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ABSTRACT: Temperature variations during the Holocene sapropel S1 has been investigated by means of a multiproxy study on core
ET99-M11 collected in the western Ionian Sea at a water depth of 2800 m.
Sea Surface Temperatures (SST) reconstruction has been made by measuring oxygen stable isotopes (δ18O) and Mg/Ca ratios on the
planktonic foraminifers Globigerinoides ruber and Globigerina bulloides.
Results indicate that the investigated interval was characterized by water temperature increase, both at surface and in the sub-surface
layers. Paleotemperature reconstruction based on Mg/Ca ratios shows higher temperature values during the two sub-units (S1a and
S1b) of the sapropel S1, and lower during the sapropel interruption, the latter being synchronous to the well known 8.2 cold event. In
addition, a number of several short-term cold oscillations which can be correlated with millennial scale climate events in the North Atlantic region is evidenced. This indicates a possible atmospheric connection between the Central Mediterranean and the North Atlantic region and the strong relation between climate and oceanographic changes during the sapropel deposition.
Keywords: sapropel S1, planktonic foraminifera, paleotemperature, Central Mediterranean, Mg/Ca.

1. INTRODUCTION
Organic-rich layers, named sapropels, characterize the Neogene sediments of the Mediterranean Sea
(Olausson, 1961; Cita et al., 1977). These sediments
contain abundant and well-preserved planktonic microfossils that make these intervals particularly suitable for
high-resolution paleoclimatic reconstructions.
Planktonic foraminifera have proven to be excellent indicators of sea surface temperature, salinity, food
availability and they have been used to detect long- and
short-term climate changes in the Mediterranean Sea.
Actually, the isotopic and trace elements composition of
foraminifera shells provide a reliable record of seawater
chemistry and as such are widely used by palaeoceanographers to reconstruct ocean and climate variability
on geological timescales. Specifically, the δ18O signal of
planktonic foraminifera records the combined effects of
global ice volume, sea surface temperature, and regional evaporation/precipitation budgets, while the Mg/Ca
ratio of foraminiferal tests mainly depends on the temperature of the water in which the foraminifer calcifies,
as basically deduced from cultivating work and field
studies (e.g., Nürnberg, 1995, 2000; Nürnberg et al.,
1996, 2000; Lea et al., 1999; Mashiotta et al., 1999;
Elderfield & Ganssen, 2000: Dekens et al., 2002).
Foraminiferal Mg/Ca seawater thermometry is a
rapidly developing and increasingly widely used tool for
palaeoceanographic reconstructions (Nürnberg et al.,
1996; Rosenthal et al., 1997; Lea et al., 1999; Elderfield
& Ganssen, 2000; Lea at al., 2000; Anand et al., 2003;
Barker et al., 2005). The exponential increase of bulk
test Mg/Ca composition with seawater temperature is

well established from deep-sea sediment core top
(Rosenthal et al., 1997; Hastings et al., 1998; Elderfield
& Ganssen, 2000; Lea at al., 2000; Rosenthal et al.,
2000; Dekens et al., 2002; Rosenthal & Lohmann,
2002). However, the incorporation of Mg during shells
calcification is a complex and imperfectly known mechanism with potential species‐dependent effects and
non‐temperature biases such as those associated to
carbonate ion content of seawater (Russell et al., 2004;
Kisakürek et al., 2008) or salinity (Nürnberg et al., 1996;
Lea et al., 1999; Kisakürek et al., 2008; Mathien‐Blard &
Bassinot, 2009; Arbuszewski et al., 2010). Although not
numerically abundant, studies in the Mediterranean evidenced some problems in the application of this method. Ferguson et al. (2008) showed a significant response of foraminiferal Mg/Ca to salinity in the Mediterranean Sea revealing a clear relationship (16% Mg/Ca
increase per psu) although associated to a large Mg/Ca
data scattering. This result was later confirmed by Sabbatini et al. (2011), on the Mg/Ca ratios characterizing
the planktonic species G. ruber from the whole Mediterranean Sea. Hoogakker et al. (2009) and Boussetta et
al. (2011), who worked on core tops from the Red Sea
and from the Mediterranean basin respectively, suggested that anomalously high Mg/Ca ratios of planktonic
foraminifers from the Mediterranean Sea, could be also
related to early diagenetic, high Mg‐calcite overgrowths
formed from CaCO3 supersaturated interstitial seawater.
Also, van Raden et al. (2011) suggested that the high
Mg/Ca measured on two planktonic foraminifers (Globigerina bulloides and Globorotalia inflata) in the Western Mediterranean Sea is due to inorganic calcite coating on the foraminiferal tests. Finally, Kontakiotis et al.
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Fig. 1 - Location map of the core ET99M11 and section IV of the core with the indication of the sapropel S1 position. 450 m resolution
DTM retrieved from http://portal.emodnet-hydrography.eu/EmodnetPortal/index.jsf#.

(2011) presented new Aegean Sea results which reveal
Mg/Ca values that were unreasonably high to be explained by temperature or salinity variations alone, confirming that foraminiferal Mg/Ca is affected by diagenesis. Studies regarding foraminiferal Mg/Ca ratios during
sapropels deposition are rare, however Ní Fhlaithearta
et al. (2010) reliably constrained the magnitude and duration of the sapropel S1 interruption and other shortterm cooling events using Mg/Ca thermometry from the
benthonic microfauna in the Aegean Sea.
Here we present oxygen isotopes and Mg/Ca ratios
data from planktonic foraminifera Globigerina bulloides
and Globigerinoides ruber from sediments of sapropel
S1 in the Ionian Sea, with the aim to reconstruct paleotemperature and paleoenvironmental changes which
occurred during the sapropel S1 deposition in this basin.

logical production, the Modified Atlantic Water (MAW)
enters the western Ionian basin, the intermediate layer
is influenced by salty and warm waters coming from the
Levantine and Aegean basins (LIW: Levantine Intermediate Waters), whilst dense and oxygenated waters,
mainly of Adriatic origin, spread into the Ionian deep
layer.
The choice of the Ionian basin for this kind of highresolution study is driven by the fact that its oceanographic setting is critical for the deep-water formation of
the Mediterranean Basin and the oceanographic conditions, responsible of the sapropel deposition, are certainly influenced by the deep-sea ventilation. Moreover,
concerning the planktonic foraminiferal distribution, this
basin appears as a transitional area between the
Southwestern and Eastern Mediterranean area (Pujol &
Vergnaud Grazzini, 1995).

