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Abstract
As the largest country in Africa, Algeria is rich in substantial mineral reserves. This mineral potential continues to be revealed 
day by day; but unfortunately, they are generally underutilized. The detailed mechanisms of marine sedimentary phosphates 
origin are still imperfectly known. Our study aims to reconstitute the depositional environment of phosphorites of El Kouif 
locality NE of Algeria. Our method used an extensive sequential analysis, Microscopic Petrography, X-ray diffractometry, 
and geochemical analysis. Cross-sections carried out on the outcrops of the El Kouif city, have shown a sub-tabular formation 
containing almost eight layers of phosphorites. The sequential analysis revealed that the phosphatic series have taken place 
in a reduced negative mega-sequence. Petrographic observations have shown phosphatic intraclasts bearer of the organic 
matter at various rates. XRD of whole-rock powder has confirmed the presence of apatite minerals, carbonates quartz, clays, 
sulfides, and gypsum. The geochemical trend has indicated a high fluctuating content of  P2O5. The dispersion pattern, cor-
relation coefficient, and mutual relationship of significant major oxides, represented by plotted diagrams; showed that  SiO2, 
 CO2, MgO, are antipathetically related to  P2O5. The geochemical behavior between  P2O5 contents and of CaO,  H2O,  Na2O, 
 SO3 contents have shown a positive relationship. The richness of the phosphatic rocks in Apatite is autonomous of the depth 
in the Tebessa basin. The results of the chemical analysis from purified grains were used to calculate the structural formulas 
for apatite. This non-stoichiometric apatite presented significant anionic substitutions affecting up to 24% of the sites. The 
higher values of  CO2 have obviously resulted in the richness of organic substance, the notable presence of sulfides minerals, 
indicated through the high concentration of  SO3, and the lower concentration of Na suggested that the reducing conditions 
of the basin were prevailing at the time of phosphatic formation in a shallow marine environment.

Keywords Paleocene–Eocene · Phosphorites · Sequential analysis · XRD · Chemical analysis · Structural formula

Introduction

Phosphorite is a prevalent mineral matter in the Mid-
dle East and North Africa (MENA) region, especially in 
Maghrebian country (Nouioua et al. 2015; Kechiched et al. 
2020; Boumaza et al. 2021). Their genesis depended on 
the evolution of the Neo-Tethys Ocean (Flandrin 1948). 
The upwelling seawater currents of the Cretaceous–Eocene 
trans-global circulation (TCC) have favored the formation 
of this substance (Föllmi 1996; Abed et al. 2016). Cenozoic 
phosphates are located at relatively low latitudes, (below 
40°), which indicates their affinity with warm water (Slan-
sky 1986). Commonly, the phosphates are deposited in very 
shallow (Kechiched et al. 2018), near-shore marine or low-
energy environments. These favorable environments are 
the supratidal zones, littoral or intertidal zones, and estu-
arine zones (Notholt 1991). In the Paleo-Eocene, marine 
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phosphorites arise in the passage from the platform to the 
shelf. Phosphorite deposits occur then as a fine-grained rock, 
formed at low temperatures underwater from phosphorus-
bearing organic material (Filippelli 2011; Nelson et  al. 
2010). While the Amorphous calcium phosphate precipitates 
and crystallizes into Francolite (Arning et al. 2009). The 
geochemical tracing of the apatite structure substitution is an 
important tool to reconstitute the paleo marine chemistry and 
therefore the depositional environment of phosphorites. The 
substitution elements indicate the compositions of interstitial 
waters and the paleo salinity. Several scientists (McConnell 
1973; Manheim and Gulbrandsen 2018) discussed the sub-
stitutions of cations/anions in Apatite samples.

El Kouif province is one of the most important phos-
phatic deposits hosted in Paleocene–Eocene sedimentary 
rocks. In the Algerian–Tunisian border, the Tunisian side 
was largely studied by several researches, (Fourine 1980; 
Belayouni 1983; Chaabani 1995; Beji-Sassi 1999; Ounis 
2011). Whereas the research on the Algerian side is still 
insufficient despite the contributions of Boulemia (2015), 
Kechiched et al. (2016, 2018, 2020) and Kechiched (2017).

Our purposes consists to: (i) identify the mineralogical 
and geochemical composition of phosphatic rocks; (ii) define 
the genesis of minerals in phosphorites; (iii) assess the qual-
ity of the deposit and (iv) to plot a conceptual genetic model 
for all similar geologic and environmental setting.

In our study, we operated new rock and powder geo-
chemical data of El Kouif’s phosphorites which allowed us 
to determine the abundance, distribution pattern, and inter-
element relationship of phosphorites, ultimately, to interpret 
their impact on phosphatic mineralization.

