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Abstract
The present study aims to elucidate the possible sources of uranium and thorium content in the Campanian–Maastrichtian 
phosphorites from the Duwi Formation in the Nile Valley and Red Sea by conducting facies analysis and sequential leach-
ing method. Nile Valley samples were collected from the El-Sibaiya East area, while those of the Red Sea were collected 
from two locations: Hamadat and Zug El Bahar. The petrographic investigation revealed that the Sibaiya East phosphorites 
exhibit peloidal bioclastic phospharenite–phospharudite microfacies, while Hamadat and Zug El Bahar phosphorites display 
peloidal bioclastic phosphalutite and silicified peloidal bioclastic phospharenite microfacies, respectively. Besides, U–Th 
bearing accessory minerals, such as zircon and monazite occur in Sibaiya East phosphorites. Thorium is present in Zug El 
Bahar phosphorites as minute accumulations associating apatite and quartz. Moreover, uranium is found with vanadium 
and iron as fine patches in the Sibaiya East phosphorite, and as small disseminations associated with Ca and Si in the 
Hamadat phosphorite. The X-ray diffraction shows that the investigated phosphorites are essentially built up of hydroxyl 
apatite Ca5(PO4)3(OH) and quartz SiO2. To accurately evaluate the bioavailability and mobility of uranium and thorium in 
the investigated phosphorites, it was necessary to identify the overall concentration and the various chemical forms of these 
elements by a five-step sequential leaching technique. The results indicate that Th and U are more abundant in the Red Sea 
phosphorites than in the Nile Valley phosphorites. Furthermore, Th is not bio-available and it is mostly found in the residue 
as Th-bearing minerals. Uranium, unlike Th is bio-available and fractionates among all fractions, indicating that U accumu-
lation is the result of various diagenetic processes.

Keywords  Duwi Formation · Red Sea phosphorites · Nile Valley phosphorites · Facies analysis · Natural distribution · 
Uranium · Thorium

Introduction

The primary ingredients used to make phosphoric acid and 
phosphate fertilizers are phosphorites, which also have sig-
nificant levels of U and other toxic trace elements. There-
fore, U, Th, and other radioactive elements (226Ra,210Po, 
210Pb, and 40K) are frequently present in phosphate rock-
based P-fertilizers (El Afifi et al. 2009; Attallah et al. 2019; 
Qamouche et al. 2020). Furthermore, concerns about the 
environment arise from the high Th and U concentration 
in these deposits (Long et al. 2012). More attention has 

been paid to the presence of uranium in phosphate rocks 
that could potentially serve as a supply of uranium for the 
manufacturing of nuclear fuel (El Hwaiti et al. 2014).

Phosphate rocks are classified into two types: (1) sedi-
mentary origin, which is the world’s main source of P 
(85% mined to manufacture fertilizers) and is formed from 
organic residues and (2) uncommon type, which is geneti-
cally related to igneous rocks of volcanic and carbonatitic 
origin and only marginally to metamorphic rocks (e.g., 
Roselli et al. 2009; Cordell and White 2011). The com-
position of these rocks shows slight to extreme variation 
from one deposit to another. Sedimentary marine phosphate 
deposits of the Upper Cretaceous and Eocene times contain 
almost the world’s phosphate rock reserves (Mohammed 
et al. 2022). In recent decades, the phosphate deposits of 
North Africa (Tunisia, Algeria, and Morocco), in addition 
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the Middle East countries including Egypt have been inten-
sively studied as they possess considerable resources of sedi-
mentary phosphorites that experienced a gradual evolution 
during the Upper Cretaceous to Eocene (Kechiched et al. 
2020). Igneous phosphate rock reserves are significant in 
Canada, Brazil, Finland, South Africa, Russia (U.S. Geo-
logical Survey 2017). Most of the worldwide phosphorite 
deposits are sedimentary origin and vary in the composition 
of their gangue materials, but generally fall into one of the 
three categories: siliceous, clayey, and calcareous ores (e.g., 
Abou El-Anwar et al. 2017; Bouabdallah et al. 2019; Farouk 
et al. 2020; Mousa et al. 2021). The compositions of these 
rocks vary from one deposit to another and vary even within 
the same deposit. Apatite shows varies ionic substitutions, 
whereas calcium in the structure can be substituted by Na+, 
Mg2+, Sr2+, Mn 2+, U4+, Th4+, Cd2+, and (REE3+) (Slan-
sky 1980; Nathan 1984; Mac Mullan et al. 2011; Rustom 
et al. 2019). This can explain the trace element (e.g., REEs, 
Cd, and Th) enrichment in phosphorites (Jarvis et al. 1994). 
These trace elements may be either adsorbed onto the par-
ticle surfaces of Fe and Mn oxides, clay minerals, calcite, 
and organic matter or may be influenced  by the occurrence 
of some heavy detrital minerals, such as monazite  (Nathan 
1984; Prévôt 1990; Jarvis et al. 1994; Bouabdallah et al. 
2019).

The Egyptian phosphorites of economic significance 
occur in three important localities as follows: (1) from 
Safaga to Quseir along the Red Sea coastal area in the Cen-
tral Eastern Desert, (2) along the Nile Valley from Idfu to 
Qena (near Sebaiya and El Mahammid, at Gabel Abu Had 
and Wadi Qena), and (3) at Abu Tartur plateau between 
the Kharga and Dakhla Oases in the Western Desert (Aita 
et al. 2013). Phosphorites in Egypt are almost sedimentary 
epicontinental marine and considered a potential source of 
uranium, with an average of about 70 ppm U and range from 
50 to 250 ppm U, which is 15–66 times greater than that of 
Earth crust which is reported by Turekian and Wedepohl 
(1961) as 2.7 ppm (Finch et al. 1973; El-Arabi and Khalifa 
2002).

