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A B S T R A C T   

During the Quaternary, the Eastern Mediterranean Sea (EMS) experienced cyclical events of stagnation driven by 
natural climate variability. The resulting deoxygenation left well-preserved evidence in the sedimentary record 
as organic carbon-rich deposits referred to as sapropels. Although drastic modifications in the degree of dense- 
water formation over the EMS shelves exerted first-order control on the deoxygenation, most of the focus has 
been traditionally placed on the deep EMS. To provide a shallow-water perspective, here we investigated the 
sapropel S5 in the Adriatic shelf (borehole PRAD1-2) deposited during MIS5e (129-116 ka). This archive is 
strategically located in a region where the Northern Adriatic Dense Water (NAdDW) interacts with the seabed 
before cascading across the continental slope. We used Zr/Rb and MgO/Al2O3 to assess bottom current energy 
and north-to-south sediment transport dynamics, both regulated by the changes in NAdDW production intensity. 
In addition, we used stable isotopes (δ13C and δ18O) of foraminifera, redox sensitive elements (U, Mo and Sb), 
foraminifera assemblages as well as alkenones to reconstruct the paleo-environmental conditions during the S5 
formation. 

Our study provides an unprecedented reconstruction of the physical forcing controlling the deoxygenation 
during the S5 formation. Results reveal that the shutdown of the NAdDW occurred in a few centuries (0.67 ±
0.22 kyrs), when freshening of surface waters combined with warming of winter temperatures mutually 
hampered the dense water formation. A few centuries after the NAdDW shutdown, the Adriatic shelf experienced 
euxinic waters for about 2 kyrs followed by a progressive reoxygenation that lasted 4 kyrs. We explain this 
second phase as a general recovery driven by increased surface salinity over the EMS combined with winter 
cooling. This favoured surface water mixing without, however, producing dense water in the Northern Adriatic 
and thus collectively the interruption of the dense water production lasted for 6 kyrs since the onset of MIS5e. 
Overall, our finding highlights that the thermohaline forcing responded to climate change much quicker than 
inferred by earlier studies that suggested instead a millennial-scale prelude necessary to develop stagnation. In 
addition, our results provide solid evidence about the large-scale impact of the deoxygenation during S5 that is 
capable of invading the continental shelf. Comparison with the latest regional models illustrates how none of the 
future simulations covering different climate change scenarios reproduces an event over the EMS margins 
comparable with what described in this study.   
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1. Introduction 

Since the 1950s, the ocean interior has globally lost about 2% of its 
dissolved oxygen and by 2100 Earth System Models predict a further 
decline by up to 7% (Schmidtko et al., 2017). Human-induced climate 
change has been playing a central role because ocean warming acts by 
reducing both oxygen dissolution and deep ventilation (Kwiatkowski 
et al., 2020; Reale et al., 2022). At regional level, the future loss of 
dissolved oxygen in a warming Mediterranean Sea remains still highly 
elusive because different climate simulations generate contrasting 
deep-water convection scenarios and this inevitably hampers our ability 
to predict the evolution of dissolved oxygen (Adloff et al., 2015; Herr
mann et al., 2008; Somot et al., 2006; Vilibić et al., 2013). Acknowl
edging this uncertainty, Powley et al. (2016) has recently modelled 
upper and lower boundaries of the anticipated deoxygenation for the 
Mediterranean Sea according to different scenarios. Their study high
lights that convection has a central role despite being highly uncertain. 
Another relevant outcome from Powley et al. study is the fact that, when 
convection is highly reduced, anoxia takes place only after centuries 
since the onset of stagnation and it is mainly confined in the deep 
Eastern Mediterranean Sea (EMS). Overall, while severe deoxygenation 
seems unlikely by the end of the 21st century in all different simulation 
scenarios, understanding the centennial-scale variability of dissolved 
oxygen emerges as a fundamental aspect needed to assess the long-term 
effect of reduced ventilation on the Mediterranean ecosystem services 
and plan appropriate mitigation actions. 

In this respect, the cyclical deposition of organic carbon-rich sedi
ments in the Mediterranean Sea, known as sapropels, represents an ideal 

example of long-term deoxygenation driven by climate change (Grant 
et al., 2022; Rohling et al., 2015; Rossignol-Strick et al., 1982). How
ever, sapropels do not represent per se analogous of the future climate 
change as the driving mechanisms behind the weakening of the dense 
water formation differ in many aspects. Yet, sapropels can provide 
crucial information about the centennial-scale relationship between 
ventilation and deoxygenation and put the future evolution of the 
Mediterranean Sea into a broad context of natural climate variability. 

A survey of the current literature reveals, however, that most of the 
studies dealing with sapropelite beds primarily focused on the effect of 
stagnation to infer changes in the deep-water formation rather than 
resolving the convection in the first place (Rohling et al., 2015). In fact, 
previous studies traditionally focused on deep sediments where the 
deoxygenation event is indeed well-expressed but disconnected from the 
shelves where the dense water forms. To provide a shallow-water 
perspective, here we investigated the sapropel S5 anoxic event 
occurred during the Last Interglacial (MIS5e) in the Adriatic Sea. The 
sedimentary archive analysed in this study (borehole PRAD1-2; Piva 
et al., 2008b; Ridente et al., 2009, 2008) was collected at the edge of the 
Mid-Adriatic Depression at 185.5 m water depth (Figs. 1 and 2). Here, 
the dense plume interacts with the seabed prior to cascading off the 
margin further south where it supplies oxygen to the deep EMS (Bonaldo 
et al., 2016; Chiggiato et al., 2016; Janeković et al., 2014; Langone et al., 
2016; Marini et al., 2016). 

In addition to its strategic location, the unique characteristic of 
shallow-water sapropelite beds preserved in PRAD1-2 lays on the fact 
that these sediments recorded both the physical forcing and the bio
logical/geochemical evidence of stagnation (Piva et al., 2008a). Thus, 

Fig. 1. Map of the study area. (a) The inset shows the location of PRAD1-2, MD04-2845 (Salonen et al., 2021; Salonen et al., 2021), LC21, ODP971A, KS205 and 
ODP967 (Amies et al., 2019; Cane et al., 2002; Grant et al., 2012). (b) Dark blue arrows show the path of the Northern Adriatic Deep Water (NAdDW) while the red 
arrows and the light blue arrows display the Levantine Intermediate Water (LIW) and Eastern Mediterranean Deep Water (EMDW), respectively. 
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Fig. 2. Photo and visual description of the investigated PRAD1-2 borehole interval. Colors are reported according to the Munsell table. The vertical grey bar 
represents the lithological boundaries of the sapropel S5 (i.e., 30.66–29.95 m). On the right the reflectance as quantitative expression of the chromatic changes (after 
Piva et al., 2008a): low and high values indicate dark and light sediment, respectively. On the picture is also reported the position of the thin section discussed in the 
text (30.58–30.60 m). 
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even considering the inevitable age uncertainty that affects any archive, 
the sequence of (physical, chemical and biological) events are strati
graphically respected throughout our record. This, ultimately, allows a 
robust interpretation of timing constraints among distinctive processes 
in place. Another important benefit with studying shallow sapropels is 
the opportunity to resolve the regional-scale expression of an anoxic 
event and reveal possible leads and lags between shallow and deep 
systems. In this respect, we synchronised our record from the shelf with 
the LC21 sediment core from the deep Aegean Sea to harmonise 
shallow-water and deep-water archives over a common time scale 
(Amies et al., 2019; Grant et al., 2012). 

