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[1] The multidisciplinary study of planktic and benthic foraminifera, alkenone SST, and O and C stable
isotope records allowed reconstruction of the paleoenvironmental history of the central Adriatic basin over
the last 360 ka B.P. In general, the main paleoclimatic changes documented in the central Adriatic appear
in phase with climate change in the North Atlantic realm, except for intervals which correspond to the
deposition of sapropel levels in the eastern Mediterranean. In particular, the interval between Marine
Isotope Stage (MIS) 7.5 and MIS 5 appears to be strongly influenced by the monsoonal regime. The
comparison with other Mediterranean records also suggests that the Adriatic Basin was affected by very
low sea surface temperature (SST) (down to 2�C for MIS 2) during glacial intervals, which is uncommon
for the Mediterranean Basin. In addition, the SST record indicates that this basin was unable to maintain
warm interglacial/interstadial conditions for durations similar to the western Mediterranean. This fact can
be explained by the landlocked position and shallow depth of this basin, which make it particularly exposed
to atmospheric forcing (e.g., Siberian High) and to the strong influence of the nearby landmass during glacial
intervals, producing a lag in the demise of glacial intervals. Moreover, the progressively higher values of the
d18O records of glacial intervals, alongside the SST record and the foraminifera assemblage, imply an
increasing impact of the formation of cold and dense water since the penultimate glacial.
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1. Introduction

[2] The Mediterranean Sea is a land-locked
marginal basin, located between the high-latitude
obliquity (41 ka)-driven climate system and the
lower-latitude North African climate system, tightly
linked to the precession cycle (21 ka). In this
intermediate position, the Mediterranean Sea may
have switched during the Quaternary between
intervals more dominated by the former or by the
latter climate system. To address the stability of
the Mediterranean climate system high-resolution
paleoceanographic studies can be based on records
extracted from the broad shelves and upper slopes
of the north central Adriatic and Gulf of Lyon,
where very thick sedimentary sequences deposited
during the last 500 ka. This interval encompasses
several orders of cyclicity (100, 41, and 21 ka) that
are characteristic of past Quaternary climate
regimes. In addition, centennial to millennial-scale
episodes of abrupt climatic change can be recog-
nized as in Greenland and Antarctic ice cores
records [Dansgaard et al., 1993; Petit et al.,
1999; EPICA Community Members, 2004]. For
these reasons, the central Adriatic and the Gulf of
Lyon were selected by the European Community
Profiles across Mediterranean Sedimentary Sys-
tems (EC-PROMESS 1) project to determine the
stratigraphic response to glacio-eustatic sea level
and climate change during the last 500 ka at
Milankovitch and sub-Milankovitch (Dansgaard-
Oeschger) scales.

[3] Borehole PRAD1-2 (Figure 1) is the first
continuous and almost undisturbed marine record
spanning the last 370 ka available from the Adri-
atic Basin [Piva et al., 2008]. Consequently, bore-

hole PRAD1-2 provides the first opportunity to
analyze the paleoenvironmental changes of the last
four glacial-interglacial cycles in the Adriatic, a
key area for the oceanographic setting of the entire
Mediterranean. Despite the shallow-water and
proximal location where the borehole was drilled
(186 m water depth), Piva et al. [2008] provided a
multiproxy high-resolution integrated stratigraphy
for PRAD1-2 (Figure 2), documenting a robust
chronologic correlation with other oceanic records
within and outside the Mediterranean, such as
eastern Mediterranean sapropels and North Atlan-
tic D-O events during Marine Isotope Stages (MIS)
3–5, respectively. This stratigraphic scheme is the
base to investigate the climate linkages between
the central Adriatic and Mediterranean/extra-
Mediterranean areas (Figure 1). In addition, the
Adriatic is a peculiar basin, whose morphology
underwent significant and repeated changes in
response to global sea level excursions driven by
glacial-interglacial cycles. As an example, during
the Last Glacial Maximum, circa 19–23 ka B.P., a
large portion of the north Adriatic shelf was
emerged, with the coastline located close to the
�130 m isobath when the Po and the Apennine
rivers discharged a huge amount of terrigenous
material into the Basin [Trincardi et al., 1994;
Cattaneo and Trincardi, 1999].

[4] This paper aims at reconstructing the climatic
trends of glacial and interglacial intervals during the
last 370 ka in the central Adriatic. It integrates
independent proxies, such as planktic and benthic
foraminifera assemblages, foraminifera-derived O
and C stable isotope composition, and alkenone-
derived SST records. Comparison with other Med-
iterranean and extra-Mediterranean records provides
information for the recognition of possible local
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effects, as well as the role this small basin played in
the past for cold and dense water production.

2. Materials and Methods

[5] Borehole PRAD1-2 yielded a continuous,
71.2 m long sediment sequence, collected on the
western slope of the Mid-Adriatic Deep, (LAT
42�40 034.7826 00N, LONG 14�46 013.5565 00E;
185.5 m water depth; Figure 1) by the geotechnical
vessel BAVENIT, operated by FUGRO. The sedi-
mentary record is formed by 89 core sections, each
about 75–80 cm long and 6 cm in diameter. The
borehole lithology, sketched in the log reported in
Figure 2, is generally muddy with intervals of silty
mud, while sand layers are present only in the lowest
part of the hole, starting around 58 mbsf (section 73).
Moreover, silty layers are typically the expression of
volcanoclastic deposits reported in Figure 2, while it
is noteworthy the presence of dark mud levels,
illustrated by Piva et al. [2008] by means of pictures
and color reflectance. After splitting, theworking half
of each core section was sampled for multiple anal-
yses (micropaleontology and macropaleontology,
sedimentology, magnetostratigraphy, isotope chem-
istry and sediment properties). The methods adopted
for each proxy considered in the paper are summa-
rized below; the reader is referred to Piva et al.
[2008] for a complete description of all the other
proxies taken into account in the integrated stratig-
raphy, such as magnetic properties (Anhysteretic
Remanent Magnetization (ARM), inclination and

declination), lightness, color reflectance, XRF data,
radiocarbon ages.

