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An extensive, high-resolution, sedimentological–geochemical survey was done using geo-acoustics, XRF-core
scans, ICP-AES, AMS 14C-dating and grain size analyses of sediments in11 cores from theGulf of Taranto, the south-
ern Adriatic Sea, and the central Ionian Sea spanning the last 16 cal. ka BP. Comparable results were obtained for
cores from theGallipoli Shelf (easternGulf of Taranto), and the southernAdriatic Sea suggesting that the dominant
provenance of Gallipoli Shelf sediments is from the western Adriatic mud belt. The 210Pb and 14C-dated high-
accumulation-rate sediments permit a detailed reconstruction of climate variability over the last 16 cal. ka BP.
Although, the Glacial–Interglacial transition is generally dry and stable these conditions are interrupted by two
phases of increased detrital input during the Bølling–Allerød and the late Younger Dryas. The event during the
Younger Dryas period is characterized by increased sediment inputs from southern Italian sources. This suggests
that run-off was higher in southern- compared to northern Italy. At approximately ~7 cal. ka BP, increased detri-
tal input from the Adriaticmud belt, related to sea level rise and the onset of deepwater formation in the Adriatic
Sea, is observed and is coincident with the end of sapropel S1 formation in the southern Adriatic Sea. During the
mid-to-late Holocene we observed millennial-scale events of increased detrital input, e.g. during the Roman
Humid Period, and of decreased detrital input, e.g., Medieval Warm Period. These dry/wet spells are consistent
with variability in the North Atlantic Oscillation (NAO). A negative state of the NAO and thus a more advanced
penetration of the westerlies into the central Mediterranean, that result in wet conditions in the research area
concord with events of high detrital input e.g., during the Roman Humid Period. In contrast, a positive state of
the NAO, resulting in dry conditions in the Mediterranean, dominated during events of rapid climate change
such as the Medieval Warm Period and the Bronze Age.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

During the Holocene, millennial-scale climatic events such as
the ‘Medieval Warm Period’ (MWP) and the ‘Little Ice Age’ (LIA) can
be detected across the Northern Hemisphere (NH), and have been asso-
ciated with changes in atmospheric circulation and solar variability
(deMenocal et al., 2000; Bond et al., 2001; Rohling et al., 2002;
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Mayewski et al., 2004). These events have site-specific expressions,
and their controlling factors and natural feedback mechanisms are still
not fully understood (Mayewski et al., 2004). Therefore, full compre-
hension of this millennial-scale climatic variability requires long,
continuous, high-resolution records from climate-sensitive areas.
The Mediterranean region is situated between the subtropical high-
pressure belt and the mid-latitude westerlies, recording both high-
and low-latitude climate changes, such as those related to the North
Atlantic Oscillation (NAO), El Niño Southern Oscillation (ENSO), and
Asian Monsoon (Rossignol-Strick, 1985; Hurrell, 1995; Alpert et al.,
2006; Lionello et al., 2006; Trigo et al., 2006; Brandimarte et al., 2011;
Nieto-Moreno et al., 2011).

Orbital-scale climate changes are reflected by organic-rich
sapropel layers in Mediterranean sediment that have been related
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with predominately low-latitude forcing (Rossignol-Strick, 1985;
Hilgen, 1991; Lourens et al., 1996; De Lange et al., 2008). High-
latitude climate variability has been associated to millennial to decadal
changes in dust transport, temperature, precipitation, and deep-water
formation in the Mediterranean region (e.g., Cini Castagnoli et al.,
1999; Schilman et al., 2001; Rohling et al., 2002; Sangiorgi et al., 2003;
Frisia et al., 2005; Piva et al., 2008; Gennari et al., 2009; Jilbert et al.,
2010a, 2010b). Climate reconstructions of the Adriatic Sea region sug-
gest that cold events coincide with North Atlantic ice-rafting events
(Sangiorgi et al., 2003; Piva et al., 2008). In addition, late Holocene re-
cords in particular from the Adriatic area suggest that it was generally
wetter and warmer during the ‘Roman Humid Period’ (RHP), drier
and warmer during the MWP, but relatively cold and wet during the
LIA (e.g., Sangiorgi et al., 2003; Frisia et al., 2005; Piva et al., 2008;
Chen et al., 2011, 2013; Giraudi et al., 2011; Grauel et al., 2013b). Cold
and warm spells are thought to affect Adriatic Deep Water (ADW) for-
mation and consequently the general Mediterranean ocean circulation
(Sangiorgi et al., 2003; Piva et al., 2008). Late Holocene records in
lakes reveal contrasting millennial scale hydrological patterns between
northern Italy (N43°N) and southern Italy (b43°N; e.g., Magny et al.,
2003; Joannin et al., 2012). This suggests shifts in the extent of thewest-
erlies (i.e. NAO) and indicates that these events are characterized by
complex patterns and expressions.

Climate records based on marine sediments from the southern
Adriatic and the central Mediterranean Sea that cover the entire Holo-
cene and deglaciation are rare andmostly focus on Sea Surface Temper-
ature (SST) reconstructions based on faunal assemblages or oxygen
isotopes (e.g., Rohling et al., 2002; Sangiorgi et al., 2003; Piva et al,
2008). Sub-decadal to centennial scale variability has been observed
in the Gallipoli Shelf sediments for carbonate contents (Cini Castagnoli
et al., 1992), stable oxygen isotopes of Globigerinoides ruber (e.g., Cini
Castagnoli et al., 1999; Grauel et al., 2013a, 2013b), Uk

37' (Versteegh
et al., 2007; Grauel et al., 2013a) and dinoflagellate cysts (Chen et al.,
2011, 2013; Zonneveld et al., 2012). This variability has been related
to changes in SST, salinity and eutrophication caused by changes in
river discharge, theNAO, and solar variability. Only a few limited studies
have been reported on recent sediment transport and geochemical pat-
terns in the Gulf of Taranto indicating a complex and spatially different
morphology, sedimentation, and chemical composition aswell as a con-
nection with the Adriatic Sea (Rossi et al., 1983; Buccolieri et al., 2006;
Malinverno et al., 2010; Goudeau et al., 2013). Surface sediments from
the Gulf of Taranto and Southern Adriatic suggest that the geochemical
signature of sediments can be used to detect changes in grain size, pro-
ductivity, and to distinguish a northern from a more southern Italian
provenance (Goudeau et al., 2013).

Despite the high potential of this area to reconstruct high-frequency
Holocene paleoclimate variability and possible contrasting north/south
hydrological patterns, to date no comprehensive studies covering more
than 5500 years exist for the Gallipoli Shelf sediments (Cini Castagnoli
et al., 1992). This highlights the need for a basin-wide sedimentological
study in the Gulf of Taranto to better understand paleoclimatic records
from this region. Therefore,wefirst assess at high resolution the compo-
sitional variability, potential correlations and provenance for sediments
of all cores of this study area. Subsequently, we focus on sediments from
the Gallipoli Shelf, eastern Gulf of Taranto, which are thought to be re-
lated to more general, supra-regional climate variability. For sediments
of the two most comprehensive and consistent cores, we give an in-
depth paleoclimate reconstruction with emphasis on some important
Holocene climate phases.