The overarching goal of this study was to shed new insights into the 
bond that ties together dense water formation over the shelf with 
shallow-water deoxygenation. We focused on sapropel S5 (MIS5e) 
because this is one of the most severe anoxic events of the late Quater
nary (Capotondi et al., 2006; Grant et al., 2022; Marino et al., 2007; 
Schmiedl et al., 2003) and, thus, it defines in first-order approximation, 
the upper boundary of a natural deoxygenation event. We then 
compared our historical perspective with the anticipated deoxygenation 
scenarios gained from regional models to evaluate the impact of future 
deoxygenation of the Mediterranean Sea within a framework of natural 
climate variability. 

2. Background 

2.1. PRAD1-2 borehole and study region 

The EU-funded PROMESS1 project (“PROfiles across MEditerranean 
Sedimentary Systems”) was the first ever attempt to drill through 
Mediterranean margins to obtain very expanded and continuous Qua
ternary marine records during the last 500 ka. The 71.2 m long PRAD1-2 
borehole was drilled southern flank of the Mid-Adriatic Depression at 
185.5 m water depth (42◦40′34.7″N, 14◦46′13.5″E; Fig. 1). The record 
spans between the late MIS11 and MIS1 (ca. the last 370 kyrs) (Bourne 
et al., 2015; Piva et al., 2008b), and allows paleoenvironment re
constructions at centennial time-scale (Pellegrini et al., 2017). In this 
study, we focused on a 20-kyr-long interval that goes from MIS6 to 
MIS5d (ca. 136-116 ka BP) corresponding to section S38 and S39 of 
PRAD1-2 (Fig. 2). 

The study area is seasonally bathed by the Northern Adriatic Dense 
Water (NAdDW) (Marini et al., 2016). This water mass is associated with 
cold and dry Bora wind in winters that results in a severe heat loss in the 
Northern Adriatic region (Janeković et al., 2014). The newly formed 
dense plume rich in oxygen, under gravity and Coriolis force, travels 
southward along the western Adriatic before cascading into the South
ern Adriatic basin in early spring (Vilibić and Supić, 2005). Here, the 
NAdDW merges with the water mass generated by open-water convec
tion to form the Eastern Mediterranean Deep Water that ventilates and 
oxygenates the deep EMS (Bensi et al., 2013). 

Taking into consideration tectonic uplift, compaction and eustatic 
variability at the PRAD1-2 site, Maselli et al. (2010) suggested a 
paleo-water depth of ca. 180 m during MIS5e which was then confirmed 
by foraminiferal associations that indicate a paleo-environment 
compatible with a bathymetry range between 120 and 200 m water 
depth. In Fig. 1, we reconstructed the paleo-bathymetry in the Northern 
and Central Adriatic at the onset of MIS5e by removing the thickness of 
sediments that are younger than MIS5 based on Pellegrini et al. (2018), 
and considering coast line position during the last interlgacial sea level 
high stand (Ferranti et al., 2006). The obtained bathymetry chart fits 
with the overall paleo depth suggested by Maselli et al. (2010) and 
provides the general physiographic setting of the Adriatic shelf during 
MIS5e. 

3. Methods 

3.1. Foraminfera and stable isotopes (δ13C and δ18O) 

Quantitative analysis of planktic and benthic foraminifera was per
formed on 1-cm thick sediment intervals. Sediment were oven dried at 
50 ◦C, washed through a 0.063 mm sieve, and dried at 50 ◦C. Each 
sample was split into aliquots and entire aliquots were counted to reach 
at least 300 specimens of planktic foraminifers and 300 specimens of 
benthic foraminifers. Samples with the total number of foraminifera 
<300 were completely counted. The fraction >0.106 mm was examined, 
excluding juvenile, encrusted, filled specimens. Globigerinoides ruber 
comprises Globigerinoides ruber (pink and white varieties) and Globiger
inoides elongatus, while Globigerinoides sacculifer includes Globigerinoides 
trilobus, Globigerinoides quadrilobatus and Globigerinoides sacculifer ac
cording to Schiebel and Hemleben (2017). The adopted taxonomy of 
planktic foraminifera refers to Schiebel and Hemleben (2017). For the 
ecological information of planktic foraminifera, in this study we refer to 
Hernández-Almeida et al. (2011), Mallo et al. (2017), Pujol and Grazzini 
(1995), Rigual-Hernández et al. (2012), Schiebel and Hemleben (2017) 
and references therein. For the benthic foraminifera ecological requests 
we refer to Barmawidjaja et al. (1992), De Rijk et al. (1999), De Stigter 
et al. (1998), Jorissen (1999, 1988), Murray (2006), Schmiedl et al. 
(2000), Sen Gupta (2003). Oxygen and carbon stable isotope analyses 
(δ18O and δ13C) were carried out on those planktic and benthic species 
present throughout the core to avoid temporal gaps. Well preserved 
specimens of planktic (Globigerina bulloides and Globigerinoides ruber 
alba) and benthic (Bulimina ex gr. marginata) foraminifera were picked 
up from the fraction >0.180 mm. The O and C stable isotope analysis 
were performed at the Leibniz Laboratory for Radiometric Dating and 
Stable Isotope Research, Christian Albrechts University, Kiel (Germany), 
by means of a Kiel IV automated carbonate preparation device, con
nected to a MAT 253 Finnigan mass spectrometer. The carbon dioxide, 
obtained after reaction with phosphoric acid under vacuum at − 75 ◦C, 
was analysed eight times for each sample. The results are expressed as 
per mil (‰) deviation with respect to the international V-PDB standard. 
The analytical error is better than 0.05‰ (δ13C) and 0.08‰ (δ18O) based 
on the performance of international (NBS19, IAEA-603: and 
laboratory-internal carbonate standards (see also Bulian et al., 2022). 
Additional δ18O and δ13C data of G. bulloides and B. marginata were 
available from Piva et al. (2008a) at low resolution. The δ18O and δ13C 
analyses presented in Piva et al. (2008a) were performed in the same 
laboratory. 

3.2. Age-depth model 

The stratigraphic correlation within the S5 interval follows the 
general framework proposed by Cane et al. (2002) and used in other 
studies (Amies et al., 2019; Capotondi et al., 2006; Marino et al., 2007) 
that relies on bio- (planktic foraminifera) and isotopic (δ18O and δ13C) 
events observed across the EMS within the S5 unit. Figure 3 shows the 11 
primary events identified in PRAD1-2 which were then stratigraphically 
correlated with ODP core 971A (Fig. 1). For the latter record, a 
LC21-equivalent depth scale was initially generated by Marino et al. 
(2007) following the same stratigraphic framework developed by Cane 
et al. (2002). Amies et al. (2019) have then transferred the 
LC21-equivalent depth scale to the latest LC21 age model that builds on 
the synchronization of LC21 G. ruber δ18O to the U–Th dated Soreq Cave 
speleothem δ18O record (Grant et al., 2012). The reason behind the 
choice of stratigraphically correlating PRAD1-2 to 971A rather than 
directly to LC21 lays on the fact that the first two cores display more 
primary events in common (Fig. 3). 