2.1. Foraminifera

[6] In total, 784 subsamples were taken in 2 cm
slices with a typical sampling interval of 10 cm. All
subsamples were dried in the oven at 50�C,
weighed, washed and sieved through a 63 mm
mesh and dried again at 50�C. The samples were
split into aliquots and a number of aliquots was
counted to achieve a minimum of 300 planktic and
300 benthic specimens. The counting was per-
formed on the fraction >106 mm, but the fraction
<106 mm was always checked to avoid missing
diagnostic species with elongated shell (such as
Fursenkoina), or with small size in their adult
stage (e.g., Epistominella). Some planktic species
were lumped together according to the following
scheme: Globigerinoides sacculifer included
Globigerinoides trilobus, Globigerinoides sacculifer
and Globigerinoides quadrilobatus (in the sense of
Hemleben et al. [1989]), while warm species
included Globigerinoides spp, Orbulina spp,
Zeaglobigerina rubescens and Globigerinella spp.
Planktic foraminifera that indicate high fertility of
the surface water, such as Neogloboquadrinids,
Globigerina bulloides, Globigerinita glutinata
and Globigerina quinqueloba, have been lumped
together and plotted in terms of flux (number of
specimens per area unit per time unit) as a proxy of
the surface plankton productivity. In the benthic
assemblage, two proxies indicate different levels
of bottom stress conditions: (1) the Oxygen

Figure 1. Location of borehole PRAD1-2 (star) and of core records (circles) discussed in the text.
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Deficiency Stress (ODS) curve includes all those
deep infaunal taxa particularly resistant to low-
oxygen conditions, such as Cassidulinoides,
Fursenkoina, Glandulina, Globobulimina and
Chilostomella [e.g., Rohling et al., 1997; Jorissen,
1999]; (2) the ‘‘deep infaunal’’ species curve
includes taxa with infaunal microhabitat but
less resistant to low-oxygen conditions, such as

Bolivina/Brizalina spp, Uvigerina spp, and
Bulimina inflata/costata [e.g., Jorissen, 1999].

2.2. Oxygen and Carbon Stable Isotopes

[7] Stable oxygen and carbon isotope analyses
were performed on selected monospecific speci-
mens of foraminifera. On average, twenty speci-
mens of G. bulloides (planktic) and Bulimina

Figure 2. Stratigraphic framework of borehole PRAD1-2 [after Piva et al., 2008]. From the left: core-section
number, lithology, calcareous nannoplankton and foraminifera bioevents, position of the TM-18 tephra (Campanian
Ignimbrite), control points (grey arrows denote Dansgaard-Oeschger events), chronology, and d18O records on
planktic foraminifer Globigerina bulloides and benthic Bulimina marginata. Numbers refer to marine oxygen isotope
stages (MIS) and substages; grey stripes mark the sapropel-equivalent layers. The 14C AMS ages were calibrated
using the online Calib 5.0.2 Radiocarbon Calibration Program [Stuiver and Reimer, 1993] for radiocarbon ages B.P.
younger than 20,000 years and the online calibration program by Fairbanks et al. [2005] for ages older than 20,000
years.
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marginata (benthic) were picked from the size
fraction >180 mm for each analysis. The measure-
ments were performed at the Leibniz Laboratory for
Radiometric Dating and Stable Isotope Research,
CAU Kiel, Germany, by the Kiel automated car-
bonate preparation device connected to a MAT 251
mass spectrometer. Each sample gas was measured
ten times (in a reiterated succession of reference
gas and sample gas). The external error of each
measurement is better than 0.04% (d13C) and
0.06% (d18O). Isotope values are reported with
respect to PDB standard.

2.3. Alkenones and Sea Surface
Temperatures

[8] Subsamples (1 cm thick slices) were taken
every 20 cm. The analytical procedure for deter-
mining the organic biomarkers is described in detail
by Villanueva et al. [1997]. Briefly, samples were
freeze-dried and manually grounded. After addition
of an internal standard containing n-nonadecan-1-
ol, n-hexatriacontane and n-tetracontane, �2 g of
dry sediment were extracted with dichloromethane
in an ultrasonic bath. The extracts were saponified
with 6% potassium hydroxide in methanol to elim-
inate interferences from wax esters. The neutral
lipids were extracted with hexane which was then
evaporated to dryness under a nitrogen stream.
Finally, the extracts were redissolved with toluene,
derivatized with bis(trimethylsilyl)trifluoroaceta-
mide and analyzed by gas chromatography.

[9] The instrumental analysis of the samples was
performed with a Varian gas chromatograph model
3400 equipped with a septum-programmable injec-
tor (Varian 8200CX) and a flame ionization detec-
tor. The carrier gas (hydrogen, 2.6 ml/min) passed
through a CPSIL-5 CB column coated with 100%
dimethylsiloxane (50 m long, 0.12 mm film thick-
ness). The temperature program of the oven was as
follows: the initial temperature 90�C was main-
tained 1 minute and then increased to 170�C at
20�C/min, then to 280�C at 6�C/min (holding time:
25 min) and, finally, to 315�C at 10�C/min (holding
time: 12 min). The injector was programmed from
90�C (holding time 0.5 min) to 310�C at 200�C/min
(holding time: 55 min). The detector was main-
tained with a constant temperature of 320�C.

[10] Selected samples were analyzed by gas chroma-
tography coupled to mass spectrometry (GC-MS)
for compound verification and identification of
possible coelutions. GC-MS was performed with a
FisonsMD800 (THERMO Instruments, Manchester,
UK). The capillary column and the oven conditions

were the same as described above. The carrier gas
was helium at a flow of 2.1 mL/min. Injection port
and transfer line temperatures were 300�C. The
quadrupole mass spectrometer was operated in EI
mode (70 eV), scanning between m/z 50–650 in
1 sec. The ion source temperature was 200�C.

[11] Sea surface temperatures (SST) were based on
the alkenone unsaturation index, U37

K0
, which was

calibrated to temperature with the equation (U37
K0

=
0.033 * SST + 0.044) [Prahl and Wakeham, 1987].
Replicate injections and sample dilution tests
allowed assessing measurement errors below
0.5�C [Grimalt et al., 2001].

3. Chronological Framework

[12] A comprehensive description of the age model
for PRAD1-2 was provided by Piva et al. [2008].
The borehole was ascribed to the last 370 ka, ranging
fromMIS 11.1 to MIS 1 (Figure 2). The proxies used
to define the age model are summarized here.

3.1. Oxygen Stable Isotope Stratigraphy

[13] Two d18O records, obtained from the planktic
foraminifer G. bulloides and from the benthic
foraminifer B. marginata, allowed recognition of
the most significant stratigraphic events (Marine
Isotope Stages (MIS) and Terminations T I, T II
and T III). The midpoints of T II and T III were
taken as control points according to Lisiecki and
Raymo [2005]. The midpoint of Termination I was
not included as control point because of the higher
resolution stratigraphy available in literature for
this interval in the Adriatic Basin [Asioli, 1996;
Asioli et al., 1999; Ariztegui et al., 2000]. Other
additional control points, based on the ages of
glacial stages and cold substages by Martinson et
al. [1987] and Bassinot et al. [1994], were included
for the interval older than MIS 5.1.

