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Abstract

Milankovitch-scale cycles can be recognized in high-resolution 8'*C, §'80, Sr/Ca, mineralogical, and magnetic
susceptibility data in hemipelagic sediments that span the last 700 kyr of the Maastrichtian at Elles, Tunisia. Oxygen
isotope data reveal three cool periods between 65.50 and 65.55 Ma (21.5-23.5 m), 65.26 and 65.33 Ma (8-11 m), and
65.04 and 65.12 Ma (1.5-4 m), and three warm periods between 65.33 and 65.38 Ma (12-16 m), 65.12 and 65.26 Ma
(4-8 m), and 65.00 and 65.04 Ma (0-1.5 m). The cool periods are characterized by small surface-to-deep temperature
gradients that reflect intensive mixing of the water column. The surface-to-deep Sr/Ca gradient generally correlates
with the oscillating AT trend (temperature difference between surface and bottom waters). The carbon isotope
composition of planktonic foraminifera indicates a continuous decrease in surface bioproductivity during Late
Maastrichtian. Decreasing A'*C values (difference between the 8'°C values of surface and bottom dwelling
foraminifera) and the carbon isotope ratios of the planktonic species at the onset of gradual warming at 65.50 Ma
reflect a reduction in surface productivity as a result of decreased upwelling that accompanied global warming and
possibly increased atmospheric pCO, related to Deccan Trap volcanism. Time series analysis applied to magnetic
susceptibility, 8'0, and Sr/Ca data identifies the 20 kyr precession, 40 kyr obliquity, and 100 kyr eccentricity
Milankovich cycles.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction long-term cooling followed by short-term warm-

ing (65.4-65.2 Ma) and rapid cooling near the end

The Maastrichtian climate was characterized by of the Maastrichtian (Shackleton et al., 1984; Za-

chos et al., 1985, 1986; Barrera and Huber, 1990;
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1998a,b, 1999). Salinity fluctuations indicate that
during the short-term global warming, high-lati-
tude deep-water production was significantly re-
duced and warm saline deep waters, probably
originating in the shallow middle- and low-lati-
tude regions of the Tethys, flooded the ocean ba-
sins (Li and Keller, 1998b). The rapid warming
may have been caused by increased CO; due to
major Deccan Trap volcanism (Courtillot et al.,
1996; Hoffmann et al., 2000) and possibly an im-
pact event, as suggested by the recent discovery of
glass spherule deposits in upper Maastrichtian
sediments dated between 65.4 and 65.2 Ma (Stin-
nesbeck et al., 2001; Keller et al., 2002). Major
faunal changes across latitudes associated with
this greenhouse warming have been increasingly
recognized by planktonic foraminiferal workers
(Abramovich et al., 1998; Kucera and Malmgren,
1998; Li and Keller, 1998a,b; Olsson et al., 2001 ;
McLeod et al., 2001).

Although these studies provide a tantalizing
glimpse of the complexity of the climatic and en-
vironmental changes during the last 500 kyr of the
Maastrichtian, their detailed nature is still un-
known. This is largely because time control af-
forded by biostratigraphic and chronostrati-
graphic studies are typically on the order of
hundreds of thousands of years, whereas oceanic
processes operate on much shorter time scales of
thousands of years or less. High-resolution sam-
pling at the 5-10 cm level can improve the tem-
poral resolution to several thousand years, as
shown by Li and Keller (1998a) at the mid-lati-
tude South Atlantic deep-sea DSDP Site 525A
and by Abramovich and Keller (2002) for the
Elles section in Tunisia. However, these paleon-
tological studies also revealed that the rate of
sedimentation was seven times higher in the
low latitude Tethyan continental shelf at Elles,
than in the open ocean Site 525A. High-resolu-
tion sample analysis of this expanded Tethys
section thus provides a unique opportunity to
recover a very detailed climatic and environ-
mental record that is not available in open ocean
sediments. This is the primary goal of this
study.

In this study we evaluate the climatic and pale-
oceanographic history of the low-latitude Tethys

continental shelf of Tunisia for the last 700 kyr of
the Maastrichtian based on stable isotopes (8'°C
and 8'80), Sr/Ca ratios, magnetic susceptibility,
and mineralogical studies. These extensive data
sets provide information on paleoproductivity
(8'3C), sea surface and bottom temperatures
(8'"%0 and Sr/Ca ratios), and sea level fluctuations
(mineralogy and Sr/Ca ratios). Correlations
among these various data sets and the Milanko-
vitch cycles provide new insights into the Tethyan
paleoenvironmental conditions during the termi-
nal Maastrichtian.

2. Materials and methods

The Elles section is located 75 km southeast off
the city of El Kef, Tunisia, and has been described
by Li et al. (2000) and Abramovich and Keller
(2002) (Fig. 1). Elles outcrops span a continuous
succession from the Campanian to the Eocene.
The uppermost Maastrichtian portion examined
for this study consists of 30 m, spanning from
chron 30N through 29R to the K/T boundary.
Sediments comprise dark gray marls with some
sandy to silty interlayers. Biostratigraphy is based
on the planktonic foraminiferal zonation of Abra-
movich and Keller (2002) with zones CF1 and
CF2 marking the last 300, respectively, 150 kyr
of the Maastrichtian.

Two hundred and forty samples were analyzed
at 20 cm intervals for this study. Sediments were
disaggregated in water and washed through a 63
um sieve until clean sample residues were ob-
tained. From each sample about 15 specimens of
the benthic foraminifer Cibicidoides pseudoacuta
and 30 specimens of the planktonic foraminifer
Rugoglobigerina rugosa (Fig. 2) were picked under
the microscope for stable isotope analyses. The
same species were also picked for Sr/Ca ratio
analyses. Planktonic foraminiferal tests are well
preserved, but show some recrystallization of the
original test calcite. Stable carbon and oxygen
isotope data were obtained using a fully auto-
mated preparation system (MultiCarb) connected
on-line to an isotope ratio mass spectrometer (Op-
tima, Micromass Limited UK). All carbon and
oxygen isotope values are reported relative to
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Fig. 1. Location of the Elles section in northwestern Tunisia 75 km SE of the city of El Kef (modified after Burollet, 1967 and
Zaier et al., 1998), and schematic cross-section with paleogeographic positions of the Seldja, Elles, El Kef, and El Melah K-T

sections.

the V-PDB standard. External reproducibility was
better than 0.1 %o .

