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A B S T R A C T   

Modern marine settings are experiencing rapid deoxygenation mainly forced by global warming and anthro
pogenic eutrophication. Therefore, studies that assess the role of climate variability in large spatiotemporal 
deoxygenations during past climate changes are needed to better comprehend the consequences of the current 
global warming and ocean deoxygenation. In this respect, deep marine sediments associated to past oxic-to- 
anoxic transitions are useful palaeoarchives for understanding the interplay between climate variability, deep- 
water dynamics and large-scale deoxygenation. Moreover, they can offer long-term perspectives to modern 
marine settings that are suffering oxygen depletion due to climate change and anthropogenic pressure. In 
particular, sapropel layers from the Middle Pleistocene to the Holocene are excellent palaeoarchives of past 
large-scale deoxygenation events, since (i) they occurred during a similar Mediterranean hydrogeographic 
configuration to the present, (ii) have a robust chronological control, and (iii) previous studies have recon
structed the climate conditions that ruled during their deposition. In this work, we have applied empirical 
palaeoceanographic conceptual models to five sapropels (S1, S5, S6, S7 and S8) in three Eastern Mediterranean 
(EM) settings. The models suggest that the hydrographic regimes of all studied sapropels can be considered as 
analogues to those observed in certain modern marine restricted settings. The results obtained support the idea 
that climate and the degree of surface-water freshening are the primary factors that influence deep-water dy
namics in marine restricted settings, that in turn control the frequency and intensity of bottom-water deoxy
genation and the stability and depth of the chemocline. The deepest EM sites are the most vulnerable locations to 
develop bottom-water restriction and deoxygenation. Local hydrogeographic factors play an essential role in the 
extent and frequency of bottom-water deoxygenation. Particulate shuttling was very intense during sapropel 
deposition and water-mass exchange between EM and Western Mediterranean controlled the intensity of the 
basin reservoir effect and Mo budget in EM.   

1. Introduction 

An oxygen loss between 1 and 7% in oxygen is expected by 2100 in 
most marine areas around the globe (Breitburg et al., 2018). Deoxy
genation is considered one of the most impacting ocean stressors in 
present marine systems, since a decrease in oxygen content alters pro
ductivity, biodiversity and biogeochemical cycles (Levin, 2018). 
Although deoxygenation can be linked to increased productivity, deep- 
water dynamics also play a major role in the intensity, duration and 
extent of deoxygenation (van Santvoort and de Lange, 1996; Warning 
and Brumsack, 2000; Gallego-Torres et al., 2007a; Algeo and 

Tribovillard, 2009; Gallego-Torres et al., 2012; Grimm et al., 2015; 
Levin, 2018; Algeo and Li, 2020; Lathika et al., 2021). Nonetheless, little 
is known about the interplay of climate conditions with large-scale 
deoxygenation and deep-water circulation, and about the influence of 
local hydrogeographic factors. 

Palaeoceanographic reconstructions of past large-scale de
oxygenations linked to climate variability are crucial to better under
stand the responses of modern marine systems vulnerable to experience 
oxygen loss due to the current climate change and anthropogenic pres
sure (Stocker et al., 2013; Levin, 2018; Dermawan et al., 2022). In this 
regard, sapropels, as layers with TOC (total organic carbon) content 
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above 2%, represent rapid oxic-to-anoxic transitions induced by rapid 
climate variability (over time scales of hundreds of years or even de
cades) (Cita et al., 1977). Therefore, they can offer relevant insights 
about the role of climate change on large-scale deoxygenation and deep- 
water dynamics (Marino et al., 2007; Grimm et al., 2015; Benkovitz 
et al., 2020; Blanchet et al., 2020; Hennekam et al., 2020). Moreover, 
large-scale deoxygenations during sapropels deposition over the 
Pleistocene-Holocene occurred during a similar hydrogeographic 
configuration as today, thus allowing to make palaeooceanographic 
inferences from modern oceanographic observations (Rohling et al., 
2015). 

In the Eastern Mediterranean (EM), the deposition of sapropels is 
controlled by astronomical precession cycles (Kidd et al., 1978; Calvert, 
1983; Emeis et al., 1996, 2000). Minimum astronomical precession 
periods caused periods of maximum insolation in the northern hemi
sphere, which produced an intensification and a northward migration of 
the African monsoons, resulting in greater discharge of fresh-water and 
nutrients into the EM (De Lange et al., 1989; Hilgen, 1991; Lourens 

et al., 1996; Hennekam et al., 2014; Weldeab et al., 2014; Rohling et al., 
2015; Tachikawa et al., 2015). The increased marine productivity and 
weakened water-column circulation (reduced vertical mixing), resulting 
in oxygen depletion in the bottom-waters, promoted the deposition and 
preservation of organic-rich sapropels (Cita and Grignani, 1982; Rossi
gnol-Strick, 1985; Rohling, 1994; Gallego-Torres et al., 2007a, 2007b, 
2010; Marino et al., 2009; Rohling et al., 2015; Zwiep et al., 2018). 

In this context, this work assesses the consequences of past climate 
variability on water-column dynamics and redox conditions in bottom- 
waters during sapropel deposition. This is achieved by applying 
different palaeoceanographic conceptual models based on empirical 
geochemical data (trace metal concentration and TOC%) obtained from 
well-studied modern marine systems (Algeo and Lyons, 2006; Algeo 
et al., 2007; Algeo and Maynard, 2008; McArthur et al., 2008; Algeo and 
Tribovillard, 2009; Tribovillard et al., 2012; Sweere et al., 2016; 
McArthur, 2019). These conceptual palaeoceanographic models have 
been applied to five recent sapropels (S1, S5, S6, S7 and S8) from three 
EM locations that represent different oceanographic regimes (Figs. 1 and 

Fig. 1. (a) Satellite image showing the location of the three studied ODP sites (964, 966 and 969); (b) bathymetric section showing the depth of the three ODP sites; 
available under the European Marine Observation Data Network (EMODnet) Seabed Habitats initiative (http://www.emodnet-seabedhabitats.eu/). ES: Eratosthenes 
Seamount, IB: Ionian Basin, LB: Levantine Basin, MR: Mediterranean Ridge. 
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2). The models provided key insights into (i) the consequences of past 
climate variability on water-column dynamics and physicochemical 
properties, (ii) the influence of local hydrogeographic features (i.e., 
water-depth, proximity to continental borderlands, local active cur
rents) on bottom-water dynamics and redox conditions, (iii) the extent 
of deep-water restriction and intensity of deoxygenation in EM during 
rapid climate changes, and (vi) long-term perspectives about modern 
marine settings vulnerable to develop oxygen deficiency in the near 
future. 

2. Oceanographic and palaeoceanographic setting 

The Mediterranean Sea is a complex marine system with a strong 
thermohaline circulation that allows deep-water masses to renew and 
oxygenate (Pinardi and Masetti, 2000; Millot and Taupier-Letage, 2005; 
Pinardi et al., 2015; Rohling et al., 2015). In general, it represents an 
exceptional natural laboratory to study the impacts of past and current 
climate changes since: (i) it is one of the most vulnerable regions or 
hotspots to climate change on Earth, (ii) it is very responsive to external 
and climate forcing (e.g., orbital forcing, anthropogenic forcing), (iii) it 
amplifies and anticipates marine responses to global climate change (its 
turnover timescale is about one tenth of the global ocean's), and (iv) its 
sedimentary record has remarkably preserved marine responses to past 
climate changes (Calvert, 1983; Emeis et al., 1996, 2000; Giorgi, 2006; 
Lionello et al., 2006; Rohling et al., 2015; Turco et al., 2015; Schroeder 
et al., 2016). These features derive from its geographic and oceano
graphic setting; latitude (transitional zone), semi-enclosed (restricted) 

marginal sea, relatively small area (~2,500,000 km2), deep water-depth 
(over 5000 m), hydrological balance (high evaporation rate), complex 
land-sea distribution and seafloor morphology. 