2. Regional setting

2.1. Oceanography

The Gulf of Taranto is situated in the north western Ionian Sea be-
tween Calabria and Apulia (Fig. 1). It can be divided into three distinct
geological provinces, the Apulian Slope, the Taranto Valley and the east-
ern Calabrian Margin (Rossi et al., 1983). The main influence on trans-
port along the southern Italian coast is the intensity of the Western
Adriatic Current (WAC) which flows in a narrow coastal band from
the northern Adriatic Sea into the Gulf of Taranto (Poulain, 2001;
Bignami et al., 2007; Turchetto et al., 2007). The WAC has a significant
inter-annual variability and its influence along the southern Italian
coast and the Gulf of Taranto is higher in winter than in summer
(Milligan and Cattaneo, 2007). In the Gulf of Taranto, the less saline wa-
ters from theWACmixwith the saline Ionian SurfaceWater (ISW) from
the central Ionian Sea.

Thebottom layer of thewater column in the southernAdriatic region
is characterized by the Adriatic Deep Water (ADW) which is a dense
water mass formed by two different processes (Turchetto et al., 2007):
1) during winter NE Bora wind events result in the formation of north-
ern Adriatic dense Deep Water (NAdDW) in the northern Adriatic Sea
and2) deep convection during latewinter/early spring results in the for-
mation of Southern Adriatic dense Deep Water (SAdDW) in the south-
ern Adriatic Sea (Artegiani et al., 1997; Vilibić and Orlić, 2002). The
NAdDW has an enhanced current and particle flux southwards
(Turchetto et al., 2007). Around the Cape Santa Maria di Leuca the bot-
tom currents are more intense than the surface currents and have a
strong influence on the sedimentation (Savini and Corselli, 2010).

2.2. Sediment accumulation and provenance

Primary sediment supply into the northern Adriatic Sea comes from
the Po River in the North and additional contributions from smaller Al-
pine and Apennine rivers (Turchetto et al., 2007). Themudwedge (also
called Adriatic mud belt) formed by these sediments along the Italian
shelf reaches up to 30 m thickness in theNorth and represents themod-
ern high-stand system from ~5.5 ka BP onwards after early Holocene
sea-level rise (Cattaneo et al., 2003; Vigliotti et al., 2008). Sediments
can be transported by the WAC to the Gulf of Manfredonia (Weltje
and Brommer, 2011), and as far south as the eastern Gulf of Taranto
(Goudeau et al., 2013). Sediments from the western Gulf of Taranto
have a more local provenance (Goudeau et al., 2013).

3. Material and methods

All cores of this study, except core DP20PC, DP23PC and DP39PC, are
from the Apulian Margin, a wide continental shelf with a slight depth
gradient towards the deep Taranto Valley (Rossi et al., 1983). The
slope is locally affected by slumping and active erosion processes
(Rossi et al., 1983), thus pre-site surveyMultibeam studies are essential.
The bathymetric data are based on the integration of several Multibeam
surveys which have been conducted during the RV Pelagia cruises
DOPPIO (2008) and MACCHIATO (2009). The bathymetric data of the
Gulf of Taranto area (grid size 15 m) and for the shallower Adriatic
Sea (grid size 10 m) were combined with the GEBCO global grid data
(grid size 100 m) and integrated to construct a detailed bathymetric
map (Fig. 1).

The gravity cores GeoB10701-5, -10703-5, -10704-5, -10706-4,
-10709-6 and -10745-3 have been collected during the RV Poseidon
cruise “CAPPUCCINO” in June 2006 (Zonneveld et al., 2008; Fig. 1). The
piston cores DP30PC, DP23PC and DP20PC have been collected during
the RV Pelagia cruise “DOPPIO” in October/November 2008, and the
piston core MP49PC has been collected during RV Pelagia cruise
“MACCHIATO” in November/December 2009 De Lange a.c.p., 2009;
Fig. 1; Table 1). In the following, these cores will be addressed by their
station name only.

3.1. Grain size analyses

The grain size distributions were determined for 5 core top samples
(0–2 cm) of multicores GeoB10701, -10703, -10704, -10706, and
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-10709 using a Malvern Laser Diffraction Grainsizer 2000 with the
dispersing module Hydro 2000S (Table 2). For a better disaggregation
of the sediment, the samples were suspended in Na(PO4)n (5 g/l) over-
night before measurements.

3.2. AMS 14C-dating

For dating purposes 210Pb was determined for core NU04MC and for
the top part of DP30 at the laboratories of CEAC, Cuba and NIOZ, The
Netherlands (Fig. 2a & Table 1). In addition, nine samples of core DP30
were picked for planktonic foraminifera and analyzed with a miniatur-
ized radiocarbon dating system (MICADAS) (Ruff et al., 2007; Synal
et al., 2007) at the AMS Radiocarbon Dating Laboratory at ETH Zurich
(Table 3). Five samples were measured as solid graphite targets and
four samples were measured directly as CO2, where MICADAS was
equipped with a gas ion source. The 14C-ages were calibrated with the
program OxCal v3.10 (Bronk Ramsey et al., 2009) with the references
using theMarine04 calibration curve (Hughen et al., 2004) in combina-
tion with the region reservoir correction of 121 ± 60 (ΔR) in addition
to the standard reservoir correction of about 400 yr.
Table 1
Geographic and bathymetric information of the core stations.

Cruise Station Latitude Longitude

CAPPUCCINO GeoB10701 40°00 N 17°47 E
CAPPUCCINO GeoB10703 40°00 N 17°74 E
CAPPUCCINO GeoB10704 40°00 N 17°83 E
CAPPUCCINO GeoB10706 39°83 N 17°83 E
CAPPUCCINO GeoB10709 39°76 N 17°89 E
CAPPUCCINO GeoB10745 39°81 N 17°73 E
DOPPIO DP20 38°56 N 17°98 E
DOPPIO DP23 39°74 N 16°94 E
DOPPIO DP30 39°83 N 17°80 E
DOPPIO DP39 40°51 N 18°64 E
MACCHIATO MP49 39°83 N 17°80 E
The age models for the other cores in the Gulf of Taranto were
determined by correlation to core DP30 using the Ca/Ti curves (see
Section 4.3 Correlation of cores) and the program AnalySeries 2.0 by
Paillard et al. (1996).
3.3. ICP-AES

The topmost sections of DP30 (0–2.78 m) were sampled at 2.5 mm
resolution. The major and minor elemental compositions of the freeze-
dried samples were analyzed at 1 cm resolution i.e. every 4th sample,
using Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-
AES) with a Perkin Optima 3000 at Utrecht University. For this purpose
125 mg of sample was dissolved in a mixture of 2.5 ml HF (40%) and
2.5 ml pre-mixed acid (HNO3 16.25% and HClO4 45.5%) and heated at
90 °C in a closed reaction vessel for at least 8 h (Reitz and De Lange,
2006). Thereafter, they were dried by evaporating at 160 °C until a gel
formed. The gels were then dissolved in 25 ml 1M HNO3. The relative
precision (better than 5%) and accuracy were established by duplicates
and in-house standards (ISE-921).
Bottom
depth (m)

Gravity core
length (m)

Used methods

1181 2.81 XRF, line scan, multicore grain size
277 3.78 XRF, line scan, multicore grain size
219 5.52 XRF, line scan, multicore grain size
218 4.87 XRF, line scan, multicore grain size
172 5.19 XRF, line scan, multicore grain size
689 3.99 XRF, line scan

2446 5.56 XRF, line scan
378 9.06 XRF, line scan
270 8.28 XRF, line scan, AMS 14C dating, ICP-AES
527 7.96 XRF, line scan
267 9.61 XRF, line scan



Table 2
Grain size distribution of surface sediments taken in theGulf of Taranto. Columns e–f–g are sub-divisions of the silt fraction (column c),whereas columns h and i representmost of the sand
fraction.

