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Abstract

Trace elements and stable isotopes in bulk rocks and foraminifera, bulk rock and clay mineral compositions, are
used as palaeoproxies to evaluate sea level fluctuations, climatic changes and variations in primary productivity across
the K^T transition at Elles II in Tunisia from 1 m (V33 kyr) below to 1 m (V70 kyr) above the K^T boundary. Results
on clay minerals, major and trace elements, stable isotopes in bulk rock samples (e.g. Ca, Cu, Zn, Rb, Sr, Zr, Ba, N13C
and N

18O), and in foraminifera (Sr/Ca, N13C, N18O) indicate that the latest Maastrichtian (last V33 kyr) in Tunisia was
marked by a relatively warm, but humid climate and a rising sea level. The transgressive surface is marked by deposition
of a foraminiferal packstone just below the K^T boundary followed by maximum flooding across the K^T boundary
(red layer and black clay layer). Humid warm conditions accompanied the maximum flooding, along with increased
total organic carbon values and rapidly decreasing primary productivity. At the K^T boundary, an impact event (Ir
anomaly, Ni-rich spinels, spherules) exacerbated already stressed environmental conditions leading to the mass
extinction of tropical planktic foraminifera. Increasingly more humid conditions prevailed within the lowermost
Danian Zone P0 (V50 kyr) culminating in a sea level lowstand near the top of P0. A slow recovery of the ecosystem in
Zone P1a coincided with a rising sea level and gradually less humid climatic conditions. ß 2002 Elsevier Science B.V.
All rights reserved.
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1. Introduction

The Cretaceous^Tertiary (K^T) pro¢le at Elles II

is one of the rare complete K^T transitions in Tu-
nisia, similar to the El Kef stratotype. Across the
K^T boundary dramatic changes in planktic fora-
miniferal faunas, including the mass extinction of
tropical species, as well as major changes in lithol-
ogy, sea level and climatically induced variations in
primary productivity coincide with evidence of a
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catastrophic impact event (e.g. Ir anomaly, spher-
ules, Ni-rich spinels) (e.g. Smit, 1982; Keller et al.,
1996, 2002; Rocchia et al., 1995). Biotic and envi-
ronmental consequences associated with the K^T
transition are well known from deeper water (shelf,
slope) marine environments where sediment accu-
mulation rates were relatively high and exposure to
erosion was limited to submarine current activity.
In northern Tunisia, a number of such deeper water
sections are known including El Kef, Ain Settara
(Kalaat Senan) and El Melah (Fig. 1). To the
south, sediment deposition occurred in shallow
areas adjacent to the Sahara platform (Keller et
al., 1998).

The El Kef section, which is designated the
K^T boundary stratotype section, has been
studied by numerous authors (e.g. Perch-Nielsen,
1981; Donze et al., 1982, 1985; Smit, 1982; Pey-
pouquet et al., 1986; Keller, 1998; Brinkhuis
and Zachariasse, 1988; Me¤on, 1990; Saint-Marc,

1992; Pospichal, 1994; Ben Abdelkader and Zar-
gouni, 1995; Rocchia et al., 1995; Keller et al.,
1996; Kouwenhoven et al., 1997).

The El Kef stratotype outcrop is currently
rather depleted by oversampling and eroded by
agricultural encroachment. For these reasons, a
group of scientists assembled during the Interna-
tional Workshop on Cretaceous^Tertiary Transi-
tions in Tunis, 1998, and sampled the Elles and
Ain Settara sections as possible additional or al-
ternative stratotypes (Remane et al., 1999). Since
that time, various studies have found that the El-
les section is one of the rare complete K^T tran-
sitions in Tunisia, similar to the El Kef stratotype,
but possibly more expanded (Karoui and Zagh-
bib-Turki, 1998; Karoui-Yakoub et al., 2002).

The Elles section is located between El Kef to
the northwest and the Kasserine Island to the
south (Fig. 1a). Sediment deposition occurred at
middle to outer neritic depths, slightly deeper

Fig. 1. (a) Location map of the Elles section in northwestern Tunisia (modi¢ed after Burollet, 1967). (b) Schematic cross-section
with positions of the Seldja, Elles, El Kef and El Melah K^T sections.
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than the nearby Ain Settara section (Molina et
al., 1998; Luciani, 2002), and signi¢cantly deeper
than the Seldja section to the south located in a
channel between the Kasserine Island and the Sa-
hara platform (Fig. 1b). We report here the re-
sults of detailed geochemical and isotopic studies
of the Elles II K^T transition which provide an
important database for reconstructing palaeocli-
matic and palaeoenvironmental conditions.

1.1. Trace elements as palaeoproxies

Palaeoproxies, such as C and O isotopes as well
as nutrient-type trace elements, have been used to
reconstruct changes in oceanic circulation pat-
terns, climate and primary productivity (e.g.
Shackelton et al., 1983; Broecker and Peng,
1984; Boyle, 1986; Fischer and Wefer, 1999).
Bio productivity is mainly controlled by the avail-
ability of nutrients. Trace elements, such as P, Ba
and S, and some heavy metals (e.g. Cu, Ni, Zn,
Cd) are known to be involved in the biogenic
cycle as micro- or nanonutrients and consequently
they tend to correlate with the bioproductivity
(Knauer and Martin, 1982), whereas Ti, Zr and
Al are correlated with detrital in£ux. Concentra-
tions of nutrient-associated elements in the water
column are controlled by the rate of primary pro-
ductivity in surface waters. In the water column
Cd, P and N

13C are linearly correlated (Boyle,
1986). In biogenic sediments, variations of Ba
(Dymond et al., 1992; Schroeder et al., 1997), P
and some heavy metals (e.g. von Breymann et al.,
1992; Brasier, 1995), Cd/Ca ratios and N

13C in
foraminiferal shells (e.g. Boyle, 1986; Rosenthal
et al., 1997a) have been variously used as proxies
for primary palaeoproductivity. For example, to-
tal Ba content in sediments depends on primary
productivity, the amount of the terrigenous detri-
tal component (Murray and Leinen, 1996;
Schroeder et al., 1997), and on post-depositional
barite preservation (McManus et al., 1998, 1999;
Gingele et al., 1999). The in£uence of terrigenous
components on the concentrations of some trace
elements used as palaeoproxy can be corrected by
means of El/Al or El/Ti ratios, where El is the
respective element (e.g. Murray and Leinen,
1996; Schroeder et al., 1997; Gingele et al.,

1999). In oligotrophic areas and well above the
lysocline, carbonate accumulation can also serve
as an indicator of palaeoproductivity (Ru«hlemann
et al., 1996; Dittert et al., 1999).

Strontium is a useful proxy for sea level
changes. At times of falling sea levels, Sr-rich ara-
gonite from continental shelves is exposed to
weathering and alters to calcite. During these
times, most of the Sr is relatively rapidly released
to the oceans (within about 100 000 years). Sea
level £uctuations are therefore related to varia-
tions in the Sr content of the sediments (e.g. Gra-
ham et al., 1982; Stoll and Schrag, 1996, 1998; Li
et al., 2000). Rathburn and Dedeckker (1997) re-
port a correlation of Mg/Ca and Sr/Ca ratios with
temperature in shells from the recent benthic for-
aminifer Cibicidoides. In contrast, Rosenthal et al.
(1997b) observed no correlation with temperature,
but a strictly linear decrease with water depth,
which they explained as pressure dependence. Be-
cause pressure is proportional to water depth, the
pressure e¡ect ampli¢es the signal from sea level-
derived Sr concentrations in seawater for benthic
foraminifera. Thus, the Sr/Ca ratio in calcite
shells of foraminifera, which depends on the Sr
concentration of the palaeo-seawater, is mainly
controlled by sea level variations, salinity, ambi-
ent temperature and pressure.

