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ARTICLE INFO ABSTRACT

Keywords: The Algerian phosphorites, deposited during the Paleocene-Eocene, are part of the Tethyan phosphogenesis

REE ) along the southern paleo-Tethys margin. Located primarily in the Tebessa region, these deposits hold reserves

Matrix o exceeding 2 billion metric tons. Recent interest has grown due to their enrichment in rare earth elements plus

g:::;;zr::;;a;mn yttrium (REY). While previous studies have examined whole-rock and grain-size fractions, the fine-grained

Algeria matrix (<45 pm) remains poorly explored. This study provides the first mineralogical and geochemical char-
acterization of this fraction to assess its economic potential and paleoenvironmental significance. Twenty-two
fine-fraction samples from four Tebessa localities were separated using humid grain-size classification. Miner-
alogical analysis was supported by X-Ray Powder Diffraction (XRD), whereas geochemical analyses were carried
out using inductively coupled plasma optical emission spectroscopy (ICP-OES) and inductively coupled plasma
mass spectrometry (ICP-MS).

The XRD results show that the phosphorite fine-grained matrix is composed of calcite, dolomite, carbonate
fluorapatite, glauconite, quartz, chlorite, and gypsum. Notably, glauconite occurs in higher amounts in southern
deposits (Kef Essenoun), suggesting intensified glauconitization process. Geochemically, the fine fraction con-
tains an average of 12.48 wt% P»0s, with REY concentrations ranging from 55 to 863 ppm. REY contents in-
crease southward, with REEs ranging between 68 and 678 ppm (avg. 416 + 198 ppm) and Y varies from 9 to 187
ppm (avg. 125 + 56 ppm). The higher REY content is partly linked to glauconite phase abundance. Normalized
REY contents indicate seawater-like patterns in the northern deposits, whereas the southern deposits show
middle REE (MREE) enrichment patterns. High (La/Yb)y ratios in the glauconite-rich samples suggest early-
diagenetic adsorption under slow sedimentation rate and sub-reduced conditions. An enhanced glauconitiza-
tion process occurred in the southern basin at the Paleocene-Eocene boundary, which is marked by global
thermal event. These findings suggest that the fine-grained matrix, typically considered as waste during the
treatment of raw phosphorites, holds economic potential due to its high REY content, presenting a promising
resource for future exploitation.

1. Introduction were deposited in the southern side of the Tethyan Ocean, where these
sediments were transformed into phosphorites (Sassi, 1974; Notholt,
During the Paleogene period, large amounts of phosphatic matter 1980; Sheldon, 1987; Notholt et al., 1989; Lucas and Prevot-Lucas,
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1995). The processes leading to the formation of phosphorites is known
as phosphogenesis; this results from the overlap of several biological,
physical and chemical factors (Krajewski, 1994; Follmi, 1996; Schulz
and Schulz, 2005; Arning et al., 2009; Goldhammer et al., 2011; Brock
and Schulz-Vogt, 2011; Ciobota et al., 2014; Salama et al., 2015; Mand
et al., 2018; Lumiste et al., 2021). The North African realm is known by
high amounts of phosphorites, as a part of this phosphogenesis system,
and was studied by several authors (e.g. Ounis et al., 2008; Ben Hassen
et al., 2009, 2010; Galfati et al., 2010; Garnit et al., 2012, 2017; Kocsis
et al., 2013, 2014; Ciobota et al., 2014; Salama et al., 2015). Particu-
larly, the Algerian and Tunisian phosphorites, which were deposited
around Kasserine Island during Cretaceous to Upper Eocene, have
gained greater interest in the last decade (Kocsis et al., 2014; Kechiched
et al., 2016, 2018, 2020, 2024; Garnit et al., 2017; Bouabdallah et al.,
2019; El Zrelli et al., 2019; Ettoumi et al., 2020; Buccione et al., 2021;
Dass amiour et al., 2021; Laouar et al., 2024; Diab et al., 2024).

The Algerian phosphorites are located mainly in the Tebessa area,
close to the Algerian-Tunisian border. They are located in two distinct
basins: the northern basin represented by Djebel El Kouif phosphorites
and the southern basin which correspond to the Djebel Onk complex,
including Kef Essenoun and Bled El Hadba deposits. These phosphorite
deposits were studied by many authors especially for their geochemical
characteristics (e.g., Kechiched, 2017; Kechiched et al., 2018, 2020,
2024; Buccione et al., 2021; Dass amiour et al., 2021; Laouar et al.,
2024; Diab et al., 2024). Based on these studies, high amounts of REE
were recorded, notably in the main layer of phosphorites from the Kef
Essenoun deposit (min = 576 ppm; max = 906 ppm, Kechiched et al.,
2020). This REE enrichment was partly attributed to abundance of
glauconitic particles, which yield marked ) REE enrichment, exceeding
1000 ppm compared to other phosphatic particles, such as the pellets
and coprolites in the phosphorite rock (Kechiched et al., 2018). This was
recently confirmed by Laouar et al. (2024) when studying the neigh-
boring Bled El Hadba deposit, where the glauconite particles have been
reported to be enriched in the > REE more than any other Tethyan de-
posits (up to 2050 ppm, with an average of 1429 ppm). These authors
mentioned the role of the paleoenvironmental conditions in both the
REE uptake and the glauconitization processes that affected the phos-
phatic particles. Furthermore, it was also mentioned that early diage-
netic conditions mainly control REE uptake and distribution rather than
any other factors, such as seawater chemistry and phosphatic grain-size
(Valetich et al., 2022; Ferhaoui et al., 2022).

Using “in situ” analysis on separate particles, the glauconitization
process leading to a supplementary enrichment in REE budget was dis-
cussed in the light of the geochemical signal (Kechiched et al., 2018;
Laouar et al., 2024). However, the mineralogical control was not clearly
evidenced, as X-ray diffraction in the whole-rock phosphorites (e.g.,
Tahri et al., 2019; Kechiched et al., 2020) does not show the presence of
glauconite minerals. Laouar et al. (2024) pointed out that glauconite is
‘structurally immature’ according to LA-ICP-MS chemical analysis of the
mineral.

The glauconitization effect is worth of investigation, since it involves
significant REE enrichment, with an important potential for these crit-
ical elements to industry. In addition, the glauconitization process al-
lows to better constrain paleoenvironments and paleoclimate
conditions. The glauconite deposits were developed during the Paleo-
gene period in shallow water along continental margins, as a conse-
quence of warm and humid climatic events, also called the global
hyperthermal events. The most significant of these is that occurring
during the Paleocene-Eocene boundary, known as PETM event (Clay
Kelly et al., 1996; Thomas et al., 1999; Bolle et al., 2000; Zachos et al.,
2005; Rohl et al., 2007; John et al., 2008; Ferrow et al., 2011; Samanta
et al., 2013; Sluijs et al., 2014; Stassen et al., 2015; Banerjee et al.,
2016b, 2020; Huggett et al., 2017; Roy Choudhury et al., 2021). This
relatively short period is characterized by an unusual increase in sea-
surface temperature, sharp sea-level rise, oceanic acidification and
ocean deoxygenation (Clay Kelly et al., 1996; Thomas et al., 1999; Bolle
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et al., 2000; Zachos et al., 2005).

Although geochemical studies on glauconite particle separates and
whole-rock samples have provided valuable information in REE distri-
bution and fractionation, studies on phosphate matrix and its role in REE
budget are scarce. This matrix, usually reported to be P-depleted, may
deliver significant information in tracking glauconitization processes. In
the present study, we focus, for the first time, on the phosphorite matrix
to characterize its mineralogical and geochemical features. The fine
fraction (<45 pm) of the matrix is the target of this study, where four
comprehensive phosphorite deposits that belong to both the northern
and southern basins of the Tebessa region are investigated.

The main objectives are, therefore, to: (i) characterize the miner-
alogy of the phosphorite matrix (ii) determine the chemical composition
(major, trace and REE contents) of the matrix, (iii) interpret the
mineralogical and geochemical results in terms of paleoenvironment
and paleoclimate conditions promoting high rate of glauconitization and
REY enrichment in the Algerian phosphorites and (iv) preliminary assess
the economic significance of the matrix in terms of critical elements.

2. Geological settings

Belonging to the eastern part of the Saharan Atlas, the Tebessa region
hosts the main economic deposits of the Algerian phosphorites. These
are mainly located in two sub-basins (Fig. 1A): the northern basin in-
cludes Djebel El Kouif, Djebel Dyr, Ain Dibba, Ain Kissa and Djebel
Tazbant deposits, and the southern basin represented by the Djebel Onk
mining district, which includes 5 deposits (Onk Nord, Kef Essenoun
(now under open-pit exploitation), Djebel Djemi-Djema, Bled El-Hadba
(under extensive exploration), and Oued Btita).

These sedimentary phosphorites were deposited as a result of marine
phosphogenesis processes that took place along the southern part of the
Tethys Paleo-Ocean margins, during the late Cretaceous to the early
Paleogene. This process extends geographically from North Africa to the
Middle East, (Sassi, 1974; Notholt, 1980; Sheldon, 1987; Notholt et al.,
1989; Lucas and Prevot-Lucas, 1995; Ciobota et al., 2014; Salama et al.,
2015). Large areas in the northern Africa were particularly covered by
the Tethys Ocean during the late Paleocene to the early Eocene (~56
Ma), except some emerged islands, such as the Kasserine and the Djef-
fara Islands (Fig. 1B) (Sassi, 1974; Burollet and Oudin, 1980; Fourine,
1980). On the Kasserine Island borders, giant amounts of phosphatic
matter, carried by the Tethys upwellings, were deposited (Sassi, 1974;
Burollet and Oudin, 1980; Fourine, 1980). Three basins were, then,
formed around this island, including: (i) Sra Outran basin in the north
(the northern basin), (ii) Gafssa-Metlaoui basin in the south (the
southern basin) and (iii) Meknassi-Mezzouna basin in the east (the
eastern basin) (Zaier, 1984; Chabou-Mostefai, 1987; Beji-Sassi and Sassi,
1999).