A
Station

B
Clay
0.01–2 μm

C
Silt
2–63 μm

D
Sand
63–2000 μm

e
Fine silt
2–8 μm

f
Medium Silt
8–16 μm

g
Coarse silt
16–63 μm

h
Very fine sand
63–125 μm

i
Fine sand
125–250 μm

GeoB10701 20.7 72.8 6.5 36.5 15.1 21.3 5.8 0.6
GeoB10703 20.9 78.3 0.9 44.8 20.7 12.8 0.9 0.0
GeoB10704 17.9 76.5 5.6 36.6 17.0 22.9 5.1 0.5
GeoB10706 18.3 77.5 4.3 40.5 18.7 18.4 3.5 0.6
GeoB10709 19.6 75.0 5.5 38.3 15.7 20.9 4.9 0.5
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3.4. Color scanning and XRF analyses

To identify changes in color, the sediments of core DP30 were
scanned with a Minolata Colorscan Spectrophotometer CM-508i. Mea-
surements were taken in a 1 cm resolution immediately after opening
of the core.

For this study two different XRF core scanners, the AVAATECH core
scanner (Richter et al., 2006) and the ITRAX XRF core scanner (COX
Analytical Systems), were used (Croudace et al., 2006). The split core
halves from the GeoB cores (10704, 10745, 10706, 10703, 10709)
were scanned at 2 mm resolution with the ITRAX scanner at the
Geography Institute (GEOPOLAR group), University of Bremen. The ele-
ments: Si, K, Ca, Ti, V, Cr, Mn, Fe, Rb, Sr, Zr, Br, Pbweremeasured using a
Mo X-ray tube at 30 kV. The cores GeoB10704 and GeoB10709were ad-
ditionally measured using a Cr X-ray tube at 30 kV so as to include the
lower atomic number elements; the measured elements were: Al, Si,
S, K, Ca, Ti and Ba. The count time for eachmeasurementwas 30 s. After-
wards, five measurements were averaged so as to have the same 1-cm
resolution as used for the cores measured with the AVAATECH core
scanner.

The archive halves of theMPandDP cores (MP49, DP30, DP39, DP20,
DP23) were scanned at 1 cm resolution with the AVAATECH scanner at
the NIOZ in December 2008 (DP-cores: 20, 23, 30, 39) and January 2010
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Table 3
Age model and calculated sedimentation rates. The 14C-ages were calibrated with the
program OxCal v3.10 (Bronk Ramsey et al., 2009), with the atmospheric calibration
curve from Reimer et al. (2004) and the marine calibration curve Marine04 from Hughen
et al. (2004) (additional reservoir age: ΔR = 121 ± 60 years).

ETH no Depth
(mm)

Radiocarbon age
(14C age BP)

Calibrated age
(cal. yr BP)

Error
(95%; ±yr)

Comment

38704 789 1290 ± 25 755 135 Graphite target
38703 1792 2535 ± 30 2140 120 Graphite target
40266 2794 3830 ± 40 3635 195 Graphite target
37085 3286 4880 ± 40 5045 205 Graphite target
37086 4285 6395 ± 45 6735 195 Graphite target
42544 5280 8425 ± 118 8875 375 Gas sample
42545 6276 10739 ± 191 11900 750 Gas sample
42542 7276 11922 ± 147 13275 325 Gas sample
42543 8266 13716 ± 171 15650 600 Gas sample
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as titanium (Tjallingii et al., 2007; Hennekam and De Lange, 2012).
Therefore, we will use Ti as a denominator in elemental ratios of XRF
scan data. Furthermore, we will only compare trends, not absolute
values of the elemental ratios, as small matrix effects may significantly
influence instrumental performance within and between XRF-core
scanners (Richter et al., 2006; Tjallingii et al., 2007).

4. Results

4.1. Core descriptions and grain size analyses

The sediments from the Gulf of Taranto area and the Adriatic Sea are
rather similar in color, grain size and texture whereas deviating obser-
vations have been made for sediments from the western Ionian Sea
(core DP20: heterogeneous sediments with large variations in color,
lamination and erosive horizons). The rather homogeneous sediments
across the whole eastern Gallipoli Shelf consist of light gray–brown
silty clays with isolated black, organic carbon-rich spots (for complete
core descriptions contact authors and see Zonneveld et al. (2008)). In
the cores GeoB10703, GeoB10704, and GeoB10745, no distinctive sedi-
mentological features were visible. In the lowermostmeter of DP30 and
MP49 shell fragments are present and the sediment is coarser. More-
over, the amount of organic carbon-rich spots is enhanced at the bottom
of core MP49. In core GeoB10709 the interval 3.9–1.8 m contains much
coarser material than below and above it. This core is located relatively
close to the shelf edge, in an area potentially influenced by slump events
(A. Savini, personal commun.), and is thus possibly affected by slumping
and/or erosion (Fig. 1). Therefore, the sediments of this interval are
attributed to a slump, and will not be discussed any further.

The grain size distribution for core-top sediments (0–2 cm) in the
eastern part of theGulf of Taranto is slightly bimodal, with elevated per-
centages in grain size in 2–8 μm (fine silt) and 30–40 μm (coarse silt)
size fraction for all cores except GeoB10703 and GeoB10706 (Table 2).
The latter lack the elevated percentages in the coarse silt fraction and
are uni-modal (Table 2).