3.2. Biostratigraphy

3.2.1. Calcareous Nannoplankton

[14] Semiquantitative analysis allowed definition
of two main bioevents: (1) the First Occurrence
(FO) of E. huxleyi [Rio et al., 1990] at 49.5 mbsf
(264 ka according to Lourens [2004]); (2) a
reversal in the dominance from G. caribbeanica
to the group of small Gephyrocapsa, between
46.33 and 43.17 mbsf (260 and 245 ka according
to Villanueva et al. [2002]). The age of the base of
the borehole is younger than the Last Occurrence
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(LO) of Pseudoemiliania lacunosa (in the sense of
Rio et al. [1990]) occurring at 460 ka.

3.2.2. Foraminifera Bioevents

[15] Quantitative analysis provided the position of
already well constrained bioevents, such as the LO
of Globorotalia inflata at 6 ka B.P. and the LO of
Sigmoilina sellii at 3 mbsf (circa 12.7 ka B.P. 14C
age, according to Jorissen et al. [1993]). New
bioevents and their ages were defined by Piva et
al. [2008], such as the entry of S. sellii at �12 mbsf
(at 25.5 ka B.P. cal age), the Last Common
Occurrence of Hyalinea balthica at 14 mbsf
(28.3 ka B.P. cal age), the LCO of G. inflata at
16.9 mbsf within MIS 3 (43.1 ka B.P. cal age), the
entry of H. balthica at 30.6 mbsf (124 ka B.P. cal
age), the LO of Islandiella islandica at 31.2 mbsf
(131 ka B.P. cal age) and the LO of E. excavatum
forma clavata at 34.4 mbsf (162 ka B.P. cal age).

3.3. Magnetostratigraphy

[16] Two intervals with reverse polarity were iden-
tified at around 37 and 58 mbsf. Yet, only the
former is well defined in both magnetic declination
and inclination and could be used as control point.
According to the d18O record, this excursion is
positioned close to the MIS 7/6 boundary and
correlates with the Iceland Basin Excursion (IBE),
occurring around 188 ka B.P. [Laj et al., 2006].

3.4. Radiocarbon Dates

[17] Six 14C AMS dates (see Piva et al. [2008] for
the complete list) were performed on benthic
monospecific samples (E. crispum or H. balthica)
at the Poznan Radiocarbon Laboratory, Poland, by
using specimens from the size fraction >250 mm.
These radiocarbon ages chronologically constrain
two events: (1) the Last Glacial Maximum (19–
23 cal ka B.P. according to the Chronozone defined
by Mix et al. [2001]), located in PRAD1-2 between
10.3 and 7.7 mbsf, and (2) the LCO of G. inflata
during MIS 3. This latter bioevent slightly predates
the Campanian Ignimbrite tephra recognized by
Bourne [2006] at 16.58 – 16.53 mbsf (and
corresponding to TM-18 of Wulf et al. [2004]).

3.5. Sapropel Stratigraphy

[18] The dark and in some cases laminated sedi-
ment layers present in the borehole are character-
ized by extremely low values of d18O and d13C and
by minima in concentration-related magnetic
parameters (e.g., ARM), lower color reflectance

[see Piva et al., 2008] and by a characteristic
foraminifera assemblage. Benthic foraminifera are
present in most of these layers, except for two
intervals (30.6–30.5 mbsf and 38.7–38.6 mbsf),
where they are nearly absent. Where present, the
benthic assemblage is generally dominated by taxa
tolerating low-oxygen conditions such as Bolivina,
Brizalina, Fursenkoina spp, Chilostomella (see
ODS curve). Neogloboquadrinids (Neogloboqua-
drina pachyderma r. c. and Neogloboquadrina
dutertrei) and/or G. ruber (pink variety) dominate
the planktic assemblage, consistently with the
literature [Cita et al., 1977; Rohling et al., 1993;
Negri et al., 1999; Capotondi et al., 2006]. On he
basis of these combined characteristics, ten dark
layers present in PRAD1-2 borehole were consid-
ered as the central Adriatic equivalents of the
deposition of eastern Mediterranean sapropels
(and named S1 eq., S3 eq. and so on). The ages
ascribed to these sapropel equivalents refer to the
sapropel-based astronomical timescale established
in the Ionian Sea, eastern Mediterranean, for the
last 1.1 Ma by Lourens [2004].

3.6. Dansgaard-Oeschger Events

[19] A wiggle-match correlation between GISP2
ice core [Meese et al., 1997] and PRAD1-2 d18O
records within the last glaciation (latest MIS 5-MIS
2), integrated with lightness and XRF records
(namely Ca/Ti and K/Ti ratios) allowed identifica-
tion of Dansgaard-Oeschger events in PRAD1-2.
These events provide additional control points and
lead to a more refined age-depth model for the upper
portion of PRAD1-2.

4. Results

4.1. Foraminifera

[20] The concentration on planktic and benthic
foraminifera generally range between 200 and
1300 specimens per gram. Exceptions occur during
the acmes of glacial stages 10, 8 and 2, which
present near absent (MIS 10 and MIS 8) to low
(MIS 2) planktic concentrations. Benthic forami-
nifera concentration is less than 50 specimens per
gram during MIS 2. Tables 1 and 2 summarize the
foraminifera assemblages characterizing PRAD1-2
cold and warm intervals, respectively, not includ-
ing the assemblages present during the sapropel
equivalent deposition.

[21] MIS 1 is rather condensed in PRAD1-2
record, compared to many other cores in the area
and, in particular, to PRAD2-4, collected in 50 m
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water depth on the shelf [Cattaneo et al., 2006] and
other published Adriatic cores [Jorissen et al.,
1993; Asioli, 1996; Asioli et al., 1999, 2001;
Artizegui, 2000; Oldfield et al., 2003].

4.2. Stable Isotopes

[22] In addition to the general oscillatory trend
reflecting the oxygen stratigraphy, the d18O
G. bulloides curve (Figure 3) displays quite high
values for glacial intervals with a general increas-
ing trend of the values upward, from �3.5% (MIS
9.2) to 4.5% (MIS 2). A similar trend is visible in
the benthic d18O record (B. marginata), starting at
MIS 7.4 (Figure 4). Moreover, the difference be-
tween the two curves (Dd18OB. marginata-G. bulloides)
has been calculated and plotted in Figure 5 along
with its 3 point smoothing curve. This proxy is
considered here as an indicator of water mass
stratification (the more the values increase, the
more the water mass is stratified). Finally, the
d13C benthic curve (B. marginata, Figure 9) shows
high-amplitude oscillations (up to 1.5%), while the
main feature is the general increasing trend of the
values of the glacial/cold intervals upward.