A particular interest will be devoted to purified grains 
(pellets, coprolites, and granules) which will be used for the 
calculation of mineralogical formulas. Therefore, the present 
investigation would contribute to clarifying the mechanisms 
and conditions (depositional environment) that prevailed for 
morphogenesis in the El Kouif locality.

Most of the studies that deal with the same research axis 
in the same deposit conditions follow approaches that are 
based either on mineralogy, or on petrography, or on geo-
chemistry, or sedimentology, giving results with sensitive 
uncertainties. While consulting the geoscientific literature, 
little pieces of information on phosphorites of the El Kouif 
region is available. We can only evoke the biostratigraphic 
study of Flandrin (1948), the petro-mineralogical contribu-
tion of Boulemia et al. (2015), and the geochemical approach 
based on the behaviour of REEs by Kechiched et al. (2018, 
2020).

Our multidisciplinary study deals with a more global 
aspect of the phosphorites to overcome the uncertain-
ties problem in this study area. It traces the chemical ele-
ments as constituents of a mineral. A rock is made up of 
an assemblage of different minerals, and this rock gives 

rise to a geological formation. Our methodology combines 
these different aspects from the geochemical analysis of the 
total rock and purified grains, to the sequential analysis of 
sediment formation, including sedimentology, mineralogy, 
gitology and petrography. This permits the deduction of the 
depositional paleo-environment of phosphorites of the El 
Kouif locality.

Environmental relevance of phosphate 
studies

Besides, to the economic concerns associated with the 
identification and the characterization of phosphorus lev-
els along the sedimentary sequence, these deposits have 
revealed increasing environmental importance during the 
last decades (Gadri et al. 2015; Raïs et al. 2017; Khelifi et al. 
2021). In fact, phosphorus-based technologies for recovery 
from wastewater and heavy metal pollution has been widely 
discussed. The published researches indicated positive 
evaluation and encouraging results in terms of a decrease 
in dependency on global phosphate rock cumulative energy 
demand, acidification potential and global warming poten-
tial, fertilizer efficiency (Boudiaf et al. 2020; Driouech et al. 
2020).

Amann et al. (2018) have assessed according to a large 
spectrum of indicators overall environmental performance 
of P-based recovery approaches highlighted that the results 
expose certain tradeoff for the different used technologies. 
The increasing importance accompanied with the use of 
P-practices conceivably leading to various environmental 
concerns while the increasing awareness of the concentrated 
phosphate rock economic value is a handful of countries 
worldwide. The increased circular economy relying on these 
new P-based technologies reducing simultaneously environ-
mental impacts from phosphate industries and mines lead to 
the development of a broad of technologies on the basis of 
the intensive research and innovation studies (Binder et al. 
2009; Egle et al. 2015). To provide a more comprehensive 
picture for stakeholders dealing with specific drawbacks 
and (or) advantages of these approaches with respect to the 
variable energy demand and pollutant emissions namely 
greenhouse gases. The environmental performance of these 
recoveries relies principally on the different characterization 
of the investigated sedimentary units.

The studies of phosphorus has received increasing 
attention as an important tool to project and monitor cli-
mate change. In fact, many scientists are currently track-
ing phosphate to understand global warming and weather 
variability pattern (Ajayi and Ilori 2020; Almazroui et al. 
2020). Indeed, the continuous climate changes require heavy 
investigation and analyses of variability trend. Establish-
ing sensitive effective management systems requires the 
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development of control tools and measure devices to point 
out the predicted changes via accurate control of different 
environmental components. Phosphate loading variable 
concentrations has been used by several studies to evaluate 
climatic variability impacts on natural cycles and to pro-
ject numerous evolution scenarios to highlight the feasible 
alternatives to deal with weather variability issues and the 
potential repercussions in different sectors (Vincent et al. 
2015; Ogega et al. 2020; Ajayi and Ilori 2020). These mod-
els have been developed in accordance with the principal of 
the changes in the factors governing the concentrations of a 
different permissions will be detected via changes in natural 
element cycles.

The sensitive detection and explanation of these changes 
instead requires accurate knowledge about phosphate depo-
sition, characterization. Variability in response to different 
environmental conditions. Thus, the relevance of environ-
mental performance of P-indicators relies on the detailed 
knowledge of its cycles and paleo-evolution to retrace 
its evolution for a preliminary diagnostic of its further 
variability.

