show characteristic features
of I-Type (Figures 12e, 13b and 14c); these tonalites originated from mantle-derived melts
and contaminated with crustal materials (~670–630 Ma; [79]) during the syn-collisional
stage (Figure 15a). Then, there is a transitional stage and a change in the tectonic style from
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the compressional setting and formation of syn-collisional granites (e.g., I-type tonalites,
Figure 4a,b) to the extensional setting and formation of post-collisional granites (e.g., A-type
syenogranites and alkali feldspar granites, Figure 4c–f). According to Melcher et al. [80],
the Abu Dabbab, Nuweibi, and Igla Ahmr granites are significantly older (616–685 Ma),
using the U–Pb age estimates for cassiterite. This fact was recently confirmed by Stern
et al. [9], who stated that the Igla Ahmr granites are older phases of the transitional between
I-type and A-type mineralized granites in the CED of Egypt, formed at 691.7–678.9 Ma with
δ18OV-SMOW c. 5.95‰. These granites are considered the older phase of rare metal-bearing
granites in the Eastern Desert of Egypt [9], and represent the first stage of the transition from
syn-collision to post-collisional tectonic settings (Figure 15). During the transition from
the compressional to extensional setting (690–590 Ma), the mantle-derived magmas cause
extensively partial melting of lower-crustal materials during the starting of lithosphere
delamination [77,78], yielding tonalitic parental magmas that crystallized as Igla Ahmr
tonalites. During the extensional stage, shearing and extension allowed the fault planes to
go to deeper depths, which led to the development of shear zones such the NW—SE Najd
shear zones (620–540 Ma; [72]) conjugated with N–S faults (Figure 1b). These faults and
shear zones were formed as an effective conduit for asthenosphere-derived melts, volatiles,
and fluids, which upward migrated and transferred heat to the shallow crustal level. These
fluids generated from magmatic sources are considered the main factor controlling granitic
metasomatism and the formation of rare metal-bearing granites, as well as the formation of
hydrothermal alteration zones (Figures 4–7) [8].

In order to form parental magmas of the A-type granite, the volatiles/fluids-rich
mantle magma migrated upward through the faults/shear zones to a shallower crustal level
and accelerated the partial melting of the pre-existing calc-alkaline tonalites in the lower
crust (Figure 15). This is inconsistent with the partial melting of tonalitic to granodiorite
source rocks to generate A-type granitic parental magmas (e.g., [4–7,19,74,81,82]. These
parental magmas exhibit characteristics of A-type granitic magmas, including peraluminous
magmatic affinity, higher values of Zr (316 ppm), ΣREEs (179.51 ppm), and Nb (11.1 ppm)
as well as being richer in SiO2 and alkalis (Figures 12 and 13; Supplementary Table S3).
They crystallized as two granitic phases such as syenogranites and alkali feldspar granites,
respectively, by fractional crystallization (Figure 14a,b).

In summary, at the early phase of the post-collisional stage, the magma resulting from
upwelling of the hot asthenosphere during lithosphere delamination assimilated huge parts of
pre-existing tonalites [6]. The resultant magma includes the addition of mantle materials after
partial melting of pre-existing tonalites. During the magmatic process, the magma suffered
from fractional crystallization and yielded syenogranites (Figures 14a–c and 15). After that,
the more evolved magma was enriched in magmatic-derived fluids generated during the
fractionation of peraluminous magmas and crystallized as alkali feldspar granites in the late
stage (Figure 15).