Unlike uranium, in North Africa and Middle East, tho-
rium has a more systematic distribution with low concentra-
tion. The phosphorites of Egypt in the Red Sea region have 
an intermediate value (from 1.12 to 5.89), and the lower 
values (from 0.6 to 2.3 ppm) were reported in the Nile Valley 
phosphorites (El Kammar and El Kammar 2002).

The mechanism by which the U and Th are enriched and 
accumulated in the phosphate ores is still debated and attrib-
uted to several reasons, such as; (1) Phosphate ores, which 
are considered as old marine fossiliferous carbonate depos-
its, are found in the chemical form of calcium phosphates 
[Ca3(PO4)2]. Uranium occurs naturally in two valences; 
the tetravalent U4+ and hexavalent U6+ forms. Uranyl ion 
(U6+) in seawater is reduced to U4+ before being emplaced 

in marine apatite, and then replaces Ca2+ as both of them 
have identical radius (Al-bassam 2007; Howari et al. 2016; 
Qamouche et al. 2020) The same procedure is also used for 
Th4+, with an ionic radius (0.102 nm) approaching to Ca2+ 
(0.099 nm) ionic radius. (2) Uranium and Th show no cor-
relation with the major oxides, such as Ca or P. Therefore, 
U and Th concentrations may be attributed to organic matter 
adsorbing U and Th or by diagenetic process (Baturin 1971; 
Hassan and El Kammar 1975; Aita 2005; Negm 2014). 
Bouabdallah et al (2019) considered the possibility of U 
leaching by infiltrated waters.

Radiometrically, many studies were carried on the Nile 
Valley and Red Sea phosphorites (e.g., Zidan 2002; Negm 
2014; Bishady et al. 2019). The mean value of eU reaches 
85 ppm in the Sebaiya East phosphorites, and 68 ppm in 
the Red Sea phosphorites (Zidan 2002). In contrast, their 
Th content does not exceed 3 ppm. Consequently, their cal-
culated activity concentrations are higher than the recom-
mended values of UNSCAR (e.g., Issa et al. 2015).

In this contribution, many studies conducted on phos-
phate rocks from three areas in the Nile Valley (Sibaiya East 
area) and the Red Sea (Hamadat and Zug El Bahar areas), 
including field, petrography, mineralogy using Scanning 
Electron Microscope (SEM), and five-step sequential leach-
ing procedure. The current study aims to adequately explain 
the source and variation of U and Th concentrations in the 
sedimentary marine phosphorites of the Duwi Formation, to 
trace U and Th behaviors in the three deposits, as well as to 
recognize the diagenetic processes that cause the accumula-
tion of U and Th in these rocks.

Geology and lithostratigraphy

The Upper Cretaceous Duwi Formation and its lateral equiv-
alents occurs as thin widespread shallow-marine deposits 
trending east–west belt spanning the middle latitudes of 
Egypt (Glenn and Arthur 1990). ENE–WSW faulting trend 
is prevailing in the Mesozoic sediments. These trend play an 
important role in controlling the configuration of the depo-
sitional basins in the area during Mesozoic. The phosphate 
deposits of Egypt are best developed in the Red Sea, Nile 
Valley and Kharga (El Shazly et al. 1979; Glenn et al. 1979). 
In the late Cretaceous times, the Red Sea region including 
the study area witnessed a particularly widespread transgres-
sion of the sea to the El Quseir area (Cherif 1975). Sedi-
ments belonging to this transgression are assigned in Egypt 
by the following rock units from base to top: Quseir varie-
gated shale (Campanian), Duwi phosphate and Dakhla shale 
(Campanian–Masstrichtian).

The major phosphate rocks were formed in the Late 
Campanian to Early Masstrichtian as a part of the south-
ern epicontinental shelf of the Neo-Tethys because 
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west–southwest-blowing winds yielded an outpouring 
regime from the deeper Neo-Tethys Ocean onto the shelf 
areas (e.g., Powell and Moh’d 2011; Farouk et al. 2020). 
However, Egyptian phosphate deposits were generated in 
basins or swells that were created on stable shelf areas, pri-
marily covering the Egyptian land southward up to the lati-
tude of 24° N (Said 1962; Philobbos 1996; Zahran 2020).

The Egyptian phosphate rocks of the Duwi Formation 
(Campanian–Maastrichtian age) unconformably overly the 
variegated shale of the Quseir Formation (Santonian–Cam-
panian) conformably underly the marine shales and marls 
of the Dakhla Formation (Maastrichtian–Middle Paleocene) 
(Baioumy and Tada 2005). The Duwi Formation is often 
composed of alternating beds of phosphate, oyster lime-
stone, marl, shale, and sandstone. It is classified into three 
members (lower, middle, and upper) (Philobbos 1969) and 
the thickness of this formation exceeds 65 m (Baioumy et al. 
2007). The Quseir Formation is mainly composed of clay 
intercalated with siltstones and conglomeratic phosphatic 
bed, while the Dakhla Formation with open marine facies 
is composed of marly limestone and shale with subordi-
nate brownish sandstone. The Duwi Formation phosphorite 
samples were collected from the lower phosphate-bearing 
member in three locations: the Red Sea (the Hamadat and 
Zug El Bahar areas) and the Nile Valley (the Sibaiya East 
area) (Fig. 1).

