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Abstract
The A-type younger granite pluton and associated fluorite of Gabal El-Erediya, Eastern Desert, Egypt, have been investigated
geologically and geochemically. Granites are genetically high-K-calc-alkaline syenogranites that show a high LREE/HREE ratio
with noticeable negative Eu anomaly. Additionally, the visible tetrad pattern and negative Eu anomaly of the investigated granites
point to fractional crystallization and fluid-melt interactions during the last stage of magmatic differentiation. They were probably
generated within an extensional environment and were crystallized at temperature ~ 740 °C and pressure ~ 1.9 kbars. Two types
of U-rich fluorite mineralizations were recorded including colorless and violet types. The hydrothermal fluids forming fluorites
were related to late-stage differentiation of the felsic magma with a crystallization temperature ranging from 118 to 336 °C.

Keywords Granite . Fluorite . Uranium . Felsic . Hydrothermal

Introduction

El-Erediya younger granitoids (ErdYG) belong to the base-
ment rocks group located in the Egyptian Eastern Desert
(EED) (Fritz et al. 2013), which represents a NW segment of
the Arabian-Nubian Shield (ANS). In the last decennium, sev-
eral significant studies were reported and focused on the geo-
logical features and tectonics of Egyptian ANS (Kharbish
2010, 2020; Kharbish and Elawadi 2018; Elwan et al. 2019;
Kharbish and El-Awady 2019). The Egyptian younger gran-
ites (EYG) (550–610 Ma, (Beyth et al. 1994)), that developed
during extension, composed mainly of syeno-, monzo-, and
alkali-feldspar granites.

Fluorite, which forms in various geological environ-
ments, may be considered as a geochemical and field
guide for U deposits. It plays an important role in the
transportation of many rare elements in different
magmas which give a special significance to the studies
of their behavior, contents, and distribution of fluorine
in granitic rocks (Kovalenko 1971). A direct relation
between the contents of beryllium, tantalum, tin, and
fluorine in the granitoid rocks exists, which is accord-
ingly considered as a criterion of mineralization in geo-
chemical prospecting for these metals (Odikadze 1971).
Additionally, fluorite is believed to precipitate during
magmatic and/or magmatic-hydrothermal stages (Nash
1993; Webster and Duffield 1994).

The U-rich igneous rocks are considered as a signif-
icant source of metals in U mineral systems. The rela-
tionship is manifested by the wide spatial correlation
between known U deposits and igneous rocks contain-
ing high abundances of U (Lambert et al. 2005).
Generally, U is initially mobilized from igneous rocks
by hydrothermal and/or surficial fluids (Cuney 2014;
Saleh and Kamar 2018), whereas U deposits resulting
only from the magmatic process (partial melting or frac-
tional crystallization) are rare (IAEA 2012).

The common U sources in Egypt are mainly classified into
(1) metasomatized granites as represented in Gabal Um Ara
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(Saleh and Kamar 2018); (2) vein-type mineralization as
found in El-Sela area (Ghoneim and Gawad 2018); (3) two-
mica granites as represented in Gabal Ribdab area (Ibrahim
et al. 2001); (4) sheared zones calc-alkaline granite as repre-
sented in Gabal Gattar (Mahdy et al. 2014); and (5)
lamprophyre dikes bearing-REEs and U as found in Abu
Rusheid area (Ibrahim et al. 2015).

The U-F geochemical integrations in igneous rocks sug-
gested that U transported as complex fluoride compounds
and the source for U is a highly advanced F granitic magma.
Practically, the U-F mineralizations localized in all volcanic,
sedimentary, as well as granitic and metamorphic rocks
(Aleshin et al. 2002, 2007; Kharbish et al. 2021). In the
granite-hosted U deposits, the potentiality of U mineralization
is controlled by many factors including the physical and
chemical conditions, the abundance of F (has a great effect
in decreasing the crystallization temperature), the oxidation
degree, and the concentration of U in granitic magma (Zhao
et al. 2011; Chen et al. 2012).

The central EED is considered as one of the most important
U-F occurrences in Egypt. The ErdYG in the central EED
have been found hosting significant uranium-fluorite (U-F)
mineralization (Ibrahim et al. 2004). The present article de-
signed to get insight into the geochemical characteristics and
geotectonic consequences of A-type granites pluton (El-
Erediya) detected in the central EED. Moreover, this work
focuses on the mode of occurrence and genesis of the related
fluorite deposits using the present geochemical data and fluid
inclusions in fluorite. Besides, explore the relation between
fluorites and the hosted granitic pluton.

Geological setting and petrography

Gabal El-Erediya is an oval-shaped outline and elongated
granite intrusion. It covers nearly 16 km2 between latitudes
26° 15′–26° 25′ N and longitudes 33° 22′–33° 30′ E (Fig. 1).
This locality also comprises several rock units that represent
from oldest to youngest: metavolcanics, older granites, youn-
ger gabbros, and younger granites (Moussa 2006) (Fig. 1).
The ErdYG is dissected by two main faulting trends (NW-
SE and N-S), which play an important role in pathways for
different hydrothermal or meteoric solutions, which cause dif-
ferent types of hydrothermal alterations (i.e., hematitization,
kaolinitization, sericitization, and fluoritization).

El-ErdYG are medium-grained in size, color range from
pink to red, and present pan idiomorphic and porphyritic tex-
tures. ErdYG are constituted mostly of quartz, plagioclases,
and K-feldspars (microcline and microcline perthites).
Furthermore, biotites, fluorite, monazite, allanite, muscovites,
zircon, apatite, and opaques are also found in the ErdYG in
small quantities as accessory minerals (Moussa 2006). U-
fluorite mineralization is essentially associated with

fluoritized-hematitized sheared-granite zones, mainly along
NW-SE and N-E faults (Fig. 1). U-fluorite crystals occur as
small irregular grains filling cracks and cavities in the host
rocks. They vary in color from colorless to dark violet, and
their size correlates positively with the degree of alterations.

Sampling and experimental setup

Nineteen samples were investigated in detail [eight samples
from granites (Table 1) and eleven U-rich fluorites (Table 2)].
X-ray fluorescence (XRF) technique was applied to define
both major and trace element concentrations using fused and
pressed powder disks, respectively. XRF analyses (Philips
PW 2400 series spectrometer) were carried out at Vienna
University, Austria (the Earth Science Institute). In order to
determine the loss on ignition (LOI), a precise weight (5 g)
amount of each powdered sample was igniting in porcelain
crucibles for 1 h at 1050 °C. For major and trace elements,
analytical accuracy was greater than 1% and 2–5%, respec-
tively. International standards such as African Mineral
Standards (AMIS 0007) have been employed to verify the
analytical accuracy and precision for the analyzed blanks,
samples, and duplicates. REE concentrations were measured
at Vienna University, Austria (the Institute of Inorganic
Chemistry), using the coupled plasma-mass spectrometer
(VG Elemental PQ3 Quadrupole Inductively). Ten fluorite
samples were used to prepare the doubly polished fluid inclu-
sion sections (100–150-μm thick). The microthermometric
analyses were conducted on four selected sections that are
characterized by a dense population of fluid inclusions. The
inclusions were subjected to freezing measurements first to
avoid stretching and false homogenization temperatures.
Linkam THM 600 heating-freezing stage was utilized for the
determinations of homogenization temperature (Th) and melt-
ing temperature (Tm). The stage was installed on a microscope
(Olympus BX 60) and calibrated by employing artificial fluid
inclusions at − 56.6 (melting of pure CO2), 0.0 (melting of
pure H2O), and 374.0 °C (critical homogenization of pure
H2O). The temperature measurement precision was found to
be 0.1 °C for the ending melting temperatures (Tm). However,
the temperatures were found in ranges from – 100 °C to + 250
°C for the homogenization temperatures (Th). The inclusion
investigations were conducted at Vienna University, Austria
(the Institute of Mineralogy and Crystallography).