4.3. Alkenones

[23] The U37
K0

SST record shows a broad range
of variation (Figure 5), that follows the glacial-
interglacial pattern with temperature values between
1–13�C and between 9–23�C during glacials and
interglacials, respectively. The highest tempera-
tures during interglacial intervals are similar to
those encountered in the Holocene in the Gulf of
Cadiz (22�C), Alboran (19�C) and Tyrrhenian
(21�C) Seas [Cacho et al., 2001]. In contrast,
glacial periods exhibit much lower SST than
those documented during MIS 2 in all the above
mentioned Mediterranean basins [Cacho et al.,
2001]. In addition, strong cooling episodes are
observed in PRAD1-2 within most glacial periods
reaching SST values as low as 1�C (MIS 2 and 8),
3�C (MIS 3) or 5�C (MIS 4). The marked contrast
between cold and warm SST implies very large
temperature differences between glacial and inter-
glacial stages, e.g., as much as about 16�C between
MIS 10 and 9, 8 and 7, and 2 and 1, and as much
as 19.5�C between MIS 6 and 5.

5. Discussion

5.1. PRAD1-2 General Climate Trends

[24] PRAD1-2 interglacial and interstadial intervals
are characterized by flux peaks of warm-water

planktic foraminifera species (Figure 5), paralleled
by significant shifts in the oxygen stable isotope
and alkenone-derived SST curves. MIS 5.5 appears
as the warmest substage of the entire record (about
22�C) and is characterized by the presence of
subtropical planktic dweller G. sacculifer. Similarly
high SST values are found in interglacials MIS 7
and 9. Most glacial-interglacial transitions exhibit
rapid and large SST increases, as for the 19.5�C
warming during Termination II (Figure 5). During
interglacial intervals, temperature changes record
stadial-interstadial oscillations with maxima
during stages 5.1, 5.3, 5.5, 7.1, 7.3, 7.5, 9.1 and
9.3 (Figure 6), as on the western Iberian and
Alboran margins [Martrat et al., 2004, 2007].

[25] An overall cooling trend characterizes both
MIS 9 and MIS 5, while MIS 7 shows the opposite.
Substages 7.3 and 7.1 are warmer than MIS 7.5, on
the basis of both SST values and the planktic
assemblage composition (occurrence of the sub-
tropical species G. sacculifer during MIS 7.3 and
7.1). This succession of climatic changes matches
with the integrated sea-land records (marine and
pollen data) described by Tzedakis et al. [2004],
Roucroux et al. [2007], and Desprat et al. [2006,
2007] on the western Iberian margin. These authors
suggested an insolation maximum during MIS 7.3
similar to the one in MIS 7.5 and a mild stadial of
MIS 7.2, the latter characterized by reduced ice
caps compared to the other stadials [Shackleton,
2000], and by only a slight decrease of Atlantic
sea-surface temperatures [McManus et al., 1999].

[26] The planktic foraminifera assemblage indicates
dominant oligotrophic conditions in the surface
water during warm intervals. Higher productivity
conditions, either related to the development of a
Deep Chlorophyll Maximum (peaks of Neoglobo-
quadrinids) or concentrated in the uppermost water
column (abundant G. quinqueloba and/or G. bul-
loides), mainly correspond to the deposition of
sapropel equivalent layers. G. inflata, a winter deep
dweller species requiring vertical mixing and a
cool and homogeneous water column [Pujol and
Vergnaud Grazzini, 1995], is generally present
during warm substages and also at the onset and/
or at the end of cold substages (5.4 and 7.4), but not
during the deposition of sapropel equivalents, con-
firming the strong stratification of the water mass
during these events. Therefore, when present,
G. inflata can be considered an indicator of deep
water production, assuming that during past inter-
glacials and interstadials the northern Adriatic
deep-water formation occurred through mecha-
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Table 1. Microfaunistic Characterization of the Foraminifera Assemblages During the Main Cold Oscillations
Registered in PRAD1-2 Record

Marine Isotope
Stages Planktic Foraminifera Benthic Foraminifera

MIS 10 near-absent overall homogeneous assemblage;
abundant Bulimina ex gr. marginata
and common Ammonia perlucida in
the late MIS

MIS 8 very few specimens, mostly belonging
to G. quinqueloba

extremely oligotypic assemblage,
dominated by Islandiella islandica
and Elphidium articulatum

MIS 6 G. quinqueloba still dominant with
scattered presence of
G. ruber and G. bulloides; very rare
Neogloboquadrina pachyderma
left coiled in the upper part of the stage

assemblages with alternating dominance
of Cassidulina laevigata carinata,
I. islandica and Elphidium spp
(mainly E. articulatum and Elphidium
exacavatum forma clavata)

MIS 4 strong dominance of G. quinqueloba C. laevigata carinata very frequent
(about 50%), with common to
abundant Hyalinea balthica (this is the
only glacial stage in which H. balthica
occurs in the Adriatic record)

MIS 2 G. quinqueloba dominant, with rare
G. bulloides
and very rare G. ruber

alternating peaks of C. laevigata carinata,
Elphidium crispum and Elphidium
decipiens; deep infaunal Glandulina
laevigata abundant in two distinct levels
(5.88 and 11.60 mbsf)

Substages MIS 9.2, MIS 7.4,
MIS 7.2,
MIS 5.4, and MIS 5.2

assemblage generally dominated
by G. quinqueloba, along
with common to abundant G. bulloides
(in particular during MIS 7.4 and MIS 5.2)

dominance of C. laevigata carinata accompanied
by E. decipiens and E. crispum

Table 2. Microfaunistic Characterization of the Foraminifera Assemblages During the Main Warm Oscillations
Registered in PRAD1-2 Record

Marine Isotope
Stages Planktic Foraminifera Benthic Foraminifera

MIS 11 warm species present (G. ruber, Orbulina);
Globorotalia inflata common to abundant

C. laevigata carinata dominant along with
B. ex gr. marginata.

MIS 9 common warm species (G. ruber, Orbulina,
Z. rubescens) in non-sapropelic levels
with common G. inflata

C. laevigata carinata abundant with
B. ex gr. marginata; Cibicidoides pachyderma
shows a distinctive peak at 53.5 mbsf

MIS 7 common to abundant warm species (G. ruber,
Orbulina, Z. rubescens and Globigerinoides
sacculifer (MIS 7.3 and 7.1)); G. inflata present along
with scattered presence of Globorotalia
truncatulinoides; G. inflata dominates MIS 7.1.

C. laevigata carinata abundant (dominant
during MIS 7.5); infaunal species (Brizalina,
Bolivina, Bulimina and Uvigerina) common;
Trifarina angulosa and C. pachyderma common
in all the three substages.

MIS 5 common to abundant warm species (G. ruber,
Orbulina, Z. rubescens and
G. sacculifer (MIS 5.5)); G. inflata common
in MIS 5.3 and 5.1

reversal in the frequencies of C. laevigata carinata
+ H. balthica, increasing upward during MIS 5;
decrease of Brizalina, Bolivina, and Uvigerina
groups; B. ex gr. marginata is common in the three
warm oscillations, as well as T. angulosa and
C. pachyderma.