The Sibaiya East area is located on the Eastern bank 
of the Nile River as a part of the Idfu-Qena region and is 
bounded by latitudes of 25° 10ʹ–25° 15ʹ N and longitudes of 
32° 35ʹ–32° 40ʹ E. Highlands from the east and a low-topo-
graphic limestone plateau from the west surround the studied 
area. It covers an area of about 0.90 km2 with a length of 
1.1 km and a width of 0.8 km.

The Hamadat and Zug El Bahar areas are bounded by 
longitudes of 34° 00′–34° 20′ E and latitudes of 25° 40ʹ–26° 
00″ N and located along the western shore of the Red Sea, 
representing landmarks in the Central Eastern Desert of 
Egypt. The Precambrian basement rocks of the Arabian 
Nubian Shield in the Eastern Desert of Egypt are uncon-
formably overlain by a 500–700 m-thick section of the 
Upper Cretaceous–Middle Eocene strata (Khalil and McClay 
2009). These sediments occur in Cretaceous sub-basins with 
axes trending mainly NW–SE and N–S. These basin-shaped 
en-echelon synclines are occupied by four fault blocks: 
Gihania, Gebel Atshan, Zug El Bahar, and Gebel Hamadat 
blocks (Abd El-Wahed et al. 2010; Aita et al. 2013).

The Sibaiya East area the Duwi Formation is composed 
mainly of phosphate beds intercalated with shale, marl, oys-
ter limestone, and chert bands. It unconformably overlies 
the fluvial shale sequence of the Middle Campanian Qusier 
shale (Fig. 2) and conformably underlain by the deep marine 
shales and marls of the Late Maastrichtian to Early Pale-
ocene Dakhla shale. The Duwi Formation is distinguished 

by the productive phosphorite bed divided into three hori-
zons (A, B, and C) from the base to the top (Negm 2014). 
The lower horizon (A) represents a high economic phos-
phorite bed (approximately 3 m thick) (Fig. 3a, b), while 
the middle horizon (B) and upper horizon (C) are similar in 
thickness (approximately 0.5 m thick) and are not economi-
cally significant.

The Hamadat and Zug El Bahar areas Phosphate beds 
of the investigated phosphorites are found interlayered with 
marl, shale, limestone, and sandstone interbeds. Figures 4 
and 5A show the composite lithostratigraphic section of the 
Duwi Formation and the location of collected samples in the 
Red Sea region, respectively. The phosphorite samples are 
from the lower phosphate-bearing member approximately 
0.8 m thick (Fig. 5B, C). It is divided into three small scale 
shallowing upward cycles, each of which is made up of mud-
stone, marl, bioturbated glauconitic marl, and limestone that 
grades upwards into hard phosphorite limestone ledge and 
is typically terminated by a radioactive phosphorite bed up 
to 40 cm thick.

Materials and methods

Eighteen representative samples were collected from the 
lower phosphate-bearing member of the Duwi Formation, 
distributed as, eight samples representing the Nile Valley 
phosphorites and ten samples representing the Red Sea phos-
phorites. Eighteen thin sections were prepared and examined 
by transmitted light polarized microscope (Olympus BX53) 
attached with digital camera for the petrographic study, and 
classified according to classification of Slansky (1980). The 
obtained phosphorites were gently crushed until they passed 
through a 0.125 mm sieve. Microscopic examination reveals 
that this size is sufficient for the release of the majority of 
particles. After grinding, quartering, and sieving the phos-
phorite samples into the sand-size fraction (63 µm), heavy 
minerals were separated by bromoform (sp. gr. 2.87 g/cm3) 
and the separation of zircon from the heavy fraction was 
carried out using methylene iodide (sp. gr. 3.33 g/cm3). The 
bulk composition of the phosphorite samples was deter-
mined by X-ray diffraction (XRD) techniques. The XRD 
patterns was obtained using Malvern Panalytical Empyrean 
X-ray diffractometer with CuKα1 radiation (λ = 1.5418 Å) 
operating at a tube voltage and current of 40 kV and 30 mA, 
respectively. Diffraction patterns were recorded in the range 
between 5º and 75º (2θ), and were compared with existing 
patterns in powder diffraction files (PDF).

U–Th-bearing accessory minerals picking up (zircon and 
monazite) was performed under a binocular microscope. 
Then, these minerals were examined by a scanning electron 
microscope (SEM Model Philips XL 30) connected with 
the EDX micro-analyzer at the Rock Studies Department, 
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Nuclear Materials Authority of Egypt. The double thin sec-
tions (30 µm) were also investigated by SEM in order to 
recognize the modes of occurrence of uranium and thorium 
and their relations with the surrounding minerals.

P2O5 content (wt%) in the investigated samples was deter-
mined using the titration method, while Th and U contents 
(ppm) were determined by the XRF technique at the labora-
tories of Nuclear Materials Authority of Egypt. An energy 
dispersive X-ray fluorescence (EDXRF model NEX CG) 
was used and dried powdered samples (< 200 mesh) were 

supplied to minimize the mineralogical effect and reduce 
the extraneous scattering of X-ray, then mixed and com-
pressed with boric acid. Tracking of thorium and uranium 
distribution was carried out using the five-step sequential 
leaching technique (Tessier et al. 1979), in which one gram 
of each grinded sample was weighted into a 40 ml PVC 
tube. The exchangeable fraction is obtained by extracting 
the samples with 8 ml of 1 M MgCl2 at neutral pH for 1 h. 
While the leaching of the carbonate-bound fraction is carried 
out using 8 ml of 1 M Na-acetate (adjusted to pH 5) for 5 h. 