Ratios of stable isotopes of O and C in calca-
reous tests of planktic foraminifera are widely
used in palaeoceanography to reconstruct envi-
ronmental parameters of ancient ocean surface
waters, assuming that the isotopic signals of the
shells re£ect the isotopic characteristics of the am-
bient surface waters in which they formed. The O
isotope composition of planktic foraminifera is
believed to accurately record N

18O variations of
the ambient seawater and hence variations of tem-
perature, based on the assumption that planktic
foraminifera build their tests in isotopic equilibri-
um with ambient seawater (Epstein et al., 1953;
Shackelton, 1967; Erez and Luz, 1992). The N

13C
ratios of planktic and benthic calcareous tests re-
£ect the isotopic composition of dissolved CO2 in
ambient seawater, if formed under equilibrium
conditions. Photosynthesis in the photic zone, dis-
solution of calcareous tests, organic carbon min-
eralisation, and CO2 regeneration in deep waters
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cause a vertical carbon isotope gradient in a way
that generally heavier N

13C values are found in
planktic and lighter values in benthic tests. The
shift within the N

13C history of planktic and
benthic foraminifera indicate either the occur-
rence of di¡erent carbon reservoirs in the global
carbon cycle, or a change in the intensity of the
ocean surface productivity (e.g. Shackelton, 1987).

2. Geological setting and lithology

The Elles II section is located in the Karma
valley near the hamlet of Elles, about 75 km SE
of the town of El Kef (Fig. 1). Upper Maas-
trichtian sediments are dominated by grey marls,
siltstones, and shales which were deposited in
middle to outer neritic environments with a water
depth of approximately 100^200 m at Elles. Occa-
sional Fe-rich concretions ranging up to 1 cm in
diameter and composed mainly of goethite and
jarosite are present. These minerals are of second-
ary origin and re£ect late diagenetic processes.
Many intervals are mottled because of ichnofau-
nal activity, but individual traces are rarely pre-
served because of the soft pelitic sediment. In sev-
eral horizons, however, Chondrites, Planolites and
possibly Teichichnus were identi¢ed; megafossils
appear to be absent. A sedimentological change
to a bioclastic deposit occurs at the top of the
Maastrichtian succession. Between 30 and 15 cm
below the K^T boundary grey marls grade into
grey calcareous siltstones and then into a 5^8 cm
thick grey calcarenite. Above this interval and up
to 1^2 cm below the K^T boundary is a 5^7 cm
thick yellow calcarenite which consists primarily
of planktic foraminiferal tests (foraminiferal pack-
stone). This sediment is cross-bedded, burrowed
and an undulating upper surface marks an ero-
sional disconformity. Burrows are approximately
5 mm in diameter, unbranched, and reach a
length of a few centimetres. Most burrows are
horizontal or oblique, but a few almost vertical
shafts initiate in the upper surface of the bioclastic
layer. All burrows, even the vertical shafts, are
packed with yellow foraminiferal sand, rather
than the green clay that overlies the calcarenitic
layer and erosional contact. No exotic minerals

are observed within this bioclastic deposit and
its physical characteristics reveal no similarities
with tsunami deposits (Stinnesbeck et al., 1998).

Biostratigraphically this bioclastic deposit is
near the top of planktic foraminiferal zone CF1
(Plummerita hantkeninoides), which spans the last
300 kyr of the Maastrichtian (Pardo et al., 1996;
Keller et al., 2002). A plastic green clay, 0.2^1 cm
thick, ¢lls the depressions of the undulating upper
surface of the calcarenite and underlies a 2^3 mm
thin ferruginous red layer which marks the K^T
boundary and contains an Ir anomaly, Ni-rich
spinels, and spherules (Rocchia et al., 2002). The
¢rst Tertiary planktic foraminifera appear within
the ¢rst 2^5 cm of clay above the red layer (Keller
et al., 2002). No burrows appear to be present in
the green clay and none cross the red layer. Over-
lying the red layer is a 2 cm thick plastic green
clay that also contains a millimetre thick red
layer. The green clay is overlain by a 10 cm thick
black organic-rich clay that contains rare casts of
nuculanid bivalves. Upsection, the black clay
grades into dark ¢ssile black shales with small
Fe-rich concretions followed by grey and light
grey shales which are less ¢ssile for several metres
upsection. Bioturbation ¢rst reappears at 50 cm
above the K^T red layer.

2.1. Sediment accumulation rates

Of major concern for any K^T studies are the
age and completeness of the section analysed. Nu-
meric age control is generally based on magneto-
stratigraphy, though such data are not available
for any of the Tunisian K^T boundary transi-
tions. In the absence of such data, numeric ages
for the Maastrichtian interval of the Elles II sec-
tion were extrapolated by Li and Keller (1998a)
based on biostratigraphic correlation with DSDP
Site 525A, which has an excellent palaeomagnetic
record. However, since the latest Maastrichtian
Zone CF1 is not identi¢ed at Site 525A, because
the zonal index species is restricted to lower lat-
itudes, the duration of this zone was estimated
based on the magnetostratigraphy of the Agost
section as spanning the last 300 kyr of the Maas-
trichtian (chron 29R) (Pardo et al., 1996). Based
on this age estimate, sedimentation rates averaged
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2 cm/1000 yr at El Kef and 3 cm/1000 yr at Elles
II for Zone CF1. The higher sedimentation rate at
Elles II is due to its proximity to the Kasserine
Island and the greater in£ux of terrigenous sedi-
ments.

Above the K^T boundary, the top of Zone P1a
is correlated to the top of chron 29R. Estimating
sediment accumulation rates for the P0 and P1a
intervals, however, depends largely on which esti-
mate for the duration of chron 29R above the K^
T boundary is used: 230 kyr (Berggren et al.,
1995), 268 kyr (Cande and Kent, 1992), 255 kyr
(Cande and Kent, 1995), or 296 kyr (Herbert et
al., 1995). In this study we adopt Cande and Kent
(1995). At Elles II, Zones P0 and P1a span 6 m,
whereas at El Kef the comparable interval spans
5 m. Based on Cande and Kent’s (1995) age esti-
mate, the time-averaged sediment accumulation
rate for Elles II is 2.3 cm/1000 yr, as compared
with 1.9 cm/1000 yr for El Kef. Estimating sedi-
ment accumulation rates separately for P0 and
P1a, using a duration of 50 kyr for P0, yields an
average sediment accumulation rate of 1 cm/1000
yr for P0 and 2.25 cm/1000 yr for P1a at Elles II.
Across the thin K^T boundary red layer and thin
black clay, strongly reduced sediment accumula-
tion rates suggest a rate of deposition of probably
no more than 0.1 cm/1000 yr. Based on these
sedimentation accumulation rates, the Elles II in-
terval (from 3100 cm to +100 cm) encompassed
the last V33 kyr of the Cretaceous and the ¢rst
V70 kyr of the Tertiary.

3. Materials and methods

A total of 45 bulk samples were analysed from
1 m below to 1 m above the K^T boundary. Sam-
ples were taken at centimetre intervals across the
K^T transition (clay and bioclastic layers) and at
10-cm intervals in the shales and marls above and
below the boundary. Geochemical studies were

conducted on the benthic foraminiferal species
Anomalinoides acuta and planktic species Rugo-
globigerina rugosa.

3.1. Bulk samples

In bulk samples, some major (Ca, Fe) and trace
element contents (Cu, Zn, Rb, Sr, Zr, Ba and Pb)
were analysed by energy-dispersive X-ray £uores-
cence (ED-XRF) with a Spectrace 5000, equipped
with a Rh tube and Si (Li) detector (30 mm2)
following the analytical procedure described by
Kramar (1984, 1997). To check measurement ac-
curacy, the certi¢ed standards MRG-1, AGV-1,
GXR-2, SGR-1, SOIL-5 and SOIL-7 were ana-
lysed within a batch. For all elements analysed
in the bulk samples, our results were within 10%
of the recommended values for the reference sam-
ples (Govindaraju, 1994). Detection limits for the
trace elements and median values for bulk con-
centrations of the pro¢le are given in Table 1.

Stable carbon and oxygen isotope data for car-
bonate were obtained from ¢nely ground bulk
samples using a fully automated preparation sys-
tem (MultiCarb) connected on-line to an Optima
isotope ratio mass spectrometer (Micromass Lim-
ited, UK). All carbon and oxygen isotope data
are reported as N values relative to the PDB stan-
dard, with reproducibility better than 0.1x (2s).

