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a b s t r a c t

The Crotone series is undoubtedly the best-studied Early Pleistocene succession in the world. Its
matchless location and sedimentary conditions contribute to optimal achievements in biostratigraphy,
magnetostratigraphy, cyclostratigraphy, and finally chronology. Robust stratigraphic correlations are
established between the Semaforo and Vrica areas thanks to field surveys, a cored borehole, and ash
mineralogy and geochemistry. The Crotone series covers the time-interval from 2.47 to 1.21 Ma and
displays 30 complete glacial–interglacial cycles, from MIS 97 to MIS 37.

Insolation cycles are recorded from i-236 to i-116 by combining lithology (sapropels) and palynology
(amorphous organic matter and abundance in pollen grains of riparian trees, two indices of anoxic
condition development and runoff intensity, respectively). The understanding of Early Pleistocene
glacial–interglacial pollen records is clarified as the response of vegetation to the strong interaction
between precession and obliquity has been analysed along several successive climatic cycles. Modern
pollen records from the Rhône mouth shed light on the conditions of deposition of the sapropels,
contributing to specify their intensity and duration.

� 2010 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

The Crotone series is internationally known and has been
intensively studied since it was proposed as the key-locality for the
Pliocene–Pleistocene boundary (Selli et al., 1977; Aguirre and
Pasini, 1985). It has been chosen for containing the Global

Stratotype Section and Point (GSSP) of the base of the Pleistocene
placed within one of its members, the Vrica section (Cowie et al.,
1986), as formally published by Pasini and Colalongo (1997). The
recent decision of the International Union of Geological Sciences
to lower the Pliocene–Pleistocene boundary down to 2.588 Ma, as
described by Head et al. (2008), follows the previous proposals by
Zagwijn (1974), Suc and Zagwijn (1983), Partridge (1997), Suc et al.
(1997) and changes the Vrica GSSP which henceforth will mark the
base of the Calabrian Stage. Nevertheless, during the last decades,
the Crotone series has been established as a robust reference for
the Mediterranean region and global climate reconstruction at the
onset of the glacial–interglacial cycles of the Northern Hemisphere
(Combourieu-Nebout and Vergnaud Grazzini, 1991; Combourieu-
Nebout, 1993; Combourieu-Nebout et al., 2000; Klotz et al.,
2006; Joannin et al., 2007) and for cyclostratigraphy (Hilgen, 1991;
Lourens et al., 1996, 1998; Klotz et al., 2006; Joannin et al., 2007).

* Corresponding author. Tel.: þ33 472448590; fax: þ33 472431688.
E-mail addresses: jean-pierre.suc@univ-lyon1.fr, jeanpierre.suc@gmail.com

(J.-P. Suc), nathalie.nebout@lsce.ipsl.fr (N. Combourieu-Nebout), guy.seret@sky-
net.be (G. Seret), speranta.popescu@gmail.com (S.-M. Popescu), stefan.klotz@
uni-tuebingen.de (F. Klotz), clauzon@cerege.fr (G. Clauzon), westgate@geology.
utoronto.ca (J. Westgate), donatella.insinga@iamc.cnr.it (D. Insinga), amanjit-
sandhu@hotmail.com (A.S. Sandhu).
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The Crotone series (Fig. 1) is composed of three main sections,
stratigraphically more or less overlapping, which display a contin-
uous sedimentary record for the time-interval 2.452–1.210 Ma
according to Klotz et al. (2006) and Lourens et al. (1998): the
Semaforo section is entirely within the Gelasian Stage, the Vrica (A,
B, C) section partly belongs to the Gelasian, partly to the Calabrian
Stage, and the Santa Lucia section (¼ Crotone section of Zijderveld
et al., 1991) belongs to the Calabrian Stage. In parallel to a reminder
of the up-to-date stratigraphy–biostratigraphy–magneto-
stratigraphy of the series, results (still unpublished) from the
borehole cored at the bottom of the Vrica A section in 1989 are
presented here. New aspects resulting from high-resolution anal-
yses will be thus discussed as they interfere with climate
reconstruction.

2. From stratigraphy to chronostratigraphy of the
Crotone series

The Crotone Basin is a graben-like structure filled by post-
orogenic sediments deposited since the Tortonian (Barone et al.,
1982). Its northern part, the Marchesato Peninsula, uplifted and
emerged during the late Lower Pleistocene (Zecchin et al., 2006),
causing the sediments deposited at about 500 m bsl exposed today
at 150 m asl (Fig. 2) at the foot of the Sila Massif. Southward from
Crotone, the deep Pliocene–Pleistocene series (600 m thick) is

gently tilted with a westwards-orientated dip of 5–15� (Selli et al.,
1977). The series was truncated and somewhat protected from
erosion by the more or less horizontal Milazzian marine terrace
(Middle Pleistocene) (Figs. 1 and 2A). The sediments are mainly
composed of grey claystones including four main ash beds and 31
brownish sapropel layers, moderately to strongly laminated
(Combourieu-Nebout, 1987, 1995; Hilgen, 1991; Zijderveld et al.,
1991) (Fig. 2). Some slumps have also been observed within the
Semaforo and Donato sections (Combourieu-Nebout, 1987; Hilgen,
1990); they are not reported on the stratigraphic schemes of the
Crotone series shown in this paper.

The relationship between the Semaforo and Vrica A sections has
been clarified by Hilgen (1990) on the basis of field investigations in
the intermediate sections Donato and Watertank and two hand-
drilled holes (h1 and h2 on Fig. 1). However, a cored borehole
remained crucial in order to obtain a continuous section and
establish unequivocally the relationship between the Semaforo and
Vrica A sections. Consequently, a 37.06 m length sequence (with
a recovery of 84%) was performed in September 1989 using the
drilling machine of C.E.R.E.G.E. (Aix en Provence, France) equipped
with a Mazier core bit (length: 1 m).

2.1. Hole h3

This borehole was cored precisely at the base of the Vrica A
section (Figs. 1 and 2A; Plate 1). Below 3.51 m of disturbed deposits,
more or less homogenous blue–grey clays were interrupted by
(Fig. 2A and B):

- a very thin (incomplete?) sapropel layer (thickness: 14 cm) at
7.05 m depth at the junction of two successive cores;

- a sapropel layer at 10.25 m depth (thickness: 1 m – recovery:
65%) interrupted in its lower half by at least 15 cm of grey clays;

- a thin ash layer (thickness: 3 cm) at 12.06 m depth.