The age-depth model was derived by tuning PRAD1-2 to 971A using 
the G. ruber δ18O stratigraphy and the 11 tie-points shown in Fig. 3. By 
doing so, PRAD1-2 is indirectly synchronised to LC21 within the sap
ropel unit. The stratigraphic alignment was modelled using an 
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automated algorithm based on Markov-chain Monte Carlo (MCMC) 
inversion. The method was previously presented in Muschitiello et al. 
(2020) and was successfully applied on a variety of paleoceanographic 
records (Cutmore et al., 2022; Muschitiello et al., 2019; Sessford et al., 
2019). The δ18O data were used as inputs to the automated alignment 
algorithm to obtain a continuous synchronization of PRAD1-2 and 971A, 
whereas the tie points served as gateways to “nudge” the δ18O alignment 
assuming an uncertainty in the depth domain constrained by neigh
bouring δ18O sample points (with 2σ). The alignment procedure 
described here hinges on the assumption of direct synchrony of varia
tions in the δ18O signals at both coring sites. However, it provides a 
reproducible and continuous alignment that accounts for potential un
even compaction/expansion of sediment cores. The algorithm was run 
for 106 iterations after discarding the initial 105 MCMC samples (“bur
n-in”). The median of the MCMC alignment sample was used to derive 
the posterior optimal syncrhonization between core PRAD1-2 and 971A, 
while the variability of the sample was used to estimate the posterior 
uncertainty of the alignment. 

3.3. Inorganic geochemistry 

Major and minor elements were determined by X-ray fuorescence 
(XRF) on pressed pellets (Leoni and Saitta, 1976; Rivalenti et al., 2004) 
using a Philips PW 1480 wavelength-dispersive spectrometer housed at 
the Department of Chemical and Geological Sciences of the University of 
Modena and Reggio Emilia (UNIMORE). For this study we report only 
Al2O3, MgO, Zr and Rb concentrations. Data are reported as weight 
percent (%) and μg/g for major and minor elements, respectively. Un
certainties of XRF, expressed as relative standard deviation in percent
age, are considered accurate within 2–5% for major elements and lower 
than 10% for minor elements based on replicate analyses of reference 
materials. 

Molybdenum (Mo), uranium (U), antimony (Sb) and titanium (Ti) 
concentrations were quantified via ICP-MS analyses. Briefly, about 50 
mg of the sediment samples were digested with a MARS 6 (CEM Corp., 
Kamp Lintfort, Germany) microwave system following Zimmermann 
et al. (2020). Digestion took place at 180 ◦C for 300 min into 20 mL 
pre-cleaned TFM digestion vessels using the following acid mixtures: 4 
mL HNO3 (65% w/w Suprapur), 2 mL HCl (30% w/w Suprapur) and 2 
mL HBF4 (38% w/w ultra pure). The digestate solutions were then 

transferred to acid-clean Falcon tubes, dried down under fume hood on a 
hot-plate and then re-dissolved in 3M HNO3 and MilliQ water to a final 
HNO3 concentration of 4% w/w. Trace elements were measured using a 
quadrupole ICP-MS (Thermo Fisher Scientific, XSeriesII), equipped with 
a collision–reaction cell and a CETAC ASX 520 autosampler housed at 
the Centro Interdipartimentale Grandi Strumenti of UNIMORE (Argen
tino et al., 2019). A115In solution was employed as internal standard. 
Calibration curves were obtained using multi-element standards (IVICP- 
MS-71A and 71B, Inorganic Venture), in the range of 1–1000 ppb. 
Replicate measurements (n = 3) on each sample solution provided 
precision RSD overall better than 5%. 

To account for the contributions of detrital minerals, redox-sensitive 
elements (RSE) were normalized to Ti by calculating Enrichment Factors 
(EFs) for Mo, U and Sb (RSEEF = (RSE/Ti)sample/(RSE/Ti)detrital. Detrital 
values were based on the average of 10 samples that define the mean 
background value (Chiu et al., 2022; Clarkson et al., 2021). This type of 
normalization circumvents the bias given by the detrital input in a 
shallow-water setting proximal to river outlets like our study region. 
Data are also reported in the Supplementary section as μg/g values and 
normalized to Ti. 

3.4. Organic geochemistry 

Freeze-dried samples were powdered and homogenized in an agate 
mortar. About 20 mg of acidified sediments (1.5 M HCl) were analysed 
using a Thermo Fisher Elemental Analyser (FLASH, 2000 CHNS/O) for 
total organic carbon concentration (TOC, wt.%) (Pellegrini et al., 2021). 

An aliquot of freeze-dried sediments (ca. 1 g) was transferred into 
pre-combusted vials. A known amount of docosane (internal standard) 
was added followed by addition of a solvent mixture (dichloromethane: 
methanol (DCM:MeOH), 9:1, v/v). Samples were sonicated (15 min at 
60 ◦C), centrifuged and the supernatant was transferred in pre- 
combusted vials. Extraction steps were repeated two more times. 
Saponification of dry extracts was carried out using 5% methanolic 
potassium hydroxide at 70 ◦C for 1h. The neutral fraction was extracted 
3 times with hexane (Hex). Extracts were dried (N2 stream) and re- 
dissolved in 500 μl of Hex:DCM (3:2, v/v) prior to purification via sil
ica gel column chromatography. The apolar fraction was eluted with 
Hex:DCM (3:2, v/v) and the polar fraction with MeOH:DCM (1:1, v/v). 
The acid fraction was recovered after acidifying the leftover extract with 

Fig. 3. Distribution of the planktic taxa of PRAD1-2 according to Cane et al. (2002). The figure includes also the concentration of planktic (dark line) and benthic 
foraminifera (grey line) as well as the sum of Globoturborotalita rubescens and Globigerinoides tenellus. The faunal correlation markers (letter “f ”) according to Cane 
et al. (2002) are reported, except for Globigerinoides ruber white and Globigerinita glutinata of which we could not identify the bio-events. The primary correlation 
markers are written in black, while the secondary correlation markers in green. The δ18O G. ruber curve of PRAD1-2 is also reported along with the recognized faunal 
and isotopic markers (letter “i ”, in red). On the right hand side, the δ18O G. ruber curve of the reference hole ODP971A is reported vs age (after Amies et al., 2019). 
The age of the faunal marker f11 has been extrapolated from the youngest two age points available in Amies et al. (2019). The age of the faunal and isotopic markers 
in 971A curve has been transferred to the PRAD1-2 δ18O G. ruber to obtain 11 control points for the age-depth model. The grey areas indicate the sapropel S5. 
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ethyl acetate (Tesi et al., 2021). 
In this study, we used the method developed by Rontani et al. (2011) 

for quantifying alkenones via GC-MS. Briefly, the apolar fraction was 
re-dissolved in a methyl tert-butyl ether/methanol mixture (3:1, v/v) 
with NaBD4 for the conversion of alkenones to alkenols. Excess NaBD4 
was neutralized with an aqueous solution of NH4Cl followed by acidi
fication with HCl and extraction with Hex:DCM (4:1, v/v). Reduced 
extracts were dried (N2 stream), redissolved in pyridine and derivatised 
with bis-trimethylsilyl-trifluoroacetamide for GC-MS analyses. 