Results and discussion

Whole-rock major and trace element geochemistry

ErdYG are described by limited high ranges of SiO2 (74.93–
75.52 Wt.%) and a high range (8.09–8.23 Wt. %) of the alkali
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(Na2O+K2O) contents. Besides, the K2O/Na2O ratios were
found to be in the ranges from 1.05 to 1.10 (Table 1); these
values could probably be due to K-feldspar accumulation.
ErdYG are also characterized by the presence of high alkali
metal contents in addition to the high field strength elements
(HFSE). However, ErdYG were found of low contents for Ba
(49.08 ppm), Sr (17.73 ppm), Hf (9.69 ppm), and Eu (0.32
ppm) (Table 1). ErdYG are slightly peraluminous (Fig. 2A,
aluminum saturation index (ASI) varies from 1.01 to 1.02),
strongly differentiated (Fig. 2B) syenogranites (Fig. 2C).
ErdYG are highly fractionated calc-alkaline (HFCA) rocks
(Fig. 2D), belonging to the Egyptian calc-alkaline younger
granites field (Fig. 2E), and represented in the series which
have a high value of K-calc-alkaline and shoshonite (Fig. 2F).
The studied samples were found in the mineralized field (Fig.
2G) according to Tischendorf (1977).

The K/Rb ratios are considered a good indicator in deter-
mining the state of transition of granite melts; when the K/Rb
ratios are lower than 100 (K/Rb = 38.99–39.74 in the analyzed
samples), the granites are characterized to be highly evolved
(Rossi et al. 2011). These observations occur because Rb
tends to concentrate relative to K in the strongly differentiated

granitic melt during the segregation stage of aqueous liquid
phases from the remaining silicate melts (Elwan et al. 2019) or
in the granite that was subjected to late and post-magmatic
alterations (Tischendorf 1977). Furthermore, the binary dia-
gram of SiO2-K/Rb also supports the strongly evolved and
fractionated nature of the granitic melt (Fig. 2H) for the
ErdYG (Blevin 2003).

Figure 2K shows the REE chondrite-normalized patterns of
the ErdYG. The obtained results demonstrate flat patterns
along with strong negatively Eu anomalies with a ratio (Eu/
Eu*) range from 0.1 to 0.16 and “tetrad effect” (Bau 1996).
REE chondrite-normalized patterns also characterized by in-
significant fractionations LREE (which represent by (La/
Sm)N= 1.01–1.72) as well as HREE ((Gd/Yb)N= 0.92–4.77).
However, the REE chondrite-normalized pattern displays
slightly enhanced LREE values compared to HREE, ((La/
Yb)N = 1.05–5.33) and nearly flat heavy REE [HREE, (Ho/
Lu)N = 0.46–1.76]. The REEs normalized patterns of El-
Erediya syenogranite (ErdSG) are consistent with those of
Sinai calc-alkaline granitoids (Eyal et al. 2010) with slightly
enriched HREEs for the Sinai granitoids (Fig. 2K). ErdSG
displays strong negative anomalies (Fig. 2M) for P, Ba, Sr,

Fig. 1 Geological map of El-
Erediya area, Central Eastern
Desert, Egypt (modified after
Bakhit and El Kassas 1989; Abu
Dief 1993)
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Table 1 Major oxides (wt %); trace, rare earth elements (ppm) and some geochemical ratios for the studied El-Erediya granites

Sample GR1 GR2 GR3 GR4 GR5 GR6 GR7 GR8 Avg.

Major oxides (wt %)

SiO2 75.01 74.93 75.52 75.49 75.04 75.14 75.16 75.26 75.19

Al2O3 12.67 12.81 12.87 12.77 12.77 12.75 12.81 12.77 12.78

Fe2O3 1.64 1.72 1.48 1.36 1.76 1.57 1.65 1.56 1.59

MgO 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02

CaO 0.83 0.85 0.89 0.88 0.83 0.85 0.85 0.86 0.86

Na2O 3.91 3.96 3.95 3.94 3.92 3.93 3.94 3.93 3.94

K2O 4.18 4.22 4.28 4.15 4.31 4.18 4.27 4.23 4.23

TiO2 0.05 0.05 0.06 0.06 0.05 0.05 0.05 0.05 0.05

P2O5 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

MnO 0.04 0.04 0.05 0.05 0.04 0.04 0.04 0.04 0.04

F 0.16 0.17 0.13 0.12 0.18 0.15 0.16 0.15 0.15

LOI 0.76 0.71 0.8 0.86 0.7 0.77 0.74 0.78 0.77

Total 99.28 99.49 100.07 99.71 99.63 99.46 99.7 99.66 99.63

CIPW norms

Quartz 34.45 33.88 34.21 34.78 33.92 34.42 34.04 34.33 34.25

Orthoclase 24.7 24.94 25.29 24.52 25.47 24.7 25.23 25 24.98

Albite 33.08 33.51 33.42 33.34 33.17 33.25 33.34 33.25 33.3

Anorthite 4.07 4.17 4.37 4.32 4.07 4.17 4.17 4.22 4.19

Zircon 0.12 0.12 0.06 0.06 0.12 0.1 0.1 0.09 0.09

Ilmenite 0.08 0.09 0.11 0.11 0.09 0.09 0.08 0.09 0.09

Corundum 0.22 0.2 0.14 0.21 0.17 0.23 0.18 0.18 0.19

Magnetite 0.02 0 0 0 0 0 0.02 0 0

Hematite 1.63 1.72 1.48 1.36 1.76 1.57 1.64 1.56 1.59

Hypersthene 0.05 0.05 0.07 0.05 0.05 0.05 0.05 0.05 0.05

Apatite 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

Trace elements (ppm)

