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«And provides for him from where he does not expect. And whoever relies upon
Allah - then He is sufficient for him. Indeed, Allah will accomplish His purpose.
Allah has already set for everything a [decreed] extent».

Verse 3 of Surat At-Talag. Holy Quran

“The mystery of human existence lies not just in surviving, but in finding
something worth living for.”

The Brothers Karamazov, 1880, Fyodor Dostoevsky.

"Success is 1% talent and 99% hard work."

Thomas Edison — American Inventor.
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Abstract

The phosphorite rocks in the northern basin of Tebessa region were deposited during
the Upper Paleocene—Lower Eocene period around the Kasserine Paleo-Island, and coincide
well with PETM events. These rocks are extensively studied across various scales, such as
whole-rocks, particle separates, matrix, and grain-size fractions. Decimeter- to meter-thick
phosphorite layers are interbedded within marls, dolostones, and silica-rich carbonate rocks.
Although partly exploited in the early 20" century, the Troubia, Ain Dibba, and Ain Kissa
deposits received limited exploration due to their lower P.Os content and ore reserves. The
present study aims to highlight the knowledge of their critical trace and REE contents, as well
as the understanding of their paleo-depositional environment. Selected samples were analyzed
using optical microscopy, XRD-FTIR, SEM-EDS, XRF, and ICM-MS methods. Petrographic
data show that these phosphorites are mainly composed of pellets, coprolites, bioclasts and rare
glauconite, gypsum, and detrital quartz grains. These constituents are cemented by calcareous,
siliceous or rarely clayey matrix. Here, amorphous silica, represented by opal-CT; and
crystalline silica represented by quartz grains. XRD, FTIR and SEM data reveal that
phosphorites are composed of CFA, Opal-CT, quartz, dolomite, calcite, gypsum, and zeolites.
This siliceous material may be originated from fragmented fossils of siliceous tests, and
precipitated silica, or quartz detrital grains. The XRF and ICP-MS chemical analyses show that
the studied phosphorites are not as rich neither in P2Os nor in REE contents (average = 20.24
wit% and average = 252 ppm, respectively) as the southern basin Djebel Onk phosphorites. The
highest Ce/Ce* and lowest Eu/Eu* anomalies are recorded in the relatively REE- and
glauconite-rich lower layers, while the lowest Ce/Ce* and highest Eu/Eu* values, indicating
more oxic conditions, characterize the glauconite-free, REE-poor upper layers. The redox-
sensitive trace element (Cr, Ni, V, U) data display transition from relatively sub-oxic to oxic
conditions (from the lower to the upper layers), indicating that slightly reducing conditions
during early diagenesis enabled uptake both REE and trace element onto apatite and glauconite
from pore waters through substitution and adsorption mechanisms. These features indicate that
phosphorites from the northern basin were deposited, through upwelling currents, in a more
open, shallower, oxygenated, fast sedimentation, and agitated environment during the

Paleocene-Eocene phosphogenesis, with less PETM influence, in Tebessa region.

Keywords: Phosphorites, Northern basin, REE-enrichment, Upwelling currents, PETM, Paleo-

depositional environment, Tebessa.



Résumeé

Les roches phosphatées du bassin nord de la région de Tebessa se sont déposées au cours
du Paléocéne-I'Eocéne autour de la paléo-Tle de Kasserine, et coincident bien avec les
événements du PETM (Paleocene-Eocene Thermal Maximum). Ces roches ont fait l'objet
d'études approfondies a différentes échelles, telles que roche totale, particules séparées, matrice
et fractions granulométriques. Des couches de phosphate d'une épaisseur de quelques
décimetres a plusieurs métres sont intercalées dans des marnes, des calcaires dolomitiques et
des calcaires riches en silice amorphe (silex). Bien qu'elles aient été partiellement exploitées au
début du XXe siecle, les gisements de Troubia, Ain Dibba, et d'Ain Kissa ont fait I'objet d'une
exploration limitée en raison de leur faible réserve. La présente eétude vise & mettre en évidence
les connaissances relatives a leur teneur en éléments traces et en terres rares, ainsi que la
compréhension de leur paléo-environnement de dépét. Les échantillons sélectionnés ont été
analysés a l'aide des méthodes suivantes : microscopie optique, XRD-FTIR, SEM-EDS, XRF
et ICM-MS. Les données pétrographiques montrent que ces phosphorites sont principalement
composées de pellets, de coprolithes, de bioclastes et, plus rarement de glauconite, de gypse et
de grains de quartz detritiques. Ces constituants sont cimentés par une matrice carbonaté,
siliceuse ou, plus rarement argileuse. Ici, la silice amorphe (silex), représentée par l'opale-CT,
et la silice cristalline, représentée par les grains de quartz. Les données XRD, FTIR et SEM
révelent que les phosphorites sont composées de CFA, d'opale-CT, de quartz, de dolomite, de
calcite, de gypse et de rares zéolites. La silice peut provenir de fossiles fragmentés de tests
siliceux, de silice précipitée ou de quartz détritique. Les analyses chimiques XRF et ICP-MS
montrent que les phosphorites ne sont pas aussi riches en P2Os ni en terres rares (moyenne =
20,24 % en poids et moyenne = 252 ppm, respectivement). Les anomalies Ce/Ce* les plus
élevées et EU/Eu™ les plus faibles sont enregistrées dans les couches inférieures riches en REE
et en glauconite, tandis que les valeurs Ce/Ce* les plus faibles et Eu/Eu* les plus élevees,
indiquant des conditions plus oxydantes, caractérisent les couches supérieures pauvres en REE
et exemptes de glauconite. Les données relatives aux eléments traces sensibles au
I'oxydoréduction (Cr, Ni, V, U) montrent une transition de conditions relativement suboxiques
a des conditions oxiques (des couches inférieures aux couches supérieures), indiquant que des
conditions légerement réductrices au début de la diagenese ont permis I'absorption des ETR et
des éléments traces par l'apatite et la glauconite a partir des eaux interstitielles par des
mécanismes de substitution et d'adsorption. Ces caractéristiques indiquent que les phosphorites

du bassin nord se sont déposées, par le biais de courants ascendants, dans un environnement



plus ouvert, moins profond, oxygéné, a sédimentation rapide et agité pendant la phosphogenése
du Paléocéne-Eocéne, avec une influence moindre du PETM, dans la région de Tebessa.

Mots-clés: Phosphorites, Bassin nord, Enrichissement en REE, Upwelling, PETM,

Environnement paléo-sédimentaire, Tebessa.
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Introduction




Introduction

The phosphorite rocks in Algeria were deposited during the Upper Paleocene—Lower
Eocene period in the western part of the Kasserine Paleo-Island, and coincide well with PETM
events (Zachos et al., 2001; Zachos et al., 2007, 2008; Ounis et al., 2008; Buccione et al., 2021;
Saouli et al., 2025). These phosphorites belong to the Tethyan phosphorite belt that extends
easterly to the Middle East, where phosphogenesis occurred during the Upper Cretaceous—
Eocene period (Sassi, 1974; Notholt, 1980; Sheldon, 1987; Notholt et al., 1989; Lucas and
Prevot-Lucas, 1995; Lasheen et al., 2022). They are located mainly in the eastern part of the
country, precisely in the Tebessa region, which belong to the Eastern Saharan Atlas domain. In
this region, the giant Djebel Onk deposit, in the southern basin, now under exploitation, is one
example of these deposits. However, in the northern basin minor deposits were identified, such
as El Kouif, Dyr, and Tazbent deposits. These rocks have been extensively studied across
various scales, such as whole-rocks, particle separates, matrix, and grain-size fractions in order
to (a) evaluate their P.Os, trace, and rare earth element (REE) contents, (b) assess their
economic potential, and (c) reconstruct the paleo-environmental conditions during their
formation (e.g., Visse, 1952; Chabou-Mostefai, 1987; Bezzi et al., 2001, 2008; Dassamiour et
al., 2013; Garnit et al., 2017; Kechiched et al., 2018; Kechiched et al., 2020; Dassamiour et al.,
2021; Farhaoui et al., 2022; Boulemia and Adnet, 2023; Kechiched et al., 2024; Laouar et al.,
2024; Aouachria et al., 2025). Besides, other studies were focused on the potentially hazardous
elements (PHE) contents in phosphorite ores and their wastes across various sizes (Bezzi et al.,
2012; Boumaza et al., 2021, 2023; Saouli et al., 2025), allowing for the evaluation of
environmental impacts which pose environmental and health risks. From these studies, the
petrographic data show that these phosphorites are mainly composed of pellets, coprolites,

bioclasts, glauconites, gypsum, pyrite, and detrital quartz grains, which are cemented by



calcareous, siliceous or clayey matrix. Mineralogically, XRD and SEM data reveal that
phosphorites are composed of CFA, Opal-CT, quartz, dolomite, calcite, gypsum, pyrite, clayey
minerals and zeolites (heulandite-clinoptilolite). The amorphous silica is represented by opal-
CT and crystalline silica is represented by detrital quartz. Geochemical studies show high REE
concentrations in the southern basin, reaching ~2000 ppm in glauconite at Bled EI Hadba
(Laouar et al., 2024) and ~900 ppm in whole-rock and grain-size fractions of phosphorites at
Kef Essenoun (Kechiched et al., 2018, 2020; Ferhaoui et al., 2022), compared to moderate
contents in the northern basin (470 ppm at El Kouif and 290 ppm at Dyr; Kechiched et al., 2018,
2020). This indicates that phosphorites of the southern basin were more enriched in REE due
to relatively reducing conditions that made favorable paleo-environmental conditions to REE
uptake from both seawater and pore-water reservoirs during early diagenesis. These conditions
are supported by the highest Ce/Ce* and lowest Eu/Eu* anomalies recorded in the lower layers,
often are enriched in both REE and glauconite contents, as well as Y/Y* and La/Nd ratios, that
highly contribute to glauconitization processes especially during early diagenesis, the relatively
slow sedimentation rate and the simultaneous substitution and adsorption mechanisms for REE
uptake. However, in the northern basin, the phosphorite show lowest Ce/Ce* and highest
Eu/Eu* values which are characteristics of the glauconite-free and REE-poor upper layers,
indicating more oxic conditions with limited PETM events, and faster sedimentation that
contribute to poorer contents in glauconite (weak glauconitization processes). The redox-
sensitive trace element (Cr, Ni, V, U) data display transition from relatively sub-oxic to oxic
conditions (from the lower to the upper layers), indicating that relatively reducing conditions
during early diagenesis enabled uptake trace element onto apatite and glauconite from pore

waters through substitution and adsorption mechanisms.

Although partly exploited in the early 20" century, the Troubia, Ain Dibba and Ain

Kissa deposits, which are located at about 10 km north of the Tebessa town, received limited



exploration due to their lower P-Os content and ore reserves, and have never been subject to
detailed petrological and geochemical investigations. The objectives of this study are to present,
for the first time, the detailed petrographic and mineralogical features, as well as major, trace
and REE geochemical investigations. To achieve these objectives, field observations and
detailed descriptions of the lithological succession were made, and selected samples were
analyzed using the following methods: optical microscopy, XRD, SEM-EDS, XRF and ICM-

MS.

To facilitate the presentation of the results of this work, the following chapters organization is

adopted:

e Chapter I includes an overview on phosphorites.

e Chapter Il presents the geological setting of the studied areas.

e Chapter Il addresses the sedimentological part of phosphate ores with implications on
the mode of transport of phosphate particles.

e Chapter IV displays the petrographic and mineralogical features of the Troubia, Ain
Dibba, and Ain Kissa phosphorites

e Chapter V provides a geochemical study of the Troubia, Ain Dibba, and Ain Kissa
phosphorites.

e Chapter VI examines the paleo-depositional environement and REE enrichment.

e Conclusion.
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Chapter |

An overview on phosphorites

Phosphorus (P) is a necessary element of all living cells and is involved in many
metabolic processes (Albaum, 1952). It is crucial for starch synthesis, a fundamental building
block of nucleic acids, possibly required for photosynthesis, a significant component of bones
and teeth, and a process that many species use to make their shells. Phosphorus is one of the
most important plant nutrients, yet it is rather scarce in most soils, and controlling plant growth

greatly depends on its availability.
I. 1. Phosphate rocks

Marine phosphorites are biochemical rocks rich in phosphorus, with a P2Os content of
more than 18% (Boggs 2009). Phosphate minerals, which are utilized in many fields, are widely

exploited as fertilizers (90%) and chemical (10%) industries (Lauriente, 1996).

I. 2. Phosphogenesis process

One of the most plausible hypotheses, proposed by Kazakov in 1930 and 1937, stems
from oceanographic research findings. These studies revealed a notable trend: P2Os
concentrations in seawater increase with depth, being lowest in the photosynthesis-rich surface
zone and highest at ~500 m. Upwelling currents create favorable conditions for phosphorite
formation by rising cold, nutrient-rich deep waters, enriched in phosphorus (P) and silica (Si),
to continental shelf margins (Cook and Shergold, 1984; Fig. 1.1). After that, phosphorus is
concentrated by bacteria at the sediment—water interface or in interstitial pore waters (Riggs,

1984). In warmer surface waters, pH levels rise while the partial pressure of CO> drops. This



shift prompts the precipitation of CaCOg, followed by phosphates. Consequently, chemical
phosphate sedimentation doesn't occur in deep areas, where CO; pressure is too high, nor in the
photosynthesis zone where phosphorus is utilized. The range of around 50 to 500 meters
emerges as the zone where phosphate precipitation predominantly occurs. This theory was later
refined by Visse in 1952, who suggested a distinction between the genesis and accumulation

environments (Kechiched, 2011).

The Cretaceous—Eocene period was marked by significant global climatic changes,
geodynamic and tectonic evolution, Tethyan Circumglobal Current (TCC), and different
paleogeographic settings (Scotese, 2008), which have favored the formation of these
phosphorites (Follmi, 1996; Abed et al., 2016). The latter are linked to the subduction/collision
tectonics of the Tethys Sea between the African and Eurasian plates, which started in the late
Cretaceous (e.g., Zargouni, 1984; Laville et al., 2004). These complex plate-tectonics created
intra-plate paleo-highs and land uplift on the northern to northwestern Afro-Arabian platform,
such as the Kasserine Island (Svoboda, 1989), the Ha'il, Rutba, and Sirhan highs, the Ga'ara
Dome, and the Syrian Arc hinterland (Guiraud and Bosworth, 1997). Obstruction upwelling
prevailed along these paleo highs, which are rich in silica (Si) and phosphorus (P). Moreover,
the Tethyan Circum-global Current (TCC) is thought to have moved from east to west over the
southern boundary of the Afro-Arabian continental shelf during the Late Cretaceous (Abed,
2013). In addition, global warming events, including the K/Pg and PETM, intensified
weathering, nutrient flux and organic matter burial further, promoting widespread phosphorite
deposition (Zachos et al., 2006, 2010; Zachos et al., 2008; Hessler et al., 2017; Keller et al.,

2018; Buccione et al., 2021; Kechiched et al., 2024).
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Fig. I. 1. Kazakov model of phosphogenesis (1930).

These deposits manifest in two primary types:

e Continental shelf deposits: characterized by light coloration, nodular or pseudo
oolithic structures, frequent association with glauconite, and various quartzose detrital
elements. These deposits seem to correlate with transgressions (Kechiched, 2011).

e Borderline geosynclinal deposits: These yield darker-colored ores with a pseudo-
oolithic structure, generally accompanied by clayey exogangue and significant siliceous

formations. This type of deposit is suggestive of a more regressive context (Kechiched, 2011).

I. 3. Classification of phosphate deposits

In general, calcium phosphate is found in magmatic rocks and in sedimentary rocks of
various ages. We can conclude the origin of its deposits as follows:
I. 3. 1. Igneous phosphate deposits

This type of deposit is primarily associated with alkaline intrusive complexes. The most
common rocks are nepheline syenites, carbonatites, and pyroxenites. These deposits, dominated
by apatite-group minerals and ranging in age from Precambrian to Tertiary, supply about 10—
20% of global phosphate production. Major producers are the Devonian Khibina Alkaline
Complex of the Kola Peninsula of Russia (Fig. I. 2), Cretaceous alkaline carbonatite complexes

Brazil, and South Africa’s Phalaborwa Complex, with additional deposits in Canada,



Zimbabwe, Finland, Malawi, Uganda, and Sri Lanka (Habashi, 1985; Jasinski, 2016; Pufahl

and Groat, 2016; Yerkebulan et al., 2023).

Fig. I. 2. The main quarry of Koashva magmatic phosphate deposit.

I. 3. 2. Sedimentary phosphorite deposits

The most remarkable platform deposits are associated with synclines. They form under
an arid climate. The sedimentary facies are primarily of three types: granules or pseudo ooliths,
nodules, and organic debris (coprolites and phosphatized fossils). The largest and most
economically significant sedimentary deposits are found in North Africa, the Middle East,
China, and the United States (Pufahl and Grimm, 2003; Jasinski, 2016). These deposits are
extensive, stratiform ore layers formed through a combination of biological, oceanographic,
sedimentological, and diagenetic processes (Pufahl and Groat, 2016). They are the predominant
source of phosphate rock worldwide, found on all continents and accounting for about 95 % of
global phosphate reserves (Howard, 1979). Most sedimentary phosphate deposits contain over
18 wt% P20s, with a maximum of around 35 wt%. The Djebel Onk deposits (Fig. I. 3) are
among this type, with resources that can reach 3 billion tons within the Djebel Onk basin

(kechiched, 2011).



Fig. I. 3. Kef Essenoun quarry (Djebel Onk region—Algeria).

I. 3. 3. Guano phosphorite deposits

Guano-type phosphorite deposits originate from the accumulation of seabird or bat
excreta rich in organic phosphorus, which undergoes diagenesis to form high-grade calcium
phosphate (carbonate-fluorapatite). They typically occur on small oceanic islands, arid coastal
regions, and limestone caves. Among these islands, the Ballestas Islands stand out, with the
neighboring Chincha Islands about ten kilometers north, as the most renowned locations for

guano in Peru (Fig. 1. 4).

Fig. I. 4. Deposit of Guano-type in Chincha islands (Peru).



I. 2. 4. Metamorphic deposits

Metamorphic phosphorite deposits form through the transformation of pre-existing
phosphorites under heat and pressure. They are rare, with P.Os contents of 0.01-1.3%, and
commonly host REE-bearing minerals such as monazite, apatite, and xenotime, exemple: The
Jinping and Xinpu phosphorite deposits in the Sulu orogenic belt (Haizhou Group) in china

(Elliott, 1973; Koritnig, 1978; Nash, 1984).
I. 3. 5. Phosphorite deposits resulting from weathering

Weathering-derived phosphorite deposits form when phosphorus is released from rocks
in dissolved or particulate form. Bioavailable phosphorus is transported by rivers and
windblown dust to oceans, where it supports biological productivity (Flicoteaux & Lucas, 1984;

Benitez-Nelson, 2000; Filippelli, 2008).

I. 4. Distribution of sedimentary phosphorites around the world
I. 4. 1. On horizontal (geographic) scale

The largest phosphate deposits belong to the South Tethyan phosphogenic province,
which extends from North Africa to the Middle East over approximately 5500 km (Notholt,
1985) (Fig. I. 5) and represents more than 85% of the known phosphate reserves in the world
(Jasinski, 2016). The primary phosphate accumulations worldwide developed in low-latitude
regions, approximately 10° to 20° (Cook and McElhinny, 1979). The most active phosphate
deposits are concentrated along continental margins within subtropical areas of lower latitudes
(Baturin, 1982). These areas with upwelling phenomena are chiefly found along the west coast
of Africa, the east coast of the United States, and offshore regions of California, Peru, and Chile

(El Bamiki, 2020). Plate tectonics significantly influenced the formation of substantial



phosphate reserves by shifting favorable margin zones for phosphogenesis toward lower

latitudes, ensuring sustained phosphate productivity (Cook and McElhinny, 1979).

I. 4. 2. On vertical (time) scale

The phosphorites existence is known along the geological scale from the Precambrian
to the Cenozoic eras (Cook, 1984) (Fig. I. 6). The oldest phosphate deposits occur in Late
Neoproterozoic to Middle Cambrian deposits in China, Russia, Iran, Australia, and India, with
smaller deposits are found elsewhere (Brasier and Callow, 2007; Papineau, 2010). Permian
deposits formed the Phosphorus Formation, which occurs mainly in Idaho and Wyoming in the
western United States (Sheldon, 1981, 1989; Hiatt and Budd, 2001; Piper and Link, 2002);
Late Cretaceous—Eocene deposits are the Tethys phosphorus deposits, which are defined by
deposits in the eastern Mediterranean, northern South America, north and northwestern Africa,
and parts of the Caribbean Sea (Lucas, 1995; Follmi, 1996; Soudry et al., 2006; Marino et al.,
2017); Miocene—Holocene deposits formed in the southeast USA and California, the Peru-Chile
shelf, Mexico, Namibia-South Africa shelf, Atlantic Iberian coast and the eastern shelf of
Australia (Burnett and Riggs, 1990; Riggs and Sheldon, 1990; Wigley and Compton, 2007;

Gonzalez et al., 2016).
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I. 5. Mineralogy

There are more than 200 minerals that contain >1% P20s. However, apatite accounts for
over 95% of all phosphorus in the crust of Earth (Palache et al., 1951; Altschuler et al., 1958;
Deer et al., 1962; Ptacek, 2016). The phosphate mineral in a primary environment can exist in
various forms and have high ability to absorb several elements as shown in tables 1.1 and I. 2.
The most common mineral found in sedimentary apatite is carbonate fluorapatite (CFA) or
francolite, while the matrix is mainly composed of dolomite, calcite and opal-CT, with rare
accessory minerals, such as gypsum, detrital quartz and zeolites (Galfati et al., 2010; Garnit et
al., 2017; Kechiched et al., 2020; Diab et al., 2024; Fig. I. 7). Its structure allows for the
substitution of various elements, such as monovalent (Na*, K*), divalent (Sr?*, Pb?*, Ba?*, Mn?*,
Cd?"), trivalent (REE®"), tetravalent (Ce**, Th*, U*") elements, as well as hexavalent (U%")
cation that can replace Ca; VOs4, As204, SO2, SO4 and COs that can replace POa; Fluoride (F-)
that can also partially or completely substitute for CI- or OH (e.g., Provet and Lucas, 1980;
Bonnot-Courtois and Flicoteaux, 1989; Rakovan and Hughes, 2000; Emsbo et al., 2015;
Shaban, 2016; Zhu and Jiang, 2017; Hoshino, 2020). However, some trace elements may be
adsorbed onto crystal surfaces or may be incorporated into other minerals, such as glauconite
and other clay minerals, Fe-Mn oxyhydroxides, and organic matter (e.g., Abed et al., 2016;
Laouar et al., 2024). In addition, the residual phosphogypsum (CaSO4) also contains significant

concentrations of REE (Laurino et al., 2019).
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Table 1. 1. Some possible substitution in the apatite structure (modified after Nathan, 1984; Jarvis et
al., 1994; Shaban, 2016).

Constituent ion Substituting ion

Ca® Na* . K .Ag". Sr¥ Mn* _ Mg?,Zn*. Cd*.Ba
* sc¥,Y¥ REE ¥, B, U¥, Ce* ,Th*,u%,

U5+

PO 5 COs*. S04 . CrO#_AsO+*. VO 4%, CO;.F*

.CO 3, OH, Sios"

Fh- OH.Cl.Br .0*

Table 1. 2. List of some important rare earth element (REE) phosphate minerals (modified after

Rasmussen, 1996; Hoshino, 2020).

Name of the mineral Chemical composition

Apatite Cas(PO4): (OH, F, C1).

Francolite (Ca. Mg, Sr. Na)10(PO4 SO4 CO3)G2-3
Florencite (REE)A 13 (POs), (OH)s

Crandallite (CaAl; (POsn(OH)s

Gorceixite (BaA13(PO4)2(0H)s)

Fluorapatite Cas(PO4)sF

Hvdroxvapatite Ca;s(PO4):0H
Carbonate-hydroxvapatite Can(PO4)sx(CO3)x(0OH )2x-2(CO3)y
Monazite (Ce, La, Nd. Th) PO4.S104
Xenotime YPO4

Phosphogypsum CaS042H,0
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Fig. I. 7. X-ray diffraction pattern of the raw phosphorites from Algeria deposits (Diab et al., 2024).

I. 6. Geochemistry of phosphorites
I. 6. 1. Phosphate and REE concentrations

The sedimentary phosphate deposits that form in marine environments are of great

importance due to their high content of P and rare earth elements:
e P20s contents
The average P2Os content of the Upper Cretaceous and Paleocene phosphorite deposits
on the Mediterranean belt ranges from 19 to 30 wt.% as follows: 25.67 wt.% in Egypt (Abou
el-Anwar et al., 2017), 25.00 wt.% in Palestine (Soudry et al., 2013), 23.0 wt.% in Saudi Arabia
(Meissner and Ankary, 1970), 23.0 wt.% in Iran (Salsani et al., 2020), 26.53 wt.% in Algeria
(Bezzi et al., 2012), 19.50 wt.% in Jordan (Abed et al., 2016), 22.00 wt.% in Morocco (El

Bamiki et al., 2021), 22.67 wt.% in Tunisia (Gallala et al., 2016), and 22.0 wt.% in Iraq (Benni,

2013).
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e REE contents

The lanthanide series of elements (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm,
Yb, and Lu) along with Y and Sc can be divided into light REY (LREY, La—Nd), middle REY
(MREY, Sm-Dy), and heavy REY (HREY, Ho—Lu and Y) (Kynicky et al., 2012; Zhang et al.,
2022; Zhang et al., 2024). The REE elements show high concentrations, in reaching ~2000 ppm
in glauconite at Bled EI Hadba (Laouar et al., 2024) and ~900 ppm in whole-rock and grain-
size fractions of phosphorites at Kef Essenoun (Ferhaoui et al., 2022; Kechiched et al., 2018,

2020).

I. 6. 2. REE patterns and anomalies

The rare earth element (REE) data are often normalized to Post Archean Australian
Shales (PAAS) using the data from (Taylor and McLennan, 1985; McLennan, 1989). Two
groups of PAAS-normalized REEs patterns in phosphorite deposits have been distinguished:
(1) seawater-like patterns marked by negative Ce anomalies and HREE enrichment (e.qg., Jiang
et al., 2007; Pi et al., 2013; Zhu et al., 2014; Xin et al., 2016) and (2) hat-shaped patterns
characterized by MREEs enrichment and HREEs depletion (e.g., Bau and Dulski, 1996; Zhu et
al., 2014). The calculation of Ce/Ce* = 3Cen/ (2Lan + Ndn) and Cerium anomaly Cean = log
Ce/Ce* are often taken from Wright et al. (1987), the calculation Eu/Eu* = Eun/(Smn +Gdn)%°
is usually taken from Taylor and McLennan (1985), Pr/Pr* = 2Prn/(Cen + Ndn) is from Bau
and Dulski (1996) and Y/Y* = 2Yn/(Dyn + Hon) from Fazio et al. (2007). N refers to PAAS
normalized value in all the mentioned calculations. These anomalies are commonly used to
track depositional environment conditions, paleo-redox conditions, and diagenetic processes
that involved the marine phosphorites (Morad et al., 2001; Kechiched et al., 2020; Al-Bassam

et al., 2021; Laouar et al., 2024). For example, weak negative Ce anomalies, positive Eu
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anomalies, as well as Y/Y* and La/Nd ratios, and some sensitive trace elements, such as V, Cr,
Ni and Co all show relatively reducing condition for the deposition and diagenesis of the
southern basin of Tebessa phosphorites (Kechiched et al., 2020; Fig. 1. 8). However, strong

negative Ce and strong positive Eu anomalies indicate more oxic conditions (Kechiched et al.,
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Fig. I. 8. (A) The (La/Yb) n vs. (La/Sm)  diagram (after Reynard et al., 1999) for the studied samples
compared to Tunisian phosphorites (empty circles) (data after Kechiched et al., 2016; Garnitetal., 2017,
this study). (B) Ce/Ce* vs. Pr/Pr* diagram after Bau and Dulski (1996) for the studied samples compared
to Tunisian phosphorites (empty circles) (data after Kechiched et al., 2016; Garnit et al., 2017; this
study). Field I: no anomaly; Field lla: positive La anomaly causing apparent negative Ce anomaly; Field
I1b: negative La anomaly causing apparent positive Ce anomaly; Field Illa: real positive Ce anomaly;
Field Il1b: real negative Ce anomaly; Field IV: positive La anomaly disguising positive Ce anomaly.

I.7. World’s phosphorite production and reserves

Global production of phosphate rock in 2020, reached approximately 204.4 million
metric tons. Key producers include China, Morocco, the United States, and Russia (Fig. I. 9a),
collectively accounting for a large portion of global production (80%).

The primary reserve of phosphorite rock worldwide is concentrated in Morocco and
Western Sahara, accounting for over 70% (50 billion tons), while China holds the second

position with approximately 5% (3.2 billion tons) (Fig. I. 9b).
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Fig. 1. 9. (2) The worldwide production of phosphate rock in 2018, out of a total of 240 million tons, (b)
global phosphate rock reserves for 2018. Data sourced from (USGS, 2020).

I. 8. Phosphate rocks use

e Manufacture fertilizers
The phosphorite rocks are mainly used to manufacture fertilizers (Fig. 1. 10) because
they contain substantial amounts of nutrient element phosphorus (over 18 wt% P20Os, with a
maximum of around 35 wt%;), a vital nutrient for agriculture (Pufahl, 2010; Glenn et al., 1994;

Pufahl and Groat, 2016).

Detergenp th;; ;ses
$3.4% 3

Animal
feed 7%

Fig. I. 10. Phosphorite use domains (Fertilizers International 460, 2014).

¢ Industrial products and high-technology
These rocks show high REEs concentrations and are considered as a promising
unconventional resource for these elements (e.g., Emsbo et al., 2015; Garnit et al., 2017; Wu et

al., 2018; Kechiched et al., 2020, Peiravi et al., 2021; Laouar et al., 2024). REEs are basic
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components in several high-technology products (Fig. I. 11, and Fig. 1. 12) such as lasers,

guidance systems, electronic display systems, mobile phones, radar technology, and powerful

electronic chips, metallurgy as alloys for various steel types (Golroudbary et al., 2022; Balaram,

2023a; Balaram et al., 2024; Santosh et al., 2024; Bai et al., 2024). Among these elements, the

HREEs (Dy, Gd, Pr, and Sm) are particularly important for industrial products such as magnets,

wind turbines, solar panels, computers, and several other defense applications (Uda et al., 2000;

Akdogan and Ghosh, 2014; Jyothi et al., 2020).

Rare Earth Elements

have similar properties.

Number of elements: 17
Atomic numbers: between 57 and 71
The lanthanides: (Yttrium (Y) and Scandium (Sc) are included because the’

Where found: in igneous, sedimentary, and metamorphic rocks.
Uses: metallurgy, medical field, transport, energy, defense.

v

Light Rare Earths (LREE)

Lanthanum
Atomic number: 57
Symbol: La

Neodymium
Atomic number: 60
Symbol: Nd

Discovered in 1839 by Carl Gustaf Mosander
Uses: rechargeable batteries, catalysts for
petroleum refining, television and computer
screens

Discovered in 1885 by von Welsbach
Uses: permanent magnets for motors in electric
vehicles, electronics, renewable energy technology)

Cerium

Atomic number: 58

Symbol: Ce

Discovered in 1803 by Berzelius

Uses: automotive catalysts, glass polishing
powders, glass manufacturing

Promethium

Atomic number: 61

Symbol: Pm

Discovered in 1945 by Marinsky, Glendenin,
and Coryell

Uses: thickness gauges, luminous paint, nuclear
batteries

Praseodymium

Atomic number: 59

Symbol: Pr

Discovered in 1885 by von Welsbach

Uses: permanent magnets for electric
vehicle motors, projectors, specialized glass

Samarium

Atomic number: 62

Symbol: Sm

Discovered in 1879

Uses: permanent magnets, lasers, nuclear reactors

Europium
Atomic number: 63
Symbol: Eu

Discovered in 1896 by Eugéne-Antole Demargay
Uses: red and blue phosphors for LEDs, banknote
anti-counterfeiting inks

Fig. I. 11. Properties and applications of light rare earth elements (Uda et al., 2000; Akdogan and Ghosh,

2014; Jyothi et al., 2020).
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Rare Earth Elements
Number of elements: 17
Atomic numbers: between 57 and 71

The lanthanides: (Yttrium (Y) and Scandium (Sc) are included because they

have similar properties.

Where found: in igneous, sedimentary, and metamorphic rocks.
Uses: metallurgy, medical field, transport, energy, defense.

|

Heavy Rare Earths (LREE)T

Gadolinium
Atomic number: 64
Symbol: Gd
Discovered in 1880 by Marignac, just after
by de Boisbaudran

Uses: medical imaging (MRI), improving

Thulium

Atomic number: 69

Symbol: Tm

Discovered in 1879 by Cleve

Uses: portable X-ray devices, lasers,
banknote anti-counterfeiting

heat resistance of alloys inks

Terbium Ytterbium

Atomic number: 65 Atomic number: 70
Symbol: Tb Symbol: Yb

Discovered in 1843 by Carl Gustaf Mosan-
der

Uses: color in TV and computer screens,
fluorescent lamps

Discovered in 1878
Uses: portable X-ray machines, stainless
steel reinforcement

Dysprosium

Atomic number: 66

Symbol: Dy

Discovered in 1886

Uses: permanent magnets for electric
vehicles an wind turbines

Lutetium

Atomic number: 71

Symbol: Lu

Discovered in 1907 by Urbain

Uses: PET scan detectors, catalysts in oil
refining

Holmium

Atomic number: 67

Symbol: Ho

Disovered in 1878 by Swiss chemists
Delafontain and Soret,

isolated in 1879 by Swedish chemist Cleve
Uses: control rods in nuclear reactors

Yttrium

Atomic number: 39

Symbol: Y

Discovered in 1794 by Johan Gadolin
Uses: consumer electronics, energy-
efficient lighting, lasers.

Erbium

Atomic number: 68

Symbol: Er

Discovered in 1843 by Carl Gustaf
Mosander

Uses: nuclear control rods, lasers

Scandium

Atomic number: 21

Symbol: Sc

Discovered in 1879 by Nilson

Uses: aluminum-scandium alloys for
aerospace, metal halide lamps, radioactive
tracer in petroleum refining

Fig. 1. 12. Properties and applications of heavy rare earth elements (Uda et al., 2000; Akdogan and

Ghosh, 2014; Jyothi et al., 2020).