7.4. Origin of Rare Metals and Specific Distribution of Rare Metal-Bearing Granites

Several studies have examined the genesis of rare metals (Figure 7; Supplementary
Table S2) in the ANS, and three hypotheses include: (1) metasomatic origin (e.g., [83,84]),
(2) magmatic origin (e.g., [16,51]), and (3) both magmatic and metasomatic origins (the hybrid
origin) ([7,8,11,13,85]). The Igla Ahmr rare metal-bearing granites are mainly magmatic in
origin, even with the involvement of subsequent metasomatic processes and formation of
some rare metals (e.g., [8]). There are several lines of evidence of the magmatic origin, includ-
ing (1) the existence of primary feldspars, biotite, zircon, Fe-Ti-oxides in the form of euhedral
to subhedral crystals, showing tripe junction boundary (Figures 4–7; [7,8]); (2) the whole-rock
major, trace, and REE contents showing continuous compositional trends (Supplementary
Figures S3–S5; [7]); (3) increasing REE concentrations from syenogranites (102–213 ppm)
to the late stage alkali feldspar granites (112–230 ppm) (Supplementary Table S4; [7,85]);
(4) the positive correlations of Zr vs. Hf, Nb vs. Ta, and Y vs. Ho (Supplementary Figure S5)
suggesting magmatic enrichment of these elements [7,85]; (5) the curved trend of magmatic
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differentiation of TiO2 versus Al2O3/TiO2 (Figure 14e), reflecting the effect of fractional crys-
tallization after partial melting of lower crust as proposed scenario for the origin of the Igla
Ahmr granites (e.g., [53]); (6) the pronounced tetrad effect (TE1,3 = 1.08 and 1.09) of the Igla
Ahmr granites, indicating fractional crystallization at the magmatic stage (Supplementary
Table S4; [53]); and (7) the Igla Ahmr granites showing the same chondrite-normalized REE
patterns as those of magmatic granites in the ANS (Figure 11).

On the other hand, the action of later metasomatic processes and hydrothermal alter-
ation of some granitic zones can be observed by the following evidence: (1) the formation
of thin hydrothermal alteration zones (Figures 4–7) of Igla Ahmr granites; (2) the Igla Ahmr
granites being affected by hydrothermal fluids, forming different alteration mineral zones
such as sericitization, carbonatization, kaolinitization, and chloritization that were outlined
by ASTER indices [8]; (3) the alteration of syenogranite to form kaolinitic alteration zones
(Figure 4f); (4) an abundance of silicification (Figure 4d) considered important evidence
of hydrothermal metasomatism in syenogranites [8]; (5) alteration of biotite to chlorite
(Figure 5); (6) alteration of plagioclase to kaolinite and sericite as evidence of hydrothermal
metasomatism (Figure 5e); (7) syenogranites and alkali feldspar granites including high
Na2O contents (up to 5.23 wt.%) due to abundant oligoclase (Figure 8a; Supplementary
Table S2) and Na-metasomatism (Supplementary Table S4; [6,7]); and (8) the Igla Ahmr gran-
ites having a variety of metasomatic textures and alteration zones, including myrmekitic
and micrographic textures, sericitization, chloritization, carbonatization, muscovitization,
albitization, kaolinitization, and silicification, based on field observation, petrography, and
ASTER mineral indices [8].

Rare metals in the Igla Ahmr pluton are mainly concentrated in the alkali feldspar
granites and syenogranites. They crystallized in two stages. The early stage of magmatic
origin minerals includes zircon, titanite, apatite and rutile (Figure 7a; Supplementary
Table S2). The late stage involves the growth newly mineral phases and partial replacement
of the magmatic mineral phases such secondary zircon (metamict type) and xenotime
(Figure 7c; Supplementary Table S2). Therefore, the origin of rare metals (hybrid origin [7])
is both magmatic (such as zircon, titanite, and rutile) and hydrothermal (such as allanite,
xenotime, parisite). There are several pieces of evidence based on crystal morphology
(Figures 6 and 7), texture (Figures 6 and 7), and chemistry (Supplementary Table S4) to
support this assumption.

Zircon is the primary accessory mineral in the Igla Ahmr granites and is found as
a primary magmatic phase with high ZrO2 contents (63.57–66.0 wt.%) (Figures 5–7; Sup-
plementary Table S2). The colorless euhedral prismatic crystals of zircon show oscillatory
zoning, and are free from inclusions, suggesting their magmatic origin (Figures 5–7). On
the other hand, rare metamict zircon crystals with dark color can be found in the Igla Ahmr
granites and they host few U, Th, and Hf contents. Rutile is found as subhedral prismatic
crystals between silicate minerals or within K-feldspar crystals (Figure 7b), reflecting a
magmatic origin. It has high TiO2 (95.51 to 97.64 wt.%) and low Nb2O5 (0.93 wt.%) contents
in alkali feldspar granites (Supplementary Table S2).