Fig. 1   Geologic map of Egypt with the locations of the studied areas, (modified after Spanderashvilli and Mansour 1970)
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Furthermore, the leaching of Fe–Mn oxy-hydroxides-bound 
fraction is carried out by 0.04 M hydroxylamine–HCl. Then, 
the mixed components are heated to 85 °C with stirring for 
two hours. The organic-bound fraction is extracted with 3 ml 
of 0.02 M HNO3 and 5 ml of 30% H2O2 (adjusted to pH2 
with HNO3). The residual fraction is completely digested 
with a mixture of HF–HCI/HNO3. The recovery of Th and 
U ranges between 95 and 100% in each leaching step.

Results

Petrography and facies analyses

In the present study, the phosphorite samples belonging 
to the lower phosphate member of the Duwi Formation in 
Sebaiya East area are made up of phosphatic lithoclasts 
represented by interstitial phosphatic peloids (up to 500 µm 

Fig. 2   Composite lithostrati-
graphic section of Duwi 
Formation in the Sibaiya East 
area, Nile Valley, modified after 
El-Naggar (1966)
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Fig. 3   A Site location map (after Negm 2014) showing the location of collected samples, B Field photograph showing the lower phosphate-
bearing Member of the Duwi Formation in the Sibaiya East area
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in size) having different shapes, such as oval, subrounded, 
and irregular. The phosphatic lithoclasts and phosphatic bio-
clasts including teeth, and bone fragments represent about 
73% of the volume of the whole rock. The collophane pel-
lets represent about 63% of the phosphatic grains, which 
have dark brown color due to the associated hydrocarbon 
materials and are isotropic in cross-polarized light with 
pelletal structure (Fig. 6A). Bone fragments and teeth with 
sizes up to 1500 µm display a variety of shapes, including 

subangular, elongated, and prismatic forms. They are hazy 
in appearance, have a uniform internal structure, and are 
primarily composed of apatite that shows distinctive paral-
lel extinction and represents about 10% of the Sibaiya East 
samples (Fig. 6B). The shell fragments are found embed-
ded in calcitic matrix. The cement material is essentially 
made of fine neomorphic microspar with granular sparry 
calcite patches (Fig. 6C). Microcrystalline calcitic matrix 
represents about 10–30% of the whole rock, while carbonate 

Fig. 4   Composite lithostrati-
graphic section of the Duwi 
Formation in the Red Sea 
region (modified after Aita et al. 
2013)
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Fig. 5   A Geological map of Zug El Bahar–Hamadat area, South-
western El Qusier (after Bosworth et al. 2021), B, C field photograph 
showing the phosphorite bed of the lower phosphate-bearing member 

of the Duwi Formation and the location of collected samples in the 
Zug El Bahar area, and the Hamadat area, respectively



Carbonates and Evaporites (2024) 39:32	 Page 9 of 23  32

matrix is found mixed with silica. The petrographic study 
suggests that the silica cementation which is recorded as 
microcrystalline silicate showing a mosaic pattern with tor-
tuous contact may be followed by the carbonate cementation 
(Fig. 6D). According to the aforementioned findings, Sibaiya 
East samples show typical peloidal bioclastic phospharen-
ite–phospharudite microfacies.

Zug El Bahar phosphorites are mainly composed of 
siliceous peloidal bioclastic phospharenite microfacies 
(Fig. 7A). The framework component is shown as follows: 
(1) phosphate particles account for approximately 65% of 
the total and are composed of subrounded to elongated 
structureless granules represent the phosphatic peloids with 
size up to 150 µm (Fig. 7B). Because of the organic mat-
ter, these particles have a dark brown color. (2) Bioclasts 
are shell and bone fragments that make up about 5% of the 
Zug El Bahar samples. (3) Detrital quartz grains and iron 
oxides patches and clots are the non-phosphate components 
(Fig. 7C). (4) Phosphorites are distinguished by the pres-
ence of authigenic silicate cement and the lack of carbonate 
(Fig. 7D). The authigenic silicate cement is composed of 

cryptocrystalline to microcrystalline secondary spherulitic 
quartz and accounts for approximately 30%. Less than 10% 
of the examined phosphorites detrital quartz, present as 
matrix as polycrystalline grains embedded in the ground-
mass, or equant microcrystals in cement. Apatite has been 
replaced in bones by iron oxides. Besides, zircon (Fig. 7E) 
and monazite (Fig. 7F) crystals are found in the investigated 
phosphorites as minute crystals showing high interference 
color, embedded in the cement, indicating their detrital ori-
gin because of their heterogeneity and eroded nature, which 
could reflect different source rocks and/or variable diage-
netic history (El-Sankary and Mahdy 2006).

Hamadat phosphorites are typical peloidal bioclastic 
phosphalutite microfacies (Fig. 8A). They contain the least 
amount of phosphate pellets (approximately 60%), which 
are between 50 and 100 µm in size. The percentage of 
bone fragments is roughly 5% (Fig. 8B). About 35% of 
the rock composition in these phosphorites is made up of 
matrix, which is mostly silicate and carbonate. Musco-
vite, sparry calcite, and detrital quartz grains make up the 
majority of the non-phosphate components (Fig. 8C–E). 