The upper sapropel was not previously observed by Hilgen
(1990) while the uppermost part of the lower sapropel was
reached in hole h1. The cluster lower sapropel – ash probably
correspond to that revealed in hole h2 by Hilgen (1990). They may
be considered as ash 2 and sapropel 7, respectively (Fig. 2A and B).
As a consequence, the upper sapropel of hole h3 should be inter-
preted as a fragment of sapropel 8 (Fig. 2A). It should be remem-
bered that the Vrica A section starts at the base with an ash directly
overlain by a sapropel (Figs. 2A and 5; Plate 1). Hilgen (1990)
proposed this ash as equivalent to ash 3. Thus, the overlying sap-
ropel is sapropel 9 with respect to the Semaforo stratigraphic
succession (Fig. 2A). Fig. 5 illustrates some differences in thickness
between holes 1, 2 and hole 3. Yet, the boreholes have not been
performed at the same place (Fig. 1) and the measured depth is
more precise in the cored h3 borehole than in the hand-drilled h1
and h2 boreholes. Such differences can be easily accepted as the
result of the variability in thickness of the various layers of the
Crotone series (Hilgen, 1990). Hilgen (1990) indicates that sapropel
7 may be duplicated as observed in hole h3 (Figs. 2B and 5). The
hole h3 stratigraphy is fully consistent with the exposed uppermost
Semaforo section as reported by Gautier (1990). Now, hole h3
lithology supports and somewhat precises the stratigraphic rela-
tionships between the Semaforo and Vrica sections proposed by
Hilgen (1990) (Fig. 2A). Sapropels recorded in hole h3 do not
present the same aspect as the exposed ones. The latter are more
laminated and altered, probably because of oxidation. In addition,
an in-depth field survey of sapropels and clays indicated significant
differences in thickness between various exposures of the Crotone
series. This explains why sapropel 6 was not recorded in hole h3.

Fig. 1. Simplified geological sketch of the late Pliocene–early Pleistocene series
southwards from Crotone, showing the surface trace of the ash layers (according to
Selli et al., 1977); successive holes performed at the base of the Vrica section (hand-
drilled holes h1 and h2: Hilgen, 1990; cored hole h3, present paper); position of the
cross-section presented in Fig. 2 and detailed studied sections reported in Fig. 4. (1)
Milazzian terrace; (2) cross-section; (3) ash layer; (4) studied section; (5) borehole. S,
Semaforo section; VA, Vrica A section; VB, Vrica B section; VC, Vrica C section; and SL,
Santa Lucia section.
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2.2. Ashes: a tool for stratigraphic relationships

Six volcanic ash layers have been analysed: three from the
Semaforo section (ashes a1, a2 and a3), one from the hole h3 (ash a2),
and two from the Vrica section (ashes a3, a4¼m) (Fig. 2).
Heavy mineral associations were identified using a petrographic
microscope. Fifty-four analyses of mineral phases were obtained
using electron microprobe analysis at the CAMST Centre of the
Université Catholique de Louvain. Fifteen average mineral compo-
sitions are calculated for the main oxides (Table 2).

Table 1 shows the summarized mineralogical comparisons of
Semaforo ash a2 and ash from hole h3 Semaforo ash a3 and the ash
exposed at the base of the Vrica A. Semaforo ash a1, at the lower
part of the sequence, and Vrica layer m (¼ ash a4), at the upper
part, cannot be correlated with any other layer.

The geochemical analyses back up these correlations (Table 2).
Hornblende and biotite compositions are similar in Semaforo ash
a2 and Vrica h3 ash as well as orthopyroxene and clinopyroxene
composition that allows correlating Semaforo ash a3 with Vrica A
(base) ash. These findings support Hilgen’s (1990) hypothesis that
the ash recorded in borehole h3 is related to ash a2 and the ash
exposed at the base of the Vrica A section to ash a3 (Fig. 2A).

Pyroxenes are mostly represented by augite (Ca43Mg46Fe11 to
Ca43Mg42Fe15, Mg# from 74 to 80) and enstatite (Ca3Mg73Fe24 to
Ca2Mg62Fe36, Mg# from 63 to 75), and one sample of subcalcic augite
(Ca29Mg49Fe22), according to the Morimoto and subcommittee
members (1988) classification (Fig. 3A). In ash layer a3, at the base
of the Vrica section, a likely metamorphic clinopyroxene (diopside,
Ca45Mg51Fe4, with Mg#¼ 92) was also found. Amphiboles are rep-
resented by Mg hornblende found in both layers a1 and a2, Fe–Mg
and Ti–Mg–hastingsitic hornblende found in layer a2, according to
the Leake et al. (1997) classification. Biotite from layer a2 has rela-
tively high Ti content (4.5 wt.% TiO2). Zoning in the analysed phases

has not been observed. The presence of orthopyroxene, clinopyrox-
ene, amphibole and biotite as mafic minerals strongly suggests
a mafic-intermediate composition of the source rock with a calc-
alkaline affinity (arc-type).

A change in the pyroxene composition took place from the
bottom to the top of the succession: orthopyroxene: (Ca2Mg62Fe36)
(a1) to (Ca3Mg73Fe24) (a3).

The composition of minerals in the Vrica and Semaforo ashes
suggests that different magma compositions reached this area. An
association of two different augites in ash a4, of an augite and
a diopside in Vrica ash a3, of two different amphiboles in Vrica h3
ash a2 also indicates different magmatic origins of the same
volcanic ash layer. Chemical analyses of pyroxenes reveal a calc-
alkaline affinity for all the samples as also shown by the Ti–Al
diagram (Fig. 3B; Letterier et al., 1982).

Subduction-related volcanism of calc-alkaline affinity took place
during the evolution of the southern Tyrrhenian Basin (Argani and
Savelli, 1999). The older products crop out in Sardinia and are
related to the Oligo-Miocene (32–13 Ma) volcanism while the
younger products (1–0 Ma) are sourced from the Aeolian Islands
vents. During an intermediate phase of this time-space evolution,
volcanic centres of Pliocene age (5–2 Ma) were arranged along an
arcuate structure (Central Tyrrhenian arc; Argani and Savelli, 1999)
running from the Anchise seamount (5.2–3.6 Ma; Savelli, 1988) in
the south to Ponza Island in the north (4.2–1 Ma; Cadoux et al.,
2005). Mafic to intermediate rocks with calc-alkaline affinity have
been found along this arc and they include the basalts and andes-
ites recovered in deep boreholes from the Volturno River plain
along the southern Campania coast (2� 0.4 Ma: K/Ar age; Barbieri
et al., 1979; Di Girolamo et al., 1997) and some lavas in the Marsili
basin (3–1.7 Ma; Beccaluva et al., 1990; Peccerillo, 2005 and refer-
ences therein). Compositions of pyroxenes from the Campania
deposits are reported in detail in Fig. 3; the data closely match the