Alkenones were analysed using an Agilent 7820A chromatograph 
fitted with a J&W DB5-MS column (30 m length, 0.25 mm ID, 0.25 mm 
film thickness) coupled to a 5977BMSD. The oven temperature ramp 
was programmed from 60 to 300 ◦C at 10 ◦C/min (hold time 10 min). 
The detector was operated in both Selective Ion Monitoring (SIM) and 
SCAN modes. Di-, tri- and tetra-unsaturated C37 methyl ketones were 
quantified integrating the peaks of ion m/z 118 in SIM mode. Correction 
factors (conversion of SIM to SCAN areas) were obtained injecting pu
rified amounts of reduced alkenones. Corrected areas were used to 
calculate the UK’

37 index as follow: 

UK′k
37 =

(
C37 : 2 Me

C37 : 2 Me + C37 : 3 Me

)

For comparison with previous studies (Marino et al., 2007), UK’37 
index was converted in Sea Surface Temperature (SST) using the equa
tion presented in Müller et al. (1998). 

3.5. Thin section 

A sample, corresponding to the darkest and laminated unit within 
the sapropel deposit, was selected for Scanning Electron Microscope 
(SEM) (Fig. 2). The sample was stabilized with Spurr resin after removal 
of pore water with acetone (Schimmelmann et al., 2015), and ion-milled 
into a Gatan 600 DuoMillTM (an ion mill originally designed for prep
aration of Transmission Electron Microscopy specimens, Schieber, 
2013). This results in a gentle polishing and produces smooth surfaces. 
The same method was successfully tested to study primary sedimentary 
structures and organic matter in modern Adriatic samples (Pellegrini 
et al., 2021). 

4. Results 

4.1. Foraminifera 

The foraminiferal distribution in the investigated sequence defined 
at least three main domains (Figs. 2 and 3) corresponding to different 
phases of S5 deposition. In the lower one, up to the base of the sapropel 
unit (m 30.66), benthic foraminifera were abundant, while planktic 
foraminifera, scarce at the base, increased in concentration upward by 
one order of magnitude. Planktic foraminifera were dominated by 
T. quinqueloba, and G. bulloides, followed by G. ruber white and 
G. glutinata, while G. inflata was scattered and not frequent. In the sec
ond sediment interval (dark sediments, Fig. 2), the lowermost part, 
corresponding to the laminated phase, showed benthic foraminifera 
concentration decreasing two orders of magnitude reaching a minimum 
in the laminated unit (Fig. 3). During this phase, benthic taxa such as 
Globobulimina spp (deep infaunal) and Bolivina spp, dominated the 
assemblage. This phase recorded also, at its base, the abrupt increase of 
G. rubescens and G. tenella, and of G. sacculifer, followed, in sequence, by 
the strong increase of G. scitula and the progressive increase of neo
globoquadrinids, this later culminating in the late phase of the Sapropel 
deposition. The third interval (post sapropel deposition) revealed an 
opposite trends in the distribution of neogloboquadrinids and G. ruber 
with the former decreased while the latter increasd. Other taxa, such as 
G. scitula, after showing a sharp drop within the sapropel unit, increased 
again just after the end of the S5, while G. inflata is near-absent. Benthic 

foraminifera, after reaching high abundance around 30.30 m, main
tained relatively high concentrations. 

4.2. O and C stable isotopes 

The main downcore feature of the δ18OG.ruber trend was an abrupt 
decrease at the base of the Sapropel deposition that corresponds to the 
laminated unit (Figs. 2 and 3). Throughout the sapropel unit, δ18O 
values are generally low. However, it is worth mentioning that δ18O 
values began to decrease just before dark-like sediments. Similar 
decreasing trends of the values were detected in the δ13C records of 
G. bulloides and B. marginata, with the last one culminating just after the 
above-mentioned peak of δ18OG. ruber. Decrease in δ13C started well 
before the of δ18OG. ruber decrease though. 

4.3. Geochemistry 

Total organic carbon (TOC) concentration exhibited a small incre
ment before the S5 unit followed by a rapid increase, particularly in the 
laminated unit (Fig. 2; up to ca. 1.2%). TOC values were relatively high 
throughout the S5 and then decreased to pre-sapropel values outside the 
dark-like sediments (ca. 0.3%). All redox sensitive elements (Mo, U, Sb) 
displayed a similar trend as observed for the TOC although each element 
showed its own differences reflecting the different behaviour under 
variable redox conditions during the sapropel S5 deposition. For 
example, Mo is rather high in the laminated unit while the U was rela
tively high throughout the event. Sb values started increasing before the 
laminated unit and reached the maximum values in the early phase of 
S5. The enrichment factors for individual elements followed the same 
downcore trends. Elemental ratios for sediment texture and provenance, 
ln(Zr/Rb) and Mg/Al2O3, exhibited a similar trend; before and after the 
S5 unit were relatively high while values decreased within the sapropel 
S5 unit. Alkenone-based SST showed a general increase (about 8 ◦C) 
before and during the S5 unit while the SST values decreased only after 
the S5 event. The SST did not show any sharp changes across the time 
period investigated but rather a constant increase. 

5. Discussion 

5.1. Abrupt shutdown of the north Adriatic dense water during MIS5e 

In the Northern Adriatic, surface sea cooling in winter during cold 
Bora events generates a dense and oxygen-rich water mass (Northern 
Adriatic Dense Water, NAdDW). This dense plume then moves south
ward following the general circulation prior to cascading off the shelf in 
early spring to contribute to the Eastern Mediterranean Deep Water 
formation (Chiggiato et al., 2016; Langone et al., 2016; Vilibić and 
Supić, 2005). PRAD1-2 borehole is located on the path of this dense 
plume that travels confined along the western Adriatic shelf due to the 
Coriolis force (Marini et al., 2016). Regional models indicate that the 
mean propagation speed of dense water currents over the shelf during 
intense events (e.g., 2012) can reach up to 40–50 cm/s (Janeković et al., 
2014). In this study, we used Zr/Rb and MgO/Al2O3 ratios to infer 
variations in the bottom water energy and sediment source, respectively, 
that in the modern system are both regulated by the NAdDW intensity. 
Zirconium is present in heavy minerals and, because they are resistant to 
physical/chemical weathering, it is commonly associated with the 
coarse-grained fraction of siliciclastic sediments (Fralick and Kronberg, 
1997; Pettijohn, 1941). Rubidium, instead, is widespread in fine-grained 
particles, including K-rich clay minerals and K-feldspars (Dypvik and 
Harris, 2001; Fralick and Kronberg, 1997). Thus, the Zr/Rb ratio varies 
according to the sediment texture and in particular with the sortable 
fraction of siliciclastic material that, in turn, is a proxy of bottom current 
energy (McCave et al., 1995; Wu et al., 2020). In addition, as the source 
of the NAdDW is located in a region characterized by a relatively large 
input of dolomite-rich sediments supplied by local rivers draining the 
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Eastern Alps (Amorosi et al., 2022), changes in the MgO/Al2O3 ratio 
provide further information about the north-to-south connections and 
sediment transport mechanisms regulated by the NAdDW. 