MIS 3 warm assemblage with Orbulina and G. ruber;
G. inflata rare to common

alternating levels of abundant C. laevigata carinata
and H. balthica; T. angulosa common in the lower
part of the stage

Geochemistry
Geophysics
Geosystems G3G3

piva et al.: evolution of promess1 borehole prad1-2 10.1029/2007GC001785

8 of 21



nisms similar to the modern interglacial [Artegiani
et al., 1997; Lascaratos et al., 1999].

[27] The difference between planktic and
benthic foraminifera oxygen isotope values
(Dd18OB. marginata � d18OG. bulloides) is an indicator
of the water mass homogeneity. When D values
approach zero the water mass tends to become
more uniform, while increasing D values reflect a
stronger stratification of the water column. Consis-
tently, the Dd18O curve for PRAD1-2 (Figure 5)
shows the highest values (up to about 2.5%)
during the deposition of the Adriatic sapropel
equivalent layers, while minima in Dd18O are
mainly recorded during cold intervals. G. inflata
is absent during the acme of glacial intervals (MIS
10.2, 8.4, 6), when Dd18O minima are extreme and
the water depth was too shallow to allow the
appropriate depth habitat of this intermediate water
dweller.

[28] Excluding the sapropel-equivalent intervals,
the benthic assemblage indicates an upper slope
mesotrophic environment during all interglacials
and interstadials, characterized by the accumula-
tion of organic matter on the seafloor and relatively

low oxygenation. However, in this mesotrophic
environment a small amount of epifaunal species,
like C. pachyderma and T. angulosa, is indicative
of well oxygenated bottom waters. This occurrence
therefore suggests seasonal bottom ventilation,
comparable with modern conditions, characterized
by winter production of oxygenated, dense water in
the north Adriatic.

[29] Glacial stages show distinctive features both in
terms of paleodepth and climate trends. MIS 10
shows the shallowest glacial sea level of the whole
borehole, as testified by the near-absence of
planktic foraminifera and by the high percentage
of Elphidium + Ammonia. More in detail, the
presence of A. perlucida, inhabiting the muddy
coastal zone of the modern Adriatic [Jorissen,
1988] reflects a very shallow environment
(A. perlucida is dominant in <10 m, according to
Morigi et al. [2005]) characterized by fresh water
runoff. In contrast, MIS 4 is characterized by the
deepest glacial basin conditions, with higher total
planktic foraminifera flux and it is dominated by
C. laevigata carinata. Some PRAD1-2 glacial
intervals are characterized by the presence, or the

Figure 3. Records of the main planktic foraminifera species. On the left, the d18O record of G. bulloides is reported
as well as the concentration of the planktic foraminifera (number of specimens per gram of dry sediment; note the
logarithmic scale). All the species are expressed as percentages, while the flux of Neogloboquadrinids (dotted line) is
expressed as number of specimens per area unit (cm2) per time unit (ka). Neogloboquadrinids include N. pachyderma
and N. dutertrei. Grey areas indicate sapropel equivalent levels.
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dominance, of peculiar benthic foraminifera spe-
cies presently living outside the Mediterranean, at
higher latitudes:

[30] 1. I. islandica is presently abundant in Arctic
areas and in northern European fjords, living at
temperature <10�C [Murray, 2006]; in PRAD1-2
this species peaks during glacial MIS 6, 8 and 10,
as well as during the deposition of cold sapropel
equivalent S8. The SST record of PRAD1-2, al-
though referred to more surficial waters, is consis-
tent with the temperature range required by
Islandiella.

[31] 2. E. excavatum forma clavata is an opportu-
nistic species [Linke and Lutze, 1993], abundant in
high-latitude fjords and estuaries [Miller et al.,
1982] sometimes close to glaciers and meltwaters
[Murray, 2006; Alve, 1995] in cold climate envi-
ronment [Wilkinson, 1979; Rodrigues and Hopper,
1982; Williamson et al., 1984; Jennings et al.,
2004]. In PRAD1-2 this species is present within
MIS 10 and 6, during the shallowest and river-
influenced conditions recorded by the whole se-
quence and within Sapropel 6 equivalent layer,

respectively, both implying reduced-salinities in
surface waters.

[32] S. sellii is present in PRAD1-2 record only
during MIS 2, as already reported by Jorissen et al.
[1993] and Asioli [1996] for the Adriatic Sea.

5.2. Comparison With Other Records

5.2.1. Western Mediterranean

[33] We compare PRAD1-2 d18O G. bulloides and
alkenone-derived SST records to the time equiva-
lent succession from ODP Site 977A (Figure 1),
the western Mediterranean Sea record with the
highest resolution for the last 250 ka [Martrat et
al., 2004].

[34] The U37
k0 SST record reported by Martrat et al.

[2004] for the Alboran Sea (Figure 6) indicates
SSTs quite similar to those reported during warm
substages in PRAD1-2. Intervals of abrupt warming
are detected in PRAD1-2 by concurrent peaks of
d18O, SSTand warm planktic foraminifera (flux and
frequency) in particular during MIS 9.3 (12�C
shift), 9.1 (7�C), 7.5 (13�C), 5.5 (18.5�C) and 1

Figure 4. Records of the main benthic foraminifera species. On the left the d18O record of B. marginata is reported
as well as the concentration of the benthic foraminifera (number of specimens per gram of dry sediment; note the
logarithmic scale). All the species are expressed as percentages. Grey areas indicate sapropel equivalent levels.
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(8�C), confirming the conclusion made by Martrat
et al. [2004] that cold stadials had only limited
duration, immediately followed by well-defined
returns to interstadials with accelerated warming
by positive feedback mechanisms once a threshold
was passed. However, PRAD1-2 reveals several
exceptions, with regard to the exact timing of the
highest SST values, in turn affecting the duration of
some warm interstadials. Indeed, maximum warm-
ing is differently recorded by U37

k0 SST or warm
planktic foraminifera frequency. In detail, frequen-
cy peaks of warm planktic species and minima of
d18O values are not in phase with coeval peaks of
U37
k0 SST and warm planktic flux. These phase lags

seem to reflect decrease in productivity (see the
planktic productivity flux curve in Figure 5) before
or after the maximum U37

k0 SST, producing a poorer
total flux of planktic foraminifera assemblage but a
relative increase in warm species. An example of
this discrepancy is MIS 5.3, a warm substage
including two stable warm intervals, Alboran Inter-
stadials 24 (AI24) and 23 (AI23) in the western
Mediterranean [Martrat et al., 2004], separated by
the abrupt cold oscillation Alboran Stadial 24
(AS24) (Figure 6). In PRAD1-2, warm planktic

species flux as well as U37
k0 SST record show a small

increase at the base of AI24, while the frequency of
warm planktic species clearly defines a warming
at the base of this substage (circa 109–110 ka).
This latter increase in frequency co-occurs with a
drop in productivity. A similar feature can be
observed for the base of MIS 5.1 in PRAD1-2,
compared to the Alboran site. The PRAD1-2 U37

k0

SST record reaches its maximum just after the end
of Sapropel 3 equivalent, delaying the timing of the
maximum warmth of this substage.

