Palaeogeography, Palaeoclimatology, Palaeoecology 649 (2024) 112332

=

PALAEO =

Contents lists available at ScienceDirect

Palaeogeography, Palaeoclimatology, Palaeoecology

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/palaeo

t.)

Check for

The Messinian paleoenvironment in the Mediterranean (Monte dei Corvi,  [&&s
Ancona): A comparison with the modern oceanographic conditions

A.M. Mancini“™, S. Myers®, R. Gennari ", F. Lozar", A. Negri*"

@ Department of Life and Environmental Science, Universita Politecnica delle Marche, 60122 Ancona, Italy
Y Earth Sciences Department, Universita degli Studi di Torino, 10125 Torino, Italy

ARTICLE INFO ABSTRACT

Editor: M Elliot The Messinian was characterized by peculiar biogeochemical dynamics and climate in the Mediterranean region,

testified by widespread deoxygenation events (sapropel) and evaporite deposition. To constrain the Mediterra-

Keywords: nean response to past perturbation it is crucial to understand the current environmental crisis related to climate
Calcar?o}ls nannofossil change. In this regard, benthic and planktic calcareous fossils provide valuable insights into surface and bottom
FAif;;mfer water conditions during deoxygenation events.

Sapropel Here we studied in high resolution 4 sapropel-bearing cycles of the Monte dei Corvi (Ancona, Italy), which

recorded the behavior of the Adriatic Deep-Water formation, a major controlling factor for the oxygenation in the
modern Eastern Mediterranean. Our analysis unveils fluctuations in planktic and benthic assemblages driven by
variations in insolation parameters. Sapropel interbeds deposited during insolation maxima exhibit warm-
oligotrophic and Deep Chlorophyll Maximum taxa, suggesting warming and freshening of surface water, lead-
ing to weakened Adriatic Deep-Water formation and reduced oxygen delivery to the bottom. Marly limestone/
marlstone interbeds exhibit the dominance of cold-eutrophic taxa and an abundance of fecal pellets with
monospecific/oligospecific calcareous nannofossils taxa (Umbilicosphaera jafari and Reticulofenestra perplexa),
suggesting moderately high salinity and sustained productivity during phases of strong mixing.

Comparisons between Messinian and the present-day setting reveal significant differences in the abundance
and distribution of calcareous planktic assemblage, mostly due to heightened productivity during the Messinian,
a response to restricted conditions that increased the basin’s susceptibility to nutrient-delivering runoff. This
circumstance played a significant role in the widespread deoxygenation and accumulation of organic carbon
during the Messinian.

The uncertain trajectory of primary production in the Mediterranean complicates precise predictions of the
future oxygen balance. Insights from the Messinian underscore the crucial role of primary productivity in shaping
bottom oxygen conditions, emphasizing the necessity for ongoing investigations.

Climate change

1. Introduction can profoundly impact marine ecosystems and services (Diaz and

Rosenberg, 2008; Mancini et al., 2024b). In this context, unraveling the

Over the last 15 Ma, the Mediterranean has witnessed cyclical and
widespread deoxygenation events, represented by organic-rich sediment
layers known as sapropels (Taylforth et al., 2014; Athanasiou et al.,
2021). The sapropels are believed to have formed in response to climatic
and oceanographic changes that collectively weakened the thermoha-
line circulation and potentially enhanced primary productivity (De
Lange et al., 2008; Rohling et al., 2015; Blanchet et al., 2021; Mancini
et al., 2024b). Understanding the Mediterranean’s oxygen balance in
response to climate and environmental alteration is crucial for devel-
oping effective mitigation or adaptation strategies, as oxygen starvation

paleoceanographic regime and associated thermohaline circulation
behavior during a “warmer than present” interval stands as a pivotal
keystone in comprehending climate change effects. The extreme Mes-
sinian pre-evaporitic setting, characterized by warmer sea surface tem-
peratures (SST) (Tzanova et al., 2015; Mayser et al., 2017; Vasiliev et al.,
2019; Kontakiotis et al., 2022; Butiseaca et al., 2022) and heightened
Mediterranean restriction compared to today, represents a candidate for
such investigation (Mancini et al., 2024a). Indeed, the Messinian was
characterized by a progressive restriction that proceeded by step
(Flecker et al., 2015; Corbi et al., 2020). The pre-evaporitic phase ends
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with the climax phase of restriction and the establishment of the Mes-
sinian Salinity Crisis (Corbi et al., 2020), one of the most recent extreme
events affecting the Mediterranean, characterized by conspicuous
deposition of evaporites (Roveri et al., 2014).

In recent decades, the Mediterranean has undergone profound
environmental disturbances, directly or indirectly attributable to human
activities. The effects of global climate change are more marked in the
Mediterranean area, making it a climate change hotspot (Giorgi, 2006;
Lionello and Scarascia, 2018). The Eastern Mediterranean is ranked as
an oligotrophic region, with phosphorus acting as a limiting nutrient for
phytoplankton growth (Krom et al., 2004). Consequently, any abrupt
increase in phosphorus entering the photic zone can trigger heightened
primary productivity, potentially leading to eutrophication and
increasing oxygen consumption. The Mediterranean is marked by
several hypoxic sites (Viaroli et al., 2015), commonly referred to as
“dead zones,” due to the adverse impact of oxygen limitation on marine
organisms. In recent decades, the Mediterranean has experienced
warming and drying trends, which are expected to intensify in the near
future (Somot et al., 2006; Sakalli, 2017; MedECC, 2020). Like eutro-
phication, the warming trend threatens the oxygen balance but with
different pathways: it reduces oxygen solubility, impacts thermohaline
circulation and mixed layer depth, while concurrently increasing the
metabolism and thus the oxygen consumption by marine organisms
through remineralization of organic matter (Breitburg et al., 2018;
Limburg et al., 2020; Mancini et al., 2024b). The observed decline in
thermohaline circulation strength and the expansion of dead zones in
recent decades (Diaz and Rosenberg, 2008; Altieri and Gedan, 2015;
Breitburg et al., 2018; Limburg et al., 2020) can be early warning signals
for more extensive deoxygenation events, propelled by the accelerating
pace of climate warming (Mancini et al., 2024b).

In this paper, we present the result of an ultra-high-resolution study
of the micropaleontological content (calcareous nannofossil and fora-
minifer) in the Messinian Monte dei Corvi sedimentary succession,
spanning ~ 100 Ka and characterized by cyclical oceanographic
changes, represented by alternance of sapropel and marly-limestone
layers. This lithological alternance represents the variation in the
Adriatic Deep Water (ADW) formation system (Mancini et al., 2024a);
hence, offering valuable insights into the fluctuations of surface and
bottom water conditions, which are pivotal factors in the process of
deoxygenation. The ADW formation system, identified as a significant
oxygen source in the Eastern Mediterranean deep setting (Rohling et al.,
2015; Schroeder et al., 2023), underscores the relevance of investigating
these variations. Additionally, we compiled existing Messinian micro-
paleontological data from Mediterranean localities to evidence the main
oceanographic differences compared to the modern setting, the latter
provided by Azibeiro et al. (2023). This comparison allows speculations
on the future oceanographic conditions associated with warming.

