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A detailed sedimentary section of the marine Chouabine Formation in the palaeogeographic Gafsa Basin,
south-western Tunisia, was investigated in order to characterize environmental and depositional condi-
tions focusing on the interval that spans the Paleocene–Eocene transition. We did stable isotope analyses
of bulk sediments. Both phosphorite and carbonate yielded relatively similar isotopic compositions;
while marls show observable trends, with negative shifts in both d13Cinorg and d18O values at the Paleo-
cene–Eocene transition.
The diversity of the calcareous microfossils is low. The presence of few environmentally tolerant small

benthic foraminifera and the absence of planktic forms indicate a restricted palaeoenvironment subject
to variation in salinity and temperature. The ostracod fauna is more diverse and is rather comparable to
Paleocene and PETM (Paleocene–Eocene thermal maximum) assemblages in northwest Tunisia. While all
these microfossils demonstrate various diagenetic features (i.e., phosphatization, secondary mineral
overgrowths and infills), the different groups retain distinct stable isotopic compositions, suggesting par-
tial preservation of signatures derived from their respective ecological niches.
Few organic-rich layers below the negative d13C shift yielded dinoflagellate assemblages with the com-

mon forms of Adnatosphaeridium sp., Operculodinium sp., Spiniferites spp. and Thalassiphora sp. The rare
presences of Apectodinium-complex agree with depositional age prior to the PETM.
The combined data emphasize that most of the Chouabine Formation in the Gafsa Basin was deposited

during the late Paleocene. The most negative isotopic values from marls are believed to represent the
onset of PETM or pre-PETM record, and the related perturbation of the carbon cycle in shallow water
deposits in Tunisia.

1. Introduction

Phosphate-richmarine sediments are well known in Tunisia and
studied from the 19th century (e.g., Thomas, 1885; Pervinquiére,
1903; Visse, 1952; Burollet, 1956; Sassi, 1974; Fournier, 1980;
Belayouni, 1983; Chaabani, 1995; Bolle et al., 1999; Béji-Sassi,
1999; Ben Hassen et al., 2009, 2010; Galfati et al., 2010; Ounis,
2011). The thickest deposits (up to 100 m) occur in the Gafsa Basin,

an epicontinental basin which was palaeogeographically located
between the Djeffara and Kasserine palaeo-islands (Fig. 1). Econom-
ically, the most important beds belong to the Chouabine Formation,
which is intensively exploited in the region by the Compagnie des
Phosphates de Gafsa (CPG). Despite numerous investigations,
accurate dating of these phosphorite beds is difficult. The lack of
precise biostratigraphy (Fig. 2a) largely relates to the poor preserva-
tion state of the microfossils mainly due to phosphatogenesis
(Chaabani, 1995; Bolle et al., 1999). Moreover, in such shallowmar-
ine, coastal settings gaps in the sedimentary record often occur, and
bioturbation and possible intrabasinal re-deposition may have
caused further uncertainties. Therefore, there are discrepancies
concerning the age of the Chouabine Fm. and the stratigraphic
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position of the Paleocene–Eocene (P/E) boundary (Sassi, 1974; Ben
Abdessalam, 1978; Fournier, 1980; Chaabani and Ben Abdelkader,
1992; Chaabani, 1995; Bolle et al., 1999; Ounis et al., 2008). More
recent studies however corroborate that the Chouabine Fm. in the
Gafsa Basin is largely of Paleocene agewith only the top of the series
attributed to the early Eocene (Ounis et al., 2008; Kocsis et al., 2013).

Phosphate-rich sediments crop out also north of the Kasserine
palaeo-Island and they are also referred to as the Chouabine Fm.
Here, the phosphorite beds deposited also during the late Paleo-
cene/early Eocene (Zaïer et al., 1998). However phosphate forma-
tion occurred in smaller basins (e.g., Sra Ouertane) than the
Gafsa and conditions were tended to be more oxic–suboxic due
to better connection with the Tethys (Garnit et al., 2012). Other
north-western deposits show major unconformities and the phos-
phorite rich levels seem to be restricted to the early Eocene (Morsi
et al., 2011; Stassen et al., 2012).

During the Paleocene and Eocene several hyperthermal events
have been recognized, and are coupled with negative carbon

isotope excursions (CIEs; e.g., Zachos et al., 2001; Lourens et al.,
2005). The warming and the isotopic shifts are interpreted as the
consequence of geologically rapid injections of large volumes of
12C-enriched carbon into the ocean/atmosphere system. These
events were, thus geologically synchronous and, when coupled
with age-diagnostic data, permit the recognition of individual cli-
matic events that can be used to correlate Paleogene sedimentary
sequences. In terms of magnitude, the largest (and most studied)
CIE is the Paleocene–Eocene thermal maximum (PETM), an event
which defines the P/E boundary (�55.8 million years ago-Ma) with
a negative d13C shift of 2.5–6‰ (Kennett and Stott, 1991; Koch
et al., 1992; Zachos et al., 2001; Thomas et al., 2002; Pagani
et al., 2006).