1.7. Phosphorites and environmental impact

The phosphate ores are characterized by their high REE and PHE contents compared to

other sedimentary rocks (e.g. Altschuler et al., 1967; Li, 2000; Laouar et al., 2024; Saouli et al.,
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2025). Given that phosphorite is the primary raw material for fertilizer production, there are
serious concerns about the potential transfer of these toxic elements into ecosystems and food
chains (Suciu et al., 2022; Boumaza et al., 2024). Recently, the environmental impacts
interested many researchers, especially for some potentially hazardous elements (PHE) in
phosphorite ores and their wastes (e.g. Ferreira da Silva et al., 2010; Bezzi et al., 2012; Boumaza
et al., 2021; Saouli et al., 2025), radioactivity of wastes (Djabou et al., 2023), which cause
environmental and health risks (Khelifi et al., 2021; Khelif et al., 2020). Other studies are going
on the development of eco-friendly REEs extraction technologies from phosphorite deposits,
which have shown that trace metal speciation plays a crucial role in determining the
environmental impact of these elements (Boumaza et al., 2023; Wu et al., 20244, b; Saouli et

al., 2025).
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Chapter 11
Geological setting

The sedimentary phosphorite rocks in Algeria that were deposited in two large basins
(the Northern, and Southern Basins) in the Tebessa region, around the Kasserine Paleo-Island
(currently at the Algerian-Tunisian border), have attracted the attention of many geologists
because of their substantial economic P contents (e.g., Visse 1952; Durozoy, 1956; Ranchin
1963; Blés and Fleury., 1971; Kassatkine et al. 1980; Chabou-Mostefai 1987; Cielensky et al.
1988; Prian and Cortiel 1993; Kechiched et al., 2016, 2018, and 2020; Buccione et al., 2021,
Boulemia et al., 2021; Laouar et al., 2024). The largest phosphorite accumulation in this region
that was deposited during the upper Paleocene (Thanetian) — lower Eocene (Ypresian) period
is mainly observed in the southern basin of the Kasserine Island, (e.g., the giant world class Kef
Essenoun and Bled El Hadba deposits in Algeria), where the deposits are now under extensive
exploration and exploitation, whereas the northern basin phosphorites, such as those of Dyr,
Tazbent, El Kouif, show lower P contents and thinner layers, and therefore, are less prospective

for exploration.

The studied Troubia, Ain Dibba, and Ain Kissa showings are other examples of the
phosphrites located in the northern basin of Tebessa region (Fig. 1l. 1). These deposits are less
enriched in both P2Os contents and ore reserves than those of the southern basin (Djebel Onk
complex). Therefore, they were paid little attention in terms of detailed studies and exploration
programs, though they were partly exploited at the beginning of the 20" century. The objectives
of this chapter are to present the detailed petrological features of these phosphorites, along with

the host carbonate layers. Based on field observations and existing geological maps, a number
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cross-sections were carried out through the Troubia, Ain Dibba, and Ain Kissa phosphorite

deposits, where about 80 samples were collected for petrographic study.
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Fig. Il. 1. Field photographs showing the Troubia, Ain Dibba, and Ain Kissa phosphorite outcrops.
I1. 1. Geological setting

The Tebessa region is part of the Eastern Saharan Atlas of Algeria that extends
northeasterly towards Tunisia. The geology and geodynamic contexts of this domain were
investigated by many authors (e.g., Dubourdieu, 1956, 1959; Bouzenoune, 1993; Kowalski and
Hammimed, 2000; Salmi-Laouar, 2004; Sami, 2011). Lithological facies of this area are
characterized by Mesozoic to Cenozoic sedimentary rocks that are composed mainly of marls,
limestones and sandstones, and can reach up to 9000 m in thickness (Cornet et al., 1952;
Burollet et Stainfeld, 1956; Durozoy, 1956; Figs. Il. 2 and Il. 3). The oldest geological
formations in this region belong to the Triassic, and consist of evaporitic sediments
(Dubourdieu, 1956). The Jurassic sediments are absent, and the lower Cretaceous sediments,

which starts with sandy clays of the Barremian become mainly calcareous during the Aptian,

22



then marly to calcareous during the Albian times. The upper Cretaceous sedimentation
consists of alternating marls and limestones and continue until the Paleocene-Eocene. The
latter period is marked by phosphatic sedimentation (up to 30 m thick) during the Thanetian-
Ypresian times. The sedimentation becomes less calcareous, and more argillaceous and
terrigenous during the Oligocene-Miocene period. The Quaternary deposits are composed of

clays, sands and gravels of continental origin.
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Fig. Il. 2. Geological sketch map of the Tebessa region showing the location of Troubia deposit
(extracted from the Geological Map Service of Algeria, 1951, modified after Cornet et al., 1952).
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Fig. I1. 3. Geological map of the Tebessa region, showing the location of the study area and the position
of Ain Dibba and Ain Kissa deposits. (modified from Durozoy, 1956).

In this region, the upper Paleocene-lower Eocene period is characterized by large scale
phosphorite deposition, which belongs to the large upper Cretaceous-Eocene phosphatic
province that extends from north Africa to the Middle East. Phosphorite deposition is much
more significant in the south of the Tebessa region (the southern basin), where the thickness of
the phosphatic layers may reach 30 m (; Visse 1952; Cielensky et al., 1988), whereas in the
north (the northern and western basins), the thickness of the phosphorite layers is much reduced

(less than 10 m in Djebel Dyr, Troubia, Ain Dibba, Ain Kissa deposits, except at Djebel EI

Kouif where it may reach 15 m).

I1. 1.1. Geological setting of the western basin (Troubia deposit)
In the western basin, the Troubia deposit is located about 27 km northwest of Tébessa
town, belonging to the commune of Bir Mokadam, near the Tébessa Mountains in the eastern

part of the Saharan Atlas (cf. Fig. Il. 1). Troubia, following on from Djebel-Gaaga, continues

24



the belt of the Cheria high plateau to the north. It has an altitude of 1440 m, and is
geographically limited by: Djebel Tazbant to the south-east, Hammamet to the north-east, and

the localities of Bir M'kadem and Cheria plateau to the south.

Geologically, according to the geological map published by the Algerian geological
mapping service at a scale of 1/50000 in 1952 (Cornet et al., 1952), the outcrop consists of
Mesozoic-Cenozoic sedimentary successions that have witnessed, in a larger scale, intensive
phosphogenesis from the Upper Cretaceous to the Early Eocene periods along the southern
edges of the Tethys Ocean, as observed in the Tebessa region (Fig. Il. 2). The detailed
geological characterizations of the study area are taken from previous work carried out by
various authors, such as Lambert (1947), Durozoy (1947), Gaud (1977), Ricard (1973). The
upper Cretaceous (Turonian to Maastrichtian) sediments are characterized mainly by about
600 m thickness. The Turonian sediments are composed of beige, pinkish, and sometimes dark
limestones marked by hematite, which outcrops in the north (Dj Es Senn, Dj Gaaga) and south
(Outa Oum Khaled). The Santonian consists of blue-grey marls containing Globotruncana in
Djebel Troubia, and is represented by grey marls and dark grey-black clays interbedded with
dark grey pyritic shell-bearing limestones at the south of Oued Mellah, Dj. Manndra and Hassi
El Karma, containing lamellibranches and bryozoans. The Campanian sediments are
characterized by grey marls at depth, greenish on the surface, with gypsum crystals formed
from pyrite decomposition. These marls are located around the Chéria plateau, with a thickness
of 300-400 meters. The Maastrichtian, sediments show chalky white limestones, with upper
layers rich in flint, and a thickness of about 250 m. The basal Tertiary is characterized by two
divisions: the lower and middle Paleocene (Danian-Selandian) sediments consisting of 100 to
150 m thick black clay- marls in the Tazbent mountain, and, to the south, these sediments
become thinner with a transition into chalky flint-bearing limestones. The upper Paleocene

(Thanetian) sediments are composed of lumachellic limestone and marls, outcropping in the
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south and on the edges of the Telidjene anticlines. The lower and middle Eocene (Ypresian
and lower Lutetian) sediments consist of series of siliceous or marly layers appear in the north
(Koudiat Kraa and Draa Belgacem), with marly brown-beige limestones containing phosphatic
levels; followed by whitish gypsum-bearing limestones at Bir Touil. The Mio-Pliocene
sediments are marked by alternating gypsiferous clays and yellow sands of about 60 meters
thick. The quaternary sediments are composed of clays, sands and gravels of continental

origin.

I1. 1.2. Geological setting of the northern basin (Ain Kissa and Ain Dibba deposits)

In this area (Fig. 1. 3), the upper Cretaceous-lower Paleocene (Maastrichtian-Danian-
Selandian) sediments are characterized by about 300 m thick dark to yellowish, sometimes
gypseous and pyritous marls and scarce centimeter-thick marly-limestone intercalations
(Durozoy, 1956). The upper Maastrichtian sediments are part of El Haria formation (Burollet,
1956) which ranges in age from Early Maastrichtian to Early Eocene, and are characterized by
metric deposits of marine dark to light gray laminated marls, with intercalations of centimetric
benches of light gray clayey limestones, containing ammonites, and dark gray clayey
limestones (Goolaerts et al., 2004; Djoulah et al., 2023). According to Sigal (1977), and Bellier
(1985), the Gansserina gansseri Zone with the appearance of Racemigumbellina fructicosa,
corresponds to the middle part of the Maastrichtian, and the Abathomphalus mayaroensis Zone
represents the late Maastrichtian. The absence of A. mayaroensis from upper most Cretaceous
sediments of continental shells indicates that this species disappears prior to the K/T boundary
(e.g. Robaszynski, 1986; Keller et al.,1988. Keller et al., 1995). The Maastrichtian ostracod
associations recorded from the studied area are: Acanthocythereis meslei, Aphrikanecythere
phumatoides, Brachycythere oguni Reyment, Cristaeleberis thomasi, Cytherelloidea

melleguensis, Kefiella maresi, Protobuntonia numidica Grekoff, Schizocythere sp. Donze et al.,
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Trachyleberidea tunisiensis and Xestoleberis tunisiensis Esker (Damotte and Fleury, 1987;
Damotte, 1993).

The lower and middle-Paleocene (Danian-Selandian) sediments are marked by the
transition from Cretaceous to Tertiary without significant disruption in the sedimentation. They
consist of grey planktonic microfauna-rich marls that mark the passage from the Maestrichtian
to Paleocene, and clayey, chalky limestone which are of Danian age (Dubourdieu, 1959). This
corresponds to the period between the disappearance of the Globotruncanidae and the
appearance of Globorotalia pseudomenardii BOLLI and Globotruncana pseudobulloides.
(Damotte, 1995; Damotte and Fleury ,1987) and Globorotalia pseudobulloides PLUMMER
(STAINFORTH et al., 1975).

The upper Paleocene (Thanetian) sediments are composed of 10 to 15 m thick marls
and flint-bearing marly limestones, with decimeter to meter-thick phosphorite layers. This stage
is marked by the first occurrence of Globorotalia aequa CUSH. and RENZ and Gr.
Pseudomenardii, and ends with the last occurrence of Gr. velascoensis CUSH. (Damotte and
Fleury, 1987).

The lower and middle Eocene (Ypresian and lower Lutetian) consists of whitish,
flint-bearing marly limestones of ~5 m thick at the bottom, followed by massive, 50 to 60 m
thick, flint-bearing limestones containing Thersitea ponderosa, Nummulites atacicus, N.

irrigularis var. rollandi and N. pomelli (Durozoy, 1956).

I1. 2. Structural framework of northern basin

The sedimentary rocks of the eastern Saharan Atlas, where the northern basin belongs,
were deformed during the Atlasic (Eocene) and Alpine (Miocene) tectonics, consequences of
the subduction-collision events between Africa and Eurasia which started in the late Cretaceous
(e.g., Zargouni, 1984; Laville and Fedan, 1989; Laville et al., 2004). These lithologies are now

structured as NE-SW-directed synclines and anticlines (e.g., Dj. Dyr, Dj. El Kouif, Tazbent,
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Ain Dibba, and Ain Kissa) that are crosscut by deep NW-SE and N-S-directed normal faults
that contribute largely to the formation of graben structures, such as those of the Tebessa
(Durozoy, 1956; Dubourdieu, 1956; Kadri et al., 2015; Fig. Il. 4). These events contribute
simultaneously to the uplift and exposure in places of the Triassic evaporitic formation, often
within the hinge zones of the anticline structures (e.g., Dj Djebissa (Fig. 1l. 4); Dubourdieu,
1956; Durozoy, 1956). However, the Atlassic folds may have formed after the opening of some
of the grabens (Chihi, 1984). Recently, Bencharef et al., (2022) showed that the Early Mesozoic
extensional tectonic regime initiated some grabens in Tebessa region by creating the bounding
normal faults, followed by Cenozoic strike-slip faults, when grabens opened as pull-apart
basins. These structural configurations allow to forming isolated sub-basins and are
characterized by sedimentary gaps. The NE-SW horizontal compressive regime resulted in NE-
SW folds and NW-SE grabens, where some of these structures accumulated thick phosphate
deposits along their edges (Kadri et al., 2015), such as those of Djebel Dyr and Djebel Onk

Complex, and continental deposits in the emerged areas.
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Fig. 1. 4. Structural outline of the Tebessa Graben basin and its surroundings (after Durozoy, 1956).
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I1. 3. Paleogeography

The upper Paleocene-lower Eocene period in Tebessa region is characterized by large
scale phosphorite deposition, which belongs to the large upper Cretaceous-Eocene
phosphogenesis province that extends from north Africa to the Middle East along the southern
edges of the Tethys Ocean (Sassi, 1974; Notholt, 1980; Sheldon, 1987; Notholt et al., 1989;
Lucas and Prevot-Lucas, 1995; Lasheen et al., 2022). These phosphorite rocks were deposited
around the Kasserine Paleo-Island in the Algerian-Tunisian borders (Lucas and Prevot-Lucas,
1996; Notholt and Jarvis, 1989; Garnit et al., 2017). This paleo-highs area in south and central
Tunisia (Burollet, 1956; Vila, 1980; Zaier et al., 1998; Fig. 1l. 5) started uplift during the
Turonian and continued until reaching its maximum expansion with sub-linear borders to the
south and to the east, and irregular borders to the north during the Maastrichtian-Paleocene
period. The Kasserine Island has significantly expanded, particularly to the Tunisian-Algerian
border due to several tectonic events during the late Cretaceous-Eocene period, such as N-S, E-
W and N120- directed compression that contribute largely to the expansion of this the uplift
and emerged domain (Hlaiem, 1999; Kadri et al., 2015). During the Lower Eocene, the northern
part of the Island experienced transgressive processes, whereas the southern and eastern
boundaries kept the same shape as that of the previous stage. These paleo-highs structures
played a crucial role in controlling sedimentary dynamics and depositional environments across
the region. These tectonics along with upwelling of the Tethyan Circum-global Current (TCC)
significantly influenced sediment dispersal patterns and uplift events created ideal depositional
basins for phosphorites accumulations (Abed and Amireh, 1983; Abed, 2013). Obstruction
upwelling prevailed along these paleo highs, which are Si- and P-rich, and contributed to the
trapping of abundant organic-rich sediments in the Gafsa-Onk-Metlaoui basin, and other

marginal basins such as Dyr, El Kouif and Ain Dibba (Belkacem et al., 2024).

29



In this area, the upper Maastrichtian is marked by a thick marl-shale series (El Haria
Formation; Flandrin, 1948) which ranges in age from Early Maastrichtian to Early Eocene, and
are characterized by rich and diverse planktonic microfauna at the base with a restricted number
of species in the upper part (Burollet & Sainfeld 1956, Said 1978; Zaier 1984; Salaj 1990;
Goolaerts et al., 2004; Djoulah et al., 2023). The marl thickness reaches a maximum of 700 m
in the Tunisian trough in the Cretaceous/Tertiary boundary (K/T) such as those in El Kef, Ain
Settara, and Sidi Nasseure (Dupuis et al., 2001; Robaszynski, 1986; Keller et al., 1988; Keller
et al., 1995; Burollet, 1956), 300 m in Tébessa, at Asserdoune (Flandrin, 1948; Djoulah et al.,
2023), and 70 m at Djebel Onk (Visse, 1951). In the Upper Paleocene, the marl thickness
decreases, particularly in the Tébessa area, and is associated with the oyster-bearing
lumachellian limestones and gypsum in the Gafsa area (Burollet, 1956). Several authors
attributed the phosphorite deposits to the Thanetian age (Laffitte, 1939; Flandrin, 1948; Visse,
1951, 1952; Ranchin, 1963), while others dated the Chouabine and Oued Tselja sections, near
Metlaoui, to the upper Paleocene—lower Ypresian (Ben Abdesselam, 1978). In both Algeria and
Tunisia, the Ypresian consists of marls and marly limestones with flint, interbedded with
phosphate horizons, where the first nummulites appear (Flandrin, 1948; Winnock, 1980). The
Lower Lutetian marks a marine regression, represented by gypsum, marls, and limestones in

the Tébessa area, and massive nummulitic limestones elsewhere in the region.
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Fig. I1. 5. Location of the study region within the palaeogeographic framework of the Eastern Algeria
and Northern Tunisia during the Maastrichtian and Paleocene (after Burollet, 1956; Vila, 1980; Djoulah
et al., 2023; Dupuis et al. 2001).

I1. 4. Field observations and lithological description
I1.4. 1. The Troubia deposit

The study of the Thanetian phosphorite layers was carried out through an E-W-directed
cross-section, across the Troubia deposit outcrop. The coordinates of this cross-section are: 35°
26' 58" N and 7°48'28" E (Fig. 1l. 6). The general dip of layers is about 30°. This deposit is of
great interest to us because the phosphate layer outcrop, visible on the southern part of the

Djebel-Troubia, extends from Koudiat-Chabor in the east to Ain-Kremoura in the west. These
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superimposed layers have an average thickness of 60-80 cm and are covered by approximately

10 m of nummulitic limestone.

Cherty Phosphorites

Rhasphaticidelostone %4 Dolormitic-Chierty PHosphomtes Flint-bearing marly limestone
Flint-bearing limestone Phosphatic dolostone Dolostone

Bioclasts limestone Flint-bearing limestone @ CHarty PhasEharies

Nummulitic limestone Cherty-calcareous phosphorites Flint-bearing limestone
Fig. Il. 6. Simplified geological cross-section through Troubia phosphorite deposit.
Based on field observations and the detailed description of the different facies

encountered in the Troubia deposit (see Fig. 1. 2, and I1. 6), the lithological succession, from

bottom to top, is described as follows:

At the bottom of the section, the sedimentary layers are mainly composed of the

following units:
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Marls: This unit is recorded in the lower part of the Troubia outcrop, where it appears relatively
thick (Fig. Il. 6, and Fig. Il. 7). It is composed of grey to dark marl with clay intercalations and
contains some bioclasts fragments.

Flint-bearing marly limestone (~ 2 m thick): This unit consists of beige to yellowish, semi-
friable to hard, flint-bearing marly limestone with intercalations of beige, marly limestone
levels (Fig. 1l. 7a). These facies are characterized by the presence of phosphatic particles,
including beige to brown pellets, beige coprolites, brown bone fragments, and shark teeth.
Phosphatic dolostones (~ 2 m thick): This rock appears beige to grey, semi-friable to hard,
and is interbedded with marly limestone (Fig. Il. 7b). It contains an abundance of medium- to

coarse-grained, poorly sorted phosphatic particles (pellets and bone fragments), and lithoclasts.

Fig. 11. 7. Field photograph showing alternating clay, grey to much grey marl, beige to grey flint-bearing
marly limestone, and beige to grey phosphatic dolostone of Troubia deposit.

The microscopic investigations show that the dolostone rock has a wackestone to
packstone texture, and consists of sub-rounded, brown pellets within a micro-sparitic matrix

with rhombohedral dolomite crystal growth (Fig. 1. 8).
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Fig. Il. 8. Thin section photomicrograph showing a dolomitic rock containing sub-rounded, brown
pellets (Pel), and rhombohedral dolomite crystal growth (Dol) within packstone textures.

Cherty phosphorites (~ 50 cm thick): This unit, of about 50 cm thick, is composed of hard
and dark grey cherty phosphorites with centimeter-size kidney-like silica nodules. (Fig. 1. 9).
Here, the phosphorite consists of abundant, poorly sorted, medium to coarse-grained phosphatic
particles and bioclasts, accounting for 65% by volume of the total rock within a siliceous

cement. Their sizes range from 50 pum to 2 millimeters.
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Fig. I1. 9. Hand specimen showing hard, grey cherty phosphorite with abundant phosphatic
particles from Troubia deposit.
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Flint-bearing limestone (~ 2 cm thick): It is a hard, grey to beige limestone characterized by
the presence of dark kidney-like silica nodules, with intercalations of clayey and black marl

(Fig. I1. 10a).

Flint-bearing marly limestone (~ 80 cm thick): It consists of light grey color, soft, layer,

intercalations with marly levels (Fig. I1. 10b).

Fig. I1. 10. Field photographs showing :(a) alternating beige to grey, flint-bearing marly limestone, and
(b) beige, flint-bearing marly limestone from Troubia deposit.

Dolomitic-cherty phosphorites (~60 cm thick): This unit consists of grey, semi-friable to
hard, medium to coarse-grained, dolomitic and slightly siliceous phosphorites with an average
thickness of 60 cm (Fig. Il. 11). It is composed of abundant phosphatic particles (pellets,

coprolites, and fish teeth) within a calcareous-siliceous matrix.

Fig. I1. 11. Hand specimen showing hard, grey dolomitic-cherty phosphorites with abundant medium to
coarse-grained phosphatic particles from Troubia deposit.
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Phosphatic dolostone (~ 80 cm thick): The dolostone rock consists of yellow to beige, semi-
friable to hard layer (see Fig. 6, and Fig. Il. 12). It contains an abundance of medium to coarse-
grained phosphatic particles and is approximately 1.5 m thick.

Flint- bearing limestone (~ 80 cm thick): It is a hard, grey to beige, compact, characterized
by the presence of dark kidney-like silica nodules, with intercalations of clayey and black marl

(Fig. I1. 12).

Fig. I1. 12. Field photograph showing alternating beige to grey, flint-bearing marly limestone and beige,
grey phosphatic dolostone from Troubia deposit.

Petrographically, the dolostone rock has a wackestone to packstone texture, and is
composed of sub-rounded, brown pellets ranging in size from 250 to 400 um, within a sparitic

matrix and /or cement with rhombohedral dolomite crystal growth (Fig. Il. 13).

Fig. I1. 13. Thin section photomicrograph showing a dolomitic rock containing sub-rounded, brown
pellets (Pel), and rhombohedral dolomite crystal growth (Dol) within sparitic matriw and /or cement.
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Cherty and cherty-calcareous phosphorites (~ 80 cm thick): This unit comprises 40 cm-thick
grey, hard, medium-to-coarse-grained calcareous-cherty phosphorites containing abundant
coprolite and fish tooth particles ranging in size from 50 um to 2 mm (Fig. Il. 14). These
particles account for 65% of the total rock volume. The phosphorites become darker grey, harder
and display siliceous cement towards the top, forming cherty phosphorite with centimeter-sized,

kidney-shaped silica nodules containing poorly sorted, medium-to-coarse phosphatic particles.

Cherty- calcareons-
phosphorites

Fig. 1l. 14. Hand specimens showing: (a) hard, grey, calcareous-cherty phosphorites with abundant
medium to coarse-grained phosphatic particles; and (b) hard, grey, cherty phoshorites containing
phosphatic particles from Troubia deposit.

At the top of the section, the sedimentary layers are mainly composed of the following

units:

Phosphatic dolostone (~ 50 cm thick): Dolostone rock is characterized by a semi-friable to
friable, beige to yellow color with an average thickness of about 50 cm (Fig. Il. 15a). It is
composed of medium- to coarse-grained, poorly sorted phosphatic grains (pellets, coprolites
and bioclasts), constituting about 20 % of the rock.

Flint- bearing limestone (~ 2 m thick): The flint-bearing limestone with intercalations of
centimetric (10 cm) grey clayey (argillaceous), is typically beige to yellowish in color, soft to

medium in hardness (Fig. Il. 15b).
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Bioclast limestone (~ 3 m thick): It appears as a thick-bedded to massive unit (3 m thick), with
a beige to light yellowish color, (Fig. 11. 15c¢). It is composed of a fossiliferous texture visible
on fresh surfaces. Broken surfaces reveal an abundance bone fragments, bivalves, and skeletal
debris.

Nummulitic limestone (~ 6 m thick): It is characterized by a hard, beige to light grey color,
rich in large nummulite fossils, with a medium- to coarse-grained texture. It appears in the upper

layers, founding in Ain Troubia and near the Koudiat-Chabor (cf. Figs. I1. 6, 11. 15d).

Fig. 11. 15. Field photographs and hand specimens taken from the top section of Troubia deposit
showing: (a) alternating marly limestones, flint-bearing limestone, bioclasts limestone, and nummulitic
limestone ;(b) beige, hard bioclasts limestone; (c) flint-bearing limestone with abundant of bivalves and
bioclasts fragments; and (d) beige, nummulitic limestone.

Petrographic investigations show that the dolostone rock has a wackestone to
packstone texture, and is composed of sub-rounded, brown pellets, and elongated bone

fragments within a sparitic matrix and /or cement with rhombohedral dolomite crystal growth

(Fig. 11. 16a).
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Bioclast limestone is characterized by a sparitic matrix containing an abundance of
phosphatic particles, bioclasts, and fragments of fish teeth (BFT) ), ranging in size from 200
pum to 2 mm., which are occasionally filled with a calcitic matrix (Fig. 1l. 16b). The limestone
at the top of the section, is composed of abundant nummulitic fauna (Fig. 11. 16c¢, d), ranging

in size from 400 pum to 1 mm.

Fig. Il. 16. Thin section photomicrographs from the top section of Troubia deposit showing: (a) a
dolomitic rock containing abundant sub-rounded, brown pellets (Pel), and rhombohedral dolomite
crystal growth (Dol); (b) a sparitic limestone matrix containing abundant of phosphatic particles,
bioclasts and fragments of fish teeth (BFT); (c, d) limestone rich in nummulite fauna, ranging in size
from 400 pm to 1 mm.

I1. 4. 2. The Ain Dibba deposit in the northern basin

In the northern basin, the Ain Dibba phosphorite deposit occurs a few kilometers (10 to
11 km) NNE of the Tebessa town (see Fig. Il. 3). In this region, the sedimentary successions
are composed of Mesozoic to Cenozoic rocks (see Fig. Il. 3). The study of the Thanetian

phosphorite layers was carried out through a cross-section taken from the south to the north,

39



across the Ain Dibba mining area (Fig. 1. 17). The coordinates of this cross-section are:

35°27'55" N and 8°9'20" E.
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Fig. I1. 17. Geological cross-section through Ain Dibba phosphorite deposit.

Based on field observations and detailed descriptions of the different facies encountered

in the Ain Dibba deposit, the lithological succession from bottom to top (Fig. Il. 18) is as

follows:
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Age Lithology

flint-bearing limestone

Early Eocene

Alternation of flint-bearing
dolostone, dolomitic
limestone, and limestone with
thin clayey and marly

eCherty phosphorites and clayey
calcareous phosphotites.UL

eAlternating cherty phosphorites
and calcareous phosphorites.ML

()
§ eMedium to coarse grained,
8 clayey phosphorites.LL
EU Alternation of flint-bearing
) marly limestone, and phosphatic
© dolostone
-
Marls

Fig. 11. 18. Simplified stratigraphic column of the Ain Dibba deposit showing sample location.
LL: Lower Layer, ML: Middle Layer, UL: Upper Layer.

Marls: These sediments are beige to grey in color, and form a thin layer. They are intercalated
with centimetric (~10 cm) light grey clay layers (Fig. 1. 19a) and form the base of the outcrop.
Very thin gypsum veinlets were also noted within these marls.

Flint-bearing marly limestone (~ 20 cm thick): Above the marl sediments lies a layer of flint-
bearing marly limestone with intercalations of centimetric (~10 cm) grey clays. It is typically

beige to yellowish in color, soft to medium in hardness and contains flint nodules with fractures
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filled with dark gray amorphous silica (Fig. Il. 19b, c). It is composed of less than 5% of non-
coated phosphatic particles: pellets, coprolites, and organic matter (dark color).
Phosphatic dolostone (~ 30 cm thick): This unit is characterized by a semi-friable to friable,
beige to yellow dolostones with an average thickness of about 30 cm (Fig. 11. 19d). It contains
medium- to coarse-grained, poorly sorted phosphatic grains (pellets, coprolites and lithoclasts),
and exhibits a brownish red color due to the presence of iron oxide and organic matter.
Occasionally gypsum crystals are observed within these sediments. A few phosphorite
intercalations are observed and the abundance of phosphatic grains increase vertically. These
grains are cemented by calcareous cements, mainly calcite and dolomite (Fig. 11. 19¢). Well
preserved, high-diversity benthic foraminiferal assemblages are also recorded (Fig. 1119f).
The microscopic observation shows that the flint-bearing marly limestone rock has
wackstone to packstone textures and is composed of iron oxide filling cracks and pores (Fig. 11.
20a). It displays irregularly shaped, black patches dispersed in the exogangue (matrix) as
organic matter (OM), and is affected by microcracks containing iron oxides due to the
supergene sulfide alteration (Fig. Il. 20b). Benthic foraminiferal assemblages are present in
both the dolomicrite and the dolomicro-sparite which become abundant towards the top of the
layer (Fig. Il. 20c, d, e and f). The rhombohedral dolomite crystals show occasionally dark cores
that contain some residual organic matter. The dolomitization process displays well-developed
growth of rhombohedral dolomite crystals that sometimes fill the cracks and the pores of some

lithoslasts, and ostracod fauna fragments (Fig. 11. 20g).

Phosphatic dolostone contains less than 10 % of brown to yellowish, sub-rounded to
spherical, and irregular non-coated phosphatic particles, including pellets, coprolites, and
phosphoclast (lithoslasts), as well as non-phosphatic particles such as gypsum crystals and
organic matter (Fig. 1. 20h). These components are embedded in a grainstone texture with a

sparitic matrix.
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Fig. 11. 19. Field photographs of the sedimentary layers at the bottom of the section of Ain Dibba deposit
showing: (a) alternating flint-bearing marly limestones, marls and phosphatic dolostones; carbonate
hand specimens including: (b) beige, compact marly limestone, (c) kidney-like silica nodules, and (d)
contact between phosphatic dolostones and the lower sub-layer phosphorite of Ain Dibba deposit;
Photomicrographs showing: (e) abundant dolomite (Dol), calcite (Cal) crystals, benthic foraminifera,
and some non-coated-phosphatic particles such as: pellets (Pel), coprolites (Cop) in dolostones.
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Fig. I11. 20. Thin section photomicrographs of the sedimentary layers from the bottom section of Ain
Dibba deposit. (a, b) Wackstone dolomicrite (Dol) containing iron oxide and organic matter (OM); (c,
d, e, and f) dolomicrite to dolomicro-sparitic cement towards the top with abundant benthic foraminifera;
(g9) dolomitization process showing rhombohedral dolomite crystals, lithoslasts, and ostracods; (h), non-
coated phosphatic particles in a packstone texture: pellets (Pel), coprolites (Cop), organic matter (OM),
bioclasts (lithoslasts), and gypsum crystal within dolomitic limestone.

Phosphorite layers: These belong to the Thanetian of the Ain Dibba and consist of thicknesses
ranging from 80 cm to 1 m. These phosphorite layers show variations in color, hardness, shape,
abundance of the phosphatic particles, and the nature of the cements. They are, therefore,

subdivided into three sub-layers: the lower, the middle and the upper sub-layer:
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The lower sub-layer (LL) consists of beige to grey, friable to semi-friable, medium to
coarse grained, clayey and slightly siliceous phosphorites (Fig. 11. 21a, b). It is characterized by
significant abundance of phosphatic particles (pellets, coprolites, and glauconites), and
bioclasts (fish teeth, bone fragments) that are cemented by clayey matrix (Fig. 11. 21c, d). These
phosphatic particles make up 75% of the total rock volume, with sizes ranging from 80 pm to

a few millimeters.

Fig. I1. 21. Field photographs of the Ain Dibba deposit showing the lower sub-layer phosphorites (LL).
(a) and (b) 20 cm thick clayey and slightly siliceous phosphorite layer is interlayered within decimeter-
thick layers of marl, cherty limestone and dolostone; (c) Hand specimen of phosphorite rock taken from
the lower sub-layer (LL) showing grey, friable to semi-friable phosphorite, (d) clayey phosphorite
containing abundant phosphatic particles.

The middle sub-layer (ML) is composed of grey to dark, compact, much harder
phosphorites (cf. Fig. I1. 18). It is characterized by an alternation of different phosphorite types:
(a) Hard and dark grey cherty phosphorites with an average thickness of 30 cm (Fig. 1. 22a),
and contain centimeter-size kidney-like cherty nodules. They consist of abundant poorly sorted,
medium to coarse-grained phosphatic particles and bioclasts, accounting for 65% by volume of

the total rock. Their sizes range from 50 um to 2 millimeters (Fig. Il. 22b).
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Bioclasts

Fig. I1. 22. Field photograph showing the middle sub-layer phosphorites (ML) of the Ain Dibba deposit:
(a) thin phosphorite layer interlayered within decimeter-thick layers of marl, flint-bearing marly
limestone, (b) Hand specimen of phosphorite rock from the middle sub-layer (ML) of Ain Dibba deposit
showing hard, dark grey cherty phosphorites, containing abundant of phosphatic particles and bioclasts.

(b) Calcareous phosphorites consist of semi-friable to hard, beige-grey colored rock, with
poorly sorted, medium to coarse grained phosphatic particles (Fig. Il. 23a). It contains less
abundant phosphatic particles (pellets, coprolites) and bioclasts (fish teeth) compared to other
lower and upper phosphorite layers (Fig. 1l. 23b). These phosphatic particles are cemented by

clayey and /or calcareous matrix (calcitic).

Fig. 11. 23. Field photograph of the phosphorite middle sub-layer (ML) of the Ain Dibba deposit
showing (a) 30 cm thick phosphorites interlayered within decimeter-thick layers of dolostone and flint-
bearing marly limestone; (b) Hand specimen of beige, grey calcareous phosphorites showing abundant
coarse grained phosphatic particles and bioclasts particles.

The upper sub-layer (UL), of about 20 to 30 cm thick, is composed of hard cherty
phosphorite to hard, slightly semi-friable, beige clayey-calcareous phosphorites with coarse-
grained phosphatic particles within a siliceous and /or calcareous cement (see Fig. Il. 18 and

Fig. 11. 24a, b).
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Fig. 11. 24. (a) Field photograph showing the phosphorite upper sub-layer (UL) of Ain Dibba deposit
that is overlain by a metre-thick flint-bearing marly limestone; (b) Hand specimen of phosphorite taken
from the upper sub-layer displaying grey to beige, and hard to semi-friable rock.

Exploitation tailings are located at ~1 km to the west of the studied section of Ain Dibba
deposit (Fig. 11. 25a), which may be represented the lower layers phosphorites of Ain Dibba
deposit. Here, the cherty phosphorites are composed by hard, grey, poorly sorted, coarse
phosphatic particles and bioclasts, and beige, slightly hard calcareous phosphorite containing
abundant phosphatic particles and bioclasts (Fig. 11. 25b, ¢). These account for 60% of the total

rock volume, with particle sizes ranging from 150 um to 5 mm.

Fig. 1l. 25. Field photographs from the exploitation tailings at 1 km to the west of the Ain Dibba
phosphorites outcrops. (a) exploitation tailings; (b) hand specimen showing grey, coarse-grained cherty
phosphorites; (c) hand specimen of beige, semi-friable to hard calcareous phosphorite containing
bioclasts (fish teeth).

47



The upper phosphorite sub-layer is overlain by:
Phosphatic dolostone (~ 30 cm thick): These sediments of about 30 cm thick, consist of semi-
friable to hard, yellow to beige color dolostones (see Fig. 1l. 18, and Fig. Il. 26) that contains

abundant medium to coarse-grained phosphatic particles.

Fig. I1. 26. Field photograph showing beige to grey dolostone containing abundant phosphatic particles.
Flint-bearing marly limestone (~ 80 cm thick): It is a semi-friable to hard, grey to beige rock,
characterized by the presence of grey dark kidney-like cherty nodules, and contains some
phosphatic particles. The facies display centimeter-thick intercalations of marly limestone, clay

and marl levels (Fig. I1. 27).

Fig. I1. 27. Field photograph showing alternating of beige to grey, flint-bearing marly limestone and
marl of Ain Kissa deposit.
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Dolomitic limestone (~ 1.2 m thick): These sediments are composed by beige to yellowish,
hard dolomitic limestone with marly limestone and marl intercalation levels (Fig. Il. 28). The

dolostone exhibits reddish-brown surface due to oxidation.

