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[1] The calcareous nannoplankton flora is strongly controlled by water masses and is sensitive to ambient
nutrient levels. In consequence, fossil remains of calcareous nannoplankton are useful tools for
paleoceanography. Although they are the major producers of carbonates in the pelagic realm, their use as a

seawater d18O recorder is not easy due to their small size and the difficulty in isolating them from the bulk
carbonate. Using a granulometric separation technique (Minoletti et al., 2001), it is now possible to
concentrate coccoliths in monospecific fractions. We applied this method on three precession cycles
(insolation cycles i-288 to i-282) from the mid-Pliocene Punta Piccola section (South Sicily), which led to
an almost pure Pseudoemiliana lacunosa fraction. It was then possible to measure the isotopic signatures
(d18O and d13C) and alkenone unsaturation ratio on the same recorder: P. lacunosa. This permits a precise
reconstruction of environmental conditions (temperature and salinity) that prevailed in the upper photic
zone during the cyclic deposition of these sediments. Our data provide a clear confirmation that sapropelic
marl formation occurred during a wetter climate compared to the deposition of the marly limestones.
Moreover, these results point out that salinity variations are not, as previously thought, always the primary
factor that controlled the deposition of these cyclic events. This study is a step forward in the utilization of
calcareous nannoplankton isotopic records in paleoenvironmental reconstructions.
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1. Introduction

[2] Pliocene Mediterranean deposits usually dis-
play rhythmic bedding of carbonate-rich and car-
bonate-poor alternations. Some dark or black
layers are even so rich in organic matter that they
sometimes reach true sapropel concentration levels
[Kidd et al., 1978]. However, in continental out-
crops, such high-organic matter concentrations are
rarely reached due to oxidation after exposure and
the term ‘‘sapropelic marl’’ appears more appro-
priate. Kullenberg [1952] was the first to attribute
this concentration of organic matter to increased
rainfall and runoff into the Mediterranean Sea. The
effects of increased freshwater supply to the Med-
iterranean Sea may have been (1) the development
of a low-salinity surface layer, resulting in reduced
deep-water circulation, and (2) the delivery of an
increased amount of nutrients from the continents,
thus enhancing productivity [Rohling and Gieskes,
1989; Rohling and Hilgen, 1991; Rohling, 1994].
These phenomena lead to hydrological stratifica-
tion, causing anoxia of bottom waters, which
engenders the preservation of organic matter before
its burial. The rhythmic sequences, which include
sapropelic beds, were already explained by a
climatic control of orbitally forced insolation var-
iations [Rossignol-Strick, 1983, 1985; Hilgen,
1991]. However, the importance of salinity versus
temperature effect on the formation of these organic-
rich layers still has to be refined. The aim of this
study is to evaluate the respective role of these two
parameters during the deposition of three Pliocene
sedimentary cycles from the Punta Piccola section
(southern Sicily).

[3] Classically, paleoenvironmental reconstruc-
tions are performed using d18O values of plank-
tonic foraminifera and the Uk0

37 index which is a
proxy of sea-surface temperatures (SST). However,
these methods mix data related to different water
mass characteristics, since the calcification season
and the depth habitat of planktonic foraminifera
(d18O) can differ from the growth season and the
depth of calcification of the phytoplankton produc-
ing alkenones.

[4] Although calcareous nannofossils are the major
producers of carbonates and alkenones in the
pelagic realm, the use of coccoliths as seawater
d18O recorder is not easy due to their small size and
the difficulty in isolating them from the bulk
carbonate. In this study, a new granulometric
separation technique [Minoletti et al., 2001,
2005] is used to concentrate coccoliths, which

allows the measurement of their d18O based on
monospecific coccolith fraction. The alkenone
unsaturation ratios are used to determine the SST
and the combination of the alkenone-derived SST
and the d18O values of coccoliths are used to
resolve sea-surface paleosalinity.

2. Geological Setting

[5] The Capo Rossello composite section [Cita
and Gartner, 1973] is considered as the reference
for the Mediterranean lower-middle Pliocene chro-
nostratigraphy [Langereis and Hilgen, 1991]. In
particular, the Monte Narbone Formation sedimen-
tary cycles from the Punta Piccola section
[Brolsma, 1978; Hilgen, 1987] are strongly related
to precession astronomical variations [Rossignol-
Strick, 1985; Hilgen, 1991] and enabled the estab-
lishment of a cyclochronology of themiddle Pliocene
[Langereis and Hilgen, 1991; Lourens et al., 1996].
The Punta Piccola section outcrops along the south-
ern Sicilian coast, near Porto Empedocle. Our study
(Figure 1) is focused on cycles 104 to 107 of
Langereis and Hilgen [1991] spanning the period
between 3.01 and 2.95 Myr [Lourens et al., 1996]. It
consists of meter-thick, gray marly limestones (50%
� CaCO3 � 60%), alternating regularly with 0.5 m
thick brown sapropelic marls (42%�CaCO3� 51%
and TOC � 0.5%). The sapropelic semi-couplet of
cycle 107 corresponds to the ‘‘layer-G’’ described by
Brolsma [1978].