Strontium and Ca contents in foraminiferal
tests were determined using total reflection X-
ray fluorescence (Atomika EXTRA II) on one
to six specimens (about 20 pg) with no visible
Fe-oxide coatings or sediment infillings of cham-
bers. Foraminifera were cleaned with bi-distilled
water and transferred into PP-microcentrifuge
tubes. One hundred pl of subboiled HNOj3, spiked
with 0.2 ng Ga/ul as internal standard was used to
digest the foraminiferal tests. The tubes were cen-
trifuged at approximately 10000 RCF to concen-
trate the sample and nitric acid in the cone-shaped
bottom. Digestion was continued for 1 h in an
ultrasonic bath, followed by a final centrifugation.
Fifty ul of solution were transferred to a quartz
sample carrier. After drying the samples were an-
alyzed for 2000 s using a Mo tube (50 kV/38 mA)
and filter, and a W tube, respectively. Strontium
was normalized to Ca, with the actual sample

weights calculated from the intensities of the Ga
spikes.

For magnetic susceptibility determinations non-
oriented samples with a spacing of 10 cm were
taken from the 30 m interval below the K/T
boundary. The rock was crushed, filled in plastic
boxes and fixed with cotton wool. The suscepti-
bility was measured with a KLY-2 Kappabridge
(AGICO, Brno, CR) and normalized to its mass,
because of the unknown in situ density of the
sediment (the resulting unit is 107 SI/g). Assum-
ing an average density of 2.4 g/cm® for the marls
the given mass susceptibility values have to be
multiplied by 24 in order to compare them to
other data sets presented in original volume sus-
ceptibility (Hambach et al., 2002).

X-ray diffraction analyses of the whole rock
were carried out for all the samples at the Geo-
logical Institute of the University of Neuchatel.
Whole rock mineralogy and clay mineral contents
were measured with a SCINTAG XDS 2000 X-ray
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Fig. 2. SEM illustrations of foraminiferal species used for stable isotope analyses and Sr/Ca ratios. Scale bar represent 100 um.

(1, 2) Rugoglobigerina rugosa; (3, 4) Cibicidoides pseudoacuta.

powder diffractometer following the procedure
described by Adatte et al. (1996).

3. Diagenesis
3.1. Diagenetic effects on stable isotopes

Oxygen isotope records of well-preserved
monospecific foraminifera are currently the most
accurate and useful means of climate change re-
construction. Although foraminifera are relatively
well preserved at Elles, diagenesis seems to have
altered the original signals, as indicated by scan-
ning electron microscopy (SEM) images that re-
veal minor recrystallization and test overgrowth
(Fig. 2), and some tests show calcite cement in-
fillings. Similar diagenetic effects have been dis-
cussed by Mitchell et al. (1997), Pearson et al.
(2001), Schrag et al. (1995), and Schrag (1999).

Diagenetic effects at Elles are indicated by the
overall low &0 values for planktonic and
benthic foraminifera. A shift in the same direction
can be due to burial diagenesis (Schrag et al.,
1995), because recrystallization occurs at higher
temperatures, and secondary carbonate with low-
er 8'%0 values is formed in both planktonic and
benthic species. Besides a shift toward lower 880
values due to the interaction with isotopically
light meteoric waters, or equilibration at higher
temperatures during burial, the effect of early dia-
genesis may also be a considerable factor (Schrag
et al., 1995). Due to a high-temperature gradient
between surface and bottom waters in low lati-
tudes, early diagenetic recrystallization in the
cool water environment of the ocean floor tends
to shift primary oxygen isotope values of (mainly)
planktonic foraminifera towards higher values
and carbon isotopes towards lower values, indi-
cating cooler sea surface temperatures and lower
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Fig. 3. Plot of §'%0 versus 8"°C of benthic and planktonic foraminifera from the Elles section. Note that the correlation between
these data is weak for benthic (r=0.09; P=0.259) compared with planktonic foraminifera (»=0.76; P <0.005). Due to the small
difference between 8'3C of diagenetic calcite and 8'*C of benthic foraminiferal tests the slope of the resulting mixing is small and
the regression is masked by the non-diagenetic variation of the 8'3C values. The variation range of 830 for the benthic
(~2.5%0) is only slightly lower than for the planktonic foraminiferal tests (~3 %o ), suggesting at most only minor differential

diagenesis for pairs of benthic and planktonic foraminifera.

productivity compared to actual values (Schrag et
al., 1992, 1995; Jenkyns et al., 1994; Mitchell et
al., 1997; Sakai and Kano, 2001; Pearson et al.,
2001). However, the shallow paleowater depth,
and hence small temperature gradient between
surface and bottom water, indicates that the effect
of early recrystallization is presumably low and
therefore has not to be taken into account at
Elles. Today Elles is located at 36°N, but at the
end of the Cretaceous the position of Elles was in
low latitudes (close to the tropic of Cancer, Sco-
tese and Sager, 1988) on the African continental
shelf at an estimated paleowater depth of about
~ 150 m.

At Elles, the §'%0/8'3C plot shows a significant
positive correlation at the 99.95% level (r=0.76;
175 sample pairs; error probability P < 0.005) for
the planktonic foraminifer Rugoglobigerina rugo-
sa, but no significant correlation (r=0.09; 156

sample pairs; P=0.259) for the benthic foramin-
ifer Cibicidoides pseudoacuta (Fig. 3). This rela-
tionship is of particular interest to interpret the
isotope records and discuss the possible alteration
of primary isotope signals. There are several
mechanisms which could lead to a correlation be-
tween 8'80 and 8"3C:

(a) Based on experimental results, Spero et al.
(1997) concluded that the covariance between
83C and 8'%0 in foraminifera can be a conse-
quence of changes in CO3~ content (i.e. in alka-
linity) of seawater. However, the slopes of the
regression lines in their study are much lower
(0.29-0.33) than that observed in our data set
(about 3.5), which rules out such an interpreta-
tion.

