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Geochemistry and mineralogy of Paleocene—Eocene Oum El Khecheb
phosphorites (Gafsa—Metlaoui Basin) Tunisia

I. GALEATL* A. BEJI SASSL,' A. ZATER,! J. L. BOUCHARDON,? E. BILAL,2 J. L. JORON? and S. Sassr!

Laboratoire des Réssources Minérales et Environnement, Faculté des Sciences, Campus Universitaire, 1060 Tunis, Tunisia
2Département Géochimie et Procédés de I’Environnement, Ecole Nationale Supérieure des Mines,
158 Cours Fauriel, 42023 Saint Etienne, France
3Laboratoire Pierre Siie, CEA/Saclay, 91191 Gif-sur-Yvette cedex, France
“Laboratoire de Géoénergie, Centre de Recherches et des Technologies de 1’Energie,
Technopole Borj Cédria - 2050 Hammam-Lif, Tunisia

(Received June 9, 2009; Accepted September 10, 2009)

Upper Paleocene to Lower Eocene phosphates of the Jebel Oum El Khecheb profile (Gafsa—Metlaoui Basin GMB,
Tunisia) are mostly composed of brown phospharenites lithified or not, granular, with pellets, coproliths, bone clasts and
fish teeth. The matrix in analyzed samples is reduced and constituted of various clay minerals (dominantly smectites,
palygorskite, sepiolite and rare kaolinite), opal-CT and carbonates. Clinoptilolite is recognized along the series; very few
amounts of quartz and feldspar grains are sparsely present. The phosphate mineral is a carbonate-fluorapatite (CFA)
sulphated, sodic enriched in strontium and rare earth elements (REE). Statistical analyses of mineralogical and geochemical
data highlight the associated elements in the main mineral lattice. In the CFA, the group is composed of CaO-P,05—
Na,0-SO;—F-Sr-Th-REE-U-Ba—Zr—Cr. In the silicates, the group contains SiO,—-Al,0;-Fe,0;-Mg0O-K,0-Na,O0-TiO,—
Co-Cs—Rb-Sc-Ta—Sb—Mo-As and Cu. Sulphides are represented by Zn and Cd; iron oxides by mainly Fe and Ni. Dolo-
mite and gypsum are present; SOj; is contained in the latter, but CFA may also have some of this radical in its structure.
The Upper Continental Crust (UCC) normalized REE patterns present a variably negative Ce-anomaly, suggesting that the
imprint of the marine genesis environment is very well-preserved in the main phosphatic units. Positive-Eu and negative-
Sm anomalies were detected in some samples. The fractionation of light-REE to heavy-REE, represented by the La/Yb
ratio of untreated values varies between 8.28 and 12.94, somewhat less than UCC value (13.64). Enrichment of HREE is
due to phosphates. Both ratios reflect the marine genesis environment wherein the formation of the CFA took place in a
confined and oxygen poor environment. Then the CFA removed the REE and the trace elements present from the intersti-

tial waters, as was proposed for the various phosphatic basins of Tunisia.
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INTRODUCTION

Trace element contents of phosphorites, such as Sr,
U, and rare earth elements (REE), vary from one deposit
to another (McKelvey, 1950; Gulbdransen, 1966;
Altschuler et al., 1967; Tooms and Summerhayes, 1968;
Bliskovsky et al., 1969; Sassi, 1974; Altschuler, 1980;
Béji Sassi, 1984; Tlig et al., 1987; Fleet et al., 1997,
Soudry et al., 2002). According to these authors, the ob-
served variations are related to: (i) the availability of trace
elements in sea water and/or interstitial water in the sedi-
mentary basins (Tooms et al., 1969); and (ii) the cationic
substitution capacity of apatite (Sin’Kova et al., 1968;
Tooms et al., 1969; Price and Calvert, 1978; Altschuler,
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1980; McClellan, 1980; Nathan, 1984; Bé;ji Sassi, 1984,
1999; Béji Sassi et al., 2005; Iqdari et al., 2003).

Rare earth element occurrences were widely studied
by previous authors (e.g., Semenov et al., 1962;
Altschuler, 1980; Béji Sassi, 1984; Jarvis et al., 1994;
Dalirau, 2002; Kidder et al., 2003; Gnandi and Tobschall,
2003) to explain the variable contents and distribution of
these key elements in such economically important
sediments.

In Tunisia, phosphate deposits are encountered in sev-
eral localities. However, the Gafsa—Metlaoui Basin lo-
cated in the southern part of Central Tunisia has been the
focus of most of the phosphate-related studies in Tunisia
(Visse, 1952; Sassi, 1974, 1980; Chaabani, 1978, 1995;
Ben Abdesslem, 1979; Belayouni, 1983; Béji Sassi, 1984,
1999; Tlig et al., 1987; Zaier, 1984, 1995, 1999; Zaier et
al., 1998; Béji Sassi et al., 2005; and Ounis ef al., 2008).
These authors described the geology, mineralogy,



geochemistry and palynology of phosphate deposition. To
our knowledge, the Jebel Oum El Khecheb, located in
the Gafsa—Metlaoui Basin was not the subject of previ-
ous mineralogical and/or geochemical investigations.
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Fig. 1. Paleogeographic map of Tunisia during the Upper
Palaeocene—Lower Eocene.

Therefore, our present study focuses on the mineralogi-
cal-petrological characteristics of these phosphorites, their
associated trace element and REE distribution, which pro-
vide invaluable insights to the reconstruction of phosphate
genesis and paleoenvironment.

GEOLOGY

Regional geological and palaeogeographic context

Phosphorite deposition in Tunisia took place during
the Upper Paleocene to Lower Eocene (Fig. 1) within
sheltered structures, favorable to the formation and accu-
mulation of the mineral-bearing particles (Sassi, 1974;
Chaabani, 1978, 1995; Béji Sassi, 1984; Zaier, 1995,
1999). The Gafsa—Metlaoui Basin (GMB) constitutes the
largest and the most extended deposit phosphate ore mined
in Tunisia. The standard section in the GMB profile-type
recognizes ten phosphate-rich layers numbered CO to CIX.
A noticeable marker, the chert deposit is located between
the CVI and CVII layers.

Local geological context

The anticline of Oum El Khecheb is a secondary fold
of Jbel Stah (Fig. 2), located twenty kilometers SW of
Gafsa city. It is a short and narrow anticline 11 km length
long and 1.5 km wide roughly symmetrical with an ENE-
W-SW axis (Sassi, 1974). Synthetical lithostratigraphic
chart of Tertiary Tunisian deposits is showed in the left
part of Fig. 3.
- The Haria argillaceous Formation (about 50 m thick),
Maastrichtian—Paleocene.
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Fig.2. Outcrops of Phosphatic Series from Gafsa—Metlaoui Basin (GMB) and location of the Oum El Khecheb profile (Tunisia).
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- The Metlaoui Formation divided into 3 members: represented by nine phosphatic deposits interbedded with
* A lower carbonate and evaporitic member (about carbonates, clays and a cherty level;

85 m thick), dated as Paleocene (Selja member); e The upper carbonate member, comprising
* The middle main phosphatic Chouabine member  bioclastic limestones (50 m), covered by a phosphatic

(35 m in thickness, attributed to the Upper Paleocene) recurrence (4 m) named “the Upper Phosphate”, and
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Fig. 3. Lithostratigraphic section of the Paleocene—Eocene sequence of Oum El Khecheb transect (GMB, Tunisia).
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Fig. 4. A: XRays Diffractometric (XRD) diagrams of powder sample 90 CVIII. B: XRD clays diagrams of sample 90 CVIII (90

CVIII B: untreated and 90 CVIII G: glycolated).

overlain by limestones and dolomites (35 m). It is attrib-
uted to the lower Eocene named Metlaoui sensu stricto
member.
- The Jebs Formation dated as Late Eocene and com-
posed by a gypsum series (90 m), is overlain by a Mio—
Plio—Quaternary “continental complex”, which is com-
posed of detrital fluvio-deltaic sediments.