4.2. Age model of core DP30

The standard deviation for 14C data in the four samples measured as
CO2 is slightly larger than that for the five samplesmeasured as graphite
(Fig. 2b, d, e, Table 3) because of the smaller amount of sample available
(~200 μg). Using a model (Boer et al., 2006) with a background of
15 Bq/kg, a sedimentation rate of 0.85 mm/yr with a bioturbation
layer of 4.4 cm was determined on the basis of 210Pb data for the
upper part of the nearby NU-04 multicore (Fig. 2a, see Grauel et al.,
2013a for more detailed description). This model for the upper-most
part of the sediment was combined with a 14C date and compared to
the cumulative sediment accumulation taking the effects of increasing
water content in the upper part into account (Fig. 2b, c). A 1st order
polynomial was used to combine 210Pb and 14C ages. During the recov-
ery of DP30, the upper few mm were lost. Comparison between the
210Pb profile of DP30 and NU-04 revealed that this was equivalent to a
loss of ~10 years (Fig. 2a). For the agemodel of DP30we assumed a linear
relationship between cumulative sediment accumulation and 14C dates
for the first 2500 mm (Fig. 2d). From this point (2500 mm) onwards,
water content and thus compaction is thought to remain stable. There-
fore, a linear relationship is assumed between 14C dates and depth
(mm) in this part of the core (Fig. 2e). The calibrated age for the bottom
of core DP30 at 8270 mm is 15,650 ± 600 cal. yr BP (±95% confidence)
and thus includes theOlder Dryas (Fig. 2e, Table 3). The latter suggest that
the average sedimentation rate in DP30 is around 0.52 mm/yr.

4.3. Correlation of cores

The Ca/Ti ratio provides a distinct and consistent down-core pattern.
This is not only related to the relatively good analytical reliability for
these two elements using XRF core scanning (see also Tjallingii et al.,
2007; Hennekam and De Lange, 2012), but also to the different prove-
nances (from predominantly marine to terrestrial) represented by
these elements (see Section 5.2). High-resolution ICP-AES data are
available for the top 2.8 m of core DP30 (Fig. 3b, c and d). The Ca/Ti
data for the twomethods have a similar trend and show a high positive
correlation (slope = 0.86, R2 = 0.76, p b 0.01; Fig. 2d). However, some
smaller scale oscillations in the Ca/Ti ratio which cannot be recognized
in the XRF scan data are observed in the ICP-AES analyses (Fig. 3c).

Therefore, this ratio was used to correlate all cores to the dated core
DP30. Based on a few tie-points, age models of all other cores are recon-
structed (Fig. 4 and Supplementarymaterial). All cores from the Gallipoli
Shelf show a similar pattern in the upper part but with different sedi-
mentation rates. Below 6.6 m, variations in the Ca/Ti ratio are small
and thus correlation is more ambiguous (see Supplementary material).
Core GeoB10701 has a very different Ca/Ti profile and could not be
correlated to the other cores (Supplementary material).

Sedimentation rates generally decrease with depth in each core, al-
though not to the same extent in all cores (see Supplementary materi-
al). No systematic difference in sedimentation rates is observed
between the two different coring systems used (see Supplementary
material).

No correspondence is observed between Ionian Sea sediments
(DP20) and sediments from the eastern Gulf of Taranto as observed in
DP30 (Fig. 5). A clear correspondence is found between DP30 and
DP39 (southern Adriatic Sea) from 4000 mm onwards, while DP23
(western Gulf of Taranto) resembles DP30 from 1500 mm onwards
(Fig. 5).

4.4. Element distributions in cores DP30 and GeoB10704

To study the overall changes in geochemical composition for sedi-
ments from the Gallipoli Shelf over the last 15,000 years, Ca/Ti, Fe/Ti,
K/Ti, Zr/Ti, Si/Ti, Ba/Ti, Br/Ti and Sr/Ca ratios derived by XRF core scan-
ning are compared for cores DP30 and GeoB10704 (Fig. 6). These two
cores have been selected as DP30 is well dated and GeoB10704 is locat-
ed higher on the shelf at shallower water depth but from the same re-
gion and with a similar pattern in sedimentation rate and Ca/Ti ratio
(Fig. 6a). Ba/Ti values are lacking for most of GeoB10704, as during
these intervals the abundance of barium is below the detection limit
for the equipment and setting used for XRF core-scanning of the GeoB
cores (Fig. 6f).

During the Glacial–Interglacial transition (16–15 ka BP) Zr/Ti and
Ba/Ti values decrease, while Si/Ti increases (Fig. 6d, e and f). The other
elements (Ca/Ti, Fe/Ti, K/Ti and Br/Ti) show a relatively stable pattern
in both cores (Fig. 6a, b, c and g) from 16 to 10.8 cal. ka BP. A small in-
terruption is found around 12 cal. ka BP when low values of Ca/Ti and
Si/Ti and high values of Ba/Ti and Fe/Ti are observed (Fig. 6a, b, e, f).

Sr/Ca values in both cores start to increase from 13 cal. ka BP
(GeoB10704) and 11.5 cal. ka BP (DP30), respectively (Fig. 6h). Between
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~11 and 7.5 cal. ka BP Br/Ti values are high in GeoB10704, while they
are elevated from 9 to 7.5 cal. ka BP onwards in DP30 (Fig. 6g), which
concords with the occurrence of black spots and thus a darker color of
the sediments (Fig. 6i). Both cores show a step-wise increase in Fe/Ti
around 9 cal. ka BP (Fig. 6b). This increase is coherent with a peak of
K/Ti (Fig. 6c) and Zr/Ti (Fig. 6d) and relatively low Ca/Ti values
(Fig. 6a) in both cores (~8.7 cal. ka BP). The highest Ca/Ti values
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On top of these general trends, millennial-scale oscillations are
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5. Discussion

Potential variations in the detrital input will not only affect the
terrestrial solid-phase fluxes but indirectly – via variations in dissolved
riverine nutrient fluxes – also the marine primary productivity related
fluxes. The terrigenous solid-phase fluxes can potentially originate
from re-sedimentation of shelf sediments, and from input by local and
by more remote (Adriatic) riverine systems, all of which are influenced
by prevailing current directions and strengths (see Section 2: Regional
setting). In addition, a minor eolian (Saharan) contribution is possible:
for the present day, 2/3 of the terrigenous fluxes to the central Ionian
Sea sediments have been reported to result from eolian dust (e.g.,
Correggiari et al., 1989; Rutten et al., 2000). This eolian dust flux is
equivalent to a sedimentation rate of ~10 mm/ka (Rutten et al., 2000)
which is negligible compared to the total sedimentation rate of
~600 mm/ka in our study area, the Gulf of Taranto (Fig. 2). Therefore,
we will not further discuss this option.

For the Holocene period, sea level change as well as partly related
changes in current regimes may influence the sediment composition
and deposition. Transport and accumulation of sediment in the Gulf of
Taranto are thought to be highly dependent on bottom currents,
which vary seasonally and inter-annually along the western Adriatic
coast (Milligan and Cattaneo, 2007) and in the Gulf of Taranto. We
will first outline the general sedimentation features for the region. Sub-
sequently, we will discuss the constraints of the geochemical data from
XRF core scanning as proxies for environmental variability. Subsequent-
ly, we zoom in on two cores from the Gulf of Taranto and discuss differ-
ences and changes in circulation using geochemical proxies.