Fig. I1. 28. Field photograph showing beige to grey, dolomitic limestone of Ain Kissa deposit.
Limestone with thin clayey and marl layers (~ 1.5 m thick): This layer that is characterized
by hard, beige to yellow that may become brownish or reddish in color due to iron oxidation,
displays thin intercalations of clayey and marl levels (Fig. 1. 29). It contains some fine to
medium size phosphatic particles.

The petrographic investigations show that the dolostone rock displays wackstone to
packstone textures, and contains abundant benthic foraminifera ranging in size from 250 to 500
um (Fig. Il. 30a). Flint-bearing marly limestone contains abundant benthic foraminifera and
organic matter, which is also present within the micritic to micro-sparitic matrix (Fig. 11. 30b).
The dolomicrite displays a mudstone to wackstone texture, but contains less abundant benthic
foraminifera (Fig. Il. 30c). The limestone rock shows packstone to grainstone textures, and
displays abundant of beige, rounded to subrounded pellets, bone fragments, and lithoclasts

within a sparitic matrix (Fig. 11. 30d).
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Fig. I1. 30. Thin section photomicrographs from Ain Dibba deposit showing: (a) wackstone to packstone
dolomitic containing an abundant benthic foraminifera and dolomite crystal (Dol); (b) marly limestone
showing micritic to micro-sparitic matrix; (c) dolomicrite matrix (CM) containing benthic foraminifera
in a mudstone texture; (d) dolomicro-sparitic cement (CMS) showing abundant phosphoclast
(lithoclasts, bioclasts, bone fragmants (BF)), and pellets (Pel).
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Flint- bearing dolomitic limestone (~1.5 m thick): This facies is represented by beige color,
hard, containing flint nodules (Fig. Il. 31a). It is slightly phosphatic and shows a thickness
ranging from 1 to 2 meters.

Dolomitic limestone (~1 m thick): The rock is composed of hard, beige to grey in color, and
contains abundant bioclacts and bivalve fragments with an average thickness of approximately
1 m (Fig. 1. 31h).

Bioclast limestone (~ 1 m thick): It is a beige to light grey facies that may become brownish
or reddish on weathered surfaces due to iron oxidation (Fig. Il. 31c, d). It is characterized by
abundant bone fragments and skeletal debris.

Flint-bearing limestone: This limestone layer appears as thin-bedded to massive rock,
characterized by abundant gastropods, some echinoderm fragments, as well as, fragments of
ostracod faunas, which sometimes display calcitic filling. The upper most part of the section is
composed of centimeter-thick siliceous (flint) levels alternating with limestone layers that
contain quartz geodes (Fig. 1. 31g, f).

Petrographically, the dolomitic limestone rock shows a wackstone to packstone
texture, and contains an abundance of rounded to subrounded pellets and cylindrical to elliptical
coprolites with rhombohedral dolomite crystals within a micro-sparitic matrix (Fig. 1. 32a).
The grainstone limestone rock is composed of gastropods, some echinoderm fragments (EF),
and ostracod fauna (Fig. Il. 32b, c). The cracks, micro-fissures and tests of some gastropod

fragments are filled with a micro-calcitic matrix (see Fig. Il. 32d).
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Fig. 11. 31. Field photographs from the top section of the Ain Dibba deposit showing: (a) hard, beige
flint-bearing dolostone; (b) limestone with abundant bioclasts and bivalves; (c) alternation of bioclast
limestone and flint-bearing marly limestone; (d) beige, hard bioclasts limestone; (e) beige limestone

with quartz geode; and (f) kidney-like flint.
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Fig. 11. 32. Thin section photomicrographs from the top section of Ain Dibba deposit showing: (a)
dolomicro-sparitic cement (CMS) containing abundant phosphatic particles, including pellets (Pel) and
coprolites (Cop), dolomite rhombohedra crystal (Dol) and organic matter (OM); (b, c) limestone
containing gastropods, some echinoderm fragments (EF) and ostracod fauna; (d) gastropod fragments
filled by calcitic matrix.

Il. 4. 3. The Ain Kissa deposit in northern basin

The Ain Kissa phosphorite deposit occurs at about10 to 11 km NNW of the Tebessa
town (cf. Fig. 1. 3) and about 5 km west of Ain Dibba. In this region, the sedimentary
successions are geologically similar to those of Ain Dibba (see Fig. Il. 3). The study of the
Thanetian phosphate-bearing sedimentary layers and associated carbonate layers was based on
a cross-section taken from the north-west to the south-east of the Ain Kissa outcrop with the

geographical coordinates: Longitude: 8°7'27" E; and Latitude: 35°29'20" N (Fig. 1. 33).
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Fig. 11. 33. Simplified lithological column of the Ain Kissa deposit showing sample location. LL: Lower
Layer, ML: Middle Layer, UL: Upper Layer.

Based on field observations and the detailed description of the different facies
encountered in the Ain Kissa deposit (Fig. Il. 33), the lithological succession, from bottom to

top, is as follows:

Marls: These marls are observed at the lower part of the Ain Kissa outcrop, where they show

relatively thin levels (Fig. Il. 33). They display some bioclast fragments (Fig. 11. 34a).
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Marly limestone: (~20 cm thick): It consists of about 20 cm thick, beige to grey, compact,
semi-friable to hard level that is interlayered within centimeter-thick levels of marls and clayey
material (Fig. 1l. 34a, b). It is characterized by abundant phosphatic particles, including beige
to brown pellets, beige coprolites, brown bone fragments, and shark teeth, accompanied by
green glauconite grains. They show ovoidal to spheroidal shape and range in size from 100 to
250 pm; some minor dolomite and calcite crysts are also present (Fig. Il. 34c). The terrigenous
input is represented by angular to sub-angular quartz grains (Fig. II. 34d). These components

constitute up to 20 % of the rock.

Fig. I1. 34. (a) Field photograph from the lower part of Ain Kissa outcrop showing alternation of beige
to grey phosphatic marly limestone and marl; (b) hand specimen of beige, compact marly limestone; (c,
d) photomicrographs showing: abundant dolomite (Dol), angular to sub-angular quartz grains (Qz) with
some phosphatic particles such as: pellets (Pel), coprolites (Cop), glauconites (Glt), bioclasts (fish teeth
(FT), bone fragments (BF)) and calcite (Cal).

Microscopically, the marly limestone is characterized by wackstone to packstone
textures, and contains abundant planktonic foraminifera, and non-coated phosphatic particles
(pellets, coprolites, and glauconites), as well as bioclasts (Fig. 1l. 35a). Planktonic foraminiferal
assemblages and pellet particles embedded within the mudstone to wackestone textures often
exhibit surface oxidation (Fig. Il. 35b, ¢). Sometimes some test fragments are filled with a

microsparitic siliceous matrix with abundant organic matter (Fig. Il. 35d). Other minor, non-
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phosphatic minerals are also recorded, such as green to brown, ovoidal, spheroidal or irregular
galuconite, ranging in size from 100 to 350 um, associated with rhombohedral dolomite
crystals, pellets, organic matter, as well as bone fragment particles (Fig. 1. 35e, f). Terrigenous
supply is represented by angular to sub-angular detrital quartz, ranging in size from 100 to 250
pum, which occurs within the microsparitic matrix, along with abundant dolomite crystals and

phosphatic particles (Fig. Il. 35g, h).
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Fig. I1. 35. Photomicrographs of the marly limestone rock at the bottom section of Ain Kissa deposit.
(a, b, ¢) wackstone to packstone limestone containing abundant planktonic foraminifera, pellets (Pel),
fish spine; (d) sparitic silicified matrix filling in some bioclasts, with organic matter (OM); (e, f)
glauconites (Glt), coprolites (Cop), and dolomite crystals (Dol) in mirco-sparitic cement (CMS), with
glauconites (GIt) and organic matter (OM); (g, h) limestone showing abundant angular to sub-angular
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detrital quartz (Qz), dolomite growth (Dol) in mirco-sparitic cement (CMS), pellets (Pel) and bone
fragments (BF).

Marly phosphorites (~ 20 cm thick): This layer consists of about 20 cm thick, beige to
yellowish, semi-hard to hard marly phosphorite (see Fig. Il. 33, and Fig. Il. 36a). It comprises
interbedded dark brown, clay-rich levels enriched in disseminated phosphatic material. It is
characterized by abundant, poorly sorted, medium to coarse phosphatic particles and bioclasts,
accounting for 40% volume of the total rock (Fig. Il. 36b). Their size ranges from 50 pum to 2

millimeters.

Fig. 11. 36. Field photograph of the marly phosphorite rock of Ain Kissa deposit showing: (a) alternating
marly limestone, marl, and phosphorite; (b) hand specimen taken from Ain Kissa deposit shows beige,
semi-friable to hard marly phosphorite.

Phosphatic dolostone (~ 20 cm thick): This unit consists of a thin (about 20 cm thick) layer
of fine-grained, yellow-grey phosphatic dolostone (Fig. Il. 37a, b). It contains of fine to
medium-grained, poorly sorted phosphatic particles (pellets and bone fragments), benthic
foraminiferal assemblages, and lithoclasts, with a dolomite and calcite grains matrix (Fig. Il.
37c, d). Petrographic investigations show that the dolostone rock has a wackestone to packstone
texture and is composed of fine-crystalline dolomite, fine-grained phosphatic particles (pellets),
and iron oxides filling cracks and pores within a microsparitic matrix (Fig. II. 38a). Well-

developed dolomite rhombohedra are observed growing within a sparitic matrix (Fig. 1119b),
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which gradually transitions to a dolomicro-sparitic texture toward the top. Reddish-brown
oxidation is present along micro-cracks within the rock (Fig.II. 38c). Brown, cylindrical
coprolites and benthic foraminiferal assemblages are occasionally filled with dolomicrite

(Fig. I1. 38d).

Fig. 11. 37. (a) Field photograph of Ain Kissa deposit showing about 20 cm thick of phosphatic dolostone
rock alternating with marly limestones and marls; (b) hand specimen of beige, compact dolostone; (c)
Photomicrograph showing phosphatic particles: pellets (Pel) and bone fragment (BF) often cemented by
calcareous, dolomitic matrix within dolostone; (d) benthic foraminiferal associated in the dolostone
rock.
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Fig. 11. 38. Photomicrographs of the dolostone rock of Ain Kissa deposit. (a) dolomicro-sparitic
containing phosphatic particles (Pel) and iron oxides dispersed in the micro-sparitic matrix; (b) well-
developed growth of dolomite rhombohedra crystal; (c, d) iron oxide filling the microcracks of the
mirco-sparitic matrix (CMS) with coprolites particles (Cop) and benthic foraminiferal assemblages.

Clayey-dolomitic phosphorites (LL; ~ 60 cm thick): These represent The lower layer (LL),
and are about 40-60 cm thick. They are composed of alternating beige to grey dolomites, grey
marls, and clayey-dolomitic phosphorites (Fig. Il. 39a). Here, the phosphorites are beige to
grey, slightly hard, and often dolomitic, sometimes clayey matrix (Fig. Il. 39b). They are
characterized by abundant medium- to coarse-grained, poorly sorted particles, containing
abundant glauconite particles These phosphatic particles range from 80 um to a few millimeters

in size make up 75% of the volume of the total rock.
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Fig. I1. 39. Field photograph of the phosphorite lower layer of Ain Kissa deposit showing: (a) alternating
flint-bearing limestone, marl and phosphoite; (b) hand specimen showing beige, clayey-dolomitic
phosphorite.

Flint-bearing limestone (~ 1 m thick): This unit is characterized by beige, very hard flint-
bearing limestone, with intercalations of marl at the top of the layers (Fig. 11. 40). The limestone

consists of grey to dark kidney-like silica nodules with thickness reaching up to 1 m.

Fig. 11. 40. Field photograph showing beige, hard flint-bearing limestone and grey marl of Ain Kissa

deposit.

Flint-bearing marly limestone (~ 2 m thick): This lithology consists of light grey, soft,
weathered flint-bearing marly limestone layers with kidney-like silica nodules, intercalations

with marly levels (Fig. 1. 41). The thickness reaches up to 2 m.
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Fig. I1. 41. Field photograph showing alternating of beige to grey, flint-bearing marly limestone and
marl of Ain Kissa deposit.

Phosphatic dolostone (~ 50 cm thick): This rock is beige to grey, semi-friable to hard, and
contains an abundance of medium to coarse-grained phosphatic particles (Fig. Il. 42). It is

approximately 50 cm thick.

Fig. 1. 42. Field photograph showing the phosphatic dolostone rock of Ain Kissa deposit.

Cherty and calcareous phosphorites (ML; ~ 50 cm thick): These represent The middle layer
(ML), of about 40 to 50 cm thick (see Fig. 33, and Fig. Il. 43a), and is characterized by
alternating different phosphorite types: hard, grey, medium to coarse grained poorly sorted

cherty phosphorite and beige, grey fine-to medium grained calcareous phosphorites with
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abundant of phosphatic particles (pellets and coprolites), and bioclasts (bioclasts and

lithoclasts) (Fig. 11. 43 b, c, d).

Cherty phosphorites

Fig. 1. 43. Field photograph of the phosphorite middle layer from Ain Kissa deposit showing: (a) 50
cm thick of phosphorites alternating with flint-bearing marly limestones and marls; Hand specimens
showing: (b) beige to grey, slightly hard calcareous phosphorite, (c, d) medium to coarse grained, grey,
hard cherty phosphorites.

Flint-bearing marly limestone (~ 60 cm thick): This unit is composed of semi-friable to hard
flint-bearing marly limestone with kidney-like silica nodules, and with marl intercalations
levels (Fig. I1. 44). It exhibits reddish-brown surface oxidation. Microscopically, the limestone
has a grainstone texture and is composed of abundant pellets, coprolites, lithoclasts, and iron
oxides filling cracks and pores within a sparitic calcitic cement (Fig. 11. 45a). The coprolite and

lithoclast particles are fissured and fractured, and are surrounded by reddish-brown oxidation

that disperses within the matrix (Fig. 11. 45b).
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Fig. 11. 44. Field photograph showing beige, semi-friable, flint-bearing marly limestone of Ain Kissa
deposit.
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Fig. 11. 45. Thin section photomicrographs of the phosphatic limestone of Ain Kissa deposit. (a) pellets
(Pel), coprolites (Cop), and lithoclasts, are surrounded by iron oxide; (b) coprolites and lithoclasts
particles are mainly fissured.

Phosphatic dolostone (~1.2 m thick): This unit consists of beige phosphatic dolostone with
intercalations of beige marl levels (see Fig. Il. 33, and Fig. Il. 46a). Dolostone rock contains an
abundance of medium to coarse-grained phosphatic particles (Fig. 1146b). It is approximately
1.2 m thick. This layer is covered by upper layer phosphorites (UL). Microscopically, the
dolostone rock shows a dolomicrite to dolomicro-sparitic matrix containing phosphatic
particles: rounded pellets and cylindrical to elliptical coprolites, within the micro-sparitic
matrix and /or cement (Fig. I. 47a). These phosphatic particles have irregular dark patches (Fig.

I1. 47b) due to the presence of trapped organic matter inside them, where it occurs either in
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concentric micro-layers or in the form of disseminated organic material within dolomitic

cement.

Fig. I1. 46. Field photograph and hand specimen of the phosphatic dolostone of Ain Kissa deposit. (a)
alternating flint-bearing marly limestone, marl and phosphatic dolostone; (b) beige, slightly hard
dolostone.

Fig. Il. 47. Thin section photomicrographs of the phosphatic dolostone of the Ain Kissa deposit. (a)
dolomicro-sparitic (Dol) containing pellets (Pel), coprolites (Cop), and dolomite (Dol); (b) cylindrical,
elliptical coprolites within a sparitic cement.

Cherty phosphorites and clayey calcareous phosphorites (UL; ~ 40 cm thick): These
represent the upper layer (UL), which is composed of beige-grey, medium-to coarse-grained
and calcareous phosphorites with abundant coprolite particles and fish teeth (Fig. 1l. 48a, b).
This phosphorites become much grey- darker, hard, and display a siliceous cement towards the

top forming cherty phosphorite (Fig. 11. 48c, d).
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Calcareous phosphorite

Fig. I1. 48. Field photographs and hand specimens of the phosphorites upper layer of the Ain Kissa
deposit. (a) alternating flint-bearing marly limestones and calcareous phosphorite;(b) beige, compact
calcareous phosphorite; (c, d) hard, grey cherty phosphorite showing abundant of phosphatic particles.

Bioclasts limestone (~ 80 cm thick): This appears as a thin-bedded, massive unit, showing
beige to light grey color that may become brownish or reddish on weathered surfaces due to
iron oxidation (Fig. 11. 49a). The rock is hard to very hard, with fine, fossiliferous texture visible
on fresh surfaces. Broken surfaces reveal abundant bone fragments and skeletal debris (Fig. II.

49b). Some levels show well-compacted bioclasts cemented by calcite.
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Fig. I1. 49. Field photographs of the limestone rock of the Ain Kissa deposit showing: (a) about 1 m
thick beige, hard flint-bearing limestone, and (b) beige, hard bioclastic limestone.

Flint-bearing marly limestone (~ 1.5 m thick): This unit is composed by alternating layers of
about 1.5 m thick, beige to yellowish, semi-friable to hard flint-bearing marly limestone,

yellowish marly limestone, and beige flint-bearing limestone (see Fig. Il. 33, and Fig. 1. 50).

Fig. 11. 50. Field photograph showing alternating of beige flint-bearing limestone, and beige, semi-
friable marly limestone of Ain Kissa deposit.

Petrographically, the limestone rock shows a wackstone to packstone texture within a
micro-sparitic matrix, and contains an abundance of benthic foraminifera, bone fragments, as
well as phosphatic particles (Fig. 1. 51a). It is also composed by gastropods fauna and

lithoslasts, which are filled by micro-calcitic matrix (Fig. 1. 51b). High and various diversity
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benthic micro fauna indicate an oxygen-rich open marine environment. Amorphous siliceous
cement can recrystallize due to diagenesis, leading to the formation of chalcedony that coexist
with a finer-grained amorphous siliceous matrix (Fig. Il. 51c), and is represented at the rims
and the center of the lithoclasts. Cracks, micro-fissures, and tests of some benthic foraminifera
are filled by calcitic cement, forming crystals that act as a cement for phosphatic particles due
to high energy during diagenetic processes (Fig. Il. 51d). The limestone at the top reveals a
micritic to micro-sparitic matrix and/or cement with benthic foraminifera, which sometimes

display calcitic filling (Fig. Il. 51e, f).
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Fig. I1. 51. Thin section photomicrographs of the limestone rock of Ain Kissa deposit. (a) limestone
containing abundant benthic foraminifera, bone fragments (BF); (b) Bioclast limestone showing
abundant gastropods, lithoclasts with calcitic filling; (c) amorphous silica as a matrix is recrystallize to
chalcedony as a result of diagenesis, forming sparitic cement; (d) calcitic sparitic cement is filled in
fissures; (e, f) benthic foraminifera within micritic matrix (CM) and calcitic filling.
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We conclude that the Troubia, Ain Dibba, and Ain Kissa deposits consist of about 40
cm thick of phosphorite layers intercalated within meter- thick of marl, dolostone, flint-bearing
marly limestone, marly limestone, bioclasts limestone. The phosphorite layers are characterized
by different phosphorite types: cherty phosphorites with centimeter-size kidney-like silica
nodules, beige-colored calcareous phosphorites, and clayey-calcareous beige to grey
phosphorites showing poorly sorted, medium to coarse phosphatic particles. These layers are
semi-friable to hard at the bottom of the sections compared to the top, which are harder,
indicating more siliceous matrix and/ or cement. In addition, the phosphorites in the Ain Kissa
deposit are more composed by calcareous cement in the bottom (dolomitic) than in other

sections. However, the Troubia deposit shows more hard, grey cherty phosphorites.
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Chapter Il

Sedimentological study of the Troubia, Ain Dibba,
and Ain Kissa phosphorites

Particle size analysis is a useful tool used to obtain a detailed understanding of the
hydrodynamic condition, transport mode, sediment provenance, sorting, and paleo-
environmental features, as well as reconstruction of past phosphorite sedimentological
processes (e.g. Folk and Ward, 1957; Visher, 1969; Riggs, 1984; Cook and Shergold ,1986;
Cook et al., 1986; Glenn et al., 1994; Bezzi et al., 2012; Dassamiour et al., 2021; Ferhaoui et
al., 2022). Particle size fraction analysis results have mostly been used to highlight the rare
earth elements plus yttrium (REY) contents in phosphorite ores of various sizes, thus assessing
their economic potential (e.g., Bezzi et al., 2012; Ferhaoui et al., 2022). Recently, the studies
were focused on the potentially hazardous elements (PHE) contents in phosphorite ores and
their wastes (e.g., Ferreira da Silva et al., 2010; Bezzi et al., 2012; Boumaza et al., 2021, and
2023; Saouli et al., 2025), allowing for the evaluation of environmental impacts which pose
environmental and health risks (Khelifi et al., 2020, 2021). On the other hand, particle size
analysis has been able to assess the environmental impact on farmland and surrounding
sediments and soils (e.g., Khelifi et al., 2020; Boumaza et al., 2024). The aim of this study is to
investigate and give a comprehensive model that describes the depositional hydrodynamic
conditions of the Ain Dibba and Ain Kissa deposits. The friable collected phosphorite samples

were subject to detailed morphoscopic and granulometric analysis.
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I11. 1. Morphological characteristics of isolated phosphatic particles

Based on field observations and lithological descriptions, the samples were selected on
the basis of their friability with a generally clayey matrix, which made them suitable for the
various particle morphological and size treatments. The phosphate particles: pellets, coprolites,
bioclasts, and glauconite were separated from their matrix through sample smooth crushing and
wet sieving with distilled water. Particle separation was performed using hand-picking
technique under a binocular microscope. Unlike the Ain Dibba and Ain Kissa phosphorites, the
Troubia deposit shows hard cherty phosphorite rocks which are difficult to separate the

phosphatic particles.

I11. 1. 1. The Ain Dibba phosphorites

Lower sub-layer phosphorite (LL)

This sub-layer consists of well-developed phosphatic grains up to 70% and sized from
100 pm to up to 2 mm, with the dominance of the 400 um grain size. The isolated particles
observed under the binocular microscope, which are mainly pellets, coprolites, glauconites,
microfossil, and phosphatic bioclasts, show predominantly smooth and polished surfaces, and
are medium to coarse-grained with poor sorting (Fig. I11. 1). Thess particles display sometimes
cracks, intense abrasion, and pores at their surfaces. The pellets are brown to yellowish, rounded
to subrounded, spherical to oval particles, and display grain size ranging from 80 um to 300
um (Fig. I11. 1a). The coprolites (fossil fecal) are recognized by their wide variety of shapes,
which can be divided into: (1) cylindrical, rounded, (2) ovoid or oval, (3) spiral, (4), elliptical,
(5) elongated, and irregularly shaped, and display yellow to brownish color, and may reach 1
to 2 mm in diameter (Fig. I11. 1b). Glauconites display green to light green color, irregular
shapes, and range in size from 100 um to 300 pum (Fig. I1l. 1c). The bioclasts particles are

represented by vertebrate fragments (bones and teeth, up to 25% of the rock) of different sizes
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(0.2-2mm), gastropod and ostracod fragments, and are in most cases completely phosphatized,

and often associated with quartz and dolomite crystals in the matrix (Fig. 111. 1d).

Interpretation: The occurrence of smooth and polished surfaces on phosphatic grains
reflects a history of remobilization from depths, reworking and transport under high
hydrodynamic conditions by marine currents before deposition and diagenesis. The fractured
particles are probably due to burial compaction effects, fragmentation by marine wave action
during reworking process. Poorly sorted and heterogeneity in their shapes, sizes, and
morphologies indicate agitated environment, fast sedimentation during early diagenesis. The
pellets and coprolites color varies from light yellow to very dark brown or opaque, is probably
related to the presence of organic, argillaceous, or ferruginous impurities. The pellets are
thought to result from organic matter phosphatization as well as the fragmentation of
preexisting coprolites during reworking events. The abundance of bone fragments, fish teeth,
ostracods, and gastropods fragments are consistent with a high energy, more oxygenated, and
high productivity environment. The presence of glauconites, believed to be formed in

oxygenated to semi-reduced environments.
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Fig. 111. 1. Photomicrographs showing phosphatic particle separates. (a) Pellets (Pel); (b) coprolites
(Cop); (c) glauconites (Glt); (d) fish teeth (FT), bone fragments (BF), quartz particles (Qz), Dolomite
(Daol), gastropod, some echinoderm fragment (EF), and ostracods.

Middle sub-layer phoshorites (ML)

The isolated fractions of the phosphorites show that they are composed of poorly sorted,
medium to coarse grained with abundant of pellets, coprolites, bone fragments, and fish teeth
that are cemented by a calcitic matrix (Fig. Ill. 2). They show, however, smooth polished
surfaces, and are heterogeneous in their shapes, colors, morphologies (the rock is poorly sorted)
and proportions which vary from about 60% of the rock. Their sizes range from 100 um to 2
mm. The pellets display rounded to subrounded shapes, brown to yellow colors with smooth
and polished surfaces (Fig. I11. 2a). Coprolites display irregular shape and micro-cracks on their
surfaces. They are associated with bone fragments and fish teeth within a calcitic matrix (Fig.

1. 2b).

Interpretation: The occurrence of smooth and polished surfaces on phosphatic grains
reflects the remobilization from depths, reworking and transport under high hydrodynamic

conditions by marine currents before deposition and diagenesis. The cracks, micro-cracks, and
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fissures on their surfaces may be due to the burial compaction effects, fragmentation by marine
wave action during reworking process. The abundance of bone fragments and fish teeth indicate
biogenic origin with a high productivity environment in upwelling currents zone rich in (P) and
(Si). The pellets are thought to result from organic matter phosphatization as well as the
fragmentation of preexisting coprolites during reworking events. The color of the pellets

depends on the presence of organic, argillaceous, or ferruginous impurities.

Fig. 111. 2. Photomicrographs showing phosphatic particle separates. (a) Rounded to subrounded pellets
(Pel), (b) cylindrical to irregular coprolites (Cop), bone fragments (BF), and fish teeth (FT), within
calcite as cement (Cal).

Upper sub-layer phosphorites (UL)

In this sub-layer, the phosphorites are composed of sub-rounded to spherical pellets and
coprolites, exhibiting yellow to brown coloration, and are cemented by calcareous cement (Fig.
I11. 3a). The coprolites are coarse-grained, light brownish to dark in color, and range in size
from 400 um to a few millimeters, whereas the bone fragments and fish teeth (Fig. I11. 3b) show
platy, angular to sub-angular, prismatic or irregular shapes, with grain sizes ranging from 500

um to up 2 mm.

Interpretation: The phosphatic particles sizes range from 100 um to up to 3 mm,

suggesting that they deposited in agitated and high-energy environments. Poorly sorted and
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heterogeneous in their shapes are most likely attributed to high-energy environment. The
phosphate particles were intensively reworked, causing the grains to become closer together.
The cracks, micro-cracks, and fissures on their surfaces may be due to the burial compaction
effects, fragmentation by marine wave action during reworking process. The abundance of bone
fragments and fish teeth indicate biogenic origin with a high productivity environment in
upwelling currents zone rich in (P) and (Si). This results indicate high energy and more shallow

depositional environment, connected to the open ocean during diagenetic processes.

Fig. I11. 3. Photomicrographs showing phosphatic particle separates: (a) abundant of various shapes of
pellets (Pel), and coprolites (Cop), as well as, calcite as cement, (b) abundant coarse-grained of
coprolites (Cop) and fish teeth (FT).

I11. 1. 2. The Ain Kissa phosphorites

At the bottom of the studied section, the marly phosphorite rock contain smooth polished
pellets, coprolites, rare glauconites, fish teeth, and detrital quartz grains (Fig. 11l. 4). These
phosphatic particles reveal heterogeneity in their shapes, colors, and morphologies, with grain
sizes ranging from 50 um to several millimeters. Pellets show rounded to sub-rounded shape,
yellow to beige color, ranging in sizes from 80 to 200 um, whereas greenish glauconite particles
are rare and show irregular shapes, oxidized surfaces and ranging in size from 150 to 250 pm
(Fig. Il1. 4a). Coprolites show cylindrical, elongated, or irregular shapes and display a light
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whitish, brownish to dark color, and variable sizes that generally exceeds 250 pm, up to 1 mm
(Fig. I11. 4b). Other minor, non-phosphatic minerals, such as detrital quartz, may also occur
within the phosphorites. Detrital quartz grains show angular to subangular shapes and range in
size from 60 to 200 m (Fig. Hll. 4c). The amount of quartz grains decreases upward. The
bioclasts are mainly fish teeth and bone fragments (Fig. Il1. 4d), elongated, and angular to sub-
angular in shape, ranging in size from 400 pum to 2 mm.

Interpretation: The occurrence of smooth and polished surfaces on phosphatic grains
reflects the remobilization from depths, reworking and transport under high hydrodynamic
conditions by marine currents before deposition and diagenesis. The fractured particles are
probably due to the compaction effects. Moderately sorted and heterogeneous in their shapes,
sizes, and morphologies indicate slightly to agitated environment, fast sedimentation during
early diagenesis. The pellets and coprolites color varies from light yellow to very dark brown
or opaque, is probably related to the presence of organic, argillaceous, or ferruginous impurities.
The abundance of bone fragments, fish teeth indicate agitated, high energy, more oxygenated,
and high productivity environment. The abundant presence of angular detrital quartz most likely
derived from an adjacent continental terrigenous source probably during the PETM events and
little transport. The presence of glauconites, believed to be formed in oxygenated to semi-

reduced environments.
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Fig. I111. 4. Photomicrographs showing phosphatic particle separates from marly phosphorite of Ain
Kissa deposit. (a) Abundant of phosphochems such as: pellets (Pel), glauconites (Glt), and quartz (Qz),
dolomite (Dol), (b) brown to dark various shapes of coprolites; (c) angular to sub-angular of detrital
quartz (Qz); (d) fish teeth with sizes ranging from 500 to 2 mm (FT).

Lower layer phosphorite (LL)

The lower phosphorite layer (LL) is characterized by abundant medium- to coarse-
grained, poorly sorted particles, which make up about 75% of the volume of the total rock, with
sizes ranging from 80 um to a few millimeters (Fig. 111. 5). The isolated fraction shows a relative
heterogeneity in the shapes and colors. The pellets show rounded to sub-rounded, or spherical
to oval in shape, yellowish to brown in colors, and ranging in size from 80 um to 400 um (Fig.
I11. 5a). Occasionally, the cylindrical coprolites exhibit brownish to red external colors, and
show cracks and pores on their surfaces (Fig. I11. 5b). In contrast, greenish glauconite particles
are less abundance and represent less than 3% of the total grains, and reveal irregular shapes,
with sizes in the range 150-250 um (Fig. 111. 5¢). The bioclasts are mainly bone fragments and
fish bones, naturally colorless, elongated, and angular to sub-angular in shape (Fig. I1l. 5d).
Also, angular to sub-angular quartz are frequently observed, along with dolomite particles as a

cement (Fig. I11. 5d).
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Interpretation: The phosphatic particles sizes range from 100 pum to up to 3 mm,
suggesting that they deposited in agitated and high-energy environments. Poorly sorted and
heterogeneous in their shapes are most likely attributed to high-energy environment. The
phosphate particles were intensively reworked, causing the grains to become closer together.
The pellets are thought to result from organic matter phosphatization as well as the
fragmentation of preexisting coprolites during reworking events. The color of the pellets
depends on the presence of organic, argillaceous, or ferruginous impurities. The cracks, micro-
cracks, and fissures on their surfaces may be due to the burial compaction effects, fragmentation
by marine wave action during reworking process. The abundant detrital quartz most likely
derived from an adjacent continental terrigenous source probably during the PETM events. The
abundance of bone fragments and fish teeth indicate biogenic origin with a high productivity
environment in upwelling currents zone rich in (P) and (Si). The presence of glauconites,
believed to be formed in oxygenated to semi-reduced environments. This results indicate high
energy and slightly reducing to more shallow depositional environment, connected to the open

ocean during diagenetic processes.
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Fig. I11. 5. Photomicrographs showing phosphatic particle separates of the lower layer phosphorite from
Ain Kissa deposit. (a) Abundant rounded to sub-rounded, yellowish to brown pellets (Pel), (b) whitish,
brownish to dark color coprolithes (Cop) with cracks and fissures on their surfaces, (c) abundant of
greenish, irregular, and sizes ranging from 100 to 250 um of glauconite particles (Glt), (d) elongated
bone fragments (BF) with angular to sub-angular quartz (Qz) and dolomite (Dol) particles as a cement.

Middle-layer phosphorite (ML)

The isolated fractions of the phosphorites show that they are composed of poorly sorted,
medium to coarse grained with abundant of pellets and coprolites. They are heterogeneous in
their shapes, colors, morphologies (the rock is poorly sorted) and proportions which vary from
about 70% of the rock, similar abundance phosphatic particles to the lower and upper layers
(Fig. I11. 6). They show smooth polished surfaces, and sometimes display cracks and pores at
their surfaces, probably due to the compaction effects. The pellets, which are the most abundant
phosphatic particles (40-45% of the total grains), are often rounded, sub-rounded, spherical to
oval in shape, brown to yellowish in color, and display grain size from 80 pum to 400 pum (Fig.

I1l. 6a). Coprolites, which represent up to about 30 % of the phosphatic particles, reveal
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cylindrical, elliptical, elongated or irregular shapes, with whitish, brownish to dark color (Fig.
I11. 6b).

Interpretation: The pellets are thought to result from organic matter phosphatization
as well as the fragmentation of preexisting coprolites during reworking events. The color of the
pellets depends on the presence of organic, argillaceous, or ferruginous impurities. The cracks,
micro-cracks, and fissures on their surfaces may be due to the burial compaction effects,
fragmentation by marine wave action during reworking process. The poorly sorted suggest
agitated and high energy environment. The smooth polished surfaces most likely due to
remobilization from depths and transport before deposition and diagenesis. This indicate high

energy environment during early diagenesis process in Ain Kissa deposit.

Fig. I11. 6. Photomicrographs showing phosphatic particle separates of the middle layer phosphorite
from Ain Kissa deposit. (a) An abundant of yellow to brown pellets (Pel) with sizes ranging from 80 to
300 pm, (b) coprolites (Cop) with various color, shapes and have cracks on their surfaces.

Upper-layer phosphorite (UL)

The upper layer (UL) consists of medium to coarse-grained phosphorites with abundant
pellets, coprolite and fragments of bones and fish teeth. The phosphatic particles are
heterogeneous in their shapes, colors, morphologies (the rock is poorly sorted) and proportions
which vary from about 60 to 75% of the rock (Fig. Ill. 7). The pellets show rounded to

subrounded shapes and a brown color, whereas coprolites display cylindrical to irregular
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shapes, and are cemented by calcareous and siliceous matrix (Fig. Ill. 7a). Occasionally, they
exhibit brownish.to red external colors, and have cracks and pores on their surfaces (Fig. IlI.
7h).

Interpretation: The phosphatic particles have smooth, polished surfaces, which are
probably the result of transport and remobilization from depths prior to deposition and
diagenesis. The color of the pellets depends on the presence of organic, argillaceous, or
ferruginous impurities. The fractured and cracked surfaces are most likely caused by
compaction effects. The poorly sorted heterogeneous in their shapes are most likely attributed

to high-energy environment of phosphorites of Ain Kissa deposits in upper section.