In this study, the investigated deposits belong to the Algerian realm
westerward of this paleo-island, and are represented by (1) the Djebel El
Kouif and Djebel Dyr phosphorite deposits in the north (Fig. 2A), which
belong to the northern basin that extend easterly to Sra Ouartan in
Tunisia, and (2) the Kef Essenoun deposit (Djebel Onk, complex)
(Fig. 2B) that belongs to the Gafsa-Metlaoui-Onk southern basin (e.g.,
Chabou-Mostefai, 1987; Kechiched et al., 2024). In both areas, the
sedimentary rocks were deposited during the Mesozoic-Cenozoic times
(Fig. 2) (Dubourdieu, 1956; Durozoy, 1956; Bles and Fleury, 1971). The
studied phosphorites in the northern basin consist of several decimeter-
to meter-thick levels - (Bles and Fleury, 1971; Kechiched et al., 2020)
(Fig. 3), whereas, those of the southern basin often show a single layer
that may reach 35 m in thickness (Cielensky et al., 1988; Kechiched
et al., 2020) (Fig. 4C-D).

The petrological features of the studied deposits have already been
detailed by a number of authors (e.g., Chabou-Mostefai, 1987;
Kechiched et al., 2020). Here, we provide a brief overview of the
phosphorite layers. For the northern sites, the lithological units in the
Djebel Dyr (Fig. 3B) are mostly composed of limestones, marls and
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Fig. 1. (A) Geographical position of the Algerian Phosphorites in the north of Africa. (B) Paleogeographic map of the Algero-Tunisian phosphorites during the early
Eocene (modified after Sassi, 1974; Burollet and Oudin, 1980; Winnock, 1980; Chaabani, 1995; Zaier et al., 1998).

dolomitic limestones containing thin (10-60 cm) phosphorite levels
(Fig. 3A). In the Djebel El Kouif deposit, the studied section is subdivided
into three units, based on facies features; from the bottom to the top: (i)
Unit A showing marly to clayey, glauconite-rich phosphorites (Fig. 3A),
(ii) Unit B displaying grey, medium-grained phosphorites, and (iii) Unit
C consisting of cherty phosphorites (Fig. 3A). The Kef Essenoun phos-
phorites of the southern basin, are composed of a single layer that is
subdivided into three main sub-layers: (i) Basal sub-layer (Fig. 4a)
consisting of ~2 m thick marly phosphorites, alternating with thin

dolomite layers, (ii) Main, ~25-30 m thick, sub-layer, which is
composed of pellet- and glauconite-rich phosphorites (Fig. 4b-c), and
(iii) Upper, 1 to 10 m thick sub-layer consiting of dolomitic phospho-
rites, with low phosphatic particle contents (Fig. 4d).

3. Sampling, analytical techniques and methodology

For analytical procedures, twenty-two phosphorite samples were
collected from the three deposits: 5 samples from Djebel El Kouif and 3
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Fig. 2. (A) Geological sketch map of Djebel El Kouif and Djebel Dyr region (from the Geological map of Morsott N°178 (1/50,000) (after Bles and Fleury, 1971). (B)
Geological sketch map of Kef Essenoun (from the Geological map of Bir El-Ater N°327 (1/50,000) modified by (ORGM, 2000)).
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Fig. 3. (A) Field photographs of phosphorites from Djebel El Kouif with lithological column showing sampling position. a- heterogeneous phosphorite. b- chert. c-
marl. (B) Field photographs of phosphorites from Djebel Dyr with lithological column showing sampling position. a- greyish marly phosphorites. b- marly phos-

phorites. c- marl with thin levels of cherty limestone.

samples from Djebel Dyr, grouped in this study as the northern basin
phosphorites, and 14 samples distributed in two profiles through the Kef
Essenoun deposit representing the southern basin phosphorites. Careful
sampling was conducted in order to be representative of all phosphatic
lithologies on one hand, and, on the other hand to ensure a compre-
hensive investigation of the studied material (see the stratigraphic col-
umns on Figs. 3-4). Phosphorite particles were separated from the
whole-rock through, crushing, washing and hand-picking techniques,
and studied using a binocular microscope. Furthermore, thin sections
were also prepared on whole-rocks for petrographic investigation using
a transmitted and reflected light optical microscope.

The fine fraction (<45 pm) of the phosphorite matrix was extracted
from the whole-rock by a humid grain-size classification method using

distilled water. The <45 pm sub-samples, after air-drying, were miner-
alogically analyzed using X-ray powder diffraction (XRPD) technique at
the Department of Basic and Applied Sciences, University of Basilicata,
Italy. A Siemens D5000 powder diffractometer with Cu-Ka radiation and
a 40 kV, 32 mA, and 0.02° (20) step size setup was used. Analyses were
performed between 0° and 70° 26, using a step size of 0.02° and scan
speed of 2 s. The X'Pert HighScorePlus software package (PAN-
alytical 2004) and PDF-2 (2003) data base were used to identify mineral
phases. The intensity level is related to the amount of each diffraction
peak, which is used to evaluate quantification of mineral compositions.

Major and trace element (including rare earth elements (REE))
concentrations were determined using inductively coupled plasma op-
tical emission spectroscopy (ICP-OES) and inductively coupled plasma
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Fig. 4. A) Satellite view (Google earth map) of Djebel Onk and Bir El-Ater region. (B) Zoom on the satellite view of the Djebel Onk phosphate mining complex. (C)-
(D) Panoramic view inside the phosphate mine of Djebel Onk. a,b,c, and d: Field photographs of phosphorites from Kef Essenoun deposit: a- marls. b-c- phosphorites.

d- limestones.

mass spectrometry (ICP-MS) at Activation Laboratories (Ancaster, Can-
ada), following acid digestion of sample powders (HF, HClO4, HNOs, and
HCI). A 0.25 g of each sample was initially digested in hydrofluoric acid,
followed by a mixture of nitric and perchloric acids. Analytical un-
certainties were below +5 %, with uncertainties for elements at con-
centrations <10 mg/kg ranging from +5-10 %. Loss on Ignition (L.O.L.)
was determined by heating the samples overnight at 950 °C.

The one-way ANOVA method was utilized to check if there were any
significant differences in the mineralogical and geochemical composi-
tion among samples from the northern and southern basins, as well as
between the sub-layers of the Kef Essenoun deposit. Compositional data
analysis (CoDa), in conjunction with classical statistical methods, is a

robust tool to enhance the understanding of elemental relationships and
the geochemical processes controlling these relationships (Thiombane
et al., 2018; Somma et al., 2021). In this study, a hierarchical clustering
algorithm (HCA) was employed using the CoDa approach. For the reli-
able implementation of both CoDa and statistical analysis, it was critical
to work with a dataset free from values below detection limits, therefore
elements with non-detected values were replaced by the value of the
detection limit. The HCA employed the “Pearson correlation coefficient”
to depict any similarity between variables and samples, while for
agglomerative clustering, “Unweighted pair-group average” method
were used. The clr-transformation was conducted by the CoDa Pack
software (Comas-Cufi and Thio-Henestrosa, 2011), whereas the HCA



R. Aouachria et al.

and statistical tests were carried out using the XLSTAT software
(Addinsoft, 2021).

Rare earth elements in this study were subdivided into three groups:
light rare earth elements (LREE; from La to Nd), middle rare earth ele-
ments (MREE; from Sm to Dy) and heavy rare earth elements (HREE;
from Ho to Lu) (e.g., Jaireth et al., 2014).

Cerium anomaly was calculated using the formula proposed by
Wright et al. (1987), where Ce/Ce* was derived as 3Cey/2Lay + Ndy. To
evaluate the amplitude of Ce anomaly, Ce,, was determined as the
logarithm of the Ce/Ce* ratio. Eu/Eu* ratios were calculated using the
Taylor and McLennan (1985) formula, expressed as Eu/Eu* = Euy/(Smy
X GdN)O‘s. Pr/Pr* ratio was determined from the formula 2Pry/(Cen +
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Ndy) given by Bau and Dulski (1996). The Y anomaly (Y/Y*) was
calculated using the formula of Fazio et al. (2007) as Y/Y* = 2Yn/(Dyn
+ Hoy). N refers to PAAS-normalized elements.

To evaluate the economic significance of REE plus Yttrium (hereafter
REY), the REY coefficient outlook (Coyy), proposed by Seredin (2010)
and extensively used by some authors (e.g., Buccione et al., 2021; Fer-
haoui et al., 2022; Laouar et al., 2024), was applied in this study. The
Coutl ratio is calculated as (Nd + Eu + Tb + Dy + Er + Y)/ > _REE)/(Ce +
Ho + Tm + Yb + Lu)/ }_REE). Additionally, the percentage of critical
elements (REY gef) within the total REY content in the analyzed fractions
is determined based on the quantities of individual critical and poten-
tially critical REY elements. Furthermore, the economic importance (EI)

Fig. 5. a-c- Particles’ separates and d-f- thin sections showing the main phosphate particles from the two studied basins.
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and the supply risk (SR), as defined by Grohol and Veeh (2023), and
related ratios, were applied.

4. Results
4.1. Petrographic features

Whole-rock phosphorite samples are composed of phosphatic parti-
cles, including coprolites, pellets, bone fragments, and glauconites that
are cemented by clayey, marly and/or carbonate matrix (Fig. 5). The
coprolites are often cylindrical particle of ~0.5 to 1 mm in diameter,
preserving the original form of fecal material, showing yellowish-brown
to creamy colors (Fig. 5B). The pellets, however, are often well
smoothed particles of ~0.2 mm in diameter (Fig. 5B). The glauconites,
of a diameter similar to that of the pellets, are more abundant in the
southern basin and are easily distinguished by their greenish color
(Fig. 5A). The fine-grained fraction of the matrix, investigated in this
study, is more calcareous in the northern basin deposits than in the
southern basin Kef Essenoun phosphorites, where it displays relatively
clayey-rich nature in both investigated profiles. The upper sub-layer,
however, displays enrichment of siliceous matrix (Fig. 5E).

4.2. Mineralogical composition

The X-ray diffraction analyses of the fine fraction (< 45 pm) from the
phosphorites of both the northern and southern basins reveal generally
similar mineralogical phases (Fig. 6; Table 1, Supplementary materials).
However, notable variations in the quantities of these phases are
observed in space (between the two sectors) and in time (along the
vertical profiles). The main mineral among all is the carbonate fluor-
apatite (CFA) (d-spacing = 2.78 Z\), associated with dolomite (d-
spacing = 2.89 A), glauconite (d-spacing = 9.05 A), quartz (d-spacing =
3.34 f\), chlorite (d-spacing = 14.01 f\) and gypsum (d-spacing =7.63 A)
(Fig. 6).