2. REGIONAL SETTING
3. MATERIAL AND METHODS
The Ionian Sea is a transition basin influenced by
the flow and transformation of the major water masses
constituting the intermediate and deep thermohaline cell
of the Eastern Mediterranean conveyor belt (MalanotteRizzoli et al., 1997; Napolitano et al., 2000). Moreover,
the Ionian circulation plays an important role in the redistribution of the different water masses to adjacent
seas (Gačić et al., 2010).
At the near-surface level, which is the most important part of the water column with regard to the bio-

The sedimentary core ET99M11 has been collected
in the Ionian Sea (36°44’04”N, 15°50’94”E, 2800 m below
sea level; Fig 1). In the core, the sapropel S1 interval is
characterized by black-grey sediments extending from 54
to 22 cm depth in section IV of the core (Fig. 1).
3.1. Age model
The age model is that provided by Vigliotti et al.
(2011 and Table 2 therein) based on four 14C AMS da-
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tings integrated with tephra layers and planktonic foraminiferal bioevents. On this base sapropel S1, is chronologically confined between 10.4 and 5.7 cal ka BP and
appear synchronous with analogous layer reported in
the eastern Mediterranean sea. In detail, three different
time intervals have been recognized: the S1a sub-unit
spanning from 10.4 to 8.3 cal ka BP, the sapropel interruption from 8.3 to 7.8 cal ka BP, and the S1b sub-unit
from 7.8 to 5.7 cal ka BP (Vigliotti et al., 2011).
3.2. Foraminiferal species used and their ecological
features
G. ruber is a species living in the surface mixed
layer and occurring in subtropical to tropical latitudes
(Deuser, 1987; Ravelo & Fairbanks, 1992; Niebler et al.,
1999). It is found at the base of the mixed layer (Field,
2004) and even has moderate abundances within the
thermocline. In contrast to other species, G. ruber has a
low-slope response to a deepening isotherm, which
makes this species the most suitable to document nearsurface temperatures when other species are living
deeper (Field, 2004; Tedesco et al., 2007).
G. bulloides has a wide geographic distribution,
ranging from the poles to the low latitudes (Niebler et
al., 1999; Schmidt & Mulitza, 2002). This taxon most
commonly lives in the surface mixed layer (Fairbanks et
al., 1982; Hemleben et al., 1989), but it also occurs within the thermocline (Field, 2004).
Each species records the temperature variations of
the water mass in which it thrives. Hence, the warmest
water mass is the one in which G. ruber lives, and corresponds to the summer mixed layer (Pujol & VergnaudGrazzini, 1995; Rohling et al., 2004). The water mass
recorded by G. bulloides is assumed to be a mixture between the late spring/early summer surface layer and
deeper waters upwelled during those months at 50-100
water depth (Pujol & Vergnaud-Grazzini, 1995; Barcena
et al., 2004; Hernàndez-Almeida et al., 2005).
3.3. Trace elements analysis (ICP-MS/ICP-AES)
Forty to sixty specimens of G. ruber (var. alba)
were selected from the > 150 µm size fraction (26 samples) discarding specimens visibly contaminated by ferromanganese oxides. The foraminifera tests were next
cleaned using a multistep trace metal protocol including
reductive cleaning with buffered hydrazine (Boyle &
Keigwin, 1985). Mg/Ca ratios were measured on a inductively coupled plasma mass spectrometer Varian
ICP-MS and an inductively coupled plasma atomic
emission spectrophotometer Varian Vista MPX at the
Geochemistry Laboratory of the IAMC-CNR (Naples).
In detail, the tests were gently crushed and then
cleaned following procedures modified from Lea & Boyle
(1993). Briefly, samples were ultrasonically cleaned four
times with ultrapure water (> 18 MΩ) and twice with
methanol. Metal oxide coatings were reduced in a solution consisting of anhydrous-hydrazine, citric acid, and
ammonium hydroxide and organic matter was oxidized
in a solution of hydrogen-peroxide and sodiumhydroxide. All the water samples were treated under a
laminar air flow clean bench to minimize contamination
risks and the sampling materials were cleaned with high
purity grade reagents. The remaining tests material was
then dissolved in 0.1N nitric acid and simultaneously
analysed for magnesium with the Varian ICP-MS induc-

tively coupled plasma-mass spectrometer. A multielement standard was prepared with ICP-MS grade
High-Purity Standards. Based on repeated analyses of
the standard and samples over several runs, on different days, the 2s error in the ICP analyses is estimated
at ±5%. Replicate analyses on five samples yielded an
average external precision (1σ) of about 5%. Calcium
was measured with a Varian Vista MPX inductively coupled plasma-optical emission spectrometer (ICP-OES).
Metal to calcium ratios were determined from intensity
ratios with an external matrix-matched standard using
the method developed by Rosenthal et al. (1999).
The cleaning protocol and analytical approach
used in this study is also comparable to methods reported by Elderfield & Ganssen (2000).
3.4. Isotopic analyses
The oxygen isotopic composition of G. ruber (var.
alba) and G. bulloides were obtained from the sediment
core. About 10-15 specimens in the > 150 µm size fraction were analyzed per sample (41 samples).
Samples were measured with an automated continuous flow carbonate preparation GasBench II device
and a ThermoElectron Delta Plus XP mass spectrometer at the Laboratory of Geochemistry of the IAMC-CNR
(Naples). Acidification of the samples was performed at
50°C. An internal standard (Carrara Marble with δ18O = 2.43‰ vs. VPDB and δ13C = 2.43‰ vs. VPDB) was run
every six samples and the NBS19 international standard
was measured every 30 samples. Standard deviations
of carbon and oxygen isotope measures were estimated
at 0.1 and 0.08‰, respectively. All the isotope data are
reported in δ‰ versus VPDB.
3.5. Determination of Calcification Temperatures
3.5.1. Temperature estimates from δ18Oforam
To obtain the calcification temperatures we have
used oxygen isotope data of G. ruber and G. bulloides
(δ18Oforam) and of the water masses in which they calcify
(δ18Oseawater).
Different equations have been proposed to convert
δ18Oforam in SST but based on what reported on Grauel
& Bernasconi (2010) on sediment surface samples, G.
ruber yield the most reliable calcification temperature
applying the Shackleton (1974) palaeotemperature
equation. In fact, according to the authors, who made a
core-top study on δ18O temperature reconstructions of
G. ruber (white) and U. mediterranea in the central Mediterranean, reliable temperatures were produced using
the Shackleton (1974) equation, whereas too low temperatures compared to the recent temperature conditions (on average ~4.4°C lower than predicted by
Shackleton (1974) equation) were produced using the
Mulitza et al. (2003) equation.
The equation of Shackleton (1974) is:

