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Abstract

An integrated micropaleontological, geochemical and mineralogical study has been performed across the mid-Pleistocene
sapropel 19 (i-cycle 90) from the Montalbano Jonico land section (southern Italy), to reconstruct the paleoenvironmental conditions at
time of its formation. The sapropel interval is characterized by two oxygen depletion phases (phase A and C) interrupted by a
temporary re-oxygenation interval (phase B). The beginning and the end of sapropel deposition are dated at 957+0.81 kyr and 950+
0.86 kyr respectively. The duration of the interruption is estimated to 0.350+0.32 kyr. The multiproxy approach highlights that
deposition of sapropel 19 reflects a period of enhanced freshwater runoff induced by a wetter climate. As a consequence of a more
efficient fluvial erosion, a higher terrigenous input, mostly ascribable to a southern Apennines source, and an increased turbidity of
surface waters accompanied most of sapropel deposition. Biotic and abiotic proxies document that different paleoenvironmental
conditions occur through phases A—C. The beginning of phase A is characterized by warm on-land paleoclimate as well as warm and
oligotrophic surface water conditions. During the upper part of phase A temperature starts decreasing and surface waters appear more
productive. This change probably represents the prelude to cooler and drier conditions characterizing phase B, which displays a river
supply reduction and an eolian input increase (Sahara dust). During phase C the restored depleted oxygen environment at the bottom
sediments is clearly coupled with the re-establishment of humid conditions and increased river supply. At the same time, enhanced
mixing of water column, a cooler paleoclimate, and increased productivity of surface waters are recorded, the latter likely favored by
the enhanced mixing of water column and also increased delivery of land-derived nutrients. The end of phase C is marked by a restored
“normal” run-off. Enhanced productivity in surface waters and low oxygen conditions at the bottom sediments persist slightly above
phase C. The overall results suggest that the onset of sapropel deposition is related to water stratification that caused low oxygen
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exchanges with the sea-bottom. Although enhanced productivity characterizes most of the sapropel deposition it was not the primary

factor triggering sapropel deposition.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Sapropel layers represent a particular feature of the
Neogene Mediterranean sedimentary record (Robertson
et al., 1998). They consist of dark-colored, laminated
sediments enriched in organic carbon and are inter-
bedded in the normal sediments of the Mediterranean
basin. It is widely accepted that cyclic occurrence of
sapropels in the depositional record is the expression of
orbitally forced paleoclimate and paleoceanographic
changes. They correspond in fact to minima in the
earth’s orbital precessional cycle and insolation maxima
(Rossignol-Strick, 1985; Hilgen, 1991; Hilgen et al.,
1997), which were periods of wetter climate (Rossignol-
Strick, 1983; Rohling and Hilgen 1991). However, it is

still controversial how the sea water column responds
to such a global climatic change and leads to sapropel
formation. According to some of the most corroborated
hypotheses, the increased freshwater runoff is believed
to drive near-surface stratification and therefore
to decrease vertical circulation of water column, thus
leading to anoxic conditions at the sea floor and con-
sequent organic matter preservation (e.g. Olausson,
1961; Thunell, 1979; Vergnaud-Grazzini, 1985). Other
authors (De Lange and Ten Haven, 1983; Calvert, 1983;
Pedersen and Calvert, 1990) consider enhanced primary
production in the photic zone, induced by river-derived
nutrients, to be the primary cause of the increased
accumulation of organic matter in the seafloor and hence
the major cause of sapropel deposition. Moreover, a
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Fig. 1. Location, lithology and main stratigraphical features of the composite Montalbano Jonico section and of the IM-5 agosto section.
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combination of enhanced primary production and den-
sity stratification has also been invoked to explain sa-
propel formation (Rohling and Gieskes, 1989; Rohling,
1991; Rohling and Hilgen, 1991; Howell and Thunell,
1992).

Despite their controversial origin, a century to
millenium-scale interruption of some sapropel layers,
which indicates short temporary interruption of the
conditions favouring their formation, is a well docu-
mented aspect of sapropel deposition (Thunell et al.,
1977; Cita et al., 1984; Rohling et al., 1993; De Rijk
et al., 1999; Mercone et al., 2001; Arnaboldi and
Meyers, 2003; Hassold et al., 2003; Meyers and
Bernasconi, 2005). Repopulation of benthic foraminif-
era, as well as low organic carbon content, characterize
sapropel interruptions and suggest improved deep wa-
ter ventilation as a consequence of the onset of abrupt
cooling and/or increased aridity (Rohling et al., 1997,
De Rijk et al., 1999; Myers and Rohling, 2000; Casford
etal., 2001, 2003; Schmiedl et al., 2003; Sangiorgi et al.,
2003). This event is supposed to be a consequence of
intensification in the frequency/intensity of cold north-
erly air outbreaks over the basin, in relation to en-
hanced Siberian high pressure conditions (Rohling et al.,
2002a,b). An example of an interrupted sapropel is the
sapropel 19 which was deposited during insolation cycle
90. It has been recorded so far in several deep marine
ODP cores (Sites 975, 974 969, 967), from the Balearic
to the Levantine basins (Meyers and Arnaboldi, 2005).
In land sections, the sapropel 19 is documented in the
Montalbano Jonico section outcropping in southern
Italy (Fig. 1), where it has been identified by means of
benthic and planktic foraminiferal assemblages and
6'®0 record (Stefanelli et al., 2005). The high sed-
imentation rate of Montalbano Jonico section offers a
unique opportunity to examine an expanded stratigraph-
ic interval, thus providing a high-resolution paleoenvir-
onmental data set.

Aiming to spread light on the paleoenvironmental
picture that led to sapropel formation and to better
define the mechanisms responsible for sapropel inter-
ruption, an integrated mineralogical, geochemical and
micropaleontological study across the mid-Pleistocene
interrupted sapropel 19 of Montalbano Jonico land
section has been performed. Specifically, mineralogical
and geochemical signals helped to discriminate, in the
Montalbano Jonico section, different sources of sedi-
ment input and give indirect information on climate
conditions which characterized sapropel and pre-/post-
sapropel deposition. At the same time, micropaleonto-
logical data from calcareous nannoplankton, pollen and
ostracod analyses integrated with previous data avail-

able on the same samples (Stefanelli et al., 2005) on
both benthic and planktonic foraminiferal assemblages
and on Globigerina bulloides oxygen isotope record, al-
lowed reconstruction of the biological framework for a
better understanding of the characteristics of water col-
umn and of the climate conditions at the time of sapropel
deposition.

2. Materials and methods
2.1. The IM-5 agosto section

The IM-5 agosto section, which has been investigat-
ed in detail in the present study, is a partial interval of
the well known Montalbano Jonico composite section
(Ciaranfi et al., 2001) located in the southernmost part of
the southern Apennines Foredeep (Fig. 1). The strat-
igraphical and paleoenvironmental framework of Mon-
talbano Jonico composite section has been studied in
great detail by several authors (Ciaranfi et al., 2001;
Ciaranfi and D’Alessandro, 2005 and references there-
in). The investigated interval, mainly represented by
hemipelagic silts and silty clays, is about 38 m thick
(Fig. 1). It corresponds to the transition between the
small Gephyrocapsal/Pseudoemiliania lacunosa Zone
(Ciaranfi et al., 2001; Maiorano et al., 2004) and is
indicative of an upper slope setting and a water depth of
about 250-350 m (D’Alessandro et al., 2003; this
study). Therefore, the variations in the characteristic of
water column can be expected to reflect changes in
surface and intermediate waters.