Xenotime (YPO4) has been recorded in the Igla Ahmr granites; it hosts high contents
of HREE (Figure 7c; Supplementary Table S2). It exists in the rim of Fe-Ti oxide (Figure 7c)
or zircon minerals. The xenotime (Figure 7c) includes significant amounts of Y (33.5 wt.%),
P (15.1 wt.%), Dy (4.9 wt.%), Er (4.1 wt.%), Yb (3.8 wt. %) and Gd (1.5 wt. %), with little
Si and Fe (Figure 7c). The positive relationship between Y versus HREEs (Supplementary
Figure S5) of the studied granites reflects the increase in HREEs due to xenotime crystal-
lization [7]. The existence of xenotime indicates dominant Y and P in parent magmas. The
fractionation of xenotime may control on HREE distribution (e.g., [7,86]). The morphology
of xenotime suggests the metasomatic origin (Figure 7c).

Parisite is an REE-bearing mineral in the Igla Ahmr alkali feldspar granites. It has been
generated during hydrothermal alteration by F-rich fluids derived from the A-type magmas.
Therefore, peraluminous hydrous magmas enriched in Fe may control the REE-bearing
mineral formation. Parisite crystals are disseminated and can be seen on the edge of Fe-
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oxides or in biotite cracks, suggesting its hydrothermal origin [8]. Allanite is found as tiny
crystals exsolved along titanite in the alkali feldspar granites (Figure 7d); its morphology
suggests a metasomatic origin (Figure 7d). It has high LREEs (34 wt.%) and significant
contents of Ti (15.5 wt.%), Si (10.7 wt.%), Fe (5.1 wt.%), and Ca (4.2 wt.%).

In summary, rare metals and their host granites in the Igla Ahmr area are cogenetic and show
characteristics of both magmatic and metasomatic origin (hybrid origin) (Figures 14c and 15).
Some rare minerals in granites such as zircon, titanite, apatite, and rutile are of magmatic origin,
and some of these minerals have undergone metasomatic fluid modification (such as metamict
zircon). Parisite, allanite, and xenotime are of secondary origin from magma-derived fluids and/or
fluid–rock interactions. The rare metals in the Igla Ahmr granites show a hybrid origin, like those
found in other localities in the Eastern Desert of Egypt [4–8,11,13].

Some A-type and highly fractionated I-type granites in Egypt host rare metals in more
than fourteen rare metal-bearing granitic plutons (Supplementary Figure S1), which are
scattered mainly in the CED and in the northern border of SED of Egypt (e.g., [4–9,13,14]).
Some granitic plutons are mineralized (e.g., Abu Dabbab granites [13] with Sn, 123–3900
ppm; Ta, 74–473 ppm and Nb, 23–165 ppm; Umm Naggat and Homrit Waggat granites [7,8]
with ΣREEs, 187–558 ppm; Zr,s 136–431 ppm and Nb, 27–162 ppm; El-Hima granites [6]
with ΣREEs, 176–514 ppm and Nb, 10–252 ppm; Nuweibi granites [15,16,55,83] with F,
456–1520 ppm; Ta, 40–168 ppm; Nb, 41–154 ppm and Zr, 40–104 ppm), but most of them are
unmineralized; why? We found that rare metal-bearing granites have been concentrated
in certain zones in the Eastern Desert (Supplementary Figure S1), and once again, we ask:
why? Our observations are explained in the following section.