where Tiso is the calcification temperature and δ18Oforam
and δ18Oseawater are reported vs. VPDB.
δ18Oseawater values for sapropel time are those reported in Kallel et al. (1997 and Table 4 therein).

Bergami C. et al.

8

Values of δ18Oseawater have been converted to Vienna Standard Mean Ocean Water (V-SMOW)‰ using
the following equation:

3.5.2 Temperature estimates from Mg/Ca ratios
Although in the Mediterranean sea seems to be no
significant correlation between Mg/Ca and δ18O‐derived
calcification temperatures (Ferguson et al., 2008; Sabbatini et al., 2011), several studies suggested an exponential correlation between Mg/Ca ratios from G. ruber
shells and SST (e.g. Elderfield & Ganssen, 2000; Anand
et al., 2003; Dekens et al., 2002). Generally, the adopted Mg/Ca-SST equation is that reported by Elderfield &
Ganssen (2000) based on multispecies calibration:

where TMg/Ca is the calcification temperature and Mg/Ca
is measured in mmol/mol.

4. RESULTS
4.1. δ18Oforam and SST
The oxygen isotope data measured on the two species of planktonic foraminifera are illustrated vs. age in Fig.
2. The δ18O values from G. ruber and G. bulloides during
the investigated period average -0.56‰ and 1.12‰, respectively (Fig. 2) with associated variances of 0.46‰ and
0.62‰. G. ruber shows lower values than G. bulloides but
the two records show the same trend during the investigated period, with a general lightening during sapropel
deposition, and particularly during the S1a subunit.
The G. ruber calcification temperature, characterized by a general increase throughout the whole investigated period, ranges between 22.8 and 14.1°C with an
average value of 20°C, while G. bulloides records a similar trend with an isotopic temperature ranging between
16.3 and 5.0°C, with an average value of 12.7°C (Fig. 2).
The heaviest isotopic values throughout the record
are observed at 11.6, 10.7, 10.0, 9.5, 8.2, and 6.4 cal ka
BP suggesting colder conditions during these intervals.

Fig. 2 - Down-core oxygen isotope records (‰ versus VPDB) and calculated isotopic temperature in °C in G. ruber var. alba and G.
bulloides for core ET99M11 across the sapropel S1. The grey areas, representing the extent of the two sub-units of the sapropel S1, are
from Vigliotti et al. (2011). B5-B7 label Bond cycles (Bond et al., 1997; 2001).
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4.2. Mg/Ca ratios and SST estimates
During the interval of sapropel deposition Mg/Ca
ratios range between 1.8 and 4.7 mmol/mol (Fig. 3) with
an average value of 3.37 mmol/mol.
The estimated SST values range between 22.3
and 15.7°C during the subunit S1a, with an average
value of 20°C, and between 22.4 and 18.6°C (average
value 18.6°C) during the subunit S1b, while during the
interruption the average value is 14.8°C (Fig. 4). The
warmest period is observed at the beginning of the sapropel S1 deposition, and throughout the interruption a
gradual cooling took place, leading to another warming
phase during the subunit S1b.

Fig. 3 - Down-core Mg/Ca ratios of G. ruber var. alba for core
ET99M11 across the sapropel S1. The grey areas, representing the extent of the two sub-units of the sapropel S1, are from
Vigliotti et al. (2011).