Fig. I11. 7. Photomicrographs showing phosphatic particle separates from the upper phosphorites layer
of Ain Kissa deposit. (a) Dark to brown, rounded to sub-rounded pellets (Pel) occur within calcitic (Cal)
and/or siliceous (Qz); (b) cylindrical to elongated, yellow coprolites (Cop) are cracked and fissured.

I11. 2. Particle size distribution and characterization

The collected phosphorite samples were subject to detailed granulometric analysis,

where two approaches were adopted:

Methods

The particle size analysis was carried out on sixteen (06) phosphorite samples collected

from the studied deposits. These samples were selected on the basis of their friability with a
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generally clayey matrix, which made them suitable for the various particle size treatments. They
were sieved at a 3 mm-size mesh, and dried at a temperature less than 40°C. These samples are
checked under a binocular microscope to remove the coarse matrix, such as dolomite, calcite
and quartz particles. Particle size analysis was performed on samples using a Mastersizer 3000
laser diffraction particle size analyzer at the University of Sfax, Tunisia, using wet methods.
The samples were analyzed in water suspension. In order to obtain good particle dispersions, a
suitable ultrasonic sound time has been applied (120s). In order to compare the granulometric
parameters from different samples, medium diameter (MMD) has been calculated. D (v; 0.5)
corresponds to the particle caliber for that 50% of the sample having a lower size and 50% of
sample having a higher size. This laser diffraction is designed for measuring particle sizes

ranging from 0.02 to 3000 pm.

Statistical treatment

Cumulative frequency curves were produced from the cumulative weight percent of
particle size data of each section. The frequency curves were drawn to define the modes,
asymmetry frequency curve, angularity curve and cumulative particle size (um) curves. The
main statistical parameters calculated include the mean (Mz): standard deviation, (sorting, 61),
asymmetry: skewness (SKi), graphic kurtosis (KG). Particle size parameters were calculated
according to Folk and Ward (1957) as shown in Table 1, and formula using GRADISTAT v8
(Blott and Pye, 2001). Additionally, the uniformity coefficient (Uc) and the curvature
coefficient (Cc) parameters were calculated using the following formulas: Uc: uniformity
coefficient = (D60/D10); Cc: curvature coefficient = (D30 2 /(D60*D10)); and specific surface

area (SSA).
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Table I11. 1. Statistical formulas used for calculating particle size parameters of Ain Dibba and

Ain Kissa phosphorites (Folk and Ward, 1957). Mz mean particle size; ci standard deviation

(sorting); Skf skewness coefficient; Kg kurtosis coefficient; n number of samples.

Particle size indices

Interpretation

Mean Particle Size (Mz):
Mz = (pl6+ 00+ @8) =3

Mz < 1 ¢@: Coarse sands and gravels.
1 <Mz <2 ¢ Medium sands.

2 <Mz < 3 ¢: Fine sands.

3 <Mz <4 ¢ Very fine sands.

Mz > 4 ¢: Silts and clays.

Skewness Index (Ski):
Ski = [(016+ @8- 20%) = 2(@8t- ¢l6)] +
[(e%5+ @5- 2030 = 2(e%- @I)]

-1 < Ski <-0.3: Strongly coarse-skewed curve.
-0.3 < Ski < -0.1: Coarse-skewed curve.

-0.1 < Ski < +0.1: Nearly symmetrical curve.
+0.1 < Ski < +0.3: Fine-skewed curve.

+03 < Ski <+1.0: Strongly fine-skewed curve.

Sorting Index (o) :
¢ = [(¢8- 919 = 4] + [(¢%- @I = 6.6]

6 < 0.35 @: Very well sorted sand.

035 p<6<05 @: Well sorted sand.

0.5 ¢ <0 <0.7 @: Moderately well sorted sand.
0.7 ¢ < <1 @: Moderately sorted sand.

1 < o6 <2q:Poorly sorted sand.

2 o< o <4 @: Verv poorly sorted sand.

G > 4 ¢ Extremely poorly sorted sand.

Kurtosis (KG) :
KG =(9%- ¢9 = [2.44(¢75- ¢)]

KG < 0.67: Very platykurtic curve (very flat).

0.67 < KG < 0.90: Platvkurtic curve (flat).

0.90 <KG < 1.11: Mesokurtic curve (normal peak).
1.11 <KG < 1.50: Leptokurtic curve (peaked).

1.50 < KG < 3: Very leptokurtic curve (verv peaked).

KG > 3: Extremely leptokurtic curve (extremely peaked).
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I11. 2. 1. Results and interpretation

The different particle size distribution patterns and data on particle size, and particle
size parameters were obtained for the phosphorite deposits as considered in Fig. I11. 9 and Table

1. 3.

I11. 2. 1.1. Particle size distribution curves

The particle size frequency of the analyzed samples exhibits various distribution
patterns, including unimodal, bimodal, and polymodal types (Fig. 11l. 8a). These variations in
particle size distribution reflect differences in the paleo-hydrodynamic conditions during
phosphorites deposition. The vertical succession of the Ain Dibba phosphorite samples from
ADDO3 at the bottom to ADDO08 at the top reveals an evolution in depositional energy and
hydrodynamic conditions. Phosphorite sample (ADDO03) shows a polymodal particle size
distribution, ranging from 50 um to 2 mm, with a dominant mode around 100-250 um. This
pattern suggests the presence of multiple grain populations, complex depositional setting. It
may reflect the influence of relatively agitated and high-energy conditions, mixed sediment
sources, or possibly varying modes of transport. Phosphorite sample (ADDO06) displays a
bimodal distribution, with particle sizes ranging from 40 um to 2 mm. This pattern suggests a
mixed depositional environment characterized by alternating moderly- and high-energy
conditions, able of transporting and depositing both fine and coarse particles. A bimodal
distribution is observed in the phosphorite sample ADDO08, located at the top of the section,
with grain sizes ranging from 50 pm to 800 pm. This distribution reflects a transition from high-
energy to moderate-energy depositional conditions, likely associated with reduced upwelling
activity and more uniform sedimentation. In contrast, some friable samples at bottom of Ain
Kissa deposit show a change in depositional energy and hydrodynamic conditions. Phosphorite
sample (AKD®6) exhibits a unimodal grain size distribution, with a sharp peak around 200 pum,

indicating a little mixing of clay and depositional environment under more stable, and
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moderate-energy environment. Phosphorite samples (AKD10 and AKD12) show a more
biomodal distribution, with particle sizes ranging from 40 um to 800 um, suggesting more
variable, agitated and high energy conditions with poorly sorting. This indicates an increasingly
complex depositional environment during early diagenesis. As whole, the particle sizes range
from 1 to 100 pum comprises fine well-rounded pellets and exo-gangue, such as calcite,
dolomite, glauconite, and quartz; the range 100 to 250 pm size essentially includes sub-rounded
pellets; the range from 250 to 500 pum size is represented mostly by nucleated pellets (pseudo-
oolites), coprolites, coprolites fragments, and lithoclasts; 500 um to few millimeters represented
by fish teeth, bioclastic debris, coprolites and phosphatic lithoclasts. These results indicate that
the phosphatic particles of the studied deposits are poorly sorted, and were deposited in high
energy depositional environment.

The cumulative frequency curve displays an S-shaped curve, where the gradient of the
cumulative frequency curves at the middle part reflects the sorting of particles (Fig. I1l. 8b).
The cumulative frequency curve provides insight into the sorting and energy of the depositional
environment. In Ain Dibba phosphorites, the samples in order (ADD03, ADD06, and ADD08)
show that the cumulative frequency curves are medium to very gentle slope (Fig. Ill. 8b),
indicating evolution from moderate to poor sorting of phosphatic particles size distribution.
This suggests moderate or agitated and fluctuating hydrodynamic energy, allowing grains of
many different sizes to deposit together such as: fine, medium, and coarse particles. By contrast,
samples from Ain Kissa phosphorite in order (AKD06, AKD10, and AKD12) display very steep
slope of the cumulative frequency curve at the bottom, which indicates that the phosphatic
particles are well sorted. This implies deposition under moderate, calm, and more consistent
energy conditions. The cumulative frequency curves for samples AKD10 and AKD12 show a
relatively steep slope. This suggests that phosphatic particles were moderately sorted during

deposition in agitated conditions, and that the depositional environment experienced moderate
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energy due to upwelling currents and marine wave action. This data indicates that the fractions
smaller than 100 um which represent 20% of the particles, are composed of the clayey matrix
and/or calcareous cement as well as the fine particles (glauconites, fine phosphatic particles).
The fractions ranging from 100 to 500 um represent 52% (e.g. pellets and some coprolite
fragments), while the fractions larger than 500 um represent 28% and consist of coprolites,
lithoclasts, and bioclasts. However, only one phosphorite sample in the Ain Kissa deposit
(AKD10) shows abundant pellets and finer fraction particles sizes about 40 %, moderately well
sorted particles.

Based on the probability cumulative curves for grain size distributions, the data indicate
the transportation mode of the phosphatic particles to the depositional environment (Fig. I11.
8c; Visher, 1969). They show three straight line segments. Each segment of the curve is
interpreted to show different sub-populations of particles that were transported simultaneously
but by different pathways: suspension, saltation and rolling. The phosphorite samples plotted
in the probability curve show that most of the particles are transported mainly by suspension
and saltation (Fig. I11. 8c). These plots also show that most grains are moderately poorly-sorted,

probably due to transport and high energy environment during the deposition processes.
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Fig. I11. 8. Granulometric representative samples of the Ain Dibba (ADD samples) and Ain Kissa (AKD
samples) phosphorites deposits. (a) Particle size distribution frequency curves; (b) Graphical
representation of the cumulative particle size frequencies. (¢) Probability curve after Visher (1969)
reflecting models of the transportation.

I11. 2.1.2. Physical and particle size characteristics of the phosphorites

The use of statistical parameters obtained from particle size analysis for environmental
reconstruction help to distinguish past depositional conditions. Particle size parameter such as
skewness (Skf), kurtosis (Kg), mean particles size (Mz), and standard deviation (oi, sorting),
uniformity coefficient (Uc), curvature coefficient (Cc) and surface area (SSA) are key
indicators of particles sorting, transport conditions, and the depositional environment, aiding in
the analysis of particles characteristics and their potential uses (see Tabs. I11. 1 and I1l. 2; Folk
and Ward, 1957). The mean size (Mz) gives the transport energy in depositional environment,

with coarser grains indicating higher energy and finer grains lower energy. Sorting (oi)
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measures the uniformity of grain sizes; well-sorted sediments suggest stable energy, while poor
sorting indicates fluctuating conditions. Skewness (Skf) reveals the dominance of fine or coarse
particles, where positive skewness points to finer material and calm settings, and negative
skewness indicates coarser material and stronger energy. Kurtosis (Kg) reflects the uniformity
or mixing of particle sizes curve, with high kurtosis suggesting uniform sediment deposition
and low kurtosis indicating mixed, variable environments. Also, uniformity coefficient (Uc)
measures the range of particle sizes, curvature coefficient (Cc) reveals the shape of the grain
size distribution curve (Fetter, 2001). Specific surface area (SSA) parameter allow to reflecting
the grain fineness and surface exposure, providing insights into chemical properties and
particles reworking (Boumaza et al., 2021). All data on particle size and the calculated
granulometric parameters of phosphorites studied in Ain Dibba and Ain Kissa deposits are
shown in Table IlI. 2.

Different patterns of particle size distribution were obtained for the considered P-
bearing deposits. The particles size in Ain Dibba samples show that the mean particles (Mz)
ranges from 2 to 2.18 ¢ (see Table III. 2), indicating a medium to coarse grained. Their particles
size distributions are nearly symmetrical- skewed towards fine-skewed (skewness ranging from
0.07 to 0.28), which may be related to the predominance of the pellets, coprolites particles and
bioclasts fragments. The kurtosis coefficient (Kg) displays high values ranging from 1.21 to
1.24 ¢, suggesting leptokurtic curves. The sorting (c_i) parameter reveals values that vary
between 1.31 and 1.66 ¢, indicating poorly sorted phosphatic particles. This data indicates that
the phosphatic particles in Ain Dibba deposit are deposited in an agitated environment and
under high-energy conditions. Conversely, the particles size parameters in Ain Kissa deposit
show mean particles (Mz) ranges from 2.26 to 3.48 ¢ (see Table III. 2), suggesting fine to
medium grained. The skewness (Skf) reveals values ranging from 0.29 to -0.37 ¢, as a strong

fine-skewed to strong fine-skewed curves, which are attributed the dominance of fine and
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medium particles such as: pellets, glauconites, organic matter, matrix /or and cement, fine
phosphatic particles. The kurtosis coefficient (Kg) displays values between 0.85 and 1.41 o,
pointing leptokurtic, but only phosphorite sample in Ain Kissa deposit shows Platykurtic (Kg
= 0.85 ). The sorting (ci) parameter reveals values that vary between 0.98 and 1.88 o,
indicating change from moderately to poorly sorted phosphatic particles. They can be classified
as poorly sorted, medium to fine phosphatic particles. This result indicate that the deposition
occurred in more stable, calm hydrodynamic energy and well sorting with reworking processes
towards a slightly agitated environment and under moderate-energy conditions.

The Ain Dibba phosphorites are characterized by a specific surface area (SSA) ranging
from 67 to 193, a uniformity coefficient (UC) ranging from 8.5 to 12.5 and a curvature
coefficient (Cc) ranging from 0.97 to 2.16 (see Table Ill. 2). Based on these parameters, the
phosphatic particles are mostly very poorly sorted, with abundance of finer particles such as
organic matter, glauconites, as well as a clay matrix, suggesting moderate to high energy
depositional environments during diagenesis process. In contrast, the Ain Kissa phosphorites
display specific surface area (SSA) values between 69.75 and 134 (see Table I1l. 2). The highest
SSA are recorded in ADKO06, which indicates a greater abundance of fine particles, including
organic matter and glauconite, as well as a clay matrix. The uniformity coefficient (UC) and
curvature coefficient (Cc) show values ranging from (3.38 to 6.89; and 1.05 to 1.82;
respectively, see Table 3), which are attributed to poorly sorting particles. This results indicate
that the phosphatic particles are deposited in agitated environment. As whole, the particle size
characteristics of Ain Dibba and Ain Kissa phosphorites are similar to those that recorded in
Northern basin (o g = 2.89) such as at Djebel El Kouif and Djebel Dyr (Kechiched et al., 2018;
Kechiched et al., 2020; Ferhaoui et al., 2022). However, they are compared to those from the
Kef Essenoun deposit which are moderately sorted (o g = 1.85-1.96) and exhibits a normal

distribution with a mean grain size of 0.27 mm (o g = 1.85-1.96; Ferhaoui et al. 2022).
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I11. 2.1.3. The C-M pattern (Passega diagram)

The C—M plot was initiated by Passega, (1957, 1964) to interpret the hydrodynamic
conditions that prevail during the deposition of sediments. The C—M is a bivariate plot of the
median value (M, Dso) in micron vs coarser one-percentile value (C, Dgg) in micron on a log—
probability scale (Table Il1. 2). The connection between C and M is related to the energy of the
transportation medium as well as the nature and type of the sediment (Visher, 1969). The
Passega diagram illustrated in Figure 111. 9 revealed quite a few fields of rolling and suspension,
corresponding to the different transportation and sedimentation conditions in the shallow
marine environments. The binary plot of C against M values (Table Ill. 2) on the Passega
diagram suggests that samples from Ain Dibba phosphorites plotted in both rolling and
suspension (OP), and suspension and rolling (PQ), whereas most of the phosphorite samples
from Ain Kissa deposit are scattered in the suspension and rolling (PQ). This result indicates

that the deposition occurred in an agitated environment and high-energy conditions.
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Fig. 111. 9. Binary plot of C—M values on the Passega diagram, showing the mode of
transportation and depositional process.
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Table. 111. 2. Results of particles size parameters of phosphorites studied in Ain Dibba and Ain Kissa deposits. Mz mean particles size; oi
standard deviation (sorting); Skf skewness coefficient; Kg kurtosis coefficient; n number of samples, Uc: uniformity coefficient; Cc: curvature
coefficient; SSA: Specific Surface Area.

Sample |Particles size parameters (in @) Results | Interpretation
(n=06) Mz Skf Kg G; Studied phosphorites
ADDO3 | 218 0.07 121 131 Medium to coarse grained, nearly symmetrical, leptokurtic curve,
poorly sorted .
ADDO06 2 0.28 124 1.66 [Medum grained. fine-skewed. leptokurtic curve, poorly sorted e c'l?posmon occumed inanagtated amronme'nt ) }ngl'l-mergy
conditions, more moderately towards the top. with reworking processes.
ADDOS | 201 0.14 123 165 Medium to coarse grained, nearly symmetrical , leptokurtic curve,
poorly sorted
Fi ined, strong fine-skewed, leptokurti re, well t
AKDO6 | 2.26 0.32 141 0.98 T B i e More stable. calm hydrodynamic energy and well sorting.
moderately sorted
_ Fine to medium grained, fine-skewed , platykurtic curve, slightly
AKD10 3.48 0.29 0.85 1.88 poorly sorted The deposition occurred in an slightly agitated environment and under
: ; : - ; ; ; ; |moderate-energy environments, with reworking processes.
AKDI2 | 245 037 119 1.66 Fine to medium grained, fine-skewed., leptokurtic curve, poorly gy : g pr
sorted
Sample Particles size parameters Results | Interpretation
(n=06) | SSA Uc Cc Dl(;(pm D30 (um) | D50 (um) | D60 (um) | D90 (um) Studied phosphorites
ADDO3 | 927 10.1 2.16 28.7 134 233 290 599
Medium-high surface area (coarser to |The abundance of finer particles and poorly
ADDO6 | 1925 | 12.52 0.97 127 442 200 159 372 finer particle size), very poorly sorted, |sorted particles suggests deposition in high to
latively r graded. derate hydrod: i ,.
ADDOS | 6669 | 852 | 191 | 446 | 180 315 380 1150 |ciatively poorly grade TR
. ; y Low-energy during depositional environment
High surf: finer particl :
AKDO6 |1342| 689 | 182 | 222 78.6 127 153 286 Chcincsakea giact pUICES Ak | it sl lom s b
well sorting, well-graded. ;
by upwelling currents
AKDI10 69 75 3.56 1.05 699 135 202 249 385 Medmum surface area (S]lghtl}’ ﬁne= Less abundance of finer partlcles with
medium, particles), moderately sorted, |moderately sorted indicating deposition in a
AKDI12 | 70.09 | 3.38 14 755 164 223 255 400 well-graded. slightly agitated environment.
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Conclusion

The isolated phosphatic particles in Ain Dibba and Ain Kissa deposits are heterogeneous
in their shapes, colors, morphologies (the rock is poorly sorted) and proportions which vary
from about 50 to 75% of the rock. They show, however, smooth polished surfaces, most likely
due to remobilization from depths and transport before deposition and diagenesis. The particle
size analysis and calculated granulometric parameters suggest that the phosphorites were
deposited in Ain Dibba deposit in an agitated environment and under high-energy conditions,
likely associated with increases upwelling activity (rich on P and Si). The particles have a
bimodal to polymodal distribution, and are poorly sorted, coarse to medium in size, with a mean
grain size of 0.27 mm, indicating sandy phosphorites. However, the Ain Kissa deposit shows a
high-energy, slightly agitated environment with a unimodal to binomodal particle size

distribution, and moderately sorted, well-graded, slightly fine and more medium particles.
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Chapter IV

Petrography and mineralogy of the Troubia, Ain
Dibba and Ain Kissa phosphorites

The petrographic and mineralogical studies of the Algerian phosphorites have been
extensively studied by many authors (e.g., Kechiched et al., 2018, 2020; Boulemia et al., 2021,
Dassamiour et al., 2021; Ferhaoui et al., 2022; Laouar et al., 2024; Saouli et al., 2025). These
studies have enabled to determine the morphology, texture, and mineralogical composition,
providing insights into their depositional environment, diagenetic evolution, and post-
depositional alterations. On other hand, these studies were useful for unraveling the features of
each mineral phase, which allows to tracking their source, content, and the enrichment of rare
earth elements (REE), as well as to identifying the specific mineral phases that host these critical
elements. Additionally, the nature of clay minerals provides valuable indicators for interpreting
upwelling intensity, paleo-environmental conditions, and paleo-climatic settings (Sassi 1974;
Chabou-Mostefai, 1987; Felhi et al. 2008; Tlili et al. 2010, 2011; Haj Ahmed et al., 2014). This
chapter aims to present the detailed petrographic features and mineralogical assemblages of the
Troubia, Ain Dibba, and Ain Kissa deposits, and, on the other hand, to help us to better
understand their paleo-depositional environment. The results were obtained from sampling

preparation through optical microscope observations, XRD, FTIR, and SEM-EDS analyses.

IV. 1. Petrography

The petrographic study is carried out through the observation of prepared thin sections
from phosphorite samples under an optical microscope. About 80 samples were collected from

the Troubia, Ain Dibba, and Ain Kissa phosphorite. From these, more than 60 thin sections
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were prepared at the Thin Section Laboratory, Department of Geology, Badji Mokhtar
University-Annaba, and examined using a transmitted and reflected light optical microscope.
Although the phosphorite rocks studied are semi-friable to hard, some of them required specific
protocol due to their friability. These samples were dried at 100 °C to remove moisture and
impregnated with resin under vacuum to remove air bubbles. The resin was then hardened by
heating at ~80 °C for about 1.5 hours. The hardened samples were subsequently cut, polished,

and mounted following standard thin-section preparation procedures.

IV.1. 1. The phosphatic particles:

Microscopic observation shows that the phosphorites of Troubia, Ain Dibba and Ain
Kissa deposits are mainly composed of phosphatic particles: pellets, coprolites, bioclasts (bone
fragments and fish teeth) and glauconites that are mostly cemented by a calcareous
(calcitic/dolomitic), clayey and/or siliceous matrix. Other minor, non-phosphatic minerals, such
as detrital quartz and gypsum, may also occur within the phosphorites. The proportion of these

particles varies from 50 to 75% of the rock.

Pellets

The pellets, which are the most abundant phosphatic particles (40-45% of the total
grains), are often rounded, subrounded, spherical to oval in shape, brown to yellowish in color,
and display grain size from 80 pum to 400 um (Fig. IV. 1). The color of the pellets depends on
the presence of organic, argillaceous, or ferruginous impurities. They are similar to many of the
Algerian-Tunisian deposits, which are thought to result from organic matter phosphatization as
well as the fragmentation of preexisting coprolites during reworking events. The rounded to
subrounded pellets typically exhibit high porous structure, micro-cracks, minerals inclusions,
and fractured surfaces (Fig. IV. 1a, b), may be related to transport, burial and sediment

accumulation and compaction (see Chapter Il1). The spherical and ovoid pellet particles are
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commonly coated with micritic and/or patches organic material that makes sharp contacts with

the matrix (Fig. V. 1c, d).

Fig. IV. 1: Thin section photomicrographs showing pellet particles of different shapes (a, b, ¢ and d)
containing microcracks and fractured surfaces, as well as being coated with micritic organic materials
(in black).

The pellets are characterized by variations in the content of organic materials, which
occur in the following forms: (1) filling the majority of the particle; (2) randomly disseminated
organic material in the form of patches; (3) in the form of concentric micro-layers; or (4)

concentrated in the central part of the pellet (Figs. IV. 2a, b, c, and d).
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Fig. 1V. 2. Thin section photomicrographs showing distribution of organic matter in pellets particles.
(a) Ovoid pellets are filled with dark organic matter and initial corrosion is discernible on the outer rim
of the grain.; (b) spherical pellet containing organic materials randomly scattered as patches; (c)
subrounded pellet showing concentric micro-layers of organic materials; (d) rounded pellet displaying
organic materials concentrated in the central part.

The pellets that show concentric structures (~5% of the total particles) are composed of
a nucleus, often quartz grain or fossil and bone fragments, surrounded by thin, dark brownish
to black concentric phosphatic material (cortex) forming nucleated grains (Fig. IV. 3a-d). They
are usually spherical, oval or elongated in shape and range in size from 100 to 250 um. Here,
the nucleated pellets are formed by the phospho-micritization process of bone fragments and
fossils. This started first by the development of a brown envelope formed by successive
perforations of the edges of the bone fragment, then the phosphatization progressively spreads
towards the center during diagenetic processes. The phosphatization is usually accompanied by
a dulling of the edges and around the fragments due to mechanical abrasion. These results are

interpreted to represent multi-stage phosphatization at highly agitated conditions.
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Fig. IV. 3. Thin section photomicrographs showing: (a, b) rounded to subrounded pellets with concentric
structures containing quartz nuclei, (c, d) oval to elongated nucleated pellets showing bone fragment
and fossil nucleus surrounded by thin, dark brownish to black concentric phosphatic material (cortex).

Coprolites

Coprolites are heterogeneous in their shapes, colors and morphologies (the rock is
poorly sorted), and their proportions vary from about 30 to 35 % of the rock. They also display
cracks, fractured and pores at their surfaces, probably due to the compaction effects (Fig. IV.
4a-f). They typically exhibit cylindrical to irregular shapes, with colors ranging from white,
brown to grey and varying in size from 500 um to several millimeters. Coprolites often contain
inclusions of organic matter, tiny quartz crystals calcareous materials (mainly dolomite and/or
calcite crystals), siliceous minerals, and bone fragments (see red arrows, Fig. 1V. 5a). Later
silicification processes are observed by the development of amorphous silica (opal-CT), which
occurs either as veins cross-catting and replacing the central part of the coprolite particles, or
at their rims (red arrows; Fig. IV. 5b), showing diffuse contours of the particles with the

siliceous matrix. This may originate from the precipitation of dissolved silica, and incorporation
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of radiolarian tests, diatom frustules and siliceous algae in the depositional environment (Tlili

etal., 2010, 2011).

Fig. IV. 4. Photomicrographs showing coprolites particles in studied phosphorites deposits. (a, b)
Coprolites particles (Cop) showing smooth polished surfaces, cylindrical to irregular shapes; ranging
from white, brown to grey in color; (c-f) phosphatic coprolites displaying cracks, pores, organic material

patches on their surfaces.

Fig. IV. 5. Thin section photomicrographs of coprolite particles showing: (a) various types of inclusions
in coprolites (Cop); (b) coprolites (Cop) with occasionally siliceous fillings of amorphous silica (opal-

CcT).
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Glauconites

Glauconite particles represent less than 3% of the total grains, and show dark to light
green color, oxidized surfaces, and elongated to irregular shapes, with sizes in the range 150—
250 um (Fig. V. 6). Greenish glauconite particles show a dark core and green rim, suggesting
an early maturation stage (weak glauconitization processes), and may be related to
glauconitization of phosphatic material (Fig. IV. 6a, b). Unlike pellets and coprolites,
glauconites are less abundant in the studied phosphorites, with a higher concentration found in

the lower layers (Fig. V. 6c).

Fig. IV. 6. Thin section photomicrographs of glauconite particles in phosphorites deposits. (a, b)
Greenish glauconites (Glt) showing dark core and green rim; (c) an abundance of glauconites within
siliceous matrix (Glt).

Bioclasts

The bioclasts that compose about 10% of the phosphatic particles, are mainly fish teeth,
fragment of fish teeth, bone fragments, lamellibranch fragments, gastropod, with size ranging
from 150 um to 4 mm in size (Fig. IV. 7). The fish teeth (Fig. IV. 7a) and bone fragments (Fig.

IV. 7b) show platy, angular to subangular, prismatic or irregular shapes, with grain sizes ranging
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from 100 um up to 2 mm. They often show various shades of yellow to grey colors, and are
usually surrounded by calcareous, clayey or siliceous material (red arrows, Fig. V. 7c, d).
Elongated bone fragments and lamellibranch fragments (Fig 1V. 7e, f) show a beginning of
phospho-micritization with dark to grey micritic envelope that makes enclosed within the
siliceous and argillaceous (Arg) matrix (see red arrows). The replacement of phosphate grains
by cementing siliceous material (amorphous silica) reflects the late silicification diagenetic

process effect.

Fig. IVV. 7. Thin section photomicrographs showing the main types of bioclasts in phosphorite deposits.
(a) Fish teeth (FT) showing a size up to 3 mm with pellets and glauconite; (b) outer micrite rims of
fragments of fish teeth (BFT) are filled with amorphous silica material; (c) spines of fish teeth (BFT)
showing pore-filling dolomite crystals (Dol) in a sparitic matrix; (d) bone fragments (BFT) coated with
micritic and/or organic material that makes sharp contacts with the matrix (see red arrow); (e, f)
elongated bone fragments (BF) and lamellibranch fragments (LF) showing dark to grey micritic
envelopes that makes enclosed within the siliceous and argillaceous (Arg) matrix (see red arrows).
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Non-phosphatic minerals

Other minor, non-phosphatic minerals, such as detrital quartz and gypsum, are also
observed within the phosphorites. Detrital quartz grains show angular to subangular shapes and
range in size from 60 to 100 m (Fig. IV. 8a), while gypsum grain ranges in size from 100 to

200 pum (Fig. IV. 8b). Here, the crystalline silica is represented by quartz grains.

Fig. IV. 8. Thin section photomicrographs showing (a) angular to subangular quartz detrital
(Qz) within phosphatic particles and (b) gypsum mineral (Gyp).

Iron oxides
Iron hydroxides are also observed within the microcracks and interstices of the
phosphatic particles (Fig. IV. 9a, b). This may be attributed to the post deposition oxidation of

iron-rich material.

Fig. IV. 9. Thin section photomicrographs showing iron oxides: (a) filling pores and microcracks; (b)
interstitial material.
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Matrix/Cement

The phosphatic particles are often cemented by calcareous, often dolomitic matrix,
rarely clayey (argillaceous) and/or more siliceous matrix. (Fig. IV. 10). As whole, the
phosphatic particles are commonly coated with argillaceous micritic and/or organic material
that makes sharp contacts with the matrix (Fig. IV. 10a). The dolomite matrix can be occurred
in different forms: disseminated rhomboidal dolomite crystals with fine to medium size
surrounding the particles (euhedral dolomite crystals), dolomite inclusions within the phosphate
particles, and dolomite-filled voids in some phosphatic particles (see yellow arrows, Fig. IV.
10b). This suggests that the development of dolomite can be attributed to high-MgO pore water
during early diagenesis processes. The calcitic cement typically are composed of sparitic
microcrystalline calcareous material, with sizes exceeding 10 um surrounded the phosphatic
particles (Fig. IV. 10c). Later silicification processes are also observed by the development of
amorphous silica (opal-CT) at the rims and sometimes at the center of the phosphatic particles
(see red arrow, Fig. V. 10d), showing diffuse contours of the particles with the sparitic matrix
within grainstone texture. The siliceous material may be originated from fragmented fossils of

siliceous tests, and precipitated silica.
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Fig. IV. 10. Thin section photomicrographs showing the different forms of matrix and /or cement that
occur in phosphorite deposits. (a) Pellet particles cemented by an argillaceous (Arg) matrix (clayey, red
arrows); (b) a dolomitic matrix showing well-crystallized dolomite rhomb crystals (euhedral dolomite)
ranging in size from 50 to 100 um (Dol); (c) phosphatic particles cemented by sparitic calcitic cement
within grainstone texture (Cal); (d) the pellet particles are surrounded by an amorphous silica matrix
(Sil), and have patches of this matrix dispersed on their surfaces as inclusions (see red arrows).

IV. 1. 2. The phosphorite sub-layers
IV. 1. 2. 1. The Troubia phosphorites

Based on field and petrographic observations, the phosphatic rocks types in Troubia
deposit are dolomitic-cherty and cherty phosphorites (see Fig. Il. 6). These rocks contain higher
abundances of phosphatic particles than the Ain Dibba and Ain Kissa deposits, and are also
harder due to being cemented by a dolomitic and /or more siliceous matrix. They are composed
of phosphatic particles: pellets, coprolites, bioclasts (bone fragments and fish teeth) and
glauconites that are cemented by calcareous (dolomitic), and/or siliceous matrix. The

microscopic observation of these particles (Figs. 1V. 11 and IV. 12) shows that they are
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heterogeneous in their shapes, colors, morphologies, and proportions which vary from about 60
to 80% of the rock.

In cherty phosphorites, the pellets (40-45% of the total grains) are often rounded,
subrounded, spherical to oval in shape, brown to yellowish in color, and range in size from 80
to 400 um, and they are commonly coated with micritic and/or organic material that forms a
sharp contact with the sparitic siliceous matrix in a grainstone texture (red arrows, Fig. IV. 11a).
However, later silicification processes are observed by the development of amorphous silica
(opal-CT), which occurs either as veins cross-catting replacing the central part of the irregular
coprolite particles, or at their rims (red arrows; Fig. IV. 11b), showing diffuse contours of the
particles with the sparitic siliceous matrix. Greenish glauconites represent more than 5% of the
total grains in the Troubia phosphorites compared to those of Ain Dibba and Ain Kissa
phopshorite layers, and occurs as irregularly shaped grains with dark cores and green rims
within a siliceous matrix (Fig. IV. 11c). Their size ranges from 150 pm to 400 pum. The bone
fragments and fish teeth (10-15% of the phosphatic particles) often show platy, angular to sub-
angular, prismatic or irregular shapes, yellow to grey colors with grain sizes ranging from 100
um up to 1 mm, and are usually phosphatized or partially/completely silicified by sparitic
siliceous material (red arrows; Fig. IV. 11d). These results indicate that the absence of
concentric growth structures within the phosphatic particles support the reworked origin of the
phosphatic grains, whereas the abundance of bone fragments and fish teeth are consistent with
a high energy environment, origin related to the presence of an active upwelling system during
diagenesis process (Ahmad et al., 2019). The phosphorites show grainstone texture in a sparitic
matrix, suggesting also high energy and shallow depositional environment, connected to the
open ocean during diagenetic processes. The silicified coprolites and bone fragments are likely
of reworked origin from silica-rich phosphatic sediments, as indicated by their internal silica

infill and the compositional similarity to surrounding siliceous matrix in environment
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supersaturated with dissolved silica. The presence of glauconites in an early stage of maturation
(weak glauconitization processes), may be related to glauconitization of phosphatic particles

(Laouar et al., 2024; Kechiched et al., 2018).

Fig. IV. 11. Thin section photomicrographs of cherty phosphorites from Troubia deposit. (a) Dark
pellets (Pel within grainstone texture cemented by siliceous matrix; (b) coprolites particles (Cop)
silicified by veins siliceous cross-cutting during early diagenesis conditions, (c) green glauconites (Glt)
showing irregular shape with dark core and green rim within exo-matrix siliceous; (d) angular to sub-
angular, prismatic bone fragments (BF) and fish teeth (BFT) filled by the matrix where their diffuse
contours with the siliceous matrix.

