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Abstract Carbon‐rich layers exist at both sides of the Mediterranean Sea sedimentary record and are
called sapropels and organic rich layers (ORLs), respectively, in the eastern and western basins. They
have different levels of organic carbon accumulation and seafloor oxygen deprivation. The most recent
sapropel and ORL depositions have a different timing, approximately 10.8–6.1 and 14.5–9.0 ka, respectively.
Here we investigate oxygen isotopic records of three foraminifera species that occupy different habitats
within the Sicily Channel water column since ~12.0 ka, thus in the sill between the eastern and western
Mediterranean basins. These data are ice volume corrected, to get information on water masses density
variability, and are accompanied by benthic foraminifera δ13C measurements to establish Sicily Channel
seafloor ventilation. Our results, and the comparison with other chronologically well‐constrained
Mediterranean records, highlight the connection of the two subbasins due to monsoon activity. The end of
the maximum Nile River flooding at ~9.2 ka, and eastern Mediterranean seafloor reventilation above
1,800–1,500 m depth at ~ 8.2 and 7.2 ka, left a clear signature in the intermediate water isotopic record of the
Sicily Channel. Concurrently, the western Mediterranean deep water circulation experienced a
significant recovery after a long period of slowdown. We argue that African monsoon weakening was
transmitted into the western Mediterranean, through the intermediate layer of circulation, where deep
water formation took place and brought oxygen to the seafloor.

1. Introduction

The Mediterranean Sea thermohaline circulation reproduces global ocean processes, in terms of deep water
formation processes and of climate‐driven thermohaline circulation (Bethoux et al., 1999), and can schema-
tically be subdivided into three meridional and zonal circulation cells. The zonal vertical circulation belt
deals with surface Atlantic water (Modified Atlantic Water, MAW) and its transformation into intermediate
water (Levantine IntermediateWater, LIW) (Figure 1a). Meridional cells are driven by deep water formation
in the Gulf of Lions and in the Adriatic Sea (Pinardi & Masetti, 2000) (Figure 1a). Deep water formation is
preconditioned by LIW that contributes to the vertical advection (Wu & Haines, 1996). This means that
zonal and meridional cells are interconnected and the eastern and western Mediterranean overturning cells
can communicate with each other through the zonal cell (Pinardi & Masetti, 2000).

In the late 1980s and early 1990s, a saltier and warmer intermediate water led to enhanced deep water pro-
duction in the Aegean Sea that replaced the one from the Adriatic Sea, the so‐called Eastern Mediterranean
Transient (EMT) (Roether et al., 1996). In less than 2 years (2004–2006) the whole western Mediterranean
basin has been filled by a new highly saline and warm deep water (Schroeder et al., 2008). Models and obser-
vations claim the major role of salty intermediate water, exported from the eastern Mediterranean after the
EMT, for preconditioning the upper 1,000 m of the Gulf of Lions water column and for vertical advection
(Schroeder et al., 2010; Skliris & Lascaratos, 2004). Such a phenomenon demonstrates that today's local ocea-
nographic perturbations are rapidly transmitted across the whole basin. The same coordinated response of
the two subbasins remains poorly understood for the thermohaline circulation variability due to changes
in climate in the last tens of thousands of years.

Eastern Mediterranean sapropels are thought to be the result of eccentricity modulation of precession
minima (Hilgen, 1991; Lourens et al., 1997) that enhanced monsoon activity and freshwater discharge from
North African rivers (Hennekam et al., 2014; Marino et al., 2009; Rohling, Cane, et al., 2002; Rossignol‐Strick
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Figure 1. (a) Schematic plot of Mediterranean Sea circulation. (b) Mediterranean Sea bathymetry and location of the
cores discussed in the text. The red arrow indicates the main path of LIW (modified from Pinardi & Masetti, 2000).
The red circle indicates the location of ODP Hole 963D. (a) Gulf of Lions deep water formation site. (b) Adriatic Sea deep
water formation site. (c) Aegean Sea deep water formation site. (d) LIW formation site. With numbered circles indicate
the location of cores discussed in the manuscript. (1) ODP Site 976 (Martrat et al., 2014). (2) MD95‐2043 (Cacho
et al., 1999, 2000, 2002, Martrat et al., 2004, 2014). (3) ODP Site 977 (Martrat et al., 2004, 2014). (4) MD99‐2343 (Frigola
et al., 2008). (5) MD04‐2797CQ (Bout‐Roumazeilles et al., 2013). (6) LC21 (Abu‐Zied et al., 2008; Casford et al., 2003;
Marino et al., 2009). (7) SL112 (Weldeab et al., 2014). (8) PS009PC (Hennekam et al., 2014).
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et al., 1982; Weldeab et al., 2014). Enhanced productivity and preservation are the common explanations for
distinctive organic carbon beds (Rohling et al., 2015) and imply oceanographic processes (e.g., nutricline
shoaling within the photic zone, cessation of deep water formation, and seafloor anoxia) that have necessa-
rily involved awesome modifications in the intermediate water layer of the thermohaline circulation
(Grimm et al., 2015; Rogerson et al., 2008; Zirks et al., 2019). On the other hand, western Mediterranean
organic rich layers (ORLs) are associated with enhanced productivity and reduced deep ventilation that
led to seafloor dysoxia (Rogerson et al., 2008). Most of ORLs are expected to be deposited at the same time
as easternMediterranean sapropels, because LIWmay convey easternMediterranean salinity reduction into
the western Mediterranean (Emeis et al., 1991; Rohling et al., 2015). However, the most recent sapropel and
ORLwere deposited in different time intervals (Cacho et al., 2002), denoting the action of different forcing or
the presence of local perturbations, like the discharge of alpine meltwater in the western Mediterranean
(Rogerson et al., 2008; Rohling et al., 2015).