The IM-5 agosto section includes a dark, locally
laminated interval, 5.6 m thick (from 20.2 m to 25.8 m)
containing the First Occurrence (FO) of Gephyrocapsa
omega dated at 0.95 Ma (Maiorano et al., 2004). This
dark interval, correlated to MIS 25 and corresponding to
a maximum flooding interval (D’Alessandro et al.,
2003) has been associated with sapropel 19 and i-cycle
90 (Ciaranfi et al., 2001; Maiorano et al., 2004), which
are orbitally tuned at 954 kyr (Lourens, 2004). High-
resolution foraminiferal investigations (Stefanelli et al.,
2005) identified an interrupted interval within the sa-
propel deposition. Two severe oxygen depletion phases,
here indicated as phase A (20.2-21.8 m) and phase C
(22.4-25.8 m), characterized by the Globobulimina-
assemblage and by the Bolivina-assemblage respective-
ly (Fig. 2), have been related to warming and decreasing
of salinity in the surface and intermediate water layers
(Stefanelli et al., 2005). The two phases are separated by
a temporary re-oxygenation of the sediment pore water
(phase B) characterized by a short-term benthic repop-
ulation (Fig. 2).
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2.2. Sampling and analyses

The IM-5 agosto section has been sampled every
130 cm in the interval below and above the sapropel
layer and every 20—40 cm within the sapropel layer and
immediately above, thus providing a sampling resolu-
tion respectively of ~2.5 kyr and ~0.6 kyr, given a
mean sedimentation rate of about 55 cm/kyr (Fig. 3).

2.2.1. Geochemical and mineralogical analyses

Major and trace element analyses (Appendix A),
including rare earth elements (REE), of a selected num-
ber of samples from the IM-5 agosto section were per-
formed by ICP-OES/AAS (Induced Coupled Plasma-
Opthical Emission/Atomic Absorbtion Spectroscopy)
and ICP-MS (Mass Spectroscopy) analysis.

Samples for geochemical analyses were rinsed with
distilled water and centrifuged to remove sea salts, and
then dried at 60 °C for 24 h. Sediments were homoge-
nized in an agate mortar. Lithium metaborate/tetraborate
fusion technique was used as extraction method. Total
loss on ignition (LOI) was gravimetrically estimated
after overnight heating at 950 °C.

Organic carbon (wt.%) and total nitrogen (Wt.%)
were determined by LECO Combustion-IR technique
on an automated LECO CS-344 analyzer. Specifically,
organic carbon was detected according to the following
procedure: an initial amount of 0.5 g of sample is titrated
with 25% HCI to drive off the CO, (inorganic carbon).
The sample is neutralized with ammonium hydroxide
and dried on a hot plate. Sample residue is analyzed by
LECO Combustion-IR technique to provide a value for
total carbon, which is composed of organic and graphitic
carbon. The graphitic carbon content is subtracted to
provide the organic carbon content.

Biogenic silica content was calculated from ICP
major-element data and by using the normative model
from Robinson (1994): (biogenic silica)=SiO,—
2.8*%Al,05. The factor 2.8 was preferred to the one
often used as “average shale” silica/aluminia ratio of 3.4
(Turekian and Wedepohl, 1961) because better fitting
the more aluminous sediments.

The mineralogy of bulk samples and of the clay frac-
tion (<2 um grain-size fraction) were determined by
XRD (Rigaku miniflex, CuK,, radiation, sample spinner)
and the relative abundances of the mineralogical phases
are reported in Appendix A. To identify clay minerals, a
known amount of the <2 pum grain-size fraction was
crushed in a hand mortar and then transferred to a plastic
container for ultrasonic treatment for 2—3 min. After
settling, the suspension was decanted, pipetted, and dried
at room temperature on glass slides to produce a thin-

layer, well-oriented aggregate with a particle density of
at least 3 mg/cm”. Air-dried, ethylene-glycol solvated
and heated (250 °C) slides were X-rayed and the X-ray
patterns were used for clay minerals quantification.

Particle size analysis of the samples was carried out
on a laser granulometer MasterSizer E Ver 1.2, from
Malvern Instruments Ltd., Malvern, UK.

2.2.2. Pollen

Samples were prepared using a standard chemical
technique adapted from Cour (1974). HCI and HF at-
tacks were followed by residue sieving at 160 um and
10 pm respectively and by enrichment procedures (e.g.
ZnCly). The pollen flora was documented with a mini-
mum of 20 taxa per sample. More than 8600 pollen
grains (which corresponds to at least 150 grains per
sample) were counted besides Pinus, since it is generally
over-represented in marine sediments (Heusser, 1988;
Beaudouin et al., 2007).

2.2.3. Calcareous nannofossils

Smear slides were prepared from unprocessed sam-
ples using standard methodologies (Bown and Young,
1998) and analysed under a polarized light microscope
at 1000x magnification. Quantitative data were collected
by counting 300 nannofossils >4 pm in size. Further,
in order to evaluate the abundances of Florisphaera
profunda with respect to all other species — as suggested
by Matsuoka and Okada (1989) and Castradori (1993) —
and of small placoliths <4 um in size, a supplementary
counting of these taxa has been performed on 300
specimens of the total nannofossil assemblages. The di-
versity index (Shannon—Weaver index) has been esti-
mated on the total assemblage >4 pm.

2.2.4. Ostracods

Samples (300 g — dried weight) were disaggregated
and washed with water through 230 and 120 mesh
sieves (63 um and 125 pm respectively). All the ostra-
cods were picked from the coarsest fraction (>125 pm).
Both number of valves and number of specimens have
been counted. Number of valves includes all the re-
covered juvenile and adult valves. The minimum num-
ber of individuals has been calculated by adding the
greater number between right and left adult valves to the
number of adult carapaces. When only instars occur, the
number of specimens equals to one. Ostracod abun-
dance (OA;: number of individuals/100 g; OA,: number
of valves/100 g), Shannon—Weaver diversity index
(SH), Simpson’s index of diversity (S1-D) and abun-
dance values of selected taxa have been calculated for
paleoecological interpretations.
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In order to perform a correct paleoenvironmental in-
terpretation of the IM-5 agosto section, it has been neces-
sary to discriminate autochthonous from allochthonous
assemblages. Due to their small and delicate shell, and
to the presence of different instars (moults), a detailed
study of ostracod specimens allows in fact to recognize
allochthony. Criteria commonly used to identify dis-
placement include combined investigations on adults/
instars ratio, state of preservation and depth distribution
(van Harten, 1986; Brouwers, 1988). In the studied
section, taxa such as Aurila, Leptocythere, Loxoconcha,
Semicytherura and Urocythereis have been considered
as displaced from the shelf. They are mainly represented
by juveniles and their state of preservation is general-
ly poor. On the contrary, specimens of Argilloecia,
Cytheropteron, Krithe and Parakrithe among others,
despite the fragility of their shell, are mainly in an ex-
cellent state of preservation and frequently show both
adults and young instars, typical of authochtonous spec-
imens. Paleoenvironmental interpretations are based ex-
clusively on the latter group including genera and species
sharing comparable paleobathymetric distributions and
ecological requirements.

3. Results
3.1. Time framework

Astronomical calibration of the Montalbano Jonico
section interval A, which contains the IM-5 agosto
section (Fig. 1), is based on the occurrence of distinct
sapropel layers, that correspond to Pleistocene insola-
tion cycles 112, 104, 102, 90 and 86 dated by Lourens
(2004, and references therein). The identification of
sapropel layers and their location as well, are based on
the drastic increase of low oxygen tolerant benthic
foraminiferal fauna (Globobulimina affinis and Bolivina
gr. assemblage) (see for details Ciaranfi et al., 2001;
Stefanelli, 2004; Stefanelli et al., 2005) and on
planktonic 0"%06  puttoides lighter values (Stefanelli
et al., 2005). These sapropel layers are biostratigraphi-
cally constrained by calcareous nannofossil events
(Maiorano et al., 2004) and by the recognition of the
Globorotalia crassaformis influx (Joannin, 2007)
(Fig. 3).

