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Abstract

In the present study, we document paleoenvironmental change across the Danian—Selandian transition (planktic foraminiferal
interval P2—P3b; calcareous nannofossil Zone NP4, Subzones NTp6—NTp8A; 61-59Ma) in NW Tunisia. Diversifications of
Paleogene planktic foraminifera with the evolution of the muricate and photosymbiotic lineages Morozovella, Acarinina and
Igorina and of the biostratigraphically important nannofossils genus Fasciculithus are recorded within this interval. The present
study aims to understand early Paleogene environmental changes in the southern Tethys, by analyzing the evolution of surface-
water and—to a lesser extent—seafloor conditions. Three localities were investigated: Ain Settara, Elles and El Kef, all representing
outer neritic deposition in the same basin, the Tunisian Trough. Paleoenvironmental changes are explored by combining planktic
foraminiferal, organic dinocyst and calcareous nannofossils assemblages and several proxy parameters (planktic/benthic ratio,
numbers of planktic foraminifera per gram, peridinioid/gonyaulacoid ratio; terrestrial/marine palynomorph ratio). In addition, also
some geochemical parameters (calcite content and stable isotopes) are examined. Our records indicate that the environment evolved
from an initially oligotrophic, open marine, deep outer neritic setting in P2—P3a towards a shallower and nutrient-rich setting from
the base of Subzone P3b. This change is seen in the foraminiferal assemblages, with the substitution of Praemurica by Morozovella
among the planktic foraminifera and an upward decrease in deeper benthic taxa. Also the organic-dinocyst assemblages show a
peak of peridinioid cysts (Cerodinium and Lejeunecysta). Associated to these dinocyst assemblages, the lowest occurrence of
Apectodinium is recorded, which seem to have evolved in this region, possibly in response to enhanced nutrient levels on the shelf.
Additionally, a distinct change in calcareous nannofossil assemblages is also described, marked by the lowest appearance of
Chiasmolithus edentulus, the lowest consistent occurrence of Fasciculithus and a slight increase in near-shore taxa (essentially
Pontosphaera).

This project provides an accurate understanding of paleoenvironmental change across the Danian—Selandian transition in
Tunisia. Especially, integrating different proxies demonstrates a paleobathymetric shallowing from the Danian to the Selandian,
associated to increase surface paleoproductivity. Furthermore, the results are compared with those from other localities along the
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Southern Tethyan margin (Egypt and Jordan) and a more regional paleoclimatic/paleoceanographic perturbation in the Southern

Tethys is suggested.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The early Paleogene can be regarded as the warmest
episode of the past ~100 million years (i.e. Zachos et
al., 2001, 2003; Wing et al., 2003). Following the
Cretaceous/Paleogene perturbation, the middle Paleo-
cene (Selandian) is characterized by a first step of global
warming. This warming culminated during the earliest
Eocene in a brief, super-greenhouse period, known as
Paleocene/Eocene thermal maximum (PETM; Zachos et
al., 2003).

The lower—middle Paleocene, or Danian—Selandian
(D-S) transition (~61-59Ma) is a poorly studied
interval of the geological record, but interest is reviving.
For example, recent studies indicate that the D-S
transition was a time of marked global change, e.g.
reflected in turnover of planktic foraminifera. Evolu-
tionary novelties include evidence of increasing habitat
stratification in the water column related to the
acquisition of symbiotic partnerships as a trophic
strategy (Quillévéré and Norris, 2003). Subbotinids
and globanomalinids probably preferred living within or
below the thermocline, whereas Acarinina, Morozovella
and /gorina inhabited the upper mixed layer (Shackleton
et al., 1985; Pearson et al., 1993; D’Hondt et al., 1994;
Van Eijden, 1995; Kelly et al., 1996; Lu et al., 1998;
Quillévéré and Norris, 2003). Probably most Morozo-
vella, Acarinina and Igorina hosted photosymbionts,
which may have facilitated these taxa to thrive in low-
nutrient water masses (D’Hondt et al., 1994; Norris,
1996; Berggren and Norris, 1997; Quillévéré and
Norris, 2003).

In addition, the renewed interest for this time interval
is also the result of studies defining the stage boundaries
of the Paleocene (e.g., Berggren, 1994; Schmitz, 1994).
Many of these studies were conducted in the Tethyan
Realm, portraying biotic (Brinkhuis et al., 1994;
Arenillas and Molina, 1995; Arenillas and Molina,
1996; Speijer, 2003) and geochemical changes (Schmitz
et al., 1998) across this interval. Well-exposed, contin-
uous, and now classic sections in Tunisia have played a
central role in research on the Paleocene (e.g. Aubert and
Berggren, 1976; Salaj et al., 1976, Peypouquet et al.,

1986; Saint-Marc and Berggren, 1988; Brinkhuis et al.,
1994; Kouwenhoven et al., 1997; Steurbaut et al.,
2000), but attention has been relatively limited when
compared to the numerous studies on the Cretaceous/
Paleogene boundary in various Tunisian sections (e.g.
Brinkhuis and Zachariasse, 1988; Keller, 1988; Dupuis
et al., 2001; Adatte et al., 2002; Galeotti and Coccioni,
2002; Gardin, 2002; Luciani, 2002; Peryt et al., 2002;
Goolaerts et al., 2004).

The present study is part of a broader research effort,
aiming to understand early Paleogene geo-biosphere
changes as reflected on the continental margin of the
southern Tethyan realm. During the early to middle
Paleocene, several Tunisian successions (Elles, El Kef,
Ain Settara) were deposited on the continental margin at
outer neritic depths (i.e. Adatte et al., 2002). Guasti et al.
(2005a) provided an overview of broad paleoenviron-
mental changes, involving mainly paleoproductivity and
paleodepth, during the Paleocene (planktic foraminifera
Zones P1b to P4) at El Kef, by combining organic-
walled dinoflagellate cysts (dinocysts) and benthic
foraminiferal data. It was concluded that the environ-
ment at El Kef evolved from an oligotrophic, open
marine, outer neritic to upper bathyal setting during the
early Paleocene towards a more eutrophic inner neritic
setting, influenced by coastal upwelling during the late
Paleocene. In particular, it was suggested that the main
change in environmental setting took place across
planktic foraminifera Subzones P3a—P3b, a stratigraph-
ic interval we consider to comprise the D—S transition.