(b) Changes in salinity may also lead to cova-
riance between the §'%0 and 8°C (e.g. Khim and
Park, 2000). The oxygen isotope composition of
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Fig. 4. Plot of 8'%0 versus Sr/Ca ratio of benthic and planktonic foraminifera from the Elles section. The cluster of §'%0 and St/

Ca suggests minor differential diagenetic alteration effects.

seawater is related to salinity either as a conse-
quence of mixing between watermasses with dif-
ferent salinities and isotopic compositions, or of
changes in the precipitation—evaporation cycle
(e.g. Wolff et al., 1999; Pierre, 1999; Rohling
and de Rijk, 1999). However, a correlation be-
tween 880 and 8'°C of foraminiferal carbonate
is to be expected only if salinity changes are due
to a higher input of continental run-off depleted
in both "*O and ’C. Simple mass and isotope
budget calculations (Martin and Letolle, 1979;
Bédard et al., 1981), using rough end member
estimates, indicate that the observed correlation
is unlikely due to mixing. If we assume that late
Cretaceous seawater differs in salinity and isotope
composition by only a few %o from actual values
(e.g. O’Neil, 1987), and that fresh water input

(run-off/precipitation) for latitudes corresponding
to the paleogeographic position of the study area
(20°N) has typical values (salinity 1-2 psu; 880
about —5 to —7 %o ), then a shift in §'%0 of about
34 %o (as observed in our data set) would imply
salinities between 7 and 20 psu. This corresponds
to a fresh water contribution of about 45-80%.
Similar conclusions may be drawn from the
8'80/salinity relationship in waters of modern
tropical/subtropical oceans where the slope of
the regression line is in the range of 0.18-0.25
(Schmidt, 1999; Wolff et al., 1999). Similar values
(0.25-0.27) are reported for the Mediterranean
basin, with a climate regime in which evaporation
is in excess to fresh water input (Pierre, 1999).
Based on these data, the observed shift of 3—
4%o in 8'30 at Elles would correspond to a drop
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in salinity of 12-22 psu. Such brackish conditions
are ruled out by the presence of normal tropical
to subtropical open ocean planktonic foraminifer-
al assemblages (Abramovich and Keller, 2002). In
addition, the slope of the 8'%0/38'3C regression
line is much higher than that reported for corre-
lations relating on mixing (e.g. 0.53-0.57, Khim
and Park, 2000). Nevertheless, it cannot be com-
pletely ruled out that simultaneous decreases in
813C and 880 of the Elles section are at least
partly related to increased fresh water input and
associated terrigenous debris. This may have been
the case at the intervals around 7 and 22.5 m
discussed below.

(c) Meteoric groundwaters are characterized by
lower 8'%0 (~—10%0 in low latitudes; Faure,
1986) and &' C values compared to seawater.
Thus, in addition to a decrease in initial 8!30
values, varying degrees of cementation and/or re-
crystallization due to meteoric waters will also
produce a correlation between the §'80 and
813C, and the samples therefore plot on a mixing
line which links the initial 8'*0 and §"3C values of
foraminifera with that of the diagenetic cement
(Jenkyns et al., 1994; Mitchell et al., 1997; Sakai
and Kano, 2001). In contrast, the addition of a
constant amount of diagenetic calcite to each
sample merely shifts all samples to more negative
positions in Fig. 3, but will not induce a linear
array. In this case, the oxygen isotope values can-
not be interpreted in terms of absolute tempera-
ture, but the relative variations between them re-
flect primary signals, even if attenuated.

Fig. 3 shows that planktonic foraminifera at
Elles narrowly cluster along a linear regression
line, suggesting recrystallization, test overgrowth,
and/or cement infillings. The greater variation in
the §'80 and §'3C signals along the mixing line
for planktonic species apparently suggests a high-
er degree of alteration or diagenetic infilling than
in benthic foraminifera. It is therefore likely that
at least the unusually low 88O values of the
planktonic foraminifera are a result of diagenetic
alteration due to interaction with meteoric waters,
and/or recrystallization due to burial and associ-
ated thermal effects. The variability in isotopic
values is likely a function of the ratio of original
test carbonate to diagenetic carbonate in the form

of chamber infilling. Based on the regression line
between §'0 and 8'°C, the diagenetic cement in
the Elles profile is estimated to average at ~ —8
to —9%o for 880 and ~0.3 to 0.7%0 for 8'3C
(Fig. 3).

The benthic foraminiferal tests at Elles show no
significant correlation between &'80 and 8'3C.
However, the lack of correlation not compulsorily
means that the benthic formaminifers are not af-
fected by diagenetic overprint. Mitchell et al.
(1997) observed that benthic foraminiferal tests
are often less affected by diagenetic overprints
than planktonic foraminiferal tests. Although
this statement may be generally valid, it is very
unlikely that in the scale of a single sample,
planktonic and benthic formaminifers were af-
fected to significantly different degrees by diagen-
esis. It is more likely that due to the small differ-
ence between 8'3C of the diagenetic calcite and
813C of the benthic foraminiferal tests the slope
of the resulting mixing is small and the regression
is masked by the non-diagenetic variation of the
813C values. The variation range of 880 for the
benthic foraminiferal tests (~2.5%c0) is only
slightly lower than for the planktonics (~ 3 %o ),
indicating no significant difference in the degree of
diagenetically induced changes.

It can be concluded that equal degrees of alter-
ation would reduce differences in both §'30
(A8'%0) and 83C values (AS'*C) between pairs
of planktonic and benthic species, whereas stron-
ger diagenesis of planktonic species compared to
the benthic species would reduce A3C and
slightly increase A8'O (see the insert in Fig. 3).
8180 values, therefore, cannot be used for abso-
lute temperature calculations, though estimates of
temperature differences and variations in surface-
to-deep gradients should be valid.

3.2. Diagenetic effects on Sr/Ca ratios

Sr/Ca ratios of foraminiferal tests may also be
affected by diagenetic alteration. Strontium up-
take by foraminifera and incorporation in their
tests is known to be higher than Sr concentrations
of abiotic calcite (Elderfield et al., 1996). During
diagenetic recrystallization, Sr is released from the
foraminiferal tests (Richter and Liang, 1993).
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Without transport, the Sr>* concentration in the
solution rapidly builds up to a point that further
reaction could not lower the Sr/Ca of the solid
(Baker et al.,, 1982). Thus, where only minor
amounts of Ca are added to or minor amounts
of Sr are removed from the system, diagenetic
effects will not produce significant changes in
the Sr/Ca ratios.