Following Lourens et al. (1996) and Lourens (2004),
the Montalbano Jonico section interval A has been
astronomically calibrated using a 3 kyr time lag between
the midpoints of each sapropels and their correlative
precession minima to construct the planktonic 6'%0
time series. On this basis, at the IM-5 agosto section, the
beginning of sapropel 19 deposition would be dated at

95840.80 kyr and assuming a constant and linear sed-
imentation rates of 49 cm/kyr the termination reaches
an age of 942+0.81 kyr. The estimated time interval
of interruption at the IM-5 agosto section is 0.485+
0.32 kyr. Conversely, in the Balearic, Tyrrhenian and
Levantine deep-sea basins sapropel 19, which was con-
trolled by a strong peak in summer insolation 65° N
curve, is commonly only few centimetres thick and
ranges in age from about 960.5 kyr to 954 kyr (Hassold
et al.,, 2003; Meyers and Arnaboldi, 2005) with an
estimated duration of 6.5 kyr. The duration of the in-
terruption varies from 2.6—2.2 kyr in the Balearic and
Tyrrhenian basin to 1 kyr in the Levantine basin (Meyers
and Arnaboldi, 2005).

The discrepancy observed in the timing of the bottom
and top of the sapropel intervals as well as in the du-
ration of interruption could be associated to the different
tuning strategy proposed for this insolation cycle and/or
to differences in the sedimentation rate at the IM-5
agosto section between sapropel 19 interval and pre-and
post sapropel sediments. In the studied section, the peak
expression of the insolation cycle 90 is in fact defined
at the midpoints of sapropel 19 and tuned at 954 kyr
(Lourens, 2004). Alternatively, Meyers and Arnaboldi
(2005) define the insolation maximum of cycle 90
(tuned at 955 kyr) as the sample in which the highest
total organic carbon (TOC) concentration occurs.
The good match between the 6306 puoides record at
Montalbano Jonico section interval A with the equiva-
lent record from the Mediterranean ODP-Site 975 (re-
calibrated by Lourens (2004), using sapropel chronol-
ogy of core KCOIB) confirms that the astronomical
calibration of the Montalbano Jonico section Interval A
is well-constrained at the scale of precessional cycle
(Fig. 3). However, the much longer duration estimated
for sapropel 19 at the IM-5 agosto section with respect
to their deep-sea coeval counterparts, seems to suggest
that a potential change in the sedimentation rate cannot
be excluded in the studied section during the sapropel
deposition.

Due to the absence of additional tie-points at the base
and at the top of the sapropel layer 19, we then assumed
the duration of 6.5 kyr for sapropel 19 following Meyers
and Arnaboldi (2005). On this basis (also using the
midpoint of sapropel 19 dated at 954 kyr; Lourens,
2004) we adjusted the linear sedimentation rate within
the sapropel interval at the IM-5 agosto section (Fig. 3).
We found that the base of sapropel is dated at 957+
0.81 kyr and the top at 950+0.86 kyr. These new tie-
points show that the sedimentation rate increased in the
sapropel layer (Fig. 3) and that the duration of the
interruption at the IM-5 agosto section is estimated at
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0.350+0.32 kyr. As a result the linear regression which
describes the age-depth relationship for the Montalbano
Jonico section interval A indicates an average sedimen-
tation rate of 55 cm/kyr (Fig. 3).

3.2. Grain size, mineralogy and geochemistry

3.2.1. Grain size

Sediments from sapropel 19 can be classified mainly
as silt (Folk, 1980, Fig. 4a). Sediment from the
interrupted interval (phase B) mainly consists of mud
(Folk, 1980; Fig. 4a). Pre-and post-sapropel sediments
cannot be clearly discriminated and fall in the mud and
silt fields from Folk ternary diagram, with some
overlapping. Due to the proximal setting of the IM-5
agosto section, a high influx of sediments exhibiting
mainly a silt-mud grain-size is clearly expected. The
initial stage of sapropel (phase A) is characterized by a
low clay/silt ratio (Fig. 4b) that sharply increases up to
phase B. After the interruption, sapropel sediments from
phase C exhibit again an increase in silty fraction (lower
clay/silt ratio), interrupted by a spike at about 24.2 m,
where the clay input briefly increases.

3.2.2. Organic variables

A peculiar feature of samples from the IM-5 agosto
section is the extremely low organic carbon content (Coyo
content background of about 0.05%; Appendix A).

315

However, despite the overall low C,, content, spikes
exhibiting C,,, values as high as 1% are observed at the
IM-5 agosto section in both sapropel and pre/post
sapropel sediments. Low C,,, contents are commonly
observed in on-land Pleistocene sapropel layers (less
than 1%; Nijenhuis et al., 2001) compared to their coeval
counterparts in deep-marine cores. Post-depositional
processes may be responsible for the low organic carbon
content observed in the sapropel intervals (Nijenhuis
et al.,, 2001), but dilution caused by the higher sedi-
mentation rate within the sapropel interval may have also
occurred. With respect to the content of total nitrogen
(Niop), this element is slightly more concentrated (in the
range of 0.06—0.08%; Appendix A) in sapropel interval
compared to pre-and post-sapropel sediments. Copo/Niot
ratio does not show a significant trend through the sec-
tion (Fig. 5). Attention was also devoted to the behavior
of biogenic silica content, because this variable may
offer a (more specific) guide to past biological produc-
tivity compared to organic carbon. Biogenic silica distri-
bution along the IM-5 agosto section (Fig. 5) exhibits a
strong and sharp reduction at the initial stage of phase A
and then starts to increase up to the phase B, in which the
highest concentration of biogenic silica occurs. During
sapropel phase C, biogenic silica contents are slightly
higher than in phase A, with the only exception of a spike
at about 25 m and immediately after the end of sapropel
deposition.
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Fig. 4. a) Ternary diagram with Udden—Wentworth size class end-members and the silt-to-clay ratios (modified from Folk, 1980). b) clay-to-silt ratio
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3.2.3. Inorganic variables

The initial stage of sapropel deposition is clearly
marked by a sharp increase in Al,O5; content (Fig. 5),
thus indicating an increase in the terrigenous input. This
feature is observed in the whole sapropel interval with
the exception of the interruption (phase B). A relative
decrease in CaO as consequence of the strong dilution
from clay input (high aluminium input; Fig. 5) is also
observed through the sapropel layer. A sharp decrease of
SiO, characterizes the initial stage of sapropel deposi-
tion and an increase of silica content marks the upper
part of phase A. A similar trend is also observed at the
initial stage of phase C, with a continuum increment of
SiO, up to the top.

The chemical composition of the IM-5 agosto section
sediments is also discussed in the present paper on the
basis of element/Al ratios, in order to compensate for
possible dilution of carbonate input. Changes in the ele-
ments/aluminum ratio distributions are observed (Fig. 6)
through the sapropel layer. The Si/Al, Ti/Al, Mg or/Al,
Ca/Al ratios are lower during phases A and C with res-
pect to the pre-/post-sapropel sediments. This pattern, if
considering the aluminum distribution in the section
(14% to 15.5%, Fig. 5), is clearly consequence of the
increased terrigenous supply to marine sedimentation
during the time of sapropel formation. However, Ti/Al,
although lower in sapropel interval with respect to the
non-sapropel sediments — like the other elements/ratios
shown in Fig. 6 — exhibits an increase in the final stage
of phase A up to phase B. An increase of K/Al ratio is