Dolomitic-cherty phosphorite

This phosphorite is characterized by an abundance of rounded to sub-rounded, spherical
to oval pellets with yellow to brown color, ranging in size from 60 to 300 um, and surrounded
by a sparitic siliceous matrix (amorphous silica as opal-CT) in a grainstone texture (Fig. IV.
12a). These phosphatic particles are cemented by a sparitic dolomite matrix, which can be
occurred in different forms: disseminated rhomboidal dolomite crystals with fine to medium

size (5 um to 150 um size) surrounding the particles (euhedral dolomite crystals); dolomite
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inclusions within the phosphate particles; and dolomite-filled voids within some phosphatic
particles (Fig. IV. 12b). This suggests that the development of dolomite can be attributed to
high-MgO pore water during early diagenesis processes. Coprolites, which represent up to
about 35 % of the phosphatic particles, show typical cylindrical, elliptical, elongated or irregular
shapes, with whitish, brownish to dark color, and contain dolomite inclusions (Fig. V. 12c).
The grain size may exceed 250 u m and occasionally reaches few millimeters. This suggests
fragmentation by marine wave action and burial compaction, and growth of dolomite crystals
during diagenetic processes. The bone fragments and fish teeth (up to 20 % of the total rock
grains) which often show platy, angular to sub-angular, prismatic or irregular shapes, ranging
in size from 100 um to 2 mm, are usually phosphatized or partially/completely silicified by
sparitic dolomitic-siliceous material (red arrows, Fig. IV. 12d). They which often show various
shades of yellow to grey colors, are coated with phospho-micritic and/or dolomitic rhomboids
crystals material that makes sharp contacts with the matrix (Fig. IVV. 12e). Greenish glauconites
are enriched in the phosphorite rocks, comprising up to 4 % of the total rock grains, and display
irregularly shapes with irregular internal structures varies between dark and green, with size
ranging from 100 pm to 400 um (Fig. IV. 12f), may be related to degree stage of

glauconitization processes.
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Fig. IV. 12. Thin section photomicrographs of dolomitic-cherty phosphorites from Troubia deposit. (a,
b) Rounded to sub-rounded pellets (Pel) showing filled by rhombs dolomite (Dol) within siliceous
matrix (Sil); (c) coprolites (Cop) coated on their surfaces by dolomite crystal; (d, e) fragments of spine
fish (BFT) and bones (BF) showing dolomite matrix are diffuse on their surfaces within exo-matrix
siliceous nature (Sil); (f) irregular green glauconites (Glt) showing dark core and green rim.
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IV. 1. 2. 2. The Ain Dibba phosphorites
Lower sub- layer phosphorite (LL)

The microscopic observation of the phosphatic particles (Fig. IV. 13) reveals
heterogeneity in their shapes, colors, and morphologies, indicating that the rock is poorly sorted.
These constituents represent approximately 75% of the total rock volume, with grain sizes
ranging from 80 um to several millimeters. They are composed predominantly of medium-to
coarse-grained, and poorly sorted phosphatic components (phosphochems and phosphoclasts).
The pellets, which constitute 40-45% of the total phosphatic particles, are often rounded, sub-
rounded, spherical to oval in shape, brown to yellowish in color, occasionally nearly black
reflecting variations in organic matter (OM) content (Fig. V. 13a) that occurs either in
concentric micro-layer (red arrow) or in the form of disseminated organic material (TOC; Ben
Hassen et al., 2010). Their size ranges from 80 um to 400 um. However, the contents of some
particles were diffused and embedded in the matrix (exo-gangue), which indicates that the
matrix is also enriched in phosphorus and organic matter (Ben Hassen et al., 2010, Saouli et al.,
2025; Aouachria et al., 2025). Coprolites, representing up to about 30% of the total phosphatic
particles, are fossilized excrement originating from fecal matter and exhibit cylindrical,
elliptical, elongated, or irregular shapes, with colors varying from whitish to brownish or dark
(Fig. 1V. 13b). The fractured coprolites were dispersed and embedded makes sharp contacts
with a matrix, causing by marine wave action, burial compaction, and fragmentation during
reworking process (Fig. 1VV. 13c). The bone fragments and fish teeth, which compose about
10% of the phosphatic particles, display platy, angular to sub-angular, prismatic, or irregular
shapes, and occasionally show siliceous and/or clayey matrix fillings, with sizes ranging from
100 um to 1 mm (Fig. IV. 13d). Greenish glauconite particles are rare, accounting for about 2%
of the total particles, and show a dark core and green rim, suggesting an early maturation stage

(weak glauconitization processes), and may be related to glauconitization of phosphatic

108



material (Fig. IV. 13e). Lithoclasts are also observed (Fig. IV. 13f) within a clayey

(argillaceous) matrix.

Fig. IV. 13. Thin section photomicrographs of phosphorites from Ain Dibba deposit. (a, b) Dark pellets
(Pel) and brown coprolites (Cop) containing organic matter (OM), and embedded in the argillaceous
matrix with diffuse rims; (c) fractured coprolites dispersed within the matrix; (d) abundant bone
fragments within sparitic siliceous matrix in a grainstone texture; (e) glauconite particles (Glt) showing
dark core and green rim; (f) irregular lithoclasts, coprolites (Cop), and glauconites (Glt) are cemented
by a clayey (argillaceous) matrix.
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Middle sub-layer phoshorites (ML)

Cherty phosphorites are composed predominantly of medium- to coarse-grained, and
poorly sorted phosphatic components (phosphochems) and phosphoclasts, which together
account for approximately 65% of the total rock volume (Fig. IV. 14). Their size ranges from
50 pum to 2 millimeters. These phosphatic particles in sparitic cement were intensively
reworked, causing the grains to become closer together showing grainstone texture (Fig. IV.
14), before being cemented by a siliceous matrix; suggesting burial compaction, and rapid
sedimentation under high-energy conditions. The pellet particles (40—45% of the total grains)
are often rounded, subrounded, spherical to oval in shape, brown to yellowish in color, and
range in size from 80 to 400 um (Fig. IV. 14a). The pellets that show concentric structures (~5%
of the total particles) are composed of a nucleus, often quartz grain or fossil and bone fragments,
surrounded by thin, dark brownish to black concentric phosphatic material (cortex). They are
usually spherical, oval or elongated in shape and range in size from 100 to 250 u m in size (Fig.
IV. 14b). Coprolites (~ 35% of the total grains) are cylindrical to irregular in shape, whitish to
dark brown, and may exceed 250 um reaching a few millimeters, and have cracks and micro-
inclusions on their surfaces (Fig. IV. 14c), indicating the affected by the diagenesis processes.
Sometimes, the fish teeth fragments are partially and / or completely silicified by amorphous
silica (Fig. V. 14d), causing late silicification in post-deposited conditions. The bone fragments
and lithoclasts show platy, angular to subangular, prismatic or irregular shapes, and range in
size from 100 pm up to 1 mm surrounded by siliceous material (Fig. IV. 14e). They often show
various shades of yellow to grey colors, and are commonly coated with micritic and/or organic
material that makes sharp contacts with the matrix (Fig. 1V. 14f), showing diffuse contours of
the particles with the siliceous matrix. Silicification represented by opal-CT in the matrix of

some phosphorites (cherty phosphorites) may originate from precipitation of dissolved silica,
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and incorporation of radiolarian tests, diatom frustules and siliceous algae in the depositional

environment (Ben Hassen et al., 2010; Henchiri, 2007).

Fig. IV. 14. Thin section photomicrographs of phosphorites from Ain Dibba deposit. (a) brown, rounded
to sub-rounded pellets with abundant organic matter (OM) within micro-sparitic siliceous cement (CS);
(b) rounded to sub-rounded pellets with concentric structures (Pel) showing bone fragments and fossil
nuclei, along with sub-rounded pellets (Pel) and irregular-shaped coprolite particles (Cop) within
siliceous cement; (c) coprolites are filled by siliceous inclusions (Cop); (d), tests of foraminifera and
fish teeth (BFT) are filled by siliceous cement; (e) bone fragments and lithoclasts cemented by siliceous
matrix (red arrow); () grey, elongated bone fragments (BF) filled by siliceous matrix (red arrow).
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e Calcareous phosphorites

The phosphatic particles in the phosphorite are heterogeneous in their shapes, colors,
morphologies heterogeneous in their shapes, colors, morphologies (the rock is poorly sorted)
and proportions which vary from about 60 to 75% of the rock. They are composed of pellets
and coprolites, bone fragments and fish teeth, and are more prominent compared to the middle
phosphorite layers (Fig. IV. 15). Their sizes range from 100 um to 1 mm. The pellets, which
are the most abundant phosphatic particles (40-45% of the total grains), show rounded,
subrounded, spherical to oval in shape, brown to yellowish in color, and display grain size from
80 pum to 400 pum within spary calcite matrix in the grainstone texture (Fig. IV. 15a). Although
concentric growth structures are absent within the phosphatic particles, the pellets display
cracks, and their contents (see red arrows) were dispersed and embedded in a calcareous
(calcitic) matrix (exogangue) (Fig. IV. 15b), indicating the high organic content (TOC)
phosphorus (P) in the matrix. The coprolites (30-35 % of the total grains) are fractured (see red
arrow) within a sparitic calcitic cement (Fig. IV. 15c¢), may be influenced by marine wave
action, burial compaction and reworking processes. The particles display clayey and / or calcitic
filling material at their rims and occasionally at their centers (Fig. 1. 15d), revealing dispersed
contours of the particles with the matrix during diagenesis processes. The bone fragments and
fish teeth (up to 20 %) display platy, angular to subangular, prismatic or irregular shapes, with
grain sizes ranging from 100 um up to 2 mm (Fig. 1V. 15e). They often display a variety of
colours ranging from yellow to grey, and are typically surrounded by calcareous material,

suggesting high energy and shallow depositional environment (Fig. IV. 15 f).
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Fig. IV. 15. Thin section photomicrographs of phosphorites from the Ain Dibba deposit. (a) abundant
brown, rounded to subrounded pellets (Pel) are surrounded by spary calcite matrix (red arrows) in the
grainstone texture; (b) the contents of some pellets particles (Pel, red arrow) were dispersed and
embedded in a calcareous matrix as known exogangue; (c) fractured coprolites (Cop) (red arrow); (d)
coprolites (Cop) filled with sparitic calcareous cement (CS); (e) larger bone of fish teeth (BFT) with
presence of organic matter (OM); (f) angular to subangular, prismatic bone fragments (BF).

Upper sub-layer phosphorites (UL)

The phosphorites are composed of sub-rounded to spherical pellets and cylindrical
coprolites, bioclasts particles, and are cemented by calcitic-siliceous cement (Fig. 1V. 16). Their
size ranges from 50 pum to a 2 millimeters and proportions which vary from about 50 to 60% of

the rock. The pellets, which are often dark in color due to their high organic matter content,
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display rounded to subrounded shapes, and contain inclusions of calcite and siliceous minerals
(Fig. V. 16a). The calcitization processes are known by the development of micrite to sparry
calcite envelopes and calcite-infilling at the rims and sometimes at the center of the pellets and
coprolites phosphatic particles (see red arrows; Fig. IV. 16b, c). The bone fragments (Fig. IV.
16d) show platy, angular to sub-angular, prismatic or irregular shapes, with grain sizes ranging
from 100 um to up 1 mm. They show various shades of yellow to grey colors, and are enclosed
by calcareous, clayey or siliceous material. These results indicate increasing in environment
energy in the top and more shallow depositional environment, connected to the open ocean

during diagenetic processes.

Fig. IV. 16. Thin section photomicrographs of phosphorites from Ain Dibba deposit. (a) rounded to
subrounded pellets showing silicified filling within micro-sparitic siliceous matrix (red arrow); (b)
pellets particles (Pel) showing dark in color due to high organic matter contain, surrounded by oxidation
(red arrow) with bone fragments (BF); (c) coprolites partilces (Cop) surrounded by glauconite material
(red arrow) with lithoclasts within calcareous cement; (d) grey, elongated bone fragments (BFT) coated
by sparitic calcareous cement (Cal) or/ and siliceous matrix (Sil).
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IV. 1. 2. 3. The Ain Kissa phosphorites

At the bottom of Ain Kissa deposit, the marly phosphorite is characterized by low
proportion of phosphatic particles (40-50 % of the total rock volume) compared to those
observed in the lower and middle sub-layers, while the matrix predominates, reaching nearly
20% of the total volume. These phosphatic particles reveal homogeneity in their shapes, colors,
and morphologies (Fig. 1V. 17), with grain sizes ranging from 50 pm to 500 um. The pellets
are sub-rounded and bordered by a thin, light envelope (Fig. IV. 17a), which suggests that these
envelopes are most likely fine-grained apatite coatings formed during the early stages of
diagenesis under phosphate-rich conditions (Ben Hassen et al., 2010; Slansky, 1980). The
micro-sparitic siliceous matrix are observed in the phosphorite, either altered the rims of the
phosphatic particles and replaced the outer cortex or coating on the surface as inclusions (red
arrow; Fig. IV. 17b), are most likely developed during post-depositional process. The sparitic
silica occurs either veins cross-cutting the phosphatic particles, and dispersed silica patches
within particles, or pore-filling cement (see arrow; Fig. IV. 17c), which is explained as the result
of diagenetic alteration process (Soudry, 1985). The bone fragments and fish bones, often show
naturally colorless and elongated to sub-angular in shape, and are usually enclosed in a dark to
brown envelope coated with micritic matrix, (Fig. V. 17d), may be related to the beginning of
phospho-micritization and fragmentation during reworking process. Glauconite particles reveal
irregular shapes with a dark core and green rim, coated by an argillaceous micritic matrix (Fig.
IV. 17e). They range in size from 150 pm to 300 pm. Other minor non-phosphatic constituents,
such as angular to subangular detrital quartz, were also observed, ranging in size from 60 to

100 m (Fig. IV. 17f).
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Fig. IV. 17. Thin section photomicrographs of marly phosphorites at the bottom section from Ain Kissa
deposit. (a) Abundant pellets particle (Pel) coated with micritic and/or organic material that makes sharp
contacts with the dolomitic siliceous and/or clayey matrix; (b, c) the development of silica (Sil; opal-
CT) at the rims and sometimes at the center of the phosphatic particles (red arrows); (c) and cemented
by argillaceous (Arg) (clayey); (d) fragments of bones (BF) and fish teeth (BFT) showing platy, angular
to subangular, prismatic or irregular shapes, surrounded by calcareous, clayey or siliceous material; (e)
glauconites particles (Glt) with pellets and coprolites cemented by siliceous matrix from the Ain Kissa
phosphorites; (f) angular to subangular detrital quartz (Qz) particles in Ain Kissa phosphorites with
dolomitic matrix (Dol).

Lower layer phosphorite (LL)

This phosphorites are composed by an abundance of medium-to coarse-grained, poorly
sorted, and glauconite particles which make up 75% of the volume of the total rock, with sizes
ranging from 80 pm to a few millimeters (Fig. IV. 18 and IV. 19). The pellets are sub-rounded
and also bordered by a thin, light envelope (see arrows; Fig. V. 18a). These pellets are
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characterized by variations in the content of organic materials (see arrows; Fig. IV. 18b), which
occur in the following forms: (1) filling the majority of the particle; (2) randomly disseminated
organic material in the form of patches; (3) in the form of concentric micro-layers; or (4)
concentrated in the central part of the pellet. Sometimes the phosphatic particles with patches
of dark organic material, shows initial alteration and corrosion which is discernable on outer
rim of particles (red arrows) as shown in Fig. IV. 18c, indicating very high porosity of these
particles. The absence of concentric growth structures within the phosphatic particles support
the inferred reworked origin of the phosphatic grains. On the other hand, the organic material
has been dispersed within the clayey-dolomitic matrix (exogangue) as shown in Fig. V. 18d,
indicating the high content of TOC and P2Os. The oxidation of organic material associated with
the matrix are more rapidly than that entrapped within the particle, may be related to reworking

processes (Dassamiour et al., 2013).

Fig. V. 18. Thin section photomicrographs of phosphorites from lower layer phosphorite of Ain Kissa
deposit. (a) The pellets (Pel) are bordered by a thin and clear to beige envelop; (b) irregular distribution
of the organic matter(OM) within pellets phosphatic and also diffuse as a matrix; (c) coprolites (Cop)
have patches of dark organic matter (OM), either outer of the particles or in the center; (d) organic matter
(OM) occurs as exomatrix of phosphorites deposit (exo-gangue) with dolomite crystals as cement (Dol).
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The bioclasts (fish teeth and bone fragments) that compose about 10% of the phosphatic
particles, are commonly coated with micritic and/or organic material that makes sharp contacts
with the matrix (e.g., Fig. IV. 19a). However, later silicification processes are shown by the
development of silica (opal-CT) at the rims and sometimes at the center of the phosphatic
particles (Fig. V. 19b), showing diffuse contours of the particles with the matrix. The sparitic
calcite and micro-sparitic siliceous matrix are observed in the phosphorite, either altered the
rims of the phosphatic particles and replaced the outer cortex or coating on the surface as
inclusions (Fig. V. 19c). This result suggests that the degraded phosphatic materials are related
to post-depositional alteration processes. Greenish glauconite particles show dark core and
green rim (Fig. 1V. 19d), suggesting that they are in an early stage of maturation (weak
glauconitization processes). Other minor non-phosphatic constituents, such as angular to sub-
angular detrital quartz, were also observed within a dolomitic-siliceous matrix (Fig. IV. 19e).
It should be noted that glauconite particles and detrital quartz are more abundant in the
phosphorite layers of the Ain Kissa deposit than in those of the Ain Dibba deposit. Dark to
brown lithoclasts surrounded by a clayey-siliceous matrix were also observed in the
phosphorites (Fig. IV. 19f). These may be related to the high energy of the depositional

environment.
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Fig. 1V. 19. Thin section photomicrographs of phosphorites from lower layer phosphorites from Ain
Kissa deposit. (a, b) Fish teeth (FT), bone fragments (BF), and lamellibranch fragments (LF) with size
extending 1 mm, are coated with micritic and/or organic material; (c) phosphatic particles within calcitic
and/ or siliceous matrix; (d) green glauconite particles (Glt) showing dark cores and green rims; (e)
angular to sub-angular detrital quartz (Qz) with dolomite crystals (Dol) as a matrix; (f) phosphatic and
the lithoclasts are cemented by clayey (argillaceous, Arg) and /or siliceous matrix (Sil, Opal-CT).

Middle-layer phosphorite (ML)

This layer is composed by alternating different phosphorite types: fine-to medium
grained calcareous phosphorite, and poorly sorted, medium to coarse grained, cherty
phosphorite with abundant of phosphochems (pellets and coprolites), and phosphoclasts
(bioclasts and lithoclasts). The microscopic observation of these phosphatic particles shows that

they are heterogeneous in their shapes, colors, morphologies (the rock is poorly sorted) and
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proportions which vary from about 75% of the rock (Fig. IV. 20), similar abundance phosphatic
particles to the lower and upper layers. The pellets, which are the most abundant phosphatic
particles (40-45% of the total grains), are often rounded, sub-rounded, spherical to oval in
shape, brown to yellowish in color, and display grain size from 80 um to 400 um within sparitic
calcareous matrix often calcitic (Fig. 1VV. 20a). The calcitization processes are well represented by
the development of micrite envelopes and calcite-infilling producing micritized or calcitized
phosphatic grains, occurring in different forms: micrite to sparry calcite rims around degraded
phosphatic grains; irregular calcite patches, calcite veins cross-cutting the matrix and particles
(Fig. 1V. 20b). In contrast, the phosphatic particles (coprolites, bone fragments, and fish teeth)
are cemented by siliceous matrix (Fig. 1. 20c, d, e, and f), and the later silicification processes
are shown by the development of silica (opal-CT) at the rims and sometimes at the center of the

phosphatic particles, showing diffuse contours of the particles with the matrix.
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Fig. IV. 20. Thin section photomicrographs of middle layer phosphorites from Ain Kissa deposit. (a)
Dark pellets (Pel) are cemented by sparitic calcareous matrix (calcitic, Cal) (b) pellets (Pel) showing
calcite-infilling; (c) the phosphatic particles silicified by siliceous materials (Sil); (e) coprolites (Cop)
containing various materials; (f) elongated bone fragments (BF) showing partial and/or complete
silicification (red arrow) at their rims and counter.

Upper-layer phosphorite (UL)

The upper layer (UL) consists of medium to coarse-grained calcareous phosphorites
with abundant pellets, coprolite and fragments of bones and fish teeth, that become much grey-
darker, hard, and display a siliceous cement towards the top forming cherty phosphorite. The

phosphatic particles are heterogeneous in their shapes, colors, morphologies (the rock is

121



poorlysorted) and proportions which vary from about 60 to 70% of the rock (Fig. V. 21).
Occasionally, they exhibit cracks and pores on their surfaces, which are most likely caused by
compaction effects. The pellets (40-45% of the total grains) are often rounded, subrounded,
spherical to oval in shape, brown to yellowish in color, and range in size from 80 to 400 pm,
and they are commonly coated with the sparitic calcareous matrix in grainstone texture (Fig.
IV. 21a). The fractured coprolites were dispersed and embedded makes sharp contacts with a
siliceous matrix (Fig. IV. 21b), causing by marine wave action, burial compaction, and
fragmentation during reworking process. However, other pellets particles which show
concentric growth structures (~5% of the total particles) are composed of a nucleus, often quartz
grain or fossil and bone fragments (red arrows, Fig. IV. 21c, d), surrounded by thin, dark
brownish to black concentric phosphatic material (cortex). They are usually spherical, oval or
elongated in shape and range in size from 100 to 250 um in size. It is worth noting that the
nucleated pellets (concentric structure) particles as called coated phosphochems, are enriched
in the upper phosphorite layers of the Ain Kissa deposit compared to those from lower and
middle layers, and are attributable to represent multi-stage displacement and highly agitated
conditions (Ahmed et al., 2022). The packstone to grainstone texture in a micro-sparitic to
sparitic siliceous matrix (Opal-CT silica) are observed as well developed in the phosphorite
(red arrows; Fig. IV. 21e, 1), either altered the rims of the bone fragments and pellets, and

replaced the outer cortex or coating on the surface as inclusions.
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Fig. 1V. 21. Thin section photomicrographs of upper layer phosphorites from Ain Kissa deposit. (a)
Dark pellets (Pel) within calcitic matrix (Cal) and calcitization has to replace the whole periphery of
phosphatic phosphorite ; (b) fractured coprolites (Cop) showing siliceous matrix (Sil) disseminate in
rims and sometimes at the center; (c, d) rounded to sub-rounded pellets with concentric structures (Pel)
showing bone fragment and fossil nuclei; (e, f) elongated bone fragments (BF) with pellets within micro-
sparitic to sparitic siliceous matrix (Sil), showing diffuse contours of the particles with the matrix.
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IV. 2. Mineralogy
V. 2. 1. X-ray diffraction (XRD) analysis

07 representative samples were selected from the Troubia, Ain Dibba, and Ain Kissa
deposits for X-ray diffraction (XRD) analysis. This was performed using a Bruker two-circle
machine, type D8 Advance, at the Laboratory of the Crystallography and Applied
Thermodynamics, Faculty of Science, Tunis EI Manar, Tunisia. XRD characteristics were:
radiation source (CuKal/a2) with a wavelength A of 1,54060/1,54439A (lal/la2=2),
acceleration voltage of 35 kV. Measurements were recorded in the angular range of 5-70° (26).
The diffraction data were interpreted using the X’pert HighScoreplus software package

(PANalytical 2004) and PDF-2 (2019) database.

V. 2.1. 1. Results

The XRD analytical results show that the phosphorites are mainly composed of a
carbonate fluor-apatite (CFA), known as francolite, while calcite, dolomite, opal-CT are present
as they constitute the matrix and /or cement of the phosphorite grains, as shown by petrographic
observations (see Fig. IV. 22). Other minor accessory minerals, such as gypsum, detrital quartz
and diagenetic zeolites (clinoptilolite-heulandite) are also detected. CFA with the generalized
chemical formula: (Ca, Na, Mg, Sr)10 (PO4, COgz, SOa4)e F2 (e.g., McArthur et al., 1986) is also
reported in Algerian-Tunisian phosphorites (Chabou-Mostefai, 1987; Bezzi et al., 2012; Garnit
et al., 2012; Kechiched et al., 2020). Siliceous material as amorphous silica (opal-CT) are
dominant in the lower and middle phosphorite layers of Ain Kissa and Troubia deposits,
whereas gypsum is recorded in the upper layer of Ain Dibba phosphorites. Although the
glauconite enrichment, observed in many samples through petrography and SEM techniques,
this mineral was not detected by XRD and was not reported in any XRD data of the Algerian

and Tunisian phosphorites, even in glauconite-rich types, probably because it is the result of
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the glauconitization process which often produces structurally immature glauconite minerals

(see Laouar et al., 2024).
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Fig. IV. 22. XRD patterns of phosphorite samples showing the mineralogical composition of studied

phopshorites: carbonate fluor-apatite (CFA), dolomite (Dol), calcite (Cal), quartz (Qz), opal-CT,
gypsum (Gp), zeolites (clinoptilolite-heulandite) (Hul).
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1VV.2.1.2. Interpretation and discussion

The investigated phosphorites from Troubia, Ain Dibba, and Ain Kissa deposits indicate
that phosphorites are composed of CFA, Opal-CT, quartz, dolomite, and calcite, gypsum, and
zeolites, similar to the majority of Algerian and Tunisian phosphorite composition (kechiched
et al., 2020; Garnit et al., 2017). High silica content characterizes phosphorites that contain a
large fraction of detrital quartz grains delivered from an adjacent continental terrigenous source
(i.e., lle Kasserine). In addition to the detrital-derived silica, a significant portion of the
amorphous silica content (opal-CT) as matrix in the phosphorites, is likely attributed to
upwelling processes that bring P and Si from the deep oceanic to surface water followed by
sedimentation (e.g., Abed, 2013), or dissolved silica in the depositional environment, derived
from seawater and pore water, as well as biogenic input from siliceous microfossils, mainly
diatoms and radiolarians (Sassi 1974; Prévét, 1988; Felhi 2010; Tlili et al., 2010, 2012;

Maldonado et al., 2011; Henchiri and Fattah, 2013; El Haddi et al., 2014).

IV. 2. 2. Infrared spectroscopic analysis

In addition to XRD analysis, the mineral phases in the phosphorite samples were
identified using representative data of Infrared spectrometry analysis (FTIR: Fourier Transform
Infrared Spectroscopy) in powder samples. Representative phosphorites samples were also
selected from the Troubia, Ain Dibba, and Ain Kissa deposits for Infrared spectrum analysis
(FTIR). This was carried out at the laboratory of the Physical Department, Faculty of Sciences
of Sfax, using a Two- FTIR Spectrometer, scanning with the frequency range of 4000-400 cm”

! of the electromagnetic spectrum.

IV. 2. 2. 1. Results
FTIR analysis reveals that the main bands are entirely attributable to the phosphate and

carbonate components (PO4> and PO4> COs* and OH groups; Fig. IV. 23a, b). The spectra are
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dominated by four characteristic PO4>~ absorption bands, observed in 1200-960 cm™* and 600—
450 cm! regions (e.g., 1200-400 cm™), which are typical of crystalline apatite. The symmetric
stretching (v1) and bending (v2) modes of PO4>" are represented by weak singlet bands at 964
cm ' and 472 cm™', respectively. Additionally, broader bands of higher intensity are attributed
to the asymmetric stretching (vs) and bending (v4) modes of PO4*~ and PO+*", respectively. The
vs mode appears as a strong singlet band at 1030 cm™!, while the relatively low-intensity va
bending mode is represented by two main bands in the range of 565-605 cm™ range. The
presence of hydrogen phosphate ions (HPO4?") in our IR spectra data is not very obvious in our
IR spectra data due to their overlap with the v2 carbonate (COs?*") bands and the broad shoulder
centered around 1200 cm™', where HPO4*~ vibrations are typically expected (12161222 cm™).
Nevertheless, they can be identified by the weak absorption bands observed at 526 cm™, 798
cm™', and within the range of 1148—1090 cm™. In addition to the phosphate ion vibrations, the
carbonate ions (COs*" ) may occur in two different environments, resulting from two types of
carbonate substitution mechanisms. COs*>"ions can substitute for both OH" (F,, CI") at the
channel sites (A-type substitution), or they may replace phosphate ions (B-type substitution).
These substitutions involve complex mechanisms of structural incorporation and charge
compensation (Elliott, 1994). The IR spectra reveal a notable presence of carbonate ions
(COs*), as evidenced by the strong absorption in the 14541425 cm™ range (asymmetric
stretching vibrations of COs?", V3) and in the 866 cm™ range (bending vibrations of COs?, V).

These vs and v2 vibrations are characteristic of carbonate groups occupying the B-type
substitution site in the apatite structure, where carbonate ions replace phosphate groups (Fleet,
2009). The bands at 1635 and 866 cm™ may indicate the presence of carbonate gangue, which
appears more intense in these samples due to the abundance of carbonate minerals such as
calcite and dolomite (EI-Feki et al., 1991). The band at 1636 cm™ corresponds to bending

vibrations of H:0, reflecting the presence of molecular water. The presence of calcite is
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supported by a weak COs*" absorption band at 713 cm™', which is attributed to the calcite v
mode (Liu, 2002) and is consistent with samples that are enriched in calcareous cement.

On the other hand, the OH~ group (V(OH)) is characterized by absorption bands at
significantly lower and higher wavenumbers. A distinct band at 649 cm™ and a broad band at
3501 cm™ are observed, both indicative of structural water and hydroxyl presence within apatite
minerals, such as hydroxyapatite. The doublet at 800-780 cm™%, which is related to the Si-O—

Si bending vibrations, is attributed to amorphous silica and detrital quartz (Szilas et al., 2008).
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Fig. IV. 23. FT-IR spectrum of studied phosphorite in the region of 4000-400 cm—1. (*calcite V4 band
at 713 cm™!; (+) quartz band).
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V. 2.2. 2. Interpretation and discussion

The infrared spectra characteristic of the studied phosphorites display distinct absorption
bands corresponding to carbonate-fluorapatite (CFA), with high intensities of carbonate gangue
(calcite and dolomite), indicating the presence of calcareous phosphorites. In contrast, the
strongest silica intensities (amorphous silica as opal-CT siliceous cement) are recorded in cherty
phosphorites. The peak at 1030 cm™ is attributed to PO4*" stretching vibrations and exhibits the
strongest intensity in phosphorite samples enriched in phosphatic particles such as coprolites,
pellets, and bioclasts, in contrast to samples dominated by glauconites.

The presence of quartz (SiO:) absorption bands is attributed to the reflected detrital input
during the phosphorite deposition. The highest band intensities are observed in phosphorite
samples with a high proportion of detrital quartz, glauconite minerals, and amorphous silica as
opal- CT (siliceous matrix). Although the glauconite enrichment, was observed through
petrography and SEM techniques, FTIR data do not clearly show the presence of (Fe**OH Fe®"),
(Si-0), and Al (Al OH Al) peaks. This may be related to the weak stage degree of maturation
of the glauconites (weak glauconitization processes) in the phosphorite samples. This is
consistent with our mineralogical results, as well as with reported (IR) data from Algerian-
Tunisian phosphorites (e.g. Kolevaa and Petkova,2012, Elgharbi et al., 2014, Boumaza et al,
2021). These data are also similar to those reported for typical phosphate modes in synthetic
and natural apatites: francolite (e.g. Gulbrandsen et al., 1966; LeGeros et al., 1967; Regnier et

al., 1994; Antonakos et al., 2007).

1V. 2. 3. SEM and EDS observations

Scanning Electron Microscopy and Energy Dispersive Spectroscopy (SEM-EDS)
analyses were performed on both selected polished sections, matrix and particle separates
(pellets, coprolites, fish teeth, bone fragment and glauconite) to better show morphology,

textural and semi-quantitative chemical compositions of these phosphatic particles. These
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phosphatic particles (pellets, coprolites, fish teeth, bone fragment and glauconite) were
separated from their matrix through sample crushing, wet sieving with distilled water and then
washing thoroughly. They were then checked and separated using hand-picking techniques
under a binocular microscope. Broken particles were also studied to determine their internal
texture and composition. Polished sections were prepared and examined carefully under a
metallographic microscope to investigate any variations in the texture and chemical
composition characteristics within individual particles and in the matrix. The cherty
phosphorite samples were sieved without pre-treatment to obtain sub-samples of grain size
fractions: <45 um. SEM-EDS analyses were carried out using a VEGA3 TESCAN SEM with
an acceleration voltage of 20 kV and X-flash 6/10 detector for the energy dispersive
spectroscopy analyses (EDS) at the Institute of Applied Science and Technology, University
Larbi Ben M’hidi Oum EI Bouaghi, Algeria. Some supplementary analyses were performed at

the SEM-EDS laboratory, School of Mines, Annaba.

IV. 2. 3.1. Results

SEM and EDS techniques were performed on particles separates (pellets, coprolites,
glauconite and fish teeth) to better show textural and semi-quantitative chemical compositions
of these phosphoric particles. The results show that the pellets display rounded to sub-rounded
shapes, with light phosphatic rims and dark cores, most likely due to the presence of organic
matter (OM) (Fig. 1V. 24a; yellow arrow). They also show a higher porosity than coprolites,
which increases towards the particle rims (Fig. 1V. 24a). Porosity, micro-cracks and fractures
are also characteristics of all studied particles (Fig. IV. 24b, c, d, e). The surfaces of the particles
showing a heterogeneous structure and have cavities with apatite crystals (Fig. IV. 24f). Apatite
phases show hexagonal crystals that may contain inclusions of tiny quartz and dolomite crystals
(Fig. V. 24q, h, i, and j). Although pellets and coprolites differ in size and shape, their EDS

analysis results often show enrichment in Ca, P and F, which have similar contents in both
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particles. These elements, along with Al, exhibit also relatively high contents in bone fragments
and the fish teeth (Fig. IV. 24f—Kk). However, the glauconites are rather enriched in Fe, Al, K,
and Si, but are depleted in Ca, P and F when compared to phosphate particles (Fig. IV. 24g-K).
Also, EDS results of the pellet, coprolite, and bioclast particles show an enrichment in P content
which represented the apatite mineral, while other elements such as: Al, K, Fe, Si, and K are
not homogeneous distributed, showing lower contents; reflects diagenetic processes during
deposition and may be indicate the initial stages of glauconitization processes. However, the
glauconites are rather enriched in Fe, Al, K, and Si elements, but are less enriched in in Ca, P
when compared to phosphate particles, indicating that phosphatization process of fecal particles

predates the glauconitization process.
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Fig. 1V. 24. SEM images and EDS analytical data of phosphorite particles from Troubia, Ain Dibba,
and Ain Kissa deposits. (a) pellet particle exhibiting a white rim and dark core (yellow arrows), with
high internal porosity; (b, c, d, ) phosphatic particles: pellet (b), coprolite (c), tooth fish (d), and bone
fragments (BF) with porous surfaces, microcracks and fractures; (f) The surfaces of the particles
showing a heterogeneous structure, highly porous and have cavities with chemical composition of
apatite mineral; (g, h) magnification of glauconite with chemical composition showing porous surface
and quartz inclusion; (i, j) magnification of a pellet particle showing hexagonal apatite crystallites (~9
um) and a dolomitic crystal inclusion; (k) SEM images of selected particles and EDS qualitative analysis
showing Ca, P and F abundance in phosphate particles, Ca, P, F and Al enrichment in fish teeth and
bone fragments, and Fe, Al, K, and Si enrichment in glauconite.

SEM and EDS techniques were also performed on polished sections. The sub-rounded

to spherical pellets phosphatic particles are characterized by a homogeneous surface texture,
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weak porosity, and the presence of dark patches distributed on their surface, embedded within
a clayey-siliceous matrix (Fig. IV. 25a). They exhibit an internal structure characterized by the
presence of pores and dark cavities surrounding the central porous structure, most likely due to
the presence of organic matter (OM) (Fig. IV. 25b). The larger magnification image of the
internal structure of the phosphatic particles (Fig. IV. 25c, d), observed through the pore shown
in Fig. 1V. 25Db, reveals organic particles coated with phosphates and trapped within clusters of
hexagonal apatite crystals (CFA). EDS analysis shows compositional variations: carbon (C)
and oxygen (O) dominate in the pores and cavities, indicating an organic phase, while
phosphorus (P) and calcium (Ca) prevail in surrounding areas, reflecting a apatitic phase (CFA).
Organic matter (OM) is generally dispersed within the pellets either homogeneously distributed
or concentrated in specific areas (Fig. 1V. 25d), appearing as flat, broad particles (patches) or
as small particles (~100 nm in size), often linked by organic bridges. These organic films are
associated with the hexagonal apatite crystals within the phosphatic particles (CFA, Fig. IV.
25d).

