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Nils Andersen f, Francisco J. Sierro a 

a Dept. de Geología, Univ. de Salamanca, Plaza de los Caídos s/n, 37008 Salamanca, Spain 
b Department of Earth Sciences, Utrecht University, Princetonlaan 8a, 3584, CB, Utrecht, the Netherlands 
c Instituto Andaluz de Ciencias de la Tierra (CSIC-UGR), Armilla, Spain 
d Research Institute for Marine Resources Utilization (Biogeochemistry Program), JAMSTEC, Yokosuka, Japan 
e Paleomagnetic Laboratory Fort Hoofddijk, Utrecht University, Budapestlaan 17, 3584, CD, Utrecht, the Netherlands 
f Leibniz-Laboratory for Radiometric Dating and Isotope Research, Christian-Albrechts-Universität Kiel, Max-Eyth-Str.11-13, 24118 Kiel, Germany   

A R T I C L E  I N F O   

Editor: Dr A Dickson  

Keywords: 
Messinian 
Mediterranean circulation 
Foraminifers 
Stable isotopes 
XRF analyses 

A B S T R A C T   

Integration of foraminiferal and geochemical data (stable isotope and elemental composition) from West Alboran 
Basin (WAB) ODP Site 976 allowed evaluation of the effects of the initial Mediterranean – Atlantic restriction 
event preceding the Messinian Salinity Crisis (MSC) in a context of late Miocene cooling and diminishing water – 
mass exchange close to Gibraltar Strait. 

At 7.17 Ma a prominent shift in benthic foraminifer abundances from dominantly oxic taxa to species toler
ating oxygen deficiency, paired with a drop in δ13C values, suggest that the restriction of the Mediterranean- 
Atlantic gateways profoundly affected the WAB deep waters. From 7.17 Ma onward, deep-water stagnation 
increased the bottom water residence time and led to oxygen depletion. Similar changes, already identified in 
other Mediterranean basins imply that the first signs of Mediterranean-Atlantic restriction significantly predated 
the onset of the MSC also in the WAB, an area sometimes considered more under the influence of the Atlantic. 
Simultaneously, a marked amplitude increase of several element-log ratios reveals a clear cyclical pattern related 
with precession. Together with new δ18O data, the identification of cyclical patterns allowed improving the age 
model of Site 976 and consequently enabled an accurate correlation with other Mediterranean, mostly land- 
based sections. Comparing the records, we were able to correlate the event at a basinal scale and to refine 
thermohaline circulation models of the Mediterranean after 7.17 Ma. 

Because this Mediterranean-scale change was contemporaneous with the global Late Miocene Carbon Isotope 
Shift (LMCIS) it was important to discern between global and local effects. Given the synchronicity of the global 
and local Mediterranean change in the δ13C record, a global effect certainly affected the Mediterranean Basin. 
However, opposite phase relations of the global and local δ13C signals with orbital parameters, paired with a 
higher magnitude change identified in our WAB isotope record suggests that the local imprint overruled the 
global one.   

1. Introduction 

The late Miocene was characterized by major changes in global 
ecosystems and climate. Between ~7.8–6.7 Ma a cooling of around 6 ◦C 
was reported (Tzanova et al., 2015; Herbert et al., 2016; Holbourn et al., 
2018) contemporaneous with the Late Miocene Carbon Isotope Shift 
(LMCIS) characterized by a global shift in the δ13C of oceanic dissolved 

inorganic carbon (δ13CDIC) (Hodell et al., 1994; Hodell et al., 2001; 
Hodell and Venz-Curtis, 2006). On land, large-scale aridification and 
expansion of C4 grasslands (Blondel et al., 2010; Edwards et al., 2010; 
Pound et al., 2012) led, amongst others, to the establishment of the 
Sahara desert (Hodell et al., 1994; Schuster, 2006; Sepulchre et al., 
2006; Zhang et al., 2014; Herbert et al., 2016). During this period, the 
Mediterranean area was affected by an important paleogeographic 

* Corresponding author. 
E-mail addresses: fra.bulian@usal.es (F. Bulian), T.J.Kouwenhoven@uu.nl (T.J. Kouwenhoven), fjjspejo@ugr.es (F.J. Jiménez-Espejo), W.Krijgsman@uu.nl 
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reorganization. The Mediterranean Sea was connected to the Atlantic 
Ocean through the Rifian Corridor in Northern Morocco and the Betic 
Corridor in Southern Spain (e.g. Martín et al., 2014; Flecker et al., 2015; 
Achalhi et al., 2016), hosting a marine exchange significantly larger 
than in the present Strait of Gibraltar. However, during the Tortonian, a 
dynamic tectonic movement uplifted the Gibraltar Arc (Garcia-Cas
tellanos and Villaseñor, 2011; Van den Berg et al., 2018; Capella et al., 
2020) and consequently, the Betic and Rifian corridors started losing 
their efficiency (Krijgsman et al., 1999; Martín et al., 2014; Flecker et al., 
2015; Capella et al., 2018) and progressively closed. The age of closure 
of the last connection through the Betic gateway (Guadalhorce Corridor) 
is still debated, with ages varying between late Tortonian (~7.6 Ma; 
Guerra-Merchán et al., 2010; Corbí et al., 2012; Van der Schee et al., 
2018) and middle Messinian (6.18 Ma; Martín et al., 2001). For the 
Rifian corridor there is more agreement on the timing and most probably 
the southern strand closed between 7.1 and 6.9 Ma while the northern 
sectors around 7.35–7.25 Ma (Tulbure et al., 2017; Capella et al., 2018). 
The effects of the gateway restriction become visible in Mediterranean 
sediments immediately after the Tortonian – Messinian boundary, 
around 7.17 Ma (Seidenkrantz et al., 2000 and references therein; Blanc- 
Valleron et al., 2002; Kouwenhoven et al., 2003). From this time onward 
Mediterranean land-based sections register a shift towards benthic 
foraminiferal faunas indicating reduced oxygen levels (e.g., dominated 
by bolivinids, buliminids and uvigerinids). A parallel drop in benthic 
and planktic δ13C (Kouwenhoven et al., 1999; Seidenkrantz et al., 2000; 
Kouwenhoven et al., 2003; Kontakiotis et al., 2019) testifies a profound 
change in Mediterranean circulation. Concurrently, the sensitivity of the 
basin to climatically induced changes increased, and precession- 
controlled fluctuations in the freshwater budget became visible in 
geochemical and micropaleontological records (Sierro et al., 2003), 
resulting in more regular sapropel deposition in the Eastern Mediterra
nean (Santarelli et al., 1998; Seidenkrantz et al., 2000; Hüsing et al., 
2009). 

Throughout the Messinian, the connections between the Mediterra
nean and Atlantic eventually became heavily restricted (Simon and 
Meijer, 2015), culminating at ~5.97 Ma (Manzi et al., 2013), with the 
Messinian Salinity Crisis (MSC) and widespread evaporite deposition 
(Hsü et al., 1973; Manzi et al., 2008; Roveri et al., 2014a). Because the 
closure of the Betic and Rifian gateways predates the MSC, an additional 
connection was necessary to regulate water inflow from the Atlantic to 
provide the necessary ions and trigger the MSC. Concordantly, recent 
studies (Capella et al., 2018; Krijgsman et al., 2018; Capella et al., 2020) 
suggest that a proto – Gibraltar Strait could have acted as the 
Mediterranean-Atlantic sill before and/or during the MSC. 

In this study, we analyse the late Tortonian (7.5 Ma) – early Messi
nian (7 Ma) benthic foraminifer assemblages and geochemical data 
(both stable isotope and XRF data) from a 26 m long interval of Ocean 
Drilling Project (ODP) Site 976 located in the West Alboran Basin 
(WAB). Because the circulation of this area is strongly related with water 
exchange at Gibraltar Strait we aim to get a more detailed comprehen
sion of the effects of gateway restriction at locations close to the Atlantic 
connections. Benthic foraminifers are great indicators of environmental 
conditions and, paired with δ18O and δ13C stable isotope records and 
geochemical element data, allow the reconstruction of paleoenviron
ments and deep – water hydrographic changes affecting the WAB before 
and after the 7.17 Ma restriction event initially identified at this site by 
Bulian et al. (2021) at 592 mbsf. The benthic δ18O record allows elab
orating a more accurate chronology for the late Tortonian – early Mes
sinian at Site 976 and the benthic δ13C isotopic record reveals how 
global and local changes affected the Mediterranean Basin. Finally, 
comparison between the WAB and Western and Eastern Mediterranean 
records allowed a Mediterranean scale perspective of the circulation 
changes after 7.17 Ma. 

2. Study area: oceanographic setting and circulation of the 
modern Mediterranean 

The Alboran Basin is a transitional area between the semi-enclosed 
Mediterranean Sea and the Atlantic Ocean that can be divided into a 
western (WAB) and an eastern (EAB) basin. Its circulation is very intense 
and strongly related with water exchange at Gibraltar Strait where the 
inflow of low-salinity Atlantic waters (surface water) and outflow of 
high salinity Mediterranean waters occur (Fig. 1). Such configuration 
results in two anti-cyclonic gyres: the Western and Eastern Alboran 
Gyres (Masqué et al., 2003 and references therein). The low saline 
Atlantic surface waters (salinity of 36.1–36.2‰; Rohling et al., 2015 and 
references therein) entering the Mediterranean flow northward towards 
the Gulf of Lions and eastward across the Sicily Strait reaching the 
Eastern Mediterranean Basin (EMB). Along this trajectory, the water 
becomes salty and eventually sinks in the northern Levantine basin 
resulting in the formation of the Levantine intermediate water (LIW; 
Zavatarielli and Mellor, 1995; Buongiorno Nardelli and Salusti, 2000; 
Pinardi and Masetti, 2000; Pinardi et al., 2019). The LIW settles between 
200 and 600 m (Pinardi and Masetti, 2000) and spreads out in the entire 
Mediterranean. In the northern basins like the Gulf of Lions and the 
Adriatic and Aegean Seas (Stommel et al., 1973; Schlitzer et al., 1991; e. 
g. Lascaratos et al., 1999; Powley et al., 2017), surface waters are 
exposed to cold northerly air masses producing a strong surface buoy
ancy loss through cooling and evaporation, allowing the water to sink (e. 
g. Theocharis and Georgopoulos, 1993). Here, the interaction between 
the LIW and cold surface waters promotes deep water formation (Pinardi 
and Masetti, 2000) which is responsible for ventilation at the sea floor. 
These saltier (salinity of ~38.5‰; Rohling et al., 2015) intermediate 
waters are the main component of the Mediterranean Outflow Water 
(MOW) to the Atlantic Ocean (Pinardi and Masetti, 2000) and are the 
cause of the salinity gradient between the Mediterranean and Atlantic. 
This gradient triggers an anti-estuarine circulation active at least since 
the closure of the connection with the Indian Ocean (Karami et al., 
2011). 