The Oum El Khecheb cross section includes from base
to top, the Chouabine and the Metlaoui s.s members (Fig.
3). CIII and CIV do not appear.

MATERIALS AND METHODS

Eighteen (18) samples were collected from the
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Chouabine and Metlaoui s.s members correlated to the
nine mined layers as well as to some other phosphate oc-
currences of lesser importance. In addition, 2 samples
were collected in the cherts for comparison. Analyses are
made on whole rocks without purification. The mineral-
ogy of these samples was first documented using optical
microscopy. In addition, the mineralogical proportions
were determined by X-ray diffractometry (XRD with a
Pan-Analytical brand X’PERT PRO type) carried out at
the Laboratory of Mineral Resources and Environment
of the Faculty of Sciences of Tunis. Clay argillaceous
minerals determination was based on oriented clay slides,
using three preparations (untreated, glycolated and heated
one hour at 550°C).



Major elements (P, Ca, Si, Al, Fe, Mg, Na, K and Ti),
whole rock analyses were performed at the Ecole des
Mines de Saint-Etienne—France (ENSM-SE) by X-Ray
Fluorescence (XRF). Trace elements (Cd, Zn, Cr, Cu, Ni
and Sr) and rare earth elements (La, Ce, Nd, Sm, Eu, Gd,
Dy and Yb) were analyzed also at the ENSM-SE, by In-
ductively Coupled Plasma Atomic Emission Spectrometry
(ICP-AES) with an Activa-Horiba Jobin Yvon
Spectrometer, on a rock powder solution obtained by acid
attack (nitric, hydrochloric, hydrofluoric). The following
trace elements (Tb, Sc, Co, Rb, Sb, Ba, Hf, Ta, Th, U, As,
Mo, Zr and Cs) were analyzed by neutron activation analy-
ses at the Laboratoire Eugene Siie, Saclay—France. The
analyses of the rare earth elements were confirmed by
neutron activation analysis.

Fluorine and total sulphur were determined at “Serv-
ice d’Analyses des Roches et des Minéraux - CNRS-
CRPG - France”. Fluorine is measured with a specific
electrode after adding 500 mg of powder to soda ash. Total
sulphur is analyzed after calcination (1400°C), from 25
to 250 mg of powder under oxygen current (LECO Appa-
ratus). Statistical calculations were made with Statistical
6.0 software.

RESULTS AND DISCUSSION

Petrography of the phosphorites

Phosphatic mineralization in the studied area consists
mainly of unconsolidated phosphate grains. Phosphorites
may be cemented by calcite and rarely by dolomite or
silica. The phosphate fraction is quite similar to those
studied elsewhere within the Gafsa Basin (Sassi, 1974;
Chaabani, 1978, 1995; Belayouni, 1983; Béji Sassi, 1984,
1999; Zaier, 1984, 1999). The petrographic observation
of selected samples of phosphorites from Oum El Khecheb
section has yielded the following:
- Pellets, ranging from 50 to 150 m approximately, with
or without nuclei, are composed of cryptocrystalline apa-
tite, locally enriched with scattered or organized organic
matter. The arrangement and abundance of this organic
matter, the nature of nucleus and the internal
microporosity are at the origin of various ranges of pel-
lets.
- Brittle coproliths, up to 1 or 2 cm, showing various
forms, also consisting of cryptocrystalline apatite, with a
fine silty fraction.
- Bone clasts, whose form and size relate to the inten-
sity of the reworking that they have undergone before their
immobilization; these clasts are good indicators of the
depositional environment energy.
- Phosphatized bioclasts, consisting of up to 1 cm of
internal moulds of gastropod and lamellibranch fragments.

Significant intraporosity is locally detected in the
coproliths, pellets and other phosphatic grains. This in-

ternal microporosity increases the contact surface with
the aqueous environment and eases the absorption of trace
elements contained in the apatite lattice.

We note the presence of rare and free pyrite and
sphalerite crystals and within the apatite pellets suggest-
ing that these sulfides were precipitated during the grains
genesis in the sedimentary basin in a zone favoring the
sulphate reduction.

Silicates are also present and are mainly represented
by: (i) silica, observed both as grains of microscopic
quartz (some of them non-detrital) and opal—cristobalite—
tridymite (opal-CT); (ii) volcanic feldspars, commonly
subhedral, in places with growth zonations; and (iii) very
rare glauconitic grains, arenitic in size, occasionally form-
ing an apatitic-glauconitic mixed phase. Argillaceous
matrix is characteristic of the unconsolidated
phospharenites, whereas calcite constitutes both the ce-
ment and a large part of the bioclasitic allochems or
lithoclasts. Dolomite is also present as cement in the
Upper Phosphorite zone, but is present as scattered
euhedral micro-rhombs with a dark nucleus or with
zonations. Round and flat decimetric nodular limy struc-
tures, commonly observed within the phosphate layers,
are constituted mainly of micritic fine debris: benthic
Foraminifera, Ostracods, phosphatic grains, fish teeth,
shell-clasts, phosphatized bioclasts, sparsely distributed
glauconitic grains, angular quartz and/or feldspar crys-
tals, and scarce dolomitic crystals.

Detrital terrigenous inputs sensu stricto do not con-
stitute individualized deposits in the phosphatic series,
but it is possible sometimes to find among allochems, a
minor fraction formed by detrital rounded quartz, their
different form distinguish them from the quartz of vol-
canic origin.

Mineralogy

The XRD powder diagrams of various rocks confirm
the mineralogical petrographic study. We recognized car-
bonate fluorapatite (CFA) (2.77 A), dolomite (2.89 A),
calcite (3.034 A), quartz (3.34 A) and opal-CT (4.26 A
and 4.07 A). Moreover; the patterns reveal the presence
of clinoptilolite (8.97 A) and different types of feldspars
(3.10-3.22 A). Gypsum is also present (7.56 A) (Fig. 4A).
When it is associated with phosphorites, it corresponds
to a late phase linked to meteoric water circulation. It is
therefore of secondary origin (Coque, 1958; Sassi, 1962).
The mineralogical distribution along the profile (Fig. 5)
clearly illustrates the dominance of the CFA in the phos-
phatic layers.

Dolomite is almost absent from the mineral-bearing
layers. It characterizes the higher part of the Main Phos-
phatic Series (layer 29) and the Upper Phosphate, con-
tributing thus to the reduction in the percentages of the
CFA in the phosphatic series of the Upper Phosphate (layer
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13). It is also present in the cherts.

Calcite, which is moderately abundant in phosphorites,
characterizes some mineral-bearing layers and represents
a bioclastic sedimentary fraction. It is also present in the
cherts. Along the GMB profile, feldspar is sparse; grains
were observed solely in the following layers: CIX, CVII,
CI and in the Upper Phosphate. Quartz was recognized in
several layers. The maximum abundance is recorded in
layer 29 located between Upper Phosphate and CO. Opal-
CT, which constitutes the main component of the cherts,
is also observed in some phosphate layers.

Sassi and Jacob (1972) reported for the first time the
presence of clinoptilolite in the GMB. Along the Oum El
Khecheb series, this mineral is associated with the phos-
phate mineralization in most of the studied layers, espe-
cially within the Main Phosphatic Series, but absent in
the Upper Phosphate recurrence in the higher part of the
Metlaoui Formation. In addition, we observed
clinoptilolite, commonly associated with opal-CT, par-
ticularly in the mineral-bearing Alternation Zone unit.

The presence of secondary gypsum is linked to the
existence of the thick gypsiferous series (Jebs Formation
equivalent) on top of Metlaoui Formation. Moreover, the
Gafsa—Metlaoui palaeoclimate is characterized by dras-
tic aridity, leading to a seabkha environment where gyp-
sum crystals are exposed to a wind deflation followed by
a general powdering in the area (Coque, 1958; Sassi,
1962). Later, solutions resulting from rainwater dissolu-
tion are transported and variably deposited.

