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Cretaceous Duwi phosphorite
deposits were investigated.
 Carbonate apatite was the only Pcontaining mineral detected in the
investigated samples.
 Apatite is usually associated with
CaSO4 and seldom with CaCO3 in the
studied samples.
 Calcium sulfate and goethite are
products of diagenesis and
weathering.
 The formation of the phosphorite
deposits took place in marine
environment.
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a b s t r a c t
The mineral composition of the Upper Cretaceous Duwi phosphorite deposits and underlying Quseir Variegated Shale from Safaga district, Red Sea Range, Egypt, was investigated by dispersive and Fourier transformed Raman spectroscopy. The only phosphorous containing mineral detected in the phosphorite
deposits was carbonate ﬂuorapatite. Often carbonate ﬂuorapatite appears associated with calcium sulfate
and seldom with calcium carbonate in the investigated samples. Iron is present in the form of goethite
and pyrite in the phosphorite layer, while pyrite, marcasite and hematite were identiﬁed in the Quseir
Shale samples. Also, a high amount of disordered carbon was detected in the black shale layers. The
Raman results conﬁrm the hypothesis that the formation of the phosphorites took place in a marine environment. During the formation of black shale, the redox conditions changed, with the pH reaching values
of 4 or even lower. Diagenetic and weathering transformations had taken place in the phosphorite deposits, calcium sulfate and goethite being products of these types of processes.
Ó 2013 Elsevier B.V. All rights reserved.

Introduction
Raman spectroscopy became in the last decade a fast and reliable tool in the ﬁeld of mineral identiﬁcation [1]. This technique
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is used for the non-invasive identiﬁcation of minerals from meteorites [2], characterization of rocks and minerals derived from
the Earth’s surface [3–6], analysis of atmospheric particles [7,8]
or discrimination between similar minerals [9]. In addition, this
spectroscopic technique can be used for the detection or identiﬁcation of organic matter [10,11]. In the art ﬁeld, Raman spectroscopy
is commonly used for the identiﬁcation of dyes and binding media
used by artists [12] or for discrimination between genuine and fake
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artifacts [13]. In the last years, this technique has been applied for
the investigation of the inﬂuence of biotic factors on mineral formation processes [14] and the interaction of microbes with minerals [15]. Therefore, this approach can provide valuable information
in the geology/mineralogy ﬁeld since it can be applied not only for
the analysis of abiotic components but also for the study of the
interaction between abiotic and biotic components.
The current study is concerned with sedimentary succession in
the Wassief area, about 25 km southwest of Port Safaga, Red Sea,
between latitudes 26° 250 and 26° 320 N, and longitudes 33° 480
and 33° 560 E. The Quseir–Safaga district in the Red Sea land-stretch
is covered by Late Cretaceous–Early Tertiary sedimentary
sequences [16]. Like most of the Upper Cretaceous–Lower Tertiary
sedimentary rocks in the Quseir–Safaga district, the structural pattern of Wassief area is generally a faulted basin [17]. The most
characteristic feature in the study area is the dominance of landslides possibly due to capping of highly weathering-liable black
shale by hard limestone. The geologic formations of the studied
succession are: Quseir, Duwi, Dakhla, Esna, and Thebes formations
from base to top. However, the present study focuses on both the
Duwi (Phosphorite) and the Quseir (Variegated Shale) formations,
since our interest lies on the formation and the diagenesis
processes related to the Duwi Formation. The Duwi Formation
unconformably overlies the Quseir Variegated Shale and contains
the main phosphate beds that belong to the extensive Middle East
phosphatic province extending from Syria, Iraq, and Jordan. The
province has the greatest accumulation of phosphorites in geological history, the phosphorites being extensively investigated due to
their economic importance as fertilizers [18–20]. Phosphorus is the
crucial constituent which characterizes the grade of the ore. The
P2O5 contents range from 14–32% of the Egyptian phosphorites.
In the Red Sea and Abu Tartur the calculated P2O5 reach 25.81%
and 27.95% respectively compared to 27.81% and 28.23% for Nile
Valley and 27.48% and 24.94% for Abu Tartur [21].
The origin of the phosphorite and their depositional mechanisms are still subject of some uncertainty [18]. Even the source
of phosphorus is controversial; Rittman and Machu believed that
ammonium phosphate has been produced by the decay of marine
organic matter while Glenn and Arthur suggested that the phosphorus could have originate from a ﬂuvial input [20,22].