During MIS5e, Zr/Rb and MgO/Al2O3 in PRAD1-2 displayed a sharp 
drop that started ca. 128.8 ka BP and lasted until ca. 122 ka BP (Fig. 4a 
and b). Overall, this suggests a millennial-scale decrease of the bottom 
water energy coupled with a change in the source of sediment that 
became less influenced by the Northern Adriatic domain. We can thus 
infer that, for about 6 kyrs, the NAdDW experienced a severe reduction 
with no signs of recovery. We used piece-wise linear regression to 
identify the break points (Fig. 5b) and concluded that the change was 
relatively abrupt taking place in 0.67 ± 0.22 kyrs. Even considering the 
upper limit error associated with the age model framework, our results 
clearly contrast with the idea that the deposition of sapropels near 
glacial terminations requires a slow shutdown of the thermohaline 
forcing lasting several millennia. In particular, Grimm et al. (2015) have 
suggested that for sapropel S1 – and extended this interpretation to 
Quaternary sapropels – the anoxia required a long prelude of deep-water 
stagnation driven by the post-glacial inflow of relatively fresh deglacial 
Atlantic waters entering through Gibraltar. In their work, Grimm et al. 
(2015) have used the isotopic geochemistry of planktic and epi-benthic 
and planktic foraminifera to support their modelling effort and infer 
changes in the ventilation rate. They interpreted the isotopic shift in 
δ13C towards negative values as a sign of progressive stagnation since 
the end of the Last Glacial Maximum in response to sea level rise. 

By contrast, our reconstruction of the NAdDW activity suggests no 
evident cause-effect relationships between sea level rise (Fig. 4 a,b) and 
dense water formation (Fig. 4c). Yet, the δ13C of G. bulloides and 
B. marginata throughout Termination II exhibited a long negative trend 
(we used B. marginata as epi-benthic foraminifera were discontinuous; 
Fig. 4 d,e) that would suggest a progressive stagnation throughout the 
penultimate deglaciation. Other evidence that supports pre- 
conditioning include anomalies in TOC, redox-sensitive elements (Mo, 
U and Sb) and deep infaunal species that exhibited an increase before 
MIS5e (Figs. 4f, 5e-i). However, changes in all these deoxygenation 
proxies were rather small compared to the abrupt increase observed 
later on when the dense water formation suddenly dropped. Finally, 
other diagnostic signs of deoxygenation like the number of benthic 
foraminifera - apparently not affected during the pre-sapropel period - 
exhibited a rapid change only with the sudden NAdDW reduction 
(Fig. 5h). 

We argue that these pre-sapropel conditions were essentially the 
result of increased nutrient availability in response to sea level rise 
(Ausín et al., 2015). Specifically, the inflow of nutrient-rich Atlantic 
waters probably enhanced primary productivity and organic matter 
export to the seabed. This ultimately decreased pore-water oxygen 
concentration despite the well-ventilated conditions generating 
mild-suboxic conditions at the seabed. Subsequently, bottom waters 
reached critical oxygen deficiency conditions exclusively when the 
dense water formation in the Northern Adriatic experienced the abrupt 
reduction documented in our study. Another evidence that goes against 
a long prelude of deep-water stagnation is the high coherence between 
our shallow-water record and LC21 sediment core from the Aegean Sea 
(1522 m water depth; Fig. 4f). Specifically, in a scenario of 
millennial-scale prelude to stagnation, the shallow-water environment 
should necessarily lag beyond the deep system. Instead, the TOC content 
over time exhibited substantially the same trend in both shallow and 
deep domains. 

In summary, despite some evidence for an early stagnation starting 
millennia prior to MIS5e, our NAdDW proxies rule out the reduction of 
the dense water formation as an important factor during this early 
phase. More likely the nutrient supply, driven by the inflow of Atlantic 
waters following the penultimate glacial termination, played a central 
role in the early deoxygenation. The reason why δ13C anomalies of 
benthic and planktic foraminifera lead the stagnation by several 
millennia is not fully understood; yet, our collective evidence does not 

recommend the use of δ13C in foraminifera over the shelf as an exclusive 
tracer of ventilation. Given the general correlation between sea level rise 
and δ13C of foraminifera, we rather suspect that the post-glacial flooding 
of the Adriatic shelf combined with the modification of the water col
umn structure in a relatively shallow setting might have affected the 
dissolved inorganic carbon pool (Bird et al., 2010; Woodruff and Savin, 
1985) and ultimately the δ13C fingerprint. 

5.2. Mechanisms driving the abrupt NAdDW reduction 

Freshening of the Eastern Mediterranean is a fundamental prereq
uisite that drives the sapropel formation (Rohling et al., 2015). The 
freshwater input promotes stagnation preconditioning surface waters 
offsetting the winter cooling. In addition, the fresh water can stimulates 
primary productivity that, in turn, increases the oxygen consumption at 
the seabed (De Lange et al., 2008; Rossignol-Strick et al., 1982). Changes 
in the surface water salinity at the onset of sapropel S5 have been 
recorded across the whole Eastern Mediterranean as isotopically 
depleted δ18O values of G. ruber (Fig. 4g) (Cane et al., 2002; Capotondi 
et al., 2006; Vergnaud-Grazzini et al., 1977). There are three major 
sources of freshwater documented in the literature: African monsoons, 
W-E Atlantic perturbations and retreating ice sheets (this latter input via 
either Gibraltar strait or land routing e.g., Fennoscandian ice sheet, 
through the Black Sea) (Amies et al., 2019; Hennekam et al., 2014; 
Milner et al., 2012; Soulet et al., 2013; Toucanne et al., 2015). In 
addition, potential freshening in the NAdDW source area might have 
occurred during the rapid retreat of the ice caps on European Alps and 
the Dinaric Alps (Moseley et al., 2015). The input via African border
lands, following the orbitally-driven northward migration of the African 
monsoons, is commonly accepted as at the main contribution to stag
nation as it is capable of changing the salinity of Levantine Intermediate 
Waters (Osborne et al., 2010; van der Meer et al., 2007; Weldeab et al., 
2014) and, in turn, the density of surface waters over the Adriatic shelf 
where the dense water forms (Tesi et al., 2017). 

