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ABSTRACT

Phosphorus (P) usually occurs as microcrystalline minerals of carbonate fluorapatite (CFA) in sediments of
upwelling-related areas. The Upper Cretaceous/Paleogene marine sedimentary rocks in Morocco host the
world's largest economic reserves in phosphorus, which were deposited on the eastern passive margin of the
central Atlantic Ocean. However, a full petrographic, mineralogical and geochemical characterization of the
Moroccan phosphate minerals is yet to be determined. Here, we use optical and scanning electron micro-
scopies, X-ray diffraction, and infrared spectroscopy, in combination with a microprobe analyzer to docu-
ment carbonate (CO3%~) substitutions in CFA from two distinct phosphate basins and their possible implica-
tions for paleoenvironmental conditions. The Moroccan phosphorus-rich deposits predominantly comprise
porous phosphatic peloids and coated grains with a maximum size of 500 pm, which in turn consist of high-
density nano- to micron-sized rod-shaped and sphere-like crystallites. Bulk and in situ analyses reveal het-
erogeneous CO32~ content in CFA at the regional- and grain-scale. Fourier transform infrared spectra indi-
cate that CO32~ accommodates only in the phosphate site within the fluorapatite structure, as found in other
natural phosphate minerals. Bulk CO3%~ variations in CFA between phosphate basins, ranging from 1.97 to
8.24%, are likely related to depositional conditions — and thus of supersaturation with respect to CFA — dur-
ing mineral formation, transport, and redeposition. Moreover, some phosphatic coated grains have revealed
alternations of CO3%-rich and CO3%-poor CFA laminae, pointing out local differences in CO32~ concentra-
tions in sediment pore waters. Interestingly, the change in shape and diminution in size of CFA crystallites
caused by high content of CFA-hosted CO32~ could have possibly increased the intragranular porosity, high-
lighting an underestimated role of CO3%~ on grain morphology. Considering the higher solubility of CO32-
rich CFA than fluorapatite, the application of such phosphate rocks from specific Moroccan areas as rock
phosphate powders may be of deep interest for long-term soil fertilization. These results further evidence
the importance of studying phosphorites for economic, environmental, and scientific interests.

1. Introduction

tremely important for the manufacture of fertilizers required in agri-
culture and chemical products. In addition to its economic value, P

Phosphorite is a marine phosphorus (P)-rich sedimentary rock stimulates photosynthetic primary productivity, which, in turn, mod-
containing more than 18% P,0s5 and up to 40% P,0s5 (Glenn et al., ulates ocean-atmosphere oxygen levels on geological time scales (Cox
1994), which constitutes the main sink for phosphate in the oceans et al., 2018; Reinhard et al., 2017).

(Ruttenberg, 2003). Phosphorus is a nonrenewable resource, but ex-
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Most of the Phanerozoic and modern phosphorite formation takes
place along continental shelves underlying upwelling regimes where
nutrient-rich deep waters are brought into shallow-marine coastal ar-
eas (Follmi, 1996; Pufahl and Groat, 2016). The large flux of nutrients
delivered in these settings triggers high rates of primary productivity,
leading to high delivery of organic matter — and thus of P— to the sed-
iments. Following the latter mechanism, phosphorites currently form
on the western coasts of Namibia (Baturin, 2000; Compton and Bergh,
2016), Chile and Peru (Burnett, 1977; Arning et al., 2009a) as well as
in the Gulf of California (Jahnke et al., 1983; Schuffert et al., 1994),
and the Arabian Sea (Schenau et al., 2000). Phosphogenesis is thought
to occur in the topmost centimeters of the sediment column during the
earliest stage of diagenesis (Schuffert et al., 1994; Schulz and Schulz,
2005).

To understand the formation of sedimentary phosphorites, we
must first consider that P is a continentally derived material sourced
from the weathering of P-bearing rocks and soils (Ruttenberg, 2003).
Then, rivers and groundwaters transport the solubilized phosphate an-
ions (PO437) to the oceans. Upon reaching oceans, P can be assimi-
lated into biomass and/or adsorbed onto the surface of inorganic min-
erals, dominantly composed of Fe/Mn-oxyhydroxides, which eventu-
ally leads to the burial of P in sediments (Ruttenberg and Berner,
1993). Once on the seafloor, remineralization of organic matter and
reductive dissolution of Fe/Mn-oxyhydroxides release the organically
and inorganically bound P into sediment pore waters (Cosmidis et al.,
2013a). The activity of polyphosphate-accumulating microorganisms,
including sulfide-oxidizing bacteria and diatoms, is also known to
drive phosphogenesis by concentrating phosphates intracellularly
(Diaz et al.,, 2008; Goldhammer et al., 2010; Schulz and Schulz,
2005). When dissolved PO,3~ concentrations in interstitial waters
reach supersaturation with respect to carbonate fluorapatite (CFA), P
precipitates first as amorphous Ca-phosphate precursors that ulti-
mately transform to a more stable CFA phase (Follmi, 1996; Krajewski
et al., 1994). Thus, microorganisms play a crucial role in transferring
P from organic to inorganic phases where P typically undergoes a
“sink-switch” (Ruttenberg and Berner, 1993). Furthermore, the newly
formed primary or pristine phosphatic layers may be directly buried
without experiencing post-depositional processes (Pufahl and Groat,
2016). Such fine phosphatic laminae contain low P,0Os5 concentrations,
varying between 2 and 10% P,Os. Alternatively, the pristine phos-
phatic sediments undergo secondary processes like winnowing (i.e.,
current-induced reworking agents), reworking, transport, and redepo-
sition (Filippelli, 2011; Follmi, 1996). These post-depositional hydro-
dynamic mechanisms allow phosphate minerals to concentrate in sub-
stantial amounts, promoting the formation of high-grade phosphorites
with P,0Os contents above 18%. Hence, the formation of sedimentary
phosphorites on the continental margins is a combination of different
factors involving a variety of biological, chemical, and physical
processes (Jahnke et al., 1983; Follmi, 1996; Pufahl and Grimm,
2003; Schulz and Schulz, 2005; Arning et al., 2009b; Mand et al.,
2018).

The Late Cretaceous/Paleogene period is certainly one of the most
important phosphogenic events in Earth's history with the emplace-
ment of coastal upwellings that affected the South Tethyan province
(Lucas and Prévot-Lucas, 1995; Pufahl and Groat, 2016). Massive phos-
phate ores were, thus, deposited from North Africa to the Middle East
in consequence of favorable climatic, tectonic, oceanographic, and sed-
imentologic factors. Specifically, Morocco hosts at least 70% of the
world's known P reserves (Jasinski, 2020) that are distributed into nine
phosphate basins (Fig. 1; Hollard et al., 1985). A number of studies
have detailed the facies association, petrography, mineralogy, as well
as inorganic and organic geochemistry of the Moroccan phosphorites
(El Bamiki, 2020; El Bamiki et al., 2020, 2021; Kocsis et al., 2014,
2021; Mouflih, 2015; Nguidi et al., 2021; Prévot, 1988; Yans et al.,
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2014), yet the bulk and in situ chemical compositions of CFA-rich inor-
ganic particles remain poorly documented.

Apatite [Cajo (PO4)s (OH, F, Cl),] has an extremely accommodating
chemical structure leading to extensive (paired) substitutions and va-
cancies through the crystal lattice (e.g., Nathan, 1984). The carbonate
fluorapatite mineral differs from fluorapatite [Ca;g (PO4)¢ F2]l owing to
the presence of carbonate anions (COs%~) in substitution for PO43-
within the crystal lattice (Nathan, 1984). CFA mainly forms in marine
environments, while pure fluorapatite often crystallizes from endogenic
processes (Deer et al., 2013). Fluorine (F) ‘excess’ in CFA - relative to
the F content in fluorapatite — could support the CO32- substitution to
maintain electroneutrality of the mineral among other cation substitu-
tions (Knudsen and Gunter, 2002; McClellan, 1980; McClellan and
Lehr, 1969; McClellan and Van Kauwenbergh, 1990, 1991; Nathan,
1984). Notably, McClellan and Lehr (1969) showed that 0.4 fluoride
likely associates with one COs2-, on average, to form CO3F3~ tetrahe-
dral groups during CO3?~ substitution. Debates still persist on whether
fluoride is associated with CO32~ or enters independently within the
structure (Nathan, 1996; Regnier et al., 1994). A simplified structural
formula for CFA was given by McClellan (1980), corresponding to
(Cayg-_yy Nay Mgy) [(PO4)s—, (CO3), Fo.4.] F2. Nonetheless, this general
formula does not account for vacancies in the Ca site nor other anionic
substitutions like sulfate or silicate complexes. The primary CO3%~ con-
tent of CFA typically ranges from 5 to 8%, which reflects the equilib-
rium with seawater composition during mineral formation (Nathan,
1984). This coincides with a maximum of about 1.4 to 1.5 mol of CO,
per unit-cell in CFA (Jahnke, 1984; McClellan and Van Kauwenbergh,
1990).