More recent studies of the phosphorite deposits seem to agree
with the idea that many of the phosphorite deposits appeared as
a result of the decomposition of organic matter in marine environments. It is thought that upon progressive burial, the phosphorous
weakly bound to organic matter or iron minerals is transformed
into autigenic apatite [23].
The aim of the present contribution is to get a better understanding on the formation of the phosphorite deposits and the involved diagenesis processes.

Materials and methods
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encrusted spots, few calcareous and siliceous micro-veins as well
as disseminated pyrite and some phosphatic clastics at the bottom.
The upper part of the Quseir Fm is mainly composed of pyritized glauconitic sandy shale and mudstone of different green,
brown and black shades (Fig. 1B). The lower part of the Quseir Formation consists of laminated multicolored mudstone with dispersed pyrite crystals, glauconite and hematitic silty shale. These
shales contain limonitic spots as well as some remains of coaliﬁed
matter. This formation is non-fossiliferous, with the exception of
the presence of a few plant remains and fossil wood.
Chemicals and minerals preparation
Calcium nitrate tetrahydrate, Ca(NO3)24H2O (P99.0%), calcium
sulfate dihydrate, CaSO42H2O (P99%), sodium chloride, NaCl (min
99.5%), sodium hydroxide, NaOH (P98%) were purchased from Sigma–Aldrich, while phosphoric acid, H3PO4 (85%) and sodium ﬂuoride, NaF (100.0%) were purchased from VWR. These reactants
were used without further puriﬁcation.
Anhydrous CaSO4 (anhydrite) was prepared heating CaSO42H2O
at 130 °C for 12 h.
Hydroxyapatite (Ca5(PO4)3OH) and ﬂuoroapatite (Ca5(PO4)3F)
were prepared using the method reported by Sun et al. [24].
Chlorapatite (Ca5(PO4)3Cl) was prepared using NaCl instead of
NaF in the method to prepare ﬂuoroapatite. For these three cases,
the Na2HPO4 solution was prepared mixing the appropriate
volumes of H3PO4 and NaOH solutions, both 0.1 M.
Raman measurements
The dispersive Raman measurements were performed with a
commercial micro-Raman setup (HR LabRam inverse system, Jobin
Yvon Horiba). A frequency doubled Nd:YAG laser with a wavelength of 532 nm was used as excitation source. To avoid changes
in the mineral structure or composition generated by the laser, a
power of 40 lW was chosen for the ﬁrst Raman measurements.
The stable minerals were remeasured afterwards using a laser
power between 0.4 and 4 mW to obtain better quality Raman spectra. The laser beam was focused on the sample by means of a Zeiss
LD EC Epiplan–Neoﬂuar 100  /0.75 microscope objective down to
a spot diameter of approximately 1 lm. The dispersive spectrometer has an entrance slit of 100 lm, a focal length of 800 mm and is
equipped with a grating of 300 lines/mm. The Raman scattered
light was detected by a Peltier cooled CCD detector. The total
acquisition time per spectrum vary between 10 and 150 s.
A Bruker MultiRAM Fourier transform-Raman spectrometer
using a 1064 nm Nd:YAG laser and equipped with a cryogenically
cooled Ge detector was used for the FT-Raman measurements.
The Raman spectra were obtained averaging 500 scans at a
1 cm1 spectral resolution, using 1 W excitation laser power. The
apodization was made applying the Blackman–Harris four-term
algorithm.

Samples description
Results and discussion
The upper part of the Duwi Formation comprises of black fossiliferous phosphatic limestone, siliceous mottles and micro-veins, as
well as disseminated pyrite crystals (Fig. 1A). In Duwi Formation
(Fm), there is a band of dark gray fossiliferous dolomite with some
pyrite crystals. The phosphatic limestone changes downward into
black fossiliferous (forams and pyritized Pecten sp.) marl with
some phosphatic grains, and disseminated pyrite crystals.
Descending, there is about 2.5 m thick band of gray fossiliferous
pelletic phosphorite with some pyritization and relative dominance of organic matter. The lowermost part of the Duwi Fm consists of black to light gray massive mudstone with few orange

Mineralogy of phosphorites and black shales
The Raman results presented in this study were obtained using
a laser with 532 nm excitation wavelength. Dark color samples are
difﬁcult to be analyzed using 1064 nm laser as excitation source,
therefore for the characterization of the mineral phases of the both
type of samples, phosphorites and black shales, the dispersive Raman conﬁguration has been used.