Clay mineralogy alongside the profile is illustrated in
Fig. 5. The argillaceous fraction is mainly made up of
smectite (up to 100% in the layer CO (33) and the upper
part of the principal phosphatic series, sample 29), then
by palygorskite, sepiolite, and kaolinite (Fig. 4B).
Kaolinite is recognized only at the bottom of the main
phosphatic series, with little content, in the layer CIX
(5%). Magnesian clays (palygorskite locally accompanied
by sepiolite) characterize the mineral bearing horizons
CVIII, CVII, CVI and CII. The smectite is inherited from
the upper Cretaceous and the Lower Paleocene, where it
is very abundant, but the palygorskite and the sepiolite
are neoformed from the smectite.

Chemical composition

Major and trace element compositions Table 1 presents
the major and trace element compositions of selected
whole rock samples. The statistical tool treatments of
matrix of correlation are given in Table 2.

Factor analyses reduce a large number of initial vari-
ables in a small number of resultant variables called fac-
tors (Table 3 and Fig. 6). The factors include elements
strongly covariant between them. Factor analyses deter-
mine for each variable its degree of relationship with each
factor represented by a factorial axe. These axes may be

drawn by couple defining factorial plans. This represen-
tation allows to visualize the projection of the analyzed
elements on a plan giving a points cloud.

The whole points cloud obtained can be divided into
several areas. The observed associations reflect the dif-
ferent minerals structures: francolite (P,0s, F, CaO, Sr,
REE, Cr, Ba, Zr, Th, and U), clay minerals and silicates
(Al,04, K,0, Fe, 05, MgO, TiO,, Cs, Co, Rb, Sb, Mo, Ta,
Hf, Cu, and Sc), sulphides and organic matter (Zn, Cd,
Ni, Cu), free silica (opal-CT), and iron oxides (Fe,0;,
Ni) (Table 3 and Fig. 6).

Some elements belong to different mineral structures
at the same time, such SiO,, MgO, CaO, Fe,0;, Na,O,
and SO;. But, each one of these minerals has their asso-
ciated elements. Indeed, except the free silica, Si exists
in the phyllosilicates, the zeolite and the rare feldspars.
Ca is common in carbonates (calcite and dolomite), the
CFA and the gypsum. Na is associated with different sili-
cates, CFA and Mg. This latter is shared between dolo-
mite and magnesian clays. All these elements belonging
to several minerals, explain the average values of the fac-
tor scores of Table 3.

a) Major elements

The average and standard deviation (o) of element
abundances are given in Table 1. The major element com-
positions are illustrated in Fig. 7. All phosphatic levels
(C: I to IX) are economically significant with P,O5 val-
ues range between 23 and 29%. These ore grades are ac-
tually mined in the GMB. The Alternation Zone unit (Fig.
3) shows thinnest phosphatic levels with P,O5 contents
ranging from 20.4% (layer 74) to 24.8% (layer 55). These
contents decrease in the upper part of the series (C0) and
the Upper Phosphorites.

The mean concentration of CaO in the mineral-bear-
ing layers is about 38%. It correlates strongly with P,O4
(r=0.90) as shown in Table 2. Indeed, CaO/P,0O5 ratio in
the GMB mineralized layers is close to 1.55. This value
is characteristic of the CFA and obtained from purified
samples measured from whole rock and purified miner-
als (Sassi, 1974; Slansky, 1980; McClellan and Van
Kauwerbergh, 1990; Chaabani, 1995; Zaier, 1995; Bé;i
Sassi, 1999). Upper values indicate carbonate minerals
(calcite and dolomite) associated to CFA. Samples of this
study are not purified. CaO/P,Os ratio is up to 1.65 if we
exclude the Upper Phosphates (Table 1); but some values
are close to 1.60 or less.

As Mg cannot enter in the CFA lattice, its percentage
does not exhibit any high values in the P,O4-rich
stratigraphic levels, as the element is present only in car-
bonates and silicates. Magnesium is located within Mg-
silicates, in accord with the rough negative correlation
observed on the variation curves of MgO and P,O5 (r =
—0.79). We used a formula to assign the respective parts
of CaO in the dolomite and in the apatite lattices.
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Table 1. Major (%) and trace elements (ppm) and rare earth elements (ppm) in the main phosphatic layers, Chert and
the UCC (Taylor and McLennan, 1985)

Samples Uph Uph 29 Co CI CI 48 ClI CII Alz Alz
19 13 29 33 43 44b 48 50 51 55 64
LOI 30.12 20.61 17.62 20.65 10.67 13.76 11.13 12.21 11.63 11.68 12.37
SiO, 4.93 9.53 16.11 7.95 14.47 11.07 24.34 5.35 11.05 16.69 20.60
TiO, 0.03 0.15 0.09 0.08 0.11 0.09 0.04 0.04 0.05 0.06 0.07
AlLO; 0.22 1.33 1.66 1.39 2.79 2.00 0.83 0.74 0.95 1.40 1.49
Fe,0, 0.25 0.55 1.77 4.37 1.10 091 0.44 0.44 0.55 0.72 0.64
MgO 3.27 4.49 1.83 1.02 0.66 0.95 0.55 0.67 0.70 0.86 0.75
CaO 40.50 40.59 39.37 38.22 40.78 40.66 36.03 45.92 44.35 39.15 36.96
Na,O 0.64 0.67 0.54 0.38 0.96 0.91 0.79 1.20 1.04 0.98 0.93
K,O0 0.00 0.25 0.40 0.24 0.39 0.25 0.15 0.06 0.14 0.16 0.22
P,0, 16.20 18.26 17.97 12.16 24.04 23.73 22.58 28.81 27.80 24.77 23.17
SO, 3.08 2.33 1.83 11.13 3.53 2.50 2.30 3.08 3.18 2.45 2.20
F 2.14 2.33 2.17 1.50 3.16 2.60 2.40 3.26 3.05 2.83 2.50
Total 101.38 101.09 101.36 99.09 102.66 99.43 101.58 101.78 104.49 101.75 101.90
F=0 0.90 0.98 0.91 0.63 1.33 1.09 1.01 1.37 1.28 1.19 1.05
Total 100.48 100.11 100.45 98.46 101.33 98.34 100.57 100.41 103.21 100.56 100.85
CaO/P,0; 2.50 222 2.19 3.14 1.70 1.71 1.60 1.59 1.60 1.58 1.59
Si0,/Al,0; 22.41 7.17 9.70 5.72 5.19 5.54 29.33 7.23 11.63 11.92 13.83
Cd 32.29 40.53 30.98 149.31 41.00 61.24 59.68 87.83 49.80 15.34 15.03
Zn 151 205.24 574 592.84 416.54 433.45 400 621 416.80 133.81 130.99
Cr 119.18 156.91 268.62 206.39 244.25 351.51 290.73 462.01 454.10 168.79 168.23
Cu 17.60 27.31 35.53 33.59 16.40 20.90 9.60 16.21 15.82 14.77 7.30
Ni 11.70 13.87 38.34 114.40 13.78 26.09 27.54 18.13 13.95 9.75 7.25
Sr 1241 1171 1405 1048 1916 1652 1541 1995 1902 1811 1661
Sc 1.10 2.50 2.90 2.70 3.70 4.60 2.70 3.30 3.20 2.90 3.50
Co 0.20 0.46 0.82 1.43 0.82 1.92 2.01 0.78 0.67 1.65 0.69
Rb 2.20 6.40 9.00 7.30 5.70 8.80 4.60 4.60 4.20 6.90 6.40
Sb 0.53 0.88 0.71 0.65 0.88 0.79 0.47 0.28 0.24 0.22 0.20
Cs 0.12 0.24 0.37 0.40 0.32 0.60 0.32 0.31 0.32 0.49 0.44
Ba 459 82.0 88.0 51.6 73.0 64.0 52.3 58.0 55.8 50.0 45.1
Hf 0.64 1.91 1.25 0.61 0.67 0.52 0.29 0.40 0.35 0.36 0.49
Ta 0.07 0.74 0.26 0.22 0.24 0.26 0.10 0.08 0.09 0.14 0.15
Th 1.13 2.66 8.57 5.83 16.31 9.89 4.12 10.08 11.37 7.99 6.88
U 26.2 27.1 19.5 15.2 29.8 26.2 21.1 28.0 24.6 22.6 132
As 4.79 16.05 14.80 14.07 3.08 437 3.70 1.77 1.77 2.39 2.86
Mo 23.40 22.10 25.40 19.60 9.35 22.50 16.80 12.23 9.06 9.11 5.26
Zr 77 135 98 52 96 81 61 78 77 63 56
Total 1775 1926 2651 2349 2931 2770 2546 3448 3092 2376 2195
Zn/Cd 4.68 5.06 18.53 3.97 10.16 7.08 6.70 7.07 8.37 8.72 8.72
Zr/Hf 120.31 70.68 78.40 85.25 143.28 155.77 210.34 195.00 220.00 175.00 114.29
La 25.2 45.5 61.1 39.7 110.0 73.6 58.5 88.9 93.2 74.3 73.1
Ce 21.7 52.1 100.4 64.0 200.0 106.4 69.1 136.8 157.0 132.4 134.6
Nd 18.2 32.6 61.0 354 111.1 63.6 48.1 80.7 90.8 72.5 65.8
Sm 2.90 5.39 11.47 7.06 21.22 11.90 8.11 15.12 16.90 13.59 12.66
Eu 0.99 1.97 3.07 1.99 5.66 3.08 2.13 4.32 421 3.65 343
Gd 4.39 8.00 14.57 9.00 22.65 14.78 10.26 16.74 18.92 15.46 13.77
Tb 0.57 1.01 1.54 1.02 2.72 1.69 1.30 2.11 2.26 1.78 1.68
Dy 4.26 7.10 10.41 6.59 17.51 12.15 9.20 14.54 15.67 12.84 11.30
Yb 2.58 4.36 5.04 3.81 8.52 6.81 5.63 8.16 8.00 6.22 6.12
Total 80.79 158.03 268.60 168.57 499.38 294.01 212.33 367.39 406.96 332.74 322.46
La/Yb 9.77 10.44 12.12 10.42 1291 10.81 10.39 10.89 11.65 11.95 11.94
Lay/Yby 0.72 0.77 0.89 0.76 0.95 0.79 0.76 0.80 0.85 0.88 0.88
Dy, /Smy 1.89 1.69 1.17 1.20 1.06 1.31 1.46 1.24 1.19 1.21 1.15
Ce/Ce* 0.45 0.61 0.70 0.74 0.77 0.68 0.57 0.70 0.73 0.77 0.84
Eu/Eu* 1.25 1.36 1.09 1.15 1.20 1.07 1.08 1.26 1.10 1.17 1.21
Tb/Tb* 0.74 0.76 0.71 0.75 0.78 0.72 0.76 0.77 0.75 0.72 0.77
Sm/Sm* 0.71 0.69 0.87 0.87 0.88 0.89 0.84 0.84 0.91 0.87 0.88
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Table 1. (continued)