Given these important roles in climate variability; pro-
ject models and pollution decontamination and remedial 
measures, countries strive to study phosphate-based sensi-
tive approaches especially for the hit dry regions such as 
North Africa. Where future increase of mean temperature 
may reach, 2–3 °C with important seasonal cycle variabil-
ity has been reported (Ilori and Ajayi 2020). To deal with 
rainfall evolution and intensification frequency of extreme 
events pointed out by previous researchers and their likely 
repercussions on social, economic and ecological dimen-
sions. Significant statistical association of climate variability 
with chemical cycle evolution and their projected changes 
to represent adequately rehabilitation measures reducing 
uncertainties in the climate variable patterns and controlling 
key issues related to the weather conditions and pollution 
is needed. The climate impact on water resources in Alge-
rian–Tunisian border have been largely discussed by several 
researchers as Hadji et al. (2013, 2014), Hamed et al. (2014, 
2017, 2018), Mokadem et al. (2016), Ncibi et al. (2020a, 
2021; b), Besser et al. (2018, 2021), Dahoua et al. (2017a, 
b), and Gulbrandsen (1966).

General setting

Situated at 25 km East of the chief town of Tebessa prov-
ince; the study area belongs to the Eastern Saharian Atlas; 
as a part of the Algerian–Tunisian transboundary basin. It 
includes several outcrops of phosphate ores (Hamad et al. 
2018a, b; Tamani et al. 2019) (Fig. 1a, b). These substances, 
of marine origin, were formed during the Thanetian at Jebel 
El Kouif, Dyr, Tazbant. phosphate ores consist of grains of 

phosphatized coprolites and bioclasts. The host is thickly 
interspersed with thin levels of phosphate ore. The main 
geological formations outcropped in the study area are of 
Cenozoic age (Fleury 1969) represented by Dano-Montian 
marl (“e2-3”), a Thanetian phosphate (“e4”), and Ypre-
sian–Lutetian limestone (“e5-6”) and Miocene (“mc”) con-
tinental formation (Kerbati et al. 2020; Brahmi et al. 2021) 
(Fig. 1c–e). The anticlines geomorphologies resulted from 
a Neogene compression. The unconformity between the 
marine Miocene and the continental Eocene reveals a major 
phase that affects the region during this period (Villa 1980).

Material and methods

We conducted the sampling of whole-rock phosphatic layers 
on representative outcrops along with two preferred direc-
tions. We have done a chemical and mineralogical analysis 
of the Seventeen samples. We used the friable phosphatic 
sediments (layer 1 and 2) for extracting purified grains (teeth 
and coprolite).

We carried out the preparation for mineralogical protocol 
and XRD in the University of Tebessa’s Geosciences Labo-
ratory Algeria; and the Faculty of Sciences Laboratory in 
Tunis, Tunisia, respectively. Whereas we carried, out the 
geochemical analysis for whole rock and purified grains at 
SOMIPHOS Company laboratory, Algeria.

For XRD diffractometry, we analyzed multiphase powder 
using the PANalytical XPert PRO rays device. We compared 
the obtained X-ray diffractogram, with a records database, 
using a “High Scoreplus” program.

For Petrographic Analysis; we confectioned thin sections 
at the geoscience laboratory, university of Tebessa. For this 
task, we used a Leica polarizing microscope DMLP spe-
cially adapted for all petrographic observations. Otherwise, 
for chemical analyzes; we measured the “major elements” 
by Perkin Elmer flame atomic absorption spectrometry. 
First, the samples are dissolved after melting with stron-
tium metaborate, and then dissolved in 2% nitric acid. The 
dosage of trace elements (Zn, Cu, and Cd) was carried out, 
also, by atomic absorption spectrometer after dissolving the 
samples, by perchloric—hydrofluoric attack, and recovery 
of the residue with nitric acid. The fluorine was measured 
by a potentiometer after the mobilization of this element 
with concentrated hydrochloric acid. The device used is a 
Metrohm equipped with a specific fluorine electrode. The 
loss on ignition was obtained by calcination at 1000 °C. We 
used the major and trace element chemical data of the puri-
fied grains (Table 1), to determine the chemical formulas of 
the Apatite component. Among various calculation methods, 
we retained the structural formula, which minimizes the val-
ance of the charges between cations and anions. We per-
formed a calculation based on 16 with 6 mandatory anions, 
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with the possibility of introducing a correction factor. So 
that the electrical equilibrium is respected, following Paul-
ing’s rules.

Results and discussion

Cross-sections carried out on the outcrops of El Kouif local-
ity, showed sub-tabular layers. A lithostratigraphic column 
established a formation revealed eight layers of phospho-
rites (Fig. 2a). These sediments are relatively friable of 

Fig. 1  a The geographic location of the study area, b satellite image of the study area, c regional (1/200,000) geological map of the study region, 
d detailed (1/50,000) geologic map of the study area, e photo of the phosphorites layers
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decimetric order, alternating with layers of limestone and 
marl-limestone. It should be noted that, apart from the thick-
nesses of the layers, which differ, a lithostratigraphy of El 
Kouif locality presents almost the same facies in phosphatic 
layers.