In this research, we aim to better understand the
paleoenvironmental changes across the D—S transition,
from planktic foraminifera Zone P2 to Subzone P3b, a
time period of ~2Ma.

A major emphasis is on paleodepth and the surface
productivity, along an ancient Tethyan onshore—oft-
shore transect at three different localities in NW Tunisia:
Ain Settara, Elles and El Kef. In order to pursue this
goal, mainly foraminifera, dinoflagellates cysts and
calcareous nannofossil assemblages are evaluated, in
order to integrate sea-surface (based on organic
dinocysts, planktic foraminifera and calcareous nanno-
fossil) with sea-floor (based on benthic foraminifera)
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paleoenvironmental and paleoecological signals. Addi-
tionally, some geochemical parameters (calcite content
and stable O, C isotopes) are included in order to
enhance the stratigraphic framework and the paleoen-
vironment interpretation.

The current project provides and accurate strati-
graphic framework for the D-S transition in NW
Tunisia and sheds light on the paleoenvironmental
changes during this poorly known interval. As part of a
broader research, the results are also placed in a more
global context and compared to those from Egypt and
Jordan.

2. Danian and Selandian stages

In the type region, Denmark, the D/S boundary is
marked by an unconformity, between the limestones of
the Danskekalk Formation and the greensands and marls
of the Lellinge Formation (Thomsen and Heilmann-
Clausen, 1985) (Fig. 1). The time span included in this
hiatus is poorly constrained (Thomsen, 1994), because
the standard nannofossil markers of low and middle
latitudes for delineating NP4 and NP5 (respectively,
Ellipsolithus macellus and Fasciculithus tympaniformis)
are missing (Thomsen and Heilmann-Clausen, 1985).
Based on data from Gemmas Allé (Denmark), Stouge et
al. (2000) assigned the uppermost Danian to the

Chiasmolithus bidens Subzone D10 sensu Perch-
Nielsen (1979), comparable to part of Zone NP4
(Martini, 1971). The Selandian was assigned to the
Toweius selandianus Subzone S2 sensu Perch-Nielsen
(1979), equivalent to Zones NP4/NP5 (Martini, 1971)
and which include the presence of Neochiastozygus
perfectus. Moreover, Stouge et al. (2000) assume that,
based on planktic foraminifera, the D/S hiatus corre-
sponds approximately to Zone P2 sensu Berggren et al.
(1995). In the same area, Clemmensen and Thomsen
(2005) position the Danian/Selandian boundary at the
lithological transition, corresponding to the boundary
between calcareous nannofossil Zones NP4 and NP5,
within planktic foraminifera Zone P3 at 60 Ma.

The Danian and Selandian stages are chronostrati-
graphically equivalent to the lower Paleocene and the
lower upper (“middle”) Paleocene, respectively. The
boundary between these stages is delineated in different
ways, using various criteria. Berggren (1994) and
Berggren et al. (1995, 2000) proposed to correlate the
D/S boundary with the P2/P3 zonal boundary, with an
estimated age of 60.9Ma, whereas Hardenbol et al.
(1998) estimated the age for sequence boundary Sel 1 in
Western Europe at 60.7 Ma (within lower Subzone P3a).
Schmitz et al. (1998) studied the Zumaya section in
northern Spain and suggested to define the base of the
Selandian at a level close to the lowest occurrence (LO)
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Fig. 1. Lithostratigraphy and biostratigraphy of the Danian—Selandian transition in the type region (Denmark), in Zumaya and in the Middle East

(Egypt and Jordan).
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of F. tympaniformis thus just below the zonal boundary
between calcareous nannofossil Zones NP4 and NP5. In
Egypt and Jordan, Guasti et al. (2005b) reported on a
brief biotic and sedimentary event, termed the “Neo-
duwi event”, within the D/S transition. This event is
located within basal Zone P3b, near the top of Zone
NP4, between the respective LOs of Fasciculithus spp.
(59.9Ma based on Berggren et al., 1995) and F
tympaniformis (59.7Ma based on Berggren et al., 1995).

Waiting for formal decision, we refer to the interval
studied (planktic foraminiferal Zones P2—P3b) as the
Danian—Selandian transition.

3. Geological setting and lithology, NW Tunisia

The successions at Ain Settara, Elles and El Kef (NW
Tunisia) were located at the southern margin of the
Tethys. During the late Mesozoic and early Cenozoic,
Tunisia was bathed by shallow seas and by the end of
the Cretaceous, the Jeffara and Kasserine Islands
emerged in southern and central Tunisia. Kasserine
Island separated a basin in the north from a narrow basin
in the south. The studied localities (Fig. 2) were part of
the northern basin known as the Tunisian Trough
(Burollet, 1956, 1991; Salaj, 1980; Bobier et al., 1991).
The successions are dominated by hemipelagic marl-
shale sedimentation, but with significant terrigenous
input from Kasserine Island, and intermittent influx
from emerged land located to the west (Adatte et al.,
2002). Due to the high subsidence rate and sediment
input, the Paleocene sequence in the Tunisian Through
reaches up to 500m thickness, decreasing towards
Kasserine Island (Zaier et al., 1998).

The three studied localities expose the El Haria
Formation, spanning the Maastrichtian to lower Ypre-
sian, and mainly consisting of brown-grey homoge-
neous marls and shales (Burollet, 1956). It overlies the
chalky limestones of the Campanian/lower Maastrich-
tian Abiod Formation, and is overlain by the limestones
of the Ypresian Metlaoui Formation (Burollet, 1956).
The Danian—Selandian transition at Ain Settara and at
Elles is marked by a distinct glauconitic marl bed (up to
70cm thick at Ain Settara and about 20cm at Elles),
separating underlying grey marls from overlying
essential dark brown shaley marls. At Ain Settara,
these dark beds present a cyclic pattern, being
intercalated with thin slightly glauconitic marl beds
(see Steurbaut et al., 2000). At Elles, the shales are more
monotonous.

Monotonous marls also characterize the studied
interval at El Kef, becoming more shaley in Subzone
P3b. At El Kef, a 9-m-thick interval within the D-S

0 100 KM
Emerged zones

Fig. 2. Paleogeographic reconstruction of the study area (after Zaier et
al., 1998) and position of the investigated localities.

transition (Subzone P3b) was not exposed (Kouwenho-
ven et al., 1997).