Reasonably continuous sedimentary records in deep water
sequences allow for a relatively easy correlation of these CIE
events. However, in shallow marine environments, especially
semi-confined basins such as the Gafsa Basin, enhanced local
effects make stratigraphic correlation with reference deepwater

Fig. 1. (a) Location of the studied region. (b) Simplified geological map of the Gafsa Basin (extract from geological map of Tunisia 1/500,000). KE – the studied Kef Eddour
section (red star). (A and B) Correspond to the Alima and Bilji sections respectively that were investigated by Ounis et al. (2008) (also see Fig. 2b), while S is for the Seldja
section studied by Ben Abdessalam (1978) and Bolle et al. (1999). (c) Palaeogeographic situation in Tunisia during the late Cretaceous–early Paleogene (Sassi, 1974; Burollet
and Oudin, 1980; Chaabani, 1995; Zaïer et al., 1998). The star marks the studied Kef Eddour section, while the numbers at the more open environment stands for (1) Sidi
Nasseur and Wadi Mezaz (Morsi et al., 2011; Stassen et al., 2013) and (2) Elles (Bolle et al., 1999; Crouch et al., 2003). (d) General stratigraphy of marine deposits in the Gafsa
Basin (Chaabani, 1995; Ounis, 2011). Note the major phosphorite-bearing levels marked by green. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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successions more difficult. Nonetheless, the perturbations in the
global carbon cycle influenced the atmosphere, hydrosphere, and
biosphere, meaning that the carbon isotope shift was recorded in
different archives in different environments (e.g., Koch et al.,
1992; Aubry et al., 1996; Stassen et al., 2012; Yans et al., 2014;
Kocsis et al., 2014). Hence, stable isotopic investigation of bulk sed-
iment, and of organic matter or fossils could possibly reveal rela-
tive isotope shifts and may help improving local stratigraphy. In
this context of the present study, Ounis et al. (2008) reported an
up to 4‰ negative d13C shift from coprolites and shark teeth at
phosphorite layers III–IV of the Chouabine Fm. in the Gafsa Basin
(cf., Fig. 2 and in Ounis et al., 2008, Fig. 9). The large magnitude
of this CIE and support from micropalaeontological data (Ben
Abdessalam, 1978) lead the authors to correlate this shift with
the PETM event, thus with the P/E boundary.

In order to further constrain the stratigraphy and palaeoenvi-
ronmental conditions in the Gafsa Basin, a new section in the Kef
Eddour region were studied and sediments were collected between
phosphorite layers I and VIII, focusing mainly on the interval that
contains the reported negative CIE (Fig. 2b, Ounis et al., 2008).

2. Geological setting

During the late Cretaceous and early Paleogene a large part of
Tunisia was covered by the southern Tethys, reflected by wide-
spread shallow marine deposits (Fig. 1). The sediments indicate
variable marine conditions from inner neritic to lagoonal environ-
ments relating to sea-level fluctuation and local tectonism (e.g.,
Sassi, 1974; Burollet and Oudin, 1980; Chaabani, 1995; Zaïer
et al., 1998; Adatte et al., 2002). The Gafsa Basin was located

between the Djeffara and Kasserine palaeo-islands (Fig. 1) and
was connected to the open sea to the west. Restricted water
exchange also occurred to the east through the Chamsi Pass
(Fig. 1). The Upper Cretaceous–Lower Paleogene sedimentary
sequence in the Gafsa Basin begins with the El Haria Formation,
which overlies a hardground at the top of the chalky Upper Creta-
ceous Abiod Formation. Dark phosphate layer with glauconite and
pyrite grains was initially deposited on the hardground, and passes
upwards into a thick gray marl succession. This lithology is also
common in north Tunisia, where it continued to accumulate during
the Paleocene and early Eocene (Chaabani, 1995; Bolle et al., 1999;
Zaïer et al., 1998). However, in the Gafsa Basin, new lithofacies
were developed due to modification in marine conditions related
to sea-level fluctuation and palaeogeographic reorganization. In
the Paleocene, a bioclastic carbonate bed with intercalated luma-
chellic oyster, marly and gypsum-rich levels, was deposited named
the Thelja (‘‘Selja’’) Formation (Fournier, 1978; Chaabani, 1995).
Above this formation, the Paleocene–Eocene Chouabine Fm.
contains massive phosphorite layers which alternate with marly
limestones, marls and silica-rich layers (e.g., Sassi, 1974;
Chaabani, 1995). The thickness of the Chouabine Fm. can reach
hundred meters with a certain variation through the basin
(Chaabani, 1995). The formation represents a generally transgres-
sive sequence, although smaller-scale sea-level fluctuations are
apparent within the phosphorite succession and four sedimentary
Units can be distinguished (A–D). Relative sea-level continued to
rise during the deposition of the four Units and reached its maxi-
mum in the overlaying carbonate series of the Métlaoui Formation
Sensu Stricto (Sassi, 1974; Chaabani and Ounis, 2008; Ounis, 2011).
Later, the sea gradually retreated and the sedimentary sequence is
topped by massive gypsum and dolomitic beds of the Jebs

Fig. 2. Compilation of biostratigraphic (a) and chemostratigraphic (b) data in the Gafsa Basin from different sections (c). Note the main sedimentary units and the major
phosphorite levels. Sr-isotope ages correspond to million years (My). In the Météaoui s.s. Fm. the Pdt. stands for ‘‘phosphate de toit’’. The Sr-age of these beds can yield two
different ages (*) see Kocsis et al. (2013, Table 2). Abbreviations on plot (b) are PETM – Paleocene–Eocene thermal maximum, RD – possibly re-deposited sample. (d) The
studied outcrop of the Chouabine Fm. with its characteristic sedimentary features. Note the different types of bioturbation.
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Formation, which represents Sabkha depositional environments
(Fig. 1, Chaabani, 1995; Zaïer et al., 1998; Ounis, 2011).