Samples Alz Alz (6\% CVI Ch Ch CVII CVIIL CIX Average o ucc
69 74 80 84 87 88 90 97 122

LOI 11.29 14.80 12.36 12.26 19.26 19.82 14.36 13.01 11.36 15.05 491 —
Sio, 19.13 17.88 7.96 6.92 53.50 56.43 4.56 12.96 8.29 16.49 14.29 66
TioO, 0.05 0.15 0.06 0.05 0.20 0.20 0.06 0.06 0.10 0.09 0.05 0.41
Al O, 0.97 3.47 1.18 1.00 4.24 4.27 0.96 1.02 2.49 1.72 1.15 15.20
Fe,O, 0.50 1.59 0.70 0.61 1.70 1.65 0.50 0.52 1.79 1.07 0.93 4.50
MgO 0.64 1.53 0.70 0.83 4.14 4.28 1.23 0.74 1.32 1.56 1.33 2.20
CaO 40.15 34.87 43.34 45.28 13.02 9.41 46.58 43.37 42.03 38.03 9.72 4.20
Na,O 1.16 0.68 1.16 1.16 1.37 1.37 1.08 1.14 1.24 0.97 0.28 3.90
K,O 1.15 0.40 0.12 0.08 0.53 0.44 0.25 0.16 0.69 0.30 0.26 3.40
P,O4 24.57 20.39 25.91 28.12 1.40 0.87 26.74 25.31 26.09 20.94 8.01 0.32
SO, 2.50 2.00 4.13 2.83 0.20 0.20 3.15 2.60 3.50 2.94 2.16 —
F 2.60 2.40 2.94 3.11 0.00 0.00 3.13 2.83 3.14 2.40 0.93 —
Total 104.71 100.16 100.56 102.25 99.56 98.94 102.60 103.72 102.04 — — —
F=0 1.09 1.01 1.23 1.31 0.00 0.00 1.31 1.19 1.32 — — —
Total 103.62 99.15 99.33 100.94 99.56 98.94 101.29 102.53 100.72 — — —
CaO/P,0, 1.63 1.71 1.67 1.61 9.25 10.84 1.74 1.71 1.61 — — 13.13
Si0,/AL O, 19.72 5.15 6.75 6.92 12.62 13.22 4.75 12.71 3.33 — — 4.34
Cd 9.46 15.17 24.18 33.18 70.87 46.04 57.69 20.36 13.71 43.68 32.85 0.10
Zn 124.22 58.84 216.94 227.70 809.26 543 434.78 152.46 115.18 33791 214.14 71
Cr 228.38 190.82 241.77 179.78 161.85 159.00 185.58 156.95 127.64 226.12 97.69 83
Cu 8.75 12.25 9.71 13.10 30.40 29.00 13.85 13.04 15.86 18.05 8.54 25
Ni 7.53 17.11 13.42 14.44 43.09 57.00 20.02 16.70 20.07 25.21 24.50 44

Sr 1637 1540 1894 1915 234 196 1839 1680 1750 1501.35 511.76 350
Sc 3.00 4.80 3.80 3.00 3.60 3.49 2.70 2.50 4.20 3.21 0.82 13.60
Co 0.55 3.50 1.30 1.17 5.40 5.25 0.49 0.70 4.00 1.69 1.58 17
Rb 5.00 13.60 5.70 3.90 15.00 14.60 4.20 4.50 13.30 7.30 3.87 112