Fig. 2. Stratigraphy of the Semaforo to Vrica areas. (A) Cross-section from the lower part of the Semaforo section to the top of the series in the area of the Vrica A section, showing
the intermediate sections (Donato, Watertank) by Hilgen (1990). Thickness and dip are exaggerated. (1) Clays; (2) ash; (3) sapropel; and (4) Milazzian calcarenite. Sapropels are
numbered from 1 to 10 (Semaforo area) and from a to o (Vrica area), main ashes from a1 to a4 (¼m: Pasini and Colalongo, 1997). (B) Some cores with respective depth of hole h3
with location of ash a2 and sapropels 7 and 8.
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studied samples from the Crotone series. According to these
considerations along with the proposed age of ca. 2.3 Ma for ash
layer a1 (see later), a correlation of the Crotone ash layers with the
southern Tyrrhenian volcanism could be proposed. The recovery of
these products in the Crotone series strongly supports previous
studies dealing with ash deposits in Pliocene sequences from
southern Apennines and Calabria (Spadea, 1986; Guerrera and
Veneri, 1989; Prosser et al., 2008) thus aiming to give further
details on the eruptive history of the southern Tyrrhenian domain
in Pliocene–Pleistocene times.

2.3. Stratigraphy and biostratigraphy

The stratigraphic correlations between the sections of the Cro-
tone series is now definitely clarified as the numerous detailed field
investigations from the various teams have now almost certainly
recorded the complete Crotone archive (Fig. 4A; Semaforo:
Combourieu-Nebout, 1995; Vrica A–Vrica B–Vrica C: Pasini and
Colalongo, 1997; Santa Lucia: Zijderveld et al., 1991; hole h3:
present paper). Thus, the Crotone sequence sapropel layers have
been here newly re-numbered from 1 to 31 (upwards from the

Plate 1. (1). General view of the Semaforo section showing sapropels 1 to 6 and ash a1. (2) Detailed view of ash a1 (Semaforo section). (3) Coring hole h3 in front of the exposed ash
a3 and sapropel 9. (4) Vrica A section showing the location of the coring hole h3 and sapropels 13–15. (5) View of the Vrica B section showing sapropels 15–20. (6) Detailed view of
ash a4 (Vrica B section). (7) View of the Vrica C section showing sapropels 23, 26 and 27. (8) View of the Santa Lucia section showing sapropel 30.
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base), the main ashes have only been numbered (a1–a4), and the
minor sand beds are not reported (Fig. 4A).

The biostratigraphy of foraminifers (Fig. 4B) and nannofossils
(Fig. 4C) looks rather heterogeneous. In fact, foraminifer records
have been built by several scientists on various time-resolution
sampling and more often on different stratigraphic intervals
(Colalongo: in Selli et al., 1977; Colalongo et al., 1981; D’Onofrio,
1981; Spaak, 1983; J. Cravatte, personal information; Hilgen, 1990;
F. Quillévéré: in Joannin et al., 2007)

Thus some taxonomic divergences between specialists resulted
in discrepancies in the species biostratigraphic range, as observed
for Neogloboquadrina atlantica. For these reasons, only synthetic
results are presented in Fig. 4B taking into account the above-
mentioned authors. Following the initial low-resolution nanno-
fossil studies (Nakagawa et al., 1981; Cati and Borsetti, 1981), Rio
et al. (1997) published a quite detailed record of the Vrica section,
completed by Lourens et al. (1998) by the results from the Santa
Lucia section. No nannofossil study was performed on the Semaforo
section. The main biostratigraphical foraminifer and nannofossil
markers are presented in Fig. 4B and C. They provide a rough
calibration in order to build the age-model of the series. However,

some inconsistencies persist, such as the record of Gloconella
(Globorotalia) inflata between sapropels 8 and 9 by J. Cravatte
(Combourieu-Nebout, 1987, 1990) and Hilgen (1990) that implies to
predate the First Appearance Datum of this species in the Medi-
terranean dated at 2.09 Ma by Lourens et al. (2004). Other micro-
fossils (ostracods and diatoms) and macrofossils (molluscs, fishes)
unfortunately provide poor biostratigraphic resolution and then
have not been considered in this synthesis (for details, see: Pasini
and Colalongo, 1997).

2.4. Magnetostratigraphy

The magnetostratigraphy of the Vrica section (Tauxe et al., 1983)
was completed later by Combourieu-Nebout et al. (1990) and
Zijderveld et al. (1991) for what concerns the base of the Olduvai
Event (C2n Chron) with larger amount of measurements, resulting
in the stratigraphic location shown in Fig. 4D. According to Tauxe
et al. (1983), the Olduvai Event (discontinuously recorded) would
end at the top of sapropel d (16), while it could end 8 m above
sapropel e (17) according to Zijderveld et al. (1991), i.e. the alter-
native is reported in Fig. 4D. Nakagawa et al. (1997) obtained
a moderately divergent location of the Olduvai Event that suffers
from a lack in samples at its borders (cf. for comparison: Pasini and
Colalongo, 1997). Tauxe et al. (1983) pointed out another normal
event almost corresponding to sapropels q (25) to s (27) that was
not confirmed by Zijderveld et al. (1991). In addition, Tauxe et al.
(1983) also obtained continuously reverse measurements in the
Semaforo section, starting about 30 m below the base of the section
in Fig. 4A and ending ca. 5 m above sapropel 6.

A palaeomagnetic study of sediments cored at hole h3 was
performed in 1994 at the Geosciences Institute of Montpellier using

Table 1
Mineralogy (in percentage) of the ash beds from the Crotone series.

Ash bed a1 a2 a3 a4
Minerals Semaforo Semaforo Hole h3 Semaforo Vrica

A (base)
Vrica
(m)

Clinopyroxenes 8 2 2 36 38 38
Hyperstenes 26 1 0 51 45 9
Basaltic hornblendes 60 93 87 0.5 0 0
Others 6 3 7 12 17 53

Table 2
Microprobe analyses of mineral phases from the studied ash layers. Mg#¼molar 100Mg/Mgþ Fe; Ca, Mg and Fe in mol%.