Bottom water oxygenation in the Alboran Basin depends on the rate 
of deep water renewal, which is driven, in turn, by deep-water formation 
in the Gulf of Lions and the rate of Bernoulli aspiration exporting deep 
water to the Atlantic through the MOW (Stommel et al., 1973). Deep 
water formation depends on the Mediterranean hydrologic budget and 
heat exchange with the atmosphere, since the intensity of the African 
monsoon and Mediterranean rainfall has a strong impact on the net 
freshwater loss (e.g. Rohling et al., 2009; Marzocchi et al., 2015). During 
the last 13.5 Ma (Rohling et al., 2015 and references therein; Simon 
et al., 2017), the enhanced freshwater runoff (Rohling and De Rijk, 
1999; Larrasoaña et al., 2003; Bianchi et al., 2006; Osborne et al., 2010; 
Hennekam et al., 2014) associated with stronger African monsoons 
during times of northern hemisphere summer insolation maxima led to 
greater surface productivity, water-mass stratification (Rossignol-Strick, 
1985; Bosmans et al., 2015) and episodes of deep-water oxygen star
vation, leading to deposition of anoxic layers (sapropels) in the EMB and 
organic rich layers (ORL) in the Western Mediterranean Basin (WMB; e. 
g. Rogerson et al., 2008; Emeis and Weissert, 2009; Rohling et al., 2015). 
This geographic variation is related to the different efficiency of deep – 
water renewal (Rohling et al., 2015). Bernoulli aspiration over a sill is 
dependent on the outflow velocity and density gradient below the depth 
of the sill (Stommel et al., 1973; Rogerson et al., 2008; Rogerson et al., 
2012). Currently, because the outflow velocity at the Sicily sill is low 
and density stratification below the sill is high, deep water renewal of 
the EMB is less efficient (Rohling et al., 2015) than in the west. In the 
WMB, higher velocities and reduced stratification in combination with 
the vertical advection with the LIW, permits the flushing of deep – water 
masses over the Gibraltar Strait preventing sapropel formation. 
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3. Material and methods 

3.1. ODP Site 976 (single Hole B) 

New benthic foraminifer and geochemical data are derived from 

ODP Site 976 (Leg 161; 36◦ 12′ 18.78′′ N, 4◦ 18′ 45.78′′ W; 1108.0 m 
water depth), in the northern sector of the WAB (Fig. 2), ~100 km to the 
east of the Gibraltar Strait. The studied sediments (609–583 mbsf) are 
mainly composed of homogeneous nannofossil-rich claystone and nan
nofossil (sandy) claystone (Comas et al., 1996). The sediment does not 

Fig. 1. (A) West to East Mediterranean Sea salinity profile produced using Ocean Data View (Schlitzer, 2015) and the general circulation of the Mediterranean Sea 
(arrows). Alongside to the colour coding, isohalines have been contoured to better show salinity changes. (B) The map displays the 4500 km long transect (red line) of 
which data (MEDARGroup, 2002) is assimilated into the profile. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 2. (A) Topographic map of the Mediterranean Sea area and (B) topographic map of the Alboran Basin showing the location of ODP Site 976 used in this study 
(http://www.geomapapp.org/) and in blue the location of the former Betic and Rifian corridors during the late Tortonian modified after Capella et al. (2020). (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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show colour changes, but a precessionally dominated cyclicity, espe
cially from 592 mbsf upwards (7.17 Ma), has been highlighted from X- 
ray fluorescence measurements and planktic foraminifer associations 
(Bulian et al., 2021). The analysed core sections cover the time interval 
from the late Tortonian (7.5 Ma) to the early Messinian (7 Ma), followed 
by a non-recovery interval that extends until the base of the Zanclean 
(~5.33 Ma). The stage boundaries are defined using planktonic fora
minifer bioevents from Bulian et al. (2021). 

3.2. Sample preparation 

With an average sampling step of 0.3 m (~4 kyr) 93 samples were 
prepared for micropaleontological and geochemical analyses. The 
samples were dry weighed, disintegrated in water and washed over a set 
of 150 μm and 63 μm sieves. Studies have shown that when dealing with 
paleoenvironmental reconstructions there is not a significant difference 
between the results obtained upon analyzing the >125 μm and > 150 μm 
sample fractions (Weinkauf and Milker, 2018), hence, in this study the 
>150 μm washed residues used for planktic foraminifer analyses (Bulian 
et al., 2021) were selected for benthic foraminifer counts. From the same 
fraction, both planktic and benthic foraminifers were picked for stable 
isotope analyses. 

3.3. Benthic foraminifer analyses 

Benthic foraminifers were analysed in 59 out of the 93 samples 
prepared. The sampling resolution varied between 0.3 and 0.6 m 
resulting in an age resolution of approximately 5 to 10 kyr. Aliquots, 
preferably containing 150–300 benthic foraminifer specimens, were 
obtained using a micro splitter. The specimens were hand-picked under 
a dissection microscope, identified and counted. Entire samples were 
used when the number of foraminifers was small and samples containing 
less than 50 specimens were not included in the dataset. The counts were 
transferred to relative frequencies. 

Diversity of the benthic foraminiferal assemblages has been esti
mated with the Shannon index, which corrects for different sample sizes, 
and is expressed by the formula H = − K

∑n
i=1pilog(pi) (Murray, 1991; 

Spellerberg and Fedor, 2003), where pi is the proportion of the ith species 
and K a positive constant that takes into account the unit of measure 
(Shannon, 1948). 

The percentage of planktic foraminifers in the foraminiferal fauna (% 
P) is expressed as P/(P + B)*100. The %P values obtained this way can 
be used as a first indicator of paleodepth or increasing distance to shore, 
where greater values indicate higher depths and vice versa (Gibson, 
1989; Van der Zwaan et al., 1990). The %P is sensitive to disturbance of 
the deep-water environment such as hypoxia, organic flux and prefer
ential dissolution of planktic foraminifers (Sen Gupta and Machain- 
Castillo, 1993b; Jorissen et al., 1995; Loubère, 1996; Kucera, 2007; 
Nguyen et al., 2011), factors affecting the reliability of %P. To avoid the 
effect of hypoxia, Van der Zwaan et al. (1999) and Van Hinsbergen et al. 
(2005) suggest excluding infaunal foraminifer species (i.e. species living 
in the sediment). In this study, the %P values have been estimated with 
and without infaunal species (i.e. Globobulimina spp., Chilostomella spp. 
and all species of the genus Uvigerina, Bulimina and Bolivina) and both 
paleodepth estimates have been compared with literature data on depth 
limits of benthic foraminifers (e.g. Pérez-Asensio et al., 2012a, 2012b 
and references therein). 

Benthic foraminiferal accumulation rates (BFARs) were used as a 
paleoproductivity proxy because fluctuations were found to indicate 
changes in surface productivity and nutrient fluxes (Herguera, 1992; 
Herguera, 2000). BFARs were calculated from the product of the number 
of benthic foraminifers per gram of dry sediment (BF/g), the sedimen
tation rate (cm/kyr) estimated in Bulian et al. (2021) and dry bulk 
density (g/cm3) interpolated from shipboard physical properties data in 
ODP Initial Reports for Site 976 (Comas et al., 1996). 

Because infaunal foraminifers become more abundant under low- 
oxygen conditions and/or high organic matter fluxes while epifaunal 
species (i.e. living at or on top the sediment-water interface) are less 
tolerant to low-oxygen levels (e.g. Corliss and Chen, 1988; Jorissen 
et al., 1995; Gooday, 2003), the epifaunal/infaunal ratio (E/I) can 
highlight changes in bottom-water oxygenation. This ratio is expressed 
as E/(E + I) where E is the sum of the relative abundances of epifaunal 
and I of infaunal benthic foraminifers. 

Since the sediments were deposited at bathyal depth (Section 5.2), 
the sum of displaced shallow-water benthic foraminifer species 
including Elphidium spp., Rosalina spp., discorbids and Cibicides lobatulus 
(Supplement 1) was used as an indicator of downslope transport. Usu
ally, a higher number of displaced individuals is linked with intense 
currents (Fentimen et al., 2020 and references therein) that can effi
ciently transport these shallow water, sometimes epiphytic species 
(Langer, 1993) to deeper parts of the basin. 

In order to gain insight in the variations of the benthic species as
semblages through time, a Principal Components Analyses (PCA) was 
performed using Past 4.02 software (Hammer et al., 2001). The most 
abundant (≥ 3%) 24 variables were introduced into the analysis, con
sisting of species, genera and higher order categories. Single and frag
mentary occurrences and ill-defined rest groups were removed from the 
data. To identify species groups presenting similar trends and hence 
occurring in similar environments, a hierarchical cluster analyses 
(Pearson correlation: Past 4.02 software; Hammer et al., 2001) was 
performed including the same 24 variables. When species from a genus 
were scarcely present, but a genus as a whole considered indicative of 
analogous environmental conditions, their sum was utilized. Cancris 
spp. contains the species C. oblongus and C. auriculus, Bolivina dilatata is 
the sum of B. dilatata and B. spathulata, while in Pullenia quinqueloba 
group, both forms with four and five chambers were included. Because 
unilocular and uniserial hyaline foraminifers were very diverse but each 
taxon occurred in low abundances, they were taken together in the 
unilocular + uniserial group which comprises unilocular taxa, including 
Lagena and Procerolagena spp., Nodosaria spp., and Pseudonodosaria spp. 

3.4. Geochemical analyses 

3.4.1. Stable isotopes 
From the washed residues of all 93 samples prepared, between 10 

and 20 specimens of the planktic foraminifer Globigerina bulloides were 
picked and cleaned ultrasonically for oxygen and carbon stable isotope 
analyses. Even after the cleaning, some specimens were still cemented 
by calcite and therefore 34 samples were discarded (21 from the in
tervals 599.80–600.39 mbsf; 596.06–598.07 mbsf; 592.84–594.33 mbsf 
and 13 irregularly distributed from 601 mbsf downward). Of the benthic 
foraminiferal content, 2 to 10 specimens of Cibicidoides kullenbergi were 
picked and analysed for oxygen and carbon isotopes. The analyses were 
performed with a Finnigan MAT 253 mass spectrometer connected to a 
Kiel IV carbonate preparation device at the Christian-Albrechts Uni
versity in Kiel (Germany). Sample reaction was induced by individual 
acid addition (99% H3PO4 at 75 ◦C) under vacuum. The evolved carbon 
dioxide was analysed eight times for each individual sample. As docu
mented by the performance of international [NBS19: +1.95‰ VPDB 
(13C), − 2.20‰ VPDB (18O); IAEA-603: +2.46‰ VPDB (13C), − 2.37‰ 
VPDB (18O)] and laboratory-internal carbonate standards [Hela1: 
+0.91‰ VPDB (13C), +2.48‰ VPDB (18O); HB1: -12.10‰ VPDB (13C), 
− 18.10‰ VPDB (18O); SHK: +1.74‰ VPDB (13C), − 4.85‰ VPDB 
(18O)], analytical precision of stable isotope analysis is better than 
±0.08‰ for δ18O and better than ±0.05‰ for δ13C. The obtained values 
were calibrated relative to Vienna Pee Dee Belemnite (VPDB). 