Apatite (Ca5 (PO4, CO3)3(F, Cl, OH, CO3)) was the only phosphorus-containing mineral identiﬁed in the analyzed phosphorite
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Fig. 1. Photographs of the phosphorite deposits (A) and black shales (B).
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form of iron oxyhydroxide, was detected only in the phosphorites.
The most prominent Raman bands of goethite are located at 209,
290, 383 and 680 cm1 (Fig. 3a) [33,34]. However, in black shales
hematite (a-Fe2O3) was the only form of iron oxide. The Raman
spectrum of hematite is shown in Fig. 3b and is dominated by the
band at 1320 cm1. The assignment of this band is still controversial, being assigned to two-magnon scattering or two-phonon scattering of an IR active mode from 660 cm1 [35,36]. The other
Raman bands of hematite occur at 225, 246, 296, 407 and
611 cm1. Iron sulﬁdes were as well identiﬁed in both types of
rocks. Pyrite, iron disulﬁde with a cubic unit cell structure, was detected in phosphorites and black shales. Pyrite presents two strong
and sharp Raman bands located at 344 and 377 cm1 (Fig. 3c)
[37,38]. Similar to pyrite, the Raman spectrum of marcasite, iron
disulﬁde with an orthogonal unit cell structure, is dominated by
two strong Raman bands. However, the Raman bands are shifted
to lower and higher wavenumber, respectively, at 323 and
385 cm1 (Fig. 3d) [38,39]. Marcasite was identiﬁed only in the
black shale probes. In addition to marcasite, the other mineral detected only in black shales was pseudobrookite (Fe2TiO5), with
the typical Raman bands at 226, 342, 652 and 775 cm1 (Fig. 3e)
[40].
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samples. The main Raman band of apatite is located at 965 cm1
and is assigned to the symmetric stretching vibration of the P–O
bonds (Fig. 2a) [25–27]. As shown in Fig. 2a, the other Raman
bands of apatite, which have a much lower intensity, are completely overlapped by the ﬂuorescence background. Anhydrite
(CaSO4) was detected in the phosphorite samples, usually associated with apatite. The Raman band marked with an asterisk in
Fig. 2a and located at 1016 cm1 belongs to anhydrite [10,28,29].
The strongest Raman band of anhydrous calcium sulfate is assigned to the symmetric stretching vibration of S–O bonds in the
SO2
4 tetrahedra. Other Raman bands of the anhydrite mineral are
presented at 412, 494, 607, 624, 670, 1126 and 1158 cm1
(Fig. 2b). In addition to apatite and anhydrite, the other calciumcontaining mineral detected in the phosphorites was calcite. Small
amounts of calcite were identiﬁed in the samples based on the
characteristic Raman bands at 1085 and 282 cm1 (Fig. 2c) [30–
32]. The band at 1085 cm1 is assigned to the symmetric stretching
1
vibration of C–O in CO2
appears
3 ions, while the band at 282 cm
2
due to external vibrational modes of CO3 ions [2]. In the black
shales, the only calcium-containing mineral detected was calcite.
Iron-containing minerals are also present in both the phosphorites and the black shales. Goethite (a-FeOOH), the most stable
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Fig. 2. Raman spectra (532 nm laser excitation) of calcium-containing minerals: (a)
apatite, (b) anhydrite, and (c) calcite; () Raman band assigned to anhydrite.
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Fig. 3. Raman spectra (532 nm laser excitation) of iron minerals: (a) goethite, (b)
hematite, (c) pyrite, (d) marcasite, and (e) pseudobrookite.
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Quartz (a-SiO2) was the only siliceous mineral observed in
these two types of rocks considered in this study (Fig. 4a). The
strongest Raman bands of quartz occur at 206 and 464 cm1 and
are assigned to the symmetry species A1 vibrational modes [41].
In addition to quartz, microcline (KAlSi3O8) was observed in the
black shales (Fig. 4b). The Raman bands assigned to microcline
are located at 256, 184, 454, 476 and 513 cm1 [42]. Three characteristic bands at 395, 518 and 638 cm1 can be observed in the Raman spectrum of anatase (TiO2) (Fig. 4c). Typical for black shales,
high amounts of disordered carbon (Fig. 4d) are present in the samples from Quseir Formation.