Based on a few other studies [6–9,11,13,56,85] in addition to this study, the rare metal
mineralization in the Eastern Desert granites seems to be structurally controlled. The majority
of fourteen mineralized granite plutons are found in certain zones in the CED and on the
northern border of the SED of Egypt (Supplementary Figure S1) [4–7,9,11,13,15,16]. Most of
these mineralized granites and their rare metal deposits were controlled by dominant NW–SE
and N–S structural trends [26–28], i.e., Abu Dabbab Nb-Ta-rich granites, Sikait Nb-Ta-Li-rich
granites, El-Hima garnet-REE rich granites, Umm Naggat and Homrit Waggat granites, Nuweibi
granites, and Kadabora granite (Figure 1a) [4–7,9,11,13,15,16]. The NW-trending tectonic fabric
is dominant in the CED, where the conjugate shear zones/faults extend in the N–S and NE–SW
directions [26–28] (Figure 1a). For example, the NW–SE fault trend of the Najd shear system
and related structures (N-S faults) are dominant in the studied area (Figure 1b) and may control
rare metals and REE concentrations. It is not clear when Najd shearing began, although it
was very active ~600 Ma [87]. Faults and fractures related to the Najd system are potential
pathways for hydrothermal fluid migration and circulation; this fluid increases hydrothermal
alteration of granites, and enhances mineral accumulation in a definite zone [6–8]. This fault
system possibly controls gold concentrations of the Sukari gold mine and rare metals in the Abu
Dabab area [13]. There are two lines of evidence supporting our suggestion: 1-the age range of
the studied granites predates Najd fault (620–540 Ma; [72]) system that is highly dominant in
the CED of Egypt; 2- most of the mineralized granitic plutons in the CED are dissected by the
NW–SE Najd shear zone that was conjugated with N–S faults (Figure 1a) [6–8]. The Igla Ahmr
area was affected by NW–SE and N–S faults (Figure 1b), which seem to have controlled both
the magma intrusion, and occurrence of rare metal-bearing granites. This is in agreement with
the Barramiya shear belt (SW of the Igla Ahmr) that includes conjugate NW–SE sinistral and
NE–SW dextral shears that were active c. 600 Ma [87,88].

The Najd shear zones and conjugated faults are considered as important controlling on
the distribution of high rare metal contents and mineralized granitic plutons in the Eastern
Desert of Egypt [6–8,12,13,87,88]. This is consistent with the study of Heikal et al. [13],
who stated that the Najd fault system controlled the mineralization of rare metals in the
Abu Dabbab granite pluton. In addition, the Wadi El-Hima garnet-bearing granites (up to
30 vol% of garnet; REE up to 515 ppm) are strongly affected by the NW–SE sinistral Najd
fault and its conjugated NE–SW striking faults [6–8,12,13,87–90]. However, not all granites
that were affected by the Najd fault system are enriched in rare metals. This may be related
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to the basic components of the primitive melts (hydrous peraluminous magma with high Si
and alkalis) and fluids generated from magmas, which altered primary (magmatic) minerals
into secondary ones and may directly form secondary minerals (enhancing mineralization)
in some granite plutons during fluid–rock interactions.

According to machine learning algorithms such as the weighted sum model and
random forest, the distribution of rare metals is high in the zones of highly dense structures
and in the contact between metasediments, mafic metavolcanic rocks, and metagabbro-
diorite complex with granitic rocks (Figures 2 and 3). This is supported from the distribution
of syenogranites and alkali feldspar granites with high REE (up to 230 ppm) contents
(Figures 2 and 3; Supplementary Table S4). These granites host high Zr (up to 481.55 ppm),
Nb (up to 30 ppm) and Sn contents.

From aforementioned results and discussions, the occurrence of rare metal-bearing
granites in the CED of Egypt is not random (Supplementary Figure S1). There are several
factors controlling the distributions of these mineralized granites in the specific region in
the CED (Figure 1a). The distribution of rare metal mineralization in the Igla Ahmr granites
may be attributed to: (1) essential components of primitive melts (e.g., peraluminous, rich in
silica and alkalis) and magmatic-emanated fluids that enhance accumulation of rare metals
in mineralized granites during rock-fluid interactions; (2) dominance of rare metal-bearing
alteration zones and altered rocks related to granites such as silicification, sericitization,
carbonatization, kaolinitization, and chloritization [6–8,12,89,90]; (3) increased REE and
rare metal contents in more fractionated or evolved A-type and highly fractionated I-type
granites; and (4) the major NW–SE structural trend (Najd trend) and conjugate N–S and
NE–SW faults controlling on the distribution of rare metal-bearing granites, where these
faults are considered channels for fluid circulation and rare metal accumulation.

8. Conclusions

1. The Igla Ahmr region in the CED of Egypt comprises rare metal-bearing syenogranites
and alkali feldspar granites with subordinate tonalite xenoliths.