The sequential analysis of the sediments composing the 
Paleo-Eocene profile of the perched syncline of El Kouif 
(Fig. 2b) revealed the existence of an asymmetrical sedi-
mentary cycle composed of a large positive mega sequence 
(SMS1) at the bottom, surmounted by a relatively reduced 
negative mega- sequence (RMS1) of around 63 m thick. 
Through this profile, we can deduce that the sedimentary 
basin knew increasing subsidence for the lower part with 
particularly supple of Dano-Montian formation. However, 
this subsidence appearance of the basin began to reduce 
during the phosphatic Thanetian (RS1) with marly lime-
stone, passing in the Eocene to increasingly, shallow sedi-
mentary environments where the biomicrites always tend to 
be replaced by biosparites of environments more energetic 
(Boulemia 2015).

Megascopic study revealed that the brecciated phospho-
rites are light beige to very dark brown in color and medium 
to coarser fractions embedded in a groundmass of clay min-
erals (friable rock) to carbonates (hard and compact rock) 
and sometimes partially, siliceous or collophanic. 

Microscopic observation of phosphate samples indicated 
primordially, phosphatic pellets rich in organic matter, 
devoid of a nucleus, and others nucleated. In sum, it should 
be noted that phosphatic intraclasts (coprolites and granules) 
of varying sizes and vertebrate skeletal fragments (bones and 
teeth) are bearer of organic matter at various rates, which 
gives them colors ranging from light yellow to very dark 
or even opaque brown (Fig. 3). The distribution sometimes 
follows the periphery of the nucleus.

The richness in organic matter is an anoxic sign for con-
ditions associated with the genesis of phosphorites. Phos-
phatic intraclasts are present with carbonates as groundmass 
to produce sedimentary wackestones (Fig. 3). High-grade 
is represented by packstones to grainstones phosphorites 
(Boulemia et al. 2015). Most probably, the explanation for 
this phenomenon is the major episodes of phosphorite depo-
sition were tied to climate and sea-level changes.

XRD analysis (whole rocks) has confirmed the presence 
of apatitic minerals (Hydroxy-apatite, Fluor-apatite, franco-
lite, and Dahlite), carbonates (calcite, magnesium calcite, 
ankerite, dolomite), the quartz, opal-CT, and even sulfides 
and gypsum. Besides, we have to note that the existence of 
pyrite (iron-sulfur) and chalcopyrite (copper sulfur) in some 
phosphatic rocks (Fig. 4) indicates highly reducing condi-
tions of their formation. In fact, due to the presence of sul-
fate  (SO3) ions in the water, the pyrite could be precipitated 
at the time of phosphatization. In addition, when Gypsum 
is associated with phosphorites, it may correspond to a late Ta
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phase linked to meteoric water circulation. It is therefore of 
secondary origin (Sassi 1974).

Furthermore, X-ray diffractometric analysis performed 
on various forms of coprolites isolated from friable phos-
phorites of the beam El Kouif formation showed that these 
“fossil” of fecal origin, consist of hydroxylapatite with 
fluorapatite and sometimes associated with dahllite. In other 
words, the coprolites are single-phase and only the Apatitic 
components are recorded there (Fig. 5).

The results of the chemical analyzes of the 17 samples 
of multi-phase phosphate facies (total rock) collected from 
eight mineralized layers constituting the phosphate bundle 
of El Kouif locality are reported in Table 2.

The vertical spectra of variation of chemical analyzes 
results, across the eight layers, shows a fluctuating and not 

monotonic behavior with the depth. The distribution of  P2O5 
is characteristic of phosphatic-rich layers. It reaches its high-
est concentration (30.81%) in the middle part of layer II. 
This indicates more concentration of apatite constituent (col-
lophane). It shows a minor peak (14.60%) in layer VII. There 
is no gradual increase within the eight phosphatic beds of El 
Kouif locality. The main reason for the vertical variation of 
the major oxides across the phosphatic layers consists of the 
content of the chemical element (mainly, abundant phospho-
rus) in seawater, good communication of the sea, and high 
organic productivity. This resulted in the synsedimentary 
deposition of phosphorites by the combination in reducing 
conditions in a shallow oceanic environment.

The distribution pattern of CaO is parallel to that of  P2O5 
(Fig. 6). It reaches its lowest concentration (24.6%) at layer 

Fig. 2  a Lithostratigraphy of the studied El Kouif sector, with eight phosphorites layers. b Sequential and lithological analysis of the paleo-
Eocene profile of El Kouif sector
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V. Its climax (47.11%) is recorded in the lower part of layer 
III. It seems that phosphatic components (pellets, coprolites, 
and fish debris) are the most important phases controlling 
the distribution of CaO and  P2O5 at El Kouif phosphorites. 
P and Ca are the two major elements making the framework 
of the CFA mineral. However, the presence of a substantial 
amount of calcium also is in the carbonates as calcite and 
dolomite. Apparently, Ca-sulfates play a minor role.