This study focuses on the phosphorite succession of the Chou-
anibe Fm. and the investigated part at Kef Eddour studied here is
comparable with other sections at Selja locality (Fig. 2, Bolle
et al., 1999; Adatte et al., 2002), at Alima Mountain (Ounis et al.,
2008; Ounis, 2011), and at Oum El Khecheb region (Galfati et al.,
2010), while at other sections this formation is more condensed
(cf., Bliji Mountain – Ounis et al., 2008; Ounis, 2011; Ras-Draâ
region – Ben Hassen et al., 2010).

The four sedimentary Units (A–D) of the Chouabine Fm. contain
at least 10 major phosphorite layers (numbered from IX to 0;
Fig. 2). The thickness of the units and the individual phosphorite
layers is quite variable throughout the basin. In Unit A, the basal
phosphorite bed, layer IX, is coarse-grained, bioturbated and con-
tains many worn, re-worked shark teeth and coprolites (Fig. 2d).
This basal phosphorite bed is overlain by marls and limestone. At
the top of Unit A, the limestone level is topped by a strongly biotur-
bated hardground with frequent trace-fossils of Thalassinoides and
Gyrolithes (Fig. 2d). Unit B starts with phosphorite layers VIII and
VII. Up-section it consists of metre-scale silica-rich layer (‘‘chert’’)
that can be traced throughout the basin. The succeeding Unit C dis-
plays the greatest lithological variation: this unit begin with phos-
phorite layers VI and V, which are locally separated by marl.
Further up-section various thin-bedded marl, limestone and phos-
phorite beds alternate. The Unit C is topped by the main phospho-
rite layers IV and III. At the top, Unit D is the richest in phosphate
and layers II and I are the thickest phosphorite levels in the basin
(up to 4 m). It is between Units C and D where the negative carbon
isotope excursion (CIE) was detected by Ounis et al. (2008) and
linked to the PETM, and hence to the Paleocene–Eocene boundary.

Palaeontological study of dinoflagellates in the Gafsa Basin indi-
cates wider occurrence of the genus Apectodinium at the top of the
series below the phosphorite layer 0 (Fig. 2a, Ben Abdessalam,
1978), which may be linked to the P/E transition (i.e., Apectodinium
acme). This partly corroborates with calcareous nannoplankton
data (i.e., NP9 zone, Fig. 2), however the preservation of these fossils
are very bad (Bolle et al., 1999). The negative CIE observed by Ounis
et al. (2008) lies slightly below this biostratigraphic range (Fig. 2b).
On the other hand, Bolle et al. (1999) proposed the P/E transition at
the top of the Chouabine Formation, mainly based on sequence
stratigraphy and in comparison with the Elles section located north
of the Kasserine Island (Fig. 1). Sassi (1974) also placed the P/E
boundary between the Chouabine and Métlaoui s.s. formations.
Other authors attribute the Chouabine Fm. entirely to the early
Eocene (Fournier, 1980; Zaïer et al., 1998). Recently, Sr-isotope stra-
tigraphy was attempted on the major phosphorite beds in the Gafsa
Basin using well-preserved shark teeth (Fig. 2b, Kocsis et al., 2013).
The ages obtained concur with the general stratigraphy of the basin
and the proposed age-model matches the range of the P/E transi-
tional beds (e.g., Ben Abdessalam, 1978; Ounis et al., 2008).

There is an obvious discrepancy considering the age of these
beds that may be caused by a preservation bias of the microfossils.
Incomplete preservation may be related to the phosphorite forma-
tion and/or may link to the environmental conditions of the semi-
restricted basin. To further constrain the age and the depositional/
palaeoenvironmental conditions of the phosphorite succession in
the Gafsa Basin, stable isotope chemistry of bulk sediments were
studied at Kef Eddour. In addition some layers were checked for
microfossils content.

3. Methods

All the geochemical analyses were carried out in the laborato-
ries of the Institute of Earth Sciences at University of Lausanne,
Switzerland.

3.1. Whole rock samples

Between 100 and 200 g sediment from sixty-two levels were
powdered and homogenized in an agate-mill. Four sub-sediment
types were distinguished: phosphorite (32), carbonate (14), marl
(15) and ‘‘chert’’ (1). These were analyzed for bulk stable oxygen
and carbon isotopic compositions. The d18O and d13C values were
measured using a Gasbench II coupled to a Finnigan MAT Delta
Plus XL mass spectrometer (Spoetl and Vennemann, 2003). The
analytical precision for this method was better than ±0.1‰.
Oxygen and carbon isotopic compositions are expressed in the
d-notation relative to VPDB.