Here we investigate high‐resolution (~100 years on average) stable isotope records (planktonic and benthic
foraminifera δ18O and benthic foraminifera δ13C) since the late Younger Dryas in the Sicily Channel, whose
seafloor is placed at the depth of about 470 m and is directly crossed by LIW in transit to the Tyrrhenian Sea
(Figure 1A). We examine different species that thrive surface MAW, upper LIW, and core LIW. Oxygen iso-
topes are ice volume corrected for understanding how LIW density variability may have affected western
Mediterranean vertical advection, while diachronous sapropel S1 and the most recent ORL were being
deposited. The paper is aimed at assessing postglacial LIW density variability and Sicily Channel seafloor
ventilation changes. This information is used to find any potential signal that connects the eastern and
the western Mediterranean, by comparison with high‐resolution and well‐constrained records from the
Aegean, Levantine, and the Alboran Seas.

2. Material and Methods

The Ocean Drilling program (ODP) Hole 963D (longitude 37°02.148′N, latitude 13°10.686′E; 469.1 m below
sea level) was recovered in the southern Sicily offshore (Figure 1b). The bulk sediment composition is made
up of 8.40 m of brown and greenish nannofossil clay, with rare pyrite (Emeis et al., 1996) and common ter-
rigenous detrital matter (Böttcher et al., 2003). No sapropelitic and tephra layers occur at Hole 963D and in
material used for the present study (the upper 3.55 m of the sedimentary sequence), although they are pre-
sent in older levels recovered at Site 963A (Emeis et al., 1996; Tamburrino et al., 2012).

Planktonic (Globigerinoides ruber sensu stricto and Neogloboquadrina incompta) and benthic (Uvigerina
mediterranea) foraminifera have been analyzed for their oxygen and carbon isotope compositions.
Analyses for Core 963D were performed by a PDZ Europa Geo2020 mass spectrometer at the
Southampton Oceanography Centre, with an individual acid bath carbonate preparation. The selected speci-
mens were cleaned using an ultrasonic bath, and thoroughly dried batches of 7–10 specimens (picked up
from the fraction between 150 and 300 μm) were loaded into quartz vials for reaction with orthophoshoric
acid at 70°C. Calibration to the Vienna Pee Dee Belemnite (VPDB) was carried out by NBS‐19 standards.
For both δ13C and δ18O external precision is better than 0.06‰.

Ice volume‐corrected (ivc) oxygen isotope data of different species were calculated by the conversion of δ18O
to relative sea level in the eastern Mediterranean (Rohling et al., 2014). Specifically, the equations
y = −54.33006067x + 2.144129497x2 and y = −61.74158411x + 3.12127659x2 were, respectively, calculated
for G. ruber and N. incompta, where x is the oxygen isotope value and y is the relative sea level. A constant
0.009‰ correction per meter of sea level change was applied to U. mediterranea δ18O values (Rohling
et al., 2014). Sea level variations were selected from Lambeck et al. (2014).

3. Local Setting

The negative hydrological balance is the main feature that controls the Mediterranean antiestuarine circula-
tion pattern (Robinson & Golnaraghi, 1994). MAW enters the Gibraltar Strait and occupies the upper 200 m
of the water column (Figure 1a). In the Alboran Sea, MAW flows along the North African coast and reaches
the Sicily Strait (Millot, 1999). Into the Sicily Channel, the northern branch of MAW (Atlantic Ionian
Stream) flows toward the Ionian Sea and later toward the Levantine basin (Malanotte‐Rizzoli et al., 2014;
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Pinardi &Masetti, 2000). LIW formation occurs in the eastern basin (Figure 1b), usually in February–March
due to surface cooling of salt‐enriched water masses (Malanotte‐Rizzoli et al., 2014; Malanotte‐Rizzoli &
Hecht, 1988), and is established at 200–600 m depth. LIW crosses the Sicily Channel together with a thin
layer of Eastern Mediterranean Deep Water (EMDW) and flows into the Tyrrhenian Sea (Gasparini
et al., 2005; Lermusiaux & Robinson, 2001; Millot, 1999). LIW maintains almost unaltered values of

temperature and salinity (13.2–13.5°C and about 38.5‰) from the
Ligurian Sea and the Gulf of Lions to the Balearic and Alboran Seas
(Millot, 1999) and is the main source of Mediterranean Outflow
Water, which passes through the Gibraltar Strait. Deep water
formation takes place in the Gulf of Lions (WMDW) and in the
Adriatic and Aegean Seas (EMDW), where permanent cyclonic
gyres are established (Figure 1b). In these regions, Mistral, Bora,
and Etesian winds produce water column convection. Surface water
mixes up with LIW and sinks to the seafloor (Malanotte‐Rizzoli
et al., 2014; Pinardi & Masetti, 2000; Rohling et al., 2015).

4. Chronology

The chronological framework is based on six dated horizons.
Radiometric ages and their uncertainties were probabilistically
assessed in a Bayesian deposition model by OxCal4.3.2
(Ramsey, 2008). TheMarine 13 calibration curve (Reimer et al., 2013),
with ΔR = 0 (Giuseppe Siani, 2019; Siani et al., 2000, personal
communication) was applied. The “Agreement Index” that estab-
lishes the statistical robustness of the model between unmodeled
and modeled data (Ramsey, 2008) is >99%. The age mismatch for all
tie points, with respect to the earlier calibration by Incarbona
et al. (2008), is always <20 years (Table 1). The error propagation at
1σ is < ±320 years from the base of the record up to 5.75 ka, < ±230
between 5.75 and 4.5 ka and between 2.5 and 1.0 ka, and < ±290
between 4.5 and 2.5 ka (Figure 2). Sedimentation rates range between
25.8 and 40.0 cm/kyr corresponding to resolution of, respectively, 39
and 25 years per 1 cm. The average sampling resolution is of 84 years
for G. ruber and U. mediterranea measurements and of 115 years for
N. incompta.