Ash bed a1 a2 a3 a4
Site Semaforo Semaforo Hole h3 Semaforo Vrica A (base) Vrica (m)
Classification Enstatite A(Mg hornblende) A(Fe–Mg hornblende) A(Ti–Mg–hastingsitic hornblende) Enstatite Enstatite Augite Augite

SiO2 51.57 45.01 45.25 42.38 52.34 52.59 50.26 50.94
TiO2 0.14 1.72 1.55 2.58 0.21 0.17 0.73 0.49
Al2O3 0.56 8.04 7.38 10.55 1.14 0.92 3.21 2.83
Cr2O3 0.02 0.01 0.00 0.02 0.02 0.00 0.11 0.13
FeO 22.11 13.56 14.89 10.84 18.47 13.85 9.15 6.87
MnO 0.99 0.44 0.56 0.14 0.73 0.80 0.23 0.18
MgO 22.03 14.16 13.14 14.83 24.51 24.97 15.89 16.27
CaO 1.08 11.94 11.45 11.58 1.42 1.18 19.58 21.20
Na2O 0.02 1.54 1.40 2.15 0.00 0.01 0.31 0.21
K2O 0.00 0.77 0.79 0.89 0.00 0.01 0.01 0.00

Mg# 0.63 0.69 0.75 0.75 0.80
Ca 2.20 2.80 2.50 40.00 43.00
Fe 36.20 29.70 24.20 14.90 11.20
Mg 61.60 67.50 73.30 45.10 45.90

Classification Mg hornblende Biotite Biotite Augite Augite Augite Augite

SiO2 43.82 36.27 35.62 50.21 51.14 53.01 52.15
TiO2 2.06 4.59 4.58 0.51 0.41 0.11 0.15
Al2O3 8.08 13.77 13.57 2.76 1.95 1.50 3.55
Cr2O3 0.03 0.02 0.03 0.04 0.00 0.52 0.00
FeO 12.95 15.19 14.81 8.88 9.06 2.68 12.23
MnO 0.32 0.16 0.17 0.22 0.40 0.08 0.20
MgO 13.91 14.62 14.41 15.83 15.11 18.41 15.56
CaO 11.57 0.00 0.00 20.59 21.06 22.81 12.64
Na2O 1.57 0.58 0.53 0.25 0.29 0.17 0.31
K2O 0.90 9.08 8.76 0.01 0.01 0.01 0.14

Mg# 0.76 0.74 0.92 0.69
Ca 41.40 42.60 45.10 28.70
Fe 14.30 14.90 4.30 22.10
Mg 44.30 42.50 50.60 49.20
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a TCF cryogenic magnetometer. Seventeen samples were progres-
sively thermally demagnetised and the natural remanent magnet-
isation was found between 600–700 �C in temperature. Inclination
was measured on samples from hole h3: a truncated normal
episode was found (Fig. 5) that is here referred to the Réunion Event
(C2r.1n Chron) (Fig. 4D).

2.5. Cyclostratigraphy from oxygen isotope, palynology and
sapropel succession

A first relatively weak d18O record was performed both on Uvi-
gerina peregrina and Globigerina bulloides from the Semaforo and
Vrica sections (Combourieu-Nebout and Vergnaud Grazzini, 1991)
(Fig. 4E). This allows several correlations with Marine Isotope
Stages (MIS) (Fig. 4G). However, this preliminary study was
somewhat consistent with that realised at higher resolution on
Globigerinoides ruber from the upper Vrica B, Vrica C and Santa
Lucia sections (Lourens et al., 1996) (Fig. 4E). Recently, new high-
resolution d18O measurements agree and complete the Santa
Lucia section one using Globigerina bulloides (Joannin et al., 2007)
(Fig. 4E) and result in improving correlations with MIS (Fig. 4G).
Sea-surface temperature has then been reconstructed using fora-
minifers from the upper part of the series (from sapropel 17 to the

top) and appears consistent with the corresponding d18O record
(Lourens et al., 1996).

The Semaforo high-resolution pollen sequence refines the
correlations with vegetation glacials and interglacials respectively,
i.e. with the MIS (Combourieu-Nebout, 1993, 1995) and thus
a similar high-resolution (a sample/40 cm) has been extended to the
Vrica A section (Fig. 4F and I). The pollen ratio between the ‘ther-
mophilous’ elements (subtropical trees: Taxodiaceae, Sapotaceae,
Nyssa, Arecaceae, etc.; plus warm-temperate trees: Quercus, Carya,
Pterocarya, Carpinus, Acer, etc.) and the ‘steppe’ elements (Artemisia,
Ephedra), i.e. the so-called ‘Pollen Temperature Index’, is considered
as regional temperature change indicator (Fig. 4F). This ratio has
been constructed for the Santa Lucia section, using the data from
Joannin et al. (2007) (Fig. 4F).

Combining oxygen isotope curves and the Pollen Temperature
Index already mentioned, it is possible to identify each glacial and
interglacial, shown in Fig. 4 by white and grey bands, respectively.
However, some discrepancies sometimes occur between the oxygen
isotope curve and the Pollen Temperature Index such as (1) in MIS
58 and 48 (Fig. 4E and F) with high values of d18O (i.e. glacial values)
recorded simultaneously with high frequencies in thermophilous
plants (i.e. displaying an interglacial signal) and (2) in an opposite
way MIS 57, 61 and 63 (interglacial signal in the d18O record, glacial

Fig. 3. Origin of rock discrimination from geochemical analyses of the Crotone ash beds. (A) Classification of the pyroxenes representative of some ash layers recovered in the
Crotone series according to Morimoto and subcommittee members (1988). Composition of orto- and clinopyroxenes from calc-alkaline rocks of the Campania Plain are also shown
for comparison (data from Di Girolamo et al., 1997 and from L. Franciosi, pers. comm.). (B) From Ti–Al ration discrimination for clinopyroxenes between calc-alkaline and tholeritic
basalts (Letterier et al., 1982).
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signal in the Pollen Temperature Index; Fig. 4E and F). Such
discrepancies may be considered as the result of the rather low
resolution of pollen record in contrast to the d18O record. Therefore,
the oxygen isotope record is here surely considered as the most
reliable record for glacial and interglacial illustration, especially
when the chronological resolution of pollen record is relatively low
(i.e. for the interval MIS 64–44: Vrica B and C sections p.p.).

Relationships with obliquity is proposed for the entire Crotone
series (Fig. 4H) in comparison to those from the Semaforo (Klotz
et al., 2006), Vrica B (p.p.), C and Santa Lucia sections (Lourens
et al., 1996), and the Santa Lucia p.p. section (Joannin et al., 2007).

