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Abstract Fossil shark teeth and coprolites from three
major phosphorite occurrences in the Gafsa Basin (south-
western Tunisia) were investigated for their geochemical
compositions to improve local stratigraphy and to better
assess paleoenvironmental conditions. ¥’Sr/*°Sr isotope
ratios of shark teeth from the Early Maastrichtian El Haria
Formation and from the Early Eocene Métlaoui s.s. For-
mation yielded Sr isotope ages of 68 =1 and 47.9 £
1.3 Ma, respectively, which accord with the expected
stratigraphic positions of these sediments. Conversely,
shark teeth from the Paleocene—Eocene Chouabine For-
mation have large variation in Sr isotope ratios even within
individual layers. After statistical treatment and then
elimination of certain outlier samples, three age-models are
proposed and discussed. The most reasonable solution
includes three subsequent Sr ages of 61.8 £ 2.2 Ma,
57.2 £ 1.8 and 54.6 £ 1.6 for layer IX, layers VIII-V and
layers IV-0, respectively. Three scenarios are discussed for
explanation of the presence of the outliers: (1) diagenesis,
(2) re-working and (3) locally controlled seawater Sr iso-
tope ratio. The most plausible account for the higher
87S1/%°Sr ratios relative to the global ocean in some fossils
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is enhanced intrabasinal re-working due to low sea level.
Conversely, the sample with lower ®’Sr/*°Sr than the global
seawater may link to diagenesis or to seawater influenced
by weathering of Late Cretaceous marine carbonates,
which latter is supported by model calculation as well. The
eng values of these fossils are very similar to those reported
for Paleogene and Late Cretaceous Tethyan seawater and
are compatible with the above interpretations. The rela-
tively low oxygen isotope values in shark teeth from the
topmost phosphate bed of the Chouabine Formation,
together with the Sr isotope results, point toward recover-
ing better connections with the open sea. These 8'%0 data
reflect elevated ambient temperature, which may link to the
Early Eocene Climatic Optimum.

Keywords Paleocene—Eocene - Strontium isotope
stratigraphy - Oxygen isotope - Phosphate - Shark teeth -
Tunisia

Introduction

The paleoenvironmental and paleodepositional conditions
of phosphorite beds in the Late Cretaceous—Early Paleo-
gene Gafsa Basin (Fig. 1) were described by Ounis et al.
(2008) using stable isotope and rare earth element (REE)
chemistry of phosphatic fossils. REE compositions of shark
teeth and coprolites have revealed suboxic—anoxic depo-
sitional conditions in the Early Maastrichtian, while the
environment was rather oxic—suboxic in the Upper Paleo-
cene—Eocene. Carbon isotope compositions in the Paleo-
gene fossils yielded low 8'°C values with a pronounced
negative carbon isotope excursion (CIE) in the upper part
of the Chouabine Formation (Ounis et al. 2008; Fig. 2).
This was recognized in two different localities (Fig. 1; Bliji
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Fig. 1 a Geographic position of the studied area in Tunisia. b General
paleogeographic situation of the Gafsa Basin from the Maastrichtian
to Early Eocene (Sassi 1974; Burollet and Oudin 1980; Chaabani
1995; Zaier et al. 1998); arrows indicate potential upwelling and
littoral currents from the Tethys Ocean. ¢ The position of the sampled

and Alima Mountains) and registered with both types of
fossils (shark teeth and coprolites). Therefore, the observed
CIE was proposed as a possible reflection of the negative
3'°C anomaly documented at the Paleocene—Eocene
boundary (e.g., Aubry et al. 1996; Bains et al. 1999; Zachos
et al. 2001). The 3'3C values in some cases, however, are
exceptionally low; hence, they could relate to enhanced
organic matter recycling too. The globally known negative
CIE is also accompanied by extreme warm climate, the so
called Paleocene-Eocene Thermal Maximum (PETM),
which can be traced by oxygen isotope composition of
marine fossils (e.g., Kennett and Stott 1991; Thomas et al.
1999; Sluijs et al. 2006). Oxygen isotope compositions of
the fossils from the Gafsa Basin were found compatible
with stable warm climatic conditions; however, they do not
show any exceptional surplus warming during the Paleo-
gene. This was explained by the tropical climate and semi-
closed paleogeographic situation of the Gafsa Basin during
this period (Ounis et al. 2008).

@ Springer

localities and sections in the Gafsa Basin; red stars—new data
provided in this study; gray stars—geological sections described in
literature: Seldja (Bolle et al. 1999; Adatte et al. 2002); Bliji
Mountain (Ounis et al. 2008); Oum El Khecheb (Galfati et al. 2010).
d Simplified geological map of the region after Ragaya et al. (1991)

To confirm the validity of the link between the CIE and
Paleocene—Eocene transition (P/E) in the Gafsa Basin by
biostratigraphy is difficult. This is due to phosphatization/
dissolution of microfossils, especially the calcareous ones.
Occasionally, these fossils are preserved in intercalated
marl or carbonate beds, but generally, they do not have real
biostratigraphic value. Reworking processes and possible
mixing between layers by active bioturbation make bio-
stratigraphic work further complicated. The exact position
of the P/E therefore is not accurately known, and dis-
crepancies referring to the age of the main phosphate series
are apparent in the literature (Ben Abdessalam 1978;
Chaabani 1995; Bolle et al. 1999; Henchiri 2007; Ben
Hassen et al. 2010; Galfati et al. 2010; Zili 2010).

As next step to improve stratigraphy and our under-
standing about the paleoenvironmental conditions during
the deposition of these phosphorite beds, we present
strontium isotope data from biogenic apatite with the aim
to assess Sr isotope stratigraphy. Additionally, few samples
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Fig. 2 a General stratigraphic scheme of the Upper Cretaceous—
Eocene marine sedimentary sequences in the Gafsa Basin after
Chaabani (1995). The studied phosphate beds are in the El Haria,
Chouabine and Métlaoui s.s. Formations. Note that in other division
the Seldja, Chouabine and Métlaoui s.s. Formations appear as sub-
members of the Métlaoui Group (e.g., Zaier et al. 1998; Galfati et al.
2010). b The principal phosphate layers of the Chouabine Formation

were also analyzed for neodymium and oxygen isotope
compositions, and they are discussed along with the Sr
isotope data.

Geochemical background

The variation of *’Sr/**Sr in seawater is the results of the
relative amounts and the isotopic compositions of different
sources (e.g., continental run off, mid-ocean ridge volca-
nism) that contribute Sr into the oceans (e.g., Frank 2002).
The residence time of Sr in seawater is in the range of
10° years, several orders of magnitude longer than oceanic
mixing time (Frank 2002). The oceans are therefore well
mixed with respect to Sr. As a consequence, the ®'Sr/*°Sr
ratio of the global ocean remains relatively stable with
time; thus, the temporal variation in the Sr isotope ratio
of seawater enables geological dating of sedimentary
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with four sub-units (A-D) and the ten major phosphate layers (IX-0);
legends: 1—phosphate; 2—Ilimestone; 3—dolomite; 4—marl; 5—
chert; 6—evaporite; 7—lumachelle. ¢ Carbon isotope composition of
coprolites after Ounis et al. (2008) showing a negative shift in the top
of unit-C of the Chouabine Formation that was related to the
Paleocene-Eocene boundary

materials deposited within marine environment (Burke
et al. 1982; Koepnick et al. 1985; Hodell et al. 1991;
Ingram 1995; Barrat et al. 2000).