The distribution of MgO is contrary to that of  P2O5 and 
CaO. MgO content shows the highest peak in layer II and 
shows a minor peak within the middle part of layer II. The 
lower MgO content indicates that little dolomitization has 
occurred, and can be attributed to the formation of the phos-
phatic grains in low MgO seawater (Baioumy 2007). As 

magnesium forms dolomite lattice, it participates in chert 
(silex) and may be hosted in clay minerals. The distribution 
pattern of  CO2 is similar to that of MgO, its contents are 
very irregular and reach its maximum concentration. (36%). 
at the layer V. Carbon characterizes both carbonates and 
organic matter.

The contents of the siliceous phase  (SiO2) are remarkable 
and oscillate between 2.6 and 12.5%. It reaches its maximum 
value at the middle of layer II. The samples with high silica 
contents in the chemical analysis are due to the presence of 
the biogenic quartz and the partial or complete silicification 
(chert) of some levels. In addition,  SiO2 may indicate the 
presence of phyllosilicates in phosphatic rocks of El Kouif 
locality.

Fig. 3  Microscopics illustrations of phosphatic intraclasts. [1-Opaque 
punctuation of organic matter surrounding a pallet. 2-Organic matter 
gives hues ranging from light yellow to very dark brown. 3-Lateral 
view of a tooth (T) in a packstone textured phosphorite. 4-Coprolite 

of cylindrical shape, granule (G) and pellets (P) in an anisogranular 
phosphorite, 5-The fibrous microstructure of a bone fragment (F) of 
elongated shape in bio-pel-phosphorites]
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Fig. 4  X-ray patterns showing the presence of sulfides and sulfates in phosphorites samples of El Kouif locality (Algerian–Tunisian border area)

Fig. 5  X-ray diffractometric (XRD) diagrams of Coprolite collected from phosphorites of El Kouif locality
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The concentration of  Al2O3 is lower than 0.83% in the 
studied section this is may be due to minor occurrences of 
the clay mineral. Aluminum is the lead element usually taken 
as indicative of the clay fraction within the sedimentary 

rocks (Krauskopf and Bird 1967). In addition, the low con-
tent of alumina in the samples of phosphorites indicates the 
arid to humid climatic conditions at the time of precipitation 
and phosphatization of these sediments in the Tebessa area. 

Table 2  Major element (wt%) analysis of phosphorites (whole rock) in the main phosphatic layers of El Kouif locality

Samp. no. P2O5 (%) CO2 (%) MgO (%) Na2O (%) K2O (%) CaO (%) SiO2 (%) Fe2O3 (%) H2O (%) Al2O3 (%) SO3 (%) F (%)

KI1 26.05 10.80 2.37 1.05 0.18 45.68 3.53 0.34 1.68 0.83 6.2 1.8
KI2 27.22 8.65 2.07 1.15 0.17 46.23 3.07 0.5 1.83 0.81 7.4 1.6
KI3 20.10 20.2 5.68 0.8 0.1 42.42 3.6 0.3 1.45 0.7 4.6 0.8
KI4 19.41 21.25 6.18 0.77 0.05 40.94 2.9 0.2 1.26 0.59 5.6 1.8
KII5 24.80 8.15 2.5 1.1 0.1 44.2 2.89 0.2 1.65 0.7 10.62 2.9
KII6 30.14 5.00 0.65 1.13 0.07 45.42 4.22 0.15 1.64 0.62 12.5 0.89
KII7 30.81 5.31 0.47 1.15 0.05 45.99 5.4 0.12 1.54 0.59 7.88 1.8
KII8 17.76 23.57 6.7 0.7 0.07 37.01 5.6 0.16 1.24 0.63 6.1 2.9
KII9 18.00 16.00 4.2 0.9 0.06 38.98 6.85 0.17 1.36 0.6 10.2 2.6
KII10 27.00 10.29 2.84 1.05 0.05 43.74 2.98 0.18 1.68 0.59 7.8 1.9
KII11 30.27 6.00 0.66 1.15 0.07 47.11 6.98 0.22 1.62 0.63 4.44 1.8
KIII12 30.13 6.13 1.23 1.12 0.05 45.99 2.88 0.18 1.95 0.59 8.6 1.75
KIV13 20.66 19.94 0.93 0.8 0.13 45.99 4.58 0.41 1.87 0.77 4.28 0.9
KV14 18.60 36.00 8.11 0.37 0.05 24.6 6.5 0.13 0.55 0.59 4.15 0.49
KVI15 14.60 29.6 8.6 0.18 0.9 28.68 9.2 0.35 0.6 2.53 3.9 0.89
KVII16 16.20 30.2 8.57 0.13 0.13 29.16 8.6 0.48 0.9 0.76 4.45 0.96
KVIII17 15.90 32.8 8.7 0.2 0.03 28.6 8.6 0.22 0.5 0.54 2.56 1.52

Fig. 6  Vertical variation (profiles) of the main major oxides (Elemental abundance) across the eight phosphatic layers of El Kouif locality
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Finally, the sulfur contents are relatively high and fluctuate 
between 2.6 and 10.6%. They are similar to those of the 
phosphate deposits in northern Tunisia. This is a sign of a 
more confined environment (Sassi 1974).