Cores collected from oceanographic cruises have revealed that CFA
peloids in modern unconsolidated phosphate sediments contain high
porosity estimated up to 10 vol% (Lumiste et al., 2019; Ménd et al.,
2018). While attempts have been made to explain the heterogeneous
porosity in modern CFA particles (Ménd et al., 2018), there is no clear
relationship between the chemical composition and grain porosity
within CFA peloids. Carbonate substitutions in synthetic and natural
apatite structure are well documented (Antonakos et al., 2007; Comodi
and Liu, 2000; Jahnke, 1984; Knudsen and Gunter, 2002; McClellan,
1980; McClellan and Van Kauwenbergh, 1990, 1991; Nathan, 1984;
Nathan et al., 1990; Tacker, 2008; Zwicker et al., 2021), however, the
variability of such substitutions remains to be elucidated within the
world's largest sedimentary phosphate deposits in Morocco. In this re-
gard, we used X-ray diffraction (XRD), infrared spectroscopy, optical
and scanning electron microscopies (SEM), and an electron microprobe
analyzer (EPMA) to determine the mineralogy and chemistry of Moroc-
can phosphate rocks. In this study, we explore samples from two ex-
ploited phosphate basins to better understand the link between CO3%~
accommodation in apatite minerals and their depositional environ-
ments. This work also aims to decipher whether CO3%~ incorporation
into the crystal lattice affects the grain porosity.

2. Geological background of the Moroccan phosphate series

The sedimentary successions in north- to southwestern Morocco de-
posited during the Late Cretaceous to Paleogene host large phosphate
basins (Hollard et al., 1985), which are currently exploited. Most of the
Moroccan phosphorus-bearing rocks are located in the Western Meseta
and Atlas structural domains, while the Moroccan Saharan domain ex-
clusively hosts the Oued Eddahab phosphate basin (Fig. 1). These geo-
logical zones represent the eastern passive margin of the central At-
lantic Ocean, and resulted from active subsidence during central At-
lantic Ocean opening in the Early Jurassic (Labails et al., 2010;
Michard et al., 2008). The latter allowed thick packages of sediments
to accumulate along the continental slope (Ellouz et al., 2003; Ranke et
al.,, 1982). The Meso- and Cenozoic sedimentary cover rests uncon-
formably on the Precambrian-Paleozoic crystalline-sedimentary base-
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Fig. 1. Simplified geological map of Morocco highlighting the spatial distribution of the Upper Cretaceous/Paleogene phosphorites. Geological map adopted from
Hollard et al. (1985). The studied samples are from the 6258 well (green star) within the Gantour basin and the 1685 well (purple star) within the Oued Eddahab
basin. Structural framework and unit contours modified from El Bamiki et al. (2020). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

ment that is overprinted by major tectonic events, including the
Eburnean, Pan-African, Caledonian and Variscan orogenic cycles
(Michard et al., 2008).

Synthetically, the Western Meseta block is a segment of the Mo-
roccan Variscan belt that was generated by the closure of the Rheic
Ocean and the subsequent continental collision between Gondwana
and Laurussia (e.g, Hoepffner et al., 2005). The deformed and meta-
morphosed basement is overlain by a thin tabular plateau of post-
Variscan sedimentary deposits. The Atlas structural zone, comprising
the elevated High Atlas and Middle Atlas Mountain belts that uplifted
during the Cenozoic Alpine cycle, has recorded the highest deforma-
tion in Morocco. Such autochthonous, intracontinental belts were
formed by the reactivation and inversion of Triassic fault structures
that developed during the Central Atlantic rifting (Frizon de Lamotte
et al., 2009; Piqué et al., 1998). In addition, the folded sedimentary
cover in the Atlas domain is dominated by a km-thick Mesozoic se-
quence deposited due to the high thermal subsidence, while thin
Cenozoic successions emplaced as subsidence lowered (Ellouz et al.,
2003). The low-elevated Saharan block of South Morocco is essen-
tially composed of the northern border of West African Craton (ie.,

Reguibat Shield), Anti-Atlas belt, as well as undeformed post-
Paleozoic sedimentary basins, including the Tindouf basin and Tar-
faya-Laayoune-Dakhla (TLD) basin (Michard et al., 2008). The TLD
basin is oriented in a NE-SW direction and its infill is made of sedi-
mentary rocks thinning eastward (Ranke et al., 1982). Specifically,
the central part of TLD basin contains phosphate sediments located in
the Oued Eddahab basin (e.g., Nguidi et al., 2021).

The Moroccan phosphate sedimentary succession, spanning the
Late Cretaceous to Eocene time (El Bamiki et al., 2020; Lucas and
Prévot-Lucas, 1995; Yans et al, 2014), is hosted by a marine-
dominated sequence deposited in shallow-water environments (Chellai
et al., 1995; El Bamiki et al., 2020; Kocsis et al., 2014; Nguidi et al.,
2021; Yans et al., 2014). Phosphate layers of Moroccan basins are pre-
dominantly associated with marls, limestones and dolomitic lime-
stones. Although significant lateral facies changes occurred, the phos-
phate series is bracketed by over- and underlying continental deposits
of Senonian and Late Eocene-Neogene ages, respectively (El Bamiki et
al., 2020; Kocsis et al., 2014). The oxygen isotope composition of
structural CO32- in CFA shows variations between phosphate basins of
the Western Meseta domain, which could suggest that CFA formation
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took place in different depositional settings (Kocsis et al., 2014).
Deeper environments thus characterize the western phosphate basins,
while shallow-water coastal settings likely prevailed in the eastern
border of the Western Meseta domain (Kocsis et al., 2014). In the High
Atlas domain, phosphate-bearing intervals also thicken westward to
more distal environments on the central Atlantic passive margin, cor-
responding to phosphate deposition in the outer platform (El Bamiki et
al., 2020). Moreover, these phosphate-rich sediments were accumu-
lated during second order transgressive-regressive cycles with distin-
guished major stratigraphic surfaces (El Bamiki et al., 2020), which
helps to understand the interaction between phosphate facies and sea-
level changes. However, depositional environmental conditions of
phosphate-rich sediments in the Oued Eddahab basin are poorly con-
strained.

Although several attempts using biostratigraphic tools have been
conducted to constrain the depositional age of the Moroccan phospho-
rites (Arambourg, 1935, 1952; Cappetta, 1981; Cappetta et al., 2014,
among others; Gheerbrant et al., 1998, 2003; Noubhani and Cappetta,
1994; Ollivier-Pierre, 1982; Rauscher and Doubinger, 1982; Salvan,
1954, among others), precise ages are still unclear. These pioneering
studies focused on the evolutionary aspect of vertebrates (mainly
Selachian), invertebrates, dinoflagellates, and pollen faunas, rather
than the stratigraphic framework. This has led to question the earlier
biostratigraphic ages (e.g., El Bamiki et al., 2020; Yans et al., 2014). In
light of these considerations, Yans et al. (2014) conducted a high-
resolution, chemostratigraphic study using isotope ratios of organic
carbon (313c0rg) in the Ouled Abdoun basin (Western Meseta domain),
which allowed to refine local stratigraphy and related ages. The 0'3Cyg
investigation revealed the occurrence of Selandian rocks and the ab-
sence of the Upper Thanetian and Lutetian rocks in the Ouled Abdoun
basin. More recently, new biostratigraphic data of calcareous nan-
noflora indicate that phosphate assemblages in the High Atlas region
are older than previously thought, spanning the entire Paleocene (El
Bamiki et al., 2020). In addition, these results have conducted to the
identification of a major maximum flooding surface at the Selandian-
Thanetian transition (El Bamiki et al., 2020). Combined, these new age
constraints show the importance of studying the stratigraphical frame-
work within each Moroccan phosphate domain.