[6] Many paleoenvironmental, chemical and min-
eralogical studies have previously been performed
on these orbitally driven deposits consisting of
alternating sapropelic marls and marly limestones.
According to Foucault and Mélières [2000], the
non-calcitic phase of the sediments is mainly
composed of quartz, dolomite and clays with
relative proportions that vary cyclically. The marly
limestones are characterized by the clay mineral
assemblages of palygorskite, kaolinite and illite,
while the sapropelic marls yield higher proportions
of smectite and chlorite. The authors have attrib-
uted these cyclic variations to climatic alternation
of weak and strong rainfall periods, which may
have controlled sea surface salinity variations.

[7] The calcitic fraction consists essentially of
calcareous nannofossils and planktonic foraminif-
era. The recent work of Sprovieri et al. [2006],
using a high-resolution quantitative analysis of the
planktonic assemblages from the Punta Piccola
section, shows that the foraminifera distributions
record astronomical periodicities. They note that
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Globigerinoides obliquus and Globigerinoides
quadrilobus appear to be primarily controlled by
precession, whereas Globigerinoides ruber is
largely forced by obliquity.

3. Methods

3.1. Separation of the Homogeneous Fine
Fractions

[8] The protocol for the separation of homoge-
neous fine fractions used to concentrate the cocco-

lith fraction is described by Minoletti et al. [2001,
2005]. This method, based on granulometric sepa-
rations of the various carbonate particles, was
applied to samples from both lithologies described
above. The protocol can be split into three parts
(see Figure S1)1. The preliminary phase is a soft
disaggregation of the rock followed by wet sieving
in order to remove the microfossils of >200 mm,
consisting mainly of planktic foraminifera

Figure 1. Localization and schematic representation of the Punta Piccola section. Figures 1a and 1b correspond to
the CaCO3 and TOC fluctuations in the cycles studied by Foucault and Mélières [2000]. Figure 1c is the Lourens et
al. [1996] astronomical timescale (ka). Figure 1d is the foraminifera zone [Spaak, 1983]. The references to Langereis
and Hilgen [1991] astronomical cycles 104 to 107 and to Lourens et al. [1996] insolation cycles (i-288 to i-280) are
reported in Figure 1e. Figure 1f represents the lithological profile of the Punta Piccola section. In Figures 1g and 1h
are reported the sample names and positions and the CaCO3 variations throughout the section selected for this study.

1Auxiliary material data sets are available at ftp://ftp.agu.org/apend/
gc/2006gc001483. Other auxiliary material files are in the HTML.
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(e.g., Orbulina universa). Subsequently, the result-
ing suspension is finely separated by successive
filtration steps with membranes of decreasing
opening size (12, 5 and 3 mm). After separation,
the residues were dried and weighed in order to
evaluate their respective mass percentage of the
bulk sediment (see Figure S1).

[9] Smear slides are prepared from each separated
fraction. In each fraction, the surface area of 200
randomly selected carbonate particles is measured
in light microscopy using a cross-grid graticule to
quantify the composition of each fraction. The
particle volume is evaluated by combining the
particle surface area and its mean thickness deter-
mined by scanning electron microscopy observa-
tions. Assuming that the density of all carbonate
minerals is homogeneous, this method leads to a
relative weight estimation of the different carbon-
ate particle types in each fraction. On the basis of
replicate counts, the cumulative error for any given
component is less than 10% [Minoletti, 2002].

[10] This method, which has already been success-
fully applied in other studies [Minoletti et al.,
2005; Stoll and Bains, 2003], allows one to obtain
two kinds of fine fractions: (1) the so-called pure
fractions, in which one carbonate particle type
represents up to 80% of the carbonate fraction,
and (2) the mixed fractions, in which two or three
major carbonate components coexist.

3.2. Stable Isotope Measurements

[11] The oxygen and carbon isotopic composition
of bulk carbonates and the separated fractions were
measured on all samples. The extraction of CO2

was done by reaction with anhydrous orthophos-
phoric acid at 50�C. The analysis was performed
with a mass spectrometer Finnigan Delta E. The
oxygen and carbon isotope values are expressed in
per mil relative to the V-PDB standard reference.
The analytical precision is estimated at 0.1% for
oxygen and 0.05% for carbon.

