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A B S T R A C T

The high sedimentation rate and shallow-water depositional depth of the sediments at site DP 30 in the Gulf of
Taranto (central Mediterranean) provide unique biogenic signals that are usually not preserved in deeper re-
cords. This permits the reconstruction of long and short-term surface water modifications across the sapropel S1
period (10–6.5 ka), including calcareous nannofossil data at centennial-scale resolution.

The peculiar patterns of key taxa allowed the recognition of distinct long to short-term surface water changes
that provide valuable evidence on climate conditions leading to sapropel deposition. As a long-term pattern, S1
is marked by a distinct increase of Helicosphaera carteri, thought to reflect increased detrital input/land-derived
nutrients in the surface water, related to a higher influence of the Western Adriatic Current. A concomitant
pattern of increased black organic particles in the sediments supports a connection between organic matter
preservation at the seafloor and nutrient availability in the surface water. Decreased salinity in the surface water,
testified by an increase of Braurudosphaera bigelowii, develops from 9.2 up to 6.5 ka.

At higher frequencies, additional changes occurred in surface-subsurface waters during the formation of S1 at
shallow depths. Starting from 11 ka, the relative abundance pattern of Florisphaera profunda indicates a gradual
nutrient enrichment in the subsurface waters and the development of a deep chlorophyll maximum (DCM),
which becomes well established at the onset of sapropel S1, between 10 and 9 ka. A further change in the
plankton ecosystem occurs between 9 and 8.2 ka, when reduced coccolithophore production is concomitant with
diatom occurrence and enhanced Br/Ti level, implying a productivity increase. From 8 to 6.5 ka, coccolitho-
phore productivity is re-established in relation to a reduction both in surface-water stratification and turbidity/
nutrient availability, characterizing the final phase of sapropel formation. The turbidity in the surface waters was
briefly reduced at 8.2 and 7.3 ka, when also oxygen conditions at the seafloor improved. A centennial variability
in turbidity/low light conditions in surface waters is evident across S1 and is illustrated by the abundance
patterns of H. carteri and Gladiolithus flabellatus. The occurrence of ascidian spicules also represents a distinct
biotic signal across the S1 layer, indicating an increase of shallow-water biogenic carbonate or an aragonitic
near-coastal source. Surface-water modifications at longer and shorter time scales, accompanying the deposition
of sapropel S1 in the Gulf of Taranto, occurred nearly simultaneously and with a magnitude that is comparable to
changes observed in S1 deposits in the central and eastern Mediterranean basin and slope settings.

1. Introduction

Sapropel S1 is the most recent among the organic-rich layers that
periodically deposited in the eastern Mediterranean since the late
Miocene (e.g. Olausson, 1961; Kidd et al., 1978; Emeis and Shipboard
Scientific Party, 1996; Nijenhuis et al., 1996; Emeis et al., 1998).
During the formation of S1, the eastern Mediterranean deep-sea basin
has been predominantly oxygen free between 10.8 and 6.1 ka below
1.8 km (De Lange et al., 2008). This period is commonly associated with

the Holocene African Humid Period (e.g. Rossignol-Strick, 1999; Gasse,
2002) and with lower salinity in the surface waters. The latter resulted
from climate-related increased run-off including that from southern and
northern borderlands of Mediterranean Sea. Increased southern bor-
derlands' run-off during this period of enhanced monsoon regime in the
equatorial African region was not only limited to enhanced Nile dis-
charge but also the north-African river systems may have contributed
(Rossignol-Strick et al., 1982; Rossignol-Strick, 1985; Howell and
Thunell, 1992; Rohling et al., 2002, 2004; Wu et al., 2016, 2018).
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Additional contributions came from the northern borderlands of the
Mediterranean (Rossignol-Strick, 1987; Rohling and Hilgen, 1991;
Rohling, 1994; Filippidi et al., 2016; Wu et al., 2016, 2018; Tesi et al.,
2017; Filippidi and De Lange, 2019). Rainfall events over the northern
Mediterranean borderland recorded during sapropel deposition have
been correlated with the precession forcing acting on the north African
monsoon activity (Toucanne et al., 2015), indicating a close coupling
between low-and mid-latitude hydrological changes in the Mediterra-
nean. The increased precipitation and the consequent reduced salinity
in surface waters, caused low-density in the upper part of the water
column, hampering eastern Mediterranean deep water formation and
leading to the establishment of anoxic conditions at the seafloor (De
Lange et al., 2008; Rohling et al., 2015). Increased river run-off also
contributed to enhanced nutrients supply to the system, enhancing
primary productivity (e.g. Rossignol-Strick, 1985; Kemp et al., 1999)-
and shoaling of the nutricline with the establishment of deep chlor-
ophyll maximum (DCM) (Castradori, 1993; Kemp et al., 1999; Rohling
and Gieskes, 1989). Post-glacial freshening, driven by the inflow of less
saline Atlantic waters via the Gibraltar strait, likely exerted an addi-
tional control on surface water stratification, vertical mixing and in-
termediate and deep-water formation, and on sapropel formation
(Kotthoff et al., 2008; Spötl et al., 2010; Weldeab et al., 2014; Grimm
et al., 2015; Toucanne et al., 2015; Grant et al., 2016). In areas other
than the Levantine basin, such as the Adriatic Sea, the development of
anoxic conditions seems lagged with respect to eastern Mediterranean

records (Rohling et al., 1997, 2015). Recently, the oceanographic me-
chanism under which sapropels formed in this sector, which is close to
the Gulf of Taranto, has been further investigated (Filippidi et al., 2016;
Tesi et al., 2017; Filippidi and De Lange, 2019), focusing on high-re-
solution bottom-water proxies. The authors suggested that in the
Adriatic Sea, anoxic conditions developed synchronously with the rest
of the eastern Mediterranean. According to Tesi et al. (2017) the major
eastern Mediterranean water-masses changes, due to enhanced mon-
soon precipitation, was a first-order driver on S1 deposition even on a
larger-scale. Filippidi and De Lange (2019), analyzing southern Adriatic
records retrieved at different water depth, provided direct proof for
concomitant enhanced river run-off from northern and southern bor-
derlands during deposition of S1. In the Gulf of Taranto, recent data
from Di Donato et al. (2019) described the interval of S1 as extending
between 10.2 ka and 7.8 ka and highlighted differences in the chron-
ology of S1 interval between the Gulf of Taranto and the Ionian and
Adriatic Sea. Despite the numerous studies, the exact mechanism for
sapropel formation is still debated and high-resolution reconstructions
of productivity variation and surface-water modifications outside the
Levantine basin may improve the discussion on the basin- wide sa-
propel formation.