If temperature is the major control, foraminif-
eral 880 and foraminiferal Sr/Ca ratios will be
correlated negatively. A strong shift in §'%0 and
loss of Sr by the same diagenetic process will pro-
duce a positive correlation. However, a moderate
diagenetically induced shift in both or in 880
alone will shift, weaken, or even destroy an exist-
ing negative correlation between 3'80 and Sr/Ca.
Differential diagenesis (i.e. different degrees of al-
teration of benthic and planktonic forms within
one sample) results in an overestimation of tem-
perature gradients from §'%0 and an underestima-
tion from Sr/Ca ratios. Thus, the temperature gra-
dients estimated from 8'®0 and those estimated
from Sr/Ca ratios will diverge. Non-differential
diagenesis will reduce temperature gradients
from 8'30, but temperature gradients obtained
from Sr/Ca ratios remain nearly unchanged. At
Elles, 8'%0 versus Sr/Ca shows ‘remainders’ of a
negative correlation and similar variation ranges
of the 8'%0 and Sr/Ca values for both benthic and
planktonic foraminiferal tests. This indicates that
pairs of benthic and planktonic foraminiferal tests
were not seriously affected by differential diage-
netic alteration (Fig. 4).

4. Results
4.1. Stable isotopes

813C isotopes: Planktonic 8'*C values at Elles
show a progressive decrease through the upper
Maastrichtian beginning in the lower part of
zone CF2 and continuing into CFI1, whereas
benthic 8'*C values show a corresponding in-
crease, thus reducing the surface-to-deep gradient.
Are these long-term trends primary, or do they
reflect an increasing diagenetic overprint from
the bottom to the top of the section? Since the

difference in 8'%0 for planktonic and benthic fo-
raminifera is nearly constant across the entire pro-
file, an increasing diagenetic overprint up-section
and serious effects of differential diagenesis seem
improbable. The coupled but opposite changes in
the isotopic records of the planktonic and benthic
species suggest a continuous decrease in surface
bioproductivity over the last 400 kyr (zones CF1
and CF2) of the Maastrichtian (Fig. 5). This is
also indicated by the surface-to-deep 8'3C gra-
dient, which shows a gradual decrease in zones
CF2 and CF1 (Fig. 6).

The decreasing trend in bioproductivity is inter-
rupted by several shorter excursions of higher am-
plitude in 8'*C values and increased A'3C gra-
dients. The first conspicuous deviation in benthic
values (0.7 %0 negative shift) and increased gra-
dient occur between 21.5 and 23.5 m across the
CF2/CF3 boundary (Figs. 5 and 6). The sudden
drop in 8"3C values is likely related to terrestrial
organic matter influx, rather than bioproductivity,
as a result of erosion and a lower sea level, as also
observed in other Tunisian sections (Li et al.,
2000). The second deviation is a positive excur-
sion in planktonic foraminifera and increased
ABC gradient between 2 and 4 m below the K/T
boundary, followed by a strongly reduced A*C
gradient in the interval just below the K/T bound-
ary. In the shallow shelf environment of the upper
Maastrichtian in Tunisia these carbon isotope
variations may be related to a combination of
changes in bioproductivity, sea level, or secular
variations in seawater carbon isotopes.

Comparison of the deep-sea record with that of
the Tunisian sections suggests the presence of re-
gional signals. During late Campanian the deep-
sea 8'3C record shows relatively low values be-
tween 0.5 %o and 1.0 %o , as also observed at Elles,
and minimum values at the Campanian/Maas-
trichtian transition (not observed at Elles, though
present at El Kef) coincident with maximum glob-
al cooling (Barrera, 1994, Barrera et al., 1997; Li
and Keller, 1998a.,b). However, deep-sea signals
and Tunisian continental shelf signals diverged
during the Maastrichtian. In the deep sea, §'3C
values increased by 1.5-2%o in bottom and sur-
face waters in the early Maastrichtian and re-
mained relatively high through the upper Maas-
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trichtian (Li et al., 2000). But in Tunisian sections
Maastrichtian 8'*C values in surface and deep
waters are variable and generally 2-3 %o lower
relative to the open ocean (D’Hondt and Lin-
dinger, 1994; Barrera, 1994). Similarly low 8'*C
values have been observed in the upper Maas-
trichtian of Egypt (Keller et al., 2002). This sug-
gests a primarily regional record and reflects a
relatively constant terrestrial organic influx of
lighter carbon.

3180 isotopes: 8'80 values of planktonic and
benthic foraminifera display roughly similar
trends in low-frequency cycles with varying gra-
dients, but exhibit convergent and divergent epi-
sodes in the high-frequency range (Fig. 5). The
first convergent episode and minimum surface-
to-deep gradient coincide with the benthic 8'*C
excursions between 21.5 and 3.5 m and zone
CF2/CF3 transition. Benthic and planktonic
880 covary and change towards more positive
values in this interval, though with a significantly
more positive shift in planktonic values. This
suggests climatic cooling of both surface and
bottom waters in this relatively shallow continen-
tal shelf environment. Generally lighter §'0O val-
ues in zone CF2 suggest a period of warming
that culminates between 11 and 16 m. A second
minimum in the A®O gradient associated with
more positive planktonic 8'%0O values, indicates
cooling between 8§ and 11 m at the CF1/CF2
zone boundary. Between 4 and 8 m generally
more negative planktonic 8'®0O values suggest
warming. This interval is followed by strongly os-
cillating and generally more positive values be-
tween 2 and 4 m below the K/T boundary, which
suggests unstable climatic and environmental con-
ditions. In the last 2 m below the K/T boundary,
benthic and planktonic values covary, followed by
an abrupt increase at the K/T boundary (see Stii-
ben et al., 2002, for details of the K/T boundary
event).