Today, the main three mechanisms controlling Mediterranean Sea 
circulation are wind stress, thermohaline forcing and Atlantic water- 
exchange (POEM Group, 1992; Millot and Taupier-Letage, 2005; Ami
tai et al., 2018). Atlantic Water (AW) enters the Mediterranean Sea 
through the Strait of Gibraltar and mixes with upwelled and saltier 
Mediterranean Intermediate Water (MIW), resulting in the formation of 
Modified Atlantic Water (MAW; upper 200 m to down to 600-1000 m 
water-depth) (Millot, 1999, 2009). Then MAW splits into a northward 
current and an eastward current. The eastward current passes through 
the Strait of Sicily (EM gateway; water-depth ~ 350 m) and reaches the 
EM (Fig. 2; Millot, 1999, 2009; Millot and Taupier-Letage, 2005). During 
winter-cooling, strong northern winds with dry and cold air masses 
evaporate Levantine Basin surface-water, increasing its salinity (i.e., 
density) and stimulating vertical convection, resulting in the formation 
of the Levantine Intermediate Water (LIW; between ~150 and ~ 600 m 
water-depth) (Lascaratos et al., 1999; Millot, 1999, 2009; Millot and 
Taupier-Letage, 2005; Pinardi et al., 2015; Rohling et al., 2015 and 
references therein). 

LIW contributes to the formation of the Easter Mediterranean Deep 
Water (EMDW). However, EMDW is mainly formed in the Adriatic Sea 
region and to a lesser extent, in the Aegean Sea region (Fig. 2; Wüst, 
1961; Miller, 1963; Lascaratos et al., 1999; Millot and Taupier-Letage, 
2005). In winter, Adriatic shelf water becomes cooler and its salinity 
increases under the action of cold and dry north-easterly winds (Ozsoy, 
1981; Astraldi and Gasparini, 1992; Sparnocchia et al., 1994). Shelf 
waters sink towards the deep south of the Adriatic Basin, where it mixes 
with LIW and leads to the formation of the Adriatic Deep Water (ADW). 
ADW reaches the abyssal Ionian Basin, where it becomes the major 
contributor for EMDW circulation (Fig. 2; POEM Group, 1992; Amitai 
et al., 2018). 

In recent decades, temperature, salinity and density of Mediterra
nean deep-water masses have increased, while deep-water convection 
and oxygen content have significantly decreased (Roether et al., 1996; 
Sparnocchia et al., 2006). In fact, from 1950 to 2010, the Mediterranean 
below 1000 m underwent the strongest salinity gain anywhere in the 
world and have suffered important oceanographic changes that weak
ened deep-water circulation (e.g., Western Mediterranean Transition and 
Eastern Mediterranean Transient) (Lascaratos et al., 1999; Malanotte- 
Rizzoli et al., 1999; Skliris et al., 2014; Schroeder et al., 2016). These 
oceanographic changes have been partially attributed to anthropogenic 
disturbances, such as the damming of the Nile in 1964, which has 
increased by ~30% the formation rate of LIW, which explains ~45% of 
the salinity increase in Western Mediterranean Deep Water and 
contributed to triggered Eastern Mediterranean Transient (Skliris and 
Lascaratos, 2004). 

In general, the present EM thermohaline circulation and low primary 
productivity promote oxic and ultra-oligotrophic conditions in the 
water-column, low TOC content in sediments (from 0.1 to 0.2%) and a 
conservative behavior of Mo and U as in global ocean ([U] ~3.23 ng/g, 
([Mo] ~10 ng/g) (Abbott, 1977; Morford and Emerson, 1999; Delanghe 
et al., 2002; Rohling et al., 2015). However, during sapropel deposition 
weakened anti-estuarine circulation and increased fresh-water 
discharge, reduced vertical-mixing and decreased surface-water 
salinity (Rohling et al., 2015; Zirks et al., 2019). The main fresh-water 
inputs came from the Nile River and palaeo African drainages (Gal
lego-Torres et al., 2007a; Rohling et al., 2015; Tachikawa et al., 2015; 
Wu et al., 2016, 2018), although during some cold sapropel events (e.g., 
S6), fresh-water inputs from northern margins of the EM were also 
important (Gallego-Torres et al., 2007a). Large fresh-water inputs 
increased surface-water buoyancy and created a strong halocline, which 
decreased or even stop vertical mixing and deep-water formation in the 
Adriatic and Aegean Sea. This led to deep-water restriction and caused 
an upward migration of the redox chemocline from the sediment-water 

Fig. 2. (a) 3D scheme (not to scale) of the modern EM circulation modified 
from Lascaratos et al. (1999), showing the main EM water-masses, currents and 
deep-water formation sites, and the main fresh-water inputs (fluvial inputs). IB: 
Ionian Basin (site 964), MR: Mediterranean Ridge (site 969), ES: Eratosthenes 
Seamount (site 966), LB: Levantine Basin. Water-masses: ADW (Adriatic Deep 
Water), AeDW (Aegean Deep Water), EMDW (Eastern Mediterranean Deep 
Water), LIW (Levantine Intermediate Water), and MAW (Modified Atlantic 
Water). (b) Approximate relative sea-level (RSL) for the last 250 ka from Grant 
et al. (2014). Time interval of each sapropel is indicated (Ziegler et al., 2010; 
Grant et al., 2016). 
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interface (SWI) to the water-column, which caused deoxygenation in 
deep-waters and in intermediate-waters due to an expansion of the 
Oxygen Minimum Zones (Zirks et al., 2019). 

During sapropel events S1, S5 and S7, sea-level was comparable to 
the present sea-level, fluctuating just a few meters (<20 m below or 
above the present sea-level), but during cold sapropel events S6 and S8, 
large ice volumes trapped in the poles and continental glaciers led to a 
lower sea-level, >60 m below the actual level (Fig. 2) (Grant et al., 2014; 
Rohling et al., 2014; Sainz de Murieta et al., 2021). 

3. Geochemical palaeoceanographic frameworks 

The reconstruction of chemical and physical conditions in the water- 
column during ancient deoxygenation events is not always straightfor
ward from a direct interpretation of geochemical data. In this regard, 
empirical conceptual models based on geochemical patterns allow to use 
modern marine restricted settings as analogues hydrogeographic sce
narios to the different sapropel events in EM. This can help to establish a 
wide spectrum of palaeoenvironmental and palaeohydrographic infor
mation, such as, robust differentiation between restricted and unre
stricted settings, redox conditions in the water-column, stability of the 
chemocline, and degree of bottom-water restriction (Algeo and Lyons, 
2006; Algeo et al., 2007; Algeo and Maynard, 2008; McArthur et al., 
2008; Algeo and Tribovillard, 2009; Algeo et al., 2011; Tribovillard 
et al., 2012; Little et al., 2015; Sweere et al., 2016; McArthur, 2019). 