In this study we present a centennial-scale reconstruction of surface-
water conditions accompanying the deposition of S1 as detected in the
high sedimentation rate core DP30 in the Taranto Gulf, where no cal-
careous nannofossil data were available so far within S1. The core,
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recovered at 270m water depth, offers the opportunity to have insights
on the environmental features occurring during deposition of S1 in a
rather near-shore setting which, together with the high-quality re-
covery and high sedimentation rate is suitable in recording short-term
modifications related to run-off, land-derived nutrients and variability
of coastal currents. Our data set relies on new quantitative downcore
coccolith variations and accompanying microfossil content (diatoms,
siliceous sponges and ascidian spicules). All together these provide
evidences on productivity, turbidity, and salinity variations in surface
waters. Biotic proxies in core DP 30 are compared with geochemical
data for the same core (Goudeau et al., 2014). Furthermore, we com-
pare our surface water ecological variations data with the high-re-
solution patterns of organic and inorganic paleoenvironmental tracers
across S1 observed elsewhere, in particular in the Levantine basin and
central Mediterranean.

2. Oceanographic setting

The Gulf of Taranto is a deep semi-enclosed basin, surrounded by
Calabria and Apulia and having lateral water exchange with the Ionian
Sea (Fig. 1). In the area, the main drivers of surface circulation are the
Western Adriatic Current (WAC) and the Ionian Surface Water (ISW).
The WAC, is a less saline and nutrient-rich coastal current, flowing in a
narrow band from the northern Adriatic Sea into the Gulf of Taranto

(Poulain, 2001; Bignami et al., 2007; Turchetto et al., 2007). Its pri-
mary fluvial contribution is the Po River in the north, while additional
minor contributions come from many smaller Alpine and Apennines
rivers flowing into the northern Adriatic Sea (Turchetto et al., 2007).
The WAC has a significant interannual variability and its influence
along the southern Italian coast and the Gulf of Taranto is higher during
winter and spring (Poulain, 2001; Milligan and Cattaneo, 2007), while
it is weaker during summer due to the reduced river discharge. The
WAC is responsible for sediment supply coming from the Po River (the
Adriatic mud belt) as far south as the eastern Gulf of Taranto (Goudeau
et al., 2013). Detailed geochemical studies in the Gulf of Taranto,
dealing with the Late Holocene portion of core DP 30 (Goudeau et al.,
2014, 2015) as well as of other cores from the same location (Grauel
et al., 2013a, 2013b), revealed how the area records high frequency
variations in the strength of the WAC and of ISW in response to climate
variability. Specifically, on decadal to multicentennial temporal scale,
warm and wetter conditions in the Gulf of Taranto promoted increased
dominance of the WAC, throughout increased precipitation and en-
hanced outflow of the Po River and Apennines rivers (Fig. 1); while
increased influence of the more saline water from ISW occurred during
cold-dry conditions (Grauel et al., 2013b).

At present, the fluvial input plays a crucial role in nutrient supply
and drives the primary productivity of the Adriatic Sea (e.g. Boldrin
et al., 2005). In the Gulf of Taranto, the WAC mixes with the warmer
and more saline ISW, which enters the Gulf of Taranto from the south
(Fig. 1). At mid water depth, between 200 and 600m, the Levantine
Intermediate Water (LIW) flows from the central Ionian Sea into the
Gulf of Taranto (Malanotte-Rizzoli et al., 1997; Sellschopp and Álvarez,
2003). The bottom waters are characterized by the Adriatic Deep Water
(ADW), a dense water mass formed by the Northern Adriatic Dense
Water (NAdDW) and Southern Adriatic Dense Water (SAdDW). The
NAdDW results from sustained NE Bora wind events during winter in
the northern Adriatic Sea (Turchetto et al., 2007). It flows southward
and can be observed in the southern Adriatic Sea during spring (Grbec
et al., 2007; Turchetto et al., 2007). The SAdDW derives from deep
convection during late winter/early spring in the southern Adriatic Sea
(Artegiani et al., 1997; Vilibić and Orlić, 2002).

3. Material and methods

3.1. Core material and chronology

The piston core DP 30 (39°83 N, 17°80 E, 270m water depth) was
retrieved during RV Pelagia cruise ‘DOPPIO’ in 2008 from the Apulian
Margin, a wide continental shelf having a slight depth gradient towards
the deep Taranto Valley (Rossi et al., 1983). Grain size and geochemical
features are discussed in detail in Goudeau et al. (2013, 2014) to which
we refer. Total core length is 8.28m and the interval investigated in this
study extends from about 6.5 to 3m (Fig. 2). Sediments are rather
homogeneous and predominantly consist of light gray–brown silty-
clays. The sediments also include an interval of ~1.4m thick, that is
characterized by an increase in black particles corresponding to sa-
propel S1 as indicated in Goudeau et al. (2014). Changes in sediment
color have been measured by means of Spectrophotometer core scanner
(Goudeau et al., 2014) as shown in Fig. 2 and are here used to trace the
S1 layer. For the studied interval we follow the age model by Goudeau
et al. (2014) based on 14C calibration from 7 evenly spaced data points
between 3.63 and 15.65 cal ka.