3.3. Alkenone Analyses

[12] The alkenone insaturation index was deter-
mined for 12 samples (6 from sapropelic marls
and 6 from marly limestones), chosen according to
their bulk oxygen isotope values. Lipid extracts
were partitioned into compound classes following
the procedure of Ternois et al. [1997]. Alkenones
were isolated on silica gel, using solvents of
increasing polarity. The fractions containing the
alkenones were concentrated, transferred to vials
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and evaporated under a nitrogen stream. They were
then dissolved in hexane and analyzed on a Varian
3400 series equipped with a fused silica capillary
column (CP Sil 8, 50 length, 0.32 mm internal
diameter, 0.25 mm film thickness) and a flame
ionization detector. Helium was used as a carrier
gas. Peak areas were used to calculate the Uk0

37

index: Uk0

37 = C37:2/(C37:2 + C37:3), according to
Brassell et al. [1986]. The 5a-cholestane was used
as an external standard.

4. Results

4.1. Paleontological Composition of
Carbonate Fraction of the Various
Lithologies

[13] Three filtration steps were performed to sepa-
rate the following four fractions (Table 1, Table S1,
and Figure S1): (1) the >12 mm fraction which
concentrates foraminifera debris; (2) the 12–5 mm
fraction, mainly composed of polyspecific cocco-
lith assemblages (mainly Pontosphaera spp., Cal-
cidiscus spp., Helicosphaera spp., Coccolithus
pelagicus, Scyphosphaera spp., Discoaster spp.),
foraminifera debris and ‘‘micarb particles’’ (in the
sense of Noël et al. [1994] and Mattioli and Pittet
[2002]); (3) the 5–3 mm fraction which contains
‘‘micarb particles’’ and the same polyspecific coc-
colith assemblage in different relative abundance,
and (4) the <3 mm fraction is composed of up to
90% of placolith-bearing species belonging to the
Noelaerhabdaceae family: Pseudoemiliana lacu-
nosa and small Reticulofenestra spp. (<3 mm),
the remainder consisting of coccolith debris.

[14] Although the mean dimension of Pseudoemili-
ana lacunosa is about 5 mm [Bown, 1998], this

species is concentrated in the (<3 mm) fraction. It
must be noted that during the separation protocol,
particles are discriminated according to their two
smaller dimensions, i.e., width and thickness
(maximum 3 mm and 1.5 mm, respectively, for
Pseudoemiliana lacunosa; see Figure S1). This
explains why 5 mm-long coccoliths can be collected
in the fine fraction.

[15] The quantitative estimates of the carbonate
fractions compositions, presented in Table 2, show
that both the marly limestones and the sapropelic
marls consist essentially of calcareous nannofossils
(mainly Pseudoemiliana lacunosa), planktonic
foraminifera and to less extent, of micarb.

4.2. Stable Isotopes

[16] For all the studied samples, the oxygen isoto-
pic signatures of bulk carbonate, the planktic
foraminifera Orbulina universa and the biogenic-
dominated fractions (12–5 mm and <3 mm) display
similar trends throughout the section (Figures 2a
and 2d; Table S1). The fine fraction (<3 mm) is
dominated by Noelaerhabdaceae species (on aver-
age, 80% of Pseudoemiliana lacunosa and 10% of
small Reticulofenestra spp.). Moreover, both spe-
cies display the same ecological preferences
[Okada and Honjo, 1973]; we then make the
assumption that the isotopic signature of the fine
fraction is representative of that of Pseudoemiliana
lacunosa.

[17] The marly limestone bulk carbonates have a
mean d18O value of about 1% (range: 0.7%–
1.2%), while the sapropelic marls have a mean
d18O value of approximately 0.3% (range:
0.01%–0.5%). The fine fraction (<3 mm) exhibits
higher d18O than bulk carbonates, around 1.9%

Table 2. Mean Composition of Carbonate Phase Related to Lithologya

Lithology Foraminifera Coccoliths Discoaster spp. Micarb

Marly 16% 70% 2% 12%
limestone (12–20%) (65–80%) (1.5–5%) (6–15%)

P. lacunosa Reticulofenestra spp. Other
48% 8% 14%

(40–60%) (5–10%) (5–20%)
Sapropelic 20% 65% 3% 12%
marl (18–23%) (59–75%) (0–6%) (6–18%)

P. lacunosa Reticulofenestra spp. Other
45% 10% 10%

(35–55%) (5–16%) (3–15%)

a
The mean values are in bold, and the range of values is in parentheses.
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(range: 1.7%–2.0%) in the marly limestones and
of �1% (range: 0.4%–1.6%) in the sapropelic
marls. Orbulina universa have a mean d18O value
of 1.3% (range: 1.1%–1.5%) in the marly lime-
stones, compared to 1.1% (range: 0.8%–1.4%) in
the sapropelic marls layers.

[18] Negative carbon isotope shifts are recorded by
bulk carbonate (mean value for sapropelic marls:
�0.32%, and marly limestones: 0.13%) as well as
for the biogenic dominated fractions in all the
sapropelic layers studied (see Table S1 and
Figure 3).