4. Material and methods

Samples from Ain Settara and Elles were collected in
November 2002 from trenches and holes at 20—30cm
depth below the weathered surface. Samples were
collected every ~2m at Ain Settara and ~1m at
Elles. Only the lower—middle Paleocene parts of these
sections are evaluated here. Samples for foraminiferal
studies were processed at Bremen University following
standard micropaleontological procedures. They were
dried in a stove at 60°C for at least 24h. About 50g of
dry rock was soaked in soda (60g/l Na,SO4). When
soda was not sufficient to break down the samples,
Rewoquat (CH;0S05_) was used. After disintegration,
the samples were washed and dried, and then sieved
over three sieves of 630, 125 and 63 um mesh size,
respectively. The fraction >125pum was used for our
studies. Samples from El Kef were previously collected
(Kouwenhoven et al., 1997) and prepared at Utrecht
University, following similar procedures.

Qualitative distributions of benthic and planktic
foraminifera have been determined. Planktic foraminif-
era were studied, counting at least 200 specimens
classified at genus level, based mainly on Berggren and
Norris (1997) and Olsson et al. (1999). The census
counts were used to determine the percentage of
planktics in the foraminiferal association (P/B ratio,
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expressed as 100 xP/(P+B), cf. Van der Zwaan et al.
(1990) in order to gain paleobathymetric information.
The number of planktic foraminifera per gram of dry
sediment is expressed as the planktic foraminiferal
number (PFN). Rock samples from El Kef were
prepared at Utrecht University and not weighed prior
to processing, thus the calculation of planktic forami-
niferal numbers was not possible.

Biostratigraphic interpretations are based on planktic
foraminifera and on calcareous nannofossils. Qualitative
and quantitative calcareous nannofossil investigation
was carried out using standard procedures as described
in Steurbaut and King (1994). About 2cm?® of glass-
slide have been examined for each sample, using a light
microscope at 1000x or 1250x magnification. Nanno-
fossil taxonomy is essentially from Perch-Nielsen
(1985), taking into account subsequent modifications
by Varol (1992).

Benthic foraminifera of Ain Settara and Elles have
been studied qualitatively, while at El Kef these were
quantitatively studied before (Kouwenhoven et al.,
1997; Guasti et al., 2005a).

The samples used for organic dinocyst studies were
processed according to standard palynological techni-
ques (cf. Brinkhuis et al., 2003). The residues were
sieved using a 10-um mesh-sieve, and prepared on
slides using glycerin jelly. Palynomorphs were sub-
divided in seven categories (i.e. bisaccate pollen, other
pollen and spores, acritarchs, determinable dinocysts,
Pterospermella spp., indeterminable dinocysts, and
inner walls of foraminifera, if more than 3 chambers
are encountered). Non-saccate pollen and spores are
identified and grouped together as terrestrial palyno-
morphs. Dinocysts were counted up to 200 determinable
cysts where possible. Frequencies of dinocysts are
calculated relative to the total numbers of identifiable
cysts. Dinocyst taxonomy is in accordance with
Williams et al. (2004). In order to obtain the main
variations of the paleoecological signal along the
succession, the taxa have been grouped based on their
broad paleoecological characteristics (see e.g., Guasti et
al., 2005a; Sluijs et al., 2005). The upper part of Ain
Settara (samples ASP 19-21, and ASP12) did not yield
any palynomorphs. Several ratios that are often used as
paleoenvironmental proxies were calculated. Eukaryotic
sea-surface productivity (SSP) has been estimated using
the peridinioid/gonyaulacoid ratio (P/G), which includes
all peridinioid cysts (P cysts) and is calculated as P/
G=nP/(nP+nG). To estimate the relative contributions
of terrestrial versus marine organic material, the S/D
ratio was calculated, applying the formula S/D=nS/(nD
+nS), with S=number of sporomorphs (terrestrial) and

D=number of dinocysts and marine acritarchs (Ver-
steegh, 1994).

Total calcite contents (CaCO;5 %) were measured on
homogenized samples using the Scheibler method in the
laboratory of sedimentary analysis of the Free Univer-
sity of Amsterdam. Stable isotopes (6'>C and 6'%0) on
whole-rock calcite on Elles were performed in the
Department of Paleoecology and Paleoclimatology, Free
University of Amsterdam, and on Ain Settara in the
Department of Geosciences, Bremen University.

5. Biostratigraphy

The studied interval spans planktic foraminifera
Zone P2, Subzone P3a and the lower part of Subzone
P3b (Berggren et al., 1995), together corresponding to
calcareous nannoplankton Zone NP4 (Martini, 1971)

(Fig. 3).
5.1. Planktic foraminifera

Planktic foraminifera Zone P2, defined as the interval
between the First Appearance Datum (FAD) of
Praemurica uncinata and the FAD of Morozovella
angulata (Berggren et al., 1995), spans ~12.5m at Ain
Settara and El Kef, and 5.5m in Elles. Zone P3 is
defined as the biostratigraphic interval between the FAD
of M. angulata and the FAD of Globanomalina
pseudomenardii. Zone P3 is usually subdivided into
Subzones P3a and P3b based on the FAD of Igorina
albeari. The base of Zone P3a can be traced in every
locality, but the top part is probably obscured by a hiatus
(as clearly indicated by the calcareous nannofossil
record, see below), which occurs at the P3a/b boundary
at all localities. Subzone P3a spans ~3m at Ain Settara
and Elles, and ~7m at El Kef. Subzone P3b is more
expanded: >20m at Ain Settara, ~11m at Elles, and
~15m at El Kef.

Guasti et al. (2005b) discussed that in the Middle
East, the identification of the P3a/P3b subzonal
boundary on the basis of the LO of I. albeari can be
problematic. Similar problems are also encountered in
Tunisia. Typical specimens of I albeari rarely occur
only at higher stratigraphic levels. Therefore, we
identify the base of Subzone P3b on the LO of slightly
keeled Igorina in assemblages with abundant and well-
diversified Morozovella, including M. aequa. The LO of
the latter taxon in ocean deposits is described from Zone
P4 upwards (Olsson et al., 1999), but in the Tethys it
occurred near the base of Subzone P3b.