3.2. Calcareous nannofossil and auxiliary microfossil analyses

From core section 2 to 6, corresponding to the 664 to 287 cm core
depth interval, 96 samples were analyzed at 4 cm spacing, providing a
temporal resolution of 80–90 years. Slides for calcareous nannofossil
analysis were prepared according to the method of Flores and Sierro
(1997) to estimate absolute coccolith abundances. Quantitative
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analyses were performed using a polarized light microscope at 1000×
magnification. Abundances of all the taxa were firstly determined by
counting at least 300 coccoliths of all sizes in a variable number of
fields of view, ranging between about 15 and 50. Reworked calcareous
nannofossils were counted separately in the investigated fields of view
and their relative % abundances were determined against the 300 non-
reworked coccoliths. A supplementary counting was then performed to
estimate abundance of uncommon taxa (having abundances < 5%)
relative to about 1000 coccoliths, in order to reduce the standard error
associated to the counting. Variations in the assemblage are estimated
using relative abundances, while absolute coccolith abundances are
expressed as total number of coccoliths/g of sediment. Quantitative
data were collected on about 20 taxonomic units and species identifi-
cation follows Young et al. (2003) and Jordan et al. (2004). Only se-
lected taxa, showing relevant variations are plotted for paleoenviron-
mental interpretation.

Abundances of diatoms, siliceous sponge and ascidian spicules have
been estimated using plane polarized light. No taxonomic identification
has been performed within these groups, however their abundances
have been estimated in 150 fields of view and plotted as number of
specimens/g of sediment.

3.3. Key taxa for paleoenvironmental reconstruction

The cumulative percentages of calcareous nannofossils
Syracosphaera pulchra, Umbellosphaera spp., Discosphaera tubifera,
Rhabdosphaera clavigera, Umbilicosphaera spp., Oolithotus fragilis, are
considered as warm-water proxy and labeled as Warm water taxa
(Wwt) according to their ecological preferences for tropical-subtropical
surface waters (Winter et al., 1994; Baumann et al., 2004; Boeckel and
Baumann, 2004).

The taxon Helicosphaera carteri has been associated to turbid upper-
most waters (Colmenero-Hidalgo et al., 2004; Grelaud et al., 2012) and
high nutrient content in waters between 40 and 70m (Cros et al.,
2000). Accordingly, we consider the abundance of this taxon as a proxy
for detrital input/turbidity in surface water and moderately elevated
nutrient content. Although with different temporal resolution and
variable interpretation, the proliferation of the taxon has been pre-
viously recorded during sapropel deposition, in the Adriatic (Narciso
et al., 2010, 2013), Ionian (Negri et al., 1999; Negri and Giunta, 2001)
and Levantine basins (Corselli et al., 2002; Principato et al., 2006;
Grelaud et al., 2012).

The deep dwelling species Florisphaera profunda is used as a proxy
for identification of Deep Chlorophyll Maximum (DCM) (Castradori,
1993). The latter is a highly productive layer in the lower part of the
photic zone, related to density stratification and shoaling of inter-
mediate waters and of the pycnocline to 50 to 120m during sapropel
events (Rohling and Gieskes, 1989; Myers et al., 1998). The establish-
ment of a DCM is a known feature during deposition of sapropel layers
(e.g. Castradori, 1992, 1993; Negri et al., 1999; Negri and Giunta, 2001;
Corselli et al., 2002; Principato et al., 2003; Thomson et al., 2004;
Triantaphyllou et al., 2010; Incarbona et al., 2011; Grelaud et al.,
2012). Brarudosphaera bigelowii is used as a proxy for lower salinity in
surface water (Gran and Braarud, 1935; Bukry, 1974; Negri and Giunta,
2001; Hagino et al., 2005; Giunta et al., 2007). Maximum abundance of
G. flabellatus is usually recorded at a depth well below that of the deep-
dweller F. profunda and cell numbers reach a maximum at low solar
irradiance level (Poulton et al., 2017). The ecology of G. flabellatus is
poorly known and its abundance pattern is rarely documented during
sapropel times. This is due to its reduced abundance related to its
generally high potential for dissolution (Giunta et al., 2006; Principato
et al., 2006).

3.4. Paleoclimate proxy records used for comparison

The high resolution alkenone based SST from the ODP Site 976 in

the Alboran Sea (Martrat et al., 2014), TEX86SST from GeoB 7702-3
(Castañeda et al., 2010), together with δ18OG. ruber at core PS009PC
(Hennekam et al., 2014) in the Levantine Basin are plotted with se-
lected biotic proxies obtained at Core DP 30 to compare the main re-
gional climate evolution occurring in the studied interval. Moreover, in
order to test to what extent the shallow-water S1 in the Taranto Gulf
correlates to the basin-wide deposition of S1, we compared the acquired
dataset with few high-resolution geochemical proxies. The latter have
been chosen in order to provide a comparison with different Medi-
terranean records under the influence of freshwater supply from
southern and northern Mediterranean borderlands. Specifically, we
referred to the Ba/CaG. ruber ratio from the Levantine Basin Core SL112
(Weldeab et al., 2014), a surface water proxy which primarily reflects
the degree of Nile-water related freshening of the Levantine surface
waters in response to the east African monsoon. In addition, total or-
ganic carbon (TOC) and V/Al bulk ratio from core PS009PC (Hennekam
et al., 2014) are also considered as indicative of bottom water redox
conditions and as being valuable records for multicentennial mod-
ification within S1 in the Levantine basin. TOC content from the
southern Adriatic Sea core MP50PC (Filippidi et al., 2016) is also
considered as well as the δ18Ow from the Adriatic Sea core MD 90-917
(Siani et al., 2013) since these core locations are under the influence of
fresh water discharge from a northern borderland source.