In sum, the vertical variation of the main major oxides 
across the eight phosphatic layers of El Kouif locality indi-
cates that CaO and in degrees less  SO3 profile are similar 
to  P2O5, however, those of MgO,  CO2, and  SiO2 are antipa-
thetically related with  P2O5. The geochemical behavior is 
autonomous of the depth of the basin.

The relationships between the dosed chemical elements 
are known by calculating the correlation coefficients for each 
couple. These sometimes show good mutual inter-elemen-
tary relationships.

CaO correlates strongly with  P2O5 (r = 0.77) as shown 
in Table 3. This coefficient value provides information on 
a positive and significant bivariate relationship. If the  P2O5 
contents represent only apatite, Ca is an element constituting 
both phosphates and carbonates (calcite dolomite). Analysis 
of the behavior of this couple provides information on the 
importance of carbonates in the phosphate rocks analyzed. 
The correlation diagram of the El Kouif locality (Fig. 7a, b) 
shows two small groups of points separated and drawing an 
alignment of type  P2O5 = a Ca0 + b. The separation between 
the two lots indicates two types of phosphate facies, the first 
more mineralized and the other less rich in  P2O5. Few points 
provide information on low-content  P2O5 facies with a more 
abundant carbonate Exo-gangue.

MgO contents represent the dolomitic Exo gangue. Its 
percentage does not exhibit any high values in the  P2O5-rich 
stratigraphic levels. Indeed, the correlation coefficient is of 
the order of − 0.90, which indicates an antagonism between 
apatite and Magnesian minerals. Furthermore, an inverse 
relationship between MgO and  P2O5 in phosphorites may 
indicate a continuous replacement of MgO by  P2O5 during 

diagenesis. The MgO diagrams faithfully translate this nega-
tive correlation to a downward slope.

The  P2O5/SO3 correlation for the total rock is less signifi-
cant 0.54 despite the sulfated nature of the El Kouif phos-
phatic components intraclasts. It is explained by the notable 
presence of sulfated minerals (gypsum) and sulfides in this 
region, confirmed by X-ray diffractometric analysis.

The  H2O molecule is involved in the formation of clay 
minerals and gypsum but very actively to characterize 
hydroxyapatite. Correlation plots show two separate groups 
but tend to align positively. The dispersion of a few points 
probably provides information on the remarkable Exo 
gangue in phyllo silicates.

A good positive correlation between  P2O5/Na2O, of the 
order of 0.90 is showed in plot scatter. It provides infor-
mation on the clear geochemical affinity between sodium 
and phosphorus for the phosphates of El Kouif. The work 
of several authors such Gulbrandsen (1969) has confirmed 
this relationship. Moreover, the slight dispersion could be 
explained by the distribution of Na between the phase apatite 
(mainly the Dahllite mineral) and other sodium minerals 
such as the dawsonite.

It is very clear, that CaO (as a constituent of apatite) cor-
relates negatively with MgO and  SiO2 representing siliceous 
phase and clay minerals. In other words, if the phosphate 
rock is more mineralized, the clayey, siliceous, or dolomitic 
matrix is less developed. Thus, generally, calcite gives way 
to dolomite. Thus, the correlation diagrams clearly express 
this CaO/MgO and CaO/SiO2 antagonism. That suggesting 
a dilution of the clay’s minerals by carbonates or by a test of 
organisms and anhydrite or gypsum.

The processing of the analysis results shows the very 
close association between  Al2O3 and  K2O. The highly sig-
nificant correlation (0.99) and the perfect alignment on the 
scatter diagram, indicates a structural affinity of these majors 

Table 3  Matrix correlations 
between major elements in 
phosphorites of El Kouif 
locality

Most important values have been bolded
+(−) 0,AA: positive or negative significant correlation coefficient value

P2O5 CO2 MgO Na2O K2O CaO SIO2 Fe2O3 H2O AL2O3 SO3 F

P2O5 1.00 − 0.90 − 0.90 0.68 − 0.34 0.77 − 0.58 − 0.24 0.71 − 0.32 0.54 0.13
CO2 1.00 0.91 − 0.70 0.27 − 0.91 0.58 0.19 − 0.86 0.27 − 0.71 − 0.40
MgO 1.00 − 0.64 0.33 − 0.88 0.49 0.16 − 0.84 0.30 − 0.57 − 0.24
Na2O 1.00 − 0.32 0.77 − 0.63 − 0.09 0.76 − 0.34 0.29 0.55
K2O 1.00 − 0.32 0.37 0.39 − 0.33 0.99 − 0.25 − 0.28
CaO 1.00 − 0.72 − 0.02 0.96 − 0.33 0.53 0.33
SIO2 1.00 0.06 − 0.77 0.41 − 0.48 − 0.23
Fe2O3 1.00 0.07 0.35 − 0.37 − 0.35
H2O 1.00 − 0.35 0.56 0.31
Al2O3 1.00 − 0.26 − 0.27
SO3 1.00 0.43
F 1.00
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chemicals, contained in clay minerals (Al and K are majors 
elements constituent of the phyllites).