3.1.1. Total Organic Carbon (TOC) isotopic composition
Between 2 and 5 g sediment powder was pre-treated with 10%

HCl for 24 h, then was washed several times and dried. The bulk
residues were analyzed for d13Corg composition by flash combus-
tion on an elemental analyzer (Carlo Erba 1108 EA) connected to
a Thermo Fisher Delta V IRMS (EA/IRMS). The d13C values are
reported relative to VPDB. The reproducibility of the EA/IRMS mea-
surements for carbon is better than ±0.1. The accuracy of analyses
was assessed using international reference standards.

3.1.2. Rock-Eval analyses
Sub-samples of the original sediment powders were subjected

to Rock-Eval pyrolysis to analyse total organic and mineral carbon
contents (TOC & MINC). The data were obtained using standard
temperature cycle and expressed in weight percent (wt.%). The
samples were bracketed by IFP 160000 standard from IFP, France,
which had an error lower than 0.1% (Fig. 3).

3.2. Microfossils

Marly horizons intercalated in the phosphorite succession were
disaggregated with 10% H2O2, then washed with distilled water
and wet-sieved (mesh size 100 and 300 lm) to extract calcareous
microfossils. The fossils were picked under a binocular microscope
and their preservation was examined using a laser confocal micro-
scope (Olympus LEXT, OLS4100) both with laser and natural light,
and a Tescan Mira LMU scanning electron microscope (SEM) at the
University of Lausanne (Fig. 4, Plate 1). In some cases, energy-
dispersive X-ray spectra (EDS) were recorded to test major element
composition of the specimens and related secondary mineral infill
or overgrowths (Fig. 4). The most well preserved fossils were mea-
sured for stable isotopic compositions following the same proce-
dure as for the whole rock samples.

Four clay-rich layers were analyzed for dinoflagellate cysts in
order to obtain further biostratigraphic and palaeoenvironmental
data. Palynological processing techniques outlined in Wood et al.
(1996) were used, including stepwise dissolution of the sediments
in hydrochloric acid (32%) followed by HF (60%), boiling in HCl
(10%), and brief oxidation in nitric acid (30%), before being
mounted on glass slides for light microscopic examination. Sample
preparation was carried out in the Palynology Lab of University of
Southampton (UK). Transmitted light images were taken at Univer-
sity of Lausanne using a multi-image, extended focus technique on
a VS-110 Virtual Slide System of Olympus (Plate 2). Dinoflagellate
cyst nomenclature follows that of Fensome and Williams (2004).

4. Results

4.1. Bulk sediments

The Rock-Eval analyses confirmed field-observations of the
mineral carbon content being higher in carbonate-rich levels
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(11.4 ± 1.2 wt.%, n = 13) than in the phosphorites and marls
(1.8 ± 0.8 wt.%, n = 25 and 1.4 ± 0.7 wt.%, n = 16, respectively;
Fig. 3d). In terms of TOC, the samples generally show very low con-
centrations (<0.2 wt.%), with only few marl samples yielding TOC
values higher than 0.5 wt.% (Fig. 3).

The stable isotopic compositions of the phosphorite beds show
large variations (d13C = �11.7 ± 1.5‰ and d18O = �4.8 ± 0.9‰,
n = 32). The d13C values are similar to those of the carbonates but
much lower than measured in the marls (�9.7 ± 1.3‰, n = 15). In
terms of the d18O isotopic compositions, both carbonates and marls
yielded higher values of �2.0 ± 0.5‰ (n = 14) and �2.7 ± 0.7‰
(n = 15), respectively. The stable isotope values of the one silica-
rich level are within the range of the marls. Carbonate content
was calculated for each sample from the CO2 yield of the stable
isotope analyses comparing to the yield of pure calcite (i.e., Carrara
marble standard). The results agree with the data obtained from
the Rock-Eval analyses. The carbon isotopic composition of
residual organic matter in the sediments ranges from �26.4‰ to
�24.3‰ (n = 22). The calculated yields for TOC content are gener-
ally in accordance with the Rock-Eval analyses.

The complete dataset can be found in Tables 1–3 of the elec-
tronic supplementary material.

4.2. Microfossils

The phosphorite samples yielded many well-preserved bioapa-
tite fossils, such as tiny shark and ray teeth, scales and spines,
whereas calcareous fossils are rare and the only recovered are
completely phosphatized molds.

Nine marl levels yielded identifiable calcareous microfossils
(S1-2; S41, S49-50, S53, S55, S66 and S87, cf. Fig. 3). Only a few
poorly preserved remains or molds were discovered in other
samples. The calcareous fauna is of low diversity and consist of
few small benthic foraminifera, ostracods and in the uppermost
samples, echinoderm spines (Plate 1, Fig. 4). Planktic foraminifera
are entirely absent. Various secondary mineral infill, such as cal-
cite, silicates or secondary dolomite are apparent both in and on
the fossils. In addition, phosphatization processes have also
affected the calcareous tests and dissolution and partial phospha-
tization of the microfossils are commonly observed (Fig. 4).