4. Results

At core DP 30, the calcareous nannofossil assemblages are mainly
composed of E. huxleyi, representing 70–80%, but not showing any
important abundance variation (Fig. 3a). Subordinate taxa, showing
distinct patterns throughout the core and specifically during S1 are
Wwt (Fig. 3b), H. carteri, G. flabellatus, B. bigelowii, (Fig. 4b–d), and F.
profunda (Fig. 5c). On the other hand, Coccolithus pelagicus s.l., Calci-
discus leptoporus s.l., Gephyrocapsa spp., Coronosphaera spp. (not shown)
are extremely rare or do not display significant variations. The oldest
part of the investigated record, between 12.5 and 11.8 ka, is marked by
very low relative abundances of Wwt (Fig. 3b) and enhanced reworked
coccoliths, the latter reaching relative abundances of 20% (Fig. 3c).
Gradual increase of Wwt, from relative abundance of 1% to 3% occurs
between 11.8 and 10 ka (Fig. 3b), up to 6–8% upwards. Between 10 and
6.5 ka, which is the interval of S1 deposition, the biotic proxies record
abundance variations at centennial to millennial scale and are sum-
marized in Figs. 4-5. Relative abundance of Helicosphaera carteri in-
creases to values > 1% between 12.5 and 11.8 ka and across S1, be-
tween 10 and 6.5 ka. In more detail, a prominent increase of the taxon,
with relative abundance exceeding values of 2%, coincides with the
earlier portion of S1, between 9.5 and 8.4 ka. From 6.5 ka upwards, the
relative abundance of H. carteri decreases to values lower than 1%.
Across the whole S1, G. flabellatus (Fig. 4c) has long-term pattern
comparable to that of H. carteri (Fig. 4b) and both the taxa also display
similar multicentennial variations. Florisphaera profunda gradually in-
creases to values > 8%, starting from about 11 ka and following the
deglaciation; maximum relative abundances of the taxon characterize
the lowermost part of S1 (Fig. 5c), specifically between 10 and 9.1 ka.
Within the remaining part of S1, F. profunda decreases, showing relative
abundances often< 8%, with the exclusion of few abundance peaks. B.
bigelowii, although always rare in the assemblage, increases from 9.2 ka
up to 6.4 ka. Total coccolith abundance pattern shows a long-term in-
creasing trend from the oldest part of the record upwards, although a
marked decreasing interval is observed between 9.3 ka and 8.1 ka
(Fig. 5b). Diatoms are absent along most of the record (Fig. 5e); how-
ever their occurrence, although characterized by low abundances, is
clearly concomitant with the decrease of the total coccolith abundance.
Increase in abundance of siliceous sponges and ascidian spicules char-
acterizes all S1 interval (Fig. 5f–g).
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5. Discussion

The oldest portion of the investigated interval (12.5–11.8 ka) is
marked by very low relative abundances of Wwt (Fig. 3b), tracing cold
surface water conditions characterizing the Younger Dryas Stadial (YD).
Reworked coccoliths (Fig. 3c), which provide information on erosion-
transport processes deriving from areas surrounding the sedimentary

basin (Flores et al., 1997; Ferreira et al., 2008; Bonomo et al., 2014),
also increase in the same interval. This evidence suggests increased
erosion on land and enhanced terrigenous input into the basin, likely
induced by drier conditions on land during the deglaciation in central
Mediterranean (Desprat et al., 2013). The correlation with SST Medi-
terranean records from both the eastern Levantine basin (Fig. 3d) and
the western Alboran Sea (Fig. 3f) sustains, in this portion of the core,

Fig. 3. Dominant (a), climate sensitive (b) and reworked (c) coccolith taxa at core DP30. Warm water and reworked taxa are plotted as three-point moving averages.
SST from core GeoB 7702-3 (d) (Castañeda et al., 2010) and ODP Site 976 (f) (Martrat et al., 2014), and δ18O (e) from core PS009PC (Hennekam et al., 2014) are also
shown for comparison. YD: Younger Dryas.
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the identification of the Younger Dryas, ending at ~11.8 ka. On the
other hand, the gradual increase of Wwt between 11.8 and 10 ka
(Fig. 3b) marks the transition into the early Holocene. The main var-
iations in the abundance of biotic proxies and in surface-water condi-
tions are recorded between 9.8 and 6.5 ka (Figs. 4–5). This interval is
nearly coincident with the identification of S1 proposed in Goudeau
et al. (2014) at the same core recorded between 9.8 and 6.8 ka. How-
ever, the first subtle increase of H. carteri, observed at 10 ka, indicates
that surface water perturbations, accompanying S1 deposition, slightly
predated the enhanced organic matter flux/preservation at the sea floor
of about 200 years. Interval of modification in surface water is practi-
cally synchronous with deposition of S1 in Adriatic (Tesi et al., 2017;
Filippidi and De Lange, 2019), with slight offset in timing likely within
uncertainties of comparing independent ages and samplings (Fig. 4) and
also with eastern Mediterranean records (De Lange et al., 2008;
Hennekam et al., 2014) (Fig. 4h–i). In this interval, which is the main
focus of this study, the dominant taxon E. huxleyi does not show any
relevant variation as throughout the record and therefore is not helpful
for paleoenvironmental reconstruction. On the other hand, few taxa
(Figs. 4–5), although representing minor components of the assem-
blage, display distinct fluctuations and appear to be diagnostic for
identification of environmental changes that have occurred in surface
water immediately before, during, and after sapropel S1 deposition as
discussed below. Some of these taxa are documented in the literature as
being very prone to dissolution, thus often are barely present -if at all-
in deeper seated S1 sediments. This is the case for example of G. fla-
bellatus (Giunta et al., 2006; Principato et al., 2006) and of the diatom
content into the sediments (e.g. Malinverno et al., 2014). Consequently,
DP30 core site not only provides sediments with high-accumulation
rates but also with excellent preservation.