The base of Zone P4 was recognized at Elles and at
El Kef, but not at the studied outcrop of Ain Settara,
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Fig. 3. Stratigraphy of the studied localities. Planktic foraminifera biostratigraphy is based on Berggren et al. (1995), calcareous nannofossil
biostratigraphy on Martini (1971) and on Varol (1989). The base of the sections corresponds to the base of planktic foraminifera Zone P2.
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where a fault contact separates the Ypresian limestones
of the Metlaoui Formation from Subzone P3b.

5.2. Calcareous nannofossils

Calcareous nannofossil Zone NP4 (Martini, 1971) is
defined by the First Appearance Datum (FAD) of E.
macellus (base) and by the FAD of F. tympaniformis
(top). The FAD of Chiasmolithus edentulus, which
coincides with the FAD of Fasciculithus chowii, is used
to subdivide Zone NP4 in low latitudes (Varol, 1989;
Steurbaut et al., 2000). It occurs in the upper part of
Zone NP4 Berggren et al. (1995), and marks the base of
Varol’s Subzone NTp7B, the top of which is defined by
the FAD of Sphenolithus primus. A high-resolution
study of the 05-NSC section at Ain Settara, a lateral
equivalent of the section studied here (Van Itterbeeck et
al., submitted for publication), has recently revealed that
the lowest occurrence of F. chowii is preceded by an
ephemeral occurrence of Fasciculithus magnus (very
low numbers in a ~40-cm-thick interval at the top of
Zone NTp6). This short-ranged occurrence can easily be
overlooked and has not been recorded in the present
study. Hence, the lowest occurrence of F. chowii does
not represent the first appearance of the genus, but
corresponds to its lowest consistent occurrence (LCO).

In the Ain Settara section studied herein, the lowest
consistent occurrence (LCO) of Fasciculithus is
recorded at the glauconitic marker bed (ASP10). The
LO of S. primus is difficult to pinpoint due to the rather
poor quality of the upper samples (definitely present in
sample ASP20, possibly overgrown specimens in
sample ASP18). The base of NP5 is not present in this
section, due to a fault (see Section 5.1). However, in a
previous work, Steurbaut et al. (2000) located the base
of NP5 at ~30m above the LCO of Fasciculithus spp. in
a section at Ain Settara, laterally equivalent of the one
studied here. Considering that the glauconitic marker
bed at ASP10 is equivalent to the glauconitic bed
described by Steurbaut et al. (2000), we can assume a
similar thickness of this Zone in this work.

At Elles the LCO of Fasciculithus, coinciding with
the LO of C. edentulus, occurs in sample ELS10, the LO
of S. primus in sample ELS12. The LO of F
tympaniformis is recorded in sample ELS26 (~16m
above the LCO of Fasciculithus spp.).

In both localities, the LCO of Fasciculithus coincides
with the lowest sample in Subzone P3b. Following
Berggren et al. (1995), the FAD of Fasciculithus is
recorded 0.1Ma above the base of Subzone P3b,
suggesting that the basal part of Zone P3b is missing
in a hiatus in all sections. Such a hiatus between

Subzone P3a and P3b has been also suggested by Van
Itterbeeck et al. (submitted for publication) in a parallel
section at Ain Settara.

6. Results
6.1. Benthic foraminiferal assemblages

In planktic foraminifera Zones P2 and P3 at Ain
Settara, diverse assemblages are recorded, composed of
various Nodosarians, Textularians, Anomalinoides (A.
midwayensis, A. praeacutus, A. rubiginosus), Alaba-
mina, Osangularia, Bulimina, Neoflabellina, Gyroidi-
noides, and Cibicidoides pseudoacutus. Anomalinoides
affinis and Anomalinoides susanaensis occur only in the
lower part (P2—P3a) of the sections. Stainforthia spp. is
frequent within Subzone P3b. At Elles within Zones P2
and P3a, the benthic assemblages are characterized by
numerous neritic taxa as at Ain Settara, also include
Gavelinella beccariiformis (a bathyal species) and
Aragonia, Globocassidulina subglobosa, Cibicidoides
spp., C. midwayensis. In lower Subzone P3b this
assemblage persists, but G. beccariiformis disappears.

6.2. Planktic foraminifera

Within the interval P2—P3a, the assemblage is mainly
composed of Praemurica, Subbotina and Parasubbo-
tina, which together make up ~85% in all sections
studied (Figs. 4-6). In particular, Subbotina and
Parasubbotina are equally distributed between 30%
and 40%. Morozovella and Acarinina already occur in
Zone P2 in very low numbers (<1%) and slowly
increase up to <10% in Subzone P3a, with highest
numbers at Ain Settara. Igorina only occurs from the
base of Subzone P3a in low numbers (<1%) and
Chiloguembelina occurs only in the background (~ 1%)
throughout P2—P3a.

From Subzone P3b onwards, above the unconformi-
ty, the planktic foraminiferal assemblages change.
Praemurica disappears and, instead, Morozovella dom-
inates the surface-dwelling taxa (~30%, ~50%, ~40%
in Ain Settara, Elles and El Kef, respectively).
Parasubbotina and Subbotina are still well represented,
although Parasubbotina to a lesser extent. Only in a few
samples, these taxa abruptly decrease (in ASP18 both
decrease; in AFN616 Parasubbotina decreases to
~10%). Instead, at Elles, Parasubbotina generally
decreases (to 10—20%). Acarinina and Igorina consti-
tute a minor part of the surface dwellers (<10%).
Globanomalina constantly ranges below 15%, and
somewhat lower at Ain Settara (generally <10%).
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Fig. 4. The relative frequencies (expressed in %) of planktic foraminiferal (in dark grey) and organic dinocysts (in light grey) assemblages are plotted against lithology, biostratigraphy (planktic

foraminifera and calcareous nannofossils) and sample position at Ain Settara.
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Organic dinocysts

Fig. 6. The relative frequencies (expressed in %) of planktic foraminiferal (in dark grey) and organic dinocysts (in light grey) assemblages is plotted
against lithology, biostratigraphy (planktic foraminifera and calcareous nannofossils) and sample position at El Kef.

Chiloguembelina is generally poorly represented, some-
what more abundant (~2%) at Elles. Zeauvigerina
occurs in several samples at Ain Settara, mainly in
Subzone P3b (<3%), whereas this taxon is not found in
the other localities.