McArthur et al. (2001) established a reference curve for
the global variation of Sr isotope ratio in seawater for the
Phanerozoic. This curve is supported by a look-up table and
provides numerical ages with 95 % confidence limit for a
certain ¥’Sr/3®Sr ratio; therefore, it is often used to date
marine sediments. The data used for creating the curve come
from well-dated localities (e.g., available radiometric ages,
detailed magnetostratigraphy or well-constrained biostra-
tigraphy) and from well-preserved marine samples because
diagenetic alteration can be a major issue (McArthur and
Howarth 2004). Owing to the well-constrained scheme of the
McArthur database, our results from the Gafsa Basin are
largely compared to their curve in this paper, however, it
must be mentioned that another important marine Sr-isotope
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compilation exists (Veizer et al. 1999, then updated by
Prokoph et al. 2008). This essentially shows the same Sr
isotope trend and changes through time pointing to the
robustness of the Sr isotope dating. These authors, however,
do not add statistical smoothing to their database; hence,
their compilation reveals certain variations and obvious
outliers around the general trend. These latter can be related
to diagenesis and possibly inaccurate stratigraphy, or might
reflect some real variations at a given time.

Contrary to ¥’St/%Sr, the Nd isotope ratio in seawater is
heterogeneous due to its much lower concentration and its
shorter residence time than the oceanic turnover (Arsouze
et al. 2009). Hence, the Nd isotope ratio of marine
sediments and fossils can help in distinguishing among
different water masses, and it is widely applied in
paleoceanography (Piepgras and Wasserburg 1980; Palmer
and Elderfield 1985; Vance and Burton 1999; Martin and
Haley 2000; Frank 2002). Although the REE contents of
the phosphatic fossils are almost purely diagenetic, their
Nd isotope ratios could be still linked to seawater com-
position (Staudigel et al. 1985; Elderfield and Pagett 1986;
Stille et al. 1996; Martin and Scher 2004). Therefore,
application of REE chemistry and Nd isotope ratios of
fossil biogenic apatite are broadly used in characterizing
paleoenvironmental conditions or tracing paleoseawater
compositions (e.g., Vennemann and Hegner 1998; Thomas
et al. 2003; Lécuyer et al. 2004; Scher and Martin 2006;
Pucéat et al. 2005; Kocsis et al. 2009).

The oxygen isotope composition of biogenic apatite as a
climate proxy is well documented (e.g., Longinelli and
Nuti 1973; Kolodny et al. 1983; Kohn and Cerling 2002).
The 3'%0poy4 composition in fish teeth depends on the
oxygen isotope composition of seawater and water tem-
perature at the time of their growth (e.g., Kolodny et al.
1983; Pucéat et al. 2010). Knowing the 3180 of seawater,
the ambient temperature can be calculated from the
61801)04 values. Generally, global mean seawater oxygen
isotopic composition varies between 0.5 and —1 %o due to
global temperature and/or ice volume fluctuations between
Icehouse and Greenhouse periods (e.g., Dansgaard 1964;
Zachos et al. 2001). However, shallow seas or sea surface
isotopic composition can be locally lowered by enhanced
river input or increased by evaporation at low latitudes.
Hence, getting reliable absolute temperature data is
sometimes difficult and bears many uncertainties, but rel-
ative changes in the 818Opo4 values often give valuable
information about paleoenvironmental conditions.

Local geology

In the Late Cretaceous—Early Paleogene, the southern
Tethys Ocean covered most of the Tunisian landmass. Only
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some areas like the Djeffara and Kasserine Islands were
raised. The Gafsa Basin was located between these islands
(Fig. 1). Connection of this basin with the open sea was
largely maintained from the west, and sometimes water
exchange occurred in the east through the Chamsi corridor
(Chaabani 1995). Sedimentation took place under semi-
closed conditions mainly influenced by sea-level fluctua-
tion generating inner neritic to coastal depositional
environments (Sassi 1974; Chaabani 1995; Zaier et al.
1998; Ounis et al. 2008). During this period, phosphorite
formations occurred several times (Fig.2a). The first
phosphorite deposition took place on the hardgrounds of
the Abiod Formation, which is Early Maastrichtian in age.
The thickness of these phosphorite rich beds can locally
reach one meter. This facies is overlain by thick succes-
sions of dark marls and marly limestone. All these layers
belong to the ElI Haria Formation, which continued
developing in northern Tunisia till the Early Eocene
(Chaabani 1995; Bolle et al. 1999; Zaier et al. 1998).

However, in the Gafsa Basin, euxinic and lagoonal con-
ditions set in during the Paleocene (Seldja Formation), and
later in the Thanetian—Early Ypresian, economically
important phosphorites were deposited. These sediments are
attributed to the Chouabine Formation (Fournier 1980). Its
thickness generally varies from 40 to 100 m and consists of
phosphorite beds interbedded with gray shale, thin calcare-
ous marl and occasionally metric chert beds (Sassi 1974;
Chaabani 1995). Based on sedimentological observations
and, for example, on the distribution of chert layers in the
Gafsa Basin, a clear decreasing water depth from west to east
isindicated (Ounis 2011). Maximum water depth in the basin
was about 100 m (Adatte et al. 2002). The Chouabine For-
mation can be subdivided into four units (A-D), where ten
major phosphate layers are recognized. These are named
from the base to the top as layer IX to layer O, respectively
(Fig. 2b). Close to the limit of unit-C and unit-D, between
layer II and III-IV, a large negative 8'°C excursion was
observed in phosphatic fossils (Fig. 2c), which was related to
the PETM event (Ounis et al. 2008).

The Chouabine Formation is overlain by Ypresian—
Lutetian carbonates, which are attributed to the Métlaoui
sensu stricto Formation (Fournier 1980). In a wider sense,
the name Métlaoui Formation often appears in the literature
as including the Seldja and Chouabine Formations as the
lower and middle members of the Métlaoui Formation
Group (e.g., Zaier et al. 1998). The Métlaoui s.s. Formation
contains the last and the youngest phosphorite beds, which
are locally called “phosphate de toit.” The marine sedi-
mentary sequence in the Gafsa Basin ends by massive
gypsum and dolomitic beds of the Jebs Formation (Chaabani
1995; Zaier et al. 1998).

The phosphorite sediments in the Gafsa Basin have been
studied since the nineteenth century and have been the
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target of several researches (e.g., Thomas 1885; Pervinquiere
1903; Cayeux 1941; Burollet 1956; Sassi 1974; Fournier
1980; Belayouni 1983; Chaabani 1995; Keller et al. 1998;
Zaier et al. 1998; Bolle et al. 1999; Béji-Sassi 1999; Adatte
et al. 2002; Ben Hassen et al. 2009, 2010; Galfati et al.
2010). Ounis et al. (2008) published the first detailed
geochemical study, including stable isotope chemistry, on
the phosphatic fossils from these series. As an extension of
previous research on these sediments, we present radio-
genic isotope ratios (strontium and neodymium) from the
same samples studied by Ounis et al. (2008) from the
Alima Mountain. Additional samples were collected from
the phosphate layers of the Chouabine and Métlaoui s.s.
Formations in the regions of Kef Eddour and M’rata
(Fig. 1c). These new samples are mainly shark teeth, which
were analyzed for strontium isotope ratio and for oxygen
isotope composition.

Samples and methods

Ounis et al. (2008) gave a detailed description of the
phosphatic remains from the Gafsa Basin and concluded
that shark teeth are well preserved and they resemble
modern teeth in their structure, major element composi-
tions and mineralogy. Coprolites exhibit much finer
structure and higher carbonate content compared to the
teeth. These fossils are mineralized remains of originally
organic-rich fecal pellets that derive from fish and/or
crustaceans, and they were phosphatized in the sediment
and/or in the sediment/water interface at the bottom of the
sea. Therefore, the chemical and isotopic compositions of
coprolites rather link to pore-water conditions in the early
diagenetic environment, while shark teeth enameloid could
provide information from the water column if they are not
diagenetically altered.