Fig. 6   The Sibaiya East phosphorites showing: A peloidal bioclastic phospharenite–phospharudite, B collophane pellets (CP) and peloids 
cemented by carbonate. C Bone fragment embedded in carbonate matrix. D Silicate and carbonate cement
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Fig. 7   The Zug El Bahar phosphorites showing: A silicified peloidal 
bioclastic phospharenite facies, B subrounded and irregular peloids, 
shell and bone fragments embedded in silicified matrix, C detrital 
quartz grains (Qz) in the investigated phospharenite, D polycrystal-

line quartz and authigenic silica spherules (silica overgrowth) present 
as matrix, E subhedral zircon crystal imbedded in the silicate matrix, 
F subrounded monazite grain embedded in the silicate matrix and 
cement
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Fig. 8   The Hamadat phosphorites showing, A peloidal bioclastic 
phosphalutite, B subrounded and ovulitic peloids and fractured and 
partially phosphatized bone fragment, C phosphatic components 
embedded in micritic matrix, D detrital muscovite and quartz grains 

scattered into the silicate and carbonate matrix, E sparry calcite 
embedded in the silicate matrix, F organic matter showing smeared 
texture
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It is important to note that organic materials are identified 
in the Hamadat samples as smeared graphite (Fig. 8F).

The X-ray diffraction shows that the investigated 
phosphorites are essentially built up of hydroxyl apatite 
Ca5(PO4)3(OH) and quartz SiO2 (Fig. 9A–C). Dolomite 
grains are commonly associated with the phosphatic phase 
in the Sebaiya East phosphorites(Fig. 9A).

Forms of thorium and uranium in the investigated 
phosphorites

To identify the forms of Th and U in the examined phos-
phorites, the geochemical analysis was conducted to the 
recorded detrital grains and the thin section of the investi-
gated phosphorites as well by using SEM. As a result, zircon 
and monazite were recorded. Their non-stoichiometric forms 

Fig. 9   X-ray diffractograms for the studied phosphorites of A Sibaiya East (Sample S2), B Zug El Bahar (Sample Z1), and C Hamadat (Sample 
H1)
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and the presence of Ca and P with high concentrations in 
their EDX analyses are due to the diagenetic cementation of 
the investigated phosphorites.

(A)	 Zircon (ZrSiO4) It was recorded in the Sibaiya East 
phosphorites within the carbonate cement as subhedral 
grains (Fig. 10A, B). The photomicrograph of the sepa-
rated zircon crystals is shown in Fig. 10C.

(B)	 Monazite (Ce,La,Nd,Th)(PO4) It was recorded in the 
Sibaiya East phosphorites associated with apatite as 
bright patches (Fig. 11A, B).

(C)	 In addition, thorium and uranium were recorded associ-
ated with different cementing materials in the investi-
gated phosphorites, where in Zug El Bahar samples, U 
and Th were associated with the silicate cement in the 
form of minute disseminations. The EDX data show the 
content of Th and U in these disseminations (Fig. 12). 
In the Sibaiya East phosphorites, uranium was found 
associated with ferruginous cement as tiny patches. The 
composition of them is revealed by the EDX in Fig. 13. 
In Hamadat phosphorites, U was recorded associated 
with Si and Fe as inclusions in apatite. The EDX data 
show their concentrations in Fig. 14.

Geochemistry of P, U, and Th

Apatite is predominantly the source of phosphorus con-
centration in the analyzed samples (Table 1). The P2O5% 
content of the studied phosphorites in the Sibaiya East 
ranges from 21.3 to 31% with an average of 27%. This value 
matches the average (27.6%) given by Bishady et al. (2019). 
It ranges from 18 to 29% with an average of 26.6% in the 
Hamadat area, while the highest content of P2O5 is recorded 
in the Zug El Bahar, which ranges from 29 to 33.4% with an 
average of 30.9%.

The uranium content in the Sibaiya East ranges from 23 
to 44 ppm with an average of 35.5 ppm, which is lower than 
that given by Bishady et al. (2019). In the Hamadat area, 
U ranges from 40 to 50 ppm with an average of 44 ppm, 
which is lower than the average value (54.5 ppm) given by 
El Kammar and El Kammar (2002). The highest uranium 
content was recorded in the Zug El Bahar area, which ranges 
from 38 to 57 ppm, with an average of 47 ppm. On the other 
hand, the least content of thorium is detected in the Sibaiya 
East (average = 0.68 ppm), in Hamadat the average content 
of thorium is 5.2 ppm, while Zug El Bahar samples show 
the highest thorium concentration (average = 10.2 ppm) 
(Table 1).

Fractionation of thorium and uranium

Sediments include heavy metals in a variety of chemical 
forms. In terms of mobility, bioavailability, and potential 

toxicity, they exhibit diverse behaviors (Li et al. 2000). 
Their distribution is based on cation exchange, specific 
adsorption, precipitation, complexation, and pH value 
in the soil. Metal mobility and bioavailability decrease 
with extraction sequence order, and hence the strength of 
the chemical reagents needed in extraction increases with 
sequence. The bioavailability of heavy metals diminishes 
in the following order, depending on their relative mobil-
ity in various chemical forms: exchangeable > carbon-
ate > Fe–Mn oxy-hydroxides > organic > residual (Tessier 
et al. 1979). With rising acidity, metals included in the 
carbonate/adsorbed phases become more mobile and read-
ily available due to the leaching of carbonate and libera-
tion of metal, in contrast to those bound to the exchange-
able fraction, which are always available. The sediment 
components hold metals associated with the reducible and 
oxidizable fractions more tightly than these two fractions. 
The remaining fraction is thought to represent the inert 
phase in which metals are incorporated into the crystalline 
minerals. (Tessier et al. 1979). This makes the metals in 
the residual fraction unavailable to the bio-system (Li and 
Thornton 2001).