Sb 0.12 0.36 0.27 0.33 0.80 0.71 0.26 0.26 0.96 0.50 0.27 0.20
Cs 0.36 0.96 0.37 0.26 1.20 1.07 0.30 0.28 0.90 0.48 0.30 4.60
Ba 40.6 533 63.5 67.1 33.0 26.8 64.5 56.4 78.0 57.45 15.67 550
Hf 0.42 0.97 0.48 0.45 0.95 0.88 0.46 0.33 0.56 0.65 0.39 5.80
Ta 0.12 0.40 0.13 0.11 0.60 0.50 0.16 0.12 0.23 0.24 0.19 1.00
Th 4.68 5.67 8.24 7.46 2.80 2.21 3.38 2.80 18.42 7.02 4.59 10.70
8] 17.6 13.1 254 37.4 3.6 32 40.5 314 51.9 23.88 11.67 2.80
As 7.34 8.18 2.51 2.79 8.20 7.20 1.56 1.90 12.00 6.07 4.75 1.50
Mo 4.05 7.51 8.66 14.97 13.50 13.30 16.52 8.67 36.40 14.92 8.06 1.50
Zr 63 80 80 95 43 39 114 79 123 79.50 25.34 190
Total 2231 2100 2680 2701 1568 1236 2890 2325 2508 — — 1484
Zn/Cd 13.13 3.88 8.97 6.86 11.42 11.79 7.54 7.49 8.40 — — 710
Zr/Hf 150.00 82.47 166.67 211.11 45.26 44.32 247.83 239.39 219.64 — — 32.76
La 65.4 58.3 77.8 70.3 9.8 9.3 54.1 41.8 139.8 63.49 31.51 30
Ce 97.4 102.7 1194 110.8 16.1 15.8 60.5 49.2 292.0 101.92 66.15 64
Nd 54.1 48.2 68.3 62.6 8.1 7.9 38.5 31.8 159.4 57.94 35.65 26
Sm 9.87 947 13.14 10.96 1.35 1.30 5.31 4.02 32.20 10.70 7.30 4.50
Eu 2.78 2.58 3.65 3.32 0.42 0.43 2.07 1.65 8.57 3.00 1.86 0.88
Gd 10.80 12.76 15.58 13.47 2.00 1.90 9.98 7.35 34.85 12.86 7.44 3.80
Tb 1.43 1.30 1.89 1.69 0.22 0.21 1.19 0.89 4.06 1.53 0.87 0.64
Dy 9.97 9.28 13.13 11.82 1.70 1.50 9.15 6.54 24.00 10.43 5.32 3.50
Yb 591 5.28 7.62 6.69 0.79 0.76 6.53 4.81 10.80 5.72 2.49 2.20
Total 257.66 249.87 320.51 291.65 40.50 39.10 187.33 148.06 705.68 — — 135.52
La/Yb 11.07 11.04 10.21 10.51 12.43 12.24 8.28 8.69 12.94 — — 13.64
Lay/Yby 0.81 0.81 0.75 0.77 0.91 0.90 0.61 0.64 0.95 — — —
Dy,/Smy 1.30 1.26 1.28 1.39 1.62 1.48 2.22 2.09 0.96 — — —
Ce/Ce* 0.72 0.85 0.71 0.73 0.79 0.81 0.60 0.60 0.81 — — —
Eu/Eu* 1.25 1.07 1.18 1.26 1.16 1.24 1.24 1.33 1.19 — — —
Tb/Tb* 0.79 0.68 0.75 0.76 0.68 0.71 0.71 0.73 0.79 — — —
Sm/Sm* 0.84 0.88 0.86 0.79 0.76 0.73 0.62 0.58 0.90 — — —
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Table 3. Factor Weight (without rotation) -
Extraction: principal components (marked

weight)
Factor 1 Factor 2 Factor 3
LOI 0.65 0.20 -0.50
SiO, 0.77 -0.30 0.48
TiO, 0.70 -0.62 0.08
ALO, 0.56 -0.72 0.30
Fe,0, 0.36 -0.44 -0.44
MgO 0.78 -0.17 -0.19
CaO -0.86 0.33 -0.33
Na,O -0.03 -0.21 0.72
K,O 0.11 -0.47 0.23
P,O4 -0.95 0.23 0.06
SO, -0.21 0.10 -0.59
F -0.96 0.19 -0.06
Cd 0.29 0.05 -0.47
Zn 0.45 -0.17 -0.17
Cr -0.36 0.07 0.06
Cu 0.62 -0.32 -0.58
Ni 0.53 -0.17 -0.45
Sr -0.96 0.21 0.04
Sc -0.14 -0.71 0.39
Co 0.55 -0.66 0.34
Rb 0.51 -0.79 0.18
Sb 0.29 -0.67 -0.49
Cs 0.51 -0.70 0.39
Ba -0.57 -0.24 -0.59
Hf 0.47 -0.30 -0.48
Ta 0.66 -0.47 -0.16
Th -0.71 -0.63 -0.03
U -0.76 -0.06 -0.28
As 0.37 -0.46 -0.64
Mo -0.03 -0.40 -0.67
Zr -0.52 -0.19 -0.49
La -0.90 -0.41 0.03
Ce -0.80 -0.57 0.06
Nd -0.83 -0.53 0.01
Sm -0.79 -0.58 0.01
Eu -0.82 -0.55 -0.02
Gd -0.82 -0.55 -0.04
Tb -0.85 -0.51 -0.02
Dy -0.89 -0.43 0.01
Yb -0.96 -0.25 0.02
Var. Exp 17.10 7.84 5.12
Prp. Tot 0.43 0.20 0.13

[CaO — (1.3%P,05)] corresponds to the calcium in the
dolomite lattice. CaO is the total analyzed calcium and
(1.3%¥P,05) corresponds to the calcium in a theoretical
apatite lattice Cas(PO,);F in which, 5 CaO is equivalent
to 1.5 P,Os. In MgO versus CaO — (1.3%P,05) (Fig. 8A),
MgO appears crudely related to the excess of CaO. The
maximum concentration is recorded in the Upper Phos-
phates (4.5%) and MgO-content appears to indicate both
dolomite and silicate fractions.

The fluorine-content obtained from whole rock, ranges
from 1.5% in CO layer to 3.26% in CII layer. Fluorine
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Fig. 6. Factor weight F1 versus F2. 1: CFA group, 2: Silicates
group and 3: sulphides and organic matter group.

correlates well with P,O5 (r = 0.98). The calculated F/
P,0O5 ratio, ranging from 0.108 to 0.128 (mean 0.115),
agrees with the previous values obtained from other pro-
files in the GMB and reported by Sassi (1974) by
Chaabani (1995). It is higher than the theoretical CFA
value that is about 0.089 (Altschuler et al., 1958).

Because gypsum is meteoric in origin (Coque, 1958;
Sassi, 1962) the SO,/P,0; ratio of the phosphatic series
of the GMB is calculated only for samples whose XRD
patterns are free of gypsum. This ratio value, about 0.11
(Fig. 8B), is similar to that given by Sassi (1974) for
phosphorites of Sector 100 located to the East of Oum EI
Khecheb.

The Na,O content along the series varies between 0.13
and 1.37%. It is positively correlated with the P,O5 con-
tent (Fig. 8C), suggesting that Na occurs in the apatite
structure. Nevertheless, Na can be present not only in the
apatite lattice but can also be linked to silicates such as
clinoptilolite ((Na,K,Ca), ;Al;(Al,Si),Si,;05,—12H,0)
and may also be trapped between the smectites layers.
The Na,0/P,05 ratio is about 0.04 and is close to that the
Gafsa basin phosphorites (0.05) as was reported by Sassi
(1974).

Free silica, derived from Diatom mud is mostly asso-
ciated with mineralization. Values range from 4.5% (CVII)
to 24.34% (layer 48), except in the chert units where SiO,
is about 54-57% for 4.2% Al,05. Allochems and cement
are totally or partially silicified during diagenesis in these
thin layers. Terrigenous quartz is very rare, but where
present in some levels, quartz may have a subaerial vol-
canic origin (Clocchiatti and Sassi, 1972; Béji Sassi et
al., 1996; Béji Sassi, 1999). These different origins for
silica explain its distribution within the mineralization as
it appears in the factor analysis. Since Ti-rich minerals
are not observed, we assume that TiO, (<1%) is mostly
contained within silicates as shown by r (TiO,—Al,05) =
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Fig. 7. Variation of the chemical composition in the main layers of phosphorites and chert of Oum El Khecheb profile.

0.92.

Aluminum is observed within silicates. The low val-
ues of Al,05 (0.22—4.27%) are due to the nature of sam-
ples that are mainly phosphatic, except for samples of
cherts. The same observation concerns Fe,O; low con-
tent in the mineralized layers in which it ranges from
0.25% to 4.37%.

b) Trace elements

The concentration of traces elements from the
analyzed rocks is presented in Table 1. Traces elements
distribution along the profile does not show a regular

Geochemistry and mineralogy of Paleocene—Eocene phosphorites

evolution. These traces were distributed in the different
mineral phases: CFA, silicates (clays, clinoptilolite, and
feldspars), opal-cristobalite of the cherts, and the carbon-
ates (calcite, dolomite).