2. The estimated zircon temperature (TZr) and pressure of the Igla Ahmr granites range
from 717 ◦C to 820 ◦C at pressure < 4 and depth < 14 km. The oxygen fugacity of
their parental magmas ranges from log f O2 = −15.20 to −10.94 (FMQ: +0.97 to +5.23),
suggesting that our granites crystallized from calc-alkaline magmas under moderately
oxidized conditions.

3. The Igla Ahmr tonalites and older syenogranite phase resemble I-type granites, which
crystallized from mantle-derived magmas contaminated by crustal materials during
assimilation. They are considered to be a transition between syn-collision and post-
collision events in the ANS, formed at the transitional stage between the compressional
and extensional tectonic setting.

4. The Igla Ahmr alkali feldspar granites and younger syenogranite phase are highly
evolved peraluminous A-type granites, and enriched in Zr, Nb, Y, Th, and REEs. The
A-type granites crystallized from melts after partial melting of a juvenile crustal source
such as highly fractionated I-type tonalite source in the post-collisional setting during
lithosphere delamination in the extensional stage. The parent magma suffered from
fractional crystallization yielded syenogranites, while the more evolved magma was
accompanied with copious magmatic fluids during the fractionation and crystallized
as alkali feldspar granites in the late stage.

5. Rare metal-bearing minerals exist as disseminated crystals in the Igla Ahmr A-type
granites and are magmatic (e.g., zircon, titanite, apatite, and rutile) and hydrothermal
(parisite, allanite, and xenotime) in origin (hybrid origin). These rare metal mineral-
ization and distribution were structurally controlled by the NW–SE Najd fault system
and its conjugated faults such as N–S striking fault that enhances the accumulation of
rare metals in mineralized granites during the circulation of hydrothermal fluids.
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6. Based on field verification and geochemistry, the machine learning random forest
algorithm yielded the most accurate mineralization prediction results, compared to
the weighted sum method.

7. The distribution and high contents of rare metals in Neoproterozoic mineralized
granites in the Nubian Shield may be related to several factors such as the NW–SE
Najd shear zone and conjugate N–S faults, compositions of the parental melts (e.g.,
peraluminous, rich in silica and alkalis), compositions of magmatic-emanated fluids,
and the dominant occurrence of alteration zones such as sericitization, silicification,
phyllic alteration, kaolinitization, chloritization, ferrous silicate, and hydroxyl mineral
alteration.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/min14050522/s1: Table S1: Evidence layers represent-
ing critical and measurable features of proposed models for rare metal concentrations in the Igla
Ahmr area. Table S2: EPMA of silicates (plagioclase, K-feldspar, biotite, chlorite, amphibole, mag-
netite, goethite, ilmenite, titanite, rutile, apatite) and rare metal-bearing minerals including monazite,
tantalite, zircon, parisite, xenotime and rutile in the Gabal Igla Ahmr granites, Central Eastern Desert,
Egypt. Table S3: Representative LA-ICP-MS of albite, K-feldspar and chlorite in the Igla Ahmr alkali
feldspar granites. Table S4: Representative whole-rock chemistry (major Wt%, trace and REE, ppm)
of the Igla Ahmr area, Central Eastern Desert, Egypt. Supplementary Figure S1. Distribution of
the most important rare metal-bearing granite intrusions in the central and south Eastern Desert of
Egypt. Supplementary Figure S2. (a–j) Geochemistry evidence layers using kriging interpolation.
(K) Line density map of rocks in the Igla Ahmr area. (i–p) Five alteration indices of rocks in the Igla
Ahmr area. Supplementary Figure S3. Harker variation diagrams of SiO2 versus major elements
and trace elements (Ga and Zr). Supplementary Figure S4. Variation diagrams of Zr versus FeOt
(a), and ΣHREEs versus Y (b), as well as ΣREEs versus Nb (c), Zr (d), Hf (e) and Y (f) in the Igla
Ahmr granites. Supplementary Figure S5. Variation diagrams of Zr (ppm) versus Hf (a), Nb/Ta (b),
Ba/Rb (c) and MgO (d), as well as Nb versus Ta (e) and Y versus Ho (f) in the Igla Ahmr granites.
Supplementary Figure S6. Sr versus Rb (a) and Ba versus Rb (b) diagrams, showing that fractional
crystallization of plagioclase, K-feldspar and biotite played an important role in the generation of the
Igla Ahmr granites.
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