4.2. Sr/Ca results

The incorporation of Sr into foraminiferal cal-
cite is controlled by the Sr/Ca ratio of seawater,
temperature, salinity, pH, pressure, and vital ef-
fects (Lea et al., 1999; Rathburn and De Deckker,
1997; Rosenthal et al., 1997). Sea level fluctua-
tions affect Sr flux into the oceans. At times of
subsiding sea levels, Sr-rich aragonite from con-
tinental shelfs exposed to weathering alters to cal-
cite; because calcite can incorporate less Sr than
aragonite, the released Sr is relatively rapidly
transported into the oceans (90% of Sr in shelf
carbonate within less than 100000 years; Stoll
and Schrag, 1996, 1998). Therefore, sea level fluc-
tuations are characterized by variations in the Sr
content of sediment layers and the foraminifera
incorporate Sr into their shells in equilibrium
with seawater (e.g. Graham et al., 1982; Stoll
and Schrag, 1996, 2001). The sea level dependency
of the Sr/Ca ratio can be overprinted by the effect
of changing temperature, salinity, pH, (Lea et al.,
1999; Malone and Baker, 1999) and pressure
(Rosenthal et al., 1997; ~100 pmol/mol per
1000 m), as well as by non-equilibrium vital ef-
fects. Laboratory experiments revealed that the Sr
distribution coefficient between calcite and solu-
tion increases with temperature (Malone and
Baker, 1999). From live cultures Lea et al.
(1999) obtained positive slopes for the dependen-
cies of Sr uptake in foraminiferal calcite with tem-
perature (11-18 umol/mol per °C), salinity (10
umol/mol per psu) and pH (69-148 pmol/mol
per unit), whereas increasing pressure decreased
the Sr uptake by 100 pumol/mol per 1000 m
(Rosenthal et al., 1997). The Elles section was
deposited at middle to outer neritic depths at
~100 m (Li et al., 1999; Abramovich et al.,
2002). Due to low water depth during sediment
deposition the pressure dependency can be ne-
glected, but a decreasing sea level may have sig-

Fig. 6. Comparison of temperature differences calculated from A'8O and Sr/Ca (ASr/Ca) between planktonic and benthic forami-
nifera. AT}go is calculated after Erez and Luz (1992), based on the differences of §'80. ATy, is calculated from ASr/Ca using cali-
bration data from culture experiments (Lea et al., 1999). Dots are raw data, lines are five-point smoothed data. Magnetostratigra-

phy after Harland et al. (1990).
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nificantly increased riverine Sr flux into the ocean.
For this reason, one might argue for a more rapid
response in seawater Sr/Ca ratios in shallow water
depositional environments such as Elles than in
the deep sea, even though the long residence
time of Sr in the water column delays the response
to increasing sea levels.

At Elles the Sr/Ca ratios of benthic and plank-
tonic foraminifera generally covary between ratios
of 1.6 and 1.8 mmol/mol near the base of the sec-
tion and between 1.7 and 1.9 mmol/mol through
the upper CF3 to CF2 intervals (Fig. 5). In CF1
benthic Sr/Ca values gradually increase between
1.8 and 2.0 mmol/mol with planktonic values sig-
nificantly higher (up to 2.2 mmol/mol) and
strongly fluctuating between 3 and 5 m below
the K/T boundary. In the 2 m below the K/T
boundary Sr/Ca values of both planktonic and
benthic foraminifera reach peak values and then
decline near the boundary. Across the entire sec-
tion Sr/Ca ratios of benthic and planktonic fora-
minifera increase to the top. If this general trend
is mainly temperature controlled, then 8'%0 values
should display a steady decrease from bottom to
top, which is not the case. This indicates that at
Elles temperature is not the major control for the
Sr/Ca ratios in benthic and planktonic foraminif-
era.

The increasing Sr/Ca trend suggests lower sea
levels near the CF3/CF2 boundary, in the middle
of CF1 and again near the top of CF1 (Fig. 5).
This interpretation seems to be supported by the
high quartz content at the CF3/CF2 transition
and a short hiatus or condensed interval, and
the high quartz content between 1 and 2 m below
the K/T boundary (Fig. 7). But the correlation is
not precise and the low detrital influx in CF1
corresponds to the low quartz influx. The rela-
tively poor correlation may be due to the lag-
time in the release of Sr to seawater (depending
on the sedimentation rate, the lag-time may cor-
respond to 0.2-0.8 m at 10000 years). Alterna-
tively, the high Sr/Ca values in CF1 may be due
to increased chemical weathering, rather than the
sea level fall, as suggested by warmer tempera-
tures (Fig. 5) and clay mineralogy that reflects
increasingly humid conditions at Elles (Adatte et
al., 2002).

Although Sr is presumed to be homogeneous in
its distribution in the water column (e.g. de Vil-
liers, 1999), the gradient of the Sr/Ca ratios (ASr/
Ca) between benthic and planktonic foraminifera
varies with depth because of the dependency of
the distribution coefficient between seawater and
foraminiferal calcite on sea level, salinity, pH, and
temperature changes. Consequently, the surface-
to-deep gradient of the Sr/Ca ratio will mainly
be controlled by the surface-to-deep temperature
and/or salinity gradient.

The low but nevertheless significant cross-cor-
relation coefficient (r=0.254, n=230, P <0.1%)
of the surface-to-deep Sr/Ca ratio (ASr/Ca) and
the A0 surface-to-deep temperature gradient
(AT, Fig. 6) suggests that the surface-to-deep
Sr/Ca ratio is mainly controlled by variations in
the temperature difference of surface and bottom
waters. Low surface-to-deep Sr/Ca gradients cor-
respond to cool intervals and high gradients to
warm climatic intervals. These fluctuations in
the Sr/Ca ratios of benthic and planktonic fora-
minifera may reflect variations between surface
water and sediment surface temperatures. Effects
of pressure dependency (Rosenthal et al., 1997)
related to short-term sea level fluctuations are of
minor importance in this shallow water section.
Additional variability in the Sr/Ca ratios may
be introduced by vital effects (resulting in different
Sr contents in planktonic and benthic foraminif-
era), or by varying local gradients of the Sr
concentration in the water column as a conse-
quence of variations in the riverine flux (Stoll et
al., 1999).