5. DISCUSSION
5.1. Paleotemperature estimates and difference between the two proxies
Our results show temperatures comparable to
those reported during the sapropel S1 by Kallel et al.
(1997).
In detail, in the investigated period, both proxies
record comparable temperatures in terms of average
values, however there are some dissimilarities at a
smaller scale: in fact, whereas the isotopic temperature
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after a sharp increase at 10 cal ka BP does not show
great fluctuations, paleotemperature reconstruction
based on Mg/Ca ratios shows higher values in the interval from 10 to 8.8 cal ka BP and from 6.6 to 6.3 cal ka
BP during the deposition of the two sub-units of sapropel S1, and lower values in the interval from 8.8 to 7.2
cal ka BP, with the lowest temperature recorded at 8.2
cal ka BP corresponding to the sapropel interruption
(Fig. 4).
In detail, based on calculated isotopic temperatures, the sapropel S1 interval was characterized by a
general increase in water temperatures at the surface
and in the sub-surface layers, as clearly evidenced by
G. ruber and G. bulloides, respectively.
The mean temperature estimate for G. ruber
(20°C) is consistent with the growth temperature proposed by Kallel et al. (1997 and Table 4 therein) for the
same species during the sapropel S1 deposition in the
Ionian basin. The sapropel SST is also taken to be
equivalent to the modern one in the Ionian basin and the
growth temperature of G. ruber is found to correspond
to the mean SST of the summer mixed layer (Manca et
al., 2004). This datum further supports that, during the
sapropel interval, the SSTs in the Ionian Sea were similar to the present ones.
The amplitude of the temperature changes recorded by G. ruber is broad, up to 8°C from the warmest
to the coldest values and is consistent with paleotemperature variations documented in the same area during
the sapropel S1 deposition by Emeis et al. (2000). This
broad amplitude is due to the very thin summer mixed
layer really sensitive to any runoff event or heating
anomaly which would have great impact as compared
with other thicker water masses (Gonzalez-Mora et al.,
2008).
The variability of the G. bulloides data are even
wider than those of G. ruber (around up to 10°C of difference between the coldest and the warmest samples), this
although the general trends are similar. The mean temperature estimate for G. bulloides (12.7°C) is cooler by
about 2°C respect to that of today. As G. bulloides is prolific at depths below the thermocline (Pujol & VergnaudGrazzini, 1995), the observed difference in temperature
estimate respect to G. ruber suggest the presence of a
marked thermocline or an increasing summer thermal
gradient. Moreover, the large gradient between the temperatures recorded by G. ruber and G. bulloides can be
interpreted as related to their seasonality (Pujol &
Vergnaud-Grazzini, 1995) suggesting that the two different water masses remained isolated at the seasonal
scale, due to a permanent seasonal stratification.
The mean temperature estimate, based on Mg/Ca
ratios, for G. ruber is consistent with the isotopic temperature during S1a subunit (20°C) while is cooler by
about 1.5°C during S1b subunit (18.6°C).
Discrepancies between temperature estimates
from Mg/Ca ratios and calculated isotopic temperature
may be ascribed to the different variables influencing
the two proxies. The oxygen isotopic temperatures are
based on biogenic δ18Oforam which is affected by
δ18Owater. The variability between the Mg/Ca and oxygen
isotope temperature reconstructions of G. ruber may, in
part, be explained by changes in δ18Owater.
In our reconstructions, we assumed a constant
δ18Owater during the entire investigated interval, but it is
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Fig. 4 - δ18O and Mg/Ca G. ruber var. alba inferred temperature records from core ET99M11. The grey areas, representing the extent of
the two sub-units of the sapropel S1, are from Vigliotti et al. (2011). Open symbols represent Mg/Ca data, overlain with a line representing a 200 year Gaussian smoothing.

reasonable that during the sapropel deposition the well
documented enhanced run-off and the subsequent different evaporation/precipitation budget, and the presence at the surface of freshwater-diluted lenses influenced this value. On the contrary, Mg/Ca ratios in
modern planktonic foraminifera are assumed and have
been demonstrated to be predominantly a function of
the temperature of the water in which they grew, while
salinity is a secondary factors that exert influences on
shell Mg content, but not in the Mediterranean, where
several authors (Ferguson et al., 2008; Sabbatini et al.,
2011 and references therein) suggested that Mg/Ca
ratios can be strongly affected by the high salinity values typical of this basin. In detail, measured Mg/Ca
values of planktonic foraminifera, collected in the eastern and central Mediterranean basins, correlate poorly
with the calcification temperatures but more significantly with calcification salinities, demonstrating that the
salinity can be a primarily influencing factor in these

environments. However, during the sapropel deposition, surface water salinity decreased and became almost homogeneous over the whole Mediterranean basin with an average value for the Ionian sea of 35.2
PSU (Kallel et al., 1997 and Table 4 therein), which is
close to that of the western Mediterranean basin (e.g.
Alboran Sea) where the Mg/Ca ratios are not influenced
by the salinity regime (Ferguson et al., 2008). Then it is
reasonable that, during the sapropel deposition, the
salinity did not exert influences on shell Mg content,
being the Mg/Ca ratios primarily influenced by SST variations.
In addition, we may exclude the possibility that
post-deposition process or the presence of a Mg‐rich
calcite coating influences the results, firstly because
sapropel layers are really conservative environments
often characterized by the lack of bioturbation and often
apparently high sedimentation rates. Secondarily, we
observed in our samples, that the sapropel microfauna
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association was typically characterized, as observed by
other authors (Capotondi et al., 1999; Negri et al.,
1999), by the occurrence of specimens showing a very
thin test structure, easily observed at the optical microscope, which point to a very good test preservation with
no or few secondary calcite overgrowth.
Concluding, our data show that fluctuations in the
Mg/Ca ratios are more pronounced than in the isotopic
values suggesting a promising tool for paleotemperature
reconstruction also in the Mediterranean, but only when
the influence of salinity will be entirely clarified.
5.2. Mediterranean connection with the North Atlantic Ocean
Climate changes during the Holocene have been
gathering increasing attention because of the occurrence of millennial‐scale abrupt climate changes, of
possible hemispheric extent, during this period (e.g.,
Bond et al., 2001; Gupta et al., 2003; Mayewski et al.,
2004), when the boundary conditions such as CO2 concentration and ice volume were relatively constant and
similar to the present ones.
In the North Atlantic, ice‐rafted debris (IRD) events
exhibit a distinct pacing on millennial‐scale during the
Holocene (Bond et al., 2001). Recently, several authors
identified the expression of these events also in the sedimentary record of the Mediterranean Sea (e.g. Cacho
et al., 2001; Frigola et al., 2007; Rouis-Zargouni et al.,
2010; Incarbona et al., 2008; 2010; Vallefuoco et al.,
2011; Capotondi & Vigliotti, 1999).
Comparison of our record of δ18Oforam with North
Atlantic Holocene millennial scale climatic variability
(Bond et al., 1997) allowed to highlight several shortterm cold oscillation at around 10.7, 9.5, and 8.2 cal ka
BP comparable with the events numbered 7, 6, and 5 by
Bond et al. (2001; 1997) (Fig.2).
This indicates a possible atmospheric connection
between the Central Mediterranean and the North Atlantic region and the strong relation between climate and
oceanographic changes during the sapropel S1 interval.
One of these climatic features has been already documented by several authors in other areas of the Mediterranean Sea (e.g. Rohling et al., 1997; De Rijk et al.,
1999; Sangiorgi et al., 2003; Vigliotti et al., 2011; Asioli
et al 1999; Ariztegui et al., 2000), and was related to the
so-called “8.2 event” (Alley et al., 1997) and the associated δ18O increase of Greenland ice cores.
Based on the isotopic temperature signal, during
the three events the magnitude of the sea surface cooling is comparable to that proposed by Bond et al. (1997)
in cores from the North Atlantic ocean, and does not
exceed 2°C. Based on the Mg/Ca temperature reconstruction, the cooling exceeded 2°C only during the
event centred at 8.2 cal ka BP with a decrease in temperature of at least 5°C corresponding to the shift also
proposed by Alley et al. (1997) during this event. Then
in the studied core the Mg/Ca method evidences very
sharp short time fluctuations much less evident with the
isotope paleotemperature method.
Then, our data suggest a strong sensitivity of the
Central Mediterranean basin, during the sapropel S1
time interval, to changes occurred in the North Atlantic
and therefore supports the high low latitude climatic
Mediterranean interplay also evidenced in Colleoni et al.
(2012) for the Plio-Pleistocene time interval.