2. Messinian and modern Mediterranean oceanographic setting

The circulation of the Mediterranean water masses relies on pre-
cipitation and evaporation balance, which determine an anti-estuarine
circulation, with low-density superficial Atlantic water inflow and the
denser salty Mediterranean bottom water outflow at Gibraltar. From a
biogeochemical perspective, the Mediterranean is considered a hetero-
trophic basin, where oxygen is consumed more than its production
(Duarte et al., 2013; Powley et al.,, 2017). The oxygenation of the
Mediterranean abysses relies on buoyancy loss and sinking of surface
waters.

Schematically, surficial and relatively cold low salinity waters enter
the Mediterranean from the Atlantic and, flowing eastward, they pro-
gressively gain salinity and temperature because of strong net evapo-
ration, setting the stage for a complex thermohaline circulation within
the basin, that orchestrates the distribution of temperature, salinity, and
crucially, oxygen content (Schroeder et al., 2023). In this framework,
the Adriatic region emerges as a pivotal player during the winter months
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when deep water formation occurs in response to cold winds, giving rise
to the Northern Adriatic dense Water (NadDW), which sinks near the
Middle Adriatic pit forming the ADW (Artegiani et al., 1997; Rohling
et al., 2015; Schroeder et al., 2023). This system was recognized as the
principal deep-water formation site in the Eastern Mediterranean
(Schroeder et al., 2023). Similarly, in winter, the Levantine Sea expe-
riences a cooling effect, causing surface water to increase in density. This
phenomenon facilitates the creation of the Levantine Intermediate
Water (LIW), typically found between depths of 150 and 600 m. The
area near Rhodes is important for the LIW formation, although the
formation area can be extended to the whole Levantine basin (Nittis and
Lascaratos, 1998; Schroeder et al., 2012). Part of the LIW moves west-
ward and accounts for a portion of the Mediterranean outflow water
(MOW), but part flows northward along the eastern Adriatic and finally
mixes with the cool superficial water, contributing to the ADW forma-
tion system (Tzanova et al., 2015). In the Western Mediterranean, the
deep water (WMDW) is formed in the Gulf of Lyon area, where cold
winds during winter favor deep convection. Furthermore, the Bernoulli
aspiration acting at the Gibraltar Strait, further facilitates the WMDW
formation (Rohling et al., 2015).

One of the features causing the different oceanographic regime be-
tween the Messinian and the modern setting is the configuration of the
Gibraltar Strait, which was shallower/narrower in response to the tec-
tonic activity (Roveri et al., 2014; Flecker et al., 2015; Krijgsman et al.,
2018). A restricted Gibraltar limited the water exchange with the
Atlantic and not only extended the residence time of bottom water
(Kouwenhoven et al., 2006; Bulian et al., 2022), but also likely resulted
in higher salinities in the deeper layers (Meijer, 2006). This is because a
shallower strait would reduce the Bernoulli aspiration depth, causing a
gradual increase in the saltiness and density of deep waters. This
heightened density contrast between the Atlantic inflow and the Medi-
terranean intermediate/deep-water masses favored the stratification of
the water column, as indicated by box models (Meijer, 2006). Conse-
quently, this scenario would lead to less efficient deep water circulation
and an ensuing prolonged bottom water residence time (Kouwenhoven
et al., 1999; Sierro et al., 2003; Bulian et al., 2022), favoring deoxy-
genation. However, some features are thought to be mostly unchanged,
like the circulation patterns of the Eastern Mediterranean and Adriatic
areas (Kouwenhoven and Van der Zwaan, 2006). Indeed, in-depth ex-
aminations of micropaleontological data indicate the presence of an
intermediate water mass resembling the contemporary LIW, flowing at
depths between 200 and 600 m during the Messinian (Kouwenhoven
and Van der Zwaan, 2006).

3. Material and method
3.1. Geological setting and sampling

The studied section was previously referred to as “Monte Dei Corvi
Beach” (Hiising et al., 2009) and is located south of Ancona along the
shoreline between Monte dei Corvi and Mezzavalle beaches (43° 34'N,
13° 34'E; Fig. 1 and Fig. 2). The studied interval is characterized by
hemipelagic sedimentation and belongs to the pre-evaporitic phase of
the Messinian salinity crisis (Roveri et al., 2005), termed “Euxinic Shale
Interval” in the outer Apennine foredeep (Roveri et al., 2005; Hiising
et al., 2009). The upper part of the section is covered by vegetation and
landslides, hiding the contact between the pre-evaporitic to evaporitic
sediment pertaining to the “Gessoso-Solfifera” Formation (Roveri et al.,
2005). As in the rest of the Mediterranean (Krijgsman et al., 2004), the
studied interval is characterized by sedimentary cycles deposited under
precessional control. The cycles are made up of sapropel, packstone and
marly limestone/marlstone layers (Mancini et al., 2024a). The sapropels
are characterized by variable total organic content, from 1.5% to 3.0%
(Mancini et al., 2024a), therefore in some cases they do not fall under
the classic sapropel definition proposed by Kidd et al. (1978), but agree
with the less restrictive definition proposed by Hilgen (1991). The
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Fig. 1. Geological and paleogeographic map of the studied area.

A and B: Location and simplified geological map of the studied area. The
studied section is indicated by the black square in B.

C: Paleogeographic reconstruction of the Mediterranean during the early Mes-
sinian with the location of the studied area. Modified after Popov et al. (2004).

sapropels are dark, organic-rich and laminated marlstone deposited
during insolation maxima (precession minima) (Fig. 3). The lamination
is made up of black-brown and white-grey laminae composed of
silt-sized terrigenous and pyrite grains and by peloids and fecal pellets,
respectively (Fig. 3). Packstone layers are 1-4 cm thick and are
composed of sand-sized foraminifer, glauconite and burrowing (Fig. 3)
and are interpreted as the results of vigorous bottom current related to
thermohaline circulation (i.e ADW formation) during insolation minima
(precession maxima) (Mancini et al., 2024a). Mancini et al. (2024a)
indicate that the sedimentary record is cyclically erased since the base of
the packstone layers shows erosional contact with the underlying sap-
ropels. The marly limestone/marlstone interbeds are usually laminated,
showing alternation of grey-white and brown-dark lamina (Fig. 3). The
grey-white laminae are made up of fecal pellets (average size ~200 pm)
primarily composed of oligospecific or monospecific calcareous nan-
nofossil assemblage (Fig. 3).

We collected 99 samples for the calcareous nannofossils analysis and
66 for the foraminifer analysis (Fig. 4). A subset of 40 samples were
previously analyzed for mineralogical, sedimentological, petrographic
and geochemical analysis by Mancini et al. (2024a).

3.2. Foraminifer analysis

A variable quantity (100-250 g) of samples were dry weighed,
freeze-dried, soaked with diluted H,05, and washed with tap water over
a 63 pm mesh size sieve. The residues were dried in an oven at 40 °C
overnight and dry-sieved over a 125 pm sieve. Samples collected in the
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Fig. 2. Pictures detailing the cycles of the Monte dei Corvi section.

A: Outcrop view with the analyzed interval (dashed red polygon).

B: Close-up of the analyzed interval with cycles numbered according to Hiising
et al. (2009).

limestone layers and slightly above or below (depths 64 and 211 cm)
required more time to be soaked and washed due to strong cementation.
Samples at depths 11.5, 70.5, and 115 cm were not completely dis-
aggregated, casting doubt on the reliability of their results. For each
sample, planktic and benthic foraminiferal counts were carried out
separately on subsamples of at least 150-300 individuals of the >125 pm
size fraction. The specimens were hand-picked and, where possible,
identified to the species level as preservation allowed, and counted.
Entire samples were used when the total number of foraminifer was very
small. The raw counts were transformed into absolute abundance (in-
dividual per gram of dry sediment) and relative abundance (%). Sinis-
trally and dextrally coiled Neogloboquadrina acostaensis were counted as
separate species and all Orbulina taxa (O. universa and O. suturalis) were
lumped together. Based on ecological preferences according to Murray
(2006), Ammonia spp., Elphidium, Neoconorbina terquemi, Lobatula loba-
tula, Porosononion granosum, Fissurina marginata, and Hanzawaia
boueana were lumped together as “inner shelf” species.