(i)	 The exchangeable fraction (soluble)
	   In this step, the reagent does not attack organic mate-

rials, silicates, or metal sulfides. Weakly sorbed metal 
species, particularly those kept on the soil surface by 
relatively weak electrostatic contacts, and those that 
can be released by ion-exchange processes, would be 
removed in this step.

(ii)	 The carbonate-bound fraction (acid soluble)
	   According to Gleyzes et al. (2002), trace metals 

recovered from soil and sediments with sodium ace-
tate (1 M) adjusted to pH 5 may have been particularly 
sorbed to low energy sites on the surfaces of clay min-
erals, organic matter, and oxide minerals. As a result, 
heavy metals retrieved within this fraction are weakly 
bound and can be released under acidic circumstances 
(pH 5).

(iii)	 The Fe–Mn oxy-hydroxides fraction (reducible)
	   Iron and manganese oxides are effective metal scav-

engers. Dissolution of some or all metal-oxide phases 
can be accomplished by adjusting the Eh and pH of 
reagents by adding 0.04 M hydroxylamine–HCl to the 
residue. Then, the mixed components are heated to 
85 °C with stirring for two hours.

(iv)	 The organic fraction (oxidizable)
	   Organic matter plays a crucial role in metal distribu-

tion and dispersion via chelating and cation exchange 
processes. A interaction between a metal ion and an 
organic ligand produces species that can be precipitated 
directly or adsorbed on soil materials during this phase.
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Fig. 10   A, B EDX and BSE images, C photomicrograph of zircon mineral, the Sibaiya East phosphorites
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(v)	 The residual fraction
	   The majority of this fraction is made up of primary 

and secondary minerals with metals in their crystalline 
lattices. Their decomposition is accomplished through 
digestion with strong acids such as HF, HClO4, HCl, 
and HNO3.

Based on the above idea, the results of sequential leaching 
conducted on Th and U from the studied rocks are shown in 
(Tables 2 and 3). The sequential leaching data demonstrates 
that the recovery of Th and U elements ranges from 95 to 
100% in each leaching step. The obtained data indicates that 
Th is mostly present in the residual state (Table 2), with 
smaller amounts being present in the exchangeable, carbon-
ate, and Fe–Mn-hydroxide-bound fractions. Uranium, on the 

other hand, presents challenges in speciation due to its mul-
tivalent nature (U4+ and U6+) and is therefore fractionated 
among all fractions (Fig. 15). The highest quotient of U is 
determined in the exchangeable form from the Zug El Bahar 
(41%) and the Sibaiya East (37%) phosphorites, while the 
lowest quotient is measured in the Hamadat samples (29%). 
Besides, U is present in appreciable quantities as organic 
forms, distributed as, 30% in the Hamadat, 26% in the Zug 
El Bahar, and 19% Sibaiya East phosphorites.

In addition, the sequential leaching data show that the high-
est quotient of carbonate-bound uranium belongs to Hamadat 
phosphorites (18%), followed by Sibaiya East (15%), and the 
Zug El Bahar (12%). The presence of Fe–Mn-hydroxide-
bound U (24% in the Sibaiya East, 19% in the Hamadat and 
18% in the Zug El Bahar phosphorites, respectively). The 

Fig. 11   EDX and BSE images of monazite mineral, the Sibaiya East phosphorites
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Fig. 12   EDX and BSE images of disseminated Th and U in Zug El Bahar phosphorites

Fig. 13   EDX and BSE images of uranium patches in Sibaiya East phosphorites
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minor quotient of uranium (5% in the Sibaiya East, 4% in 
the Hamadat, and 3% in the Zug El Bahar phosphorites) is 
bounded to the residual fraction, also U is incorporated into 
the apatite structure as a result of U4+replacing Ca2+ by sub-
stitution mechanism (Altschuler 1980; McClennan 1980).

Discussion

The high content of U associated with phosphorites 
increases the economic significance of these deposits (Ewing 
and Wang 2002; Buccione et al. 2021). Many scholars have 
offered various explanations for the high concentrations of 
U and Th in phosphate rocks, including the possibility that 
U4+ and Th4+ can replace Ca2+ in the apatite lattice due to 
their similar ionic radii (Altschler 1980). North Africa phos-
phorites vary in their U and Th content which is attributed to 
the replacement process in apatite, whereas the average con-
centration of U in Moracco, Algeria, and Tunisia is 135.4, 
47.5, and 28.3 ppm, respectively. In contrast, Th exists in 
lower concentrations, whereas the average concentration of 