Applied theorical palaeoceanographic models rely on the covariation 
patterns of trace metals and organic carbon empirically obtained from 
well-studied modern marine systems. The models applied are: (i) the 
CoEF x MnEF vs. %Al plot model from Sweere et al. (2016) and modified 
by McArthur (2019), (ii) the Mo-U covariation plot model from Algeo 
and Tribovillard (2009), (iii) the Mo-TOC covariation plot model from 
Algeo and Lyons (2006), and (iv) the [Mo]aq - renewal time model from 
Algeo et al. (2007). 

(i) The CoEF x MnEF - Al% plot model from Sweere et al. (2016) and 
modified by McArthur (2019) allows to discriminate between restricted 
and unrestricted marine settings. The established CoEF x MnEF threshold 
between restricted and unrestricted marine settings is 0.4, which was 
empirically determined by McArthur (2019). The limitation of this 
model is that it can only discriminate between extreme hydrographic 
scenarios, strong restriction or enhanced upwelling. 

(ii) The Mo-U covariation plot model from Algeo and Tribovillard 
(2009) is a powerful tool to evaluate benthic redox conditions, stability 
of the chemocline, and the intensity of particulate shuttling and its in
fluence on trace metals burial fluxes. The intensity of particulate shut
tling in marine basins is obtained by the fact that the transfer of 
molybdenum (Mo) from the water-column to the sediments is boosted 
by particulate shuttling, unlike uranium (U), which is not influenced by 
this process (Tribovillard et al., 2006, 2012). The preferential transfer to 
the sediments of Mo over U due to particulate shuttling, allows Mo-U 
covariation plot patterns to assess the intensity of particulate shuttling 
and its influence on Mo burial fluxes in ancient marine settings (Berrang 
and Grill, 1974; Helz et al., 1996; Morford et al., 2005; Algeo and Tri
bovillard, 2009; Algeo et al., 2011; Tribovillard et al., 2012; Scholz 
et al., 2017; Scholz, 2018; Chiu et al., 2022). 

The assessment of redox conditions using the Mo-U plot model is not 
straightforward for restricted marine settings due to the “basin reservoir 
effect”. The basin reservoir effect implies restricted trace metal resupply 
during water stagnation, which in turn drawdowns trace metals con
centrations in bottom-waters and limits Mo and U authigenic uptake by 
seafloor sediments. However, the Mo/U trends observed in modern 
restricted marine settings allow to infer palaeo redox conditions and 
other parameters, such as, stability of the chemocline and intensity of 
the basin reservoir effect (Jacobs et al., 1985; Crusius et al., 1996; Algeo 
and Tribovillard, 2009; Paul et al., 2023). 

(iii) The Mo-TOC plot model from Algeo and Lyons (2006) is a 
particularly helpful tool for establishing a qualitative degree of water- 

mass restriction in ancient marine systems with oxygen-depleted con
ditions (Algeo and Rowe, 2012). This conceptual model is supported by 
the fact that during restricted and oxygen-depleted conditions, Mo is 
scavenged from seawater into the underlying sediments by authigenic 
uptake (Bertine and Turekian, 1973; Tribovillard et al., 2006). This 
triggers Mo depletion, mainly in bottom-waters, until a future deep- 
water renewal event resupplies Mo to the bottom-waters. Hence, if re
striction is intermittent and frequent deep-water renewal occurs, Mo is 
efficiently resupplied to deep-waters, which is evidenced as high Mo- 
TOC regression slope values. However, if deep-water restriction is 
more stable, the renewal of deep-waters decreases and euxinia becomes 
more recurrent and perennial. This causes a reduction of Mo resupply to 
the water-column and a more intense basin reservoir effect, which 
translates into lower Mo-TOC regression slope values (Algeo and Lyons, 
2006; McArthur, 2019). 

(iv) The [Mo]aq-renewal time model from Algeo et al. (2007), which 
derives from the Mo-TOC plot model from Algeo and Lyons (2006), is a 
useful model to qualitatively estimate deep-water renewal frequency in 
ancient marine system. In modern marine restricted settings, aqueous 
Mo concentration ([Mo]aq) and renewal time of bottom-waters have a 
linear relationship. Therefore, these parameters can be estimated 
(qualitatively) in ancient settings using a Mo-TOC regression slope (m) 
obtained from varied modern marine restricted settings (Black Sea, 
Framvaren Fjord, Cariaco Basin and Saanich Inlet). Consequently, 
qualitative bottom-water Mo concentration and renewal frequency are 
obtained for each sapropel event, at the three EM locations (i.e., Ionian 
Basin, Mediterranean Ridge and Eratosthenes Seamount), by plotting 
each sapropel m on the abscissa axis of the model. This conceptual model 
classifies sapropels as black shales categories. It is worth emphasizing 
that only qualitative estimation of deep-water renewal frequency can be 
achieved with this model. Marine settings tend to have different redox 
thresholds and trace metals dynamics due to different hydrogeographic 
factors (e.g., basin size, seafloor morphology and water-depth) and 
sedimentation rates. These factors limit a straightforward correlation 
between ancient and modern settings for the quantitative determination 
of deep-water renewal times (y) and [Mo]aq during sapropel events 
based on Mo-TOC covariation patterns (Liu and Algeo, 2020). 

4. Materials and methods 

4.1. Core description, sampling and chronology 

Three ODP Leg 160 sites (964, 966 and 969) were selected in a 
transect across the EM in order to represent different oceanographic 
regimes and water-depths. Background sediments of the studied core 
sediments are principally composed by nannofossil clay, clayey nanno
fossil ooze and nannofossil ooze, varying in colour from brownish to 
more greenish and grayish (Emeis et al., 1996). Site 964 (36◦15.623′N, 
17◦45.000′E) is located at the Ionian Basin and represents the deepest 
marine setting with a water-depth of 3658 m (Figs. 1 and 2). This 
location is principally influenced by ADW and Western Mediterranean 
(WM) water masses. Site 966 (33◦47.765′N, 32◦42.090′E) is situated 
near the northern margin of the plateau area of the Eratosthenes 
Seamount, which represents a shallow pelagic setting with a water- 
depth of 940 m. This site offers the opportunity to evaluate the redox 
evolution and bottom-water restriction at a shallower water-depth. Site 
969 (33◦50.399′N, 24◦53.065′E) has a water-depth of 2200 m. It is sit
uated on the Mediterranean Ridge, and represents the centermost 
location of the EM, mainly influenced by the EMDW and the LIW (Emeis 
et al., 1996; Rohling et al., 2015) (Figs. 1 and 2). 

The five selected sapropels represent different environmental con
ditions and African monsoon intensities, and were deposited from the 
Middle Pleistocene to the Holocene. Their onset and termination ages 
have been previously established: S1: 10.5–6.1 ka (MIS 1), S5: 
128.5–121.3 ka (MIS 5e), S6: 178.5–165.5 ka (MIS 6d), S7: 198.5–191.9 
ka (MIS 7a), and S8: 224.1–209.5 ka (MIS 7c-7d) (Ziegler et al., 2010; 
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Grant et al., 2016). Sapropels S3 (85.8–80.8 ka) and S4 (107.8–101.8 ka) 
exist in EM sedimentary record but were not the focus of this study 
(Fig. 2b) (Grant et al., 2016). Sapropels intervals were sampled at 2 cm 
resolution, including the sapropels and the underlying and overlying 
sediments, which offers information on non-sapropel deposition and 
allows to determine the changes that EM hydrographic regime suffered 
during sapropels onset and termination. Base and top of sapropels were 
identified using Ba/Al ratio profiles since original TOC content signal is 
susceptible to be altered during post-depositional oxidation (Fig. 4) 

(Higgs et al., 1994; van Santvoort et al., 1996; Gallego-Torres et al., 
2007a, 2007b, 2010; Rohling et al., 2015). 