Pellets particles are observed embedded within a siliceous matrix and associated with
altered dolomite crystal (Fig. IV. 26a). The rhombohedral dolomite crystal inclusions within
the phosphate particles indicate the development of dolomite during diagenetic processes, and
their EDS qualitative analysis reveals elevated concentrations of: Mg, and Ca (Fig. V. 26b).
The rhombohedral dolomite crystal exhibits a variety of morphologies, which are often
characterized by the presence of cavities, dark cores and grey rims, mostly related to de-
dolomitization process (Fig. IV. 26c). At higher magnification, the internal structure of
dolomite revealed may be the presence of rod-shaped bacterial forms resembling
microorganisms associated with OM, with their EDS qualitative analysis reveals elevated

concentrations of: C, and O (Fig. V. 26d).
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Fig. IV. 25. SEM images and EDS analytical data illustrating the internal structure of phosphorite
particles from Troubia, Ain Dibba, and Ain Kissa deposits. (a) A spherical pellet particle (Pel) with a
homogeneous surface structure, surrounded by a clayey-siliceous matrix, and exhibiting weak porosity;
(b) an internal pore and dark bands within the pellet particles (Pel), corresponding to organic matter
(OM); (c) larger magnification image of micro-cavity hosting hexagonal apatite crystals (CFA); (d)
presence of organic matter (organic bridges ) inside phosphate particles, with EDS qualitative analysis

indicating abundant C and O; and associated with hexagonal apatite crystals (CFA).
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Fig. IV. 26. SEM images and EDS analytical data of cement surrounding the phosphatic particles from
Troubia, Ain Dibba, and Ain Kissa deposits. (a) phosphatic particles (Pel) embedded within a siliceous
matrix and associated rhombohedral dolomite crystals (Dol); (b) well crystallized- rhombohedral
dolomite crystals (Dol) inclusions within the phosphate particles; (c) rhombohedral dolomite
displaying a central cavity; (d) higher magnification of (c), showing micro-organisms hosted within the
dolomite crystal, with EDS qualitative analysis indicating elevated C and O contents (OM).

In the upper layers, the studied phosphorites are mainly cemented by a siliceous matrix,
forming cherty phosphorites. SEM analysis show that their matrix is composed by amorphous
silica as spheres-shaped opal associated with dolomite crystal (yellow arrow, Fig. IV. 27a). This
opal spheres are composed of cross silica fibers with about 4 um length, and their EDX analysis
show that they are mostly constituted of Si (Fig. IV. 27b). The zeolites crystal (clinoptilolite-
heulandite) are also observed within cherty phosphorites (Fig. IV. 27c), and their EDX

qualitative analysis showing an abundance Si, Al, Mg, Na, Ca and less K (Fig. IV. 27d).
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Fig. IV. 27. SEM images and EDS analytical data illustrating textural features of the matrix in cherty
phosphorites from Troubia, Ain Dibba, and Ain Kissa deposits. (a) spheres Opal occurring on thin fibers
(yellow arrow); (b) high-magnification SEM image of (a), with EDX microanalyses indicating that the
spherical shape opal is mainly composed of Si element; (c) presence of zeolites crystal (clinoptilolite-
heulandite) within cherty phosphorites, (d) EDX qualitative analysis showing an abundance Si, Al, Mg,
Na, Ca and less K elements in zeolites crystal (clinoptilolite-heulandite).

V. 2. 3. 2. Interpretation and discussion

The high porous structure, cracks, fractured and smooth surfaces of phosphatic particles
may be related to burial, remobilization and transport from depth before deposition, sediment
accumulation and compaction. This process allows chemical elements such as rare earth
elements (REE) to become enriched through adsorption from seawater and pore water during
early diagenesis (e.g., Reynard et al., 1999; Lecuyer et al., 2004). Silicification represented by
opal-CT in the matrix of some phosphorites (cherty phosphorites) may originate from
precipitation of dissolved silica, or incorporation of radiolarian tests, diatom frustules and
siliceous algae in the depositional environment, causing upwelling processes which bring P and

Si to surface water (e.g., Sassi, 1974; Henchiri, 2007; Ben Hassen et al., 2010; Felhi, 2010; Tlili
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et al., 2010, 2012; Abed, 2013; Henchiri and Fattah, 2013; Kechiched et al., 2020). Dolomite
inclusions within the phosphate particles indicate the development of dolomite during
diagenetic processes, whereas zeolites can be derived from silica, especially in cherty
phosphorites (Kechiched et al., 2020). The dolomite is observed with opal- CT determined that
dolomitization is frequently associated with biogenic silica (Bernoullia and Gunzenhauser,
2001). The well-crystallized dolomite rhombs with developed crystal faces (euhedral dolomite
crystals) is an indicator of in-situ growth during diagenesis with high MgO seawater (Henchiri,
2007). The presence of organic matter (OM) within phosphatic particles in studied phosphorites
suggest an associated organo-apatitic composant during early diagenesis (Dassamiour et al.,

2011; Ben Hassen et al., 2010).

The petrographic features and mineralogical assemblages of Troubia, Ain Dibba, and
Ain Kissa phosphorites are summarized in Table IV. 1.
Conclusion

Petrographic data show that the phosphorites of Troubia, Ain Dibba, and Ain Kissa
deposits are mainly composed of pellets, coprolites, bioclasts, rare glauconite, gypsum, and
detrital quartz grains, which are cemented by calcareous, siliceous or rarely clayey matrix. XRD
and FTIR data reveal that these phosphorites are composed of CFA, Opal-CT, quartz, dolomite,
calcite, gypsum, and diagenetic zeolites (clinoptilolite-heulandite). The occurrence of siliceous
materials is represented by an amorphous silica forming the matrix that surrounds the
phosphatic particles (opal-CT), whereas the crystalline silica is represented by detrital quartz.
The presence of organic matter (OM) within phosphatic particles in studied phosphorites
suggest an associated organo-apatitic composant during early diagenesis. The development of

dolomite can be attributed to high-MgO pore water.
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Table IV.1. The petrographic features and mineralogical assemblages of Troubia, Ain Dibba, and Ain Kissa phosphorites.

Locality Ain Dibba deposit | Ain Kissa deposit | Toubia deposit | Diagenetic conditions
Petrographic features
Abundance
Phosphatic particles (%) Morphology Shape Size Color OM content Diagenetic conditions
(]
30 to 40 %|Polished and |[Rounded. sub- ... |High ener: environment. high organic
; ; 2 : 80 um -|Brown to|Trapped within el gy : el g‘ ;
= Without nuclei [of the total{smooth. poorly|rounded. spherical to . . content. the inferred reworked origin.
S g 400 um |yellowish pellets in the cores . ; :
<] particles sorted oval contact one with other, during reworking
= =
S B .
5 = Spherical. oval or .
) 2 . . Surrounding the . . .
= Nucleated 10 to 20%|Polished and elongated depending Brown to : Multi-stage displacement during growth
o) i 100 - . cores  organic  or y .
= (concentric of the total|smooth. poorly |the nature of nucleus dark 3 : i structures of pellet and highly agitated
=) o ; .[250 um inorganic as rimes -
> structure) particles sorted (quartz grain or fossil conditions
S\., and bone fragments
: Rare
o olished and ¢ : ; . §
2 30 % of I p i 250 um hitish Dispersed irregular|Fragmentation of the coprolites by marine
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Chapter V

Geochemistry of the Troubia, Ain Dibba and Ain
Kissa phosphorites

The geochemical investigations of major, trace, and REE elements in Algerian
sedimentary phosphorites have been extensively evoked recently across various scales, such as
whole-rock, separate particles, matrix, grain-size fractions (e.g. Bezzi et al., 2012; Kechiched
et al., 2018, 2020; Tahri et al., 2019; Dassamiour et al., 2021; Ferhaoui et al., 2022; Laouar et
al., 2024; Aouachria et al., 2025). These previous geochemical investigations were mostly used
to reconstruct paleoenvironment conditions of their deposition, and on other hand to highlight
the P2Os, trace, and rare earth elements plus yttrium (REY) contents in phosphorite ores, thus
assessing their economic potential. Besides, other studies were focused on the potentially
hazardous elements (PHE) contents in phosphorite ores and their wastes across various sizes
(Bezzietal., 2012; Boumaza et al., 2021, 2023; Saouli et al., 2025), allowing for the evaluation
of environmental impacts which pose environmental and health risks. These phosphorites
deposits coincide well with the Paleocene-Eocene Thermal Maximum (PETM) and other pre-
PETM excursions (Zachos et al., 2001; Ounis et al., 2008; Hessler et al., 2017; Kocsis et al.,
2014; Buccione et al., 2021; Dong et al., 2024; Saouli et al., 2025), a period characterized by a
warm and humid climate that increases the availability of organic matter deposition and
biogenic activity, dissolved potentially hazardous elements (PHE) and REE ions in seawater,
and pore water. On the other hand, the Paleocene-Eocene transition, which are attributed to
Large Igneous Provinces as major driver (LIPs; Storey et al., 2007; Jones et al., 2019) played a
critical role in recycling P and Si between the deep ocean and surface waters, most likely
associated with nutrient-rich upwelling currents after OM burial in deep zones, associated with
the PETM events.
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From the previous geochemical data, high REE and some trace elements contents were
recorded, mainly in the giant Bled ElI Hadba and Kef Essenoun deposits in the southern basin,
and Dj. El Kouif phosphorites in the northern basin (Kechiched et al., 2016, 2020; Ferhaoui et
al., 2022; Laouar et al., 2024). In-depth and comprehensive detailed geochemical studies on
these phosphorites, it was shown that glauconite is the most REE-enriched mineral, with
contents that may reach up to 2050 ppm among the phosphatized particles (pellets, coprolites
and bioclasts) in southern basin (Kechiched et al., 2018; Laouar et al., 2024). However, the
northern basin shows the XREE contents drop to 470 ppm at El Kouif and Djebel Dyr
(Kechiched et al., 2020). From these studies, it was also believed that phosphorites of the
southern basin were more enriched in REE because of their favorable paleo-environmental
conditions to REE uptake from both seawater and pore-water reservoirs within reducing
conditions during early diagenesis (Laouar et al., 2024). The Troubia, Ain Dibba, and Ain Kissa
phosphorites, which are located at about 10 km north of the Tebessa town, have never been

subject to detailed geochemical investigations in terms of P.Os and REE contents.

The aim of this chapter is to present the detailed major, trace and REE geochemical
investigations of the Troubia, Ain Dibba, and Ain Kissa deposits. The results were obtained
through the preparation of whole rock samples using XRF and ICP-MS analyses. Although they
are not yet economically very important in terms phosphorite reserves, the present geochemical
study will contribute highly to the knowledge of their critical trace and REE contents, as well
as to better understand their paleo-depositional environment. The comparison of the present
data with those of the most economically significant North African phosphorite deposits located
in the southern and northern basins of the Kasserine Paleo-Island (e.g. Kef Essenoun
(Kechiched et al., 2018, 2020), Bled El Hadba (Laouar et al., 2024) in Algeria will provide
insights into paleo-environmental factors set that contribute to the enrichments in both P20s

and REE contents of these phosphorite.
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V. 1. Sampling, analytical techniques and methods

In the analysis of major, trace, and rare earth elements, 23 phosphorite samples were
selected from three different deposits: 7 from the Troubia deposit, 8 from Ain Dibba (including
4 samples from the studied geological section shown in chapter Il, Fig. 11. 6 and Fig. Il. 18, and
another 4 samples from the exploitation tailings at ~1 km to the west of the studied section),
and 8 samples from the Ain Kissa deposit (cf. chapter 1l, Fig. Il. 33). 13 whole-rock samples
were analyzed using X-Ray Fluorescence method at the Mineralogical Laboratory within the
Faculty of Sciences at Sfax University, while 10 samples were examined using an ICP-MS at
University of Montpellier, France. The XRF analytical method used a ThermoScientific device
Niton FXL FM-XRF analyzer with a 50 kV, 200 pA x-ray tube and a CDD GOLDD drift
detector technology. This generates fast and reliable elemental results (1-3 min/sample) using
mining program, which allows the analysis of 38 major and trace elements (Sb, Sn, Cd, Ag,
Mo, Nb, Th, Zr, Y, Sr, U, Rb, Bi, As, Au, Se, Hg, Ga, Pb, W, Zn, Cu, Ni, Co, Fe, Mn, Cr, V,
Ti, Ca, K, Ba, Al, P, Si, Cl, S, Mg). The samples were finely ground and then steamed at 50 -C
overnight. The powder was, then, recovered in the plastic XRF double-ended cup (diameter 32
mm), the one end was previously covered by a thin exchangeable Polypropylene film TF-240-
255. Moroccan and Tunisian phosphate standards were used for the calibration of major
elements, especially phosphorus and calcium. For ICP-MS analytical method, an Inductively
Coupled Plasma Mass Spectrometer (Agilent 7700x ICP-MS) was used at the ICP-MS
Laboratory, Plateforme AETE-ISO, OSU OREME, University of Montpellier, France. Whole-
rock samples were powdered using an agate mortar, and about 50 mg of each sample were
dissolved twice in a mixture of hydrofluoric acid (0.5 m HF) and nitric acid (1 ml HNO3) on a
hot plate at 110 °C for 48h. After dissolution, the solution was evaporated to dryness and diluted
shortly before analysis in HNO3 2%. The overall analytical reproducibility of internal

laboratory standards (BEN, UBN and ACI), based on repeated analyses is better than +5%.

142



Principal Component Analysis (PCA) was applied to interpret the relationship between the
analyzed elements and to determine the associations of both variables and individuals. In this
PCA, samples with missing variables were removed prior to the treatment. This analysis was

carried out using XLSTAT software (Addinsoft, 2021).

V. 2. Results and interpretation

The whole-rock chemical analysis results for the phosphorite samples from the Troubia,
Ain Dibba, and Ain Kissa deposits are presented in Tables V.1 and V. 2 for major elements,
and in Tables V3 and V4 for trace elements. The rare earth element (REE) data from both Ain
Dibba and Ain Kissa deposits are listed in Table V. 5. The compiled dataset is provided
separately in Appendices 1 and 2, and is presented as Supplementary Material 1 and 2.

Geochemical data have revealed significant variations in the concentrations of major,
trace, and REEs elements across all deposits. The distribution of major, trace, and rare earth
elements (REE) in phosphorite are controlled by many factors, including the abundance of
phosphatic particles, the nature of the matrix/cement, the presence of glauconite minerals, and
the paleogeographic/paleoenvironmental conditions. PAAS-normalized geochemical data of
trace elements of samples from studied phosphorites according to Taylor and McLennan,

(1985), are compared to the average values of global phosphorites (Li, 2000).

V. 2. 1. Major elements

The major oxides composition of the phosphorite samples from Troubia, Ain Dibba, and
Ain Kissa deposits are generally dominated by high CaO, P20s, and SiO- contents. MgO, Na>O
and SOs are less abundant elements, while the Fe2Os;, Al203, K20 and TiO2 concentrations are
generally very low (<1%). These data are supported by petrographic observations and whole-
rock XRD data analyzed, which indicate that carbonate fluorapatite (CFA) is the main mineral

of phosphorite, while the gangue minerals are mainly dolomite, quartz, glauconite, and calcite.
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CaO contents range from 27.61 to 54.96 wt.% across the studied phosphorite samples. CaO is
a most abundant element in the analyzed phosphorite samples since it occurs in multiple mineral
phases, primarily carbonate fluorapatite (CFA) minerals and calcareous cement. The highest
values are, therefore, only reported in samples where the matrix is composed mainly of calcite,
which might be a phosphatic limestone. However, Troubia phosphorites exhibit the lowest CaO
contents among the studied deposits, ranging from 28.55 wt.% to 33.40 wt.%, which likely
reflects a lower proportion of calcareous cement. Additionally, the CaO contents are similar to
those of many phosphorite deposits of North Africa and Middle-East (e.g., Laouar et al., 2024;
Buccione et al., 2021; Kechiched et al., 2020). Moroccan and Egyptian phosphorites display
the lowest CaO contents (39.94 wt% and 40.15 wt%, respectively; EI Bamiki et al., 2023; EI-
Shazly et al., 2022), whereas Turkish and Saudi Arabian samples show the highest CaO
averages (53.00 wt% and 51.75 wt%, respectively; Gundogar and Sasmaz, 2022; Ahmed et al.,
2022).

Table V. 1. Major elements contents of whole-rock phosphorites from Troubia deposit.

Troubia

Sample | 23tbd02 | 23tbd10 | 23tbdl4 | 23tbdl5 23tbd16 | 23tbdl7 | 23tbd22
Major oxides (wt%)

SiO, 36.37 42.13 37.04 41.89 31.68 26.93 4413
TiO, 0.02 0.04 0.03 0.01 0.01 0.01 0.01
ALO; 04 045 0.13 0.15 0.1 0.09 0.07
Fe 05, 0.1 0.13 0.06 0.02 0.05 0.04 0.04
MgO 0.1 0.33 151 0.15 0.2 0.18 1.39
Cal 30.66 28.59 30.97 28.59 30.48 334 28.55
K,0 0.06 0.07 0.04 0.01 0.01 0.01 0.02
P,05 20.79 18.59 20.05 18.59 22.66 248 18.39
SO; 1.23 0.98 1.26 133 181 18 1.18
LOI 8.21 6.1 7.8 6.9 11.1 9.95 4.5
CaO/P,05 147 154 1.54 1.54 135 135 1.55
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Table V. 2. Major elements contents of whole-rock phosphorites from Ain Dibba and Ain Kissa deposits.

Ain Dibba Ain Kissa

Sample | 21addo03 | 21add04 | 21add06 | 21addo8 21bkdd09|21bkdd11|21bdkd14(21bkdd23| | 21akd06 | 21akd10 | 21akd11 | 21akd14 | 21akd15 | 21akd16 | 21akd18 | 21akd19
Major oxides (wt%)

Sio, 1.72 37 1.34 0.83 22.86 0.71 1.22 26.85 38.55 14.32 2.21 0.55 28.55 33.81 2.36 32.19
TiO, 0.02 0.01 0.01 0.01 0.01 n.a. 0.02 0.01 0.07 0.05 0.02 0.01 n.a. 0.03 0.02 0.02
Al)O; n.a. 0.18 0.21 0.14 0.16 0.17 0.16 0.17 1.11 0.97 0.22 0.08 0.23 0.42 0.2 0.26
Fe,03 0.12 0.18 0.16 0.1 0.14 0.1 0.14 0.14 0.4 04 0.13 0.04 0.03 0.29 0.13 0.12
MgO 1:2 0.59 n.a. 1.54 0.35 n.a. 0.5 0.41 1.43 1.47 2.99 0.45 1.42 0.43 0.6 0.64
CaO 51.59 33.11 54.72 50.41 39.96 54.96 50.91 37.97 30.01 42.96 51.99 51.46 31.87 33.68 50.66 27.61
MnO n.a. 0 n.a. 0 0 n.a. 0.01 0 0 0 n.a. 0 n.a. 0 0 n.a.
Na,O n.a. 0.82 n.a. 1.17 0.94 n.a. 0.89 0.75 0.69 0.94 n.a. 0.77 n.a. 0.78 0.54 n.a.
KO 0.04 0.06 0.02 0.04 0.06 0.03 0.05 0.05 0.15 0.16 0.08 0.03 0.01 0.07 0.05 0.05
P05 31.89 19.02 16.76 23.07 24.36 23.18 20.7 22.48 14.16 23.52 20 24.14 21.17 20.19 15.02 19.27
SO; 1.82 n.a. 0.91 n.a. n.a. 1.38 n.a. n.a. n.a. n.a. 1.44 n.a. 1.46 n.a. n.a. 1.04
LOI 10.52 7.93 22.2 18.74 7.94 14.45 20.22 7.83 11.42 11.82 18.3. 16.4 9.62. 7.42 26.51 12.22
CaO/P,04 1.62 1.74 3.27 2.19 1.64 2.37 2.46 1.69 2.12 1.83 2.6 2.13 1.51 1.67 3.37 1.43

n.a.: Not analyzed.
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P»Os, the second most abundant oxide, shows similar content across all phosphorites
deposits ranging from 14.16 to 24.8 wt%; only one sample from Ain Dibba deposit that shows
the highest value of 31.89 wt%. This is most likely due to that P>Os is the main components of
apatite (CFA) in phosphatic particles (pellets, coprolites and bioclasts) as confirmed by the
whole-rock XRD data analysis (cf. Fig. IV. 22; Chapter 1V). CaO/ P.Os ratios (ranging from
1.43 to 3.37) are similar to those of many phosphorite deposits of North Africa (Buccione et
al., 2021) and in the northern deposits where Kechiched et al. (2020) recorded values ranging
from 1.4 to 2.7. However, they are, therefore, lower compared to the those of the southern
deposits of the Bled EI Hadba phosphorites (Laouar et al., 2024). Conversely, the CaO/ P20s
ratios in Troubia deposit appears to be lower (ranging from 1.35 to 1.54) than phosphorites that
reported from Ain Dibba, Ain Kissa, and Kef Essenoun deposits, may be related to enriched of
phosphatic particles (Kechiched et al., 2020). A plot of CaO against P.Os contents for the
phosphorites deposits (Fig. V. 1a) reveals a weak positive and non-significant correlation (r =
0.29, p = 0.28). This indicates that CaO contents are distributed between both CFA minerals in
phosphate particles and the calcareous matrix (calcite and dolomite), whereas P2Os exists only
in phosphatic particles. Similarity, MgO contents ranging from 0.1 to 2.99 wt% show neither a
strong positive nor a significant correlation with CaO contents (r = 0.33, p = 0.41; Fig. V. 1b),
because MgO contents are a major constituent of the matrix only (dolomitic matrix). Na.O
content is generally low in all samples ranging from 0.54 to 1.17 wt%, showing a strong positive
correlation with P.Os (r = 0.68, p = 0.03) as shown in Fig. V. 1c. This is indicated by the
substitution of Na for Ca in the CFA structure (McClellan and Kauvenbergh, 1990). SiO- shows
high contents reaching up to 37 wt% in Ain Dibba and 38.55 wt% in Ain Kissa deposit,
reflecting the observed cherty phosphorite rocks (siliceous matrix). These elevated silica
contents are most likely attributed to amorphous siliceous matrix, primarily composed of Opal-

CT as confirmed by the whole-rock XRD data analysis (cf. Fig. IV. 22; Chapter IV). In
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addition, the highest SiO> contents are observed in phosphorite samples containing a high
proportion of detrital quartz, reflecting significant terrigenous input from continental
weathering during the time of phosphorite deposition. However, the lowest SiO> contents (0.71
wt% at Ain Dibba and 0.55 wt% at Ai Kissa) are recorded in calcareous phosphorites. In
contrast, SiO2 contents are enriched across all studied samples of Troubia phosphorites, ranging
from 31.68 wt % to 44.13 wt %. It is noteworthy that the phosphorites here are more siliceous
than Ain Dibba and Ain Kissa deposits, representing cherty phosphorites with a silica matrix
as shown in Chapter IV. A plot of P2Os against SiO2 contents for the phosphorite deposits (Fig.
V1d) show negative correlation in Ain Dibba and Ain Kissa deposits (r = -0.33), and strong
negative correlation in Troubia deposit (r = -0.99). It allows for the distinction of two
populations (see also Tabs V2 and V3): phosphorites with silica matrix are represented by SiO>
contents greater than 10 wt%, and phosphorites exhibiting content lower than 3% wt% represent
phosphorites with calcareous matrix. P2Os contents are negatively correlated with both
populations. The occurrence and deposition of amorphous silica (opal-CT) as a matrix of some
phosphorite layers most likely originated from upwelling processes which are believed to be
the cause of recycled P and Si between the deep oceanic reservoir and surface water followed
by sedimentation (e.g., Abed, 2013), or as supported by incorporation of radiolarians tests,
siliceous algae and diatoms or the precipitation of dissolved silica in the depositional
environment, giving cherty phosphorites (Ben Hassen et al., 2010; Henchiri, 2007; Maldonado
et al., 2011; Prévot, 1988). Notably, the global Large Igneous Provinces (LIPs; Storey et al.,
2007; Jones et al., 2016) that provoked climate change at the Paleocene-Eocene Thermal
Maximum (PETM) as suggested by Zachos et al. (2001), Ounis et al. (2008), Garnit et al. (2017)
and Kechiched et al. (2020), played a critical role in recycling P and Si between the deep ocean
and surface waters. This is most likely associated with upwelling of nutrient-rich waters after

OM burial in deep zones during the PETM event. The highest MgO contents (up to 2.99 wt%)
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are recorded in samples showing the lowest SiO2 concentrations; and this is related to the
dolomitic nature of the phosphorite particle matrix .The SO3 contents, ranging from 0.91 wt%
to 1.82 wt%, are most probably attributed to the presence of traces of gypsum in the matrix of
some samples, which is consistent with mineralogical data (cf. Fig. 1V. 22).

The other oxides, such as MnO, TiO3, K-0O, Fe>Ozt and Al>O3 display low contents with
an average less than 1 wt% each, whereas the highest contents are recorded in the lower layer
of the Troubia phosphorite rocks and Ain Kissa phosphorites (Tabls V. 2 and V. 3). The high
contents of these elements are mostly related to a high proportion of glauconite minerals in
these phosphorite layers, with the formula (Ko7s Cao.os (Alo.ss Fe1.0s **Feozs 2 Mgo.a1) (Siset
Alo39) O10(OH)2 as given by McRae (1972). This result is supported by the slightly negative
correlated between the P,Os and SiO., Fe,O3z and Al,O3 (see Tabs V. 2 and V3. Fig. V. 1d, e,
f), whereas Al>Oz exhibits a strong positive correlation with Fe.O3 (r =0.91, p <0.01), and K20
(r=10.91, p<0.01; Fig. V. 1g and h). As suggested by Laouar et al. (2024) and Kechiched et
al. (2018), the high contents of these elements are recorded in glauconite-rich phosphorites of
Djebl ElI Kouif, Kef Essenoun and Bled El Hadba deposits, indicating the effect of

glauconitization process that these phosphorites may have undergone during early diagenesis.
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Fig. V. 1. Major element variation diagrams of Ain Dibba, Ain Kissa and Troubia phosphorites. (a):
P,Os against CaO; (b): CaO vs. MgO; (c, d, e, f): P20s vs. Na20O, SiO, Fe,Ozt and Al20s respectively;
(9, h) Al,Os vs. Fe;03; and K20 respectively.
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V. 2. 2. Trace elements

Based on the geochemical data of the studied phosphorites (see Tables V. 3 and V. 4),
among the analyzed trace elements, Sr shows the highest concentrations, with contents in the
range 1206-2438 ppm. This is followed by three groups of elements: The first group consists
of Cr and Zn with relatively high concentrations (~200 ppm). The second group comprises Ba,
V, Zr, U, Ni, and Cu with concentrations in the range 10-100 ppm each; and the third group,
composed of Th, As, Co, Mo, Rb, Nb, Sc and Hf, shows relatively low concentrations. The
variation of trace elements is closely linked with the petrography of the studied samples (see

Chapter V).

Table V. 3. Trace elements contents of whole-rock phosphorites from Troubia deposit.

Troubia

Sample | 23tbd02 | 23tbd10 | 23tbdl4 | 23tbdl5 | 23tbdl6 | 23tbdl7 | 23tbd22
Trace elements (ppm)

As 6.2 5.51 6.35 542 8.84 6.16 6.23
Zr 31.09 3248 28.63 31.09 31.04 2781 30.39
Y 69.07 68.09 79.01 78.08 1452 131.22 90.19
Sr 1433.15 | 126331 | 1401.86 | 139642 | 136645 1329.7 1373.72
U 4144 4286 4475 58.44 69.77 80.52 53.86
Zn 4977 108.94 142.29 199.28 4271 66.31 124 47
Cr 68 .44 83.09 50.74 56.98 88.21 68.87 74.95
\'s 5 35.22 2734 4248 50.83 4798 42.09
Ce/V 13.69 2.36 1.86 1.34 1.74 144 1.78
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Table V. 4. Trace elements contents of whole-rock phosphorites from Ain Dibba and Ain Kissa deposits.

Ain Dibba Ain Kissa

Sample | 21add03 | 21add04 | 21add06 | 21add08 | 21bkdd09 | 21bkdd11 | 21bdkd14 | 21bkdd23 21akd06 | 21akd10 | 21akdll | 21akdl4 | 21akdl5 | 21akd16 | 21akd18 | 21akd19
Trace elements (ppm)

Zr 52.42 10.44 27.84 12.23 13.39 37.81 16.67 13.78 2437 273 38.76 17.48 35.34 16.91 933 259

Y 17666 | 14122 | 11344 1768 16826 | 11159 | 25957 | 17635 12027 | 23437 | 15032 | 27881 | 15439 | 19541 80.27 68.68
Sr 243777 | 179725 | 140625 | 214846 | 184984 | 172909 | 1746.14 | 178129 1366.19 | 196845 | 1517.87 | 204942 | 134076 | 177529 | 14398 | 120649
U 110.25 63.11 61.96 76.54 106.51 95.04 94.71 99.46 28.13 60.48 73 102.8 71.73 78.94 52.75 60.49
Zn 54.18 63.43 4121 57.04 61.66 37.11 108.1 82.81 13705 | 15042 86.49 9735 77.78 102.78 61.51 62.06
Cr 163.94 | 13725 | 11657 | 16753 146.6 10131 | 18627 | 14243 17893 | 20741 | 10826 | 2139 80.31 14475 | 11482 76.33
N 91.07 107.7 61.24 110.46 84.35 62.67 105.78 63.39 87.8 89.83 83.5 118 44 614 11321 | 10487 87.24
Rb na 0.96 na 1.03 0.95 na 0.87 097 535 444 na 0.5 na 259 149 na

Nb na 0.36 na 036 0.44 na 0.44 0.42 259 1.92 na 0.24 na 0.76 0.55 na

Hf na. 0.17 na. 0.19 0.22 na. 0.29 0.21 0.56 0.58 na 0.28 na. 03 0.16 na.

Ta na. 0.03 na. 0.03 0.04 na. 0.05 0.04 0.2 0.16 na 0.04 na 0.07 0.04 na

Th na. 138 na. 17 1.66 na. 2.16 1.73 146 2.83 na 1.76 na 2.13 0.67 na

Sc na 1.73 na 221 25 na 5.58 239 431 6.79 na 5.69 na 275 1.27 na

Ba na 176 na 88.97 144.65 na 48.49 91.09 50.33 61.19 na 57.77 na 76.6 47.88 na

Co na 0.51 na 04 04 na 0.17 042 0.32 03 na 0.18 na. 046 0.24 na.

Ni na 14.96 na 1224 15.16 na 19.92 15.92 28,51 29.73 na 172 na 23.05 109 na

Cu na 827 na 621 14.46 na 13.61 4047 21.76 2246 na 15.79 na 26.59 1156 na

Cr/ V 18 127 1.9 1.52 1.74 1.62 1.76 225 2.04 231 13 181 131 128 1.09 0.87

n.a.: Not analyzed.
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Sr contents range from 1263 to 1433 ppm in Troubia and from 1406 ppm to 2438 ppm
in Ain Dibba phosphorites, whereas, the Ain Kissa phosphorites shows contents ranging from
1206 to 2049 ppm (see Tables V. 3 and V. 4). The highest Sr contents are recorded in Ain Dibba
phosphorites (up to 2438 ppm), and the lowest contents are recorded in Ain Kissa and Troubia
deposits (down to 1206 ppm; and 1263 ppm, respectively). The Sr contents are enhanced in
phosphorite samples that show high P2Os contents (see Tables V. 3 and V. 4). Cr is the second
most trace elements recorded in studied phosphorites with contents ranging from 101.3 to 167
ppm in Ain Dibba deposit, and from 108 to 213 ppm in Ain Kissa deposit. However, the lowest
Cr contents are observed in two samples from Ain Kissa phosphorites and in Troubia
phosphorites (80.3 and 76.3 ppm, and 51 to 88 ppm; respectively). Zn contents range from 37.1
to 150.4 ppm in Ain Dibba and Ain Kissa phosphorites; the highest contents are recorded in
Troubia phosphorites, reaching up to 199.0 ppm. V contents range from 61.2 to 118.4 ppm,
with an average of 89.6 ppm, whereas the highest contents are recorded in the samples from the
upper phosphorite layers of both deposits. However, Troubia phosphorites show the lowest V
contents ranging from 5 to 51 ppm. U displays relatively high contents ranging from 41 to 110
ppm. The lowest values (28 ppm) are, therefore, only reported in samples from the lower
phosphorite layer, which might be a marly phosphatic. Other trace elements analyzed including:
Ba, Zr, Ni, and Cu show contents ranging from 10 to 100 ppm each, whereas As, Th, Co, Mo,
Rb, Nb, Sc and Hf show the lowest contents (<10 ppm each). It is noteworthy that in the
investigated phosphorites, the high Sr, Ba, and U contents are recorded in Ain Dibba
phosphorites, while the high Cr, V, Zn, Zr, As, Th, Co, Mo, Rb, Nb, Sc and Hf contents are
generally recorded in glauconite-rich samples and clayey matrix of Ain Kissa phosphorites.
Unlike Ain Dibba and Ain Kissa phosphorites, samples from the Troubia deposit show low

contents of all trace elements (see Table V. 3).
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The carbonate-fluorapatite (francolite) has the capacity to absorb several elements that
can substitute for Ca (ionic radius 0.99 A), such as monovalent (Na*, K*), divalent (Sr?*, Pb?*,
Ba?*, Mn?*, Cd?"), trivalent (REE®"), tetravalent (Ce*, Th*, U*) elements, as well as
hexavalent (U®") cation. It has been established that some oxo-anions such as VOa, As;04, SO,
SO4 and COs3 can be substituted into POg structure in apatite group lattices (e.g., Bonnot-
Courtois and Fleoteaux, 1989; Emsbo et al., 2015; Ilyin, 1998; Luo et al., 2009; Pan and Fleet,
2002; Provet and Lucas, 1980; Rakovan and Hughes, 2000; Tzifas et al., 2014; Zhu and Jiang,
2017). However, some trace elements such as: V, Cr, Zn and Cd may be adsorbed onto crystal
surfaces or may be incorporated into other minerals, such as glauconite and other clay minerals,
Fe-Mn oxyhydroxides, and organic matter (e.g., Abed et al., 2016; Belayouni et al., 1982; Hein

et al., 2016; Jiang et al., 2007; Liu and Zhou, 2017; Laouar et al., 2024).