Following Sierro et al. (1999, 2003), to recognize the planktic fora-
minifer assemblage response to the cyclical oceanographic changes of
this setting, we calculated the ratio between planktic species that indi-
cate “warm, oligotrophic” (W—O) water (Globigerinoides elongatus,
Globigerinoides obliquus, Globigerinoides ruber, Globigerinoides tenellus,
Globigerinoides extremus, Orbulina gr.) and “cold, eutrophic” (C-E) water
(Globigerina bulloides, Globigerinita glutinata, Neogloboquadrina acos-
taensis (dextral), Neogloboquadrina acostaensis (sinistral), Neo-
globoquadrina incompta, Neogloboquadrina pachyderma, Turborotalita
multiloba, Turborotalita quinqueloba).

The preservation of planktic and benthic foraminifer was moderate
to good in the sapropel samples, while it was poor to moderate in the
marly limestone/marlstone samples. No significant differences were
observed in the preservation of planktic and benthic foraminifer within
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Marly limestone

Fig. 3. Thin section and hand-picked foraminifer photomicrographs of the different lithofacies at optical microscope (A, C, E, G and H) and SEM (B; D and F).
A) Sapropel of cycle 254 showing distinct lamination and planktic foraminifer. B) Enlargement of A showing well-preserved planktic foraminifer and diffused pyrite
(white arrow). C) Marly limestone of cycle 253 showing lamination made up of grey laminae (white arrow) composed of fecal pellets and brown laminae composed of
terrigenous materials. D) Magnification of a fecal pellet that composes the grey laminae showing monospecific assemblage of U. Jafari. E) Packstone of cycle 253
showing sand-sized glauconite minerals (white arrows) and foraminifer (yellow arrow). F) Magnification of E showing foraminifer (white arrows) and burrows filled
with pyrite (yellow arrow). G and H) The taxon T. multiloba recorded in the marly limestone and sapropel samples.

the same sample. The P/B ratio was calculated using the formula P/(P +
B)*100, where P and B represent the absolute abundance of planktic and
benthic foraminifer, respectively. We also calculated the enhanced
Benthic Foraminifer Oxygen Index (EBFOI), using the equation of
Kranner et al. (2022) that can be converted to provide dissolved oxygen
values (mL/L) of the bottom water. Since in literature the succession is
interpreted as an outer shelf setting (Iaccarino et al., 2008) we excluded
from this calculation all the inner shelf taxa (see 5.1 paragraph). The
diversity index (Shannon index) was calculated for each sample, using
the PAST (PAleontological STatistics) software package (Hammer and
Harper, 2001). This index shows how much the assemblage is diverse
and is used here as an indication of oligotrophy and stability of the
ecosystem, because such environmental conditions are usually charac-
terized by more diverse planktic foraminifer and calcareous nannofossil
assemblage (Winter, 1994; Baumann et al., 2005; Schiebel and Hemle-
ben, 2017).

3.3. Calcareous nannofossil analysis

Standard smear slides were prepared for each sample and observed
at 1250 X by light microscope. For each slide, at least 400 specimens
(excluding the reworked) were counted and taxonomically identified,
along with a qualitative assessment of the preservation performed
additionally with SEM inspection of sediment chip and thin sections. The
taxa Reticulofenestra pseudoumbilicus < 7 pm and > 7 pm, Calcidiscus
leptoporus < 7 pm and > 7 pm, Pontosphaera multipora, P. japonica, Dis-
coaster variabilis, D. brouweri, D. pentaradiatus, Sphenolithus abies and
S. moriformis are included in the informal groups of R. pseudoumbilicus
gr., C. leptoporus gr., Pontosphaera gr., Discoaster gr. and Sphenolithus gr.,
respectively.

The taxa Sphenolithus spp. and Discoaster spp. were grouped to
highlight differences in the SST, since these taxa are widely reported as
proliferating in warm and possibly stratified environments (Perch-

Nielsen, 1985; Gibbs et al., 2004; Flores et al., 2005; Violanti et al.,
2013; Mancini et al., 2020). The Shannon index was calculated for each
sample, as it was for the foraminifer.

3.4. Statistical analysis

Principal Component Analysis (PCA) were conducted for planktic
foraminifer and calcareous nannofossils using prcomp()* function in the
“stats” R package and plotted using ggplot(). The PCA was obtained
using only the species and groups that show maximum abundances
>3%. The PCA analyses show the taxa with similar paleoecological re-
quirements and how they are distributed over a range of environmental
components that are responsible for the assemblage fluctuations. Based
on the PCA results, the taxa which aligns following the PC axis are
grouped. The analysis excluded benthic foraminifer due to limitations in
sample size and the relatively lower number of taxa recorded compared
to other fossil groups.

4. Results
4.1. Planktic foraminifer

Planktic foraminifera are good to moderately preserved throughout
the studied section, showing two distinct peaks in abundance corre-
sponding to the marly limestone layers of cycle 255 and the top of
sapropel 256 (Fig. 5). A total of 29 taxa were recovered with
T. quinqueloba being the dominant species, followed by O. universa,
Globoturborotalita rubescens, T. multiloba, and N. acostaensis (dextral).
Other subordinated taxa are Globigerinoides spp., Globigerina falconensis,
G. bulloides, Globigerinita glutinata and Globigerinita spp. In detail, T.
quinqueloba and T. multiloba show clear peaks spanning from each
limestone layer to the base of the following sapropels; T. multiloba peaks
gradually increase upward throughout the study section (Fig. 5).
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Orbulina spp. and Globoturborotalita spp. have similar abundance trends 4.2. Benthic foraminifer

and, although fluctuating, show generally high abundances in the sap-

ropels and are nearly absent in the limestone layers (apart from cycle Benthic foraminifer are rare throughout the section except for five
253 limestone) (Fig. 5). Neogloboquadrinids also prevalently occur in peaks occurring in, or close to the limestone layers (Fig. 6). A total of 19
sapropels (Fig. 5). samples are barren or show very bad preservation/abundance that
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hinders counting; the remaining samples show good to moderately
preserved benthic foraminifer throughout the studied section. A total of
29 taxa were recovered with Bolivina spp. being the dominant genus
(mainly B. dilatata, B. spathulata, and B. plicatella) followed by Bulimina
spp. (mainly B. aculeata) and Lobatula lobatula (Fig. 6). The remaining
taxa are subordinate. Importantly, inner shelf taxa were found
throughout the section and showed a trend of increased relative abun-
dance within the sapropels (especially in the basal portion) while they
are nearly absent within the limestone (Fig. 6). Bolivina spp. is relatively
more abundant in cycles 253 and 254 and is progressively replaced by
Bulimina spp., which increase in cycles 255 and 256. Uvigerina sp. shows
low percentages throughout the record with peaks occurring within the
sapropels, except in cycle 256 (Fig. 6).