Considering the semi-quantitative abundance of mineralogical pha-
ses between the two studied phosphorite basins, the northern deposits
show abundant dolomite in Djebel El Kouif (average = ~ 67 %) and
calcite in Djebel Dyr (average = ~ 68 %). The accessory minerals are
represented by glauconite ranging from ~6 % to ~11 % (average = 8 +
2 %), CFA (from ~14 to ~23 %), quartz (~5 % to ~21 %), and chlorite
(~7 % to ~11 %). Conversely, the southern deposits are marked by a
dominance of dolomite varying from ~10 % to ~81 % (average = ~41
% + 24 %), glauconite ranging from ~8 % to 61 % (average = ~28 +
18 %) and calcite (~ 19 % to 47 %, average 38 % + 16 %). The fine
fraction in these deposits exhibits lesser amounts of CFA ranging from
~8 % to ~33 % (average = ~22 + 8 %). Slight presence of gypsum
(average = ~10 % + 5 %) was also recorded.

The vertical distribution of mineralogical phase proportions within
the fine fraction of the studied sections is shown in Table 1. Notably, the
distribution exhibits a marked variation from the base to the top of the
studied profiles, particularly for glauconite. At the northern basin, at
Djebel Dyr and in, a lesser degree, at Djebel El Kouif, glauconite is
relatively scarce, except some levels where the contents can reach ~6 to
~11 %. Remarkably, at the Kef Essenoun sections, glauconite is more
abundant and displays significant vertical variability. For instance, the
glauconite amounts can reach the highest content 61 % towards the
upper section compared to the lower section (Fig. 6; Table. 1). For other
mineral phases, they fluctuate vertically according to the nature of the
phosphorite facies. The CFA is present in the matrix with relatively
higher amounts, as a result of P-enriched facies, particularly in the main
sub-layer (up to ~33 %) compared to the basal sub-layer (~12 % at
most). Conversely, dolomite displays the highest amounts at the basal
sub-layer (~81 %) correlate negatively with P-contents of the facies in
both basins. Regarding the presence of calcite, the highest amounts were
recorded in the top of Djebel Dyr section (up to 73 %), while gypsum and
chlorite are rare.
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4.3. Geochemistry

The major, trace and rare earth element compositions of the analyzed
matrix samples are reported in Tables 2 and 3 for the northern and
southern basin respectively.

4.3.1. Major elements

For major element compositions, the results show a dominance of
CaO varying between 13.7 and 38.73 wt%, with an average of 30.75 +
6.51 wt% in almost all samples, except for samples KS1, KS2, KF3, and
Dy3 where the SiO; dominate with concentrations ranging from 27.24 to
39.00 wt%. P50s, in the second dominant element, showing values from
0.79 to 17.64 wt% in the northern basin, and from 0.9 wt% to 22.24 wt%
in the southern basin. MgO values range from 1.64 to 9.52 wt%, with
relative enrichment in the northern deposits (average = 6.88 + 2.09 wt
%). The samples display low K20 and Fe;O3 contents (0.32-1.79 wt%,
and 0.43-2.85 wt% respectively), while high values are reported in
glauconite-rich levels. Al;O3 shows higher contents than those of Fe;O3
and K20 (ranging from 2.03 to 7.43 wt%). The remaining of major el-
ements show lower contents, such as MnO (< 0.03 wt%) and TiO, (<
0.31 wt%).

When comparing the northern and southern basin phosphorite
matrices, the northern deposits are depleted in P»O5 (average = 8.30 +
6.51 wt%) compared to southern deposits (average = 14.87 + 5.77 wt
%) (Fig. 7A). Similarly, SiOy, Al,O3, and K;O contents are depleted
(average values of 18.08 + 8.94 wt%, 3.24 + 1.22 wt%, and 0.52 +
0.17 wt%, respectively), relative to those of the Kef Essenoun sections,
which show averages of 21.01 + 8.63 wt%, 4.42 + 1.66 wt%, and 0.88
+ 0.34 wt%, respectively. (Fig. 7A).

4.3.2. Trace elements composition

The Most abundant trace element contents, with decreasing order are
Sr, Cr, Zn, Y, V, Ba, Ni, Zr and Cu, with Sr having the highest concen-
tration (up to 2010 ppm). This trend is similar in both basins (Fig. 7B). In
the Kef Essenoun deposit, the samples from both profiles show the
highest Sr concentrations (212 to 2010 ppm; average = 1336 + 491
ppm), followed by Cr (170 to 1220 ppm; average = 665 + 278 ppm)
(Fig. 7B). Conversely, at Djebel El Kouif, Cr displays higher contents
(from 660 to 1780 ppm; average = 1208 + 432.4 ppm) in all samples
compared to those of Sr (from 579 to 1169 ppm; average = 850 + 244
ppm) (Fig. 7B).

Despite the vertical fluctuation of trace elements contents, the one-
way ANOVA analysis reveals a significant variation in some elements
between the northern and southern basins, such V (p = 0.025), Ni (p =
0.043), Cu (p = 0.011), Mo (p = 0.026), Ti (p = 0.008). For instance, V,
Ni, and Cu are relatively enriched in northern deposits (with averages of
537 ppm, 120 ppm, 37 ppm, respectively) compared to southern sam-
ples (averages: 229 ppm, 64 ppm, 20 ppm, respectively) (Fig. 7B). On
the other hand, the northern sectors are depleted in Mo and Ti, with
average values of 3 ppm and 0.38 ppm respectively, compared to those
of southern Kef Essenoun deposit (averages: Mo = 17 ppm, Ti = 7 ppm).
The trace elements, such as Cr, Ba, Y, and Zn, show relatively similar
variation (p > 0.05) (Fig. 7B) in both basins, although the vertical trend
of these elements is not uniform and may show positive or negative
shifts vertically. The remaining trace elements, such as Sc, Be, Co, Ga,
Ge, As, Nb, Ag, In, Sn, Sb, Cs, Hf, Ta, W, Tl, Pb and Bi, display low
contents (less than 10 ppm).

4.3.3. Rare earth elements composition

From Table 2 and Table 3, it can be seen that the sum of rare earth
elements Y REE in the southern basin (68 ppm to 678 ppm; average =
416 + 198 ppm) is three times greater than that recorded in the northern
basin, with contents ranging from 41 to 316 ppm (average = 142 + 109
ppm) (Fig. 7C; Tables 2-3). Similarly, Y contents are relatively enriched
in southern deposits, varying from 9 to 187 ppm (average = 125 + 56
ppm), compared to those of the northern basin (14 to 210 ppm, average
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Table 1
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Vertical variation of the matrix mineralogical composition of samples from the northern and
southern basin phosphorites. Cal = calcite, Dol = dolomite, CFA = carbonate fluor-apatite, Qtz =
quartz, Chl = Chlorite, Glc = Glauconite, Gyp = gypsum.
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= 88 + 77 ppm). Light rare earth elements “LREE” (La—Nd) are the
most abundant class among the REE in both basins. However, in the
southern basin, the contents are much higher (59 to 554 ppm, average =
339 + 162 ppm) than those observed in the northern basin (ranging
from 34 to 225 ppm, average = 104 + 75 ppm) (Fig. 7C; Tables 2-3).
Middle rare earth elements “MREE” (Sm—Dy) are relatively enriched in
southern basin (7 to 92 ppm, average = 56.96 + 27.66 ppm) relative to
those recorded in the northern basin, with concentrations ranging from
5 to 58 ppm (average = 24 + 21 ppm) (Fig. 7C; Tables 2-3). Heavy rare
earth elements “HREE” (Ho—Lu) display the lowest contents in both
basins, with averages of 21 + 9.14 ppm in Kef Essenoun and 14 + 12
ppm in the northern phosphorites (Fig. 7C; Tables 2-3).

To evaluate the fractionation between the three REE groups, the (La/
Yb)y and (Gd/Yb)y ratios were used. The northern basins show low
values of (La/Yb)y, ranging from 0.59 to 0.94 (average = 0.69 + 0.12)
compared to those of the southern basin phosphorites (0.76 to 1.39;
average = 1.04 + 0.13). Regarding to the (Gd/Yb)y ratios, the northern
basins show lower values ranging from 0.74 to 0.98 (average = 0.89 +
0.07), while the southern basin exhibits higher values (from 1.09 to
1.66; average = 1.49 + 0.18).

Cerium anomaly (expressed as log Ce/Ce*) shows relatively lower
values, ranging from —0.65 to —0.26 (average = —0.44 + 0.16), in
northern basin compared to those registered in the southern basin
phosphorites (from —0.38 to —0.09; average = —0.19 + 0.06). Euro-
pium anomaly (expressed as Eu/Eu*) range from 0.99 to 1.18 (average
= 1.09 + 0.07) in the northern sites, whereas in the Kef Essenoun
phosphorites, the values are much higher, ranging from 1.09 to 1.2 with
an average of 1.13 + 0.04. Y anomaly (expressed as Y/Y*) displays
values ranging from 1.55 to 2.37, with an average of 1.85 + 0.28 in
northern basin. These are clearly higher than those recorded in the
southern basin (min = 0.97; max = 1.78; average = 1.48 + 0.18).
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4.4. Geochemical clusters and REE-controls

The relationships between the different variables, including corre-
lations, are constrained, and no single element can vary independently
of the others in the composition. In the present study, the method used
for the hierarchical clustering algorithm (HCA) is coupled with CoDA. In
this approach, raw data were converted into centered log ratio (clr)
following Aitchison’s rules (Aitchison, 1986), as well as several studies
on compositional data analysis (CoDa), such as that of Ebrahimi et al.
(2021). The HCA results, presented in Fig. 8, provide an overview of the
relationships between various geochemical variables and samples.

For variable clustering, the dendrogram (Fig. 8A) delineates two
main clusters. Cluster 1, which reflects CFA minerals and associated
elements, is subdivided into two sub-clusters: the first comprises As, Ag,
and Sb, grouped with Ti, Th, and LREE, whereas the second, includes
MREE and HREE, U, Sr, Y, along with and P05, NayO. Cluster 2 is
subdivided into three sub-clusters. The first, which represents the matrix
phase (calcareous and clays), consists of major oxides such as CaO, MgO,
SiO,, Aly03, Fe;03, MnO, and TiO,, along with several trace elements,
including Be, Rb, Cs, Nb, Ta, Sc, and Pb; the second is associated with
productivity indicators and precursor elements, encompassing Cr, Ba,
Cu, V, and Zn; and the third sub-cluster comprises K20 and Mo, which
may be linked to the clay-rich fraction of the matrix.