3. Methods
3.1. Sampling and sample preparation

Phosphorite samples were collected from mining wells by OCP ge-
ologists in the Gantour basin (Western Meseta) close to Ben Guerir and
the north part of Oued Eddahab basin near BouCraa (Fig. 1). Ten rep-
resentative samples were then selected, crushed and milled in an agate
mortar without using water for bulk mineralogical analyses. Textural
observations and in situ analyses were performed on polished thin sec-
tions that were made using standard procedures at Geoscience Mont-
pellier, University of Montpellier, France.

3.2. X-ray diffraction

Whole-rock mineralogical composition of Moroccan phosphorites
was determined by X-ray diffraction (XRD). Powdered samples were
analyzed with a PANalytical X-Pert PRO MDP diffractometer using a
CuKa radiation at the RRXG platform, University of Montpellier. Scan
powders were recorded at 40 kV and 40 mA with an angular range of
5-65° 20 and a step size of 0.02° 26 per 2 s. Background subtraction, in-
dexing of peaks and mineral identification were realized using Bruker
Eva software by matching with reference XRD patterns from Interna-
tional Centre for Diffraction Data (ICDD) files.
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3.3. Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectra were acquired using a
Nicolet iS50 FTIR spectrometer equipped with a potassium bromide
(KBr) beamsplitter and a DTGS KBr detector at the IC2MP, University
of Poitiers, France. Spectra were acquired in transmission mode from
KBr pellets that consist of a mixture of 1 mg of sample and 149 mg of
KBr. The mixture was then pressed for 5 min at 8 kbar and dried for
more than 2 h in an oven at 120 °C. An accumulation of 100 scans at a
resolution of 4 cm~! composes each spectrum. FTIR analyses in the
1600-400 cm™! region (middle infrared — MIR) were performed to fur-
ther study the bulk mineralogy of Moroccan phosphorites, especially,
the CO3%~ substitutions in phosphate minerals.

3.4. Microscopies

Petrographic examination of Moroccan phosphorites was carried
out by optical and scanning electron microscopies at Geosciences Mont-
pellier, University of Montpellier. Representative polished thin sections
were investigated under transmitted and reflected lights using an Olym-
pus BH2-UMA microscope combined with a Leica EC4 microscope cam-
era. Uncoated thin sections were imaged in backscattered electron
mode with a FEI Quanta 200 FEG scanning electron microscope (SEM)
equipped with an Oxford Instruments energy dispersive X-ray spec-
trometer (EDX) at the MEA platform. Documentation of the size and
morphology of CFA crystallites was performed on uncoated rock slabs
in secondary electron mode. All analyses were carried out under low
vacuum. Acceleration voltage, beam current, and working distance
were set to 10-15 kV, 1 nA, and 10 mm, respectively.

3.5. Electron probe micro-analyzer

The concentration of major (Na, Mg, Al, Si, P, K, Ca, and Fe) and
volatile (F, S, and Cl) elements in CFA grains were measured from car-
bon-coated thin sections using a CAMECA SX-100 electron microprobe
equipped with wavelength dispersive spectrometers at Geosciences
Montpellier, University of Montpellier. Point analyses (n = 25) were
performed on non-porous areas of apatite grains. Analytical conditions
of electron probe microanalyses (EPMA) operated at an acceleration
voltage of 15 kV and 20 nA beam current with a ~ 1 pm focused beam
in order to minimize the porosity effect. The counting time was set to
10 s for Ca, P, and Cl elements and 30 s for the others. For quantitative
mapping, F, Si, P, S, Cl, K, Ca, and Fe were measured with a focused
electron beam, step size of 1 pm and dwell time of 0.1 s. The detection
limits are lower than 200 ppm for Mg, Al, Si, Cl, and K; lower than
400 ppm for Na, P, S, and Fe; 617 ppm for Ca and 2618 ppm for F.

The instrument was calibrated using reference material standards
for each element, including albite for Na, forsterite for Mg, aluminum
oxide for Al, wollastonite for Si, fluorapatite for P and Ca, orthose for
K, hematite for Fe, baryte for S, and chlorapatite for Cl. Lithium fluo-
ride (LiF) was the standard material for F analyses as it contains high
content of F (73.25 wt%), which is more accurate for measuring CFA-
hosted F concentrations since CFA may show a higher proportion of F
than fluorapatite (McClellan, 1980; McClellan and Lehr, 1969). How-
ever, the time-dependent variability of FKa X-ray count rates during
prolonged electron-beam irradiation causes analytical errors in the
EPMA F measurements (Stormer et al., 1993). We observed a F migra-
tion in our fluorapatite standard and some analyzed samples, resulting
in F enrichment at the sample surface (Stock et al., 2015, and reference
therein). Also, F migration highly depends on the crystallographic ori-
entation of apatite minerals, exposition of crystals to an electron beam
prior EMPA analyses (i.e., SEM imaging), and intrinsic vacancies
within the apatite structure (Goldoff et al., 2012; Stock et al., 2015). In
our analyzed samples, the F excess gave rise to unusually high F atoms
per unit cell (apuc) (> 3) of CFA, which is well above the upper limit
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of F incorporation (~ 2.6 F apuc) within the CFA crystal structure
(McClellan, 1980; McClellan and Lehr, 1969). We, thus, removed the F
excess generated by the F migration at the sample surface to enable co-
herent stochiometric calculations: corrected F (wt%) = measured F
(Wt%) — (measured F (wt%) * estimated F excess (%)). This F surplus
was erratic and considered up to 30% to best fit with the known F con-
tents in CFA (up to 4.93 wt%, McClellan and Lehr, 1969).

In addition, the CO, content was indirectly calculated
(CO5 = 100 - total) after the oxygen surplus of halogen atoms had
been subtracted. The structural formulae of phosphate minerals
were calculated using the stoichiometric model of Ketcham (2015).
Assuming the complete filling of halogen site in the structure, OH
content was once estimated (OH- = 2 - F~ - Cl7). The stoichiomet-
ric calculation is, however, difficult to constrain as Ketcham's
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method (2015) does not take into account large substitutions of
CO3% for PO, compared to apatite with any mixture of F-, Cl-,
and OH-. Combined, the F migration, estimated OH content, and
stoichiometric model may lead to slight uncertainties in calculating
the chemical formulae of apatite minerals.

4. Results
4.1. Petrography of phosphorites

The studied Moroccan phosphate rocks are predominantly com-
posed of densely packed and unsorted phosphatic allochems that show
a spheroidal to elliptical shape with a grain size ranging from 50 to
500 pm (Figs. 2, 3). The Gantour phosphorites are made of phosphatic

i Phosphalic
pealidd

Dodomite —=

Fig. 2. Photomicrographs of representative phosphatic grains from the 6258 well, Gantour Basin. Images are in plane-polarized (a, ¢-f) and cross-polarized lights
(b). (a, b) Phosphatic peloid and coated grains, bioclasts, as well as detrital quartz grains embedded within a carbonate-dominated matrix. The phosphatic al-
lochems show a large variation in size and shape. (¢) Phosphatic coated grain (black arrow) consisting of alternating light-brown and dark-brown laminations.
Green arrows denote grain porosity. (d) Heterogeneous phosphatic peloids supported by dolomite as well as clay and phosphatic cements. (e) Phosphatized gastro-
pod shell (black arrow) found as a nucleus within a phosphatic coated grain. (f) Partially phosphatized, mm-long bone fragment (black arrow). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Petrography with optical and scanning electron microscopes of representative phosphatic grains from the 1685 well, Oued Eddahab Basin. Images are in
plane-polarized (a, ¢, d) and cross-polarized lights (b). (a, b) Phosphatic peloids and detrital quartz grains embedded within a clay matrix. The P-rich particles are
heterogeneous in terms of size and shape. (¢) Phosphatic coated grains with regular and irregular layers in thickness (black arrows). (d) Typical phosphatized gas-
tropods in the observed samples. (e, f) Element mapping showing the occurrence of a siliceous phase that embeds particles and fills the intragranular porosity of P-
rich allochems. Note the Si enrichment within the outer part of phosphatic grain (black arrow). Composite elemental maps are displayed in Figs. S1 and S2.

peloids, detrital quartz, rhombohedral dolomite, as well as coprolites
and bioclasts embedded in a sparry calcite cement or clay matrix (Fig.
2). Occasionally, a P-rich matrix is present (Fig. 2d). Petrographic ob-
servations also confirmed the presence of phosphatic coated grains
consisting of concentric phosphatic layers of alternating light brown
and dark brown laminations (Fig. 2a, c¢). The laminae are either con-
tinuous and thin (<25 pm) or discontinuous and irregular in thickness
(varying from 10 to 70 pm; Fig. 2a, c). Examined grain nuclei mainly
include peloids, detrital quartz, dolomite and phosphatized gas-
tropods, while grain cortices are exclusively composed of phosphate-
bearing minerals (Fig. 2a, b, e). The Gantour series also hosts numer-
ous vertebrate bone fragments encrusted within the matrix of phos-
phorites (Fig. 2f). These biogenic debris are not commonly found as
nuclei of phosphatic grains. Moreover, the phosphatic coated grains
contain a large amount of circular black structures mostly confined to

the dark brown layers, which may correspond to porous structures
(Fig. 2c¢).