6. SUMMARY
A high-resolution investigation on the Holocene
sapropel S1 in the Ionian Sea was performed based on
planktonic foraminifera geochemical data (stable oxygen
isotopes and Mg/Ca ratios) proxies.
This study documents promising results of the
Mg/Ca paleothermometry applied to planktonic species.
The first phase of the sapropel S1 was characterized by higher temperature, also consistent with the
modern ones in the Eastern Mediterranean basin, while
the second phase registered cooler temperature by
about 2°C.
During the sapropel interval, several cooling episodes, time equivalent to the millennial climatic variability in the North Atlantic, were recognized at 10.7, 9.5,
and 8.2 ka BP, the latter corresponding to the well
known “8.2 event” and synchronous to the sapropel interruption. The climatic oscillations recorded by our
study suggest an hemispheric-scale atmospheric connection in the Central Mediterranean basin.

ACKNOWLEDGEMENTS
Part of this study was funded by the projects SINAPSI and Ricerca Spontanea a Tema Libero (RSTL n.
154; “Sapropels S1 e S5: archivi della variabilità climatica indotta dal regime monsonico”). We thanks M. Coltelli, P. Del Carlo and L. Vezzoli to provide Core
ET99M11. We also thank Alessandra Negri and an
anonymous rewiever who greatly improved the manuscript with their comments. This is the ISMAR contribution 1784.
REFERENCES
Alley R. B., Mayewski P. A., Sowers T., Stuiver M., Taylor K. C., Clark P. U. (1997) - Holocene climatic instability: a prominent widespread event 8200 years
ago. Geology, 25, 483-486.
AnandP., Elderfield H., Conte M. H. (2003) - Calibration
of Mg/Ca thermometry in planktonic foraminifera
from a sediment tap time series. Paleoceanography, 18(2), 1050, doi:10.1029/2002PA000846.
Arbuszewski J., Demenocal P., Kaplan A., Farmer E. C.
(2010). - On the fidelity of shell‐derived δ18O seawater estimates. Earth and Planetary Science Letters, 300, 185-196, doi:10.1016/j.epsl.2010.10.
035.17.
Ariztegui D., Asioli, A., Lowe J. J., TrincardiF., Vigliotti
L., Tamburini F., Chondrogianni C., Accorsi C.A.,
Mazzanti M.B., Mercuri A.M., Van der Kaars S.,
McKenzie J.A., Oldfield F. (2000) - Palaeoclimate
and the formation of sapropel S1: inferences from
Late Quaternary lacustrine and marine sequences
in the central Mediterranean region. Palaeogeography, Palaeoclimatology, Palaeoecology, 158(34), 215-240. doi:10.1016/S0031-0182(00)00051-1
Asioli A., Trincardi F., Lowe J. J., Oldfield F. (1999) Short-term climate changes during the Last Glacial-Holocene transition: comparison between
Mediterranean records and the GRIP event stratig-

12

raphy. Journal of Quaternary Science, 14(4), 373381.
Barcena M. A., Flores J. A., Sierro F. J., Perez-Folgado
M., Fabrés J., Calafat A., Canals M. (2004) Planktonic response to main oceanographic
changes in the Alboran Sea (Western Mediterranean) as documented in sediment traps and surface sediments, Marine Micropaleontology, 53,
423-445, doi:10.1016/j.marmicro.2004.09.009.
Barker S., Cacho I., Benway H.M., Tachikawa K. (2005)
- Planktonic foraminiferal Mg/Ca as a proxy for
past oceanic temperatures: a methodological
overview and data compilation for the Last Glacial
Maximum. Quaternary Science Review, 24(7-9),
821-834.
Bond G., Showers W., Cheseby M., Lotti R., Almasi P.,
de Menocal P., Priore P., Cullen H., Hajdas I.,
Bonani G. (1997) - A pervasive millennial-scale
cycle in North Atlantic Holocene and glacial climates. Science, 278, 1257-1266, doi:10.1126/
science.278.5341.1257.
Bond G., Kromer B., Beer J., Muscheler R., Evans M.,
Showers W., Hoffmann S., Lotti- Bond R., Hajdas I.,
Bonani G. (2001) - Persistent solar influence on
North Atlantic climate during the Holocene, Science.
294, 2130-2136, doi:10.1126/science.1065680.
Boussetta S., Bassinot F., Sabbatini A., Caillon N.,
Nouet J., Kallel N., Rebaubier H., Klinkhammer G.,
Labeyrie L. (2011) - Diagenetic Mg‐rich calcite in
Mediterranean sediments: quantification and impact on foraminiferal Mg/Ca thermometry. Marine
Geology,
280(1-4),
195-204,
doi:10.1016/
j.margeo.2010.12.011.
Boyle E. A., Keigwin L. D. (1985) - Comparison of Atlantic and Pacific paleochemical records for the last
250,000 years: changes in deep ocean circulation
and chemical inventories. Earth and Planetary
Science Letters, 76, 135-150.
Cacho I., Grimalt J. O., Canals M., Sbaffi L., Shackleton
N. J., Schönfeld J., Zahn R. (2001) - Variability of
the western Mediterranean Sea surface temperatures during the last 25,000 years and its connection with the Northern Hemisphere climatic changes. Paleoceanography, 16, 40-52, doi:10.1029/
2000PA000502.
Capotondi L., Borsetti A. M., Morigi C. (1999) - Foraminiferal ecozones, a high resolution proxy for the
late Quaternary biochronology in the central Mediterranean Sea. Marine Geology, 153, 253-274.
Capotondi L., Vigliotti L. (1999) - 40. Magnetic and microfaunistical characterization of late Quaternary
sediments in the Western Mediterranean (ODP
Leg 161). Inference on sapropel formation and
paleoceanographic evolution. In: Zahn, R., Comas, M.C., and Klaus, A. (Eds.) Proceedings of
the Ocean Drilling Program, Scientific Results,
College Station TX, 161: 505-518.
Cita M.B., Vergnaud-Grazzini C., Robert C., Chamley
H., Ciaranfi N., D’onofrio S. (1977) - Paleoclimatic
record of a long deep sea core from the eastern
Mediterranean. Quaternary Research, 8, 205-235.
Colleoni F., Masina S., Negri A., Marzocchi A., (2012) Plio-Pleistocene high-low latitude climate interplay:
a Mediterranean point of view. Earth and Planetary Science Letters, 319-320, 35-44.