Dendrogram B (Fig. 8B), which clusters the samples, displays two
main groups. The first group includes samples characterized by high
glauconite amounts and high Y REE concentration (up to 678 ppm),
predominantly from the southern basin, whereas the second cluster
consists glauconite- and subsequently REE-depleted samples, mainly
from northern deposits.
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Table 2

Whole-rock major, trace and rare earth element contents of phosphorite matrix from the northern basin phosphorites.
Samples KF1 KF2 KF3 KF4 KF5 Dyl Dy2 Dy3
Locality Djebel El Kouif Djebel Dyr
Major elements (wt%)
SiO2 10.02 13.37 27.24 20.98 8.7 15.26 14.52 34.56
Al0s 2.26 2.87 3.33 5.22 2.03 2.73 2.46 5.01
Fe20s(T) 1.63 2.08 1.76 1.84 0.67 1.07 0.89 2.17
MnO 0.027 0.032 0.03 0.02 0.015 0.009 0.009 0.023
MgO 6.21 6.87 7.96 9.52 8.83 4.72 7.66 3.29
CaO 36.06 31.9 25.39 25.4 36.59 35.51 32.79 24.22
Na=0 1.29 1.47 0.7 0.7 0.96 0.32 0.44 0.48
K20 0.34 0.4 0.49 0.84 0.32 0.56 0.55 0.64
TiO2 0.156 0.177 0.193 0.278 0.116 0.173 0.144 0.297
P20s 17.64 14.57 8.73 7.37 13.6 1.07 0.79 2.63
CaO/P20s 2.044 2.189 2.908 3.446 2.690 33.187 41.506 9.209
Cu/Al0s 26.549 24.390 12.012 7.663 14.778 7.326 8.130 3.992

Trace elements (ppm)

Sc 11 12 4 6 3 3 3 6
Be 2 2 1 2 <1 <1 <1 2

v 1156 1172 356 492 670 162 176 111
Ba 425 79 69 57 33 33 30 55
Sr 1169 974 637 579 891 660 595 602
Y 210 202 55 77 91 20 14 38
Zr 53 55 50 66 38 40 38 85
Cr 1440 1780 660 1210 950 240 200 270
Co 6 8 1 3 2 <1 <1 3
Ni 240 260 130 70 50 80 70 60
Cu 60 70 40 40 30 20 20 20
Zn 1150 1150 650 290 160 150 150 220
Ga 10 13 6 7 4 5 4 7
Ge <1 <1 <1 <1 <1 <1 <1 <1
As 6 5 <5 5 <5 <5 <5 <5
Rb 9 11 16 28 10 15 15 25
Nb 6 6 5 9 4 7 6 10
Mo <2 <2 2 <2 <2 2 <2 4
Ag 3.4 5.4 1.6 1.3 1.3 1.6 1.4 2
In < 0.2 < 0.2 < 0.2 <0.2 < 0.2 < 0.2 < 0.2 < 0.2
Sn 1 1 1 1 <1 1 <1 1
Sb 2.6 1.4 1.3 0.8 <0.5 <0.5 < 0.5 < 0.5
Cs 0.6 0.6 1 1.7 0.6 0.8 0.9 1.8
Hf 1.4 1.6 1.2 1.7 0.9 0.9 0.9 1.8
Ta 0.5 0.5 0.4 0.6 0.4 0.4 0.4 0.7
w 7 16 <1 <1 <1 <1 <1 <1
Tl 0.3 0.3 0.6 0.3 <0.1 <0.1 <0.1 0.4
Pb 6 7 <5 7 <5 <5 <5 <5
Bi < 0.4 <0.4 <0.4 <0.4 <0.4 < 0.4 < 0.4 <0.4
Th 4.1 5.1 2.3 35 1.7 1.7 1.7 3.2
U 78.3 73.7 23.1 26.1 42.7 9.6 5.1 9.8

Rare earth elements (ppm)

La 98.5 93.6 27 37.6 35.8 14.3 11.4 24.5
Ce 43 42.9 20.6 28.4 17.5 13.2 12.2 25.1
Pr 15.4 15 4.12 5.69 4.75 2.42 1.99 4.57
Nd 67.8 66.6 17.1 23.8 20.4 9.6 8.1 19.5
Sm 14 13.8 3.2 4.9 3.9 1.9 1.5 3.8
Eu 3.67 3.76 0.81 1.14 1 0.49 0.34 1

Gd 18.1 17.7 4.3 6 5.5 2.1 1.4 4.2
Tb 3 2.9 0.7 1 0.9 0.3 0.2 0.7
Dy 18.8 18.5 4.3 6.1 6.2 2.1 1.5 4.2
Ho 4.4 4.4 1.1 1.5 1.5 0.5 0.3 0.9
Er 13.5 13.5 3.4 4.5 5 1.5 1 2.7
Tm 1.88 1.82 0.48 0.66 0.71 0.22 0.14 0.41
Yb 11.8 11.7 3.1 4.2 4.5 1.4 0.9 2.6
Lu 2.07 1.94 0.53 0.73 0.76 0.22 0.14 0.42
REEs 315.92 308.12 90.74 126.22 108.42 50.25 41.11 94.6
REY 525.92 510.12 145.74 203.22 199.42 70.25 55.11 132.6
LREE (La—Nd) 224.7 218.1 68.82 95.49 78.45 39.52 33.69 73.67
MREE (Sm—Dy) 57.57 56.66 13.31 19.14 17.5 6.89 4.94 13.9
HREE (Ho—Lu) 33.65 33.36 8.61 11.59 12.47 3.84 2.48 7.03
(La/Nd)N 1.289 1.247 1.401 1.402 1.557 1.322 1.249 1.115
(Sm/Yb)N 0.603 0.599 0.524 0.593 0.440 0.690 0.847 0.743
(Sm/Pr)N 1.446 1.464 1.236 1.370 1.306 1.249 1.199 1.323
(La/Sm)N 1.022 0.985 1.226 1.115 1.334 1.093 1.104 0.937
(La/Yb)N 0.616 0.591 0.643 0.661 0.587 0.754 0.935 0.696

(continued on next page)
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Samples KF1 KF2 KF3 KF4 KF5 Dyl Dy2 Dy3
Locality Djebel El Kouif Djebel Dyr

(Gd/Yb)N 0.928 0.915 0.839 0.865 0.740 0.908 0.941 0.978
Eu/Eu* 1.086 1.133 1.028 0.990 1.017 1.155 1.105 1.179
Pr/Pr* 1.373 1.357 1.223 1.217 1.309 1.221 1.149 1.162
Ce/Ce* 0.226 0.236 0.405 0.401 0.266 0.482 0.550 0.509
Ce anomaly —0.645 —-0.628 —-0.393 -0.397 —0.575 -0.317 —0.260 —-0.293
Y/Y* 1.839 1.783 2.008 2.025 2.375 1.554 1.664 1.559
Y/Ho 47.727 45.909 50.000 51.333 60.667 40.000 46.667 42.222

5. Discussion
5.1. Texture and mineralogy: Clues for glauconitization

Petrographic investigations from both the northern and southern
basin phosphorites show that phosphatic particles are generally of fecal
origin (e.g., Kechiched et al., 2020), consisting of pellets and coprolites.
The smooth, well-polished surfaces of the pellets from the southern
deposits indicate transport processes (Chabou-Mostefai, 1987; Ben
Hassen et al., 2010; Kechiched et al., 2018, 2020), resulting in higher
pellet content in this basin phosphorites. Previous SEM-EDS in-
vestigations (e.g., Dass Amiour et al., 2013; Kechiched et al., 2020)
highlighted the porous structure of these particles, which provides a
favorable environment for glauconite formation (Pryor, 1975; Odin and
Matter, 1981; Glenn and Arthur, 1988; Chafetz and Reid, 2000; Chat-
toraj et al., 2016).

Also, several petrographic studies highlight significant enrichment of
glauconitic particles in the southern deposits (e.g., Kef Essenoun;
Kechiched et al., 2018, and Bled El Hadba; Laouar et al., 2024). How-
ever, whole-rock mineralogical observation (XRD analyses) did not
show any evidence of the glauconite mineral, most likely due to its low
abundance (< 5 %). Laouar et al. (2024) attribute this absence in X-ray
patterns to its ‘structural immaturity’ indicating that the number of
cations in its structural formula is incomplete. Focusing the XRD analysis
on the fine fraction, where glauconitic phase is concentrated, this en-
ables glauconite detection in XRD patterns (see Fig. 6), with contents
ranging from 8 % to 61 % and significant variations between the
northern and southern basins (p-value <0.02). This mineral is notably
present in the basal levels of the Djebel El Kouif phosphorites and the
main sub-layer of the Kef Essenoun deposit, which, based on lithological
correlations (Kechiched et al., 2024), appear to correspond to the
Paleocene-Eocene transition (see Fig. 6; Table 1). The glauconitization
of preexisting particles (pellets and coprolites) was also suggested by
many authors (e.g., Chabou-Mostefai, 1987; Kechiched et al., 2018;
Laouar et al., 2024).

Petrographic analysis shows that glauconitization is more pro-
nounced in the rim than the core of the pellet and coprolite particles, and
therefore postdates the phosphatization processes (Laouar et al., 2024).

The shift in the main peak of glauconite to ~9.04 A (&) (see Fig. 6)
appears linked to the potassium content, which is the main interlayer
cation. Asillustrated in Odin and Fullagar (1988), Cretaceous-Paleogene
glauconites exhibit variations in the 001 effect around 10 A related to
the potassium content. However, while these samples reach up to 4.8 %
K50, the studied fine fraction does not exceed 1.79 % (K20O: min = 0.32
wt%; max = 1.79 wt%; average = 0.75 + 0.34 wt%). Velde (2014) noted
a correlation between potassium content and glauconite mineral struc-
ture and this may explain the observed shift in the main peak of glau-
conite in our samples.

The low K30 and Fe,O3 contents in both fine fractions (< 45 pm) and
whole-rock samples (Kechiched et al., 2018) raise several questions
about the origin and evolution of the glauconite particles. Based on the
genetic classification of Odin and Matter (1981), which is in agreement
with the low content of K50 (<4 %) of both fine fraction and whole-rock
(e.g., Kechiched et al., 2018; Laouar et al., 2024), these glauconitized
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grains are in fact immature glauconites. The observed greenish, rounded
to sub-rounded glauconite grains, of a diameter ranging from 150 to 250
pm, are similar in shape to other phosphate particles, such as the pellets
and coprolites (e.g., Ferhaoui et al., 2022). According to the “verdisse-
ment theory” of Odin and Matter (1981), the formation of mature
glauconites requires semi-confined micro-environment within pores;
this micro-environment is distinct from the surrounding seawater and
needs wide pores, exceeding 400 pm, to facilitate the chemical reactions.
The lack of these specific conditions is most likely the main reason for
non-maturity of the glauconite minerals in the studied phosphorites.