The ostracod genera Paracosta, Reymenticosta, Buntonia/Proto-
buntonia and Alocopocythere were identified, though the poor
preservation and scarcematerial only allowed tentative determina-
tions. The diversity of the benthic foraminifera is very low and
restricted to small rotalid and buliminid forms, with the dominance

Fig. 3. (a) The Kef Eddour stratigraphic log showing the sampled horizons and the recovered fossils. (b) Stable isotope values for bulk sediments (d13Cinorg and d18O) and total
organic carbon (d13Corg). The gray band marks the place of carbon isotope excursion reported by Ounis et al. (2008) (see Fig. 2b). (c) Total organic carbon versus mineral
carbon concentrations obtained by Rock-Eval analyses. (d) d13Cinorg versus d18O of the bulk sediments. Black crosses are data from calcareous microfossils (cf. Fig. 5). Note the
separations of the different sediment types on the plots in (c) and (d).
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changing between these groups in any given layer. Among the
rotalid genera Anomalinoides, Elphidiella and a few Cibicidoides are
present, while buliminids are represented by Bulimina spp. and
Stainforthia spp. The latter genera are especially frequent in the
marls between phosphorite layers III and IV.

Some better preserved specimens were analyzed for their stable
isotopic compositions. Secondary calcite infill, however, could not
be avoided entirely, which may have altered the original in-vivo
isotopic signal. Still, clear separations among ostracods, buliminids
and rotalids are apparent in the data (Fig. 5). Rotalids and bulimi-
nids yielded d18O values of �2.3 ± 0.2‰ (n = 7) and �2.9 ± 0.4‰
(n = 3), respectively. Ostracods generally show higher d18O values
(�1.2 ± 0.4‰, n = 9), with the exceptions of some specimens from
the uppermost marl layers that yielded much lower d18O values
(�4.6 ± 0.8‰, n = 4). Buliminids show the lowest d13C values of
�12.6 ± 0.3‰ (n = 3), while ostracods (�6.6 ± 1.5‰, n = 13) and
rotalids (�6.3 ± 1.0‰, n = 7) yielded similar, but more variable val-
ues. The stable isotopic compositions of echinoderm spines overlap
with the isotopic values of the rotalids.

Two of four palynological samples investigated (S60 and S89)
yielded dinoflagellate floras (Plate 2). The most abundant species
by far is Adnatosphaeridium multispinosum in both samples. Addi-
tionally the Operculodonium spp. and Spiniferites spp. are quite fre-
quent, while Thalassiphora is common only in sample S60. Typical
late Paleocene–early Eocene forms of Apectodinium are rather rare.
Apectodinium homomorphum is present in sample S89 and a single
specimen of the PETM-diagnostic Apectodinium augustum was
found in sample S60. Other taxa are infrequent and represent only
a small part of the flora (Plate 2).

5. Discussion

5.1. Depositional palaeoenvironment

The main facies types of the Chouabine Fm. – phosphorite,
marl, and carbonate – are well distinguished by their mineral
and organic carbon contents and more importantly, by their sta-
ble isotopic compositions (Fig. 3). The absolute values of inor-
ganic d13C for all lithologies are very low compared to open
marine sediments or other phosphorite deposits (McArthur
et al., 1980; Shemesh et al., 1988; Kolodny and Luz, 1992;
Lerman and Clauer, 2007). This reflects an early shallow-burial
environment, in which enhanced oxidation of organic matters
lowered the isotopic composition of dissolved inorganic carbon
(DIC) in the pore fluids (McArthur et al., 1986; Shemesh et al.,
1988; Lawrence, 1989; Martin and Sayles, 2003). Therefore, any
carbonate-bearing authigenic minerals precipitated in the sedi-
ments inherited this low d13C composition, and possibly low
d18O too. The lowest d13C and d18O values come from the phos-
phorites, further emphasizing the intensive organic matter recy-
cling, which provided phosphorous for the authigenic phosphate
formation (Prévôt, 1990; Lucas and Prévôt-Lucas, 1996). The occa-
sional marine connection to the Tethys in the east could have
brought upwelling-derived nutrient-rich seawater into the Gafsa
Basin, hence increasing bioproductivity and consequently organic
influx to the seafloor (e.g., Chaabani, 1995). The d13Corg values of
the TOC support a marine origin, although a continental influence
cannot be ruled out entirely based only on the isotope data
(Hoefs, 2004).

Fig. 4. Calcareous microfossils and related diagenetic features. Numbers indicate stratigraphic positions of the samples (see Fig. 3). S1/a – echinoderm spine; S1/b – ostracod;
S49 – buliminid foraminifera; S50 – ostracod mold; S53/a – rotalid foraminifera; S53/b – ostracod valve. Scale bars: 200 lm, cut-outs 50 lm and 20 lm. Abbreviations: c –
calcite, d – dolomite, s – silica-rich phase, most likely a zeolite, p – phosphate (apatite). The marked in red corresponds to EDS spectrum measurements. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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However, the exceptionally low d13Cinorg values in the sediments
could be indicative of early depositional conditions that may have
approached diagenetic zones of denitrification or even sulfate
reduction (McArthur et al., 1986; Piper and Kolodny, 1987).
However, bottom water and probably also the upper part of the
pore-fluid in the sediments must have been well-oxygenated, as
indicated by frequent bioturbation (cf., Fig. 2). Moreover, the rare
earth element distribution and Ce-anomaly of biogenic apatites
are linked to oxic–suboxic burial conditions (Ounis et al., 2008).
Therefore, sulfate reduction and anoxic conditions were not
reached during early diagenesis.