4.3. Paleotemperature trends

Although diagenetic alteration of foraminiferal
tests at Elles shifts the original temperature sig-
nals to warmer values, relative changes in plank-
tonic and benthic foraminifera and long-term
trends are preserved (e.g. Schrag et al., 1992,
1995; Sakai and Kano, 2001; Pearson et al.,
2001). As a result, calculated temperatures, partic-
ularly of planktonic species, tend to be signifi-
cantly higher than the original temperature val-
ues. Nevertheless, temperature calculations of
somewhat recrystallized planktonic and benthic
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foraminiferal tests are useful to evaluate surface-
to-deep temperature gradients and watermass
stratification. For this purpose, temperature and
AT values were calculated for both planktonic
and benthic species based on Erez and Luz
(1992) (Fig. 6). A Sr/Caporam thermometer based
on the foraminiferal data of Lea et al. (1999)
(ATsy) was applied to the variations in the sur-
face-to-deep Sr/Ca gradient for comparison. Dif-
ferences in salinity of bottom and surface waters
are likely due to density differences, with higher
salinities expected in bottom waters. Reduced sa-
linity of the surface waters by dilution with fresh
water would increase the apparent temperature
difference obtained from the 8'®0 thermometer,
but reduce the temperature difference from the
Sr/Caporam thermometer. The similar temperature
trends and range of variations indicate that the
effects of diagenesis and salinity variations of
the surface waters on long-term temperature
trends are relatively minor.

As would be expected, planktonic foraminifera
show greater variations than benthic species be-
cause surface waters are more sensitive to temper-
ature fluctuations than bottom waters. Both long-
term and short-term trends are apparent. Long-
term trends in the lower and upper parts of the
Elles section (zones CF3 and CF1 intervals) show
relatively close benthic and planktonic values,
whereas in zone CF2 they diverge. The same
trend is observed in the ATs, and AT 8'%0 values
(Fig. 6). This can be explained by changes in sea
level, climate, and mixing of the water column,
with all of them influencing the observed temper-
ature trends.

A lower sea level prevailed during deposition of
the CF3 interval with a sea level lowstand at the
CF2/CF3 boundary (Li and Keller, 1998c; Li et
al., 2000; Abramovich et al., 2002). The divergent
benthic and planktonic values in zone CF2 corre-
spond to a rising sea level and global climate
warming (Stott and Kennett, 1990; Barrera,
1994; Li and Keller, 1998b) and suggest increased
watermass stratification. The global warming con-
tinued into CF1, accompanied by warmer bottom
water temperatures, and was followed by cooling
in the uppermost Maastrichtian. At Elles, the cli-
mate warming of CF1 appears to be reflected by

increased mixing of the water column and some-
what warmer bottom water temperatures. There
are also three short-term episodes of strongly con-
vergent 3'80 values that reflect cooling of surface
waters and strong mixing of the water column,
possibly accompanied by lower sea levels. These
episodes occurred at the CF3/CF2 and CF2/CFl1
transitions and in the upper part of CF1 (Fig. 6).

4.4. Mineralogy

Relative changes in bulk rock compositions in-
dicate variations in sediment sources and reflect
the variable intensity of weathering and erosion
under arid and humid climates (Chamley, 1989;
Weaver, 1989), as well as the variable influx of
terrigenous sediments into the oceans during
high and low sea levels. High detrital influx (phyl-
losilicates and quartz) is generally associated with
increased erosion and transport during lower sea
levels and seasonally cool climate. In contrast,
high carbonate deposition is generally associated
with humid warm climates and transgressive seas.
At Elles, periods of increased phyllosilicates (Fig.
7) and quartz contents correspond to lower sea
levels and increased erosion near the CF3/CF2
boundary and near the top of the section below
the K/T boundary. In zone CF2, the decreased
detrital influx (lower quartz and phyllosilicates)
suggests a rising sea level, whereas a decreasing
sea level is suggested in CF1 by decreased quartz,
but high phyllosilicate content. The sea level
changes inferred from mineralogical proxies are
supported by sea level changes from biostrati-
graphic data (Li et al., 1999, 2000), which reveal
sea level lowstands at ~21 m (65.5 Ma) and a
rapidly decreasing sea level in the uppermost 3 m
(100 kyr) of the Maastrichtian. The time control
is calculated from the sedimentation rates derived
from variations of the cyclicity of the magnetic
mass susceptibility data discussed below.

The general trend of increasing calcite/detritus
ratios between ~21 m (65.5 Ma) and 3 m (65.1
Ma) is overlain by high- and low-frequency sinoi-
dal fluctuations, which show minima suggesting
lower sea levels at ~23 m (~65.53 Ma), ~15-
18 m (65.40-65.44 Ma), 13 m (65.38 Ma), and
~8 m (65.27 Ma). Maxima in Ca/detritus ratios
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indicate higher sea levels at ~19 m (65.46 Ma),
~14 m (~65.39 Ma), 12 m (65.36 Ma) and 1 m
(~65.03 Ma, Fig. 6). These local sea level varia-
tions derived from the Ca/detritus ratio at Elles
generally coincide with the sea level curve of Li et
al. (1999) from mid-Atlantic DSDP Site 525A.

4.5. Magnetic mass susceptibility

Magnetic susceptibility of sediments is related
to the mineralogical composition of the sediments
and depends on grain size and concentration of
magnetic minerals. Only Fe-bearing rock-forming
minerals show positive susceptibility, with ferri-
magnetic minerals, like magnetite, orders of mag-
nitudes higher than the susceptibility of all other
rock-forming minerals. Thus, even in low concen-
trations these minerals dominate the bulk suscep-
tibility of sediments (Dekkers, 1997). Sea level
changes alter the detrital input, resulting in possi-
ble shifts in mineral sources and types. In the
supposedly ice-free world of the late Cretaceous,
sea level changes are unlikely to be driven by Mi-
lankovich forcing although weathering conditions
strongly depend on climate, which is influenced by
variations in insolation. Changing weathering
conditions mainly affect riverine input and eolian
influx, which effectively act in the Milankovich
frequency range (Tauxe, 1993).

At Elles, magnetic mass susceptibility varies
from 4 to 16 uSl/g and generally mimics the trend
of phyllosilicates with a reasonable correlation be-
tween intervals of high phyllosilicates and high
magnetic susceptibility (r=0.48, n =291, P <0.00;
Fig. 7). The long-term quartz trend does not cor-
relate with either phyllosilicates or magnetic sus-
ceptibility in zone CF1, possibly due to changes in
climate to more humid seasonal cool conditions
and hence decreased quartz transport (Adatte et
al., 2002). Moreover, short-term cycles are evident
with a good correlation between increased phyllo-
silicate input and high magnetic susceptibility.