5.2. REE distribution and fractionation processes

5.2.1. PAAS-normalized REY patterns

PAAS (Taylor and McLennan, 1985)-normalized REE + Y patterns
offer crucial tools to decipher the paleoenvironmental conditions for
phosphorite depositional processes. (e.g., Wright et al., 1984; Shields
and Stille, 2001; Gnandi and Tobschall, 2003; Fazio et al., 2007; Garnit
et al., 2012, 2017; Khan et al., 2016; Kocsis et al., 2016; Tostevin et al.,
2016; Auer et al., 2017). In addition, previous study of Ferhaoui et al.
(2022) has shown that REY geochemical signatures are similar in the
grain size fractions from the same hosting samples indicating synchro-
nized evolution of all rock components, therefore we have used REE-
geochemistry to reconstruct paleo-environment conditions for the pre-
sent study.

The PAAS-normalized REY patterns for the northern and southern
basins are displayed in Fig. 9A-D and compared to various typical REE-
patterns (Fig. 9E). The northern basin Djebel El Kouif and Djebel Dyr
phosphorite patterns are relatively different compared to those from Kef
Essenoun southern basin profiles. The northern deposits, except the
lower beds from the Djebel El Kouif, show typical modern seawater with
LREE depletion and HREE enrichment, along with a pronounced nega-
tive Ce and positive Y anomalies. As depicted from Fig. 9, a slight
variation is observed from the lower to the upper beds, particularly, in
the Kef Essenoun deposit in the south (Profil 2, Fig. 9 D). The Ce
anomalies are well pronounced in upper beds relative to those of the
main sub-layer in agreement with the evolution of the depositional
conditions from sub-oxic to more oxic conditions; this is also evidenced
by many authors when studying other phosphorite basins in North Af-
rica (e.g., Garnit et al., 2017; Kechiched et al., 2020, 2024; Diab et al.,
2024). These authors emphasize the more oxic conditions, open and
shallow environments towards northern basins (e.g., Diab et al., 2024),
and more restricted, sub-reduced conditions and deeper environments
towards southern deposits (e.g., Kocsis et al., 2013; Laouar et al., 2024).
The latter show relative enrichment of MREE (one-way Anova: p < 0.01)
compared to HREE and LREE, together with higher amounts of REEs
especially for glauconite-rich samples in both profiles, indicating addi-
tional control of REE by the glauconitization processes, particularly for
MREE. Note that the slow sedimentation rate depicted from the Ce
anomaly vs. Nd plot (Fig. 10A) enabled ion exchange from pore water
that promotes glauconitization of the preexisting particles, but this was
not enough to produce mature glauconite crystals, as mentioned by
Laouar et al. (2024).
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Table 3
Whole-rock major, trace and rare earth element contents of phosphorite matrix from the southern basin phosphorites.

Samples KFS1 KFS2 KFS3 KFS4 KFS5 KFS6 KFS7-8 KS*1 KS*2 KS*3 KS*4 KS*5 KS*6 KS*7
Locality Kef Essenoun (Profile 1) Kef Essenoun (Profile 2)
Major elements

(wt%)
SiO2 16.3 18.64 14.83 19.85 16.93 14.01 10.49 37.39 38.98 24.13 27.88 23.58 17.9 13.28
Al>0s 3.21 3.56 2.76 3.74 4 3.31 2.2 6.96 7.43 5.03 5.32 6.65 4.8 291
Fe20s(T) 1.42 1.39 1.1 0.91 0.71 0.7 0.43 2.85 2.34 1.96 2.41 2.25 1.65 1.32
MnO 0.03 0.013 0.008 0.009 0.007 0.005 < 0.023 0.014 0.009 0.014 0.012 0.009 0.006

0.005

MgO 5.11 2.66 5.28 4.71 7.19 2.57 1.64 8.58 2.77 3.14 2.17 4.02 4.26 5.26
CaO 34.23 34.61 35.18 31.03 31.17 37.49 38.73 13.69 16.46 30.26 28.53 28.16 32.55 36.61
Naz0 1.19 1.4 1.07 1.22 0.93 1.63 2.17 0.16 0.49 0.59 0.74 0.81 0.77 0.78
K0 0.57 0.65 0.55 0.69 1.08 0.9 0.6 0.65 0.94 0.72 0.9 1.28 1.79 0.98
TiO2 0.082 0.086 0.084 0.088 0.073 0.058 0.051 0.305 0.313 0.143 0.111 0.188 0.152 0.122
P20s 17.22 19.86 17.48 15.36 12.82 21.33 22.24 0.9 6.7 10.15 16.03 14.21 16.52 17.37
Cu/Al0s 6.231 5.618 3.623 2.674 2.500 3.021 13.636 2.874 6.729 3.976 3.759 3.008 4.167 6.873
Trace elements

(ppm)
Sc 4 4 4 4 3 3 3 7 7 5 4 5 3 2
Be 2 2 2 2 2 2 1 2 2 2 2 3 2 1
\% 196 169 108 140 183 169 502 96 687 157 184 214 241 155
Ba 40 35 24 41 44 43 70 42 49 35 57 80 47 43
Sr 1523 1680 1419 1615 1498 2010 1779 212 575 1097 1771 1367 1075 1089
Y 155 187 187 149 109 157 128 9 45 113 185 165 95 61
Zr 34 39 34 35 28 29 26 60 74 62 60 70 53 41
Cr 610 680 500 590 540 510 710 170 810 1040 1000 1220 560 370
Co 10 10 <1 2 <1 3 <1 3 3 <1 3 2 <1 <1
Ni 90 50 30 30 20 30 50 30 150 70 110 80 90 70
Cu 20 20 10 10 10 10 30 20 50 20 20 20 20 20
Zn 270 230 200 150 90 120 660 110 440 550 530 590 390 330
Ga 5 5 5 4 3 3 4 9 10 8 6 9 6 5
Ge <1 <1 <1 <1 <1 <1 1 <1 <1 1 2 2 1 <1
As 15 9 5 <5 <5 <5 <5 <5 <5 11 20 9 8 8
Rb 10 12 10 11 11 9 7 28 28 16 16 21 21 17
Nb 3 3 3 4 2 2 2 7 7 4 3 6 6 5
Mo 4 4 3 4 3 3 5 5 31 42 48 16 36 35
Ag 4.7 4.2 2.4 1.2 0.5 0.7 1.3 < 0.5 2.9 6.2 9.4 3.9 3.8 1.8
In < 0.2 <0.2 < 0.2 <0.2 <0.2 <0.2 <0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2
Sn 1 1 <1 <1 <1 <1 <1 2 2 1 1 1 1 1
Sb 1.4 1.1 0.8 0.7 < 0.5 0.6 0.6 < 0.5 < 0.5 1.5 29 1.4 1.7 1.1
Cs 0.5 0.6 0.6 0.6 0.5 < 0.5 < 0.5 2.1 2 1.1 0.8 1.3 1.1 1
Hf 0.8 0.9 0.8 0.8 0.7 0.7 0.6 1.3 1.2 1.2 1.3 1.5 1.1 0.8
Ta 0.3 0.3 0.3 0.3 0.2 0.3 0.3 0.5 0.5 0.4 0.4 0.5 0.5 0.4
w 7 5 <1 5 <1 6 6 <1 <1 <1 <1 <1 <1 <1
Tl 13.4 11.6 4.5 5.7 2.9 2.2 1.9 0.2 2.2 3.4 21.8 14.9 5.9 4.9
Pb 6 7 <5 6 <5 5 5 <5 <5 5 7 6 <5 <5
Bi < 0.4 < 0.4 < 0.4 < 0.4 <04 < 0.4 < 0.4 < 0.4 < 0.4 < 0.4 < 0.4 < 0.4 < 0.4 < 0.4
Th 13.3 18.4 19.4 14.8 10.7 135 4.7 3.9 4.6 15.1 23.3 21.4 9.2 4.9
U 39.1 38.6 34 31.4 24.7 36.9 54.3 3.2 42.3 22.4 31.7 27.1 44.6 33.4
Rare earth

elements (ppm)
La 113 141 140 114 81.5 122 71 16.9 36.7 87.6 147 130 75.4 49
Ce 152 205 205 164 116 172 58.1 26.6 42.6 134 222 198 105 62.7
Pr 25.6 33.3 32.7 26.3 19.1 27.4 12.6 3.1 6.23 20.9 35.3 30.9 16.1 9.86
Nd 107 140 138 109 79.1 115 53.1 12.1 25.9 87.5 150 130 66.7 39.7
Sm 21.6 28.3 28.7 22.3 16.3 23.2 10.6 2.4 5.4 18.2 30.4 26.9 13.1 7.7
Eu 5.02 6.55 6.44 5.11 3.74 5.3 2.65 0.56 1.3 4.31 7.09 6.14 3.16 1.93
Gd 20.6 26.6 26.7 21.8 15.4 22 12.4 2 5.1 17 28 25 12.6 7.7
Tb 3 3.8 3.9 3 2.2 3 1.9 0.3 0.8 2.5 4 3.6 1.8 1.2
Dy 17.8 22.4 22.3 17.7 12.5 18.4 12.2 1.8 4.8 14.2 22.9 20.5 10.8 6.8
Ho 3.6 4.7 4.6 3.6 2.6 3.8 2.7 0.3 1 29 4.6 4 2.3 1.4
Er 10.4 12.8 12.5 10.3 7.4 10.7 8.1 0.9 3 8.1 12.8 11.5 6.4 4.1
Tm 1.38 1.7 1.7 1.37 0.98 1.42 1.1 0.14 0.43 1.07 1.73 1.53 0.83 0.56
Yb 8.3 10.2 10.2 8.3 6 8.6 6.9 0.9 2.6 6.3 10.3 9.1 5 3.4
Lu 1.37 1.58 1.6 1.28 0.95 1.32 1.18 0.14 0.42 0.97 1.63 1.45 0.8 0.51
REEs 490.67 637.93 634.34 508.06 363.77 534.14 254.53 68.14 136.28 405.55 677.75 598.62 319.99 196.56
REY 645.67 824.93 821.34 657.06 472.77 691.14 382.53 77.14 181.28 518.55 862.75 763.62 414.99 257.56
LREE (La—Nd) 397.6 519.3 515.7 413.3 295.7 436.4 194.8 58.7 111.43 330 554.3 488.9 263.2 161.26
MREE (Sm—Dy) 68.02 87.65 88.04 69.91 50.14 71.9 39.75 7.06 17.4 56.21 92.39 82.14 41.46 25.33
HREE (Ho—Lu) 25.05 30.98 30.6 24.85 17.93 25.84 19.98 2.38 7.45 19.34 31.06 27.58 15.33 9.97
(La/Nd)N 0.937 0.894 0.900 0.928 0.914 0.941 1.187 1.239 1.257 0.888 0.870 0.887 1.003 1.095
(Sm/Yb)N 1.322 1.410 1.430 1.365 1.380 1.371 0.781 1.355 1.055 1.468 1.500 1.502 1.331 1.151