4.2. Geochemical analysis of sediments 

4.2.1. Major and trace elements 
Samples were dried and then powdered in an agata mortar. Due to 

sample size limitation, XRF analysis for major elements quantification 
was only performed in S1 samples (prepared as fused beads) from Site 

Fig. 3. (a) Table showing mean and maximum values of TOC%, Mo concentration (ppm) and EFs of Mo, U, Co and Mn in each sapropel at the three EM locations. (b) 
Box-whisker plots showing a comparison between sites for the different sapropels. The box represents the inter-quartile range, the line in the box represents the 
median and the whiskers represent the 5th and 95th percentiles. Trace metal enrichments and TOC% are shown in log10 scale. Insolation cycles (i-cycles) and time 
intervals of each sapropel are also indicated. S1 and S5 ages from Grant et al. (2016) and S6, S7 and S8 ages from (Ziegler et al. (2010). 
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964. XRF was carried out at Instituto Andaluz de Ciencias de la Tierra 
(IACT), with a S4 Pioneer from BRUKER, equipped with a 4 kW wave
length dispersive X-ray fluorescence spectrometer (WDXRF) and a Rh 
anode X-ray tube (60 kV, 150 mA). XRF precision was better than 
±0.3% for major elements. In the rest of samples, major elements were 
measured with an ICP-OES Perkin-Elmer Optima 8300 (Dual View) with 
an autosampler Perkin-Elmer. Certified standards (BR-N, GH, DR-N, UB- 
N, AGV-N, MAG-1, GS-N, and GA) were measured for element quanti
fication. Trace elements, in all samples, were measured using an ICP-MS 
NexION 300d (Perkin Elmer) spectrometer using Rh as internal stan
dard. For major elements, ICP-OES precision was better than ±1% and 
for trace elements ICP-MS precision was better than ±5% for analyte 
concentrations of 10 ppm (Bea, 1996). 

ICP-MS and ICP-OES analyses were carried out at the Scientific 
Instrumentation Center (CIC, University of Granada) and measured 
using the same solutions, which were prepared in batches of 25 to 30 
samples, and analytical blanks were introduced in each sample batch. 
Solutions were prepared with 0,1 g of powdered sample in Teflon ves
sels, where successive acid digestions using HNO3 (ultra-pure with a 
69% concentration) and HF (48% concentration) were performed at 
130 ◦C until evaporation. A final acid digestion with HNO3 and water at 
80 ◦C for 1 h was also performed. Subsequently, the digested samples 
were diluted with Milli-Q water in 100 ml volumetric flasks (Bea, 1996). 

4.2.2. Organic matter content 
TOC content was measured by the Rock-Eval pyrolysis method, at the 

Institute of Earth Sciences (ISTE) of the University of Lausanne (UNIL). 
The Rock-Eval pyrolysis method consisted of a programmed tempera
ture heating (from 200 ◦C to 850 ◦C, in successive steps), in a pyrolysis 
oven with an inert atmosphere (N2). TOC% is calculated from the ob
tained thermograms using the following equation; TOC% = Pyrolysed 
Carbon (wt%) + Residual Carbon (wt%). Samples were calibrated using 
the IFP160000 standard with an instrumental precision of <0.1 wt% for 
TOC (Lafargue et al., 1998; Behar et al., 2001; Ordoñez et al., 2019). 

5. Results 

Results of the main geochemical parameters used for the construc
tion of the palaeoceanographic conceptual models (TOC (%), Mo (ppm), 
UEF, MoEF, CoEF and MnEF) are presented in Figs. 3 and 4. Trace metals 
Enrichment Factors (EFs) were obtained by applying the following 
equation: TMEF = (TM/Al)sample/(TM/Al)reference, with the post-Archean 
Australian shale (PAAS) values from Taylor and McLennan (1995) as 
reference values to enable comparability with other studies, even when 
local background TM/Al values may be preferred over bibliographic 
reference values (Paul et al., 2023). The largest Mo and U enrichments 
are recognized in the Mediterranean Ridge (Site 969), followed by the 
Ionian Basin (Site 964), and the lowest Mo and U enrichments lowest at 
Eratosthenes Seamount (Site 966). Sapropels S5, S6 S7 are the sapropels 
most enriched in Mo and U (Figs. 3 and 4) and have similar Mo con
centrations. Sapropels S5 and S7 are more enriched in U than sapropel 
S6, while S6 is more enriched in Mo. S1 and S8 register the lowest U and 
Mo concentrations among all the studied sapropels, where S1 has the 
lowest U and Mo concentrations, but the highest Mn concentrations, 
especially at the Mediterranean Ridge. Co has similar concentrations in 
the three locations and in the five sapropels (mean CoEF from 2 to 4.8), 
though it is slightly higher at the Mediterranean Ridge (Figs. 3 and 4). 

Regarding the TOC content, it is higher in the Ionian Basin and 
Mediterranean Ridge than in the Eratosthenes Seamount. S1 and S8 
exhibit the lowest TOC content (below 1.5 mean TOC%), followed by S6 
(below 2.1 mean TOC%). S5 and S7 present the highest TOC content, 
reaching up to 5% in S5 at the Mediterranean Ridge (Figs. 3 and 4; 
Supplementary Material). 

Fig. 4 shows the Mo, U and TOC enrichments in sapropels layers. 
Some Mo and U enrichment are associated to post-depositional pro
cesses and remobilization. (i) Downward oxidation caused Mo 

remobilization and subsequent Mo enrichments in the oxidation front in 
S1 at the Mediterranean Ridge and Eratosthenes Seamount (Fillippidi 
and De Lange, 2019), (ii) strong downward sulfidation caused Mo en
richments below S1 at the Mediterranean Ridge (Passier et al., 1996), 
and (iii) intense reoxygenation during reventilation caused downward 
migration of U enrichment in S1 at the Mediterranean Ridge and Era
tosthenes Seamount (Zheng et al., 2002; Tribovillard et al., 2006) 
(Fig. 4). Consequently, sapropels strongly affected by these post- 
depositional processes or with weak Mo and TOC enrichments due to 
weak oxygen depletion, generated unreliable Mo-TOC regression slopes. 
For these reasons, the degree of deep-water restriction using the Mo- 
TOC regression slopes will not be assessed for S1 at Eratosthenes 
Seamount and the Mediterranean Ridge, and for S8 and S6 at Eratos
thenes Seamount. 