4.3. Calcareous nannofossil

Calcareous nannofossil are usually moderate to well preserved
throughout the studied section. The most abundant taxa are R. minuta
and U. jafari, which tend to dominate the assemblage. Specifically,
U. jafari shows prominent peaks in abundance (up to 98%) in the marly
limestone/marlstone of cycles 253 and 254 (Fig. 7). In the marlstone of

cycles 255, 256 and 257 U. jafari is progressively replaced by R. perplexa,
which shows high abundances up to 57%. Reticulofenestra haqii and
S. abies show moderate abundances (on average between 10% - 20%) in
the sapropels, whereas their abundances drop in the marly limestone/
marlstone layers (Fig. 7). The Discoaster group and U. rotula are present
in the sapropels in low abundance, generally not exceeding 7% and 3%
respectively, while their abundance in the marly limestone/marlstone
layers does not exceed 1.5% (Fig. 7). The taxa Helicosphaera carteri and
Pontosphaera gr. are scarce except for prominent peaks preceding or in
the packstone layers, these peaks are followed by peaks of C. leptoporus
gr. at the base of each marly limestone/marlstone layer (excluding cycle
257 where this trend was not detected) (Fig. 7). Coccolithus pelagicus is
present with abundances lower than 7% in the sapropels and is almost
absent in the marly limestone/marlstone layers (Fig. 7). The abundance
of reworked specimens generally does not exceed 5% (Fig. 7).

4.4. Environmental indexes and statistical analysis
The W-O/C-E trend shows a consistent pattern, with W—O taxa as

dominant in the sapropel and C-E in the marly limestone/marlstone
(Fig. 8). This pattern is less clear in cycle 253, where prominent
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fluctuations of foraminifer taxa are recorded. The calculated P/B ratio
exhibits high values in the sapropel and generally low values in the
marly limestone samples, except at the top of cycle 254 where the values
are comparable to the sapropel samples (Fig. 8). The dissolved oxygen
index exhibits value from 0 to 3.4 mL/L with no clear correlation with
the lithology (Fig. 8). The warm water taxa Discoaster spp. and Spheno-
lithus spp. show high abundance in the sapropel layers, especially in
cycle 253.

The PCA result was obtained for CN and PF separately and the results
are shown in Fig. 9; two principal components explain the 34.1% -
48.6% of the variance recorded (Fig. 9). For calcareous nannofossil, the
highest positive loading with PC1 is reached by R. minuta, C. pelagicus
and Sphenolithus gr. (0.4, 0.27 and 0.26, respectively), while the higher
negative loading is shown by U. Jafari and R. perplexa (0.42 and 0.31,
respectively). The highest loading for PC2 is reached by Discoaster gr and
U. rotula (0.27), while negative loading is shown by H. carteri, Pontos-
phaera gr and S. pulchra (—0.4, —0.4 and — 3.6, respectively) (Fig. 9).
Based on the distribution of the taxa and considering their known
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paleoecological requirements, we extrapolated the most likely envi-
ronmental parameter controlling the PCs. We used as end members the
paleoecology of S. abies, Discoaster, H. carteri according to Corselli et al.
(2002), Ziveri et al. (2004), Flores et al. (2005) and Mancini et al. (2020)
to constrain the PC1 and PC2 as mostly controlled by SST and Sea
Surface Salinity (SSS), respectively (Fig. 9). It is important to consider
that these environmental variables are related to other parameters, for
instance the SST encloses information also on the stability of the water
column (stratification vs turbulence) and on primary productivity fea-
tures (high SST usually results in stratified water column with surface
oligotrophy and eventually DCM formation; low SST favors water tur-
bulence and mixing of nutrients, which stimulate primary productivity).
According to the PCA results, the taxa are distributed in 4 distinct
groups: group 1 and 2 represent the taxa dominating in the marly
limestone/marlstone and the sapropel samples, respectively (Fig. 9);
group 4 represents the taxa dominating the packstone layer, while group
3 grouped the taxa with intermediate abundance recorded in the sap-
ropel samples.
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Fig. 9. Principal Component Analysis results of the calcareous nannofossil and planktic foraminifer relative abundance.
The constraining of the environmental variable driving PC1 and PC2 are introduced and discussed in paragraphs 4.4.
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For the planktic foraminifer, along PC1, T. quinqueloba, T. multiloba,
and G. glutinata are aggregated as group 1 and separated from the other
taxa, showing the highest negative loading (—0.42, —0.32 and — 0.25,
respectively) (Fig. 9). Therefore, PC1 could be representative of surface
primary productivity controlled by nutrient availability, as these taxa
thrive in these types of marine conditions (Volkmann, 2000; Schiebel
et al., 2001; Riforgiato et al., 2008; Schiebel and Hemleben, 2017).
Group 1 represents the taxa preferentially recorded in the marly lime-
stone/marlstone layers, while group 2 the taxa recorded in the sapro-
pels. The PC2 shows the highest positive loading with Orbulina gr. and
Globigerinella spp. (0.48 and 0.38), while negative loading are recorded
for Globigerinoides spp., N. incompta and G. obliquos (—0.43, —0.35 and
— 0.35, respectively) (Fig. 9). Reconstructing the environmental
parameter predominantly influencing PC2 is not straightforward due to
the complexity associated with group 2. This group, aligned with PC2,
comprises taxa with well-documented yet contrasting ecological re-
quirements. Therefore, we speculate that the most probable environ-
mental variable is the mixing of the upper water column, as recently
reconstructed by Azibeiro et al. (2023) through the study of the Medi-
terranean surface sediments.

5. Discussion
5.1. Age model

The studied section corresponds to a portion documented in Hiising
et al. (2009), in Fig. 2A and C). The sampled cycles correspond to cycles
252-257, with an inferred age spanning from 6.56 to 6.48 Ma (Hiising
et al., 2009). The age model provided by Hiising et al. (2009) relies on
planktic foraminifer bioevents reported by Sierro et al. (2001), which
are thought to be synchronous in the whole Mediterranean. However,
differently from the results reported by Hiising et al. (2009), our planktic
foraminifer analysis also shows the presence of Turborotalita multiloba,
whose first abundant peak is a bioevent largely applied and dated at
6.413 Ma. This implies that the studied sediments are younger than the
age reported by Hiising et al. (2009), who dated the cycles under ex-
amination between 6.553 Ma (precession maxima in the limestone of
cycle 253) to 6.480 Ma (precession maxima in the limestone of cycle
257). Turborotalita multiloba was also recorded by Montanari et al.
(1995) by studying the same succession but in an outcrop on the top of
the Monte dei Corvi cliff. The inconsistency with the age model of
Hiising et al. (2009) is probably due to their lower sampling resolution
compared to our study and the very short duration of the T. multiloba
peaks. Indeed, Hiising et al. (2009) performed semi-quantitative anal-
ysis on 70 samples on ~40 m of section, while we performed 66 quan-
titative analysis over ~3 m. In addition, Other planktic foraminifer taxa
can be used to refine the age model of the studied sediments: 1) the
absence of Globorotalia scitula (which shows two influxes after the FCO
of T. multiloba at 6.285 and 6.098 Ma, respectively), 2) the prevalence of
right coiled N. acostaensis and the occurrence of T. multiloba peaks in
cycles 254, 255 and 256. These suggest the correlation with cycles UA21
to UA25 of the Perales section (Sorbas Basin, Spain; Sierro et al., 2001),
therefore refining the age of the studied interval between 6.275 and
6.184 Ma (Fig. 4). This hypothesis is also corroborated by the thickness
of the cycle 253, which as in the case of Perales section, is thicker than
the others and corresponds to a period of eccentricity minimum lacking
a prominent low insolation phase.