Phosphorites in the Oued Eddahab basin have different mineral and
grain assemblage and petrographic characteristics compared to Gan-
tour phosphorites with higher proportions of quartz particles and clay
minerals (Fig. 3a, b). Phosphatic peloids are dominant, while phos-
phatic coated grains, carbonates and bone fragments are present to a
lesser extent (Fig. 3c). Bioclasts in this basin are mainly represented by
phosphatized gastropods (Fig. 3d). SEM-EDX examinations also display
a silica-rich phase that locally occurs as cement, postdating the authi-
genic phosphate formation (Fig. 3e). Importantly, the phosphatic al-
lochems in the Oued Eddahab basin show high intragranular porosity,
as suggested by the presence of the Si-rich phase within peloids (Fig.
31).
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4.2. Bulk mineralogy and chemistry of phosphorites

The Moroccan phosphatic deposits were further analyzed using
the XRD analytical technique. The XRD patterns of bulk samples
show characteristic peaks of phosphate minerals, dolomite, calcite,
quartz, opal, and clay minerals in the studied sediments (Fig. 4a, c;
Fig. S3). The identification of non-basal reflections at ~4.5 A,
~2.6 A, and ~1.5 A (Fig. 4a, c; Fig. S3), arising from the random
stacking of swelling clay layers (Brindley, 1980), suggests that
smectite likely represents the dominant clay minerals. The Gantour
phosphorites have low proportions of clay minerals and Si-rich
amorphous phase relative to the Oued Eddahab phosphorites, while
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carbonate minerals are essentially dominant in the Gantour sam-
ples. This is consistent with our petrographic observations.

Bulk mineralogy reveals that carbonate fluorapatite is the main
phosphate mineral, which is characterized by (211), (112), and (300)
strong diffraction peaks in the 2.82 to 2.68 A region (Fig. 4a, c; Fig. S4,
Brown, 1980; Jahnke, 1984). Extensive substitutions are known in the
sedimentary apatite mineral group. Specifically, the substitution of
CO32~ for PO43~ results in a slight shift of the (211) and (300) strong re-
flections towards lower spacing values with occasionally an overlap-
ping of (211) and (112) peaks (Brown, 1980; Jahnke, 1984; LeGeros et
al., 1967; LeGeros, 1981). The studied bulk XRD profiles thus indicate
the presence of CO32~-rich fluorapatites in the Gantour phosphorites
and CO32~-poor fluorapatites in the Oued Eddahab phosphorites (Fig.
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Fig. 4. XRD patterns of randomly oriented bulk powders of Moroccan samples from the 6258 (a, b) and 1685 (c, d) wells. (a, ¢) Representative phosphorites show-
ing the main mineralogical phases. (b, d) Close-up of (410) and (004) reflections allowing the determination of CO32~ content in phosphate minerals. Note the ab-

sence of dolomite overlap for the CO3?~ measurement.

Calcite (Ca); carbonate fluorapatite (CFA); dolomite (Do); opal (O); quartz (Q); smectite (Sm).
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4a, c; Figs. S3, S4). In addition, measurement of CO32~ content in CFA
can be achieved using specific XRD reflections (Gulbrandsen, 1971;
Schuffert et al., 1990). Schuffert et al. (1990) introduced an empirical
equation between the concentration of CO3%~ and the difference in °20
(A260) of the (004) and (410) CFA peaks. The estimated standard error
of CFA-hosted CO32~ content is less than 0.5%, which makes this
method reliable. The mean CO3%>~ content of Gantour CFA is
7.42 + 0.74% (1o, n = 5), more than twice the average CO3%~ content
of 3.34 = 0.90% (10, n = 5) in the Oued Eddahab CFA (Table 1; Fig.
4b, d; Fig. S5). Although it was suggested that this method was unreli-
able in the presence of dolomite (Schuffert et al., 1990), our XRD pat-
terns do not show any overlap of the (410),(004) pair reflections of CFA
with diffraction peaks of dolomite (Fig. 4b, d). Intensity of CFA reflec-
tions in the 1.77 to 1.72 A region does not vary between each basin
compared to the peaks in the 1.82 to 1.79 A area.

FTIR analyses of the bulk fraction in both Gantour and Oued Edda-
hab samples were essentially performed to elucidate the structural po-
sition of CO32~ substitution in CFA (e.g., Madupalli et al., 2017). The
MIR spectra for both lithologies are presented in Fig. 5. First, they
show the four fundamental internal vibrations of PO43~ at 964 cm™!
(1), 473 ecm™! (12), 1041 and 1093 cm~! (v3), and 568, 578, and
604 cm~! (v4) (Antonakos et al., 2007; Comodi and Liu, 2000;
Madejova et al., 2011). The two bands at 525 and 913 ¢cm~! may be in-
dicative of silicate substitution for PO43~ (Comodi et al., 1999). Alter-
natively, the Si-O-Al bending vibration in the 520 cm~! region is typi-
cal of Al-rich smectite and the Al,-OH bending band, appearing at
915 cm™!, is a characteristic of some Al-containing clays (Farmer,
1974; Madejova et al., 2011). Moreover, the absorption bands at 714,
876, and 1430 cm™! in the Gantour phosphorites are diagnostic of cal-
cite (Fig. 5a; Farmer, 1974; Madejova et al., 2011). The weak band at
729 cm™! is likely a feature of dolomite in the Gantour phosphorites
(Fig. 5a), while the doublet at 776 and 797 cm~! is assigned to quartz
in the Oued Eddahab samples (Fig. 5b).

The diagnostic bands for CO52~ in phosphate minerals are localized
in the 860-890 cm~! (v2; out-of-plane bending vibration) and
1400-1600 cm~! spectral regions (v3; asymmetric stretching vibra-
tion) (Antonakos et al., 2007; Comodi and Liu, 2000; Elliott, 2002;
Fleet, 2009; LeGeros et al., 1969; Madupalli et al., 2017; Regnier et
al., 1994; Tacker, 2008). The v2 CO32~ bands of apatite minerals are,
however, difficult to assess due to the strong overlap with calcite ab-
sorption bands. It has been established that CO32~ can accommodate
in two sites of the apatite structure, including the hydroxyl site within
the channels along c-axis (defined as A-type substitution) and PO43~
tetrahedron (defined as B-type substitution) (Tacker, 2008, and refer-
ence therein). The MIR spectra of our studied samples show a primar-
ily B-type CO3%~ substitution characterized by absorption bands near
873, 1430, and 1454 cm~!, compared to those of A-type CO32~ substi-
tution at about 879, 1465, 1530 cm~! (Fig. 5; Regnier et al., 1994;
Tacker, 2008; Madupalli et al., 2017). Furthermore, additional bands
near 866 cm™~! and a broad shoulder at ~1470-1500 cm~! may reveal

Table 1
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the occurrence of surface labile COs2~ (i.e., not integrated into the
crystal lattice) (Deymier et al., 2017). Compared to the 1454 cm™!
band, the 1430 cm~! band in the Gantour phosphorites has a higher
absorbance than in the Oued Eddahab phosphorites, which can be as-
signed to the asymmetric stretching vibration of calcite in this spectral
region. The overall decreasing intensity of the CO3%~ absorption bands
in the Oued Eddahab samples indicates the decreasing content of CFA-
hosted CO32- (Fig. 5), consistent with the XRD data.