5.1. Turbidity, freshwater flooding and preservation of organic fluxes

Among calcareous nannofossil surface water proxies, the increase in
the relative abundance of H. carteri (Fig. 4b) is one of the most distinct
signals across S1 in core DP 30. The quantitative distribution of the
taxon is very similar to the L* pattern (Fig. 4a), even at short-term scale,
and suggests a strong coupling between surface water conditions and
organic matter flux/preservation at the seafloor. These features support
identification of multiple phases within S1, S1a and S1b (sensu Rohling
et al., 1997), spanning 10–8.2 ka and 8–6.5 ka intervals, respectively
and not previously identified at core DP 30. The latter interval is
characterized by a twofold subdivision (Figs. 4–5). We consider the
behavior of H. carteri as the response to enhanced detrital input/land
derived nutrients imported in surface water, during a phase of en-
hanced run-off accompanying deposition of S1 (Rossignol-Strick et al.,
1982; Rossignol-Strick, 1987; Rohling, 1994; Rohling and Hilgen, 1991;
Rohling et al., 2002; Marino et al., 2009; Weldeab et al., 2014;
Hennekam et al., 2014). Specifically, higher influence of the nutrient-
rich WAC and of the Adriatic mud belt can be inferred at the core lo-
cation during this phase. The concomitant highest values in black or-
ganic particles (Fig. 4a), relates to enhanced nutrients and organic
matter input during higher run-off.

The long-term trend of H. carteri, across the whole S1 is rather well
comparable to the pattern of the Ba/Ca ratio measured on

Globigerinoides ruber (Fig. 4g) in the eastern Mediterranean (Weldeab
et al., 2014), a measure of changes in in monsoon freshwater discharge
via Nile River (Weldeab et al., 2014). These results, therefore, suggest a
common climate-related response between monsoon-derived pre-
cipitation/run-off in the eastern Mediterranean region and that in the
Taranto Gulf, the latter having a northern Mediterranean borderland
source. This evidence is in favor of the hypothesis of the relationship
between the increased storm track precipitation affecting the northern
Mediterranean borderlands with that of the north African summer
monsoon during sapropel deposition (Toucanne et al., 2015). A si-
multaneous occurrence between increased northern and southern bor-
derlands run-off has been also recently reported in the south Adriatic
Sea (Filippidi and De Lange, 2019) during sapropel S1, while not yet
documented so far in the Gulf of Taranto.

Looking in more detail, the increase of H. carteri starts at 9.8 ka and
reaches maximum values not before than 9.2 ka. From that time on-
ward, the distribution of B. bigelowii (Fig. 4d) indicates decreased sali-
nity levels up to 6.4 ka. This episode appears a feature of the central
Mediterranean during deposition of S1, as indicated by the similar
pattern between B. bigelowii at the studied site and the δ18Ow from the
Adriatic Sea (Siani et al., 2013) (Fig. 4e). Considering the core location,
it suggests enhanced influx of fresh water from the northern border-
lands which is also consistent with enhanced regional rainfall starting
from ca. 8.9 ka (Zanchetta et al., 2007).

The distinct reduction in surface-water turbidity/high nutrients in-
dicated by the relative abundance drop of H. carteri at 8.2 ka is con-
sistent with the mid-S1 interruption (Rohling et al., 1997; De Rijk et al.,
1999; Mercone et al., 2000; Casford et al., 2003; De Lange et al., 2008;
Almogi-Labin et al., 2009; Hennekam et al., 2014; Rohling et al., 2015;
Filippidi et al., 2016; Tesi et al., 2017; Filippidi and De Lange, 2019),
related to a brief cooling event in the Northern Hemisphere (Rohling
and Pälike, 2005). The latter resulted in surface waters cooling in the
northern part of the eastern Mediterranean and subsequent temporary
reactivation of bottom water formation and cessation of sapropel for-
mation (e.g. Rohling et al., 1997, 2015; Mercone et al., 2001; Casford
et al., 2003). This is documented by several geochemical eastern
Mediterranean bottom-water ventilation proxies partly shown in
Fig. 4f, h–i. While the temporary re-ventilation interrupting S1 de-
position is particularly evident over basin and slope sediments in
eastern and central Mediterranean, it seems not well-recorded by
bottom-water proxies at shallower depths in the mid-Adriatic depres-
sion at 260m depth (Tesi et al., 2017). On the other hand, it appears
well-recorded at our studied site, by surface water proxies and speci-
fically by temporary reduction in relative abundance of H. carteri. The
latter is also concurrent with a decreased flux/preservation of organic
matter during a drier climate phase, as suggested by the color light-
ening (Fig. 4a), thus indicating that this northern borderland ‘cold
event’, affected both the surface and bottom environment at shallow
water depth. This may be related to the fact that core DP 30, located in
a rather nearshore setting in the Taranto Gulf, is well suited to record
variation of the intensity of the WAC and of the Adriatic mud belt. The
sapropel interruption did not affect the distribution of B. bigelowii as
also observed in the Adriatic Sea records (Giunta et al., 2003; Narciso
et al., 2013). This suggests that no major salinity variation co-occurred,
which is consistent with the δ18Ow profile from the Adriatic Sea (Siani