Ba 44.5 46.5 55 51 48.5 47.3 50 49.8 49.08

Be 17.5 16 17.5 18.5 16.5 17.3 16.7 17.5 17.19

Co 2.2 2.1 2.1 2.2 2.1 2.1 2.1 2.1 2.13

Cs 10.1 10 10.1 10 10.1 10 10 10.1 10.05

Ga 32 29.5 33.5 32.5 33 31.3 32 32.8 32.08

Hf 9.8 9.4 9.8 9.7 9.8 9.6 9.6 9.8 9.69

Nb 75.2 74 61.2 68 68.4 72.4 67.8 68.2 69.4

Rb 888.2 895.7 894.2 883.7 898.7 889.2 896.2 891.2 892.14

Sn 27.5 28.5 27.5 26 29 27.3 28.3 27.5 27.7

Sr 19 17.5 16.6 17.7 17.9 18 17.3 17.8 17.73

Ta 10.7 9.9 9.6 10.5 9.8 10.4 9.8 10.2 10.11

V 8 7.5 7.5 7.5 8 7.7 7.7 7.8 7.71

W 25.3 26.2 23.8 24.3 24.8 25.3 24.9 24.6 24.9

Zr 574.5 576 316 299 591.5 483.2 494.5 445.3 472.5

Y 148.5 148 140 141.5 147 146 145 144.3 145.04

Mo 22 22.1 21.7 21.6 22.1 21.9 21.9 21.8 21.89

Cu 3.2 3.3 3.1 3.1 3.2 3.2 3.2 3.1 3.18

Pb 20.3 21.9 20.4 20 20.7 20.7 21 20.3 20.66

Zn 159 155 148.5 157 150.5 157 151.3 153.8 154.01

Ni 4.8 4.9 4.8 4.8 4.9 4.8 4.8 4.8 4.83

As 0.8 0.9 0.9 0.8 0.8 0.8 0.8 0.8 0.825

Cd 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
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Table 1 (continued)

Sample GR1 GR2 GR3 GR4 GR5 GR6 GR7 GR8 Avg.

Sb 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Bi 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9

Ag 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3

U 29.4 31.9 29.2 25.5 33 28.9 31.3 29.3 29.81

Th 34.3 36.3 31.5 30.5 35.3 33.7 34.3 32.9 33.6

REEs (ppm)

La 16.02 14.73 14.25 13.22 16.04 14.62 15.38 14.66 14.87

Ce 36.82 36.45 41.05 40.09 38.21 38.45 37.33 38.25 38.33

Pr 3.58 4.21 5.12 3.84 4.11 3.71 4.16 4.05 4.1

Nd 20.71 18.24 19.42 11.05 17.35 15.88 17.81 15.57 17

Sm 5.11 8.02 7.22 6.78 7.84 5.94 7.93 7.54 7.05

Eu 0.37 0.29 0.41 0.28 0.29 0.35 0.29 0.28 0.32

Gd 10.15 8.74 9.42 8.55 11.24 9.35 9.99 9.51 9.62

∑LREEs 92.76 90.68 96.89 83.81 95.08 88.3 92.89 89.86 91.28

Tb 1.72 0.98 1.53 2.07 1.44 1.9 1.21 1.49 1.54

Dy 10.25 11.71 9.08 8.73 12.14 9.49 11.93 10.86 10.52

Ho 3.08 1.78 4.11 2.49 2.41 2.79 2.09 2.23 2.62

Er 8.41 7.11 6.89 7.21 6.45 7.81 6.78 6.92 7.2

Tm 1.28 1.73 2.04 0.98 1.16 1.13 1.44 1.29 1.38

Yb 6.72 5.04 8.24 1.45 5.49 4.09 5.27 3.99 5.04

Lu 0.99 1.17 1.05 2.45 1.13 1.72 1.15 1.58 1.405

∑HREEs 32.45 29.52 32.94 25.38 30.22 28.93 29.87 28.36 29.71

Some geochemical ratios

Zr/Hf 58.62 61.28 32.24 30.82 60.36 50.33 51.51 45.44 48.77

Nb/Ta 7.03 7.47 6.38 6.48 6.98 6.96 6.92 6.69 6.86

Rb/Sr 46.75 51.18 53.87 49.93 50.21 49.4 51.8 50.07 50.40

(Tb/Yb)N 1.09 0.83 0.79 6.07 1.12 1.98 0.98 1.59 1.3

(La/Yb)N 1.44 1.77 1.05 5.53 1.77 2.17 1.77 2.23 1.79

(La/Sm)N 1.72 1.01 1.08 1.07 1.12 1.35 1.06 1.07 1.16

(Gd/Yb)N 1.22 1.40 0.92 4.77 1.66 1.85 1.53 1.93 1.55

Eu/Eu* 0.16 0.11 0.15 0.11 0.1 0.14 0.1 0.1 0.12

(Ho/Lu)N 1.40 0.69 1.76 0.46 0.96 0.73 0.82 0.64 0.84

(La/Lu)N 1.68 1.31 1.41 0.56 1.47 0.88 1.39 0.96 1.10

Ce/Ce* 1.18 1.12 1.16 1.36 1.14 1.26 1.13 1.20 1.19

K2O/ Na2O 1.07 1.07 1.08 1.05 1.10 1.06 1.08 1.08 1.07

ASI 1.02 1.01 1.01 1.02 1.01 1.02 1.01 1.01 1.01

K/Rb 39.07 39.11 39.74 38.99 39.81 39.03 39.56 39.4 39.34

T_Al/Ti.exp.C 717.3 738.5 756.7 757.5 738.8 739 716.3 738.8 737.86

P kbar 1.80 1.95 1.86 1.71 1.94 1.81 1.91 1.83 1.85

Depth 6.4 7 6.7 6.1 6.9 6.5 6.8 6.6 6.6

Log ƒO2 − 15.81 − 15.28 − 14.84 − 14.82 − 15.27 − 15.26 − 15.83 − 15.27 − 15.30

TE 1-3 0.87 1.02 0.91 1.23 0.98 1.02 1 1.07 1.01

Ca/Sr 312.21 347.14 383.18 355.33 331.4 337.5 351.15 345.3 344.75

Rb/Ba 19.96 19.96 19.96 19.96 19.96 19.96 19.96 19.96 19.96

K/Ba 779.83 753.43 646.05 675.55 737.77 733.67 708.99 705.17 715.16
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Table 2 Chemical analyses of the El-Erediya fluorites

Violet fluorite Colorless fluorite

F1 F2 F3 F4 F5 Avg. F6 F7 F8 F9 F10 F11 Avg.