[35] All these observed trends lead to the conclusion
that the Adriatic basin is not capable to maintain
interglacial and interstadial conditions with a dura-
tion similar to the western Mediterranean and east-
ern Atlantic [Martrat et al., 2004, 2007], as
suggested by three observations: (1) during MIS
7.3, 7.1, 5.3 and 5.1, the decreasing SST trend
toward cold substages starts earlier in the Adriatic
Basin than in the Alboran Sea; (2) similarly, the
subsequent SST increase in warm substages is
slower and delayed in PRAD1-2, resulting in pro-
longed intervals with low SST; and (3) in PRAD1-2
the maximum U37

k0 SST within MIS 7.3 is achieved
later.

Figure 5. Synthesis of the main proxies of borehole PRAD1-2 against insolation (Be91 from Berger and Loutre
[1991], rightmost plot) and eccentricity (Be91, leftmost plot). The alkenone-derived SST parallels significantly the
d18O records.
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[36] The overall very low SST, uncommon for the
Mediterranean Sea, and the shorter duration of
warm intervals documented for the Adriatic, may
be explained by three interacting causes, which are
here listed on the basis of their inferred relative
importance: (1) the landlocked nature of this shal-
low basin, especially during the glacial stages,
when sea level was more than 100 m lower than

at present, probably amplified the SST excursion
and increased the atmospheric forcing, e.g.,
through outbreaks of northerly polar continental
air masses (Siberian High), as already argued by
Rohling et al. [2002] for the Holocene cold oscil-
lations; (2) the vicinity of the basin to large Alpine
and Apennine glaciers, conveying cold air, an
uncommon condition for the Mediterranean; and

Figure 6. (a) Comparison between d18O G. bulloides records of the last 250 ka of the ODP site 977A (Alboran Sea
[Martrat et al., 2004]) and PRAD1-2 records. (b) Comparison between U37

k0 SST records of the ODP site 977A
[Martrat et al., 2004] and PRAD1-2. ODP 977A records (yellow) are plotted according to the age-depth model by
Martrat et al. [2004]. (c) Comparison between U37

k0 SST records of the composite western Iberian site (red line) by
Martrat et al. [2007] and of PRAD1-2 (blue line). Grey areas indicate the sapropel equivalent layers detected in
PRAD1-2, and horizontal dashed lines denote MIS boundaries.
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(3) the location at a latitude at least 3� higher than
the best documented Mediterranean sites. The
South China Sea semienclosed basin is one of the
few continental margin settings with a geomorphol-
ogy similar to the Adriatic and strongly affected by
sea level changes impacting its broad shelves,
emerged during glacial stages. From this enclosed
basin, Pelejero et al. [1999a, 1999b] reported U37

k0

SST excursions between LGM and Holocene 1–3�
higher than those observed at the same latitudes in the
Atlantic and Pacific Oceans, and suggested that
the influence of the continental climate changes on
the nearby marine system could act as amplification
mechanism increasing the glacial/interglacial differ-
ences in that marginal sea. This mechanism has been
explainedwith sea level fluctuations that permitted or
prevented surface seawater exchange with the trop-
ical Indo-Pacific waters [Pelejero et al., 1999a].

[37] Glacial intervals like MIS 10, 8.4, 6.2 and 2
experienced the lowest temperatures (2–4�C) and
MIS 4 was just slightly warmer (5�C). These
central Adriatic SST are typically 3–4�C lower
than at the Alboran site [Martrat et al., 2004] both
during glacial and stadial intervals (Figure 6).
Greatest SST differences (up to 5–7�C) between
the two sites are recorded during MIS 6.2–6.3,
MIS 4 and MIS 2. The comparison of the SST
record between PRAD1-2 and the Iberian Margin
[Martrat et al., 2007] for the last four climate
cycles confirms differences as recognized between
the Alboran and Adriatic Sites also for MIS
8 as well as for the interstadials MIS 9.1 and 9.3
(Figure 6).

[38] During MIS 6, the Adriatic and Alboran
records show a similar planktic d18O record, but
the Adriatic displays higher values during stadial
6.4 and slightly lower values during 6.5. These
lower values, as well as more frequent d18O
oscillations during MIS 6.5, can be explained in
PRAD1-2 with the presence of Sapropel 6 equiv-
alent, considering that this sapropel is composed by
multiple phases both in the eastern Mediterranean
[Schmiedl et al., 1998; Jorissen, 1999; Casford et
al., 2003] and in the central Adriatic (see peaks of
planktic productivity flux curve in Figure 5). The
possibility that also the closely spaced d18O oscil-
lations documented in the Alboran Sea between
165 and 180 ka reflect to some extent the estab-
lishment of conditions leading to sapropel forma-
tion cannot be ruled out. The SST records of the
two sites are quite different. In fact, according to
Martrat et al. [2004], the Alboran Sea displays a
millennial scale variability during MIS 6, while

PRAD1-2, although with much lower resolution,
shows consistently lower SST during the earlier
part of MIS 6.5. Interestingly, the lowest values of
SST correspond to low d18O values and probably
reflect intervals of enhanced runoff of cold riverine
waters.

[39] The chronology adopted for borehole PRAD1-
2 allows some inferences about the timing of
Sapropels 4 and 8. Sapropel 8 equivalent, already
recognized as a typical ‘‘cold sapropel’’ [Cita et al.,
1977; Vergnaud-Grazzini et al., 1977; Emeis et al.,
1998; Lourens, 2004] occurs at the base of MIS 7.3
in PRAD1-2 record, above the highest d18O peak
of MIS 7.4, as recorded also by Schmiedl et al.
[1998] and by Emeis et al. [2003] in deeper-water
settings, and not in the early phase of MIS 7.4
[Lourens, 2004]. PRAD1-2 S8 equivalent is char-
acterized by U37

k0 SST of �12�C, colder than the
U37
k0 SST estimate (12 to 16�C) by Emeis et al.

[1998, 2000a] for the Levantine Basin. These low
temperatures may reflect cold surface water pro-
duced by enhanced runoff (low d18O values) dur-
ing the first phase of the S8 equivalent layer,
followed by an increase of planktic productivity
along with an increase of U37

k0 SST and warm
planktic species flux. Only after the sharp drop in
planktic productivity flux the warm species per-
centage peaks, lagging behind the U37

k0 SST peak.