Moreover, our results suggest that high-resolution studies can
improve the age model of Messinian key sections, as some planktic
foraminifer-based bioevents can be short-living, especially in those
sections characterized by a low sedimentation rate.

5.2. Depositional setting of Monte dei Corvi section

The cyclicity expressed by the micropaleontological assemblages,
which is in phase with precessional variations is the most evident
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characteristic of the studied succession: a pattern commonly observed in
Messinian pre-evaporitic sediments (Sierro et al., 2003; Lozar et al.,
2018; Gennari et al., 2018; Gennari et al., 2020; Mancini et al., 2021;
Tzevahirtzian et al., 2023; Gennari et al., 2024; Bertini et al., 2024). The
absence of bioturbation in the sapropel layers associated with the
presence of pyrite (Fig. 3), and the presence of scattered benthic fora-
minifer known to thrive in conditions of high carbon rain and low ox-
ygen, such as bolivinids, bulimininids, and uvigerinids (Jannink et al.,
1998; Murray, 2006) marks sea bottom deoxygenation, or even anoxic
condition, as suggested by the dissolved oxygen index (Fig. 8).

The above-mentioned benthic foraminifer taxa have the capability to
utilize nitrogen, rather than oxygen, as an electron acceptor for respi-
ration (Glock et al., 2019). This capacity may elucidate the coexistence
of benthic foraminifer alongside the absence of bioturbation, a phe-
nomenon typically linked with organisms reliant on oxygen. The rela-
tively high abundance of benthic taxa indicative of an oxygenated
environment in the sapropel layers (i.e. Lobatula lobatula, Elphidium spp.
and Porosononion granosum) is at odds with the reconstructed anoxic
condition and depositional setting; in fact, based on the mollusk content
laccarino et al. (2008) suggested an outer shelf/upper slope depositional
environment (200-600 m;), while these taxa are classified as oxygen-
ated inner shelf inhabitants (Van der Zwaan et al., 1990; Murray, 2006).
Therefore, we suggest that these taxa were reworked or displaced from
marginal areas. It is noteworthy that specific samples of marly lime-
stone/marlstone (Fig. 8) exhibit dissolved oxygen values indicative of
hypoxic conditions (< 2 mL/L), and in some instances, even reaching
anoxia. This seems contradictory as these layers are supposed to form
during insolation minima, when the water column was well mixed;
however, rather than stratification, low oxygen conditions during the
deposition of these layers may have been triggered by high export
production. Considering the presence of scattered bioturbation in these
layers (Mancini et al., 2024a) it can be speculated that the high pro-
ductivity and low oxygen sea floor were not permanently established but
were seasonal or alternated with periods of lower export and ventilated
bottom waters. The Monte dei Corvi section records cyclical deoxy-
genation events in the deep Adriatic setting, and this is believed to
reflect variations in the ADW formation system in phase with the pre-
cessional forcing (Mancini et al., 2024a). According to this view, the
packstone and sapropel layers would represent the maximum and
minimum strength, respectively, of intermediate to deep water flowing
along the external Adriatic foredeep.

5.2.1. Sapropel depositional mechanism

High diversity of planktic foraminifer and nannofossils, evidenced by
the Shannon index, characterizes the sapropel layers (Fig. 8). Both
groups typically exhibit greater diversity in warm, stratified, and
oligotrophic regions, such as subtropical gyres (Winter, 1994; Baumann
et al., 2005; Schiebel and Hemleben, 2017). In detail, the sapropels are
characterized by higher W-O/C-E index (Fig. 8) due to the abundance of
Orbulina spp., Globoturborotalita spp. and Neogloboquadrinids (Fig. 5),
along with Discoaster spp. and S. abies among the calcareous nannofossils
(Fig. 7). While Orbulina spp. and the Globoturborotalita gr. are adapted to
warm and oligotrophic surface conditions, the Neogloboquadrinids are
commonly associated with the formation of a Deep Chlorophyll
Maximum (DCM) (Sierro et al., 2003). Neogloboquadrinids are gener-
ally absent in Messinian sapropels (Blanchet et al., 2021; Sierro et al.,
2003; Gennari et al., 2018; Gennari et al., 2023) probably due to warm
SST (Sierro et al., 2003). Therefore, their presence in the northern paleo-
Adriatic basin during sapropel deposition may indicate winter SST lower
than 14 °C (Sierro et al., 2003, based on the database of Kallel et al.,
1997). Among calcareous nannofossil, the presence of Discoaster spp.
and S. abies, which are both inhabitants of the middle to lower photic
zone and able to flourish in warm and stratified water (Gibbs et al.,
2004; Flores et al., 2005; Mancini et al., 2020) suggests the occurrence of
a DCM, a condition typically associated with vertical stratification of the
water column. The presence of a DCM can significantly increase the
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organic carbon deposited at the sea bottom, as organic matter bypasses
remineralization in the upper photic zone, where organic carbon
degradation rates are higher (Fig. 10; De La Rocha and Passow, 2007).
This not only has local consequences on the organic carbon storage in
sediments, but can have larger impacts, as it has been estimated that a
24-m increase in the depth at which 63% of sinking carbon is respired
results in a decrease of atmospheric CO, concentrations by 10-27 ppm
(Kwon et al., 2009). In essence, the presence of a DCM alone can in-
fluence remineralization rates across the entire water column, increase
the organic rain to the sea floor and affect bottom oxygen levels. In the
Messinian paleo-Adriatic basin, the DCM was favored by warming and
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freshening of surface waters, which reduced the strength of the ther-
mohaline circulation due to the buoyancy gain of surface water
(Fig. 10). The DCM is a common feature reported from the analysis of
Quaternary and Neogene sapropels (Castradori, 1998; Rohling et al.,
2015; Mancini et al., 2024b). This presence is often associated with
enhanced continental runoff delivering nutrients, primarily from the
Nile River (Rohling et al., 2015). However, in our case, the W-O/C-E
index suggests lower surface primary productivity in the sapropels
compared to other layers (see Fig. 8). Therefore, we propose that bottom
water deoxygenation in the sapropel layers was more likely related to
the warming and freshening of the water column and its biogeochemical
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structure (i.e., the presence of a DCM) and not to the overall amount of
primary productivity generated (Fig. 10). Enhanced freshwater input
during the sapropel deposition is also documented by the relatively high
presence of benthic inner shelf taxa (Fig. 6), which were probably
reworked from marginal areas. Sustained continental runoff is also
documented by the high amount of terrigenous in the sapropel, recorded
either with X-ray diffractometry (Mancini et al., 2024a) and through
EDS or morphological inspection (Fig. 3). We may speculate that such
continental runoff may have generated by local rivers in the emerging
Apennines chain or in the Alps (Ghielmi et al., 2010; Sabino et al., 2020;
Bertini et al., 2024) but also by African rivers, as during the Messinian,
freshwater discharge was three times greater than present-day condi-
tions in the Mediterranean (Gladstone et al., 2007; Simon et al., 2017).
Alternatively, the freshwater inflow from the Paratethys (Gladstone
et al., 2007; Vasiliev et al., 2019; Grothe et al., 2020; Krijgsman et al.,
2020) cannot be ruled out. Nevertheless, the freshwater discharge dur-
ing the Messinian occurred during a “warmer than present” interval (see
5.2 paragraph), which further facilitated the density loss of surface
water thus impacting the thermohaline circulation strength. Our data
further confirm that during the sapropel deposition the ADW formation
was diminished or blocked, as testified by foraminifer and calcareous
nannofossils content. However, the ADW formation depends also on the
formation rate and physical characteristics of the LIW, which influence
the circulation and oxygenation of bottom water. Future efforts may be
addressed to disentangle the LIW influence on the ADW formation and
bottom oxygenation.