Element %

Si 0.07 0.05 0.06 0.07 0.07 0.06 0.10 0.05 0.04 0.05 0.09 0.08 0.07

Al 0.07 0.06 0.04 0.07 0.05 0.06 0.08 0.07 0.06 0.05 0.03 0.08 0.06

Ti 0.02 0.01 0.02 0.01 0.02 0.02 0.03 0.02 0.01 0.01 0.03 0.01 0.02

Ca 55.82 55.13 54.97 55.06 55.12 55.22 55.42 55.38 56.21 54.87 53.73 55.24 55.14

Na 0.04 0.03 0.06 0.05 0.04 0.04 0.02 0.01 0.05 0.04 0.07 0.06 0.04

Mn 0.02 0.02 0.02 0.01 0.01 0.02 0.01 0.02 0.02 0.01 0.01 0.02 0.02

Fe 0.05 0.03 0.05 0.04 0.04 0.04 0.01 0.05 0.09 0.01 0.01 0.07 0.04

P 0.11 0.11 0.09 0.04 0.09 0.09 0.09 0.17 0.12 0.05 0.07 0.03 0.09

F 42.92 44.13 42.88 44.03 43.03 43.40 43.25 43.89 42.58 44.36 43.18 43.69 43.49

total 99.12 99.57 98.19 99.37 98.47 98.94 99.01 99.66 99.18 99.45 97.22 99.28 98.97

Ti 431.60 425.90 515.50 428.80 470.70 454.5 1142.1 1087.2 1232.7 1024.7 1197.48 1074.4 1126

Trace ppm

Ba 45.00 45.00 45.80 45.00 45.40 45.24 731.02 694.25 789.54 421.31 609.78 713.25 659.9

Co 0.80 0.90 0.80 0.80 0.90 0.84 3.87 4.12 4.36 3.85 2.08 6.78 4.18

Cr 7.60 8.50 6.40 8.00 7.40 7.58 6.40 4.80 4.60 4.70 9.80 9.50 6.63

Cu 18.00 18.00 17.50 18.00 17.80 17.86 14.50 14.40 13.20 15.70 13.80 14.50 14.35

Li 0.90 0.20 0.40 0.50 0.30 0.46 0.70 0.70 0.70 0.70 0.70 0.70 0.70

Mo 43.50 8.00 23.80 25.80 15.90 23.40 0.45 0.42 0.44 21.62 21.74 21.68 11.06

Ni 9.00 11.40 11.30 10.20 11.40 10.66 11.47 10.30 10.70 11.40 10.50 11.10 10.91

Pb 631.00 635.00 641.50 633.00 638.3 635.7 643.80 649.50 646.65 54.80 55.00 54.90 350.8

Rb 18.70 19.00 18.50 18.90 18.8 18.78 147.25 132.45 173.26 98.83 166.42 158.25 146.1

Sr 58.40 58.60 58.60 58.50 58.60 58.54 265.71 280.28 371.25 274.62 311.05 299.78 300.5

Zn 476.50 486.00 483.50 481.30 484.8 482.4 635.00 614.00 674.00 624.50 644.00 541.23 622.1

Sb 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10

V 0.80 0.80 0.80 0.80 0.80 0.80 35.75 42.15 39.58 27.20 44.99 37.81 37.91

Zr 83.50 87.60 112.30 85.60 99.90 93.78 111.24 108.35 123.12 127.23 134.23 155.47 126.6

Rare ppm

La 54.40 54.40 50.20 54.40 52.30 53.14 12.47 7.59 11.24 1.89 0.77 8.45 7.07

Ce 181.00 181.00 179.80 181.00 180.4 180.6 16.35 20.21 16.87 35.01 40.71 27.52 26.11

Pr 23.40 23.40 22.70 23.40 23.10 23.20 2.81 1.78 0.73 0.26 0.10 1.89 1.26

Nd 98.30 98.30 100.30 98.30 99.30 98.90 8.43 11.49 15.82 1.92 0.99 5.09 7.29

Sm 26.40 26.40 27.90 26.40 27.20 26.86 3.58 2.74 0.89 0.74 1.99 3.05 2.17

Eu 0.40 0.60 0.50 0.50 0.60 0.52 0.42 0.47 0.51 0.39 0.44 0.42 0.44

Gd 33.90 33.80 34.60 33.80 34.20 34.06 3.19 4.21 5.39 1.94 2.96 3.42 3.52

∑LREEs 417.80 417.90 416.00 417.80 417.1 417.3 47.25 48.49 51.45 42.15 47.96 49.84 47.86

Tb 6.10 6.10 5.60 6.10 5.90 5.96 0.91 0.57 0.68 0.82 0.28 0.51 0.63

Dy 47.80 47.30 46.90 47.60 47.10 47.34 5.79 2.69 3.45 4.71 5.09 2.98 4.12

Ho 14.30 14.30 13.90 14.30 14.10 14.18 0.34 0.56 1.78 1.22 0.38 0.49 0.80

Er 53.10 55.90 54.80 54.50 55.30 54.72 1.49 2.85 3.41 4.61 3.73 1.44 2.92

Tm 8.70 8.70 8.90 8.70 8.80 8.76 0.42 0.29 0.83 0.34 0.41 0.74 0.51

Yb 80.60 72.80 77.20 76.70 75.00 76.46 6.41 2.87 2.95 4.91 3.71 2.99 3.97

Lu 13.60 13.60 13.80 13.60 13.70 13.66 0.28 0.31 0.26 0.33 0.35 0.42 0.33

∑HREEs 224.20 218.70 221.10 221.50 219.9 221.1 15.64 10.14 13.36 16.94 13.95 9.57 13.27

∑REE 642.00 636.60 637.10 639.30 637 638.4 62.89 58.63 64.81 59.09 61.91 59.41 61.13

Y 1061 1068 1060.8 1064.5 1064.4 1064 147.62 83.78 76.72 19.85 45.78 104.22 79.66

Sc 95.00 0.00 47.50 47.50 23.80 42.76 9.55 10.06 11.02 9.74 7.59 9.42 9.56
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and Ti, while the traces such as Nb, La, Ce, Pr, Eu, and Yb
show weak to moderate negative anomalies. This finding
could be due to the fractionation of titanite, apatite, rutile,
plagioclase, and K-feldspar, compared to the source history
or magma. Nevertheless, the reduction of Ti, Sr, P, and Nb in
the ErdSG indicates their derivation from crustal protolith
(Elwan et al. 2019).

Tectonic setting and crystallization signatures

The 104 * Ga/Al (*) ratios in the ErdSG were found to be
superior to the A-type granites global average (3.75) (Fig.
3A). ErdSG have the A-type granites (Fig. 3B) of ferroan sig-
nature (Fig. 3C) and a post-collisional tectonic setting (Fig. 3D)
of A2 subgroup (Fig. 3E). These results could be ascribed to the
partial melting of lower crust source via continent-continent
(post-orogenic setting) or subduction collision. These findings
were found in agreement with the reported results of other au-
thors (Eby 1992; Blasy et al. 2001). In addition, there are several
geochemical features suggesting that syenogranite is generated
by partial melting of a crustal source such as the high Rb/Sr ratio
(50.40, on average) and the restricted range of silica content
which explain the limited crystal-liquid fractionation and the
involvement of a crustal source (Wang et al. 2006).

Condition of crystallization signatures

ErdSG crystallization temperature was estimated by utilizing
Al-Ti thermometer method which was explained by Jung and

Pfänder (2007), whereas, the crystallization pressure and the
emplacement depths were calculated by employing the ba-
rometer method (based on the determined crystallization pres-
sures) proposed by Yang (2017).