The gradient between the benthic and planktic δ13C (Δδ 13C) was 
calculated. Doing so, it is important to consider that a foraminifer shell 
reflects the δ13C composition of the dissolved inorganic carbon of the 
seawater where it calcifies, but usually not in isotopic equilibrium with 
seawater (Hillaire-Marcel and Ravelo, 2007). Therefore, it is necessary 
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to correct the δ13C values for the deviation from equilibrium caused by 
the vital effect before discussing absolute values. In the case of 
G. bulloides, we compared ODP Site 976 data with values measured for 
the present-day water column and core tops (modern sediment samples) 
of the Alboran Sea region. Core top δ13C data of G. bulloides from ODP 
Site 977 in EAB yield an average value of − 0.75‰ (Pérez-Folgado et al., 
2004), and core top studies from WAB core HER-GC-UB-6 show values of 
about − 0.5‰ (Pérez-Asensio et al., 2020), whereas present-day surface 
waters from the Alboran Basin show values of around 1.4‰. The total 
negative disequilibrium of the δ13C reported in G. bulloides tests amounts 
to ~2‰ (in agreement with laboratory studies; Spero and Lea, 1996), 

the difference between − 0.6‰ as the δ13C core-top average and 1.4‰ 
from the surface waters. The planktic isotope values were therefore 
adjusted by adding 2‰ (δ13C planktic corrected). The δ13C measure
ments obtained on Cibicides kullenbergi do not need any corrections, 
because this species precipitates in isotopic equilibrium with bottom 
water (Wefer and Berger, 1991; Hodell et al., 2001; Hillaire-Marcel and 
Ravelo, 2007). 

3.4.2. Major elements 
For the elemental analyses, the archive half of the core was scanned 

with an XRF Avaatech core scanner at MARUM (Research Faculty, 

Fig. 3. Relative abundances of the benthic foraminifer species ≥3% selected for the statistical analyses against depth and stages of Site 976. The continuous black 
line highlights the Tortonian – Messinian boundary while the dashed line and the grey band highlight the 7.17 Ma restriction event. 
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Bremen University, Germany). The data reported here have been ac
quired by a Canberra X-PIPS Silicon Drift Detector with 150 eV X-ray 
resolution, the Canberra Digital Spectrum Analyzer DAS 1000, and an 
Oxford Instruments 50 W XTF5011 X-Ray tube with rhodium (Rh) target 
material. Due to the bad core preservation and occasional intercalations 
of perforating mud, the sampling steps were inserted manually ranging 
between 1 and 7 cm (0.2–1 kyr). To detect both light and heavy ele
ments, two runs were performed, the first using generator settings of 30 
kV, current of 1.0 mA and a sampling time of 15 s, while the second run 
was performed with 10 kV, 0.2 mA and 10 s sampling time. Because the 
obtained data are not quantitative, but are expressed in counts, element- 
log ratios are preferred for the data interpretation (Weltje and Tjallingii, 
2008; Rothwell, 2015). Considering the conservative behaviour and 
terrigenous origin of aluminum (Calvert and Pedersen, 2007; Martinez- 
Ruiz et al., 2015), Al – normalization was used following other 
geochemical studies of high detrital input areas like the WMB and EMB 
(e.g. Jimenez-Espejo et al., 2007; Rodrigo-Gámiz et al., 2014; Martinez- 
Ruiz et al., 2015). In this study the following element – log Al – 
normalized ratios have been used: titanium/aluminum (Ti/Al), potas
sium/aluminum (K/Al), rubidium/aluminum (Rb/Al) alongside with 
the titanium/calcium (Ti/Ca) and sulphur/titanium (S/Ti) element – log 
ratios (Bahr et al., 2005; Hoang et al., 2010; Harff et al., 2011). The 
Principal Component Analyses performed on this dataset was published 
in Bulian et al. (2021),while the element – log normalized ratios are 
shown in this study. 

3.5. Spectral analyses 

Spectral analysis was performed on the benthic δ18O and δ13C record 
and element log ratios in order to identify the nature and significance of 
the periodic changes present. The spectral analysis was carried out in 
depth and time domain using PAST software (Hammer et al., 2001) on 
evenly resampled datasets. Frequency peaks over 95% confidence were 
considered significant. 

4. Results 

4.1. Distribution of benthic foraminifer assemblages 

The data set contains 76 taxa (Supp. 1). The distribution of the 
benthic foraminifer species with abundances ≥3% is shown in Fig. 3. 

4.1.1. 608.9 to 592 mbsf 
The lowermost 17 m of the studied interval covers the upper Tor

tonian and lower Messinian (Fig. 3) and includes the Tortonian/Messi
nian boundary at 596 mbsf (first common occurrence (FCO) of the 
planktic species Globorotalia miotumida group; Bulian et al., 2021).The 
benthic foraminifer assemblages are well preserved and moderately 
diversified. The record is dominated by Siphonina reticulata (up to 60%), 
with Pullenia bulloides and Cibicidoides kullenbergi both reaching 30% of 
the total abundance (Fig. 3). Accessory species (5–10%) are Cibicidoides 
italicus, Cibicides robertsonianus, C. lobatulus, C. ungerianus, Melonis 
pompilioides, Melonis barleeanus and Karreriella bradyi. Anomalinoides 
helicinus is found only in the topmost 2 m of this interval. 

4.1.2. 592 to 583.12 mbsf 
Above 592 mbsf several benthic species disappear (e.g. C. italicus, 

S. reticulata and C. kullenbergi), while others increase (e.g. M. soldanii, 
M. pompilioides, Oridorsalis umbonatus, B. dilatata; Fig. 3). A sharp peak in 
the abundance of M. soldanii (30%) is followed with a slight delay by 
M. pompilioides (up to 30%) and high frequencies (≥ 40%) of 
O. umbonatus. Other taxa showing a clear increase in abundance are 
Sigmoilopsis schlumbergeri, Fissurina spp., P. quinqueloba, B. dilatata and 
K. bradyi, the latter reaching 20% abundance. A gradual increasing 
upward trend can be identified in Gyroidina soldanii and M. barleeanus. 
Cibicidoides bradyi and C. robertsonianus show an initial increase in 

frequency, not exceeding 6%, before disappearing completely above 588 
mbsf. 

4.2. Paleoecological and statistical parameters of the benthic foraminifer 
assemblage 

The paleoecological and statistical parameters used in this study are 
shown in Fig. 4 and can be found in Supp. 2. The %P curves both with 
and without the infaunal benthic species, show an analogous behaviour 
(Fig. 4 a) and remain fairly constant until 592 mbsf when two episodes 
with lowered %P are registered (at 591 and 587.5 mbsf), the youngest 
corresponding with the highest (20%) peak of displaced foraminifers. 
The sum of displaced benthic foraminifers (Fig. 4 b) fluctuates between 
2% and 14% with a 20% peak at 587 mbsf. The Shannon diversity index 
(Fig. 4 c) shows a slight upward increasing trend, with large shifts in 
values from the base to 590 mbsf when it remains constant towards the 
top of the studied core section. Simultaneous with the shift in the benthic 
foraminifer assemblage, the E/(E/I) ratio (Fig. 4 d) displays a radical 
drop in values above 592 mbsf which persists until the top of the record. 
The BFAR values show relatively large variations around the mean of 
~200 benthic foraminifera/cm2/kyr throughout most of the Tortonian 
(Fig. 4 e). Towards the Tortonian-Messinian boundary values increase 
and at 592 mbsf, they gradually start to decrease, and stabilize around 
lower values (~100). 

4.3. Statistical analysis of the benthic foraminifer assemblages 

The Principal Components Analyses (PCA; Supp. 2) yields two sta
tistically significant components, PC1 and PC2, together explaining 
63.6% of the variance within the dataset (48.12% on PC1 and 15.15% on 
PC2). The third and further axes explain less than 10% of the variance 
and are not considered. The loadings, i.e. the contribution of each in
dividual variable on a component (axis), are given in Table 1. The two 
most positive loadings for PC1 are S. reticulata and Cibicides kullenbergi 
while the negative ones are M. pompilioides, M. barleeanum and 
O. umbonatus (Table 1). 

The positive loadings for PC2 are S. reticulata and O. umbonatus 
together with M. soldanii, and the most negative loadings on PC2 are of 
Cibicides kullenbergi and P. bulloides. From PC1 and PC2 (Fig. 4) two 
major faunal assemblages can be identified. The first one is associated 
with upper Tortonian-lowermost Messinian samples (until 592 mbsf) 
and is characterized by species loading positively on PC1 such as 
S. reticulata and C. italicus, and species loading negatively C. kullenbergi 
and P. bulloides. The second assemblage characterizes the Messinian 
deposits from 592 mbsf upwards and is dominated by O. umbonatus and 
M. soldanii loading positively and M. pompilioides loading negatively on 
PC2. 

The dendrogram (Fig. 5; Supp. 2) highlights the clear partition be
tween the pre- and post- 592 mbsf assemblages as well as the changes in 
species distribution reflected in Cluster 2. Above 592 mbsf, a first in
crease in Cluster 2A (C. brady, Cibicides robertsonianus and A. helicinus) is 
visible related with the establishment of clear cyclical juxtaposition 
between Clusters 2D (Cibicides lobatulus and M. pompilioides) and 2C 
(unilocular+uniserial group, P. quinqueloba group, Cancris spp., 
M. barleeanum, M. soldanii, Sorghum schlumbergeri, Fissurina spp., Kar
reriella bradyi, G. soldanii and O. umbonatus). Cluster 2B (Lenticulina spp., 
B. dilatata, Dentalina spp. and C. ungerianus) is present throughout the 
record, with a peak at the topmost part of the studied interval. 

4.4. Oxygen and carbon isotope records 

Throughout the Tortonian and the lowermost Messinian, both δ18O 
curves display a general trend towards heavier values, which is more 
accentuated in the benthic δ18O record (Fig. 6 d,e; Supp. 3). Both records 
show a decrease between 592 and 588 mbsf. The planktic δ13C record 
(Fig. 6 a) displays a general stable trend fluctuating around the mean 
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value of ~0‰ (~2‰ when corrected) throughout the Tortonian and 
Messinian. The benthic δ13C values vary between +1 and − 1.8‰ 
showing a significant negative excursion of ~1‰ starting at 592 mbsf, 
and a mean value around − 1‰ persists until the top of the record. The 
sharp negative benthic δ13C drop, in comparison with the stable planktic 
δ13C is evident in the Δδ 13C gradient curve (Fig. 6 c), which increases 
from 1.5‰ below 592 mbsf to 2.8‰ above this depth. The benthic and 
planktic δ13C records are in phase as well as the δ18O curves and show a 
general cyclical behaviour throughout the entire section. The same 
phase relationship between all four datasets is also visible. 