5.2.2. Packstone and marly limestone/marlstone depositional mechanism
Both packstone and marly limestone/marlstone layers exhibit
distinct micropaleontological assemblages. Among calcareous nanno-
fossils, the transitions from sapropel to packstones show pronounced
peaks of H. carteri and Pontosphaera spp., followed by peaks of
C. leptoporus (except in cycle 257) (Fig. 7). Subsequently, the marly
limestone/marlstone layers are characterized by either oligospecific or
monospecific assemblages, primarily composed of U. jafari and
R. perplexa (Fig. 7). Helicosphaera carteri is a living taxon known to thrive
in environments marked by salinity fluctuations, mesotrophy, and
turbid waters (Giraudeau, 1992; Corselli et al., 2002; Ziveri et al., 2004;
Bonomo et al., 2021). Its resilience to water turbulence is evidenced by
its presence in upwelling settings (Ziveri et al., 2004). Similarly, Pon-
tosphaera spp. are abundant in shelf settings (Perch-Nielsen, 1985; Bown
and Young, 2019), indicating their ability to tolerate water turbulence
and salinity fluctuations (Lozar et al., 2010). Collectively, these two taxa
suggest mixing of the upper water column. Overall, the high abundance
of C. leptoporus in modern oceans is primarily found in temperate to sub-
polar regions characterized by eutrophic conditions and upwelling
(Renaud et al., 2002; Boeckel and Baumann, 2004; Ziveri et al., 2004).
Although cementation of some marly limestone samples (paragraph 3.2)
hindered the extraction of foraminifer from the bulk rock, the available
data indicate that T. multiloba and T. quinqueloba dominate these layers,
along with a high abundance of Bolivina spp. and Bulimina spp. (Figs. 4
and 5). Turborotalita quinqueloba is a living taxon, thriving in cold and
eutrophic waters (Hemleben et al., 1989; Sierro et al., 2003; Schiebel
and Hemleben, 2017). The high abundance of Bolivina spp. and Bulimina
spp. among the benthic foraminifer (Fig. 6) suggests significant carbon
deposition on the seafloor, indicative of eutrophication of the upper
water column and hypoxic condition at the sea bottom, a condition also
confirmed by the scarce bioturbation. Noteworthy, in these intervals the
inner shelf foraminifer decrease (Fig. 6) suggesting decreased runoff.
Instead, an erosional surface occurring at the base of the packstone layer
was probably caused by the action of the dense water formation in the
Northern Adriatic, which in modern setting flows Southward at 50-150
m (Artegiani et al., 1997). This ADW-related current caused a sedi-
mentary hiatus (Mancini et al., 2024a), hindering the determination of
the exact timing of deep basin re-oxygenation. Despite this, our micro-
paleontological data suggest that the sapropel-packstone transition
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reflects the disruption of stratification caused by increased water mixing
and turbulence, in turn increasing primary productivity. The stimulation
of primary productivity in the upper photic zone might be the response
to surface water density changes resulting from increasing salinity and/
or cooling of surface waters, which distribute the nutrient through
mixing (Fig. 10). This micropaleontological content aligns with previous
studies (Bertini, 2006; Iaccarino et al., 2008; Di Stefano et al., 2010;
Mancini et al., 2024a) that indicated higher salinity and increased sur-
face water density at the time of marly limestone/marlstone deposition.
Therefore, increased export following enhanced productivity was likely
responsible for the hypoxic conditions at the bottom during the marly
limestone/marlstone deposition.

5.2.3. Deciphering the significance of oligo/monospecific calcareous
nannofossil assemblages in the marly limestone/marlstone

The occurrence of monospecific and/or oligospecific assemblages of
U. jafari in some marly limestone/marlstone layers (see Figs. 2 and 6) is
noteworthy. Selective dissolution is not the cause of the high concen-
tration of this taxon, as U. jafari is known to be dissolution-prone (Gibbs
etal., 2004). In addition, U. jafari coccoliths are found closely embedded
in well-preserved fecal pellets (Fig. 3), further suggesting their pristine
signal from the upper water column rather than a diagenetic process at
the bottom. Umbilicosphaera jafari has been widely documented in both
pre-evaporitic and evaporitic sediments occurring in the Messinian
(Flores et al., 2005; Wade and Bown, 2006; Di Stefano et al., 2010; Lozar
et al., 2018; Gennari et al., 2018; Mancini et al., 2022). Its behavior
during the Messinian is distinctive, displaying prominent and typically
short-lived fluctuations where it tends to dominate the assemblage,
often replacing small reticulofenestrids (R. minuta), with percentages
ranging from 50% to 90% (Flores et al., 2005; Wade and Bown, 2006; Di
Stefano et al., 2010; Lozar et al., 2018; Gennari et al., 2018; Pellegrino
et al., 2020; Mancini et al., 2020; Gennari et al., 2023). This behavior
suggests an r-strategy, making this taxon opportunistic for specific
environmental conditions. Previous studies indicated that during the
Messinian, U. jafari abundance fluctuated in response to precessional
variations, with maximum values during precession maxima (insolation
minima) (Lozar et al., 2018; Gennari et al., 2018). Finally, U. jafari was
usually associated with restricted environments and/or high salinity and
cold conditions (Flores et al., 2005; Wade and Bown, 2006; Di Stefano
et al., 2010; Lozar et al., 2018; Gennari et al., 2018). Based on i) the
highest abundance of U. jafari associated with rather high salinity (>
37%o) (Mancini et al., 2024a), ii) the presence of high amounts of fecal
pellets made of monospecific U. jafari assemblage (Fig. 3), and iii)
U. jafari peaks being correlated with high benthic foraminifer abun-
dance, indicative of high organic carbon deposition on the seafloor, and
with the eutrophic taxa T. multiloba and T. quinqueloba, we suggest that
at the Monte dei Corvi section, the high abundance of U. jafari is related
to slightly elevated salinity and eutrophication of the upper water col-
umn (Fig. 10). Interestingly, this taxon was found associated with
C. leptoporus in the Tokhni section (Cyprus) during insolation minima
(Gennari et al., 2018) from ~6.4 to 6.1 Ma. Similarly to our record, at
Tokhni the U. jafari is then replaced by R. perplexa. Indeed, in cycles 255,
256, and 257, U. jafari is accompanied or replaced by R. perplexa (Fig. 7).
Furthermore, the planktic and benthic foraminifer assemblages associ-
ated with R. perplexa are similar to those associated with U. jafari,
suggesting similar paleoecological requirements. Our PCA analysis
suggests the association of R. perplexa with less saline and warmer sur-
face waters compared to U. Jafari (Fig. 9). Finally, R. perplexa peaks are
also associated with a higher diversity of the assemblage, as indicated by
the Shannon index (Fig. 8), suggesting less harsh and more stable
environmental conditions.