Th in Algeria, Tunisia, and Moracco is 17.7, 9, and 3.5 ppm, 
respectively (Qamouche et al. 2020). The average U and Th 
contents in ppm of various phosphorites from Egypt and 
other countries are listed in Table 4. The physico-chemical 
controls, which prevailed during the secondary uptake of U, 
vary because the media is organic rich. Phosphorite provides 
appropriate conditions for the fixation of soluble uranium 
during its reduction from the hexavalent to the tetravalent 
state. As such, uranium accumulation is primarily deter-
mined by the concentration of uranium in groundwater and 
the time of exposure to that water. The uranium exchange 
between phosphate particles and groundwater is controlled 
by the Eh of the groundwater (Weinberg and Cowart 2001). 
Based on this possibility, U only enters the apatite crystal 
lattice in the tetravalent form, which requires the oxida-
tion hexavalent form (U6+) of the uranium in the water to 
be reduced. Besides, some studies have demonstrated that 
U in carbonate apatite (Tzifas et al. 2017) and synthetic 
fluorapatite (Luo et al. 2009) occurs often in the form of 
U(IV) compounds. Another idea argues that organic matter 
plays a crucial role in the accumulation of Th and U in the 

Fig. 14   EDX and BSE images disseminated uranium in Hamadat phosphorite
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phosphate rocks by adsorbing on its surfaces (Aita 2005). 
Diagenesis played a critical role in phosphogenesis (Mus-
cente et al. 2015), during which the phosphate mineral phase 
transformed as the thermodynamically unstable authigenic 
apatite phases, including octacalcium phosphate (OCP) and 
hydroxyapatite (HAP), would eventually transform into car-
bonate fluorapatite (CFA) (Yang et al. 2022). The fluctuation 
in major and trace element abundance is related to a change 
in the environmental state of deposition (seawater content) 

(Boulemia et al. 2021). Also, the enrichment of the trace 
elements, REEs and uranium was assumed to take place dur-
ing diagenesis as the intensive post-depositional diagenetic 
processes, which can be explained by fractionation with sea-
water or continental fluids at low temperature, under crystal-
chemical, control involving substitution mechanism and the 
context of “extensive” or “late” diagenesis (El Kammar and 
El Kammar 2002). This led to the liberation of uranium from 
the apatite lattices and migration to the phosphorite beds 
(Aita et al. 2013; Abou El-Anwar et al. 2017).

Metals are transported in supergene settings by many 
methods, which are influenced by the existing physico-
chemical conditions. Sequential (or selective) leaching is 
a typical method for identifying the forms of metal hence 
it was used in the speciation of U and Th in the investi-
gated phosphorites. The first stage in determining how much 
uranium and thorium can be recovered is identifying the 
chemical forms, or partitioning, of those metals in phosphate 
rocks. Because metals exist in diverse forms and have vary-
ing potentials for recovery, several factors, such as the type 
of metal conditions, influence whether a metal can be recov-
ered or not. To explore these physico-chemical forms, better 
comprehend the factors that affect element recoverability, 
and provide insight into the mechanisms of retention and 
release involved in migration and decontamination, sequen-
tial leaching techniques have been largely utilized (Cabral 
and Lefebvre 1998; Hisham and Randa 2009).

Accordingly, thorium occurs often in the residual state 
in the studied samples based on sequential leaching. This 
remaining fraction is thought to be a representation of the 
non-reactive phases where metals enter the crystal lattice of 
crystalline mineral phases. (Tessier et al. 1979). Therefore, 
Th in the residual fraction can be interpreted as a result of 
the immobile nature of its tetravalent state under supergene 
environments. However, extremely acidic environments have 
been demonstrated to facilitate the mobility and removal of 

Table 1   P2O5 (%), U and Th (ppm) content in the studied phospho-
rites

Area Location Sample No P2O2% Th (ppm) U (ppm)

Nile Valey Sibaiya East S1 31 N.D 24
S2 27 N.D 41
S3 21.3 2.7 33
S4 31.5 N.D 44
S5 30 N.D 23
S6 26 1.5 42
S7 21 2.5 35
S8 30 2 42
Av 27.2 0.7 35.5

Red Sea Zug El Bahar Z1 33.4 10 38
Z2 30 11 57
Z3 31 9 37
Z4 29 11 56
Av 30.9 10.3 47

Hamadat H1 33 8.5 41
H2 18 N.D 41
H3 28.6 7.1 50
H4 32 8 42
H5 19 N.D 40
H6 29 7 50
Av 26.6 5.2 44

Table 2   Results of the 
sequential extraction of 
Th (ppm) in the studied 
phosphorites

N. D. not detected

Location Sample no Sequential extraction form of Th (ppm)

Exchange-
able form

Carbonate 
bound

Fe–Mn 
hydroxide 
bound

Organic bound Insoluble form

Sebaiya S1 N.D N.D N.D N.D  < 1
S2 N.D N.D N.D N.D  < 1
S3 N.D 1.3 0.2 N.D 1.2
S4 N.D N.D N.D N.D  < 1

Zug El Bahar Z1 1.1 0.9 N.D N.D 10
Z2 0.5 0.2 0.1 N.D 10.2

Hamadat H1 2.7 1.5 N.D N.D 4.3
H2 N.D N.D N.D N.D  < 1
H3 N.D N.D N.D N.D 7.1
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Th (Cortizas et al. 2002). Nevertheless, metals in the remain-
ing fraction are unavailable to the bio-system. The phospho-
rites of the Red Sea region show the highest concentration 
of Th, up to 12 ppm for the Zug El Bahar area and 8.5 ppm 
for the Hamadat area, while the Sibaiya East area in the Nile 
valley shows the least Th (up to 2.7 ppm). The microscopic 
study and EDX data display the dominance of fine dissemi-
nation of Th in Zug El Bahar, zircon and monazite in both 
of the Hamadat and Sibaiya East phosphorites. It can be 
attributed to the predominance of thorite and uranothorite 
minerals in the surrounding rocks and stream sediments (El 
Kammar et al. 2020). These findings conforms well with 
El-Sankary and Mahdy (2006), who suggest that winnow-
ing and strong bottom currents in the shallow-marine habi-
tats of the Western Desert phosphorite basin resulted in the 
concentration of heavy detritus within phosphorites. This 
implies that Th is not bio-available and its concentration in 
these rocks is mostly related to some accessory minerals, 
suggesting a low risk of Th-containing fertilizers (Vogel 
et al. 2020).