Fig. 4. Color lightness (L*) (a) and biotic proxies (b-d) at core DP 30 plotted as all data and three-point moving averages, compared with surface and bottom water
signals from central and easternmost Mediterranean basin (e-i) and Adriatic surface salinity proxy: δ18Ow (e) (Siani et al., 2013) dashed line corresponds to modern
δ18Ow values in the South Adriatic after Pierre (1999); Adriatic bottom water proxy: TOC (f) (Filippidi and De Lange, 2019); Nile run-off proxy: Ba/Ca of G. ruber (g)
(Weldeab et al., 2014); bottom water redox condition tracers: TOC and V/Al (h, i) (Hennekam et al., 2014). Black arrow line on Color lightness (L*) indicates sapropel
S1 according to Goudeau et al. (2014). Grey bands highlight main changes in surface waters across S1. Vertical dotted rectangle traces the phase of pre-sapropel
deposition as marked by the increase of F. profunda as shown in Fig. 5c. Multicentennial variations in surface and bottom water proxies are marked as IeV following
Hennekam et al. (2014). Horizontal dark grey bars indicate duration of Sapropel 1 (S1) as recorded by several studies in the easternmost and central Mediterranean
Sea, while horizontal light grey bars indicate transitional/pre-sapropel phases. Green area for the % of H. carteri indicates relative abundances> 1% which char-
acterize sapropel S1. Slight difference in the chronology of mid-S1 interruption between cores DP 30 and MP50PC is within uncertainties of comparing independent
ages and samplings. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Sediment color variations, microfossils absolute and relative abundances (all data and three-point moving average), and geochemical ratios for sediments in
core DP30. (a) Color lightness (L*); (b) total coccolith abundance (# of coccoliths/g of sediment); (c) relative abundance of F. profunda; (d) pattern of sea level
variability (Grant et al., 2012); (e) diatoms (# of specimens/g of sediment); (f) siliceous sponges (# of specimens/g of sediment); (g) ascidian spicules (# of
specimens/g of sediment); (h) Sr/Ca and (i) Br/Ti (both plotted as ratio of counts from Goudeau et al., 2014). Black arrow line on Color lightness (L*) indicates
sapropel S1 according to Goudeau et al. (2014). Grey bands highlight main changes in surface waters across S1. Vertical dotted rectangle traces the phase of pre-
sapropel deposition as marked by the increase of F. profunda.
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et al., 2013) (Fig. 4e).
After sapropel interruption, relative abundance of H. carteri in-

creased again up to ca. 6.5 ka, although values were lower than in S1a,
impling a reduction in turbidity/flooding with respect to S1a which is
also concomitant to a decline in the amount of black particles (Fig. 4a).
This pattern characterizes S1b and parallels the progressive weakening
of east African monsoon precipitation and associated runoff (Fig. 4g),
and of decreasing organic matter preservation in the southern Adriatic
(Fig. 4f; Filippidi et al., 2016; Filippidi and De Lange, 2019). In addi-
tion, the slight and brief reduction of H. carteri at ca. 7.3 ka, and of the
L* pattern (Fig. 4a), could be a signal of a supplementary short-lived
reduction of river run-off, which correlates well with a second cooling
and arid spell and rapid improvement of deep-water oxygen conditions
recorded in the southern Adriatic (Filippidi et al., 2016; Tesi et al.,
2017). The event is largely recorded in several continental and marine
records (e.g. Bar-Matthews et al., 2000; Gasse, 2000; Frisia et al., 2006;
Constantin et al., 2007; Kuhnt et al., 2007; Magny et al., 2011;
Triantaphyllou, 2014; Triantaphyllou et al., 2016) and, similarly to the
8.2 ka interruption event, is associated with the northern borderland
climate system and a weakening in North Hemisphere summer insola-
tion (Bond et al., 2001). Lower relative abundances of H. carteri be-
tween 7.3 and 6.5 ka mark the last subtle turbidity/run-off signature in
surface water, coeval with the decline of the L* pattern (Fig. 4a) and
accompanying the final phase of S1b. A concomitant recovery of sea-
floor ventilation in the Taranto Gulf is accordingly documented by
benthic foraminifera assemblages, starting from 7.3 ka (Di Donato
et al., 2019) and therefore of the restoration of ADW in the area. This
phase is simultaneous to the changes leading to termination of S1 de-
position both in the eastern and central Mediterranean (Hennekam
et al., 2014; Filippidi et al., 2016; Filippidi and De Lange, 2019), as
marked by diminished organic matter content (Fig. 4f, h) and by lower
concentrations of redox-sensitive elements (Fig. 4i), thus indicating a
remarkable similarity in timing and magnitude of the end of S1 in such
different environmental settings.

5.2. Multicentennial variability in sea surface and bottom environments

Four multicentennial phases (phases I-IV) showing distinct increases
of H. carteri (Fig. 4b) as well as five increases in L* (Fig. 4a) are ob-
served across S1, suggesting a high-frequency correlation between in-
creased surface water turbidity/river input and enhanced export pro-
ductivity/preservation of organic matter at the seafloor. The pattern of
G. flabellatus closely resembles the H. carteri abundance fluctuations
and this is thought to reflect a common preference of both taxa for a
turbid upper water layer. This is in agreement with maximum abun-
dance of G. flabellatus at low solar irradiance level and with its possible
alternative nutritional strategies than autotrophy (i.e., mixotrophy or
phagotrophy) (Poulton et al., 2017). We assume that at site DP30, in-
creased turbidity in surface waters, as well as organic matter deriving
from land during enhanced run-off, would have provided suitable
turbid/nutrient-rich surface water conditions for H. carteri and, at the
same time, favorable low-light conditions and/or alternative food re-
sources promoting proliferation of G. flabellatus during phases I-III in
S1a and phase IV in the lower part of S1b (Fig. 4c).

The multicentennial changes recorded by G. flabellatus, H. carteri
and L* recall those observed in the eastern Mediterranean by means of
recurrent increases in V/Al ratio (phases I-V in Fig. 4i). These are
thought to be a response to solar-driven variability in Nile discharge
during sapropel deposition (Hennekam et al., 2014). Variability in solar
irradiance has also been reported as the driving force for the redox-
sensitive elements variability/ventilation in the Ionian Sea during S1
(Jilbert et al., 2010). For core DP 30, the younger of the multicentennial
fluctuations (“V” in Hennekam et al., 2014; Fig. 4i) is recorded between
7.2 and 6.5 ka and highlighted by the last and less intense peak in L*
pattern and a last step in the occurrence of H. carteri (Fig. 4b), although
with lower relative abundance values with respect to previous phases.