Sr, Cr, and V exhibit notable enrichment when compared to the average concentrations
found in global phosphorites (Li, 2000). Strontium (Sr) shows the highest concentrations,
reaching up to 2438 ppm. This is consistent with previously reported values for marine
phosphorites, which typically range from 1200 to 2400 ppm, with an average of approximately
1900 ppm (Tooms et al., 1969). The elevated Sr contents observed in the Ain Dibba and Ain
Kissa phosphorites are similar to the findings from other Algerian deposits located in both the
northern and southern basins (Kechiched et al., 2018, 2020; Laouar et al., 2024). The ability of
Sr?* (ionic radius r = 1.12 A) to substitute for Ca2* (r = 0.99 A) within the carbonate-fluorapatite
(CFA) crystal lattice explains its abundance in studied phosphorites (Jiang et al., 2020; Jarvis
et al., 1994; Lucas et al., 1990; McArthur, 1985; Nathan, 1984; Kechiched et al., 2018; Laouar
et al., 2024). This substitution is further supported by the strong positive correlation between
Sr and P2Os contents (r = 0.82, p <0.01) in the Ain Dibba and Ain Kissa samples (see Appendix
1). However, Troubia deposit shows negative correlations between Sr and P2Os (r = -0.03; see

Appendix 2). Notably, the highest Sr contents are typically found in phosphatic particles
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specifically pellets and coprolites which are composed mainly of CFA, as opposed to glauconite
minerals (Kechiched et al., 2018; Laouar et al., 2024). These results indicate that the high Sr
contents in Ain Dibba and Ain Kissa phosphorites may be related to the abundance of
phosphatic particles. However, the low Sr contents in Troubia deposit is due to less abundance
of phosphatic particles and more presence of glauconite particles (see Chapter V). Ba contents,
ranging from 48 to 176 ppm in the Ain Dibba and Ain Kissa phosphorites, are comparable to
those observed in northern basin deposits such as Djebel El Kouif, Djebel Dyr, and Tazbent.
However, these values are significantly higher than those from the southern basin (e.g., Kef
Essenoun), where Ba levels are generally below 50 ppm (Kechiched et al., 2020). Like Sr?*,
Ba?" can also substitute for Ca* in the apatite structure (Khan et al., 2012). Cr displays relatively
lower contents (101-214 ppm; mean = 152 ppm) in Ain Dibba and Ain Kissa phosphorites
compared to the phosphorites of Djebel Onk and Bled El Hadba in the southern basin, where
Cr ranges from 234 to 291 ppm at Kef Essenoun (Kechiched et al., 2020) and from 138 to 319
ppm at Bled El Hadba (Laouar et al., 2024). However, the lowest contents (range from 51 to 88
ppm) are recorded in Troubia phosphorites. Cr enrichment is mainly associated with glauconite
minerals, where Cr may substitute for Al in the mineral structure (Laouar et al. (2024). This is
supported by a modest positive correlation between Al.Os and Cr contents in the Ain Kissa and
Troubia phosphorites (r = 0.49, p = 0.22; r = 0.2; respectively, see Appendix 2), which exhibit
more pronounced glauconitization than those of Ain Dibba. Conversely, the Ain Dibba samples,
which contain less glauconite, show a negative correlation (r = -0.64, p = 0.12). Also, Zn
contents show positive correlation with Al.Oz and Fe>Os; contents in Ain Dibba and Ain Kissa
deposits (r =0.86 and 0.84, respectively; p <0.01). In contrast, Zn contents are negatively
correlated with both Al,0s and Fe2Os; in Troubia deposit (r = -0.17 and -0.34; respectively),
however, it shows slightly positive correlations with SiO2 and MgO (r = 0.69 and 0.35;

respectively; see Appendix 2). This indicates that Zn?*(r =0.68 A) may substitute for either
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Mg?*(r =0.66 A) or Fe®*(r =0.64 A) within the glauconite structure, which is generally
represented as (K, Na) (Fe3*, Al, Mg)2[(Si, Al, Fe**)4010](OH)2 (e.g., McRae, 1972; Laouar et
al., 2024). On the other hand, the ability of Zn?* to substitute for Mg?* within dolomitic matrix
in Troubia phosphorites. \V** with their ionic radii, 0.62 A, also can substitute Fe** (0.63 A) or
AIR* (0.53 A), in glauconite with a formula (Ko.7ze Caoos (Alo.3s Fe10s 3 * Feo2s 2* Mgo.1) (Sisse1
Alo39) O10(OH)2) as given by McRae (1972). This is supported by the high contents (up to 118
ppm) are recorded in glauconite-rich phosphorite samples of Ain Dibba and Ain Kissa
phosphorites. This element is reported as a key redox-sensitive element by numerous studies.
(e.g., Bian et al., 2022). It is typically incorporated into glauconite during early diagenesis,
particularly under suboxic to mildly reducing environmental conditions (e.g., Laouar et al.,
2024; Tribovillard et al., 2022). Uranium contents in the studied phosphorites range from 50 to
110 ppm, aligning closely with values reported for the Djebel EI Kouif phosphorites in the
northern Tebessa Basin (11-126 ppm, average 72 + 30 ppm; Kechiched et al., 2020) and those
found in Late Cretaceous to Paleogene phosphorite deposits globally (40-130 ppm; Baturin and
Kochenov, 2001). The positive correlations are observed between uranium and both CaO (r =
0.40, p=0.13) and P-Os (r =0.81, p <0.01) in Ain Dibba and Ain Kissa deposits, and CaO (r
=0.556) and P2Os (r =0.748) in Troubia deposit. This suggests that uranium is mainly hosted
within the apatite crystal structure. It assumed substitution of tetravalent uranium (U*") for Ca?*
in the apatite crystal structure after being reduced from U®* through U°* from seawater (e.g.,
Altsch uler et al., 1958; Brookfield et al., 2009; Emsbo et al., 2015; Haddad et al., 2023;
Kechiched et al., 2020). Zr, Nb, Rb, Th and Hf are attributed to the siliciclastic group, as
indicated by strong positive correlations between (Zr and TiO2), (Hf and TiOz), and (Nb and
TiO2), (Rb with TiO2 and K20), due to the similarities in ionic radius (see Appendices 1 and
2). The high content of Zr, Nb, Rb, Hf and Ta are recorded in phosphorite samples from Ain

kissa, they are most likely related to glauconite minerals (rich in Fe2Os, Al.O3, MnO, TiO2,
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and K>0O; Kechiched et al., 2018; Laouar et al., 2024). Some trace elements such as Cs, Ni, Co
are likely associated with the presence of glauconite, dolomitic matrix and iron oxides (Garnit

et al., 2017; Hughes and Rakovan, 2018; Kechiched et al., 2020).

Normalized multi-element geochemical spidergrams are compared at a regional and at
a global scale using the average values of global phosphorites (Li, 2000). The spidergrams of
the studied phosphorites show that the trace element contents are mostly comparable to those
reported from global phosphorites (Fig. V. 2). The PAAS normalization of trace elements
(PAAS data are from Taylor and McLennan, (1985)) indicated that the enrichment degree of
these elements differs in different layers from the studied phosphorites. Unlike global
phosphorites, the strontium content is significantly enriched, particularly in Ain Dibba and Ain
Kissa deposits, which can be linked to CFA crystal structure (Kechiched et al., 2020). As a
whole, some other trace elements including: U, Zr, Y, Cr, V and Zn, are more depleted than the
global phosphorite average. Conversely, samples from the lower and middle phosphorite layers
of Ain Kissa exhibit higher V and Cr contents than global phosphorites (Fig. V. 2), suggesting
glauconite-rich phosphorite samples (Laouar et al., 2024; Kechiched et al., 2018, 2020;
Farhaoui et al., 2022). These elements have very contrasting geochemical behavior and are

entirely sensitive to redox.

156



1000.00

100.00

Trace element /PASS

Ll

10.00

1.00 +

0.10

——21add03
21add08
—21bdkd14
—21akd10
——21akd15
21akd19
——23thd14
——23tbd17

——21add04
——21bkdd09
——21bkdd23
—21akd11
21akd16
——23tbd02
—23tbd15
—23tbd22

——21add06

——21bkdd11

——21akd06
—21akd14

21akd18
——23tbhd10
——23tbd16

—=— Average global phosphorite

0.01

Zr

Sr

Zn Er

Fig. V. 2. UCC--normalized multi-element spidergram of phosphorite samples from the
Troubia, Ain Dibba, and Ain Kissa deposits, according to Taylor and McLennan, (1985),

compared to average global phosphorites (Li, 2000).

V. 2. 3. Rare earth elements

The whole-rock REE of Ain Dibba and Ain Kissa phosphorites are shown in Table V. 5.

Table V. 5. Rare earth elements (ppm) from Ain Dibba and Ain Kissa deposits.

Ain Dibba Ain Kissa

Sample 21add04 | 21add08 | 21bkdd09 | 21bdkd14 | 21bkdd23 21akd06 | 21akdl0 | 2lakdl4 | 2lakdl6 | 2lakdl8
La 58.36 73.19 714 105.68 75.05 5442 101.07 11133 87.15 3249
Ce 2327 28.69 29.68 3947 31.38 27.57 52.54 40.25 39.17 12.92
Pr 7.83 9.74 9.66 16.31 10.24 8.1 15.87 16.55 12.24 427
Nd 3449 42.64 42.55 T2 4471 3455 70.23 73.66 53.26 18.78
Sm 6.76 8.26 822 1455 8.64 6.75 14.05 14.71 1042 355
Eu 1.76 216 216 3.88 227 18 3.69 391 2.77 0.93
Gd 10.06 12.39 12.19 20.94 12.75 92 19.06 2121 15.18 53
Tb 141 1.75 1.76 298 18 133 276 3.01 213 0.75
Dy 995 1234 12.39 20.54 12.77 933 18.99 21.09 14.76 535
Ho 247 3.06 3.06 495 3.18 227 457 5.08 3.58 1.36
Er 7.62 948 95 15.02 9.69 7.04 14.1 1542 10.92 422
Tm 1.04 1.29 1.32 2.09 1.35 1.01 1.99 2.13 149 0.58
Yb 6.63 823 845 134 8.57 6.57 13.06 13.64 945 3.73
Lu 1.07 132 137 214 139 1.07 214 2.19 152 0.62
Y REE 172.71 214.53 213.71 334.03 223.79 171.01 334.11 344.17 264.04 94.85
LREE 13246 164 .67 163.67 251.99 172.29 133.19 25744 2604 205.01 72.94
HREE 40.25 49 86 50.04 82.04 515 37.82 76.67 83.77 59.02 2191
LREEHREY 329 33 327 3.07 3.35 3.52 3.36 3.11 347 333

The total rare earth element content (XREE) ranges from 173 to 334 ppm in the Ain

Dibba phosphorite and from 171 to 344 ppm in the Ain Kissa phosphorites (see Table V. 5).
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The highest REE contents are recorded in lower and middle phosphorite layers in both Ain
Dibba (3’ REE =334 ppm) and Ain Kissa (3 REE =334 and 344 ppm) deposits. LREE (light rare
earth elements (La to Eu)) are more abundant than HREE (heavy rare earth elements (Gd to
Lu)) (with LREE: 132-260 ppm, average = 193 ppm; and HREEs: 38-84 ppm, average = 59
ppm). The LREE/HREE ratios vary between 3.07 and 3.52 (LREE: La to Eu; HREE: Gd to Lu)
indicating LREE enrichment compared to that of the HREE. Similar to many marine
phosphorites, especially those belonging to the Tethyan phosphogenic provenance, XREEs
content in the studied phosphorites corresponds to the intermediate REE content of Tethyan
phosphorites, ranging between 100 and 400 ppm (Baioumy and Farouk, 2022), and to those
observed in the northern basin at Djebel El Kouif, Djebel Dyr and Djebel Tazbent phosphorites
(68472 ppm; Kechiched et al., 2020). However, the Y REEs contents are also noticeably lower
than those of the Kef Essenoun and Bled El Hadba phosphorites of the southern basin (906
ppm; Kechiched et al., 2020; and 2050 ppm; Laouar et al., 2024; respectively). The francolite
(Cas(POs)sF) can host REE where REE®* tend to replace Ca2" in the crystal lattice due to their
close ionic radii and electrical charge (Glenn et al., 1994; Jarvis et al., 1994; Elderfield et al.,
1981; Emsbo et al., 2015; Fleet and Pan, 1995). This is referred to as the carbonate fluorapatite
(CFA) crystallo-chemical control of REE. On the other hand, XREE contents show positive
correlation with the P2Os contents (r = 0.67, p = 0.03; see Appendix 1), suggesting that the
francolite is the main holder of the REE in the studied phosphorites. This is supported by high
positive correlation between P.Os and REE contents in all of the deposits analyzed across the
North Africa phosphorites (Garnit et al., 2017; Kechiched et al., 2020; Ahmed et al., 2022;
Edress et al., 2023; EI Bamiki et al., 2023), indicating that CFA may represent the dominant
process involved in REE enrichment of phosphorites. Notably, the highest REE contents are
recorded in the glauconite particles of the phosphatic rocks as suggested by Kechiched et al.

(2018) and Laouar et al. (2024). This is again attributed by the high REE contents observed in
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the lower and middle layers of Ain Kissa, which are more enriched in glauconite particles than
the upper layer. Additionally, the enrichment of REE in glauconite particles are promoted by
the high glauconite porosity which are consistent with the SEM-EDS results (see Chapter 1V).
Rare earth elements, along with phosphate ion (PO4%), incorporation into the glauconite mineral
structure through substitution and/or adsorption mechanisms onto mineral surface in the

depositional environment during early diagenesis (Laouar et al., 2024).

Y is often inserted between Dy and Ho in the REE series according to its ionic radius
(e.g., Zhang et al., 1994; Bau and Dulski, 1996). In the studied phosphorites, Yttrium shows
relatively high contents ranging from 111 to 279 ppm, with only two samples from the Ain
Kissa phosphorite upper layer, which show contents less than 100 ppm (69 and 80 ppm; see
Table V. 4). Unlike Ain Dibba and Ain Kissa phosphorites, samples from the Troubia deposit
show low contents of Yttrium, ranging from 68 to 90 ppm, with only two samples display high
contents (131 and 145 ppm; see Table V. 5). Additionally, a strong positive correlation is
observed between the Y contents and XREE (r = 0.98; Appendix 1) in the Ain Dibba and Ain

Kissa phosphorites samples, suggesting a common source of both REE and Y.

V. 3. Controls on major, trace and REE distribution

Multivariate statistical analyses of whole-rock samples have identified four main
components controlling the geochemical properties of phosphorites. Principal Component
Analysis (PCA) was carried out on major, trace and REE elements in order to better assess the
factors that control the distribution and fractionation of these elements within the primary sub-
compositions of phosphorite rocks in the studied samples. PCA is a widely used multivariate
statistical method to represent the multivariate nature of the major, trace and REE elements
dataset in a reduced dimensional space, facilitating the evaluation of chemical variability across

different phosphorite deposits (e.g., Davis, 1986; Wold et al., 1987; Aitchison, 1994). The PCA
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results provide insights into the association of major, trace and REE elements with specific
rock-forming components, helping to distinguish between geochemical signatures related to
mineral phases such as apatite, dolomite, calcite, or siliceous material. This approach can be
particularly useful for understanding the diagenetic behavior of these elements, as well as for

assessing their economic potential through targeted extraction from enriched phases.

16 variables (including major and trace elements) versus 7 samples from Troubia
deposit, and 31 variables (including major, trace and REE elements) versus 10 samples (i.e.,
observations) from Ain Dibba and Ain Kissa deposits, were assessed using a correlation matrix.
The results show that the two main components PCland PC2 gather a cumulative variance of
67.05% (PC1 = 43.66%, PC2 = 23.39%; Fig. V. 3, for calculations, see supplementary material
1, appendix 1), while other components display less importance in term of variance (e.g., PC3
=15.40 %, PC4 =7.33 %) and therefore variable and samples projection will be enabled on the
two components having higher variance in Ain Dibba and Ain Kissa phosphorite. In the biplot,
there are two major, distinct and opposing trends. The first trend that yield negative PC1
loadings, includes a clustering of major elements such as P.Os, CaO, Na2O, and MnO, along
with trace elements, including U, V, Sr, Y, REE, Cr, Sc, and Th, reflecting carbonate fluor-
apatite (CFA) and can be interpreted by substitutions/adsorptions mechanisms in the
depositional environment, as discussed previously by many authors (e.g., Jarvis et al., 1994;
Laouar et al., 2024). The second trend that displays positive PC1 loadings, includes major
elements such as Al.Oz, Fe;03, K20, MgO, TiOz, and SiOz. This indicates an opposition
between CFA and other elements representing the matrix of the phosphorite rocks (dolomitic
and siliceous) and glauconite minerals. In this cluster, some trace elements including Ni, Zn,
Cu, Zr, Hf and Cs, are relatively enriched. The projection of phosphorite samples on the PC1

versus PC2 distinguishes two sample classes based on these factors: the first are P-rich samples
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(P20s > 20 wit%) falling within the apatite cluster, and the second cluster represents the matrix-
rich samples, with sub-compositions such as Si-rich samples indicating cherty composition.
Similarly, for the Troubia phosphorites with the first two components, PC1 and PC2, explaining
69.45 % of the total variance (PC1 = 48.27 %, PC2 = 21.18 %; Fig. V. 4, for calculations, see
supplementary material 2, appendix 2). PC1 with the highest variance is characterized by
positive loading of P.Os and CaO representing CFA as well as As, U, Sr, Cr, V, and Y. This
cluster indicates that these elements are mostly included in the apatite component represented
by carbonate fluorapatite (CFA), which controls their distribution and can be interpreted to
either adsorption or substitution mechanisms during diagenesis (Nathan, 1984; Jarvis et al.,
1994; Laouar et al.,2024). The AlO3, TiO2, Fe203, K2O and some other TE (e.g., Zr) have
negative loading towards PC1, which may reflect the glauconite minerals, detritus imputes and
matrix component. On the other hand, MgO and SiO- have a strong negative loading towards
PC2 that can reflect dolomitic and siliceous matrix (PCA results are given in appendix 2) and
accompanied by some trace elements such as Zn linked to organic matter (Belayouni et al.,
1982). Individual samples plotted within the variability space PC1 versus PC2, show an
association of three sample groups distinguishes three sample classes based on these factors
distinguishes three sample classes based on these factors: samples rich in CaO-P.Os contents
(P20s > 20 wt%), are highly phosphatized and reflect the CFA component, which points to
economic phosphorite layers; Si-rich samples indicating cherty phosphorite; and samples
highlighting a common presence of dolomitic and siliceous matrix with glauconite minerals

within phosphatic rocks.
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Fig. V. 3. Biplot of the PC1 versus PC2 components from the PCA analysis of Ain Dibba and
Ain Kissa phosphorites.
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phosphorites.

Conclusion:

Geochemical data of the Troubia, Ain Dibba, and Ain Kissa deposits show less content
in terms of P>Os oxide, trace and REE elements. This indicates that they are not as rich as
phosphorites from the southern basin (Kef Essenoun and Bled El Hadba), which are a result of
a large glauconitization of pre-existing particles, particularly in the southern Tebessa Basin,
which leads to an enrichment of REEs (XREE up to 2000 ppm). This process is likely a factor
in REE enrichment in whole-rock samples (whole-rock REE contents up to 900 ppm), which
holds economic potential due to critical element concentrations, are vital for high-tech industry.
This, once again, suggests that the major mechanisms controlling the uptake of major, some
trace, and REE elements of the all studied phosphatic particles from NNE and NNW basins of

Tebessa region include substitutions and adsorption processes onto apatite and glauconite
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minerals. These geochemical features indicate that phosphorites from the northern basin were
deposited, through upwelling current, in a more open, shallower, oxygenated and agitated

environment during the Paleocene-Eocene phosphogenesis in Tebessa region.

164



Chapter VI
Paleo-depositional environment
and

REE enrichment




Chapter VI

Paleo-depositional environment and
REE enrichment

Trace and REE elements, including Ni, Cr, V, U, Cd, Cu, Ce, Eu and Y, in sedimentary
phosphorites have been extensively investigated in recent studies across multi-scale, such as
whole-rock, separate particles, matrix, and grain-size fractions (Kechiched et al., 2018, 2020;
Dassamiour et al., 2021; Boumaza et al., 2021; Ferhaoui et al., 2022; Laouar et al., 2024,
Aouachria et al., 2025). Other studies were focused on the potentially hazardous elements
(PHE) contents in phosphorite ores and their wastes across various sizes (Bezzi et al., 2012 ;
Boumaza et al., 2021, and 2023; Saouli et al., 2025), allowing for the evaluation of
environmental impacts which pose environmental and health risks. Phosphorite deposits show
higher concentrations of these elements and are widely used to trace redox conditions during
phosphorite deposition and diagenesis in the paleo-depositional environment (e.g., Hatch and
Leventhal, 1992; Jones and Manning, 1994; Morford and Emerson, 1999; Baturin and
Kochenov, 2001; Morford et al., 2001; Algeo and Maynard, 2004; Tribovillard et al., 2006;
Zhou and Jiang, 2009; Pi et al., 2014; Adegoke et al., 2014; Baioumy and Lehmann, 2017;
Amireh et al., 2019; Kechiched et al., 2020; Ahmed et al., 2022; Laouar et al., 2024; Ferhaoui

etal., 2022).

The rare earth element (REE) results of the studied phosphorites were normalized to
Post Archean Australian Shales (PAAS) using the data from (Taylor and McLennan, 1985;
McLennan, 1989) (Table VI. 1). The calculation of Ce/Ce* = 3Cen/(2Lan + Ndn) and Cerium
anomaly Cean = log Ce/Ce* are taken from Wright et al. (1987), the calculation Eu/Eu* =

Eun/(Smn + Gdn)®® is taken from Taylor and McLennan (1985), Pr/Pr* = 2Pry/(Cen + Ndn) is
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from Bau and Dulski (1996) and Y/Y* = 2Yn/(Dyn + Hon) is from Fazio et al. (2007). N refers

to PAAS normalized value in all the mentioned calculations.

Table. VI. 1. Post Archean Australian Shale (PAAS) REEs contents (McClellan, 1989).
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VI. 1. PAAS-normalized REE + Y patterns and depositional environment

PAAS-normalized REE and Y patterns are commonly used to assess redox conditions
and to understand the processes that occurred during the sedimentary processes as well as post
deposition conditions (e.g., Wright et al., 1984; Grandjean and Albaréde, 1989; German and
Elderfield, 1990; Grandjean-Lécuyer et al., 1993; Reynard et al., 1999; Shields and Stille, 2001,
Morad and Felitsyn, 2001; Gnandi and Tobschall, 2003; Fazio et al., 2007; Garnit et al., 2012,
2017; Tostevin etal., 2016; Khan et al., 2016; Kocsis et al., 2016; Auer et al., 2017). Commonly,
a seawater-like pattern is characterized by a negative Ce anomaly, HREE enrichment, as well
as Y enrichment (Baar et al., 1985; Nozaki et al., 1997; Bau, 1999; Shields and Stille, 2001,
Emsbo et al., 2015), whereas a hat-shaped pattern is distinguished by MREE enrichment and
HREE depletion (e.g., Reynard et al., 1999; Shields and Stille, 2001; Zhu et al., 2014). Both the
REE patterns are characterized by (a) negative Ce anomalies, (b) positive Eu anomalies and (c)

positive Y anomalies. The results of the normalized REE and Y are represented in Table VI. 2.
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Table VI. 2. Data of the normalized REE and Y of Ain Dibba and Ain Kissa phosphorites.

Ain Dibba Ain Kissa

Sample | 21add04 | 21add08 |21bkdd09]|21bdkd14(21bkdd23 21akd06 | 21akd10 | 21akd14 | 21akd16 | 21akd18
(La/Sm)y| 1.25 1.29 1.26 1.06 1.26 1.17 1.05 11 1.22 1.33
(La/Yb)yy | 0.65 0.66 0.62 0.58 0.65 0.61 0.57 0.6 0.68 0.64
(LaNdyy | 1.5 1.52 1.49 1.3 1.49 14 1.28 1.34 1.45 1.53
(Sm/Yb)y| 0.52 0.51 0.49 0.55 0.51 0.52 0.55 0.55 0.56 0.48
(Sm/Pr)y | 137 1.35 1.35 1.42 1.34 1.33 1.41 1.41 1.35 1.32
Pr/Pr* 1.35 1.36 1.34 1.41 1.35 1.34 1.32 14 1.34 1.35
Ce/Ce* 0.22 0.21 0.22 0.19 0.23 0.27 0.27 0.19 0.24 0.22
EwEu* 0.89 0.98 0.99 1.35 1.01 0.93 1.33 1.35 1.13 0.64
Ce Anom| -0.67 -0.67 -0.65 -0.71 -0.65 -0.57 -0.57 -0.72 -0.62 -0.67
YIY* 2.26 2.29 2.17 2.05 2.2 2.08 2 2.14 2.14 2.36
Y/Ho 57.08 57.79 54.97 52.47 55.42 53.02 513 54.88 54.62 59.07

The REE patterns of both Ain Dibba and Ain Kissa phosphorites show clearly
seawater-like type, with well pronounced Ce negative anomalies and slight HREE enrichment
relative to LREE (Fig. VI. 1). This observation is supported by the (Sm/Pr) n vs (Sm/YDb) n
diagram of Reynard et al. (1999), where the REE patterns show HREE enrichment (Fig. V.
12a), most likely due to strong seawater influence during phosphatization, glauconitization and
diagenetic processes. Furthermore, the plot of (La/Sm) n vs (La/ Yb) n suggested by Reynard et
al. (1999) shows that the studied samples (Fig. VI. 2b) are comparable to those of the modern
seawater values (from 0.6 to 1.6) in case of (La/Sm) n ratios ranging from 1.05 to 1.33, but
slightly higher for (La/YDb) n ratios ranging from 0.57 to 0.68 than those of seawater (from 0.2
to 0.5, see Table VI. 2). This suggests that REE uptake onto apatite/glauconite lattice took place
during early diagenesis, although the (La/Sm) n ratios remain without modification (e.g.,
Reynard et al., 1999; Fazio et al., 2007; Kechiched et al., 2020; Laouar et al., 2024). In addition,
the Y/Ho ratio is a useful parameter that can provide information about the influence of detrital
siliciclastic supply and to track the source of REE (e.g., Abedini and Calagari, 2017; Xing et

al., 2021; Wu et al., 2022a, b). The studied phosphorite samples display Y/Ho ratios ranging
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from 48.2 to 69.2 (see Table VI. 2) and are entirely within the range of seawater values of 60
as reported by Bau and Dulski (1994), thus ruling out any significant influence of terrigenous
inputs values of 28 (Bau, 1996; Bau and Dulski, 1996; Nozaki et al., 1997; Webb and Kamber,
2000; Zhao and Jones, 2013; Xing et al., 2021; Wu et al., 2022). Therefore, our data on the
REY patterns suggest that the seawater record has been preserved unmodified (Tostevin et al.
2016), indicating that phosphorite REYs were mainly derived from seawater rather than
continental detritus. These data exhibit REE patterns that are comparable to those recorded in
phosphorite deposits from the northern basin phosphate deposits (Djebel ElI Kouif, Djebel Dyr
and Tazbent; Kechiched et al., 2020), as well as those from the phosphorites upper sub-layer
from the Kef Essenoun (southern basin) (Kechiched et al., 2016, 2020; Ferhaoui et al., 2022).
These phosphorites also exhibit similarities to numerous phosphorite deposits across North
Africa and the Middle East, including the Moroccan phosphorites (Kocsis et al., 2016); the Sra
Ouertane and Skarna deposits in the Northern Basin of Tunisia (Garnit et al., 2017); the Al-
Kora phosphorites in Jordan (Abed et al., 2016); the Sirhan-Turayf phosphorites in Saudi
Arabia (Ahmed et al., 2022); and the Turkish Cretaceous phosphorites (Gundogar and Sasmaz,

2022; Ghasemian et al., 2022).
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Fig. VI. 1. PAAS (McLennan, 1989)-normalized REE patterns of investigated samples from Ain Dibba
() and Ain Kissa (b) phosphorites compared to seawater REE patterns (Li, 2000).
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Fig. V1. 2. (a) (Sm/Pr) n vs. (Sm/Yb) n diagram (after Garnit et al., 2012; Kechiched et al., 2016) showing
HREE-enrichment of the studied phosphorites. (b) (La/Yb) n vs. (La/Sm) n diagram (Reynard et al.,
1999) showing relatively high (La/Yb) n ratios compared to those of seawater and a tendency towards
early diagenesis.
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V1. 2. Investigation on redox conditions

The redox conditions of the depositional environment can be determined by using the
different anomalies, such as Ce, Eu and Y, which appear in the PAAS-normalized REE + Y
patterns. In addition, many trace elements are highly sensitive to redox conditions such as: U,
V, Cr and Fe (e.g., Jones and Manning, 1994; Morford and Emerson, 1999; Tribovillard et al.,
2006; Zhou and Jiang, 2009; Baioumy and Lehmann, 2017). The behavior of these elements
under different reduction/oxidation conditions is the main key to understand the redox

environment during phosphorite deposition.

VI. 2.1. Ce anomaly

In oxidized seawater, cerium is oxidized from the soluble Ce** to the highly insoluble
Ce*, which is removed from seawater, and consequently creates a negative Ce abundance in
seawater (e.g., Moffett, 1990, 1994; Tanaka et al., 2010). The removed Ce*" is most probably
adsorbed on Mn-oxides and hydroxides, which may explain the positive Ce anomaly in Mn
nodules on the ocean floor (e.g. Elderfield et al., 1981; Wright et al., 1987; Bau and Dulski,
1996; Tachikawa et al., 1999). As a result, the Ce anomaly is taken as a useful indicator for
seawater redox conditions (e.g., German and Elderfield, 1990; Shields and Stille, 2001; Ling et

al., 2013; Al-Bassam et al., 2021; Baioumy and Farouk, 2022; Gundogar and Sasmaz, 2022).

Ce anomaly values in Ain Dibba and Ain Kissa investigated phosphorites show average
values of —0.67 and —0.63 respectively (see Tab. VI. 2). Although all samples show similar Ce
anomaly values which indicate oxidizing marine conditions, these values increase slightly in
the lower and middle layers of Ain Kissa phosphorite (-0.57), which are richer in glauconite
particles and thus REE concentrations, then decrease in the upper layer (-0.72, becomes more
strongly negative, with decreasing glauconite and REE concentrations), pointing local semi-

reduced environment. This implies that during early diagenesis, the redox conditions in the
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sedimentary environment control both the glauconitization process and the intensive uptake of
REE, which progressively decrease from the bottom to the top of the phosphorite layers. These
data suggest a relative evolution from more reduced conditions during early diagenesis at the
bottom towards oxidized environment at the upper layers of the studied phosphorites. This is
confirmed by the Pr/Pr* vs. Ce/Ce* diagram proposed by Bau and Dulski (1996), which is used
for checking the Ce anomalies. According to Fig. VI. 3a, most of the plotted samples fall in the
[11b field, interpreted as real negative Ce anomaly, indicative of deposition under oxic marine
conditions. Accordingly, the obtained negative Ce anomalies can therefore be used as paleo-
redox indicator. Although the Ce anomalies are elevated, they are comparable to those found in
the other northern basin phosphorites, such as Djebel El Kouif, Djebel Dyr, and Tazbent, which
exhibit an average of —0.51 (Kechiched et al., 2020). Conversely, Ain Dibba and Ain Kissa
phosphorites recorded more strongly negative Ce anomalies than those observed in the Algerian
southern basin (Bled El Hadba: 0.24 to —0.20 (Laouar et al., 2024), and Kef Essenoun: 0.18 to
—0.16 (Kechiched et al., 2020)), and the eastern side of the Kesserine Island, i.e., the Tunisian
northern, eastern and Gafsa-Metalaoui basins, with values ranging from —0.08 to —0.27 (Garnit
etal., 2017). As a result, the depositional environment was more oxidizing in the north-western
parts of the Kesserine Island (shallower environment) than in the southern and eastern parts,
possibly indicating deeper environments. Additionally, the binary diagram Nd versus Ce
anomaly of Wright et al. (1987) (Fig. VI. 3b) shows not only more oxic conditions for the
deposition of Ain Dibba and Ain Kissa phosphorites, but also indicate a relatively shift towards
fast sedimentation during the phosphorites deposition process compared to the Kef Essenoun
and Bled El Hadba southern basin and Tunisian phosphorites (Kechiched et al., 2020; Laouar
et al., 2024; Garnit et al., 2017). Indeed, high Nd contents suggest slow sedimentation rate and
favor a high rate of REE uptake according to Wright et al. (1987). These findings are consistent

with similar data obtained from particles found in the Kef Essenoun and Bled El Hadba deposits
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from southern basin, as reported by Kechiched et al. 2018; and Laouar et al.,2024. As noted
previously, it is clear that the slight positive shift of (La/Yb) n values of the Ain Dibba and Ain
Kissa phosphorites (0.57-0.68) compared to those of seawater (0.2-0.5; cf. Fig. VI. 2b)
(Elderfield and Pagett, 1986; Reynard et al., 1999), provides strong evidence for early
diagenetic processes and REE enrichment by two main mechanisms substitution and adsorption
onto apatite at the seawater/sediment interface. In contrast, (La/Sm) n values between 1.05 and
1.33 are similar to those of seawater (0.6-1.6), although there is also a shift towards slightly
higher values and, therefore, early diagenesis processes during phosphorites deposition (cf. Fig.
V1. 2b). The presence of glauconite minerals in the studied phosphorites is believed to have
contributed to REE enrichment through uptake from pore waters under slightly reduced
conditions during early diagenesis, where Kechiched et al. (2018) and Laouar et al., (2024) have
reported the enrichment of REEs in glauconite grains using “in situ” LA-ICP-MS technique in
the southern basin. These data are consistent with SEM observations, which reveal the presence
of porosity, microcracks, and fractures in phosphatic particles (i.e., pellets, coprolites, and
bioclasts). These features probably facilitated significant REE uptake and contributed to the
enrichment of certain chemical elements. However, the phosphorites of the northern basin
experienced limited glauconitization, as they were deposited in a shallow, oxic environment.
This suggests, once again, sub-oxic to oxic conditions prevail during the north phosphorite
deposition, whereas sub-reduced conditions mark the sub-layer of southern phosphorite

deposits.
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Fig. VI. 3. (a) Pr/Pr* vs. Ce/Ce* diagram (after Bau and Dulski, 1996) showing increasing large oxic
conditions for the deposition of Ain Dibba and Ain Kissa phosphorites; all investigated samples fall in
the field Illb which indicaties real negative Ce anomalies: (Field I: no anomaly; Field lla: positive La
anomaly causing apparent negative Ce anomaly; Field llb: negative La anomaly causing apparent
positive Ce anomaly; Field Illa: real positive Ce anomaly; Field IV: positive La anomaly disguising
positive Ce anomaly); (b) Ce anomaly vs. Nd diagram (Wright et al., 1987) showing more oxic
conditions for the depositional environment of studied phosphorite along with the Dj. Dyr, Tazbent and
El Kouif (Kechiched et al., 2020) from the northern basin compared to those of the phosphorites from
the southern basin in Algeria (Kef Essenoun and Bled El Hadba; Kechiched et al., 2020) and from
southern and eastern basin in Tunisia (Gafsa-Metlaoui and Jebel Jebs; Garnit et al., 2012).