5.1. Sedimentation in the Gulf of Taranto region

The Ca/Ti trends across the shelf are similar for data from XRF-core
scanners and ICP-AES (Fig. 3c). This confirms the robustness of the
Ca/Ti ratio for assessing a stratigraphic framework for the Gallipoli
Shelf sediments (Fig. 4, Supplementary material). Sedimentation rates
generally decrease with depth in each core, partly due to compaction,
although not to the sameextent for all cores. The average sedimentation
rate varies between 0.49 mm/yr (GeoB10704) and 0.92 mm/yr
(GeoB10706). This indicates that the seafloor structure and the sedi-
ment accumulation in the Gulf of Taranto may be rather heterogeneous
(Rossi et al., 1983; Fig. 1). This may relate to areas with enhanced non-
steady-state deposition as indicated by Multibeam acoustic studies
(A. Savini person. commun.) and shows that the sedimentation is not
as uniform as initially anticipated and as suggested by previous studies
(Cini Castagnoli et al., 1990). The latter study also identified several
tephra layers from volcanic eruptions as thin horizons in the sediments
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from the Gulf of Taranto over the past 2000 years. These authors used
the number of pyroxene grains in the sediment to identify volcanic
eruptions in the area. These volcanic events are restricted to thin
layers of b0.5 cm i.e. below the resolution of our XRF data, and rep-
resent at most a minor fraction of the total sediment for regular
0.25 cm interval samples or for a 1 cm XRF scan interval. Therefore,
it is concluded that with the methods used in this study it is not pos-
sible to identify such tephra layers. An exception to this is possibly an
event around 9 cal. ka BP (cf. Section 5.3.2).
Although the sediments of DP23, located in the western Gulf of
Taranto, are influenced by the same anticlockwise circulation within
the Gulf, direct river discharge into the central and western Gulf of
Taranto leads to a different chemical composition (Buccolieri et al.,
2006; Goudeau et al., 2013) and sediment accumulation rate compared
to the eastern part (Figs. 1 and 5). Such dominant local sources are vir-
tually absent in the eastern Gulf (Fig. 1) andmaterialmay thus predom-
inantly originate from more distal terrestrial and marine sources. The
sediments in core DP20, located in the central Ionian Sea, also have a
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very different composition compared to those in the eastern Gulf
(Fig. 5). This indicates that the major sediment supply to the eastern
Gulf of Taranto originates from the Adriatic Sea (cf. Goudeau et al.,
2013). The sediment composition in the southern Adriatic Sea (DP39)
is very similar to that in the eastern Gulf of Taranto, which is another
indication for a common source of the sediments in these two areas
(Fig. 5). In addition, surface samples in the Gulf of Taranto consist of
relatively fine-grained sediments which concords with a distal source
(e.g., Weltje and Brommer, 2011). Hence, the transport and deposition
of sediments are influenced by a combination of regional and more
remote terrestrial andmarine environmental parameters. The good cor-
respondence between sediments from the Adriatic Sea and the Gulf of
Taranto, in combination with the fine grained sediments, all indicate
that only small contributions of sediment may come from local sources
(Goudeau et al., 2013). This is in agreement with minor local run-off in
the eastern Gulf of Taranto.

Therefore, we now focus the discussion on sediments from the east-
ern Gulf of Taranto, potentially reflecting supra-regional variability and
being influenced bymore remote andmore general, prevailing paleocli-
matic and hydrological conditions. Furthermore, the nearly identical
patterns in geochemical composition across the Gallipoli Shelf (Figs. 4
and 6) validate the use of one core to reconstruct Holocene environ-
mental variability for the central Mediterranean area.

5.2. Elemental ratios as a proxy for environmental variability

The geochemical composition of surface sediments in the southern
Adriatic Sea and Gulf of Taranto reflect changes in grain size, productiv-
ity, and provenance (Spagnoli et al., 2008; Weltje and Brommer, 2011;
Goudeau et al., 2013). Geochemical data from XRF core scanning
has been used successfully to reconstruct environmental variability
(e.g., Haug et al., 2001; Richter et al., 2006; Hennekam and De Lange,
2012). However, proxies are usually not affected by a single parameter,
and the dominating parameter may differ per region and time interval,
especially in a complex area such as the Gulf of Taranto.

5.2.1. Detrital fluxes vs. marine biogenic fluxes
The stratigraphic framework of this study is based on patterns of

Ca/Ti ratios, which have been used as an indicator of marine biogenic
carbonate versus terrestrial input (Richter et al., 2006; Rothwell and
Rack, 2006). Although sediments from the Apulian margin contain car-
bonate (Pigorini, 1968), their contribution to sediments of the Gallipoli
Shelf is considered to beminor atmost. The values of Al (%), from detri-
tal aluminosilicates (i.e., clay minerals), and Ca (%) mainly frommarine
carbonate in surface sediments from the study area fit to a Ca–Almixing
line (Goudeau et al., 2013). Thus, when sediments are enriched in clay
minerals they are depleted in carbonates and vice versa. Samples from
the western Gulf of Taranto deviate from this simple Ca–Al mixing
line due to differing local terrestrial provenance (Goudeau et al.,
2013). Hence, the Ca/Ti ratio is a valuable proxy for the variations in
marine biogenic carbonate and terrestrial input into the eastern Gulf
of Taranto.

5.2.2. Productivity
The Br/Ti, Si/Ti and Ba/Ti ratios are amongst the reported proxies for

paleoproductivity (e.g., Rothwell and Rack, 2006; Ziegler et al., 2008).
Furthermore, enhanced Sr/Ca values indicate the presence of high-Sr
aragonite, and therefore, usually are linked to shallow water biogenic
carbonate, thus to carbonate productivity. Increased paleoproductivity
and decreased oxygen exposure time of the organic matter, lead to
higher preservation ofmarine organicmatter which is highly associated
with the Br/Ti ratio (Ziegler et al., 2008). High levels of Si/Ti may indi-
cate the presence of quartz, but can also indicate increased opal concen-
trations, and thus diatom accumulation. The abundance of diatoms is
associated with increased paleoproductivity, as has been reported for
deep Mediterranean sediments during sapropel times (Kemp et al.,
1999). As silica is highly undersaturated in the oligotrophic Mediterra-
nean waters the preservation of opal seems unlikely at the core site at
the present. However, some opal may remain, when productivity and
sedimentation rates are high. Therefore, we assume the Si/Ti to be
mainly related to changes in grain size, i.e. quartz content, but with
some potential influence of diatom productivity.

The Ba/Ti ratio is like the Ba/Al ratio, a potential indicator for
paleoproductivity (Reitz et al., 2004; Thomson et al., 2006). This
ratio is influenced by twomajor components: ‘detrital’ and ‘biogenic’
(e.g., Klump et al., 2000; Reitz et al., 2004). The detrital component is
strongly influenced by river source/provenance, whereas the biogenic
component is related to marine primary productivity, i.e. to %Corg. In
our study area, barium is likely to vary with changing sediment prove-
nance as the sites are strongly influenced by a variety of terrestrial
sources. Furthermore, the accumulation rate of biogenic barite increases
with water depth, as part of on-going diagenetic formation processes
(e.g., Dymond et al., 1992; Von Breymann et al., 1992), and thus may
be low- or even absent at shallow sites like the Gulf of Taranto. Hence,
we consider the Ba/Ti ratio in these sediments to be predominantly
related to provenance (see Section 5.2.2).