Since,  CO2 and MgO essentially, form dolomite and 
only enter as substituents for  PO3 and Ca in the apatite 
framework. Therefore, very logical that the  CO2/P2O5 
correlation coefficient becomes negative and the one that 
qualifies the  CO2/MgO pair is very positively individual-
ized. It should be noted that the point clouds of the dia-
grams  (CO2) sometimes do not line up. This may be an 

indication of a random dispersion of organic matter within 
the phosphorites of the El Kouif locality.

The chemical analysis results of purified grains 
extracted from phosphorites of layers I and II at El Kouif 
locality are listed in Table 1. An example of the abundance 
trend of chemical elements from the phosphatic peloid 
sample is presented in Fig. 8. It seems that concentration 
trends of certain major oxides generally, indicate contents 
of CaO,  P2O5,  CO2,  SO3, and Fluor more enriched, with a 
few percent than of  SiO2,  Al2O3,  Fe2O3, MgO,  Na2O, and 

Fig. 7  a Representative binary plots (Scatter plots), with regression equation, between oxides for some elements of phosphatic rocks of El Kouif 
locality. b Scatter plots between oxides of major elements in phosphorites (whole rock) of El Kouif locality (Algerian–Tunisian border area)
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 K2O. The concentration trends of trace elements reveal 
that these intraclasts are relative, enriched in Cd, Zn, and 
Cu. The  P2O5 values are around 33%, otherwise, the CaO 
contents also vary between 50 and 52%. CaO/P2O5 ratios 
recorded from treated purified grains are more than about 
1.55. Presumably, this value approaches that of carbonate 
Fluorapatite (CFA).

The results of the elemental analyzes in Table 1 were used 
to calculate the structural formulas for apatite at El Kouif 
locality (Paleogene basin of Algerian–Tunisian border area). 
The established average formulas are written as follow: 
 (Ca9.09Na0.36Mg0.13)  (PO4)4.54(SO3)0.35  (CO3)1.16(F, OH)2.13.

This non-stoichiometric apatite presents significant ani-
onic substitutions  (CO3 and  SO3 partially replaced the  PO4) 
affecting up to 24% of the sites; they also contain excess 
Fluor. However, cationic replacements remain relatively 
minor, covering approximately 4–6% of the sites. Further-
more, the Cu, Zn and Cd cations can replace the Ca ions in 
the apatite network (Jarvis et al. 1994) or are adsorbed in 
humic acids from organic matter (Belayouni 1983).

We can deduce that the high  CO3 replacement rates of 
 PO4 indicate an environment favorable to the replacement of 
phosphorus by carbon; the environment in which this group 
is abundant corresponds to the neritic section favorable to 
the formation of carbonates and the profusion of marine 
organisms. It is therefore not surprising to note that CFA 
formed within the carbonate base. The high  SO3 contents are 
indicators of paleo-salinity for an anoxic environment. As 

for cationic sites, their occupation rate with  Na+ and  Mg2+ is 
of the order of 5–7%. The number of Na moles is significant, 
higher than that of Mg, approximately in a ratio of 5. The 
variation of Na constitutes a witness to anoxic deposition 
and digenesis environment. Indeed, its low concentration 
could be due to good communication with the open sea, 
unlike the lagoon environment. Otherwise, the contents of 
some trace elements (Cd, Cu, and Zn) from purified grains 
samples shows high values compared to the average recorded 
in the sedimentary phosphorites established by Altschuler 
(1980). Indeed, the divalent;  Cd2+,  Cu2+,  Zn2+ can replace 
 Ca2+ in the structure of apatite. The trapping of heavy met-
als by organic matter seems to play an important role in this 
distribution. This indicates that planktonic organic matter 
may be the prime source of these elements in the Tebessa 
phosphate deposits.

The weakness point of our study that we intend to con-
sider in the next investigations is the lack of high-tech scan-
ning technologies and analysis procedure.

Our study did not take into consideration the analyti-
cal methods of Scanning Electron Microscopy (SEM), the 
geochemical study of some trace elements that were not 
taken into account during this study such as Uranium, and 
rare metals. This could give more insight and precision on 
the phosphogenesis in the Algerian Tunisian border Pale-
ocene–Eocene basin.