In more detail, Hilgen (1991) and Lourens et al. (1996, 1998)
established a cyclostratigraphy of the Mediterranean sapropels
(MPRS Code: Mediterranean Precession Related Sapropel Code) in
relation to the respective precession-eccentricity influence result-
ing in a very accurate correlation between the Crotone sapropels
and insolation cycles (as numbered in Fig. 4H and A0). Sapropels
arising from intense anoxia coupled with increasing runoff are
deposited during periods of precession minima (i.e. maxima of July
insolation), and are therefore particularly well-expressed during
eccentricity maxima (Hilgen, 1991). The sapropels represent here
the observable field evidence of such orbital cycles. Today, the
listing of the Crotone sapropels is considered as complete, despite
the remaining questioning about the presence of a sapropel 20 m
below sapropel 1, as indicated by Tauxe et al. (1983) but never
found by anyone else. According to Lourens (1994), the series
would run from insolation maxima 236 to 116. Hence, 30 preces-
sion related minima (i.e. July insolation maxima) are missing in the

Crotone series, and more particularly 20 are missing between
sapropels 1 (i-222 in the MPRS Code) and 31 (i-122 in the MPRS
Code) (Fig. 4H). It has been demonstrated that the abundance of
amorphous organic matter (AOM) within palynological residues
(i.e. the palynofacies) reveals peaks of anoxia whether they resulted
in sapropel deposition or not (Combourieu-Nebout, 1990; Suc et al.,
1991; Joannin et al., 2007). This approach is helpful to illustrate the
correlations with insolation maxima outside the sapropel layers
(Fig. 4I), and it is successfully supported by the ‘riparian trees’
frequency record. The ‘riparian trees’ pollen grain amounts in
marine coastal sediments are directly forced by river input
(Beaudouin et al., 2005). This pollen index expresses the regional
river input changes, i.e. discharges, and provides further direct
information on the development of anoxic conditions in bottom
waters in relation with runoff increase. The recent high-resolution
pollen analyses, performed at a higher resolution than the paly-
nofacies one, and the ‘riparian tree pollen’ curve now allow finer
correlations with the insolation maxima (Fig. 4I). The ‘riparian tree
pollen’ maxima are significantly higher in the topmost part of the
series (uppermost 40 m of the Vrica C section and Santa Lucia;
Fig. 4I). This probably results from increased proximity of land and
river pollen source at the end of the Crotone series deposition when
uplift caused the locality shallowing. Considering the information
of 31 sapropels, 47 maxima in riparian trees (>6% for most; Fig. 4I)
and 27 maxima in amorphous organic matter (Fig. 4I), correlations
are proposed with 54 of the 57 insolation maxima between i-236
and i-122 (only i-154, i-150, and i-148 cannot be correlated; Fig. 4I).
The peak in riparian trees recorded 20 m below sapropel 1, and

Fig. 4. From stratigraphy to high-resolution cyclostratigraphy of the Crotone series. (A) Lithology and successive studied sections reported in Fig. 1. Sapropels are numbered from 1
to 31 (with indication of their name in previous papers), main ashes are indicated (a1–a4). (1) Clays; (2) sapropel; and (3) ash. (A0) Repeated lithology and sapropel numbering only.
(B) Summary of the biostratigraphy based on the main foraminifer markers (using the results from: Spaak, 1983; Hilgen, 1990, 1991; Combourieu-Nebout and Vergnaud Grazzini,
1991; Pasini and Colalongo, 1997; Joannin et al., 2007). (C) Summary of the biostratigraphy based on the main nannofossil markers (using the results from: Rio et al., 1997; Lourens
et al., 1998). (D) Magnetostratigraphy (using the results from: Tauxe et al., 1983; Zijderveld et al., 1991; and Gautier, this paper). The polarity results from hole h3 are shown in Fig. 5.
(1) Normal; and (2) reverse. (E) Oxygen isotope records: on Globigerinoides ruber (Lourens et al., 1996), Uvigerina peregrina and Globigerina bulloides from the Semaforo and Vrica
sections (Combourieu-Nebout and Vergnaud Grazzini, 1991), Globigerina bulloides from the Santa Lucia section (Joannin et al., 2007). (F) The Pollen Temperature Index expressed by
the pollen ratio ‘thermophilous/steppe’ elements. The data are from Combourieu-Nebout (1987) for the Semaforo and Vrica sections, from Joannin et al. (2007) for the Santa Lucia
section, and new data from N. Combourieu-Nebout. The curves are plotted on a semi-logarithmic scale. (G) Relationships with Marine Isotope Stages (MIS) as discussed by
Combourieu-Nebout and Vergnaud Grazzini (1991), Lourens et al. (1996) and Joannin et al. (2007) (oxygen isotope records), by Klotz et al. (2006), completed in this study (see:
Pollen Temperature Index in F). Interglacials are underlined by grey bands, glacials by white bands. (H) Astronomical parameters for the time-interval 2.5–1.2 Ma (LA04 solution:
Laskar et al., 2004): obliquity, July insolation at 60�N (maxima are numbered), eccentricity. Relationships between MIS and glacials–interglacials identified in the Crotone series
using obliquity. (I) Palynology Runoff Index: amount of amorphous organic matter within palynological residue (Combourieu-Nebout, 1990) and frequency of riparian trees
(Platanus, Parrotia persica, Liquidambar, Pterocarya, Carya, Fraxinus, Salix, Populus, Alnus, Ulmus, and Zelkova) in pollen records (Combourieu-Nebout, 1990, 1995; Joannin et al., 2007).
The maxima considered are shaded (>7%). These proxies and the sapropels of the series are correlated to July insolation within the chronological framework previously defined
using the MIS and obliquity correlation. This index corresponds to the Mediterranean Precession Related Sapropels Code (Hilgen, 1991; Lourens et al., 1998).

J.-P. Suc et al. / Quaternary International 219 (2010) 121–133 127



Author's personal copy

correlated with the July insolation maximum i-226, may then
correspond to the sapropel indicated by Tauxe et al. (1983).

Finally, combined high-resolution record of all data (biostratig-
raphy, magnetostratigraphy, cyclic records) results in a very accu-
rate age-model of the Crotone series (see Fig. 4H). The alkenone
method also appears to be a promising tool for high-resolution
cyclostratigraphy (Cleaveland and Herbert, 2009). The age of the
base of the series studied is pointed at 2.47 Ma. On the basis of these
correlations, the sedimentation rate has been rather constant: about
0.45 mm/yr on average for the lower 300 m, decreasing at 0.29 mm/
yr on average for the upper 175 m of the series (Fig. 6). The apparent
sedimentation rate decrease is probably caused by the early Pleis-
tocene increasing uplift of the marginal Crotone Basin which led to
its shallowing and emersion. The clayey particles were more
transported far off into the Ionian Basin according to the reducing
local accommodation, the environment context of which evolved
from slope to shelf conditions (Zecchin et al., 2006).