This shallow water environment, associated with the semi-
confined palaeogeographic situation of the Gafsa Basin (Fig. 1c),
induced phosphorite formations. Phosphatization is also apparent
on a microscale and in the other sediments as well. Calcareous
microfossils recovered from the marls show partial phosphatiza-
tion of their tests (Fig. 4). Such processes in the phosphorite layers
are common (e.g., Lamboy, 1993), and completely phosphatized
molds of calcareous remains are frequently found. There are other
diagenetic features that can be linked to the phosphatization: (1)
secondary dolomite growth is often observed on the calcareous

fossils (Fig. 4) and (2) individual dolomite rhombohedra are fre-
quent in the phosphorite layers. The precipitation of dolomite
reduced the magnesium ion concentration in the pore fluid, which
element is known as an inhibiting factor for phosphate precipita-
tion (e.g., Nathan, 1984; Prévôt, 1990), therefore phosphogenesis
could be enhanced.

Secondary calcite and silica-rich mineral infill are other diage-
netic features on the calcareous fossils (Fig. 4). The silicate miner-
als are most likely a type of zeolite (i.e., clinoptilolite), already
known from marine sequences in the region (Sassi and Jacob,
1972; Sassi, 1974; Galfati et al., 2010; Ounis, 2011), which origi-
nated from diagenetic dissolution of siliceous skeletons (e.g., sili-
ceous sponges, diatoms). Unfortunately, the insufficient amount
of these remains at Kef Eddour did not allow us to analyse the min-
eralogy by X-ray diffraction (XRD), but the EDS spectra confirm our
hypothesis (Fig. 4). Interestingly, these ‘‘zeolites’’ form entire ostra-
cod molds, often without any preservation of the calcareous test,
even if other calcareous fossils are preserved and show secondary
calcite growth in the same bed (cf., S49-50 at Fig. 3). These molds
are thus perhaps reworked and derived from older beds, where the
burial fluid had a lower pH and dissolved the carbonate valves.

Plate 1. Calcareous microfossils. Numbers correspond to stratigraphic positions (see Fig. 3). Top row: rotalid foraminifera (S22 a–b [NL-LL], S66 a–b [LL] – Elphidiella spp., S53
[NL] – Anomaloides spp. (slightly oblique view). Second row: buliminids (S49 a–c [NL] – Bulimina spp. S50 a–d [NL] – Stainforthia spp.). Lower half of the plate, ostracods: S1
[SEM] – cf. Paracosta parakefensis; S2 [LL] – cf. Paracosta parakefensis; S49 a–b [NL-LL] – Reymenticosta sp.; S49 c–d [NL-LL] – Reymenticosta sp.; S49 e–f (NL-LL] – aff. Buntonia?
tunisiensis; S53[LL] – cf. Alocopocythere attitogonensis juv.; S66 a–b [NL-LL] – cf. Protobuntonia nakkadii. Scale bars: 200 lm. [Images are taken by: NL – natural light; LL – laser
light; SEM – Scanning electron microscope.]
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5.2. Microfauna – preservation and biostratigraphy

The low diversity of foraminifera and the lack of planktic forms
may suggest a preservation bias in view of the diagenetic features
discussed in the previous paragraph. However, the restriction of
the depositional environment during the Paleocene/Eocene bound-
ary times almost certainly excluded the presence of planktic
foraminifera due to highly variable salinity and temperature as
well as a relatively shallow water depth in the Gafsa Basin. On
the other hand, the small benthic genera Anomalinoides, Elphidiella
and buliminids in general (Plate 1), are known for their tolerance to
extreme conditions and could indicate even temporarily hyposa-
line conditions (Jorissen et al., 1995; Stassen et al., 2009, 2012).
Other proxies however such as clay mineralogy of the sediments
(Bolle et al., 1999), support rather evaporative, arid conditions
(i.e., hypersaline), therefore the presence of these taxa may link
to occasional, freshwater influx to the basin (i.e., brackish condi-
tion). The fauna also possibly includes some endemic forms, which
for now, have a low significance for biochronology. Hence alto-
gether, their presence can be linked to the stressed environment
resulting from the semi-confined palaeogeographic condition of
the basin. The ostracod faunas on the other hand closely resemble
the Paleocene and PETM assemblages reported from northwest
Tunisia (Morsi et al., 2011). Their preservation and low numbers,
however, hinder a detailed statistical comparison.