(continued on next page)
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Samples KFS1 KFS2 KFS3 KFS4 KFS5 KFS6 KFS7-8  KS*1 KS*2 KS*3 KS*4 KS*5 KS*6 KS*7
Locality Kef Essenoun (Profile 1) Kef Essenoun (Profile 2)

(Sm/Pr)N 1.342 1.352 1.396 1.349 1.358 1.347 1.338 1.232 1.379 1.385 1.370 1.385 1.295 1.242
(La/Sm)N 0.760 0.724 0.709 0.743 0.726 0.764 0.973 1.023 0.987 0.699 0.703 0.702 0.836 0.925
(La/Yb)N 1.005 1.020 1.013 1.014 1.003 1.047 0.760 1.386 1.042 1.026 1.054 1.055 1.113 1.064
(Gd/Yb)N 1.502 1.578 1.584 1.589 1.553 1.548 1.088 1.345 1.187 1.633 1.645 1.663 1.525 1.370
Eu/Eu* 1.121 1.124 1.095 1.091 1.112 1.105 1.088 1.204 1.166 1.154 1.144 1.115 1.158 1.180
Pr/Pr* 1.145 1.125 1.114 1.129 1.141 1.118 1.243 1.016 1.086 1.110 1.108 1.107 1.110 1.140
Ce/Ce* 0.631 0.671 0.678 0.673 0.662 0.663 0.414 0.807 0.598 0.705 0.690 0.701 0.669 0.632
Ce anomaly —0.200 -0.173 —-0.169 -0.172 -0.179 -0.179 —0.383 —0.093 —0.223 —0.152 —0.161 —0.154 -0.175 —0.199
Y/Y* 1.544 1.454 1.473 1.489 1.525 1.497 1.778 0.970 1.638 1.404 1.437 1.452 1.520 1.577
Y/Ho 43.056 39.787 40.652 41.389 41.923 41.316 47.407 30.000 45.000 38.966 40.217 41.250 41.304 43.571

5.2.2. REE and paleo-redox conditions

In oxic conditions, Cerium Ce>* may be oxidized into Ce**; thus, the
REE patterns in oxygenated modern marine environments exhibit a
strong negative Ce anomaly (De Baar et al., 1988; German et al., 1991;
Bau et al., 1997; Bau, 1999; De Carlo and Green, 2002). Therefore, the
sediments that were deposited in such environments would display also
a negative Ce anomaly (e.g., Koeppenkastrop and De Carlo, 1992).
Therefore, Ce anomaly may be used to decipher the redox conditions of
the depositional environment (Alibo and Nozaki, 1999; Morad and
Felitsyn, 2001; Haley et al., 2004; Garnit et al., 2012). Post-depositional
conditions, particularly diagenesis and reworking, may also influence
the Ce anomaly, modifying the original signatures (Abedini and Asghar
Calagari, 2017; Auer et al., 2017). In addition, the (La/Yb)y, (La/Sm)y
and Pr/Pr* ratios can be of use to check Ce anomaly significance (Bau
and Dulski, 1996; Reynard et al., 1999). It is also known that negative Ce
anomalies associated with values of (La/Sm)y < 0.35 should not be used
to depict redox conditions, because middle REE (MREE) enrichment
during early diagenesis implies incorporation of significant Nd, Sm, Eu,
Gd, and Tb amounts relative to La and Ce (Reynard et al., 1999; Morad
and Felitsyn, 2001; Salama et al., 2018). Fine-grained matrix samples
from this study yield (La/Sm)y > 0.35 (See Tables 2 and 3) and, hence,
can be used to check the reliability of Ce anomaly.

Further, (La/Yb)y and (La/Sm)y ratios in this study exhibit similar
values to those reported for the whole-rock by Kechiched et al. (2020),
ranging from 0.58 to 1.38, and from 0.7 to 1.33, respectively. While (La/
Sm) y ratios in these samples remain unchanged and align with the
range proposed for modern seawater, (La/Yb) y ratios in the fine fraction
samples from the two sites are slightly higher than those reported for
modern seawater by Reynard et al. (1999), implying adsorption of light
REE (Reynard et al., 1999; Fazio et al., 2007; Kechiched et al., 2020).
The (La/Yb) y and (La/Sm) y ratios of the studied samples are repre-
sented on the (La/Yb)y versus (La/Sm)y diagram proposed by Reynard
et al. (1999); those of the northern basin plot closer to the field of
modern seawater, compared to those of southern basin (Fig. 10B). Ac-
cording to this distribution, it is suggested that REE uptake through
adsorption processes occur at the water/sediment interface during early
diagenesis and remained unchanged during late diagenesis. This in-
dicates minor changes over time (Mongelli et al., 2018).

It is also well known that high La concentrations may affect the
estimation of Ce values. For this, Bau and Dulski (1996) proposed the
Pr/Pr* versus Ce/Ce* diagram (Fig. 10C) to better evaluate the Ce
anomalies. On this diagram, all the studied samples plot in field IIIb,
where the samples from the Djebel El Kouif and Djebel Dyr of the
northern basin exhibit more oxic conditions, compared to those from Kef
Essenoun phosphorites in the southern basin. Also, within the Kef
Essenoun deposit, samples from the basal sub-layer show more reducing
conditions than those of the main sub-layer, which indicates an evolu-
tion from reduced to sub-oxic conditions with time.

Europium can be also affected by changes in the redox conditions.
This element can be reduced to divalent (Eu®*) from its initial trivalent
state (Eu3+) under reduced conditions (e.g. Brookins, 1989; Shields and
Stille, 2001). Therefore, this element also serves as a useful tool to assess
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the depositional conditions, displaying positive anomaly under reduced
to anoxic conditions, high temperatures, and hydrothermal REE supply
(Michard et al., 1983; Stalder and Rozendaal, 2004; Schmidt et al., 2007;
Bau et al., 2010). The reduction from Eu®* to Eu?* requires an oxidation
potential lower than —0.43 V, with a minimum pH of 3.7 (Garrles and
Christ, 1965). The samples from phosphorites of the northern basin
exhibit Eu/Eu* ratios ranging from 0.99 to 1.18 with an average of 1.09
+ 0.07, whereas, those from Kef Essenoun of southern basin display
slightly higher Eu/Eu* ratios ranging from 1.09 to 1.2 (average = 1.13
+ 0.04). This reflects sub-oxic to sub-reduced conditions to the south
and oxic conditions in northern Basin.

5.2.3. REE and siliciclastic input, and diagenesis

Yttrium is often considered as an element that belongs to the rare
earth element group, where it is frequently placed between (Dy) and
(Ho) based on its atomic number, ionic radius and similar behavior to
that of Ho (e.g., Zhang et al., 1994; Bau, 1996; Bau and Dulski, 1996).
Yttrium anomaly and the (La/Nd)y ratio typically exhibit positive values
in seawater. However, the magnitude of these patterns can be reduced
by diagenetic processes (Zhang et al., 1994; Bau, 1996; Shields and
Stille, 2001; Fazio et al., 2007). Nevertheless, these two parameters can
serve as indicators of post-depositional changes during fluid circulation
(Fazio et al., 2007). Plotted samples on the Y anomaly versus (La/Nd)y
diagram of Shields and Stille (2001) show that most of them fall within
the seawater field shown on Fig. 10D. From this figure, it can also be
seen that samples from the northern basin phosphorites, with the Y/Y*
ratios ranging from 1.55 to 2.37 (average = 1.85 + 0.28), tend to be
slightly affected by the weathering process. On the other hand, the
majority of samples from Kef Essenoun, with Y anomaly varying be-
tween 0.97 and 1.78 (average = 1.48 + 0.18) are rather influenced by
early diagenesis, especially those of the main sub-layer.

Furthermore, the Y/Ho ratio is a valuable proxy for understanding
the influence of detrital siliciclastic input. Differences in speciation lead
to various behaviors during scavenging, a process controlling the REY
distribution in seawater (e.g., Byrne and Kim, 1990; Bau and Dulski,
1994). In marine conditions, the fractionation between Y and Ho pri-
marily arises from their different reactivities, where Ho typically tends
to be more scavenged by hydrogenous ferromanganese oxyhydroxide
particles than Y (Bau, 1996, 1999; Koschinsky et al., 1997). For modern
seawater, Bau and Dulski (1994) reported a range of Y/Ho ratios be-
tween 47 and 77. In the northern basin, Y/Ho ratios in the samples from
Djebel El Kouif range from 46 to 61, fitting well within the range of
seawater values reported by Bau and Dulski (1994), whereas, two
samples from Djebel Dyr exhibit slightly lower ratios (40 and 42; Table.
2). This eliminates the possibility of a significant impact of terrigenous
inputs in the northern basin. On the other hand, all phosphorite samples
from the Kef Essenoun deposit in the southern basin fall well below the
seawater range, displaying Y/Ho ratios ranging from 30 to 47, with an
average of 41.13 + 3.89. The lowest values being recorded in the basal
sub-layer. In addition, (Sm/Yb)y ratios display high values in the
southern basin, with an enrichment of MREE, indicating hydrogenous
ferromanganese oxyhydroxide control, also alluded by Tahar-Belkacem
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et al. (2024) (Fig. 10E-F). This may be due to the high MREE contents in
the most glauconitized samples (Tables. 2 and 3), which are logically Fe-
enriched.