[19] For the fine fraction, the mean value in the marly
limestones is 0.94% (range: 0.9%–1%), whereas in
the sapropelicmarls, themean value is 0.55% (range:
0.3%–0.8%). The d13C of Orbulina universa
recorded is � 1.88% (range: 1.7%–1.9%) in the
marly limestones and 1.37% (range: 1.2%–1.7%)
in the sapropelicmarls. This feature, already noted by
many authors [e.g., Bernasconi and Pika-Biolzi,
2000], has been explained by a fertility increase
through the input of nutrients into the photic zone.

4.3. Alkenones

[20] Alkenone concentrations (C37:3 and C37:2)
vary between 12.1 and 190.1 ng/g of dry weight
sediment. The range of Uk0

37 values vary between

0.82 and 0.96 (Table S1). The sapropelic marls
have higher values (0.92 to 0.96) in comparison
with the marly limestones (from 0.82 and 0.90).

5. Discussion

5.1. Stable Isotope Results

[21] The positive correlation between the d18O and
d13C values is a prominent feature of our record
(Figure 4). Short-term fluctuations toward lighter
d18O and d13C values during the Pliocene are
usually related to sapropelitic sediments and con-
sidered to be caused by salinity stratification during
periods of increased continental run-off [Van der
Zwaan and Gudjonsson, 1986].

[22] The oxygen and carbon isotope ratios recorded
in the samples from the Punta Piccola section are in
agreement with the values already published by
Howell et al. [1998], for the same period for the
planktic foraminifera Globigerina bulloides in the
ODP site 964 (Ionian Sea). Because the deep sea
sequences are considered to have undergone min-
imal post-depositional alteration by diagenesis and
weathering [Thierstein and Roth, 1991], we
assume that diagenetic processes have no signifi-
cant overprint on the isotopic data measured in our
study. Moreover, no evidence for overgrowth or
dissolution were detected in microscopic observa-

Figure 2. Oxygen isotopic ratios (% PDB) of (a) bulk carbonate, (b) (12–5 mm) fraction, (c) Pseudoemiliana
lacunosa (<3 mm fraction), and (d) Orbulina universa. d18O of bulk carbonate and biogenic fractions display parallel
trends according to lithology, with the highest values recorded in the marly limestones semi-couplets. The Lourens et
al. [1996] astronomical timescale (ka) and insolation cycles (i-288 to i-280) and the Langereis and Hilgen [1991]
astronomical cycles 104 to 107 are reported.
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tions. Therefore it can be assumed that the ob-
served oxygen isotope trends registered by the
Noelaerhabdaceae-dominated fine fraction and
Orbulina universa are linked to changes in envi-
ronmental parameters.

5.2. Bathymetric Distribution of
Foraminifera and Coccoliths in the Middle
Pliocene Mediterranean Sea Deducted From
Oxygen Isotopic Data

[23] The mean d18O values of the planktic forami-
nifera Orbulina universa (1.17%) and the Pseu-
doemiliana lacunosa dominated-fraction (1.5%),
are significantly higher than the d18O values pub-
lished for Globigerinoides obliquus (on average
�0.14% in marly limestones and �1.63% in
sapropelic marls [Gudjonsson and Van der Zwaan,
1985]) from the Punta Piccola section.

[24] One explanation for these isotopic differences
registered between P.lacunosa, G.obliquus and
O.universa is the non-equilibrium isotopic fraction-
ation induced by physiological factors. This spe-
cies-specific isotopic disequilibrium was already
recognized for several species of planktic forami-
nifera [see Spero and Lea, 1996; Bemis et al.,
2000] and calcareous nannoplankton [Dudley et
al., 1980, 1986]. For example, modern cultured
species of coccolithophores fall into two distinct
groups of temperature-dependence d18O disequi-

librium: isotopically ‘‘heavy’’ and ‘‘light’’ groups

[Dudley et al., 1980, 1986]. The ‘‘heavy’’ d18O
group in the Dudley et al. [1986] experiments
relates to Emiliana huxleyi and Gephyrocapsa
oceanica which are the most abundant coccolitho-
phore species in the modern ocean. Today, the
production and export flux of the ‘‘light’’ d18O
coccolith species, such as Cricosphaera carterae,

Figure 3. Carbon isotopic ratios (% PDB) of (a) bulk carbonate, (b) (12–5 mm) fraction, (c) Pseudoemiliana
lacunosa (<3 mm fraction), and (d) Orbulina universa. The Lourens et al. [1996] astronomical timescale (ka) and
insolation cycles (i-288 to i-280) and the Langereis and Hilgen [1991] astronomical cycles 104 to 107 are reported.