Mineralogical analyses of bulk rock samples
were conducted at the Geological Institute of
the University of Neuchatel, Switzerland, accord-
ing to the methods described by Adatte et al.
(1996) and Li et al. (2000).

3.2. Foraminiferal tests

Isotopic ratios of C and O in foraminiferal tests
were determined separately on benthic (Anomali-
noides acuta, 32 samples) and on planktic species
(Rugoglobigerina rugosa, 15 samples). Forami-
nifera from the Elles II K^T pro¢le are well pre-

Table 1
Limits of detection of ED-XRF for trace elements in bulk rock samples together with their median values within the pro¢le

Element Cu Zn Rb Sr Zr Ba Pb

Detection limit 5 4 0.8 0.7 2 3 2.5
Median 17 107 40 811 94 89 11
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Fig. 2. (A) Bulk rock mineral composition across the K^T transition at Elles II. (B) Clay minerals across the K^T transition at
Elles II and inferred sea level £uctuations and environmental conditions (e.g. humidity) across the K^T interval. FP = foraminifer-
al packstone, T = transgression, MSF = maximum £ooding surface
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served and show no signs of carbonate dissolu-
tion. Trace element contents were determined by
means of total re£ection X-ray £uorescence (T-
XRF, Atomika EXTRA II) on 29 samples of
benthic and nine samples of planktic foraminifera.
One to six specimens, weighing 7.5^45 Wg, which
showed no visible inclusions of sediments or Fe-
oxide coatings, were used for these analyses, but
due to the lack of material no special cleaning
procedure could be applied to the foraminiferal
tests. They were cleaned with bidistilled water
and transferred into PP microcentrifuge tubes.
100 Wl subboiled HNO3, spiked with 0.2 ng Ga/
Wl, was added to each sample as internal standard.
The tubes than were centrifuged at approximately
10 000 RCF to concentrate sample and nitric acid
in the cone of the microcentrifuge tubes. The sam-
ples were digested for 1 h in an ultrasonic bath
and centrifuged again. 50 Wl of each solution was
transferred to the quartz sample carrier, dried and
analysed for 2000 s by T-XRF using a Mo tube at
50 kV/38 mA and a Mo ¢lter, and a W tube. The
trace element contents were then normalised to
Ca. The actual sample weights were calculated
from the Ca content by means of the internal
standard (Ga spike). Absolute detection limits of
10 pg to several hundred pg have been achieved
for Mn, Ni, Cu and Zn. In almost all of the an-
alysed samples, the Cd and Ba contents were be-
low the detection limit, and for Cu, Mo, As, Rb,
Y, and Zr very close to it. Heavy metal concen-
trations, especially Zn and Cu, but also elements
bound to clay minerals like Rb and Y may be an
artifact of incorporated sediment or invisible Fe^
Mn coatings. Expected concentrations in forami-
nifera shells for these elements are approximately
a factor 10 lower than in the bulk sediment,
whereas Sr contents of foraminifera are at least
a factor 10 higher than in bulk sediments. There-
fore only Sr contents are considered reliable and
were used in further interpretation.

4. Results

4.1. Whole-rock mineralogy

The uppermost 1 metre of the Maastrichtian,

which corresponds to the uppermost part of
Zone CF1 (Keller et al., 2002), is characterised
by relatively high calcite and phyllosilicate con-
tents which generally £uctuate between 40 and
60%, and minor quartz (4^6%). Feldspars, goe-
thite, jarosite, and gypsum are not present in
this part of the section (Fig. 2A). Maximum cal-
cite (55^60%) is observed at 80 cm below the K^T
boundary and values slightly decrease upward
(40^45%). The yellow foraminiferal packstone,
which ends at 1^2 cm below the K^T boundary,
is marked by increased calcite (from 39 to 43%)
and decreased detrital input. The overlying 0.2^1
cm thick plastic green clay, which ¢lls the depres-
sions of the foraminiferal packstone and immedi-
ately underlies the K^T boundary red layer, is
marked by an abrupt drop in calcite (from 43%
to 15%) and increased phyllosilicates. Above this
interval, the K^T boundary clay layer is almost
devoid of calcite (1^2%), but dominated by phyl-
losilicates (20^60%). Hydroxide minerals, such as
jarosite (18%) and goethite (14%), are also present
along with minor gypsum (4%). All these minerals
are of secondary origin and re£ect late diagenetic
processes. Moreover, gypsum dominates with 65%
in the upper part of the clay layer and in the
overlying 0.5 cm. Upsection, the next 46 cm of
clayey shale, which corresponds to Zone P0 and
the base of P1a (1), are still characterised by very
low calcite (less than 10%). Minor detrital com-
ponents, such as quartz (6 4%), K-feldspars and
plagioclase (6 2%), are also present along with
minor amounts of goethite (6 5%) and sporadic
gypsum. Upsection in Zone P1a (1), no signi¢cant
bulk rock compositional changes are apparent,
though calcite gradually increases to 10%
(Fig. 2A).

Relative changes in bulk rock mineralogy re-
£ect variations in sediment source, intensity of
weathering and erosion under arid and humid cli-
mates, and the variable in£ux of terrigenous sedi-
ments into the oceans during high and low sea
levels. Elles was located on the continental shelf-
slope environment, close to the emerged areas of
the Kasserine island (Burollet, 1956), as indicated
by the generally higher in£ux of detrital compo-
nents, such as phyllosilicates and quartz. The vari-
ations in the observed detrital in£ux primarily
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indicate variable rates of weathering and erosion
of terrestrial sediments associated with climate
and sea level £uctuations. At Elles II, the K^T
transition is marked by a sharp change in bulk
rock composition (Fig. 2A) characterised by a
drop in calcite and increased phyllosilicate con-
tents. Secondary minerals such as gypsum, jaro-
site and goethite of late diagenetic origin are
present near and within the K^T boundary layer.
This abrupt decrease in calcite content could rep-
resent a drop in productivity of planktic carbo-
nate, possibly caused by short- and long-term ef-
fects of a probable catastrophic event. Long-term
e¡ects are also seen in the increased phyllosilicate
content which began well below the K^T bound-
ary (see Adatte et al., 2002) and the increasing
detrital input; both could be linked to long-term
climatic changes towards more humid conditions
which culminated 100^150 kyr after the K^T
boundary.

4.2. Clay minerals

At Elles II, the clay mineral assemblages are
dominated by kaolinite (50^90%), variable smec-
tite (6^30%) and chlorite (2^25%), and minor
mica (0^5%) (Fig. 2B). Kaolinite is very abundant
in the uppermost Maastrichtian with a maximum
(90%) at 60 cm below the K^T boundary and
similarly peak values are observed in Zone P0.
Repeated kaolinite/smectite £uctuations, from 60
to 90% and 10 to 25%, are observed at 100 cm
and 50 cm below the K^T boundary, respectively.
The calcarenite (foraminiferal packstone, 1^7 cm
below K^T) is marked by high kaolinite (69^
75%), variable smectite (10^20%), and a maxi-
mum in chlorite (24%). The plastic green clay
and K^T boundary black clay are marked by a
signi¢cant increase in smectite (up to 30%), de-
creased kaolinite (down to 60%) and chlorite.

The smectite from the K^T layer is identical to
the smectite within uppermost Maastrichtian and
lowermost Danian sediments. Its Fe^Al composi-
tion is not very well crystallised and it typically
develops in soils under intermediate climatic con-
ditions with seasonal contrasts (Chamley, 1989).
Upsection, clayey shales of Zone P0 show a sig-
ni¢cant decrease in smectite which coincides with
maximum kaolinite contents. Smectite gradually
increases upsection in Zone P1a (1), coincident
with decreasing kaolinite.