Benthic foraminifera from the Aegean Sea LC21 core (Figure 1b)
(Abu‐Zied et al., 2008) are plotted following the age model by Grant
et al. (2012). Differently from the present paper, Grant et al. (2012)
used the Marine09 calibration curve. However, Marines 13 and 09
curves are nearly identical one each other over the last 12 kyr. Total
di‐ and tri‐alkenones and alkenone‐derived sea surface temperature

Table 1
The 14C AMS Radiocarbon Ages and Their Calibrated Values After the Bayesian Deposition Model by OxCal 4.3.2 (Reimer et al., 2013)

Reference Site Core Section/interval C14 age (BP)
Calibrated age (BP)a

1‐sigma

Incarbona et al. (2008) ODP 963D 1H S1 2‐4 1,500 ± 40 1,055 ± 60
Incarbona et al. (2008) ODP 963D 1H S1 55‐56 2,810 ± 90 2,549 ± 105
Incarbona et al. (2008) ODP 963D 1H S1 106‐107 4,320 ± 65 4,455 ± 85
Incarbona et al. (2008) ODP 963D 1H S1 142‐143 5,380 ± 75 5,748 ± 85
Incarbona et al. (2008) ODP 963D 1H S2 48‐50 7,510 ± 50 7,956 ± 50
Incarbona et al. (2008) ODP 963D 1H S3 23‐24 10,080 ± 100 11,059 ± 110

aBayesian deposition model by OxCal 4.3.2 (Ramsey, 2008), Marine 13 (Reimer et al., 2013), DR = 0 (G. Siani, 2019, personal communication, June 2019).

Figure 2. Depth/age plot of the Bayesian deposition model assessed by OxCal
4.3.2 (Ramsey, 2008). “Position” on the y axis refers to cmbsf. See Table 1 for
the14C AMS radiocarbon ages adopted in the model. Each modeled calibrated
age is reported with their highest probability density range (green curve) and the
1‐σ uncertainty (green line). The blue‐violet shadow shows the error propagation
at 1σ.
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(SST) from the Alboran Sea ODP Site 976 andMD95‐2043 cores (Figure 1b) (Cacho et al., 1999, 2002, Martrat
et al., 2004, 2014) are plotted following the chronology by Martrat et al. (2014). All the other records used in
the figures for comparison follow their original chronology.

5. Ecology of Species Used for the Geochemical Analysis

The δ18O of foraminifera shells reflects the oxygen isotopic composition of the seawater and the temperature
in which they calcify. The δ13C of foraminifera shells reflects the carbon isotopic composition of the dis-
solved inorganic carbon (DIC) in which they calcify. Thus, the habitat of species used for the analysis is a
basic requirement for the correct interpretation of the geochemical signal. In the following, we report a short
summary of the ecological preferences of G. ruber, N. incompta and U. mediterranea.

G. ruber thrives in warm and oligotrophic waters (Hemleben et al., 1989; Žarić et al., 2005). In the
Mediterranean Sea, G. ruber is abundant or dominant in surface water above the summer thermocline
(Pujol & Grazzini, 1995; Rigual‐Hernández et al., 2012). N. incompta proliferates in a distinct deep chloro-
phyll maximum layer (Fairbanks &Wiebe, 1980; Rohling & Gieskes, 1989) and in winter/spring is abundant
in the western Mediterranean Sea (Pujol & Grazzini, 1995; Rigual‐Hernández et al., 2012). Water samples
collected in the Sicily Strait during the VICOMED I and II expeditions show that N. incompta accounts
for a total of 4.6% of the total planktonic foraminifera assemblage in winter/spring and that its occurrence
is negligible in summer/fall (Pujol & Grazzini, 1995).

U. mediterranea is a shallow infaunal benthic species, mostly confined to the topmost 1 cm of sediment, that
prefers mesotrophic environments (De Rijk et al., 2000; Fontanier et al., 2008; Jorissen, 1999; Kuhnt
et al., 2007; Schmiedl et al., 2000, 2004). In the Mediterranean Sea, this species occurs at a shallower depth
from the western to the eastern basin, following the organic matter flux decrease (De Rijk et al., 2000). TheU.
mediterranea δ13C record, like other shallow infaunal species, reflects a process of organic matter reminer-
alization in pore waters (Fontanier et al., 2006; Pérez‐Asensio et al., 2020; Schmiedl et al., 2004; Theodor,
Schmiedl, Jorissen, et al., 2016, Theodor, Schmiedl, & Mackensen, 2016). The DIC δ13C in pore water is con-
trolled by bottom water δ13CDIC and by the decomposition of 12C‐enriched organic matter, revealing a gra-
dient of about 1‰ per 1 cm in the upper part of surface sediments (Fontanier et al., 2006; Schmiedl
et al., 2004). Benthic foraminifera shallow infaunal δ13C values are used as a qualitative productivity proxy
in paleoproductivity reconstructions, especially when they take into account the difference with δ13C values
of epifaunal species (Le Houedec et al., 2020; Pérez‐Asensio et al., 2020; Theodor, Schmiedl, Jorissen,
et al., 2016, Theodor, Schmiedl, & Mackensen, 2016). However, bottom water oxygen content is a further
parameter that affects δ13C in pore water, and its variability significantly produces a bias in paleoproductiv-
ity reconstructions (McCorkle & Emerson, 1988; Schmiedl et al., 2004).

6. Results and Discussion
6.1. The Isotopic Record

The oxygen isotopic records acquired on foraminifera shells of the surface dweller G. ruber, the deep chlor-
ophyll maximum grazer N. incompta and the benthic U. mediterranea from the ODP Site 963, are presented
in Figure 3. The δ18O records reflect different species habitats in the water column. The highest variability of
G. ruber reflects the presence of fresh and warm lenses in the topmost water column (Emeis et al., 2003;
Rodríguez‐Sanz et al., 2017; Rohling et al., 2004). The stability in the U. mediterranea signal is likely due
to decadal‐scale homogenization of winter water established at intermediate depth that smooths
short‐term variability in temperature and salinity and produces a stable and averaged record (Rohling
et al., 2004). This is not the case for the δ18O record of N. incompta, often associated to intermediate water,
where a short‐term variability is evident. The correlation index between N. incompta and U. mediterranea
δ18O (R2 = 0.80, n = 73; Figure 4a) reveals the close relationship of the two species that inhabit the same
water mass, but the N. incompta habitat should be located at the top of intermediate water where a contin-
uous mixing with surface water is likely (the correlation index between N. incompta and G. ruber δ18Oivc is
R2 = 0.62, n = 71; Figure 4b). The difference in the oxygen isotopic composition between U. mediterranea
and G. ruber δ18O is quite evident (Figure 3). A weak positive correlation index still exists between the
two species (R2 = 0.32, n = 101; Figure 4c), likely due to occasional homogenization of the whole Sicily
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Figure 3. Downcore variations of planktonic and benthic δ18O raw data, δ18OIVC, and δ13C at ODP Hole 963D plotted versus age (ka). Blue lines show U.
mediterranea δ18O raw data, δ18OIVC, and δ13C values (this study). Green lines are N. incompta δ18O raw data and δ18OIVC values (this study). Red lines are
G. ruber δ18O raw data and δ18OIVC values (this study). Cyan plus signs and orange stars, respectively, refer to C. pachydermus and P. ariminensis δ13C values
from Grimm et al. (2015). Black solid, dashed, and dotted lines refers to selected events in the western and eastern Mediterranean Sea during sapropel and ORL
deposition, as discussed in the text.
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Figure 4. Scatter plots of δ18O values for different foraminifera species (a–c), of U. mediterranea δ13C values and net primary productivity (Incarbona et al., 2008)
(d) at Hole 963D and of δ13C values for different foraminifera species (e, f ). The correlation index is also shown. The red circle in (d) shows the highest
productivity recorded during the Younger Dryas, associated with positive U. mediterranea δ13C values.
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Channel water column and to response to the same regional/global climatic trends. The latter phenomenon
is for instance recorded during the early Holocene, when regional warming and freshening (Emeis
et al., 2000; Marino et al., 2009; Martrat et al., 2004) led to a significant depletion (>1‰) in isotopic signals
of both MAW and LIW (Figure 3).