Compared with the Upper Continental Crust compo-
sition (UCC), there is major and traces elements
fractionation (Fig. 9). For values >1, the concentrations
of CaO, P,0s, Sr, Cd, Zn, Cr, U, Mo, As and Sb are in
excess relative to UCC. If values are <1, the deficit is in
relation to the composition of UCC (Si0,, TiO,, Al,Os,
Fe,0;, Zr, Ba, Rb, Sc, Co, Hf, Cs and Ta). Few elements
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Fig. 8. A: MgO versus CaO — (1.3#P,05) diagram. B: SO;
versus P,0s diagram for phosphatic samples from Oum El
Khecheb section. C: Na,O versus P,Os diagram for phosphatic
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have values close to UCC (MgO, Cu, Ni, Th). Elements
situated above line 1, correspond mainly to the CFA.
However, some of them are associated to the organic
matter (Belayouni et al., 1982). Despite of its low con-
tent, Cd appears to be in excess compared to the UCC
values, because it rarely occurs in the crust minerals. El-
ements situated under line 1, corresponding to the sili-
cates, seem to be underconcentrated relative to the UCC
concentrations (constituted mainly by detrital exogen and
endogen minerals).

i) Strontium, zinc, chromium, nickel, copper and cad-
mium

The content of the trace elements: Sr, Cd, Zn, Cr, Cu
and Ni, are variable in phosphatic stratigraphic units (Ta-
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ble 1). Strontium is the most abundant trace element. The
good Sr—P,05 correlation (0.98) confirms that Sr is lo-
cated in the CFA lattice.

The average concentration of Zn is about 338 ppm.
These concentrations increase from bottom to cherts (115
to 809 ppm). The contents decrease to 227 ppm in C VI
and to 59 ppm at the Alternations Zone (Fig. 3). In the
upper part of the Main Phosphatic Series, the Zn-values
are very high (from 417 to 620 ppm). In the Upper Phos-
phates (Fig. 3), Zn concentrations decrease to 150-200
ppm.

The element also present is the Cr with an average
concentration of about 226 ppm. From bottom to the top
of the Alternations Zone (Fig. 3), Cr content increases
from: 127 to 169 ppm. From the CII bottom, there is a
sharp increase (460 ppm) followed by a decrease to 270
ppm to the top of the Main Phosphatic Series. Upper Phos-
phates are as poor as the series bottom (120 ppm). The
average concentration of Ni is 27 ppm. Ni correlates with
Fe (r = 0.9). The average Cu content is 18 ppm.

Cadmium varies between 9.5 ppm in the Alternation
Zone and 150 ppm in the CO units. In this study, Cd shows
a moderate correlation with Zn (r = 0.73). In phosphatic
level 33, which corresponds to a wide replacement by iron
oxides, the contents of Cd and Fe,0; are relatively high.
Exceptional concentrations, in samples 29 and 33, dis-
turb the correlation.

Sassi (1974) reported that Cd in phosphorites depos-
its in Tunisia is associated with Zn. The Cd—Zn associa-
tion is confirmed by other works (Belayouni and Khamli,
1988; Béji Sassi, 1984; Khamli, 1988; Chaabani, 1995;
Béji Sassi and Sassi, 1999). According to these authors,
the Cd can be incorporated in part in the apatite lattice
but it is mainly contained in sphalerite where it replaces
Zn. Indeed, Zn in sphalerite can be partially replaced by
Cd because of their very close electronegativity, respec-
tively 1.6 and 1.7 (Klein and Hurlbut, 1993), in spite of
the different ionic radii (Zn>* 0.74 A and Cd** 0.97 A).



Electron microprobe analysis of the sphalerite in the
phosphate deposits of GMB shows a dispersal of the re-
sults across the crystal sphalerite and also throughout the
basin (Béji Sassi and Sassi, 1999). Thus, the Zn/Cd ratio
found at M’Rata range from 3.8 to 5.1 for 10 sphalerite
crystals. Farther South M’Dhilla, this ratio ranges from
7.2 to 14.3. In this study, Zn/Cd ratio varies between 4
(CO-sample 33) and 18.5 (sample 29) with an average of
8.4. These results reflect the dispersal characteristics of
the phosphatic series and the various physical and chemi-
cal conditions that prevail during diagenesis.

it) Zirconium, hafnium, barium, uranium and thorium

Compared to Zr values observed in phosphorites by
Altschuler (1980), ranging from 13 to 20 ppm, the GMB
mineral-bearing rocks show a high content (52—-135 ppm)
but it is depleted compared to UCC (190 ppm). The low-
est content (39-43 ppm), are in the chert level, where P,O5
is comprised between 1-1.5%. Also, there is no clear cor-
relation in the Zr—P,05. However, in phosphorites levels,
the XRD and the photonic microscopy reveal a small pres-
ence of quartzo-feldspatic fraction in which Zr is up to
80 ppm. In the other layers, this element is between 39
and 80 ppm. It may be possible that the volcanic activity
during the Paleocene was of explosive-type with ashes
and various minerals (Clocchiatti and Sassi, 1972; Sassi,
1974; Béji Sassi et al., 1996). These volcanic events seem
to occur either at the beginning or at the end of a phos-
phatic episod (Sassi, 1974).

Zr is a hydrophilic element; it is enriched in the liquid
phase (magma) expelled during violent eruptions. This
subaerial Tertiary volcanism of acidic-type could have
dispersed the materials in the different phosphatic basins.
Glass alteration, in the marine environment, releases Zr
and explains the excess Zr found in the phosphorites lay-
ers, which also contain a small fraction of quartz and
feldspars from volcanic ashes.

The positive correlation between Zr and U (0.79) may
be related to CFA. Although the replacement of Ca** (ionic
radius 1.12 A) by Zr** (ionic radius 0.84 A), in the struc-
ture of the CFA, is difficult explain (Wittacher and
Muntus, 1970), because of the difference in their ionic
radii. Zr seems nevertheless to be present in the structure
of the CFA, adsorbed at the crystals surfaces.

Hafnium concentrations are relatively low (0.29 to
1.91 ppm). There is a weak correlation between Zr and
Hf (0.37), which has a close geochemical behavior rec-
ognized by many authors. The average Zr/Hf is 122 com-
pared to 32.75 in UCC and 39 in the zircon. A separation
of Zr—Hf is noticed leading Hf affinities to others miner-
als. Thus, Hf correlates positively with Ta (0.85), TiO,
(0.65), and MgO (0.75), suggesting that it should be em-
bedded with silicate-sediments, like palygorskite and
sepiolite.

Barium is characterized by much lower content (27 to

88 ppm) to those of world phosphorites concentrations
(350 ppm) (Altschuler, 1980). Despite the fact that Ba
and Sr have the same geochemical behavior because of
their higher ionic radii, Ba cannot replace Ca in the CFA
lattice as Sr. Wesuggest a possible adsorption on the sur-
face or in the central channel apatite lattice.

Barium is in alkali feldspars and plagioclases. The
positive correlation of this element with Zr (0.87) can be
explained easily if one accepts, for a part, a volcanic ori-
gin for the both elements.

Compared to previously published values (40—60 ppm)
in other GMB locations (Sassi, 1974; Chaabani, 1995),
U ranges from 3.2 ppm in chert layer to 52 ppm (CIX
phosphorite layer) along the Oum El Khecheb cross sec-
tion with average of 24 ppm. Uranium is commonly be-
lieved to be easily incorporated into the apatite lattice
(Gulbrandsen, 1966; Altschuler, 1980; Slansky, 1980).
The moderate correlation between U-P,05 (r = 0.7) can-
not exclude a mobility of U that maybe leached by infil-
trated waters then immobilized in another structure. On
the other hand, from the bottom to the top of Oum El
Khecheb profile, uranium exhibits similar fluctuations
behavior than REE and Th; they are essentially gathered
in the apatite lattice.

Thorium contents are variable and low; they range
from 1.13 to 18.4 ppm. The lowest values are related to
the Upper Phosphates and to B unit (CVII, CVIII and
cherts). As reported, this element shows similar fluctua-
tions as U and may replace Ca in the CFA lattice because
of their same sizes (about 1.08 A). In Fig. 6, Th is close
to REE, but has a closer correlation with LREE (close
ionic radii) than with HREE where ionic radii are smaller.