Clay mineral assemblages can re£ect continen-
tal morphology and tectonic activity as well as
climate evolution and associated sea level £uctua-
tions (Chamley, 1989; Weaver, 1989; Li et al.,
2000). Mica and chlorite are considered common
by-products of weathering reactions with low hy-
drolysis, typical of cool to temperate and/or dry
climates. Kaolinite is generally a by-product of
highly hydrolytic weathering reactions in perenni-
ally warm humid climates and its formation re-
quires a minimum of 15‡C (Gaucher, 1981).
Smectite in oceanic sediments can originate from
volcanogenic, diagenetic and detrital sources. The
sediments in the Elles section did not su¡er deep
burial diagenesis. The absence of a signi¢cant di-
agenetic overprint is documented by the constant
but variable presence of smectite, the near absence
of mixed-layer illite^smectite, and the co-existence
of smectite with a high kaolinite content in di¡er-
ent parts of the section (Fig. 2B). Authigenic
smectite can form locally in deep sea environ-
ments during hydrothermal weathering of vol-
canic rocks (Karpo¡ et al., 1989; Chamley,
1989). But these kinds of rocks are not abundant
in this part of the African margin. Smectite is
therefore interpreted as mainly of detrital origin
and may be used as marker of a warm climate,
with alternating wet and dry seasons (Chamley,
1989). On the other hand, it has been shown

Fig. 3. (A) Variations of CaO, Sr, Rb, Zn, Zr and Ba of bulk samples from 1 m above and 1 m below the K^T boundary of the
Elles II section. (B) Elemental £ux of CaO, Sr, Rb, Cu, Zn, Zr and Ba estimated from bulk samples from 1 m above and 1 m be-
low the K^T boundary of the Elles II section. Assumed sedimentation rates: 3 cm/1000 yr for the Maastrichtian; 0.1 cm/1000 yr
for the Red Layer and the thin black clays below; 1 cm/1000 yr during Zone P0, and 2.25 cm/1000 yr during Zone P1a (1). The
sediment density was assumed to be 2.4 g/cm3 for clayey and siliciclastic sediments corrected for the carbonates and Fe-oxides, as-
suming a density of 3.0 g/cm3 for carbonates and 4.5 g/cm3 for Fe-oxides.
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that maximum amounts of smectite frequently co-
incide with long-term or short-term high sea levels
(Debrabant et al., 1992; Deconinck, 1992), and
hence can also be used as a proxy for sea level
£uctuations.

The distribution of kaolinite and smectite in
marine sediments of Tunisia may be partly related
to the distance from the shoreline, as well as to
sea level changes. Clay mineral segregation by
di¡erential settling processes is commonly ob-
served in Cretaceous sediments where large carbo-
nate platforms grade over short distances into
deep basins (Chamley and Masse, 1975; Deco-
ninck et al., 1985; Adatte and Rumley, 1989).
The main mechanism responsible for this segrega-
tion appears to be grain size sorting, with smectite
consisting generally of smaller particles than kao-
linite (Gibbs, 1977; Chamley, 1989; Hendriks et
al., 1990).

During the latest Maastrichtian to early Dan-
ian, the Tunisian sections were located on a con-
tinental platform with direct access to the open
sea, and thus, they experienced no signi¢cant hy-
drodynamic activity and hence little mineral seg-
regation that could mask or exaggerate the cli-
mate signal (Monaco et al., 1982; Adatte and
Rumley, 1989; Chamley, 1989). Since kaolinite
is more abundant in coastal areas and smectite
in open marine environments, kaolinite/smectite
(K/SM) ratios may also re£ect sea level changes
(Chamley et al., 1990). But primarily, variations
in K/SM are linked to climate changes. The K/SM
ratio is therefore a climate proxy that re£ects hu-
mid and warm to more dry and seasonal climate
variations (e.g. Robert and Chamley, 1991; Rob-
ert and Kennett, 1994), whereas the kaolinite/
(chlorite+mica) index represents an estimate of
cold to temperate-dry and warm-humid climates.

At Elles, the uppermost metre of the Maas-
trichtian, corresponding to the upper part of
Zone CF1, is marked by high but variable kao-
linite, suggesting very humid conditions and accel-
erated terrigenous runo¡ during a sea level low-
stand. The general increase in clay minerals of
di¡erent origins, which coincided with the depo-
sition of the foraminiferal packstone just below
the K^T boundary, suggests a rise in sea level
(Fig. 2B), though the kaolinite^smectite £uctua-

tions in this interval (1^5 cm below the K^T
boundary) may re£ect sea level and climate var-
iations of short duration. The increased smectite
in the plastic green clay and overlying K^T
boundary clay layer suggests a condensed interval
due to a rising sea level (maximum £ooding) and
more seasonal climate (Chamley et al., 1990),
rather than weathering of fallout impact products,
such as glass. The spikes in the K/SM ratio within
Zone P0 may re£ect increasing humidity and a
possible warming amid a higher sea level. Similar
spikes have also been reported in several other
coeval Tunisian sections (Adatte et al., 2002)
and at Caravaca, Spain (Kaiho et al., 1999).
The gradual decrease in the K/SM ratio in Zone
P1a (1) suggests a rising sea level and change to a
warmer and drier climate.

4.3. Trace elements

All trace element concentrations in the bulk
samples show distinct increases at the K^T
boundary from: 800 to 2000 ppm Sr, 20 to 55
ppm Rb, 60 to 350 ppm Zn, 65 to 300 ppm Zr
and 60 to 400 ppm Ba (Fig. 3A). Arsenic, Zn, Cu
and Ni indicate biomass constituents (Knauer and
Martin, 1982), whereas Zr and Rb re£ect the clay
or detrital fraction whereas Ba and Sr show a
hybrid behaviour which is controlled as well by
biogenic activity as by the accumulation of clayey
and detrital sediments (Murray and Leinen, 1996;
Schroeder et al., 1997). Calcium and Sr concen-
trations do not correlate well (Fig. 3A) which is
due to the incorporation of Sr in the carbonate
phase as well as in the clay and feldspar fraction.
The K^T shift in trace element concentration is
negatively correlated with calcite content (CaO)
which re£ects the lithological change to carbo-
nate-poor sediments during the early Danian.
However, these values have to be evaluated within
the context of the highly variable sediment accu-
mulation rates across the K^T transition. Sedi-
ment accumulation rates average 3 cm/1000 yr
for Zone CF1, 1 cm/1000 yr for Zone P0 and
2.25 cm/1000 yr for Zone P1a. For the thin K^
T boundary clay and red layer, the sediment ac-
cumulation rate may be as low as 0.1 cm/1000 yr.
If these sedimentation rates are taken into consid-
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eration, it is obvious that at least a part of the
trace element peaks observed at the K^T bound-
ary are due to this condensed sedimentation. To
account for the di¡erent sedimentation rates, the
element £uxes to the sediment (Fig. 3B) were cal-
culated using the sedimentation rates above. Sedi-
ment densities were assumed to average at 2.4 g/
cm3 for silicates, 3 g/cm3 for carbonates and 4.5 g/
cm3 for iron oxides and hydroxides. Thus the
sediment density was calculated as:

b sed ¼ 2:4Uð13ðCaCO3 þ Fe2O3ÞÞþ

3UCaCO3 þ 4:5UFe2O3 ½g=cm3�

Within CF1, up to 10 cm below the K^T, £ux
and concentrations of nutrient type (e.g. Cu, Zn,
Ba) and terrigenous elements (e.g. Rb, Zr) re-
mained relatively constant with a slight minimum
at approximately 80 cm below the K^T. Approx-
imately 10 cm below the K^T the £ux of nutrient
type elements, as well as of the terrigenous ele-

ments, rapidly decreased. These trends are also
observed in the carbonate-normalised biogenic
fraction of the nutrient-type elements. Only CaO
displays a slightly increased £ux. Besides scattered
values around the red layers, which may be in-
duced by rapidly changing, but low sedimentation
rates, the trend observed in the uppermost Maas-
trichtian continued at the base of P0. Within P0
the elemental £ux remained approximately con-
stant at a low level compared to the Maas-
trichtian. At 50 cm above the K^T the elemental
£ux increased rapidly for Cu, Zn, Rb, Zr and Ba
to pre-K^T values, whereas Ca and Sr £uxes in-
creased gradually but remained at comparably
low levels.