The application of those thermobarometers reflects that ErdSG
crystallization temperature and pressure ranging from 716.3 to
757.5 °C and from 1.71 to 1.95 kbars, respectively. This high
crystallization temperature indicates that the granitic melts were
highly fractionated (Chappell et al. 1998). Therefore, the afore-
mentioned results revealed that fractional crystallization played a
significant impact role in the derivation of ErdSG. Yang (2017)
supposes that 1 kb (100 MPa) equals a depth of 2.7 km with an
assumed continental crust density of 2.85 g/cm3 and entirely
lithostatic pressure. Accordingly, ErdSG were situated at depth
ranges from 3.24 to 3.9 km. Furthermore, Huebner and Sato
(1970) introduced the equilibrium expression which is used to
calculate the oxygen fugacity buffers (log ƒO2). Consequently,
the oxidizing conditions of the ErdSG crystallization (log ƒO2)
were found in the range of − 7.12 to − 15.02. Moreover, the
common occurrence ofmagnetites compared to other Fe-Ti oxide
minerals in ErdSG (AbdelWarith et al. 2010) supports their crys-
tallization under oxidizing conditions. Also, this finding reveals
that ErdSG belongs to the series magnetite, whereas NNO fugac-
ity buffer controls their crystallization as illustrated in Fig. 3F.

Fluorine contents and REEs tetrad effect

The highly evolved ErdSG shows M-type tetrad effect (Fig.
2K), that is mostly similar to the REEs tetrad effect produced

Table 2 (continued)

Violet fluorite Colorless fluorite

F1 F2 F3 F4 F5 Avg. F6 F7 F8 F9 F10 F11 Avg.

Th 259.00 241.50 267.80 250.30 254.6 254.6 27.58 77.45 65.89 7.89 71.73 64.95 52.58

U 490.10 496.20 491.50 493.10 493.8 492.9 142.23 134.96 85.44 62.08 117.83 138.73 113.6

Nb 8.61 7.97 9.58 8.30 8.07 8.51 7.45 3.65 4.75 2.45 3.95 8.14 5.07

Cs 4.93 5.10 5.48 4.87 10.81 6.24 18.45 4.52 13.45 9.05 2.11 3.78 8.56

Ta 0.32 0.47 0.76 0.26 0.11 0.38 0.41 0.39 0.47 0.52 0.33 0.49 0.44

Th/U 0.53 0.49 0.54 0.51 0.52 0.52 0.19 0.57 0.77 0.13 0.61 0.47 0.46

Y/Ho 74.2 74.69 76.32 74.44 75.49 75.03 434.18 149.61 43.1 16.27 120.47 212.69 162.7

Eu/Eu* 0.04 0.06 0.05 0.05 0.06 0.05 0.37 0.42 0.55 0.94 0.55 0.40 0.54

Ce/Ce* 1.24 1.24 1.31 1.24 1.27 1.26 1.26 0.68 1.35 1.44 12.25 35.97 8.82

Y/Y* 1.18 1.15 1.17 1.17 1.16 1.17 6.26 1.97 0.94 0.26 1.00 3.82 2.37

(La/Lu)N 0.43 0.43 0.39 0.43 0.41 0.42 4.77 2.62 4.63 0.61 0.24 2.16 2.51

(Gd/Lu)N 0.31 0.31 0.31 0.31 0.31 0.31 1.41 1.68 2.56 0.73 1.05 1.01 1.41

(La/Sm)N 1.33 1.33 1.16 1.33 1.24 1.28 2.25 1.79 8.15 1.65 0.25 1.79 2.65

(La/Yb)N 0.48 0.54 0.47 0.51 0.50 0.50 1.40 1.90 2.73 0.28 0.15 2.03 1.41

(Tb/Yb)N 0.34 0.38 0.33 0.36 0.36 0.35 0.65 0.90 5 0.76 0.34 0.78 0.75

*The normalization is based on the chondrite-normalized data given by Sun andMcDonough (1989): Eu anomaly is defined by Eu/Eu* = EuN /(√SmN
χ

GdN), Ce anomaly is defined by Ce/Ce* = CeN /(√LaN χ PrN), and Y anomaly is defined by Y/Y* = YN /(√ErN χ HoN
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in the F-rich highly differentiated granites from the Qianlishan
composite plutons, S. China (Chen et al. 2014).

The behavior of charge- and radius-controlled
(CHARAC) trace element overcomes in standard mag-
matic systems. However, the lanthanides tetrad effects
are commonly associated with the non-CHARAC behav-
iors of trace elements (Bau 1996). In other words, in
the geochemical system described by the behavior of
non-CHARAC trace element, the elements of the same
charge and radius (such as Y-Ho, Zr-Hf pairs) must be
regulated by chemical complexation processes which
cause trace elements fractionations (Bau 1996), which
means that the stabilities of these controlled complexes
are not restricted by particular charges and ionic radius
of these individual elements (Mahdy et al. 2015).
Similarly, this phenomenon was found in the magmatic
systems (highly evolved), which characterized by a high
amount of CO2, H2O, and other elements (such as B,
Li, F, or/and Cl) that could be developed during late

stage of granitoid crystallization among aqueous fluids
and pure silicate melts (Bau 1996).

Figure 3G demonstrates that the ErdSG are following
the non-CHARAC character. This behavior can be ex-
plained as the specific physicochemical features of the
high-silica magmatic systems (Bau 1996), whereas the
transitional characters happen among absolute silicate
melts and hydrothermal fluids (Myint et al. 2017). The
non-CHARAC trace element behavior and REEs tetrad
effect are proportionate along with fluid-melt reactions
during crystallization (Chen and Jahn 2004). The values
of ErdSG tetrad effect (TE1-3) were found in the range
from 0.87 to 1.23 with a clearly visible tetrad pattern
(Myint 2015). Accordingly, K/Rb ratios versus TE1-3 in
the ErdSG (highly evolved) describe uncommon varia-
tions (Fig. 3H) compared to the normal magmatic rock
ranges (common range of granitoids K/Rb ratios from
200 to 300) (Mahdy et al. 2015). Generally, these ob-
servations could be attributed to F-rich granitic magmas.

Fig. 2 Al2O3/ CaO+Na2O+K2O-Al2O3/Na2O+K2O diagram (after
Maniar and Piccoli 1989) (A), Rb-Ba-Sr ternary diagram (after El
Bouseily and El Sokkary 1975) (B), Q'- F'-ANOR diagram (after
Streckeisen and Le Maitre 1979) (C), Al2O3+Cao/FeOt+Na2O+K2O vs.
100*(TiO2+FeOt+MgO)/SiO2 diagram (after Sylvester 1989) (D), Na2O-
CaO-K2O ternary diagram (after Hassan et al. 1990) (E), Co-Th diagram

(after Hastie et al. 2007) (F), K/Rb - Rb diagram (after Tischendorf 1977)
(G), K/Rb vs SiO2 diagram (after Blevin 2003) (H), REE chondrite-
normalized (comparable to calc-alkaline granitoids (Eyal et al. 2010)
(K), and PM-normalized trace element patterns (M) for ErdYG (values
after Sun and McDonough 1989)
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Geochemistry of fluorite

Fluoritization is a predominant alteration of the ErdSG.
Fluorite in the ErdSG varies from colorless to dark violet.
The chemistry of fluorite (Table 2) clarified that the two types
of fluorite (violet (VF) and colorless (CF)) have similar major
constituents; however, there are differences in trace elements
and REE contents. Both fluorite types contained high values
of trace elements and REE. However, the VF contains a higher
quantity of varied trace and REEs (Table 2).