4.5. Semiquantitative elemental geochemistry 

All the semiquantitative elemental data and the normalized element 
– log ratios used in this research can be found in Supp. 4. The Zr/Al ratio 
(Fig. 7 a) oscillates around a mean of − 0.1 throughout the uppermost 
Tortonian and lower Messinian. At 592 mbsf the values sharply increase 
and so do the oscillation amplitudes. The Zr/Al, Ti/Al and Rb/Al (Fig. 7 
a,b,c) curves show overall a similar trend, with a sharp increase at 592 
mbsf. The Ti/Ca ratio (Fig. 7 d) decreases from the bottom up to 593 
mbsf when the values and amplitudes increase and stay high throughout 
the rest of the record. The S/Ti ratio (Fig. 7 e) shows a generally oscil
lating and upward increasing trend in three steps, with increasingly 
higher values especially above 592 mbsf and the largest peak in the 

Fig. 4. The obtained paleoecological and statistical parameters for Site 976: a) The percentage of planktic foraminifers estimated with benthic infaunal species (in 
black) and without them (in grey; P%); b) Sum of displaced benthic foraminifers; c) Shannon index; d) Epifaunal/Infaunal ratio (E/(E + I)); e) Benthic foraminifers 
accumulation rate (BFAR); f) First Principal Component (PC1); g) Second Principal Component (PC2); Both Principal components reflect the change in benthic 
foraminifer assemblage before and after the 7.17 ma event. The grey rectangle highlights these changes. The full bleck line highlights the Tortonian – Messinian 
boundary while the dashed one the 7.17 Ma restriction event. 

Table 1 
PCA loadings for the species imported into statistical analyses of Site 976.  

Species PC1 PC2 

A. helicinus 0.0027376 − 0.016628 
B. dilatata − 0.061295 0.024992 
C. brady 0.024318 0.010516 
C. italicus 0.037679 0.027948 
Cibicides kullenbergi 0.25215 − 0.78923 
Cibicides lobatulus − 0.03673 − 0.014036 
Cibicides robertsonianus − 0.018294 0.045272 
C. ungerianus 0.0016942 − 0.0062112 
Cancris spp. − 0.0002538 − 0.039412 
Dentalina spp. − 0.0084259 − 0.0077934 
Fissurina spp. − 0.018795 0.019156 
G. altiformis − 0.0027291 − 0.017681 
G. soldanii − 0.07641 − 0.0092862 
Karreriella bradyi − 0.086638 0.066844 
Lenticulina spp. − 0.0049852 − 0.0012906 
M. barleeanum − 0.0011975 − 0.04937 
Melonis pompiloides − 0.17122 − 0.069048 
M. soldanii − 0.13135 0.28641 
Nodosaria spp. − 0.012546 0.020032 
O. umbonatus − 0.38708 0.26736 
P. bulloides 0.079487 − 0.17932 
P. quinqueloba − 0.030854 0.0078701 
S. reticulata 0.84227 0.41526 
Sorghum schlumbergeri − 0.043736 0.020137  
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uppermost part of the Messinian record, just below the non-recovery 
interval. An analogous phase relationship can be seen in the Zr/Al, Ti/ 
Al, Rb/Al and Ti/Ca ratios. 

5. Discussion 

5.1. Improved age model 

5.1.1. Mechanisms driving the sedimentary cyclicity before and after the 
7.17 Ma restriction event 

The cyclical patterns of the sedimentological and micropaleonto
logical record, especially in the interval 592–583.12 mbsf, have been 
discussed in Bulian et al. (2021). The sedimentological record of the 
interval before 592 mbsf (7.17 Ma) did not show a clear cyclicity and 
therefore a precise cycle to cycle tuning was not possible using the 
foraminifer assemblages. However, the cyclical changes in planktic ox
ygen isotopes in the Mediterranean mainly reflect freshwater budget 
oscillations and sea surface temperatures as warmer temperatures and 
humid climates result in lighter oxygen isotope ratios (Lourens et al., 
1996; Rohling and Cooke, 1999; Lisiecki and Raymo, 2005), while 
benthic carbon isotopes reflect changes in organic carbon reminerali
zation that are, in turn, driven by variations in deep water ventilation 
and organic carbon flux to the seafloor (Laube-Lenfant and Pierre, 1994; 
Pierre, 1999). Hence, the new stable isotope records can be used to 
elaborate a more accurate age model of the entire record. Concordantly, 
the cyclical pattern in the newly acquired stable isotope data is evident 
both before and after 592 mbsf and it has been confirmed by spectral 
analyses which yielded cycles of 6.6 m and 1.4 m for the lower interval 
(592–609 mbsf) and of 3.3 m and 2 m for the upper interval (583–592; 
Fig. 8). 

Below 592 mbsf the geochemical cycles visible in the δ18O and δ13C 

record covary (Fig. 9). In the 592–609 mbsf interval, maxima of planktic 
and benthic δ18O were linked to summer insolation minima assuming 
they are correlated with lower rates of Nile discharge and decreasing 
annual rainfall, causing increasing surface salinities and lower surface 
temperatures (Bosmans et al., 2015; Rohling et al., 2015 and references 
therein). The resulting enhanced surface densities favour vertical mixing 
and deep – water formation enabling a good ventilation that should 
result in high benthic δ13C values associated with insolation minima. 
During these times, the lower rainfall in the Alboran watersheds should 
also result in lower river supply of detrital elements (e.g. Ti, Rb, Zr, Si) to 
the basin. Here, however, an opposite behaviour is observed. Higher 
detrital element supply (higher Ti/Ca, Rb/Al, Ti/Al and Zr/Al ratios, e.g. 
Fig. 9) are associated with high planktic and benthic δ18O and high 
benthic δ13C, suggesting an unexpected higher detrital input at times of 
insolation minima. If river supply as the source of clastic particles is 
ruled out, terrigenous particles must necessarily derive from wind- 
blown dust from north Africa (e.g. Calvert and Pedersen, 2007; Marti
nez-Ruiz et al., 2015). Analogous phase relations were found in the 
Trubi formation in Sicily (beige layers signal of Trubi formation; De 
Visser et al., 1989) and in EMB Site 967 (Leg 160; Larrasoaña et al., 2003 
and references therein; Konijnendijk et al., 2014), where most of the 
detrital input occurs during insolation minima. The clastic particles 
were not supplied by rivers, but by wind-transported dust from North 
Africa, strongly diluting the carbonate content of the sediments. 

By contrast, above 592 mbsf higher detrital element supply (high Ti/ 
Ca, Zr/Al, Ti/Al or Rb/Al) covaries with lighter planktic and benthic 
δ18O and δ13C (Fig. 9). Here, higher values of these ratios are linked to 
insolation maxima when humid conditions dominate the Mediterranean 
and high annual precipitation and enhanced riverine discharge (Rohling 
et al., 2015 and references therein) promote water column stratification 
and the proliferation of warm oligotrophic water planktic foraminifer 

Fig. 5. Dendrograms resulting from hierarchical clustering that divided the benthic faunas into two main clusters (Cluster 1 and 2) and four sub clusters (Cluster 2A, 
2B, 2C and 2D). All the cluster have been plotted against depth on the right hand side. The continuous black line highlights the Tortonian – Messinian boundary while 
the dashed one the 7.17 Ma restriction event. 
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species (WOWPF) together with an enrichment in detrital elements (Ti, 
Zr, Rb; Fig. 9). Contemporaneously, low salinity surface water prevents 
deep water formation and ventilation of the bottom resulting in 
increased bottom water residence time, evidenced by lighter benthic 
δ13C values. Above 592 mbsf, during insolation minima cold eutrophic 
water planktic species (CEWPF; Fig. 9) co-occur with sediments 
enriched in biogenic elements (Ca and Sr; Bulian et al., 2021) and light 
δ18O and δ13C values. These cycles can be interpreted as dilution cycles 
where fluvial detrital input replaced eolian dust as the main diluting 
factor. Cyclical behaviour can also be seen in at least the first three 
insolation maxima in the benthic foraminifer record. The increase of 
Cluster 2D, dominated by allochthonous Cibicides lobatulus, together 
with M. pompilioides (Fig. 9), known to proliferate when levels of 
terrestrial refractory organic matter are high (Poli et al., 2012 and ref
erences therein), can be explained by the increased terrigenous/fluvial 
input coming to the basin. Similar orbitally-driven climatic alternations 
were described in the Sorbas (Vázquez et al., 2000; Sierro et al., 2003), 
Gavdos Basins (Seidenkrantz et al., 2000; Pérez-Folgado et al., 2003) 
and the Balearic promontory (Frigola et al., 2008), while Greek, and 
Italian sections (Seidenkrantz et al., 2000; Krijgsman et al., 2002; Hüs
ing et al., 2009; Di Stefano et al., 2010) show an alternation between 
normal marine and sapropel sedimentation (Section 5.4). In addition, a 
similar climate signature and cyclicity has been observed in Atlantic 
locations proximal to the Mediterranean like SW Spain and NW Morocco 
(Van Der Laan et al., 2012; Van den Berg et al., 2015). 