The δ18OIVC depends on both the local/regional seawater δ18O and the temperature of the water mass in
which the foraminifera shell calcifies. The seawater δ18O is the result of different processes, such as the
precipitation/evaporation ratio, river runoff, and the isotopic composition of Atlantic water inflow. In the
today's Mediterranean Sea, the correlation index between seawater δ18O and salinity is R2 = 0.695,
n = 131 (LeGrande & Schmidt, 2006). It is likely that this relationship has changed in the past (Emeis
et al., 2000; Rohling & Bigg, 1998) and this is certainly true during sapropel deposition, when a large amount
of freshwater was discharged into the basin. The estimate for the freshwater discharge of sapropel S5
accounts for about nine times the modern pre‐Aswan Nile discharge (Amies et al., 2019). In this scenario,
low salinity was definitively the leading factor for depleted foraminifera and seawater δ18O values, while
only the temperature concentration effect, which is limited to the top water column, may have affected
the G. ruber δ18O (Amies et al., 2019). Though a smaller amount of freshwater was discharged for sapropel
S1 (Rohling et al., 2015), the same salinity prevalence would be expected. Since our discussion is mainly
addressed to the identification of intermediate water changes in the U. mediterranea and N. incompta
δ18OIVC, the temperature concentration effect is largely negligible.

It is not possible to decompose the single contribution of temperature and salinity to the δ18OIVC of the three
foraminifera species in the Sicily Channel. However, we note that temperature and salinity changes would
have operated in a coherent manner to drive calcite and seawater δ18O modification over the early‐middle
Holocene. In fact, it is well‐established that during the early Holocene insolation peak, while the Nile
River was flooding the eastern Mediterranean Sea (Weldeab et al., 2014) and there was an increased river
discharge in the Mediterranean northern borderlands (Filippidi & De Lange, 2019; Magny et al., 2011;
Toucanne et al., 2015; Wagner et al., 2019), SST increased in both the western and eastern basins (Marino
et al., 2009; Martrat et al., 2004, 2014). Increased SST and reduced salinity for river runoff would have acted
together for calcite and seawater δ18O depletion. In exactly the opposite way, cooling and monsoon weaken-
ing episodes, like during the 8.2 ka event, would have mutually operated to increase calcite and seawater
δ18O values. Decoupling of SST between the eastern and western Mediterranean has been observed during
Termination II (TII) (Rodríguez‐Sanz et al., 2017). This may cast suspicion on a possible similar behavior
during TI, but the time interval eventually involved for such a phenomenon, between ~18.0 and 14.5 ka
(Stern & Lisiecki, 2014), is distinctly earlier than the time interval here investigated and discussed (about
10.0–6.5 ka). The same time interval offset with the early‐middle Holocene deals with the isotopically light
meltwater inflow from the Atlantic Ocean that occurred during the HE1 deposition, between ~17.0 and
15.0 ka (Hodell et al., 2017), and crossed the western‐central Mediterranean (Sierro et al., 2005; Sprovieri
et al., 2012).

The single contribution of SST and salinity to the seawater and calcite δ18O cannot be quantitatively
addressed because of multiple possible caveats above described. However, we are confident that the
δ18OIVC records still represent a qualitative estimate of water mass density and in fact they reflect the vertical
location of the three species along the water column (Figure 3). The δ18OIVC profiles still maintain trends
and high‐frequency variability of the original oxygen isotopic data.

The U. mediterranea δ13C record ranges between −0.97‰ and 0.78‰, 0.09‰ on average, and shows a dis-
tinct high‐frequency variability (Figure 3). The U. mediterranea δ13C gets more depleted to ~8.0 ka, and
the subsequent enrichment is similar to the trend observed in less‐resolved epifaunal species Planulina ari-
minensis and Cibicidoides pachydermus in the Sicily Channel SL78 core (Grimm et al., 2015). As commented
above, in section 5, theU. mediterranea δ13C may be a qualitative productivity proxy under constant seafloor
oxygen content. Holocene productivity at Site 963 has been estimated by a coccolith‐based transfer function
(Incarbona et al., 2008). The comparison between U. mediterranea δ13C and the net primary productivity
estimates does not show any evident relationship (Figure 5), and the correlation coefficient is R2 = 0.08,
n = 129 (Figure 4d). This result may rely upon the very small magnitude of productivity changes observed
in the Sicily Channel throughout the Holocene (<40 gC xm−2 x yearr−1), but it is also in line with previous
reports of a limited effect of local productivity on the Uvigerina spp. δ13C variability in strongly advective
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environments (Hall et al., 2001; Mackensen et al., 1993; Toucanne et al., 2012). Both the highest net primary
productivity pulse at ODP Site 963 recorded during the latest Younger Dryas and the subsequent decrease,
which exceeded 100 gC x m−2 x year−1, across the Younger Dryas/Holocene transition, show a
relationship with U. mediterranea δ13C data that is opposite to what should be expected by a productivity
control: Carbon isotopic ratio was at maximum values during the Younger Dryas and decreased rapidly
during the early Holocene (see red circle in Figure 4d and Figure 5). Any evident relationship is also
missing or opposite with planktonic species δ13C (Figures 4e, 4f, and 5), whose high values would indicate
enhanced productivity in sea surface (G. ruber) and in the DCM layer (N. incompta), since a high
photosynthesis rate depletes 12C in the photic zone.