The magnetic susceptibility record at Elles thus
exhibits both a long-term trend and short-term
variations in the amount and composition of ter-
rigenous sediment flux relative to biogenic car-
bonate production, and these are governed by cli-
mate and local sea level changes. Magnetic

susceptibility is tracking changes in weathering
intensity on adjacent continents and, unlike sea
level changes in an ice-free world, they likely
vary with Milankovich-driven climate variations.

4.6. Time series analysis

To determine periodicities in the sediment col-
umn at Elles, time series analysis was performed
on magnetic mass susceptibility data and the Sr/
Ca and C and O isotope values of benthic (Cibi-
cidoides pseudoacuta) and planktonic (Rugoglobi-
gerina rugosa) foraminifera. Before applying time
series analysis, variations in sedimentation rates
were evaluated based on susceptibility and bio-
stratigraphic data. Based on planktonic foraminif-
eral biostratigraphic data sediment accumulation
rates for the combined CF1-CF2 interval aver-
ages of 4.88 cm/kyr, or 3.2 cm/kyr for CF1 and
8 cm/kyr for CF2 were obtained.

In the susceptibility data two main short cycles
are apparent with high-frequency variations
superimposed at about 0.8-1.0 m and 1.6 m inter-
vals (Fig. 7). This suggests the presence of 20 kyr
and 40 kyr cycles based on biostratigraphic age
correlations and an average sediment accumula-
tion rate of 4.88 cm for the CF1-CF2 interval,
which spans the 450 kyr of chron 29R below the
K/T boundary (Li and Keller, 1998a,b). The dom-
inating very low frequent sinoidal periodicity of
the susceptibility data is assumed to represent the
~400 kyr Milankovich cycle. The wavelength of
this periodicity increases with depth. The clearly
visible elongated periodicity in the lower half of
the profile reflects increased sedimentation rates in
CF2/CF3 as compared to CF1.

To account for the effects of varying sedimen-
tation rates, a sinus function was fitted to the long
periodicity, and the sedimentation rate was step-
wise adjusted in order to get the best possible fit
for the long periodicity. After this stepwise adjust-
ment, estimated sedimentation rates average 3.2
cm/kyr for the interval between 0 and 6.4 m
(~65-65.2 Ma), 2.5 cm/kyr for the interval be-
tween 6.6 and 9.8 m (~65.2-65.3 Ma), 8 cmm/kyr
between 9.8 and 17.6 m (~65. 3-65.4 Ma), and
5 cm/kyr for the older succession (17.8-31.45 m).
The average adjusted sedimentation rate is 5.04
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Fig. 8. Red noise normalized energy spectrum of the periodicities from time series analysis of magnetic mass susceptibility,
A8'30, and ASr/Ca for the Elles Maastrichtian section showing 20, 40, and 100 kyr Milankovitch cycles. The lines 95% s.l. and
80% s.l. mark the Monte Carlo simulations of the 95% and 80% significance levels. The time series analysis is based on sedimen-
tation rates of 3.2 cm/kyr for CF 1, 2.5 cm/kyr for CF2, and 5-8 cm/kyr for CF2 to CF3.

cm/kyr for CF1 and CF2, which is close to the
average sedimentation rate of 4.88 cm/kyr esti-
mated from biostratigraphy. Similar results were
obtained by adjusting the sedimentation rates
based on fitting the 20 kyr cycle to the suscepti-
bility record (Hambach and Adatte, 2000).
Based on these stepwise adjusted sedimentation
rates, time series analysis was carried out using
the REDFIT program (Schulz and Mudelsee,
2002), in order to isolate the shorter Milankovich
cycles (20, 40 and 100 kyr). REDFIT is based on
the SPECTRUM algorithm (Schulz and Statteg-
ger, 1997), which allows the analysis of unevenly
spaced time series. REDFIT estimates the red
noise spectra from unevenly spaced time series
by fitting a first order autoregressive, AR1, func-
tion. To reduce the effects of white noise the raw
data were smoothed by a five-point moving aver-
age, using weights derived from a parabolic
smoothing function (Savitzky and Golay, 1964).
The resulting periodograms for §'%0, 8'*C, and
Sr/Ca ratios for benthic and planktonic foraminif-
era as well as for the magnetic susceptibility dis-
play clear low and short periodicities of 20 3,

40% 5 and 100 £ 15 kyr, which correspond to Mi-
lankovich cycles. However, the peaks are below
the 80% false alarm level for red noise, except
for susceptibility data. For the surface-to-deep
gradients, A0 (AT), ABC, and (ASr/Ca), these
cyclicities are more pronounced and the 20 kyr
precision cycle, 40 kyr obliquity cycle, and eccen-
tricity cycle of ~ 100 kyr can be identified at the
80% and for AT at the 95% significance level (Fig.
8). A 60 kyr resonance (possibly the half of the
127 kyr eccentricity cycle) is present in the perio-
dograms of 8'%0, 8'*C, and Sr/Ca ratios for
benthic and planktonic foraminifera, but is not
traceable in the surface-to-deep gradients.

5. Discussion

5.1. Climate and productivity: the last 700 kyr of
the Maastrichtian

During the last 700 kyr of the Maastrichtian
the eastern Tethys (Tunisia) experienced major
variations in climate and productivity that reflect
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global paleoceanographic changes. Based on a
high-resolution database that includes various pa-
leoceanographic proxies, including 8'*C, §'30, St/
Ca, mineralogical and magnetic susceptibility data
of the Elles section in Tunisia, the environmental
history can be reconstructed.

Between 65.7 and 65.5 Ma (CF3) relatively high
but gradually decreasing 8'%0 values, a fluctuat-
ing and decreasing surface-to-deep temperature
gradient, and an increasing 8'3C gradient indicate
climate cooling and relatively high productivity. A
major positive excursion in 8'80 between 65.50
and 65.55 Ma (CF3/CF2 boundary, 21.5-23.5
m) marks maximum upper Maastrichtian cooling
(Figs. 5 and 6), whereas the fluctuating §'%O val-
ues, and very low surface-to-deep Sr/Ca ratios
and temperature gradients indicate strong mixing
of the water column during cooling (Figs. 5 and
6). The major drop in benthic §'*C values, but
only minor decrease in surface waters, probably
reflects changes in carbon isotopes of the oceanic
total dissolved carbon, and increased carbon flux
due to erosion and weathering related to the cli-
matic cooling and accompanying sea level fall.
This stratigraphic interval corresponds to a global
cooling maximum in the upper Maastrichtian
(Barrera, 1994; Barrera et al., 1997; Li and Kel-
ler, 1998a,b), associated with a sea level fall and
widespread hiatus (Haq et al., 1987; Keller and
Stinnesbeck, 1996; Li et al., 1999, 2000). A short
hiatus or condensed interval may be present at
this interval at Elles as suggested by abrupt fau-
nal, isotopic, and mineralogical changes (Figs. 5
and 7; Adatte et al., 2002; Abramovich and Kel-
ler, 2002).