5.1.2. Astronomical tuning of the geochemical record 
First order calibration of the benthic and planktic δ18O curves of Site 

976 was achieved using foraminifer bioevents and stage boundaries 

from Bulian et al. (2021). Reliable bioevents include the FCO of planktic 
Globorotalia menardii 5 group at 601.96 mbsf, the FCO of G. miotumida 
group at 594.9 mbsf and the disappearance of Globorotalia suterae at 592 
mbsf (Bulian et al., 2021) (Fig. 10). The Globorotalia suterae event has 
been astronomically calibrated at 7.17 Ma (Lirer et al., 2019). The 
G. menardii 5 group event has been calibrated at 7.36 Ma and the 
G. miotumida group event at 7.24 Ma (Lirer et al., 2019) and have been 
recorded respectively in cycle 11 and 16 of the Faneromeni section in 
Crete (grey marls, Fig. 10) (Krijgsman et al., 1994; Hilgen et al., 1995; 
Santarelli et al., 1998) and cycle 9 and 15 of Oued Akrech section in 
Morocco (reddish layers) (Hilgen et al., 2000). In the two sections, these 
cycles have been correlated with Northern Hemisphere summer inso
lation maxima phases (Krijgsman et al., 1994; Hilgen et al., 1995; San
tarelli et al., 1998). In the Faneromeni section, the insolation maxima 
peak between cycle 17 and 18 does not materialize while in the Oued 
Akrech section it is represented by cycle 17 (Fig. 10). Considering that 
the cyclicity at 976 Site is also driven by precession (1.4 and 2 m cycles 
while the 3.3 and 6.6 m cycle are related to other orbital parameters), we 
used the cycles identified in the two sections as an aid for astronomical 
tuning. For the lower part of the record (592–609 mbsf), the insolation 
maxima peaks corresponding to the grey layers in Faneromeni section 
(cycles F7 to F18) and reddish intervals in Oued Akrech section (cycles 
OA5 to OA18) were related with δ18O, δ13C and Ti/Ca minima. In the 
upper part of the core (583–592 mbsf) insolation maxima phases derived 
from δ18O, δ13C and CEWPF minima and Ti/Ca, WOWPF and benthic 
Cluster 2D maxima and were related with cycles F18 – F23 of Faner
omeni section and Cycles OA18 – OA21 in Oued Akrech secton (Fig. 10). 
The evident change in sedimentation rates visible after the tuning are 
probably the cause of the different phase relationship before and after 

Fig. 6. Upper Tortonian and lower Messinian stable isotope curves from ODP Site 976: a) corrected planktic (Globigerina bulloides) δ13C curve (original curve in grey); 
b) benthic (Cibicides kullenbergi) δ13C curve; c) benthic – planktic Δδ13C carbon gradient; d) planktic (G. bulloides) δ18O isotopic record; e) benthic (C. kullenbergi) δ18O 
isotopic record. The dashed lines indicate the mean value while the planktic record discontinuous lines shows intervals where planktic data could not be measured 
due to intense calcification. The black line shows the Tortonian – Messinian boundary while the dashed one highlights the 7.17 Ma restriction event. 
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the 7.17 Ma event (Fig. 10). 

5.2. Paleo-water depth reconstruction 

Based on a mean %P between 95 and 100% (Fig. 4), the calculated 
paleodepth using the transfer function in Van der Zwaan et al. (1990) 
and Van Hinsbergen et al. (2005) would be ~1000–1200 m. This is in 
fact the maximum paleodepth that can be resolved with this method, so 
extra constraint is needed. Many benthic foraminifers occupy a consid
erable depth range, but some species or species groups can give an 
indication of paleo-water depth. Amongst the most abundant benthic 
foraminifer species recorded in the late Tortonian-early Messinian part 
of the record (608.9–592 mbsf) are S. reticulata and Cibicides kullenbergi, 
together with C. italicus and Cibicides robertsonianus, considered 
epifaunal species occurring at middle bathyal water depths (Wright, 

1978; Sgarrella and Moncharmont Zei, 1993; Schönfeld, 1997; Violanti 
et al., 2011; Pérez-Asensio et al., 2012a, 2012b). The third most com
mon taxon, P. bulloides, has been reported from neritic to abyssal water 
depths (200–4000 m; Pelum et al., 1976; Pflum et al., 1976; Bornmalm, 
1997) but is usually considered a deep-water taxon (e.g. Mackensen 
et al., 1985; Van Marle, 1988; Mackensen et al., 1993). Mesobathyal 
depths have not been uniformly defined and environmental parameters 
are more instrumental than water depth (e.g., Jorissen et al., 2007). In 
addition, the bathyal range is more condensed in the Mediterranean 
than in the open ocean (Bandy and Chierici, 1966). Here, water depths 
between ~500 and ~2000 m are considered mesobathyal (differing 
from for instance Wright, 1978, who considers epibathyal and meso
bathyal, and Schönfeld, 1997, who considers upper- and lower bathyal 
depths). Considering the abundances of C. kullenbergi and S. reticulata 
and the near absence of Cibicides wuellerstorfi, which has an upper depth 

Fig. 7. Proxies derived from geochemical data of ODP Site 976: a) ln(Zr/Al) ratio; b) ln(Ti/Al) ratio; c) ln(Rb/Al) ratio; d) ln(Ti/Ca) ratio and e) ln(S/Ti) ratio. The 
black line shows the Tortonian – Messinian boundary while the dashed one highlights the 7.17 Ma restriction event. 

Fig. 8. Power spectrum of the benthic δ18O record of Site 976 before and after the restriction event at 592 mbsf with the main cyclicities expressed in meters. Th 95% 
confidence interval is indicated by the red line. (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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limit of ~1200 m (Bandy and Chierici, 1966; Wright, 1978), the esti
mated depth range is approximately 1000–1500 m for Site 976. Elphi
dium and Rosalina spp., discorbids and Cibicides lobatulus are present in 
abundances between 5% and 10% (Fig. 3; Appendix 1) with two maxima 
of 15% and 20% around 589 m. When found in deep environments, 
these shallow-water, sometimes epiphytic taxa (Jorissen, 1987; Langer, 
1993) are considered displaced (e.g. Murray, 2006) and cannot be used 
in the paleodepth reconstruction. 

After 7.17 Ma high abundances of O. umbonatus, M. pompilioides, 
M. soldanii and Karreriella bradyi indicate that a mesobathyal environ
ment persists after the 7.17 Ma event (Bandy and Chierici, 1966; Wright, 
1978 and references therein; Mackensen et al., 1993; Sen Gupta and 
Machain-Castillo, 1993a; Loubère, 1996; Bornmalm, 1997; Pérez- 
Asensio et al., 2012a, 2012b; Kaminski et al., 2013). 

5.3. Deterioration of deep-water circulation at 7.17 Ma 

5.3.1. Environmental changes and aging of deep-water masses 
One of the most abundant species in the upper Tortonian-lowermost 

Messinian (before 7.17 Ma) record is S. reticulata, which has been 
associated with oxic conditions (Gebhardt, 1999; Kouwenhoven et al., 
2003), however has also been reported from hypoxic bottom waters 
(Katz and Thunell, 1984; Denne and Sen Gupta, 1991; Sgarrella and 

Moncharmont Zei, 1993; Barra et al., 1998). The species is associated 
with high abundances of Cibicidoides species and P. bulloides. Cibicidoides 
species are generally considered epifaunal and associated with oligo
trophic, well oxygenated waters (e.g. Lutze and Coulbourn, 1984; Cor
liss and Chen, 1988; Corliss, 1991; Kaiho and Lamolda, 1999). 
Cibicidoides kullenbergi has also been found encrusted on top of sub
strates (Lutze and Thiel, 1989; Koho et al., 2008) and in high abun
dances (50%) in a mesotrophic canyon environment (Koho et al., 2008), 
suggesting it has opportunistic characteristics and can turn to a filter 
feeding life mode. Pullenia bulloides has been associated with areas of 
elevated productivity (Mackensen et al., 1985; Mackensen et al., 1993). 
These species (Cluster 1; Figs. 3 and 5) are generally present during the 
Tortonian and earliest Messinian in other Mediterranean sites (Seid
enkrantz et al., 2000; Kouwenhoven et al., 2003; Kouwenhoven et al., 
2006; Iaccarino et al., 2008; Di Stefano et al., 2010). Gradual increase of 
the Shannon diversity between 608.9 and 592 mbsf reflects the entry of 
several species in the benthic foraminiferal record (Fig. 3; Supp. 1). The 
BFAR values vary around a mean of ~150 specimens/cm2/kyr and stay 
stable through the lowermost Messinian (Fig. 4), suggesting a constant, 
moderate productivity. The benthic δ13C values remain high with short 
term negative excursions (Fig. 6) pointing to an efficiently ventilated 
water column. A sill efficiently connecting the Mediterranean and 
Atlantic permitted a significant inflow-outflow, and allowed the 

Fig. 9. Precessionally driven cyclicity evident in the ODP Site 976 record shown in depth domain. From left to right: a) benthic δ13C curve; b) benthic δ18O curve 
(benthic curves are used because the record is more continuous); c) ln(Ti/Ca) ratio; d) the sum of warm oligotrophic water planktic foraminifer species (WOWPF; 
Bulian et al., 2021); e) the sum of cold eutrophic water planktic foraminifer species (CEWPF; Bulian et al., 2021); f) distribution of benthic Cluster 2D. The shaded 
rectangles highlight the cycles before and after the restriction event. 
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Bernoulli aspiration to maintain effective deep water flushing of the 
seafloor as confirmed by several modeling studies (Alhammoud et al., 
2010; Topper and Meijer, 2015). However, the high amplitude oscilla
tions in the benthic δ13C records suggest that even if deep water renewal 
was overall effective and prevented sea – floor anoxia in the WMB 
(values similar as open Atlantic ones; section 5.5), there was a strong 
precessionally driven variability (around 1‰) suggesting weakened 
deep water formation during northern hemisphere summer insolation 
maxima. The δ13C negative excursions could have been additionally 
reinforced by deep water admixture with a proto – LIW δ13C carrying an 
EMB δ13C signal (Section 5.4). 

The change in the benthic assemblages after 7.17 Ma can be corre
lated with a similar shift in benthic foraminiferal assemblages occurring 
at other Mediterranean locations (Seidenkrantz et al., 2000; Kouwen
hoven et al., 2003; Kouwenhoven et al., 2006) during deposition of the 
sapropel astronomically dated by Hilgen et al. (1995) at 7.167 Ma 
(Section 5.4). The higher abundances of shallow infaunal taxa, toler
ating a wide range of conditions and suboptimal oxygen levels (Koho 
et al., 2008; Kaminski et al., 2013; Cluster 2, Fig. 5) suggests a decrease 
in bottom-water oxygen levels. According to the TROX model (Trophic- 
Oxygen: Jorissen et al., 1995), environmental factors predominantly 
determining species composition of benthic foraminifer assemblages are 
organic flux and oxygenation of the sea floor; where oxygen levels are 
more instrumental in establishing the presence or absence of species, 
whereas quantity and quality (fresh vs degraded) of organic flux struc
ture the communities and determine the relative abundances (Van der 
Zwaan et al., 1999; Jorissen et al., 2007). This implies that a decrease in 
bottom-water oxygen and an increase or change of composition of 
organic flux occurred at the same time, leading to disappearance or 
decreasing abundances of sensitive species and increasing abundances 
of more tolerant species. In the WAB, deep infaunal taxa were not 

dominant at this stage (e.g. Globobulimina, Chilostomella spp., B. acu
leata, B. dilatata; Jorissen et al., 2007 and references therein) and anoxic 
conditions were not reached. Assumptions regarding paleo productivity 
based on BFAR were not possible for this interval, because the BFAR 
values lose reliability under reduced oxygen levels (Naidu and Malmg
ren, 1995). However, a decrease in oxygen levels is also suggested by the 
rise in S/Ti values. As S can be bound to organic matter (e.g. Lückge 
et al., 2002), higher S contents in the sediments suggest a higher organic 
carbon content. Oxidation of organic matter consumes oxygen, therefore 
a S enrichment suggests an efficient organic matter preservation asso
ciated with lowered oxygen levels in the bottom waters (Harff et al., 
2011). Further changes in the circulation can be deduced from the δ13C 
record of benthic and planktic foraminifers. The sharp drop in the 
benthic δ13C record from 0‰ to − 1‰ (Fig. 6) and the sharp increase in 
the Δδ13C to an average value of − 2.8‰ imply a prominent increase in 
residence time of bottom waters in the WAB (Laube-Lenfant and Pierre, 
1994). 