Figure 4. Oxygen and carbon isotopic compositions
of bulk carbonate and biogenic dominated fractions.
Black full and open symbols represent the isotopic
values in sapropelic marls and marly limestones,
respectively.
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Calcidiscus leptoporus, Umbellosphaera hulburti-
ana and Umbellosphaera sibogae [Dudley et al.,
1986] are much smaller than for the heavy group in
subtropical waters [Reid, 1980; Broerse et al.,
2000; Haidar and Thierstein, 2001]. Although
the nannoplankton species cultured by Dudley et
al. [1980] and Dudley et al. [1986] are modern
species, similar oxygen isotopic disequilibria might
have existed in the dominant nannoplankton spe-
cies during Pliocene. Since Pseudoemiliana lacu-
nosa and Reticulofenestra spp. belong to the same
family as Emiliana huxleyi and Gephyrocapsa
oceanica and are the dominant coccolithophore
species in the samples, we will assume that their
vital effect is similar to that of Emiliana huxleyi
(+1.6% [Dudley and Nelson, 1989]).

[25] The planktic foraminifera Globigerinoides
spp. and Orbulina universa are considered by Erez
and Luz [1983] and Ortiz et al. [1996] to produce
calcite in near equilibrium with oxygen isotopic
compositions of the ambient water (+0.18% for
Globerigenoides ssp. and �0.19% for Orbulina
universa).

[26] Assuming that these corrections for the dis-
equilibrium vital-effect with respect to the d18O are
appropriate for the Pliocene species investigated,

there is still a difference remaining between Globi-
gerinoides obliquus, Pseudoemiliana lacunosa and
Orbulina universa isotopic signatures (Figure 5a).
The corrected Pseudoemiliana lacunosa d18O val-
ues lie between those of Globigerinoides obliquus
and Orbulina universa (Figure 5a).

[27] These discrepancies in isotopic data between
nannofossils and planktic foraminifera can be
linked to the properties of the waters in which
plankton skeletal carbonate precipitated, i.e., the
difference in depth habitat and growth season.
Investigations from plankton tow data have shown
that planktic foraminifera live vertically dispersed
in the upper water column and that the depth range
has a significant influence on the oxygen isotope
composition of individual species [Fairbanks and
Wiebe, 1980]. The living species Orbulina universa
is known to be an intermediate dwelling species
[Bernasconi and Pika-Biolzi, 2000], whereas the
living planktic foraminifer Globigerinoides spp.
[Erez and Honjo, 1981; Ravelo and Fairbanks,
1992] and its fossil analogs [Pearson and Shackleton,
1995] are regarded as being shallow mixed-layer
dwellers. When considering that the d18O primarily
reflects depth calcification, our results then suggest
that Globigerinoides obliquus calcified closer to the

Figure 5. Oxygen and carbon isotopic compositions of biogenic carbonates. Black full and open symbols
represent the isotopic values of sapropelic marls and marly limestones, respectively. Red full and open symbols
represent the isotopic values in sapropelic marls and marly limestones, respectively, corrected from vital effects
(arrows). (a) Globigerinoides obliquus vital-effect correction following Erez and Luz [1983]. (b) Globigerinoides
obliquus vital-effect correction following Rohling et al. [2004].
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sea surface thanOrbulina universa, which is in good
agreement with the later published ecological data.

[28] Coccolithophores dwell and secrete coccolith
plates only within the photic zone [Okada and
Honjo, 1973] and thus carry an isotopic signal
characteristic of the shallow mixed layer [Goodney
et al., 1980; Dudley et al., 1980, 1986].

[29] This implies that the depth habitat for the
nannoplankters is very close to that of the surface-
dwelling planktic foraminifer Globigerinoides spp.
However, as shown in Figure 5a, an isotopic differ-
ence exists between these two groups.

[30] This offset could be explained by a difference
in the season of calcification. Surface waters are
subject to seasonal fluctuations associated with the
development of seasonal thermocline and the ver-
tical mixing. Consequently, these surface-dwelling
plankton taxa can exhibit different chemical signals
that reflect specific growth seasons. Because the
calcification seasons of the modern analogs of
these species fall between spring and late summer,
this parameter might only display a slight influence
on the registered isotopic shifts.

[31] Another candidate explanation for those iso-
topic differences is the uncertainties related to the
vital-effect corrections applied. Serrano et al.
[2007] established equivalences between the taxo-
nomic categories of Pliocene assemblages and the
recent ones. On this basis, they consider that
Globigerinoides ruber (white form) and Globiger-
inoides obliquus are morphological variants of the
same evolutionary species and as such, require the
same ecologic preferences. For the quaternary
planktic foraminifer Globigerinoides ruber in the
Mediterranean, a vital effect of about �0.6% have
been estimated by Rohling et al. [2004]. Taking
into account this hypothesis (Figure 5b), oxygen
isotopic values of G.obliquus and P.lacunosa fall in
the same range, supporting the idea that both taxa
had the same habitat.