Winter cooling during Bora events is another key aspect affecting the 
NAdDW formation. Today the seasonal heat loss driven by cold and dry 
winds is far the most important forcing that regulates the dense water 
formation in the Northern Adriatic (Bensi et al., 2013; Bonaldo et al., 
2016; Janeković et al., 2014; Vilibić and Supić, 2005). Across MIS6 and 
MIS5e, the SSTalkenones in the Adriatic exhibited a general increase with 
values generally lower than the Aegean Sea, which is consistent with 
today’s climate (Fig. 4j). However, as the dense water formation in the 
Northern Adriatic takes a few weeks in winter during events of rapid 
heat loss (Janeković et al., 2014), we question whether the annual SST 
obtained via alkenones is indeed a representative index to infer past 
NAdDW dynamics. Indeed, recent studies carried out in the modern 
Adriatic setting suggest that alkenones record mean annual tempera
tures without an evident seasonal bias (Leider et al., 2010). We thus 
compared our reconstruction with the January temperature derived 
from pollen data in MD04-2845 core collected in the Bay of Biscay that 
reflects the general southern Europe climate (Salonen et al., 2021) 
(Fig. 4k). The overall picture suggests mean temperatures of January at 
the onset of MIS5e above 0 ◦C. This temperature is much warmer than 
the characteristic temperatures observed in typical winters distinctive 
for an extensive NAdDW formation (i.e., well below 0 ◦C: e.g. 2012; 
Janeković et al., 2014). According to the pollen data from MD04-2845, 
before MIS5e winter temperatures were cold enough to promote the 
dense water formation consistent with our NAdDW reconstruction. 
Other pollen-based winter temperatures further east from the Ohrid lake 
(western Balkans; Sinopoli et al., 2019) suggest an analogous abrupt 
change at the onset of MIS5e, supporting the hypothesis that tempera
ture changes in the coldest months of the year ultimately affected the 
NAdDW formation together with the freshwater supply to the LIW 
source area. Similarly, rapid change in pollen assemblages with the 
development of warm-temperate forests was observed in the Po plain 
along the Western Adriatic coast (Amorosi et al., 2004). Overall, the 

T. Tesi et al.                                                                                                                                                                                                                                      



Quaternary Science Advances 13 (2024) 100134

8

(caption on next page) 

T. Tesi et al.                                                                                                                                                                                                                                      



Quaternary Science Advances 13 (2024) 100134

9

thermal profile of the MIS5e of the EPICA stack well correlates with the 
δ18O G. ruber. The early phase of S5 (pre-sapropel) corresponds to the 
rising-limb of the warming responses of precession and half-precession, 
with a final acceleration (centennial scale) determined by the co-phasing 
of sun-related suborbital cycles (Masson-Delmotte et al., 2006; Viaggi, 
2021; Yin and Berger, 2012). Overall, this supports our results indicating 
that the shutdown of the NAdDW production occurred within few 
centuries. 

In summary, we suggest that the centennial-scale variability in the 
thermohaline forcing reconstructed in the Northern Adriatic was pri
marily caused by the combination of freshening of surface waters with 
winter temperature increasing (Fig. 4g,k) that mutually hampered the 
formation of the NAdDW (Dirksen and Meijer, 2020). Similarly, the 
complete resumption of the NAdDW 6 millennia after its shutdown 
occurred only when the surface salinity and the winter temperature 
turned back to pre-sapropel values. According to Zr/Rb and MgO/Al2O3 
data, as observed for the S5 onset, the full recovery of the NAdDW was a 
centennial-scale process (ca. 0.35 ± 0.1 kyrs) (Fig. 5a), yet apparently 
quicker than the initial shutdown. 

Planktic foraminifera provided further insights into the changes 
occurred in the water column. For instance, the grazing group of Neo
globoquadrinids are commonly associated with the Deep Chlorophyll 
Maximum (DCM) and thus their relative abundance informs about the 
position of the nutricline that develops in stratified water column con
ditions (Fairbanks and Wiebe, 1980; Rohling and Gieskes, 1989; Sierro 
et al., 2003). However, at the early onset of S5 the presence of Neo
globoquadrinids is negligible (Fig. 4i) despite the expected stratification 
caused by warming and freshening. We argue that the stratification was 
indeed pronounced at the onset of the deoxygenation event to a point 
that the nutricline was positioned well below the euphotic zone. Water 
turbidity might also have contributed by shoaling the base of the 
euphotic zone (Grelaud et al., 2012). A nutricline positioned far from the 
euphotic zone at the onset of S5 is also suggested by the high abundance 
of G. rubescens and G. tenella that are common species in warm and 
nutrient-starve surface waters (Avnaim-Katav et al., 2020; Jentzen et al., 
2018; Jonkers and Kučera, 2015) (Fig. 4h). SEM images further support 
the general oligotrophic conditions with the laminated pattern at the 
onset of S5 entirely constituted by coccolith and coccospheres of 
Umbellosphaera tenuis and Discosphaera tubifera that are typical of warm 
and oligotrophic environment (Chen et al., 2007; Godrijan et al., 2018) 
(Fig. 6). To some extent this contrasts with coeval diatom-rich mats 
observed in the S5 unit further east (Kemp et al., 1999) while it is 
consistent with the development of oligotrophic surface waters during 
the early S5 in the Urania Basin (Corselli et al., 2002). We also argue that 
the shallow setting (i.e., continental shelf) might have hampered the 
development of favourable conditions for autotrophs blooming in the 
lower euphotic zone (Corselli et al., 2002) in the early phase of S5. The 
development of a stable DCM - as suggested by the high abundance of 
Neogloboquadrinids - occurred only later in the second half of S5 
(Fig. 4i). Shoaling of the pycnocline within the euphotic zone might 
have been caused by changes in surface water salinity and regional at
mospheric cooling that mutually lowered the degree of stratification and 
ultimately favoured the development of a stable DCM. 

5.3. Variability within the sapropel S5 unit 

Overall, the anomalies for all deoxygenation proxies (trace metals 
and benthic foraminifera) followed the general millennial-scale 

Fig. 4. (a) Zr/Rb ratio proxy for bottom water energy; (b) MgO/Al2O3 ratio proxy for sediment source; (c) relative sea level (RSL, m) after Grant et al., 2012; (d, e) 
δ13C (‰) of G. bulloides and B. marginata; (f) total organic carbon (TOC, %) of LC21 (Marino et al., 2007) and PRAD1-2 (this study); (g) δ18O (‰) G. ruber of PRAD1-2 
(this study), LC21, ODP971A, KS205 and ODP967 (Amies et al., 2019). Eastern Mediterranean δ18O stack of G. ruber: median (solid yellow line), 68% and 95% 
confidence limits (shaded grey envelopes) (this study); (h) abundance (%) of G. rubenscens and G. tenella; (i) abundance (%) of Neogloboquadrinids; (j) 
alkenone-based Sea Surface Temperature (SST, ◦C) of PRAD1-2 (this study) and LC21 (Marino et al., 2007), stars show previous low resolution data for PRAD1-2 from 
Piva et al., 2008a; (k) pollen-based air temperature (◦C) in January (MD04-2845; Salonen et al., 2021). Grey area shows the sapropel S5 and light pink indicates the 
pre-sapropel period. 