Coeval with the shift from oxygenated to hypoxic benthic environ
ments, the drop in benthic δ13C was recorded in other Mediterranean 
basins suggesting that the 7.17 Ma event had a significant impact on the 
Mediterranean thermohaline circulation (Section 5.4.2). A shallower 
strait would mean higher vertical density gradient below the sill depth 
resulting in a weaker Bernoulli aspiration, inhibiting deep water outflow 
to the Atlantic. Consequently, deep-water renewal could only be ach
ieved if deep-water formation rates were high enough to result in 
advection into intermediate water masses. However, in the WAB deep- 
water formation was not intense enough to incorporate the deeper wa
ters into the MOW, resulting in bottom water aging and oxygen deple
tion. Surface waters, on the contrary, were less affected (stable planktic 
δ13C; Fig. 6) possibly because of the proximity of Site 976 to the 
Mediterranean-Atlantic gateways where the influence of surface-water 

Fig. 10. Age model of ODP Site 976 based on tuning to the insolation curve of the benthic δ18O and δ13C curve and ln(Ti/Ca) ratio. On the left, the records are 
displayed in depth domain (a, b, c) while on the right in time domain paired with the obtained sedimentation rate (a′, b′, c′). In the Middle, the correlation with the 
cycles from Oued Akrech (Hilgen et al., 2000) and Faneromeni sections (Krijgsman et al., 1994; Hilgen et al., 1995; Santarelli et al., 1998) is shown. The black arrows 
show the main foraminifer bioevents (Bulian et al., 2021) highlighted by the red lines. (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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inflow carrying the high Atlantic δ13C signature was stronger. Likewise, 
while the planktic δ18O trend is stable, the benthic δ18O record shows an 
increasing upward trend suggesting progressively higher bottom water 
salinities. 

5.3.2. Location of the late Tortonian-early Messinian Mediterranean- 
Atlantic gateway 

The Mediterranean scale change in bottom water ventilation ex
cludes the possibility that the WAB was a satellite basin of the Atlantic 
Ocean and confirms that it was part of the Mediterranean Basin contrary 
to what was proposed recently. Booth-Rea et al. (2018) suggested that 
the main gateway restricting the connection between the Mediterranean 
and the Atlantic during the MSC was located along a volcanic archi
pelago in the EAB extending southward from the Cabo de Gata region in 
Southern Spain to the African continent. According to the authors, the 
emersion of this archipelago would have isolated the WAB from the rest 
of the Mediterranean and acted as a barrier separating the WAB and the 
EAB making the WAB an open marine refuge connected with the Atlantic 
Ocean. This hypothesis was supported by the absence of obvious signs of 
restriction before 6.8 Ma in previously studied WMB sections like the 
lower Abad member in the Sorbas basin, where sapropels were only 
deposited after 6.8 Ma (Sierro et al., 2003). Our new evidence from ODP 
Site 976 shows that the 7.17 Ma gateway shoaling affected the WAB, 
confirming that the restriction occurred in the west rather than in the 
east of the WAB as suggested by Booth-Rea et al. (2018). Hence, we 
consider that the 7.17 Ma event was triggered by the restriction of the 
previously defined Gibraltar Arc gateways (see Introduction). 

5.4. A Mediterranean scale change in thermohaline circulation: 
Comparison between the Western and Eastern Mediterranean Basins 

With the aim of reconstructing the Mediterranean deep and inter
mediate circulation before and after the 7.17 Ma gateway restriction 
event, the Site 976 record has been compared with geochemical, sedi
mentological and micropaleontological data collected in other Medi
terranean sections (Fig. 11 a) including intermediate (300–600 m depth) 
and deep-water signals (>800 m depth). The depth reconstructions 
based on foraminifer assemblages and %P values reported in literature 
(Ryan, 1976; Kouwenhoven et al., 1999; e.g. Baggley, 2000; Roger et al., 
2000; Fortuin and Krijgsman, 2003; Kouwenhoven et al., 2003; Krijgs
man et al., 2006; Hüsing et al., 2009; Di Stefano et al., 2010; Corbí et al., 
2020), helped define the intermediate (Sorbas, Bajo Segura, Nijar, 
Murcia, Melilla, Pissouri Basins and Trave, Monte dei Corvi and Faner
omeni sections) and deep basins (Alboran Basin, Balearic promontory, 
Monte del Casino, Monte Gibliscemi and Metochia sections). 

5.4.1. Mediterranean thermohaline circulation until 7.17 Ma 
Based on the foraminiferal record, before 7.17 Ma the Western 

Mediterranean Basin (WMB) was an open marine environment with a 
well ventilated water column as no sapropels or organic rich layers have 
been recorded neither in the intermediate basins like Sorbas (Sierro 
et al., 2003), Nijar (Fortuin and Krijgsman, 2003), Murcia (Krijgsman 
et al., 2006), Bajo Segura (Corbí et al., 2020) nor in deeper basins such as 
the Balearic promontory (Ochoa et al., 2015), the Tyrrhenian Sea 
(Kastens et al., 1988; Glacon et al., 1990) and Alboran Basin. In contrast, 
sapropels were formed in the Eastern Mediterranean Basin (EMB) during 
the most prominent insolation maxima. Bottom water anoxia was 
recorded in deep water sections like Metochia in Greece (Seidenkrantz 
et al., 2000), the Italian Monte Gibliscemi (Sprovieri et al., 1996; 
Sprovieri et al., 1999; Blanc-Valleron et al., 2002; Kouwenhoven et al., 
2003) and Monte del Casino sections (Krijgsman et al., 1997; Kouwen
hoven et al., 2003), and marginal locations like Italian Monte dei Corvi 
(Hüsing et al., 2009) section. Comparison of the benthic δ13C from Site 
976 (this study) with the Metochia section in the EMB and the Atlantic 
δ13C records (Fig. 12), shows that both the EMB and WMB were well 
ventilated at times of insolation minima, showing high δ13C values 

comparable to those recorded at the Atlantic side of the Rifian corridor 
(e.g. Sale Briqueterie). Still, at times of insolation maxima, a weaker 
deep water Mediterranean thermohaline circulation probably occurred 
in both basins. During these times a strong benthic δ13C depletion was 
recorded in the WAB (Fig. 12), were values well below the Atlantic ones 
were found indicating that deep Mediterranean waters immediately to 
the east of the late Miocene Straits (Betic and Rifian corridors, proto- 
Gibraltar strait?) were considerably older than the coeval Atlantic 
water mass. Nonetheless, probably because this area benefited of a local 
deep – water source like the Gulf of Lions, bottom water anoxia was 
prevented and lower δ13C values could reflect the LIW signal from the 
east. However, these events of anoxia were not registered in the benthic 
δ13C record (see the Metochia record in Fig. 12) because isotope analyses 
were only carried out in the non – sapropelic samples. Even though the 
Mediterranean-Atlantic connection was wide open, the presence of 
sapropels in the EMB suggests a less efficient deep/intermediate water 
circulation than in the WMB. This discrepancy can be explained by the 
weaker Bernoulli aspiration at the Sicily sill (Rohling et al., 2015) that 
would block the incorporation of part of the deep water in the outflow to 
the WMB, preventing an efficient ventilation of the bottom (Fig. 11 b). 

5.4.2. Mediterranean thermohaline circulation after 7.17 Ma 
With a shallowing of 120 m at the Strait of Gibraltar (Myers et al., 

1998; Rohling et al., 2015) assumed for the for the last glacial maximum, 
salinities above 40 psu have been modelled for the Mediterranean. 
Similarly at 7.17 Ma, the reduced water exchange with the Atlantic led 
not only to a longer bottom water residence time but possibly to higher 
bottom water salinities (e.g. Meijer, 2006). With a shallower strait, the 
Bernoulli aspiration depth would reduce, producing progressively saltier 
and higher density deep waters increasing the density contrast between 
what was left of the Atlantic inflow and Mediterranean deep – water 
masses, favouring water – mass stratification (as shown by models, e.g. 
Meijer, 2006), a less efficient deep water circulation and consequently 
increased bottom water residence time (e.g. Sierro et al., 2003). Under 
this regime and at smaller time scales, precession forced cyclical changes 
in the hydrological budget would, during periods of enhanced fresh
water discharge, further enhance stratification leaving a stronger impact 
on the Mediterranean circulation (Simon et al., 2017). 