5.3. Reconstruction of Sea-Surface
Temperature and Salinity Variations
During Middle Pliocene Precession Cycles

[32] The oxygen isotopic composition of Pseudoe-
miliana lacunosa and Orbulina universa are higher
in marly limestones than in sapropelic marls
(Figure 5a). Similar results were obtained by
Gudjonsson and Van der Zwaan [1985] on
Globigerinoides obliquus. Since the pioneer work
of Rossignol-Strick [1985], numerous studies have

considered that these negative d18O excursions in
sapropelic horizons reflect a freshening of surface
water caused by enhanced river runoff and precip-
itation increase during the course of orbitally
driven insolation changes.

[33] Because the d18O of biogenic calcite is con-
trolled both by seawater temperature and d18O of
seawater (i.e., salinity), we use the alkenone unsa-
turation ratios to determine the sea surface temper-
atures (SST) and evaluate the respective role of
each parameter in the Dd18Os�l amplitude.

5.3.1. Temperature Variations

[34] The use of the Uk0

37 index as a paleothermometer
in ancient sediments is an open question because
alkenone producers are unknown. Therefore the
applicability of modern temperature equations for
the reconstruction of past SSTenvironments may be
controversial. In order to find potential alkenone
producers in the geological past, Marlowe et al.
[1990] compared the simultaneous occurrence of
alkenones and coccolithophorids in Cenozoic sedi-
ments from DSDP cores. Their results suggest that
living species of the genus Gephyrocapsa are the
main contributors of alkenones to contemporary
marine sediments, and that the extinct genera of
the family Noelaerhabdaceae were more likely
sources of alkenones in the Tertiary and Pleistocene
sediments. On this basis, Pseudoemiliana lacunosa
and Reticulofenestra spp. represent possible sources
of alkenones in our samples. In the present study,
Pseudoemiliana lacunosa is the dominant coccoli-
thophorid species belonging to the Noelaerhabda-
ceae family, so we will consider it as the major
source of alkenones in our samples.

[35] The alkenone paleotemperature equation of
Conte et al. [2006] (SST(�C) = �0.0957 +
54.293(Uk0

37) � 52.894(Uk0

37)
2 + 28.321(Uk0

37)
3) was

used here to estimate the SSTs for our samples. The
internal precision of the temperature estimate is
0.5�C.

[36] The SST estimates indicate that the sapropelic
layers formation coincided with a mean surface
water warming compared to marly limestones
deposit conditions (Figure 6). The temperatures
range between 26.4�C and 27.6�C for the sapro-
pelic marl layers and between 23.8�C and 26�C for
the marly limestone beds (Figure 6). Paleoclimate
modeling experiments show that the middle Plio-
cene represents a period significantly warmer than
today. Midlatitude global sea-surface temperature
estimations for this period are warmer by such as
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3–4�C [Cronin, 1991; Haywood et al., 2002]. In
the modern Mediterranean, during the summer, the
superficial waters in the Strait of Sicily can be
strongly heated by insolation up to 26�C [Levitus,
1982]. Thus the SSTs deduced from alkenone
unsaturation index in the present study may reflect
the mid-Pliocene summer SSTs according to the
climatic models.

[37] Taking into account those temperature estima-
tions recorded by Pseudoemiliana lacunosa, it
appears that this species must have calcified very
close to the sea-surface. If we consider the bathy-
metric distribution of the planktic species proposed
in Figure 5a, this would imply that the planktic
foraminifer Globigerinoides obliquus calcified in
even warmer temperature conditions than cocco-
liths which is not consistent with the model pre-
dictions for Pliocene climate. The vital-effect
proposed by Rohling et al. [2004] seems to be
more appropriate for the species G.obliquus. Thus
the depth habitat for the nannoplankters must be
equivalent to that of surface-dwelling planktic
foraminifer Globigerinoides spp.

[38] The amplitude of the temperature variations
between the two lithologies varies for each cycle. It

is quite low for cycle 104 (DT = 0.5�C), interme-
diate for cycle 105 (DT = 2.3�C) and higher for
cycle 106 (DT = 3.8�C).

5.3.2. Estimates of the Sea-Surface d18O
Variations During the Precession Cycles

[39] The coccolith d18O records depend both on the
SST and seawater d18O (dw) at the time of their
growth. Using the alkenone-derived SST and Pseu-
doemiliana lacunosa d18O records corrected from
the vital effect following Ziveri et al. [2003], it is
possible to estimate the dw variations by solving
the Dudley and Nelson [1986] equation calibrated
from laboratory cultures of Emiliana huxleyi:

T ¼ 21:7� 5 dc� dwð Þ; ð1Þ

where dc and dw are the d18O values of coccolith
calcite (V-PDB) and ambient seawater (V-SMOW),
respectively.

[40] The calculated dw values (from �1.44% to
�0.5% in the sapropelic marls and from �0.67%
to �0.16% in the marly limestones), indicate
cyclic lowerings in the sapropelic layers (Figure 7).

[41] These low dw values can be explained by a
salinity decrease resulting from major changes in
the freshwater budget in the Mediterranean Sea

Figure 6. SST (�C) values determined by alkenone
unsaturation ratio. SST values indicate that the sapro-
pelic marls deposition occurred in warmer surface water
conditions than the marly limestones.