6. Discussion 

The Ionian Basin, Mediterranean Ridge and Eratosthenes Seamount 
represent very different hydrogeographic regimes. However, almost all 
sapropel values and non-sapropel values, at the three locations, fall in 
the “restricted” area of the CoEF x MnEF - Al% plot model, even Eratos
thenes Seamount, the shallowest location and the most susceptible to 
experience lateral advection (Fig. 5c). Therefore, this model supports 
that EM sub-basins can be considered restricted marine settings since 
they have a similar behavior to the modern Baltic Sea or Black Sea in the 
CoEF x MnEF - Al% plot model (McArthur, 2019). In these restricted 
settings, Co and Mn cannot escape the “closed” system due to reduced 
water-column circulation and enhanced trapping efficiency (Sweere 
et al., 2016; McArthur, 2019). Consequently, Co and Mn are perma
nently fixed in the sediments via redox cycling, where Co is typically 
fixed in pyrite (FeS) or as its own sulfide (CoS), while Mn is typically 
fixed as rhodochrosite (MnCO3) or as Mn-oxyhydroxides depending on 
the redox conditions (Calvert and Pedersen, 1996, 2007; Tribovillard 
et al., 2006; Dellwig et al., 2010; Böttcher et al., 2012). Moreover, the 
data suggest that CoEF x MnEF - Al% plot model responds better to 
regional than to local factors and does not discriminate sapropel from 
non-sapropel sediments since their values overlap (Fig. 5). 

6.1. Particulate shuttling and degree of oxygen depletion 

In general terms, the MoEF-UEF covariation patterns observed in EM 
during sapropel deposition indicate intense particulate shuttling, similar 
to the observed in the present Cariaco Basin. However, according to the 
MoEF-UEF covariation patterns, each sapropel event presents specific 
hydrographic features. S5, at the Ionian Basin, and S5 and S7 at the 
Mediterranean Ridge, show deviating values from the rest of the sap
ropels (UEFs > 20 and MoEFs > 200), which converge with the redox 
trend recorded in unrestricted marine settings (Fig. 6). According to 
Tribovillard et al. (2012), in restricted marine settings this pattern is 
indicative of a restricted water-column with strong and stable euxinic 
conditions and intense particulate shuttling. The lower Mo/U ratios 
suggests progressive Mo drawdown due to poor Mo resupply to bottom- 
waters and the higher authigenic U concentrations in comparison to the 
rest of sapropels suggesting higher U fixation rate due to stronger and 
more stable anoxia/euxinia. Therefore, S5 and S7 deposition in EM 
occurred under strong and stable deep-water euxinia, as is also 
demonstrated by the covariation patterns of Fe, U and Mo isotopes in S5 
and S7 (Andersen et al., 2018; Benkovitz et al., 2020; Sweere et al., 
2021; Chiu et al., 2022). 

Conversely, S1 and S8 have the lowest authigenic U and Mo con
centrations, suggesting the weakest particulate shuttling activity and 
oxygen depletion at the three sites, where suboxic conditions in the 
water-column seem to have ruled during most of their deposition 
(Fig. 6). Nevertheless, the Mo enrichment by itself in S1 and S8, 
demonstrate that during their deposition sulfidic conditions were 
reached, especially in EM deepest settings. This goes in agreement with 
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Fig. 4. Chemostratigraphic figure showing MoEF, UEF, TOC% and Mn/Al plotted in vertical dimension for sapropels S1, S5, S6, S7 and S8 from the Ionian Basin, 
Mediterranean Ridge and Eratosthenes Seamount. For sapropels time intervals references see Fig. 3. 
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recent studies that used Fe, U and Mo isotopes to support that sulfidic 
conditions were reached during S1 deposition (Azrieli-Tal et al., 2014; 
Matthews et al., 2017; Andersen et al., 2020; Sweere et al., 2021). 
Furthermore, S1 at the three locations and S8 at the Ionian Basin and 
Mediterranean Ridge, show abrupt “marker beds” evidenced by Mn 
peaks on the top of the sapropels (Fillippidi and De Lange, 2019), which 
in some cases are accompanied with Mo enrichments associated with 
Mn-oxyhydroxides (e.g., S1) (Figs. 4 and 5). This demonstrates that 
strong and rapid bottom-water ventilation occurred in EM below 900 m 
after S1 and below 2000 m after S8. 

S6 is the most influenced sapropel by particulate shuttling. 

Extremely high Mo concentrations (MoEF > 200) and low U concentra
tions (UEF > 25) are indicative of marine systems with frequent fluctu
ations of the chemocline depth (from below the SWI to the water-column 
and vice versa) and high-frequency temporal redox variations (i.e., un
stable bottom aoxia/euxinia), due to an unstable hydrographic regime 
with intense particulate shuttling and frequent deep-water renewal 
(Figs. 8 and 9) (Algeo and Lyons, 2006; Algeo and Tribovillard, 2009; 
Scholz et al., 2017). The fluctuating chemocline and the frequent deep- 
water renewal during S6 deposition vastly resupplied trace metals to 
bottom-waters and led to “Mo burial pumps” (Algeo and Tribovillard, 
2009) (Figs. 6 and 9). 

The principal source of Mo for authigenic uptake in EM is seawater 
(Nijenhuis et al., 1998), therefore, the high Mo concentrations and the 
palaeoceanographic models suggest that Mo was not depleted in EM 
water-masses during S6 deposition. This supports increased Mo resupply 
and high Mo concentrations in EM bottom-waters during S6, despite the 
lower sea-level and shallower basin sill between WM and EM, i.e., the 
Strait of Sicily, which had a depth of 250 m (Fig. 9). This is probably 
associated to the fact that surface-water exchange between WM and EM 
was vigorous during S6 due to increased low-density Atlantic inflow into 
the Mediterranean, fueled by melted Atlantic ice sheets (Sierro and 
Andersen, 2022). Consequently, WM and EM water-mass exchange 
efficiently resupplied Mo and other trace metals to EM, where they were 
supplied to bottom-waters by intermittent deep-water formation during 
cold periods. Nevertheless, the low-density surface-waters that reached 
EM, probably weakened deep-water formation in the Adriatic Sea and 
Aegean Sea and promoted brief bottom-water stagnation and euxinia. 

However, according to the applied theorical models, Mo was pro
gressively depleted in EM water-masses during S5 and S7. This supports 
enhanced basin reservoir effect and weak surface-water exchange be
tween EM and WM during S5 and S7 deposition, where Mo uptake rate 
by seafloor sediments was higher than the Mo input from WM, causing a 
progressive Mo drawdown in EM deep water-masses (Benkovitz et al., 
2020; Sweere et al., 2021). During S1 and S8, Mo was not depleted in EM 
water-masses, probably because oxygen depletion was not strong 
enough to cause Mo burial rates to surpass Mo resupply in EM bottom- 
waters (Fig. 6). In the case of S8, water-mass exchange between EM 
and WM was probably enhanced (i.e., higher Mo resupply) since it was 
deposited during a glacial period (i.e., colder temperatures), as occurred 
during S6 (Sierro and Andersen, 2022). 

In respect to differences between locations, the Mediterranean Ridge 
and the Ionian Basin developed stronger oxygen depletion and more 
intense particulate shuttling (higher Mo and U concentrations) than 
Eratosthenes Seamount during sapropel deposition. However, the 
Mediterranean Ridge sediments have higher U concentrations than 
Ionian Basin sediments, indicating that the Mediterranean Ridge (at 
least below 2200 m) suffered stronger oxygen depletion than the Ionian 
Abyssal Plain. Weaker oxygen depletion at the Ionian Basin than at the 
Mediterranean Ridge, is probably due to its hydrogeographic location (i. 
e., local factors). The Ionian Abyssal Plain appears to be more responsive 
to the formation of EM deep-water masses (e.g., ADW Outflow and 
EMDW), which prevent it from experiencing stronger bottom-water 
deoxygenation despite being the location that develops earlier oxygen 
depletion. Eratosthenes seamount is the shallowest location (interme
diate waters), hence, has a smaller overlying water-column for trace 
metals to be scavenged (i.e., smaller trace metals reservoir) and is more 
prone to experience bottom-water renewal (Zirks et al., 2019), there
fore, it is the location with weaker particulate shuttling and oxygen 
depletion. However, particulate shuttling was still intense and similar to 
the modern Cariaco Basin (Fig. 6c). 