5.2.3. Provenance and grain size
Sediments from southern Italy are elevated in K and Zr, and to a less-

er extent in Ba and Fe compared to sediments from northern Italy
(Cocco, 1976; Spagnoli et al., 2008; Goudeau et al., 2013). Variability
in the K/Ti, Zr/Ti, Ba/Ti and Fe/Ti, therefore, at least partly reflects vari-
ance in provenance of the sediments, the higher values being associated
to amore southern source. However, in the study area K/Ti and Ba/Ti are
also positively correlated with grain size. Elevated Fe/Ti, K/Ti and Zr/Ti
have been associated with coarser grain size as well as with changes
in provenance (e.g., Rothwell and Rack, 2006). For the surface sedi-
ments in the Gulf of Taranto and southern Adriatic Sea, the Fe/Al and
thus the Fe/Ti ratio are correlated to the clay and sand fractions, while
K/Al (K/Ti) and Zr/Al (Zr/Ti) are positively correlated to the sand
fraction only (Goudeau et al., 2013). Some of these proxies are not
only affected by grain size and provenance, but also by other parame-
ters: Fe/Ti partly reflects changes in the redox state as in more sub-
oxic environments; Fe is mobilized in the sediments (Rothwell
and Rack, 2006). In addition, climate may be reflected in the K/Ti ratio.
K/Ti values are usually high in sediments that have a relatively high illite
content. In general, more illite is eroded in cold environments. Here
physical weathering is more dominant compared to tropical humid
environments where chemical weathering dominates (Bonatti and
Gartner, 1973, Yarincik et al., 2000).

Therefore, we consider the Fe/Ti, Ba/Ti, Zr/Ti, and K/Ti as proxies for
provenance but with a potential impact of grain size. In addition, Fe/Ti
may reflect redox conditions, while K/Ti may relate to illite content.

5.3. Reconstruction of environmental variability during the last 16 ka

During the Glacial–Interglacial transition and the subsequent
Holocene, distinctly different climates occurred. In addition, consider-
able variability has taken place on millennial to decadal time-scales.
To highlight related transitions and variability in our cores, we will
focus the discussion on three periods: firstly the Glacial–Interglacial
transition (16–10.8 cal. ka BP), secondly the most-recent sapropel:
S1/Saharan humid period (10.8–7 cal. ka BP), and thirdly the Late
Holocene (7–0 cal. ka BP) period.

5.3.1. Glacial–Interglacial transition (16–10.8 cal. ka BP)

5.3.1.1. Transition from the Last Glacial to the Bølling–Allerød. The transi-
tion from theLast Glacial to the Bølling–Allerød (B–A, ~16–14 cal. ka BP)
is generally characterized by a rapid change to warmer and wetter con-
ditions in the Mediterranean region (Rossignol-Strick, 1999; Frisia et al.,
2005; Bar-Matthews and Ayalon, 2011; Giraudi et al., 2011). The Ca/Ti
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ratio, an indicator of biogenic carbonate versus terrestrial input (see
Section 5.2.1), remains constant until ~10.8 cal. ka BP (Fig. 6a), similar
to other proxies of terrestrial provenance and marine productivity such
as the K/Ti, Fe/Ti, Br/Ti and the Sr/Ca ratios (Fig. 6a–h). All these elemen-
tal ratios indicate that the influence of marine and terrestrial sources
remained stable during this period. Remarkably, the Ba/Ti and Zr/Ti ra-
tios show a sharp decrease in DP30 from 16 to 14.5 cal. ka BP (Fig. 6d,
f) indicating an enhanced contribution from low-Ba/Ti northern river
sources, but could also be a result of a decrease in grain size. The latter
may be related to a more distal provenance or to reduced winnowing
at the coring site. Higher current velocities would have increase the rel-
ative amount of coarse sediment and heavy minerals such as barite dur-
ing periods of decreasedwater depth at the DP30 core site caused by low
sea level stands. Taking the low sea level into account (Grant et al., 2012),
the estimated water depth at 15 cal. ka BP at our core location was
160 m. However, if we consider the Si/Ti ratio to be an indicator for
quartz content or coarseness of the sediment, then the slightly increasing
Si/Ti values over the same time interval between16 and15 cal. ka BP are
inconsistent with a decrease in winnowing (Fig. 6e). In addition, if
winnowing would play a role, we would expect K/Ti and Fe/Ti to also
co-vary, which they do not. (Fig. 6b, c). Therefore, we conclude that the
values for Ba/Ti andZr/Ti, decreasing from16 to 14.5 cal. ka BP, are relat-
ed to an increased contribution from northern relative to southern
Adriatic rivers (Goudeau et al., 2013). The lack of decreasing K/Ti values
can be explained by a relation of the K/Ti values and change in relative
illite content (e.g., Yarincik et al., 2000). Illite is higher in sediments
from northern rivers, but it is suggested that more illite is eroded
under cold and arid conditions (cf. Section 5.2). The increasing influence
fromnorthern rivers as reflected by the decreasing Ba/Ti and Zr/Ti values
is coherent with a more humid climate for northern Italy (e.g., Frisia
et al., 2005; Giraudi et al., 2011).

5.3.1.2. The Bølling–Allerød and Younger Dryas. The stable Ca/Ti values are
interrupted by two short intervals (around 14.5 and 12.3 cal. ka BP)
with higher river-fluxes (low Ca/Ti and high Fe/Ti), and increased pro-
ductivity and Corg-fluxes (enhanced Br/Ti ratios; Fig. 6g). These intervals
correspond to the Bølling–Allerød (B–A; ~14.67 cal. ka BP) and the
Younger Dryas (YD; 12.9 to 11.5 cal. ka BP). During the B–A, Ba/Ti and
Zr/Ti values are low compared to the YD (Fig. 6d, f). This indicates that
during the YD sediments had a more southern provenance.

The short periodwhenCa/Ti is low inour record (12.4–12.1 cal. ka BP)
is coeval with a cold spell in the GISP2 oxygen isotope ice core-record
(Fig. 7a, g; Grootes and Stuiver, 1997).

In contrast to the B–A, which is characterized as warm and wet, the
YD has been described as cold and dry in Italy (e.g., Bottema, 1995;
Zonneveld, 1996; Frisia et al., 2005). Other records from southern Italy
recording the YD are scarce and lack high resolution to confirm our ob-
servation (e.g., Combourieu-Nebout et al., 1998; Allen et al., 2002).
However, high resolution pollen records from the southern Balkan and
the Aegean Sea suggest that the YD can be divided into three intervals
(Bordon et al., 2009; Dormoy et al., 2009). The authors show that the
cold and dry YD period is interrupted by a period where warmer and
more humid conditions prevailed. They observe however that winter
precipitation remained low and that summer precipitation could have
been similar or even higher than today. In our data we observe a drop
in Ca/Ti. This is consistent with the warmer andwetter period observed
by Bordon et al. (2009) and Dormoy et al. (2009). The latter relate these
changing conditions to the southern emplacement of the high pressure
cell of the Intertropical Convergence Zone during the YD. Today, the
more northern emplacement of this zone during summer, blocks the
moisture-richwesterlies,which results in the characteristic dry summer
conditions (Piervitali et al., 1997; Alpert et al., 2006).