Figure 7. Evolution of seawater oxygen isotopic ratios
(% SMOW) throughout the studied section.
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during the sapropel deposition. This assumption is
in agreement with clay mineral analysis [Foucault
and Mélières, 1995, 2000] and palynological data
[Combourieu-Nebout et al., 2004].

5.3.3. Salinity Variations

[42] To estimate salinity variations from alkenone
SSTs and d18O values of Pseudoemiliana lacu-
nosa, we used equation (2) [Rostek et al., 1993].
The specificity of our approach is the use of the
same recorder for the temperature (alkenone) and
d18OC: Pseudoemiliana lacunosa coccolith.

S ¼ DS0 þ S* þ Dd18Oc � a� bDT
� �

=c ð2Þ

S being past local salinity, S* the present-day local
salinity, Dd18OC corresponding to the difference in
18O/16O composition of biogenic calcite between
time t and present, DS0 is the global change of
ocean salinity due to ice shield growth. The
correction parameter a represents time-dependant
global variations of seawater d18O related to ice
volume changes [Volgelsang, 1990]. The constant
b quantifies the temperature effect on d18OC. This
coefficient links d18OC to d18Ow. To estimate the
isotopic change associated with temperature varia-
tions, we use the temperature independently
estimated from the alkenone Uk0

37 values. DT is
the temperature difference between modern and
past.

[43] The parameter b represents the slope of the
linear relationship between alkenone SSTs and
d18O values of Pseudoemiliana lacunosa. Accord-
ing to our results, we use the value of �0.37 for
this parameter. The constant c is the slope of the
linear relationship between dw and S. For the
modern Mediterranean sea, the relationship be-
tween seawater dw and salinity was evaluated by
Pierre [1999] as dw = (c * S) � 8.9, where S is
salinity and �8.9 represents the regional freshwater
dw. For the modern Mediterranean sea, the slope c
has a value of 0.25 [Pierre, 1999]. This parameter
may have been different in the past, when different
moisture sources provided freshwater to the Med-
iterranean [Rohling and Bigg, 1998]. To account
for such possible changes during sapropel deposi-
tion, Emeis et al. [2000] used a steeper slope of
0.45. This value, which is based on the assumption
that the freshwater end-member during this period
may have been much lighter in isotopic composi-
tion. An intermediate value of 0.35 is probably the
best value to be used in equation (2) to quantify the
salinity variations [Emeis et al., 2000].

[44] Uncertainties still exist for Pliocene climates.
On the one hand, Hilgen et al. [1993] consider that
the northern ice sheets were reduced and stable
over the studied period, implying no significant
‘‘glacial’’ effects during the short timescale con-
sidered for this study. On the other hand, Loutre
and Berger [2005] indicate the occurrence of three
glaciations between 3 and 2 Ma, and Caruso
[2004] showed that the period between 2.57 and
2.4 Ma coincides with the expansion of the north-
ern hemisphere ice sheet. As an analogy to Pleis-
tocene climate, our study time interval could then
correspond to interglacial conditions. Below, we
discuss two possible scenarios:

[45] 1. Following the hypothesis of Hilgen et al.
[1993], that neglects glacial effects, both parame-
ters DS0 and a are constant throughout our time
interval.For the sapropelic marls (s), equation (2)
would give

Ss ¼ DS0 þ S* þ ðd18OCs tð Þ � d18OCs 0ð Þ
� �

� a

�b Ts � T0ð Þ=c
ð3Þ

and for the marly limestones (l)

Sl ¼ DS0 þ S* þ ðd18OCl tð Þ � d18OCl 0ð Þ
� �

� a

�b Tl � T0ð Þ=c
ð4Þ

From equations (3) and (4), it is possible to
calculate the salinity variation between the sapro-
pelic marls and marly limestones using the
following equation:

Ss � Sl ¼ d18OCs tð Þ � d18OCl tð Þ
� �

� b Ts � Tlð Þ
� �

=c ð5Þ

Consequently, the salinity shifts between the
sapropelic marls and marly limestones recorded
by P.lacunosa in the three cycles studied, vary
between �1 for cycle 104 to �0.37 for cycle 106.

[46] 2. Taking into account ‘‘glacial’’ effects, DS0
and a ought not to be constant throughout these
Pliocene cycles, equation (5) becomes

Ss � Sl ¼ d18OCs tð Þ � d18OCl tð Þ
� �

� b Ts � Tlð Þ
� �

=c�Da=c
þ D DS0ð Þð Þ

ð6Þ

where Da represents the global variations
of seawater d18O and D (DS0) represents the
global change of ocean salinity related to ice
volume changes during a precession cycle. The
salinity change due to ice volume variations
was estimated assuming that salinity increased
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by 1 when the seawater d18O increased by 1.2%
[Labeyrie et al., 1987; Shackleton, 1987; Fairbanks,
1989]. As we have previously determined the dw
fluctuations throughout the section studied (Figure 6),
it is then possible to calculate the D (DS0)
parameter for each cycle. We use the mean value
of Da = 0.2 from Pleistocene precession cycles
[Labeyrie et al., 1987]. Consequently, the ampli-
tude of salinity change (Table 3) estimated from
equation (6), between the sapropelic marls and the
marly limestones varies then between �1.2 for
cycle 104 to�0.2 for cycle 106, which is close to the
estimations obtained considering no glacial effects.