This pattern suggests a further reduction in turbidity/nutrient content
in surface water, which likely resulted in reduced organic carbon flux at
the sea floor. Phase V is less intense in Hennekam's geochemical records
as well (Fig. 4h–i) and is also concomitant with the gradual decreasing
pattern of TOC content in the southern Adriatic record of Filippidi and
De Lange (2019) (Fig. 4g) for the intermediate water 775-m site, sup-
porting a gradual shift to sapropel termination and return to back-
ground conditions. The overall calcareous nannofossil data in core DP
30 support a multicentennial variability across S1 is surface water
proxies as well, and allow extending Hennekam's hypothesis to a larger
Mediterranean scale. In the latter hypothesis, the higher-amplitude
variability of solar activity on Indian Ocean-derived precipitation, af-
fected the Nile discharge variability during S1 deposition. This feature
modulated nutrient inputs and intermediate water ventilation in the
eastern Mediterranean, thus affecting productivity and redox conditions
on multicentennial time scales during S1 deposition. Considering that,
at the core location, run-off/freshwater supply has essentially a
northern source, it is noteworthy the relationship highlighted by pre-
vious studies between Alpine flood variability/precipitation and solar
irradiance during the Holocene (Wirth et al., 2013). The latter link
appears well supported by the DP30 dataset during S1 formation.

5.3. Short-term productivity changes: calcareous versus siliceous fluxes

The pattern of F. profunda at site DP30 indicates the establishment
of deep nutricline in the lower photic zone and the development of a
DCM (for reference refer to Section 3.3). The latter actually occurs as a
gradual phenomenon as indicated by a continuing increase of the taxon
starting at about 11 ka (Fig. 5c) and culminating between 10 and 9.1 ka.
This pattern appears in relation with climate amelioration and sea level
rise occurring at the deglaciation phase (Fig. 5c,d), leading to water-
column stratification, supporting the hypothesis that sea level rise, to-
gether with fresh water discharge, contributed to surface-water buoy-
ancy changes and to S1 deposition (Grimm et al., 2015; Grant et al.,
2016). A gradual onset of a DCM has been documented in the eastern
Mediterranean during S1 (Principato et al., 2003; Triantaphyllou et al.,
2009; Incarbona and Di Stefano, 2019) as well as during S5 (Corselli
et al., 2002). Other studies indicate the abrupt occurrence of deep nu-
tricline concomitant with the sapropel base (Castradori, 1993; Negri
et al., 1999; Incarbona et al., 2011). The gradual increase of F. profunda
at core DP 30 appears concurrent with the transitional/pre-sapropel
deterioration of bottom oxygen levels recorded in deeper settings be-
tween about 11 and 10 ka in the southern Adriatic (Tesi et al., 2017)
and Gulf of Taranto (Di Donato et al., 2019) (Fig. 4). The increase of F.
profunda is not persistent for the whole duration of S1, likely to be
related to short-term productivity modifications in the photic layer
discussed below and to variation in surface water stratification. In fact,
in the second half of S1a, between 9.1 and 8.3 ka, the sharp decrease in
F. profunda and in the total coccolithophore concentration coincides
with the occurrence of diatoms (Figs. 5e; 61–2). This evidence provides a
documentation for the reversal abundances between coccolithophores
and diatoms during sapropel deposition, which represents an inter-
esting topic, not well documented in the vast sapropel literature. In fact,
a coccolithophore productivity decrease during sapropel, in favor of the
more competitive diatoms, has been suggested in previous studies
mainly relying on the low coccolith concentrations (van Os et al., 1994;
Negri et al., 1999; Negri and Giunta, 2001; Principato et al., 2006;
Grelaud et al., 2012). An observed shift between diatoms/coccoliths
occurrence has been documented only for S5 (Corselli et al., 2002;
Giunta et al., 2006). This is due to the low preservation of the opaline
skeleton and to the rarity of the siliceous plankton preservation in
highly silica-undersaturated Mediterranean waters (Krom et al., 1991;
Cramp and O'Sullivan, 1999) or to the scarcity of silica and phosphorus,
the main nutrients for diatom growth (Ludwig and Volcani, 1986). Data
from the present-day export production in the Ionian Sea (Malinverno
et al., 2014) indicate that diatom fluxes are rather low if compared with
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more eutrophic pelagic settings of the world oceans, with dissolution
occurring within the bottom sediments, where diatoms are not pre-
served. At site DP 30, siliceous skeletons are preserved all through the
S1 and mainly consist of sponge spicules (Figs. 5g, 63,6) and partially of
diatoms (Figs. 5e, 6). The occurrence of other siliceous microfossils,
during the full S1 (Fig. 5), suggests that selective diatom/opaline pre-
servation did not play a dominant role at the core location, thus, the
diatom signature reflects a primary signal. The siliceous content is
likely to be related to enhanced continental input and nutrient content
in surface water, fresh water discharge and surface water stratification
(Sancetta, 1994; Kemp et al., 1999; Corselli et al., 2002), and to the
high sedimentation rate, which together provide favorable conditions
for the preservation of siliceous microfossils. The more opportunistic
diatoms were responsible for the highest productivity phase between 9
and 8.2 ka, and for the reduced coccolithophore production, including
that for the deep-dweller taxon F. profunda. The highest productivity, in
the second half of S1a, is also marked by the coeval drastic increase of

the Br/Ti ratio in these sediments (Fig. 5h), the Br being a geochemical
proxy for marine organic matter (Ziegler et al., 2008; Goudeau et al.,
2014). Increase in the Br/Ti ratio also coincides with enhanced tur-
bidity and the onset of reduced salinity as indicated by highest abun-
dances of H. carteri and B. bigelowii respectively (Fig. 4b, d).

The 8.2 event marks the cessation of diatom occurrence, likely due
to interruption of the stratification and reduced nutrient supply at the
site location. Subsequently, during S1b, the distinct increase of total
coccoliths (Fig. 5b) indicates a re-establishment of coccolithophore
productivity in surface water to be expected in relation with the re-
duced fresh water discharge and nutrient availability characterizing
S1b, thus restoration of more favorable surface water condition for the
whole coccolithophore assemblage. The low abundance of F. profunda
during this phase (Fig. 5c) indicates a reduction in surface water stra-
tification.