6.2. Degree of deep-water restriction 

Mo-TOC regression slopes (m) obtained from modern marine settings 
with different degrees of deep-water restriction (i.e., Saanich Inlet, 
Cariaco Basin, Framvaren Fjord and Black), serve as an analogue 

Fig. 5. The CoEF x MnEF vs. Al% conceptual model of Sweere et al. (2016) and 
modified by McArthur (2019) used to interpret depositional environments 
(restricted vs. unrestricted) at each location. Field divider (dashed line) is CoEF 
x MnEF = 0.4. Sapropels and non-sapropel data are illustrated with different 
colors. (a) Ionian Basin (S1 n = 8, S5 n = 10, S6 n = 16, S7 n = 7, S8 n = 16, 
non-sapropel n = 108), (b) Mediterranean Ridge (S1 n = 9, S5 n = 20, S6 n =
34, S7 n = 15, S8 n = 11, non-sapropel n = 96), and (c) Eratosthenes Seamount 
(S1 n = 9, S5 n = 9, S6 n = 20, S7 n = 16, S8 n = 11, non-sapropel n = 65). 
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hydrographic scenario to each sapropel event and allow to estimate a 
qualitative degree of deep-water restriction. There is congruence for the 
degree of deep-water restriction at regional scale for each sapropel 
event. However, local variability in particulate shuttling intensity and 
degree of bottom-water restriction during sapropel events caused dif
ferences in Mo burial fluxes between sites, and subsequent differences in 
the Mo-TOC regression slopes (Algeo and Lyons, 2006; Liu and Algeo, 
2020). In this sense, the Mo-TOC regression slopes are more sensitive to 
local hydrographic factors than the CoEF x MnEF vs. Al% plot model, 
which enables to mark out differences in the degree of deep-water re
striction between sites during the deposition of each sapropel. 

During each sapropel event, deep-water masses were restricted to 
different degrees. S1 slope at the Ionian Basin (m ~ 11.3 ± 1.3) suggests 
a degree of deep-water restriction similar to the modern Framvaren 
Fjord. Hence, despite weak African monsoon intensity and low fresh- 
water input during S1 deposition (Rohling et al., 2015; Gallego-Torres 
et al., 2007a), S1 developed strong deep-water restriction and low- 
frequency temporal redox variations at the deepest EM settings 
(Figs. 7a and 8). Conversely, S1 did not develop stable bottom-water 
restriction at shallower sites than the abyssal Ionian Basin (e.g., Medi
terranean Ridge or Eratosthenes Seamount). Consequently, we can state 
that shallower sites than the Ionian Basin are less prone to develop stable 
deep-water restriction and subsequent bottom-water euxinia. This 
agrees with Fillippidi and De Lange (2019) who state that S1 deposition 
occurred under variable redox conditions at different water-depths. 
However, the results also suggest that once stable deep-water restric
tion is established at the Mediterranean Ridge, it develops stronger ox
ygen depletion (i.e., higher U enrichments) than the Ionian Basin, as 
occurred during S5, S6, S7 and S8 (Fig. 9). 

S5 and S7 show the lowest Mo-TOC slope values (Fig. 7), therefore, 
represent sapropel events with the highest degree of water-mass re
striction among the studied sapropels with similar hydrographic regime 
as that in the Framvaren Fjord (m ~ 9 ± 2) or Black Sea (m ~ 4.5 ± 1), as 
also previously suggested (Gallego-Torres et al., 2007a; Rohling et al., 
2015; Andersen et al., 2018; Benkovitz et al., 2020; Sweere et al., 2021; 
Chiu et al., 2022). This means that during S5 and S7 deposition, deep- 
water restriction in EM was stronger and more perennial than during 
S1, S6 and S8. This agrees with the Mo isotope results from Sweere et al. 
(2021), which indicate that among the studied sapropels in this study, 
S5 and S7 are the sapropel events with the strongest oxygen depletion 
(comparable to the modern Black Sea), followed by S6, S8 and S1, 
respectively. This is linked to the climatic conditions that ruled S5 and 
S7 events, which were characterized by exceptionally strong African 
monsoons that drastically increased fresh-water input and caused severe 
surface-water freshening and sluggish deep-water circulation (Nolet and 
Corliss, 1990; Casford et al., 2003; Capotondi et al., 2006; Gallego- 
Torres et al., 2007a; Marino et al., 2007; Osborne et al., 2010; Rohling 
et al., 2015; Benkovitz et al., 2020). 

S5 and S7 seem to be the only sapropel events that developed 
perennial anoxia and stable bottom-water restriction and euxinia above 
1000 m below sea-level (i.e., in intermediate-waters), since they are the 
only sapropels that reached relatively high Mo concentrations (between 
50 and 100 ppm) at Eratosthenes Seamount. At this location, Mo-TOC 

(caption on next column) 

Fig. 6. MoEF-UEF conceptual model from Algeo and Tribovillard (2009). The 
plot model shows MoEF/UEF covariation patterns of sapropels at the three lo
cations. Sapropels and non-sapropel data is illustrated with different colors. 
Diagonal solid line represents seawater (SW) Mo/U molar ratio of ~7.5–7.9 and 
fractions thereof in dashed lines (3xSW and 0.3xSW). Red solid line: covariant 
Mo/U trend in modern Cariaco Basin (CB). Gray shaded area: redox trend of 
unrestricted marine (UM) settings. Red shaded area: intense particulate shut
tling. Mo(ppm) - U(ppm) correlation coefficients at each location: (a) Ionian 
Basin (r = +0.69; p(α) < 0.01; n = 165), (b) Mediterranean Ridge (r = +0.85; p 
(α) < 0.01; n = 159), and (c) Eratosthenes Seamount (r = +0.58; p(α) < 0.01; n 
= 132). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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slopes (m ~ 17.9 ± 2.6; m ~ 13 ± 3.2 respectively; Fig. 7c) fall between 
the Cariaco Basin slope (m ~ 25 ± 5) and the Framvaren Fjord slope, 
supporting moderate to strong bottom-water restriction and oxygen 
depletion in intermediate water-masses during their deposition. 

At the Ionian Basin and Mediterranean Ridge, S6 and S8 have the 
highest slope values (Fig. 7), therefore experienced the weakest deep- 
water restriction (i.e., the most frequent deep-water renewal) and had 
a similar degree of deep-water restriction as that in Saanich Inlet or 
Cariaco Basin, respectively. This could be linked to the fact that both 
sapropels were deposited under cold temperatures that promoted more 
frequent deep-water formation, which prevented stable euxinia in EM 
bottom-waters (Figs. 9c). However, S6 Mo-TOC slope at Eratosthenes 
Seamount (m ~ 13.6 ± 3.2) suggests the most restricted scenario among 
the three locations, being close to a Framvaren Fjord scenario (Fig. 7). 
Nevertheless, Mo concentrations in sapropel S6 at this location are not 
high enough to make its respective Mo-TOC slope reliable to state this. 
Moreover, this statement would go in disagreement with the other two 
locations that indicate frequent deep-water renewal and with the lower 
water-depth, normally related to weaker bottom-water restriction. 