Th/U Ratios range from 0.04 in the Upper Phosphates
to 0.78 in the chert zone with an average of 0.35. Taylor
and McLennan (1985), found 3.86 in the UCC, which is
about eleven times higher than in our samples. Altschuler
(1980) suggested values in the range of 0.06 and 0.12 for
sedimentary phosphorites. Belayouni (1983) gives 0.19
to 0.25 in the phosphorites and 1.95 in the cherts of GMB.

iii) Rubidium, arsenic, scandium, cobalt, antimony,
cesium, tantanle and molybdene

The correlation coefficient r (Table 2) of Rb, As, Sc,
Co, Sb, Cs, Ta and Mo, with those of silicates as Al,O4
and TiO, are positive; they are negative with P,O5 and
Sr. These elements have a similar behavior with those of
silicates but are in contradiction with the evolution of the
apatite group, and are not in its structure. The presence
of these elements in silicates lattice is confirmed by the
factor analysis in principal components results (Table 3
and Fig. 6).

Rare Earth Elements Lanthanides REE series are known
to be all trivalent with the exception of oxidized Cerium
(Ce’*), changing to Ce*", and Europium (Eu) which ac-
quires the valence Il in a reducing environment. Further-
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more, oxidized Cerium is frequently easily hydrolysed,
whereas associated minerals, where the oxidized element
is contained, are less soluble as CeO, has a wide stability
field (Eh, pH). In marine environment, this oxidation oc-
curs especially in conjunction with Fe or Mn, phenom-
enon, which explains its low concentration in seawater
(Sholkovitz et al., 1994). However, in this same environ-
ment, Eu* is not easily hydrolysed (Baes and Mesmer,
1976). It exhibits geochemical properties similar to Ca>*
and Sr** and therefore can easily replace them. It changes
from its more soluble form to a less soluble form under
reducing environments (Eh = -0.4).

Onshore surface waters may contain Eu?*-organic
complexes. Furthermore, under anoxic conditions, the
reduction of Ce** to Ce** occurs and is correlated with
sulphides formation as it is reported by Baar et al. (1988).

The bulk concentrations of REE abundance are shown
in Table 1. The abundances of REE are shown in Fig. 10,
where some depletion is observed. It indicates that lan-
thanide concentrations vary irregularly from the bottom
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Table 4. REE contents in some localities of Gafsa Metlaoui

Basin (GMB)

Profile Layer REE P,0O;
(ppm) (%)

Oum El Khecheb CI 489 24
CVII 187 26.7
CVIII 148 25.3
CIX 705 26.1

Selja (Béji Sassi, 1999) CI 610 29.2
CVIII 228 29.2
CIX 965 29.8

M’Rata (SM 10) (Béji Sassi, 1999) CI 513 28.5
CVII 246 27.7
CVIII 208 24.6

Shale (Piper, 1974) 204.15

UCC (Taylor and McLennan, 1985) 135

to the top of the lithostratigraphic column (Fig. 3). The
REE percentage does not increase with the P,O5 content
because the correlation coefficient P,O5 varies differently
with each REE (Table 2). Thus, it is 0.58 with Sm and Yb
with 0.87. It seems therefore that there is a competition
between the different REE into the apatite lattice (Fig.
11). Overall, the REE content does not depend solely on
P,Os but also varies according to the internal porosity of
the grains (Béji Sassi, 1999; Béji Sassi et al., 2005; Ounis
et al., 2008), the surface available for the exchanges, the
supply and the environmental physico-chemical charac-
teristics of the basin.

From bottom to top, a slightly concave shaped curve
and a relative stable REE content is observed. But, some
discrepancies can be noticed. If we except values of the
siliceous poorly phosphatized beds, representative whole
rock REE-analyse of phosphorites present total REE rang-
ing from 81 (Upper Phosphates) to 707 ppm (layer CIX),
while P,0s varies from 12% (CO0) to 29% (C II).

The depleted REE concentrations are observed in the
intensive reddish CO layer enriched with iron oxides and
hydroxides (sample 33). The top of the phosphate depos-
its (Upper Phosphates) is characterized by the lowest lan-
thanide contents (Table 1). A change in the depositional
environment may explain this depletion. Comparatively
to these depleted contents, REE concentrations are stable
in the middle part of the lithostratigraphic column em-
phasizing a stability of sedimentation and diagenetic en-
vironment.

Comparisons with results providing from some other
localities of the same basin (Béji Sassi, 1999) lead to the
following remarks (Table 4). We note that the CIX and
CI phosphatic beds, which are characterized by a great
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reworking because of the high degree of the energy in the
sedimentary basin and the buried and bioturbated
sediments, exhibit the highest REE content. At the same
time, CVII and CVIII beds show a REE-content close to
the shales values (Piper, 1974) and the UCC (Taylor and
McLennan, 1985). CVII and CVIII do not show impor-
tant reworking marks; their REE supply was stopped with
their prompt burial mechanism by the cherty sediments
and by the short early diagenesis processes.

If we extend the observations to other localities in the
GMB, it appears that the B Unit (CVII and CVIII) is the
poorest in rare earth elements while the units A (CIX)
and D (CI) are the most enriched ones. REE concentra-
tions mainly relate to the available REE content of the
pore fluid. This distribution expresses, on the basin scale,
a stable environment and a permanent condition during
the phosphate deposition.

We choose to normalize the phosphorites REE con-
tents to the Upper Continental Crust (UCC) (Taylor and
McLennan, 1985), as shown in Fig. 12. The normalized
REE values range from 1 to 10, which, in other term, mean
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tion of Oum El Khecheb showing a positive correlation between
Ce,, values and the REE fractionation (La/Yb).

that they are one-to-ten-times higher than UCC. In the
Upper Phosphates, the values are close to the UCC. The
REE patterns in both cherts unit are the lowest of the dif-
ferent graphics (Fig. 12). Among the first to use the Ce-
anomaly, there are Goldberg et al. (1963). It then was
used by many other authors (i.e., Elderfield and Greaves,
1981, 1982; De Baar et al., 1985; and most recently Pattan
et al., 2005). The REE-anomaly of a given element is
defined as the ratio between the measured normalized-
value and the value interpolated from the adjacent neigh-
bour normalized-values:

Ce anomaly = (Ce/Ce*),
calculated from
Ce* = 2/3Lay + 1/3Ndy; Ce/Ce* = 3Cey/[2Lay + Ndy],

where N refers to the UCC normalization of concentra-
tions (Elderfield et al., 1990). When Ce/Ce* is equal to 1
there is no anomaly. For values lower than 1, it is de-
scribed as negative and when it is higher than 1 it is de-
scribed as positive. Similarly, Sm, Eu and Tb anomaly
are built the same way (Sm/Sm*) = Smy/(0.5Ndy +
0.5Euy); (Eu/Eu*) = Eup/(0.5Smy) + (0.5Gdy); (Tb/Tb*)
= Tby/(0.5Gdy) + (0.5Dyy), where N refers to normali-
zation of concentrations against UCC (Table 1).

The phosphorites samples present a slight concave-
down shaped REE pattern centred on Eu—Gd. Oum El
Khecheb phosphorites reveal initial REE distribution pat-
terns with enrichment in the middle REE (MREE) with
light REE (LREE) and heavy REE (HREE) weakly
fractionated between Sm and Dy. However, relative HREE
enrichment can be seen, except for Cherts levels and CIX
units (sample 122), where a slight depletion is observed.
Oum El Khecheb REE patterns are similar to those of
bell-shaped distribution of Haria Formation phosphates
(Maastrichian), Alima Mountain (GMB) (Ounis et al.,
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2008). But, REE patterns of Chouabine member (Alima)
have a less pronounced MREE enrichment comparatively
to analogous Oum el Khecheb phosphorites.

In some samples of Oum ElKhecheb, REE patterns
have a tendency towards MREE arching, which may in-
dicate a MREE enrichment. Shields and Stille (2001) used
the Dyy/Smy ratio to quantify this arching effect. This
ratio is normally above unity in seawater and becomes
close to 2 with increasing depth of the water column
(Piepgras and Jacobsen, 1992). At Oum El Khecheb, these
ratio values range from 0.96 (CIX), and 2.2 (CVII) (Ta-
ble 1). CVII-CVIII, where REE patterns do not show a
clear hat-shape, have the higher ratio value (up to 2).