Despite being altered by diagenesis, the different microfossils
show discrete stable isotopic compositions (Fig. 5):

1. Buliminids show distinctly lower d13C values compared to
the other fossils. This group of benthic foraminifera is known
for its tolerance to oxygen-deficient environments (Van der
Zwaan et al., 1999). Hence, their low d13C values may corre-
late with a deeper infaunal habitat (Kouwenhoven et al.,
1997; Ernst et al., 2006; Stassen et al., 2012) characterized
by pore waters depleted in oxygen and enriched in light
DIC due to a high flux of organic matter.

2. However, rotalids, ostracods and echinoderms show less
negative d13C values that may correlate with their epiben-
thic or shallow infaunal habitats characterized by waters
richer in oxygen and heavier DIC. Interaction with pore-
fluid during early diagenesis clearly altered the geochemis-
try of the fossils as the absolute d13C values are too low
relative to normal marine conditions (Lerman and Clauer,
2007) and other Tunisian data from more open environ-
ment (Fig. 5). Nonetheless it seems the relative ecological
offsets in the d13C values are preserved in the microfossils
(Fig. 5).

Conversely, the d18O composition of the fossils is much closer to
normal marine environment (>�3‰; e.g., Wefer and Berger, 1991).
However the relatively low values may also reflect to some extent
the early diagenetic environment. Nevertheless, the d18O, and par-
tially the d13C values of ostracods are in the range reported from
Sidi Nasseur section located at north-western Tunisia (Fig. 5), a site
that had good connection to the open ocean (Bornemann et al.,
2012). Exceptions are those specimens from the topmost layer of
the succession with d18O values as low as �5.5‰ that may indicate
freshwater influence (cf., S1-2, Figs. 3 and 5).

A low diversity organic-walled dinoflagellate flora was recov-
ered from some organic-rich layers at Kef Eddour (Plate 2). Ben
Abdessalam (1978) studied dinoflagellate cysts in details from
the phosphorite sequence at Seldja. The author placed the P/E
boundary in the upper part of Unit D (cf., Fig. 2a) based on ampli-
fied abundance and diversity of the Wetzeliellaceae (i.e., Apectodi-
nium complex). Apectodinium was present in the Southern Tethys
already in latest Danian (Fig. 6a, Hardenbol et al., 1998) and
became more common, at least from P4b foraminiferal subzone
(cf., Crouch et al., 2003). In Unit C at Kef Eddour the Apectodinium
complex is present (Plate 2) but rather scarce, which concurs with
the Ben Abdessalam’s work and would emphasize that the major
part of Unit C is deposited in the Paleocene. The rare presence of
A. augustum at Kef Eddour may further suggest a latest Paleocene
age if the biostratigraphic significance of this species is followed
(Williams et al., 2004; Sluijs et al., 2007; Gradstein et al., 2012).
These interpretations are in agreement with other biostratigraphic
data derived from calcareous nannofossils (Bolle et al., 1999;
Fig. 2). Though these fossils are poorly preserved, it still allows
the identification of NP7/8 and somewhat uncertain NP9 nanno-
plankton zones dated to late Paleocene and earliest Eocene.

5.3. Stable isotope chemostratigraphy

The stable carbon isotope data of bulk sediments from the Kef
Eddour locality yielded stratigraphic variations that are largely
influenced by the lithology. Phosphorites and carbonates show
rather low and homogenous d13Cinorg values along the series.
Exceptions are phosphorites that have higher carbonate content.
However, the marl levels show generally higher carbon isotopic
values, with a small negative trend from the phosphorite layer IV
up to the border of Units C and D (Fig. 3). This is the same interval
where Ounis et al. (2008) reported CIEs from other successions
within the Gafsa Basin and linked it to the global PETM event
(Fig. 2). Clearly local processes were important in the Gafsa Basin,
but even if they overprint the global signal, such as observed in the
phosphorites, the bulk d13Cinorg values of the marls may have
retained the imprint of the PETM.

In the top of the negative d13Cinorg interval the marls also
yielded negative d18O spikes (�2‰, Fig. 3b). These data fit the
characteristics of the PETM, such as the sudden warming, which
is represented by globally recognized negative d18O shifts in the
marine record (Zachos et al., 2008). These negative values of the
marls may represent this warming; however, shark teeth and

Fig. 5. Stable isotopic compositions of calcareous microfossils from Kef Eddour. For
comparative purpose data from the Sidi Nasseur section (cf. Fig. 1) are plotted as
well. Danian smooth (A) and ornamented (B) ostracods (Bornemann et al., 2012)
and Thanetian nodosarid foraminifers (Stassen et al., 2009). Note the three major
clusters at Kef Eddour corresponding to buliminids, rotalids and ostracods. Their
oxygen isotopic compositions are very similar to the Sidi Nasseur data. Exceptions
are some ostracods with lower d18O values from the uppermost samples of the
succession (S1-2 – samples marked in white). From this level the echinoderms
group with the rotalids. The arrow indicates possible diagenetic trend toward lower
d18O. Note that similar low values obtained from calcite infill of foraminifers at Sidi
Nasseur.
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coprolites from the Gafsa Basin did not show negative changes in
their oxygen isotopic compositions at the CIE (Ounis et al., 2008).
This could be explained by local effects such as very warm and arid
climatic conditions and enhanced evaporation existing in the semi-
closed Gafsa Basin (Ounis et al., 2008; Kocsis et al., 2013). The
localized processes are further highlighted by the rather uniform
d18O values of the bulk phosphorite across the P/E boundary. The
oxygen isotopic composition of structural carbonate in phosphate
is more prone to diagenetic alteration (e.g., Zazzo et al., 2004)
and the overall, rather constant and low d18O values in these
sediments would reflect homogenization process in relation to
phosphatization.