No concerted internationally driven action was ever established
in order to investigate the Crotone series for collective sampling.
Such an approach would have probably avoided data discrepancies,
especially in thickness measurements. As an example, such an action
by N. Ciaranfi obviously enhanced the study reliability undertaken
on the Montalbano Jonico section (Ciaranfi and D’Alessandro, 2005).

2.6. Checking the age of ashes

Two ash layers were dated by Obradovich et al. (1982):

- ages at 2.22� 0.03 Ma (K/Ar, hornblende), 2.0� 0.16 Ma
(fission-track, zircon), and 2.2� 0.2 Ma (fission track, glass)
were obtained for ash a1;

- a questionable (probably too old) age at 1.99� 0.08 Ma (K/Ar,
biotite) was obtained for ash a4.

Ash 1 was re-dated by the Isothermal Plateau Fission-Track
(ITPFT) method, using its platy, hydrated glass shards (Westgate,
1989). Two age determinations were made, each based on a sepa-
rate irradiation (Table 3). They are in close agreement and give
a weighted mean age of 2.31�0.34 Ma. This ITPFT age is slightly
older than the K–Ar age on hornblende (2.22� 0.04 Ma) and the
fission-track age on zircon (2.0� 0.16 Ma) and glass (2.2� 0.2 Ma)
determined by Obradovich et al. (1982), but is highly consistent
with the precise astronomical age of 2.31 Ma (insolation minimum

Fig. 5. Lithostratigraphy and magnetostratigraphy of hole h3. Lithostratigraphic relationship is shown with the exposed base of the Vrica section and boreholes h1 and h2 (Hilgen,
1990). (1) Grey clays; (2) ash; and (3) sapropel. (a) Normal; and (b) reverse.

Fig. 6. Calculated sedimentation rate of the Crotone series.
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supported by a coeval minimum in Riparian Trees), assigned to the
level at which ash a1 occurs (Fig. 4H).

3. Additional results and comments

Because there is now complete agreement on the high-
resolution Crotone series chronology, it is time to present some
additional results and to offer some comments in order to achieve
the knowledge of the entire series and to increase value of the very
powerful Crotone sedimentary archive.

3.1. Tracking down the base of the series

Several scientific teams, including the authors, searched for
studying sediments underlying the Semaforo section, where some

additional sapropels have been detected. Unfortunately, the coastal
road does not allow clear observations, and reliable stratigraphic
correlations were unrealistic. However, it would be important to
discover a continuous record to the earliest Northern Hemisphere
glacial and the Gauss–Matuyama reversal. Performing a cored bore-
hole at the base of the Semaforo section should therefore solve this
problem.

3.2. Disruptions caused by precession in the vegetation
climatic record

It has been pointed out that, for the Central and Eastern Medi-
terranean regions some vegetation reconstructions based on pollen
records contradict the succession of the corresponding pollen floras
inside a climatic cycle, especially displaying a glacial imprint

Table 3
Glass fission-track age of ash a1 (UT 781).

Sample
number

Date irradiated Spontaneous
track density 102 t/cm2

Induced track density
105 t/cm2

Track density on
muscovite detector over
dosimeter glass 105 t/cm2

Etching conditions Ds/Di Age Ma

HF:temp:time %:�C:s

Ashai
UT 781 13/6/1988 18.60� 2.44 (58) 1.75� 0.04 (1764) 7.42� 0.06 (14021) 26:25:80 0.99 2.37� 0.78
UT 781 19/11/1991 17.20� 1.17 (217) 1.40 � 0.01 (9073) 6.25� 0.04 (27836) 26:25:90 0.98 2.30� 0.38

Weighted mean age and error 2.31� 0.34
Moldavite tektite glass 19/

11/1991
133� 5.23 (646) 1.73� 0.02 (5309) 6.17� 0.04 (27836) 26:22.5:135 14.26� 0.60

The age of Ash a1 (UT 781) was determined using the isothermal plateau fission-track method on glass shards in conjunction with the population-subtraction technique.
Details are given in Westgate (1989), and Westgate et al. (2006). Correction for partial track fading was made using a thermal pretreatment of 150 �C for 30 days. Ages were
calculated using the zeta approach and lD¼ 1.551� 10�10 yr�1. Zeta value is 301� 3 based on 6 irradiations at the McMaster Nuclear Reactor, Hamilton, Ontario, using the
NIST SRM 612 glass dosimeter and the Moldavite tektite glass (Lhenice locality) with an 40Ar/39Ar age of 14.34� 0.08 Ma (Laurenzi et al., 2003, 2007). A sample of the
Moldavite glass was irradiated in the same can as UT 781 and the fission-track counts gave an age very close to its accepted 40Ar/39Ar age of 14.34� 0.08 Ma. Error (�1s) on age
estimate for UT 781 is calculated according to Bigazzi and Galbraith (1999). Area estimated using the point-counting method (Naeser et al., 1982) for UT 781 and an eyepiece
reticule for the Moldavite glass. Ds¼mean spontaneous track diameter, Di¼mean induced track diameter. Number of tracks counted is given in brackets. All samples etched to
give Di in range of 6–8 mm; equivalence of Ds and Di under identical etch conditions indicates sample has been fully corrected for partial track fading.

Fig. 7. Climate–vegetation detail on the base of the Semaforo (white rectangle on the photograph) and Santa Lucia sections. Light and dark bands emphasize the glacial–interglacial cycles
on the Semaforo photograph. Interglacials are indicated by MIS numbers and grey bands, glacials are marked with white bands. They are respectively correlated to obliquity phases (Laskar
et al., 2004). Vegetation changes are expressed by synthetic pollen diagrams (for details, see: Combourieu-Nebout,1993; Joannin et al., 2007), the secondary fluctuations of which refer to
precession variations (Laskar et al., 2004). (a) Tropical plants; (b) subtropical elements; (c) Cathaya; (d) warm-temperate elements; (e) mid-altitude trees; (f) high altitude trees; (g)
elements without precise signification; (h) Cupressaceae; (i) Mediterranean xerophytes; (j) herbs; and (k) steppe elements. Relative influence of obliquity vs. precession: (a) obliquity
maximum� precession minimum; (b) obliquity maximum� precession maximum; (c) obliquity minimum� precession minimum; and (d) obliquity minimum� precession maximum.
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(steppe landscape) during an interglacial and vice versa (for
a synthesis: Suc and Popescu, 2005). This contradiction has been
successively clarified by Klotz et al. (2006) and Joannin et al. (2007)
indicating that the precession forcing appeared as prominent in
disrupting the control of obliquity. As this question was deciphered
using pollen floras from the Crotone series, it is important to re-
examine the concerned pollen records, i.e. from the base of Sem-
aforo and Santa Lucia sections (Fig. 7).