also observed during phase B. Although Ba is con-
sidered an index of biological productivity (McManus
et al., 1998 among others and reference therein), its dis-
tribution in the IM-5 agosto section does not show a
significant enrichment in the sapropel interval. This fea-
ture, similarly to what previously observed by Nijenhuis
etal. (2001) and Arnaboldi and Meyers (2003), supports
the hypothesis that Ba/Al ratio is not a reliable paleo-
productivity indicator in near-shore settings, being the
shallow-water column probably responsible for the lack
of the barium enrichment (Von Breymann et al., 1992).
Barium excess values, calculated according to Mercone
etal. (2001), show that the non-detrital Ba fraction is not
preferentially accumulated in sapropel sediments, thus
confirming that the low Ba/Al ratio observed in the sa-
propel interval at the IM-5 agosto section is not a con-
sequence of the high aluminum concentration (Fig. 6).
With respect to the redox-sensitive and chalcophile
elements (Fig. 6), they are not enriched in the studied
sapropel compared to pre-and post-sapropel sediments,
as commonly expected for Mediterranean sapropel
(Thomson et al., 1995; Nijenhuis et al., 1998 among
others). This discrepancy can be a consequence of both
dilution operated by the increased detrital input and
increase in the sedimentation rate (Fig. 3), which does
not allow a full incorporation of trace elements supplied
by rivers into the sediments (Nijenhuis et al., 1999).
This support the hypothesis that in sapropel 19 at the
IM-5 agosto section the river input source is therefore
more important than marine source in controlling the
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distribution of redox-sensitive and chalcophile ele-
ments. Further, changes in geochemical characteristics
of sediment input through the entire section, i.e. changes
in mafic contribution (Turekian and Wedepohl, 1961)
starting from the interruption upwards, seems also to be
responsible for the peculiar Ni trend and suggest that
increase of this element from phase A to phase C is a
feature not restricted to the sapropel interval. Despite the
possible dilution and detrital input control on the redox-
sensitive elements, Mn and U still appear to provide
information on paleo-oxygen conditions. The trend of
Mn along the entire section does not give evidence of
strong diagenetic effects (Fig. 6). The Mn decrease in
sapropel interval in the studied section (Fig. 6) is com-
patible with sediments deposited under dysoxic condi-
tions (Mercone et al., 2001). U shows an interesting
increasing trend through the sapropel (Fig. 6), reaching
maximum values during the end of phase C and slightly
above. This may be an indication of low-oxygen con-
dition at the sea bottom coupled with increased
productivity (Kochenov and Baturin, 2002).

3.2.4. Mineralogical variables

The relative abundance of clay minerals with respect
to quartz (hereafter CM/Qtz) exhibits significative
variations: the initial stage of sapropel deposition is
characterized by the increase of clay mineral input (high
Al,O3 content; Fig. 5), that decreases toward the end
of phase A (Fig. 7). Phase B is marked by a relatively
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strong decrease in quartz input and relative increase in
kaolinite and feldspars (respectively highest Kaol/Qtz
and lowest Kaol/[Kfs+Pl] ratios). The initial stage of
phase C is characterized by a relatively low amount of
clay minerals with respect to quartz (with the exclusion
of a short interval between 23.7 m up to 24.2 m where a
positive spike in clay minerals can be observed). The
kaolinite/quartz ratio (Kaol/Qtz) also mimics, during
phase A and C, the CM/Qtz as well as the kaolinite/
feldspars ratios (Kaol/[Kfs+Pl]).

The relative distribution of kaolinite and chlorite
(Kaol/Chl) in the clay fraction (<2 pum) within the
sapropel layer allows good discrimination between
sapropel and homogeneous sediments: the former are
characterized by a lower Kaol/Chl ratio whereas the
latter shows values for this ratio higher than 1 (Fig. 7).

3.3. Micropaleontology

3.3.1. Pollen

The pollen assemblage of the Montalbano Jonico
section (see for details Joannin, 2007) is mainly com-
posed of mesothermic elements which include trees (e.g.
deciduous Quercus, Carya and Pterocarya) living in
warm-temperate climate with wet conditions. Altitudi-
nal elements (e.g. Cedrus and Tsuga) vary similarly to
the mesothermic elements and show highest abundance
during interglacials. Mesothermic, altitudinal and step-
pic groups are based on the cumulative percentages
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Fig. 7. Vertical distribution of mineral phase weight % ratios through the IM-5 agosto section.



P. Maiorano et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 257 (2008) 308—334

of taxa according to their estimated ecology, which
are defined on the basis of their representatives in the
present-day plant ecosystems (Suc, 1984; Combourieu-
Nebout, 1987).

Steppic elements (e.g. Artemisia and Ephedra) var-
iations are opposite to the mesothermic elements ones.
Steppic elements, which could grow in large thermic
range conditions, are often linked with xeric conditions
(Subally and Quézel, 2002). In the Montalbano Jonico
section (Joannin, 2007), the steppic elements increases
recorded cold and dry climate, like during the glacial
period which precedes i-90 cycle.

Based on the observed pollen assemblage, a meso-
thermic vs. steppic and halophyte ratio was used to
describe climatic changes in the lower part of Montalbano
Jonico section (Interval A; Joannin, 2007). This ratio is
also considered the most significant climate proxy for the
IM-5 agosto section. In the sapropel interval, pollen an-
alyses are characterized by a global increase of mesother-
mic vs. steppic and halophyte elements ratio (Fig. 8).
Halophytes are able to live in saline environments and
their increase is expected during sea-level falls (i.e. during
glacial periods). This phenomenon has been observed in
the important sea level change occurred during the
Messinian crisis (Suc et al., 1995). As a consequence,
high values of mesothermic vs. steppic and halophyte
ratio indicate warm and wet climate. Since vegetation is

mesothermic vs. steppic and
halophyte elements
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controlled by changes in temperature and precipitation
with increasing altitude (Ozenda, 1975), vegetation
changes described in the mesothermic vs. steppic and
halophyte ratio have probably been amplified by the
expansion and contraction of altitudinal vegetation belts.

Deciduous Quercus, belonging to the mesothermic
group, has already been used to describe Mediterranean
climate changes (wetness availability) in response to
precession minima (Rossignol-Strick and Paterne, 1999).
In the IM-5 agosto section the deciduous Quercus pattern
mimics the mesothermic vs. steppic and halophyte
elements ratio with lower frequency variations.

In the sapropel layers, the pollen ratio and decidu-
ous Quercus record a sharp increasing of wet and warmer
conditions in phase A, followed by a brief cooler and drier
climate (phase B). As values of the pollen ratio and
percentages of deciduous Quercus recorded during phase
B are similar with values and percentages recorded during
the glacial phase (MIS 26) (Fig. 8), dryness and
temperature should be equivalent. On the whole, phase
C is characterized by warm and wet conditions.

3.3.2. Calcareous nannofossils

The calcareous nannofossil assemblages are abun-
dant and moderately preserved. The quantitative pattern
of the most representative taxa are reported in Fig. 9
and compared with the most significant planktonic
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Fig. 8. Mesothermic (e.g. deciduous Quercus, Carya and Pterocarya) vs. steppic (e.g. Artemisia and Ephedra) and halophyte (e.g. Caryophyllaceae,
Amaranthaceae—Chenopodiaceae) elements ratio, and deciduous Quercus variations through the IM-5 agosto section (modified after Joannin, 2007).
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foraminifera (Stefanelli et al., 2005). In the pre-and post-
sapropel sediments, the assemblage is well diversified
and the most common taxa mainly consist of small
placoliths, Reticulofenestra spp. (R. asanoi, Reticulofe-
nestra sp. sensu Maiorano and Marino, 2004, and R.
minutula), Pseudoemiliania lacunosa, Coccolithus
pelagicus, Syracosphaera spp. (mainly Syracosphaera
histrica and S. pulchra). Subordinate components in the
assemblages are Rhabdosphaera claviger, Calcidiscus
leptoporus, Helicosphaera carteri. Very rare and
scattered taxa are represented by Calciosolenia spp.,
Discosphaera tubifera, Pontosphaera spp., Umbilico-
sphaera spp., Braarudosphaera bigelowii, Helico-
sphaera spp. Reworked species are common and
almost uniformly distributed and generally represented
by Cretaceous and Paleogene taxa.