5.3. Paleoclimate and paleoenvironment versus glauconitization

The Paleogene was interrupted by multiple global warming events,
most notably the Paleocene-Eocene Thermal Maximum (PETM), ETM2
(or ELMO), and ETM3, alongside several transient climatic perturba-
tions (Zachos et al., 2001; Cramer et al., 2003; Lourens et al., 2005;
Nicolo et al., 2007; Stap et al., 2010). These events were marked by
abrupt temperature rises, pronounced carbon isotope excursions, and
major paleoenvironmental changes (Zachos et al., 2001). Their origins
remain debated, with hypotheses ranging from magmatic intrusions to
the destabilization of methane hydrates or permafrost (Dickens et al.,
1995; Svensen et al., 2004, 2010; Westerhold et al., 2009; De Conto
et al., 2012; McInerney and Wing, 2011). Although regional volcanism
remains a plausible driver, it lacks conclusive evidence.

This interval also witnessed a remarkable increase in authigenic
mineral formation, particularly glauconite, within marine sediments
along the southern paleo-Tethyan margin, including North Africa,
Southern Europe, the Middle East, and India (Banerjee et al., 2020).
Within this Paleogene glauconites, 49 % occurrences were formed dur-
ing the Eocene, 35 % during the Paleocene, and 16 % during the
Oligocene (Banerjee et al., 2016a). Glauconite-phosphorite associations,
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identified in 17 cases and including Kef Essenoun and Djebel El Kouif,
are consistently linked to warm climatic intervals (Banerjee et al., 2019,
2020; Kechiched et al., 2018, 2020; Buccione et al., 2021).

Warm and humid conditions likely enhanced continental weath-
ering, enriching oceanic nutrient supplies, boosting organic productiv-
ity, and altering redox conditions, factors conducive to glauconitization,
especially within semi-restricted environments characterized by low
sedimentation rates (Odin and Matter, 1981; Van Houten and Purucker,
1984; Alessandro Amorosi, 1995; El Albani et al., 2005; Peters and
Gaines, 2012; Banerjee et al., 2016b; Baldermann et al., 2017; Bansal
et al., 2020; Roy Choudhury et al., 2021). Glauconite formation was
further controlled by substrate properties and seawater temperature
(Odin and Fullagar, 1988; Bansal et al., 2019; Banerjee et al., 2020).

XRD analyses by Kechiched et al. (2020) revealed Heulandite (d-
spacing = 8.96 A) in whole-rock samples from both sites. This mineral
typically forms through the alteration of acidic volcanic materials or as a
cavity filling in basaltic rocks (Merkle and Slaughter, 1968). Hence, its
presence, along clinoptilolite, and feldspar, ilmenite and zircon may
signal probable volcanism as also suggested for nearby Tunisian basins
(e.g., Clocchiatti and Sassi, 1972; Galfati et al., 2010; Garnit et al.,
2017).

Within this scenario, some elemental ratios, such as the Cu/Al one,
may further constrain basinal productivity. Cu/Al values range from
3.99 to 26.55 (avg. 13.11 + 8.31) in the northern basin, suggesting
higher productivity, whereas southern values range from 2.5 to 13.64



R. Aouachria et al.

Journal of Geochemical Exploration 280 (2026) 107889

Djebel El-Kouif Kef Essenoun (Profile 2)
Q 10 @ 10
o KF5 Rl
(7)) (7] —o—KS*6
S kra || 2
~— ~
@ 1t KF3 8 1 KS*4
e :
[ KS*3
- KS8*2
0.1 P S T SR S SR ST S S T S SR S’ —*—KF1 0.1 P S T S N T TR SR SR T S S S ——KS*1
TR TR LFFT FYEYrQIE<FUSSE
Djebel Dyr Patterns of Typical Signatures
@ 10 e 104
Dy3 Bayan-Obo deosits
g 10%; (China)
o Hydrothermal fluids
; 1 | 102|
] —e—Dy2
g’ Kef Essenoun
© 10 | Djebel El Kouif deposit
(7)) deposit
—o—Dy1
0 11
0.1 P S S S S S S S S E Djebel Dyr deposit
; 9 - E g" r:" 2 5-' E < °:|: Ly §‘ é E o iKef Essenoun deposit
~ (Whole-rock)
0 101¢
2
O Kef Essenoun (Profile 1) E-
10 3] 102~
- KFs7-8 ||? 7
//
n —o—KFS6 105k
é Anoxic porewater
o —o—KFS5
- 6
g 1 KFS4 10%; Oxic porewater
TE:- Seawater
- KFS3 |
n
+KFS2
oq Lo v v v v v, | —e-KFSE 108y
FQ¥ZYrede<3FrgsE he¥EITRIIFOFEE

Fig. 9. (A, B, C, D) PAAS normalized (McLennan, 1989) REE + Y patterns of investigated samples. (E) PAAS-Normalized (McLennan, 1989) REE+Y Patterns of
several typical signatures from the literature: Djebel El Kouif deposit, Djebel Dyr deposit, Kef Essnoun deposit (This study); Kef Essenoun deposit (Whole-rock)
(Kechiched et al., 2020); Bayan-Obo deposits (Zhang et al., 2017); Hydrothermal fluids (Bau and Dulski, 1999); Oxic and anoxic marine porewaters (Haley et al.,
2004; Abbott et al., 2015); Fe—Mn oxyhydroxides (Palmer and Elderfield, 1986; Bayon et al., 2004; Charbonnier et al., 2012); Seawater (De Baar et al., 1985;
Shimizu et al., 1994; Alibo and Nozaki, 1999; Garcia-Solsona et al., 2014; Osborne et al., 2015).

(avg. 4.91 + 2.94), reflecting lower to moderate productivity. The Ce/
Ce* ratio ranges from 0.23 to 0.55 in the north and from 0.41 to 0.81 in
the south. Lower Ce/Ce* values in the north indicate more oxic condi-
tions, which appear contradictory given the high productivity. This
discrepancy could be attributed to enhanced seawater circulation in the
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northern basin, ensuring a continuous influx of oxygenated waters and
stabilizing redox conditions despite elevated organic matter input.
Additionally, higher Al contents in the southern basin associated with
clay-rich facies, may result in lower Cu/Al ratios. Therefore, these ratios
must be interpreted cautiously, particularly under extreme climatic
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conditions. Notably, Ce depletion in seawater is influenced by factors
beyond redox potential, including microbial activity, pH, depth, and
seawater age (Brookins, 1989; German and Elderfield, 1990; Moffett,
1990; Piepgras and Jacobsen, 1992; Tricca et al., 1999).

Based on the previously referenced literature and relying on the re-
sults obtained in this study, we propose un updated summary in Fig. 11,
for the formation of immature glauconitic particles in the study area.
During the late Paleocene-early Eocene, intensified weathering deliv-
ered abundant nutrients to the ocean, enhancing primary productivity
and reducing surface-water oxygen levels. In the semi-restricted south-
ern basin, diminished upwelling and slow sedimentation rates allowed
prolonged exposure of fecal pellet substrates to seawater, favoring
glauconitization. Ion exchange between porous substrates and ambient
waters further promoted mineral authigenesis. The higher glauconite
content observed in the south compared to the north may reflect more
favorable conditions, shaped by basin morphology (restricted south,
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open north), terrigenous input, and paleoclimate. Thus, glauconitization
during the Paleogene resulted from the interplay of climatic, geochem-
ical, and depositional controls.

Due to the brief duration of many warm events, precise chronological
resolution remains challenging. Nonetheless, the southern margin of the
Tethys represents a key archive for decoding paleoenvironmental re-
sponses to global warming during the Paleogene.

5.4. Economic evaluation of REE outlook

5.4.1. REE enrichment and outlook coefficient (Coy)

Following their vital applications in high-tech, green economy,
pharmaceutical and industrial sectors, the REE demand is continuously
increasing; thus, posing significant economic challenges to cover the
global needs for these elements. According to the U.S. Geological Survey
(2024), the global production of rare earth oxides (REO) is projected to
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Upadted from the Kechiched et al. (2018) and based on the following literature, combined with interpretations from this study: Basin configuration (Kocsis et al.,
2013; Kechiched et al., 2018; this study), Paleogeography (Sassi, 1974; Burollet and Oudin, 1980; Winnock, 1980; Chaabani, 1995; Zaier et al., 1998), REE signatures
and redox environments (Kechiched et al., 2020; Diab et al., 2024; Laouar et al., 2024; this study), Paleoclimate (Clocchiatti and Sassi, 1972; Zachos et al., 2001,
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et al., 2016b; Baldermann et al., 2017; Bansal et al., 2020; Roy Choudhury et al., 2021), Sedimentological processes (Kechiched et al., 2018, 2020, 2024; this study).

reach 350,000 metric tons, reflecting an increase of 50,000 metric tons
compared to 2022. Nevertheless, the global reserves of rare earth ele-
ments (REEs) are estimated to be 110 million metric tons in 2023 (U.S.
Geological Survey, 2024). Due to its significant REE-rich carbonatite
deposits, China dominates the global production of rare earth elements
(Xu et al., 2008; Xie et al., 2015; Ni et al., 2020). According to the Eu-
ropean Commission (Grohol and Veeh, 2023), China is the largest global
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supplier of REEs, providing 95 % of the total REEs, with: 85 % of
> LREEs, 98 % of > MREEs, and 100 % of > HREEs.

Several alternatives can serve as secondary REE sources, including
coal, bauxite, and phosphorites (Seredin and Dai, 2012; Buccione et al.,
2021; Mongelli et al., 2021; Ji et al., 2022). Recycling batteries, mag-
nets, and fluorescent lamps also provides limited REE recovery (U.S.
Geological Survey, 2024). Among these, phosphorites have the highest
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potential (e.g., Christmann, 2014; Emsbo et al., 2015; Wu et al., 2018;
Peiravi et al., 2020; Ferhaoui et al., 2022). North Africa’s Upper Cre-
taceous—Eocene phosphorite deposits hold over 54 billion metric tons of
phosphorite rocks, representing 74 % of global reserves. Algerian
phosphorites (576-906 ppm REEs) rank second after U.S. deposits
(Buccione et al., 2021), with REY concentrations reaching 2572 ppm in
glauconitic particles (Laouar et al., 2024).

Evaluating REE deposit profitability requires factors beyond REE + Y
content, LREE/HREE ratios, and REE classification (Seredin, 2010). In-
dustry demand and element criticality are essential. Based on these,
Seredin (2010) classified REEs as critical (Nd, Tb, Dy, Y, Eu, Er), un-
critical (La, Pr, Sm, Gd) and excessive (Ce, Ho, Tm, Yb, Lu). The outlook
coefficient (Coun) and the critical to excessive REY ratios (REYgef),
indicate economic potential, with higher values favoring industrial de-
mand. Ore classification ranges from (REY4ef < 26 % and Coyy < 0.7), to
promising ores (33 % < REYger < 50 %; 0.9 < Couy < 3.1), to highly
promising ores (REY gef > 62 % and Cyyel > 2.8) (Seredin and Dai, 2012).
This approach could be updated according to the changes in the industry
demand of individual REEs, along with the industry development of
these elements (Seredin, 2010).