This rapid decrease of the elemental £ux within
the uppermost Maastrichtian coincided with the
maximum £ooding period postulated from the
clay mineralogy, and was followed by a period
of steady high sea level with reduced elemental
£ux (nutrient type) and terrigenous elements with-
in zone P0. The gradually rising sea level during

Fig. 4. Variations of Sr/Ca, Zn/Ca, Mn/Ca, Fe/Ca ratios and N
13C and N

18O values in foraminifera from 1 m above to 1 m below
the K^T boundary at the Elles II section.
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the sedimentation of P1a (1) was accompanied by
a gradually increasing £ux of Ca, Zn and Zr, par-
tially of Cu, Sr and Ba, and by decreasing Rb.
This pattern re£ects gradually increasing produc-
tivity of planktic carbonate and detrital terrige-
nous £ux. For the samples of the Maastrichtian
succession an estimate of the biogenic fraction
(excess values) of the nutrient and hybrid type
elements was calculated similar to Murray and
Leinen (1996), by using a practically carbonate-
free sample of the section as a proxy for the
chemical composition of the local detrital source.
Titanium and Zr were used as conservative detri-
tal elements. For the Palaeocene succession no
estimate of the biogenic fraction of the nutrient-
type elements could be calculated due to the very
low carbonate content of these sediments. The
excess values for the Elles II sections are generally
low. Nevertheless, the excess ratios re£ect the
same general trends as the bulk compositions.

Trace element compositions of foraminifera
normalised to Ca show signi¢cant variations at
the K^T boundary for all elements and near the
P0^P1a boundary for Zn and Mn (Fig. 4). The
element/Ca ratios range from 1580 to 2700 Wmol/
mol for Sr, 380 to 1250 Wmol/mol for Mn, and 56
to 1050 Wmol/mol for Zn. The observed ratios for
Mn and Zn are considerable higher than those
published by Boyle (1981), whereas the Sr/Ca ra-
tios are at the same level as described by Rosen-
thal et al. (1997b). Since Zn/Ca and Mn/Ca ratios
in foraminifera are very sensitive to contamina-
tion (e.g. surface coating of tests), this could ex-
plain the higher concentrations at the K^T and
P0^P1a intervals as compared with published ra-
tios. Similarly, the high Fe/Ca ratios at the K^T
layer may be due to contamination of foramini-
feral tests within the Fe-rich red layer. In addi-
tion, the increase in Mn/Ca and Zn/Ca of fora-
minifera at the K^T boundary layer is probably
due to diagenetic e¡ects. However, higher concen-
trations in trace metals at the K^T boundary at
Elles, except for nutrient-type elements, can also
be explained by a low biogenic sedimentation rate
and almost constant detrital input. Apart from
the anomalously high ratios at the K^T boundary
and upper Zone P0, Zn/Ca, Mn/Ca and Fe/Ca are
remarkably stable and similar below and above

the K^T boundary, with no major trace element
changes apparent within the upper part of CF1
and P0^P1a interval.

Strontium in foraminiferal tests shows no cor-
relation to bulk concentrations. Within the upper-
most Maastrichtian Sr/Ca ratios decrease gradu-
ally from 2170 Wmol/mol to 1950 Wmol/mol. In
the interval from 1 to 5 cm below the K^T bound-
ary Sr/Ca £uctuates between 1960 and 2270 Wmol/
mol. Just above the K^T boundary Sr/Ca ratios
decrease to 1730 Wmol/mol. Except for one sample
at 18 cm which shows the lowest Sr/Ca ratios
(1580 Wmol/mol), Sr/Ca ratios increase gradually
from 1730 Wmol/mol at the K^T boundary to ap-
proximately 2000 Wmol/mol near the top of Zone
P0 and remained nearly constant within Zone
P1a (1).

The Sr/Ca ratio within the uppermost metre of
the Maastrichtian re£ects the postulated sea level
low inferred from clay mineralogy followed by a
rising sea level and maximum £ooding (Fig. 4).
The apparent minimum in the Sr/Ca ratio at 18
cm in P0 coincided with the lowest carbonate con-
tent of the sediment and may be the result of
recrystallisation of aragonite to calcite, or it may
be of terrigenous origin. Above P0 the gradually
increasing Sr/Ca values indicate a rising sea level
as also observed by mineralogical data (K/SM
ratio, Fig. 2B). The Sr residence time of approx-
imately 100 kyr (Schlanger, 1988; Stoll and
Schrag, 1996) may have attenuated the variation
of Sr/Ca ratios in response to short-term sea level
variations.

4.4. Factor analysis

Complex interaction of di¡erent processes like
diagenesis, weathering, detrital input, and variable
conditions of sedimentation strongly overprinted
primary palaeoceanographic signals so that the
interpretation of di¡erent palaeoproxies is not al-
ways straightforward. By applying factor analysis
to the complex set of di¡erent proxy parameters,
an attempt was made for a qualitative discrimina-
tion between post-depositional processes and pa-
laeoceanographic trends.

Factor analysis was applied to bulk chemical
compositions and mineralogical data. Since the
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data could not be assumed to be normally distrib-
uted, the parameter-free Spearman rank correla-
tion was used instead of the Pearson correlation
matrix. The anomalous sample of the red layer
was excluded from the factor analysis. Factors
were extracted for the total section, and sepa-
rately for parts above and below the K^T bound-
ary. Factor loadings for trace elements and min-
erals in bulk samples for the total pro¢le (data set
1), as well as separately for the pro¢le below (data
set 2) and above the K^T boundary (data set 3)
are shown in Table 2 and are graphically repre-
sented in Fig. 5.

(1) In all three data sets, factor 1 generally re-
£ects the opposite trend between the detrital con-
tinental input and biogenic/authigenic sedimenta-
tion, with high positive loadings for elements

typically bound in minerals of terrigenous origin
(TiO2, Ga, Rb, Zr), and high negative loadings
for the carbonate component (Ca). Because of
the striking di¡erence between the nature of sed-
imentation below and above the K^T boundary,
factor 1 explains the highest share of the variance
(51%) in data set 1, which includes all the sam-
ples. In addition to the associations common for
all three of the ¢rst factors (F1s), in the total
sample set factor 1 includes some other elements
which also belong to the siliciclastic fraction (clay
and feldspar), such as Nb, rare earth elements,
and the part of Fe, Ba and heavy metals bound
to the detrital fraction. Although Sr shows a low
communality, it still has a moderately high nega-
tive loading on F1 (30.40), pointing to its general
association with the carbonate fraction. Conse-

Table 2
Principal component analysis from Spearman rank correlation matrix for bulk samples: Varimax rotated factor loadings (italics:
0.5^0.6; bold s 0.6)

Total Upper Lower

1 2 3 1 2 3 1 2 3

CaO 330.92 0.19 0.10 330.78 30.11 0.51 30.54 0.00 30.03
TiO2 0.94 30.07 0.09 0.50 30.45 30.27 0.78 0.45 0.20
MnO 30.39 0.63 0.30 330.94 30.14 0.02 0.20 0.67 0.05
Fe2O3 0.80 0.46 0.12 330.92 30.24 30.05 0.52 0.73 0.16
Ni 0.81 30.04 0.19 0.75 30.17 0.20 0.29 0.78 0.21
Cu 0.79 30.29 0.28 0.70 30.38 30.29 0.67 0.32 30.10
Zn 0.87 0.04 0.06 0.17 30.55 0.13 0.52 0.28 0.35
As 0.77 30.03 0.45 0.29 330.76 30.15 0.13 0.71 0.05
Br 0.91 30.12 30.07 0.68 0.02 330.65 0.07 30.12 0.46
Rb 0.91 30.29 30.04 0.82 30.26 30.31 0.63 -0.54 0.27
Sr 30.40 30.43 0.25 0.24 330.61 0.73 30.08 330.65 0.31
Y 0.63 0.63 0.07 330.87 30.09 30.19 0.24 0.61 0.59
Zr 0.93 30.23 0.04 0.84 30.36 0.18 0.79 30.04 0.52
Nb 0.88 0.04 30.23 0.23 0.71 0.05 0.76 0.21 0.00
Cd 0.07 30.36 0.07 0.46 0.09 0.02 0.29 30.33 0.60
Sb 0.04 0.10 0.04 0.04 0.37 0.10 0.17 0.42 30.17
Ba 0.89 30.18 0.06 0.53 30.58 0.43 0.61 30.11 0.43
La 0.88 0.13 30.09 0.21 0.59 30.36 30.15 0.25 0.84
Ce 0.91 0.23 0.10 30.16 30.03 330.89 0.36 0.45 0.70
Pb 0.84 30.15 30.36 0.60 0.62 0.25 0.25 330.65 30.04
Ga 0.95 30.15 0.01 0.75 30.25 30.38 0.73 0.28 0.19
Smectite 30.05 0.82 30.21 330.78 0.24 0.20 330.72 30.01 0.38
Mica 0.15 -0.50 0.58 0.44 30.42 30.11 0.57 0.15 0.59
Kaolinite 0.05 330.81 30.30 0.89 0.01 0.10 0.48 30.45 -0.57
Chlorite 30.04 0.12 0.80 0.04 30.21 -0.54 30.00 0.74 0.38
Goethite 0.82 0.25 0.01 330.63 30.35 30.27
Jarosite. 0.30 330.61 0.14 0.53 30.25 0.25
Expl. variance 13.78 3.77 1.87 10.24 4.15 3.44 6.00 5.47 4.04
Rel. variance 51.0% 14% 6.9% 37.9% 15.3% 12.7% 24.% 21.9% 16.2%
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quently for the total pro¢le, factor 1 mainly re-
£ects the oceanographic di¡erences between the
parts below and above the K^T, with relatively
high productivity of planktic carbonate and low
terrigenous input below the K^T boundary and
reduced productivity and higher detrital £uxes
above it.