In the lowermost 50 m of the Semaforo section, five interglacials
and four glacials have been identified (Combourieu-Nebout, 1995),
while two interglacials and two glacials were recorded at Santa
Lucia (Joannin et al., 2007) (Figs. 4 and 7). They are directly related
to obliquity maxima and minima, respectively. When a precession
minimum (higher precipitation caused by intensified monsoon)
occurred during a maximum of obliquity (interglacial) (situation
‘‘a’’ in Fig. 7), forest spread strengthened considerably. However,
when a precession maximum (low precipitation in relation with
decreased intensity of monsoon) occurred during a maximum of
obliquity (interglacial) (situation ‘‘b’’ in Fig. 7), the expected inter-
glacial forest development was reduced to the benefit of open
vegetation. When a precession minimum occurred during an
obliquity minimum (glacial) (situation ‘‘c’’ in Fig. 7), the forest
recurred during a phase generally dominated by herbs. When
a precession maximum occurred during an obliquity minimum
(glacial) (situation ‘‘d’’ in Fig. 7), steppe conditions expressed its
highest development.

Such a continuous competition between obliquity and
precession signals left its complex imprint in the Central and
Eastern Mediterranean pollen diagrams (see also Tzedakis, 2007)
as illustrated in the lower part of both the base of the Semaforo
and Santa Lucia sections (Fig. 7). The pollen diagram interpreta-
tions appears then more difficult by comparison to the Western
Mediterranean archives where conditions are more contrasted
probably in relation to the lower precession effect (interglacials
are still humid and forested, glacials still dry and characterised by
steppe; Suc and Popescu, 2005). At Santa Lucia glacials and
interglacials are not as contrasted as at Semaforo because of the
strong influence of almost coeval extensive precession minima
(Joannin et al., 2007) (Fig. 7). Such an expected glacial–intergla-
cial contrast is recovered in the uppermost part of the section
because the precession influence decreased (weak minimum)
(Fig. 7). These examples aim to partly illustrate how much the
interaction between obliquity and precession is complex as
shown by Becker et al. (2005).

3.3. Time-control during insolation maxima–precession minima

The large number of sapropels (some analysed in great detail: Suc
et al.,1991; Van der Weijden,1993; Negri et al., 2003; Cleaveland and
Herbert, 2009) within the Crotone series and their thickness have
largely contributed by making the series very attractive. A total
organic carbon concentration between 0.2 and 0.8% has been found
in these layers (Combourieu-Nebout, 1990; Suc et al., 1991), which is
consistent with the values obtained by Howell et al. (1988,1990) and
Raffi and Thunell (1997). At the very most, they are only ‘sapropelic’
rocks from the carbon content viewpoint. Nevertheless, they are very
obvious in the landscape and correspond to a significant change in
sedimentation and environment as demonstrated by Hilgen (1991)
and Lourens (1994). These layers have been particularly studied for
their paleontological content (see for example: Landini and
Menesini, 1978; Guerrera, 1981). The Crotone series anoxic layers
display a hierarchy, pointed out by Combourieu-Nebout (1990) and
Suc et al. (1991): the ultimate step (i.e. corresponding to maximum
intensity in runoff and anoxia) corresponds to the sapropel itself, the
intermediate step to the sapropelic clays, and the minor one is
marked by an increase in amorphous organic matter and riparian
tree pollen but lacking any lithological characteristics (Fig. 4).

In addition to the selected sapropel samples analysed for their
pollen content (Combourieu-Nebout, 1987, 1990), a very high-
resolution pollen analysis was performed on the thickest sapropel,
i.e. sapropel 15 (c in the previous nomenclature; Fig. 8A). Here 41
samples were studied and compared to thirteen extra-sapropel
samples, two of them being just at the limit of the sapropel
(Fig. 8B; preliminary results in Suc et al., 1991). The pollen content of
sapropel 15 is rather different from the underlying and overlying
clays; this particularly results from the significant decrease in Pinus
pollen grains within the sapropel despite some secondary fluctua-
tions (Fig. 8B). This is a well-known phenomenon in sapropels which
can be related to pollen transport when river input is important
(Beaudouin et al., 2005, 2007): some other components such as the
riparian trees are more abundant because of the increasing river
input, which results in the relative decrease in Pinus. Total pollen
concentration is significantly lower within the sapropel than in the
over- or underlying clays and some sapropel samples close to its
limits (Fig. 8B) which could be in relation with a sedimentation rate
increase. Indeed, pollen concentration drops when repeated floods
occur according to analyses of onshore and offshore samples
deposited during the 1993–1994 (centennial) autumn–winter floods
of the Rhône River (Suc, unpublished), observations in agreement

Fig. 8. High-resolution pollen study of sapropel 15 (i.e. c, Vrica B section). (A) Detail view of sapropel 15. (B) Synthetic pollen diagram and some other pollen indicators: percentages
in Pinus; total pollen concentration; riparian trees as listed in Fig. 4I the maxima of which exceeding 7% are black-coloured. The dotted lines point out the correlation between
maxima of riparian trees and the total pollen concentration. The sapropel extent is indicated by a grey band. Legend of the synthetic pollen diagram: (a) subtropical elements; (b)
Cathaya; (c) warm-temperate elements; (d) Pinus and indeterminabe Pinaceae; (e) mid-altitude trees; (f) high altitude trees; (g) elements without precise signification; h,
Cupressaceae; (i) Mediterranean xerophytes; (j) herbs; (k) steppe elements. (C) Precession curve for the time-interval 1.865–1.839 Ma (Laskar et al., 2004). The thick dotted line
shows the correlation of maximum in riparian trees (i.e. maximum of runoff) with minimum of precession; the thin dotted lines indicate the first and last maxima in riparian trees
(>7%) correlated with the reversal of precession from positive to negative values and vice versa. The grey band illustrates the proposed correlation with sapropel 15:1, delay in
response of the sapropel formation to runoff increase.
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with a long record from the Grand Rhône prodeltaic muds covering
the last 60 years (Beaudouin et al., 2005). This is caused by dilution of
pollen grains within increasing terrigenous material.