6.3. Palynology

Nearly all samples contain palynological assem-
blages dominated by marine palynomorphs (Figs. 4—
6). The dinocyst taxa are placed in ecogroups as
established in Guasti et al. (2005a). Within the interval
spanning P2—P3a, representatives of the Spiniferites
group are the main component of the assemblage,
comprising up to 80% at Ain Settara and Elles. The
Fibrocysta group is also quite abundant, up to 40% at
Ain Settara, and even higher at Elles (60%). Abun-
dances of the Cerodinium and Areoligera groups are

<15%. Representatives of the Lejeunecysta group are
generally rare (<1%), with the exception of a peak
(9%) at Elles in the lowermost part. Representatives of
the oceanic Impagidinium group are almost absent at
Ain Settara and El Kef, whereas they occur consis-
tently in low abundances (1-3%) at Elles.

From Subzone P3b onwards the assemblages start to
diversify. At Ain Settara, at the distinct glauconitic bed,
the assemblage is characterized by increasing Fibro-
cysta (~35%), Cerodinium (~35%, mainly Isabelidium
spp.) and decreasing Spiniferites (<20%) groups.

Just above this bed, representatives of the Cerodi-
nium group are still abundant (15%) and the Lejeune-
cysta group abruptly increases (~20%). From this level
upwards, these taxa range through the entire Subzone
P3b. The Fibrocysta group increases (<60%), while the
Spiniferites group has generally lower abundances
(<60%) than in P2—P3a.
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At Elles, a major change is recorded ~ 1 m above the
unconformity marking the base of Subzone P3b (ELS
11), indicated by a peak of the Cerodinium group
(~45%,) and increased Lejeunecysta representatives
(~ 10%), whereas the Spiniferites and Fibrocysta groups
abruptly diminish (25% and 10%, respectively). Repre-
sentatives of the Microdinium group usually occur in
low numbers, except for a peak of 7% in sample ASP17,
and in various peaks at Elles (up to 30% in sample
ELS14). The Areoligera group does not vary consider-
ably (usually <10%). Relative numbers of the Impagi-
dinium group remain low, except for a single peak of 3%
(sample ELS13), with a concomitant peak of the
Spiniferites group (35%). At Ain Settara (ASP11;
NTp7B), the first occurrence of the Apectodinium
group is recorded in this interval (2.4%). Up section,
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representatives of this group occur in several samples in
low relative numbers, with the exception of a peak of
3% in sample ASP15. At Elles the LO of Apectodinium
occurs at a higher stratigraphic level (ELS14; NTp8A),
and is associated with a peak of the Microdinium (30%)
and Areoligera groups (10%). At El Kef, members of
the Apectodinium group occur immediately above the
unconformity within an assemblage with a high number
of representatives of the Cerodinium and Spiniferites
groups; the numbers of the Lejeunecysta group also
increase at this level.

6.4. Calcareous nannofossils

The nannofossil associations in the Tunisian
sections are moderately preserved, quantitatively rich
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Fig. 7. The relative frequencies (expressed in %) of calcareous nannofossils and the number of specimens per mm? of surface of the smear slide is
plotted against lithology, biostratigraphy (planktic foraminifera and calcareous nannofossils) and sample position at Ain Settara.
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(~34 to ~29 specimens/mm? glass-slide at Elles and
Ain Settara, respectively) and well diversified (20 to
25 taxa). They are dominated by small Prinsiaceae
(<3pm) (between 73% and 88% of the total number
of specimens). The additional most frequent taxa, such
as Coccolithus pelagicus s.l., Coccolithus subpertusus,
Cruciplacolithus spp., Neochiastozygus spp. and
Prinsius martinii (Figs. 7 and 8) occur throughout
the sections, enhancing the uniformity of the assem-
blages. The most striking nannofossil change is
recorded across the unconformity (at the planktic
foraminiferal P3a/P3b boundary). It is marked by a
major increase in species diversity including the LCO
of Fasciculithus (F. chowii and 1 specimen of a not
yet named species), the LO of C. edentulus, the LO of
Toweius sp. (middle-sized elliptical form) and the
consistent occurrence of Pontosphaera and Micrantho-
lithus (at Ain Settara). This major change represents
the first of a series of diversification events, marking
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the upper part of Zone NP4 in Central Tunisia. The
second diversification event, characterized by the
radiation of Fasciculithus (first appearances of F
ulii, F. billii, F. pileatus and F. janii) has been
identified at the top of the studied interval (in sample
ELS 20; above uppermost sample ASP21). Between
both events the nannofossil assemblages are very
similar, and only differentiated by the occurrence of S.
primus (LO in ELS 12).

6.5. Paleoenvironmental proxies

6.5.1. Foraminiferal parameters

In the interval spanning P2—P3a, at Ain Settara, the
planktic/benthic ratio (P/B) fluctuates from 45% to 70%
(Fig. 9), whereas at Elles, the P/B is constantly higher
(80—90%). In Subzone P3b at Ain Settara a drop of the P/
B (~33%) coincides with the glauconitic bed; above this
level, values are generally more constant around 50%.
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Fig. 8. The relative frequencies (expressed in %) of calcareous nannofossils and the number of specimens per mm? of surface of the smear slide is
plotted against lithology, biostratigraphy (planktic foraminifera and calcareous nannofossils) and sample position at Elles.
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Fig. 9. The planktic/benthic ratio (P/B %), the number of planktic foraminifera/gram (PFN in logarithmic scale), the calcite content (CaCO3 %), the
peridinioid/gonyaulacoid cysts ratio (P/G ratio), the terrestrial/marine palynomorph ratio (S/D ratio), the oxygen and carbon stable isotopes are
plotted for each studied locality. Planktic foraminifera and calcareous nannofossil biostratigraphy is shown on the left.

Little variation is recorded at Elles except for decreasing
values (<65%) in the uppermost studied interval.

At Ain Settara, planktic foraminiferal numbers
fluctuate between 200/g and 1300/g in upper Zone P2,
and are generally lower in Subzone P3a (<~500/g).
Similarly, at Elles, PFNs vary between 100 and 500/g
within P2—P3a, with a minimum value in the lower part
of Zone P2 (~100/g).