6.3. Deep-water renewal frequency and [Mo]aq 

A qualitative deep-water renewal frequency is obtained for the sap
ropel layers at each location based on a comparison between Mo-TOC 
regression slopes (m) obtained from modern marine restricted settings. 
Empirical data suggest that high m values are characteristic of marine 
settings with weak deep-water restriction, frequent deep-water renewal, 
high Mo concentration in bottom-waters and high-frequency temporal 
redox variations (e.g., Saanich Inlet or Cariaco Basin), and the opposite 
for low m values (e.g., Black Sea or Framvaren Fjord). Therefore, modern 
marine restricted settings serve as analogues to determine more precise 
palaeohydrographic parameters, such as, qualitative deep-water 
renewal frequency and deep-water aqueous Mo concentration (Algeo 
et al., 2007; Little et al., 2015). 

S1 deep-water restriction signal was only recognized at the Ionian 
Basin, probably due to its greater water-depth that allowed rapid 
bottom-water restriction and deoxygenation (Azrieli-Tal et al., 2014). 
Therefore, stable euxinia during S1 occurred in the deepest EM settings 
with stable bottom-water restriction and under high export production 
areas (Casford et al., 2003). Consequently, the differences in EM settings 
exposed in the palaeoceanographic conceptual models suggest a limited 
extent of truly anoxic conditions in space, water-depth and time during 
S1 deposition due to local hydrogeographic features (Fig. 9a) (Fillippidi 
and De Lange, 2019). 

For most sapropels, the Mo-TOC regression slopes range between 10 
and 25, which correspond to intermediate-m black shales, however, 
some exceptions are observed. S7 and S5 at Mediterranean Ridge and S7 
for the Ionian Basin are the only sapropels that fall in the low-m black 
shales category, indicating the highest deep-water renewal time among 
the studied sapropels and the lowest aqueous Mo concentrations in 
bottom-waters. This is in accordance with the high bottom-water 
renewal time for S5 (1030 + 820/− 520 years) obtained from U iso
topes by Andersen et al. (2018). Therefore, S5 and S7 were deposited 
under a stable hydrographic regime with low-frequency redox variations 

(caption on next column) 

Fig. 7. Mo-TOC conceptual model from Algeo and Lyons (2006) applied to 
studied sapropels at each location. Regression slopes from different modern 
anoxic silled-basins are shown on the conceptual model as modern analogues to 
the sapropels (Saanich Inlet, m ~ 45 ± 5; Cariaco Basin, m ~ 25 ± 5; Fram
varen Fjord, m ~ 9 ± 2 and Black Sea, m ~ 4.5 ± 1). Gray arrows suggest 
degree of water-mass restriction. Slopes and slope values (m) of each sapropel 
are indicated in the figure. Mo(ppm) - TOC% correlation coefficients per 
location: (a) Ionian Basin (r = +0.65; p(α) < 0.01; n = 112), (b) Mediterranean 
Ridge (r = +0.80; p(α) < 0.01; n = 121), and (c) Eratosthenes Seamount (r =
+0.71; p(α) < 0.01; n = 115);. Detailed Mo-TOC statistic parameters of each 
sapropel in Fig. 8. 
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in deep-water masses (Fig. 9b). However, sporadic vertical mixing and 
associated resupply of trace-metals to bottom-waters could not have 
been totally absent since both sapropels reach high Mo concentrations in 
their sediments and only experience Mo depletion during its termination 
(Fig. 8) (Sweere et al., 2021). 

Another aspect that we suggest that should be to taken into consid
eration is that during stable deep-water stagnation in EM, brines derived 
from the dissolution of underlying evaporite deposits and mud diapirs 
can increase salinity in bottom-water masses (Emeis et al., 1996; van 
Santvoort and de Lange, 1996; Camerlenghi et al., 2019). Therefore, if 
deep-water masses are not frequently renovated, bottom-water salinity 
increases, especially in deep abyssal plains where brines tend to accu
mulate (van Santvoort and de Lange, 1996). Thus, we suggest that 
during periods of strong and stable water-column stratification, as 
occurred during S5 and S7 events, upward salinity fluxes from the 

sediments increased deep-water salinity increase. This in turn created a 
stronger halocline and pycnocline that inhibited vertical mixing and 
reinforced stagnation and trace metals depletion in bottom-waters. In 
contrast, during sapropel events characterized by more frequent deep- 
water renewal (e.g., S1, S6 and S8), such salinity fluxes did not drasti
cally increase bottom-water salinity since bottom-water masses were 
reventilated and renewed by vertical mixing during episodes of ther
mohaline circulation reactivation, preventing trace-metals to suffer 
strong depletion in bottom-waters (Figs. 9b). 

S6 presents the highest m values and is the only sapropel that falls 
into the high-m black shales category, suggesting a hydrographic regime 
with more frequent deep-water renewal and higher concentrations of 
aqueous Mo in bottom-waters among the studied sapropels (Fig. 8). This 
may relate to it being deposited during the end of a glacial climatic 
episode, as S8. Hence, they were deposited under colder temperatures 

Fig. 8. (a) Table showing Mo-TOC statistic parameters of each sapropel at the three locations. (b) [Mo]aq-deep-water renewal time model from Algeo et al. (2007). 
This conceptual model allows qualitative deep-water renewal frequency and deep-water [Mo]aq during deposition of sapropels. Sapropels are categorized in “low-m 
black shales” (m < 10), “intermediate-m black shales” (10 < m < 25), and “high-m black shales” (m < 25). Most study sapropels fall in category of “intermediate-m 
black shales”. (c) Modified conceptual redox classification scheme from Algeo and Li (2020) based on modern marine systems, where sapropel events are classified by 
the frequency of temporal redox variations, which can be low-frequency (LF), mid-frequency (MF), or high-frequency (HF). Modern analogues: BS: Black Sea, CB: 
Cariaco Basin, FF: Framvaren Fjord, and SI: Saanich Inlet. Sites water-depths: Ionian Basin: 3658 m, Mediterranean Ridge: 2200 m, and Eratosthenes Seamount: 940 
m. Only sapropels with reliable Mo-TOC slopes were included in this model. For sapropels time intervals references see Fig. 3. 
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than the average sapropel and lower sea-level that may have promoted 
upwelling currents and vertical convection, and subsequently, more 
frequent thermohaline reactivation and deep-water ventilation 
(Figs. 9c) (Gallego-Torres et al., 2007a; (Melki et al., 2010; Grant et al., 
2014). 

However, low-density Atlantic inflow was enhanced during this 
period, allowing low-density surface-waters to reach EM basin (Sierro 
and Andersen, 2022). Moreover, during S6 event, fresh-water inputs 
from northern borderlands (Europe) derived from melted Alpine ice 
sheets sourced large volumes of fresh-water into Adriatic Sea, which is 
the location where most EMDW is formed (Ozsoy, 1981; POEM Group, 
1992; Lascaratos et al., 1999; Gallego-Torres et al., 2007a). Therefore, 
the interplay between the aforementioned factors during S6 event 
weakened EMDW formation, which caused intermittent deep-water re
striction and associated intermittent anoxia/euxinia in deep EM settings 
(Fig. 9c) (Sierro and Andersen, 2022). 