Shark teeth and coprolites from the formerly studied
section in the Alima Mountain (Ounis et al. 2008) were
prepared for Sr and Nd isotope analyses. Six shark teeth
and seven coprolites were measured for 8751/80Sr ratios,
while five "**Nd/'**Nd analyses were done: two on copr-
olites and three on mixed teeth and coprolites (cf. Table 1).
Mixed samples were prepared on account of the small
sample quantities and their relatively low Nd-content.
Previous trace element study on these fossils yielded
identical REE element distribution (Ounis et al. 2008);
hence, the Nd isotope ratios in these fossils are assumed to
be very similar.

Additionally, shark teeth (Lamniformes and within
mainly the family of Odontaspididae) were collected from
the phosphate layers of the Chouabine Formation in the
Kef Eddour region, while shark teeth and one crocodile
tooth were obtained near Métlaoui and M’rata cities from

the youngest phosphate beds in the Métlaoui s.s. Formation
(Table 2; Figs. 1, 2). From each layer, two well-preserved
teeth were chosen and sampled to collect only well-crys-
tallized and resistant enameloid.

All the samples were cleaned in an ultrasonic bath to
reduce sedimentary contamination. Tooth enameloid was
then sampled with a microdrill by shaving off the outer
shiny enameloid layer of the teeth. Coprolites were crushed
in an agate mortar. The sample powders thus obtained were
pre-treated in two steps following the procedures of Koch
et al. (1997). First, they were leached overnight in 2-2.5 %
NaOCl to remove any residual soluble organic matter and
then for 6-12 h in 1 M acetic acid-Ca-acetate buffer (pH
4.5) to remove exogenous carbonates. Samples from the
Métlaoui s.s. Formation and from the top phosphate bed
(layer 0) of the Chouabine Formation were prepared for
oxygen isotope analyses following the method of O’Neil
et al. (1994) and Dettman et al. (2001). The phosphate
group of the biogenic apatite was separated and precipi-
tated as Ag;PO,4 and were measured as triplicates for each
samples. The silver phosphate was converted to CO at
1,450 °C via reduction with graphite using a TC/EA (high-
temperature conversion elemental analyzer) (Vennemann
et al. 2002) and was measured on a Finnigan MAT Delta
Plus XL mass spectrometer at the University of Lausanne.
The results were corrected to AgsPO, in-house phosphate
standards that normally have better than +0.3 %o standards
deviations during measurements. NBS-120c phosphorite
rock reference material was prepared and run parallel with
the samples, and a value of 21.5 4+ 0.2 %o was obtained.
Isotope compositions are expressed in the d-notation rela-
tive to Vienna Standard Mean Ocean Water (VSMOW).

Subsamples of pre-cleaned powders were further pre-
pared for Sr and Nd isotope analyses, which were done at
the National Oceanography Centre, University of South-
ampton. Sr was separated using Sr-Spec columns and
loading onto Ta filaments with a Ta activator solution. The
Nd separation was carried out using a 2-column procedure:
a cation column to remove the major elements, followed by
a Ln-Spec column to separate Nd from the other REEs. The
Nd samples were loaded onto the Ta sides of a Ta—Re-Ta
triple-filament assembly. The ®’Sr/*®Sr and "**Nd/"**Nd ratios
were analyzed on a VG-Micromass Sector 54 Thermal
Ionization Mass Spectrometer (TIMS). A multi-dynamic peak
jumping procedure was used with a ®*Sr beam size of 2 V and
“'Nd beam size of 1 V.

The NIST-987 Sr and the JNdi-certified reference
materials were run parallel with the samples, and they
yielded values of ¥’Sr/*°Sr ratio of 0.710249 =+ 0.000020
(n = 7, 20) and "*Nd/"**Nd ratio of 0.512091 + 0.000006
(n = 3, 20), respectively. The data presented here were
corrected for each run to the accepted isotopic ratios of
0.710248 (NIST 987—McArthur et al. 2001) and 0.512115
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Table 1 continued

2SE x 107°

87Sr/86Sr

Std.

380 SMOW

Layers

Lithostratigraphy

Samples

11

0.707781
0.707774
0.707743
0.707775
0.707759
0.707777
0.707815
0.707810

Layer V

eocene—Eocene

10
14
10
10
11

Layer V

eocene—Eocene

Layer VII

eocene—Eocene

Layer VII

eocene—Eocene

Layer VIII

eocene—Eocene

Layer VIII
Layer IX

eocene—Eocene

10

11

eocene—Eocene

Layer IX

eocene—Eocene

—_ = = = = = = —

Pal

Chouabine Fm.

V72
Vi3

Pal

Chouabine Fm.

Pa

Chouabine Fm.

VII/1

Pa

Chouabine Fm.

VII2
VIII/1

Pa

Chouabine Fm.

Pal

Chouabine Fm.

VIII/3
IX/1

Pal

Chouabine Fm.

Pal

Chouabine Fm.

IX/5

% Crocodile tooth

(JNdi—Tanaka et al. 2000). The Nd isotope ratios are
expressed as

NN, s ] o

(143Nd/ ]44Nd)(()ZHUR

where '*Nd/'**Nd for present-day CHUR is 0.512638
(Jacobsen and Wasserburg 1980).

Results

Strontium isotope ratios: The Early Maastrichtian samples
of the El Haria Formation from the Alima Mountain
yielded ®7Sr/*®Sr ratios of 0.707795 and 0.707785 for a
shark tooth and a coprolite, respectively. In the same
sequence, the ®’Sr/*°Sr ratios from Paleocene—Eocene
shark teeth of the Chouabine Formation vary between
0.707762 and 0.707821 (n = 5), while in coprolites, they
range between 0.707769 and 0.707801 (n = 6) (Fig. 3).

Sr isotope ratios of Paleocene—Eocene shark teeth from
the Chouabine Formation at Kef Eddour vary between
0.707740 and 0.707821 (n = 17), while from the Early
Eocene Métlaoui s.s. Formation, they range from 0.707727
to 0.707741 (n = 4). From this later unit, one crocodile
tooth was also analyzed, which yielded the highest Sr
isotope ratio for the basin with a value of 0.707848.

As a first approximation, all the Sr isotope data are
projected on the global ocean Sr evolution curve (McArthur
et al. 2001—Ilook-up Table Version 4: 08/04) and are
shown in Fig. 3a. The data are presented in stratigraphic
order and relative to the Paleocene—Eocene boundary,
which is fixed between layers II-IV of the Chouabine
Formation based on the reported negative carbon isotope
shift (Ounis et al. 2008) and the paleontological work of
Ben Abdessalam (1978). Then, where it was possible, the
Sr isotope ratios of the fossils were plotted on the global Sr
isotope curve layer by layer (cf. Fig. 3a). In certain layers,
the ¥’Sr/*Sr ratios show large variation, and considering
all the errors, they can range up to 68 ppm. The largest
spreads come from layers I, I and VII-VIII of the
Chouabine Formation.