At Ain Settara, above the unconformity at the base
of Subzone P3b, PFNs are lower than in P2-P3a
(200-600/g), except a peak 1000/g in ASP 12. An
opposite trend characterizes Elles, where increased
values (~3000/g) are recorded within Subzone P3b. In
the uppermost part of Elles these numbers decrease
(<100/g), similar to the P/B ratio trend.

6.5.2. Palynological parameters

At all localities, the relative numbers of peridinioid
(P-) cysts (expressed in the P/G ratio) are generally very
low in Zone P2 and Subzone P3a (Fig. 9). At Ain Settara,
their numbers increase from the glauconitic bed
upwards, where highest relative values occur. Further
upwards, these values are lower, but still higher than
those within P2—P3a. Similarly, at Elles, a peak of P/G
ratio occurs in Subzone P3b, ~ 1 m above the occurrence
of Fasciculithus and from this level upward, the values
are generally higher than in lower samples. Also at El
Kef, at the base of Subzone P3b a peak of P/G ratio is
observed.

McCarthy and Mudie (1998) pointed out that the
numbers of terrestrial palynomorphs in marine
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sediments decreases exponentially with distance to
shore, thus they are useful in sea-level reconstructions.
In the studied localities, the relative contribution of
continentally derived organic material (S/D ratio) is
always low; therefore, they cannot support sea-level
variation. As it was already pointed out for El Kef
(Guasti et al., 2005a) these low S/D values might be
related to the distance of the sedimentation area from the
source of terrestrial input.

6.6. Geochemical parameters

6.6.1. Calcite content

The marls in P2—P3a contain up to 50% CaCOj; at
Ain Settara, and calcite content ranges between 20% and
40% in Subzone P3b. At Elles, the lower marls contain
~060% CaCOs, decreasing to <40% in Subzone P3b,
where the marls are more shaley (Fig. 9).

6.6.2. Stable isotopes

In P2-P3a, 0'3C values are low at the base of Ain
Settara (—1.2%o), and slowly increase up to a maximum
0%o (ASP7), and they are slightly lower (—0.3%o) in
Subzone P3a. At Elles, 3'*C values are generally higher
than at Ain Settara (—0.7%o and 0.2%o), and they exhibit
more fluctuations. In Subzone P3b, values are similar to
those at Ain Settara. At Ain Settara, a small positive
peak occurs in sample ASP11 coinciding with increased
peridinioid cysts and the lowest occurrence of Apecto-
dinium, and another one in sample ASP16 coinciding
with increased Spiniferites and increased PFN (Fig. 9).
At Elles, from the lowest occurrence of Fasciculithus
upward, 8'>C values are generally about 0.2%o.

The 6'®0 values range between —2.6%o and — 1.6%o
in Zones P2-P3a at Ain Settara, with a minimum
value (—2.6%o) in ASP6. Similar values are recorded at
Elles (—2.8%0 and —1.8%0), but they exhibit wider
fluctuations.

In Subzone P3b, the values are similar. At Ain
Settara, negative wiggles are recorded together with
higher 6'°C (ASP11 and ASP16: —2.6%o and —3.6%o,
respectively).

7. Discussion
7.1. Paleoenvironmental conditions

7.1.1. Paleobathymetric change

At Ain Settara, P2—P3a, the benthic foraminiferal
assemblage and P/B ratios are indicative of deep outer
neritic (~175m) deposition shallowing upward to
~150m (Fig. 10) as indicated by the successive
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Fig. 10. Reconstruction of schematic sea-surface paleoproductivity
and paleodepths is also proposed, including a sequence boundary of
Hardenbol et al. (1998). Planktic foraminifera and calcareous
nannofossil biostratigraphy is shown on the left.

disappearance of sporadically occurring deeper water
taxa such as Angulogavelinella avnimelechi, A. abu-
durbensis and A. affinis. This is in agreement with the
dinocysts being dominated by the shelf groups Spinifer-
ites and Fibrocysta, and the absence (except in the
deeper basal part) of the typical offshore taxa Impagi-
dinium spp. (Brinkhuis and Zachariasse, 1988; Crouch
et al.,, 2003). At Elles, higher P/B ratios and deeper-
water benthic foraminiferal taxa (i.e. G. beccariiformis,
Aragonia sp.) suggest a slightly deeper outer neritic
setting (~200m) in P2—P3a, which is in agreement with
the more common and consistent presence of Impagi-
dinium. Outer neritic paleodepths in P2—P3a were also
inferred at El Kef (Guasti et al., 2005a).

At Ain Settara, at the conspicuous glauconitic bed,
the benthic assemblage does not change, whereas the P/
B decreases. In Subzone P3b, the disappearance of some
further benthic taxa characteristic of the deeper shelf (4.
susanaensis and Pulsiphonina prima) together with a
decreasing P/B ratio suggest further shallowing. This is
also observed in the dinocyst assemblages, where neritic
taxa, in particular peridinioid cysts, are more abundant,
and in the nannofossil assemblages, where slight, but
distinct increases in the near-shore taxa (essentially
Pontosphaera, but also Micrantholithus spp. at Ain
Settara) point to a basinward shift of the coastline.
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Because of its more proximal (onshore) position in the
basin, this shallowing trend is much more expressed at
Ain Settara than at Elles in terms of nannofossil
evolution (e.g. absence of Micrantholithus spp. through-
out the entire studied interval at Elles). We estimate that
the paleodepth changed from 150—-175m in P2—P3a to
100—125m in Subzone P3b. Similarly, at the base of
Subzone P3b at Elles, we find the disappearance of the
bathyal taxon G. beccariiformis and an increase of
peridinioid cysts, suggesting a shallowing to outer
neritic deposition at ~150m depth. A similar shallow-
ing was also observed at El Kef from Subzone P3a to
Subzone P3b (Guasti et al., 2005a).