For the total pro¢le factor 2 shows high pos-
itive loadings for MnO, (Fe2O3) and smectite and
high negative loadings for kaolinite (Fig. 5). Since
no ma¢c rocks are present in this part of the
African margin, smectite is of detrital origin and
primarily from eroded continental soils. There-
fore, the association of smectite and kaolinite
with opposite signs in factor 2 may be interpreted
as climatic changes re£ecting humid/warm to dry
and seasonal variations with sea level £uctuations.
Factor 3 shows highest loadings for chlorite and
mica, and indicates low hydrolysis weathering,
typical of cool to temperate and/or dry climates.

(2) In the carbonate-dominated portion of the
pro¢le below the K^T boundary (data set 2), fac-

tor 1 again re£ects the contrary relationship be-
tween terrigenous (TiO2, Rb, Zr, Nb, Ba, Ga) and
biogenic (CaO) sedimentation, although the load-
ing for CaO is only moderately low, and the var-
iance explained by this factor is only 24%. The
lack of covariance between Sr and Ca indicates
that on the shelf and upper bathyal environment,
a part of the Sr is of terrigenous origin, even in
carbonate-rich sediments. In carbonates of bio-
genic origin, variations in the Sr/Ca ratio re£ect
variations of the Sr content of the palaeo-sea-
water, which is probably a consequence of Sr re-
leased due to aragonite weathering induced by sea
level changes (Stoll and Schrag, 1996, 1998). In
bulk sediments of the shelf areas this e¡ect will
be overprinted by the Sr input of terrigenous ori-
gin.

Factor 2 has high loadings for the elements
Mn, Fe, Ni and As. Ni and As are typically co-
precipitated with, or adsorbed, on Fe-oxyhy-
drates. Nevertheless, the equally high loading of
chlorite may hint at an association of these ele-

Fig. 5. Factor analysis. Plots of the ¢rst three factors extracted by principal component analysis from Spearman rank correlation
matrix of the Elles II bulk samples for the total section, and separately for the intervals above and below the K^T boundary.
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ments with Fe-rich chlorite. Negative loadings for
Rb, Sr and Pb, with no correlation to Ca, indicate
that a part of Sr in the carbonate-rich marls be-
low the K^T boundary was released by weather-
ing of feldspars.

Factor 3 shows high positive loadings for rare
earth elements (La, Ce, Y) and mica, and negative
loadings for kaolinite. This possibly re£ects the
trend to less humid climates during the latest
Maastrichtian, which modi¢ed the products of
terrigenous weathering.

(3) Within the grey clayey shales above the K^T
boundary (data set 3), factor 1 includes the min-
eral/element association corresponding to factor 2
of data set 1, based on the total pro¢le (high
positive loadings for kaolinite, less for mica and
negative loadings for smectite and the elements
Mn and Fe). If factor 2 of data set 1 (total pro¢le)
is interpreted to express sea level £uctuations, it
would follow that in this part of the sedimentary
sequence, periods of increased carbonate sedimen-
tation were coupled with transgressive episodes.
In other words, the gradual transition from drier
conditions and a low sea level at the top of Zone
P0 towards a rising sea level and a warmer cli-
mate within P1a was accompanied by decreased
detrital mineral £ux, increased carbonate sedi-
mentation rates (Keller and Stinnesbeck, 1996),
and higher Fe and Mn ¢xation in the sediments.

Factors 2 and 3 of data set 3 (samples above
the K^T boundary) include the elements Sr and
Ba (in F2 also As) with identical signs. This sug-
gests two di¡erent mineralogical sources for these
elements in the Danian sequence. In factor 2 the
loading of CaO is very low, and indicates that a
part of Sr, together with Ba and As, is bound to
the clay fraction. Thus, in sediments with low
carbonate contents, a considerable part of Sr is
likely to be of terrigenous origin. On the other
hand, in factor 3 both Sr and CaO are relatively
high, representing the part of Sr of biogenic origin
bound to the carbonate fraction.

The relatively high loadings with reversed signs
of some other elements (like Nb and Pb in F2 and
Br and Ce in F3) cannot be readily interpreted;
they may also represent statistical artifacts. The
continental input is accompanied by alteration
of feldspars, which frees elements like Pb, but

also detrital material that is characterised by
Nb. The separation of Nb from Zr (included in
F1) may hint at two di¡erent sources of terrige-
nous material, of which one is probably more
connected to the di¡use £ux of terrigenous dust
and the second to a local source.

4.5. Stable isotopes

4.5.1. Role of diagenesis
Diagenetic overprint and vital e¡ects can alter

primary palaeoceanographic signals, thus compli-
cating the interpretation of the C and O isotope
ratios (e.g. Zachos et al., 1989; Jenkyns et al.,
1994; Mitchell et al., 1997). Due to the higher
ratio of oxygen in pore waters to oxygen in car-
bonate as compared to the similar ratio of car-
bon, oxygen isotopes are far more sensitive to
post-depositional changes. Lithologies like clays
and marls, having low porosities, are relatively
closed to the circulation of water and are less
subject to diagenesis than limestones and chalks
(Mitchell et al., 1997). Paul et al. (1999) showed
that di¡erential cementation between chalk and
marl facies may produce oscillations in phase
with the lithology, overprinting and smoothing
out the primary oceanographic isotopic record.
The morphology of the foraminifera (shape, num-
ber and dimension of chambers) can also control
the amount of chamber in¢lling, but individual
foraminiferal species generally show fewer diage-
netic e¡ects, unless massive recrystallisation oc-
curs, or the percentage of cement is large (Mitch-
ell et al., 1997).

Beside physical evidence of diagenetic altera-
tion, which is readily detected by microscopic in-
vestigation of foraminiferal specimens and pol-
ished thin sections (e.g. cement overgrowth,
in¢llings of pores or foraminiferal chambers, dis-
solution or recrystallisation features), a cova-
riance of N

18O and N
13C values is often used as

a geochemical criterion to identify and quantify
the in£uence of diagenesis on primary isotopic
signatures (Jenkyns et al., 1995; Jenkyns, 1996;
Mitchell et al., 1997). According to these authors,
the covariance is due to mixing of variable quan-
tities of isotopically lighter cement of diagenetic
origin with primary skeletal carbonate, so that the
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position of a sample on the mixing line will de-
pend on the proportion of cement in the sample.
However, the covariation of carbon and oxygen
in planktic foraminifera can also be related to
changes in the carbonate concentration of sea-
water (Spero et al., 1997; Bijma et al., 1999).