Thus, we are confident that the U. mediterranea δ13C at ODP Hole 963D is significantly affected by bottom
water (LIW) ventilation and gives insight into Mediterranean zonal circulation rates at depth. This assump-
tion is further supported by the adoption of Uvigerina spp. δ13C as a proxy of bottom water ventilation over
the last 130 kyr in the Corsica Trough, a location whose seafloor is equally crossed by LIW (Toucanne
et al., 2012).

Figure 5. Downcore variations of U. mediterranea, G. ruber, and N. incompta δ13C values (this study) and net primary
productivity values (Incarbona et al., 2008) at ODP Hole 963D plotted versus age (ka).
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6.2. Isotopic Record of Intermediate Water During Sapropel S1 Deposition and ORL Termination

The antiestuarine Mediterranean circulation pattern has never been reversed during late Quaternary sapro-
pels, as visible in modeling and outflow water in the Gulf of Cadiz (Myers et al., 1998; Schönfeld &
Zahn, 2000; Zahn et al., 1987). Thus, theG. ruber δ18Oivc depletion since the early Holocene (Figure 6a), indi-
cative of MAW lower density, should be imputable to global/regional warming and freshening. SSTs from
the Alboran Sea show the highest values since 9.3 ka (Martrat et al., 2004) (Figure 6b), but even enhanced
precipitation and/or local river runoff may have contributed to G. ruber δ18Oivc depletion (Di Donato
et al., 2019; Filippidi & De Lange, 2019; Maiorano et al., 2019; Sha et al., 2019; Toucanne et al., 2015;
Wagner et al., 2019). The great visual similarity between the Sicily Channel G. ruber δ18Oivc and the
Alboran Sea SST records (Figures 6a and 6b) would point to a major control by the thermal character of
inflowing Atlantic surface water. However, following the Bemis et al. (1998) calculation (0.2‰ × 1°C), the
wide excursion of G. ruber δ18O values would largely exceeds the ~2.5°C warming of the Alboran Sea
alkenone‐derived SSTs (Figures 6a and 6b). The discrepancy may be, at least partially, reconciled consider-
ing that (1) the alkenone SST increase in the Sicily Channel from the late Younger Dryas to the early
Holocene seems to be greater than the Alboran Sea (Sicre et al., 2013); (2) a more pronounced warming in
summer, following the G. ruber ecological preference (Hernández‐Almeida et al., 2011; Pujol &
Grazzini, 1995), with respect to winter/spring alkenone‐derived temperatures (Incarbona, Jonkers,
et al., 2019; Knappertsbusch, 1993; Ziveri et al., 2000); and (3) the wide excursion of G. ruber δ18O values
may reflect a temperature concentration effect in the upper summer mixed layer, like for sapropel S5
(Amies et al., 2019; Rodríguez‐Sanz et al., 2017).

The N. incompta and U. mediterranea δ18Oivc and the U. mediterranea δ13C records (Figure 3), indicative of
LIW density and Sicily Channel seafloor ventilation, seem to be mostly controlled by sapropel S1 dynamics.
Significant decreases of these records are visible since the sapropel S1 onset at 10.8 ka (De Lange et al., 2008;
Rohling et al., 2015) and since the maximum Nile River flooding at 10.0 ka (Weldeab et al., 2014). These
stable isotopic decreases in the LIW testifies to the production of a less dense (shallower) water mass and
a slower zonal vertical circulation belt (decreased water exchange across the Sicily Strait) during sapropel
S1 deposition, in line with the conclusions from neodymium isotopes from eastern and western
Mediterranean sites and from paleocirculation modeling (Dubois‐Dauphin et al., 2017; Myers et al., 1998;
Vadsaria et al., 2019; Wu et al., 2019).

The sapropel deposition was interrupted from 8.5 to 7.8 ka, due to restored deep water formation in the
Adriatic and/or Aegean Seas and reestablished oxygenation above 1,500–1,800 m depth, after monsoon
activity weakening and/or northern outbreak occurrence (Casford et al., 2003; De Lange et al., 2008;
Filippidi et al., 2016; Filippidi & De Lange, 2019; Le Houedec et al., 2020; Rohling, Mayewski, et al., 2002,
2015). In the Sicily Channel,N. incompta andU.mediterranea δ18Oivc data suggest the occurrence of a denser
LIW, as well as the U. mediterranea δ13C record that testifies to risen LIW circulation (Figure 3). The 8.2 ka
event is even visible in the G. ruber δ18Oivc record, though with a different, and possibly contrasting, manner
(Figure 3). However, the G. ruber δ18Oivc signal is almost identical to the Alboran Sea SSTs (Figures 6a and
6b), once again suggesting the its different (MAW) origin with respect to the LIW origin of the N. incompta
and U. mediterranea δ18Oivc signal.

Sapropel S1 deposition ended at ~6.1 ka, with the oxygen restoration on the eastern Mediterranean seafloor
below 1,500–1,800 m depth (De Lange et al., 2008; Rohling et al., 2015). This horizon may also be distin-
guished in the ODP 963 record and coincides with heavier N. incompta δ18Oivc values or with positive values
in theU. mediterranea δ13C curve (Figure 3). However, the most prominent shift in theU. mediterranea δ13C
profile occurs earlier, at about 6.5 ka (Figure 3), an age that is compatible with the full reoxygenation of bot-
tom waters at intermediate depths, above ~800 m (Filippidi & De Lange, 2019).