4.3. Elemental composition of CFA in the Moroccan phosphorites

Electron microprobe analyses of phosphatic peloids and coated
grains show distinct chemical compositions between the Gantour and
Oued Eddahab samples (Table 2). The CaO compositions average
53.73 = 0.63% (16, n = 10) and 53.65 * 0.60% (1o, n = 15) for
the Gantour and Oued Eddahab phosphatic grains, respectively. Ele-
vated contents of CO,, averaging 6.86 * 0.73%, characterize the
Gantour phosphatic grains, while CO, contents of Oued Eddahab
phosphatic particles are five times lower, with a mean of
1.17 * 1.16%. In the Gantour CFA, the increasing CO, contents are
accompanied by decreasing P,Os contents and increasing MgO, Na,O,
and SO, contents. Specifically, the P,Os mean for the Gantour phos-
phatic allochems is 34.70 = 0.92%, while that for Oued Eddahab P-
rich particles is higher, with a mean of 39.59 + 1.17%. The average
MgO, Na,yO, and SO, concentrations of CFA differ between the two
Moroccan basins by up to 0.22, 0.41, and 0.51%, respectively. More-
over, F content is relatively uniform at ~4.2 + 0.2 wt% in the Mo-
roccan CFA. The Al,03, FeO, K50, and Cl contents are either very low
or negligible in all the studied samples. Finally, the Oued Eddahab
phosphatic grains host SiO, contents as high as 2.66%, while those in
Gantour do not exceed 0.94%.

The average structural formula of Gantour phosphates (Cagsq
Nag19 Mgo.07) [(PO4)sg (CO3)154 (SO4)013 (SiO4)o06]l (F21s, Cloo1,
OHj 2) (n = 10, with traces of Al, Fe, and, K) confirms the presence of
CO32~-rich CFA, while the Oued Eddahab phosphatic grains have a
chemical composition close to the end-member fluorapatite, with a gen-
eral formula (Cag7; Nagos Mgo.o2) [(PO4)sss (CO3)o37 (SO4)o.0s
(SiO4)0.19] (Fa19, Clgo1) (n = 15, with traces of Al, Fe, and, K). The
complete EPMA dataset of structural formulae is given in Table 3. These
results corroborate the substitution of CO32~ for PO43~, the upper limit
of about 1.5 mol of CO; in the CFA structure and the presence of vacan-
cies in the Ca site. The F migration leads to the lack of accurate F mea-
surements, which does not allow us to comment on any relationship be-
tween F and CO, contents nor F excess within the crystallographic CFA
structure.

4.4. The sedimentary CFA grains

Under SEM, the Gantour phosphatic peloids are commonly rounded
and slightly elongated with smooth surfaces (Fig. 6a-d). The latter are

Positions of (410) and (004) XRD reflections and estimated CO3%~ content (%) for the studied Moroccan phosphorites. Carbonate concentration (%) in CFA

is calculated as 10.643x x 2 - 52.512x + 56.986 where x stands for A20g4_410) (Schuffert et al., 1990).

Area Well Level Sample (410) A 004) A (410) °26 (004) 20 A20 CO32~ content
Gantour Basin 6258 SA3S R6-13 1.76347 1.72279 51.801 53.119 1.318 6.27
DSP1 R6-30 1.76249 1.7232 51.832 53.105 1.273 7.38
DSP1 R6-29 1.76195 1.72324 51.849 53.104 1.255 7.86
Cc28 R6-25 1.7618 1.72354 51.854 53.094 1.240 8.24
C2M R6-79184 1.76278 1.72344 51.823 53.097 1.274 7.35
Oued Eddahab 1685 C1S8 BC-16 1.76903 1.72383 51.626 53.084 1.458 3.05
Basin C1S BC-15 1.76596 1.72209 51.723 53.142 1.419 3.89
Cl1B BC-12 1.76539 1.72216 51.740 53.140 1.399 4.35
C2s BC-9 1.76814 1.72350 51.654 53.095 1.441 3.42
C3S BC-6 1.76876 1.72202 51.635 53.144 1.510 1.97
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Fig. 5. FTIR spectra of representative Moroccan phosphorites. (a) Carbonate fluorapatite from the 6258 well, Gantour Basin. (b) Carbonate fluorapatite from the
1685 well, Oued Eddahab Basin. The interval from 1600 to 400 cm™! highlights the four PO, internal vibrational modes as well as structural carbonate vibrations in

phosphate minerals.

occasionally pitted with pore diameters of <2 pum (Fig. 6a-c). The ex-
amination of broken grains reveals that phosphatic peloids are com-
posed of numerous micrometer-sized particles (Fig. 6d). At higher mag-
nification, the crystallites frequently intersect one another and exhibit
a spherical and rod-shaped morphology (Fig. 6e, f). The sphere-like mi-
crostructures are on the order of hundreds of nanometers, while the
rod-shaped particles are represented by a typical length and diameter
ranging from 0.9 to 1.5 pm and 0.35 to 0.5 um, respectively. The crys-
tallite itself is made of nanocrystallites, as suggested by the presence of
fibrous-like structures (Fig. 6f, Fig. S6). Also, the investigated peloids
display high porosity between crystallites (Fig. 6e, f).

Observations in BSE mode clearly show the concentrically layered
texture of Gantour phosphatic coated grains, consisting of alternating
light gray and dark gray laminae (Fig. 7a-c, e). It suggests changes in
major element content. Moreover, the structural details of phosphatic
coated grains reveal that the BSE light gray areas consist of densely
packed crystallites, while nanometric intracrystalline porosity charac-
terizes the BSE dark-gray areas (Fig. 7d, f). The latter pattern also char-
acterizes the Oued Eddahab peloids without clear laminated structures
(Fig. S7). Importantly, the occurrence of pores is not likely to explain

the overall brightness change in the BSE dark-gray areas of studied Mo-
roccan phosphates (Fig. 7d, f; Fig. S7b-d). In addition, electron distribu-
tion maps (EPMA) illustrate that the BSE light gray areas contain quan-
titatively higher concentrations of Ca and P than the BSE dark gray ar-
eas in the Gantour phosphatic coated grains (Fig. 8). Considering the
substitution of CO32~ for PO43~ in phosphate minerals, the BSE dark
gray areas should thus contain high inorganic C concentrations. Si, Na,
S, and to a lesser extent K do not have the same spatial distribution as
the three previous elements (Fig. 8; Fig. S8). In contrast, Fe, Cl, and F
are homogeneously distributed (Fig. S8). Concentrations of Ca, P, Si,
Na, and S vary as high as 4, 3, 0.8, 0.7 and 0.5 wt%, respectively. It is
important to point out that porosity does not affect the chemical analy-
ses since all elements are not depleted in the porous BSE dark gray ar-
eas (compare Ca and P with Si, Na, or S EMPA elemental maps, Fig. 8).



Table 2

EPMA analyses of selected CFA grains from the Moroccan phosphorites.