Fig. 7  (continued)
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Conclusion

A lithostratigraphic column established from the Tebessa 
series have shown a sub-tabular formation host of eight 
phosphatic layers. The sequential analysis of the sediments 
composing the Paleo-Eocene profile of the perched syncline 
of El Kouif revealed a subsidence of the basin during Dano-
Montien, which to be reduced at the phosphatic Thanetian.

The microscopic observation of phosphate samples 
showed phosphatic intraclasts rich in organic matter, this 
richness is an anoxic sign for genesis conditions. Bone 
debris accumulated due to the occasional mass mortality of 
fish and other animals occurring in upwelling zones. Allo-
chems are present mainly, with carbonates as groundmass, 
to produce wackestones, packstones, or grainstones phos-
phorites. This indicates leading episodes for sedimentary 
deposition, tied to climate and sea-level changes.

X-ray diffractometric analysis of the purified grains 
encountered in sedimentary phosphorites showed that these 
intraclasts were made only, of apatite components. The 
phosphate-rich sediments are mainly composed of copro-
lites, granules, pellets, and fish debris and this existence of 
sulfides in some phosphatic rocks indicates highly reducing 
conditions of their formation. However, when Gypsum is 
associated with phosphorites, it may correspond to a late 
phase linked to meteoric water circulation.

The chemical analysis of the samples coming from the 
different phosphate layers constituting the phosphate bundle 
showed high and fluctuating contents of  P2O5. The disper-
sion pattern, correlation coefficient, and mutual relationship 
of significant major oxides, represented by plotted diagrams, 
indicate that  SiO2,  CO2, MgO are antipathetically related 
to  P2O5, this relationship suggests a gradual replacement 
among these oxides during diagenesis and the poor corre-
lation between MgO and  P2O5 in phosphorites of the area 
indicates that a little dolomitization has occurred. Mg, Al, K, 
and Si, are recorded with variable concentrations. The lack 
of correlation between these elements and  P2O5 suggests 
different origins for the apatite. Indeed, these elements can 
be associated with clays, carbonates, or zeolites.

The geochemical behavior between the contents of  P2O5 
with the contents of CaO,  H2O,  Na2O, and  SO3 shows a posi-
tive correlation and strong correlation coefficients, respec-
tively. The latter result from the fact that these elements 
belong to the apatite framework, the high values of  P2O5 
and CaO in the phosphorites indicate more concentration of 
apatite constituent. The sulfur contents are thus, linked to the 
secondary gypsum. Finally, the richness of the phosphatic 
rocks in Apatite is autonomous of the depth in the Tebessa 
basin.

The difference in geochemical behavior of CaO and MgO 
may be also, due to ionic substitution of  Ca2+ by  Mg2+ in 
the apatite crystal lattice during the reducing environment 
of the basin. The low concentration of alumina may be due 
to minor occurrences of clay minerals that constitute the 
cementing material of the phosphatic rocks. The presence 
of low  Al2O3 in phosphorites indicates the humid to low 
temperature climatic conditions at the time of precipitation 
and phosphatization of these sediments at El Kouif locality.

The results of the chemical analysis from purified grains 
were used to calculate the structural formulas for apatite 
at El Kouif locality. This non-stoichiometric apatite pre-
sents significant anionic substitutions affecting up to 24% 
of the sites. However, cationic replacements remain rela-
tively minor, covering approximately 4–6% of the site. The 
high  CO3 replacement rates of  PO4 indicate a neritic section 
favorable to the formation of carbonates and the profusion 
of marine organisms.

The chemical trend indicates that; the variation in major 
and trace elements abundance is attributed to a change in the 
environmental condition of deposition (contents of seawa-
ter). The obvious richness of organic matter, higher values of 
 CO2, notable presence of sulfides minerals, high concentra-
tion of  SO3, and lower concentration of Na suggested that 
the reducing conditions of the basin were prevailing at the 
time of phosphatic formation in shallow marine environ-
ments. Besides, high contents of (Cd, Cu, and Zn) indicate 
that planktonic organic matter may be the prime source of 
these elements in the Tebessa phosphate deposits.

Fig. 8  Graph showing the rela-
tive abundance of major oxides 
in pellet sample KP2 extracted 
from phosphatic layers of El 
Kouif locality (Algerian–Tuni-
sian border area)
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This phosphatic series as those of El Kouif local-
ity (southern Tethyan margin) during a reduced negative 
sequence, shallow sedimentary environments, good com-
munication of the sea, abundant phosphorus in seawater, and 
high organic productivity were considered essential for the 
formation of phosphorites from areas of historical upwelling 
with nutrient-rich water or high sedimentation rates (anoxic 
sediments).
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