A cross-plot of the N
18O and N

13C values of the
foraminifera and bulk samples investigated does
not suggest mixing trends in any of the popula-
tions considered (Fig. 6). Thus, only minor e¡ects
of contamination by diagenetic cement and re-
crystallisation can be expected. The microscopic
inspection of the material used for the isotopic
analyses showed that (probably due to the
clayey^marly matrix) individual specimens of for-
aminiferal tests are well preserved, generally with-
out visible signs of carbonate dissolution or re-
crystallisation and calcite overgrowth. The
stratigraphic reproducibility of the isotopic signals
also supports the preservation of the primary oce-
anographic information (see below). Nevertheless,
diagenetic e¡ects cannot be ruled out in some
samples (e.g. 90 cm above the K^T boundary)
where both N

18O and N
13C values show marked

negative excursions.

4.5.2. N
13C values of benthic foraminifera

N
13C values of benthic foraminifera in Maas-

trichtian marls are very stable ranging between
0.8 and 0.7x. Similar values are also seen for
the most part above the K^T boundary (Fig. 7).
Exceptions occur at the red layer, where N

13C val-
ues decreased to 30.07x followed by a short-
term increase to 0.5x in the ¢rst 10 cm of the
boundary clay, and a return to decreased stable,
pre-K^T values 20 cm above the K^T boundary.
N

13C values of the Maastrichtian surface dweller
Rugoglobigerina rugosa are nearly the same as for
the benthic species (Cibicidoides pseudoacuta) be-
tween 100 and 50 cm below the K^T boundary
and re£ect the absence of a surface-to-deep car-
bon gradient in a shallow water environment. In
the last 50 cm of the Maastrichtian the presence
of a minor N

13C gradient re£ects changes in pri-
mary productivity. Note that the single point ex-
cursion within the bioclastic layer is likely due to
the presence of reworked species. At the K^T
boundary, planktic values increased by 0.9x, in
contrast to the decreased benthic values. This may
indicate that R. rugosa tests analysed from the
boundary at Elles are reworked. However, a sim-

Fig. 6. Cross-plot of the N
13C and N

18O values of the analysed samples.
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ilar increase in N
13C values of R. rugosa in the

uppermost 5^10 cm of the Maastrichtian was pre-
viously also observed at Stevns Klint and Nye
KlÖv in Denmark (Schmitz et al., 1992; Keller
et al., 1993), which argues against this interpreta-
tion. Hence, this increase may re£ect increased
surface productivity just before the K^T bound-
ary event. At El Kef, the planktic foraminifer
Pseudotextularia deformis was analysed and, in
contrast to R. rugosa, shows a decrease at this
time. However, the di¡erent N

13C signals in R.
rugosa and P. deformis may re£ect their relative
positions in the water column, with R. rugosa re-
£ecting changes closer to the ocean surface.

Carbon isotope data of single species indicate
relatively stable bioproductivity during the latest
Maastrichtian at Elles. This interpretation is con-
sistent with results from other K^T boundary
sections (Zachos and Arthur, 1986; Keller and
Lindinger, 1989; Zachos et al., 1989). The

consistently heavier planktic N
13C values, as com-

pared with benthic values, indicate a vertical car-
bon isotope gradient with high surface water bio-
productivity. The temporary negative N

13C
excursion in benthic species, which began just be-
low the K^T boundary, implies a temporary de-
crease in bioproductivity which coincided with an
increase in trace metals contents (Figs. 3 and 6).

At Elles, drastically reduced carbonate accumu-
lation rates began at the K^T boundary and con-
tinued through Zone P1a (Fig. 2A), indicating a
lengthy period of reduced surface water produc-
tivity. Zachos and Arthur (1986) estimated that
carbonate accumulation rates in the deep sea re-
mained depressed for at least 1^2 Myr, though
Keller and Lindinger (1989) estimated that recov-
ery to pre-K^T values began about 0.5 Myr after
the K^T boundary event and a gradual increase in
carbonate deposition began already in Zone P1a
(just after 0.2 Myr). Our data support a pro-

Fig. 7. Comparison of the N
13C and N

18O pro¢les of benthic and planktic foraminifera and bulk rock samples from 1 m above
to 1 m below the K^T boundary at Elles II.
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longed depressed carbonate accumulation rate
through Zone P1a, but also indicate that an albeit
slow recovery started in zone P0 as implied by the
slowly increasing CaO content (Fig. 2A).

The strong negative shift in bulk N
13C observed

globally across the K^T boundary in low to mid-
dle latitude sediments was also observed in
benthic foraminifera at Elles (Fig. 7). However,
unlike at El Kef or other deeper marine sections
where N

13C values of benthic foraminifera show
no signi¢cant variation at the K^T boundary, at
Elles they show a brief negative excursion of
nearly 2x (Fig. 7). Since the Elles section was
deposited in a shallower middle neritic environ-
ment (100^200 m), we assume that bottom and
surface waters were similarly a¡ected by de-

creased primary productivity. This interpretation
is supported by the similar parallel decreased pri-
mary productivity across the K^T boundary in
the shallow water environments of Nye KlÖv
and Brazos River sections (Barrera and Keller,
1990; Keller et al., 1993).

N
18O values of uppermost Maastrichtian

benthic and planktic foraminifera are also rela-
tively stable, averaging 33.4x for benthics and
37x for planktics, respectively. There is a single
point negative excursion in planktic foraminifera
within the bioclastic layer, which is probably an
artifact of reworked species. Just below the K^T
boundary benthic and planktic values increased
by 1.5x and 3.0x respectively. In the ¢rst 70
cm above the K^T boundary, benthic values

Fig. 8. Comparison of N
13C and N

18O pro¢les of the Elles II and El Kef K^T sections. Data from El Kef are from Keller and
Lindinger (1989).
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range between 32.3 and 32.8x, and about
0.7x more positive than the K^T boundary
(Fig. 7), indicating cooler temperatures. Below
the K^T boundary, benthic and planktic values
are well separated and re£ect the temperature dif-
ference between surface and bottom waters. At
the K^T boundary within the red and green clay
layers the N

18O values of benthics increased to
31.5x and remained only 1.9x higher than
those of the planktic foraminifera.

N
18O measurements of planktic and benthic for-

aminifera and bulk rock indicate climatic trends
associated with sea level changes and the K^T
boundary event. Because foraminiferal species at
Elles may be partly recrystallised, they may not
represent original N

18O values and therefore no
absolute temperature changes can be calculated.
However, the long-term trends suggest a brief
cooling at the K^T boundary in benthic and
planktic foraminifera followed by nearly pre-
K^T bottom water temperatures in Zones P0
and P1a (1) (Fig. 7). Alternatively, these N

18O
variations may be partly in£uenced by salinity
£uctuations. Similarly cooler temperatures during
the K^T and earliest Danian are observed at El
Kef (Keller and Lindinger, 1989; Keller et al.,
1996). Signi¢cantly cooler early Danian climatic
conditions are generally recorded for deep water
sites (Zachos and Arthur, 1986; Stott and Ken-
nett, 1990). In the shallower water (sub-photoic
zone) Danish continental shelf sections at Nye
KlÖv and Stevns Klint, benthic and planktic
N

18O values record a temporary cooling beginning
just below the K^T boundary and continuing into
the early Danian P0 Zone (Keller et al., 1993),
though at the shallower water section at Brazos
River, Texas, N18O values are 2^3x lighter in the
lower Danian P0 and P1a Zones, suggesting
strong salinity £uctuations (Barrera and Keller,
1990).