The most recent ORL onset started in coincidence with the meltwater pulse 1a and the Bølling‐Allerød
beginning, at ~14.5 ka (Cacho et al., 2002; Jimenez‐Espejo et al., 2008; Martrat et al., 2014). The ORL layer
is preferentially identified by the increased alkenone accumulation in the western Mediterranean Sea; that
in the Alboran Sea is arranged in two maxima separated by a late Younger Dryas‐early Holocene “saddle”
(Figures 6c and 6d). The alkenone accumulation in the Alboran Sea abruptly finished at ~9.0 ka in ODP
Site 977 (black line in Figure 6c) and MD95‐2043 (Cacho et al., 2002; Martrat et al., 2014). At the ODP
Site 976 the ORL is prolonged, with a first alkenone decrease coinciding with the sapropel S1 interruption
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Figure 6. Downcore variations of planktonic and benthic δ18OIVC and δ13C at ODP Hole 963D plotted versus age (ka)
and comparison with eastern and western Mediterranean selected geochemical, sedimentological, and
micropaleontological records. (a) Three‐point running average (red line) of G. ruber δ18OIVC (this study). (b) Three‐point
running average of alkenone‐derived SSTs in the AlboranSea record ODP 976 (blue line) (Martrat et al., 2014). (c)
Three‐point running average of total di‐ and tri‐alkenones at the MD95‐2043 site (black line) (Cacho et al., 2002; Martrat
et al., 2014). (d) Three‐point running average of total di‐ and tri‐alkenones at the ODP 976 site (blue line) (Cacho
et al., 2002; Martrat et al., 2014). (e) Three‐point running average (green line) of U. mediterranea δ18OIVC (this study).
(f ) Three‐point running average (blue line) of N. incompta δ18OIVC (this study). (g) Difference between G. ruber δ18O and
N. incompta δ18O (orange line) (this study). Orange arrows show the increased stratification at the beginning of the three
9.3–8.8, 8.5–7.8, and 7.3–6.8 ka intervals. (h) Difference between G. ruber δ18O and U. mediterranea δ18O (red line) (this
study). Red arrows show the increased stratification at the beginning of the three 9.3–8.8, 8.5–7.8, and 7.3–6.8 ka
intervals. (i) Three‐point running average (green line) of U. mediterranea δ13C (this study). ( j) UP10 sortable silt fraction
in the Sicily Channel MD04‐2797CQ core (Bout‐Roumazeilles et al., 2013). (k) Three‐point running average (blue line) of
oxyphilic benthic foraminifera from the Aegean core LC21 (Abu‐Zied et al., 2008; Casford et al., 2003), plotted following
the chronology by Grant et al. (2012). (l) G. ruber pink Ba/Ca (red line) in core SL 112, Levantine Sea (Weldeab
et al., 2014). Light gray vertical bands indicate the three 9.3–8.8, 8.5–7.8, and 7.3–6.8 ka perturbation intervals discussed
in the text. Black arrows in western and eastern Mediterranean records indicate the chronological extent of sapropel S1
and ORL deposition. The dashed black arrow in the ORL box indicates that the onset at 14.5 ka is not illustrated in the
plot. The three black arrows in the upper part of the ORL box show possible terminations discussed in the text.
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(~8.2 ka) and a final drop at ~7.2 ka (Martrat et al., 2014) (blue line in Figure 6d). In other sites from the
Alboran and Balearic Seas, the ORL termination is reported at ~8.2 ka on the basis of TOC profiles, with
minor organic carbon accumulation that continued up to ~7.6–7.3 ka (Jimenez‐Espejo et al., 2007, 2008).
This apparently puzzling framework for the end of the ORL is likely due to local productivity pulses with
enhanced oxygen demand for organic matter remineralization and decoupling of ventilation at intermediate
and deep water layers (Pérez‐Asensio et al., 2020). In any case, the demise of the ORL is confidently ascribed
to bottom water reventilation that occurred in both intermediate and deep western Mediterranean sites
between 9.2 and 7.6 ka (Pérez‐Asensio et al., 2020).

The ORL termination at Site 977 and MD95‐2043 core matches with a double peak in LIW denser water
and improved zonal circulation in the Sicily Channel, between 9.3 and 8.8 ka (Figures 6e, 6f, and 6i). In
the Levantine Basin, the base of this interval marks the end of the Nile River maximum flooding
(Figure 6l) (Weldeab et al., 2014). The 8.2 ka event, coinciding with the 8.5–7.8 ka sapropel interruption
and seafloor reventilation at intermediate depths (Abu‐Zied et al., 2008; Casford et al., 2003; Filippidi &
De Lange, 2019; Incarbona, Abu‐Zied, et al., 2019; Le Houedec et al., 2020; Rohling et al., 2015; Zirks
et al., 2019), is characterized by increasing LIW density and improved bottom ventilation in the Sicily
Channel (Figures 6e, 6f, and 6i). The final alkenone accumulation in the ODP Site 976 occurred
between7.3 and 6.8 ka and matches with a prominent peak in the Aegean Sea oxyphilic benthic forami-
nifera (Figure 6k) (Abu‐Zied et al., 2008; Casford et al., 2003), with geochemical and micropaleontological
evidence of deep water formation in the Adriatic Sea (Di Donato et al., 2019; Filippidi & De Lange, 2019;
Maiorano et al., 2019) and again with increasing LIW density and improved seafloor ventilation in the
Sicily Channel (Figures 6e, 6f, and 6i). The 8.2 and 7.2 ka events, which led to benthic foraminifera
repopulation, are compatible with improved deep water oxygenation in the Adriatic and Aegean Sea
(Filippidi et al., 2016; Filippidi & De Lange, 2019). Changes in the Sicily Channel seafloor and in the
eastern Mediterranean hydrological and micropaleontological records suggest the occurrence of regional
(pan‐Mediterranean) perturbations, rather than local western Mediterranean phenomena, for explaining
the ORL termination.