Bergami C. et al.

Dekens P. S., Lea D.W., Pak D. K., Spero H. J. (2002) Core top calibration of Mg/Ca in tropical foraminifera: refining paleotemperature estimation. Geochemistry Geophysics Geosystems, 3(4), 1022,
doi:10.1029/2001GC000200.
De Rijk S., Hayes A., Rohling E. J. (1999) - Eastern
Mediterranean sapropel S1 interruption: an expression of the onset of climatic deterioration
around 7 ka BP. Marine Geology, 153, 337-343,
doi:10.1016/S0025-3227(98)00075-9.
Deuser W.G. (1987) - Seasonal variations in isotopic
composition and deep-water fluxes of the tests of
perennially abundant planktonic foraminifera of the
Sargasso Sea: results from sediment-trap collections and their paleoceanographic significance.
Journal of Foraminiferal Research, 17, 14-27.
Elderfield H., Ganssen G. (2000) - Past temperature
and δ18O of surface ocean waters inferred from
foraminiferal Mg/Ca ratios. Nature, 405(6785),
442-445.
Emeis K.-C., Struck U., Schulz H.-M, Bernasconi S.,
Sakamoto T., Martinez-Ruiz F. (2000) - Temperature and salinity of Mediterranean Sea surface waters over the last 16,000 years: constraints on the
physical environment of S1 sapropel formation
based on stable oxygen isotopes and alkenone
unsaturation ratios. Palaeogeography, Palaeoclimatology, Palaeoecology, 158, 259-280.
Fairbanks R.G., Sverdlove M., Free R., Wiebe P.H., Bé
A.W.H. (1982) - Vertical distribution and isotopic
fractionation of living planktonic foraminifera from
the Panama Basin. Nature 298, 841-844.
Ferguson J., Henderson G., Kucera M., Rickaby R.
(2008) - Systematic change of foraminiferal Mg/Ca
ratios across a strong salinity gradient. Earth and
Planetary Science Letters, 265, 153-166, doi:10.
1016/j.epsl.2007.10.011.
Field D.B. (2004) - Variability in vertical distributions of
planktonic foraminifera in the California Current:
relationships to vertical ocean structure.
Paleoceanography, 19, PA2014. doi:10.1029/2003
PA00970.
Frigola J., Moreno A., Cacho I., Canals M., Sierro F. J.,
Flores J.-A., Grimalt J. O., Hodell D. A., Curtis J.
H. (2007) - Holocene climate variability in the
westernMediterranean region from a deepwater
sediment record. Paleoceanography, 22, PA2209,
doi:10.1029/2006PA001307.
Gačić M., Borzelli G. L. E., Civitarese G., Cardin V., Yari
S. (2010) - Can internal processes sustain reversals of the ocean upper circulation? The Ionian
Sea example, Geophysical Research Letters, 37,
L09608, doi:10.1029/2010GL043216.
Gonzalez-Mora B., Sierro F. J., Schönfeld J. (2008) Temperature and stable isotope variations in different water masses from the Alboran Sea (Western Mediterranean) between 250 and 150 ka. Geochemistry Geophysics Geosystems, 9(10).
doi:10.1029/2007GC001906.
Grauel A.L., Bernasconi S.M. (2010) - Core-top calibration of δ13C and δ18O of G. ruber (white) and U.
mediterranea along the southern Adriatic coast of
Italy. Marine Micropaleontology, 77, 175-186.
Gupta A. K., Anderson D. M., Overpeck J. T. (2003) Abrupt changes in the Asian southwest monsoon