The patterns of fluorite REE and trace elements could sig-
nify the source (melt or fluid) from which they originally
precipitated or crystallized (Hill et al. 2000; Sallet et al.
2000). As already mentioned above, the ErdSG normalized
REE patterns are described by relatively unfractionated flat
patterns with strong negative Eu and Yb anomalies and weak-
ly negative anomalies for Nd. The VF has higher concentra-
tions of REE (ΣREE = 638.4) relative to the hosted granites
(ΣREE = 120.99) and to the CF (ΣREE = 61.13) (Fig 3K;
Table 2), with somewhat similar patterns. Both fluorites show

higher value of LREE compared to HREE and exhibit strong
negative Eu anomaly (Eu/Eu* = 0.05 and 0.54, respectively)
with slight enrichment of Ce, Pr, Yb, Er, and La relative to the
remaining REE members (Fig. 3M).

The fluorites REES enrichment related to host rock and the
slight fractionation trend with inclined HREE suggest that
hydrothermal-magmatic process occurs in granitic rocks
(Schwinn and Markl 2005), whereas the hydrothermal fluids
have a magmatic origin. Figure 3N supports the
hydrothermal-magmatic process of fluorite formation.

The near resemblance of the chondrite-normalized REE
patterns, superior LREEs content to HREEs content, and the
enhancement in inconsistent lithophile elements (such as Ba,
Th, Rb, Zr, Y, U, Nb, Pb) of ErdSG and hosted fluorites reflect
the close relationship for both of them. In addition, the color-
less fluorite REEs values that never exceed whole-rock values
indicate their late origin from fluids equilibrated with already
crystallized rock.

The present fluorite is marked by positive Y anomaly
(Y/Y*Avg. = 1.17 and 2.37 for VF and CF, respectively)

Fig. 3 Na2O+K2O-10,000 Ga/Al (A) and FeOt/MgO-Zr+Nb+Ce+Y (B)
discrimination diagrams (after Whalen et al. 1987), SiO2 vs. FeO

t/FeOt +
MgO (Frost et al. 2001) (C), SiO2-Al2O3 diagram (after Maniar and
Piccoli 1989) (D), Nb-Y-3Ga triangular diagram of Eby 1992 (E), tem-
perature vs. oxygen (ƒO2) fugacity diagram (F) for estimation the redox
conditions (Wones 1989), HM (hematite-magnetite), NNO (nickel-nickel

oxide), and QFM (quartz-fayalite-magnetite); Y/Ho-Zr/Hf diagram with
charge- and radius-controlled (CHARAC) field (Bau 1996) (G), K/Rb-
TE1-3 (degree of tetrad effect) of Irber 1999 (H), REE chondrite-
normalized patterns of fluorites and ErdSG (normalization values after
Sun and McDonough 1989) (K, M), and Variations of Tb/Ca-Tb/La
ratios of the studied fluorite (Möller et al. 1976) (N)
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and increasing Y/Ho ratio (Avg. 75.03 and 162.72 for VF and
CF, respectively) (Table 2, Fig. 3M). As well, the mass bal-
ance of ErdSG indicated the losses of Y owing to the alter-
ations and releasing of the accessory minerals from
metamictized into the fluids (Mahdy et al. 2014).
Specifically, the positively Y anomaly indicates robust com-
plexation with F and decoupling of Y from HREE, which is a
frequently occurred feature in fluids controlled by F com-
plexes (Schönenberger et al. 2008). The increasing of Y/Ho
ratio and positively Y anomalies of fluorites point out the
interactivity with a fluorine-rich aqueous fluid.

Moreover, the REES concentrations in the magmatic-
hydrothermal solutions are controlled by pH (raising with de-
clining pH in the acidic solution; Honour et al. (2018)) and
bulk compositions of the fluids. VF show a higher value of
REES (Table 2) and (La/Lu)N ratio <1 compared to the CF
(La/Lu)N ratio >1. These various patterns of fluorites from the
same original source could indicate the robust influences of
chemical complexation and physiochemical condition of
leaching on the REE of source (Schwinn and Markl 2005).
Similarly, the high LREEs concentration in studied fluorites
suggests the transportation of fluorites as fluoride complexes
in magmatic-hydrothermal system (Sheard et al. 2012).

The strong negative Eu anomalies of El-Erediya fluorites
can be interpreted because of differences between the sizes of
Eu2+ and Ca2+ ions (Schwinn andMarkl 2005), which prevent
substitution between these elements in the fluorite structure,
especially at temperatures exceeding 200 °C. The crystalliza-
tion temperature of the fluorite-bearing granitoids (~ 760 °C)
supports the previous conclusion, where the Eu3+ is reduced to
Eu2+ at T > 200 °C which prevents its incorporation into the
fluorite crystal lattice. Hence, the fluorites show negatively Eu
anomalies owing to the crystallographically dominated frac-
tionation through the formation. Eu is mainly Eu2+ at fluorite
crystallization temperatures from 390 to 430 °C (Sagiroglu
1984). Consequently, a strong negative Eu anomaly is expect-
ed in the types of fluorite produced at the high T conditions.

Fluid inclusions

The fluid inclusions in fluorite are small size (2–12 μm) and
show that no micrometric evidence of CO2 was found in any
fluid inclusion; this suggests that a large amount of meteoric
water diluted the secondary magmatic component (Fig. 4B).
The inclusions are combined into two basic types Vis, I and II.
The inclusions of type (I) are simple liquid-rich two-phase
(liquid-vapor) inclusions. The inclusions of type (II) are
liquid-rich three-phase (liquid-vapor-solid) inclusions (Fig.
4A). These inclusions in fluorite interpreted as a primary type
according to the proposed criteria by Roedder (1984).

For the primary fluid inclusion examination (present
study), homogenization temperatures (Th) were observed
ranging from 118 to 336 °C, which suggests fluorite

crystallization at magmatic-hydrothermal transition condi-
tions. The high homogenization temperatures and absence of
CO2 in the fluid inclusion clarified that U was transported in
the magmatic-hydrothermal solutions as fluoride complex (El-
Feky 2011). The fluoride complexes of U4+ and U6+, at 200–
300 °C, become vital at lower pH values for reducing-
oxidizing conditions (Fayek et al. 2011).