The calcareous nannofossil assemblages show the
most striking feature across the sapropel layer. The
most evident aspects are represented by the increase in
abundance of F. profunda, the decrease of R. claviger
and Syracosphaera spp. and the increasing trend of
P lacunosa and Reticulofenestra spp. Specifically,
during the lowermost part of phase A, R. claviger,
Syracosphaera spp. and C. leptoporus are significant
components of the nannofossil assemblages and show
distinct peaks in abundance. Concomitant low abun-
dances of F. profunda, P. lacunosa and Reticulofenes-
tra spp. also characterize this interval. From the upper
part of phase A through the whole sapropel layer, R.
claviger, Syracosphaera spp. significantly decrease
in abundance together with a slight decrease of C.
leptoporus, although this taxon shows several short
term abundance fluctuations. In the final stage of phase
A, the beginning of an increasing trend of Reticulofe-
nestra spp. and of P. lacunosa is observed. During the
short interruption in the sapropel layer the calcareous
nannofossil assemblages do not display distinctive
features, with the exclusion of a slightly decrease in
abundance of F. profunda and of H. carteri. However,
H. carteri reaches maximum values slightly below
and above phase B. An increase of Reticulofenestra
spp. and P. lacunosa occurs through the whole phase C.
In addition, Reticulofenestra spp. show important high
values even slight above the top of the sapropel layer.
Phase C is marked by a significant decreasing trend in
the Shannon—Weaver index, with a minimum value
occurring at 24.4 m.

3.3.3. Ostracods

A total number of 3477 valves have been recovered
within the ostracod assemblages and 113 different
species belonging to 51 genera have been identified.

Among these, due to the scattered or poorly preserved
nature of the material, eighty species have been
definitively or tentatively classified, thus leaving the
remaining 33 ones in an open nomenclature.

Vertical distribution of all the species has been
detected and only the most significant taxa considered
for the discussion are reported in Fig. 10. All the most
representative species occurring in the pre-sapropel
interval are also present in the post-sapropel interval,
with the only exception of Cytheropteron testudo, a well
known Plio—Pleistocene northern guest (Aiello et al.,
1996 and references therein) presently living in the
North Atlantic Ocean.

The autochthonous assemblages in the IM-5 agosto
section are dominated by genera (Krithe, Cytheropteron,
Henryhowella, Cytherella, Parakrvithe) commonly liv-
ing in the Mediterranean waters both on the shelf and
in the bathyal zone. Specifically, the distribution of
autochthonous ostracod species at the IM-5 agosto
section and its comparison with the paleobathymetric
preferences of extant, Quaternary and Upper Pliocene
Mediterranean assemblages indicate a paleodepth esti-
mate of about 250-350 m (upper bathyal zone) as
shown in Fig. 10.

The allochthonous valves range from 0 to 36.7/100 g
and show a discontinuous trend through the IM-5 agosto
section (Fig. 11). Paleoenvironmental changes were
clearly observed by grouping Krithe and Parakrithe
(K+P), Cytheropteron and Henryhowella (C+H) and
by (K+P)/(C+H) ratio (Fig. 11). In the studied section
the genera Krithe and Parakrithe, Cytheropteron and
Henryhowella represent the most abundant infaunal
and epifaunal taxa respectively. The mode of life of
Krithe has been inferred from shell structure (e.g.
Coles et al., 1994) and directly observed by Majoran
and Agrenius (1995). Parakrithe shows very similar
features and it is assumed as infaunal. Henryhowella is
considered epifaunal on the basis of both the structure
of the carapace and indirect observations (Kempf
and Nink, 1993; Didié¢ and Bauch, 2002). The genus
Cytheropteron is characterized by more or less devel-
oped ventral expansions (alae) which are commonly
interpreted as typical of taxa crawling over the bottom
sediments (Elofson, 1941).

The lower part of the section, belonging to the whole
pre-sapropel interval, up to the sample just above the
onset of sapropel interval (0—20.2 m) is characterized
by a high diversity of Krithe genus and by high K+P and
C+H abundance (Fig. 11). Diversity indexes (Fig. 11)
range from 1.24 to 2.62 (SH), from 0.67 to 0.90 (S1-D)
and from 4 to 18 (SR). The (K+P)/(C+H), representing
infaunal/epifaunal ratio, varies from 0.67 to 4.33
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Fig. 10. Paleobathymetric variations through the IM-5 agosto section based on the ostracod assemblages, and stratigraphical distribution of selected
taxa. Uncertainty in the paleodepth estimation is of some dozen metres.

(Fig. 11). The species C. testudo occurs exclusively in
this part of the section. In addition, some species (e.g.
Bairdoppilata conformis, Cytherella robusta) temporar-
ily disappear (Fig. 10). In this part of the section the trend
of diversity indexes has a positive relation with C+H
abundance variations (Fig. 11). Conversely, K+P abun-
dance and (K+P)/(C+H) follow a very clear inverse
trend (Fig. 11).

In the lower part of phase A, infaunal ostracods be-
come very rare: the species Krithe praetexta replaces K.
compressa, K. keyi and K. monosteracensis (Fig. 10),
with a collapse of K+ P abundance (from 11.1 to 3.57%,
Fig. 11). In contrast, C+H abundance (from 33.3 to
60.9%), mainly due to the abundance of the Cytherop-
teron genus, shows a marked increase (Fig. 11). Con-
sequently, the infaunal/epifaunal ratio abruptly
decreases (0.1-0.33). Abundance and diversity show
opposite trends, the abundance being relatively low
(OA;=3.0-9.3, OA,=8.3-35.7) and diversity high
(SH=2.19-2.3) (Fig. 11).

The interval ranging from the middle part of phase A
up to the top of the sapropel interval is virtually barren (i.e.
devoid of autochthonous ostracods), with the notable
exception of an assemblage recovered in phase B largely
dominated by Henryhowella sarsii sarsii and K. praetexta
(Fig. 10). The barren interval extends up to 26.2 m
(slightly above phase C), i.e. up to the level where the
repopulation of benthic foraminifera (Stefanelli et al.,
2005) had been already started.

The post-sapropel interval starts with the sudden
return of ostracod fauna almost completely consisting of
H. sarsii sarsii and the genus Krithe. This interval is
characterized by the increase in abundance and regular
occurrence of B. conformis, C. robusta, Parakrithe
rotundata and Sagmatocythere moncharmonti. A dis-
tinct opposite trend of diversity indexes (especially S1-
D) with K+ P abundance and infaunal—epifaunal ratio is
re-established, as in the pre-sapropel interval (Fig. 11).
However, while in the pre-sapropel interval abundance
and diversity are strictly related, in the post-sapropel
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sediments no clear connection can be observed. In the
uppermost part of the section Ostracod Abundance (OA;
and OA,) gradually reach the higher values (28.7/100 g
and 99/100 g, respectively) of the whole section

(Fig. 11).
4. Discussion

4.1. On-land paleoclimate conditions: terrigenous vs
eolian input

The beginning of sapropel deposition is clearly marked
by an evident increase in terrigenous input mainly char-
acterized by clay minerals (sharp increase in Al,O;
content and high clay minerals/quartz ratio; Figs. 5, 7).
Specifically, a sharp increase of chlorite with respect to
kaolinite is a distinctive feature of the sapropel deposition.
In the sediments from the frontal part of the southern
Apennines chain — which represents the source area of
the Pleistocene sediments of the IM-5 agosto section
(Casnedi, 1988) — as deduced from present-day marine
sediments, the Kaol/Chl ratio ranges from 0.8 to 0.5 (Di
Leo, unpublished data), very close to that observed in the
sapropel sediments. This pattern can therefore be con-
sidered as a feature inherited from the source area, and it
clearly suggests an increase in sediments load during
sapropel deposition.
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Using the elements/aluminum ratios of major and
trace elements, including REE (see Appendix A), as var-
iables in the input matrix of a multivariate statistical
analysis using Principal Component Analysis (PCA)
method (Fig. 12a), it can be observed that the first com-
ponent (58% variance) groups together Ti/Al, Zr/Al, Si/
Al, Si/Ti, and biogenic silica with high positive
component loadings, and Ti/Zr with a negative compo-
nent loading. The second component (30% variance),
groups together La/Al, Ce/Al, La/Sc showing high
positive component loadings, and V/Al with a negative
component loading. In the 1st component vs. 2nd com-
ponent plot, samples from sapropel interval group
together in the direction of maximum variation of light
rare earth elements (high La/Al, Ce/Al and low La/Sc c.
loadings on the 2nd component), being enriched in light
REE and depleted in Sc, and of maximum variation in Ti/
Zr ratio (high c. loading on the 1st component).