Sample R6-29-1 R6-29-2 R6-29-3 R6-29-4 R6-30-1 R6-30-2 R6-30-3 R6-30-4 R6-30-5 R6-30-6 BC-6-1 BC-6-2 BC-6-3 BC-6-4 BC-6-5 BC-6-6 BC-6-7 BC-12-1 BC-12-2 BC-12-3 BC-1:
Phosphatic ~ CG CG Pel Pel CG Pel CG Pel CG CG Pel Pel Pel Pel Pel Pel Pel Pel Pel Pel Pel
allochems
Al,03 (%) 0.00 0.12 0.02 0.10 0.03 0.08 0.13 0.06 0.10 0.33 0.17 0.09 0.10 0.16 0.23 0.08 0.09 0.21 0.04 0.22 0.15
FeO (%) 0.01 0.04 0.01 BDL 0.03 0.06 0.06 0.04 0.04 0.09 0.05 0.03 0.07 0.07 0.07 0.01 0.05 0.08 0.05 0.16 0.08
MgO (%) 0.17 0.30 0.31 0.24 0.32 0.26 0.37 0.23 0.33 0.30 0.14 0.05 0.10 0.09 0.12 0.07 0.05 0.06 0.04 0.05 0.04
CaO (%) 53.99 53.94 53.55 53.28 53.45 53.31 55.03 53.89 53.10 52.98 53.89 55.23 53.70 5416 53.80 54.89 54.99 53.82 55.39 54.76 54.57
Nay0 (%) 0.45 0.58 0.86 0.44 0.72 0.67 0.88 0.59 0.52 0.59 0.18 0.20 0.27 0.19 0.27 0.21 0.20 0.22 0.31 0.09 0.13
K50 (%) 0.03 0.02 0.05 0.03 0.04 0.02 0.04 0.01 0.04 0.04 0.03 0.01 0.02 0.03 0.04 0.04 0.01 0.09 0.03 0.04 0.04
P,0s (%) 35.85 35.35 35.69 35.34 34.39 35.14 33.25 34.30 34.22 33.42 39.73 40.87 40.22 38.75 40.03 38.82 39.79 39.14 40.60 36.78 38.03
SO, (%) 0.74 0.84 0.92 0.72 0.94 0.89 0.86 0.81 0.69 0.84 0.17 0.23 0.20 0.36 0.29 0.34 0.32 0.34 0.37 0.31 0.26
Si0, (%) 0.11 0.47 0.13 0.56 0.08 0.35 0.27 0.21 0.60 1.13 1.96 1.45 1.65 2.22 2.66 1.53 1.19 1.37 0.24 0.80 0.53
F (wt%) 4.43 4.26 3.81 4.37 4.21 4.07 4.55 4.41 4.35 3.98 4.17 4.00 4.08 4.07 4.01 4.09 4.18 3.96 3.81 4.27 4.37
Cl (wt%) 0.05 0.02 0.05 0.02 0.09 0.04 0.07 0.06 0.07 0.06 0.01 0.00 0.02 0.00 0.01 0.01 0.02 0.08 0.10 0.03 0.03
Total 95.84 95.94 95.39 95.10 94.29 94.88 95.50 94.59 94.07 93.77 100.48 101.74 100.44 100.10 101.53 99.64 100.44 99.37 100.97 97.51 98.22
O=F, Cl 1.88 1.80 1.62 1.84 1.79 1.72 1.93 1.87 1.85 1.69 1.76 1.51 1.72 1.72 1.69 1.54 1.58 1.69 1.63 1.81 1.85
Corrected 93.97 94.14 93.78 93.26 92.50 93.16 93.57 92.72 92.22 92.08 98.72 100.23 98.71 98.39 99.84 97.91 98.68 97.69 99.35 95.70 96.37
Total
CO; (%) 6.03 5.86 6.22 6.74 7.50 6.84 6.43 7.28 7.78 7.92 1.28 1.29 1.61 0.16 2.09 1.32 2.31 0.65 4.30 3.63
OH (wt%) 0.04
Net 100.00 100.00 100.04 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.23 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.0
Corrected
Total
Note: BDL = below detection limit; CG = coated grain; Pel = peloid.
Italicized numbers refer to samples for which fluorine analyses were corrected for fluorine migration (see text for explanation).
Table 3
Structural formulae of Moroccan CFA particles calculated following the stoichiometric model of Ketcham (2015).
Basin Gantour Oued Eddahab
Sample R6- R6- R6- R6- R6- R6- R6- R6- R6- R6- BC- BC-6- BC- BC- BC- BC-6- BC-6- BC- BC- BC- BC- BC- BC- BC- BC-12-
29-1 29-2 29-3 29-4 30-1 30-2 30-3 30-4 30-5 30-6 6-1 2 6-3 6-4 6-5 6 7 12-1 12-2 12-3 12-4 12-5 12-6 12-7 8
Phosphatic CG CG Pel Pel CG Pel CG Pel CG CG Pel  Pel Pel Pel  Pel Pel Pel Pel Pel Pel Pel Pel Pel Pel Pel
allochems
Al 0.00 0.02 0.00 0.02 0.01 0.01 0.01 0.01 0.02 0.06 0.03 0.02 0.02 0.03 0.05 0.02 0.02 0.04 0.01 0.04 0.03 0.03 0.02 0.04 0.01
Fe 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.02 0.01 0.01 0.00 0.01 0.01
K 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.00
Mg 0.04 0.07 0.08 0.06 0.08 0.06 0.06 0.06 0.08 0.07 0.03 0.01 0.02 0.02 0.03 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.00
Na 0.14 0.18 0.27 0.14 0.23 0.21 0.19 0.19 0.16 0.18 0.06 0.07 0.09 0.06 0.09 0.07 0.06 0.07 0.10 0.03 0.04 0.07 0.09 0.09 0.11
Ca 9.48 9.48 9.36 9.28 9.31 9.29 9.42 9.42 9.22 9.17 9.61 990 956 9.66 9.63 9.75 9.81 9.55 9.98 9.70 9.68 9.68 9.91 9.61 9.69
Y cationic site 9.68 9.77 9.72 9.50 9.63 9.59 9.68 9.68 9.49 9.52 9.74 10.00 9.70 9.79 9.82 9.86 9.91 9.65 10.09 9.75 9.74 9.77 10.01 9.73 9.81
Si 0.02 0.08 0.02 0.09 0.01 0.06 0.03 0.03 0.10 0.18 0.33 0.24 0.27 0.37 0.44 0.25 0.20 0.23 0.04 0.13 0.09 0.09 0.07 0.11 0.03
S 0.11 0.13 0.14 0.11 0.14 0.14 0.12 0.12 0.10 0.13 0.03 0.04 0.03 0.06 0.05 0.05 0.05 0.05 0.06 0.05 0.04 0.06 0.05 0.06 0.06
C 1.35 1.31 1.39 1.50 1.67 1.52 1.62 1.62 1.72 1.75 0.29 0.00 0.29 0.37 0.04 0.47 0.30 0.52 0.15 0.97 0.82 0.53 0.16 0.17 0.50
P 4.97 4.91 4.93 4.87 4.73 4.84 4.74 4.74 4.69 4.57 5.60 5.79 5.66 546 566 545 5.61 5.49 5.78 5.15 5.33 5.54 5.78 5.83 5.63
Y anionic site 6.46 6.43 6.48 6.56 6.56 6.55 6.52 6.52 6.62 6.63 6.24 6.07 6.25 6.25 6.19 6.22 6.15 6.29 6.03 6.30 6.28 6.23 6.06 6.17 6.21
F 2.30 2.21 1.97 2.25 2.17 2.09 2.28 2.28 2.23 2.03 219 212 214 214 212 214 220 2.07 2.03 2.23 2.29 2.30 2.28 2.18 2.35
Cl 0.01 0.00 0.01 0.01 0.03 0.01 0.02 0.02 0.02 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.02 0.03 0.01 0.01 0.02 0.02 0.03 0.03
OH 0.02

Note: CG = coated grain; Pel = peloid.
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Fig. 6. SEM images in secondary electron mode of CFA peloids and crystallites from the Gantour basin. (a) Rounded to slightly elongated phosphatic peloid with a
smooth surface that is occasionally pitted. (b) Close up of image a. Abundance of pores with pm-sized diameters. (¢) Phosphatic peloid with irregular and porous
surface (white arrows). (d) Broken phosphatic peloid composed of a large number of crystallites and high porosity. (e) High density of sphere-like CFA particles. (f)
Close up of image d. Rod-shaped CFA particles that are constituted of nanocrystallites (black arrows).

5. Discussion
5.1. Origin of variable bulk CFA-hosted CO3%~ concentrations

Many studies have argued that the primary causes of chemical
variability in CFA were linked to weathering, diagenesis, and subse-
quent metamorphism (Knudsen and Gunter, 2002; McArthur, 1978;
McClellan, 1980). Few works have dealt with the effect of deposi-
tional environments and/or early diagenetic processes on the CFA-
hosted CO32~ content in sedimentary phosphate-bearing rocks (Glenn
et al., 1988; Gulbrandsen, 1971; Nathan et al., 1990).