The cerium anomaly (Ce,,) versus Dyy/Smy implies
that the concave-down shape of the REE patterns is linked
to the intensity of the Ce,, (Fig. 13). A clear proportion-
ality exists between Ce-anomaly and MREE enrichment
as it is shown by Dyy/Smy.

Three negative Ce, Sm, and Tb-anomalies, plus, pos-
sibly, a weak positive Eu-anomaly are observed (Fig. 12).
This figure reveals that the phosphates in the mineralized
main layers, that the alternations and that the cherts have
similar distribution curves respectively, proving similar
characters between each samples from those three deposit
types.

The fractionation Light-REE/Heavy-REE is expressed
by the ratio La/Yb (Grandjean-Lecuyer et al., 1993) (Fig.
14). In this study, La/Yb ratio confirms this fractionation.
It is comprised between 8.3 in CVII where Ce,, is great
(0.6) and 13 in CIX where Ce,, is very low (0.81). Note
that La/YDb is lower than UCC (13.64). The samples are
globally enriched in Heavy-REE. This enrichment corre-
lates positively with the cerium anomalies and reflects
the marine water column characteristics (Fig. 15).

The samples throughout the lithostratigraphic column
exhibit typical and well pronounced Ce-anomalies. The
Upper Phosphates, sample 48 between CI and CII and at
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Fig. 17. Ce, Eu and Sm anomalies distribution along the Oum
El Khecheb phosphorites profile.

the bottom in CVII-CVIII illustrate a typical marine Ce-
anomaly. The saw-tooth curve of this value along the pro-
file shows that it is less than 1 (0.45 for Upper Phosphates
to 0.85 in the Alternations Zone (74)).

Samples with negative Ce-anomalies indicate that
these phosphates have been formed in suboxic environ-
ments deficient in this element. It is an anomaly with vari-
able values. It subsides for some samples suggesting a
local enrichment, due to a more reducing environment
and to humic acids (Froelich et al., 1988; Watkins et al.,
1995).

In such environments, Ce is subsequently available,
and becomes incorporated into the apatite lattice. Thus
the CIX unit, with a reduced negative cerium anomaly
(0.9), represents highly reworked phosphorites. The Up-
per Phosphates are also strongly reworked, and are also
characterized by an important negative Ce-anomaly.
Where there is no terrigenous input, the Ce-anomaly vari-
ations along the Oum El khecheb series reflects the local
Eh changes during diagenesis. Except for samples 87 and
88, the cerium anomaly appears to be coupled with the
REE abundance represented by the relationship between
the Ce,, versus XREE (Fig. 16). A trend of decreasing
Ce-anomaly values with increasing SiO, concentration is
seen in the chert deposits, possibly due to the organic
matter content providing from the Diatoms.

A systematic negative Tb anomaly (0.7) is observed
in all the samples. Such anomaly has also been observed
in the GMB by Tlig et al. (1987); Béji Sassi (1999) and
Ounis et al. (2008). We believe that the anomaly is not
real, but instead, due to the UCC normalization. It seems
that there is a problem with the analytical method for Tb
and Gd (Brookins, 1989; Elderfield and Greaves, 1982;
Taylor and McLennan, 1985; McLennan, 1989). Brookins
(1989) believes the terbium anomaly, if real, to be due to
other causes than the traditionally evoked for Ce and Eu,
which are caused by redox mechanisms.
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Also De Baar et al. (1985) proposed that the behav-
iour of Gd**, due to its special electronic configuration
in water, may be slightly different from its neighbours
Eu’* and Tb3*. In accordance with that Brookins (1989)
proposed for Eu, Gd and Tb, Sm negative anomaly found
in the phosphorites is probably due to its electronic con-
figuration. Except for the CIX, Sm anomaly (Sm,,) de-
creases from the bottom to the top of the series (CVIII:
0.58 to CI: 0.88). Sm,, evolution in the main phosphatic
layers is similar to Ce,,. It seems that Ce and Sm obey
the same physico-chemical process during the genesis and
diagenesis stages. UCC-normalized REE patterns appear
to exhibit weak positive Eu anomalies, ranging from 1.1
and 1.3 (Fig. 17). It is known that Eu?* is less soluble
under these reduced conditions due to the presence of
organic matter. Positive Eu anomalies have been reported
in sedimentary phosphorites. McArthur and Walsh (1984)
found that Ce_, and Eu,, have an opposite evolution. This
phenomenon may result from a deposition under less oxic
conditions during extreme marine diagenesis in certain
organic-rich, sulphate reducing environments (MacRae
et al., 1992; Shields and Stille, 2001; Stalder and
Rozendaal, 2004). Furthermore, the degradation of the
organic matter (humic acid) leads to a decrease of the
europium-humate complexation constant. Europium is
reduced to the divalent state; Eu?* can replace easily Ca®*
and Sr?* in the apatite lattice (Monsallier ez al., 2001). In
the same basin (GMB), Ounis ez al. (2008) observed for
coprolites and teeth a positive Eu,, associated with a Ce,,
ranging from 0.63 to 0.83. REE patterns also show a very
weak Tb-negative anomaly.

CONCLUSIONS

During the Upper Paleocene—lower Eocene, the Gafsa—
Metlaoui Basin was an ideal setting for the
phosphatogenesis. Its paleogeography shows two com-
munication pathways with the open sea, and offered a sta-
ble neritic sometime restricted conditions to the sedimen-
tation. The arid climate did not change and did not give
terrigenous sediments. The subdivision into four units (A,
B, C, D) of the Chouabine member in the whole basin
indicates a stability and a permanence of the
phosphatogenesis progress during the Upper Paleocene.
The works reveal that each main phosphatic layer has
globally the same characters along the outcrops: the same
levels are reworked, or fine-grained or coarse. The nine
main phosphatic beds (CI to CIX) have their own charac-
teristics (mineralogical, petrological, and chemical). Our
phosphorites are characterized by a francolite-type apa-
tite. It is a sodic, sulphated, fluo-carbonate-apatite, which
is relatively rich in REE and strontium. The Phosphatic
Series contains calcite, some dolomite and various sili-
cates including aluminous-ferric-magnesian-smectites,
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palygorskite, and sepiolite. Moreover, a zeolite
(clinoptilolite) is present in small quantities. The opal-
CT is present in other smaller units that alternate with
the phosphatic layers.

During the phosphatogenesis, a contemporary
volcanism occurred. In the sediments, a small fraction of
quartz and feldspars are remnants of volcanic ashes. The
depositional environment of phosphorites is sub-oxic, rich
in biogenic organic matter containing humic acids. This
basin is characterized by sulphates reduction and the for-
mation of a very small fraction of sulfides (pyrite and
sphalerite) and glauconite grains.

The organic productivity is the cause the pre-concen-
tration of phosphorous and REE within the Gafsa—
Metlaoui Basin, which is connected to the open sea.
Upwelling currents from the Tethys Ocean supplied this
basin. These findings on Oum El Khecheb are consistent
with the previously established conclusions by Sassi
(1974, 1980); Chaabani (1978, 1995) and Belayouni
(1983).

The apatite lattice is very favourable for cationic and
anionic substitutions. The REE affinity to the mineral is
well known. Not all the REE is incorporated into the lat-
tice at the same rate; thus the distribution graphs show
several anomalies, some of which are unexplained, such
as samarium and terbium. REE abundance in phosphatic
grains will reflect their concentration in the genesis ma-
rine waters. A further enrichment can occur during
diagenesis. Oum El Khecheb phosphorites have REE pat-
terns characterized by variable negative Ce anomaly, in-
dicating a genesis in marine environment deficient in this
element. Changes in the anomaly value reflect changes
in the Eh-ph environment that lead to the release of the
previously-locked cerium and may have caused a slightly
positive Europium anomaly.
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