Fig. 5. (a) Eastern Mediterranean δ18O stack of G. ruber: median (solid yellow 
line), 68% and 95% confidence limits (shaded grey envelopes) (this study); (b) 
Zr/Rb ratio proxy for bottom water energy (solid line shows the piece-wise 
linear regression analysis; (c, d) TOC- and sediment-normalized iso
renieratane concentrations in LC21, respectively (Marino et al., 2007); (e) Mo 
enrichment factor (Mo-EF); (f) U enrichment factor (U-EF); (g) Sb enrichment 
factor (Sb-EF); (h) benthic foraminifera concentration (N/g); (i) abundance (%) 
of deep infaunal benthic taxa. Grey area shows the sapropel S5 and light pink 
indicates the pre-sapropel period. Colored symbols and lines refer to new data 
presented in this study, otherwise literature data for LC21 are in black. 
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stagnation reconstructed with Zr/Rb and MgO/Al2O3 ratios (Fig. 5). Yet, 
despite the protracted weakening of the NAdDW for about six millennia, 
the deoxygenation exhibited ample variability within the sapropel unit 
with an early phase particularly deoxygenated followed by a gradual 
recovery. The piece-wise linear regression of the Zr/Rb ratio indeed 
suggests an early phase with a particularly weak NAdDW followed by a 
gentle recovery (Fig. 5a). However, this trend does not seem sufficient to 
justify the difference observed across the sapropel unit. We thus envision 
that other factors must have necessarily taken place to explain the two 
phases within the deoxygenation event. 

The onset of S5 is virtually anoxic despite the presence of a few 
benthic foraminifera (ca. 5–10 specimens) tolerant to oxygen-poor 
conditions (Fig. 5h and i). This is consistent with the redox sensitive 
elements (Mo, U, Sb) that displayed typical values observed within 
modern permanent oxygen minimum zones (Bennett and Canfield, 
2020; Fig. 5e–g). Yet, each redox sensitive elements exhibited its own 
variability within the S5 unit which reflects the different chemical 
behaviour of each metal species under variable redox conditions (Algeo 
and Tribovillard, 2009; Emerson and Huested, 1991; Herath et al., 
2017). The excess of Mo in particular is a diagnostic sign for an early 
phase particularly reducing and rich in dissolved H2S (euxinic) that al
lows the conversion of molybdate oxyanion into particle reactive thio
molybdates followed by authigenic Mo deposition via sulfidized humic 
trapping and Fe–S phases (Algeo and Tribovillard, 2009; Tribovillard 
et al., 2012). According to Mo anomalies, the abrupt onset of euxinic 
conditions at 127.76 ± 0.1 ka BP over the Adriatic shelf lagged about 
340 yrs behind the shutdown of the NAdDW (128.1 ± 0.1 ka BP) 
(Fig. 5b,e). Yet, benthic foraminifera responded more rapidly to changes 
in ventilation, exhibiting a marked drop in abundance (from ca. 700 to 
20 N/g) at 128.1 ± 0.1 ka BP (Fig. 5h). When compared with the Aegean 
Sea (Marino et al., 2007), the sediment-normalized concentration of 
isorenieratane in LC21 indeed confirms the abrupt development of 
euxinic conditions in shallow-waters during the early phase of S5 in 
phase with our Mo record (Fig. 5d). This allowed the proliferation of 
isorenieratane-producing green-sulphur bacteria in the euphotic zone. 
These organisms, in fact, perform photosynthesis with reduced sulphur 
and light implying euxinic and virtually oxygen-free conditions in the 
upper water column (Repeta, 1993; Sinninghe Damsté et al., 1993, 

2001). After the S5 onset, the sediment-normalized concentrations of 
isorenieratane in LC21 progressively decrease within the sapropelite 
unit consistent with the Mo record in PRAD1-2. 

However, the TOC-normalized concentration of isorenieratane in 
LC21 – as opposed to the sediment-normalized values discussed above – 
exhibited a millennial-scale and persistent anomaly similar to Zr/Rb and 
MgO/Al2O3 records in PRAD1-2 (Fig. 5c). To reconcile our results with 
the difference in isorenieratene trends depending on the normalization 
used, we infer that the S5 deposition consisted of an early phase with 
virtually absent convection and LIW influence followed by another 
period in which the deep water convection was still highly reduced 
while oxygen concentrations in shallow/upper-intermediate waters 
showed their early signs of recovery. It is possible that this intermediate 
water mass corresponded to a weak LIW that was formed as the surface 
salinity increased across the EMS (δ18O of G. ruber, Fig. 5a). In addition, 
cooling of the mean winter temperature in the second part of S5 at 
regional level (Frogley et al., 1999; Rioual et al., 2001; Salonen et al., 
2021) likely favoured the mixing of surface waters without, however, 
generating important events of NAdDW formation, but providing 
enough oxygen to support benthic life over the Adriatic shelf. This phase 
of gradual recovery and resumption of surface circulation indeed follows 
the global temperature reduction after the climax determined mainly by 
both precession and half-precession in-phase cooling hemicycles 
(Viaggi, 2021). Yet, alkenone-derived SST (Fig. 4j) did not suggest a 
significant cooling as reported by pollen records (Fig. 4k) which could be 
a sign of an incomplete representation of the winter mixing season as 
previously discussed or that the increased salinity was indeed the major 
driver. Evidence of surface water re-oxygenation are also evident in the 
Aegean Sea (LC21) where the extent of the surface euxinic layer likely 
changed from permanent to seasonal. This, in turn, affected the absolute 
concentration of isorenieratane in sediments yet maintaining a general 
condition of weak dense water formation (Fig. 5d). In fact, the presence 
of isorenieratane in sediments, even in small concentrations regardless 
its normalization, necessarily indicates an oxygen-free environment as 
these organisms are strictly anaerobic (Repeta, 1993; Sinninghe Damsté 
et al., 1993, 2001). Overall, this scenario would reconcile the trends 
observed in TOC-normalized isorenieratane data (Fig. 5c) and our 
NAdDW proxies (Zr/Rb and MgO/Al2O3) (Fig. 4a and b and 5b). 

Fig. 6. SEM images of a thin section within the lower sapropel S5 unit (section 39 18–20 cm, ca. 127.3 kyrs BP). (a) wavy pinch-and-swell laminae and probably 
minor disruption by meiofaunal burrowers; (b) distinct lamina compositions. Clastic and biogenic laminae are highlighted with yellow and green arrows, respec
tively. The clastic laminae is mainly constituted by clay, bioclasts, and mineralogenic detritus, while the biogenic lamina is entirely constituted by coccolith and 
coccospheres; (c) close-up of the laminae constituted by coccolith and coccospheres with examples of well-preserved coccosphere Emiliania huxleyi (blue arrow). The 
latter suggests particle settling in a small time span and no/very weak bottom current. 
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The second phase of the sapropel over the Adriatic shelf can thus be 
considered moderately deoxygenated like a suboxic environment (Tyson 
and Pearson, 1991). The different redox conditions that experienced S5 
over time fully elucidates the contrasting trends observed for U-EF and 
Mo-EF (Algeo and Tribovillard, 2009; Chiu et al., 2022; Tribovillard 
et al., 2012) (Fig. 5e and f). Under reducing conditions with H2S 
expanding in the water column (i.e. S5 onset), rates of Mo uptake sub
stantially exceed those of U, resulting in a marked increase of the Mo/U 
ratio in sediments (Algeo and Tribovillard, 2009; Tribovillard et al., 
2012). Instead, under suboxic conditions, U is scavenged preferentially 
over Mo because U(VI) is efficiently reduced at the Fe(II)–Fe(III) redox 
boundary across the sediment-water interface (Algeo and Tribovillard, 
2009; Tribovillard et al., 2012). This explains why the U record 
exhibited moderately low values despite the high authigenic Mo accu
mulation at the onset of S5 while in the second phase, when Mo 
decreased, U anomalies remained relatively stable. The two phases 
within the S5 unit is also supported by the distribution of Neo
globoquadrinids (Fig. 4i) as previously discussed that suggested a gen
eral reorganization of the water column, possibly reflecting the shoaling 
of the nutricline and the development of a stable DCM only in the second 
part of the event. 