Investigation of apatite minerals
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Apatite minerals can be found in nature as hydroxyapatite, ﬂuorapatite and chlorapatite. In addition, substitutions of cations and
anions in apatite occur frequently; particularly important is the
case of the carbonate substitution. The carbonate ion can substitute either the PO2
4 tetrahedron or the anion group [25]. Carbonate
hydroxyapatite forms the mineral phase of bones and teeth, which,
during fossilization alters to a more stable form of apatite, carbonate ﬂuorapatite [43].
The crystal structure of apatite can be described as formed of
sixfold Ca columns arranged parallel to the c axis of the crystal, with
OH, F or Cl ions located in the void of the columns. The PO2
4 tetrahedra share the space between the Ca columns [44]. The substitution of one anion by another in the crystal structure of apatite can
promote some variations in the bond lengths and angles. However,
despite the OH, F and Cl ions occupy different positions in the
apatite lattice, the effect on the whole apatite structure is minimal,
resulting in slight variations on the bond lengths and angles [45] in
agreement with the XRD patterns (as shown by Sun et al. [24]).
Therefore, the Raman spectra of the three apatite minerals show
only minor differences when they are compared to each other
(Fig. S1). The Raman signal of symmetric stretching vibration of
the PO2
groups in hydroxyapatite was reported by Wopenka
4
et al. and Campillo et al. at 962 cm1, while Penel et al. and Antonakos et al. noticed the Raman band at 963 cm1 [25,44,46,47]. The
strongest Raman band in the spectrum of chlorapatite was

observed by El Feki et al. and O’Donnell et al. at 961 cm1, or by
Antonakos et al. at 963 cm1 [25,48,49]. In case of ﬂuorapatite,
the symmetric stretching vibration of P–O bonds appeared in the
Raman spectra recorded by Penel et al. and Campillo et al. at
965 cm1, while in the Raman spectra acquired by O’Donnell et al.
the band has its maximum value at 966 cm1 [44,47,48].
To be able to unambiguously differentiate between the various
types of apatite using Raman spectroscopy high spectral resolution
measurements are required. Since the values reported in literature
for the position of the strongest Raman band of various apatite
types differ slightly from one author to the other, various apatite
compounds were synthesized in order to create our own Raman
databank of apatite spectra. The high spectral resolution measurements were performed with a FT-Raman device and have a resolution of 1 cm1.
As shown before in Fig. 2a, the strongest band of apatite minerals is the symmetric stretching vibration of the PO2
groups
4
appearing in a region around 965 cm1. The other Raman bands
have a much lower intensity and therefore can easily be completely overlapped by the ﬂuorescence background of the sample
(see in Fig. 2a) or by the Raman signals of other minerals presented
in the investigated spot. This is the reason why in the investigations of heterogeneous samples, very often only the Raman signal
of symmetric stretching vibration of the PO2
4 groups is used to distinguish between different types of apatite.
The FT-Raman spectra of synthetic apatites, which are shown in
Fig. 5a–c, were used in this study as reference spectra. The Raman
band assigned to the symmetric stretching vibration of the PO2
4
groups is centered at 961 cm1 in the spectra of hydroxyapatite
and chlorapatite, while in the Raman spectra of ﬂuorapatite the
band arise at 964 cm1. The identity of ﬂuorapatite and hydroxyapatite was conﬁrmed also by the XRD measurements (data not
shown). Nevertheless, due to the poor crystallinity of the chlorapatite sample, the mineral could not be unambiguously identiﬁed
using XRD. Although the positions of Raman bands of the synthesized chlorapatite are in agreement with the previous reports,
the possibility that instead of chlorapatite the synthesized mineral
is hydroxyapatite cannot be ruled out. However, the presence of
chlorapatite in the investigated phosphorite deposits is highly
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improbable. By using FT-Raman spectroscopy we are able to distinguish between ﬂuorapatite and the other types of apatite.