7.1.2. Danian

The evolutionary trend of planktic foraminifera
from spinose and praemuricate taxa towards assem-
blages dominated by muricate taxa (Norris, 1996;
Kelly et al., 1996; Berggren and Norris, 1997; Olsson
et al., 1999) is well observed in the studied area. In
planktic foraminifera Zone P2, spinose genera (Sub-
botina and Parasubbotina) and Praemurica dominate
the assemblage. Already in upper Zone P2, the earliest
specimens of Morozovella (M. praeangulata) and
Acarinina (A. praeaequa) are observed. Our data
show that Praemurica survived up into Subzone P3a in
the southern Tethys, as it was already described in
Egypt and Jordan (Guasti et al., 2005b). The decrease
of this taxon corresponds to a gradual increase of
Morozovella. The well-diversified planktic assem-
blages present in P2—P3a suggest fairly oligotrophic
conditions (Fig. 10). The benthic foraminiferal assem-
blages composed by numerous shelf taxa and by the
scarcity of buliminids reflect similarly oligotrophic
conditions on the seafloor. During the same interval,
the dinocyst assemblages are dominated by oligotro-
phic taxa, such as Spiniferites and Fibrocysta and by
low P/G ratio in accordance with the foraminiferal
signal. A similar oligotrophic setting for this strati-
graphic interval was also proposed at El Kef (Guasti et
al., 2005a).

7.1.3. Danian—Selandian transition and Selandian
The transition between Subzones P3a and P3b is
marked by an unconformity, observed in each locality.
The foraminiferal, palynological and nannofossil assem-
blages and proxies indicate a distinct paleoenviron-
mental change across the D/S unconformity (Fig. 10),
which is very similar to the biofacial shift observed at
the same level at El Kef (Guasti et al., 2005a).
Whereas Praemurica dominated the mixed layer
planktic foraminiferal assemblages during the late

Danian, Morozovella became the most common taxon
during the early Selandian. At the base of Subzone P3b,
the high numbers of Morozovella correspond to a slight
decrease in the subsurface taxa, such as Parasubbotina
and Subbotina. This is evidence for successful strategy
of Morozovella for being dominant in the surface waters.

At these localities, above the base of Subzone P3b
and the lowest consistent occurrence (LCO) of Fasci-
culithus, high numbers of peridinioid cysts (Cerodinium
and Lejeunecysta) are recorded and are also associated
with the LO of Apectodinium. Enhanced numbers of
peridinioid is generally related to elevated primary
productivity. In particular, as it was proposed by Guasti
et al. (2005a), increase heterotrophic/autotrophic ratio
(P/G) based on protoperidinioid cysts (Lejeunecysta) is
more reliable in the studied area and suggested higher
nutrient availability. Moreover, at Elles, this peak
corresponds to increase planktic foraminiferal numbers,
which may also be interpreted as a signal of increased
productivity.

The abundance of asymbiontic thermocline dweller
Globanomalina (Berggren and Norris, 1997) appears to
co-vary with the P/G ratio, which is in agreement with
increased productivity. On the other hand the simulta-
neous increase in Morozovella poses a problem.
Considering that Morozovella is thought to bear
symbionts (i.e. Berggren and Norris, 1997), suggesting
a preference for oligotrophic conditions, their high
abundance during time of higher productivity is
unexpected. This pattern underlines the view that the
ecology of Paleocene planktic foraminifera is still
poorly known. The general high abundance of Mor-
ozovella (and Acarinina) in late Paleocene Tethyan
marginal seas indicates that the relationship between,
presumably, photosymbiotic planktic foraminifera and
nutrient conditions in surface waters is far from
straightforward (see discussion in Guasti and Speijer,
2005).

The environmental changes recorded across the D/S
unconformity are also emphasized by the decrease of
calcite content mainly at Elles. Considering that a
decrease in the production of biogenic calcite is not
suggested by the biotic proxies, a dilution due to the
increase of sediment supply of land-derived sediment is
probably most likely. This is supported by the higher
rock-accumulation rate in Subzone P3b. In fact, we
estimated rock-accumulation rate of 27.5m/Ma and
55m/Ma in Zone P2 (at Elles and at Ain Settara,
respectively), which increases up to 70m/Ma and ~ 150
m/Ma between the lower occurrence of Fasciculithus
spp. and F. tympaniformis (at Ain Settara this datum is
based on Steurbaut et al., 2000).
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At the base of Subzone P3b a glauconitic bed is
present at Ain Settara (60—70cm thick), and at Elles
(10-20cm). Although the genesis of glauconite is
poorly known, it is generally associated with slow
deposition, under reducing conditions on the continental
margin (often between 30-700m) and facilitated by
presence of organic matter (Reading, 1986). Steurbaut et
al. (2000) suggested that the glauconitic bed at Ain
Settara could represent the transgressive phase of the
sequence Sel-1. It was also suggested that the interval
underneath this transgressive bed could represent a low-
stand deposit with channel incision into Danian high-
stand deposits. Our faunal data (P/B ratios, benthic
foraminifera and dinocysts) from this level however do
not support a low-stand below the glauconitic bed.
Depositional depth is gradually shallowing but similar
to the interval immediately below. In our view the main
unconformity is situated below the glauconitic bed and
thus the Selandian transgressive deposits rest on top of
Danian high-stand deposits. This lithological sequence
within the D/S transition can be traced throughout the
Tunisian Trough, albeit less distinct at greater paleo-
depths such as at Elles and EI Kef (Guasti et al., 2005a
and unpublished observations). Consequently, the
sequence is to some extent reminiscent of the Danian/
Selandian transition in the type region in Denmark,
where the base of the Selandian (basal Lellinge
Formation) is also marked by transgressive glauconitic
greensands and marls overlying Danian chalks (Thom-
sen and Heilmann-Clausen, 1985; Clemmensen and
Thomsen, 2005). The main difference is of course that
the Tunisian successions are altogether much more
pelitic. The sequence boundary between the Danian and
Selandian was referred to as Sel 1 by Hardenbol et al.
(1998). As far as it is currently possible to constrain our
stratigraphic framework and match it to the Danish
successions, the same sequence boundary is observed in
the Tunisian Trough.