In order to compare the Sr isotope data to the McAr-
thur’s curve in a more quantitative way, a simple Z test was
applied:

X87Sr/3°Sr7measured - X37Sr/365rfcurve
2
\/(SEWSr/g(’Srfmeasured) ""_(SEWSr/“’Srfcurve)

where X and SE stand for the mean and the standard error of
the mean, respectively. The mean Srisotope values for the Sr
curve are taken from McArthurs’ look-up table between 46
and 70 million years with 1 My steps. The largest 95 %
confidence interval of the curve in this period is used to

ZLsatistic =

) 3
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Table 2 Statistical treatments of ¥’Sr/*Sr ratios of the shark teeth.
(a) Z test is used to compare each measured 87S1/%6Sr ratios to
McArthur et al. (2001) global Sr evolution curve with 1 My steps.
Values of Z-statistic between —1.96 and 1.96 signify that the average
87Sr/%0Sr ratio for the given layer is not different from the McArthur
curve at a probability level of 0.05. In this case, the given age value
appears in the table. Those with italics though yielded significant
match due to the pattern of the global curve (cf. Fig. 3a), but with

respect to the local stratigraphy, they do not have importance.
(b) Comparing the variance of the obtained ages for each layer. Note
that there is a significant difference between the samples in layer I, II
and VII-VIIL. (c) These latter layers were further tested by Tukey
posteriori statistic, which shows that ZT-2, ZT-6 and VII/-1 are
outliers in their corresponding layer (cf. text and Fig. 3b). (d) The
calculated average Sr isotope ages for each layer and outlier

Data from McArthur et al. (2001); SE of 0.000011 as a maximum value is used for all the ages.
EOCENE PALEOCENE CRETACEOUS
Ma 46 47 48 49 50 51 52 53 54 55 56|57 58 59 60 61 62 63 64]65 66 67 68 69 70
T o © T 3 M e @ o~ Jd|y o © 3 0 % o v|e 9 T © ~
@ sl . |EEEEERERFRE|Reeiziailzz:ir O © B - @
6|0 'sr/°°Sr SHESESESECECSECESESECESIS 5 5 5 5 5 5 5 IEESESESESES ANOVA posteriori Tukey statistic Ma
x10 S 8 R SR SKKRKRKSRKIFRS SRS~ RKRIRKE RS KRR
S 6 6 6 6 6 8 8 o 8 o]l 5 S S S S S S| 8 S S S o
ptMt-1| 13 [0.707740| 46 47 48 2 s st s w0 | Fy0= 1837 g- Tukey statistic
Métlaoui |ptme-3| 10 |0.707727 47 48 49 50 s1 s s ose 7 p= 0.204] p- probability they have the same mean 479 + 13
s.s. Fm. PTMr-1| 11 |[0.707730 47 48 49 50 s sz 53 s I
PTMr-2| 10 [0.707741| 46 47 48 52 53 54 55 70 ap 13 1/4 T2
0 0/1 11 | 0.707740| 4 47 52 53 54 55 7| Fyz= 0.259 1/3 1.00 0.00 538 + 1.4
0/4 11 10707749 4 47 52 53 54 55 56 7 p=__ 0.626| I/4 000 - 0.00
1/3 11 | 0.707761| 4 47 54 55 56 57 69 70 | Fyya= 12.810| 712 545 5.45 - 555 + 1.2
! 1/4 11 [0.707763| 4 47 54 55 56 57 69 70 p= 0.001
T2 11 ]0.707804 57 58 59 60 61 62 63 64 65 67 68 g/p /1 N/2  ZT6 61.0 + 2.7
/1 10 | 0.707750| 4 47 48 52 53 54 55 56 7 | Fyi3=  7.963 /1 - 1.00 0.01 540 £ 1.5
g n /2 11 | 0707749 4 47 4 52 53 54 55 56 ” p= 0.006| /2 000 - 0.01,
b= ZT6 17 ]0.707782]) 4 55 56 57 58 59 60 65 69 ZT6 474 474 - 57:50+ 119,
g N-IV/1| 11 | 0.707767 | 4 47 54 55 56 57 58 e | F= 2357
‘§ WV L-v/2| 11 [ 0707749 6 o7 s 52 53 54 55 56 o p= 0.141 a b c d e 551 £ 17
o 778 10 |0.707762) 4 47 54 55 56 57 69 70 g/p  VI/1 VI/2 VII/1 VII/3 ZT11
:g v-vi v/2 11 | 0.707781| 4 55 56 57 58 59 60 68 69 Fio= 0.223| | VII/1 - 0.02 0.33 0.02 0.00 573 % 1.7
fid v/3 10 | 0.707774| 4 ¢ 55 56 57 58 59 68 69 p=_ 0.648| | vii/2 479 0.60 1.00 0.60
2 vi/r | 14 0707743 % o as 52 53 54 55 o [Foo= 6.646] |VI/L 274 205 - 060 0.06
o Vil/2 10 | 0.707775) 4 47 55 56 57 58 59 68 69 p=0.002f |vi/3 479 0.00 2.05 0.60] |57.2 + 1.8
VI-VIIE | vii/L 10 | 0.707759| 4 47 54 55 56 57 69 70 ZT11 6.85 2.05 4.11 205 -
vii/3 11 | 0.707777 ) 4 55 56 57 58 59 68 69 Fp35=  6.646 [1 535 + 13
111 11 ]0.707786 ) 4 56 57 58 59 60 61 68 69 p=__ 0.001 a/p ac  bed  bde
IX/1 10 | 0.707815 59 60 61 62 63 64 65 6 &7 68 F10= 0.123 ac 0.01  0.00|
X 1X/5 11 | 0.707810 58 59 60 61 62 63 64 65 e 7 8 p=  0.885| bed 427 0.33] 61.8 + 2.2
ZT12 11 | 0.707821 59 60 61 62 63 64 65 65 67 68 bde 6.32 2.04 -
El Haria Fm. K4 11 | 0.707795 S6 57 58 59 60 61 62 6 67 68 69 68.0 + 1.0]

calculate the Z-statistic at each time slice. This value is about
22 ppm;hence,aSEof 11 ppmis applied. All of these curve-
derived values were compared with each ®'Sr/*°Sr mea-
surement of shark teeth (Table 2). When the Z test yields a
value between —1.96 and 1.96, the measured 87Sr/%08r fits
the curve at that age with 95 % confidence limit. With this
calculation, an age matrix can be obtained with all possible
Srages (Table 2). From Fig. 3a, it is clear that one ®’Sr/*°Sr
ratio can match with various ages as the global Sr curve
fluctuates, but considering information about the local stra-
tigraphy, some of these ages can be ignored (cf. Table 2).
In the next step, single-factor analyses of the variance
(ANOVA) of the meaningful ages were tested within each
layer. Where no significant differences appeared among the
samples (at o = 0.05), the Sr ages were averaged for the
given layer. The ANOVA analysis, however, yielded sig-
nificant differences in the variance for layer I, I and VII-
VIII. From a posteriori Tukey statistic, itis evident that ZT-2
from layer I and ZT-6 from layer II are outliers. In the case of
layer VII-VIII, the VII/1 is different from all the samples but
VIII/3. A further Student’s t test also proved that the latter is
significantly different from ZT-11. This apparent overlap-
ping was further tested by pooling the samples in the three
possible groupings, and an ANOV A and Tukey statistic were
run again (cf. Table 2). The analyses show that VIII/3 is
significantly closer to the rest of the samples than to VII/1;
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thus, the latter is considered as an outlier. For these three
layers, two—two mean ages were calculated: one from the
outliers and one from the remaining samples (Table 2).

Neodymium isotope ratios: Few samples from the Alima
section were analyzed for Nd isotope ratios, expressed also
as gnq values (Table 1). While pure coprolite of the Early
Maastrichtian phosphate bed and the layer IX of the
Chouabine Formation yielded eng values of —9 and —10.2,
respectively, the mixed teeth and coprolites have a range
from —8.3 to —9.

Oxygen isotope compositions: Shark teeth from the layer
0 of the Chouabine Formation yielded 'O values of
19.3 4 0.5 %o (n = 4), while in the Métlaoui s.s. Formation,
§'%0 values of 20 £ 0.5 %o (n = 5—shark teeth) and 20.5 %o
(n = l1—crocodile tooth) were obtained (Table 2; Fig. 4).