Modification in the shallow-water carbonate content all through the
sapropel deposition are also traced by the distinct enrichment of the Sr/

Fig. 6. Polarized light images of selected biogenic content occurring during S1 at core DP 30.
XP: crossed polarized light; PL: plane polarized light. 1-2: Diatoms, PL. 3, 6: sponge spicules, PL. 4-5, 7-8: ascidians, 4,8 XP; 5,7 PL 9: red arrows indicate specimens of
the dominant taxon Emiliania huxleyi (Lohmann), XP. 10-11: Helicosphaera carteri (Wallich), 10 XP, 11 PL. 12: Braarudosphaera bigelowii (Gran and Braarud), XP.
Gladiolithus flabellatus (Halldal and Markali), XP. Florisphaera profunda (Okada and Honjo), XP. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Ca profile (Fig. 5i). The latter is thought to be related to enhanced
fluxes of near-coastal Sr-rich aragonite or diagenetic in-situ formation
of Sr-rich aragonite during sulfate reducing conditions (Thomson et al.,
2004; Reitz and De Lange, 2006). A distinct increase of ascidian spi-
cules (Fig. 64–5, 7–8) during S1 deposition is however observed in the
studied core (Fig. 5g) and it may have contributed in modifying the
shallow water biogenic carbonate composition. The ascidian spicules
are in fact composed of aragonite with high levels of Sr (i.e. up to 6.5%;
Matthews, 1966) and the majority live in shallow water environment
(0–50m) (Varol and Houghton, 1996). Therefore, considering their life
habitat, it is reasonable to suggest that their occurrence in our core
could have resulted from a nearshore source, during the most intense
flooding/run-off, mainly occurring in S1a and earlier S1b, between 8
and 7.4 ka, in agreement with the highest occurrences of H. carteri
(Fig. 4b). The high sedimentation rates and rapid sealing of sediments
soon after deposition (Houghton and Jenkins, 1988; Varol and
Houghton, 1996) may have favored the preservation of ascidian spi-
cules that in turn, although not perfectly matching the Sr/Ca profile,
could have represented a further potential source for Sr-rich aragonite.
Despite the low concentration of ascidian spicules (Fig. 5g), it is likely
that their rather large size and high number of radial elements
(Fig. 64–5, 7–8) affected the Sr/Ca profile. It is noteworthy that the
coccolith Sr/Ca ratio has been also suggested as a proxy for cocco-
lithophore growth rate and productivity (e.g. Stoll and Schrag, 2000;
Rickaby et al., 2007; Cavaleiro et al., 2018). However we did not detect
changes in calcification in the dominant coccolith taxon E. huxleyi nor a
relation between Sr/Ca and total coccolithophore abundance/pro-
ductivity (Fig. 5b,i), suggesting that at the studied core the Sr/Ca sig-
nature was apparently no coccolith-dependent.

6. Conclusions

The high sedimentation rate and shallow depositional depth of the
studied core, represented favorable conditions for the unusual pre-
servation of calcareous and siliceous biogenic content during sapropel
deposition. High resolution abundance patterns of selected calcareous
nannofossil key taxa and of co-registered additional microfossil content
(diatoms, siliceous sponges and ascidian spicules) allowed the re-
construction of significant changes in surface waters during the de-
position of the shallow-water sapropel S1, in the Gulf of Taranto as
summarized below.

▪ The gradual DCM development, starting from ~11 ka and lasting
~1 kyr, is coeval with the sea level rise and the gradual pre-sapropel
deterioration of bottom water oxygenation in deep Adriatic records.
This evidence supports the relation between sea-level rise and hy-
drographic changes leading towards sapropel S1 deposition.

▪ Enhanced surface water turbidity/run-off and nutrient availability
in the subsurface waters at the core location accompany sapropel
deposition between 10 and 6.5 ka, i.e. synchronous with deposition
of sapropel S1 in the eastern Mediterranean. Considering that at the
core location the enhanced run-off has mainly a northern source,
this evidence is in favor of the relationship between the increased
northern and southern borderland precipitations during sapropel S1,
and strengthen the role of the mid-latitude precipitation during sa-
propel deposition.

▪ The excellent preservation of the biogenic content provides com-
pelling evidence that diatoms, although never abundant, partially
outcompete coccoliths during the highest primary productivity
phase within S1a (10–8.2 ka). This feature is likely the result of high
sedimentation rate at the study core.

▪ Short-lived reduction of river run-off/detrital input in surface water
and of black organic particles into the sediment occurs at 8.2 and
7.3 ka, synchronously with brief cooling, arid spell and rapid im-
provement of deep-water oxygen conditions recorded in the
southern Adriatic, thus revealing that these brief events are

detectable at shallow water depth, both in surface and bottom en-
vironments.

▪ Decreased turbidity/run-off signature in surface water accompanies
the final phase of S1b up to 6.5 ka, matching the decline of black
particles into the sediment, which is coeval with diminished organic
matter content in both eastern and central Mediterranean records.

▪ Multicentennial changes occur in surface-water and at the sea
bottom within S1a and S1b, indicating high-frequency variability in
WAC and related turbidity/low light conditions in surface waters as
well as in organic carbon flux at the sea floor. This variability is
thought to be associated to runoff/primary productivity which itself
is thought to be related to climate, i.e. solar variability. This signal is
in agreement with the supposed relation between high frequency
Alpine flood variability/precipitation and solar irradiance during
the Holocene.

▪ A distinct enrichment in ascidians during S1 implies an increase of
shallow-water biogenic/detrital carbonate, whose potential source
as near-coastal Sr-rich aragonite cannot be excluded, although this
topic deserves further investigation.
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