[40] Sapropel 4 equivalent seems to be coeval to
the cold oscillation AS24, registered in the Alboran
site. An equivalent cold episode, lasting 2–4 ka
and interrupting MIS 5.3 has been also detected by
Desprat et al. [2007] on the western Iberian
margin. Moreover, the Organic Rich Layer 6
(ORL6), recognized during MIS 5 in the ODP site
977 has been dated by Perez-Folgado et al. [2004]
at 100.3–102.3 ka B.P. (well matching with the age
of 101 ka established by Lourens [2004] from
astronomical tuning) and related to an early phase
of Sapropel 4. The ORL6 is stratigraphically posi-
tioned in the oxygen isotope record on the shift
leading to the cold spell labeled AS24 by Martrat
et al. [2004]. Therefore the relatively low SST of
the Sapropel S4 equivalent in PRAD1-2 can be
explained by its occurrence during the AS24 cold
spell, even if its development is associated to an
isolation maximum [Lourens, 2004]. This is in
agreement with the conclusion made by Emeis et
al. [1998] that SST in sapropels are not related only
to insolation and do not directly reflect warming
from radiation during the last 500 ka. Instead, their
baseline temperature is related to global ice vol-
ume, possibly through cooling from inland glaciers
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and lowered snow lines in the northern Mediterra-
nean watershed. A shift in the bloom season of the
coccolith E. huxleyi is a complementary explana-
tion for the low SST recorded during S4; such a
shift would have been triggered by a change in the
structure of the water column during its winter and
spring growing season in the Mediterranean
[Knappertsbusch, 1993; Totti et al., 2000]. Similar
shifts in the growth season have already been
suggested for Sapropel 1 by Sangiorgi et al.
[2003] and in the open ocean by Chapman et al.
[1996] and Weldeab et al. [2007].

5.2.2. Eastern Mediterranean

[41] Sanvoisin et al. [1993] analyzed the oscilla-
tions in the planktic foraminifera assemblage in
the Ionian Basin. Core KC01-B was retrieved in
3643 m water depth (Figure 1), and spans the last
circa 1100 ka B.P. The correlation between
PRAD1-2 record and the last circa 340 ka B.P. of
the Ionian core allowed the identification of major
similarities and differences between the two basins,
reflecting local processes in the Adriatic region
(Figure 7). Although different sieve meshes were
adopted (150 mm for core KC01-B versus 106 mm
for borehole PRAD1-2), the correlation between
the two records can be attempted, on the basis of
the main trends of foraminifera distribution. Asioli
et al. [2001] reported common trends in planktic
foraminifera records comparing sequences from
central, southern Adriatic, Tyrrhenian and Ionian
sites even if studied with different sieve meshes of
63 mm versus 125 mm. Similarly, Capotondi et al.
[2006] reported common trends and bioevents
successions among cores studied on fraction either
>63 mm or >150 mm in size.

[42] Warm planktic species in core KC01-B allow,
despite the lower stratigraphic resolution, recogni-
tion of all the major warm oscillations documented
in the more detailed PRAD1-2 record, in particular
for MIS 5 and MIS 7. Subtropical planktic dweller
G. sacculifer displays a consistent trend, peaking
during MIS 5.3, 5.5, 7.1 and 7.3, characterizing
these intervals as the warmest in the investigated
interval. Moreover, the planktic deep-dweller
G. truncatulinoides, which requires a well devel-
oped winter vertical mixing, peaks in both records
during MIS 5.1, 5.3, 7.1, 7.5 and 9.3, suggesting an
enhanced seasonal contrast during these intersta-
dials. Consequently, during MIS 5.5 and MIS 7.3,
these data suggest a prolonged summer warm
season and a weaker winter cooling, consistently
with the 65�N summer insolation and eccentricity
index curves. MIS 5.3 and 7.1 display warm

summer conditions, along with a well developed
winter vertical mixing, suggesting an improved
seasonal contrast. MIS 5.1, MIS 7.5 and MIS 9
in PRAD1-2 appear to be relatively cold. The
Ionian record, instead, brings evidence of warm
climate conditions (peaks of G. sacculifer) also
earlier than MIS 7.3. Consequently, it seems that
the climatic evolution of the two areas particularly
matched within the time interval from MIS 7.3 to
MIS 5.3. This interpretation is also supported by
the oxygen stable isotope data, indicating a higher
intensity of sapropel-equivalent events from S8 to
S4. This interpretation is reinforced by the pres-
ence of deep infaunal taxa only during these
sapropel equivalent beds (ODS curve) and suggests
that in the time interval between S8 and S4 the
conditions of the central Adriatic were more sim-
ilar to those of the eastern Mediterranean, at least
during the sapropel deposition. Several mecha-
nisms have been proposed to explain the formation
of sapropel layers: anoxia, productivity increase,
large-scale fluvial input linked to the increase of
the intensity of the African monsoon season [Ros-
signol-Strick et al., 1982; Rossignol-Strick, 1983;
Emeis et al., 2000b, 2003] (see also Cramp and
O’Sullivan [1999] and Meyers [2006] for reviews)
or of the Indian Ocean summer monsoon [Rohling,
1994]. Considering these possible mechanisms, the
stronger surface water dilution along with the
relatively large thickness of PRAD1-2 sapropel-
equivalent intervals S8 to S4 (typically 50 to
100 cm each) suggest enhanced precipitation over
the central Adriatic brought about by a stronger
influence of the monsoon system over the Medi-
terranean. The Adriatic and Ionian microfaunistic
records differ more significantly during glacial
intervals than during interglacials, but this fact is
mainly a consequence of the shallow depth of the
central Adriatic where sea level falls hampered the
intrusion of deep-dwelling planktic taxa leaving a
planktic association dominated by shallow- and
intermediate-water dwellers, as G. quinqueloba
and G. bulloides.

5.2.3. Bottom Water Formation

[43] Figure 8 shows a comparison of the PRAD1-2
planktic and benthic d18O records with their
planktic counterparts in the Ionian Basin (core
M25/4-KL13 [Schmiedl et al., 1998]), eastern
Mediterranean, and in the Balearic abyssal plain
(ODP Site 975 [Pierre et al., 1999]), western
Mediterranean. A third planktic d18O record, from
the North Atlantic (ODP Site 980 [McManus et al.,
1999]), is far from any Mediterranean paleoceano-
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graphic peculiarity such as those leading to the
deposition of sapropels. All the Mediterranean
d18O curves are on G. bulloides (no correction
for vital effects or ice volume was applied) while
the North Atlantic record is on N. pachyderma r. c.
PRAD1-2 record shows comparable glacial values
during MIS 8 and MIS 6 (3.5%), following a
shift toward higher values in MIS 4 (4.3%) and
in MIS 2 (up to 4.6%). Over the last 350 ka, these
values are high, also when compared with d18O
G. bulloides records of the North Atlantic (not
shown). Atlantic cores collected between 37 and
42�N latitudes and comparable to PRAD1-2 site
(CH69-K09 by Labeyrie et al. [1999] and the
composite record off Iberia by Desprat et al.
[2007]) indicate d18O values not higher than 3%
during glacial stages with no long-term trend. The
Ionian and North Atlantic sites show a trend similar
to the Adriatic, except for lower values during MIS
4, where d18O values on G. bulloides overlap the
d18O record obtained on deeper dweller N. pachy-
derma r. c. On the contrary, in the Balearic site the
glacial stages from MIS 8 to MIS 2 are character-
ized by values around 3.5%, indicated by the
almost vertical yellow arrow in Figure 8. This

comparison suggests that up to MIS 6 surface
waters in Adriatic were similar to the other central
Mediterranean sites, but after MIS 6, and mainly
during MIS 2, the Adriatic and the Ionian basins
were probably more influenced by northerly, polar,
continental-air outbreaks during glacial stages.