Discussion

Strontium isotope ratios

Preservation of the fossils

Using the strontium isotope ratios of marine fossils for Sr

isotope stratigraphy and paleoceanographic investigations,
it is assumed that the isotopic ratio remain intact over time.
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@ Epoch Eocene | Paleocene |Cretaceous
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Fig. 3 a Strontium isotope ratios of the samples plotted against the accordingly. Kef Eddour: blue triangles—shark teeth. Métlaoui s.s.

global ocean Sr isotope evolution curve (McArthur et al. 2001). The Formation: shark teeth—green triangles; green circle—crocodile tooth.
curve is shown with black line where the parallel dashed lines correspond b Strontium isotope stratigraphy of the Gafsa Basin with the proposed age
tothe 95 % confidence limit on the ages. With grey line the data of Hodell ranges displayed by box plots for the given lithostratigraphic units
et al. (2007) is plotted for comparison (cf. text). Alima Mountain: red following age-model-1 (cf. text and Table 3). Note that the teeth of ZT-2,
triangles—shark teeth; white diamonds—coprolites. At the layers from ZT-6and VII/1 are significantly different from the rest of the teeth in their
where neodymium isotope ratios were analyzed, the eng values are shown layers (Table 2), and they are not included in the age calculations

However, ®’St/*%Sr ratios in phosphatic fossils can be to  to 4.5 My (Martin and Scher 2004). Still, many studies
some extent altered and are not reliable for very precise =~ demonstrated that when only the well-crystallized and
dating of their enclosing sediments (Schmitz et al. 1997;  more resistant tooth enameloid is sampled, a relatively
Barrat et al. 2000), and error in the Sr ages can vary from 0  good approximation for the depositional time can be
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obtained (Ingram 1995; Vennemann and Hegner 1998;
Martin and Scher 2004; Kocsis et al. 2007, 2009; Becker
et al. 2008).

Bioapatite, like bone and dentin, originally has larger
organic content compared to well-crystallized, dense
enameloid. During early fossilization, the organic matter
degrades and perishes. This process opens more pore space,
which allows precipitation of more secondary apatite in
bones than in teeth (up to 25 % cf. Trueman and Tuross
2002). At this point, the newly precipitated apatite incor-
porates Sr from the pore water, and hence, the overall
original marine Sr isotope ratios could be partially modi-
fied. Similarly, for the coprolites, as they were entirely
mineralized in the sediment or at the sediment/water
interface, their Sr isotope ratio links rather to the early
diagenetic pore fluid. Therefore, if strong diagenetic
alteration had occurred, then that would have influenced
more the coprolites than tooth enameloid.

In Fig. 3a, offset between the two archives is apparent
mainly for the older beds. However, in the younger ones,
the deviation is not consistent and the Sr isotope ratios of
the coprolites generally overlap with the ®’Sr/*°Sr range of
the teeth. This similarity in the Sr isotope ratios and the fact
that the Paleogene teeth and coprolites yielded very similar
seawater-type rare earth element patterns (Ounis et al.
2008) indicate that the pore fluid chemistry was largely
dominated by seawater in the Gafsa Basin.

Interestingly, the crocodile tooth analyzed from the
Métlaoui s.s. Formation yielded the highest ®’Sr/*®Sr ratios
from the Gafsa Basin. This relates to different ecology,
most possibly to terrestrial and freshwater habitat in con-
trast to the shark teeth, which form in the marine realm.
The preservation of different environmental Sr isotope
ratios in these teeth gives further support that no strong
diagenetic alteration took place in these beds. Otherwise,
much more homogenized Sr ratios would be expected.
Similarly, much higher ¥’Sr/*®Sr ratio would be expected
for the shark teeth too if some late diagenetic overprint
took place in these beds, for example in presence of
younger seawater (e.g., Oligocene). Another possibility is
that this crocodile tooth was formed in a marine environ-
ment and may have been re-deposited from old sediments.
The closest such high ®’Sr/*’Sr ratios are at the K/T
boundary, though the mean Sr isotope trend from McAr-
thur’s curve is below the value of the crocodile tooth
(Fig. 3). Below the K/T boundary, the youngest sediments
with similar elevated ¥’Sr/%°Sr ratios occur in the Triassic,
prior to the evolution of this type of crocodile. Further-
more, the good preservation of the tooth does not support
any of these long-term re-working; hence, the marine ori-
gin of this crocodile tooth is rejected here.

Altogether, if partial modification of the original Sr
isotope ratios in the shark teeth occurred, that was very
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minor relative to coprolites and to the variation observed in
certain beds. This is supported by (1) the good preservation
of the fossils (Ounis et al. 2008), (2) the preserved different
habitat conditions in the Sr isotope ratios between conti-
nental and marine organisms, and (3) the similar Sr isotope
ratios between pore fluid and seawater indicated by the
coprolites.

Strontium isotope stratigraphy

The overall range in the Sr isotope measurements of the
phosphatic remains is evidently in the expected open ocean
variation, whenever the data are compared to the global Sr
isotope curve of McArthur et al. (2001) (Fig. 3a) or to the
compilation of Veizer—Prokoph (Veizer et al. 1999; Prok-
oph et al. 2008). Moreover, the data generally agree with
the expected time range of these phosphate beds (Chaabani
and Ben Abdelkader 1992; Bolle et al. 1999). In order to
obtain more quantitative Sr isotope ages, from now the data
are only compared to McAthur’s Sr database because it
provides straightforward absolute ages with 95 % confi-
dence limit for a certain ®’Sr/*°Sr ratio and it is based on Sr
isotope ratios from well-preserved samples and from well-
dated localities (McArthur and Howarth 2004). However,
an important issue about McArthur’s Sr isotope curve is its
resolution. There are periods where the curve is defined
only by few data points, which bears larger uncertainties.
One of the critical periods is in fact the Paleocene, which
has importance in this study; therefore, it is further
discussed.

Recently, Hodell et al. (2007) carried out a detailed Sr
isotope study on foraminifers from the Walvis Ridge to
improve the curve with new Paleocene—Eocene data. These
fossils were scrutinized by secondary electron microscopy
showing good preservation, but the analyses also revealed
secondary calcite precipitations in the tests. The pore fluids
have very high Sr isotope ratios in these sediments; con-
sequently, the presence of some diagenetic Sr with high
87S1/%°Sr in the bulk foraminifera analyses is inevitable.
Therefore, the authors provided a weighted curve fit
through the lowest ®’St/*®Sr values (Fig. 3a). This line is
undistinguishable from McArthur’s curve between 52 and
58 Ma (Fig. 3a) and hence supports the integrity of the
curve over this interval. Conversely, some of Hodell et al.’s
data deviate toward higher ®’Sr/*®Sr ratios, particularly in
the Early Eocene (cf. Fig. 3a), which could be due to
higher proportion of the mentioned secondary calcite pre-
cipitate. Moreover, with respect to our data from the Early
Eocene phosphate beds, shark teeth can be easily placed on
the McArthur’s curve, while the terrestrial crocodile tooth
is rather in the range of Hodell’s data. Though further fine-
tuning of the global Sr isotope curve is needed, the data
from the Gafsa Basin are converted to absolute ages with
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the aid of McArthur’s most updated database (Tables 2, 3;
Fig. 3b).

After statistical comparison between the shark teeth
data and the global curve, and then the elimination of the
outliers, meaningful Sr isotope ages can be assigned for
the studied layers (Tables 2, 3). The 87Sr/%%Sr ratio of
the shark tooth from the El Haria Formation gives a Sr
isotope age of 68 + 1 Ma (Fig. 3), which agrees with
the reported Early Maastrichtian age of these beds
(e.g., Chaabani and Ben Abdelkader 1992; Keller et al.
1998).