In the Ist component vs 2nd component plot
(Fig. 12a) sample from phase B falls in the direction
of maximum variation of Ti/Al and Zr/Al ratio,
suggesting a strong correlation between these variables
which strongly enrich in this phase. It is well known that
high immobile elements/Al ratios, i.e. Ti/Al, Zr/Al and
low Ti/Zr ratios, indeed characterize eolian sediments:
high Ti/Al ratio has been observed in eolian mineral
particles from the Sahara—Sahel Dust Corridor (Moreno
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Fig. 12. a) Orthogonal plot of the multivariate statistical analysis carried out using Principal Component Analysis (PCA) as extraction method. In the
input matrix weight ratios of chemical elements and the calculated biogenic silica (Robinson, 1994) from the IM-5 agosto section have been used. b)
Plot of K/Al versus Ti/Al weight ratios. Sahara dust data from Krom et al. (1999b), southern Apennines data from Laviano (1991), Pescatore et al.
(1980) and Di Leo et al. (2002). Data of the sapropel sediments from the Early Pleistocene i-cycle 156 of Vrica section and ODP Site 967 (Nijenhuis
et al., 2001) are also included, the former as representative of an on-land section from bathyal setting, the latter of enhanced Nile river input.
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et al., 2006). High Si/Al and Si/Ti ratios also
characterize eolian sediments. On this basis, a signifi-
cant eolian input may be invoked to explain the geo-
chemical features of phase B. Ti/Al and K/Al are also
specifically useful for distinguish between arid and
humid condition, being these ratios high when a strong
input from eolian (e.g. Sahara) dust occurs (Krom et al.,
1999a,b). The relationship between K/Al and Ti/Al
ratios (Fig. 12b) in fact, clearly indicate a significant
eolian input from a Sahara source (Weldeab et al., 2002)
for the sediments from the interruption (phase B). The
2nd component may represent the efficiency of fluvial
erosion — which increased during sapropel deposition as
consequence of paleoclimate changes (wetter climate
characterized by intense freshwater runoff) — if one
considers that the V is mainly associated with fine
particles (Muller and Calas, 1987; Di Leo, 1998) and the
REE are associated with minerals (e.g. feldspars, zircon,
and phosphates) more represented in the silt fraction:
sediments of sapropel interval are enriched in silt
fraction (Fig. 4b) and are relatively enriched in feldspars
(low Kaol/[Kfs+Pl] ratio; Fig. 7). The lower Kaol/Chl
ratio observed in the sapropel further supports the
hypothesis of increased runoff during sapropel deposi-
tion. Such intense terrigenous supply was not continu-
ous in the sapropel interval: a reduction of the sediment
flux occurred at about 22.2 m during the interruption of
the sapropel (i.e. phase B). The interruption is enriched
in kaolinite and feldspars with respect to quartz in
sapropel and pre- and post-sediments. Comparison with
data of atmospheric dust from Mediterranean areas
(Tomadin and Lenaz, 1989; Prospero et al., 1981)
suggests that the mineralogical signal may be conse-
quence of an appreciable input from eolian dust. North
African sediments are also characterized by large
amount of kaolinite and feldspars (Moreno et al.,
2006). However, marine transport of these sediments
to Ionian Basin coast is unlikely because of the strong
surface current flowing through the Siculo—Tunisian
strait from the northwest to the southeast, acting as a
hydrodynamic barrier (M¢élieres et al., 1998).

Despite a lower sampling resolution, pollen data-set
further improve the on-land paleoclimate framework
through the sapropel layer. Specifically, the beginning
of phase A (Fig. 8) is marked by a strong increase of
the mesothermic vs. steppic and halophyte ratio thus
indicating warm and wet climate conditions. Phase B
clearly records a return to cold and arid conditions.
Italian coasts could receive less than 650 mm of annual
precipitations or long seasonal summer dryness, which
are the limiting factor for the deciduous Quercus
development (Rossignol-Strick and Paterne, 1999).

Through phase C the mesothermic vs. steppic and
halophyte ratio increases again reaching higher values
only in the upper part of the interval, which suggests
changing to warm and wet conditions.

4.2. Sea surface water temperature, productivity and
turbidity

Sea surface water temperatures have been recon-
structed by means of calcarcous nannofossils and
planktonic foraminifera distributions (Stefanelli et al.,
2005), together with some geochemical proxy. A
multivariate statistical analysis using a PCA method
(Fig. 13) has been performed using calcareous nanno-
fossil abundance variations as variables in the input
matrix together with the Al,O5 content and the Kaol/Chl
ratio as tracers for the terrigenous input — which may
have significantly affected surface water phytoplankton
community in such a proximal setting — and the U/Al
ratio as a proxy of surface productivity combined with
low oxygen bottom waters. A combination of anoxic
bottom environment with high productivity in aerated
surface waters is supposed to be the most favorable
factor for uranium concentration in sedimentary process
(Kochenov and Baturin, 2002).

The first component (43% variance) groups together
R. claviger, C. leptoporus and Syracosphaera spp. with
high positive component loadings, and Reticulofenestra
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Fig. 13. Orthogonal plot of the multivariate statistical analysis carried
out using Principal Component Analysis (PCA) as extraction method.
In the input matrix both calcareous nannofossil abundances and
geochemical variables from the IM-5 agosto section have been used.
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spp. and P. lacunosa with negative component loadings.
R. claviger and Syracosphaera spp. are upper phothic
zone taxa preferring warm and low nutrient environ-
ments (Mclntyre et al., 1972; Roth and Coulbourn,
1982; Ziveri et al., 2004, among others). C. leptoporus
seems to prefer tropical to subtropical oligotrophic,
warm-water masses of upper and middle photic zones
(Mclntyre and B¢, 1967; Mclntyre et al., 1970; Flores
et al., 1999; Ziveri et al., 2004 among others). On
the other hand, the ecology of the extinct species P.
lacunosa and of the Pleistocene reticulofenestrids is not
well known. However, they belong to placolith-bearing
taxa that dominate the coastal and upwelling areas in the
modern assemblages (Young, 1994). Therefore the
ecological affinity among the taxa lumped in both the
groups seems to indicate that the abundance patterns of
calcareous nannofossils can be considered the result of
an ecological response rather than a dissolution effect.
Thus, the 1st component seems to discriminate between
warm, oligotrophic and stratified surface water condi-
tions, characterizing both the onset of oxygen depletion
at the sea bottom and most of phase A, and high
productive surface water conditions occurring in the
uppermost part of phase A and in phase C. The decrease
in diversity of calcareous nannofossils recorded during
phase C, combined with the increase of eutrophic taxa
(Reticulofenestra spp. and P. lacunosa) confirms such
an interpretation and can be related to r-selected life
strategies in eutrophic conditions (Young, 1994).
Oligotrophic and warm surface water environments in
the lower part of phase A are also recorded from the
planktonic foraminiferal assemblages based on the
increase in abundance of Globigerinoides ruber gr.
and of high SST values (Figs. 2, 9). During the upper
part of phase A and during phase C, high abundances of
G. bulloides, Neogloboquadrina pachyderma, N. duter-
trei in the planktonic foraminifera microfauna (Fig. 9)
suggest an eutrophic environment with possible de-
crease in the year-round thermocline/halocline (Stefa-
nelli et al., 2005). The relation of high U/Al ratio with
Reticulofenestra spp., P. lacunosa in phase C (Fig. 13)
supports the hypothesis of increased productivity
coupled with low oxygen bottom water conditions as
documented by Kochenov and Baturin (2002) specifi-
cally for anoxic environments. The second component
(26% variance) sets apart pre-and post-sapropel sedi-
ments from those of the sapropel interval, lumping
together, in the direction of maximum variation of
Al,O3 (high terrigenous content), H. carteri and F.
profunda. H. carteri is known to be a coastal taxon and
a marker of moderately elevated nutrient conditions and
turbidity (Giraudeau, 1992; Ziveri et al., 1995; Ziveri