During the Selandian, within Subzone P3b, a
shallower environment, richer in nutrients succeeds the
oligotrophic conditions of P2—P3a. Accordingly, peri-
dinioid cysts are more abundant; in particular, repre-
sentatives of the Lejeunecysta group increase, whereas
Spiniferites and Fibrocysta groups decrease. Among the
planktic foraminifera, Chiloguembelina slightly
increases at Elles, and Zeauvigerina at Ain Settara. As
both these taxa are thought to belong to the hetero-
helicids and to be more tolerant to low oxygen
conditions (Boersma and Premoli Silva, 1989), such
an increase is in agreement with increasing primary
productivity and decreasing oxygen levels in the
subsurface. Similarly, the increase of Stainforthia and

other buliminids in the benthic assemblage also
indicates lower oxygen levels at the seafloor at Ain
Settara. A shallower and more nutrient-enriched envi-
ronment also characterizes Subzone P3b at El Kef,
where eventually eutrophic inner neritic conditions
settle during the late Paleocene (Kouwenhoven et al.,
1997; Guasti et al., 2005a). Overall, in the study area,
the Selandian is characterized by a more productive
paleoenvironment, both in surface and bottom waters,
compared to rather oligotrophic and well-ventilated
conditions during the Danian. A similar paleoenviron-
mental change has been also documented by Van
Itterbeeck et al. (submitted for publication) based on
variation in the ostracod record.

7.2. First appearance of Apectodinium

The Paleocene—Eocene thermal maximum is
amongst other things characterized by a global bloom
of Apectodinium along the continental margins (Crouch
et al,, 2001). It has been suggested that this taxon
preferred warm eutrophic neritic waters (Crouch et al.,
2003). Brinkhuis et al. (1994) reported the lowest
occurrence (LO) of representatives of the genus from El
Kef. We record the LO of Apectodinium at Ain Settara
and El Kef immediately above the unconformity at the
base of Subzone P3b. At Ain Settara, this level
corresponds to the C. edentulus Subzone (Zone
NTp7B). In both localities, it is associated with
increased peridinioid cysts and a small positive shift
of 6"C. It is striking that in both localities, the LO of
Apectodinium 1is associated with peak wvalues of
representatives of the Cerodinium group, suggesting
relatively shallow marine conditions and increased
nutrient supply (e.g. Sluijs et al., 2005). The apparent
delayed appearance of Apectodinium at Elles (S. primus
Subzone, NTp8A) probably results from the rare
occurrence of this taxon in its lower range as also
indicated by just one specimen at the base of Subzone
P3b at El Kef. The overall pattern indicates that
Apectodinium evolved in the early Selandian at low
latitudes in an inner to shallow outer neritic setting,
where it favored a high nutrient availability.

7.3. Comparison with the Middle East

In Egypt and Jordan, shaley marls dominate in most
Paleocene successions in the region and the Danian—
Selandian transition is not marked by an overall
lithological change. However, this transition is marked
by organic-rich dark bed characterized by anomalous
faunal assemblages, named as event “Neo-duwi event”
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(Speijer, 2003; Guasti et al., 2005b). Whereas planktic
foraminiferal biostratigraphy is poorly constrained due
to the problematic identification of I albeari, the P3a/b
zonal marker, calcareous nannofossils enable a precise
limitation of this event. In fact, this transient episode
occurred near the top of Zone NP4 between the
respective LOs of Fasciculithus spp. and F. tympani-
formis, which corresponds to the base of Subzone P3b.
Following Berggren et al. (1995), these bio-events
occurred at 59.9Ma and at 59.7Ma, respectively,
suggesting that the “Neo-duwi event” lasted for less
than 200ky. Although in Tunisia, such a distinct marker
bed and associated anomalous faunal assemblages are
not present, some similarities can still be traced. A long-
term environmental change from open marine oligotro-
phic conditions toward eutrophic neritic settings in the
upper Paleocene started at the base of Subzone P3b,
about 1 m above the lowest occurrence of Fasciculithus
spp., and coincided with the lowest occurrence of
Apectodinium.

Differences between Tunisia and the Middle East are
mainly evidenced in the high sediments thickness
between the LOs of Fasciculithus spp. and of F
tympaniformis in Tunisia, indicating much higher
rock-accumulation rate in Tunisia as compared to the
Middle East. A rock-accumulation rate varying between
70m/Ma and ~ 150 m/Ma in Tunisia (at Elles and at Ain
Settara, respectively) and between ~27m/Ma and 35m/
Ma in the Middle East (at Shaubak and at Awaina,
respectively) is estimated (Guasti, 2005). The high rock-
accumulation rate in the Tunisian localities suggests
high subsidence rates accommodating for the high clay
input from land filling the basin (Tunisian Trough). The
studied parts of the basins in Egypt and Jordan received
less input and experienced much lower subsidence rates.

Considering the differences in basic basin dynamics
between these areas, it is striking that the environmental
changes observed occurred at the same stratigraphic
level, suggesting that these local perturbations were
probably part of a more regional environmental
reorganization, and we suggest that they represent the
local expression of a more general, paleoclimatic/
paleoceanographic perturbation.

8. Conclusions

The Danian—Selandian transition (61-59Ma) has
been documented in three localities in NW Tunisia (Ain
Settara, Elles and El Kef) by integrating foraminifera
(planktic and benthic), organic dinocysts and calcareous
nannofossil assemblages. Hence, the paleoenvironmen-
tal evolution across planktic foraminifera Zones P2—P3

(calcareous nannofossil Zone NP4, Subzones NTp6—
NTp8A) has been investigated.

During the Danian (P2—P3a), the studied localities
are located in an outer neritic setting, where Ain Settara
was located in a slightly shallower position (~150—
175m) than Elles and El Kef (~200m). An oligotrophic
setting characterizes the area.

At the transition between planktic foraminifera
Subzones P3a and P3b, an overall sea-level fall is
observed and an unconformity is identified, which is
correlated to the sequence boundary Sel 1 of Hardenbol
et al. (1998). Within Subzone P3b and above the lowest
occurrence of Fasciculithus spp. (Zone NP4, Subzone
NTp7B), the biotic record indicates an increase in
surface productivity and a reduction of subsurface and
seafloor ventilation.

It appears that the early evolution of Apectodinium—
an important genus during the Paleocene—Eocene
thermal maximum, occurred in shallow Tethyan envir-
onments with a high nutrient availability.

Generally, our records show an increase in produc-
tivity during an overall regressive phase of the late
Danian and early Selandian in the Tunisian Trough.

This project provides an accurate understanding of
paleoenvironmental change across the Danian—Selan-
dian transition in Tunisia. As part of a broader research,
the results are also placed in a more global context and
compared with the results from other localities along the
Southern Tethyan margin (Egypt and Jordan), suggest-
ing that a more regional paleoclimatic/paleoceano-
graphic perturbation occurred in the Southern Tethys.
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