The Chouabine Formation shows much larger varia-
tions in Sr isotope ratios, though the overall Sr age range
(Fig. 3b) is in accordance with the general time period
proposed for these phosphorites (Ben Abdessalam 1978;
Chaabani and Ben Abdelkader 1992; Bolle et al. 1999;
Ounis et al. 2008; Zili 2010). To the oldest phosphate
bed, layer IX, a Sr age of 61.8 = 2.2 Ma can be assigned.
The large error mainly relates to the shape of the global
curve at this time, rather than to the scatter of the data
(Fig. 3). The age range corresponds to middle-late
Paleocene. The upper array, however, may not reflect the
real depositional age of these sediments (Chaabani 1995)
because this layer consists of many re-worked elements.
Hence, the analyzed teeth could also derive from older
sediments, and their Sr isotope ratios may reflect episodes
of marine sedimentation from which no sediment was
preserved in the basin.

For the rest of the Chouabine Formation, several age-
models can be considered (Table 3), if the evident outliers
are taken out. Layers V=VI and VII-VIII would result in
almost identical Sr ages (f29) = —0.18; p < 0.05) with an
average of 57.2 + 1.8 Ma. For the younger beds, pair-wise
comparisons from older to younger layers would not show
significant differences among them, except layer I, which
shows slightly older Sr age compared to the layers under-
neath and above. However, pooling all the ages together
would not make any significant differences with or without
the data from layer I, and an age of 54.6 & 1.6 Ma can be
proposed for the upper part of the Chouabine Formation
(Fig. 3b; Table 3).

However, exclusive of layer I, the phosphate beds show
a decreasing age trend, and given the fact that a negative
8'3C shift was detected at layer III-IV (Fig. 2, Ounis et al.
2008), plus layer 0 yielded notably different 3'*0 values
(Fig. 5) relative to the other layers, an alternative, more
subtle age-model can be considered with the following
ages: 55.1 & 1.7 Ma (III-1V), 54 £ 1.5 Ma (II) and 53.8 &+
1.4 Ma (0) (cf. age-model-2, Table 3). But again, with respect
to the mean 3’Sr/%°Sr ratios, these layers (0, IT and III-1V) are
not significantly different.

The youngest shark teeth from the phosphorite beds of
the Métlaoui s.s. Formation (Fig. 2a) yielded the lowest Sr
isotope ratios in the Gafsa Basin (Fig. 3). These *’Sr/*°Sr
could match with three different Sr isotope ages on the
global curve in the Eocene (Fig. 3). However, the 47.9 +

Table 3 Different age-models

derived from comparison of the Métlaoui PTME-L
87S1/%58r ratio of the shark teeth PTML-3 479 + 13
with McArthur et al. (2001) s.s. Fm. | PTrl
global Sr evolution curve. Note PTMr-2
that the most likely and 0 0/1 Ty Age model - 1 Age model - 2 Age model - 3
statistically most significant is 0/4 53.8 + 14
the Age-model-1 (cf. text and 1/3 555 + 1.2
Fig. 3b) | 1/4 re-deposited (3)
T2 61.0 * 2.7 |re-deposited (1) 4 re-deposited (1)
/1 540 + 1.5 v
s I /2 546 +1.6 /| 54.0 £1.5
'g 776 575 * 1.9 |re-deposited (1) , re-deposited (1)
£ 1-1v/1 | 3 I
S| mw | wwe |ss1ox 27| 1| 55117 | 54616
@ 778 \ .
i V/2 1 .
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=] Vi \
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7111 \
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IX 1X/5 61.8 + 2.2
77112
El Haria Fm. K4 680 + 1.0
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1.3 Ma, corresponds to early Lutetian, is the most reason-
able concerning local stratigraphy, as well as the proposed
age range for the Métlaoui s.s. Formation (e.g., Chaabani
1995; Zaier et al. 1998).

Strontium isotope ratio as paleoenvironmental proxy

The evident outlier samples in some layers call for further
explanations. ZT-2 and ZT-6 are above the global Sr iso-
tope curve, while VII/1 is below (Fig. 3b), which could
mean that different local processes took place in the basin.

The global Sr isotope curve decreases during the
Paleocene-Eocene (McArthur et al. 2001); hence, the
samples with high ®’Sr/*°Sr ratios could have been re-
deposited from exposed, older Paleocene phosphate beds
(Fig. 3b). Sedimentological evidence for such a process is
better known for layer IX in the Chouabine Formation
(Chaabani 1995), because this layer consists of many re-
worked elements, and also the shark teeth have slightly
more worn appearance. Curiously, teeth from this layer
both from Alima and Kef Eddour yielded consistent
87S1/%°Sr ratios relative to the more scattered data in the
younger beds of the Chouabine Formation.

Long-term sea-level trend falls during the Paleocene and
the earliest Eocene (Miller et al. 2005), which could have a
major effect on the shallow intracratonic Gafsa Basin. This
could result in exposure of the older sediments that could
easily erode back into the basin. How extensive this pro-
cess was is hard to assess, but the outsider teeth of ZT-2
and ZT-6 are best to explain by re-deposition from
Paleogene beds. However, comparing the remaining sam-
ples from layer I to the beds above and below, here the
relative higher Sr isotope ratios can also be indicative for
re-working.

Moreover, if the whole basin was affected much earlier
by sea-level drop, an alternative third age-model may be
proposed with assuming that the lowest ¥’Sr/*°Sr ratio of
VII/1 in the layers VII-VIII (Fig. 3b) represents the actual
global seawater value. Then, the remaining teeth from
layers V-VI and VII-VIII should be considered as re-
worked specimens, and an overall absolute age of
54.6 £ 1.6 Ma can be calculated for the upper units of the
Chouabine Formation (cf. age-model-3 in Table 3). This
would imply that there are five to six teeth that are outliers
relative to one. Hence, other explanation for the low
87Sr/%°Sr of VII/1 tooth would be more realistic.

The most straightforward process would be early dia-
genesis in the presence of younger seawater or contact with
pore waters affected by older Mesozoic carbonates, both of
which could shift the ¥’Sr/%°Sr toward lower values (e.g.,
Elderfield and Gieskes 1982, Martin and Scher 2004).
These types of alteration can be clearly seen on the Sr
isotope ratios of the coprolites from layer IX and the
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Cretaceous bed, though the offsets from the teeth are not
too large here. However, in the layers V-VI and VII-VIII,
the coprolites show high ®’Sr/*®Sr similar to the majority of
the teeth (Fig. 3a). This similarity weakens the hypothesis
that the low Sr ratios in the well-preserved shark tooth
enameloid are due to early diagenetic modification.

Another explanation for the low ®’Sr/*®Sr values could
be locally controlled seawater (e.g., Flecker and Ellam
2006; Topper et al. 2011). This means extra, surplus Sr
input with different isotope ratios into the Gafsa Basin or
some of its more restricted parts, where the seawater
could not have completely mixed with the open sea.
Hence, the Sr isotope ratio of the local seawater was
different from the global ocean value. If sharks swam and
stayed occasionally in this modified seawater, their teeth
could have recorded and retained this isotopic ratio.
However, the general problem with the modified seawater
scenario is that seawater contains hundred times more Sr
than an average river would bring into the ocean (e.g.,
Palmer and Edmond 1992). Then, the amount of Sr
needed to change the seawater ®’Sr/*°Sr would result in
brackish or freshwater milieu.

Nevertheless, Late Cretaceous marine carbonates are
abundant in the wider region of the Gafsa Basin (e.g.,
Abdallah et al. 1995, 2000; Mabrouk et al. 2006; Lazzez et al.
2008), and these sediments are known to have low Sr isotope
ratios (McArthur et al. 2001). Clear paleontological evidence
for active re-working of such rocks is documented by the
presence of large amount of upper Cretaceous, calcareous
nannofossils that occur in many intercalated marl beds of the
Chouabine Formation (e.g., Bolle et al. 1999). Therefore,
some Cretaceous strata were apparently uplifted by the end
of the Cretaceous (Bolle et al. 1999; Bouaziz et al. 2002) and
could be a potential low Sr isotope source for river input.
Moreover, in the early Paleogene, a warm greenhouse cli-
mate existed with elevated CO, concentration in the atmo-
sphere (Pearson and Palmer 2000; Zachos et al. 2001), and
when such conditions couple with high humidity, that could
enhance chemical weathering of carbonates. Such humid,
warm conditions were recognized in Tunisia at this time
inferred from investigation on bulk rock and clay mineralogy
(Adatte et al. 2002). Given these combined circumstances, it
is plausible that Paleogene rivers had high dissolved Sr
content.