[44] The d18O G. bulloides gradient in PRAD1-2,
paralleled by the d18O B. marginata one (green
curve), suggests that, starting from MIS 6, and
possibly already from MIS 7.4, surface and bottom
waters record a decrease in temperature and/or an
increase in salinity both during glacial and stadial
intervals. The U37

k0 SST record indicates quite low
temperatures (below 5�C) for glacial MIS 6, 4 and
2, while SST estimates are 10–14�C for stadial
MIS 5.2 and MIS 5.4. For this reason we cannot
rule out a component of high salinity behind the
high d18O values, beside the ice-volume compo-
nent. Only the benthic foraminifera d18O record
seems to support the presence of cold and saline
bottom waters since MIS 5, because the cold water
shelf benthic species H. balthica shows increases
along with C. laevigata carinata, an epifaunal
benthic species related to normal [Van der Zwaan
and Jorissen, 1991] to high [Vilks, 1989] bottom

Figure 7. Comparison between frequency plots of selected planktic species from KC01-B (Ionian Sea [Sanvoisin et
al., 1993]) and PRAD1-2 records. Oxygen record of G. ruber from Langereis et al. [1997] is also reported for core
KC01-B. Grey areas denote the sapropel equivalent layers in PRAD1-2 and the sapropels present in core KC01-B
[Langereis et al., 1997]. Horizontal black dashed lines indicate MIS boundaries.
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water salinity (Figure 9). These parameters may
indicate that the production of dense water pro-
gressively increased in the central Adriatic since
MIS 6 and up to MIS 2. Accordingly, the ODS
curve (Figure 4) suggests low ventilation intervals
only in correspondence of sapropel equivalent
layers and during two short-lasting stagnation
events (peaks of G. laevigata) during MIS 2
(according also to the benthic record of other central
Adriatic cores [Asioli, 1996]). Moreover, the overall
trend of d13C of B. marginata, reaching the lowest
values in correspondence of the sapropel-equivalent
beds, appears to become progressively higher up-
ward and with high values in correspondence of
glacial and stadials intervals, confirming a good
ventilation (Figure 9). Cacho et al. [2006] carried
out a quantitative study on deep water production in
western Mediterranean for the last 50 ka and
demonstrated that the densest (saltiest) waters

formed during MIS 2 and during D-O stadials.
Our observations confirm these conclusions and
extend them over a longer interval (250 ka).

[45] Myers et al. [1998] made three modeling
experiments to reconstruct the LGM Mediterranean
circulation. Despite the different boundary condi-
tions, all models show no evidence of deep water
formation in the Adriatic Sea. Under these condi-
tions, deep water formed solely in the Levantine
basin ventilating the deep Ionian [Schmiedl et al.,
1998]. The new data from PRAD1-2 suggest, in-
stead, that this scenario may not be representative of
glacial and stadial intervals older than the LGM (and
likely not even for the entire MIS 2), as the central
Adriatic shallow basin may have contributed to the
deep-water formation through the formation of very
cold and dense water spilling over the Pelagosa sill,

Figure 8. Correlation of PRAD1-2 planktic d18O record (dashed line) with records from the North Atlantic (first
plot), the Balearic sea (second plot) and the Ionian sea (fourth plot). Grey areas denote PRAD1-2 sapropel equivalent
layers, whereas black areas beside each graph refer to the organic-rich layers found in the other Mediterranean
records. Arrows indicate the isotopic trend toward higher glacial-interval values.
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a 170 mwater depth sill located between middle and
southern Adriatic (see Figure 1).

6. Conclusions

[46] The analysis of PRAD1-2 multiproxy record
provides new evidence for paleoenvironmental
trends that appear consistent with those typical
for western and eastern Mediterranean basins, apart
from some peculiar characteristics like a higher-
amplitude temperature excursion during major Ter-
minations (up to 19.5�C during T II) and minor
climate transitions, and the deepening trend of
glacial intervals from MIS 10 to MIS 4.

[47] Four general conclusions can be drawn from
the analysis of the results of PRAD1-2 and their

comparison to other paleoceanographic records in
the Mediterranean and North Atlantic.

[48] 1. The central Adriatic reflects paleoclimatic
changes during the last 370 ka that appear in phase
with the North Atlantic climate system except for
the interval between MIS 7.5 and MIS 5.3 when
the Adriatic basin was more influenced by the
monsoon regime.

[49] 2. The Adriatic Basin does not seem capable
of maintaining interglacial and interstadial warm
conditions over an interval comparable to that
reconstructed in the western Mediterranean. The
reasons are probably the landlocked position of this
shallow basin and the response to other factors
such as (1) a greater exposition to atmospheric

Figure 9. PRAD1-2 integrated proxies (d18O G. bulloides and B. marginata, D(d18O) B. marginata – G. bulloides,
percentages of H. balthica and C. laevigata carinata, d13C B. marginata) showing the overall trend for the last 250 ka.
Blue stripes mark glacial and stadial intervals, while dashed lines define the midpoint of sapropel-equivalent layers. The
yellow area indicates the interval when the central Adriatic was more influenced by the monsoon regime.
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forcing, particularly through northerly polar conti-
nental air outbreaks, (2) a higher influence of the
surrounding landmass, including the occurrence of
glaciers on its western side, when the sea level was
more than 100 m lower than at present during
glacial intervals, resulting in a lag in the demise of
glacial conditions, and (3) a higher-latitude posi-
tion compared to other Mediterranean sites.

[50] 3. During the modern interglacial the Adriatic
basin is a site for dense deeper water formation
and was so also during past interglacials, contrib-
uting to the ventilation of the deep Mediterranean
Sea, except when sapropelic conditions became
established.

[51] 4. Finally, the analysis of Adriatic cold sapro-
pel, equivalents S4 and S8 clarifies their strati-
graphic position: the former is coeval with Alboran
AS24 cold oscillation and with ORL6, the latter
occurs at the very base of MIS 7.3. Major paleo-
ceanographic turnovers in paleoproductivity seem
to have characterized both sapropel-equivalent
events, driven by the coupled action of cold climate
and enhanced river runoff.
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