The phosphorite samples were also analyzed using FT-Raman
conﬁguration. In all the FT-Raman spectra of phosphorites containing information from apatite, the symmetric stretching vibration of
1
the PO2
(e.g., Fig. 5d). By comparing
4 groups appears at 965 cm
the acquired phosphorite Raman spectra with the Raman spectra
from our database, we can conclude that ﬂuorapatite is the main
phosphorus-containing mineral in the phosphorite samples. Raman investigations of the hydroxyapatite ﬂuoridation have shown
that a shift of 1 cm1 towards lower wavenumbers in the position
of the strongest Raman band of apatite is reached only at a ﬂuoride
substitution rate of ca. 90% [44]. Therefore, we can conclude that
ﬂuoride represents the major anion species in the measured apatite. The shift of 1 cm1 towards higher wavenumbers of the FT-Raman spectra of phosphorites compared with the Raman spectrum
of ﬂuorapatite might be caused by the presence of relatively small
amounts of carbonate in the structure of ﬂuorapatite. Small shifts
towards higher wavenumbers were observed also by Antonakos
et al. in the Raman spectra of natural carbonate ﬂuorapatite [25].
Regarding the origin of the investigated samples, the formation
of the phosphorites occurred in a marine environment [18,50].
According to Rittman and Machu, the phosphate minerals were
produced from the reaction of calcium carbonate of the associated
limestone on sea ﬂoor with ammonium phosphate or phosphoric
acid produced by the decay of the marine organic matter. The precipitation product is considered to be an amorphous calcium phosphate mineral, which is transformed afterwards into apatite [22].
Skeletal fragments represents a minor component of the phosphorites [20]. The concentration of chloride in the seawater of the
modern oceans is circa ﬁve orders of magnitude higher than the
concentration of ﬂuoride [51]. Keeping in mind that the mineral
formation reactions took place in a saline ecosystem having a pH
value in the range of 7–8, the precipitation of chlorapatite will be
expected if the apatite minerals would have similar solubility.
However, the FT-Raman measurements reveal that only carbonate
ﬂuorapatite was present in the analyzed samples. The outcome of
our study is in agreement with the earlier investigations which reported that ﬂuorapatite rather than chlorapatite or hydroxyapatite
is the main type of apatite which occurs in seawater [52,53]. These
results can be explained by the tremendous difference in solubility
of ﬂuorapatite in comparison with the other types of apatite [54].
The solubility is dependent on the position of the anions in the
Ca columns of apatite, the dissolution of the mineral being related
to the diffusion capacity of cations in the apatite structure [55]. The
diffusion of cations is hindered by the ﬂuorine ions in ﬂuorapatite,
diffusion taking place only in the outermost surface layers of the
mineral.
Diagenesis and weathering processes
In the Raman investigations performed on phosphorites we
identiﬁed two different types of iron minerals: pyrite and goethite.
In the black shale layer which underlies the phosphorus-containing layer pyrite, marcasite and hematite were detected. Pyrite occurs essentially as framboidal bodies of different sizes. These
framboids were formed by microbial activity. The presence of pyrite proposes sedimentation under marine dyoxic conditions. The
outcome suggests that changes in the redox conditions took place
during the formation of the two deposits, changes which are reﬂected by the types of iron minerals. The detection of marcasite,
an iron sulﬁde mineral which can be formed only at pH 4 or lower,
indicates that acidiﬁcation of the aquatic environment took place
during the black shales formation of the Qusier Formation [56].
This formation which hosts marcasite was deposited under continental conditions before the beginning of the major transgression

event that started with the deposition of the Duwi (phosphate)
Formation. The variegated shale of the Qusier Formation is rich
in allochthonous organic matter derived mostly from terrestrial
high plants. The formation of peat and lignin favors formation of
marcasite and not pyrite.
The iron oxide and oxyhydroxide from the investigated samples
are products of the weathering process. In the phosphorites the ferric ions are stable in the goethite form, while in black shale the iron
cations are found in the form of hematite.
In the analyzed samples, apatite minerals (Ca5 (PO4, CO3)3(F, Cl,
OH, CO3)) appear often associated with the calcium sulfate minerals and seldom with calcium carbonate. Traditionally, sedimentary
apatite is always associated with calcite of both biogenic and
chemical origin. Calcium sulfate most probably appears as a result
of the oxidation of iron sulﬁde and the subsequent reaction of sulfuric acid with calcium carbonate.
Conclusions
The outcome of the Raman investigation of phosphorites sustains the theory regarding the formation of the phosphate minerals
in a marine environment. The only phosphorus containing mineral
detected in the investigated rocks was carbonate ﬂuoroapatite. The
transformation of calcium carbonate into calcium sulfate is most
probably a result of biotic oxidation of iron sulﬁde. Changes in
the redox conditions during the deposition of phosphorites and
black shale are illustrated by the speciation of ferric minerals: pyrite in the phosphorites and marcasite in the black shale layer.
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