The most prospective beds that could influence river
compositions at the time are the limestone of the Abiod
Formation (Campanian—earliest Maastrichtian, ~ 83.5—
69.5 Ma) and essentially the marl of the Aleg Formation
(uppermost Turonian—Santonian, ~90-83.5 Ma). But also
a 200-300-m-thick Late Cretaceous marine carbonate ser-
ies can be found in the actual Dahar plateau (Djeffara
Island) with mid-late Cenomanian to early Coniacian ages
(~97.5-87 Ma). From McArthur’s look-up table, average
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Sr isotopic ratios of 0.707621 (83.5-69.5 Ma) and
0.707353 (97.5-83.5 Ma) can be obtained for these periods
and used as 3’Sr/%°Sr ratios for river input. Then, with a
simple mass balance calculation, the mixing of these rivers
with the seawater in the Gafsa Basin can be testified:

87Sr/8GSrGafsa = 87sr/868rsea stea X [Sr]sea/[sr]Gafsa
+ 87sr/86srriVer X (1 _fsea) X [Sr]river/[sr]Gafsa

where subscript for 87Sr/%0Sr ratios and [Sr] concentrations
marked as “Gafsa,” “sea” and “river” denote the seawater
compositions in the Gafsa Basin, in the open sea and the
freshwater compositions of the river input, respectively.

The open-sea Sr concentration is fixed at 8 ppm which is
the actual global average value (Bruland and Lohan 2003),
and for the open-sea isotopic ratio *’Sr/*°Sr = 0.707768 is
chosen from the P/E boundary following the look-up table
of McArthur et al. (2001). The Sr concentrations of the
Gafsa seawater were calculated at each mixture line with
three different river water concentrations: a silica end-
member with 0.1 ppm, followed by a more conservative
carbonate value of 1 ppm, and a rather excessive one of
4 ppm (e.g., Goldstein and Jacobsen 1987; Palmer and
Edmond 1989, 1992; Huh et al. 1998).

The modified seawater ¥’Sr/*°Sr ratio in the Gafsa Basin
is represented by the VII/1 shark tooth (Table 2: 0.707743).
On Fig. 4, when the different mixing lines cross this value,
on the x-axis, f;., returns the fraction of open seawater in
this modified Gafsa seawater composition. The figure
clearly shows that the lower the 87S1/%°Sr ratios are the less
Sris needed in order to get the measured low *’Sr/*°Sr ratio
from this tooth. Yet, reasonable mixtures could be obtained
for marine-brackish (e.g., fiea = 0.68 [Srliver = 1 ppm,
875r/858r = 0.707353), or with higher Sr load, for marine
environments (e.2., fsea = 0.88 [Stliver = 4 ppm, 87Gr/80Sr =
0.707353). If such situation existed, it was maybe very local
even inside the Gafsa Basin. But according to the mixing
calculation, rivers draining Late Cretaceous marine sedi-
ments may have as well influenced the local seawater Sr
isotopic ratio. Moreover, the related salinity drop could have
been partly compensated by enhanced evaporation, which
also occurred at this time (cf. chapter on oxygen isotope
composition).

The question is raised whether the observed high ¥’Sr/*¢Sr
ratios could similarly be linked to modified seawater. Nor-
mally, weathering of old crystalline rock can provide high
87Sr/86Sr; however, such rocks are unknown in the nearby
region of the Gafsa Basin, and moreover, the Sr content of
this type of rocks is generally low. Exposed rocks with high
87S1/%°Sr ratio are indicated by the crocodile tooth from the
Métlaoui s.s. Formation; however, this could be very
restricted, and maybe it links to local occurrence of Triassic
carbonates and evaporites (Jallouli et al. 2005; Zouaghi et al.

Paleocene-Eocene seawater 0.707768

0.70775 S
— 0.707743
= (Vi 1)
Gafsa

seawater

0.70765 1

0.707621 late Late Cretaceous

marine sediment

0.70755 1§

“Sr [ *Sr

0.70745 {

0.707353 early Late C

marine sediment

0.70735 T T g
0 0.2 0.4 0.6 0.8 1

f

sea

Fig. 4 Mixing scenarios between seawater and theoretical Sr inputs
to demonstrate the possible local effects on the seawater ®'Sr/*Sr
ratio in the Gafsa Basin, with low 87Sr/%0Sr sources. The composition
of the Paleocene—Eocene seawater is taken from the stage boundary
(55.8 Ma) following the lookup table of McArthur et al. (2001).
Similarly, the Late Cretaceous seawater °'St/*°Sr ratios are after
McArthur et al. (2001), and these are the averages between 97.5 and
83.5 Ma (blue lines) and 83.5-69.5 Ma (red lines), respectively.
These Sr isotopic ratios represent possible river compositions
assuming that these rivers drained on Late Cretaceous marine
sediments. The mixing calculations were performed with three
different Sr concentrations of 0.1, 1 and 4 ppm. Note that the higher
the Sr concentration in the input source and the larger the differences
in Sr isotope ratio between the open-sea and the input source, the
more realistic marine conditions can be obtained for the mixture

2005; Al-Aasm and Abdallah 2006). Hence, the shark teeth
with higher ®’Sr/*®Sr ratio than the global ocean are preferred
to interpret as re-worked specimens.

Neodymium isotope ratios

The eng values from the Gafsa Basin are non-radiogenic
(Fig. 3a). The results are similar to those reported from the
phosphorite deposits of Morocco and Tunisia (Grandjean et al.
1987; Soudry et al. 2006), although from the Paleogene series
of Morocco, more radiogenic values were analyzed as well
(Grandjean etal. 1987). The enq values are also similar to those
of contemporaneous Atlantic deepwater (Thomas et al. 2003),
which might suggest links between these basins as having a
common water source. However, the Srisotope results in some
cases indicate important local factors in the Gafsa Basin, and
moreover because of the short residence time of Nd in sea-
water, connecting these basins on the basis of a few Nd isotope
ratios is very uncertain. In contrary, Stille et al. (1996) and
Pucéat et al. (2005) reported enq values for the Late Cretaceous
Tethys Ocean, which also cover the gng range from the Gafsa
Basin. Water exchanges between the Gafsa Basin and the
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Tethys is known at this time (Fig. 1b), hence our Nd data
confirm this relation rather than an Atlantic connection.
Although only few Nd isotope ratios were analyzed,
their relative similarities to other phosphorite deposits and
to Early Paleogene and Late Cretaceous Tethyan seawater
support preservation of marine values. The results are
therefore consistent with the Sr isotope data used for dating
the sediments, but even with the paleoenvironmental
interpretations derived from the outlier samples. Such as
re-working or possible locally affected seawater composi-
tion by Late Cretaceous marine carbonates would not have
resulted in exceptionally different Nd isotope ratios.

Oxygen isotope composition

The oxygen isotope analyses of shark teeth from the top
phosphate bed (layer 0) of the Chouabine Formation and from
the Métlaoui s.s. Formation are extensions of the previous
isotope dataset analyzed from the Gafsa Basin (Fig. 5; Ounis
et al. 2008). These new measurements show the lowest 8'%0
values in comparison with the rest of the Paleogene samples.
Only one Maastrichtian shark tooth from the El Haria For-
mation is in the range of these low isotopic values (Fig. 5).