Increased stratification between MAW and LIW marks the beginning of all three 9.2, 8.2, and 7.2 ka events,
as visible in the higher oxygen isotopic difference between G. ruber and U. mediterranea (Δδ18OG.rub‐U.med)
and between G. ruber and N. incompta (Δδ18OG.rub‐N.inc) (see red and orange arrows in Figures 6g and 6h). It
would be expected that thermohaline circulation slowdownmatches with increased water column stratifica-
tion, and vice versa, like for the eastern Mediterranean Sea during the deposition of sapropel S1 (Grimm
et al., 2015; Le Houedec et al., 2020; Rohling et al., 2015; Rohling & Gieskes, 1989). However, the Sicily
Channel behavior is opposite due to its peculiar hydrological setting: There is not any deep water convection
cell, like in the western and eastern basins, and a two layer circulation (at surface and intermediate depth) is
forced across the Strait with an opposite path of the water masses. As observed for last glacial stadials and
Heinrich events, and as observed for EMT‐like events over the last five centuries, the strengthened
Mediterranean thermohaline circulation leads to the advection of fresher (less modified/evaporated)
MAW and saltier LIW, increasing their density contrast and water column stratification (Incarbona
et al., 2013, 2016).

In Figure 7 we focus on the 10.0–6.5 ka time interval. The three intervals above described (9.3–8.8, 8.5–7.8,
and 7.3–6.8 ka) show distinctive episodes of activity weakening in the West Africa and Indian monsoons
(Figures 7b and 7f) (Fleitmann et al., 2003; Weldeab et al., 2007). We argue that after the transit through
the Sicily Channel, denser LIW and strengthened zonal circulation (Figure 7c) may have promoted deep
water formation in the Gulf of Lions. The Balearic Sea UP10 sortable silt indicates the recovery of sea bottom
circulation in the western Mediterranean meridional cell since the 9.2 ka event, after a long period of
slowdown (Frigola et al., 2008). The intensification of western Mediterranean seafloor circulation is
prolonged up to ~8.0 ka, without distinction of the 9.2 and 8.2 ka events (Figure 7a). However, this
apparent continuation is due to relatively low‐resolution and lacking samples analyzed between 8.7 and
8.5 ka, in the interval that marks the passage between the two events (see symbols in Figure 7a). The higher
resolution of the Sicily Channel UP10 record, where a distinct peak for enhanced bottom circulation at
~8.6 ka exists (Figure 6j), supports the possible shortcoming of the Balearic Sea sortable silt record in
this interval.
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Figure 7. Downcore variations of benthic δ13C at ODP Hole 963D zoomed on the 10.0–6.5 ka interval and its comparison with selected Mediterranean and
extra‐Mediterranean geochemical and sedimentological records. (a) UP10 sortable silt fraction (green line) in the Balearic Sea MD99‐2343 core (Frigola
et al., 2008). Dots indicate analyzed samples. (b) G. ruber Ba/Ca (green line) in the Gulf of Guinea (Weldeab et al., 2007). (c and d) Three‐point running average of
total di‐ and tri‐alkenones at ODP 976 (green solid line) and MD95‐2043 (green dashed line) (Cacho et al., 2002; Martrat et al., 2014). (e) Three‐point running
average of U. mediterranea δ13C (blue line) (this study). (f) Five‐point running average of δ18O in Qunf Cave (Oman) speleothems (red line) (Fleitmann
et al., 2003). (g) Three‐point running average of G. ruber δ18O in in the PS009PC core (Levantine Sea) (red line) (Hennekam et al., 2014). (h) K+ record from the
GISP2 Greenland ice core (black line) (Mayewski et al., 1997) (i) Stacked drift‐ice records from four North Atlantic cores (black line) (Bond et al., 2001). Light gray
vertical bands indicate the three 9.3–8.8, 8.5–7.8, and 7.3–6.8 ka perturbation intervals discussed in the text.

10.1029/2020PA004009Paleoceanography and Paleoclimatology

INCARBONA AND SPROVIERI 13 of 20



6.3. East Africa and Global Monsoon

In the previous section and in Figure 7, the Oman speleothem and the Gulf of Guinea Ba/Ca record are
assumed as a proxy for monsoon activity. It is still unclear whether and to what extent the West African
monsoon and the Indian monsoon contributed to river runoff into the eastern Mediterranean during sapro-
pel deposition. Regional monsoons vary coherently at millennial and orbital scale with minor differences
due to their own features (Wang et al., 2014). A considerable body of proxy records indicates that North
Hemisphere summer monsoon systems, including North Africa, India, East Asia, and North America,
abruptly weakened during Greenland stadials (Cheng et al., 2012; Wang et al., 2014). Also, there is evidence
of coordinated changes between the easternMediterranean Sea, Indian, and Asianmonsoons at orbital‐scale
and during the Holocene (Marino et al., 2009; Ziegler et al., 2010). In fact, the 9.2 ka event is relevant in the
Asian Monsoon, where it is the strongest Holocene activity weakening (Zhang et al., 2018). The 8.2 ka event
is widespread (Cheng et al., 2016; Dixit et al., 2014; Fleitmann et al., 2003; Wang et al., 2014).

The single contribution from different monsoon systems to the Nile River freshwater discharge during the
early‐middle Holocene has been evaluated by Hennekam et al. (2014). These authors concluded that there
was a leading activity by the Indian monsoon, compared to the West African monsoon, during sapropel
S1 deposition (Hennekam et al., 2014). However, at least for 9.2, 8.2, and 7.2 ka events, the activity weaken-
ing seems to be a common feature of both monsoon systems (Figures 7b and 7f).

In previous studies, the Soreq Cave (Israel) and Jeita Cave (Lebanon) speleothem δ18Ο records have been
associated to sapropels and to monsoon that fuels the Nile River catchment, but their isotopic source is from
theMediterranean Sea water evaporation (Bar‐Matthews et al., 2000; Cheng et al., 2015; Rohling et al., 2019),
even though it may have partially captured the monsoon signal from freshwater discharge into the
Levantine Sea (Rohling et al., 2015; Wang et al., 2014). This may explain why the 9.2 and 7.2 ka events
are not fully recorded in Israel and are recorded with minor timing differences in Lebanon. The Ba/Ca
was considered another proxy for river runoff into the Mediterranean Sea (Sprovieri et al., 2008, 2012;
Weldeab et al., 2007). In Core SL112, this ratio strongly supports the occurrence of a weakened monsoon
activity at 9.2 ka, after the maximum Nile River flooding (Figure 6l), but fails to present millennial‐scale
variability that is evident in any monsoon record (Weldeab et al., 2014). However, millennial‐scale variabil-
ity of Nile River flooding and its decrease during 9.3–8.8, 8.5–7.8, and 7.3–6.8 ka time intervals are visible as
heavier G. ruber δ18O values in the Levantine Sea (Figure 7g) (Hennekam et al., 2014).