[47] Regardless of the ‘‘glacial effects’’, our results
show that the salinity effect is more important
during cycle 104 in comparison with cycles 105
and 106. During cycle 106, the salinity variations
are very weak.

6. Summary and Conclusions

[48] This study, focused on three mid-Pliocene
precession cycles from the Punta Piccola section,
clearly shows the potential of coccolith isotopic
ratios in paleoceanography. We present here, for
the first time, paleoenvironmental reconstructions
based on the use of monospecific coccolith d18O
(P.lacunosa) and Uk0

37-derived temperatures.

[49] The results show a difference in magnitude of
the temperature and salinity shifts estimated in
each of the three cycles studied here and suggest
that these deposits may have formed under a
variety of paleoceanographic conditions. For cycle
104 (i-288), the influence of freshwater and, con-
sequently, of reduced salinity may have signifi-
cantly influenced the uppermost part of the water
column. For cycle 105 (i-286), both temperature
and salinity variations have affected the sea-surface

and, as shown for the cycle 106 (i-284), only a
minor salinity variation is detected, whereas tem-
perature variations are strong. Our results show
that salinity variations do not appear to be the
dominant environmental parameter associated with
the formation of these deposits. However, the envi-
ronmental reconstructions published by Foucault
and Mélières [1995, 2000] based on clay minerals
assemblages and by Combourieu-Nebout et al.
[2004] on palynological data indicate that the sed-
imentary cycles of Punta Piccola are closely linked
to the African monsoonal climate system.

[50] According to deMenocal [2004], the African
climate changed after the closure of the Isthmus of
Panama (4.4–4.6 Ma [Haug et al., 2001]) which is
associated with the gradual onset of high-latitude
glacial cycles at 3.2–2.6 Ma.

[51] Prior to 2.8 Ma, the subtropical African cli-
mate varied following the 23–19 kyr cyclicity
which has been interpreted to reflect African mon-
soonal variability resulting from low-latitude, pre-
cessional insolation forcing. At 2.8 (±0.2) Ma, the
African climate started to vary primarily following
the longer 41 kyr period [Shackleton et al., 1990;
Raymo, 1994; Ruddiman et al., 1989] with the
onset of glacial ice rafting.

[52] The Punta Piccola sedimentary cycles investi-
gated in this study are dated between 3.01 and 2.9Ma
and were deposited during the onset of the obliquity
cycles. According to these observations, precession
might have been the fundamental driver of African
monsoonal climate throughout the deposition of
Punta Piccola sedimentary cycles. Nevertheless,
high-latitude glacial cooling and drying effects of
theAfrican climate could have been superimposed on
this signal and recorded in the oxygen isotopic data of
coccoliths from the cycle 106. The interference
between obliquity and precession have previously
been notified in the western Mediterranean orbitally
controlled deposits from the Sorbas basin (Southeast
Spain). Sierro et al. [2003] show that the variability
of foraminifera assemblages in this section is
closely linked to the interaction of these astronom-
ical forcings and the sensitivity of the system due
to the semi-isolation of the Mediterranean basin.

[53] We are aware that the low resolution of the
sampling does not allow a detailed full reconstruc-
tion of the short-scale changes occurring within the
sapropelic and marly limestones layers. To reach
such a temporal resolution, the next challenge will
be the reduction of sample quantities needed to

Table 3. Temperature and Salinity Variations Between
Sapropelic Marls and Marly Limestones for the Three
Cycles Studieda

Cycles
Temperature

Variations (s � l)

Salinity Variations (s � l)

Equation (5) Equation (6)

104 0.7�C �1 �1.2
105 2.4�C �0.6 �0.6
106 4.1�C �0.3 �0.2

a
Notes: s, sapropelic marls; l, marly limestones. Temperature

variations are expressed in �C and deduced from alkenone unsaturation
ratios. Salinity variations (equation (5) and equation (6)) are the results
obtained assuming no glacial effects throughout the cycles and taking
into account glacial effects, respectively.
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obtain pure fractions using the separation tech-
nique. Nevertheless, this study provides a new
step-forward in the use of isotopic composition of
monospecific coccolith fractions in paleoceano-
graphic studies.
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toire Biominéralisations et Paleoenvironnements, UPMC) for

her efficient technical assistance. We are grateful to A. Foucault
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