The sapropel S1 in the Ionian Sea

during the Holocene and their links to the North Atlantic Ocean. Nature, 421, 4-7.
Hastings D.W., Russell A.D., Emerson S.R. (1998) Foraminiferal magnesium in Globeriginoides sacculifer as a paleotemperature proxy. Paleoceanography, 13(2), 161-169.
Hemleben C., Spindler M., Anderson O.R. (1989) - Modern Planktonic Foraminifera. Springer-Verlag,
New York.
Hernàndez-Almeida I., Barcena M. A., Sierro F.J., Flores J.A., Calafat A. (2005) - Influence of 1997-98
El Niño event on the planktonic communities from
the Alboran Sea (Western Mediterranean). Geogaceta, 38, 183-186.
Hoogakker B. A. A., Klinkhammer G. P., Elderfield H.,
Rohling E. J., Hayward C. (2009) - Mg/Ca paleothermometry in high salinity environments. Earth
and Planetary Science Letters, 284, 583-589,
doi:10.1016/j.epsl.2009.05.027.
Incarbona A., Di Stefano E., Patti B., Pelosi N., Bonomo
S., Mazzola S., Sprovieri R., Tranchida G., Zgozi
S., Bonanno A. (2008) - Holocene millennial-scale
productivity variations in the Sicily Channel (Mediterranean Sea). Paleoceanography, 23(3), 1-18.
doi:10.1029/2007PA001581
Incarbona A., Di Stefano E., Sprovieri R., Bonomo S.,
Pelosi N., Sprovieri M. (2010) - Millennial-scale
paleoenvironmental changes in the central Mediterranean during the last interglacial: comparison
with European and North Atlantic records. Geobios, 43(1), 111-122. doi:10.1016/j.geobios.2009.
06.008.
Kallel N., Paterne M., Duplessy J.C., Vergnaud-Grazzini
C., Pujol C., Labeyrie L.D., Arnold M., Fontugne
M., Pierre C. (1997) - Enhanced rainfall on Mediterranean region during the last sapropel event.
Oceanologica Acta, 20, 697-712.
Kisakürek B., Eisenhauer A., Böhm F., Garbe‐ Schönberg D., Erez J. (2008) - Controls on shell Mg/Ca
and Sr/Ca in cultured planktonic foraminiferan,
Globigerinoides ruber (white), Earth and Planetary
Science Letters, 273, 260-269, doi:10.1016/j.epsl.
2008.06.026.
Kontakiotis, G., Mortyn P. G., Antonarakou A.,. Martínez‐Botí M. A, Triantaphyllou M. V. (2011) Field‐based validation of a diagenetic effect on G.
ruber Mg/Ca paleothermometry: core top results
from the Aegean Sea (eastern Mediterranean). Geochemistry Geophysics Geosystem, 12, Q09004,
doi:10.1029/2011GC003692.
Lea D.W., Boyle E.A. (1993) - Determination of carbonate-bound barium in corals and foraminifera by
isotope dilution plasma mass spectrometry. Chemical Geology, 103, 73-84.
Lea D.W., Pak D.K., Spero H.J. (2000) - Climate impact
of late Quaternary equatorial Pacific sea surface
temperature variations,.Science, 289(5485), 17191724.
Lea D.W., Mashiotta T.A., Spero H.J. (1999) - Controls
on magnesium and strontium uptake in planktonic
foraminifera determined by live culturing. Geochimica et Cosmochimica Acta, 63(16), 23692379.
Mayewski P.A., Rohling E.E., Stager J.C., Karlen W.,
Maasch K.A., Meeker L.D., Meyerson E.A., Gasse

13

F., van Kreveld S., Holmgren K., Lee-Thorp J.,
Rosqvist G. Rack F., Staubwasser M., Schneider
R.R., Steig E.J. (2004) - Holocene climate variability, Quaternary Research, 62, 243-255, doi:
10.1016/j.yqres.2004.07.001.
Malanotte-Rizzoli P., Manca B.B., Ribera d’Alcalà M.,
Theocharis A., Bergamasco A., Bregant D., Budillon G., Civitarese G., Georgopoulos D., Michelato
A., Sansone E., Scarazzato P., Souvermezoglou
E. (1997) - A synthesis of the Ionian Sea hydrography, circulation and water mass pathways during
POEM-Phase I. Progress in Oceanography, 39,
153-204.
Manca B., Burca M., Giorgetti A, Coatanoan C., Garcia
M.-J., Iona A. (2004) - Physical and biochemical
averaged vertical profiles in the Mediterranean regions: an important tool to trace the climatology of
water masses and to validate incoming data from
operational oceanography. Journal of Marine Systems, 48(1-4), 83-116. doi:10.1016/j.jmarsys.2003.
11.025.
Mashiotta T.A., Lea D.W., Spero H.J., (1999) - Glacialinterglacial changes in Subantarctic sea surface
temperature and δ18O-water using foraminiferal
Mg. Earth and Planetary Science Letters, 170,
417-432.
Mathien‐Blard E., Bassinot F. (2009) - Salinity bias on
the foraminifera Mg/Ca thermometry: correction
procedure and implications for past ocean hydrographic reconstructions, Geochemistry Geophysics Geosystem, 10, Q12011, doi:10.1029/2008
GC002353.
Mulitza S., Donner B., Fischer G., Paul A., Pätzold J.,
Rühlemann C., Segl M. (2003) - The South Atlantic
oxygen isotope record of planktic foraminifera. In
The South Atlantic in the Late Quaternary (eds. G.
Wefer, S. Mulitza, V. Ratmeyer). Springer, 121-142.
Napolitano E., Oguz T., Malanotte-Rizzoli P., Yilmaz A.,
Sansone E. (2000) - Simulations of biological production in the Rhodes and Ionian basins of the
eastern Mediterranean. Journal of Marine Systems, 24, 277-298.
Negri, A., Capotondi, L., Keller, J. (1999) - Calcareous
nannofossils, planktonic foraminifera and oxygen
isotopes in the late Quaternary sapropels of the
Ionian Sea. Marine Geology, 157, 89-103.
Niebler H.S., Hubberten H.W., Gersonde R. (1999) Oxygen isotope values of planktic foraminifera: a
tool for the reconstruction of surface water stratification. In: Fischer, G., Wefer, G. (Eds.), Use of
Proxies in Paleoceanography: Examples from the
South Atlantic. Springer-Verlag, Berlin, 165-189.
Ní Fhlaithearta S., Reichart G.-J., Jorissen F. J., Fontanier C., Rohling E. J., Thomson J., De Lange G. J.
(2010) - Reconstructing the seafloor environment
during sapropel formation using benthic foraminiferal trace metals, stable isotopes, and sediment
composition. Paleoceanography, 25(4), 1-17. doi:
10.1029/2009PA001869.
Nürnberg D. (1995) - Magnesium in tests of Neogloboquadrina pachyderma (sinistral) from high
northern and southern latitude. Journal of Foraminiferal Research, 25, 350-368.
Nürnberg D. (2000) - Taking the temperature of past
ocean surface, Science, 289, 1698-1699.

Bergami C. et al.