To the best of our knowledge, PRAD1-2 is the first highly-resolved 
shallow-water record of S5 and therefore we do not have additional 
reconstructions from shallow settings to compare with. However, in 
support to our hypothesis, signs of the partial recovery of oxygen in 
shallow/intermediate waters in the second half of S5 have been recor
ded in the benthic foraminifera from the Levantine Basin. Here, 
Schmiedl et al. (2003) have analysed the distribution of benthic fora
minifera in two records from 1433 to 2158 m and found signs of benthic 
fauna recovery in the shallower core during the second half of the event. 
By contrast, the deep system remained anoxic until the full resumption 
of convection. In general, the whole deep EMS remained fully anoxic for 
several millennia without showing any evidence of re-oxygenation until 
the dense water formation fully recovered (Capotondi et al., 2006; Chiu 
et al., 2022). Schmiedl et al. (2003) argued that cooling recorded in the 
second half of the S5 event (Frogley et al., 1999; Rioual et al., 2001) may 
have favoured the formation of dense water capable to plunge to in
termediate- and potentially greater depth (Fig. 4k). Our results indicate 
that, despite the general increase of surface salinities and cooling during 
the second half of S5, Northern Adriatic waters never became dense 
enough for the complete resumption of the NAdDW justifying this 
apparent decoupling between physical forcing and redox conditions. 

6. Comparison with future scenarios 

In this section we compare our outcomes with modelling exercise to 
infer the extent of thermohaline shutdown. This comparison is a quali
tative exercise implying similar conditions relative to the modern 
Adriatic, especially as far as the sea level is concerned that can be 
considered comparable in first-order approximation. There are only two 
regional models that have assessed the future oxygen evolution of the 
Mediterranean Sea until 2100 of which only one has modelled the long- 
term oxygen loss (Powley et al., 2016; Reale et al., 2022). Both models 
agree on the fact that anoxia is rather unlikely to occur in the Eastern 
and Western Mediterranean Sea (EMS and WMS) by 2100, even 
considering the business as usual scenario RCP 8.5 (Reale et al., 2022). 
Anoxia instead could only develop after several centuries of weak con
vection (75% and 85% thermohaline reduction in WMS and EMS, 
respectively) and exclusively in the deep EMS (<500 m) while surface 
(0–200 m) and intermediate waters (200–500 m) remain fully oxygen
ated in all simulations (Powley et al., 2016). Models also indicate that 
for the long-term deoxygenation, the decrease of the dense water for
mation plays a first-order control whereas temperature-driven dissolu
tion and microbial oxygen uptake are less relevant in the long term 
(Powley et al., 2016). 

Our observational evidence from the Adriatic shelf agree on the 

impact of the dense water formation over centennial-time scales – thus 
different from the millennial-scale preconditioning proposed in earlier 
publications – although the general picture is rather different. Specif
ically, euxinic conditions with virtually absence of benthic life devel
oped ca. 900 years since the beginning of the NAdDW slowdown and ca. 
350 years upon reaching the new steady low level of ventilation (see 
sections 4.1 and 4.2). Although this centennial-scale mechanism is 
somehow consistent with the long-term deoxygenation trend repro
duced by models, none of the simulations predicted an anoxic shallow- 
water environment as reported in our study (Powley et al., 2016; Reale 
et al., 2022). Because the long-term deoxygenation reproduced by 
models is based on a 85% reduction of the dense water production for 
the EMS compared to modern conditions (Powley et al., 2016; Somot 
et al., 2006), we suggest the virtually complete shutdown of the NAdDW 
at the onset of S5 to justify the anoxia development in shallow-waters 
(<200 m). This is especially true considering the absence of strong ev
idence for enhanced primary productivity in our dataset that makes the 
physical forcing as the main driver. Thus, although the severity of the 
future deoxygenation driven by climate change appears quite far from 
the expression of a natural climate event like the S5, our results imply 
that any significant deviation from today’s expected reduction in the 
dense water formation (Somot et al., 2006) will necessarily drive the 
deoxygenation towards more severe conditions as showed in this study. 

7. Summary and conclusions 

Our study provides novel evidence that severe deoxygenation 
extended over the shallow Adriatic shelf (<200 m) during sapropel S5 
and, thus, highlights the large-scale expression of this anoxic event 
(Fig. 7). We used the geochemical fingerprint of sedimentary material to 
assess north-to-south connection (MgO/Al2O3) and bottom water energy 
(Zr/Rb) that collectively reflect the export of dense water coming from 
the Northern Adriatic shelf (Fig. 4 a,b). Our results indicate that the 
shutdown of the NAdDW production at the onset of MIS5e occurred 
within a few centuries (Fig. 4 a,b). This highly contrasts with the hy
pothesis of a long prelude (millennial-scale), assumed to be necessary to 
develop stagnation in the EMS (Grimm et al., 2015). According to our 
NAdDW proxies, the shutdown lasted for about 6 kyrs (from ca. 128 to 
122 ka BP) followed by a rapid recovery. In this study, we suggest that 
the NAdDW shutdown was the result of winter temperature increase 
combined with the large-scale freshening of the surface EMS (Fig. 3). A 
few centuries after the onset of stagnation, bottom water became euxinic 
while benthic foraminifera virtually disappeared. The overall pattern 
observed at the beginning of S5 in the Adriatic shelf follows the temporal 
trend reconstructed further east in the deep Aegean Sea (Fig. 4). This 
highlights the lack of substantial leads/lags and further rules out the 
millennial-scale precondition as this latter would have necessarily 
resulted in a shallow-water setting lagging behind the deep sea. After an 
early phase with strong reducing conditions that lasted ca. 2 kyrs, the 
second part of S5 experienced a gradual recovery marked by geochem
ical and ecological characteristics typical of a suboxic environment 
(Fig. 5). We envision that atmospheric cooling and decrease in salinity 
observed in the second part of S5 likely promoted the mixing of surface 
waters without, however, generating intense dense water cascading 
events over this period that lasted ca. 4 kyrs. 

Overall, our results highlight the added value of studying shallow- 
water sapropel deposits. First of all, working on the margin we recon
structed the dense water formation and export of oxygen to an unprec
edented level. In addition, shallow-water sapropels provide a unique 
opportunity to disentangle physical forcing (i.e., cascading) and 
geochemical/biological processes (i.e., sapropel) within the same 
archive circumventing the evident limitations of merging together 
different records affected by inevitable age uncertainties. Finally, 
although the possibility for the EMS to experience in the future an event 
similar to S5 seems indeed remote (Powley et al., 2016; Reale et al., 
2022), in the event that the anticipated weakening of the EMS 
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thermohaline forcing is worse than presently anticipated, the deoxy
genation will likely occur in a few centuries and it will affect the 
shallow-water system as documented in our study. 
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