et al., 2000; Colmenero-Hidalgo et al., 2004). Thus, its
positive relation with high Al,O5 content in the sapropel
interval is likely related to the high detrital and nutrient
input as well as high turbidity of surface waters. On the
other hand, the ecology of F. profunda, which is a deep-
photic zone taxon, is not so clearly understood. It is well
known that the light requirements of this taxon are much
lower than those of most coccolithophores (Okada and
Honjo, 1973; Brand, 1994; Cortés et al., 2001).
However, the high abundance of the species has been
often related to a Deep Chlorophyll Maximum (DCM)
development (Rohling and Gieskes, 1989; Molfino and
Mclntyre, 1990; Castradori, 1993). The present results
seem to highlight an opportunistic behaviour of F
profunda likely related to low light surface water
conditions (high turbidity) and low competition within
the nannoplankton community. High abundances of F.
profunda through most of the sapropel interval and
particularly during phase C are, in fact, coupled with a
reduced calcareous nannofossil diversity and increase of
r-selected taxa. It is worthy to note that an upward
migration of the species as a consequence of light
decrease has been inferred by previous authors (Colme-
nero-Hidalgo et al., 2004). Although F profunda
significantly increases within the sapropel, the hypoth-
esis of DCM development seems not well supported
from the present results. The very low abundance of the
oligotrophic taxa inhabiting the upper—middle photic
zone (R. claviger, C. leptoporus and Syracosphaera
spp.) appears in fact not in agreement with the
occurrence of nutrient-rich deep photic layer combined
with oligotrophic and stratified surface waters. Thus, the
2nd component may represent the turbidity of surface
waters, which increases during sapropel deposition as
consequence of higher detrital input associated to the
increased freshwater runoff. The good correlation
existing within the sapropel between F. profunda and
N. dutertrei abundance patterns is also interesting
(Fig. 9). The latter has been observed in reduced-
salinity lenses associated to the sapropel deposition in
particular during cooler phases (Vergnaud-Grazzini
et al., 1977; Capotondi et al., 2000) and considered as
a low salinity indicator (Cita et al., 1977), which is in
good agreement with the increased fresh-water runoff.
Interruption of sapropel layer is not marked by major
shifts in nannofossil assemblages. However, we observe
a weak decrease of F. profunda and of H. carteri (Fig. 9)
across phase B probably due to the decreased terrige-
nous input. In the same interval, planktonic foraminifera
patterns show the re-occurrence of Globorotalia inflata
and low percentages of G. ruber gr. (Fig. 9), suggesting
vertical mixing of the water column with a breakdown
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of the thermocline during cool climate conditions or
increased seasonal contrast.

4.3. Oxygen bottom water conditions

Changes in oxygen content during deposition of
sapropel 19 at the IM-5 agosto section was recently
investigated by the benthic foraminifera analyses
(Stefanelli et al., 2005). In the present paper we used
Ostracod abundance patterns as an additional proxy of
the oxygen levels at the sea-floor. The high sensitiveness
of Ostracoda to dissolved oxygen values has been
highlighted in a number of papers (Peypouquet, 1977,
McKenzie et al., 1989; Whatley, 1991; Whatley and
Zhao, 1993; van Harten, 1995; Corbari, 2004), although
a general consensus has not been yet achieved. On the
other hand, it is generally accepted that, in a context of
bathyal “low oxygen” sediments, abundance and
diversity are largely dependent upon oxygen levels.
Ostracod assemblages are very poor and scarcely
diversified when O, is <3 ml/l (Peypouquet, 1977).
During sapropel events ostracods are not able to survive
in “anoxic” (sensu van Harten, 1987) environments.

In the pre-sapropel interval of the IM-5 agosto
section ostracod diversity and abundance have a positive
relation with epifaunal genera (C+H), and a negative
one with infaunal (K+P) abundance (Fig. 11). This
evidence suggests that the relationship between infau-
nal—epifaunal ostracod ratio and diversity can be
tentatively proposed as indicative of changes in the
oxygen content at the sea bottom as already shown in the
same section on the base of the benthic foraminifers
behaviour (Stefanelli, 2004 and references therein).
Consequently a dissolved oxygen curve indicating
aerobic and kenoxic (Cepek and Kemper, 1981;
Whatley, 1990) phases is here proposed (Fig. 14). The
aerobic phase is mainly characterized by high diversity
and abundance and low values of infaunal—epifaunal
ratio (Fig. 11); the kenoxic phase is recognized by
relatively low diversity and abundance values and high
infaunal—epifaunal ratio; the “no ostracod” interval is
devoid of authochtonous remains (Fig. 11).

During the pre-sapropel interval, a slighly kenoxic/
slightly aerobic environment dominates (Fig. 14), with
a prevalence of oxic peaks in the lower part (0—12 m)
and of kenoxic peaks in the upper part (12—20.2 m).
The latter may represent the prelude to the gradual
deterioration of the bottom paleoenvironment. In the
lower part of phase A, the reversal trend between
abundance and diversity, the disappearance of the
previously recorded infaunal Krithe genus (Fig. 10)
and the occurrence of the opportunistic species K.
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praetexta suggest that the balance of a slightly kenoxic/
slightly aerobic environment is lost. This interval has
been interpreted as a kenoxic phase (Fig. 14) (i.e.
“upper dysaerobic” sensu Stefanelli et al., 2005). The
genus Cytheropteron dominates and the infaunal—
epifaunal ratio drops from 0.33 to 0.06. Therefore, it
is clear that a limiting parameter in ostracod infaunal
distribution occurs, and this is likely related to the
rising of the redox front through the sediment pore-
waters due to the decreased oxygen content at the sea
bottom.

The next step, characterized by the complete loss of
ostracods at the top of phase A, suggests the occurrence
of very low oxygen content even at the sediment-water
interface. Comparison between ostracod and benthic
foraminifera patterns suggests that some benthic speci-
mens, which do not completely disappear within the
sapropel, tolerate lower values of dissolved oxygen, and
an “ostracod anoxic event” may be the equivalent of a
“foraminifer dysoxic event”.
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A short-term amelioration in the oxygen content
occurs during phase B, with a return to kenoxic
conditions. The occurrence of K. praetexta in this
interval (Fig. 10) confirms that the species is able to
tolerate low oxygen conditions and suggests adaptation
of the taxon to rapid and short-term paleoenvironmental
changes. The restoring of kenoxic conditions is quick. In
the post-sapropel interval the assemblage diversity
gradually increases (Fig. 11), while the infaunal—
epifaunal ratio and the K+P abundance decrease,
indicating a progressive recolonization likely linked to
the transition from kenoxic to acrobic paleoenvironment
(Fig. 14).

Above 31.5 m, the diversity and the K+P and
infaunal—epifaunal ratio trends document a new shift
towards kenoxic conditions, with a trough in oxygen
curve at 34.1 m. The peaks in diversity, abundance and
species richness and low values of infaunal—epifaunal
ratio from 35.4 to 36.7 m interval indicate improved
oxygenation of the bottom water (Figs. 11, 14).

The ostracod assemblages suggest that the oxygen
content at the sea bottom was significantly reduced
during sapropel deposition, supporting the previous
reconstruction based on benthic foraminifera (Stefa-
nelli et al., 2005). However, ostracod assemblages
suggest that the oxygen content at the sea bottom was
also significantly diminished just above phase C
(Fig. 14). This slightly different responses with respect
to previous data (Stefanelli et al., 2005) is likely related
to the different efficiency of foraminifera and ostracoda
to oxygen depletion at the bottom sediment. The data in
Fig. 2 support the hypothesis that the benthic
foraminifera are the more tolerant meiofaunal group
with respect to the oxygen content (Moodley et al.,
1997).