Final icemelting (Tm) was observed during heating ranging
from − 0.1 to − 12.1 °C with a corresponding salinity ranging
from 0.18 to 16.05 wt.%NaCl equivalent (Table 3). Figure 4B
illustrates the relationship (correlation) between salinity and
homogenization temperature. The obtained result reveals that
the magmatic-meteoric mixing fluid played the main role in
fluid formation (Beane 1983). The plotted data of homogeni-
zation temperatures and salinities (Fig. 4C) were found in the
field of epithermal deposit.

Petrogenetic aspects

The similarity of the El-Erediya highly differentiated granite
to A-type granite can be inferred from (i) high Rb, Zr, SiO2,
Nb, Na2O+K2O, and Y contents; (ii) high 10000*Ga/Al and
Rb/Sr ratios; (iii) low Ba/Rb, La/Nb, and Eu/Eu* ratios; (iv)
weakly peraluminous and high K-calc-alkaline natures; and
(v) depletion in MgO, CaO, TiO2, P2O5, Sr, and Eu contents
(Bau 1996). In addition, these Rb/Sr, Ba/Rb, La/Nb, and Eu/
Eu* ratios in comparison with the lithospheric root suggest
contributions of the lower crust and/or slab break off
(Espinoza et al. 2005) at a depth greater than 30 km (Fig.
4D), which is further confirmed by multivariate segregation
diagram (Fig. 4E) of Pearce and Gale (1977). Moreover,
ErdSG are characterized by slightly peraluminous affinity
(Fig. 2A, with average 0.19 % corundum in the norm) and
are belonging to A2 subtype (Fig. 3E) that is mostly emplaced
in a post-orogenic setting and derived by arc crustal melting
(Eby 1992). Thus, ErdSG are supposed to represent the post-
orogenic granites, which are common in the Late-Precambrian
of the ANS of Egypt (El-Sayed and Nisr 1999).

The Nb/Ta ratio in ErdSG (6.36–7.47) and Rb content
(888.2–898.7 ppm) confirms that these granites have a
magmatic-hydrothermal activity. The Nb/Ta ratio around 5
and Rb > 500 is commonly used as markers of magmatic-
hydrothermal alterations in highly evolved crustal granite
(Ballouard et al. 2015).

The U and Th concentrations and U/Th ratios suggest that
the ErdSG melt was subjected to magmatic fractionation (Fig.
4F, G), reflecting the activities of post- to late-magmatic pro-
cesses compared to exsolution of a fluid phase (Mahdy et al.
2015). In addition, the F and U are among the elements that
tended to accumulate in the residual melts in the course of
crystal differentiation (Keppler and Wyllie 1991). The low
Sr and Ba and high Rb contents (Table 2) reveal that crystal
fractionation was probable, the primary process driving
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magma evolution. The limited variations in Al2O3, SiO2, and
high alkali contents, in addition to the Q-Or-Ab compositions,
suggest that the syenogranite crystallization occurred close to
the minimum in granite system (Christiansen and Lee 1986).
Furthermore, the significant ErdSG ratios such as Eu/Eu* <
0.2, Ca/Sr > 113, Rb/Sr > 4.4, Rb/Ba > 0.6, and K/Ba > 113
indicate that first fractionation of plagioclase and K-feldspar
was presently significant in this least fractionated unit.

Role of fluorine-rich magma

F is such a good oxidizing agent that replaces O in fluids/melts
or minerals and may change the valency of U fromU4+ to U6+

and may form soluble fluoride or hydroxyl-fluoride com-
plexes. The common association of U and fluorite suggests
that U was transported as U-F complex. In addition, F-bearing
minerals (i.e., fluorite) showed a capability to transfer other-
wise fluid-immobile trace elements. This observation was
confirmed by the existence of REE-bearing minerals in the
granite such as fluorite, zircon, monazite, allanite, and apatite.

Additionally, Fig. 4H shows that ErdSG samples were plotted
close to the minimum melt composition (in the Qz-Ab-Or-
H2O-F haplogranite system) in the existence of fluorine at
temperature ≈ 760 °C and pressure ≈ 2 kbar.

According to the obtained geochemical data, the ErdSG
were generated by fractional crystallization processes
(Ismael and Kharbish 2013). Besides, volatile transfer mech-
anisms showed a significant effect during the evolution of the
studied granites. Therefore, fluorine is considered as one of
the most important elements in the fluid phase, which could be
clearly inferred by the extensive occurrence of fluorite among
the other accessory minerals in syenogranite. Generally, the
high F contents in the magmas largely enhance the mobility of
HFSE (Jiang et al. 2005). Commonly, alkali-fluoro complexes
are formed from fluorine-rich magmas, Ga, Y, Zr, Nb, and
REE (White et al. 1982), these complexes showing more sta-
bility in the melt (Mohamed and El-Sayed 2008). During the
late stages of magmatic evolution, these complexes will also
be precipitated. This precipitation behavior could be ascribed
to the relatively low amount of water contents at these late

Fig. 4 Photomicrographs of fluid inclusions in fluorite show three phases
H+V+L, and two phases (A); homogenization temperature versus salinity
diagram for fluid inclusions (after Beane (1983)) (B); homogenization
temperature-salinity diagram (after Wilkinson (2001)) (C); Rb-Sr varia-
tion diagram (Condie 1973) (D); SiO2-Nb variation diagram proposed by

Pearce and Gale (1977) (E); U-Th (F) and U-U/Th (G) diagrams (the
trend after Cuney (2009)); normative An-Ab-Or ternary graph (H), tem-
perature dotted lines (Barker 1979), the pressure solid lines (Johannes and
Holtz 2012), and fluorine content (Manning 1981)
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stages (Collins et al. 1982). The structure of the melt is highly
controlling the tendency of HFSE to produce fluoro com-
plexes with high stability (Charoy and Raimbault 1994). The
magmatic differentiation could be promoted owing to the high
activity of F, which improves the crystal fractionation rate.
Moreover, F-rich fluids are extremely useful in the transport
of HFSE in the form of fluorinated complexes (Mohamed and
El-Sayed 2008; Maged et al. 2020a). Figure 5 illustrates the
correlation between F and Nb, Zr, Rb, Y, and REEs of the
studied ErdSG; the obtained results showed that positive cor-
relation occurred. These findings were found in agreement
with hypothesis of F-complexing of the mentioned elements
and their resultant mobility during the granite evolution. The
ErdSG considered as strongly evolved and fractionated high-
fluorine silicic rocks (HFSR), where the fluorine performed an
important role in enriching U in late-stage hydrothermal-mag-
matic fluids. The average Th/U ratio in fluorite and
syenogranite reflects that the rock units suffering post-
magmatic process result in mobilization of U relative to Th,
which is suitable for leaching.