Comparison of the N
13C and N

18O pro¢les of
the Elles and El Kef sections shows similarities
and di¡erences related to their respective environ-
ments (Fig. 8). N

13C values of bulk samples,
benthic and planktic species are similar for the
uppermost Maastrichtian. As expected there is a
greater surface-to-deep N

13C gradient at El Kef
than at Elles due to the greater water depth at

El Kef. However, the higher surface-to-deep
N

18O gradient at Elles is not easily explained and
may be due to salinity e¡ects in this shallower
water section. At both sections, a 2^3x shift to
lighter N

13C values occurred at the K^T bound-
ary, though not in benthic foraminifera at El Kef.
The global decrease in N

13C of surface waters is
generally interpreted as resulting from a sudden
reduction in oceanic primary productivity. At El-
les and El Kef primary productivity remained low
throughout the lower Danian Zone P1a and re-
covery occurred within Zone P1b^c (Keller and
Lindinger, 1989). Such prolonged low primary
productivity is generally observed in low to mid-
dle latitude deep sea sequences, but not at higher
latitudes where the N

13C shift is much reduced or
absent and primary productivity remained rela-
tively high even within the early Danian (Barrera
and Keller, 1990; Keller et al., 1993; Pardo et al.,
1996; Oberha«nsli et al., 1998; Pardo et al., 1999).
However, in many deep sea sections recovery
seems to have occurred almost immediately after
the K^T boundary. This appears to be an artifact
of an incomplete record where Zone P0 is most
often missing and Zone P1a is highly condensed
(Perch-Nielsen et al., 1982; MacLeod and Keller,
1991).

5. Discussion

Palaeoclimatic changes are generally related to
sea level £uctuation as well as weathering and
erosion (Schlanger, 1988; Hallam, 1992). The
changes in lithology, clay mineralogy, trace ele-
ment and isotope geochemistry of sediments and
microorganisms, such as planktic and benthic fo-
raminifera, are useful proxies to evaluate environ-
mental changes. Our studies of the relatively shal-
low water K^T boundary transition at Elles II
re£ect environmental conditions before, during
and after the K^T boundary on a continental
shelf in proximity to North Africa. Through
most of Tunisia, the K^T boundary transition is
unusually complete with high sedimentation rates
in several outcrops at El Kef, Ain Settara, El
Melah and Elles (Keller et al., 1998). Among
these four localities, the section at Elles II has
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the highest sedimentation rate and appears the
most complete. Based on our high resolution geo-
chemical and mineralogical analysis of this sec-
tion, the following scenario can be suggested.

A general increase in detrital in£ux (bulk min-
eralogy, clay minerals, Ti, Zr, Nb) indicates an
overall long-term change in climate, beginning in
the uppermost Maastrichtian Zone CF1 that con-
tinued into the lower Danian, and culminated
near the K^T boundary, accompanied by a major
change in weathering rates and by sea level £uc-
tuations (characteristic K/SM ratio, Sr/Ca ratios
in benthic foraminifera). About 1 m below, or
about 33 kyr prior to the K^T boundary event,
equable warm climatic conditions prevailed as in-
dicated by oxygen isotopes and clay minerals
(Figs. 2B and 6). High though variable kaolinite
content, slightly increased Zr concentrations in
bulk samples and increased Sr/Ca ratios in
benthic foraminifera suggest that a climatic
change to more humid conditions accompanied
by accelerated runo¡ and possibly a lower sea
level could have occurred 60 cm (about 20 kyr)
below the K^T boundary.

Within the last 60 cm (20 kyr) of the Maas-
trichtian, surface and bottom water temperatures
remained relatively warm, suggested by the N

18O,
but a distinct surface-to-deep N

13C gradient was
established, suggesting increased surface produc-
tivity. A few thousand years before the K^T
boundary (5^10 cm below K^T), a sea level trans-
gression accompanied by high humidity is marked
by a foraminiferal packstone, a rise in kaolinite,
mica, chlorite (Fig. 2B) and decreasing Sr/Ca ratios
in benthic foraminifera (Fig. 4). This transgressive
event was also accompanied by signi¢cant rework-
ing as suggested by the increase in clay minerals
from di¡erent sources and £uctuations of isotope
and trace element values in monospeci¢c forami-
nifera (Figs. 2B, 4 and 6). Increased smectite sug-
gests that the sea level transgression was accompa-
nied by less humid climatic conditions.

It is suggested that the sea level reached max-
imum height at the K^T boundary (red layer) and
the base of Danian (base of P0) amid drier cli-
mates as marked by peak abundance in smectite
and low Sr/Ca ratios in benthic foraminifera.
Bulk rock and benthic foraminiferal N

18O values

suggest somewhat cooler bottom and surface
water temperatures at this time at both Elles II
and El Kef (Figs. 6 and 7). The maximum £ood-
ing surface (MSF, Fig. 2B) coincided with the
onset of rapidly declining bulk and ¢ne fraction
N

13C values at Elles II and El Kef and a reduced
Ca, Cu, Zn and Sr £ux to the sediment and
marked a very rapid drop in surface productivity
of planktic carbonate. At the same time, total
organic carbon (TOC) peaked (in the red layer)
probably as a result of several processes (Adatte
et al., 2002), including changes in marine and/or
terrestrial productivity, sedimentation rates, or
low oxygen conditions at the sediment^water in-
terface. This dramatic change also coincided with
the mass extinction of tropical and subtropical
planktic foraminifera, the major terminal decline
in the abundance of generalist survivor species
and the sudden rise to dominance of opportunistic
species (e.g. Guembelitria : Keller et al., 1996,
2002). The presence of an Ir anomaly, Ni-rich
spinels and spherules within the red layer (Roc-
chia et al., 2002) indicates that an impact event
coincided with the maximum £ooding, exacerbat-
ing the already stressed environmental conditions
and possibly causing the mass extinction in
planktic foraminifera.

As indicated by the high K/SM ratio in the
sediment and increasing Sr/Ca ratios in benthic
foraminifera sea level may have remained high
and humidity seems to have increased within the
lower Danian Zone P0, though both gradually
decreased towards the top of P0 (Figs. 2B and
4). N

13C values reached minima at both Elles II
and El Kef near the top of P0 and remained low
in Zone P1a (Figs. 6 and 7), whereas surface tem-
peratures may have remained relatively cool. In
the upper part of Zone P0, a sea level lowstand
is indicated by high kaolinite, re£ecting acceler-
ated terrigenous runo¡ amid increasingly humid
conditions (Fig. 2B). Above this interval, in the
lower part of Zone P1a (1), sea level gradually
rose as suggested by increased smectite and de-
creased kaolinite. Oxygen isotopes suggest that
climate returned to nearly pre-K^T conditions
near the top of Zone P1a, though surface produc-
tivity remained depressed. Planktic foraminifera
began their recovery with the evolution of more
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diverse early Tertiary assemblages within Zone
P1a accompanied by a rising sea level and in-
creased carbonate sedimentation. The sea level
£uctuations interpreted from the Elles II succes-
sion have been observed in sections worldwide
and indicate global eustatic changes (Donovan
et al., 1988; MacLeod and Keller, 199l; Keller
and Stinnesbeck, 1996).

6. Conclusions

(1) Decreasing Sr/Ca ratios in foraminifera and
variations in the clay mineralogy (variable low K/
SM ratios) indicate that the latest Maastrichtian
(top 100 cm, about 33 kyr) in Tunisia was marked
by a relatively warm but humid climate and a
rising sea level.

(2) Our data suggest that the K^T boundary at
Elles II coincided with: (a) a maximum £ooding
event and with very low sediment accumulation
rates (red layer and black boundary clay), (b) dri-
er and possibly cooler climate, (c) rapidly decreas-
ing surface productivity of planktic carbonate
(lower N

13C values, reduced £ux of heavy metals
to the sediment), (d) high TOC values related to a
change in marine and terrestrial productivity and
(e) an impact event (Ir anomaly, Ni-rich spinels,
spherules ; Rocchia et al., 2002). The coincidence
of the impact event with ongoing climatic and sea
level changes likely exacerbated the already highly
stressed environmental conditions, leading to the
mass extinction of tropical and subtropical
planktic foraminifera.

(3) N
18O values, clay minerals and Sr/Ca ratios

in benthic foraminifera indicate that the lower-
most Danian Zone P0 in Tunisia was marked by
cooler temperatures (higher N

18O values), gener-
ally high humidity and a higher sea level (clay
minerals, low Sr/Ca ratios in benthic foraminif-
era). Near the top of P0, drier climatic conditions
and a decreased sea level mark a lowstand which
is commonly associated with erosion and a short
hiatus (high K/SM ratio, increasing Sr/Ca ratios
in benthic foraminifera). Within Zone P1a, sea
level rose gradually (decreasing K/SM ratio), ac-
companied by a drier and warmer climate (de-
creasing higher N

18O values, clay mineralogy).
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