After the cooling maximum, surface and bot-
tom water temperatures rapidly increased, reach-
ing the first of two warm events in CF2 (12-16 m,
65.33-65.38 Ma), whereas the 8'3C gradient grad-
ually decreased due to lower surface 8'°C values.
This warm event marks the onset of a global
short-term warming which is best documented at
DSDP Site 525 (Walvis Ridge, mid-latitude South
Atlantic), where temperatures are estimated to
have increased by 3-4°C in both surface and in-
termediate waters (Li and Keller, 1998b), but the
same warm event has also been recognized in nu-
merous other deep-sea sections from high to low

latitudes (Shackleton et al., 1984; Stott and Ken-
nett, 1990; Barrera et al., 1997; Olsson et al.,
2001). A warming-up period indicates oceanic
turnover and probably decreasing thermohaline
circulation during a sea level rise and conse-
quently decreasing productivity. The likely cause
for this short-term global warming is increased
greenhouse gases probably from major Deccan
Trap volcanism estimated between 65.2 and 65.4
Ma (Courtillot et al., 1988, 1996; Baski, 1994;
Hoffmann et al., 2000).

Surface waters cooled markedly across the
CF2-CFl1 transition (11-8 m, 65.33-65.26 Ma)
and productivity continued to decrease as indi-
cated by decreasing surface 8'3C, and A3C gra-
dients. Another short-term warming in CF1 (8-
4 m, 65.26-65.12 Ma) and strongly diverging Sr/Ca
suggest an increased surface-to-deep temperature
gradient during the upper Maastrichtian. At this
time, primary productivity reached minimum val-
ues for the upper Maastrichtian, as indicated by
major decreases in surface and bottom water 8'*C
and a decreasing surface-to-deep gradient (Figs. 5
and 0).

Major climate cooling occurred in surface
waters during the upper part of CF1 (2-4 m,
65.12-65.04 Ma) and was accompanied by high
but variable primary productivity fluxes and
strong mixing evident in Sr/Ca ratios. This
short-term cooling phase was also observed in
the South Atlantic Site 525A (Li and Keller,
1998a) and reflects a change in watermasses.
The increase in surface productivity probably trig-
gered a change in the isotope composition of the
total dissolved inorganic carbon reservoir, which
may have been enhanced by increased carbon
burial and decreased carbon flux from weathering
due to a sea level transgression.

The last 40 kyr below the K/T boundary are
marked by very unstable paleo-oceanographic
conditions, rapid warming, and strong mixing of
surface and bottom waters. The surface-to-deep
temperature gradient decreased to almost zero,
which corresponds to a decrease in the Sr/Ca ratio
of planktonic foraminifera. Surface productivity
decreased dramatically while the productivity of
benthic foraminifera increased slightly. Similar
observations were made based on carbon isotope
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studies from various localities (South Atlantic, El
Kef, Stevns Klint, Nye Klov) but were interpreted
as a consequence of increasing benthic values,
rather than decrease in surface productivity (Kel-
ler and Lindinger, 1989; Schmitz et al., 1992;
Keller et al., 1993; Li and Keller, 1998a). This
suggests that the benthic carbon isotope increase
during the last 100 kyr of the Maastrichtian pri-
marily reflects changes in the rate and source of
deep water productivity, rather than reduced or-
ganic carbon oxidation as a result of lower sur-
face productivity (Zachos and Arthur, 1986).

6. Summary and conclusions

High-resolution §"3C, §'*0, Sr/Ca, mineralogi-
cal and magnetic susceptibility measurements of
hemipelagic sediments spanning the last 700 kyr
at Elles, Tunisia, indicate major changes in cli-
mate, productivity and sea level. Although diage-
netically overprinted, the general trends are pre-
served in stable isotopes, Sr/Ca, the surface-to-
deep gradient, and mineralogical and susceptibil-
ity records. The following conclusions can be
reached:

(1) Correlations of AT (derived from A®O and
ASr), primary productivity (A'3C), and magnetic
susceptibility with Milankovich cycles indicate
that climate, weathering, and nutrient conditions
in the Kasserine Island area are mainly driven by
variations in insolation, whereas sea level changes
during the presumably ice-free Cretaceous world
are assumed to be tectonically driven.

(2) Climate changes observed in 8'%0 of plank-
tonic foraminifera are more pronounced in the
surface-to-deep gradients of A'8O and ASr.

(3) Cooling between 65.7 and 65.5 Ma coincides
with increased §'3C values, very low Sr/Ca ratios,
and a major sea level fall that indicates strong
mixing of waters and increased carbon flux due
to erosion.

(4) Rapid warming occurred between 65.38 and
65.33 Ma and was accompanied by a decrease in
surface productivity that continued through the
subsequent rapid cooling of surface waters be-
tween 65.33 and 65.26 Ma (CF2-CF1 transition).

(5) The long-term trend in decreasing primary

productivity parallels a sea level rise between 65.4
and 65.2 Ma (zones CF2 and CF1) and is prob-
ably due to decreased thermohaline circulation
associated with climate warming.

(6) During the last 200 kyr of the Maastricht-
ian, rapidly increasing Sr/Ca ratios associated
with warm and cool temperatures may be related
to increased chemical weathering and changes in
bioproductivity, rather than a sea level fall, as
suggested by clay mineralogy.

The results from the Elles succession demon-
strate that it is possible to separate paleoclimatic
from diagenetic signals by using a multiproxy ap-
proach, assuming that the response to diagenesis
is systematically different for each proxy. Corre-
lation of the climate, productivity and sea level
trends at Elles with similar trends at DSDP Site
525A in the mid-latitude South Atlantic supports
this approach and also indicates that these are
global, rather than local trends.
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