At Site 976, deterioration of the deep circulation at 7.17 Ma is visible 
from the sharp drop in benthic δ13C and the shift towards more hypoxic 
benthic foraminifer associations, while water column stratification is 
indicated by the first appearance of the warm water planktonic fora
minifer genus Globigerinoides (Bulian et al., 2021) and by the sharp 
Δδ13C gradient. From 7.17 Ma onward, similar changes have been 
recorded at several WMB shallow marginal basins. In the Bajo Segura 
(Corbí et al., 2020) and Murcia (Krijgsman et al., 2006) basins an in
crease of benthic stress taxa has been reported, suggesting a moderate 
reduction in deep – water ventilation while the beginning of cyclical 
deposition of diatomite rich layers in the Nijar (Fortuin and Krijgsman, 
2003) and Sorbas (Sierro et al., 2003) basins suggest higher sensitivity 
towards precessionally induced climate variability (Fig. 11 c). Yet, the 
deep WMB water never reached anoxia as sapropels do not occur in the 
marginal basins until the second restriction step at 6.8–6.7 Ma, when the 
first sapropels are identified at the base of the Upper Abad member 
(Sierro et al., 2001; Sierro et al., 2003) in the Sorbas and Nijar basins. 
The WAB surface waters, in addition, were not affected by the restriction 
(e.g. Sorbas Basin-Sierro et al., 2003 and this study), suggesting the 
presence of an Atlantic inflow with the typical high planktic δ13C of the 
open ocean. One exception in the WMB is the Tyrrhenian basin as the 
sedimentological record of ODP Site 654 shows, starting around 7.2 Ma, 
deposition of dolomitic dark shales characterized by extremely rare or 
absent foraminifers (Glacon et al., 1990) suggesting the installation of an 
anoxic bottom environment. However, Roveri et al. (2014b) and Borsetti 
et al. (1990) suggest that these sediments are actually much younger and 
that hiatus explains this anomaly. In the EMB on the other hand, oxygen 
depleted conditions are visible from the onset of euxinic shale and 
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Fig. 11. a) Generalized map of the Mediterranean Sea showing the basins, sections and ODP Sites mentioned in this section. Cartoon showing the Mediterranean 
thermohaline circulation: b) before (from present circulation studies like Pinardi and Masetti, 2000) and c) after the 7.17 Ma event. Circulation patterns adapted from 
(Alhammoud et al., 2010) and (Topper and Meijer, 2015). 
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sapropel deposition in the marginal Monte dei Corvi (Hüsing et al., 
2009) and Faneromeni sections (Santarelli et al., 1998), together with 
more frequent sapropels in deep locations like Metochia and Monte del 
Casino sections (Kouwenhoven et al., 1999; Seidenkrantz et al., 2000). 
In the EMB, the abrupt δ13C decrease in benthic (Fig. 12) and planktic 
records (e.g. Metochia section: Seidenkrantz et al., 2000; Monte 
Gibliscemi: Sprovieri et al., 1996; Monte del Casino: Kouwenhoven 
et al., 2003 and Faneromeni section: Kontakiotis et al., 2019) suggest 
that significant increase in residence time affected both deep and in
termediate water cells. At the same time, a trend towards heavier values 
of both planktic and benthic δ18O curves from Metochia and Monte del 
Casino sections possibly indicate higher bottom water salinities (Kou
wenhoven et al., 2003).Planktic species indicating stressful conditions 
(Turborotalita quinqueloba, Globigerinita glutinata, Globigerinella obesa, 
Orbulina universa) (Seidenkrantz et al., 2000; Kouwenhoven et al., 2006; 
Di Stefano et al., 2010) together with benthic species implying limited 
oxygen levels and increased salinities become more abundant in the 
marginal basins, while deep basins show low diversity benthic fora
minifer assemblages, often dominated by bolivinids (e.g. Seidenkrantz 
et al., 2000). The proliferation of this benthic species can be attributed to 
increased salinities and reduced oxygen levels, changes conformable 
with a gateway restriction scenario. 

From 7.17 Ma onward, the restriction of the Mediterranean-Atlantic 
gateway/s and reduction of water exchange between the two basins, 
paired with the negative Mediterranean freshwater budget resulted in a 
change in the thermohaline circulation that impacted to different ex
tents the WAB and EMB. Higher density contrast between WMB deep – 
water masses and inflowing Atlantic surface waters resulted in 
increasing vertical density gradients leading to water column stratifi
cation. Here, close to the gateway, surface waters were able to preserve 
the Atlantic isotopic signal while deep waters show clear signs of aging 
and decreasing oxygen levels. These effects are linked with aspiration 
depth reduction (i.e., Bernoulli aspiration) at the Gibraltar gateway/s 
which limited water outflow and with less deep – water formation in the 
Gulf of Lions related to presence of dense Levantine intermediate water 
from the East, which could not mix with the much fresher Atlantic water 

given the too high density contrast. More pronounced effects have been 
recorded in the EMB. It is likely that the presence of the Sicily sill with 
even lower aspiration depth hindered, for the larger part, the escape of 
deep waters from the EMB towards the WMB, resulting in aged, anoxic, 
and stagnant bottom waters with sapropel deposition during insolation 
maxima. Longer water residence time has been registered in EMB sur
face waters as well. Here, far from the Atlantic Ocean, surface waters 
could reflect the deep-water signal. In particular, the different configu
ration of the WMB and EMB and consequent non identical reaction to 
circulation changes have been noticed also in the Plio-Quaternary 
Mediterranean records, where during insolation maxima sapropels 
form only in the EMB, while in the WMB bottom waters never reach 
anoxia but only enrichment in organic matter that allows the develop
ment of ORLs (e.g. Murat, 1999; Rogerson et al., 2008). This suggests 
that from 7.17 Ma onward, the configuration of the Mediterranean Basin 
was very similar to the recent one. Nonetheless, to better understand the 
Mediterranean-Atlantic connectivity and circulation prior to this event 
late Miocene continuous records from other deep WMB are needed. 

5.5. Correlation of the Mediterranean restriction and LMCIS 

During the Late Miocene cooling (7.5–5.5 Ma) a global decrease in 
sea surface temperatures (SST) of about 6 ◦C (compared to the mean 
present day SST) has been reconstructed (Herbert et al., 2016) 
contemporaneously with a global decrease in δ13C oceanic values 
(Fig. 13 a and b) related with the LMCIS (7.8–6.7 Ma; Hodell et al., 1994; 
Hodell et al., 2001; Hodell and Venz-Curtis, 2006). During this period of 
time of 1.1 Ma, the amplitude of the δ13C decrease reached 0.75‰ in the 
Atlantic and 1‰ in the Pacific ocean which is visible for example in 
Atlantic ODP sites 982 (Hodell et al., 2001; Drury et al., 2018), 926 
(Drury et al., 2017), the Salé Briqueterie core (Hodell et al., 1994) and 
China Sea ODP Site 1146 (Holbourn et al., 2018; Holbourn et al., 2021). 
In this work we will focus only on the final stage of the LMCIS (7.2 Ma – 
6.8 Ma) part of which is recorded at Site 976 (Fig. 13 b). Over the final 
0.4 Ma of the LMCIS, in the Atlantic sites the δ13C dropped with 
0.30–0.35‰, while in the South China Sea a more pronounced drop of 

Fig. 12. Comparison between benthic δ13C records of Site 976 in red (this study), Atlantic Ocean ODP Site 982 (Drury et al., 2018) in grey, Metochia section 
(Seidenkrantz et al., 2000) in purple, and Atlantic drill site Sale Briqueterie (Hodell et al., 1994) in light blue. In order to compare the absolute values of the curves, 
the isotope records that were measured on different benthic foraminifera species than Site 976 were corrected according to their offset with respect to Cibicides 
kullenbergi reported in literature. Metochia and Sale Briqueterie records were obtained from Planulina ariminensis. The correction of the offset with respect to 
C. kullenbergi was obtained using the correction factors from Van der Laan et al. (2006), where isotope analyses performed on samples from the Loulja section 
(Morocco) both on C. pachyderma and P. ariminensis showed an interspecific offset of 0.627‰ for δ13C measurements. The isotopic record ofSite 982 ODP, measured 
on C. wuellerstorfi or C. mundulus did not need any correction because no offset has been found between the two species (Hodell et al., 2001; Holbourn et al., 2007; 
Holbourn et al., 2018). The continuous black line highlights the Tortonian – Messinian boundary while the dashed one the 7.17 Ma restriction event. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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~0.75‰, (Holbourn et al., 2018) has been registered. At Site 976, the 
amplitude of the δ13C drop (~1‰), which occurred at exactly 7.17 Ma 
coinciding with the major restriction event, is even higher (Fig. 13 b) 
and is clearly more abrupt when compared with the more gradual 
change observed in the open Ocean. However, at Site 1146, the most 
significant decrease in benthic δ13C the LMCIS occurred between 7.2 and 
7 Ma (Holbourn et al., 2018) making it almost coeval with the 7.17 Ma 
event (Fig. 13 b). A detailed comparison between the two benthic δ13C 
records, however, reveals different responses of the two systems 
(Fig. 14). The benthic δ13C from ODP Site 1146 follows a global pattern 
of lower benthic δ13C at glacial periods with larger ice volume (higher 
benthic δ18O) during obliquity minima probably due to a greater CO2 
storage in the deep ocean (Holbourn et al., 2018). By contrast, the 
Mediterranean benthic δ13C cyclicity is controlled by northern 

hemisphere summer insolation and lower benthic δ13C values are 
recorded during insolation maxima. This implies that, while open ocean 
stable isotope signals are dominated by obliquity, the Mediterranean Sea 
record is modulated by precession. According to our age model (Fig. 10), 
the two pronounced drops in δ13C recorded at Site 976 after 7.17 Ma 
(590.5 and 587 mbsf) show higher amplitudes because they occurred 
during a period of interference between obliquity and precession (when 
the two curves are in phase), when changes in freshwater budget are 
amplified. The latter can be correlated to the first and second prominent 
sapropels (Fig. 14: black layers at 34.5 and 37 m) in the Faneromeni 
section in the EMB (cycles F18-F22; Krijgsman et al., 1994; Hilgen et al., 
1995; Santarelli et al., 1998), while smaller changes in the δ13C record 
are linked to low amplitude peaks in summer insolation during obliquity 
minima resulting in the deposition of grey marls instead of sapropels 

Fig. 13. a) Sea surface temperatures (SST) for Northern 
Hemisphere high-latitudes, Southern Hemisphere mid- 
latitudes (Herbert et al., 2016) and Mediterranean Sea 
(Monte dei Corvi section, Italy; Tzanova et al., 2015); b) 
Comparison between benthic δ13C records of ODP Site 
976 in red (this study), Atlantic ODP Site 982 in grey 
(Drury et al., 2018), Equatorial Atlantic ODP Site 926 in 
dark blue (Drury et al., 2017), Salé Briqueterie drill core 
in light blue (Hodell et al., 1994), and South China Sea 
ODP 1146 Site in green (Holbourn et al., 2018; Holbourn 
et al., 2021). In order to compare the absolute values of 
the curves, the isotope records that were measured on 
other benthic foraminifera species than for Site 976 were 
corrected according to their offset with respect to Cibicides 
kullenbergi reported in literature. The Sale Briqueterie re
cord was obtained from Planulina ariminensis and to cor
rect its offset the correction factors were taken from Van 
der Laan et al. (2006, Loulja section, Morocco), where 
δ13C analyses performed both on C. pachyderma (should 
yield equivalent values as C. kullenbergi; Riveiros et al., 
2010) and P. ariminensis showed an interspecific offset of 
0.627‰. When the isotopic record was obtained 
measuring C. wuellerstorfi or C. mundulus (ODP sites 982, 
1146 and 926) no correction has been applied because no 
offset has been found between the three species (Hodell 
et al., 2001; Holbourn et al., 2007; Holbourn et al., 2018). 
Light grey shading marks the LMCIS while the dark grey 
shading its final stages. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred 
to the web version of this article.)   
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(35.5 and 38 m; Santarelli et al., 1998). In a highly restricted basin with 
elevated bottom – water salinities like the Mediterranean, the increase in 
precipitation that characterizes summer insolation maxima would result 
in high amounts of low-density freshwaters, promoting strong water 
stratification. Under these circumstances deep – water formation would 
not be possible and therefore deep – water renewal would be blocked 
resulting in an increased residence time of deep water with subsequent 
lowering of the δ13C. The lower CO2 levels (Zhang et al., 2013; Tanner 
et al., 2020) that characterize the LMCIS have also been linked to a 
global increase in ice volume (Drury et al., 2016; Herbert et al., 2016). In 
a context of tectonic uplift that progressively reduced the section of the 
Mediterranean – Atlantic straits, a sea level drop associated with ice 
volume expansion during the LMCIS could have further reduced the 
water exchange with the Atlantic and amplified the drop in benthic δ13C. 
This could explain why the South China Sea continued to reflect a global 
signal while the stronger isolation of the Mediterranean from the Global 
Ocean made it more sensitive to local hydrological budget changes. 