EMDW intermittent circulation and enhanced water-mass exchange 
between EM and WM fluctuated the chemocline position from the water- 
column to below the SWI during the deposition of S6. This caused high- 
frequency temporal redox variations in EM deep settings and boosted 
Mo resupply to bottom-water, leading to higher aqueous Mo concen
trations in bottom-waters that ultimately promoted the aforementioned 
“Mo burial pumps” (Fig. 9c) (Algeo and Tribovillard, 2009). This ex
plains why S6 shows the highest Mo concentrations, even though it is not 
the sapropel event associated to the strongest euxinia among the studied 
sapropels (Gallego-Torres et al., 2007a; Rohling et al., 2015; Sweere 
et al., 2021). 

S8 represents a similar scenario to the modern Cariaco Basin, in 
terms of temporal redox variations and deep-water restriction and 
chemistry (Fig. 9). S. The frequent deep-water renewal during S8 is 
associated to the fact that it was deposited during a glacial period, where 
cold temperatures and dry air masses stimulated more frequent deep- 
water formation, as occurred during S6. However, S8 has lower Mo 
and U concentrations (Fig. 6), and higher Mn concentrations than S6, 
therefore S8 suffered weaker oxygen depletion, weaker surface-water 
freshening and lower primary productivity (Gallego-Torres et al., 
2007a), and probably weaker influence of low-density Atlantic inflow 
on EM water-column stratification (Fig. 9c). 

7. Conclusions 

The results obtained from the studied sapropels offer insights into the 
changes in deep-water circulation and redox conditions that EM expe
rienced during different climate conditions. This offers palaeo- 
perspectives to modern marine systems that are undergoing oxygen 
depletion due to the current global warming and anthropogenic pres
sure. Moreover, the exceptionally preserved oxic-to-anoxic transitions in 
EM contribute to better understand older large-scale deoxygenation 
events (e.g., Paleozoic and Mesozoic Oceanic “Anoxic” Events).  

1) It is shown that in restricted marine settings, climate and associated 
degree of surface-water freshening are the primary controls on deep- 
water dynamics, which in turn control the frequency and intensity of 
bottom-water deoxygenation, and the stability and depth of the 
chemocline. Warm and humid conditions (i.e., higher fresh-water 

inputs), as occurred during S5 and S7, promote more perennial re
striction and stronger oxygen depletion in EM deep-waters than 
cooler and more arid conditions, as occurred during S6 and S8.  

2) The deepest EM sites are the most vulnerable locations to develop 
deep-water restriction and deoxygenation. However, local hydro
graphic features (e.g., main active currents, proximity to continental 
borderlands, etc.) play an important role on the degree of deep-water 
restriction and deoxygenation. EM locations more influenced by 
ADW Outflow and EMDW currents develop weaker deep-water re
striction and oxygen depletion than deep EM locations less influ
enced by these water-masses, which develop more stable deep-water 
restriction (i.e., less frequent deep-water renewal) and stronger 
deoxygenation.  

3) Particulate shuttling was very intense in EM water-column during 
sapropel deposition, similar to the modern Cariaco Basin, which 
boosted burial fluxes of trace-metals influenced by this water-column 
process (e.g., Mo, Cu, Co, Ni, etc.).  

4) Intensity in water-mass exchange between WM and EM plays a key 
role in EM deep-water oxygenation during sapropel deposition, 
controls Mo budget in EM water-masses (i.e., controls the intensity of 
the basin reservoir effect in EM) and is more intense during cold 
sapropel events. 
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Fig. 9. Synthetic and schematic depositional model during the deposition of S1 (a), S5 and S7 (b), S6 and S8 (c), and non-sapropel periods (d) across the EM transect 
at the three studied locations (Ionian Basin = IB, Mediterranean Ridge = MR and Eratosthenes Seamount = ES in the Levantine Basin = LB). The schemes show the 
hydrographic and geochemical processes that ruled during each the deposition of each sapropel. The schemes are based on hydrographic schemes from Algeo and 
Tribovillard (2009) and data obtained from the palaeoceanographic geochemical conceptual models applied in this study. Qualitative productivity rate and relative 
fluvial inputs from Gallego-Torres et al. (2007a, 2010,). Temperature curve obtained by Emeis et al. (2003) from UḰ

37 (dark blue) at the Mediterranean Ridge and 
summer insolation curve (red) at 65◦N obtained by Laskar et al. (1993) are shown for each sapropel. FC: fluctuating chemocline, SC: stable chemocline, SST: sea 
surface-temperature, SWI: sediment-water interface. Water-masses: light blue represents oxic conditions and unrestricted water-mass; orange represents anoxic (non- 
sulfidic) conditions (zones of Fe(III), Mn(IV) and nitrate reduction) and dark blue represents sulfidic conditions (sulfate reduction) and restricted water-mass. Size of 
arrows reflect relative magnitudes of authigenic Mo and U fluxes to the sediment. For sapropels time intervals references see Fig. 3. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Ménot, G., Revel, M., 2015. Eastern Mediterranean Sea circulation inferred from the 
conditions of S1 sapropel deposition. Clim. Past 11, 855–867. https://doi.org/ 
10.5194/cp-11-855-2015. 

Taylor, S.R., McLennan, S.M., 1995. The geochemical evolution of the continental crust. 
Rev. Geophys. 33, 241–265. https://doi.org/10.1029/95RG00262. 

Tribovillard, N., Algeo, T.J., Baudin, F., Riboulleau, A., 2012. Analysis of marine 
environmental conditions based on molybdenum-uranium covariation applications 
to Mesozoic paleoceanography. Chem. Geol. 325, 46–58. https://doi.org/10.1016/j. 
chemgeo.2011.09.009. 

Tribovillard, N., Algeo, T.J., Lyons, T., Riboulleau, A., 2006. Trace metals as paleoredox 
and paleoproductivity proxies: an update. Chem. Geol. 232, 12–32. https://doi.org/ 
10.1016/j.chemgeo.2006.02.012. 

Turco, M., Palazzi, E., Von Hardenberg, J., Provenzale, A., 2015. Observed climate 
change hotspots. Geophys. Res. Lett. 42, 3521–3528. https://doi.org/10.1002/ 
2015GL063891. 

van Santvoort, P.J.M., de Lange, G.J., 1996. Messinian salt fluxes into the present-day 
Eastern Mediterranean: implications for budget calculations and stagnation. Mar. 
Geol. 132, 241–251. https://doi.org/10.1016/0025-3227(95)00164-6. 

van Santvoort, P.J.M., de Lange, G.J., Thomson, J., Cussen, H., Wilson, T.R.S., Krom, M. 
D., Strohle, K., 1996. Active post-depositional oxidation of the most recent sapropel 
(S1) in the eastern Mediterranean. Geochim. Cosmochim. Acta 60, 4007–4024. 
https://doi.org/10.1016/S0016-7037(96)00253-0. 

Warning, B., Brumsack, H.J., 2000. Trace metal signatures of eastern Mediterranean 
sapropels. Paleogeogr. Paleoclimatol. Paleoecol. 158, 293–309. https://doi.org/ 
10.1016/S0031-0182(00)00055-9. 

Weldeab, S., Menke, V., Schmiedl, G., 2014. The pace of East African monsoon evolution 
during the Holocene. Geophys. Res. Lett. 41, 1724–1731. https://doi.org/10.1002/ 
2014GL059361. 
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