14

Nürnberg, D., Bijma, J., Hemleben C. (1996) - Assessing the reliability of magnesium in foraminiferal calcite as a proxy for water mass temperatures.
Geochimica et Cosmochimica Acta, 60, 803-814.
Nürnberg D., Müller A., Schneider R.R. (2000) - Paleosea surface temperature calculations in the equatorial east Atlantic form Mg/Ca ratios in planktic
foraminifera: a comparison to sea surface temperature estimates form Uk37, oxygen isotopes, and
foraminiferal transfert function. Paleoceanography,
15, 124-134.
Olausson E., (1961) - Studies of deep-sea cores: reports of the Swedish Deep-Sea Expedition, 19471948, 8, 323-438.
Pujol C., Vergnaud-Grazzini C. (1995) - Distribution patterns of live planktic foraminifers as related to regional hydrography and productive systems of the
Mediterranean Sea. Marine Micropaleontology, 25,
187-217.
Ravelo A.C., Fairbanks R.G. (1992) - Oxygen isotopic
composition of multiple species of planktonic foraminifer: recorders of the modern photic zone temperature gradient. Paleoceanography, 7, 815-831.
Rohling E. J., Jorissen F. J., De Stigter H. C. (1997) 200 year interruption of Holocene sapropel formation in the Adriatic Sea, J. Micropalaeontology,
16, 97-108.
Rohling E.J., Sprovieri M., Cane T., Casford J.S.L.,
Cooke S., Bouloubassi I., Emeis K.C., Schiebel R.,
Rogerson M., Hayes A., Jorissen F.J., Kroon D.,
(2004) - Reconstructing past planktic foraminiferal
habitats using stable isotope data: a case history
for Mediterranean sapropel S5. Marine Micropaleontology, 50, 89-123.
Rosenthal Y., Boyle E.A., Slowey N.C., (1997) - Temperature control on the incorporation of magnesium,
strontium, fluorine, and cadmium into benthic foraminiferal shells from Little Bahama Bank: prospects
for thermocline paleoceanography. Geochimica et
Cosmochimica Acta, 61(17), 3633- 3643.
Rosenthal Y., Field M.P., Sherrell R.M. (1999) - Precise
determination of element-calcium ratios in calcareous samples using sector field inductively coupled plasma mass spectrometry. Analytical Chemistry, 71, 3248-3253.
Rosenthal Y., Lohmann G. P., (2002) - Accurate estimation of sea surface temperatures using dissolutioncorrected calibrations for Mg/Ca paleothermometry. Paleoceanography, 17(3), 1044, doi:10.1029/
2001PA000749.
Rosenthal Y., Lohmann G.P., Lohmann K.C., Sherrell
R.M., (2000) - Incorporation and preservation of
Mg in Globigerinoides sacculifer: implications for
reconstructing the temperature and 18O/16O of
seawater. Paleoceanography, 15(1), 135-146.
Rouis-Zargouni I., Turon J.-L., Londeix L., Essallami L.,
Kallel N., Sicre M.-A. (2010) - Environmental and
climatic changes in the central Mediterranean Sea
(Siculo-Tunisian Strait) during the last 30 ka based
on dinoflagellate cyst and planktonic foraminifera
assemblages. Palaeogeography, Palaeoclimatolo-

gy, Palaeoecology, 285(1-2), 17-29. doi:10.1016/j.
palaeo.2009.10.015.
Russell A. D., Hönisch B., Spero H. J., Lea D. W. (2004)
- Effects of seawater carbonate ion concentration
and temper- ature on shell U, Mg, and Sr in cultured planktonic foraminifera. Geochimica et Cosmochimica Acta, 68(21), 4347-4361, doi:10.1016/j.
gca.2004.03.013.
Sabbatini A., Bassinot F., BoussettaS., Negri A., Rebaubier H., Dewilde F., Nouet J., Caillon N., Morigi
C. (2011) - Further constraints on the diagenetic
influences and salinity effect on Globigerinoides
ruber (white) Mg/Ca thermometry: implications in
the Mediterranean Sea. Geochemistry Geophysics
Geosystems, 12(10). doi:10.1029/2011GC003675
Sangiorgi F., Capotondi L., Combourieu Nebout N.,
Vigliotti L., Brinkhuis H., Giunta S., Lotter A. F.,
Morigi C., Negri A., Reichart G.-J. (2003) - Holocene seasonal seasurface temperature variations
in the southern Adriatic Sea inferred from a multiproxy approach. Journal of Quaternary Science,
18(8), 723-732.
Schmidt G.A., Mulitza S. (2002) - Global calibration of
ecological models for planktic foraminifera from
coretop carbonate oxygen-18. Marine Micropaleontology 44, 125-140.
Shackleton N. J., (1974) - Attainment of isotopic equilibrium between ocean water and benthonic foraminifera genus Uvigerina: isotopic changes in the
ocean during the last glacial. In: Les Méthodes
Quantitatives D’étude des Variations du Climat au
Cours du Pleistocène. Cent. Natl. de la Rech. Sci.,
Gifsur-Yvette, France, 203-209
Tedesco K., Thunell R.C., Astor Y., Muller-Karger F.
(2007) - The oxygen isotope composition of planktonic foraminifera from the Cariaco Basin, Venezuela: seasonal and interannual variations. Marine
Micropaleontology 62, 180-193.
Vallefuoco M., Lirer F., Ferraro L., Pelosi N., Capotondi
L., Sprovieri M., Incarbona A. (2011) - Climatic variability and anthropogenic signatures in the Gulf
of Salerno (southern-eastern Tyrrhenian Sea) during the last half millennium. Rendiconti Lincei,
23(1), 13-23. doi:10.1007/s12210-011-0154-0
van Raden U. J., Groeneveld J., Raitzsch M., Kucera M.
(2011) - Mg/Ca in the planktonic foraminifera Globorotalia inflata and Globigerinoides bulloides from
Western Mediterranean plankton tow and core top
samples. Marine Micropaleontology, 78, 101-112,
doi:10.1016/j.marmicro.2010.11.002.
Vigliotti L., Asioli A., Bergami C., Capotondi L., Piva A.
(2011) - Magnetic properties of the youngest sapropel S1 in the Ionian and Adriatic Sea: inference
for the timing and mechanism of sapropel formation. Italian Journal of Geoscience (Bollettino della
Società Geologica Italiana), 130(1), 106-118.

Ms. received: November 29, 2012
Final text received: February 2, 2013