The riparian trees are more represented within the sapropel
(especially within its lower two thirds) than in the clays. Their
decrease in the upper last third of the sapropel may indicate rar-
efying floods and hence diminishing river input that is also attested
by more elevated total pollen concentration (Fig. 8B).

These observations raise new questions:

- is the thickness of a sapropel proportional to duration and/or
intensity of anoxia and, hence, of runoff?

- how long does a sapropel represent in time within the
precession cycle: ca. 11 kyr, i.e. the half of the cycle or only the
peak of the precession minimum?

Sapropel 15 (3.38 m in thickness) correlates with insolation
maximum i-180 (Fig. 4A, I, H). Peak i-180 is no longer than the other
insolation maxima resulting in a well-expressed sapropel, but it is
one of the most elevated maxima (with i-216 and i-130) during the
time-interval considered between 2.5 and 1.2 Ma, thus coinciding
with a eccentricity maximum (Fig. 4H). In addition, peak i-180 is
almost synchronous to an obliquity maximum (i.e. interglacial
conditions), that slightly differs from i-216 and i-130 peaks (sap-
ropels 5 and 29, respectively; Fig. 4A and I). The latter occurred
during a little less intense eccentricity maximum (Fig. 4H). Some
equivalent intense insolation maxima (e.g. i-170 and i-140) also
occurred during less prominent eccentricity maxima (Fig. 4H). As
a consequence, the authors consider that runoff intensity repre-
sents the main forcing parameter for sapropel development. Inso-
lation maximum i-180 probably corresponded to the best
conditions for optimal rainfall over the nearby Sila Massif. Indeed,
the percentage of plants requiring high humidity in sapropel 15 is
the highest (55–77%) among all sapropels archived in the Crotone
series. The percentage of riparian trees is also among the largest
recorded in the Crotone series except for the Santa Lucia section
which probably relates to the progressive shallowing conditions in
the basin (as uplift caused the sediments to be close to exposure),
the frequency in riparian trees of which (16–20%; Fig. 4I) is very
similar to those recorded at the mouth of the Rhône River today
(Beaudouin et al., 2005).

The insolation maximum i-180 is one of the shortest recorded in
the Crotone series, while the synchronous precession minimum
corresponds to a decreasing phase (i.e. negative values) shorter
(5.1 ky) than the following rising phase (5.6 ky) (Fig. 8C). Maxima in
riparian trees (>7%) display a progressive-regressive distribution
which looks like the precession fluctuation, and they clearly appeared
significantly before the sapropel deposition. This succession (runoff
evidence followed by sapropel deposition) recalls the above-
mentioned hierarchy where sapropel is the ultimate step of the
record of anoxic conditions. Accordingly, considering the high
sensitivity of the riparian tree frequency as Runoff Index, its earliest
peak (>7%) is correlated to the first precession negative values, the
latest one with the return to positive precession values and the
riparian tree highest maximum with the precession minimum
(Fig. 8B and C). In this way, the uppermost sapropel sediments
correspond to the first positive precession values and to a secondary
riparian tree maximum (Fig. 8B and C). Sapropel deposition appears
then shifted with respect to the positive–negative passage in
precession values and reciprocally, the delay being more accentuated
in the progression towards the precession minimum (2.3 ky) than
towards the next precession maximum (0.8 ky) (Fig. 8C). The
resulting sapropel 15 duration corresponds to 9.18 ky (Fig. 8C), a value
somewhat different from that obtained in using annual lamina
couplets (6.76 ky; Negri et al., 2003). Sapropels cored in hole h3

display a weak laminated feature. Thus, as a well-marked lamination
seems exaggerated by sapropel exposition, the sapropel 15 duration
proposed by Negri et al. (2003) must be regarded with caution.

Negri et al. (2003) proposed three reconstructed environmental
phases for sapropel 15 using nannoplankton and foraminifers,
summarized as follows:

- lowermost 118 cm, cold superficial water and strongly dysoxic
sea bottom;

- median 98 cm, stratified superficial water, high seasonality;
- uppermost 122 cm, slight sea-bottom reoxygenation, warm

superficial water, upwelling, CO2 rich water.

After comparison with our riparian tree curve, these subdivi-
sions correspond to optimal, reduced, and rarefied river discharges,
respectively (Fig. 8B).

Practically, almost all riparian tree maxima (9 on a total of 13
recorded within the sapropel 15) are correlated with total pollen
concentration minima (dotted lines, Fig. 8B). They correspond to
the river flood signature, as shown for the present-day Rhône
system (Beaudouin et al., 2005), and might correspond to the well-
known millennial rhythm of the greatest river floods. This reliable
approach suggests that a sapropel represents slightly less than half
of an insolation cycle. Nevertheless, it appears unsuitable to relate
sapropel thickness and its duration because the former was more
linked to the quantity of the transported terrigenous material.
Comparison between sapropels 15 and 29, respectively, corre-
sponding to insolation maxima i-180 and i-130, demonstrates that
they correspond to almost similar astronomical conditions (inso-
lation intensity, location within obliquity and eccentricity cycles)
while their thickness differs by a ratio of 4/1.

4. Conclusion

The new Crotone series data indicate:

- a strengthened stratigraphic correlation between the Semaforo
and Vrica areas based on field surveys, a cored borehole, and
ash mineralogy and geochemistry;

- a widely accepted accurate chronology with respect to insola-
tion parameters (eccentricity, obliquity, precession) resulting
from complementary reliable biostratigraphy, magneto-
stratigraphy and cyclostratigraphy.

Its chronological extent runs from 2.47 to 1.21 Ma, including
a continuous reference to glacial–interglacial and insolation cycles,
respectively. Such an accurate study probably results from the
strong desire to define the Pliocene–Pleistocene boundary in the
Vrica section and from the international debate which followed this
decision. However, a better international coordinated research
would have sometimes benefited from more quietness during such
intensive investigations.

The Crotone series is certainly the global exposed reference for
the earliest glacial–interglacial cycles of the Northern Hemisphere.
New aspects are very promising for future researches, such as (1)
the partly deciphered complex interaction between obliquity and
precession and their respective impact on vegetation changes in the
Central and Eastern Mediterranean regions, and (2) extending the
alkenone study to the entire series. Finally, new prospects should
follow from pollen investigations of present-day sediments which
would provide a more complete understanding of anoxic deposits,
the intensity and duration of which being narrowly linked to
respective influence of precession, eccentricity and obliquity, as
confirmed at Crotone.
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tocène: précisions magnétostratigraphiques et climatiques par l’étude sériée de
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