The exchangeable form is more mobile than other forms 
and can release its metal load by reducing pH, making it 
a sensitive indication of mobility and bioavailability. Ura-
nium is fractionated among all fractions and occurs in the 
exchangeable form in the majority of samples (ranging from 
29 to 41% in the investigated phosphorites). Carbonates can 
be employed as accumulators for U, which is typically com-
patible with the presence of uranium within the carbonate 
cement in the Hamadat phosphorites. According to the avail-
ability of carbonate cement, uranium can be fractionated in 
the following order: Hamadat > Sibaiya East > Zug El Bahar. 
Besides, the presence of Fe–Mn-hydroxide-bound U cannot 
be avoided and is ascribable to the ferrugination process. 
This causes adsorption of U on the surface of iron oxides in 
the investigated phosphorites whereas Fe(II) is considered 
as an important reducing agent for U(VI) depending on the 

chemical conditions in the aqueous solution (Regenspurg 
et al. 2009). The adsorption via surface complexation of 
some trace elements including uranium and vanadium take 
place on goethite under different pH conditions (Peacock 
and Sherman 2004).

The sequential leaching displays the existence of a rela-
tively high quantity of the organic-bound U, which is also 
enhanced by the presence of organic materials in these 
phosphate rocks. Besides, the residual fraction remaining 
after the sequential leaching contains the least U present in 
the samples, suggesting that the majority of uranium is not 
hosted in the apatite structure. This agrees with the findings 
of Aswathanarayana (1985) who concluded that the organic 
materials in permeable rocks are the favored conditions for 
uranium precipitation. Uranium presence in the Nile Valley 
and Red Sea phosphorites can be due to the post-deposi-
tional processes (Hassan and El Kammar 1975).

Conclusion

The present study was carried out on the phosphorites of the 
Nile Valley (Sibaiya East area) and the Red Sea (Hamadat 
and Zug El Bahar areas) to elucidate the natural distribution 
of both uranium and thorium.

•	 The petrographic study revealed diversity in composition 
and the presence of three main microfacies: (1) peloi-
dal bioclastic phospharenite–phosphrudite facies, which 
characterize the Sibaiya East phosphorite; (2) silicified 
peloidal bioclastic phospharenite microfacies, which 
characterize Zug El Bahar phosphorites; and (3) peloidal 
bioclastic phosphalutite microfacies, which characterize 
the Hamadat phosphorite.

•	 The mineralogical investigation revealed the presence of 
U- and Th-bearing minerals such as zircon and monazite 

Table 3   Results of the 
sequential extraction of U (ppm) 
in the studied phosphorites

N.D not detected

Location Sample no Sequential extraction form of U (ppm)

Exchange-
able form

Carbonate 
bound

Fe–Mn 
hydroxide 
bound

Organic bound Insoluble form

Sibaiya East S1 14 6 3 N.D N.D
S2 20 6 4 9 2
S3 7 6 15 3 2
S4 10 4 12 15 3

Zug El Bahar Z1 13 5 4 13 2
Z2 25 6 13 12 1

Hamadat H1 4 10 16 11 N. D
H2 10 9 6 14 2
H3 25 5 3 14 3
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in the Sibaiya East phosphorites. In additions, Th is pre-
sent in the Zug El Bahar as minute accumulations scat-
tered in the silicate matrix. Moreover, U is also present 
as fine dissemination associated with V in the Sibaiya 
East phosphorites, and associated with Ca and Si in the 
Hamadat phosphorites

•	 Several diagenetic processes played the master role in 
the distribution of U and Th in the investigated phospho-
rites, where their occurrence is controlled by the type of 
cementing material and matrix. Thorium was recorded in 
the Hamadat phosphorites, where the silicate cement and 
matrix were dominant. In contrast, U was found associ-

ated with the ferruginous and carbonate cements in the 
Sibaiya East and Zug El Bahar phosphorites.

•	 The sequential leaching data conform well with the 
mineralogical study. It indicated that U and Th are more 
abundant in the Red Sea phosphorites when compared to 
the Nile Valley phosphorites.

•	 Th is not bio-available and mostly exists in the residual 
state with minor contribution of the other fractions. Its 
presence seems to be controlled by the terrigenous influx 
to the depositional basins.

•	 On the contrary, U exhibits various behaviors. Then, the 
idea that apatite structure is the only component of U 

Fig. 15   A Speciation of uranium in the studied phosphorites, B–D Average partition recovery of uranium in the Sibaiya East, Zug El Bahar, and 
Hamadat phosphorites, respectively
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accumulation via substitution mechanism in phosphate 
rocks, is not proved as U in the exchangeable form rep-
resents only about 3–5% of the total U content. Uranium 
fractionates among all fractions and frequently occurs 
in an exchangeable form (the exchangeable form of ura-
nium represents more than one third of the total uranium 
content). However, numerous other processes, including 
adsorption by organic matter, early and post diagenetic 
processes led to the their enrichment and concentration. 
The various diagenetic process causes accumulation of 
about 60% of total U content.
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