Elevated sediment erosion and therefore increased terrestrial supply
to the Gulf of Taranto due to short, but intensive rainfall after long arid
periods is known from the southern rivers (Piccarreta et al., 2011).
Hence, it is plausible that during this warmer interval of the YD
terrestrial run-off from southern Italian rivers was higher, whereas riv-
erine input in northern and central Italy was lower.

5.3.2. Sapropel S1–Saharan humid period (10.8–7 ka BP)
The formation of themost recent sapropel S1 occurred synchronous-

ly in the deeper parts of the eastern Mediterranean between 10.8 and
6.1 cal. ka BP (De Lange et al., 2008). The higher amount of black organ-
ic particles (L*), the higher Br/Ti ratio (10–8 cal. ka BP) and Sr/Ca ratio
(10.5–7.5 cal. ka BP) all mainly coincide with the older part of sapropel
formation time (Fig. 6g, h, i). At these shallow and high sedimentation
rate sites, Ba/Ti cannot be used as a proxy for productivity but rather
for provenance. The step-wise decrease of Ba/Ti during this period
therefore reflects an increase in northern provenance of the sediments
rather than a decrease in productivity. The increase in organic matter
content as deduced from the enhanced Br/Ti, can thus be related to an
increase in preservation and productivity. In general, the period corre-
sponding to sapropel formation is considered wet in the northern bor-
derlands (Kotthoff et al., 2008; Giraudi et al., 2011 and references
within). The high Ca/Ti ratio seems to contradict these observations
(Fig. 6a). However, a high Sr/Ca ratio and a relatively enhanced CaCO3

(high Ca/Ti) content in near-coastal deposits of sapropel S1 have been
reported in a variety of cores from the eastern Mediterranean,
and have been attributed to an increased aragonite content from a
shallow-water biogenic source or to diagenetic processes for deep-
basin deposits (Thomson et al., 2004; Reitz and De Lange, 2006). In
view of the elevated Br/Ti, Si/Ti and Sr/Ca ratios, an enhanced organic
matter-, opal-, and carbonate-productivity seems likely for this period
(Fig. 6e, g, h).

The pronounced shifts observed at ~9 cal. ka BP for Fe/Ti, K/Ti, and
Zr/Ti may be related to tephra from a volcanic event, and to a shift or
rerouting of sediment provenance (Fig. 6b, c, d). As the sediment inter-
val of enhanced elemental ratios is much thicker than usually found for
a tephra (cf. Section 5.1) both options are possible. The tephra may be
related to a series of eruptions known as the Mercato eruption (Mele
et al., 2010), that resulted in distinctive, relatively thick tephras in the
northern Ionian Sea (Caron et al., 2012). In addition, a potential prove-
nance rerouting is, however, also possible as during this time sea-level
rise, and flooding of the northern Adriatic occurred (Fig. 7c, h).

Often it is found that sapropel S1 is interrupted by the so called
8.2 ka cooling event (Rohling et al., 1997; De Rijk et al., 1999). This
cold event is expressed in our record by enhanced marine influence
and/or dry conditions (high Ca/Ti), and enhanced marine organic
matter (high Br/Ti) (Figs. 6b, g and 7a).

Gallipoli Shelf sediments from the upper sapropel S1 formation peri-
od, i.e. 7.5–6.1 cal. ka BP do not show any evidence for environmental
changes in the records of Br/Ti or black organic particles (Fig. 6g, i).
This could be due to post-depositional oxidation of organic matter or
to diminished ‘sapropelic conditions’ for shallow sediments during
that period (e.g., van Santvoort et al., 1997). Various authors have
claimed that sapropel formation at shallower sites in the Adriatic Sea
stopped earlier than at deeper sites (resp. ~7.5 ka and ~6.1 ka BP;
Piva et al., 2008; De Lange et al., 2008). This is thought to be related to
postglacial sea-level rise, the consequent flooding of the northern
Adriatic, and the related onset of NAdDW, ventilating shallower bottom
waters (Piva et al., 2008). The enhanced ventilation and concomitantly
reduced primary productivity and preservation are thought to have
resulted in the suppression of detectable sapropel indicators in our
shallow sediments of the eastern Gulf of Taranto.

5.3.3. Late Holocene (7–0 cal. ka BP)
The decrease in the Ca/Ti, Ba/Ti and Si/Ti ratio and the increase in

the Fe/Ti ratio for both cores indicate a progressive increase in ter-
restrial input from a distal source during the mid-to-late Holocene
(8.2–2.5 cal. ka BP; Figs. 6a, b, e, f and 7a). The most rapid increase
in terrestrial input occurs at ~7 cal. ka BP and coincides with sea level
rise (Fig. 7h; Grant et al., 2012) and the onset of NAdDW-formation,
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enhancing the southwards transport of sediment, and presumably in-
ducing the end of sapropel S1 formation in the southern Adriatic (De
Rijk et al., 1999; Piva et al., 2008). Although there is no age model for
core DP39, we observe a similar pattern in Ca/Ti in DP39 and DP30
from around 4.2 m depths onwards, corresponding to ~7 cal. ka BP in
DP30 (Figs. 4 and 5). This correlation between Adriatic core DP39 and
the Gulf of Taranto is consistent with a closer connection between
these two areas during the period 0–7 cal. ka BP. Furthermore between
7 and 4 cal. ka BP, higher lake levels and increased flood frequency in
Italy also indicate less aridity (e.g., Giraudi et al., 2011; Piccarreta et al.,
2011), which is presumably related to the increased strength of the
westerlies in theMediterranean area (Fig. 7b, c). The observed increasing
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trend in terrestrial input thus corresponds to increasedhumidity that can
be related to a reorganization of atmospheric circulation and hydrologi-
cal patterns in the Northern Hemisphere (e.g., Haug et al., 2001;
Mayewski et al., 2004; Knudsen et al., 2011). This has been attributed
to changes in the orbital configuration and declining influence of conti-
nental ice sheets (e.g., Rossignol-Strick, 1985; Haug et al., 2001;
Knudsen et al., 2011; Shuman and Plank, 2011).Moreover, deforestation,
since 5500 years ago, possibly anthropogenic in origin, has resulted in
higher sediment fluxes to the Adriatic Sea (Oldfield et al., 2003). This is
in agreement with the high sedimentation rates and low Ca/Ti found in
the upper part of DP30 which is thought to reflect enhanced deforesta-
tion especially during the last 700 years (Oldfield et al., 2003).