The weakened monsoon activity around 9.2, 8.2, and 7.2 ka may be explained by the reduced solar output, as
inferred by Δ14C residuals, Greenland ice cores 10Be, and sunspot number reconstructions (Finkel &
Nishiizumi, 1997; Solanki et al., 2004). The thermal contrast weakening between the continent and the
ocean or between hemispheres would have reduced monsoon circulation and its precipitation (Wang
et al., 2017; Yan et al., 2015). The subsequent southward shift of the intertropical convergence zone would
have narrowed the Nile River catchment and decreased the freshwater discharge into the eastern
Mediterranean (Hennekam et al., 2014; Rohling, Cane, et al., 2002; Wang et al., 2017). A very similar result
for monsoon activity weakening around 9.2, 8.2, and 7.2 ka is also possibly explained by the Atlantic
Meridional Overturning Circulation (AMOC) slowdown, a phenomenon which is well known during sta-
dials and Heinrich events of the last glacial (Broccoli et al., 2006; Wang et al., 2005). However, changes in
the AMOC strength during Holocene rapid climatic changes are not fully established (Mayewski et al., 2004).

6.4. Cold Polar/Continental Air Outbreaks and the Bernoulli Aspiration Effect

There are different mechanisms, other than monsoon activity, that may have driven denser LIW production
and western Mediterranean seafloor oxygen advection. EMDW and LIW formation is promoted by cold
polar/continental air outbreaks, whose frequency during the Holocene has been recently modeled for the
Aegean Sea region (Rohling et al., 2019), establishing a tight relationship with the Greenland GISP2 K+

record (Mayewski et al., 1997), a proxy for the Siberian High strength and rapid climatic changes
(Mayewski et al., 2004; Rohling, Mayewski, et al., 2002). However, the Siberian High strengthening and
the increased frequency of northerly air outbreaks, within the selected 10.0–6.5 ka time interval, may be lim-
ited to the 8.2 ka event and within age uncertainties to the 9.2 ka event (Figure 7h). This suggests the promi-
nent role of monsoon weakening for the denser LIW and the increased zonal circulation observed in the
Sicily Channel.
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Also North Atlantic ice rafted detritus (IRD) episodes (Figure 7i) (Bond et al., 2001) are associated to
Holocene rapid climatic changes and are thought to be the trigger of North Atlantic Oscillation
positive‐like conditions that stimulate WMDW production (Frigola et al., 2008; Incarbona et al., 2008).
But even in this case, North Atlantic IRD peaks seem to be misaligned (slightly earlier) with respect to wes-
tern Mediterranean bottom water circulation and ORL termination (Figures 7a, 7c, and 7D). Though once
again the age uncertainty cannot conclusively rule out the North Atlantic Ocean influence, the significant
and repeated misalignment would support the importance of LIW preconditioning.

The Bernoulli aspiration of old WMDW over the Gibraltar sill is an effective mechanism to bring oxygen on
the seafloor, other than deep water formation. This process is essentially controlled by outflowwater velocity
and density difference across the sill (Rogerson, 2012; Rogerson et al., 2008; Rohling et al., 2015). From cal-
culations, it was concluded that the ORL deposition interval may be explained by the interplay of sea level
rise, Atlantic Ocean melt water events, freshwater discharge into the eastern Mediterranean, and alpine
meltwater into the northwestern Mediterranean during the deglaciation (Rogerson et al., 2008; Rohling
et al., 2015). This interaction was likely responsible for the ORL onset, and without the alpine meltwater per-
turbation in the western Mediterranean, sapropels and ORLs timing would be very similar (Rohling
et al., 2015). In fact, LIW transports the salinity decrease of monsoon flooding and adversely affects
WMDW production (Emeis et al., 1991; Rohling et al., 2015). Equally, we note that monsoon weakening
may be responsible for a denser LIW that, once transferred to the western Mediterranean, may have pro-
moted WMDW production and seafloor oxygenation, possibly interrupting the most recent ORL deposition.

7. Conclusion

Stable isotopic measurements were collected on three foraminifera species in the Sicily Channel ODP Hole
963D over the last 12.0 kyr. A total of 129 and 94 were, respectively, analyzed for G. ruber and N. incompta
δ18O, 129 samples for U. mediterranea δ18O and δ13C. The average sampling resolution is of 84 years for G.
ruber and U. mediterranea and of 115 years for N. incompta.

LIW density and Sicily Channel seafloor ventilation seem to be modified with changing eastern
Mediterranean sapropel S1 circumstances: LIW density decreases and reduced seafloor ventilation are
recorded coinciding with the sapropel onset and the maximum Nile River flooding; the opposite scenario
can be observed during sapropel interruption at 8.5–7.8 ka.

Sicily Channel isotopic records are compared with data from well‐constrained eastern and western
Mediterranean cores. Millennial‐scale variability in the eastern Mediterranean (the end of maximum Nile
River flooding at 9.2 ka, seafloor reventilation episodes in the Adriatic and Aegean Seas at 8.2 and 7.2 ka)
seems to be driven by distinct phases of monsoon activity weakening. These phases can be summarized as
9.3–8.8, 8.5–7.8, and 7.3–6.8 ka events and can be observed in the Sicily Channel, through the passage of a
denser LIW and higher seafloor ventilation. These events correspond with the final alkenone and TOC accu-
mulation in the western Mediterranean that marks the ORL termination. The UP10 sortable silt record in
the Balearic Sea indicates the concurrent recovery of sea bottom circulation. We conclude that monsoon
weakening led to the production of denser LIW that was transmitted into the western basin and promoted
WMDW formation and seafloor oxygenation. In other words, eastern Mediterranean perturbations during
sapropel S1 deposition, due to monsoon weakening, were transmitted into the western Mediterranean
through the zonal vertical circulation belt and contributed to exhaust organic‐rich layers accumulation.

Data Availability Statement

The data set is available on the Pangaea repository.
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