Plotting the studied samples from the northern and southern basin
phosphorites of the Tebessa region on the Cyuy vs. REYqef diagram, in
comparison with global phosphorites and conventional REE ores
(Fig. 12), reveals that the matrix spans from promising ores (33 % <
REY gef < 50 %; 0.9 < Couy < 3.1) to highly promising ores (REY gef > 62
% and Coyu > 2.8).

Nevertheless, it is worth mentioning that higher Coug and REYger
values do not necessarily reflect the potential of a REE ore. For example,
samples from the Carboniferous-Permian deposits in northern Alaska
(Dumoulin et al., 2011) exhibit a Cqyyy reaching 10.7 (averaging 8.15)
with a REYqer average of 62.11 %, which suggests promising ores.
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However, the average REE contents in these samples do not exceed
281.5 ppm, compared to the average REY contents of 512 ppm, with Y
alone accounting 46.86 % of this value. Thus, it is evident that this
discrepancy is mainly due to Y enrichment. A similar case is observed in
the Moroccan phosphorites (data after Kocsis et al., 2016). These exhibit
high Couy and REYg4er, where Coyy reaches 6.98 in some areas and
averaging 4.47, with an average REYqer of 60.87 %. However, when
examining the REE and REY contents, the data show that the average
REY contents is 110.58 ppm, with 44.66 % of Y contribution, while the
REE content averages only 62.44 ppm. Another example is that of the
conventional REE ores of Bayan-Obo (China) (Zhang et al., 2017; Xiao-
Zhi Hou et al., 2020). Despite it dominates the global REE production
due to the very high REE content, reaching 45,000 ppm; the very low
Coutl and REY gt reflect an unpromising ore. This is attributed mainly to
the high LREE enrichment that makes up about 98 % of the total REE. In
this regard, the Coy11, REY4er, REE and REY contents should be combined
together with the ratios of LREE, MREE and HREE to the total REE
contents, in order to get better insights.

The necessary minimum industrial grade for the extraction of REEs
from a secondary source is generally estimated to be up to 300 ppm
(Zhao et al., 2024). The high industrial recovery potential is estimated to
correlate with ores showing a Cqyyy greater than 0.7, along with a REY gf
exceeding 30 % (Zhao et al., 2024). The recent studies on the southern
basin Djebel Onk phosphorites (Kef Essenoun: Buccione et al., 2021;
Ferhaoui et al., 2022; Bled El Hedba: Laouar et al., 2024) indicate
promising to highly promising REE extraction potential in Algerian
phosphorites, based on the outlook coefficient (Coyy) and the percentage
of critical REE.

Previous exploration studies were mainly focused on P2Os contents
of both whole-rock and particle separates that are used in fertilizer
production, whereas the phosphorite matrix, often considered waste,
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Fig. 12. Classification of REE-bearing phosphorite deposits based on the outlook coefficient (Coyy) versus the percentage of critical elements in the SREE (REY gef)
(after Seredin, 2010). Data from: Tunisia (Ounis et al., 2008; Garnit et al., 2012, 2017); Morocco (Kocsis et al., 2016); Algeria (Kechiched et al., 2020; Laouar et al.,
2024; This study); Florida, California, New York and Kentucky (Emsbo et al., 2015); Alaska (Dumoulin et al., 2011); Bayan-Obo (Zhang et al., 2017; Hou et al., 2020).
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remains underexplored. The present study is also conducted to assess the
economic potential of the phosphorite matrix of the phosphorites from
the northern and southern basins of Tebessa region. For instance, the Kef
Essenoun deposit in the south exhibits higher REE concentrations (up to
678 ppm) than those of the northern deposits (up to 316 ppm). These
high REE contents, along with REY contents (up to 863 ppm), point to a
real potential secondary REE source. Further, the highest REE concen-
trations occur within glauconite-rich phosphorite levels, where glauco-
nite particles host the highest REE contents among the phosphatic
particles. Given its iron content, glauconite may facilitate REE extrac-
tion and separation (Laouar et al., 2024).

Geochemical analysis conducted on the fine fraction (matrix) in this
study, as well as on whole-rock samples (Kechiched et al., 2020) and
mining wastes (Boumaza et al., 2021, 2024), reveals potentially high
concentrations of trace metal (TM); such as V, U, Ni, Cr, Cu, and Mo,
considered hazardous elements. The phosphatic wastes contain consid-
erable amounts of these toxic elements (Boumaza et al., 2021, 2024) and
are being stocked in uncontrolled sites for long periods, exposing them
to erosion and weathering (Khelifi et al., 2022; Zhao et al., 2023).
Subsequently, they can be easily transported, precipitated, and accu-
mulated near living organisms, which poses environmental risks, such as
water, soil and air contamination, threatening the human and animal
health (Khelifi et al., 2024; Zhao et al., 2024). Thus, beside their eco-
nomic benefits, exploitation of the phosphatic wastes can play a crucial
role in environmental preservation.

5.4.2. Economic importance and supply risk assessments

A number of criteria are required to evaluate the REE potential in
sedimentary phosphorite deposits. The economic importance (EI) and
the supply risk (SR) are the two main assessment parameters used by the
European Commission to evaluate the criticality of a raw material. The
economic importance of a specific material is linked to its importance in
end-use applications, as well as the availability and effectiveness of
potential alternatives (Grohol and Veeh, 2023). The supply risk for the
same material is closely tied to factors, such as the diversity and stability
of global and EU sourcing, dependence on external sources, the political
stability of supplier countries, and barriers that affect its supply chain
(Grohol and Veeh, 2023). The EI/SR ratio is used in order to assess the
economic importance of a given material or supply risk. The low ratio
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(EI/SR < 1) suggests a supply risk, a EI/SR ratio in the 1 to 2 range
indicates moderate economic importance, while a high ratio (EI/SR > 2)
addresses economic importance (Mongelli et al., 2021). On the EI/SR
versus CM/CMycc diagram (where CMycc is the critical material (LREE
(La—Sm) and HREE (Eu—Lu) + Y) normalized to the average Upper
Continental Crust) (Fig. 13), the HREE+Y contents of phosphorites from
both the northern and southern basins of the Tebessa region plot in the
supply risk field; they also display clear enrichment with respect to the
contents in the UCC.

However, the growing push towards electromobility has introduced
new parameters for evaluating the criticality of REEs. Li et al. (2019)
suggest that Nd, Dy, Ce, Pr, and La are the most critical elements among
the REE. The [(Nd + Dy+Ce + Pr + La)/XREE+Y] ratio can, therefore,
be a useful tool in conveying REEs profitability for the electromobility
market (Pyrgaki et al., 2021). In this study, the percentage of critical
metals for electromobility in both the northern and southern basin
phosphorites is greater than 50 % of the total ZREE+Y contents (65.7 %
and 52.1 % for the southern basin and northern basin phosphorites
respectively); thus, supporting the potential profitability of these phos-
phorite deposits.

6. Conclusion

This study investigates the poorly studied fine fraction (<45 pm) of
Algerian phosphorite matrices, typically regarded as waste material.
Petrographic, mineralogical, and geochemical analyses of selected
phosphorites from the northern and southern basins yielded the
following findings:

(1) The phosphatic particles are mainly coprolites, pellets, and
glauconites, with coprolites prevailing in the north and pellets
dominating the south, together with the development of the
glauconitization processes, particularly at the Paleocene-Eocene
transition.

(2) The phosphatic matrix comprises calcite, dolomite, carbonate
fluorapatite, glauconite, quartz, chlorite and gypsum. Similar to
the whole-rock, the geochemical composition of the matrix is
characterized by high CaO and P05 and significantly high REY
contents.
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Fig. 13. LREE and HREE+Y profitability diagram: EI/SR = Economic Importance to Supply Risk ratio, CM/CMUCC = minimum-maximum range of critical metal

normalized to its average UCC content.
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(3) The geochemical signature of the northern basin phosphorite
matrix indicates an open marine environment, with a transition
from sub-oxic conditions in the bottom of the studied section to
more oxygenated upper layers. In contrast, the southern basin
phosphorite samples suggest a development from a restricted
environment, with sub-oxic to sub-reducing conditions during the
main sub-layer phosphorite deposition, towards more oxic con-
ditions during the deposition of the upper sub-layer phosphorites.
The basal sub-layer, however, reflects a distinctly reduced
environment.

The formation of glauconites and the development of glauconi-
tization process in both basins indicate two contrasting sedi-
mentation rates: rapid in the north and slow to moderate towards
the south at the Paleocene-Eocene transition, which may record
global warming events, within relatively open shallow waters in
the north and semi-confined deep waters in the south.

Regarded as phosphatic waste during exploitation / enrichment
processes of the Kef Essenoun deposit, the matrix exhibits
promising REY content (up to 863 ppm) and the XREE reaching
678 ppm, the highest REE concentrations are recorded in the
glauconite-rich levels. This makes these wastes a potential sec-
ondary REE source.

(6) Considering the outlook coefficient (Coy) of REE composition
and the percentage of critical elements (REYgef) in the REE, the
matrix spans a range from promising (33 % < REYg4er <50 %; 0.9
< Coutl < 3.1) to highly promising ores (REYgef >62 % and Coyyy >
2.8). The ZREE contents (exceeding 300 ppm) also meets the
minimum industrial grade required for the extraction from a
secondary source.

The EI/SR ratio versus CM/CMycc reveals that the HREE + Y are
not only characterized by supply risk, but also emerge as the most
significantly enriched REE in the phosphorite deposits of both
basins compared to the UCC.

Since this study highlights the REY potential of the phosphorite
matrices, we suggest further investigations in order to precisely
assess these resources and optimize economic extraction
protocols.

(C))

(5)

7)

(8)

Nevertheless, some limitations are associated with this work. Addi-
tional isotopic data, are needed to confirm the onset of the PETM and
other related Paleocene-Eocene thermal events, as well as their effects
on glauconitization and REE enrichment. Moreover, estimating the
quantities of matrix material and potential sludges remains challenging
for accurately assessing the REE resources of the P-matrix and evalu-
ating the economic feasibility of extraction within an environmentally
sustainable framework. Therefore, further related studies are strongly
recommended.
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