U-F mineralization

ErdYG has a U content (Avg. 29.8 ppm) more than the Clark
value (4 ppm) [uraniferous granites are defined as any granitic
masses containing U at least twice the Clark value (4 ppm)].
Uranium is mainly found as a complex compound bonded
with fluorine in high-temperature magma-hydrothermal sys-
tems (Rich et al. 1977). Fluorine tends to cause changes in the
liquidus phase and also able to break the bridging oxygen
bonds causing melt depolymerization, consequently increas-
ing the U solubility in the magma (Peiffert et al. 1996; Mysen
et al. 2004). The partition coefficients of F between fluid and
magma are low (approximately 0.2–0.1). As a result, F con-
centrates in magma and joins in the crystal lattice of biotites
and apatites phases. However, syenogranite contains small
amounts of apatite as an accessory mineral, biotite as essential
mineral, and muscovite occurs only in altered zones of gran-
ites as a secondary mineral formed in the post-magmatic

Table 3 Microthermometric data of primary fluid inclusions within
fluorite of the El-Erediya granite

No Tm Phase ThL-
V

wt% NaCl

1 − 1.6 Ice 250 2.74

2 − 1.3 Ice 259 2.24

3 − 1 Ice 265 1.74

4 − 1 Ice 268 1.74

5 − 0.7 Ice 281 1.22

6 − 0.5 Ice 297 0.88

7 − 0.3 Ice 307 0.53

8 − 0.3 Ice 308 0.53

9 − 0.3 Ice 309 0.53

10 − 7.4 Ice 212 10.98

11 − 6.5 Ice 216 9.86

12 − 2.6 Ice 225 4.34

13 − 2.3 Ice 226 3.87

14 − 1.8 Ice 252 3.06

15 − 0.8 Ice 258 1.40

16 − 12.1 Ice 216 16.05

17 − 11.3 Ice 220 15.27

18 − 10.5 Ice 224 14.46

19 − 10.4 Ice 225 14.36

20 − 9.3 Ice 231 13.18

21 − 7.1 Ice 261 10.61

22 − 4.5 Ice 302 7.17

23 − 4.2 Ice 306 6.74

24 − 3.3 Ice 310 5.41

25 − 1.5 Ice 326 2.57

26 − 5 Ice 336 7.86

27 − 0.5 Ice 120 0.88

28 − 1.25 Ice 160 2.16

29 − 1 Ice 198 1.74

30 − 1.25 Ice 225 2.16

31 − 0.2 Ice 170 0.35

32 − 0.1 Ice 180 0.18

33 − 1.5 Ice 118 2.57

34 − 1.8 Ice 129 3.06

35 − 2.3 Ice 138 3.87

36 − 0.6 Ice 178 1.05

37 − 1.7 Ice 155 2.90

38 − 3.8 Ice 214 6.16

39 − 1.4 Ice 211 2.41

40 − 2.9 Ice 148 4.80

41 − 5.2 Ice 159 8.14

42 − 3.1 Ice 163 5.11

43 − 6.4 Ice 183 9.73

44 − 5.6 Ice 173 8.68

45 − 4.6 Ice 188 7.31

46 − 6.6 Ice 207 9.98

47 − 1.6 Ice 153 2.74

Table 3 (continued)

No Tm Phase ThL-
V

wt% NaCl

48 − 1.8 Ice 182 3.06

49 − 2.1 Ice 161 3.55

50 − 0.7 Ice 222 1.22

51 − 1.2 Ice 203 2.07

52 − 1 Ice 184 1.74

53 − 1.4 Ice 199 2.41
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stages through the hydrolysis of K-feldspars (Mahdy 2011;
Maged et al. 2020b). So, syenogranites are highly evolved
F-enriched granites (Abdel Warith et al. 2010). Accordingly,
the developments of the fluorine of granitic magma of
syenogranites are either by the formation of its own minerals
or within magmatic cupolas during fractionation processes.

The partition coefficients of uranium between fluid and
magma aremuch lower in fluorine-richmagmas, varying from
(3 × 10−2) to (4 × 10−2) (Chabiron et al. 2003). As a result, F-
enriched magmas tend to have much higher U concentrations
(Lui and Lui 2009). U-rich fluorite in syenogranite occurs as
small disseminations in fresh zones of host granites and main-
ly filling the fractures as veinlets in the altered zones of G. El-
Erediya host granites.

Conclusions

The above discussion postulates that: The ErdSG are consid-
ered as high-fluorine silicic rocks (HFSR), where the fluorine
performed an important role in enriching U in late-stage hy-
drothermal-magmatic fluids. Fluorite is an important indicator
for U mineralization. The fluorine is the main factor for the

enriching of uranium in the late-stage hydrothermal-magmatic
fluids. Eight representative granite samples have been collect-
ed in El-Erediya area in order to determine the origin, geo-
chemical behavior, petrochemical characteristics, mineraliza-
tion, and their tectonic settings. Eleven fluorite samples were
analyzed (electron microprobe analyses) to clarify the envi-
ronment of formation and its relation to U mineralization. The
results of the analyzed samples can be concluding as follows:

1. Syenogranits are strongly evolved and fractionated gran-
ites with high-fluorine content.

2. They are mineralized granites, slightly peraluminous, de-
rive from highly K-calc-alkaline magma with potassic
affinity and emplaced as post-orogenic granitoids.

3. They are highly differentiated granite, considered as A2-
type granites, which are derivatives of basaltic/
amphibolitic sources underplating in the lower crust.

4. They are considered as uraniferous granite and favorable
for U mineralization.

5. The fluorite is formed and concurrent with the uranium
mineralization, showing that the source of the uranium is
the hosted granite, which is transported as U-fluoride
complex. The solubility of the U in the hydrothermal

Fig. 5 Variation of F vs. Nb, Rb, Y, Zr, and REE of the studied ErdSG
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solutions is mainly controlled by the fluoride complex
formation.

6. The fluorine is the main factor for the remobilization and
enrichment of U in the hydrothermal solutions. The U-rich
granite subjected to tectonic and hydrothermal processes
causing alterations of rock-forming minerals. These pro-
cesses are mostly responsible for U concentration and its
redistribution, which form U-rich fluorite mineralization
along cavities and fractures in granite hosted rocks.

7. Fluorite varies from colorless to dark violet in color. They
recorded high U content.

8. The average Th/U ratio in colorless and violet fluorite
type (Avg. 0.46 and 0.52, respectively) and syenogranite
(Avg. 1.13) is less than 3 and appears that rock units
suffering post-magmatic process result in mobilization
of uranium relative to thorium, which is suitable for
leaching.

9. The minimal temperature of fluorites origin can be esti-
mated from the homogenization temperatures of primary
fluid inclusions in fluorites (118 and 336 °C); also, they
have high REE contents related to a hydrothermal-
magmatic system.

Finally, it can be concluded that the syenogranite consid-
ered as HFSR, which included two types of fluorites accord-
ing to their U and REE contents. The colorless fluorite is poor
in U and REE, relative to the violet type, which is rich in U,
and REE. The F-enriched granite can be considered as fertile
and possess the same chemical characteristic parameter of
fertile granite.
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