5.3. Snapshot on the Messinian surface water and comparison with
present-day

Our analysis points to alternating conditions of stagnation and low
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productivity (sapropels) that switch to well-mixed with high produc-
tivity (packstone/marly limestone). Similar reconstructions were ach-
ieved in other pre-evaporitic Messinian successions (Sierro et al., 2003;
Kouwenhoven and Van der Zwaan, 2006; Riforgiato et al., 2008; Lozar
et al., 2018; Gennari et al., 2018; Gennari et al., 2023; Bertini et al.,
2024). During the Messinian, the SSTs were higher than the modern
conditions and probably matched those predicted at the end of this
century under the business-as-usual scenario (Mancini et al., 2024a). For
the analyzed time interval, Mayser et al. (2017) reported Texge-based
SST spanning 25.1-28.9 °C in Cyprus, and Tzanova et al. (2015) re-
ported alkenone-based SST from 24 to 26 °C in the Monte dei Corvi.
Hence, the Messinian interval can serve as an analog of a “warmer than
present” Mediterranean, offering the potential to anticipate its response
to ongoing climate change. With this in mind, we compiled the fora-
minifer dataset spanning the 6.28-6.18 Ma time interval in different
localities of the major sub-basins of the Mediterranean (Fig. 11). For
each locality, we averaged the relative abundance of the major taxa
during this 100 ka time interval (Fig. 11). The mean values obtained
were then compared to the dataset of Azibeiro et al. (2023), that shows a
snapshot of the modern planktic foraminifer assemblage recorded in
surface sediment of the Mediterranean. We acknowledge that Azibeiro
et al. (2023) considered the >150 pm size fraction of the washed resi-
dues, artificially diminishing the abundance of smaller taxa (e.g.,
T. quinqueloba). It is noteworthy that the standard fraction utilized in
Messinian studies is the >125 pm, except Sierro et al. (2003), who uti-
lized >150 pm. Furthermore, in Azibeiro et al. (2023) the planktic
foraminifer record of the Northern Adriatic is not reported and finally,
the analysis was performed on surface sediments, which most probably
represents an average of less than ~100 years, while our dataset spans
100 ka. Despite these differences, the comparison that we propose is
used to roughly discriminate the main oceanographic features charac-
terizing the two different time windows. Azibeiro et al. (2023) underline
that the zonal distribution and the meridional gradient of planktic
foraminifer assemblage are primarily related to productivity, rather
than SST. These changes in productivity are statistically explained by the
nutrient content of the deep water and by the capacity of this water to
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uplift, the latter driven by regional hydrography (Azibeiro et al., 2023).

The first prominent difference is the Globigerinoides abundance
(Globigerinoides ruber in Azibeiro et al., 2023; Globigerinoides spp. in our
work), which in the modern setting is dominant (up to 80%) in the
Eastern Mediterranean, while during the Messinian it was dominant in
the Western Mediterranean (Fig. 11). Furthermore, looking at the W—0O
taxa (Globoturborotalita, Orbulina, Globigerinoides and Globigerinella) it
results that the Western and Northern Mediterranean were probably
warmer than the modern setting, which shows the highest abundance of
these taxa in the Levantine Basin (Azibeiro et al., 2023), which is indeed
the warmer part of the Mediterranean today.

Except for the Pissouri and Sorbas cases, T. quinqueloba dominates
the Messinian planktic foraminifer assemblage (14-30%), with the
highest abundance in the Aegean Sea (Gavdos section, Fig. 11D). In
contrast, T. quinqueloba abundance in the present-day Mediterranean
never exceed 5%, with the highest values reported in the inner Aegean
Sea, the Thyrrenian and the Balearic Seas (Azibeiro et al., 2023). The
difference in the T. quinqueloba absolute abundance can be ascribed to
different primary productivity regimes, which were higher during the
Messinian, probably because the freshwater input delivering nutrients
from African rivers in the Eastern Mediterranean was enhanced (Glad-
stone et al., 2007; Simon et al., 2017).

Also, the Neogloboquadrinids record (N. pachyderma and N. incompta
in Azibeiro et al., 2023) in the present-day setting is high only in the Gulf
of Lion and in the Eastern Balearic Sea (up to 70%), while scattered or
even absent in the rest of the Mediterranean (Azibeiro et al., 2023).
Neogloboquadrinids are categorized as C-E (Sierro et al., 2003; Schiebel
and Hemleben, 2017), but they are also referred to be active predators at
the DCM, a condition usually related to stratification of the water col-
umn. According to Kallel et al. (1997), Sierro et al., 2003, Azibeiro et al.
(2023), Neogloboquadrinids in the Mediterranean are probably
restricted to certain SST thresholds: spring SST between 6 °C - 14 °C and
winter SST below 14 °C. Our compilation for the Messinian shows the
highest abundance of Neogloboquadrinids in the Levantine Sea
(Fig. 11E) which may highlight either enhanced stratification, relatively
cold SST, or sustained primary productivity. Since the
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Fig. 11. Planktic foraminifer assemblage averaged from 6.28 to 6.18 Ma in different sites: Sorbas (Sierro et al., 2003; Mancini et al., 2020. Alboran Sea); Govone
(Gennari et al., 2020. Adriatic Sea); Monte dei Corvi (this work. Adriatic Sea); Gavdos (Gennari et al., 2023. Cretan Sea); Pissouri (Kouwenhoven and Van der Zwaan,

2006. Levantine Sea).

11



A.M. Mancini et al.

Neogloboquadrinids record in the Levantine Sea is not associated with
elevated W—O foraminifer taxa (Fig. 11E), but alkenone-based SST
reconstruction indicates warm conditions (22 °C - 29.8 °C; Mayser et al.,
2017) it is possible that eutrophication masked the W—oO signal. Indeed,
the distribution of planktic foraminifer in the Mediterranean mostly
follows nutrient availability (productivity regime), rather than SST
(Azibeiro et al., 2023), also matching our reconstruction of PC in the
PCA analysis (Fig. 9). During the Messinian, the nutrients likely entered
the Eastern Mediterranean through African rivers, which stimulated
primary productivity and enhanced stratification, both conditions
adequate for Neogloboquadrinids proliferation.

Other possible sources of nutrients were influxes from the Paratethys
and rivers entering the Mediterranean from its northern border (Glad-
stone et al., 2007; Simon et al., 2017; Vasiliev et al., 2019; Grothe et al.,
2020; Krijgsman et al., 2020; Sabino et al., 2020; Gennari et al., 2024;
Bertini et al., 2024). This suggests that eutrophication characterizing the
Messinian was the main responsible for the difference in the planktic
foraminifer record with the contemporary setting. The Neo-
globoquadrinids are important components of the Messinian assemblage
in the Adriatic and Aegean seas (Fig. 9B and C), suggesting more
freshwater influence compared to present-day conditions in these areas
(Gladstone et al., 2007; Simon et al., 2017).

As for the Gavdos section, which recorded the dynamic of the Cretan
sea (Fig. 11), the Messinian assemblage was different compared with
today (Fig. 11D; Azibeiro et al., 2023), showing low abundance of W—0O
taxa (20.3% compared to 60-90% in the present-day setting). Similarly
to the Levantine case (Fig. 11E), the reconstructed SST (27.2 °C - 30 °C;
Kontakiotis et al., 2022) is at odds with a scarce abundance of W—0O
taxa, further suggesting that the C-E overwhelms the W—O signal
because of enhanced primary productivity not associated with cooling.