The global cooling during the LMCIS (Herbert et al., 2016) seems to 
be recorded in the Mediterranean Monte dei Corvi section where the SST 
underwent a sudden drop (Fig. 13 a) of ~6 ◦C dated at 7.25 Ma (Tzanova 
et al., 2015). Apart from an overall SST decrease, SST values are lower at 
times of vertical mixing during insolation minima and higher at times of 
strong stratification of the water column during sapropel formation 
(Tzanova et al., 2015). The lowest temperatures in Monte del Corvi 
occur during an interval in the earliest Messinian without sapropel 
formation (Tzanova et al., 2015) suggesting vertical mixing was per
manent during this time. Cooling in northern Europe and the influence 
of northern winter winds, similar to the Bora winds today (Boldrin et al., 
2009 and references therein), may have lowered the SST and favoured 
mixing of the water column during this period. Winter mixing would 
have increased nutrient content at the surface stimulating phyto
plankton productivity and alkenone production. Contrary to the Adri
atic, the WAB registers vertical mixing before 7.17 Ma and more 
stratification after this event probably due to the southern position of the 
Alboran Basin, far from the influence of the northern cool winds. Indeed, 
today the southern margin of the Mediterranean is more prone to water 

stratification favouring the growth of warmer-water planktonic fora
minifer species (Azibeiro et al., in prep) where the stratification is only 
broken in the northern coast of the Alboran Sea due to the upwelling 
cells associated with the anticyclonic gyres. This explains the continuous 
dominance of cold-water species before 7.17 Ma in the Alboran Basin 
when a more intense exchange resulted in higher upwelling intensities. 
The lower Atlantic Mediterranean exchange after 7.17 Ma reduced the 
upward advection of cold water, favouring stratification that reduced 
the proportion of cold – water species and increased the warm oligo
trophic, especially at times of insolation maxima. This argues in favour 
of water stratification and the subsequent surface warming as the main 
cause of the higher proportion of warm water species in the WAB, 
implying that the restriction of the Mediterranean-Atlantic gateways 
was the main force influencing Mediterranean circulation after 7.17 Ma, 
while the cooling visible in Monte dei Corvi section can be a localized 
event. 

6. Conclusions 

The integrated upper Tortonian-lower Messinian micropaleontolog
ical and geochemical data of ODP Site 976 in the West Alboran Basin 
(WAB) presented in this study improved the age control based on 
cyclostratigraphy. Using as tie points planktic foraminifer bio events in 
combination with new stable isotope and elemental records allowed the 
creation of a new improved age model. This enabled a more detailed 
correlation with other Mediterranean records and confirmed that the 
gateway restriction starting from 7.17 Ma changed the WAB marine 
environments at the same time it affected different locations all over the 
basin, suggesting a Mediterranean-scale change in thermohaline circu
lation. From these data follows that the WAB and EAB were not sepa
rated by a sill, which would render the WAB a satellite basin of the 
Atlantic, but that the WAB was part of the Mediterranean realm. 

Until 7.17 Ma, the WAB represented a deep-water well-ventilated 
environment, indicating efficient water exchange through the Gibraltar 
gateway/s. Starting from 7.17 Ma, the intense uplift of the Gibraltar Arc 
caused the progressive closure of the Betic and Rifian corridors and a 

Fig. 14. The benthic δ18O and δ13C curves from China Sea 
ODP 1146 Site (Holbourn et al., 2018; Holbourn et al., 
2021) and WAB ODP 976 Site are shown followed by the 
obliquity curve by Laskar et al. (2004). The grey shadings 
highlight obliquity maxima phases and correlate them 
with sapropel deposition in Faneromeni section (Krijgs
man et al., 1994; Hilgen et al., 1995; Santarelli et al., 
1998). The continuous black line highlights the Tortonian 
– Messinian boundary while the dashed one the 7.17 Ma 
restriction event.   
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diminished connection with the Global Ocean. This paleogeographic 
reorganization impacted the deeper part of the WAB as reflected by the 
benthic foraminiferal fauna, which became dominated by shallow 
infaunal taxa, tolerant to a wide range of conditions and suboptimal 
oxygen levels. These observations, paired with a significant drop in 
benthic δ13C values suggests that the progressive Mediterranean- 
Atlantic gateway restriction led to the decrease in bottom water oxy
gen levels and increase in its residence time. 

The correlation between Site 976 and previously published data, 
enabled to refine models of the Mediterranean circulation before and 
after 7.17 Ma. The restriction of the gateways resulted in stratification of 
the WMB water column and showed that while the bottom waters were 
depleted in oxygen, the intermediate waters were better ventilated. This 
evaluation also confirmed that, because of the presence of the Sicily sill, 
the impact of stratification was much higher in the EMB where it led to 
sapropel deposition, absent in the WMB. 

The paleoenvironmental change at 7.17 Ma coincided with the 
LMCIS (7.6 to 6.8/7 Ma), a global event characterized by cooling and a 
shift to lighter δ13C. In particular, the correlation of the isotope data of 
Site 976 with those of ODP Site 1146 in the South China Sea showed that 
both basins register a larger and more instantaneous δ13C shift. How
ever, the phase relations of the isotope record with astronomical pa
rameters (precession, obliquity) are different. Site 1146 reflects global 
phase relations connected to glacial stages, whereas the phase relations 
in the WAB depend on hydrological budget changes suggesting a much 
stronger local effect in the Mediterranean. Considering that the LMCIS 
has been related to ice volume expansion, the gateway restriction effects 
on the Mediterranean could have been further amplified by a relative sea 
level drop. 
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Masqué, P., Fabres, J., Canals, M., Sanchez-Cabeza, J., Sanchez-Vidal, A., Cacho, I., 
Calafat, A., Bruach, J., 2003. Accumulation rates of major constituents of 
hemipelagic sediments in the deep Alboran Sea: a centennial perspective of 
sedimentary dynamics. Mar. Geol. 193 (3–4), 207–233. 

MEDARGroup, 2002. Medatlas 2002: Mediterranean and Black Sea Database of Temper- 
Ature, Salinity and Biochemical Parameters—Climatological Atlas. IFREMER, Brest, 
France.  

Meijer, P.T., 2006. A box model of the blocked-outflow scenario for the Messinian 
Salinity Crisis. Earth Planet. Sci. Lett. 248 (1–2), 486–494. 

Murat, A., 1999. Pliocene-Pleistocene occurrence of sapropels in the Western 
Mediterranean Sea and their relation to Eastern Mediterranean Sapropels. In: 
Proceedings of the Ocean Drilling Program, Scientific Results, 41, pp. 519–527. 

Murray, J., 1991. Ecology and Palaeoecology of Benthic Foraminifera: Longman 
Scientific and Technical. Harlow, Essex, UK.  

Murray, J.W., 2006. Ecology and Applications of Benthic Foraminifera. Cambridge 
University Press. 

Myers, P.G., Haines, K., Rohling, E.J., 1998. Modeling the paleocirculation of the 
Mediterranean: the last Glacial Maximum and the Holocene with emphasis on the 
formation of sapropel S 1. Paleoceanography 13 (6), 586–606. 

Naidu, P.D., Malmgren, B.A., 1995. Do benthic foraminifer records represent a 
productivity index in oxygen minimum zone areas? An evaluation from the Oman 
Margin, Arabian Sea. Mar. Micropaleontol. 26 (1–4), 49–55. 

Nguyen, T.M.P., Petrizzo, M.R., Stassen, P., Speijer, R.P., 2011. Dissolution susceptibility 
of Paleocene–Eocene planktic foraminifera: Implications for palaeoceanographic 
reconstructions. Mar. Micropaleontol. 81 (1–2), 1–21. 

Ochoa, D., Sierro, F.J., Lofi, J., Maillard, A., Flores, J.-A., Suárez, M., 2015. Synchronous 
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Pérez-Folgado, M., Sierro, F.J., Flores, J.A., Grimalt, J.O., Zahn, R., 2004. Paleoclimatic 
variations in foraminifer assemblages from the Alboran Sea (Western 
Mediterranean) during the last 150 ka in ODP Site 977. Mar. Geol. 212 (1–4), 
113–131. 

Pflum, C.E., Frerichs, W.E., Sliter, W.V., 1976. Gulf of Mexico Deep-Water Foraminifers. 
Cushman Foundation for Foraminiferal Research, p. 14. 

Pierre, C., 1999. The oxygen and carbon isotope distribution in the Mediterranean water 
masses. Mar. Geol. 153 (1–4), 41–55. 

Pinardi, N., Masetti, E., 2000. Variability of the large scale general circulation of the 
Mediterranean Sea from observations and modelling: a review. Palaeogeogr. 
Palaeoclimatol. Palaeoecol. 158 (3–4), 153–173. 

Pinardi, N., Cessi, P., Borile, F., Wolfe, C.L., 2019. The Mediterranean Sea overturning 
circulation. J. Phys. Oceanogr. 49 (7), 1699–1721. 

Poli, M.S., Meyers, P.A., Thunell, R.C., Capodivacca, M., 2012. Glacial-interglacial 
variations in sediment organic carbon accumulation and benthic foraminiferal 
assemblages on the Bermuda rise (ODP Site 1063) during MIS 13 to 10. 
Paleoceanography 27 (3). 

Pound, M.J., Haywood, A.M., Salzmann, U., Riding, J.B., 2012. Global vegetation 
dynamics and latitudinal temperature gradients during the Mid to Late Miocene 
(15.97–5.33 Ma). Earth Sci. Rev. 112 (1–2), 1–22. 

Powley, H.R., Cappellen, P., Krom, M.D., 2017. Nutrient cycling in the Mediterranean 
Sea: the key to understanding how the unique marine ecosystem functions and 
responds to anthropogenic pressures. Mediterranean Identities—Environment, 
Society. Culture. InTech, 47–77. 

Riveiros, N.V., Waelbroeck, C., Skinner, L., Roche, D.M., Duplessy, J.-C., Michel, E., 
2010. Response of South Atlantic deep waters to deglacial warming during 
Terminations V and I. Earth Planet. Sci. Lett. 298 (3–4), 323–333. 

Rodrigo-Gámiz, M., Martínez-Ruiz, F., Rodríguez-Tovar, F.J., Jiménez-Espejo, F.J., 
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