The studied Moroccan phosphate rocks contain remarkably hetero-
geneous CFA-hosted CO32- contents at the regional scale. Notably, the
Gantour CFA contain twice as much bulk CO3%~ contents as the Oued
Eddahab CFA (Table 1). On the other hand, a chemical homogeneity in
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CFA-hosted CO3%~ contents is likely within each phosphate basin. In-
deed, phosphatized coprolites from the Gantour and Ouled Abdoun
basins show CO32~ contents varying roughly between 6 and 9%,
(Cosmidis et al., 2013b; Kocsis et al., 2014), while CO32~ contents from
other Oued Eddahab phosphorite deposits range from 2 to 4.72%
(Nguidi et al., 2021). These values are similar to those observed in this
study. Post-depositional alteration processes like weathering can alter
CFA by decreasing the amount of CO32~ to form fluorapatite (McClellan
and Van Kauwenbergh, 1991). Our petrographic examinations rather
suggest that the preservation of concentric and irregular laminations
manifests a primary origin of phosphatic grains in both the Gantour and
Oued Eddahab samples. Another factor has therefore controlled the low
CFA-hosted CO32~ contents in the Oued Eddahab basin. However, con-
sidering the minute size of CFA particles, we cannot completely rule out
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Fig. 7. SEM images in back-scattered electron mode of phosphatic coated grains from the Gantour basin. (a-c, e) Concentrically layered texture of alternating
light gray and dark gray laminations. Most of the layers display an irregular aspect. (d, f). Close up of images ¢ and e, respectively. Light gray areas exhibit
densely packed crystallites, while dark gray regions host higher porosity between particles. White arrows denote the irregular and/or discontinuous aspects of

laminations.

the possibility of local, low-temperature dissolution/reprecipitation or
diffusion processes of few CFA crystallites during the early diagenesis.

The meaningful presence of clay material in the Oued Eddahab
phosphorites compared to the Gantour phosphate deposits suggests dif-
ferent environmental controls. Winnowing and reworking processes
through storm and bottom currents promote the enrichment of phos-
phatic grains to ore grade by removing fine-grained particles due to
the lower density of non-phosphatic materials (1.5 to 2.5 g.cm~3) than
CFA (2.9 g.cm~3; (Follmi, 1996). Sea-level changes, oceanographic fac-
tors, and time contribute to winnowing intensity and exposure (El
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Bamiki et al., 2020; Follmi, 1990; Pufahl and Groat, 2016). Thus, re-
peated hydrodynamic winnowing and reworking likely occurred in the
depositional sites of Gantour basin, while less winnowed phosphates
were formed within the Oued Eddahab basin. Alternatively, a large ter-
rigenous input of clay and quartz particles could have impeded the
phosphogenesis in the Oued Eddahab region as high sedimentation
rate and rapid burial lowers the intensity and extent of phosphate min-
eralization (Filippelli, 1997). The abundance of phosphatic coated
grains and broken bone fragments associated with minor amounts of
fine-grained particles in the Gantour phosphorites also provide robust
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Fig. 8. SEM-BSE image of a Gantour CFA coated grain and corresponding EPMA element mapping (viridis colour map, as recommended by Stoelzle and Stein,
2021). Calcium, phosphorus, silicon, sodium, and sulfur compositional variations revealed by EMPA maps, respectively. Ca and P show a covariation, while Si, Na,
and S display a distinct pattern. Black and white lines denote the main irregular concentric laminations of the coated grain. Scale bars are 100 pm.

support for high energy conditions in the depositional setting. Further-
more, irregular and discontinuous laminations of phosphatic coated
grains usually witness successive stages of phosphogenesis and sedi-
ment reworking (Pufahl and Grimm, 2003). This type of lamina is
widely seen in CFA grains from the Gantour basin (Figs. 2, 7). Hence,
we inferred that the observed changes in petrography and mineralogy
between the Moroccan phosphate basins are closely linked to distinct
depositional environments. In light of these considerations, the Gan-
tour phosphorites containing authigenic CO32~-rich CFA would have
formed under a higher energy hydrodynamic regime controlled by
repetitive winnowing and reworking processes compared to the CO32~-
poor CFA from the Oued Eddahab phosphorites.

Shifts in pore water redox chemistry towards more reducing to sul-
fidic conditions during the coated grain formation may induce the pre-
cipitation of accessory minerals like pyrite (Pufahl and Grimm, 2003;
Arning et al., 2009a). The increasing flux of organic matter at the wa-
ter-sediment interface is thought to be responsible for redox variations
as it conducts to increasing oxygen consumption by heterotrophic mi-
croorganisms during organic matter remineralization. This subse-
quently leads to an upward moving of anoxic/sulfidic zones in the sedi-
ment column. The absence of redox-dependent minerals, including
glauconite and pyrite,in both the Gantour and Oued Eddahab CFA cor-
tices does not support the establishment of intense anoxic/sulfidic,
pore water conditions in the zones of CFA precipitation, which points
to uniform organic carbon export and primary productivity in the sur-
face ocean (Pufahl and Grimm, 2003; Arning et al., 2009a). Alterna-
tively, pyrite formation may have been inhibited by a lack of iron sup-
ply in the depositional settings (Berner, 1984). Nonetheless, the latter
propositions do not entirely preclude slight and local development of
anoxic/sulfidic conditions in the depositional environments. Instead,
the heterogeneous in situ CFA-hosted CO3%~ content from the Gantour
phosphatic coated grains and to a lesser extent in Oued Eddahab grains
hint that another mechanism contributed to the chemical zonations.

The primarily composition of the two studied Moroccan basins,
differing in their bioclast, clays, and CFA-hosted COs2~ contents,

13

suggests formation of these phosphate accumulations in different de-
positional environments along the shallow marine platform of the
eastern passive margin of the central Atlantic Ocean. The similar
structural position of CO32~ in CFA between the Gantour and Oued
Eddahab phosphorites, however, indicates common mechanisms for
CO52~ incorporation. Carbonate apatite minerals with A-type substi-
tutions are rarely observed in biological calcifications (bones, teeth)
and natural environments (Comodi and Liu, 2000; LeGeros et al.,
1969). They are usually synthesized under high-temperature and
high-pressure conditions (> 950 °C and 2-4 Gpa) that are unlikely
to occur in sedimentary regimes, while B-type carbonate apatites
dominantly characterize the natural and low-temperature environ-
ments (Madupalli et al., 2017; Tacker, 2008). Considering the re-
quirements of high-temperature methods to form A-type carbonate
apatites, high energy barrier likely limits the A-type carbonation in
sedimentary apatite minerals. The strict dominance of B-type substi-
tution in the studied Moroccan sedimentary CFA (Fig. 5) supports
the latter proposal.

5.2. CFA crystallization in the Upper Cretaceous/Paleogene phosphate
series

The morphology of Moroccan CFA corresponds to rod-shaped and
sphere-like particles, which is similar to the phosphatic crystallites
previously studied in natural environments (Mand et al., 2018) and
laboratory experiments (Busch et al., 1999; Crosby and Bailey, 2018;
Wu et al.,, 2010). The abiotic, experimentally generated apatite mi-
crostructures precipitated from a double-diffusion gradient using a va-
riety of organic matrices. This could indicate that organic molecules
are a prerequisite for CFA crystal growth and formation. In both labo-
ratory experiments and modern environments, a growth continuum
from rod-shaped to bulged morphology, dumbbells and spherical par-
ticles is observed (Crosby and Bailey, 2018; Mand et al., 2018). Fur-
ther investigations in the Upper Cretaceous/Paleogene phosphorites
are, however, required to decipher whether the CFA crystallites form
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a morphological sequence that could be directly linked to the pres-
ence of carbonaceous compounds.

Marine authigenic apatite minerals crystallize from the chemistry of
the interstitial pore fluids below the water-sediment interface. The con-
centration of dissolved pore water PO,3" in organic-rich sediments of
the upwelling zone is as high as 400 pmol.L~! (Goldhammer, 2011;
Krajewski et al., 1994; Schulz and Schulz, 2005). In such highly super-
saturated solutions with respect to authigenic apatite, nucleation is ini-
tiated (e.g, Van Cappellen and Berner, 1991). The initial degree of pore
water supersaturation (with respect to apatite in this study) strongly
controls the nucleation rate of the product phase (Putnis, 2009). In ad-
dition to supersaturation, amorphous calcium phosphate and octacal-
cium phosphate are suitable nucleation templates to lower the activa-
tion energy barrier to nucleation, which subsequently serve as precur-
sor sites for CFA nucleation and growth (Krajewski et al., 1994; Van
Cappellen and Berner, 1991). Organic extracellular polymeric sub-
stances produced by microorganisms may also act as nucleation tem-
plate for the precipitation of amorphous Ca-phosphate phases (Méand et
al., 2018). Therefore, high levels of supersaturation with respect to
amorphous apatite precursors coupled with a microbially mediated nu-
cleation may explain the large number of crystals (>10° per cm3,
Krajewski et al., 1994) within modern phosphorites (Midnd et al.,
2018). Considering the high density of CFA crystallites in the Moroccan
phosphatic grains (Fig. 6d-f; Fig. S6b-d), the above conditions of super-
saturation were likely met in the Upper Cretaceous/Paleogene up-
welling-related coastal sediments.