5. Depositional constraints of sapropel 19

The formation of sapropel 19 (i-cycle 90) occurred
during a warm climatic conditions correlated to MIS 25.
With the exception of the interruption, most of the
geochemical and mineralogical proxies strongly support
the hypothesis that the sapropel deposition is likely
related to an enhanced freshwater runoff induced by a
wetter climate and stronger monsoon in the eastern
Mediterranean region (Rossignol-Strick, 1983; Wehau-
sen and Brumsack, 2000). As a consequence, a more
efficient fluvial erosion was promoted causing an
increase of terrigenous input. In such a proximal setting
increased turbidity occurred in surface waters. A clear
paleoenvironmental variability characterizes the sapro-
pel 19 deposition, and the inferred paleoenvironmental

features are summarized in a final sketch (Fig. 15).
Specifically, during the lower part of phase A, a strong
increase of wetness on land, associated with warmer
palaeoclimate conditions is attested by the higher
abundances of mesothermic pollen taxa. At the same
time, in the marine environment, the oxygen content
starts to decrease at the sea floor, as testified by the first
significant change in the benthic foraminifera realm
(Stefanelli et al., 2005) and, slightly after, in the ostracod
assemblages, as suggested by the significant reduction
of the infaunal abundance and by the occurrence of the
opportunistic taxon K. praetexta. In this interval, high
diversity in the calcareous nannoplankton assemblage
and high abundance of Syracosphaera spp., R. claviger
and C. leptoporus document warm and oligotrophic
conditions in the upper water column at the beginning
of sapropel deposition, in agreement with Sea Surface
Temperature (SST) curve based on planktonic forami-
nifera (Fig. 2). Warm and humid climate conditions
responsible for the enhanced run-off and consequent
increase of higher fresh water input seem to have trig-
gered the onset of sapropel deposition (Fig. 15). During
the upper part of phase A, the relative increase of the Ti/
Al ratio suggests increment of the eolian input (i.e. a
gradual changes to more arid conditions). Surface water
proxies (increase of Reticulofenestra spp., G. bulloides
and N. pachyderma and decrease of R. claviger, Syra-
cosphaera spp. and G. ruber) suggest a cooler and
moderately productive environment. The concomitant
enhanced depletion of the oxygen content at the sea
floor, as evidenced by the beginning of the ostracod-
barren interval, may be an indication of an increased
input of organic matter to the sea floor and relative
increase of oxygen consumption (Fig. 15). Temporary
re-population of benthic foraminifera and ostracod
fauna underline a sudden re-oxygenation of the
sediment (phase B). Pollen data document cool and
arid conditions on land. Sea surface temperature based
on planktonic foraminifera indicates cool climate
conditions as well (Fig. 2). According to the geochem-
ical and mineralogical indexes, arid conditions started in
the upper part of phase A and culminates during phase
B. In particular, the high CM/Qz, Kaol/Qz, Kaol/Chl
joined to the high Ti/Al and K/AI ratios recorded in
phase B indicate a river supply reduction and an eolian
input increase (Sahara dust). These data suggest that the
sapropel interruption can be related to intensified
windblown activity and climate cooling, which probably
ensured enhanced surface water density and convection
of water column. This mechanism was most probably
responsible for the improved bottom water ventilation.
Similarly to what supposed for the Holocene sapropel
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S1 (De Rijk et al., 1999; Myers and Rohling, 2000), the
sapropel interruption recorded at the IM-5 agosto
section appears associated to a cooling and arid event.
During such a period, the detrital river supply to the sea
would have significantly decreased, increasing the
relative concentration of wind-transported material
from an African source in the sediments. Furthermore,
during the interruption of sapropel 19, biogenic silica,
which can be related to enhanced diatom productivity,
increases. This observation may support the hypothesis
that enhanced atmospheric dust, during the more arid
and colder interval, was responsible for increased
fertility in the surface waters (Harrison, 2000). Since a
detailed diatom distribution is not available at the IM-5
agosto section, an eolian input for the biogenic silica
cannot be excluded. Freshwater Aulacoseira diatoms,
commonly combined with clay to form rounded clay-
diatom agglomerations constitute, together with kaolin-
ite, the main component of the Bodél¢ Depression
sediments in Chad (north Africa), the world’s largest
natural source of silicate dust resulting from desiccated
diatomaceous lake deposits (Moreno et al., 2000).

The rapid restoration of oxygen depleted conditions
at the beginning of phase C is indicated by the
reoccurrence of barren ostracod sediments and decrease
in benthic foraminifera diversity. This phase is associ-
ated also to a quick re-establishment of humid
conditions (Fig. 15), evidenced by abrupt mineralogical
and geochemical changes. However, mesothermic taxa
and SST records indicate that cool conditions still
persisted at initial stage of phase C and only gradually
changed toward warmer conditions up to the end of
phase C. An increase in calcareous plankton productiv-
ity of surface waters can be hypothesized during phase
C, on the basis of a continuous increment of Reticulo-
fenestra spp. and P. lacunosa, a decrease in nannofossil
diversity and high abundances of G. bulloides and N.
pachyderma. During phase C, productivity may have
been sustained by both the mixing of the deep layer and
by the restored increased runoff (local riverine input).
The rarity of oligotrophic taxa (Syracosphaera spp., R.
claviger) and the increase of U/Al ratio underline the
high surface water productivity.

The end of warmer and wetter paleoclimatic condi-
tions at the top of phase C is clearly marked by the sharp
variation of the geochemical and mineralogical para-
meters and a concomitant increase in calcareous
nannoplankton diversity, likely favoured by a restored
“normal” run-off, turbidity and nutrient availability in
surface waters. However, according to the ostracod
behaviour, it seems that the low oxygen conditions
at the sea bottom, slightly persisted still above the re-

establishment of diverse benthic foraminifera assem-
blages at the end of phase C. A persistent low oxygen
condition coupled with high productive surface waters
slightly above the phase C is supported by high
abundance values of Reticulofenestra spp. and the
high U/Al ratio.

6. Conclusions

The multiproxy approach based on geochemical,
mineralogical, micropaleontological studies performed
on the on-land IM-5 agosto section reveals the main
abiotic and biotic signals recorded during the deposition
of the interrupted sapropel 19, thus helping to better
understand the mechanism of sapropel formation in a
more shallow (upper bathyal) environmental setting.

The deposition of sapropel 19 appears to be the result
of a strong interaction between climate, local riverine
input and sea floor ventilation. Warm and humid
conditions characterize the onset of sapropel deposition,
associated with higher freshwater input and decrease in
salinity. Although the environmental setting of the
studied section was remote from the deep water
influence during the deposition of sapropel 19, the
present results indicate a connection between changes in
surface water properties and oxygen content at the sea
bottom, in agreement with most sapropel scenarios
(Rohling, 1994, 2001; Emeis et al., 2003; Rohling et al.,
2006). Our results confirm that considerable paleoen-
vironmental variations can occur during deposition of an
individual sapropel layer.

Productivity appears not to be high at the beginning of
the studied sapropel, therefore not supporting the
hypothesis that enhanced productivity was the primary
factor triggering sapropel deposition (De Lange and Ten
Haven, 1983; Calvert, 1983; Pedersen and Calvert, 1990),
similarly to what occurred at the beginning of late Pliocene
sapropel “c” at Vrica section (Negri et al., 2003). However,
an increase in productivity seems to have occurred in the
remaining of the studied sapropel 19, likely caused by
cooling and enhanced mixing of water column, although
an increase in land-derived nutrients, as a consequence of
the increased river supply, cannot be excluded in such a
proximal setting. Low oxygen conditions persist at the sea
bottom during the whole sapropel, with the exception of
the short interruption, when short-term mixing of water
column developed under cool and arid climate conditions.
More specifically, the estimated duration of 0.350+
0.32 kyr for the interruption of sapropel 19 in the IM-5
agosto section represents the expression of a climate
deterioration during which a significant increase in eolian
input from a Sahara source prevailed over river supply.
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