The d13Corg compositions of the sediments show minor fluctua-
tions between �24‰ and �26.5‰ through the succession studied
but no distinct CIE is apparent (Fig. 3). This is somewhat surprising
if the CIE in the inorganic phase is linked to the PETM. The d13Corg

data from the combined sections of Sidi Nasseur and Wadi Mezaz
north of the Kasserine Island (Fig. 1c) clearly reflects the main
characteristics of the PETM event (Fig. 6, Stassen et al., 2013), how-
ever the carbonate d13C does not show CIE there (Stassen et al.,
2013). Observing the opposite trend in the Gafsa Basin could be
explained by local processes, most possibly by the intensive
organic matter recycling (i.e., low TOC content, Fig. 3c) that links
to phosphate formation under restricted conditions and/or by
mixed, re-worked organic components that may also have had dif-
ferent origin (i.e., marine versus terrestrial). To investigate this

issue further a wider scale study on the organic content of the sed-
iment is necessary.

In the view of the available biostratigraphic data several inter-
pretations can be proposed for the observed CIE in the Gafsa Basin.
If the sudden occurrence of Apectodinium complex in the top of the
section (Fig. 2a) represents the beginning of the Apectodinium acme
then the Chouabine Fm. is much older and the CIE probably has
local origin, which would also concur with the d13Corg data. How-
ever, this would contradict the reported NP9 nannozone for these
beds (Bolle et al., 1999), though the nannofossils identified here
give only uncertain NP9 age. The Tethyan Apectodinium acme
started just before the NP9 zone (Hardenbol et al., 1998), almost
at the same time when A. homomorphum appeared in the North
Atlantic (Fig. 6). As A. homomorphum is common in the older beds
of the Chouabine Fm. (Fig. 2a), one can correlate these beds with
the NP9 zone even if this speciesmay have appeared somewhat ear-
lier in the Tethys. Similarly, the rare presence of A. augustumwould
also support a late Thanetian age (Williams et al., 2004). Apectodini-
um complex was already widespread in NP7/8 nannozone at the
Elles section (Crouch et al., 2003), north of the Kasserine palaeo-
Island (Fig. 1). Therefore, the increased amount of Apectodinium
complex at the top of the succession could be explained by opening
of the basin, which is supported by oxygen isotopic composition of
shark teeth analyzed from phosphorite layer 0 (Kocsis et al., 2013).

Putting all these together two options are proposed here
explaining the CIE at Kef Eddour (Fig. 6): (1) either it represents

Plate 2. Dinoflagellates. Two images are provided for each specimen, one as a positive light microscope image and a second negative image to emphasize some of the features
not seen in normal light. (1) Adnatosphaeridium multispinosum (S60); (2) Apectodinium homomorphum (S89); (3) Apectodinium augustum (S60); (4) ?Phelodinium magnificum
(S89); (5) Fibrocysta cf. bipolaris (S89); (6) Hafniasphaera spp. (S89); (7) Thalassiphora cf. patula or pelagica (S60); (8) Spinifer spp. (cf. ramosus) (S89); (9) Operculodinium spp.
(S89). Scale bars: 10 lm.
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the onset of the PETM event or (2) it reflects the pre-PETM drop in
the global isotope record. This isotope record is cut at the unit
boundary between C and D because of a possible short gap in the
sedimentation, and then the data are very sporadic due to the
rather abundant phosphorite and lack of marl layers.

6. Conclusions

New geochemical (i.e., stable isotope stratigraphy) and palaeon-
tological data provided from the Chouabine Fm. in the Gafsa Basin
confirm that the major units of the phosphorite succession were
deposited during the late Paleocene. Therefore, this sequence is
considered as equivalent of phosphorites at the Sra Ouertane Basin
(Garnit et al., 2012), but it is older than the Eocene phosphate-rich
layers of Sidi Nasseur and Wadi Mezaz (Stassen et al., 2012) in
northwest Tunisia. The development of the different phosphorite
units can be explained by the palaeogeographic configuration
and tectonic context (Chaabani, 1995; Zaïer et al., 1998).

The low diversity of benthic foraminifera and the absence of
planktic forms reflect restricted conditions in the Gafsa Basin. Var-
ious diagenetic features are apparent in the sediments and devel-
oped especially on calcareous microfossils. Diagenesis is clearly
dominated by processes related to phosphorite formation. Despite
the diagenetic overprint, individual fossil groups have preserved
offsets in d13C thatmay be correlatedwith their living environment.

Even with the obvious local effects on the palaeoenvironment,
geochemical data from bulk sediments of this succession docu-
ment either the onset of the global Paleocene–Eocene thermal
event or the pre-PETM record.
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