The observed divergence in CFA-hosted CO32~ content between the
Moroccan phosphate basins as well as chemical zonations of Ca and P —
and thus of CO3®~ — in the Gantour and Oued Eddahab phosphatic
coated grains could represent differences in pore water concentrations
of dissolved CO32~ during CFA formation (Fig. 8, Tables 2, 3). The alter-
nating CO32~ concentration, deduced from that of P (Fig. 8), in phos-
phatic coated grains often occurred after episodes of reworking and
transport, as suggested by the irregular and discontinuous aspect of
some laminae (Figs. 7, 8). This implies that the dissolved CO32-
saturated solutions would have been controlled by the regional intersti-
tial fluids of depositional setting in which the mineral growth arises.
Specifically, varying rates of organic matter remineralization would
have led to changes in pore water carbonate alkalinity — and thus CO3%~
concentrations — below the water-sediment interface (Glenn et al.,
1988). Controlled by the environmental context, we thus interpret
CO32-enriched CFA from the Gantour phosphorites to be formed at
higher pore water CO3%~ concentrations compared to COs2"-depleted
CFA from Oued Eddahab phosphorites.

Earlier studies have shown that the substitution of CO3% for
PO,%- (B-type substitution) in sedimentary apatites has some effects
on the unit-cell dimensions (McClellan, 1980; McClellan and Lehr,
1969; McClellan and Van Kauwenbergh, 1990). A reasonable expla-
nation for this change of physical properties is that the trigonal-
planar CO3?~ substituting for a tetrahedral PO,3~ causes a distortion
of the crystallographic structure. The B-type CO3?>~ accommodation
promotes a contraction and slight expansion of the a-cell and c-cell
parameters of the apatite lattice, respectively (McClellan, 1980;
McClellan and Lehr, 1969; McClellan and Van Kauwenbergh, 1990).
Furthermore, the CO3?~ substitution affects the morphology of crys-
tallites by lowering their size and modifying their shape (Deymier et
al., 2017; LeGeros et al., 1967; LeGeros, 1981). At high CO3%>" con-
centrations, synthetic carbonate apatites are less elongated along
the direction of the c-axis, become more equiaxial, and clearly dis-
play less defined edges and facets, which results from a lowering of
the atomic order, stiffness, and surface energy (Deymier et al., 2017;
LeGeros et al., 1967; LeGeros, 1981). The CO32 -rich laminae in the
Gantour phosphatic coated grains are composed of high intragranu-
lar porosity compared to the COs?>-poor CFA laminae (Fig. 7). A
siliceous amorphous phase is even locally preserved inside the Oued

14

Chemical Geology xxx (xxxx) 120818

Eddahab phosphatic grains (Fig. 3e, f; Fig. S6), denoting the pres-
ence of important porous structures between crystallites. Combined,
this could indicate an underestimated influence of CO3%" substitu-
tion on grain porosity. The general mechanism behind the formation
of porous laminae might be difficult to assess with our dataset. One
possible explanation for this phenomenon is that porosity developed
as a result of local changes in dissolved CO32~ concentrations, result-
ing in variations of CFA crystallite size and shape during crystal
growth. High pore water CO3> concentrations would have pro-
moted large incorporation of CO3%~ in our studied CFA grains, re-
ducing the crystallite size and increasing the intragranular porosity.
The inverse causality (i.e., where porosity induces the formation of
high CO3%-containing CFA grains) is unlikely since high rates of or-
ganic matter decomposition would have increased dissolved CO3?"
and PO,®- concentrations in pore waters. It would have further led
to higher levels of apatite supersaturation, in turn, resulted in
higher rates of apatite precipitation (Krajewski et al., 1994), pre-
venting the formation of porosity. Alternatively, pseudomorphism,
involving dissolution-precipitation mechanisms, can generate poros-
ity (Putnis, 2009). Indeed, mineral replacement reactions with vol-
ume reduction of the product phase may lead to an increase of
porosity to balance the volume of the solid. Considering the thermo-
dynamical metastability of CFA with respect to fluorapatite through
geological time (Chien and Black, 1976; McClellan and Van
Kauwenbergh, 1991), it is, however, unlikely that porous CO3s2"-rich
CFA replaced non-porous COs>-poor CFA. In this regard, we hy-
pothesize that the small size and less defined shape of CO3?~-rich
CFA crystallites could contribute to the high intracrystalline poros-
ity in modern and ancient phosphorite-hosted CFA grains. TEM
analyses of the nanostructure of CFA crystallites could affirm or re-
fute this assumption.

5.3. New insights for phosphate rock direct application as fertilizers: open-
reflections

Soluble fertilizers, such as triple superphosphate, and non-
processed rock phosphate powders are used worldwide as the main P
source in modern agriculture. Water-soluble fertilizers allow rapid P
uptake by plants, which, in turn, boosts the short-term crop yield
(Pavinato et al., 2017). They may also induce P absorption onto Fe- and
Al-oxyhydroxides and clay particles, decreasing the P availability for
plants. The use of soluble phosphates added with limestone can lead to
greater nutrient use efficiency relative to rock phosphate powders,
which is a promising technique for fertilization in specific climatic ar-
eas (Somavilla et al., 2021). Alternatively, rock phosphate powders
may enable long-term P use efficiency in soils due to the low dissolu-
tion rate of apatite minerals (Pavinato et al., 2017; Szilas et al., 2007).
The latter slow-release phosphatic fertilizers also favor the P recovery
and recycling from agricultural runoff.

Carbonate within the apatite structure involves a strong decrease of
crystallinity, thereby increasing the dissolution rate and solubility
(Chien and Black, 1976; Deymier et al., 2017; LeGeros et al., 1967).
CFA particles in the Gantour phosphorites typically show high bulk
CO32- content and low degree of crystallinity, as indicated by the low
spacing values of (211) and (300) peaks and overlapping of (211) and
(112) reflections (Table 1; Fig. 4; Fig. S4). This implies that high
CO32 -containing CFA grains from the Gantour basin are more soluble
than those of the Oued Eddahab basin. Hence, the Gantour phosphate
deposits in Morocco may be particularly suitable for direct use as P fer-
tilizers. Further studies are required to decipher whether the P release
from soluble CFA rock powders would be sufficient for soil fertiliza-
tion. This work highlights the importance of detailed studies of phos-
phorites for both scientific and economic interests.
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6. Conclusions

The study of the Moroccan phosphate series accumulated during the
Late Cretaceous/Paleogene time interval allowed us to document the
mineralogy and chemistry of phosphate deposits that were collected
from two separate sedimentary basins. All studied samples clearly
demonstrate the presence of carbonate fluorapatite minerals as the
main P-bearing phase.

The data first indicate petrographic differences between the Gan-
tour and Oued Eddahab phosphorites in terms of bioclast, carbonate,
and clay fractions as well as CFA grain morphology, which accounts
for differences in depositional environments. This would likely explain
the variability of bulk CFA-hosted CO32~ content within the phosphatic
peloids and coated grains orchestrated by divergent supersaturation
conditions. The data further suggest that slight changes of CO32~ con-
centrations in sediment pore waters after winnowing, transport, and
redeposition processes have locally shaped the chemistry of phosphatic
coated grains. This clearly implies that stochiometric assumption of
sedimentary CFA grains is not reliable. In addition, high CO32~ concen-
trations in CFA could have affected the grain morphology by increas-
ing their intragranular porosity. Hence, the mineralogical and chemi-
cal diversity of the Moroccan phosphate accumulations highlights the
effects of different processes and controls, including depositional phys-
ical environmental factors, post-depositional winnowing and rework-
ing, and pore water CO32~ concentrations.

Finally, the use of naturally soluble, CO3% -rich phosphates could
ensure soil fertilization while reducing the climatic, economic and en-
vironmental impacts linked to the production and use of water-soluble
triple superphosphate.
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