V1. 2.2. Europium anomaly

Europium typically occurs in the trivalent state, but Eu** can be reduced to Eu?" under
reducing conditions (e.g. Brookins, 1989; Shields and Stille, 2001). Consequently, a positive
Eu anomaly is therefore considered an indicator of reducing depositional conditions during
early diagenesis (Michard et al., 1983; Stalder and Rozendaal, 2004; Bau et al., 2010). Weak
positive Eu anomalies of the studied phosphorites, which ranges from 0.89 to 1.35 for Ain
Dibba and from 0.93 to 1.35 for Ain Kissa phosphorites (see Table VI. 2), confirm the
prevailing slightly reducing conditions in the basin during phosphorite depostion. Furthermore,
the highest Eu anomalies are recorded in phosphorite from the lower and middle sub-layers of
Ain Kissa, where are considered to be the most glauconite-rich phosphorite layers. This
indicates that positive Eu anomaly values are strongly related to an increase in glauconitization
(increase in SiO2, Al20s, Fe:O3p and MgO contents) which support diagenetic processes.
Similar positive anomalies are also observed in phosphorite deposits of the northern basin (0.6-
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1.57 for Dj. El Kouif and Dj. Dyr; Kechiched et al., 2020), but lower compared to those of the
phosphorite deposits from the southern basin (1.96-2.14 for Kef Essenoun; Kechiched et al.,
2020 and 1.03-3.38 for Bled El Hadba; Laouar et al., 2024). As a result, these weak Eu anomaly
values are interpreted as the slight reducing conditions during early diagenesis. In addition,
REE vs. Eu/Eu* in Ain Dibba and Ain Kissa phosphorite show a strong positive correlation (r
=0.99, Fig. VI. 4). This indicates that positive Eu anomaly values are strongly related to REE
enrichment and is accompanied by an increase in glauconitization. The highest Eu anomalies
are accompanied by the highest REE contents, and are recorded in the phosphorites from the
southern basin compared to those of the phosphorites from the northern basin (Kechiched et al.,
2016, 2020; Laouar et al., 2024). This suggests, once again, that unlike the southern basin,
where glauconitization enhanced REE uptake, the weak reducing conditions in the northern
basin limited this process. This resulted in a noticeable REE depletion in the northern basin

phosphorites.
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Fig. VI. 4. REE vs. Eu/Eu* variations in Ain Dibba and Ain Kissa phosphorite showing the strong
positive correlation compared to those of the phosphorites from the northern basin (Dj. Dyr and Dj. El
Kouif; Kechiched et al., 2016,2020) and from southern basin (Kef Essenoun; Kechiched et al.,
2016,2020, and Bled El Hadba; Laouar et al.,2024).
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VI. 2. 3. Yttrium anomaly

Y in the studied phosphorites is often inserted between Dy and Ho in the REE series
according to its ionic radius (e.g., Zhang et al., 1994; Bau and Dulski, 1996). Y/Y™* ratios range
from 2.00 to 2.36 (average = 2.17) and La/Nd ratios vary from 1.28 to 1.53 (average: 1.43),
again indicating that the samples fall within the modern seawater field (Fig. V1. 5a and Table
VI. 2; Shields and Stille ,2001). Additionally, the samples reveal a clear positive correlation
between Y anomaly and (La/Nd) n rations, which indicates the close link between Y and La
behavior in the seawater and/or sediments-pore water (Fazio et al., 2007). Furthermore, the Ce
anomaly also demonstrates negative correlations with both parameters (Ce/Ce* vs. Y/Y* = -
0.41; Ce/Ce* vs. La/Nd = -0.15) as depicted in Figure 5b and c, this trend is mostly attributed
to early diagenesis. This result is similar to those reported in other North African phosphorites

(e.g., Garnit et al., 2017; Kechiched et al., 2020; Ferhaoui et al., 2022; Laouar et al., 2024).
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(La/Nd) nvs. Ce/Ce*.

V1. 3. Trace elements as redox indicators

Trace elements, including Ni, Cr, V, U, Cd, and Cu, in sedimentary phosphorites have
been extensively investigated in recent studies across various scales, such as whole-rock,
separate particles, matrix, grain-size fractions, and through processing chain, and their wastes.
Phosphorite deposits show higher concentrations of these elements and are widely used to trace
redox conditions during phosphorite formation and diagenesis (e.g., Hatch and Leventhal, 1992;
Jones and Manning, 1994; Morford and Emerson, 1999; Baturin and Kochenov, 2001; Morford
et al., 2001; Algeo and Maynard, 2004; Tribovillard et al., 2006; Zhou and Jiang, 2009; Pi et
al., 2014; Adegoke et al., 2014; Baioumy and Lehmann, 2017; Ahmed et al., 2022; Amireh et

al., 2019; Kechiched et al., 2020; Laouar et al., 2024;). Additionally, environmental impacts on
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soils and sediments near mining plant have been also evaluated (Boumaza et al., 2021, 2023).
The enrichment of these elements compared to average mudstones and shales, has been
attributed to the activity of organic matters, which are derived essentially from marine plankton
and typically associated with marine phosphorites and accumulation at the sediment—water
interface, characterize accumulation under mildly denitrifying (reducing) conditions
(Gulbrandsen, 1966; Froelich et al., 1988; Khan et al., 2012; Amireh et al., 2019). In terms of
redox conditions, their significant enrichment in phosphorites can also be resulted to enhanced
uptake from seawater and/or pore-water during redox cycling and diagenesis (Froelich et al.,
1988; Scopelliti et al., 2010; Khan et al., 2012). Similar to the majority of Paleocene-Eocene
North African phosphorites (Garnit et al., 2017; Kechiched et al., 2020, Laouar et al., 2024),
the phosphorites studied from the Ain Dibba and Ain Kissa deposits show high contents of
these elements, with the highest are recorded in the lower phosphorite layers (see Tables V. 3
and V. 4, Chapter V). In addition, V and Cr, which are soluble in water under oxic conditions,
tend to be enriched in sediments deposited under reducing environments (Piper, 1994). They
are, therefore interpreted to have been deposited under mildly reducing conditions during their
early diagenesis. Cr enrichments is similar with REE enrichments in the phosphorites samples
from the lower layers, with the glauconites being the most enriched particles (e. g., samples
21akd06 and 21akd10 for Ain Kissa and samples 21add03 and 2l1add04 for Ain Dibba
phosphorites; cf. Figs. 11. 8 and Il. 33, Chapter 1I; and Tables V.3, 4 and V.5, Chapter V). This
would strongly support the idea that glauconitization took place under relatively reducing
conditions particularly in the lower phosphorite layers of both deposits which leads to an
enrichment of REEs (ZREE up to 2000 ppm, Laouar et al.,2024; Kechiched et al.,2018). This
data is supported by Cr/V ratios, with Piper (1994) pointing out that the Cr/V ratio of seawater
is 0.12. This ratio could be much greater in sediments that accumulate under mildly reducing

conditions, but approach the seawater value in sediments that accumulate under strongly
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denitrifying to sulfate-reducing conditions. All samples from Ain Dibba and Ain Kissa
phosphorite show rather high Cr/V ratios between 1.09 and 2.31 (cf. Chapter V, Tables V.3 and
V.4) indicating mildly reducing conditions compared to those of seawater. Conversely, the
Troubia deposit is more depleted in Cr and V contents than the average shale and phosphorite,
and Ain Dibba and Ain Kissa phosphorites. This can be attributed to the less accumulation of
plankton associated with marine phosphorite. Although the lower Cr and V contents, Cr/V
ratios show high values ranging from 1.34 to 8.56 (cf. Chapter V, Tables V.3 and V.4), where
the highest are registered in phosphorite samples rich in glauconite minerals, therefore,

indicated that the deposition occurred under reducing conditions.

Conclusion

Geochemical data of Troubia, Ain Dibba, and Ain Kissa phosphorites indicate that the
sedimentary environment was characterized by slightly reducing conditions during early
diagenesis. This reduced paleo-environment is attributed the intensive uptake of both REE and
some trace elements (e.g., Cr, V, Ni, U) mainly from pore- waters, especially in phosphorites
from the lower layers of Ain Dibba and Ain Kissa deposits. The negative Ce anomalies, slightly
positive Eu anomalies and pronounced positive Y anomalies and some sensitive trace elements,
such as V, Cr, and U all show an evolution from sub-oxic to oxic conditions for the deposition
and diagenesis of the studied phosphorites. The glauconitization processes is the main factor
that control the enrichment of REE through both substitution and adsorption mechanisms. This
processes are attributed by the formation the glauconite minerals in the lower and middle
phosphorite layers accompanied by concentrated more REE. Conversely, the depositional
environment of the phosphorite upper layers was more oxygenated with more negative Ce
anomalies, weak positive Eu anomalies, and therefore glauconitization processes were limited
and glauconite clearly absent. Similar to many phosphorites that were deposited during the

Cretaceous-Eocene period on the southern margin of the Neo Tethys Ocean along the Afro-
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Arabian platform, the main origin of these chemical elements was from seawater rather than

from terrigenous sources.
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Conclusion




Conclusion

Comprehensive geological, petrological, and geochemical investigations of the Troubia,
Ain Dibba, and Ain Kissa phosphorites indicate that these deposits host limited economic
potential, despite being partially exploited during the French colonial period in the early 20™
century. These occurrences are part of the Paleocene—Eocene northern basin of the Kasserine
Island and were deposited specifically during the Thanetian stage (59.2-56 Ma), a time marked
by large amount marine phosphorites accumulation linked to Tethyan upwelling currents rich
on P and Si.

Petrologically, the phosphorite successions consist of thin sub-layers of about 80 cm
thick, within the flint-bearing marly limestone, marl and dolostone formations. They are semi-
hard to hard facies, with heterogeneous phosphatic particles in their shapes, colors and
morphologies (the rock is poorly sorted), and contents which vary from about 50 to 75% of the
rock. They are mainly pellets, coprolites, bioclasts, glauconite, gypsum, and detrital quartz.
These constituents are cemented by calcareous, siliceous and more rarely a clayey matrix.
Mineralogically, the main phosphatic mineral is carbonate-fluor apatite (CFA), while the matrix
and /or cement phases are mainly composed of dolomite, calcite and opal-CT, with rare
accessory minerals, such as gypsum, detrital quartz and zeolites (clinoptilolite-heulandite).
FTIR data reveals the characteristic absorption bands of carbonate-fluorapatite (CFA),
indicating calcareous phosphorites due to the high intensity of carbonate gangue (calcite and
dolomite). In contrast, the strongest silica intensities (detrital quartz, glauconite and siliceous
cement) are recorded in cherty phosphorites. These data are supported by that SEM- EDS
analysis which show high porous structure, cracks and fractured surfaces of phosphatic
particles, may be related to transport, burial, allowing the enrichment of chemical elements,

such as P.Os, and REE, through adsorption from both seawater and pore water during early
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diagenesis. Notably, the presence of organo-apatitic component within pellets particles and
matrix, and the occurrence of silica (opal-CT) as a matrix of some phosphorite layers are
attributed to upwelling processes which are believed to be the cause of recycled P and Si
between the deep oceanic reservoir and surface water followed by sedimentation. Si may also
originate from radiolarians tests, siliceous algae and diatoms and precipitated in the depositional
environment as cherty phosphorites. Geochemically, the studied phosphorites show lower P2Os
and REE contents, lower Ce and Eu anomalies, and lower redox-sensitive trace element
contents than those of the southern (Kef Essenoun and Bled El Hadba) and eastern (Tunisian)
basins of the Kasserine Paleo-Island. The highest trace and REE elements are recorded in
phosphorites enriched in glauconite minerals. The faster sedimentation is also contributed to
poorer contents in glauconite (weak glauconitization processes) and hence, poorer REE
contents than the phosphorites of the southern basin. Additionally, the highest Ce/Ce* and
lowest Eu/Eu* anomalies in Ain Dibba and Ain Kissa deposits are recorded in the lower layers,
enriched in both REE and glauconite contents, whereas the lowest Ce/Ce* and highest Eu/Eu*
anomalies, reflecting more oxic conditions, are characteristics of the glauconite-free and REE-
poor upper layers. Also, the redox-sensitive (Cr, Ni, V, U) trace element data display transition
from relatively sub-oxic to oxic conditions (from the lower to the upper layers). The deposition
conditions during early diagenesis were characterized by slightly reducing conditions which are
attributed the intensive uptake of both REE and some trace elements (e.g., Cr, V, Ni, U) mainly
from pore- waters through substitution and adsorption mechanisms onto apatite and glauconite
minerals, especially in phosphorites from the lower layers of Ain Dibba and Ain Kissa deposits.
These geochemical features indicate that phosphorites from the northern basin were deposited,
through upwelling current, in a more open, shallower, oxygenated and agitated environment

during the Paleocene-Eocene phosphogenesis with limited PETM events in Tebessa region.
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Notably, like their Tunisian counterparts, the Algerian phosphorites were deposited
during the Paleocene—Eocene period and probably record the environmental perturbations
associated with the Paleocene—Eocene Thermal Maximum events (PETM; Garnit et al., 2017
Saouli at al., 2025; Kechiched et al., 2020; Ferreira da Silva et al., 2010). It is necessary to
estimate REE reserves in phosphates in the Tébessa region using geostatistical tools and
artificial intelligence methods. Further work on REE enrichment and extraction is necessary to
assess the economic viability of these refining elements. Using stable isotope geochemistry
(8%3C and 5'80) of phosphorite deposits in the Tebessa basin, Algeria, may also be useful to
reconstruct climatic conditions and the chemistry of the depositional environment in the

Algerian phosphates, focusing on the Paleocene—Eocene period.
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Appendix 1. Results of correlation and PCA analysis on clr-data of Ain Dibba and Ain Kissa phosphorite

deposits.

Table 1S: Summary statistics:

Variable | Observations m%k;?h;v(ijtgta %?SSSI\;]V;EZ?; Minimum Maximum Mean de\?igion
TiO2 10 0 10 0.0100 0.0666 0.0247 0.0195
SiO2 10 0 10 0.5477 38.5498 17.8342 15.8958
CaO 10 0 10 30.0108 51.4646 42.1136 8.3517
K20 10 0 10 0.0342 0.1606 0.0727 0.0441
Fe20st 10 0 10 0.0422 0.4037 0.1968 0.1256
Al20s3 10 0 10 0.0810 1.1093 0.3602 0.3703
P20s 10 0 10 14.1566 24.3625 20.6648 3.6538
MgO 10 0 10 0.3518 1.5386 0.7761 0.4900
Na.0 10 0 10 0.5426 1.1716 0.8292 0.1697
MnO 10 0 10 0.0007 0.0072 0.0020 0.0019
LOI 10 0 10 7.4198 26.5051 13.6230 6.5681
Zr 10 0 10 9.3311 27.2951 16.1890 5.7943
Y 10 0 10 80.2708 278.8143 183.1340 61.7968
Sr 10 0 10 1366.1910 2148.4608 1792.2155 243.9696
U 10 0 10 28.1278 106.5135 76.3434 25.3788
Zn 10 0 10 57.0366 150.4165 92.2130 33.0312
Cr 10 0 10 114.8247 213.8977 163.9905 32.2795
\Y 10 0 10 63.3856 118.4363 98.5820 16.8586
Rb 10 0 10 0.4962 5.3518 1.9145 1.6820
Nb 10 0 10 0.2409 2.5923 0.8078 0.7916
Cs 10 0 10 0.0398 0.3380 0.1258 0.1033
Ba 10 0 10 47.8803 175.9963 84.2962 43.6891
Hf 10 0 10 0.1583 0.5759 0.2953 0.1531
Ta 10 0 10 0.0310 0.1967 0.0689 0.0586
Pb 10 0 10 0.6040 2.6026 1.2331 0.5891
Th 10 0 10 0.6720 2.8326 1.7487 0.5656
Sc 10 0 10 1.2672 6.7879 3.5200 1.9197
Co 10 0 10 0.1676 0.5054 0.3373 0.1167
Ni 10 0 10 10.8993 29.7307 18.7576 6.4754
Cu 10 0 10 6.2111 40.4651 18.1173 10.1329
> REE 10 0 10 94.8511 344.1684 236.6956 82.3114




Table 2S:

Correlation matrix (Pearson (n)):

Variables TiO, SiO, CaO K,0 Fe,0xt Al,O3 P,Os MgO Na,O MnO LOI Zr Y Sr U Zn Cr
Tio, 1

Si0, 0.3991 1

Ca0 -0.4694 | -0.9961 1

Kz0 09613 | 0.4128| -0.4766 1

Fe.0x 0.9275| 05751 | -0.6338 | 0.9490 1

Al205 09957 | 04241 -0.4937| 0.9758| 0.9487 1

P2Os -0.4276 | -0.3121| 0.3240| -0.2589 | -0.3535| -0.3732

MgO 0.6593 | -0.0466 | -0.0283| 0.6187| 05426 | 0.6625| -0.1447 1

Na;0 -0.1754 | -0.2358 | 0.2138| -0.0731| -0.1005| -0.1321| 0.6783| 0.3959 1

MnO -0.1123 | -0.5030 | 0.4956| -0.1581| -0.1704| -0.1379| 0.0052| -0.0871| 0.0978 1

LOI -0.1772 | -0.8220 | 0.8133| -0.2858 | -0.3884 | -0.2341| -0.2805| 0.1332| -0.1441| 0.4816 1

Zr 0.8347 | 0.1678| -0.2366| 0.8495| 0.7698| 0.8535| 0.0342| 0.5289| 0.0530| 0.1104 | -0.2388 1

Y -0.1745 | -0.3902 | 0.3819 | -0.0985| -0.1578| -0.1346| 0.7144| -0.1181| 04153 | 0.4815| -0.0698 | 0.3888 1

S -0.4373| -0.3929| 0.3962| -0.3058 | -0.3671| -0.3778| 0.8982| 0.0860| 0.7872| -0.0358| -0.1297 | -0.0305| 0.6610 1

U -0.7415 | -0.3295| 0.3752| -0.6450 | -0.6761| -0.7202| 0.8016| -0.6373| 0.3374| 0.2092| -0.1463| -0.3242| 0.6065| 0.6005 1

Zn 0.8088 | 0.1743| -0.2355| 0.8041| 0.7644| 0.8229| -0.0978| 0.4114| -0.1147| 02490 | -0.1710| 0.9630| 0.3867 | -0.1647 | -0.3540 1

Cr 0.3287 | -0.3198| 0.2710| 0.3385| 0.1890| 0.3479| 0.4113| 0.3891| 0.3472| 0.3550| 0.0286| 0.7386| 0.7847| 0.4389| 0.1034| 0.6766 1
v -0.2778 | -0.3876| 0.3907 | -0.3285| -0.2548| -0.2713| -0.0563| -0.0200| 0.0958 | 0.1585| 0.4277| -0.1863| 0.2352| 0.2486| -0.0404| -0.1454 | 0.1683
Rb 09914 | 04358 | -0.5057 | 0.9560| 0.9526| 09924 | -0.4322| 0.6507| -0.1718| -0.1684 | -0.2084 | 0.8121| -0.1968 | -0.4238| -0.7528 | 0.7889 | 0.2749
Nb 09973 | 04060 | -0.4761| 0.9499 | 0.9086| 0.9896| -0.4350| 0.6635| -0.1709| -0.1084 | -0.1805| 0.8272| -0.1847 | -0.4479| -0.7389 | 0.7954| 0.3368
Cs 0.9815| 04498 | -05190| 0.9361| 0.09494| 0.9814| -0.4582| 0.6255| -0.2003| -0.1829 | -0.2070| 0.7924 | -0.2130 | -0.4447 | -0.7565| 0.7757 | 0.2444
Ba -0.3883 | 0.4663 | -0.4151| -0.2455| -0.1838| -0.3464 | 0.2551| -0.2673| 0.2984 | -0.4653| -0.5789| -0.4711| -0.2259 | 0.2472| 0.2253| -0.5581| -0.4196
Hf 0.9265| 02504 | -0.3217| 09235| 0.8549| 09364 | -0.1444| 05908 | -0.0278| 0.0644 | -0.2104| 09783 | 0.2040| -0.1921| -0.4932| 0.9470| 0.6268
Ta 09940 | 0.3699 | -0.4419| 09510| 0.9073| 0.9899| -0.3797 | 0.6577| -0.1402| -0.0561| -0.1814| 0.8768| -0.0869 | -0.3942| -0.6943 | 0.8480 | 0.4180
Pb 00427 | 04462 | -04351| 0.1868| 0.1313| 0.0621| 0.3487| -0.0784| 0.2948| -0.4132| -0.6358 | -0.0093| -0.1914 | 0.0798| 0.2492 | -0.1702| -0.2250
Th 02828 | -0.0130 | -0.0241| 0.4205| 04126| 0.3449| 05939| 0.2336| 05196| 02773 | -0.3676| 0.6830| 0.7595| 05207 | 0.2536| 0.6485| 0.6683
Sc 04353 | 02612 | 02152| 04741| 03369| 04529| 0.2985| 02750| 0.1546| 0.4747| 0.0318| 0.8239| 07598 | 0.2342| 00524| 08234| 0.9302
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Co

-0.0565

0.7245

-0.7046

0.0211

0.2007

-0.0091

0.0464

-0.0002

0.2285

-0.6500

-0.7184

-0.2682

-0.4066

0.0961

-0.0696

-0.3363

-0.5347

Ni

0.8587

0.3839

-0.4453

0.8737

0.8787

0.8827

-0.1085

0.4315

-0.0406

0.0928

-0.3675

0.9528

0.2841

-0.1756

-0.4008

0.9601 | 0.5721

Cu

0.2619

0.4201

-0.4254

0.2639

0.3148

0.2759

0.0847

-0.1836

-0.3152

-0.1244

-0.5055

0.3484

0.1056

-0.1689

0.1391

0.4073 | -0.0039

Somme REE

-0.0142

-0.3080

0.2895

0.0724

0.0169

0.0296

0.6700

-0.0340

0.3962

0.4640

-0.1297

0.5296

0.9834

0.6000

0.5065

0.5277 | 0.8171

continues

Variables

Rb

Nb

Cs

Ba

Hf

Ta

Pb

Th

Sc

Co

Ni

Cu

Somme REE

TiO2

SiO2

Cao

K20

Fe20st

Al203

P20s

MgO

Na20

MnO

LOI

Zr

Y

Sr

u

Zn

Cr

\

Rb

-0.2347

Nb

-0.2962

0.9818

Cs

-0.2040

0.9972

0.9703

Ba

-0.1153

-0.3728

-0.3735

-0.3867

Hf

-0.2090

0.9046

0.9216

0.8864

-0.4534

Ta

-0.2609

0.9776

0.9949

0.9656

-0.4116

0.9545

Pb

-0.6813

0.0274

0.0624

0.0009

0.6204

0.0047

0.0269
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Th -0.0762 0.2926 0.2546 0.2700| -0.1516 0.5603 0.3321 0.1004 1

Sc 0.0609 0.3818 0.4305 0.3513| -0.5104 0.7285 0.5126| -0.2180 0.7326 1

Co -0.2366 0.0168 | -0.0621 0.0294 0.7514 | -0.2229| -0.1090 0.5229 | -0.0454| -0.6113 1

Ni -0.1742 0.8571 0.8453 0.8486 | -0.3719 0.9576 0.8876 0.0001 0.6585 0.7076 | -0.1011 1

Cu -0.6757 0.2762 0.2494 0.2847| -0.2145 0.2955 0.2599 0.2128 0.3133 0.1293 0.1638 0.3964 1
Somme REE 0.1708 | -0.0323| -0.0297| -0.0499| -0.2734 0.3565 0.0689 | -0.1575 0.8496 0.8299 | -0.3869 0.4404 0.1792

Values in bold are different from 0 with a significance level alpha=0.01
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Table 3S: Eigenvalue and Variances of extracted components from Principal Component Analysis:

F1 F2 F3 F4 F5 F6 F7 F8 F9
Eigenvalue 13.5346 | 7.2507 4,7748 2.2724 1.2864 0.7569 0.6297 0.3212 0.1733
Variability (%) | 43.6599 | 23.3894 | 15.4025 7.3303 4,1497 2.4415 2.0314 1.0362 0.5591
Cumulative % |43.6599 | 67.0493 | 82.4518 | 89.7821 | 93.9318 | 96.3733 | 98.4046 | 99.4409 | 100.0000
Table 4S: Correlations between variables and factors:
F1 F2 F3 F4 F5 F6 F7 F8 F9

TiO, | 09791 | -0.1308 | 0.1060 | -0.0742 | -0.0762 | 0.0039 | -0.0329 | -0.0033 | -0.0234
Si0, | 0.4083 | -0.6660 | -0.4927 | 0.1681 | 0.3060 | 0.0938 | 0.0155 | 0.1219 | -0.0346
CaO |-04775| 0.6443 | 0.4771 | -0.1368 | -0.2890 | -0.0829 | -0.0296 | -0.1255 | 0.0600
K:O | 0.9612 | -0.0839 | -0.0654 | -0.1105 | -0.0995 | 0.0451 | -0.0736 | -0.1453 | 0.1185
Fe:Ox | 0.9388 | -0.2040 | -0.1091 | -0.0711 | 0.1007 | 0.0486 | 0.1210 | -0.1749 | 0.0495
Al,O; | 0.9870 | -0.1106 | 0.0387 | -0.0952 | -0.0421 | -0.0123 | -0.0214 | -0.0223 | 0.0116
P,Os |-0.3065| 0.6223 | -0.6630 | -0.1097 | -0.1798 | -0.1390 | -0.0857 | -0.0897 | 0.0124
MgO | 0.6034 | 0.0681 | 0.1551 | -0.6835 | -0.2330 | -0.1188 | 0.1760 | 0.2000 | 0.0269
Na,O |-0.1266| 0.4357 | -0.4777 | -0.6600 | -0.1521 | 0.1528 | 0.2495 | 0.0410 | -0.1412
MnO |-0.0469| 0.6004 | 0.3725 | 0.2610 | -0.0297 | 0.5402 | 0.3645 | 0.0698 | 0.0028
LOl  |-0.2659| 0.2669 | 0.8841 | -0.1412 | -0.2110 | -0.0041 | 0.0506 | -0.0886 | 0.0378
zr 09127 | 0.3813 | -0.1014 | 0.0392 | -0.0177 | -0.0329 | -0.0871 | 0.0136 | -0.0236
Y 0.0016 | 0.9278 | -0.2857 | 0.1472 | 0.1840 | 0.0001 | -0.0134 | 0.0411 | -0.0113
Sr -0.3366| 0.6221 | -0.5017 | -0.4233 | 00181 | -0.2506 | 0.0173 | 0.0238 | 0.0688
U -0.6326| 0.4818 | -0.4752 | 0.3105 | -0.1131 | 0.0147 | -0.0552 | -0.0658 | -0.1583
Zn 0.8984 | 0.3702 | 0.0172 | 0.2089 | 0.0902 | 0.0067 | 0.0176 | 0.0070 | 0.0575
Cr 0.4395 | 0.8223 | -0.0503 | -0.1059 | 0.0460 | -0.0159 | -0.2184 | 0.2568 | -0.0285
; -0.2674| 0.3064 | 0.4109 | -0.3739 | 0.6923 | -0.0663 | -0.0729 | -0.1458 | -0.1250
Rb 0.9724 | -0.1677 | 0.0825 | -0.0938 | -0.0150 | -0.0569 | 0.0189 | -0.0691 | -0.0453
Nb 0.9720 | -0.1406 | 0.1063 | -0.0770 | -0.0951 | 0.0313 | -0.0578 | 0.0521 | -0.0455
Cs 0.9615 | -0.1901 | 0.0983 | -0.0765 | 0.0228 | -0.0844 | 0.0338 | -0.0874 | -0.0865
Ba -0.3952 | -0.4307 | -0.6420 | -0.2727 | 0.1576 | 0.2776 | -0.1752 | 0.0447 | 0.1930
Hf 0.9709 | 0.2188 | -0.0130 | -0.0052 | -0.0277 | 0.0277 | -0.0858 | 0.0053 | -0.0200
Ta 0.9863 | -0.0485 | 0.0918 | -0.0604 | -0.0633 | 0.0285 | -0.0542 | 0.0497 | -0.0512
Pb 0.0271 | -0.3287 | -0.7247 | -0.0443 | -0.4663 | 0.2643 | -0.2205 | -0.1296 | -0.1063
Th 0.4456 | 0.6644 | -0.5048 | -0.0128 | 0.0643 | 0.0311 | 0.2431 | -0.1861 | 0.0788
Sc 05573 | 0.7906 | 0.0023 | 0.1143 | 0.0323 | 0.1019 | -0.1709 | 0.0496 | 0.0905
Co -0.0669 | -0.6322 | -0.6535 | -0.2523 | 0.1853 | -0.0918 | 0.2488 | 0.0000 | 0.0221
Ni 09422 | 02121 | -0.1450 | 0.1151 | 0.1602 | 0.0596 | 0.0268 | -0.0500 | -0.0247
Cu 0.3471 | -0.0777 | -0.3880 | 0.6950 | -0.1935 | -0.3688 | 0.2469 | 0.0737 | 0.0125
;‘)Ergme 0.1657 | 0.9073 | -0.3081 | 0.1536 | 0.1736 | 0.0063 | 0.0138 | -0.0224 | 0.0068

210



Table 5S: Factor scores:

Observation F1 F2 F3 F4 F5 F7 F8 F9
21addi04 -2.3205 | -3.1283 | -1.3007 | -1.0845 | 1.7603 0.7705 -0.2294 0.3948 0.6737
21addi08 -2.9140 | 1.0111 | 0.2149 | -3.4096 | -0.7028 -0.5523 0.9096 0.3699 -0.3168
21bkddio9 | -2.3756 | -1.1880 | -2.9288 | -0.1767 | -1.2136 0.9443 -1.1069 -0.5971 -0.4559
21bdkdil4 | -1.1127 | 4.0327 1.6997 1.2298 | 0.1722 1.7790 0.8606 0.0307 -0.0442
21bkddi23 | -1.5802 | -1.3031 | -2.2990 | 2.4779 | -1.4351 -0.7512 0.7585 0.6058 0.2530
21akdi06 75706 | -2.7144 | 1.5652 0.0375 | -0.0707 0.3498 -0.3244 0.7518 -0.4452
21akdil0 6.4854 | 2.8550 | -1.1658 | -0.9676 | -0.6769 -0.3003 -0.0701 -0.6107 0.6487
21akdil4 -2.1982 | 4.2075 0.6576 0.6722 0.8773 -1.0048 -1.4219 0.4817 -0.0898
21akdil6 1.0496 | -0.8891 | -1.2783 | 0.8378 1.9947 -0.7967 0.8360 -0.7722 -0.4675
21akdil8 -2.6043 | -2.8833 | 4.8355 | 0.3832 | -0.7055 -0.4383 -0.2120 -0.6548 0.2441
Appendix 2. Results of correlation and PCA analysis on clr-data of Troubia phosphorite deposit.
Table 1S: Summary statistics:
Variable Observations Qb‘?" with Ol_)s._wnhout Minimum Maximum Mean S.td‘.
missing data | missing data deviation
TiO2 6 0 6 0.008 0.040 0.017 0.012
SiO2 6 0 6 26.931 44128 37.187 6.796
Ca0 6 0 6 28.552 33.399 30.046 1.912
K20 6 0 6 0.010 0.068 0.031 0.026
Fe20at 6 0 6 0.016 0.134 0.062 0.045
Al203 6 0 6 0.070 0.455 0.211 0.171
P20s 6 0 6 18.395 24.798 20.638 2.639
MgO 6 0 6 0.100 1.395 0.392 0.497
As 6 0 6 5.420 8.840 6.393 1.252
Zr 6 0 6 27.810 32.480 30.650 1.551
Y 6 0 6 68.090 145.200 96.975 33.210
Sr 6 0 6 1263.310 1433.150 1360.458 58.605
U 6 0 6 41.440 80.520 57.815 15.273
Zn 6 0 6 42.710 199.280 98.580 59.099
Cr 6 0 6 56.980 88.210 73.423 11.228
\Y 6 0 6 5.000 50.830 37.267 16.700
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Table 2S: Correlation matrix (Pearson (n)):

Variables TiO2 SiO2 Ca0 K20 Fe20st Al20s P20s MgO As Zr Y Sr U Zn Cr \
TiO2 1

SiOz 0.320 1

Ca0 -0.313| -0.950 1

K20 0.875| 0.361| -0.295 1

Fe20st 0.919| 0.179| -0.155| 0.962 1

Al20s 0.899| 0.281| -0.241| 0.956| 0.927 1

P20s -0.360| -0.995| 0.961| -0.391| -0.211| -0.335 1

MgO -0.225| 0532| -0427| -0.098| -0.186| -0.354| -0.449 1

As -0.382| -0.494| 0.261| -0.334| -0.194| -0.386| 0491| -0.076 1

Zr 0.636| 0.682| -0.810| 0.629| 0566 0.634] -0.734| -0.021| -0.048 1

Y -0569| -0.773| 0.625| -0.690| -0.495| -0.695| 0.795| -0.107| 0.772| -0.583 1

Sr -0.607| 0.002| 0.024| -0233| -0417| -0.216| -0.012| -0.036| 0.154| -0.096| -0.078 1

U -0.648| -0.739| 0.672| -0.848| -0.690| -0.790| 0.765| -0.145| 0.422| -0.786| 0.890| -0.088 1

Zn -0.031| 0661 -0.642| -0.208| -0.353| -0.168| -0.693| 0.355| -0.625| 0.229| -0.491| 0.004| -0.176 1

Cr 0.320| -0.130| -0.040| 0.255| 0.434| 0.205| 0.140| 0.161| 0.646| 0305| 0.385| -0.500| -0.007| -0.588 1

\ -0.379| -0.194| 0.064| -0.737| -0588| -0.731| 0.225| 0.199| 0315| -0.325| 0.667| -0438| 0.744| 0.223| 0.229 1

Values in bold are different from 0 with a significance level alpha=0.01
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Table 3S: Eigenvalue and Variances of extracted components from Principal Component Analysis:

F1 F2 F3 F4 F5
Eigenvalue 7.490 3.812 2.283 1.527 0.888
Variability (%) 46.812 23.822 14.266 9.547 5.552
Cumulative % 46.812 70.635 84.901 94.448 100.000
Table 4S: Correlations between variables and factors:
F1 F2 F3 F4 F5

TiO2 -0.780 -0.487 0.154 -0.355 -0.068
SiO2 -0.773 0.583 0.230 0.083 0.054

Ca0 0.710 -0.524 -0.399 -0.168 0.185

K20 -0.850 -0.501 -0.060 0.034 0.148
Fe2Oast -0.722 -0.677 0.070 -0.066 0.109
Al203 -0.826 -0.515 -0.197 -0.081 -0.086

P20s 0.803 -0.553 -0.203 -0.084 0.031
MgO -0.093 0.514 0.463 0.202 0.687

As 0.550 -0.349 0.430 0.579 -0.236

Zr -0.809 -0.030 0.332 0.250 -0.416

Y 0.917 -0.234 0.308 0.060 -0.082

Sr 0.139 0.323 -0.586 0.725 -0.093

) 0.960 0.017 0.078 -0.259 -0.071

Zn -0.311 0.849 -0.017 -0.357 -0.236

Cr 0.000 -0.570 0.791 0.212 0.065

\Y 0.607 0.296 0.616 -0.375 -0.155
Table 5S: Factor scores:

Observation F1 F2 F3 F4 F5 F6 F7 F8 F9
21addio4 -2.3205 | -3.1283 -1.3007 -1.0845 1.7603 0.7705 -0.2294 0.3948 0.6737
21addi08 -2.9140 | 1.0111 0.2149 -3.4096 -0.7028 -0.56523 0.9096 0.3699 -0.3168
21bkddi09 | -2.3756 | -1.1880 -2.9288 -0.1767 -1.2136 0.9443 -1.1069 -0.5971 -0.4559
21bdkdil4 -1.1127 | 4.0327 1.6997 1.2298 0.1722 1.7790 0.8606 0.0307 -0.0442
21bkddi23 | -1.5802 | -1.3031 -2.2990 2.4779 -1.4351 -0.7512 0.7585 0.6058 0.2530
21akdi06 7.5706 | -2.7144 1.5652 0.0375 -0.0707 0.3498 -0.3244 0.7518 -0.4452
21akdil0 6.4854 2.8550 -1.1658 -0.9676 -0.6769 -0.3003 -0.0701 -0.6107 0.6487
21akdil4 -2.1982 | 4.2075 0.6576 0.6722 0.8773 -1.0048 -1.4219 0.4817 -0.0898
21akdil6 1.0496 | -0.8891 -1.2783 0.8378 1.9947 -0.7967 0.8360 -0.7722 -0.4675
21akdil8 -2.6043 | -2.8833 4.8355 0.3832 -0.7055 -0.4383 -0.2120 -0.6548 0.2441
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