In addition to the long-term decreasing trend, Ca/Ti, K/Ti, Si/Ti and
Sr/Ca ratios of the cores show oscillations with periods of ~1000–
2000 years during the last 8 cal. ka BP (Figs. 6a, c, e, h and 7a). Intervals
of low Ca/Ti (high detrital input), low K/Ti (low illite content and there-
fore humid conditions), low Si/Ti (lower quartz content) and high Sr/Ca
(high aragonite content) ratios are observed at 7000–6500, 4900–4600,
3400–3600, 2500–2000 (RHP) and 250 cal. yr BP. These periods corre-
spond to periods of high lake levels and increased flood frequency in
central and southern Italy (Giraudi et al., 2011; Piccarreta et al., 2011;
Fig. 7b, c). Some of the intervals with high lake levels and frequent
floods during theMWPand around the4.2 ka event seem to have no ex-
pression in the Ca/Ti ratios of this study (Fig. 7a). However, Piccarreta
et al. (2011) describe the observed floods during these particular pe-
riods as low-frequency, high-precipitation events, i.e. storms not related
to mean annual rain fall (Fig. 7c). Furthermore, although lake levels are
higher during these periods, they are not as pronounced as the other
lake level high stands (Giraudi et al., 2011). In addition, Magny et al.
(2003, 2009) have shown that the 4.2 ka event has a complex pattern
of short wet and dry periods, which are not synchronous across the
Mediterranean basin. A minor annual impact, low frequency, and com-
plex nature of these wet spells can explain why they left no clear signal
in the sediments of the Gulf of Taranto. Although, deforestation may
play a role in the high sedimentation rates of the last 5500 years, this
cannot explain the observed patterns of wet/dry spells in this study
(Oldfield et al., 2003). In addition, human impact in the environment
appears to be very restricted in southern Italy during the late Holocene
(Di Rita andMagri, 2009). Therefore, we assume that climatic variability
must have been the major factor influencing the element composition,

With regard to large-scale climate events, the observed dry spells
(high Ca/Ti) at ~6500–5000,4500–3600, 3400–2500 (Bronze Age
(BA)) and 2000–1000 (MWP) cal. yr BP, correspond to globally recog-
nized, so called ‘cool poles, dry tropics’ rapid climate change (RCC)
events (Mayewski et al., 2004, Fig. 7i). These events are also observed
in the northern and central Adriatic Sea (Piva et al., 2008). The compar-
ison of the Ca/Ti ratio to the Aegean cold spells (Fig. 7f; Rohling et al.,
2002) demonstrates that increased run-off (low Ca/Ti ratio) can be
found near the beginning and end of Aegean and Adriatic cold spells
(De Rijk et al., 1999). Frisia et al., 2005, based on a stalagmite record,
suggested relatively high temperatures in northern Italy during
these ‘wet’ periods. Holocene cold spells as observed at 2.7 (BA), 6
and 8.2 cal. ka BP in the Aegean Sea and Adriatic Sea have been related
to outbreaks of cold, dry winds from Siberia, known as the Bora in the
Adriatic region, and fit to maximum alpine glacier extent and deep
Icelandic Lows (Denton and Karlén, 1973; Rohling et al., 2002;
Mayewski et al., 2004; Fig. 7f). Today deep Icelandic Lows are related
to a more positive NAO, hence dryer and colder conditions in the Med-
iterranean region (Hurrell, 1995; Brandimarte et al., 2011, Fig. 7e). A
persistent positive winter NAO is also inferred for the other RCC events
(MWP and 4.2 ka event), in particular the MWP (Lamy et al., 2006;
Trouet et al., 2009; Nieto-Moreno et al., 2011; Olsen et al., 2012,
Fig. 7e). The positive state of the NAO today has been related to low
Sea Surface Temperatures in the North Atlantic and higher tempera-
tures in Greenland (e.g., Hurrell, 1995). This pattern is, however, neither
evident in Icelandic Low reconstructions, nor in the Aegean cold spells
(Rohling et al., 2002). Rohling et al. (2002) suggest that the absence of
some RCC in the Aegean Sea record is related to the attenuated forcing
of ice-related feedback mechanisms since ~7 ka, affecting only sites di-
rectly influenced by the thermohaline circulation during relatively
‘weak’ and less widely recognized events as the MWP and the 4.2 ka
event.

In summary, periods with high Ca/Ti ratio correspond to a posi-
tive NAO, hence dryer and colder conditions (Fig. 7a and e). We
therefore suggest that periods of increased detrital input can be asso-
ciated with a negative NAO, inducing humid and marginally warmer
conditions in the Mediterranean region (e.g. Hurrell, 1995; Trigo
et al., 2006). Although the increased detrital input during the LIA
(~650–150 cal. yr BP) seems to contradict the patterns found dur-
ing other periods between ~9000 and 600 cal. yr BP, it should be
noted that most increased run-off is visible at the end of the LIA
(~250 cal. yr BP–150 cal. yr BP), which is in agreement with recon-
structions of western Mediterranean climate and NAO variability (e.g.,
Trouet et al., 2009; Nieto-Moreno et al., 2011).

Besides the NAO, also local factors have an influence on river run-off
in the Mediterranean (Lionello et al., 2006). First, during dry periods
that lack cold Bora winds (i.e. theMWP and 4.2 ka event) it is relatively
warm compared to the other RCC events (Frisia et al., 2005). This results
in increased evaporation in the Italian hinterland and possibly contrib-
utes to reduced run-off. Secondly, less ADW is formed during warmer
intervals (Turchetto et al., 2007). This leads to increased influence
of the Levantine Intermediate Water (LIW) from the central Ionian
Sea, and thus to a higher marine influence into the study area (higher
Ca/Ti ratios). Thirdly, at transitions from cold to warm periods, melt-
water from alpine glaciers may also contribute to the observed rising
river run-off.

In summary, our data show that a positive state of NAO is related to a
relatively dry climate in the Mediterranean. Such conditions may be
modified by regional factors such asMediterranean circulation patterns,
increased evaporation, and dry Bora winds.
6. Conclusions

On the basis of multiple XRF core scans and precise AMS 14C-dating,
we show that sediment cores from the Gulf of Taranto can be accurately
correlated using the Ca/Ti ratio. For the sites mostly affected by
supra-regional influences, we have derived climate variability for the
last 16 cal. ka BP at high-resolution using a range of geochemical proxies.

In general, conditions were dry and stable during the Glacial/
Interglacial transition. Two short intervals of increased detrital input
can be related to the Bølling–Allerød and late Younger Dryas (YD).
During the late YD, this increased detrital input appears to originate
from a southern Italian source, suggesting an increased precipitation
in Southern Italy, while run off from Northern Italy remained low.

On the shallow Gallipoli Shelf, slightly increased concentrations
of organic material and biogenic carbonate are observed during
part of the sapropel S1 period (~10–7.5 cal. ka BP) indicating in-
creased primary productivity and/or preservation. After 7 cal. ka BP,
a constant increase in terrestrial input and increased sedimentation
rates indicate a progressive change towards modern circulation for
the Adriatic/NW Ionian Sea. In addition, wetter conditions and defor-
estation during this period have resulted in increased terrestrial
fluxes into the area.

Superimposed on this long-term trend, we observe millennial-scale
variability in terrestrial input which corresponds to global climate vari-
ability and to the NAO in particular. Although regional factors such as
increased evaporation also contribute, we suggest that a positive state
of the NAO, i.e. dry conditions in the Mediterranean, dominated during
RCC events such as the MWP and the Bronze Age.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.margeo.2013.12.003.
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