The oxygen isotope composition of shark teeth is a function of
the oxygen isotope composition of seawater and water temper-
ature (e.g., T(°C) = 113.3-4.38 x (6" 0po, — 6"®0y,0) cf.
Longinelli and Nuti 1973; Kolodny et al. 1983). Assumptions
about seawater isotopic composition can induce uncertainty
on temperature calculations. To illustrate this, in Fig. 5,
temperature scales are plotted and calculated on the basis of
two seawater oxygen isotope compositions. The first with
(31801.120 value of —1 %o represents Greenhouse open ocean
conditions (Lear et al. 2000), such as the Late Cretaceous—
Early Paleogene period, while the second with 5180H20 =
0 %o assumes more evaporative seawater that can occur at
low latitude and in confined basins.

The higher 6180po4 values derived from the layers I-IX
of the Chouabine Formation indicate a colder temperature
range when they are compared to the top layer 0, assuming
a constant 5180H20 for the seawater. However, if a similar
overall habitat temperature is assumed for these sharks,
then clearly more evaporative seawater is required for the
older part of the section to maintain this. From the latter, it
would follow that the Gafsa Basin was relatively more
restricted at this time, which agrees with the Sr isotope
data, at least for the layers I-VIII. Furthermore, all these
would support the hypothesis of why the observed large
negative 8'°C excursion did not couple with the recog-
nizable hyperthermal shift in the 3'0 values (Ounis et al.
2008) between layer II and IV in the Chouabine Formation.

Fitting a second-order running average trend on the
oxygen isotope data reveals a negative shift on the top of
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the sedimentary sequence. Comparing the 8'%0 means of
the layers exposes significant differences between the older
layers (I-IX) and the younger beds (layer 0 and Métlaoui
beds) (e.g., for the pooled dataset applying Student’s t test
assuming unequal variances: f;;, = 4.16; p < 0.05).
Hence, this 8'80 shift could relate to significant environ-
mental changes. From the view of the Sr isotope data, it can
be interpreted that the basin started maintaining once more,
better connection with the open sea (Figs. 3b, 6), and this
change could have been driven by global sea-level rise
(Miller et al. 2005).

It must be mentioned that the low 5'%0 values observed
in these fossils could be linked to enhanced freshwater
input as well. However, in the view of the Sr isotope
results, since these samples exhibit closer values to the
open ocean Sr isotope curve than the teeth from the layer
underneath, the preferred interpretation is the re-estab-
lished better connection with the open ocean (Figs. 3b, 6).

The low 8'%0 values of these shark teeth could also
indicate warm seawater temperature, and it might coincide
with the Early Eocene Climatic Optimum (EECO—Zachos
et al. 2001). This event is a result of a long-term warming
trend from the Late Cretaceous onwards, which peaked
between 51 and 53 Ma (Zachos et al. 2001). Despite the
possible local effects on the Sr isotope ratios, the teeth
from layer O yielded Sr isotope ages that are very close to
the peak of the EECO event (cf. age-model-2, Table 3).
Nevertheless, local influence is a clear issue in the Gafsa
Basin; hence, further studies are necessary to clarify the
exact relation of these low 5'%0 values to the EECO.

Paleoenvironment

Strontium and oxygen isotope analyses of shark teeth revealed
two different marine conditions in the Gafsa Basin (Fig. 6). In
the periods when the teeth yielded consistent ®’Sr/*°Sr and
8'®0 compositions similar to global values, the basin main-
tained good connection with the open ocean. Regarding the
phosphate beds, such situation could exist during the deposi-
tion of the Early Maastrichtian El Haria Formation and the
Early Eocene Métlaoui s.s. Formation, but most possibly in the
cases of layer 0 and layer IX of the Chouabine Formation too.

Conversely, during the deposition of the major phos-
phate beds of the Chouabine Formation, the basin had
occasional limited connection with the open sea in the east,
which was driven by sea-level drop. This is exhibited by
the large variation in the ®’Sr/*°Sr ratios of the shark teeth.
Deviation from the open ocean Sr evolution curve to lower
Sr isotope ratios is probably due to the weathering of Late
Cretaceous carbonates from the hinterland into the basin,
which is also supported by micropaleontological data
(Bolle et al. 1999). The high ¥’Sr/**Sr ratios in the shark teeth
could be explained by re-deposition of the teeth from older
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Fig. 5 Oxygen isotope
compositions of shark teeth
(green and blue triangles) and
crocodile tooth (green circle)
from layer O of the Chouabine
Formation and from the
Métlaoui s.s. Formation. White
and red triangles are 8'%0
values of shark teeth from Bliji
and Alima Mountains,
respectively, after Ounis et al.
(2008). The gray line across the
data is the second-order running
average trend on the mean 5'%0
values of shark teeth in each
layer. The shift to more negative
values on the top may link to the
Early Eocene Climatic
Optimum (EECO). At the
bottom, seawater temperatures
are calculated using the
equation of Kolodny et al.
(1983) with seawater oxygen
isotopic composition of —1 and
0 %o, representing open
Greenhouse and partially
restricted evaporative
conditions, respectively

beds. The oxygen isotope data from these teeth support the
partial restriction of the basin, and the relatively higher §'*0
values could be linked to enhanced evaporation.

Such environmental settings had been recognized and
described in the Gafsa Basin earlier (Sassi 1974; Chaabani
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1995; Zaier et al. 1998, Bolle et al. 1999). In this work, the
strontium, neodymium and oxygen isotope data of the
fossils further confirm these studies with providing new
independent evidences and novel insight into the evolution
of the Paleogene Gafsa Basin.
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Fig. 6 Paleoenvironmental conditions in the Gafsa Basin based on
the geochemical composition of the phosphatic fossils. a Normal
connection is maintained with the open sea. b Increased restriction in

Conclusion

Strontium isotope analyses of the phosphatic fossils from
the Gafsa Basin returned meaningful absolute ages for the
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Normal marine connection
High sea-level
well-mixed seawater

Limited marine connection
Low sea-level
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the Gafsa Basin. Re-working of older phosphate beds and weathering
of Late Cretaceous carbonates were the main processes that are
responsible for the observed variation in *”Sr/*Sr ratio of the shark teeth

different Late Cretaceous—Early Paleogene phosphate beds;
hence, knowledge about the local stratigraphy has been
widened and improved. The following Sr isotope ages are
proposed for the different Formations:
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e El Haria Formation, Early Maastrichtian: 68 £+ 1 Ma

e Chouabine Formation, Paleocene—Eocene: layer IX:
61.8 + 2.2 Ma; layers VIII-V: 57.2 £ 1.8; layers IV—
0: 54.6 £ 1.6 Ma

e Métlaoui s.s. Formation, Early Eocene: 47.9 + 1.3 Ma

Outlier samples from the Chouabine Formation are
indicative of local influences and special depositional
conditions. The fossils with high ¥’Sr/*°Sr ratios are most
possibly re-worked from older sediments, while the low
87Sr/%°Sr in one tooth could be a result of diagenesis.
However, the latter may rather reflect the influence of Late
Cretaceous marine sediments on the local seawater in the
Gafsa Basin, which is supported by model calculation as
well. All these are compatible with a dynamic shallow-
water milieu in the Gafsa Basin under the influence of sea-
level fluctuation.

The enq values of the fossils are similar to those reported
from other phosphorite deposits from North Africa and also
to those of Late Cretaceous Tethyan seawater.

Oxygen isotope data from shark teeth of the youngest
bed of the Chouabine Formation (layer 0) and of the
Métlaoui s.s. Formation reflect better connection with the
open ocean, and the low 3'®0 values could be possibly
linked to the warm global EECO event.
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