Finally, moving westward, the present-day Alboran Sea, is domi-
nated by the cold eutrophic Globoconella inflata and G. bulloides (up to
50%) and to a lesser extent, by the ubiquitous G. glutinata (4% - 10%)
(Azibeiro et al., 2023). In addition, G. glutinata shows the highest
abundance in subtropical or temperate water during seasons charac-
terized by nutrient enrichment and phytoplankton bloom (Schiebel
et al., 2001; Schiebel and Hemleben, 2017). All the mentioned taxa rely
on the relatively nutrient-enriched water entering the Mediterranean
through Gibraltar (Azibeiro et al., 2023). In contrast, the Messinian
Sorbas Basin, which represents the Northern Alboran Sea, shows the
highest W—O abundance (Fig. 11A), significantly differing from the
present-day record. Therefore, we suggest a lower marine productivity
regime in the Sorbas Basin compared to the Eastern Mediterranean,
probably due to lower continental runoff as the African rivers and Par-
athetys inflow did not reach this part of the basin. This also suggests that
contrarily to the modern situation (Schroeder et al., 2023), the water
inflow from the Atlantic was nutrient-depleted compared with the
Mediterranean water.

Collectively, our analysis argues for an overall eutrophic environ-
ment for the Messinian, especially in the Eastern Mediterranean,
evidencing that the paleo-Mediterranean significantly differs from the
contemporary setting, which is, overall, oligotrophic and ultra-
oligotrophic.

5.4. Factors influencing the Messinian oxygen balance: lessons for
unraveling future trends

Literature data document that the Mediterranean Sea during the
Messinian was characterized by elevated SST (Tzanova et al., 2015;
Mayser et al., 2017; Vasiliev et al., 2019; Kontakiotis et al., 2022), which
likely decreased the oxygen solubility of the seawater, increased the
biological metabolism and the consequent oxygen consumption, and
increased the stratification potential of the water column (decrease in
the thermohaline circulation). Other crucial characteristics of the Mes-
sinian were the restricted exchange with the Atlantic and the sustained
runoff (Gladstone et al., 2007; Simon et al., 2017; Corbi et al., 2020),
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which further diminished the bottom oxygen through the stimulation of
primary productivity, and through decreasing the surface density of
water, which inhibited vertical advection and the consequent oxygen
delivery at the bottom. Moreover, the restricted condition character-
izing the Messinian weakened the Mediterranean outflow in the Atlantic
(Bulian et al., 2023), likely enriching the nutrient content of bottom
water of the Mediterranean. If the nutrient-enriched bottom water were
to upwell, it would have boosted primary productivity. This could have
been an additional mechanism, together with the increased nutrient-
delivered runoff, for the observed enhanced productivity during the
Messinian. Therefore, the Mediterranean Sea during the Messinian
satisfied the major requirement for widespread and protracted deoxy-
genation events: elevated SST, productivity and runoff. We also showed
that with relatively high SST (higher than present-day) and primary
productivity, but with decreasing runoff and the associated stratification
of the water column, bottom hypoxic conditions are achieved and poorly
laminated marlstone and marly limestone are deposited (paragraph
5.1.2). Insights obtained from this record contribute to our under-
standing of potential future events that may impact the Mediterranean
area. The Messinian lesson teaches us that, identifying the key factors
influencing bottom oxygen balance is instrumental in undertaking tasks
related to mitigation and adaptation strategies.

If we consider the present-day Mediterranean Sea, we are aware that
the bottom oxygen balance varies in function of seawater temperature,
the density of the water column and primary productivity-consumption
pattern (Altieri and Gedan, 2015; Limburg et al., 2020). In particular,
the Mediterranean area is sensitive to oxygen starvation conditions,
especially in the coastal and marginal areas where the influence of
continental runoff delivering nutrients stimulates primary productivity
(UNEP, 1996; Turley, 1999; Stachowitsch et al., 2012; Viaroli et al.,
2015; Mancini et al., 2024b). Furthermore, the ongoing climate change
is pushing down the Mediterranean oxygen inventory (Somot et al.,
2006; Reale et al., 2022), therefore impacting the marine biota. Also,
despite the Mediterranean currently experiencing warming, continental
runoff is not increasing; instead, it is decreasing due to reduced rainfall
(Somot et al., 2006; Sanchez-Gomez et al., 2009; MedECC, 2020; Reale
et al., 2022). Moreover, the water exchange with the Atlantic in the
present-day Mediterranean is not as restricted as during the Messinian
(Flecker et al., 2015), therefore the nutrient enrichment provided by
continental runoff is expected to be minor when compared to the Mes-
sinian conditions. However, while the contemporary Mediterranean
experiences a decrease in continental runoff, rivers transport anthro-
pogenically enriched nutrients (Diaz and Rosenberg, 2008), potentially
mitigating the reduction in nutrient availability resulting from
decreased continental runoff. The precise recognition of the future ox-
ygen balance in response to changing conditions is hampered by the
considerable uncertainty surrounding the projections for primary pro-
ductivity in the open Mediterranean Sea setting for the end of this
century under a “business-as-usual” scenario. Studies have suggested a
decrease (Richon et al., 2019), stability (Macias et al., 2015), and an
increase (Lazzari et al., 2014). But the geological record indicates that
deoxygenation events are closely associated with rapid warming periods
(Foster et al., 2018; Mancini et al., 2024b). The Messinian record further
shows that bottom hypoxic conditions are established even with
declining runoff, as long as primary productivity is high.

Considering the rapid warming of the Mediterranean region, there
are growing concerns about significant deoxygenation in the future. This
concern becomes particularly pronounced when coupled with sustained
primary productivity, as seen during the deposition of marly limestone
at Monte dei Corvi. This highlights the importance of surface primary
productivity for the bottom oxygen inventory. Based on this lesson, we
suggest focusing on primary production as a key indicator to be moni-
tored for understanding the future of this area.
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6. Conclusion

The planktic and benthic assemblage recorded in the Monte dei Corvi
section highlights cyclical deoxygenation dynamics related to the paleo
ADW formation. These variations were driven by precessional fluctua-
tion which controlled continental runoff and primary productivity re-
gimes. The maximum decline in the ADW formation was related to
increased runoff and low primary productivity, which resulted in bottom
deoxygenation (down to anoxia) and sapropel deposition. The
maximum strength of the ADW formation is recorded by the erosional
surface at the sapropel-packstone layer transition. The establishment of
bottom hypoxic condition, testified by poorly laminated marly lime-
stone and its benthic foraminifer content, occurred with enhanced pri-
mary productivity but with decreased continental runoff. The increased
marine productivity during this interval is also testified by the high
abundance of fecal pellets composed of oligo-monospecific calcareous
nannofossil assemblage.

The compilation of the existing microfossil datasets during the
6.28-6.18 Ma interval highlights important differences with the present-
day distribution and abundance of planktic foraminifer, indicating a
substantial difference in the two oceanographic settings. We suggest that
this difference can be mostly ascribed to different productivity regimes,
being the Messinian more eutrophic than the present-day Mediterra-
nean. The increased susceptibility of the Mediterranean Sea to oxygen
deficiency during the Messinian was related to the combination of
warmer SST, enhanced stratification and primary productivity.

Currently, the Mediterranean is undergoing warming with declining
continental runoff due to reduced rainfall. The future trend of primary
production in this region remains uncertain, hindering precise pre-
dictions of the oxygen balance, yet insights from the Messinian period
emphasize the critical role of primary productivity in shaping bottom
oxygen conditions, highlighting the necessity for ongoing investigations.
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